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ABSTRACT 

PROTEIN STRUCTURE-FUNCTION RELATIONSHIP OF COMMERCIAL HEMPSEED 
(Cannabis sativa L.) PROTEIN CONCENTRATES 

 

Vutukuru Jyothi Shiva Swaraj 

University of Guelph, 2021

Advisor(s): 

Dr. Mario M. Martinez 

Dr. John R. Dutcher 

Plant proteins portray excellent nutritional value with varied amino acid profiles. Based on 

extraction methods, proteins vary in nutritional value, composition, and functionality. 

Hemp protein’s micro- and macronutrient abundance has led to its growing acceptability 

among consumers and food manufacturers alike. Most of the commercially available 

plant-based protein foods use pea protein. In this study, five different commercial hemp 

protein concentrates were analysed and compared to a commercial pea protein (control) 

in terms of colour, proximate composition, phenolic, mineral and carbohydrate fractions, 

water and oil holding capacity, emulsion activity and emulsion stability index, solubility at 

various pH, surface hydrophobicity, and gelling ability. Protein secondary structure were 

analyzed using FT-Raman spectroscopy, whereas protein aggregation was investigated 

using Native and SDS-PAGE. The thermal behaviour was investigated using DSC. Peak 

viscosity in pasting profiles corelated with Td50 and WHC of the protein.
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1 Introduction and literature review 
1.1 Introduction 

It is not new that, the fiber from industrial hemp (Cannabis sativa L) has been used for 

thousands of years, but it went out of fashion due to legislative rulings by various 

government bodies throughout the world and replaced by other materials, e.g., plastic, 

fossil fuels (Callaway, 2014). But as the damage to the Earth has reached crisis 

proportions due to the replacement material, there is a renewed interest in the hemp 

because of its incontrovertible economic and nutritional values. Hemp grows prolifically 

with little water and no pesticides, and can return nutrients to the soil and sequester 

carbon dioxide (Ranalli P., 1999; Finnan and Styles 2013). Hemp seeds are particularly 

abundant in nutritionally relevant oil and proteins (Shen et al. 2021). Hemp oil is extracted 

from the seeds by screw pressing, resulting in a protein-rich residue after extraction 

termed press cake or meal (there is still certain ambiguity in the use of both terms). In any 

event, hemp seed cake/meal is an abundant source of proteins that is characterized by 

an amino acid profile that complements perfectly that from other plant proteins ( Shen et 

al. 2021; Q. Wang and Xiong 2019b)). Furthermore, the reported protein digestibility-

corrected amino acid score (PDCAAS) value for hemp proteins is 0.5-0.6, which is similar 

to the values of proteins from some pulse crops (e.g. beans and lentils), and it is higher 

than that of cereal grains (e.g. whole wheat) (House, Neufeld, & Leson, 2010; Russo & 

Reggiani, 2015). In general, hemp proteins are described as easily digested (Aiello et al. 

2016). 
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Hemp seeds contain 25-30% oil, 20-30% protein, 30-40% fiber, and 5.0-5.8% of minerals 

on a dry basis (d.b.) depending on genotype and growing factors (Q. Wang & Xiong, 

2019b). The amount of protein in the hemp seed cake/meal can increase to over 50% 

(d.b.) by removing 1) the carbohydrate-rich hull (by pearling and dry-sieving prior screw 

pressing), and 2) the oil fraction (Hadnađev et al., 2018; Q. Wang & Xiong, 2019b). A 

significantly higher protein enrichment (80% average) can be attained through aqueous 

extraction of the protein fraction. For development of commercial protein concentrates 

with even higher protein concentration, the tandem alkaline extraction plus isoelectric 

precipitation still remains the most utilized aqueous extraction method to extract protein 

from oilseeds (Arrutia, Binner, Williams, & Waldron, 2020). It usually involves an alkaline 

solubilisation of the proteins, a removal of the insoluble material by centrifugation and an 

isoelectric precipitation of the protein, followed by its separation by centrifugation 

