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 i 

 

Protein quality evaluations currently require that an animal bioassay be performed to 

determine true protein digestibility (TPD). This measure is used to calculate the protein 

digestibility corrected amino acid score (PDCAAS) prior to qualifying for a protein content 

claim. Several in vitro assays evaluating protein digestibility that currently reside in literature 

have not been used to assess protein quality, hence this thesis was undertaken to evaluate the pH-

drop (PHD) and two-step digestion (TSD) method to determine PDCAAS in vitro on 65 plant-

based proteins composed of different species, variety and heat treatment. No significant 

difference (P = 0.316) between the TSD and TPD method was determined, in addition to a slight 

correlation for either the TSD (R = 0.56; P ≥ 0.0001) or the PHD with TPD (R = 0.45; P ≥ 

0.0002). Strong significant correlations were indicated by both in vitro protein quality 

calculations for the PHD (R = 0.91; P ≥ 0.0001) and the TSD (R = 0.92; P ≥ 0.0001) with the 

PDCAAS. This relationship suggests that either method to evaluate protein digestibility may be 

reliable to calculate PDCAAS in vitro, thus reducing the time, expense and ethical quandaries 

that currently apply to evaluating protein quality content claims. 
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Over the past several years, protein has been one of the top ten key trends in food and 

nutrition for consumers (Mellentin, 2017), with a predicted global market (in protein ingredients) 

valued at $40.8 billion USD by 2022 (Global Industry Analysts, Inc., 2014). The increased 

demand from consumers in North America has also been indicative of increased selection of 

food and beverages with protein content claims (Mintel Group Ltd., 2014). Protein may also 

coincide with trends such as ‗plant-based‘, ‗snackification‘ and ‗digestive wellness‘ (Mellentin, 

2017). Plant-based protein (PBP) ingredients have been accredited as impacting all of these 

trends, accounting for 30% of global demand in 2015 (Global Industry Analysts, Inc., 2014). 

Selecting for any single PBP ingredient, however, is often poorer in protein quality than any 

single animal-based proteins (ABP). This follows due to PBPs being limiting in at least one 

indispensable amino acid (IAA), such as lysine, tryptophan or the sulphur containing methionine 

and cysteine (Millward, Layman, Tomé, & Schaafsma, 2008; Matthew G. Nosworthy & House, 

2017). Blending, heat treatment, and other processing techniques in addition to the management 

of anti-nutritive factors (ANF) inherent to plant-based products, are a means to overcome (to an 

extent) limiting IAAs and improve protein quality for content claims (Matthew G. Nosworthy & 

House, 2017). Likewise, plant-based products or PBPs may also come with additional health 

benefits, such as decreasing risk factors for cardiometabolic syndrome, in part explained by the 

presence of protein or non-starch polysaccharides that reduce gastro-intestinal transit (Anderson 

& Moore, 2004; McCrory et al., 2010; Millward et al., 2008). This change has been associated 

with a decrease in appetite, reduced total cholesterol and better management of blood sugar (Kim 

et al., 2016; Sirtori, Galli, Anderson, & Arnoldi, 2009). Whether a protein is determined to be of 

good or excellent quality for a content claim is based on whether there is (1) sufficient amino 
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acid content required for normal human metabolism and growth (2) the ability of the protein to 

be digested, absorbed and utilized for metabolic function. Canada and the United States (US) 

evaluate protein quality differently, using either the Protein Efficiency Ratio (PER) or Protein 

Digestibility-Corrected Amino Acid Score (PDCAAS) respectively (C. F. I. A. Government of 

Canada, 2018a; US Food and Drug Administration, 2018). Rats are predominantly utilized for 

either assessment of quality, through a growth based assay for PER, or by measuring true (fecal) 

protein digestibility (TPD), corrected for the most limiting IAA referenced from pre-school aged 

children for PDCAAS (FAO/WHO, 1991). The Digestible Indispensable Amino Acid Score 

(DIAAS) has also been recommended as a potentially more rigorous means to assess protein 

quality through the determination of the ileal digestibility of individual IAAs, in humans, 

growing pigs or growing rats (FAO/WHO, 2013). Although each method has advantages and 

disadvantages for the evaluation of protein quality, all three require animal bioassays, which is 

unique to protein for use on content claims in North America. The assessment of nutrient 

bioavailability with animals‘ for protein content claims challenges consumers and industry 

ethically, in addition to being more laborious and expensive, relative to in vitro (outside of a 

living organism). Methods for the determination of in vitro protein digestibility (IVPD) have 

received intense investigation over the past several decades, however, in vitro-in vivo protein 

digestibility and the standardization of methodology, require more thorough investigation. 

Establishing an in vitro approach to determining protein quality has also been poorly explored. 

The following literature review provides an examination of PBPs and their quality, as well as 

present and future methods of evaluating protein quality. Additionally, a fundamental overview 

is given on current proficiencies and challenges in simulating digestion in the context of an in 

vitro approach to measure protein digestibility and quality. 
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2.1.1: Positioning Plant-Based Proteins For Protein Quality Claims 

Approximately two-thirds of protein intake (per-capita) are made by plant-based products 

worldwide, whereas in North America, these products meet one-third of protein intake (Young & 

Pellett, 1994). The remaining protein intakes come from ABPs, which, relative to PBPs may 

have a greater detriment to the environment through greenhouse gas emissions (Scarborough et 

al., 2014), in addition to challenging food and nutrition security for a growing global population 

(Wu et al., 2014). Disproportionality, the consumption of grains by animal livestock outweighs 

that of human consumption by half, while only supplying 13% of the worlds‘ energy needs 

(Smith et al., 2013). Some forms of animal-based agriculture, however, may be advantageous, 

such as ruminants‘ ability to supply high quality protein from inedible or fibrous materials 

otherwise unfit for human consumption (Patel, Sonesson, & Hessle, 2017). Comparatively, the 

quality of ABPs in general is greater than PBPs, due to an increased likelihood of being limiting 

in at least one or more IAAs (Millward et al., 2008). Conversely, there is evidence suggesting the 

impact of IAAs at different life stages, in which a diet largely composed of cereal grains such as 

wheat and oats can adequately supply dietary needs for adults, despite being limiting in lysine 

(Millward, 1999). Pulses, the dried seeds of non-oilseed legume crops, such as beans, peas, 

lentils and chickpeas, are often limiting in the IAAs cysteine, methionine or tryptophan.  

The limiting IAAs in PBPs may be over-come to some degree through blending, as is the 

case for blends of pinto beans and buckwheat, where the limiting cysteine or methionine in the 

beans is supplied by buckwheat, and the limiting lysine in buckwheat is supplied by pinto beans 
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(Matthew G. Nosworthy, Franczyk, Zimoch-Korzycka, et al., 2017). Anti-nutritive factors 

(ANF), such as naturally-occurring trypsin inhibitors, tannins, and phytate, may negatively 

impact the protein quality of PBPs (Sarwar Gilani, Wu Xiao, & Cockell, 2012) . Several 

parameters with respect to digestion may be impacted by ANFs, in which the consequential 

effect can be measured as a reduction in protein and amino acid digestibility or utilization 

(Parmar, Singh, Kaur, & Thakur, 2017; Schaafsma, 2012; Vidal-Valverde et al., 2003). First and 

foremost, these ANFs can be present as endogenous constituents within a cereal or pulse seed 

coat, hull, germ or throughout (Sarwar Gilani et al., 2012). These components negatively impact 

protein digestibility through direct inhibition of gastrointestinal proteases, trypsin and pepsin or 

the formation of insoluble peptides (Sarwar Gilani et al., 2012). Cereal seed coat modification, 

demonstrated in rice polishing or the removal of wheat bran, can reduce phytate content 

dramatically (Sarwar Gilani et al., 2012). Removal of phytate content in pulses, however, cannot 

be replicated this way, as phytate is concentrated in the germ (Sarwar Gilani et al., 2012). 

Defatting may also reduce phytate content of oil seeds, but may conversely increase trypsin 

inhibitor concentration, such as that established in soy (Sarwar Gilani et al., 2012). Soaking 

(water or alkaline solution), sprouting or fermentation of cereal grains or pulses may also reduce 

over-all ANF content (Obizoba & Atii, 1991; Yasmin, Zeb, Khalil, Paracha, & Khattak, 2008). 

The undesired influence on accessibility of amino acids and nitrogen due to the presence of 

ANFs in certain plant proteins may be over-come to some extent through heat treatments, such as 

boiling, baking, autoclaving, microwaving and extrusion (Sarwar Gilani et al., 2012). Although 

the impact of these treatments varies, trypsin inhibitor content is largely impacted, whereas 

phytate and tannin content may only be marginally affected (Sarwar Gilani et al., 2012). 

Extrusion may be an exception for the case of phytate content, which was reduced in extruded 
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common beans (Batista, Prudêncio, & Fernandes, 2010). These heat treatments, in addition to 

alkaline treatments may result in the formation of additional ANFs, such as Maillard reaction 

products, oxidized sulphur amino acids, D-amino acids (racemization) and lysinoalanine (Sarwar 

Gilani et al., 2012). Demonstrably, when adolescent (age 11-14) males were fed a diet high or 

low in Maillard reaction products (e.g. frying, roasted or toasted), the latter revealed reduced 

fecal nitrogen digestibility by 6% (Seiquer et al., 2006). Both oxidation of sulphur amino acids or 

the formation of D-amino acids may reduce amino acid availability or decrease proteolytic 

enzyme efficiency, whereas lysinoalanine is nephrotoxic (not yet observed in humans) or reduces 

mineral (copper) absorption (Sarwar Gilani et al., 2012). The impact of processing and heat 

treatment on protein digestibility or the availability of IAAs in plant proteins may be further 

influenced by factors including temperature, heating time, moisture, particle size, crop species 

and cultivar (Gatel, 1994; Sarwar Gilani et al., 2012).  

The amino acid contents of a protein are their fundamental component, as amino acids 

directly constitute biological needs, it is maintained that total nitrogen content of a foodstuff is 

measured. This overall nitrogen content is routinely subject to a nitrogen conversion factor (e.g. 

6.25) to predict protein content (Mariotti, Tomé, & Mirand, 2008). For the purpose of protein 

quality evaluation and thus protein content claims, overall protein content is also important, in 

which pulses may prove advantageous. This is due to their high protein content, being between 

21-26% by dry weight (Matthew G. Nosworthy & House, 2017). Other legume crops, such as 

soy (Zarkadas et al., 2007) or peanuts (Pancholy, Deshpande, & Krall, 1978) may also be high in 

protein, between 25-36% (per 100g), whereas some cereal (‗grasses‘) or pseudocereals (‗non-

grasses‘), such as wheat, oats, amaranth, sorghum, quinoa and buckwheat (Health Canada, 2012; 

Matthew G. Nosworthy, Franczyk, Zimoch-Korzycka, et al., 2017) may range between 4-17% 
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(per 100g). Alternatively, PBPs can also be prepared as concentrates, a form of air classification, 

or as isolates, a wet chemical extraction, to increase protein content (Day, 2013; Matthew G. 

Nosworthy & House, 2017). Either preparation improves the protein content by concentrating or 

isolating certain protein fractions from non-protein containing fractions. Prior to the assessment 

of a PBP for the purpose of a protein content claim, reviewing several of these factors may 

substantiate valuable information, such as balancing IAAs through blending, the elimination of 

ANFs through processing, and the overall protein content. 

2.1.2: Potential Benefits Of Added Protein Consumption And Plant-Based Proteins   

Although protein quality serves primarily to reflect the potential of a protein to contribute 

to growth and maintenance, other potential benefits may be realized due to the protein structure 

and amino acid profile. Protein intakes above the Recommended Dietary Allowance, of 

approximately 56g/day for males and 46g/day for females, have suggested additional 

improvements in body composition, glycemic control, appetite regulation, thermogenesis, energy 

turnover and glucose homeostasis (Anderson & Moore, 2004; Kim et al., 2016; Millward et al., 

2008). Incorporating more protein intake at the expense of carbohydrates for example, improved 

glycemic control and body-weight regulation in type 2 diabetics without having an adverse effect 

on serum lipids or renal function (Gannon & Nuttall, 2004). The incorporation of more pulses 

into one‘s diet, by a single serving (132g/day), has also improved body-weight management 

through weight loss in subjects who consumed either a negative-energy or neutral-energy-

balance diet (Kim et al., 2016). Several factors were identified in pulses that might contribute to 

satiety, including increased chewing time and fibre content, impacting appetite regulation (Kim 

et al., 2016; McCrory, Hamaker, Lovejoy, & Eichelsdoerfer, 2010). The soluble fibre content for 
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instance, can delay gastric emptying through the formation of viscous gels, slowing the passage 

through the digestive system (Kim et al., 2016). Simulated digestion with whole oats and milk 

protein concentrate also proposes viscous gelation of foodstuffs may be further impacted by 

protein content (AlHasawi et al., 2018). The high protein content of a PBP (or diet) may also 

stimulate the secretion of the gastric hormones cholecystokinin and glucagon-like peptide 1, 

responsible for, or contributing to satiety and satiation, otherwise associated with a feeling 

(qualitatively and quantitatively measured) of fullness (Anderson & Moore, 2004; McCrory et 

al., 2010; Millward et al., 2008). Foods with a lower glycemic index, such as PBPs, may 

influence glucose homeostasis (the regulation of blood glucose and insulin release) with 

implications for the prevention of over-eating and the promotion of weight control (Kim et al., 

2016; McCrory et al., 2010).  

During the digestive process (or through processing manipulation), some di, tri, tetra and 

potentially longer (5-20) remnant peptide sequences may be absorbed, eliciting a biological 

affect (Pappenheimer, Dahl, Karnovsky, & Maggio, 1994; Shahidi & Li, 2013). These bioactive 

peptides take on inhibitory or receptor mediated binding properties which may have a beneficial 

impact on human physiology. The angiotensin I converting enzyme (ACE) has been targeted for 

inhibition pharmacologically for the management of cardiovascular disease, due to its control of 

blood volume (blood pressure) through the renin-angiotensin system (Maestri, Marmiroli, & 

Marmiroli, 2016; Shahidi & Li, 2013). Prospective bioactive peptides identified in PBPs may 

similarly impact ACE inhibition, such as a variety of cereals, pulses, legumes and nuts in both in 

vitro and in vivo (mostly rat) studies (Cicero & Colletti, 2017; Maestri et al., 2016). Although 

soy may have ACE inhibition, it has also been recognised in its ability to lower cholesterol 

(hypocholesterolemic) in human trials (Ruscica et al., 2018) which may be due to bioactive 



8 
 

peptides, the soy protein (in general), or both (Cicero & Colletti, 2017; Maestri et al., 2016; 

Shahidi & Li, 2013), for which a claim is currently accepted in Canada (Health Canada, 2015).  

Single amino acids, such as the high arginine (i.e. not an IAA) content identified in hemp 

proteins could also be advantageous in the management of cardiovascular disease through the 

nitric oxide pathway (House, Neufeld, & Leson, 2010). This affect (in addition to bioactive 

peptides) has been proposed to be a potential aid in the treatment or prevention of hypertension, 

demonstrated in spontaneously hypertensive rats fed defatted hydrolysed hemp seeds (Girgih, 

Alashi, He, Malomo, & Aluko, 2014). Extensive review of bioactive peptides include 

compounds which may impact opiate activity (reduced pain or increased gastro-intestinal 

motility), mineral binding (enhanced mineral absorption), immunomodulation (disease control, 

through enhanced lymphocyte proliferation, natural killer t-cell activity, antibody synthesis and 

cytokine regulation), anti-cancer, anti-microbial, or be multi-function in PBPs (Cicero & Colletti, 

2017; Maestri et al., 2016; Millward et al., 2008; Shahidi & Li, 2013). Although PBPs may (i.e. 

more research is required) serve a variety of these potential benefits within this section, they are 

generally only communicated to consumers through direct health claims, which may be rare (e.g. 

soy); they may nevertheless still serve consumers (unbeknownst) secondarily to the assessment 

of protein quality. 
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2.2.1: Protein Quality Evaluation In Canada - The Protein Efficiency Ratio 

Measuring protein quality has had several iterations over time. One of the more 

contemporary is the protein efficiency ratio (PER) currently in use in Canada for all protein 

content claims (C. F. I. A. Government of Canada, 2018a). The PER uses an animal growth 

bioassay, utilizing male weanling rats fed a diet containing a single and marginal amount of test 

protein over a 28 day period (C. F. I. A. Government of Canada, 1981). Control rats, fed casein 

as the sole source of protein are also included to account for inter-laboratory variability. Both the 

weight gain and feed consumed in these animals are used to calculate a PER value, which is 

expressed and adjusted relative to casein, to a standardized value of 2.5 (C. F. I. A. Government 

of Canada, 2018a). The PER value (Table 1) is then used to calculate protein rating for products 

to be labeled as a source (20-39.9) or an excellent source (≥40) of protein (C. F. I. A. 

Government of Canada, 1981), based  on a reasonable daily intake  of that product (C. F. I. A. 

Government of Canada, 2018b). Due to the nature of PER to directly measure the growth of a 

rapidly growing animal model, the assay is also adopted by the US to assess infant formula (US 

Food and Drug Administration, 2018). 

2.2.2: Accurately Determining Quality Is Limited In The PER Approach  

 Employing the PER for protein quality assessment may risk over and under predicting the 

quality of some proteins. This is principally due to a discrepancy in the IAA requirement 

between rats and humans (FAO/WHO, 1991). Sulphur containing amino acids such as cysteine 

or methionine, followed by the other IAAs valine and isoleucine are required to a greater extent 

2.2: PROTEIN QUALITY ASSESSMENT 
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in growing rats compared to infant humans (FAO/WHO, 1991). Assessment of pulses in this 

respect may be at a disadvantage, due to their low sulphur amino acid content relative to cereals 

or casein (Matthew G. Nosworthy & House, 2017). Comparisons between lower and higher PER 

values does not infer any proportionality, such that a PER of 2.0 is not twice as good as a PER of 

1.0 (FAO/WHO, 1991). This is explained by the inability of lower PER values to predict quality, 

due to the inability to sustain body weight maintenance in the bioassay (FAO/WHO, 1991). 

Measuring PER is somewhat expensive, due to the long assessment time, and the need to 

evaluate any ‗new‘ protein source, such as any blend, variety, processing technique, or all three 

(FAO/WHO, 1991). These challenges to the PER method have resulted in the international 

community moving to other means of assessing protein quality, consequently, few standalone or 

multi-protein (≥2) sourced products assessments exist, bringing about stagnation in innovative 

products (Marinangeli & House, 2017). 

2.2.3: Current Recommendations For Protein Quality Using The Protein 

Digestibility-Corrected Amino Acid Score  

Due to the potential public health and economic impacts of protein quality, the Food and 

Agriculture Organization (FAO) branch of the World Health Organization (WHO) put forth an 

expert consultation in 1989 with the goal of replacing the PER method (FAO/WHO, 1991). The 

outcome of the meeting led to the endorsement of the Protein Digestibility-Corrected Amino 

Acid Score (PDCAAS) to assess protein quality for human consumption. Likewise, rat bioassays 

are routinely employed to evaluate the quality of proteins due to potential ethical and financial 

conflicts with using human subjects.  
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Fecal digestibility comprises one of the key components of the PDCAAS measurement 

and this reflects a measure of the bioaccessibility and bioavailability of a protein, otherwise 

recognized as a measure of nitrogen utilization (FAO/WHO, 1991). Initially, the apparent (fecal) 

protein digestibility (APD%) is measured as the remaining nitrogen in feces, collected over a 

five day period whilst rats are consuming a diet containing marginal (10%) crude protein 

(nitrogen x 6.25). Subsequently, the APD% value is corrected for endogenous protein losses, 

which includes nitrogen derived from the sloughing off of dead intestinal cells (enterocytes), or 

bodily secretions, and this value is determined by collecting feces from rats consuming a 

nitrogen-free defined diet. The correction factor applied to APD% is then redefined as the true 

(fecal) protein digestibility (TPD%).  

The second component that comprises PDCAAS is a chemical score which rates the 

IAAs within the protein to correct for fecal digestibility (TPD).  This rating is called the amino 

acid score (AAS) and is calculated based on the ratio of the most limiting IAA in a test protein to 

that of an IAA in a given reference pattern, provided by the FAO/WHO (FAO/WHO, 1991). The 

reference patterns provided include infant, pre-school child (2-5 years), school child (10-12 

years) and adult, based on amino acid balance studies or the amino acid composition of breast 

milk in the case of the infant reference pattern. Due to the potential underestimation of amino 

acid requirements for pre-school aged children utilizing a school child or adult reference pattern, 

the pre-school child reference pattern (Table 2) is recommended for routine protein quality 

evaluation and is currently adopted by the US. 

The product of TPD and the AAS are then used to calculate the PDCAAS, in which any 

value generated that is greater than 100% is truncated, so that every representative value falls 

within 0% and 100% (FAO/WHO, 1991). When values of both TPD and IAAs are available, 
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PDCAAS can be determined for that food. Poorer quality proteins will result from lower 

PDCAAS values, determined from lower levels of TPD, IAAs or both. Within the US, PDCAAS 

is used in combination with the reference amount customarily consumed, to determine the 

percent daily value using 50g as a daily reference value for protein (US Food and Drug 

Administration, 2018). Protein content claims such as whether a food product is a ―good source‖ 

or ―excellent source‖ of protein depend on whether the product contributes 10-19.9% or >20% 

DV respectively (US Food and Drug Administration, 2018). Due to the relative (to PER) 

adoption of the PDCAAS method to assess protein quality, a large number of PBPs and ABPs 

have been determined in single ingredients foods as well as ingredients in processed foodstuffs 

(Marinangeli & House, 2017). Additionally, the application of the PDCAAS is permitted for the 

estimation of the PER in Canada for unknown proteins (e.g. new blends), by multiplying the 

PDCAAS value by 2.5 (C. F. I. A. Government of Canada, 2018a). 
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Table 1. Comparison between common proteins evaluated for the Protein Efficiency Ratio and 

Protein Digestibility-Correct Amino Acid Score 

 

Protein PER PDCAAS 

Egg 3.8 118 

Cows’ Milk 3.1 121 

Beef 2.9 92 

Soy 2.1 91 

Wheat 1.5 42 

Unadjusted PER and un-truncated PDCAAS values taken from Schaafsma (2000)  
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Table 2. The indispensible amino acid scoring pattern given from the 1991 FAO/WHO for pre-

school aged children and the most recent 2013 FAO/WHO recommendations for young children 

 

 
Amino Acid (mg/g protein/day) 

Age THR VAL M+C ILE LEU P+T HIS LYS TRP 

2 to 5
a
 34.0 35.0 25.0 28.0 66.0 63.0 19.0 58.0 11.0 

1 to 2
b
 27.0 41.0 25.0 31.0 63.0 46.0 18.0 52.0 7.0 

3 to 10
b
 25.0 40.0 23.0 30.0 61.0 41.0 16.0 48.0 6.6 

THR = Threonine; VAL = Valine; M+C = Methionine and Cysteine; ILE = Isoleucine; LEU = Leucine; P+T = 

Phenylalanine and Tyrosine; HIS = Histidine; LYS = Lysine; TRP = Tryptophan 
a
Amino acid scoring pattern from 1989 (FAO/WHO, 1991) 

b
Amino acid scoring pattern from 2007 (FAO/WHO, 2013)  
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2.2.4: The PDCAAS Over-Estimates Quality 

Since its inception in 1989, the PDCAAS method has been largely adopted and is 

regularly used to assess protein quality in the US. Throughout the years, a number of limitations 

and criticism (Millward et al., 2008; Sarwar, 1997; Sarwar Gilani et al., 2012; Schaafsma, 2000, 

2012) regarding the method have been discussed and summarized in subsequent protein quality 

reports from FAO expert consultations (FAO/WHO, 2013). The current measure of fecal 

digestibility used in the calculation of the PDCAAS was demonstrated to inflate what might 

otherwise be called the ―true‖ protein digestibility of a foodstuff. This is in part due to an excess 

of nitrogenous compounds that may, or may not be from the exogenous amino acid source 

ingested, such as products of colonic fermentation (microbial origin), mucin, dead cells, 

polyphenols, and ribonucleic/deoxynucleic acids (Mariotti et al., 2008; Schaafsma, 2012). 

Although the intent of the TPD is to correct for endogenous losses, this correction over-estimates 

protein digestibility, from the aforementioned causes, or from proteins structures, such as those 

in PBPs, which are more resistant to digestion (Day, 2013; Shane M Rutherfurd, Fanning, Miller, 

& Moughan, 2015; Schaafsma, 2012).  Originally, there was good agreement that rat fecal 

digestibility could accurately estimate human fecal digestibility (FAO/WHO, 1991), over-time 

however, ileal digest results suggest that rats may over-estimate endogenous losses by up to 45% 

(Amelie Deglaire & Moughan, 2012). Moreover, ANFs such as the previously discussed trypsin 

inhibitors, phytate, tannins, and lectins (carbohydrate-binding proteins) present in PBPs have 

demonstrated increases in endogenous loss, due to direct resistance of proteolytic enzymes, 

insoluble protein fractions, or increased colonic fermentation, leading to further inflation of the 

TPD (Sarwar Gilani et al., 2012; Schaafsma, 2012).  
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The original assessment of IAAs required for pre-school aged children was not 

determined from a healthy status, but rather a limited number of children recovering from 

malnourishment (Schaafsma, 2012). Although these values have been explored and replaced 

with subsequent research, this 1989 pattern remains for routine protein quality evaluation in the 

US (FAO/WHO, 2013; US Food and Drug Administration, 2018). Newer values are assessed on 

different age groups, which fall between (1-2, 3-10 years old) the original pre-school aged child 

group (2-5 years old), overall, most (exception of valine and isoleucine) of the newer values are 

lower than the older values (Table 2). The adoption of newer values may broaden the range of 

quality proteins, suggesting that using the 1989 pattern may potentially marginalize or under-

predicting the quality of some proteins. The usefulness of IAAs is also problematic, as current 

guidelines solely support metabolism and growth, but do not extend to oxidized amino acids 

(Schaafsma, 2012). Nevertheless, it is known that certain amino acids serve as transient signals 

prior to oxidation. This includes the ability of leucine to stimulate muscle protein synthesis, or 

methionine and cysteine to improve antioxidant capacity through glutathione production, in 

addition to regulating satiation and satiety (Millward et al., 2008; Phillips, 2016; Schaafsma, 

2012). The pattern also does not apply to all physiological states in which demand for amino 

acids would differ, such as that for pregnant women, a chronic disease state, or those engaged in 

strenuous physical activity (FAO/WHO, 2013; Millward et al., 2008; Schaafsma, 2012). Current 

standardized approaches for measuring IAAs may also over-predict the bioavailability of certain 

amino acids. Maillard reaction products which result from high heat treatments may cause loss of 

lysine availability, in addition to methionine, cysteine and threonine. Specialized assays are 

required to assess the reactivity of these amino acids, not routinely practiced or developed 

(reactive lysine test available) and only recently recommended (FAO/WHO, 2013).  The 
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occurrence of PDCAAS values above and below 100% often leads to truncation, potentially 

marginalizing the quality of test proteins that are below 100%. Casein may score above 100%, 

which is used as a routine inter-laboratory control, resulting in lower quality proteins being 

truncated by casein to a lower PDCAAS. Conversely, high quality proteins which are truncated 

may not be given appropriate credit for their quality, since scores above 100% can further 

compensate the IAAs in a lower quality protein source. The example provided by Schaafsma 

(2000) pivots mixed protein sources such as casein or soy and their ability to balance lysine in 

wheat. With un-truncated values, only 1.2g of casein would be required to balance 1g of lysine in 

wheat, whereas 6.2g of soy protein would be required to do the same.  

2.2.5: Future Prospects Of Protein Quality Using The Digestible Indispensable 

Amino Acid Score 

Overcoming some of the aforementioned ability of the PDCAAS to accurately assess 

protein quality has been discussed, leading to recommendations to position the Digestible 

Indispensable Amino Acid Score (DIAAS) as a replacement (FAO/WHO, 2013). This recent 

report suggests adopting changes such as a new amino acid scoring pattern(s), measuring 

bioavailable IAAs (e.g. due to formation of Maillard reaction products), and only truncating the 

DIAAS or the PDCAAS value (not amino acid scores) for mixed protein sources. Replacement 

of fecal nitrogen digestibility with ileal amino acid digestibility collected from the terminal ileum 

of cannulated pigs (recommended) or sacrificed rats, is the principal focal point for the DIAAS 

method. It is believed that the ileal digestibility of individual IAAs better represents true protein 

digestibility, as there is a reduced effect of endogenous losses observed in the colon, in addition 

to the terminal ileum representing the last site for amino acid absorption. The proposed means of 
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measuring ileal amino acid digestibility apply to three independent measures used for calculating 

DIAAS for any given test protein.  These are, with regard to amino acid digestibility: the 

apparent ileal digestibility (AID%), the standardized ileal digestibility (SID%) and the true ileal 

digestibility (TID%). The AID represents ileal amino acid digestibility that has not been 

corrected for endogenous losses, similar to that of APD calculated for fecal nitrogen digestibility. 

Both SID and TID are corrected for endogenous losses, however, SID follows an additive 

endogenous loss that is inclusive to a specific protein, whereas TID is only representative of a 

basal endogenous loss (Stein et al., 2007). Accurately determining DIAAS may follow these 

three individual methods of measuring ileal amino acid digestibility, with increasing accuracy 

from AID to TID and finally SID for specific protein sources. DIAAS is then calculated as the 

ratio of ileal amino acid digestibility of each specific IAAs relative to the IAAs reference pattern 

following the specified IAA. The lowest ratio of IAAs is selected to represent the quality of the 

test protein which is converted to a percentage by multiplying the value by 100. Currently no 

jurisdictions have adopted the DIAAS method, so no mandated IAA reference pattern has been 

selected for, although several are provided.  

2.2.6: Prospective Short Comings For The DIAAS 

The present DIAAS method may be the best means of accurately determining protein 

quality for human needs through the extension that the amino acid digestibility from the terminal 

ileum best predicts IAA requirements for growth and maintenance. Although on average 90% of 

fecal nitrogen was representative of microbial origin (FAO/WHO, 2013), potential amino acid 

transport or diffusion may persist in the colon (Binder, 1970). The digestibility of amino acids 

from the terminal ileum may exclude the entire microbiome, which could have both negative and 
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positive implications for human health (Blachier, Mariotti, Huneau, & Tomé, 2007). To date, 

few proteins have been evaluated since DIAASs‘ inception, resulting in recommendations to 

continue using the PDCAAS method with the suggested aforementioned changes. Adoption and 

further research into the DIAAS method may be limited by the number of lengthy or specialized 

analytical procedures, particularly through the collection of animal ileal digest and amino acid 

analysis (FAO/WHO, 2013; S. M. Rutherfurd & Moughan, 2003; Shane M Rutherfurd et al., 

2015; Stein et al., 2007; Wolfe, Rutherfurd, Kim, & Moughan, 2016). Embracing a DIAAS 

system of protein quality evaluation may also impose additional regulatory and public health 

concerns. A DIAAS value of ≥75 has been arbitrarily suggested to represent a quality protein 

(FAO/WHO, 2013). Preliminary data suggests that PBPs, such as pulses, may be fundamentally 

incapable of obtaining a protein content claim, due to lower ileal amino acid digestibility and the 

limitation of one or more IAAs (Marinangeli & House, 2017). The financial implications of 

implementing a DIAAS method may unintentionally result in ABPs dominating the market for 

protein content claims. From a regulatory stand-point in both Canada and the US, this would not 

communicate an appropriate message when current food guide recommendations are positioning 

increased consumption of plant-based products or protein sources to compensate in part some of 

the consumption of ABPs. Selection of pulses as a recommended protein source for instance may 

coincide with reducing risk for cardiovascular disease and type 2 diabetes (Kim et al., 2016; 

McCrory et al., 2010). Conceivably, the public may be inadvertently steered away from these 

food guide recommendations, due to limited innovative plant-based products targeting protein 

content claims. 
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2.3.1: Protein Quality Through An In Vitro Methodological Approach 

 Although there has been advancement in assessing protein quality over the past several 

decades, all methods require animals (in vivo) as a surrogate to assess human nutritional needs, 

making protein quality content claims unique relative to other nutrient content claims in both 

Canada and the US. The use of these in vivo models is cumbersome, expensive, and generally 

viewed negatively by the public for ethical reasons (FAO/WHO, 1991, 2013; Schaafsma, 2012). 

Protein quality claims have been implicated in having public health, economic and 

environmental impact, in which PBPs can impact (FAO/WHO, 1991, 2013). Innovative plant-

based products introduced to the market may be limited due to in vivo assays, such as through the 

cost of evaluating a large quality of proteins based on variety, blend or processing technique, or 

not wanting to be associated with animal experimentation.  

One means to over-come this is to predict the in vivo component of PDCAAS or DIAAS, 

protein or amino acid digestibility, through simulated digestion, or in vitro protein digestibility 

(IVPD). Models which have been developed to simulate IVPD have advanced our knowledge of 

digestion, but have largely focused on some, if not little rational on enzyme kinetics or physical 

mechanisms of digestion, in addition to little predictability of digestibility coefficients in vivo 

(Boisen & Eggum, 1991; Butts, Monro, & Moughan, 2012; Dupont et al., 2018; Gauthier, 

Vachon, & Savoie, 1986; M. Minekus et al., 2014; Savoie, 1994). Measuring or calculating 

digestibly of a protein has also led to a more narrow selection of applicability and research, such 

as focus on animal (Boisen & Eggum, 1991; Calsamiglia & Stern, 1995; Cave, 1988; Guerra et 

al., 2012) or aquatic agriculture (Moyano, Saénz de Rodrigáñez, Díaz, & Tacon, 2015). Protein 

quality measures using an in vitro approach for protein digestibility have been proposed 

2.3: IN VITRO METHODOLOGY FOR PROTEIN DIGESTION 
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(FAO/WHO, 1991, 2013), yet very little literature, until recently, have calculated protein quality 

from an in vitro derived protein digestibility (Matthew G. Nosworthy, Franczyk, Medina, et al., 

2017, 2017; Matthew G. Nosworthy, Franczyk, Zimoch-Korzycka, et al., 2017; Matthew G. 

Nosworthy et al., 2018; Tavano, Neves, & da Silva Júnior, 2016). Selecting for an appropriate 

method for determining potential protein digestibility are restricted to animal agricultural or 

laboratory rat studies with existing in vivo validation. The proteins selected for validation in 

these studies, such as bone or grass meal, may further limit applicability of digestibility within 

these models (Boisen & Ferna´ndez, 1995).  

2.3.2: Oral Digestion Overview For In Vitro Protein Digestibility Prediction 

Before a protein is ingested, a number of factors, such as origin, processing or the 

presence of other food ingredients impact protein digestibility (Gatel, 1994). The initial step of 

digestion within the alimentary canal begins with mastication and lubrication within the oral 

cavity. Simulating mastication may be influenced by a number of factors, such as food 

composition, volume, number of chewing cycles, bite force, teeth condition, degree of hunger 

and habits (M. Minekus et al., 2014). Within literature aiming to simulate protein digestibility, 

the impacts of oral digestion are largely over-looked. Routine processing of food samples into a 

flour (e.g. protein quality diet preparation) may emulate mastication or mechanical breakdown, 

which is less than, or approximately 2mm (M. Minekus et al., 2014). This size is generally 

accepted as the appropriate size that would be suitable for swallowing in humans (M. Minekus et 

al., 2014). Presence of food within the oral cavity is also subjected to enzymatic breakdown of 

polysaccharides, through α-amylase, at a pH of 5-7, with an exposure time (Table 3) of a few 

seconds to not more than two minutes (Hur, Lim, Decker, & McClements, 2011; M. Minekus et 
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al., 2014). Granted, mechanical breakdown impacts the size, surface area and shape of food 

particles which impacts protein digestibility; polysaccharides within the food matrix and the 

initial exposure to α-amylase are largely believed to be unnecessary for emulating protein 

digestibility, and in large trumped by pancreatic α-amylase (M. Minekus et al., 2014). It is 

possible, however, that saliva may impact the endogenous nitrogen or amino acid content added 

to a meal in vivo, as human saliva constitutes approximately 0.3% protein (e.g. immunoglobulin 

A, α-amylase, lysozyme, lactoferrin and mucosal glycoproteins; Minekus et al., 2014). Whether 

oral emulation in vitro is necessary for predicting protein digestibility is constrained to current 

rat bioassays and the nature of their diets. The feeding behavior of rats is that of a nibbler, 

whereas humans are meal feeders (Amelie Deglaire & Moughan, 2012). The nature of this 

behavior may impact protein digestibility, as the residence time in the oral cavity may differ, 

both due to diet consistency and homogeneity (Amelie Deglaire & Moughan, 2012; Malagelada, 

Go, & Summerskill, 1979; M. Minekus et al., 2014). This behavior is further impacted by the 

nature of protein quality evaluation, where the test protein is limited to a set amount (~10%) in a 

flour based diet, when total protein content and particle size may additionally impact protein 

digestibility (Hur et al., 2011; M. Minekus et al., 2014). This suggests that simulation of an oral 

phase for digestion, in the context of protein quality, may not accurately be represented by 

current TPD (fecal or ileal) values assessed in rat bioassays. In terms of magnitude of effect on in 

vitro protein digestibility, simulating an oral phase can potentially be avoided without 

impairment until further research is accomplished in this context.  
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2.3.3: Gastric Digestion Overview For In Vitro Protein Digestibility Prediction 

The next major component affecting protein digestibility is within the stomach (Table 3). 

The principal impact of gastric digestion on proteins is the low pH of the stomach, and the 

enzyme pepsin (Boisen & Eggum, 1991; Dupont et al., 2018; Guerra et al., 2012; Hur et al., 

2011; M. Minekus et al., 2014; Savoie, 1994). The proteolytic effectiveness of pepsin is also 

impacted by the pH of the stomach (M. Minekus et al., 2014). Which conditions best predict how 

well a protein is digested, is modified by a number of factors, such as the food composition, time 

of day, and habits (Lin et al., 2005; M. Minekus et al., 2014). These factors influence gastric 

secretions and emptying rates, impacting the enzyme kinetics of pepsin. Gastric digestion 

exposes a food matrix to a variable pH (M. Minekus et al., 2014). Once a bolus reaches the 

proximal portion of the stomach, the fundus, the composition of the meal or the volume may 

cause a rise in the pH of the stomach, from a resting (empty stomach) pH of 1.5 up-to a pH of 6, 

with the effectiveness of pepsin lying between a pH of 2 and 4 (Hur et al., 2011; M. Minekus et 

al., 2014). In addition to the potential buffering capacity of a food, these changes in pH may 

further impact the effectiveness of oral enzymes and the liberation of proteins from the food 

matrix (M. Minekus et al., 2014). The presence of gastric lipases may also liberate proteins from 

the food matrix, however, similarly to the proposed effects of oral α-amylase, bile and pancreatic 

lipases have a greater magnitude of effect (M. Minekus et al., 2014), particularly in lower fat 

meals (~10%) characteristically prepared for protein quality evaluation. Homogeneity and 

consistency of a meal can also impact gastric residency time and protein digestibility, making 

selection of an appropriate simulated gastric pH and time challenging (Malagelada et al., 1979). 

Long simulated gastric digestion with pepsin and a constant set low pH such as those employed 

in static IVPD models have overestimated the digestibility of some proteins (Boisen & Eggum, 



24 
 

1991; Savoie, 1994). Evaluating IVPD in the context of PDCAAS may not be negatively 

impacted by over-estimation of protein digestibility, due to the nature of the TPD to also be over-

estimated, potentially allowing for appropriate contextual overlap in protein quality evaluation, 

but inappropriate rational for physiological overlap.  

2.3.4: Intestinal Digestion Overview For In Vitro Protein Digestibility Prediction 

Once the food or protein bolus is broken down into smaller particles, the distal portion of 

the stomach, or the pylorus, acts effectively as a sieve. This process, retropulsion, allows for 

larger particles to be maintained in the fundus for further breakdown and transition of smaller 

particles into the first part of the small intestine, the duodenum (Table 3). The chyme here is 

neutralized by sodium bicarbonate excreted by the pancreas to an approximate pH of 6.5, 

depending on meal composition and gastric emptying rate (Dupont et al., 2018; Guerra et al., 

2012; Hur et al., 2011; M. Minekus et al., 2014). Within the small intestine, macromolecules, 

including peptides are further broken down into smaller molecules and amino acids through the 

release of pancreatic enzymes, which are principally composed of peptidases (e.g. trypsin, 

chymotrypsin, elastase) amylase, lipase and nucleases (Hur et al., 2011; M. Minekus et al., 

2014). Some enzymes responsible for further peptide breakdown are also found on or within the 

intestinal wall or villi, also known as brush border enzymes (M. Minekus et al., 2014; Picariello, 

Ferranti, & Addeo, 2016). Bile, excreted from the liver, also serves as the primary driver of fatty 

acid digestion through emulsion, aiding in the liberation and access to proteinaceous material 

from the food matrix (M. Minekus et al., 2014). Trans-cellular (through the cell) absorption of 

amino acids, as well as di and tri peptides is driven by active transport (energy or gradient; e.g. 

adenosine triphosphate), as well as passive and facilitated (uniporter, one solute one direction; 
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antiporter, two solutes opposite direction; synporter, two solutes same direction) diffusion into 

the apical (luminal side) side of villus enterocytes (Bröer, 2008; Guerra et al., 2012; Stevens, 

Kaunitz, & Wright, 1984). Para-cellular transport through tight-gap junctions between 

enterocytes may also allow some amino acids and small peptides to cross from the apical to the 

basal side of the intestine, allowing for products to be moved out of the lumen and enterocyte 

into circulation. The absorption of amino acids (as the solute or product) also serves an important 

product to enzyme ratio relationship, by removing amino acids from the lumen and enterocyte, 

enzyme function can be maintained by preventing inhibition (M. Minekus et al., 2014; Savoie & 

Gauthier, 1986).  Digestion and absorption throughout the small intestine is transitional, through 

three compartments, the duodenum, jejunum and the ileum. The change in pH throughout these 

compartments is also transitional, beginning at approximately 6.5 and ending with 7.5, 

modifying the overall effectiveness of pancreatic proteolytic enzymes throughout and in turn 

protein digestion (Guerra et al., 2012; Hur et al., 2011; M. Minekus et al., 2014). The 

concentration of luminal salts, such as those derived from calcium, have also been important for 

enzymatic activity both physiologically and in the ability to simulate protein digestibility in vitro 

(Dupont et al., 2018; Hur et al., 2011; M. Minekus et al., 2014). Resident bacteria identified 

within the human ileum may also have the potential for additional impacts on increasing protein 

digestibility and amino acid availability, which may be difficult to simulate in vitro without 

supplementary bacterial fermentation methods (Boisen & Eggum, 1991). Most in vitro methods 

which aim to simulate IVPD nevertheless avoid fermentation which also mainly takes place in 

the next part of digestion, the colon or large intestine (Guerra et al., 2012; Hur et al., 2011), 

although some do exist (Macfarlane & Macfarlane, 2007; Payne, Zihler, Chassard, & Lacroix, 

2012). The colon comprises what is typically associated with the microbiota, which functions as 
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the main site of bacterial fermentation of unabsorbed polysaccharides and proteins into 

ammonia, hydrogen sulfide, amines, phenolics, indoles, short and branched chain fatty acids as 

well as N-nitroso compounds (Blachier et al., 2007; Guerra et al., 2012). The colon also serves to 

absorb water, electrolytes and bile, in addition to the formation, storage and elimination of feces.  
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Table 3. Summary of digestion phases and their associated pH, digestion time and unique 

components 

 

Digestion Phase pH Transit Time Components 

Oral 5 - 7 10 sec - 2 min Salivary amylase and lingual lipase 

Gastric 1 - 5 15 min - 3 hours HCl, pepsin and lipase 

*Intestinal 6.5 - 7.5 2 - 5 hours Pancreatic enzymes (e.g. trypsin, chymotrypsin) 

Colon 5 - 7 12 - 24 hours Microbiota 

*duodenum, jejunum, and ileum 
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2.3.5: Diversity Of In Vitro Protein Digestibility Assessment 

Methods for determining IVPD have been diverse and abundant, many of which have 

been reviewed over the past several decades (Boisen & Eggum, 1991; Butts et al., 2012; Dupont 

et al., 2018; Guerra et al., 2012; Hur et al., 2011; Savoie, 1994). Classification of these methods 

may be determined by whether the digestion is mono or bi-compartmental, in addition to being 

static or dynamic in nature and complexity (Dupont et al., 2018; Guerra et al., 2012). Static 

mono-compartmental methods have been the most numerous methods developed, including both 

single and multi-step incubations with enzymes such as pepsin, pancreatin, trypsin, 

chymotrypsin, papin, pronase and renin (Boisen & Eggum, 1991; Guerra et al., 2012; Savoie, 

1994). Many of these systems used or occurred in single reaction vessels, whereas other system 

which increase in complexity include semi-permeable membranes or dialysis to allow for 

diffusion of products between vessels (Savoie & Gauthier, 1986). Modifications of these systems 

include incorporating fixed or immobilized enzymes to reduce their incorporation into the 

reaction product (peptides and amino acids from the test protein), removing or not removing 

reaction products, as well as allowing for circulation of fresh buffer or enzyme (Boisen & 

Eggum, 1991; Butts et al., 2012; Savoie, 1994). Parameters such as sample size, reaction 

volume, reaction time, enzyme quantity, enzyme activity, temperature and pH are also largely 

variable between protein digestibility methods (Boisen & Ferna´ndez, 1995; Hur et al., 2011; M. 

Minekus et al., 2014). Single or multi-enzyme reactions within simple and complex of the 

aforementioned systems, produced mixed fecal and ileal protein digestibility results (Boisen & 

Eggum, 1991; Boisen & Ferna´ndez, 1995). Many of the complex systems (e.g. semi-permeable 

membranes) may be unnecessary to accurately simulate protein digestibility, whereas single 
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enzyme approaches were too simple and unable to predict fecal protein digestibility (Butts et al., 

2012; Savoie, 1994).  

2.3.6: Simple Static In Vitro Protein Digestion 

One such simple static mono-compartmental system, the multi-enzyme pH drop (Hsu, 

Vavak, Satterlee, & Miller, 1977), observed good correlation between a change in pH over a 10-

minute period to that of apparent fecal nitrogen digestibility in both plant and animal (dairy) 

proteins (R
2
=0.81). This method measures changes in the pH of a protein solution (0.1 mg N / 

mL), from an initial pH of 8.0 (adjusted), due to enzymatic hydrolysis (from trypsin, 

chymotrypsin and a protease). The subsequent release of protons in solution occurs when an 

increased number of carboxylic groups from free amino acids are peptides are formed. 

Alterations in protein structure due to processing or the addition of anti-nutritives 

(trypsin/chymotrypsin inhibition and phytic acid) impacted changes in pH during the enzymatic 

reaction, allowing for changes in protein structure and digestibility to be detected and measured 

(Carnovale, Lugaro, & Lombardi-Boccia, 1988; Hsu et al., 1977). To some extent, the buffering 

capacity of some foods, especially ABPs, may not be accurately predicted using this method. To 

overcome this, the pH stat (Pedersen & Eggum, 1983) was developed and recommended for 

further investigation as an in vitro method for predicting fecal protein digestibility by the 

FAO/WHO in (FAO/WHO, 1991, 2013). This method maintains a constant or automatic titration 

of 0.1M NaOH used at the end of the pH drop method to maintain a pH of 8.0. The amount of 

titrant is then used in several regression equations for plant, animal or plant and animal protein 

sources to predict true fecal protein digestibility (R
2
=0.96-0.90). This method was also found to 

be highly reproducible across several laboratories and overcame the buffering capacity of certain 
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proteins (McDonough et al., 1990). Between the two methods however, the overall regression 

from the pH drop allows for a lower range (Tinus, Damour, van Riel, & Sopade, 2012) of 

predicted protein digestibility (≥65%), whereas the regression equation given for the pH stat has 

a narrower range of predictive protein digestibility for any of its given regression equations 

(≥74%). Within the context of PBPs, the pH drop method may prove to be more effective at 

predicting apparent fecal protein digestibility than the pH stat due to the wider range of 

applicable protein digestibility values and the unlikelihood of a PBP to buffer changes in pH. 

Physiologically, both methods may be criticized for being unsuitable or over-simplified 

predictors of true or apparent fecal protein digestibility in humans (M. Minekus et al., 2014), but 

may conversely be required for an in vitro approach to predicting protein digestibility (Butts et 

al., 2012).  

Two-step digestion methods, which aim to simulate to some degree the physiological 

gastric and intestinal conditions of digestion, have been developed (Akeson & Stahmann, 1964; 

Boisen & Eggum, 1991; Boisen & Ferna´ndez, 1995; Ford & Salter, 1966; Furuya, Sakamoto, & 

Takahashi, 1979; Löwgren, Graham, & Åman, 1989; M. Minekus et al., 2014; Savoie & 

Gauthier, 1986). These methods utilize HCl-pepsin at a low pH to simulate a gastric phase, 

followed by neutralization and addition of pancreatin at a higher pH to simulate the intestinal 

phase. One such system, accurately determined the apparent ileal protein digestibility (R
2
=0.92) 

in pigs when corrected for dry matter (Boisen, 2007; Boisen & Ferna´ndez, 1995). As with 

single-step incubation methods, few multi-step digestibility methods include in vivo 

comparisons, or in vivo comparisons which are suitable for protein quality calculations without 

further extrapolation (e.g. biological value). Many of the aforementioned parameters which may 

vary within in vitro protein digestibility methods also make the selection of a physiologically 
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relevant multi-step digestion system for humans difficult; as methods may use higher or lower 

temperature, enzymes, pH, or reaction time. Standardization of a static two-step digestion system 

has been recommended and recently developed, which provides a rationale often lacking in 

already established in vitro systems (M. Minekus et al., 2014). This method allows for some 

variability in parameters based on the research question at hand, which has yet to be applied to 

protein digestibility and quality evaluations, in addition to being independently validated with an 

in vivo component for apparent or true protein digestibility (ileal or fecal). 

2.3.7: Potential Dynamic Systems For Evaluating In Vitro Protein Digestibility 

 Dynamic multi-compartmental systems, such as TIM-1 and TIM-2 have been developed 

to simulate gastro-intestinal and colonic digestion (Dupont et al., 2018; Mans Minekus, Marteau, 

Havenaar, & Huis in‘t veld, 1995). This computer controlled system maintains temperature 

through heated water jackets around several digestive compartments (stomach, duodenum, 

jejunum, and ileum), the flow of chyme through peristaltic pumps, the removal of products 

through dialysis, as well as automated pH and enzyme addition based on digestion parameters. 

Few studies have used TIM-1 to predict ileal protein digestibility in ABPs (Denis et al., 2016; 

Havenaar et al., 2016), however, this system has yet to be further applied to evaluating protein 

quality (e.g. PDCAAS). Furthermore, additional in vivo digestibility values for a range of 

proteins also need to be validated to adequately suggest that such a sophisticated system would 

be necessary or beneficial for routine protein quality evaluation relative to simpler (static) 

methodology. The routine use of complex dynamic in vitro systems may be restricted in their 

capacity to evaluate protein quality, due to the expensive nature of the equipment and the 
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expertise required, which may not over-come that of in vivo methodology (Butts et al., 2012; 

Dupont et al., 2018). 

 

2.4.1: Identifying Problems 

The dynamic and transient nature of digestion is difficult if not impossible to simulate 

accurately, resulting in a multitude of methods with or without rationale on simulated digestion 

time, pH, as well as enzyme quantity and activity (Guerra et al., 2012; M. Minekus et al., 2014). 