(Chéreau et al., 2016). Despite the lower protein yield, using only physical methodologies 

avoiding solvent extraction is an environmentally friendly and affordable option due to the 

lower excessive number of purification steps leading to increased cost and negative 

environmental impact (Arrutia, et al. 2020). In addition, the tandem alkaline extraction plus 

isoelectric precipitation can result in differential extraction of storage proteins of different 

types (e.g., globulins, albumins), potentially affecting the functional properties of the 

resulting protein concentrates. There is still, however, little information about the 

technological functionality of hemp protein concentrates in comparison to solvent-

extracted hemp proteins. 
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Most of the studies report technical/functional properties of hemp protein isolates 

produced in a laboratory setting (Hadnađev et al., 2018)(Dapčević-Hadnađev et al., 

2019)(Mamone, Picariello, Ramondo, Nicolai, & Ferranti, 2019)(X. S. Wang et al., 

2008)(Yin et al., 2008)(Q. Wang, Jin, & Xiong, 2018)(Shen, Gao, Xu, Rao, & Chen, 

2020)(Malomo, He, & Aluko, 2014)(Tang et al., 2006)(Malomo & Aluko, 2015b)(Malomo 

& Aluko, 2015a)(Teh, Bekhit, Carne, & Birch, 2014), which encompassed cost-prohibitive 

processing steps for the food industry that are generally irrelevant for the development of 

hemp protein concentrates at industrial scale. In this regard, there is a lack of mechanistic 

understanding of the effect of protein enrichment technologies used by the industry on 

the functional properties of hemp protein powders, such as protein solubility, liquid holding 

capacity, emulsifying, and gelling behaviour. As an example, the greater or lesser 

presence of oil and carbohydrates (hull) and changes in the relative proportion of edestin 

(globulin) and albumin protein fractions might impart different functionality to hemp protein 

concentrates, which further impedes their establishment as functional sources of dietary 

proteins.  

In this study, five distinct hemp seed protein concentrates (55.9-76.4 % protein, d.b.), 

produced at industrial scale and at varying processing conditions towards protein 

enrichment (table 1), were comparatively investigated in terms of solubility, liquid 

absorption capacity, emulsifying, pasting and viscoelastic properties alongside the 

molecular properties of the most abundant component, i.e., protein. In addition, their 

macronutrient (protein, carbohydrates, lipids, non-starch polysaccharides), micronutrient 
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(mineral profile), and phenolic fractions (free and bound phenolics) were comparatively 

investigated. Field pea protein was also included in this study for comparative purposes, 

since it is also made up of albumins and globulins and it is gaining prominence for its low 

price, sustainability, availability, and easy incorporation into plant-based food recipes 

(Osen, Toelstede, Wild, Eisner, & Schweiggert-Weisz, 2014; Tanger, Andlinger, 

Brümmer-Rolf, Engel, & Kulozik, 2021). 

1.2 Literature review 

Global population growth is predicted to reach 9-11 billion people by 2050 (UN 2012; FAO 

2009), requiring a 70 percent increase in food production to guarantee global food 

security (FAO 2009; UN 2012). (Odegard and van der Voet 2014). There is an urgent 

need to seriously rethink our reliance on protein derived from animal sources, which has 

been identified as a major source of environmental stressors by Ros and colleagues 

(2017). Despite the fact that protein produced from animal sources is appealing and 

provides a full nutritional need, it is also associated with a variety of health-related 

problems (Richi et al. 2015; Zahari et al. 2020; Zajic et al.2019). In order to reduce costs 

while also improving health and sustainability, it is imperative that sustainable plant-based 

protein alternatives be investigated for their cost effectiveness, health benefits, and 

renewability. This should include recovering proteins from oil seed meals, as well as 

byproducts and waste from legumes and cereals (Hadnaev et al. 2018, Shen et al. 2021; 

Q. Wang and Xiong 2019a).  
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The annual herbaceous industrial crop Cannabis sativa L., more commonly known as 

hemp, is a highly important fibre and edible oil producer, as well as a specialty paper 

manufacturer and for a variety of pharmaceutical applications (Y. Y. Wang and colleagues 

2013; Q. Wang and colleagues 2019a; Dapevi-Hadnaev et al. 2019; B. Dave Oomah, 

Muriel Bussonb, and David V. Godfreya 2009). Hemp grows prolifically with little water 

and no pesticides, while sequestering CO2. The roots of hemp enhance soil structure 

while also returning nutrients to the soil, making hemp an excellent carbon sequestration 

plant (Ranalli P., 1999; Finnan and Styles 2013).  

Agricultural hempseed, a byproduct of the industrial hemp crop, is utilised as a raw 

ingredient in the production of oils and foods (Malomo and Aluko 2015; Hadnaev et al. 