Some input which occurs in vivo, such as hormonal and neural control of gastric emptying, 

intestinal motility or secretion of digestive enzymes and fluids have yet to be simulated (Guerra 

et al., 2012). Producing such a model that can predict hormonal input based on a meal would 

further enhance our ability to understand the impact this system has on protein digestibility and 

digestion in general. Standardization of in vitro models to simulate digestion of a food stuff have 

been suggested to best simulate physiological human digestion (Hollebeeck, Borlon, Schneider, 

Larondelle, & Rogez, 2013; M. Minekus et al., 2014), however, they have not been validated 

using a rodent, pig, or human model for a variety of proteins, or put in the context of protein 

digestibility for the purpose of protein quality. This standardized method within this context may 

necessitate the simulation of oral digestion, the addition of calcium salts, and lipases or bile 

(marginal fat content in diet prepared for animal consumption). Many of these limitations are not 

solely restricted to in vitro approaches to simulate protein digestibility for the purpose of protein 

quality evaluations, but also limited within the approaches to use animal models to predict 

digestibility in humans (Amelie Deglaire & Moughan, 2012). Although rat and pig models do 

2.4: RESEARCH GAP WITH IN VITRO PROTEIN QUALITY 
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show relatively good correlation with that of humans for fecal or ileal protein digestibility 

respectively (Amelie Deglaire & Moughan, 2012), some exceptions may apply. Potentially 

overlooked items which impact protein digestibility and quality determination include meal 

preparation (e.g. preparation as a flour), composition (e.g. homogeneity, marginal protein 

content), and physiological states (e.g. pregnancy and chronic disease). Rats as a model for TPD 

may also over-predict some proteins which would otherwise be less digestible in humans (e.g. 

Canola), in addition to being nocturnal animals with different dentition and eating habits (Amelie 

Deglaire & Moughan, 2012).  

2.4.2: Thesis Going Forward 

With a number of limitations in both in vivo and in vitro in mind, the extent of this thesis 

is to investigate whether already existing animal validated in vitro protein digestibility methods 

could be applied to the context of protein quality using the PDCAAS approach. Although 

Canada does not currently use the PDCAAS, it can be used to estimate the PER, in addition to 

PDCAAS values being more flexible for determining blends, and the existence of a wide variety 

of in vitro protein digestibility measures. Due to the number of existing methodologies and the 

potential nature of complexity in digesting protein(s), a simple static mono-compartmental 

approach (pH drop) and a complex static mono-compartmental approach (two-step) are 

investigated to determine differences in measuring protein digestibility and quality. 
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3.1.1: Hypotheses 

Ha1: In vitro protein digestibility (IVPD) using the static two-step digestion (TSD) will be 

more accurate at predicting true protein digestibility (TPD) than the static enzymatic pH drop 

method (PHD) in plant-based proteins (PBP). 

 H01: …the TSD will be less accurate at predicting TPD than the PHD method in 

PBPs.  

 H02: …the TSD will be equally accurate at predicting TPD than the PHD method 

in PBPs. 

 H03: Neither the TSD or the PHD method will accurately predict the TPD in 

PBPs. 

Ha2 In vitro protein quality (IVPQ) using the TSD will be more accurate at predicting the 

protein digestibility corrected amino acid score (PDCAAS) than the PHD method in PBPs. 

 H04: …the TSD will be less accurate at predicting PDCAAS than the PHD 

method in PBPs.  

 H05: …the TSD will be equally accurate at predicting PDCAAS than the PHD 

method in PBPs. 

 H06: Neither the TSD or the PHD method will accurately predict the PDCAAS in 

PBPs. 

  

CHAPTER 3: HYPOTHESES & OBJECTIVES 
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3.1.2: Objectives 

1. Determine the IVPD of PBPs using a TSD and a PHD method. 

2. Evaluate the significance, quantitatively and statistically (P ≤ 0.05) for both IVPD 

methods compared to TPD, through Pearson product-moment correlation, student t-test, 

distribution histograms, and Bland-Altman plots. 

3. Evaluate the IVPQ quantitatively and statistically, as done for IVPD, for both methods 

through Pearson product-moment correlation, student t-test, distribution histograms, and 

Bland-Altman plots. 

4. Introduce both (either) IVPD measurement as a substitute for the in vivo component, 

TPD, for calculating PDCAAS using the 1989 WHO/FAO guidelines. 
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4.1.1: Animal Care 

Protein quality procedures using a rodent model for each study were approved (protocol 

number F2012-035) by the Institutional Animal Care Committee in accordance with the 

guidelines of the Canadian Council on Animal Care (CCAC, 2018). 

4.1.2: Chemicals 

All chemicals and reagents were purchased from Sigma (Oakville, ON, Canada). 

4.1.3: Sample Procurement And Processing 

 All sample keys, treatments, varieties, and studies are summarized on Table 4. 

Ingredients and diets were prepared as a flour consistency, through the use of a hammer mill 

(Jacobson 120-B hammer mill, Minneapolis, MN), allowing for each sample to pass through a 

2mm sieve. Initially all samples were refrigerated at 4ºC and later stored at -20ºC. High nitrogen 

casein (product: 400601) was purchased through Dyets (Bethlehem, PA) in 2014 and 2015. Both 

caseins served as an inter-study or inter-run control as well as a reference standard. The 2014 

casein was utilized primarily for study 2 and the 2015 casein for all of the remaining studies.  

 Study 1 – Pulse Protein Concentrates And De-Flavouring 

 Six pulse protein concentrates, including untreated and treated yellow pea, green lentil 

and faba bean were received from a commercial supplier in 2015, in addition to a yellow pea 

protein isolate. The treated pulse concentrates were de-flavoured using an undisclosed 

proprietary technique. 

CHAPTER 4: METHODS & MATERIALS 
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Study 2 – Pulse Protein Concentrates 

 Two forms of pulse protein concentrates between 55-85%, including yellow pea, green 

lentil and faba bean were received from a commercial supplier in 2014. 

Study 3 – Raw And Cooked Varieties Of Soy, Wheat And Oats 

 Two varieties of soy (Etna and Amadeus), wheat, (Carberry and Snowbird), and oat, 

(Turcotte and Navaro) were received from the Canadian Field Crop Research Alliance in 2016. 

Whole oats or wheat were cooked as a porridge (1:10 oat:water) on a DCS professional gas 

cooktop (Fisher & Paykel Appliances, Inc., Costa Mesa, CA, USA) on high heat with frequent 

stirring, or in a steam jacketed tilt kettle (Model TDC/2-20, Groen Process Equipment, Cary, IL, 

USA) with a LEESON speedmaster™ motor control (Candiac, QC, Canada) set at 40 for larger 

quantities. After 10 minutes of cooking, the porridge was transferred to an aluminum tray and 

allowed to cool to room temperature. After cooling, the porridge was transferred to a freezer at -

80°C overnight, followed by freeze drying for 72 hours. The freeze dried product was then 

pulverized in a food processor (Braun GmbH, Germany) for 2 minutes and then stored in plastic 

containers at 4°C. Whole soy bean was ground to flour , and combined (1:5 soy:water) with hot 

water (50°C), which was brought to a temperature of 96-97°C and maintained for 3 minutes. The 

cooked flour was then prepared for freeze drying, grinding and storage in the same manner as the 

cooked porridge. Soy was additionally defatted (post cooking) by weighing samples before and 

after extraction through gravimetrics standardized Association of Official Analytical Chemists 

procedure 2003.06 (AOAC, 1995). Both the raw and cooked varieties of soy, oat and wheat were 

evaluated for study. 
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Study 4 – Cooked, Baked And Extruded Pulse Composites 

The samples—yellow split pea, green split pea, red lentil, green lentil, chickpea, black 

bean, faba bean, navy bean, pinto bean, and kidney bean—consist of composites from various 

locations and growers across Canada‘s Midwest in 2015. All beans, peas, chickpeas and lentils 

were individually treated with cooking, baking, or extrusions, resulting in three samples for each 

pulse type (e.g. cooked chickpea, baked chickpea, and extruded chickpea). The extensive 

processing details have been previously published  (M. Nosworthy et al., 2018; Matthew G. 

Nosworthy, Franczyk, Medina, et al., 2017; Matthew G. Nosworthy et al., 2018), in addition to 

details provided in Appendix A. 

Study 5 – Baked, Extruded Or Blended Buckwheat And Pinto Bean 

Whole buckwheat and pinto beans were received from Best Cooking Pulses (Portage la 

Prairie, MB, Canada) in 2015, and later processed by the Food Development Centre (Portage la 

Prairie, MB, Canada). The samples, buckwheat, pinto or a 50:50 buckwheat pinto blend 

consisted of raw, baked or extruded treatments. Sample preparation, baking and extrusion details 

were previously published (Matthew G. Nosworthy, Franczyk, Zimoch-Korzycka, et al., 2017), 

with details given in Appendix B. The raw pinto bean as well as the raw buckwheat and pinto 

bean were omitted from further study due to animal rejection of diet. 

Study 6 – Hemp Protein Concentrates And De-Hulled Hemp Hearts  

Two hemp protein concentrates, Hemp Pro 50, from Hemp Oil Canada (Ste Agathe, MB, 

Canada), Hemp Pro 70 and hemp hearts, were supplied by Manitoba Harvest Hemp Foods 

(Winnipeg, MB, Canada) in 2015. Due to the high fat content, the hemp products were defatted 

(AOAC, 1995; procedure 2003.06) using hexane extraction and allowed to air dry. 
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Table 4. Each study ingredient with regard to their common name, sample key, variety and 

treatment in addition to their corresponding dry matter, crude protein and crude fat content (% as 

is basis) 

 

Sample Key Treatment Variety DM(%) CP(%) CF(%) Study 

Casein 

CSN1 N/A N/A 91.8 90.8 0.0 Study 1 

CSN2 N/A N/A 91.0 87.0 0.5 Study 2 

CSN3 N/A N/A 91.3 90.8 0.0 Study 3 

CSN4 N/A N/A 93.6 86.5 0.2 Study 4 

CSN5 N/A N/A 92.0 90.8 0.0 Study 5 

CSN6 N/A N/A 92.4 91.5 0.0 Study 6 

AVG N/A N/A 92.0 89.5 0.1 N/A 

STD N/A N/A 0.8 2.0 0.2 N/A 

CV% N/A N/A 0.9 2.3 154.5 N/A 

Soy 

SRE Raw Etna 93.8 36.4 20.6 Study 3 

SCE Cooked Etna 97.4 37.3 19.8 Study 3 

SRA Raw Amadeus 93.1 44.6 15.6 Study 3 

SCA Cooked Amadeus 96.9 45.9 14.3 Study 3 

Wheat 

WRC Raw Carberry 85.4 14.1 1.5 Study 3 

WCC Cooked Carberry 93.7 16.3 0.7 Study 3 

WRS Raw Snowbird 86.0 15.8 1.4 Study 3 

WCS Cooked Snowbird 94.8 17.9 0.4 Study 3 

Oat 

ORT Raw Turcotte 89.9 11.8 7.0 Study 3 

OCT Cooked Turcotte 97.6 13.9 3.6 Study 3 

ORN Raw Navaro 89.3 11.4 4.8 Study 3 

OCN Cooked Navaro 97.9 13.9 1.8 Study 3 

Chickpea 

CC Cooked Composite 97.7 21.6 7.6 Study 4 

CB Baked Composite 96.7 20.2 9.6 Study 4 

CE Extruded Composite 95.6 20.2 6.9 Study 4 

Sample key read as protein ingredient type, treatment, then variety if given (e.g. Soy, Raw, Etna; SRE); CSN = 

Casein; DM = Dry matter; CP = Crude protein; CF = Crude fat; STD = Standard deviation; CV% = Coefficient of 

variation 

  



40 
 

Table 4. Continued 

 

Sample Key Treatment Variety DM(%) CP(%) CF(%) Study 

Red Lentil 

RLC Cooked Composite 99.6 26.6 1.6 Study 4 

RLB Baked Composite 97.5 25.9 2.3 Study 4 

RLE Extruded Composite 95.4 26.9 1.1 Study 4 

Green Lentil 

GLC Cooked Composite 99.5 25.7 2.1 Study 4 

GLB Baked Composite 97.3 25.4 2.2 Study 4 

GLE Extruded Composite 95.1 24.7 1.5 Study 4 

GLC1 Concentrate N/A 93.4 46.3 1.5 Study 2 

GLC2 Concentrate N/A 96.4 78.3 1.5 Study 2 

GLC3 Concentrate N/A 93.6 54.6 1.7 Study 1 

GLDF De-flavoured N/A 93.1 54.1 1.2 Study 1 

Green Split Pea 

GSPC Cooked Composite 99.7 23.8 1.3 Study 4 

GSPB Baked Composite 97.8 23.9 2.3 Study 4 

GSPE Extruded Composite 95.4 26.9 1.1 Study 4 

Yellow Split Pea 

YSPC Cooked Composite 97.4 22.3 1.5 Study 4 

YSPB Baked Composite 95.8 22.4 2.8 Study 4 

YSPE Extruded Composite 95.6 23.5 1.4 Study 4 

YSPC1 Concentrate N/A 93.1 50.0 2.4 Study 2 

YSPC2 Concentrate N/A 97.0 82.6 0.6 Study 2 

YSPC3 Concentrate N/A 93.2 51.1 3.7 Study 1 

YSPDF De-flavoured N/A 95.7 57.9 1.5 Study 1 

YSPI Isolate N/A 93.6 79.8 0.3 Study 1 

Faba Bean 

FBC Cooked Composite 95.7 28.4 1.1 Study 4 

FBB Baked Composite 97.8 29.4 1.1 Study 4 

FBE Extruded Composite 96.8 30.6 1.0 Study 4 

FBC1 Concentrate N/A 92.9 58.2 1.9 Study 2 

FBC2 Concentrate N/A 96.3 85.8 0.0 Study 2 

FBC3 Concentrate N/A 93.5 57.3 2.4 Study 1 

FBDF De-flavoured N/A 96.1 62.1 1.4 Study 1 

Sample key read as protein ingredient type, treatment, then variety if given (e.g. Red Lentil, Cooked, RLC); DM = 

Dry matter; CP = Crude protein; CF = Crude fat 
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Table 4. Continued 

 

Sample Key Treatment Variety DM(%) CP(%) CF(%) Study 

Pinto Bean 

PBC Cooked Composite 95.1 21.4 1.5 Study 4 

PBB1 Baked Composite 95.1 20.5 1.0 Study 4 

PBE1 Extruded Composite 96.9 21.7 0.3 Study 4 

PBB2 Baked N/A 96.9 14.7 1.0 Study 5 

PBE2 Extruded N/A 96.9 19.4 0.9 Study 5 

Black Bean 

BBC Cooked Composite 100.0 22.9 1.6 Study 4 

BBB Baked Composite 98.5 21.9 1.3 Study 4 

BBE Extruded Composite 96.4 23.4 0.2 Study 4 

Navy Bean 

NBC Cooked Composite 98.3 23.9 1.7 Study 4 

NBB Baked Composite 97.9 23.2 1.7 Study 4 

NBE Extruded Composite 96.8 23.6 1.5 Study 4 

Red Kidney Bean 

RKBC Cooked Composite 98.6 24.6 1.4 Study 4 

RKBB Baked Composite 98.9 23.6 1.4 Study 4 

RKBE Extruded Composite 96.2 23.6 0.6 Study 4 

Buckwheat 

BWR Raw N/A 89.9 12.5 2.6 Study 5 

BWB Baked N/A 97.4 20.3 0.4 Study 5 

BWE Extruded N/A 89.9 18.4 1.5 Study 5 

BWBPB Baked Pinto Blend 96.6 24.1 0.7 Study 5 

BWEPB Extruded Pinto Blend 96.0 25.3 0.4 Study 5 

Hemp 

HP70 N/A HempPro 70 96.0 66.2 6.7 Study 6 

HP50 N/A HempPro 50 93.0 53.6 9.4 Study 6 

HH N/A Hemp Hearts 95.9 75.7 1.0 Study 6 

Sample key read as protein ingredient type, treatment, then variety if given (e.g. Pinto Bean, Cooked; PBC); DM = 

Dry matter; CP = Crude protein; CF = Crude fat 
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4.1.4: Analytical Procedures 

 Each ingredient, diet or feces were additionally ground by a hand-held electric coffee mill 

prior to all of the following analysis. Respectively, all of the following was also run in duplicate 

with the exception of the amino acid hydrolysis and analysis which was run in singlet. Dumas 

combustion, through the use of a LECO CNS-2000 Nitrogen Analyzer (LECO Corporation, St 

Joseph MI., U.S.A., Model No. 602-00-500) was used to measure nitrogen and to yield crude 

protein (CP%; N x 6.25) through a standard nitrogen conversion factor (FAO/WHO, 1991; 

Mariotti et al., 2008). Crude fat (CF%) was determined by extraction into hexane and by 

gravimetrics by standard procedures outlined by AOAC 2003.06 (AOAC, 1995). Additionally, 

these standard procedures, 925.10 (AOAC, 1995), were also used to determine dry matter 

(DM%). Amino acid content for each ingredient was determined through regular amino acid 

hydrolysis following AOAC official method 982.30 and performic acid oxidized hydrolysis for 

methionine and cysteine following AOAC official method 45.4.05 (AOAC, 1995). Alkaline 

hydrolysis for each sample ingredient was used to determine tryptophan by methods from the 

International Organizations for Standardization 13904 (ISO, 2016). Each method of amino acid 

hydrolysis included an internal amino acid reference standard (NIST 3234). Detailed analysis for 

amino acid hydrolysis and analysis are given in the following sections (4.1.5 - 4.1.8). 
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4.1.5: Regular Amino Acid Hydrolysis 

The procedures begins with 50mg of sample (ingredient) which is then mixed with 4mL 

of 6N phenolic HCL (1% phenol) and approximately 20uL of 2-octanol in a hydrolysis tube. The 

tubes were then vacuumed sealed and incubated for 24 hours at 110ºC in a heating block. Post 

hydrolysis, samples were allowed to cool, followed by the addition of 4mL of 25% NaOH. The 

entire hydrolysate was rinsed and brought to volume with Milli-Q water or sodium citrate buffer 

(pH 2.2) into a 50mL volumetric flask. A sample aliquot filtered through syringe (0.22μm) or 

filter paper and stored at -20ºC for future ion-exchange chromatography.  

4.1.6: Performic Acid Oxidized Hydrolysis 

Freshly prepared performic acid (9:1 solution of phenolic formic acid, 88%; hydrogen 

peroxide, 35%), in addition to approximately 20uL of 2-octanol were added to a glass tube with 

50mg of sample (ingredient) and sealed using a glass stopper. The oxidation process was 

produced by storage at 4ºC for 18 hours. Post oxidation, 0.35 mg sodium metabisulfite was 

added to each sample tube and allowed to stand for 2 hours with periodic mixing. The addition of 

2mL 6N HCL was then added following this, and incubated for 16 hours at 110ºC in a heating 

block. Each sample was then prepared in accordance to the regular amino acid post hydrolysis 

procedure.  

4.1.7: Alkaline Hydrolysis And High-Performance Liquid Chromatography 

 Within a polypropylene flask, a solution composed of 40mg of sample (ingredient), 8.4g 

of barium hydroxide and 14mL of Milli-Q water were loosely capped and autoclaved for 20 

hours at 110ºC. Post autoclaving, 30mL Milli-Q water was added followed by 5.4mg of α-
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methyltryptophan and 5 mL 0.5 M orthophosphoric acid. The solution was then adjusted to a pH 

of 3.0 with 6N HCl, followed shortly by the addition of 20 mL of methanol and brought to a final 

volume of 100mL with distilled water. From this final solution, a sample aliquot was syringe 

filtered (0.22μm) and stored at -20ºC. Samples were evaluated on a Varian HPLC with a 125 mm 

× 4 mm C18 Luna column at room temperature. The mobile phase was comprised of 0.3% acetic 

acid and 0.05% 1,1,1-trichloro-2-methyl-2-propanol in Milli-Q water, which was brought to a pH 

of 5.0 with ethanolamine. The excitation and emission parameters were set to 280nm and 356nm 

respectively, with a flow rate of 1 mL/min and a total run time of approximately 34 minutes. 

4.1.8: Ion-Exchange Chromatography Of Regular And Oxidized Amino Acids 

 Amino acids were measured on a Sykam S433 automatic amino acid analyzer with 

Sykam quaternary delivery pump S2100, S4300 amino module and S5200 autosampler. Three 

buffer systems were prepared for a buffer gradient mobile phase, which are demarcated as ‗A‘; 

sodium citrate pH 2.9, ‗B‘; sodium citrate pH 4.2, and ‗D‘ 2.1% sodium hydroxide as a 

regeneration solution. The gradient ratios and timing proceeded as follows: A:B:D = 100:0:0 

from start to 7 min, A:B:D = 85:15:0 from 7 to 16 min, A:B:D = 80:20:0 from 16 to 23 min, 

A:B:D = 75:25:0 from 23 to 29 min, A:B:D = 0:100:0 from 29 to 50 min, A:B:D = 0:0:100 from 

50 to 52.1 min and A:B:D = 100:0:0 from 52.1 to 64.2 min. The flow rate of the mobile phase 

was 0.45 mL/min and the flow rate of the derivatizing reagent was 0.25 mL/min. The 

temperature of the column was set to 60°C from start to 30 min, 70°C from 30 to 52 min and 

60°C from 52 to 217 min. The autosampler was maintained at 4°C in addition to the reaction 

equipment being maintained at 130°C.  
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4.1.9: Protein Digestibility-Corrected Amino Acid Score  

Each study diet conducted a rat bioassay following official methods from the 1991 Food 

and Agriculture Organization (FAO) and the World Health Organization (WHO) procedures for 

PDCAAS (FAO/WHO, 1991). The amino acid ratios for each study protein and the reference 

protein casein are derived by dividing for each essential amino acid by its relative abundance in a 

test protein or casein, expressed in milligrams of amino acid per gram of test protein or casein, 

by the relative abundance of each amino acid from the 1991 FAO and WHO reference pattern 

(Table 2). The resulting amino acid with the lowest ratio was selected (Appendix C) as the amino 

acid score (AAS).  

 

     
                                                   

                                                        
 

 

True protein digestibility (TPD%) was determined using the AOAC Official Method 

991.29 rat bioassay (AOAC, 1995), with casein as a reference standard. The given value for 

endogenous protein loss used in the calculation of TPD was approximately 2.5%, which was 

selected from previous study feeding laboratory rats a nitrogen-free diet (House et al., 2010). 

Each study diet was formulated to be isocaloric, containing 10% protein and 10% total fat, both 

of which are supplied by the ingredient of study (Table 5). To obtain the total fat requirement in 

each study diet, additional corn oil was added, whereas the remaining energy was derived from 

corn starch. Vitamins, minerals (AIN-93 formulations; Harlan Teklad, Madison, WI) and 5% 

cellulose were also added to each study diet to meet the micronutrient requirements of laboratory 

rats (National Research Council Subcommittee on Laboratory Animal Nutrition, 1995).  
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Male weanling Sprague Dawley rats (n = 10 per ingredient/diet; initial weight ~70g) were 

individually housed in suspended wire-bottomed cages, and given two toys (marble and metal 

washer) in addition to a private compartment (metal box). Initially, rats were given 2-3 days to 

acclimate on ad-lib standard AIN-93 lab chow (Harlan Teklad, Madison, WI). Following this, 

rats were randomized for their study diet, and feed was restricted to a maximum of 15g/day over 

a four day secondary acclimation period followed by a 5-day balance period (Figure 1). 

During this time, daily feed intake was calculated in addition to managing absorbent 

paper placed underneath the caging. Water was also available for ad libitum consumption at all 

times. Total fecal output was collected during the balance period, air-dried, and analyzed for its 

DM and nitrogen content. The TPD was calculated as follows, where nitrogen intake and fecal 

nitrogen loss represent the product of food intake or fecal weights and their respective nitrogen 

values: 

 

     
                                                              

               
       

 

The value for endogenous nitrogen loss was determined as the amount of fecal nitrogen produced 

by rats consuming a protein-free diet. The PDCAAS was calculated as the product of the amino 

acid score and TPD%.   
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Table 5. Sample diet composition for protein, fat, carbohydrate and pre-mix given for eight 

kilograms of diet 

 

 Diet  

(%) 

Diet  

(g/8kg) 

CSN  

(g/8kg) 

CB  

(g/8kg) 

Protein 10.0 800 925 3958 

Fat 10.0 800 798 528 

Premix 10.3 824 824 824 

Minerals  3.5 280 - - 

Vitamins  1.0 80 - - 

Cellulose 5.0 400 - - 

Choline Bitartrate 0.5 40 - - 

Titanium Oxide 0.3 24 - - 

Carbohydrate Balance Balance 5453 2690 
Samples: CSN = Casein; CB = Chickpea Baked 
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Figure 1. Sample diet assignment for acclimation and balance periods given to rats 

  

Arrival 

• Weanling 

• ~70g 

First 
Acclimation 

• 2-3 Days 

• Ad lib Lab Chow 

Second 
Acclimation 

• 4 Days 

• Randomized Diet 
Assignment (n=10) 

• 15g Diet / Day 

Balance 
Period 

• 5 Days 

• 15g Diet / Day 

• Fecal Collection 
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4.1.10: Static Enzymatic pH Drop Procedure 

The static enzymatic pH drop (PHD) method follows that from Hsu, Vavak, Satterlee, & 

Miller (1977), with modifications (Tinus et al., 2012).  The protein from each ingredient, in 

duplicate, was weighed to 62.5mg +/- 1mg in addition to 10 mL of Milli-Q water and heated to 

37ºC. Simultaneously, a multi-enzyme cocktail consisting of 3.1mg/mL chymotrypsin (bovine 

pancreas ≥40 units/mg protein), 1.6mg/mL trypsin (porcine pancreas 13,000-20,000 BAEE 

units/mg protein) and 1.3mg/mL protease (Streptomyces griseus ≥15 units/mg solid) was 

prepared in 10mL Milli-Q water and heated to 37ºC. Both the test ingredient and the cocktail 

were brought to a pH of 8.0 +/- 0.05 with either 1M NaOH or 1M HCl and allowed to solubilize 

for one hour. The PHD was initiated when 1mL of the enzyme cocktail was transferred to the to 

the protein ingredient solution; initial pH was recorded before the pH drop began, and recorded 

every 30 seconds for ten minutes (Appendix D). The pH drop in vitro protein digestibility 

(phdIVPD%) was calculated as follows, where the ΔpH10minutes is the change in pH in 10 minutes 

from the initial pH of approximately 8.0 (Appendix E). 

 

                                   

4.1.11: Static Two-Step Digestion Procedure 

The static two-step digestion (TSD) follows that from Boisen & Ferna´ndez (1995), with 

modified pH (Boisen, 2007), protein precipitation and centrifugation (Montoya et al., 2008), 

removal of filtration, reduction in sample size and volume, as well as the addition of regular 

amino acid hydrolysis and determination of α-amino nitrogen content through a o-
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Phthaldialdehyde (OPA) method (Church, Swaisgood, Porter, & Catignani, 1983). All 

modifications are given in greater detail within the appendices (Appendix I). 

Phase 1 – Gastric Digestion 

Initially, 150mg of test protein, in duplicate, or 150µL of Milli-Q water (for blank*) was 

suspended in 18.75mL of potassium phosphate buffer (0.1M pH 6.0). After brief mixing, 7.5mL 

of HCl (0.2M) was added to the mixture and brought to a pH of 2.0 with 0.1M HCl or NaOH 

while simultaneously being magnetically stirred at approximately 40ºC. Subsequently, 0.75mL 

of freshly prepared pepsin solution containing 10mg of pepsin (Porcine gastric mucosa, P7000; 

250≥ units per mg) and 0.375mL of chloramphenicol solution (0.5g Chloramphenicol per 100mL 

of ethanol) was then added to the mixture. The digest was then placed in a thermostatically 

controlled heating chamber at 39ºC and shaken at 150RPM for 6 hours.  

*Note: Water blank run without any enzyme 

Phase 2 – Intestinal Digestion 

The gastric phase was then ceased after neutralization with 7.5mL of potassium 

phosphate buffer (0.2M pH 6.8) and 3.75mL of 0.6M NaOH. The solution was balanced to pH 

7.0 using 0.1M HCl or NaOH while simultaneously being magnetically stirred at approximately 

40ºC. The intestinal digestion was initiated with the addition of 0.75mL of freshly prepared 

pancreatic solution containing 50mg pancreatin (porcine pancreas, P1750; 4 × USP 

specifications) and placed back into the heating chamber at 39ºC and shaken at 150RPM for 18 

hours.  

Phase 3 – Sample Preparation 

Following the end of intestinal digestion, two 1.3mL of sub-samples, while being 

magnetically stirred at approximately 40ºC, were extracted from the digest solution and 

transferred to two 2mL centrifuge tubes containing 0.2mL of TCA (7.5% w/v, final 
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concentration) to cease enzymatic activity and precipitate protein. The sample was then vortexed 

briefly and centrifuged at 17000g for 60 minutes at room temperature. The resultant, 0.75mL 

supernatant, was combined and transferred to a 2mL cryogenic vial and stored at -20ºC for future 

acid hydrolysis. 

4.1.12: Static Two-Step Digestion Acid Hydrolysis 

 Acid hydrolysis closely follows that of AOAC official method (AOAC, 1995) with slight 

modification, in singlet for each sample (samples in duplicate). In brief, 0.2mL of thawed sample 

or water blank was mixed and transferred to a hydrolysis tube followed by 4mL of 6N HCl and 

approximately 20μL of 2-octanol. The tubes were then vacuumed sealed and incubated for 24 

hours at 110ºC in a heating block. After which the tubes were removed and allowed to cool 

before being transferred to beakers with 4mL of 25% NaOH. Each tube was rinsed 3 times with 

4.1mL of Milli-Q water and transferred to the beaker. Approximately 2mL was transferred using 

a syringe filtered (0.22μm) to a cryogenic vial for same day analysis at room temperature, 

followed by storage at -20ºC. 

4.1.13: Static Two-Step Digestion o-Phthaldialdehyde Assay Preparation 

The OPA reagent was prepared fresh on the day of analysis following the method 

outlined by Church et al. (1983).  The solution is a combination of 25mL 0.1M sodium 

tetraborate, 2.5mL 5M SDS, 0.1mL β-mercaptoethanol, 1.0mL OPA (prepared in methanol) and 

21.4mL Milli-Q water in an amber flask. Prior to use, the OPA reagent was stirred at room 

temperature for one hour. 
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4.1.14: Static Two-Step Digestion o-Phthaldialdehyde Spectrophotometric Analysis 

 All samples were analysed fresh (within two hours of acid hydrolysis completion), at 

room temperature using an Agilent G1117AA spectrophotometer. The reaction was measured at 

340nm after 2 minutes, when 1.0mL of OPA reagent was added to a preloaded 0.2mL of sample 

supernatant or water blank in a 1.5mL methacrylate cuvette. A standard curve of 1mM L-leucine 

(Appendix F) was also produced using the OPA reagent to estimate nitrogen (α-amino nitrogen) 

through regression. The in vitro two-step digestibility (tsIVPD%) was calculated (Appendix G) 

as the quotient of the initial digest nitrogen concentration (μmol N), otherwise described as the 

nitrogen present in the digest solution prior to digestion (Phase 1), and the final digest nitrogen 

concentration (μmol N) measured within the cuvette, after digestion and dilutions from all steps 

(phase 1-3 and acid hydrolysis). 

 

        
                       

                     
        

 

The in vitro protein digestibility of either the Static Enzymatic pH Drop (phdIVPD%) or the 

Static Two-Step Digestion (tsIVPD%) were calculated from the product of either digestibility 

and the AAS to produce the pH drop in vitro protein quality (phdIVPQ) or the two-step in vitro 

protein quality (tsIVPQ). 
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4.1.15: Statistical Analysis 

 Values for CP% (n=2), CF% (n=2), DM% (n=2), TPD% (n=10), phdIVPD% (n=2) and 

tsIVPD% (n=2), were subject to calculation of mean, standard deviation (STD) and coefficient of 

variation (CV%). Method comparison between protein digestibility values (TPD, phdIVPD, and 

tsIVPD) or protein quality (PDCAAS, phdIVPQ, tsIVPQ) were determined through Pearson 

product-moment correlation, Bland Altman plots, distribution histograms, and a student t-test 

(single tail distribution, equal variance), which were considered significant if P ≤ 0.05. Statistical 

analysis was assessed in both Microsoft Excel 2010 and Statistical Analysis Software (SAS®) 

v9.1.3 (Appendix J-AC).  
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5.1.1: Digestibility Values 

The highest TPDs (Table 6) were demonstrated by several protein concentrates, such as 

faba bean concentrate 2 (97.2), yellow split pea concentrate 2 (97.1) and green lentil concentrate 

2 (96.1). The lowest TPD was determined to be pinto bean baked 1 (57.6), which was followed 

by buckwheat baked (63.4) and black bean baked (63.6); however, the digestibility (TPD) of 

most PBPs were all moderately high (≥80.0). Casein TPD across studies 1-6, indicated strong 

fidelity, through a small standard deviation (STD; 1.2%) and coefficient of variation (CV%; 

1.2%). Most proteins exhibited less than 5% variation (STD; 99% of values), and relative 

variation (CV%; 89% of values) in TPD. Those proteins which demonstrated a higher relative 

variation (CV%: 5.1-9.3%) occurred mainly within the pulses, such as either pinto bean baked, 

pinto bean cooked, black bean baked, navy bean baked and red kidney bean baked, with the 

exception of buckwheat raw and buckwheat baked. The in vitro protein digestibility (IVPD) 

values for the pH drop method displayed a much lower range of values (Table 6), with the 

highest digestible protein being green split pea extruded (90.0) and the lowest as pinto bean 

baked (71.7). Relative to the highest digestible proteins suggested by the TPD, faba bean 

concentrate 2 (75.0), yellow split pea concentrate 2 (78.4) and green lentil concentrate 2 (76.7) 

were much lower for the phdIVPD method. Most proteins that were assessed at being moderately 

digestible (≥80.0) are suggested to be less so, determined through the phdIVPD method (70.0-

80.0). The tsIVPD (Table 6) had similarly low digestible pinto bean baked (60.8) to that of TPD, 

but over-predicted the digestibility of oat turcotte raw (103.6). The highest digestible proteins 

CHAPTER 5: RESULTS 

5.1: PROTEIN DIGESTIBILITY 
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identified in the TPD method also came somewhat short in the tsIVPD, but relatively greater 

than the phdIVPD, for faba bean concentrate 2 (88.7), yellow split pea concentrate 2 (78.0) and 

green lentil concentrate 2 (80.3). The tsIVPD also fared better at determining the broad range of 

digestibility that fell at the moderately high range (≥80.0), assessed by the TPD. Both in vitro 

methodologies performed well with regards to reproducibility, with the overall range of variation 

and relative variation in phdIVPD (STD: 0-3.5%; CV%: 0-4.2%) and tsIVPD being (STD: 0-

5.1%; CV%: 0-5.5%) low, with a single outlier (Oat turcotte raw) in tsIVPD. Overall, there was 

good reproducibility in both in vivo and in vitro methodologies. Casein that was included in each 

run for potential variability or relative variability occurring between days or technique was small 

(≤5.5%) across all 28 phdIVPD runs or all 30 tsIVPD runs (Table 7). Additionally, a single 

digest for both methods, assessing ten replicates of caseins also indicated a low variability and 

relative variability (≤5.5%). 

5.1.2: Distribution Histogram 

The overall protein digestibility distribution for the TPD and tsIVPD were comparatively 

more alike than the TPD and the phdIVPD. This can be identified within the distribution 

parameters (Table 8), indicating a similar negative skew of 0.77 and 1.57 as well as a positive 

kurtosis of 1.65 and 2.27 for the TPD and the tsIVPD respectively. Conversely, the phdIVPD 

had a positive skew of 0.21 and negative kurtosis of 0.76. Both the TPD (P ≥0.0001) and tsIVPD 

(P = 0.04) also demonstrated distributions which were not normal, whereas the phdIVPD had a 

normal distribution (P = 0.266). Reviewing the frequency of values within the distribution 

histogram (Figure 2) also indicates the greatest number (≥10) of digestibility values or frequency 

between 87.5 to 90 for the TPD, whereas the frequency distribution for tsIVPD occurred mainly 
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at 90. The phdIVPD had a much lower range of digestibility values with a greater frequency 

(>10) between 77.5 to 82.5. 

5.1.3: Correlation And Student T-Test Analysis 

Both the phdIVPD and tsIVPD (Figure 3A and 3B; Table 11) displayed positive 

correlations (R = 0.45, 0.56 respectively) which were significantly greater than zero (P ≤ 

0.0001). The protein digestibility correlation for the tsIVPD method (R
2 

= 0.31) better explains 

the relationship with TPD over that of the phdIVPD (R
2 

= 0.20). The student t-test (Table 11) 

indicates that the mean phdIVPD values were significantly different (P ≤ 0.0001) than the TPD, 

whereas the tsIVPD were not (P = 0.316). 

5.1.4: Bland-Altman 

The Bland-Altman plots may explain some of the agreement between the methods, and 

the difference in correlations seen in figures 3A and 3B. The phdIVPD Bland-Altman (Figure 

4A) indicates a greater number of mean protein digestibility (7 total) outside of limits of 

agreement of 95%, over that of the tsIVPD (4 total; Figure 4B). A greater number of mean 

differences also occurred between the 10-15% difference range for phdIVPD (7 vs. 3), whereas 

tsIVPD had a greater number of mean protein digestibility at the 5-10% difference range (23 vs. 

10).  
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5.1.5: In Vitro Protein Digestibility Summary 

Based on the outcomes for the overall digestibility values (Table 6), protein digestibility 

distribution (Figure 2; Table 8), correlation (Figure 3A and 3B), student t-test (Table 11) and 

Bland-Altman (Figure 4A and 4B), we can both quantitatively and statistically, reject all null 

hypotheses (H01-H03) and accept the alternative hypothesis (Ha1), such that the IVPD using the 

TSD is more accurate at predicting the TPD than the PHD in plant-based proteins. 
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5.2.1: Amino Acid Content And Scores  

Comparatively, amino acid contents (Table 9), as is, will be reflective of total nitrogen or 

protein content (Table 6), and not reflective of quality (e.g. compared based on a mg/g protein 

basis). Casein, in this respect will have a much greater total amino acid content which is 

representative of caseins higher total nitrogen content. Although some of these PBPs may exhibit 

high content of certain amino acids (e.g. asparagine or arginine) relative to casein or other higher 

total nitrogen content proteins, contextually, only quality will be discussed. Due to the sheer 

number of pulse samples, the most prevalent limiting amino acid was methionine and cysteine 

(Table 10). Within the pulses, tryptophan may have been the most limiting, or close to becoming 

the most limiting amino acid. Hemp, oats and wheat were most limited by their lysine content, 

whereas buckwheat or buckwheat blends with pinto bean were either limiting in leucine or 

lysine. Casein was most limited by threonine, across 4 studies, followed by methionine and 

cysteine in 2 studies. The final amino acid score (AAS) for each casein, however, was close to, 

at, or above a ‗perfect‘ score of 1.0. Few PBPs approached a similar perfect AAS, such as 

chickpea extruded (0.97), chickpea baked (0.95), buckwheat and pinto bean extruded (0.93), 

pinto beans cooked (0.92), and black beans baked (0.91). The lowest AAS among the PBPs 

occurred within the wheat and hemp proteins (0.42-0.50). Some concentrates demonstrated an 

increase in their AAS, over other concentrates within the same class, such as green lentils, 

yellow split pea, or faba bean. The impact of processing, such as baking, cooking, or extrusion 

within each study, also demonstrated mixed results on the impact of limiting amino acids. Soy 

had a decrease in its amino acid score, from one variety (Etna) in its raw form (0.88) to its 

cooked form (0.79), whereas the other variety (Amadeus) had an opposite effect (from 0.70 raw 

5.2: PROTEIN QUALITY 
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to 0.78 cooked). The evaluation of cooking, baking or extrusion on green split peas suggested no 

quantitative change (0.81-0.85), whereas other pulses classes demonstrated an impact, such as 

extrusion (0.80) or cooking (0.92) in pinto beans.  

5.2.2: Protein Quality Values 

Casein values for the PDCAAS among all studies are high (Table 6), with a range of 

89.1% - 100%, as well as a strong precision across studies (STD 3.8%; CV% 3.9%). Chickpea 

extruded (83.8) had the closest comparable PBP from all 65 proteins to that of caseins PDCAAS 

value. The lowest quality protein, which was in large due to poor lysine content, was determined 

in wheat protein, (PDCAAS 37.5-41.1), followed closely by the hemp proteins (PDCAAS 42.3-

44.0). Both the phdIVPQ and tsIVPQ demonstrated a strong overlap in PDCAAS values across 

casein 1 – casein 6. The average AAS (1.00) applied to the single phdIVPD (88.7) and tsIVPD 

(91.3) value also indicated a similarly high protein quality value (phdIVPQ 89.1; tsIVPQ 91.7) to 

the average PDCAAS value for casein (96.4). Both the phdIVPQ and the tsIVPQ determined the 

highest quality PBP as chickpea extruded (phdIVPQ 84.3; tsIVPQ 87.3) similarly to that of the 

in vivo approach. The lowest quality protein was determined to be faba bean concentrate 1 in 

phdIVPQ (33.9) and faba bean de-flavoured in tsIVPQ (35.1). Wheat protein for the phdIVPQ 

(36.4-37.5) and the tsIVPQ (35.6-45.0) followed shortly after as poor quality proteins determined 

in vitro; similarly, hemp protein for the phdIVPQ (36.4-37.8) and the tsIVPQ (36.5-40.1) were 

also identified as poorer quality proteins. 
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5.2.3: Distribution Histogram 

The distribution parameters for each protein quality measure shared a positive skew of 

0.15, 0.07 and 0.30 for the phdIVPQ, tsIVPQ and PDAAS respectively (Table 8). These 

parameters differed for kurtosis, with a positive value identified in the PDCAAS of 0.20 and 

negative values within the phdIVPQ (0.15) and tsIVPQ (0.50). Each measure of protein quality, 

however, demonstrated a significantly normal distribution.  The greatest frequency (≥8) for 

PDCAAS values occur between 55 to 70 (Figure 5), whereas the phdIVPQ and tsIVPQ fall 

somewhat short from 55 to 65. Both the phdIVPQ and tsIVPQ have outliers relative to the 

PDCAAS with a greater frequency (≥8) of protein quality values, such as 40 for phdIVPQ and 

75 for tsIVPQ. 

5.2.4: Correlation And Student T-Test Analysis 

Both the phdIVPQ and tsIVPQ (Figure 6A and 6B; Table 11) form a strong positive 

relationship (R = 0.91, R = 0.92) with PDCAAS that is significantly greater than zero (P ≤ 

0.0001). Both correlations were strong, with the tsIVPQ (R
2 

= 0.85) being greater than the 

phdIVPQ (R
2 

= 0.82). Although both methods were significantly (P ≤0.05) no different in mean 

values (Table 11), given by the student t-test (single tail distribution, equal variance), the 

phdIVPQ was nearly significantly different (P = 0.256), relative to the tsIVPQ (P = 0.437). 
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5.2.5: Bland-Altman 

The Bland-Altman plot for the phdIVPQ (5 points) over that of the tsIVPQ (3 points) 

indicates a greater number of mean protein digestibility outside or on the limits of agreement 

(95%; Figure 7A and 7B). A slight difference in the number of mean differences also occurred 

between the 5-10% range for phdIVPQ relative to the tsIVPQ (22 vs. 21), whereas the remaining 

data points remained to only have a 0-5% difference in the shared mean with the PDCAAS. 

5.2.6: In Vitro Protein Quality Summary 

Statistically and quantitatively, the alternative hypothesis (Ha2) must be rejected, and the 

null hypothesis (H05), such that the IVPQ using the TSD is equally accurate at predicting the 

PDCAAS as the PHD method in plant-based proteins; must be accepted. The evidence from the 

overall protein quality values (Table 6), protein quality distribution (Figure 5; Table 8), 

correlation (Figure 6A and 3B), student t-test (Table 11) and Bland-Altman (Figure 7A and 4B) 

support the acceptance of either method of digestibility used to calculate the protein quality as no 

difference statistically or quantitatively was determined. 
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Table 6. Summary of digestibility and protein quality measures for all proteins, including the true protein digestibility, pH drop in 

vitro protein digestibility, two-step in vitro protein digestibility, protein digestibility-corrected amino acid score, pH drop protein 

quality, two-step protein quality and each samples corresponding amino acid score 

 

Sample TPD STD CV% phdIVPD STD CV% tsIVPD STD CV% AAS PDCCAS phdIVPQ tsIVPQ 

Casein 

CSN1 95.3 0.7 0.8 88.7 3.0 3.4 91.3 5.1 5.5 1.02 97.1 90.4 93.0 

CSN2 95.1 1.1 1.2 N/A N/A N/A N/A N/A N/A 0.94 89.1 N/A N/A 

CSN3 96.0 1.0 1.1 N/A N/A N/A N/A N/A N/A 0.98 94.3 N/A N/A 

CSN4 96.7 1.2 1.3 N/A N/A N/A N/A N/A N/A 1.03 99.7 N/A N/A 

CSN5 96.4 1.3 1.4 N/A N/A N/A N/A N/A N/A 1.02 98.2 N/A N/A 

CSN6 96.3 1.8 1.9 N/A N/A N/A N/A N/A N/A 1.04 100.0 N/A N/A 

AVG 96.0 1.2 1.2 88.7 3.0 3.4 91.3 5.1 5.5 1.00 96.4 89.1 91.7 

STD 0.6 N/A N/A N/A N/A N/A N/A N/A N/A 0.03 3.8 N/A N/A 

CV% 0.6 N/A N/A N/A N/A N/A N/A N/A N/A 3.46 3.9 N/A N/A 

Soy 

SRE 83.5 4.0 4.7 72.4 0.5 0.7 85.3 0.9 1.1 0.88 73.3 63.5 74.8 

SCE 88.8 1.6 1.9 83.0 1.0 1.2 81.0 0.1 1.4 0.80 70.6 65.9 64.4 

SRA 82.2 3.5 4.2 72.5 0.8 1.1 87.2 0.4 0.5 0.70 57.4 50.6 60.9 

SCA 89.7 0.7 0.8 89.1 0.5 0.5 92.8 0.2 0.2 0.78 70.3 69.9 72.8 

Wheat 

WRC 89.3 0.8 0.8 79.8 1.1 1.4 97.7 2.5 2.5 0.46 41.1 36.7 45.0 

WCC 89.1 1.1 1.3 85.4 0.2 0.2 88.9 1.0 1.1 0.44 39.1 37.5 39.1 

WRS 89.0 1.3 1.5 84.1 0.0 0.0 93.6 1.1 1.1 0.44 38.8 36.7 40.8 

WCS 89.5 1.0 1.1 87.0 0.4 0.4 84.9 0.5 0.5 0.42 37.5 36.4 35.6 

TPD = True protein digestibility; phdIVPD = pH drop in vitro protein digestibility; tsIVPD = Two-step in vitro protein digestibility; PDCAAS = Protein 

digestibility-corrected amino acid score; phdIVPQ = pH drop protein quality; tsIVPQ = Two-step protein quality; STD = Standard deviation; CV% = Coefficient 

of variation 
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Table 6. Continued 
 

Sample TPD STD CV% phdIVPD STD CV% tsIVPD STD CV% AAS PDCCAS phdIVPQ tsIVPQ 

Oat 

ORT 88.5 2.8 3.2 79.1 0.8 1.0 103.6 2.6 2.5 0.75 66.7 59.7 78.1 

OCT 86.9 1.5 1.7 76.3 0.3 0.4 91.6 8.6 9.3 0.66 57.4 50.4 60.5 

ORN 87.7 3.4 3.9 77.4 2.7 3.5 96.9 0.8 0.9 0.76 66.4 58.7 73.4 

OCN 85.1 2.4 2.9 82.0 1.4 1.7 91.6 1.4 1.6 0.68 57.7 55.6 62.0 

Chickpea 

CC 87.2 2.6 2.9 83.5 3.5 4.2 80.6 1.1 1.4 0.86 75.2 72.0 69.6 

CB 84.6 2.0 2.4 80.4 0.6 0.8 79.5 1.4 1.8 0.95 80.0 76.0 75.2 

CE 86.6 1.0 1.1 87.1 0.1 0.1 90.2 0.6 0.7 0.97 83.8 84.3 87.3 

Red Lentil 

RLC 91.0 2.2 2.4 84.7 1.1 1.3 87.3 0.4 0.4 0.63 57.4 53.4 55.1 

RLB 88.8 2.4 2.7 85.0 0.5 0.6 93.1 0.8 0.8 0.61 53.8 51.6 56.5 

RLE 92.4 2.3 2.4 88.0 2.8 3.2 83.8 1.4 1.6 0.68 63.0 60.0 57.2 

Green Lentil 

GLC 86.4 2.0 2.3 84.0 1.2 1.4 82.6 0.9 1.1 0.61 52.9 51.5 50.6 

GLB 83.1 1.9 2.2 79.3 1.0 1.3 88.3 2.2 2.5 0.57 47.1 45.0 50.1 

GLE 86.0 2.0 2.3 84.3 0.0 0.0 87.9 0.1 0.1 0.66 57.1 56.0 58.3 

GLC1 91.1 0.8 0.9 74.8 0.3 0.4 94.3 0.9 0.9 0.75 68.1 55.9 70.5 

GLC2 96.1 0.8 0.8 76.7 0.4 0.5 80.3 0.6 0.7 0.52 49.8 39.7 41.6 

GLC3 92.3 2.1 2.3 77.0 0.2 0.2 87.1 0.8 0.9 0.56 51.4 42.9 48.5 

GLDF 94.2 1.4 1.5 77.8 0.3 0.3 83.8 0.1 0.1 0.58 54.3 44.9 48.4 

TPD = True protein digestibility; phdIVPD = pH drop in vitro protein digestibility; tsIVPD = Two-step in vitro protein digestibility; PDCAAS = Protein 

digestibility-corrected amino acid score; phdIVPQ = pH drop protein quality; tsIVPQ = Two-step protein quality; STD = Standard deviation; CV% = Coefficient 

of variation 
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Table 6. Continued 

 