2018; Malomo et al. 2018). In addition to being a rich source of linoleic acid, alpha-linoleic 

acid, an omega 6 to omega 3 ratio between 2:1 and 3:1, as well as gamma-linolenic and 

stearidonic acid, which are both essential fatty acids (EFA), hemp oil has been reported 

to be a perfect balance for human health (Callaway 2004), and to be a perfect source of 

gamma-linolenic and stea (Callaway 2004; Shen et al. 2021; Tang et al. 2006). Whole 

hempseeds are an excellent source of dietary fibre (10-15 percent), protein (20-25 

percent), lipids (25-35 percent), carbohydrate (20-30 percent), and necessary and non-

essential vitamins and minerals. Hempseeds are also a good source of omega-3 fatty 

acids, dietary fibre, and protein (Q. Wang and Xiong 2019a; Callaway 2004; Y. Y. Wang 

et al. 2013). Furthermore, hempseed protein is well-known for its superior amino acid 

profile and digestibility, which makes it a good complement to a variety of other protein 
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sources, such as soy and egg white, among others (Tang et al. 2006; X. S. Wang et al. 

2008; Shen et al. 2021; Callaway 2004; Q. Wang and Xiong 2019b). According to the 

FAO's guideline, de-oiled hempseed meal provides enough nourishment for babies and 

young children (Malomo, He, and Aluko 2014a; Tang et al. 2006). Reduced non-digestible 

fibre fraction from dehulled hempseeds prior to protein extraction increases the 

digestibility of proteins by reducing non-digestible fibre fraction (Shen et al. 2021) Hemp 

protein, on the other hand, has a low to moderate allergenic potential. Antinutritional 

factors, which restrict digestibility as described by (Shen et al. 2021; Q. Wang and Xiong 

2019a), are found in nature in tiny quantities, yet they are also beneficial to human health 

in certain cases.  

The composition, structure, and functional properties of hemp protein are important 

factors in the development of new food products containing hemp protein (Dapevi-

Hadnaev et al. 2019; Q. Wang and Xiong 2019b). The composition, structure, and 

functional properties of hemp protein are important factors in the development of new 

food products containing hemp protein. So that marketable and novel products may be 

developed, it is necessary to understand the functioning of hemp proteins derived from a 

variety of different sources and production methods. Histidine and edestin are the major 

protein fractions in hemp protein, with edestin accounting for 60-80% of total protein. 

Histidine is a globular fraction found as large crystalloidal substructures inside the seed 

aleurone, and histidine is a low-molecular-weight fraction (300kDA) found in the seed 

aleurone (Tang, Wang, and Yang 2009; Q. Wang and Xiong 2019a; Tang et al. 2006). 
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Albumin, a low molecular weight fraction of the remaining protein fraction that is 

responsible for the solubility of the protein, accounts for about 25% of the remaining 

protein fraction. Hemp protein is a sulfur-based amino acid-rich protein that is firmly bound 

together by disulfide bonds, and it has been extensively documented and critically 

evaluated by the scientific and medical communities (Q. Wang and Xiong 2019a). The 

protein separation methods used during the production of hemp proteins may have a 

significant impact on the structure and functioning of the proteins. The majority of the 

research focus on the techno-functional characteristics of hemp proteins isolated in a lab 

environment, leaving a gap in the knowledge and use of large-scale commercially 

accessible hemp proteins for product development.  

Several characteristics of commercially available hemp protein concentrates from 

different side streams were investigated in this paper, including their macronutrient 

(protein, carbohydrates, lipids, non-starchy polysaccharides) and micronutrient (mineral 

profile, phenolic fractions) composition, solubility, emulsifying-activity and stability, 

pasting profiles, water and oil absorption capacity as well as the molecular structure of 

the hemp protein concentrates themselves. In order to assist food product developers in 

formulating tomorrow's innovative food products, a structure function relationship was 

established based on the secondary structure of protein, its functional property based on 

different manufacturing methods, and its functional property based on different 

manufacturing methods. 



 

 

8 

 

1.3 Hypothesis 

The following hypotheses are proposed as a part of the presented research: 

• Protein enrichment technologies based on their unit operations influence/restrict 

the structure (secondary structure conformation, protein fraction and 

conformational stability), functionality (oil and water holding capacities, emulsion 

activity and stability index, solubility, least gelation capacity, pasting profile), and 

some physical properties (color) of protein concentrates. 