Sample TPD STD CV% phdIVPD STD CV% tsIVPD STD CV% AAS PDCCAS phdIVPQ tsIVPQ 

Green Split Pea 

GSPC 87.6 1.7 1.9 86.6 0.5 0.5 87.5 1.3 1.5 0.82 72.0 71.2 72.0 

GSPB 88.5 2.2 2.5 82.2 0.6 0.8 87.6 0.1 0.1 0.85 75.2 69.9 74.5 

GSPE 90.7 2.8 3.1 90.0 0.8 0.9 92.9 2.5 2.6 0.81 73.6 73.0 75.4 

Yellow Split Pea 

YSPC 89.0 1.8 2.0 86.8 0.6 0.7 88.8 0.3 0.3 0.78 69.2 67.4 69.1 

YSPB 86.8 2.6 3.0 82.5 0.5 0.7 84.9 1.3 1.5 0.79 68.9 65.5 67.4 

YSPE 91.4 2.2 2.4 86.9 0.1 0.1 82.1 0.7 0.8 0.72 65.4 62.3 58.8 

YSPC1 92.6 1.4 1.5 78.3 0.0 0.0 88.3 1.3 1.4 0.58 54.1 45.7 51.5 

YSPC2 97.1 1.0 1.0 78.4 0.1 0.1 78.0 0.0 0.6 0.54 52.6 42.5 42.3 

YSPC3 91.1 1.2 1.3 78.0 0.8 1.0 83.3 0.9 1.1 0.72 65.6 56.2 60.0 

YSPDF 92.7 1.9 2.0 81.1 0.6 0.8 81.8 1.3 0.8 0.71 65.3 57.2 57.7 

YSPI 95.5 1.4 1.5 89.0 0.5 0.5 86.0 1.1 1.3 0.61 58.0 54.0 52.2 

Faba Bean 

FBC 88.5 4.0 4.5 81.4 0.0 0.0 82.1 0.7 0.9 0.61 54.1 49.8 50.2 

FBB 88.6 4.3 4.8 76.8 0.5 0.6 79.1 0.1 0.1 0.75 66.4 57.5 59.2 

FBE 87.6 3.8 4.3 82.2 0.6 0.8 80.7 0.9 1.1 0.66 58.0 54.5 53.4 

FBC1 94.0 0.8 0.8 73.6 0.2 0.2 89.6 2.6 2.9 0.46 43.3 33.9 41.2 

FBC2 97.2 1.0 1.0 75.0 0.1 0.1 88.7 1.3 1.4 0.58 56.4 43.6 51.5 

FBC3 93.6 1.8 1.9 79.9 0.1 0.1 88.6 0.3 0.3 0.65 61.5 52.5 58.2 

FBDF 93.0 3.0 3.2 82.6 0.2 0.2 76.8 1.3 1.7 0.46 42.5 37.8 35.1 

TPD = True protein digestibility; phdIVPD = pH drop in vitro protein digestibility; tsIVPD = Two-step in vitro protein digestibility; PDCAAS = Protein 

digestibility-corrected amino acid score; phdIVPQ = pH drop protein quality; tsIVPQ = Two-step protein quality; STD = Standard deviation; CV% = Coefficient 

of variation 
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Table 6. Continued 
 

Sample TPD STD CV% phdIVPD STD CV% tsIVPD STD CV% AAS PDCCAS phdIVPQ tsIVPQ 

Pinto Bean 

PBC 82.1 4.5 5.5 76.7 0.5 0.7 93.1 2.0 2.2 0.92 75.1 70.2 85.2 

PBB1 57.6 3.7 6.4 71.7 0.3 0.4 60.8 1.9 3.2 0.83 47.8 59.5 50.4 

PBE1 82.5 2.1 2.5 81.0 1.0 1.2 87.0 0.5 0.6 0.80 66.2 65.0 69.8 

PBB2 60.0 5.6 9.3 77.9 0.8 1.0 65.4 1.4 1.7 0.70 41.7 54.1 45.5 

PBE2 84.8 3.2 3.7 77.5 0.1 0.1 78.5 0.1 0.2 0.73 61.8 56.5 57.2 

Black Bean 

BBC 81.7 2.1 2.6 75.3 1.0 1.3 88.1 2.4 2.7 0.83 67.5 62.3 72.9 

BBB 63.6 4.1 6.5 74.3 0.1 0.1 66.5 1.5 2.2 0.91 57.5 67.2 60.2 

BBE 82.0 2.3 2.8 79.4 0.5 0.7 86.0 2.3 2.7 0.85 69.7 67.5 73.2 

Navy Bean 

NBC 86.0 2.7 3.2 77.1 2.5 3.3 88.2 0.5 0.5 0.71 61.2 54.9 62.8 

NBB 69.1 4.3 6.2 78.5 0.4 0.5 76.4 1.9 2.5 0.78 53.6 61.0 59.3 

NBE 87.4 2.6 2.9 79.5 0.1 0.1 85.7 1.1 1.3 0.70 60.8 55.3 59.7 

Red Kidney Bean 

RKBC 80.7 2.1 2.6 82.4 0.5 0.5 90.1 1.1 1.2 0.77 62.4 63.7 69.7 

RKBB 69.1 4.8 7.0 73.4 0.0 0.0 76.4 1.9 2.5 0.73 50.1 53.2 55.4 

RKBE 83.2 1.9 2.3 82.0 0.0 0.0 91.8 0.8 0.8 0.78 65.0 64.0 71.7 

TPD = True protein digestibility; phdIVPD = pH drop in vitro protein digestibility; tsIVPD = Two-step in vitro protein digestibility; PDCAAS = Protein 

digestibility-corrected amino acid score; phdIVPQ = pH drop protein quality; tsIVPQ = Two-step protein quality; STD = Standard deviation; CV% = Coefficient 

of variation 
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Table 6. Continued 
 

Sample TPD STD CV% phdIVPD STD CV% tsIVPD STD CV% AAS PDCCAS phdIVPQ tsIVPQ 

Buckwheat 

BWR 71.1 4.2 5.9 73.4 1.4 1.9 92.0 0.3 0.3 0.76 54.3 56.0 70.2 

BWB 63.4 4.0 6.3 75.3 0.1 0.1 72.2 1.7 2.4 0.82 51.7 61.4 58.8 

BWE 78.4 1.4 1.7 77.8 1.1 1.4 77.5 1.3 1.7 0.80 62.7 62.2 62.0 

BWBPB 81.8 3.0 3.7 79.6 1.3 1.6 88.6 2.8 2.9 0.93 76.3 74.3 82.7 

BWEPB 81.8 3.0 3.7 79.6 1.3 1.6 88.6 2.8 3.1 0.93 76.3 74.3 82.7 

Hemp 

HP70 91.9 0.9 0.9 81.5 0.1 0.1 79.3 0.4 0.5 0.46 42.3 37.5 36.5 

HP50 87.0 2.4 2.7 75.5 0.1 0.1 80.1 0.5 0.6 0.50 43.5 37.8 40.1 

HH 90.4 1.7 1.9 74.7 0.5 0.7 82.4 2.6 3.2 0.49 44.0 36.4 40.1 

TPD = True protein digestibility; phdIVPD = pH drop in vitro protein digestibility; tsIVPD = Two-step in vitro protein digestibility; PDCAAS = Protein 

digestibility-corrected amino acid score; phdIVPQ = pH drop protein quality; tsIVPQ = Two-step protein quality; STD = Standard deviation; CV% = Coefficient 

of variation 
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Table 7. Coefficient of variation for casein in a single digest or across all digests for either the 

static enzymatic pH drop or the static two-step digestion 

 

 Mean STD CV% 

phdIVPD Total (n=28) 88.71 2.98 3.35 

phdIVPD Single Digest (n=10) 90.40 0.94 1.04 

tsIVPD Total (n=30) 91.28 5.06 5.54 

tsIVPD Single Digest (n=10) 101.55 5.56 5.47 

STD = Standard deviation; CV% = Coefficient of variation 
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Table 8. Normal distribution properties in each method for measures of digestibility and protein 

quality 

 

 phdIVPD tsIVPD TPD phdIVPQ tsIVPQ PDCAAS 

Skew 0.21 -0.77 -1.57 0.15 0.07 0.30 

Kurtosis -0.76 1.65 2.27 -0.15 -0.50 0.20 

P Value 0.266 0.040* ≥0.0001* 0.216 0.342 0.412 

TPD = True protein digestibility; phdIVPD = pH drop in vitro protein digestibility; tsIVPD = Two-step in vitro 

protein digestibility; PDCAAS = Protein digestibility-corrected amino acid score; phdIVPQ = pH drop protein 

quality; tsIVPQ = Two-step protein quality; *Significant difference (P ≤ 0.05)  
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Figure 2. Protein digestibility frequency distribution for the true protein digestibility (solid 

black), the pH drop in vitro protein digestibility (striped) and the two-step in vitro protein 

digestibility (solid grey) 
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A) 

 

B) 

 

Figure 3. Pearson product-moment correlation for digestibility measures, the true protein digestibility and the pH drop in vitro protein 

digestibility (A); the true protein digestibility and the two-step in vitro protein digestibility (B); including the regression line (black 

line), equation and coefficient of determination (R
2
) in addition to the confidence (dotted line) and predicted intervals (dashed line) 
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A) 

 

B) 

 

Figure 4. Bland-Altman for digestibility measures, the true protein digestibility and the pH drop in vitro protein digestibility (A); the 

true protein digestibility and the two-step in vitro protein digestibility (B), with upper and lower limits of agreement (dashed-line) in 

addition to bias (solid line) 
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Table 9. Amino acid composition of all study proteins (% as is basis)  

 

Sample ASP THR SER GLU PRO GLY ALA CYS VAL MET ILE LEU TYR PHE HIS LYS ARG TRP NH3 

Casein 

CSN1 5.3 3.1 4.0 17.0 8.2 1.2 2.1 0.3 4.9 2.3 4.0 7.1 4.5 4.0 2.2 6.2 2.9 1.2 N/A 

CSN2 5.9 2.8 5.2 16.9 14.1 1.1 2.3 0.8 5.4 2.1 3.5 8.4 4.1 4.6 2.5 6.6 3.5 0.9 1.6 

CSN3 7.8 3.4 5.6 20.1 9.8 1.4 3.2 0.8 5.0 1.5 3.8 8.4 4.8 4.6 2.7 7.0 3.1 1.2 1.5 

CSN4 7.8 3.4 5.6 20.1 9.8 1.4 3.2 0.8 5.0 1.5 3.8 8.4 4.8 4.6 2.7 7.0 3.1 1.1 1.5 

CSN5 5.3 3.1 4.0 17.0 8.2 1.2 2.1 0.3 4.9 2.3 4.0 7.1 4.5 4.0 2.2 6.2 2.9 1.2 N/A 

CSN6 5.5 3.2 4.1 17.7 8.4 1.3 2.2 0.3 5.0 2.4 4.2 7.3 4.7 4.2 2.3 6.4 3.0 1.3 N/A 

AVG 6.2 3.2 4.8 18.1 9.7 1.3 2.5 0.5 5.1 2.0 3.9 7.8 4.6 4.3 2.5 6.5 3.1 1.1 1.5 

STD 1.1 0.2 0.7 1.4 2.1 0.1 0.5 0.3 0.2 0.4 0.2 0.6 0.3 0.3 0.2 0.3 0.2 0.1 0.0 

CV% 17.6 6.2 15.5 7.6 21.3 6.2 18.8 49.8 3.4 20.2 5.7 8.3 5.5 6.4 8.6 5.0 6.5 11.0 3.1 

Soy 

SRE 3.8 1.4 1.9 6.3 2.3 1.4 1.3 0.4 1.6 0.4 1.6 2.5 1.2 1.7 1.1 2.2 2.6 0.5 0.7 

SCE 4.5 1.5 2.0 7.0 1.9 1.6 1.7 0.4 1.8 0.3 1.7 2.9 1.4 2.0 1.2 2.5 2.7 0.5 0.7 

SRA 5.3 1.7 2.4 8.5 2.4 1.8 1.8 0.5 1.8 0.2 1.9 3.3 1.6 2.2 1.3 2.9 3.4 0.5 0.8 

SCA 5.4 1.7 2.3 8.5 2.4 1.9 1.9 0.5 1.9 0.4 1.9 3.3 1.7 2.3 1.3 2.8 3.4 0.6 0.8 

Wheat 

WRC 0.7 0.4 0.7 4.8 1.6 0.6 0.5 0.3 0.6 0.1 0.5 0.9 0.4 0.7 0.4 0.4 0.6 0.1 0.5 

WCC 0.8 0.5 0.8 5.4 1.8 0.7 0.6 0.3 0.6 0.2 0.5 1.1 0.5 0.8 0.5 0.4 0.8 0.2 0.5 

WRS 0.8 0.5 0.8 5.1 1.7 0.6 0.5 0.3 0.6 0.1 0.5 1.0 0.4 0.7 0.4 0.4 0.7 0.2 0.5 

WCS 0.9 0.5 0.9 6.0 1.9 0.7 0.6 0.3 0.6 0.2 0.5 1.2 0.5 0.8 0.5 0.4 0.8 0.2 0.6 

ASP = Asparagine; THR = Threonine; SER = Serine; GLU = Glutamine; PRO = Proline; GLY = Glycine; ALA = Alanine; CYS = Cysteine; VAL = Valine; 

MET =Methionine; ILE = Isoleucine; LEU = Leucine; TYR = Tyrosine; PHE = Phenylalanine; HIS = Histidine; LYS = Lysine; ARG = Arginine; TRP = 

Tryptophan; STD = Standard deviation; CV% = Coefficient of variation 
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Table 9. Continued (% as is basis) 

 

Sample ASP THR SER GLU PRO GLY ALA CYS VAL MET ILE LEU TYR PHE HIS LYS ARG TRP NH3 

Oat 

ORT 1.1 0.4 0.7 2.7 0.6 0.6 0.6 0.3 0.6 0.1 0.5 0.9 0.4 0.7 0.3 0.5 0.9 0.2 0.3 

OCT 1.2 0.5 0.7 2.9 0.7 0.7 0.6 0.4 0.7 0.1 0.5 1.0 0.4 0.7 0.4 0.5 0.9 0.2 0.4 

ORN 1.0 0.4 0.7 2.7 0.7 0.6 0.6 0.4 0.6 0.1 0.4 0.9 0.4 0.6 0.3 0.5 0.8 0.2 0.3 

OCN 1.1 0.5 0.7 3.0 0.8 0.7 0.7 0.4 0.7 0.1 0.5 1.0 0.5 0.7 0.4 0.5 0.9 0.2 0.4 

Chickpea 

CC 2.6 0.8 1.2 3.5 0.8 0.8 1.0 0.3 0.9 0.3 0.9 1.7 0.5 1.2 0.6 1.4 1.8 0.2 0.4 

CB 2.7 0.8 1.2 3.5 0.7 0.8 1.0 0.3 1.0 0.3 0.9 1.7 0.5 1.3 0.6 1.4 1.9 0.2 0.4 

CE 2.5 0.7 1.2 3.5 0.8 0.8 1.0 0.3 0.9 0.3 0.8 1.6 0.5 1.2 0.6 1.3 1.7 0.2 0.3 

Red Lentil 

RLC 3.3 1.0 1.6 4.4 0.9 0.9 1.2 0.2 1.2 0.2 1.0 2.2 0.7 1.4 0.8 1.8 2.3 0.2 0.5 

RLB 3.3 1.0 1.5 4.5 1.0 1.0 1.3 0.2 1.1 0.2 1.0 2.0 0.7 1.3 0.8 1.6 2.3 0.2 0.5 

RLE 3.3 1.0 1.5 4.4 0.8 1.0 1.3 0.2 1.2 0.2 1.0 1.9 0.7 1.3 0.8 1.8 2.0 0.2 0.5 

Green Lentil 

GLC 3.1 0.9 1.4 4.0 0.8 0.9 1.2 0.2 1.2 0.2 1.0 2.0 0.7 1.3 0.7 1.8 2.1 0.2 0.5 

GLB 2.5 0.8 1.2 3.7 0.5 0.9 1.1 0.2 1.1 0.2 0.9 1.7 0.6 1.1 0.7 1.4 1.9 0.2 0.5 

GLE 3.0 0.9 1.4 4.0 0.7 0.9 1.2 0.2 1.0 0.2 1.0 1.9 0.6 1.2 0.7 1.7 2.1 0.2 0.5 

GLC1 4.7 1.2 2.4 6.2 3.6 1.2 1.7 0.4 1.8 0.5 1.2 3.0 1.1 2.2 1.3 3.0 3.7 0.4 0.9 

GLC2 8.1 1.9 4.1 11.4 6.2 1.9 2.7 0.4 3.1 0.8 2.3 5.7 1.8 3.8 1.8 5.0 6.2 0.4 1.3 

GLC3 5.6 1.8 2.7 7.6 2.4 1.9 1.8 0.4 2.2 0.4 1.8 3.5 1.5 2.4 1.3 3.5 4.5 0.4 0.8 

GLDF 5.6 1.7 2.6 7.5 2.2 1.9 1.8 0.4 2.3 0.4 1.9 3.6 1.7 2.6 1.3 3.6 4.7 0.4 0.8 

ASP = Asparagine; THR = Threonine; SER = Serine; GLU = Glutamine; PRO = Proline; GLY = Glycine; ALA = Alanine; CYS = Cysteine; VAL = Valine; 

MET =Methionine; ILE = Isoleucine; LEU = Leucine; TYR = Tyrosine; PHE = Phenylalanine; HIS = Histidine; LYS = Lysine; ARG = Arginine; TRP = 

Tryptophan 
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Table 9. Continued (% as is basis) 

 

Sample ASP THR SER GLU PRO GLY ALA CYS VAL MET ILE LEU TYR PHE HIS LYS ARG TRP NH3 

Green Split Pea 

GSPC 3.1 0.9 1.4 4.1 0.8 1.0 1.2 0.2 1.1 0.2 1.0 2.0 0.7 1.3 0.7 1.8 2.1 0.2 0.4 

GSPB 2.9 0.9 1.2 4.1 0.9 0.9 1.1 0.3 1.0 0.2 0.9 1.8 0.7 1.1 0.7 1.7 2.2 0.2 0.4 

GSPE 2.8 0.8 1.3 4.1 0.9 0.9 1.2 0.3 1.1 0.2 0.9 1.7 0.7 1.1 0.7 1.6 2.1 0.2 0.4 

Yellow Split Pea 

YSPC 2.8 0.9 1.3 3.7 0.9 0.9 1.1 0.2 1.1 0.2 1.0 1.9 0.7 1.1 0.6 1.7 2.0 0.2 0.5 

YSPB 2.8 0.8 1.2 3.9 0.8 0.9 1.2 0.2 1.1 0.2 0.9 1.8 0.6 1.1 0.6 1.5 1.9 0.2 0.4 

YSPE 3.0 0.9 1.3 4.0 0.8 0.9 1.2 0.3 1.1 0.2 0.9 1.8 0.7 1.1 0.7 1.7 2.1 0.2 0.4 

YSPC1 5.1 1.4 2.5 7.1 4.1 1.4 2.0 0.5 2.1 0.6 1.4 3.5 1.3 2.4 1.3 3.5 4.6 0.3 0.8 

YSPC2 8.1 1.8 3.8 12.4 7.2 1.9 3.0 0.6 3.1 0.9 2.2 5.9 1.9 3.7 1.9 5.3 7.2 0.5 1.1 

YSPC3 5.1 1.7 2.4 7.2 2.2 1.9 1.7 0.5 2.0 0.4 1.6 3.2 1.5 2.1 1.2 3.5 4.4 0.5 0.7 

YSPDF 5.9 1.8 2.7 8.4 2.7 2.1 1.9 0.6 2.2 0.4 1.8 3.6 1.7 2.4 1.3 3.9 5.3 0.5 0.8 

YSPI 6.9 2.0 3.1 9.2 2.3 2.3 2.2 0.6 2.6 0.6 2.1 4.2 2.3 3.1 1.5 4.5 5.2 0.7 0.9 

Faba Bean 

FBC 3.0 0.9 1.5 4.5 1.0 1.1 1.3 0.3 1.2 0.2 1.0 2.2 0.8 1.1 0.8 1.8 2.7 0.2 0.5 

FBB 3.2 0.9 1.5 4.6 1.2 1.1 1.3 0.3 1.3 0.2 1.0 2.1 0.8 1.2 0.8 1.8 3.0 0.3 0.5 

FBE 3.3 1.0 1.5 4.7 1.2 1.1 1.3 0.3 1.3 0.2 1.1 2.2 0.9 1.3 0.9 1.6 2.7 0.3 0.5 

FBC1 5.5 1.5 2.6 8.0 3.3 1.6 2.0 0.5 2.1 0.3 1.6 3.8 1.4 2.2 1.4 3.3 5.1 0.3 0.9 

FBC2 8.2 2.0 4.3 12.9 7.0 2.2 3.1 0.6 3.5 0.7 2.5 6.5 2.3 3.8 2.2 4.9 8.2 0.5 1.5 

FBC3 5.6 1.8 2.7 8.3 2.6 2.1 1.9 0.6 2.2 0.4 1.9 3.7 1.7 2.2 1.4 3.5 5.2 0.5 0.9 

FBDF 5.9 1.9 2.9 8.7 2.4 2.2 2.0 0.4 2.4 0.3 2.0 4.0 1.9 2.5 1.6 3.7 5.6 0.5 0.9 

ASP = Asparagine; THR = Threonine; SER = Serine; GLU = Glutamine; PRO = Proline; GLY = Glycine; ALA = Alanine; CYS = Cysteine; VAL = Valine; 

MET =Methionine; ILE = Isoleucine; LEU = Leucine; TYR = Tyrosine; PHE = Phenylalanine; HIS = Histidine; LYS = Lysine; ARG = Arginine; TRP = 

Tryptophan 
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Table 9. Continued (% as is basis) 
 

Sample ASP THR SER GLU PRO GLY ALA CYS VAL MET ILE LEU TYR PHE HIS LYS ARG TRP NH3 

Pinto Bean 

PBC 2.7 1.0 1.6 3.2 0.7 0.8 1.0 0.2 1.1 0.3 1.0 2.0 0.7 1.4 0.8 1.6 1.4 0.2 0.4 

PBB1 2.5 0.8 1.3 3.2 0.6 0.8 1.0 0.2 1.1 0.2 0.8 1.7 0.6 1.1 0.8 1.3 1.4 0.3 0.4 

PBE1 2.8 0.8 1.4 3.5 0.7 0.7 1.0 0.2 1.0 0.2 0.9 2.0 0.6 1.3 0.8 1.3 1.2 0.3 0.4 

PBB2 2.5 1.0 1.4 3.1 1.1 0.9 0.8 0.2 1.0 0.2 0.9 1.6 0.7 1.2 0.8 1.4 1.4 0.2 0.4 

PBE2 2.4 0.9 1.3 3.1 1.2 0.8 0.8 0.2 1.0 0.3 0.8 1.6 0.7 1.2 0.8 1.5 1.3 0.2 0.3 

Black Bean 

BBC 3.1 1.1 1.6 3.3 1.4 0.9 1.2 0.2 1.1 0.2 0.9 1.8 0.8 1.5 0.9 1.7 1.5 0.3 0.4 

BBB 2.5 1.0 1.5 3.1 0.9 0.8 1.1 0.2 1.0 0.2 0.8 1.8 0.1 1.2 0.8 1.3 1.4 0.2 0.3 

BBE 2.6 1.0 1.6 3.4 0.9 0.9 1.0 0.2 1.2 0.3 0.9 2.0 0.6 1.4 0.8 1.4 1.3 0.3 0.4 

Navy Bean 

NBC 3.0 1.1 1.7 3.4 0.7 0.9 1.2 0.2 1.3 0.2 1.0 2.1 0.7 1.4 0.9 1.7 1.4 0.3 0.4 

NBB 2.6 0.9 1.4 3.3 0.7 0.8 1.1 0.2 1.2 0.2 0.9 1.9 0.6 1.1 0.8 1.3 1.3 0.3 0.4 

NBE 2.9 1.0 1.5 3.7 0.7 0.9 1.1 0.2 1.2 0.2 1.0 1.9 0.6 1.3 0.8 1.4 1.4 0.3 0.4 

Red Kidney Bean 

RKBC 3.2 1.1 1.7 3.9 0.8 0.9 1.2 0.2 1.3 0.2 1.0 2.2 0.7 1.4 1.0 1.8 1.5 0.3 0.4 

RKBB 3.1 1.0 1.6 3.9 0.8 0.9 1.3 0.2 1.2 0.2 1.0 2.1 0.7 1.4 0.9 1.5 1.5 0.3 0.4 

RKBE 3.0 1.0 1.6 3.9 0.6 0.9 1.1 0.2 1.2 0.2 1.0 2.0 0.7 1.3 0.9 1.5 1.4 0.3 0.4 

ASP = Asparagine; THR = Threonine; SER = Serine; GLU = Glutamine; PRO = Proline; GLY = Glycine; ALA = Alanine; CYS = Cysteine; VAL = Valine; 

MET =Methionine; ILE = Isoleucine; LEU = Leucine; TYR = Tyrosine; PHE = Phenylalanine; HIS = Histidine; LYS = Lysine; ARG = Arginine; TRP = 

Tryptophan 
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Table 9. Continued (% as is basis) 
 

Sample ASP THR SER GLU PRO GLY ALA CYS VAL MET ILE LEU TYR PHE HIS LYS ARG TRP NH3 

Buckwheat 

BWR 1.0 0.4 0.6 1.8 0.5 0.6 0.4 0.2 0.5 0.2 0.3 0.6 0.3 0.4 0.3 0.7 1.1 0.1 0.2 

BWB 1.8 0.7 1.0 2.5 0.9 0.8 0.6 0.2 0.8 0.2 0.6 1.1 0.6 0.9 0.6 0.9 1.2 0.2 0.3 

BWE 1.2 0.5 0.7 2.0 0.4 0.7 0.5 0.3 0.6 0.3 0.4 0.8 0.5 0.7 0.4 0.7 1.2 0.2 0.2 

BWBPB 1.2 0.5 0.7 2.1 0.5 0.7 0.4 0.3 0.6 0.2 0.4 0.8 0.4 0.6 0.4 0.6 1.2 0.2 0.2 

BWEPB 1.9 0.7 1.0 2.6 0.7 0.8 0.6 0.2 0.8 0.3 0.6 1.2 0.5 0.9 0.6 1.1 1.4 0.3 0.3 

Hemp 

HP70 5.1 1.7 2.1 8.2 1.7 1.8 1.9 0.8 2.5 1.2 2.1 3.2 1.9 2.4 1.4 1.8 6.6 0.8 0.0 

HP50 4.3 1.4 1.9 7.4 1.4 1.6 1.6 0.7 2.0 1.0 1.7 2.7 1.5 1.9 1.2 1.6 5.5 0.7 0.0 

HH 6.1 1.9 2.5 10.4 2.1 2.2 2.2 1.0 2.9 1.4 2.4 3.8 2.3 2.8 1.7 2.1 8.2 1.0 0.0 

ASP = Asparagine; THR = Threonine; SER = Serine; GLU = Glutamine; PRO = Proline; GLY = Glycine; ALA = Alanine; CYS = Cysteine; VAL = Valine; 

MET =Methionine; ILE = Isoleucine; LEU = Leucine; TYR = Tyrosine; PHE = Phenylalanine; HIS = Histidine; LYS = Lysine; ARG = Arginine; TRP = 

Tryptophan   
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Table 10. Amino acid score for all study proteins  

 

Sample THR VAL M+C ILE LEU P+T HIS LYS TRP AAS 

Casein 

CSN1 1.02 1.55 1.15 1.57 1.18 1.49 1.30 1.17 1.19 1.02 

CSN2 0.94 1.78 1.30 1.42 1.46 1.60 1.49 1.30 0.96 0.94 

CSN3 1.09 1.58 0.98 1.51 1.40 1.65 1.59 1.32 1.19 0.98 

CSN4 1.14 1.66 1.03 1.59 1.47 1.73 1.67 1.39 1.13 1.03 

CSN5 1.02 1.55 1.15 1.57 1.18 1.49 1.30 1.17 1.19 1.02 

CSN6 1.04 1.58 1.15 1.63 1.20 1.53 1.34 1.20 1.31 1.04 

AVG 1.04 1.61 1.13 1.55 1.31 1.58 1.45 1.26 1.16 1.00 

STD 0.06 0.08 0.10 0.07 0.13 0.09 0.14 0.08 0.11 0.03 

CV% 6.01 5.13 9.11 4.36 10.05 5.57 9.98 6.54 9.21 3.46 

Soy 

SRE 1.12 1.29 0.88 1.55 1.04 1.26 1.57 1.06 1.26 0.88 

SCE 1.21 1.34 0.79 1.65 1.19 1.41 1.62 1.16 1.24 0.79 

SRA 1.13 1.18 0.70 1.53 1.12 1.36 1.55 1.13 1.07 0.70 

SCA 1.10 1.19 0.78 1.47 1.08 1.39 1.54 1.06 1.12 0.78 

Wheat 

WRC 0.87 1.14 1.12 1.20 0.97 1.24 1.44 0.46 0.85 0.46 

WCC 0.87 1.10 1.25 1.14 1.00 1.24 1.46 0.44 1.11 0.44 

WRS 0.84 1.05 1.02 1.07 0.96 1.17 1.40 0.44 0.89 0.44 

WCS 0.83 1.00 1.07 1.02 0.98 1.17 1.36 0.42 1.04 0.42 

Oat 

ORT 1.11 1.40 1.39 1.38 1.21 1.49 1.49 0.75 1.39 0.75 

OCT 1.01 1.36 1.34 1.30 1.09 1.29 1.38 0.66 1.22 0.66 

ORN 1.11 1.39 1.68 1.40 1.24 1.47 1.50 0.76 1.36 0.76 

OCN 0.98 1.39 1.50 1.30 1.08 1.36 1.36 0.68 1.24 0.68 

Chickpea 

CC 1.05 1.29 0.97 1.45 1.23 1.35 1.55 1.15 0.86 0.86 

CB 1.07 1.26 1.07 1.44 1.22 1.40 1.61 1.10 0.95 0.95 

CE 1.10 1.30 1.03 1.51 1.25 1.37 1.58 1.19 0.97 0.97 

Red Lentil 

RLC 1.06 1.30 0.63 1.38 1.25 1.28 1.53 1.19 0.75 0.63 

RLB 1.14 1.25 0.61 1.37 1.20 1.18 1.63 1.04 0.71 0.61 

RLE 1.05 1.25 0.68 1.28 1.06 1.19 1.55 1.16 0.69 0.68 

THR = Threonine; VAL = Valine; M+C = Methionine and Cysteine; ILE = Isoleucine; LEU = Leucine; P+T = 

Phenylalanine and Tyrosine; HIS = Histidine; LYS = Lysine; TRP = Tryptophan; STD = Standard deviation;  

CV% = Coefficient of variation 
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Table 10. Continued 

 

Sample THR VAL M+C ILE LEU P+T HIS LYS TRP AAS 

Green Lentil 

GLC 1.05 1.33 0.61 1.39 1.21 1.23 1.46 1.18 0.74 0.61 

GLB 0.92 1.27 0.57 1.25 1.00 1.02 1.38 0.93 0.72 0.57 

GLE 1.06 1.14 0.66 1.48 1.19 1.21 1.55 1.20 0.78 0.66 

GLC1 0.78 1.12 0.75 0.95 0.99 1.10 1.46 1.12 0.81 0.75 

GLC2 0.71 1.12 0.60 1.03 1.11 1.13 1.24 1.10 0.52 0.52 

GLC3 0.97 1.13 0.56 1.16 0.97 1.12 1.27 1.11 0.69 0.56 

GLDF 0.95 1.19 0.58 1.26 1.00 1.24 1.27 1.14 0.68 0.58 

Green Split Pea 

GSPC 1.10 1.37 0.82 1.52 1.30 1.35 1.49 1.29 0.88 0.82 

GSPB 1.05 1.24 0.85 1.37 1.13 1.20 1.44 1.22 0.88 0.85 

GSPE 1.04 1.26 0.83 1.29 1.10 1.20 1.45 1.16 0.81 0.81 

Yellow Split Pea 

YSPC 1.13 1.37 0.80 1.54 1.30 1.28 1.46 1.30 0.78 0.78 

YSPB 1.11 1.36 0.79 1.48 1.21 1.20 1.52 1.19 0.87 0.79 

YSPE 1.09 1.30 0.79 1.43 1.17 1.21 1.47 1.23 0.72 0.72 

YSPC1 0.79 1.18 0.87 1.02 1.05 1.17 1.34 1.22 0.58 0.58 

YSPC2 0.64 1.07 0.71 0.93 1.08 1.09 1.23 1.10 0.54 0.54 

YSPC3 0.97 1.09 0.72 1.15 0.95 1.14 1.25 1.19 0.85 0.72 

YSPDF 0.93 1.08 0.71 1.13 0.95 1.12 1.22 1.17 0.82 0.71 

YSPI 0.75 0.92 0.61 0.96 0.80 1.07 0.98 0.97 0.76 0.61 

Faba Bean 

FBC 0.94 1.16 0.72 1.24 1.17 1.07 1.54 1.07 0.61 0.61 

FBB 0.91 1.22 0.75 1.25 1.10 1.06 1.47 1.06 0.78 0.75 

FBE 0.95 1.17 0.66 1.23 1.08 1.12 1.51 0.90 0.84 0.66 

FBC1 0.74 1.03 0.59 0.96 0.98 0.99 1.28 0.99 0.46 0.46 

FBC2 0.69 1.17 0.60 1.04 1.14 1.12 1.33 0.99 0.58 0.58 

FBC3 0.94 1.10 0.65 1.16 0.99 1.08 1.28 1.06 0.83 0.65 

FBDF 0.92 1.09 0.45 1.14 0.98 1.13 1.32 1.04 0.77 0.45 

THR = Threonine; VAL = Valine; M+C = Methionine and Cysteine; ILE = Isoleucine; LEU = Leucine; P+T = 

Phenylalanine and Tyrosine; HIS = Histidine; LYS = Lysine; TRP = Tryptophan 

  



79 
 

Table 10. Continued 
 

Sample THR VAL M+C ILE LEU P+T HIS LYS TRP AAS 

Pinto Bean 

PBC 1.33 1.42 0.92 1.71 1.43 1.54 2.05 1.30 1.05 0.92 

PBB1 1.22 1.47 0.83 1.42 1.29 1.35 1.96 1.13 1.26 0.83 

PBE1 1.12 1.37 0.80 1.42 1.37 1.44 1.99 1.03 1.06 0.80 

PBB2 1.21 1.23 0.70 1.30 1.03 1.23 1.68 0.98 0.83 0.70 

PBE2 1.08 1.14 0.73 1.12 0.96 1.22 1.60 1.01 0.88 0.73 

Black Bean 

BBC 1.38 1.42 0.83 1.42 1.21 1.59 2.07 1.26 1.10 0.83 

BBB 1.39 1.37 0.91 1.31 1.25 0.95 1.92 1.02 1.03 0.91 

BBE 1.23 1.51 0.85 1.45 1.31 1.33 1.87 1.01 0.98 0.85 

Navy Bean 

NBC 1.30 1.51 0.71 1.56 1.34 1.40 1.91 1.20 1.14 0.71 

NBB 1.19 1.43 0.78 1.41 1.22 1.17 1.80 0.95 1.09 0.78 

NBE 1.23 1.51 0.70 1.49 1.24 1.27 1.88 1.05 1.05 0.70 

Red Kidney Bean 

RKBC 1.28 1.48 0.77 1.50 1.36 1.39 2.05 1.26 1.10 0.77 

RKBB 1.28 1.47 0.72 1.57 1.35 1.37 2.03 1.06 1.14 0.72 

RKBE 1.24 1.44 0.78 1.46 1.28 1.33 2.01 1.07 1.02 0.78 

Buckwheat 

BWR 0.98 1.10 1.51 0.95 0.76 0.90 1.44 0.91 1.02 0.76 

BWB 1.09 1.15 0.84 1.10 0.89 1.20 1.64 0.81 1.01 0.81 

BWE 0.97 1.13 1.50 0.96 0.80 1.35 1.37 0.86 1.16 0.80 

BWBPB 1.00 1.16 1.44 1.07 0.87 1.13 1.51 0.72 1.05 0.72 

BWEPB 1.08 1.14 1.00 1.11 0.93 1.09 1.55 0.95 1.13 0.93 

Hemp 

HP70 0.73 1.08 1.20 1.11 0.74 1.03 1.09 0.46 1.10 0.46 

HP50 0.77 1.09 1.31 1.12 0.77 1.02 1.14 0.50 1.17 0.50 

HH 0.75 1.11 1.30 1.15 0.77 1.06 1.18 0.49 1.17 0.49 

THR = Threonine; VAL = Valine; M+C = Methionine and Cysteine; ILE = Isoleucine; LEU = Leucine; P+T = 

Phenylalanine and Tyrosine; HIS = Histidine; LYS = Lysine; TRP = Tryptophan 



80 
 

 

Figure 5. Protein quality frequency distribution for the protein digestibility-corrected amino acid 

score (solid black), the pH drop in vitro protein quality (striped) and the two-step in vitro protein 

quality (solid grey)
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A) 

 

B) 

 

Figure 6. Pearson product-moment correlation for  protein quality  measures, the protein digestibility-corrected amino acid score and 

the pH drop in vitro protein quality (A); the protein digestibility-corrected amino acid score and the two-step in vitro protein quality 

(B); including the regression line (black line), equation and coefficient of determination (R
2
) in addition to the confidence (dotted line) 

and predicted intervals (dashed line) 

y = 0.8853x + 9.8496 

R² = 0.8193 
20

30

40

50

60

70

80

90

100

30 40 50 60 70 80 90 100

P
D

C
A

A
S

 (
%

) 
 

phdIVPQ (%) 

y = 0.8285x + 9.6256 

R² = 0.8451 
20

30

40

50

60

70

80

90

100

30 40 50 60 70 80 90 100

P
D

C
A

A
S

 (
%

) 

tsIVPQ (%) 



82 
 

A) 

 

B) 

 

Figure 7. Bland-Altman for protein quality measures, the protein digestibility-corrected amino acid score and the pH drop in vitro 

protein quality (A); the protein digestibility-corrected amino acid score and the two-step in vitro protein quality (B) , with upper and 

lower limits of agreement (dashed-line) in addition to bias (solid line)  
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Table 11. Correlation coefficients, coefficient of determination, correlation significance and 

student t-test results for the summed total as well as each individual study 

 

 

CC = Correlation coefficient; CD = Coefficient of determination; CS = Correlation significance; STT = Student t-

test; 1 = Study 1 (n=8); 2 = Study 2 (n=7); 3 = Study 3 (n=13); 4 = Study 4 (n=31); 5 = Study 5 (n=8); 6 = Study 6 

(n=4); *Significant difference (P ≤ 0.05) 

Study CC (R) CD (R
2
) CS STT 

TPD/phdIVPD 

Total 0.45 0.20 0.0002* 0.0001* 

1 0.81 0.65 0.05* 0.0001* 

2 0.23 0.05 0.66 0.0001* 

3 0.75 0.56 0.01* 0.001* 

4 0.77 0.60 0.0001* 0.088 

5 0.74 0.54 0.059 0.329 

6 0.91 0.82 0.28 0.012* 

TPD/tsIVPD 

Total 0.56 0.31 0.0001* 0.316 

1 0.32 0.10 0.48 0.001* 

2 0.22 0.05 0.68 0.012* 

3 0.12 0.02 0.70 0.011* 

4 0.75 0.56 0.0001* 0.406 

5 0.78 0.61 0.05* 0.071 

6 0.98 0.97 0.12 0.026* 

PDCAAS/phdIVPQ 

Total 0.91 0.82 0.0001* 0.256 

1 0.99 0.98 0.0001* 0.177 

2 0.99 0.99 0.0001* 0.160 

3 0.99 0.98 0.0001* 0.234 

4 0.91 0.83 0.0001* 0.263 

5 0.95 0.89 0.01* 0.435 

6 1.00 1.00 0.05* 0.372 

PDCAAS/tsIVPQ 

Total 0.92 0.85 0.0001* 0.437 

1 1.00 0.99 0.0001* 0.281 

2 0.98 0.96 0.001* 0.380 

3 0.97 0.95 0.0001* 0.339 

4 0.92 0.85 0.0001* 0.433 

5 0.96 0.92 0.001* 0.223 

6 1.00 1.00 0.01* 0.410 
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6.1.1: Two-Step Digestion Statistical Performance Over The pH Drop 

The overview of the true protein digestibility (TPD) distribution data (Figure 2) suggests 

that the pH drop in vitro protein digestibility (phdIVPD) may under-predict digestibility values, 

in addition to being within a narrower range relative to the TPD, whereas the two-step in vitro 

protein digestibility (tsIVPD) has a much broader range, but may over-predict protein 

digestibility relative to TPD. The under-predicted values may be further supported by the results 

of the student t-test (Table 11), indicating a significant difference between the phdIVPD/TPD 

means (P ≤ 0.0001), whereas the tsIVPD/TPD means are not significantly different (P = 0.316). 

The coefficient of determination (Figure 3 A & B) for the tsIVPD (R
2
 = 0.31; P ≤ 0.0001) was 

also able to better explain the variation in y (TPD values) than the phdIVPD (R
2
 = 0.20; P ≤ 

0.0002). The remaining Bland-Altman statistical test identifies a greater number of points with a 

lower mean difference with the tsIVPD/TPD relative to the phdIVPD/TPD, in addition to having 

fewer values outside of the limits of agreement (Figure 4 A & B). The overall performance, as 

measured through each of these statistical tests concludes that the tsIVPD method estimates 

values closer to the TPD than the phdIVPD method. 

  

CHAPTER 6: DISCUSSION 

6.1: TWO-STEP DIGESTION VERSUS PH DROP 
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6.1.2: Inter-Study Implications For Both In Vitro Methods 

Several explanations may be offered for the differences seen in the results predicating 

TPD using the pH drop (PHD) or the two-step digestion (TSD) method. Inter-study differences 

(study 1-6) identify correlation coefficient, coefficient of determination, and student t-test 

differences between in vivo/in vitro protein digestibility means, relative to the total of all studies 

(Table 11). Each study varied in the total number of proteins evaluated, as well as the diversity 

(soy, wheat, beans etc.) of plant-based protein (PBP), in addition to each protein‘s processing. 

Both the tsIVPD and the phdIVPD only demonstrated significant (P ≤ 0.0001) correlations when 

sample sizes were large (Total, n=66; Study 4, n=31), with the exception of tsIVPD/TPD in 

study 5 (P ≤ 0.05), and the phdIVPD/TPD in study 1 (P ≤ 0.05) and 3 (P ≤ 0.01). This rationale is 

further supported by a significant difference (P ≤ 0.05) in the mean (student t-test) in vivo/in 

vitro digestibility, with the exception of study 5. Both study 1 and 2 were composed of protein 

concentrates from 2015 and 2014. A previous study using the PHD method identified higher 

protein digestibility values for both pea and faba bean concentrates (Carnovale et al., 1988). Both 

means of processing which produced the protein concentrates, or de-flavoured protein 

concentrates may have impacted either method of assessing in vitro protein digestibility. The 

nature of how either of these methods was employed is proprietary, making it difficult to 

compare concentrates assessed cross-study, however, wet chemical extraction and the isolation 

of certain protein fractions (Day, 2013) would certainly impact the protein digestibility of the 

concentrate relative to its original foodstuff (Matthew G. Nosworthy & House, 2017). The 

removal of volatile and non-volatile compounds such as modified alcohols, aldehydes, ketones, 

and saponins to improve sensory characteristics in the de-flavouring process would also require 
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further research to determine what impact these processes would have on both in vivo and in 

vitro protein digestibility (M. G. Nosworthy, Tulbek, & House, 2017).  

To some extent, trypsin inhibitors (Vidal-Valverde et al., 2003) and phytic acid 

(Carnovale et al., 1988), or the nature of the protein structure (Day, 2013b), such as phaseolin in 

red kidney beans (Santoro, Grant, & Pusztai, 1988) may have decreased the protein digestibility 

in vitro for either method and perhaps disproportionately between study proteins. The TPD 

values may also potentially be inflated in PBPs, when in the presence of these anti-nutritional 

factors (ANF), resulting in a more difficult to resolve correlation or difference in protein 

digestion methodologies (Sarwar Gilani et al., 2012; Schaafsma, 2012). With the exception of 

study 4, in vitro protein digestibility analyses of all sample ingredients were examined (2016-

2017) after they were already assessed for TPD (2014-2016). Both the age and storage 

conditions for the protein ingredients prior to either in vitro analysis may have decreased protein 

digestibility (Butts et al., 2012; Sievwright & Shipe, 1986). Fat content may have also impacted 

digestibility in some study proteins, such as the defatting processing for soy protein (Study 3). 

This process has been previously observed to increase protein digestibility in soy, by reducing 

trypsin inhibitor content (Sarwar Gilani et al., 2012). Although both in vitro methods may detect 

decreases in protein digestibility in the presence of trypsin inhibitor, the tsIVPD may have 

outperformed the phdIVPD, especially in the raw samples (Table 6), due to the low pH in the 

gastric phase which can decrease trypsin inhibitor activity and/or having a greater amount of 

total enzyme available for proteolysis (Boisen & Eggum, 1991; M. Minekus et al., 2014; Sarwar 

Gilani et al., 2012). This improvement in detection of the TSD method over that of the PHD 

method does not seem to have carried over for defatted hemp protein (Study 6), with fat content 

remaining relatively high (Table 4) compared to most (exception: soy) other proteins evaluated 
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(HP50: 9.4%, HP70: 6.7%). Protein quality evaluations require an approximate fat content of 

~10% in diet fed to rodents; it is not known what amount of fat content would challenge the PHD 

or TSD methods, as neither method directly included lipases. The use of pancreatin in the TSD 

method will contain some pancreatic lipase, however, the activity or the ratio of enzyme and 

substrate was not evaluated. Nevertheless, it has been noted that fat content with the addition of, 

or without, phospholipids, lipases and bile can impact protein digestibility (M. Minekus et al., 

2014).  

Commercial preparation of a foodstuff with the intent of perusing a protein content claim 

will, hypothetically, be selecting for high nitrogen or amino acid content, in addition to what may 

be believed to be a highly digestible protein. This selection criterion has resulted in a low 

resolution of moderate to highly digestible PBPs. This can be observed in the TPD values within 

each study with the exception of study 4 (57.6-97.2%) and 5 (60-84.8%), relative to either study 

1 (91.1-95.5%), 2 (91.1-97.2%), 3 (83.5-89.7%) or 6 (87.0-91.9%), not including casein (Table 

6). The narrower range of protein digestibly values within these individual studies may be more 

difficult to assess for significant correlations or differences identified through the student t-test, 

without being part of a larger data set (e.g. total from all studies or study 4) evaluating a broader 

range of TPD.  
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6.1.3: Regression Limitation In The pH Drop 

The original regression data (Hsu et al., 1977) analysed the apparent fecal protein 

digestibility (APD) of 23 sample proteins in the range of 72.0% - 90.5%; whereas the 66 samples 

(minus multiple evaluations of casein) analysed in this study ranged in TPD values of 57.6% - 

97.2% (Table 6 and Figure 2). The phdIVPD values are given by a regression equation based on 

these original APD values, which has a minimum predictive protein digestibility of 65.7%, if the 

relative measured change in pH is zero (Tinus et al., 2012). The range of values originally tested 

using the TSD method (Boisen & Ferna´ndez, 1995b) were much broader, 34.9-86.0%, however, 

nitrogen (and in turn protein) was measured directly and not calculated by a regression equation, 

allowing for protein digestibility values below 65.7% to be determined. 

6.1.4: Physiological Relevance Of The Two-Step Digestion 

The nature of the TSD method followed a physiologically relevant digestive process 

relative to the PHD method. Conditions in vivo follow a sequential digestion of a food bolus, 

although some of these steps such as mastication and lubrication are omitted in this TSD method, 

the gastric step has been noted to be crucial for predicting (physiologically) digestibility of a 

protein (Boisen & Eggum, 1991). The low (~2.0) pH of the gastric condition allows for protein 

and food matrixes to unfold, in addition to being optimal for pepsin‘s proteolytic function (M. 

Minekus et al., 2014). Both of these conditions have also been identified as factors which impact 

the effectiveness of ANFs to inhibit proteolysis. Trypsin or chymotrypsin inhibitors in PBPs may 

be partially or fully inactivated and destroyed during gastric digestion, whereas phytate impacts 

the efficiency of pepsin directly, which could not otherwise be simulated during the PHD method 

(Boisen & Eggum, 1991; Ikeda, Sakaguchi, Kusano, & Yasumoto, 1991; Sarwar Gilani et al., 
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2012). The following intestinal digestive step including an adjustment to a higher pH (7.0) and 

the addition of pancreatin, has also indicated sufficiency in determining apparent faecal protein 

digestibility (Boisen & Eggum, 1991; Savoie, 1994; M. F. Fuller & Tomé, 2005).  

Results from a TSD method can also have mixed interpretations on the impact of pepsin 

and pancreatin on protein digestibility in vitro, relative to other in vitro methods. One such study 

by Tavano, Neves, & da Silva Júnior, (2016), determined the protein digestibility of chickpea 

flour and fractions using a two-step pepsin-pancreatin digestion method (Akeson & Stahmann, 

1964) and the PHD method (3 enzyme and 4 enzyme), in addition to three different means of 

determining nitrogen (OPA, TNBS and  Kjeldahl). Additionally, Abdel-Aal (2008), also 

indicated similarly higher digestibility values in a variety of wheat products obtained by the pH 

stat (Pedersen & Eggum, 1983) method compared to a two-step pepsin-pancreatin digestion 

method (Gauthier et al., 1986), assessed through two means of nitrogen determination (Kjeldahl  

and Lowry). Due to the differences in the TSD methodology, the techniques employed to obtain 

or calculate protein digestibility, and the few number of protein samples, it can be difficult to 

draw conclusions on the impact of pepsin or pancreatin alone from these studies. What can be 

noted between both, however, is the nature of the basis for the TSD selection, both of which lack 

a comparison to fecal or ileal protein digestibility component. Based on a number of reviews 

relevant to determining protein digestibility (Boisen & Eggum, 1991; Savoie, 1994; Hur et al., 

2011; Butts et al., 2012; Guerra et al., 2012), as well as a suggested standardized approach to a 

static in vitro digestion (Hollebeeck et al., 2013; M. Minekus et al., 2014), it is generally 

recognized that a TSD method including both pepsin and pancreatin is necessary for accurately 

predicting protein digestibility in the context of values obtained in vivo. 
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6.1.5: Evaluating Protein Quality From In Vitro Protein Digestibility 

Both methods of assessing protein digestibility in vitro, when corrected for the most 

limiting amino acid in each protein ingredient, indicated no statistically significant difference 

between methods. Although the coefficient of determination (Figure 6 A & B) was greater in the 

tsIVPQ (R
2
 = 0.85; P ≤ 0.0001) than the phdIVPQ (R

2
 = 0.83; P ≤ 0.0001), no difference can be 

detected through the student t-test (P = 0.437, 0.256 respectively). The Bland-Altman may be a 

better means of teasing the slight difference in correlation apart, simply by identifying how 

different each method is from the mean/bias. The tsIVPQ appears to be a much tighter group of 

points (around the mean) over that of the phdIVPQ (Figure 7 A & B). Only a few (~3) of the 

phdIVPQ/PDCAAS Bland-Altman points, however, had a greater difference over that of 

tsIVPQ/PDCAAS. The relative distribution of the protein quality data (Figure 5) carries forth 

what was observed in the digestibility data (Figure 2), suggesting that the tsIVPQ may over-

predict protein quality, whereas the phdIVPQ may under-predict quality. The protein quality 

distribution demonstrates a greater degree of over-lap, such that a broader range of protein 

quality is more equal (relative frequencies) than the narrower range observed in the protein 

digestibility distribution for either method. 