• Hemp seed protein concentrates must be carefully produced to avoid protein 

denaturation and agglomeration that decrease functionality. 

• Hempseed protein concentrates are a promising source of plant-based proteins 

applicable to develop innovative protein rich foods without the need to reach 

isolation purities.  
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2 Materials and Methods 
2.1 Materials 

Commercially available hemp protein concentrates were procured from three suppliers 

as depicted in (Table 1). Hemp 1 (Hemp Protein Powder 50) and Hemp 2 (Hemp Protein 

Powder 65), manufactured by Hemp Oil Canada (Manitoba, Canada), were kindly 

provided upon request by Barentz (Barentz Canada ULC, Oakville, Ontario, Canada). 

Hemp 3 (Hemp protein) was purchased from Wilderness Poets (Oregon, USA). Hemp 4 

(HempSol-65) and Hemp 5 (HempSol-80) were provided upon request by GFR 

Ingredients (Alberta, Canada). Pea protein (Pisane M9, Cosucra, Belgium) was 

purchased from Barentz. The main processing steps provided by the manufacturers is 

summarized in Table 1.  

Table 1:Processing steps of hemp seed protein concentrates according to the manufacturers. 

Sample 
coding Seed Initial de-oiling steps Protein enrichment technology 

Hemp 1 Whole Cold pressing-expelling 

Further pressing (pelletizing) 

Further decrease of oil content through pelletizing 

Milling and dry-sieving 

Hemp 2 Whole Cold pressing-expelling 

Further pressing (pelletizing) 

Further decrease of oil content through pelletizing 

Milling and dry-sieving 

Tandem aqueous extraction-isoelectric 
precipitation-spray-drying 

Hemp 3 Hulled Cold pressing-expelling Remove hull fraction through pearling and dry-
sieving 
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Hemp 4 Whole Cold pressing-expelling 

Further pressing (pelletizing) 

Further decrease of oil content through pelletizing 

Milling and dry-sieving 

Tandem aqueous extraction-isoelectric 
precipitation-spray-drying 

Hemp 5 Whole Cold pressing-expelling 

Further pressing (pelletizing) 

Further decrease of oil content through pelletizing 

Milling and dry-sieving 

First tandem aqueous extraction-isoelectric 
precipitation 

Second tandem aqueous extraction-isoelectric 
precipitation-spray-drying 

 

2.1.1 Reagents and chemicals 

Hydrochloric acid, sulfuric acid, formic acid, sodium hydroxide, sodium phosphate, 

methanol, butanol, potassium sodium tartrate, potassium iodide and EDTA were 

purchased from Fisher Chemicals (Pittsburgh, USA). Copper sulphate pentahydrate, 

bovine serum albumin, sodium dodecyl sulfate (SDS), fast blue BB (4-Amino-2,5-

diethoxybenzanilide diazotated zinc double salt), gallic acid, iron trichloride were 

purchased from Sigma-Aldrich (St. Louis, USA). Extraction solvents of LC-MS grade 

(acetone and formic acid) were purchased from Thermo Fisher Scientific (Waltham, MA, 

USA). For gel electrophoresis, Laemmli SDS sample buffer (1610737), native sample 

buffer (1610738), Mini-PROTEAN TGX gels (4561083), precision plus all blue protein 

standard (1610373), 10x Tris/glycine native running buffer (1610734), Coomassie Blue 
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R250 (1610436), Coomassie Blue R250 destaining solution (1610438), and 10x Tris/SDS 

running buffer (1610732) were purchased from BioRad (BioRad Labs Inc., Canada). 

2.2 Methods 

2.2.1 Proximal Composition 

Samples were analyzed for moisture, ash, protein, fat and total carbohydrate content. 

Moisture was analyzed using an automated moisture analyzer (Sartorius MA35, 

Gottingen, Germany) following the AACC method 44-15.02 (AACC, 2015). Ash content 

was analyzed according to AOAC 923.03 method (AOAC, 2021) using a muffle furnace 

at 550°C for 4.5 h. Protein content was determined using the AACC method 46-30.01 

(AACC, 2015) with an automated Dumatherm N Pro protein analysis system (Gerhardt 

Gmbh & Co., Germany) and by multiplying the value of nitrogen by factor of 6.25. Lipid 

content was determined by Proton Nuclear Magnetic Resonance (1H-NMR) following the 

AOAC method 2008.06 (AOAC, 2021). The total carbohydrate content was obtained by 

weight difference with the other components. All analyses were run in triplicate. 

2.2.2 Dietary fiber and phenolic fractions 

Since hemp seeds are very low in starch (P. Mattila et al., 2018), soluble (SDF) and 

insoluble (IDF) dietary fiber fractions were analyzed using the AOAC official method 

991.43 (AOAC 2021). The extraction and analysis of extractable polyphenols (EPP) and 

non-extractable polyphenols (NEPP), the latter consisting of non-extractable hydrolysable 

polyphenols (HPP) and non-extractable proanthocyanidins (NEPA), were performed as 

described by Pico, Xu, et al. (2019), with modifications. Specifically, the quantification of 
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EPP and HPP in the solutions was performed using the highly phenolic selective Fast 

Blue BB (FBBB) reaction, developed by (Medina, 2011), to account for the lack of 

specificity of the Folin–Ciocalteu assay due to numerous interferences (Pico, Pismag, 

Laudouze, & Martinez, 2020). NEPA content in the solution obtained by depolymerisation 

by butanolysis was measured at 555 and 450 nm in order to detect anthocyanins and 

xanthylium compounds, respectively (Zurita, Díaz-Rubio, & Saura-Calixto, 2012). EPP 

and HPP fractions were expressed as mg of gallic acid equivalents (GAE)/100 g dry 

matter, while anthocyanins-NEPA fraction was expressed as mg of delphinidin 

equivalents (extracted black beans Phaseolus Vulgaris) /100 g dry matter. All analysis 

were performed at least in triplicate. 

2.2.3 Mineral profile 

The quantification of the chemical elements calcium (Ca), copper (Cu), iron (Fe), 

magnesium (Mg), manganese (Mn), phosphorous (P), potassium (K), sodium (Na), 

sulphur (S) and zinc (Zn) was performed by inductively coupled plasma optical emission 

spectrometry (ICP OES) with a radial viewing plasma configuration using a PerkinElmer 

Optima 8000 spectrometer (PerkinElmer, Waltham USA) operating at 1400 W. 

2.2.4 Protein molecular properties 

2.2.4.1 Soluble protein molecular profile at dissociating and reducing conditions 
(SDS-PAGE) 

SDS-PAGE was performed following the method from Laemmli (Laemmli, 1970) using 

mini-protein gels in a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (1658001EDU, 
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BioRad Labs Inc., Canada). Hemp protein concentrates were thoroughly dispersed in 

65.8 mM Tris-HCl buffer (pH 6.8) with 2.1 % (w/v) SDS, 0.01% (w/v) bromophenol blue 

and 26.3% glycerol to reach a concentration of 1 mg/mL. Subsequently, samples were 

centrifuged to remove all the insoluble fractions. Supernatants were mixed with 5% b-

mercaptoethanol, vortex-mixed and heated at 95°C for 4 minutes using an Eppendorf 

thermomixer (F 2.0, Eppendorf AG, Germany). 5 μL of molecular weight marker (250-10 

kDa) or 10 μL of the sample was loaded onto the 4-15% precast gel wells and subjected 

to a constant voltage of 120 V in a Mini-PROTEAN tetra cell using PowerPac Basic power 

supply (1645050, Bio-Rad Labs Inc., Canada). Gels were run for 90 minutes in 25 mM 

Tris (pH 8.3) running electrode buffer containing 192 mM glycine, 0.1% SDS and 

subsequently washed thrice with MilliQ water and gently shaken for 30 minutes in a fixing 

solution (50% Ethanol, 8% H3PO4). All gels were stained for 2 hours using a Coomassie 

G-250 staining solution (BioRad) and de-stained multiple times using 1% acetic acid 

solution until a clear background was observed. SDS-PAGE was performed in duplicate 

and only one single lane was selected to present the result in Figure 1. Gels were carefully 

placed on a UV-Vis flatbed trans-illuminator inside a LED light box and images were 

captured against a white light background using an iPhone 11. 