6.1.6: Statistical Restriction Within Protein Quality Evaluations 

Digestibility data represents the sole source of variability within the protein quality data, 

which is explored in the previous section. This is due to a single limiting amino acid score being 

applied to each ingredients mean digestibility. To replicate this variability in protein quality 

evaluation, to explore potential errors in either in vivo or in vitro assessment of quality would 

require a variety of sources of protein ingredient, such as different years, cultivars, or locations. 
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Although this is not routinely required for protein quality evaluation, some of the PBPs evaluated 

in this study, such as soy, wheat, oat and possibly pinto bean represent a potential replication for 

statistically evaluating protein quality. The two varieties of soy, Etna and Amadeus, when 

cooked, demonstrated relatively no difference in PDCAAS (70.6, 70.3% respectively), which 

remained true for wheat and oat varieties (Table 6). Pinto beans do show some small differences 

in protein quality, with a PDCAAS of 47.8% or 41.7% for the baked samples and 66.2% or 

61.8% for the extruded samples that may be due to inter-study differences in processing. The 

amino acid content of 14 soy varietals suggest that soy is always limiting in methionine (1.61-

2.22g per 100g protein), which may not translate into significant differences in protein quality 

(Zarkadas et al., 2007). Additionally, pinto beans, or pulses in general may also propose a similar 

trend, although only a partial amino acid profile was extracted for a number of varieties 

(Koehler, Chang, Scheier, & Burke, 1987). Current recommendations from the FAO/WHO 

request that new cultivars be assessed for DIAAS (FAO / WHO, 2013), however, previous 

PDCAAS measures do not make these recommendations (FAO / WHO, 1991). Obtaining a 

protein content claim through these protein quality evaluations do not require that a single 

protein ingredient be determined through a number of the aforementioned sources, maintaining 

the status quo of a single correction factor for each protein ingredient. 
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6.2.1: In Vitro In The Context Of Protein Quality 

Determining which in vitro method is most compatible for determining protein 

digestibility in the context of protein quality can face several challenges. Diet formulation for 

protein quality evaluation in animals restricts protein content to minimum requirements (10% of 

diet). Fixation of protein content may impact protein digestibility of some proteins, such that 

when more of a protein ingredient is consumed, protein digestibility is modified by increases in 

either endogenous or exogenous losses, resulting in an increase or decrease in protein 

digestibility (Boisen & Ferna´ndez, 1995b). This selection criteria also eliminates the need to 

evaluate low protein (<10%) ingredients, in which current in vitro protein digestibility methods 

may be designed (e.g. enzyme substrate ratios) to measure. Selecting an in vitro approach for 

assessing protein quality in this context may not need the same rigor to assess all types of protein 

that may be physiologically relevant to human consumption.  

Protein quality evaluations in vivo or in vitro also ignore a number of factors which may 

increase or decrease protein digestibility in real-life scenarios. Meal volume, consistency and 

homogeneity may offset meal residency in both the gastric and intestinal compartments through 

decreases in gastric emptying or decreases in peristaltic contractions (Malagelada et al., 1979; 

Lin et al., 2005). Mixed meals or meal frequency may also impact some degree of regularity to 

increase the digestibility of a particular protein (Navarrete & Bressani, 1981; Savoie, 1994). 

Meal constituents, such as exogenous enzymes from kiwi (Actinidin) and pineapple (Bromelain), 

when treated to both plant and animal proteins (Aryee & Boye, 2016; Medeiros, Rainha, Paiva, 

Lima, & Baptista, 2014; Ribéreau, Aryee, Tanvier, Han, & Boye, 2018; Zhu, Kaur, Staincliffe, & 

Boland, 2018), or ingested with the proteins (Kaur, Rutherfurd, Moughan, Drummond, & 

6.2: CHALLENGES AND LIMITATIONS TO IN VIVO AND IN VITRO SYSTEMS 
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Boland, 2010; Montoya, Hindmarsh, et al., 2014; Montoya, Rutherfurd, et al., 2014; Hossain, 

Lee, & Kim, 2016), have also demonstrated increases in protein digestibility and bioactive 

peptide availability (ACE-inhibition). Fibre or non-starch polysaccharide content may interfere 

with proteolysis, decreasing protein digestibility and quality (Eggum, Beames, Wolstrup, & Bach 

Knudsen, 1984; Gatel, 1994). Hemp protein digestibility also indicated a strong correlation with 

fibre content (R
2
 = 0.93 P ≤ 0.05) signifying a decrease in protein digestibility with increases in 

the amount of neutral detergent fibre (House et al., 2010). 

6.2.2: Overlap And Discrepancies Within In Vivo Digestibility Data 

Studies which have compared either fecal (nitrogen) or ileal (amino acid) digestibility 

from both rats and pigs to humans have shown relatively good agreement for their routine use for 

protein quality evaluations (FAO/WHO, 1991, 2013; Amelie Deglaire & Moughan, 2012; M. 

Fuller, 2012). Depending on the digestibility selection and whether the digestibly represents 

apparent (fecal or ileal), standardized (ileal) or true protein (fecal or ileal) digestibility, several 

caveats exist for in vitro assessment of digestibility. Measures of APD in rats relative to humans 

were poorly correlated (R = -0.14, P = 0.75), indicating an over-prediction of protein digestibility 

in rats between 6% and 13% compared to humans (Amelie Deglaire & Moughan, 2012). 

Correcting for endogenous losses, true fecal protein digestibility values between species were 

significantly correlated (R = 0.92, P = 0.001), with rat values now over-predicting digestibility 

by only 3%. (Amelie Deglaire & Moughan, 2012). Estimation of apparent or true ileal amino 

acid digestibility in rats and pigs also over-estimate relative to humans by approximately 5% or 

10% respectively (Amélie Deglaire, 2008). Both true and standardized approaches to ileal or 

fecal digestibility aim to predict endogenous losses. These losses are 45% higher in humans than 
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in rats, where endogenous loss in a variety of foodstuffs range from 1-21%, with the higher 

ranges (≥3%) applying to PBPs (Boisen & Eggum, 1991; Boisen & Ferna´ndez, 1995b; Amelie 

Deglaire & Moughan, 2012; Schaafsma, 2012). Both of these corresponding differences 

(digestibility differences, endogenous losses) to human ileal amino acid or fecal digestibility may 

permit upper or lower limits of agreement to assist in defining methodological agreement by 

comparing digestibility values in correlational or Bland-Altman analysis (Bland & Altman, 1986; 

Dewitte, Fierens, Stöckl, & Thienpont, 2002). Alternatively, they may also be useful as 

correction factors for predicting human digestibility data prior to comparison to in vitro 

digestibility data. This correction, however, assumes that the selected in vitro digestibility 

method best simulates human digestion, while perhaps not emulating human physiology in its 

entirety. The expense and availability of human digestive enzymes for example restricts selection 

to animal (non-human) or fungal derived enzymes with similar homology and function (M. 

Minekus et al., 2014). Selection of a non-human enzyme for a protein digest, such as rapeseed, 

can over-predict in vitro protein digestibility. Due to differences between pepsin efficiency in rat 

and human digestion of rapeseed, despite good homology, in vivo (between species) differences 

were detected, suggesting enzymatic limitations to emulate human digestion (Amelie Deglaire & 

Moughan, 2012). Further limitations are identified solely within an in vitro systems ability to 

emulate human physiological digestion, some of which have been extensively reviewed (Guerra 

et al., 2012). Whether these limitations extend to the context of protein quality evaluation, such 

as simulating host response (endocrine and exocrine) to foodstuffs, simulating complex gastric 

emptying and complex mechanical forces (mastication) all in a single system, merits further 

investigation; some of which may be accomplished using the TIM-1 model. 
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6.2.3: Boundary Limits Of Protein Digestibility  

Detecting a lower limit of digestibility can also be a challenge to both in vivo and in vitro 

methods. Animal bioassays require certain welfare protocols to minimize distress to animals 

during specific bioassays. Measuring foods with very low protein digestibility values would 

result in cessation of growth or weight loss in weanling rats despite appropriate food intake, 

exacerbating suffering. Emulating that which cannot be measured in vivo, for in vitro modeling, 

suggests that digestibility for the purpose of protein quality has a minimum digestibility measure, 

which is much greater than zero (not digestible). This limit would prove to be useful in less 

sophisticated evaluations of protein digestibility such as that in the PHD or pH stat methods. 

Both of these methods are limited by their current regression equations, which may under or 

over-estimate the digestibility of some proteins. It is conceivable that the range of TPD values 

identified in this study may provide an adequate range (57.6% - 97.2%) relative to those 

originally identified in the FAO/WHO literature (FAO/WHO, 1991) for 35 common foodstuffs 

and mixed meals (97.0% - 70.0%), without need to investigate lower digestibility limits. 

6.2.4: Over-Estimation Of Protein Content 

The protein content of each sample in this study was estimated based on dumas 

combustion (LECO) nitrogen multiplied by 6.25, a nitrogen conversion factor (i.e. sometimes 

referred to as a Jones factor) which has been in routine use for predicting the protein content of 

foodstuffs for the past ~80 years (Mariotti et al., 2008). Non-protein nitrogen (NPN) containing 

compounds also present in food stuffs are indiscriminately included in this conversion factor, 

resulting in an over-estimation of protein content (Sosulski & Holt, 1980; Mariotti et al., 2008). 

Recommendations for accurately predicting protein content suggest several methods which 
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largely rely on α-amino acid content to refrain from the incorporation of NPN (Mariotti et al., 

2008). Additionally, several alternative conversion factors based on amino acid analysis have 

been published in literature, with ranges of 4.71-5.65 for a variety of PBPs or 5.53-6.15 for 

animal based proteins, or a suggested average of 5.6 (Sosulski & Holt, 1980; Mariotti et al., 

2008). Assuming the average nitrogen conversion factor of 5.6 was used for all PBPs in this 

study, protein values would be modified on average by approximately 10%. Adjusting for this 

factor can have a variety of impacts both on in vivo and in vitro assessment of digestibility; such 

as reformulation of diets to incorporate more protein ingredient or the inclusion of more protein 

ingredient for simulating digestibility (i.e. 62.5mg protein in the PHD; 150mg protein in the 

TSD). Both of these single examples could impact downstream effects on protein digestibility, 

such as increases or decreases in endogenous losses in vivo, or a decrease in enzyme efficiency 

(substrate:enzyme kinetics) in vitro. Factoring in adjustments for each individual protein, or 

estimating protein content on total α-amino acid content may have a more substantial impact, as 

many pulse-based proteins may have a much lower Jones factor of 5.0, if content is based on 

NPN (Sosulski & Holt, 1980). Some regulatory bodies currently recommend adjusting for new 

protein factors (FAO/WHO, 2013), while others still recommend using 6.25 (Mariotti et al., 

2008), or using 6.25 when no other conversion factors are given. Increasing or decreasing total 

protein content to maintain a protein quality claim may also have financial implications, which 

was estimated to be $96 M for dairy in Europe based on the International Dairy Federation‘s 

recommendation that 6.38 be used for dairy ingredients instead of 6.25 (Koletzko & Shamir, 

2006). 
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6.2.5: Apparent Versus True Digestibility Regressions 

The PHD regression is based on predicting APD (Hsu et al., 1977), however, in vitro 

values generated in this study were correlated to TPD. The general adjustment made from APD 

to TPD in this study is an approximate increase in protein digestibility of 2.5%. Adjusting for 

this in the phdIVPD/TPD correlation would cause an equal shift in values along the x axis, 

resulting in the same coefficient of determination. The Bland-Altman, distribution of data, and 

the student t-test however may have seen small increments of change. Due to the large 

significant difference (P ≤ 0.0001) detected between the methods (student t-test), it is unlikely 

this small increment would significantly modify the data, since the phdIVPD data overall largely 

underestimated TPD. The regression equation in either the PHD or pH stat method could be 

manipulated or updated to include a wider range of digestibility values, allowing for an improved 

lower and upper end of digestibility, such as those from this study (Table 6 and Figure 2). 

Several regression equations could similarly be prepared for true protein digestibility as well as 

apparent or true ileal protein digestibility. Lastly, enzyme function could be further explored and 

improved, in addition to restricting protein ingredient digested to be measured on a nitrogen, or 

α-amino nitrogen basis. 

6.2.6: Two-Step Digestion Method Standardization 

At the time of this thesis proposal, several standardized TSD methods were available 

(Hollebeeck et al., 2013; M. Minekus et al., 2014). Both of these methods have improved 

methodology and rationale for the basis of simulating digestion, however, they equally lack a 

direct validation and prediction of an in vivo component (fecal or ileal protein digestibility), in 

addition to rationale for measuring protein content or amino acid analysis. Arguably, these latter 
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approaches may warrant harmonization in the context of protein quality, in tandem with 

validating a standardized method. The TSD method selected for use in this study also lacked, to 

some extent, the high expectations for a standardized method, however, an in vivo component for 

which a comparison could be made was provided (ileal digestibility). Digestion rationale for pH, 

temperature, buffer solution, protein content, digestion time, as well as digestive enzyme type 

(e.g. Pepsin), activity and amount (substrate:enzyme complex) were also lacking from the 

reference study, which occurs frequently in methodological studies aiming to simulate or predict 

outcomes of digestion (M. Minekus et al., 2014). Long digestion times which expose a protein 

source to pepsin at a constant low pH for greater than an hour (4 hours in this study) for example, 

may result in over-prediction of protein digestibility (M. Minekus et al., 2014; Savoie, 1994). 

The greater digestion temperature of 39ºC relative to human digestion (~37ºC) may also impact 

enzyme efficiency, however, enzymes used were of porcine origin in which body temperature 

approximates 39ºC. The addition of solutes, such as calcium, can also be important for some 

enzyme function (M. Minekus et al., 2014). The large PBP data set herein could extend to future 

work validating a standardized method with either (or both) fecal and ileal protein digestibility, 

or recommendations from the standardized method may be used to improve the existing method 

in the context (i.e. in vivo conditions currently set for TPD) of protein digestibility determined 

for predicting protein quality. 
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6.2.7: Two-Step Digestion Method Filtration 

The original TSD method (Boisen & Ferna´ndez, 1995b; Boisen, 2007) included a 

filtration step which was employed as a means to correct for dry matter input and output from 

digestion. This correction altered the in vitro protein digestibility data to be more in line with 

ileal digestibility, resulting in a high correlation (R
2
 = 0.92). Overlooking this step, protein 

digestibility would be over-estimated, which fell more in-line with the nature of faecal 

digestibility measured in this study. Although most tsIVPD samples had a very low CV% (Table 

6), contamination with fats and insoluble nitrogen may have occurred. Adding a filtration step, 

such as an Amicon® ultra centrifugal filter, may be a simple and effective method to eliminate 

this error. Using the original suggested filtration step added a large degree of dilution, which 

served to be a point of contention in α-amino acid detection (concentrations became too low) 

through the o-Phthaldialdehyde (OPA) method. Samples tested were given on a per gram basis, 

whereas the samples in this study were adjusted to 150mg of protein. This modification allowed 

for more equal consistency of protein ingredient and enzyme efficiency, but may have decreased 

the concentration of peptides and amino acids available after digestion for analysis. Adjusting 

substrate and enzyme ratios would be required to further remedy this limitation, in conjunction 

with increases in protein content and appropriate physiological conditions in humans in the 

aforementioned section.  

6.2.8: Two-Step Digestion Method Protein Precipitation 

The use of trichloroacetic acid (TCA) was selected to replace sulphosalicylic acid (SSA) 

for protein precipitation, due to potential interference with the OPA method. Preliminary use of 

SSA was analysed pre-hydrolysis with OPA, which is sensitive to pH (~10). At this time, the pH 
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of the digest solution with SSA would have been very low (~1-2), impacting the formation of 

OPA adducts within the digest. In hindsight, SSA may have been appropriate for post-hydrolysis 

analysis due to the neutralization step with 25% sodium hydroxide, which effectively brought the 

post hydrolysis solution to a higher pH (around 10), appropriate for OPA adduct formation. The 

precipitating effects of TCA largely concentrate insoluble proteins and peptides, characteristic of 

unabsorbed proteins and peptides in vivo. The modification of SSA to TCA also required an 

adjustment in final TCA concentration, of which several sources of literature suggested a w/v of 

4-5% would optimize insoluble proteins (Rajalingam, Loftis, Xu, & Kumar, 2009; Ngo, 2014). 

Routine use of TCA at concentrations of 7.5-10% w/v also consistently appear in the in vitro 

protein digestibility or protease literature (Abdel-Aal, 2008; M. Minekus et al., 2014; Montoya et 

al., 2008), proposing that a switch from SSA to TCA may help maintain uniformity for inter-

study comparisons. Although Yvon, Chabanet, & Pélissier (2009) suggest that final TCA 

concentrations of 12% may still contain peptides up to fifty residues, not believed to be absorbed 

in the human small intestine, absorption of octapeptides (Pappenheimer et al., 1994) may 

advocate that longer peptide lengths can be viable. 

6.2.9: Validity Of Nitrogen Determination 

In the current TSD protocol, determination of nitrogen content moved away from the 

Kjeldahl method used originally in the reference study. Although Kjeldahl is routinely used and 

justified, the number of samples in this study warranted a faster and perhaps cheaper means of 

assessing nitrogen content, in which the Kjeldahl method may have proved too laborious. Dumas 

combustion is an appropriate replacement for the Kjeldahl method, estimating the same, if not 

slightly higher (≤1.4%) results for total nitrogen than the Kjeldahl method (Jung et al., 2003; 
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Thompson, Owen, Wilkinson, Wood, & Damant, 2002; Watson & Galliher, 2001). Although this 

system is faster than the Kjeldahl method, the cost of measuring all of the sample digests (in 

duplicate) in addition to potential overs-estimation of nitrogen in liquid or solid (extra freeze 

drying step) samples would be excessive and go beyond the intended purpose of in vitro assays 

to be cheaper and relatively easy (Butts et al., 2012).  

The OPA method (Church, Porter, Catignani, & Swaisgood, 1985; Church et al., 1983) 

was selected due to its relative ease as a spectrophotometric assay for nitrogen (α-amino acid) 

content, relative to alternative methods such as Trinitrobenzenesulfon (TNBS) or ninhydrin 

(Silvestre, 1997). Several literary sources also indicate significant correlations between the OPA 

method with TNBS and ninhydrin methods (Lemieux, Puchades, & Simard, 1990; Panasiuk, 

Amarowicz, Kostyra, & Sijtsma, 1998), in which the ninhydrin method outperformed the Lowry 

or Biuret spectrophotometric methods of nitrogen detection (Arneberg, 1970, 1971). These latter 

methods in addition to the BCA and Bradford spectrophotometric assays were further 

disregarded due to their under or over-prediction of nitrogen content relative to the Kjeldahl 

method (Abdel-Aal, 2008; Williams, Fox, & Marshall, 1995). Currently, little literature appears 

to replicate OPA for the determination of α-amino nitrogen through a simplified 

spectrophotometric assay, versus it‘s routine use in high performance liquid chromatography 

(e.g. amino acid analysis) as a derivatizing agent (Callejón, Troncoso, & Morales, 2010). 

Determination of the degree of hydrolysis with OPA appears more frequently in literature for the 

assessment of protein digestibility (Shane M Rutherfurd, 2010; Spellman, McEvoy, O‘Cuinn, & 

FitzGerald, 2003), however, when used in this format, TPD values may be largely under 

predicted (Tavano et al., 2016). Both the OPA and the Kjeldahl method for determining nitrogen 

content may also indicate good agreement (Rohm, Tschager, & Jaros, 1996), in addition to 
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determining α-amino acid content (Church et al., 1983; Goodno, Swaisgood, & Catignani, 1981) 

but may require further validation, specifically with Dumas combustion.  

Preliminary measures of α-amino acid content post TSD (TCA supernatant) in this study 

revealed low digestibility values (not given). The length of soluble peptides that remained from 

digestion were likely too long (≥10 amino acid residues), but may have been subject to brush 

border enzymes (surface of the enterocyte) in vivo (M. F. Fuller & Tomé, 2005), which was not 

examined in this study. The low protein digestibility values may further be explained by the 

molar absorbency of adducts formed with OPA, which identified relatively equal absorbency 

(Church et al., 1983) in single α-amino acids or short peptides (2-3 amino acid residues) with the 

exception of proline and cysteine (Shane M Rutherfurd, 2010). To improve the absorbency or 

detection of α-amino acids, TCA supernatant (i.e. after centrifugation of digest material and 

7.5% TCA) was subject to regular amino acid hydrolysis, to increase the number of amino acids 

and oligopeptides which may have resulted after exposure to brush border enzymes (M. F. Fuller 

& Tomé, 2005). Oxidized amino acid hydrolysis, in addition to the use of phenol indicated poor 

resolution, or over-estimation of α-amino acid content (data not shown). The use of either were 

disregarded in favour of regular amino acid hydrolysis, as oxidation was likely reducing amino 

acid content, and phenol was introducing a new adduct which falsely detected as α-amino 

nitrogen. Analysis of α-amino acid content after hydrolysis was done immediately; this was due 

to the difficulty to freeze samples in addition to phenol being an unsuitable reagent to preserve 

nitrogen content (samples measured at a later time indicated degradation / loss of absorbency). 

Investigating alternative means to freeze samples and preserve nitrogen, such as preparation in a 

buffer solution and modification of pH may over-come this limitation, allowing for analysis of 

samples to be run in larger batches. Conversely, overall batch runs do indicate a very low 
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standard deviation (0.0066 - 0.0194) and coefficients of variation (1.62 - 6.08%) in the leucine 

curve (Appendix H), but increase as concentrations of leucine approach 0.05µmols. Increasing 

the number of times a single sample is analysed, such as using a spectrophotometer which 

accepts for a micropipette plate, in addition to increasing the total protein digested, may improve 

the accuracy of detection. 
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6.3.1: Estimating Protein Quality In Vitro 

The goal for an in vitro methodology for the purpose of protein digestibility and quality is 

a method that is cheaper, faster, less sophisticated, as well as equally accurate and precise as an 

in vivo approach. Both the PHD and the TSD method herein also align with these aims, in 

addition to having a more ethical stance on determining a nutrient content claim. The PHD 

method is cheaper, faster, less sophisticated and an equally precise means of determining in vitro 

protein digestibility for use in protein quality than the TSD, but is trumped by its accuracy (to 

TPD). Although these methods may require further work to improve their accuracy, both have 

demonstrated a relatively good ability to predict protein quality, manifested as a substitute for in 

vivo protein digestibility with in vitro protein digestibility. The extent of this claim, however, 

requires further exploration, such as how values derived in vitro may carry forward to making a 

protein content claim, as they do with PDCAAS. Within the US, this is calculated from the 

reference amount customarily consumed, corrected by the PDCAAS (US Food and Drug 

Administration, 2018.). If values derived in vitro became much lower than those derived in vivo, 

an in vitro approach may all but be abandoned due to its inability to provide a protein content 

claim or because of financial loss from incorporating more protein ingredient. In contrast, if 

values became too high, support for an in vitro approach may come from potential financial gain 

(savings), due to having to incorporate less protein ingredient for a protein content claim. 

Adopting an in vitro approach may also make protein content claims easier to acquire, which, 

given a financial narrative, may substantially improve protein content claims on products 

produced or sold in the US. Harmonizing protein content claims with that of the US may have 

beneficial financial implications for Canada‘s protein ingredients and processing sectors. The 

6.3: POTENTIAL APPLICATIONS AND IMPLICATIONS 
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incorporation of more PBPs due to an increase in protein content claims, such as those from 

pulses, may also have many of the previously stated (Section 2.1.2) benefits for Canadians, such 

as managing cardiometabolic syndrome and potentially reducing risk for type II diabetes as well 

as heart attack and stroke (Marinangeli & House, 2017; Kim et al., 2016; Mudryj, Yu, & 

Aukema, 2014; Rebello, Greenway, & Finley, 2014; Mollard et al., 2012; McCrory et al., 2010).  

6.3.2: Supplementary Usage Of An In Vitro Methodology 

The usefulness of an in vitro approach to measuring protein quality does not exclusively 

rely on its approval. Standardization or improvement of a long (TSD) or short (PHD) approach to 

determining protein digestibility may still serve as a surrogate to predicting digestibility where 

assessment is problematic. This difficulty may include evaluation of a large batch of samples, 

such as genotype investigations of seed varieties grown for protein content or reduced ANFs 

(Gatel, 1994), or as a means of assessing a large range of blends and processing techniques 

(Matthew G. Nosworthy & House, 2017). This may assist in big data, such that a data bank of 

protein digestibility values which could provide an overall digestibility cofactor, similar to that 

established for the dietary folate equivalent (Marinangeli & House, 2017). Average protein 

digestibility data from this study implies a digestibility cofactor between 86%-80% for PBPs; 

based on the average TPD of 85.7%, tsIVPD of 86.1% and phdIVPD of 80.1% (Appendix J & 

K). Adoption of a cofactor would necessitate the need to evaluate protein digestibility in vivo or 

in vitro, but maintain the limiting amino acid correction given by the individual protein 

ingredient. Alternatively, a digestibility cofactor system could become progressively more 

complex, based on proteins of plant or animal origin, species and variety. Processing techniques, 

could serve as a correction factor given to a set digestibility cofactor, such that baking overall 
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may decrease protein digestibility (Abdel-Aal, 2008), whereas cooking or extrusion may overall 

improve protein digestibility (Alonso, Aguirre, & Marzo, 2000; Matthew G. Nosworthy, 

Franczyk, Medina, et al., 2017; Matthew G. Nosworthy, Franczyk, Zimoch-Korzycka, et al., 

2017; Matthew G. Nosworthy et al., 2018). Correction for the most limiting amino acid in the 

calculation of PDCAAS largely truncates the ability for a protein to be determined a ‗good‘ or 

‗excellent‘ source of protein. Given cooked wheat in two varieties in this study (Table 6), TPD is 

very high (~90%), but the quality of the overall protein is very low (~38%), due to the limiting 

lysine content. If the predicted in vitro protein digestibility, or a given protein digestibility 

cofactor were ~10% less than the current TPD, the overall quality would marginally change 

(~37%), potentially signifying that only substantial (≥20%) changes to digestibility may 

influence quality. Moreover, these considerable changes may very well be reflected by the final 

amino acid analysis, further reducing the limiting amino acid content due to the formation of 

Maillard products or the racemization of amino acids (Matthew G. Nosworthy & House, 2017; 

Sarwar Gilani et al., 2012). 
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Selecting for an accurate in vitro method to estimate TPD favours the TSD method. The 

relevancy to physiological digestion, range of the digestibility data, nature of some proteins and 

the ability to measure nitrogen directly were at large the most probable indication for the two-

steps ability to outperform the PHD method. The accuracy of the TSD method still leaves much 

to be desired, with a low overall coefficient of determination, improvements to the digestion 

phases, filtration, protein content, in addition to further validation and modification of the OPA 

method may serve to remedy this. Conversely, the PHD (or pH stat) can also be re-evaluated to 

incorporate a broader range of fecal (true) or ileal (apparent or true) digestibility values into a 

new regression equation, potentially improving the ability to evaluate protein digestibility. 

Suggested standardization of a digestion method puts forth excellent rational for adjustments to 

the existing TSD method, or the adoption of a new TSD or dynamic (TIM-1) digestion method 

which requires further in vivo validation. Within the context of protein quality, in vitro 

standardization may take on additional narratives, such as minimum or maximum protein and fat 

requirements subject to simulated digestion, as well as harmonization of nitrogen determination 

and protein factors (or protein content calculations). The use of correlational analysis in addition 

to the Bland-Altman plot for protein digestibility are both necessary to determine in vitro/in vivo 

method comparison, but would be improved by defining the limits of agreement by extrapolating 

from rat, pig and human fecal and ileal digestibility data. Furthermore, protein quality may 

require additional extrapolation on the limits of agreement, perhaps by directly applying in vitro 

digestibility values to predict final protein content claims as they would occur in the US, or 

suggesting that a ≤10% difference in protein digestibility may amount to a inconsequential 

change in protein quality. Either method of in vitro protein digestibility may warrant its 

CHAPTER 7: CONCLUSION 
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substitution for TPD in the calculation of PDCAAS. Lastly, these in vitro methods may also 

serve as a means to assess a large quantity of protein ingredients for a variety of factors 

impacting protein quality (variety, processing, blending, or as a cofactor), in addition to being 

cheaper, faster and a more ethical means to obtaining a protein content claim, in which one day 

Canada may beneficially follow suit. 
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The following is a summary of future research indicated by the body of work herein: 

 Validating and exploring a standardized technique for a two-step digestion protocol in the 

context of protein quality are warranted, such as that from M. Minekus et al. (2014). 

 Evaluating higher TCA concentrations (≥12.1%) may reduce over-prediction of 

digestibility in two-step digestion method, in addition to a filtration step. 

 Regression equations for simple methods such as the pH drop can be updated to include a 

wider breadth of digestibility values, in addition to using true fecal or ileal protein 

digestibility. 

 Assessing in vitro protein digestibility with the TIM-1 may help to determine the impact 

of such a sophisticated system over simpler in vitro systems such as those explored in this 

thesis. 

 Recommended conversion factors may be applied to each protein by extracting values 

from literature, calculating protein content from total amino acid content or methods 

reviewed by Mariotti et al. (2008). 

 The OPA approach to nitrogen (α-amino) determination can be improved through the use 

of a micropipette plate analysis to reduce variance in lower concentrations of two-step 

digest sample and/or through increased protein content within the digest. Additionally, 

the method can be validated against nitrogen from dumas combustion or nitrogen 

calculated from total amino acid content measured in the two-step digest. 

 Biologically available amino acids should be corrected for, such as reactive lysine, 

recommended in the FAO/WHO (2013) report, especially within processed PBPs which 

CHAPTER 8: FUTURE DIRECTIONS 
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would likely have more unavailable lysine due to the formation of Maillard reaction 

products. 

 Exploring alternative hydrolysis methods, such as using microwave digestion may save 

time for either analysis of the ingredient or the two-step digest. Alternatively brush 

border enzymes may also be physiologically appropriate over that of amino acid 

hydrolysis for the two-step digest prior to determining α-amino nitrogen content. 

  Both in vivo and in vitro data can be used to build a database on fecal protein 

digestibility and amino acid data for a wide variety of proteinaceous foodstuffs. This data 

can be used to establish investigations into a protein digestibility cofactor, or to provide a 

wider range of digestibility values to validate in vitro methodologies.  

 Investigating the extent of a protein digestibility cofactor on protein content claims, such 

as calculating protein quality values from protein ingredients that may or may not 

otherwise obtain a claim may be useful in establishing its impact. Lowering the 

digestibility of highly digestible protein through a protein cofactor may also increase the 

amount of protein required to obtain a claim on a label (based on serving size), 

suggesting that several cofactors may need to be established for a variety of foodstuffs; 

which would need to be explored further. 
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Processing of samples in Study 4 

Cooking 

1. Each sample was soaked in tap water at a ratio of 1:4 for 16 hours 

2. Water removed and fresh water added 

3. Boiled for 25-35 minutes 

4. Rinsed 

5. Drained, freeze dried and hammer milled (Jacobson 120-B hammer mill, Minneapolis, 

MN) at 0.05 inch round 

Baking 

1. Samples were milled to a flour (as above) and mixed using a Hobart mixer (model 

D300DT) with a dough hook attachment 

2. Each sample dough was comprised of ~4 kg flour and ~2 kg water 

3. Dough mixed at speed #1 for 1.5 min followed by speed #2 for 2.5 min 

4. Rod-like pieces of dough were prepared through extrusion (Biro, model 6642, attached 

with a 12.5 mm die, and two blade) 

5. Extruded pieces ~1.2-1.8 kg, ~12 mm diameter, placed on baking trays (18 x 26 x ½ 

inches) lined with parchment paper 

6. Dough rested for 30 minutes prior to placement in a preheated tunnel conveyer oven 

(Doyon® FC2-lll; Menominee, MI, U.S.A) at 193°C, 193°C and 166°C 

7. Baking time ranged between 27 and 35 minutes 

8. Cooled to room temperature 

APPENDICES 

APPENDIX A 
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9. Hammer milled at 0.02 inch round (Fitz mill - model #D comminutor VHP-506-55B) 

10. Screened through a 20 mesh sifter (Kason, Vibro Screen, K24 3 SS) 

Extrusion 

1. All samples were hammer milled (Jacobson 120-B hammer mill, Minneapolis, MN) to a 

flour through a 0.05 inch round 

2. Chickpea and bean flour was extruded (EV-25 twin screw extruder; Clextral, Tampa, FL) 

at 45-55 kg/h dry and 0.7-1.2 kg/h liquid, through a cracker shaped die at a screw speed 

of 400-600 rpm. Extrusion barrel temperatures were 30-50°C, 70-90°C and 100-120°C 

3. Pea and lentil flour was similarly extruded, with a dry phase at 36 kg/h and a moisture 

addition of 0.8 kg/h and a screw speed of 650 rpm. 

4. Post extrusion, all samples were hammer milled (as above) back to a flour  
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Processing of samples in Study 5 

Baking 

1. Procedure the same from Study 4 / Appendix A with few differences 

2. Dough changes 

a. 6 kg of pinto bean, buckwheat and the buckwheat pinto bean blend flour were 

mixed with 2.6, 3.6 and 2.4 kg water respectively  

3. Baking temperature and time changes 

a. Pinto bean: 193°C, 193°C and 177°C for 13 minutes 

b. Buckwheat: 193°C, 182°C and 166°C for 8 minutes 

c. Buckwheat and pinto bean blend: 193°C, 182°C and 166°C for 15 minutes 

Extrusion 

1. Procedure the same as chickpea or bean flour from Study 4 / Appendix A 

2. Buckwheat and pinto flour was blended prior to extrusion 
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AAS sample calculation (e.g. chickpea baked, CB; n=1): 

Essential amino acid g/100g*: 

THR VAL M+C ILE LEU P+T HIS LYS TRP 

0.734 0.891 0.541 0.815 1.622 1.778 0.618 1.285 0.210 

*Follows from Table 9 (as is basis) with M+C and P+T added together 

 

Essential amino acids calculated to mg/g of protein: 

THR VAL M+C ILE LEU P+T HIS LYS TRP 

36.4 44.1 26.8 40.4 80.3 88.1 30.6 63.6 10.4 

 

Sample calculation for THR:  

g to mg = 0.734 x 1000 = 730mg THR 

mg/g protein = 734 / 20.2 (Table 9) = 36.4mg THR/g CB protein 

 

AAS profile for each essential amino acid 

THR VAL M+C ILE LEU P+T HIS LYS TRP 

1.07 1.26 1.07 1.44 1.22 1.40 1.61 1.10 0.95 

 

Sample calculation for THR: 

THR mg/g CB protein / reference table value THR mg/g protein  

36.4 / 34.0 (Table 2) = 1.07 (AAS) 

 

HIS > ILE > P+T > VAL > LEU > LYS > M+C = THR > TRP 

1.61 > 1.44 > 1.40 > 1.26 > 1.22 > 1.10 > 1.07 = 1.07 > 0.95  

TRP most limiting amino acid, thus, AAS corrected by TRP for CB 
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Sample static enzymatic pH drop visualizing a pH versus time curve for a poorly (baked pinto 

bean; grey, n=1) and highly (casein; black, n=1) digested protein ingredient 
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PHD calculation:  

 

e.g. Casein (n=1) 

phdIVPD: 65.66 + 18.10(8.00-6.7) = 90.2 

 

e.g. Baked pinto bean (n=1) 

phdIVPD: 65.66 + 18.10(8.00-7.7) = 71.1 
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Sample standard curve (n=1) generated for ten dilutions of L-leucine measured for absorbance 

spectrophotometrically at 340nm after two minute reaction with OPA reagent 
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TSD calculation (e.g. Casein, n=1): 

 

Protein target (mg) = 150 Selection criteria 

CP (%) = 90.80 Measured, table 4 

Actual sample weight (mg) = 168.34 Measured 

Max protein digested (mg) = 152.84 Actual sample weight x (%CP/100) 

Max nitrogen digested = 24.46 Max protein digested / 6.25 

   

Nitrogen content (μmol N) = 1746.79 Max nitrogen digested / 14 (MW of nitrogen) x 1000 

Gastric HCl balance (mL) = 0.175 Measured 

Intestinal NaOH balance (mL) = 0.825 Measured 

Final digest volume (mL) = 40.375 39.375 mL (TSD methods) + additions above 

 Digest concentration (μmol N / mL) = 43.26 Nitrogen content / final digest volume 
1
Dilution 1 (D1; μmol N / mL) = 37.50 (Digest concentration x 1.3) / 1.5 

2
Dilution 2 (D2; μmol N / mL) = 1.786 (D1 / 5) /4.2 

3
Dilution 3 (D3; μmol N / mL) = 0.348 D2 / (20.5/4) 

4
Dilution 4 (D4; μmol N / mL) = 0.070 D3 / 5 

   

Spec Measurement 1 = 0.32079 Measured 

Spec Measurement 2 = 0.32018 Measured 

Spec average = 0.32049 (Spec Measurement 1 + Spec Measurement 2) / 2 

   

Regression x (Abs340) = 0.320 Spec average 

Regression m = 4.9693 Given/measured; leucine regression 

Regression b = 0.0141 Given/measured; leucine regression 

Regression y [μmol N] = 0.0673 x + b / m 

   

Initial digest nitrogen (μmol N) = 0.070 D4 

Final digest nitrogen (μmol N) = 0.0673 y value from regression 

in vitro Digestibility = 96.63 (Final digest nitrogen / initial digest) x 100 

   
1
D1 = 200uL TCA in 1.3mL aliquot of final digest volume / 1.5 mL (final volume) 

2
D2 = 200uL of D1 (thus 1/5) in 4.2 mL (final volume; 4mL 6N HCl, hydrolysis step) 

3
D3 = 4.2 mL (above) in addition to 16.3mL (4mL 25% NaOH; 3x 4.1mL MQ water; end of hydrolysis) 

4
D4 = 200uL D3 (thus 1/5) added to cuvette (spectrophotometric analysis) 
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Absorbance (340nm) values for leucine dilutions across all spectrophotometric analyses (n=17). 

 

LEU (μmoles) Min Max Diff% Mean STD  CV% 

0.2000 0.9480 1.0152 6.85 0.9878 0.0194 1.97 

0.1800 0.8583 0.9149 6.38 0.8873 0.0143 1.62 

0.1600 0.7705 0.8242 6.74 0.7975 0.0130 1.63 

0.1400 0.6743 0.7206 6.64 0.7008 0.0121 1.73 

0.1200 0.5870 0.6240 6.12 0.6075 0.0120 1.98 

0.1000 0.4858 0.5252 7.80 0.5027 0.0110 2.19 

0.0800 0.3903 0.4271 9.02 0.4054 0.0101 2.49 

0.0600 0.2943 0.3162 7.19 0.3052 0.0073 2.41 

0.0400 0.1948 0.2201 12.20 0.2052 0.0074 3.62 

0.0200 0.0933 0.1216 26.30 0.1086 0.0066 6.08 

LEU = Leucine; Min = minimum value across 17 analyses; Max = maximum value across 17 analyses;  

Diff% = % difference between Min/Max; STD = standard deviation across all 17 analyses, CV% = coefficient of 

variation 
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Detailed Two-Step Digestion Method  

 Weigh out 150mg (+/- 5) of protein for the test sample in a 50mL flask with screw cap 

 Add 2.5cm magnetic stirring rod to flask 

 Leave in freezer at -20°C for next day digestion 

Phase 1 – Gastric Digestion 

1. Warm up water bath to 39°C 

2. Add 18.75mL of 0.1M pH 6.0 potassium phosphate buffer to the sample flask 

3. Mix briefly at 300 RPM at 40°C (to hydrate sample and reduce clumping) 

4. Add 7.5mL of 0.2M HCl 

5. While actively stirring at 300 RPM and 40°C, balance pH to 2.0 (+/- 0.05) using 1M 

HCl 

6. Add 375μL of 0.5% chloramphenicol solution to each digestion flask 

7. Add 750μL of pepsin solution containing 10mg pepsin 

8. Add flasks to water bath and shake for 6 hours at 150 RPM and 39°C 

Phase 2 – Intestinal Digestion 

1. Stop water bath and remove samples (do not turn off) 

2. Add 7.5mL of 0.2M pH 6.8 potassium phosphate buffer and 3.75mL of 0.6M NaOH 

to the sample flask 

3. While actively stirring at 300 RPM and 40°C, balance pH to 7.0 (+/- 0.05) using 1M 

NaOH 

4. Add 750μL of pancreatin solution containing 50mg pancreatin 

5. Add flasks to water bath and shake for 18 hours at 150 RPM and 39°C 

APPENDIX I 
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Phase 3 (next day) – Sample Preparation 

1. Prior to removal of samples, load 2mL centrifuge tubes with 200uL of ~56.25% TCA 

solution 

2. While actively stirring at 300 RPM and 40°C remove 1.3mL from the flask and 

transfer to the centrifuge tube (final [TCA]: ~7.5%) 

3. When all sample aliquots have been transferred to centrifuge tubes, vortex each for 

approximately 5 seconds 

4. Centrifuge the sample at 17000g for 60 minutes 

5. Transfer 750μL of the duplicate aliquots to a single labeled 2mL cryogenic vial and 

store at -20°C 

Enzymes 

 Prepared fresh 

 Pepsin (13.3mg/mL): 150mg in 11.25mL 0.1M HCl; mixed at 300RPM and 40°C 

o Pepsin from porcine gastric mucosa (≥250 units/mg solid) 

 Pancreatin (66.7mg/mL): 750mg in 11.25mL 0.2M pH 6.8 phosphate buffer; mixed at 

300-700RPM and 40°C 

o Pancreatin from porcine pancreas (4 × USP specifications) 

Solutions 

 Potassium phosphate monobasic 1M 

o Stock solution stored at room temperature 

o 68g of potassium phosphate monobasic in 432mL MQ water 

 Potassium phosphate dibasic 1M 

o Stock solution stored at room temperature 
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o 87g of potassium phosphate dibasic in 413mL MQ water 

 Potassium phosphate buffer 0.1M pH 6.0 

o Stock solution stored at room temperature 

o 13.2mL of potassium phosphate dibasic 1M mixed with 86.8mL of potassium 

phosphate monobasic 1M and 900mL MQ water 

 Potassium phosphate buffer 0.2M pH 6.8 

o Stock solution stored at room temperature 

o 99.4mL of potassium phosphate dibasic 1M mixed with 100.6mL of potassium 

phosphate monobasic 1M and 800mL MQ water 

 Chloramphenicol 0.5% 

o Stock solution stored at room temperature 

o 500mg chloramphenicol solid in 100mL ethanol 

 Trichloroacetic acid (TCA) 56.25% 

o Made fresh 

o 5.625g TCA mixed with 4.375mL of MQ water at room temperature 

o Trichloroacetic acid (ACS reagent, ≥99.0%) 

 0.2M HCl 

o Stock solution stored at room temperature 

o 40mL 6M HCl added to 1.16L of MQ water 

 0.6M NaOH 

o Stock solution stored at room temperature 

o 12g of NaOH solid in 488mL MQ water 
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Notes 

 Amount of sample protein to weigh = (150 / %protein in test sample) x 100 

 Maximum number of flasks / clips for digestion is 15 

o 6 samples in duplicate, 1 control sample in duplicate, and 1 ‗water‘ blank 

o Water blank is run similar to the test sample, where 150μL of MQ water replaces 

the test protein and no addition of enzyme is made 

 The same single pH probe is used to pH balance all samples in both digestive phases 

 The pH probe calibrated once a day 

o The mV reading from calibration is recorded and monitored digest to digest for 

potential variability 

 Typically samples are allowed to warm for a few minutes (4 hot plates, 2 samples in 

duplicate) prior to being pH balanced, as pH probe is calibrated and/or enzyme is 

weighed 

 With four hot plates, 2 samples may always be given several minutes to warm and stir 

prior to being pH balanced, and continued to warm or maintain temperature as pH 

balance is undertaken 

 The initial pH of a test sample (1 of the duplicates) is recorded and the volume of 1M 

HCl or 1M NaOH is recorded for all samples 

 During phase 1, the total volume is too low for the pH probe to measure accurately, so 

stirring is momentarily stopped and the probe is set inside the flask, during phase 2, 

however, the probe may be maintained in the solution while stirring 

 During phase 3, aliquots are taken in duplicate, there will therefore be a total of 30 

samples for centrifugation 
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 Sample buildup on sides of flask may occur for some samples. Swirling the sample, or 

‗rinsing‘ with potassium phosphate buffer during phase 2, or the digest solution in phase 

3 is not unusual 

Changes from Original Method 

 All volumes are reduced by 25% 

o Enzyme concentrations maintained 

 Boisen 2007 updated pH used in phase 2 from 6.8 to 7.0 

 TCA replaces sulfosalicylic acid 

 Centrifugation replaces paper filtration 

 OPA + regular amino acid hydrolysis replaces Kjeldahl nitrogen (α-amino nitrogen) 

determination 

o No phenol in regular amino acid hydrolysis 

o Not brought to volume, total volume at end is 20.5mL 

 

Regular Amino Acid Hydrolysis (modified AOAC method) 

Phase 1 

1. Begin warming heating block to 126°C 

2. Thaw (approximately 1 hour) and transfer 200μL of test sample to a hydrolysis 

tube 

3. Add 4mL of 6N HCl and ~20μL of octanol to the tube 

4. Moisten the hydrolysis tube caps in MQ water and briefly remove excess water by 

tapping on a paper towel 

5. Tie on the cap ¾ of the way, prior to sealing the tube 
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6. Vacuum out air via the T cannula for approximately 45 seconds and seal the cap 

prior to the removal of the vacuum hose 

7. Place samples on heating block at 126°C for 24 hours 

Phase 2 (next day) 

1. Add 4mL of 25% NaOH and a 1.5cm magnetic stirring rod to a 50mL beaker 

2. Pour out contents of hydrolysis tube to the 50mL beaker 

3. Rinse hydrolysis tube 3 times with 4.1mL of MQ water and transfer to the 50mL 

beaker 

4. Stir samples briefly at 300 RPM  

5. Remove approximately 2-3mL of solution using a 5mL syringe from the beaker 

6. Apply a 0.22μm filter and transfer approximately 1.8mL of the syringe contents to 

a labeled cryogenic vial 

7. Samples are to be measured via OPA analysis prior to being stored at       -20°C  

OPA Analysis (Church et al. 1983) 

OPA Reagent 

1. Add 25mL of 0.1M sodium tetraborate, 2.5mL of 20% SDS and 21.4mL of MQ 

water to a 150mL amber flask and stir (2.5cm stirring rod; 150-200 RPM) at room 

temperature 

2. Add 100μL of β-mercaptoethanol under a fume hood and allow solution to stir 

again at room temperature with non-translucent stopper 

3. Add 1mL of OPA solution containing 40mg phthaldialdehyde in methanol to 

flask with stopper 

4. Allow at least 1 hour for solution to stir prior to use 
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L-Leucine Standard 

1. Add 65.8mg of L-leucine to 50mL of MQ water and mix at room temperature 

(10mM solution) 

2. Add 1mL of the 10mM L-Leucine solution to 9mL of MQ water and mix at room 

temperature (1mM solution) 

3. Label 9 disposable 16x100mm test tubes from 2-10 (1 represents the 1mM L-

Leucine solution) 

4. From 10-2, pipette increasing volumes of 1mM L-Leucine solution being at 

100μL and ending with 900μL (increments of 100μL) 

5. From 10-2, pipette increasing volumes of MQ water beginning at 900μL and 

ending with 100μL (increments of 100μL), with the total volume of each test tube 

brought to 1mL 

Spectrophotometric Measurement (Agilent G1117AA) 

1. Open UV-VIS Chem program and set the following parameters: Fixed 

wavelength to 340nm in a single box (allow program to turn on appropriate 

lamps, i.e. UV) and sampling to multicell (8-cell)  

2. Load the first cell with a single 1.5mL methacrylate cuvette and pipette 200μL of 

MQ water, 1mL of OPA solution and mix via pipette 5-10 times 

3. After 2 minutes (from mixing) read the solution by clicking the ‗blank‘ button 

4. Load each cell with a 1.5mL methacrylate cuvette 

5. From cell 1-8 pipette 200μL of L-leucine standard from least to most concentrated 

(i.e. From 10-1) 
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6. Add 1mL of OPA solution to each cell, then follow-up with mixing each cell 5-10 

times with the same pipette tip from least to most concentrated 

7. Begin 2 minute timer after mixing the first sample 

8. Click the ‗sample‘ button to begin measuring the first sample after two minutes 

9. To measure next sample, click the cuvette image and click ‗sample‘ 

10. Repeat for remaining L-leucine standards (10-1) 

11. Repeat process for measuring samples using 200μL (change pipette tips for 

mixing different samples)  

Solutions 

 Sodium Tetraborate 0.1M 

o Stock solution stored at room temperature 

o 19g sodium tetraborate decahydrate in 481mL of MQ water stirred at 220RPM at 

50°C 

 Sodium dodecyl sulfate (SDS) 20% 

o Stock solution stored at room temperature 

o 10g SDS in 40mL MQ water 

 Phthaldialdehyde (OPA) 

o Made fresh in brown plastic vial 

o 60mg phthaldialdehyde in 1.25mL methanol 

Notes 

 Preparing the OPA solution (i.e. phthaldialdehyde and methanol) may take different 

times to dissolve based on crystal size 
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 During OPA spec analysis, the timer begins at the time when mixing has finished. The 

time passed for each sample is approximately 2 minutes (some samples lower, some 

samples higher). By mixing each sample the same number of times, it should take the 

same amount of time between each sample (i.e. 10 seconds). Thus you can also time 

when you take a measurement to coincide with when each sample was mixed (i.e. read 

sample every 10 seconds) 

 Each sample reading is approximately 5-8 seconds 

 Changing pipette tips for mixing increasing the time it takes to begin reading each 

sample, thus reading L-Leucine standards versus test samples are slightly different in 

staggering sample readings 

 If the OPA reagent is used prior to one hour, sensitivity for smaller concentrations of α-

amino nitrogen is decreased 
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Student t-test analysis generated in SAS comparing means for the pH drop in vitro protein 

digestibility and the true protein digestibility 
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Student t-test analysis generated in SAS comparing means for the two-step in vitro protein 

digestibility and the true protein digestibility 
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Overview of total mean, standard deviation, sum, minimum and maximum for each measure of 

protein digestibility in addition to Pearson correlation coefficients generated in SAS 

  

APPENDIX L 



155 
 

 

Pearson correlation plot with both confidence and prediction limits for the pH drop in vitro 

protein digestibility and the true protein digestibility generated in SAS  

APPENDIX M 
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Pearson correlation plot with both confidence and prediction limits for the two-step in vitro 

protein digestibility and the true protein digestibility generated in SAS  

APPENDIX N 
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Normal distribution parameters for the pH drop in vitro protein digestibility generated in SAS  

APPENDIX O 
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Normal distribution parameters for the two-step in vitro protein digestibility generated in SAS 
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Normal distribution parameters for the true protein digestibility generated in SAS 
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Distribution histogram and a Q-Q plot comparing the normality of the data for the pH drop in 

vitro protein digestibility and true protein digestibility generated in SAS 
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Distribution histogram and a Q-Q plot comparing the normality of the data for the two-step in 

vitro protein digestibility and true protein digestibility generated in SAS 
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Student t-test analysis generated in SAS comparing means for the pH drop in vitro protein 

quality and the protein digestibility-corrected amino acid score  

APPENDIX T 
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Student t-test analysis generated in SAS comparing means for the two-step in vitro protein 

quality and the protein digestibility-corrected amino acid score   

APPENDIX U 
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Overview of total mean, standard deviation, sum, minimum and maximum for each measure of 

protein quality in addition to Pearson correlation coefficients generated in SAS 
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Pearson correlation plot with both confidence and prediction limits for the pH drop in vitro 

protein quality and the protein digestibility-corrected amino acid score generated in SAS 
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Pearson correlation plot with both confidence and prediction limits for the two-step in vitro 

protein quality and the protein digestibility-corrected amino acid score generated in SAS 
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Normal distribution parameters for the pH drop in vitro protein quality generated in SAS 
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Normal distribution parameters for the two-step in vitro protein quality generated in SAS 
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Normal distribution parameters for the protein digestibility-corrected amino acid score generated 

in SAS 
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Distribution histogram and a Q-Q plot comparing the normality of the data for the pH drop in 

vitro protein quality and the protein digestibility-corrected amino acid score generated in SAS 
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Distribution histogram and a Q-Q plot comparing the normality of the data for the two-step in 

vitro protein quality and the protein digestibility-corrected amino acid score generated in SAS 
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