2.2.4.2 Soluble protein molecular profile at non-dissociating and non-reducing 
conditions (Native-PAGE) 

Native-PAGE was performed following Ornstein-Davis method (Davis, 1962; Ornstein, 

1962). This method was performed similarly to the SDS-PAGE method, with the exception 

of dispersing protein samples in native sample buffer containing 62.5 mM Tris-HCl (pH 
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6.8), 40% glycerol and 0.01% (w/v) bromophenol blue to reach a concentration of 2 

mg/mL. Samples were vortex-mixed overnight and centrifuged to remove insoluble 

matter. 5 μL of molecular weight marker (250-10 kDa) or 30 μL of the sample was loaded 

onto the 4-15% precast gel wells and subjected to a constant voltage of 120 V in a Mini-

PROTEAN tetra cell using Tris/Glycine running electrode buffer. Staining and de-staining 

procedures were performed using Coomassie G250 staining and de-staining solutions 

(BioRad) where the gels were stained overnight and destained until a clear background 

was observed while applying constant gentle shaking. Native-PAGE was performed in 

duplicate and one single lane each was selected to present in Figure 1. Images were also 

captured using same method discussed for SDS-PAGE gels. 

2.2.4.3 Conformational stability of proteins 

The ability of hemp proteins to preserve their native conformation was investigated using 

a Q-25 Differential Scanning Calorimeter (DSC) instrument (TA Instruments, Newcastle, 

United Kingdom). Sample pastes were prepared in porcelain crucibles by mixing variable 

amounts of solid sample that ensured 300 mg of protein with 700 µL MilliQ water and 

were allowed to equilibrate for 24 hours in a refrigerator at 4 °C. 10±0.1 mg of sample 

were carefully added into the aluminum pans and hermetically sealed. The pan reference 

for all the samples contained the same water content as the protein sample (7 µL). The 

experiment was performed by heating the sample from 40 °C to 120 °C at a rate of 5° 

C/min. At least five repetitions were performed for all samples. 
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2.2.4.4 FT-Raman 

The secondary structure of protein concentrates was analysed using FT-Raman 

spectroscopy. Samples pastes prepared for and prior DSC analysis were analysed, and 

spectra were obtained using a Bruker FRA 106/s module on a Bruker IFS66vs FTIR 

spectrometer (Billerica, Massachusetts, USA) with excitation at 1058 nm, 2 cm−1 

resolution, in a 180° backscattering geometry. A total of 10,000 scans were recorded 

between 3500 and 300 cm−1 using a laser power of 525 mW. All samples were tightly 

packed in 2mm cavity cells. 10,000 scans were measured on each sample in triplicate. 

Baseline correction (by dividing target bands on CH band in 2935 cm-1) and Amide-I band 

deconvolution in different Gaussian bands was performed using OriginPro 2021 software 

(OriginLab Corp., MA, USA). Major bands were identified using the wavenumbers 

described by (Sadat & Joye, 2020).  

2.2.5 Functional properties 

2.2.5.1 Micro- and macro-structure and color 

The microstructure of hemp samples was imaged using a JSM-6610LV scanning electron 

microscope (JEOL, Tokyo, Japan). Hemp powders were evenly spread across double-

sided carbon tape on a 10 mm diameter holder and then exposed to gold sputtering. 

Photomicrographs were taken in high vacuum mode with an accelerating voltage between 

5-15 kV.  

Protein powders were evenly spread in Petri dishes and images were digitally recorded 

using an iPhone 11 mobile device at f-number f/1.8 and focal length 4.25 mm. The color 
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of the protein powders was measured in CIE Lab color space using a Pantone RM200-

BPT01 handheld colorimeter (Pantone, NJ, USA) at 8 mm aperture size, illuminant D65 

and at 10° viewing angle. Colorimetric values were measured at a minimum of three 

different points and in triplicate. 

2.2.5.2 Surface hydrophobicity (Ho) 

Ho was measured with the fluorescence probe ANS (8-anilino-1 naphthalenesulfonic acid) 

as described by (Tang, Wang, & Yang, 2009) with modifications based on the original 

method developed by (Kato & Nakai, 1980). Serial dilutions in 0.01M sodium phosphate 

buffer (pH 7.0) were prepared with the hemp samples to a final concentration of 0.002–

0.1% (w/w), and then mixed with 20 µL of ANS solution (8.0 mM). ANS solution was also 

prepared in the same phosphate buffer. Then, after keeping each sample for 15 min in a 

dark place, the fluorescence intensity was measured at 390 nm (excitation) and 470 nm 

(emission) using a BioTek Cytation 5 multi-mode reader (BioTek Instruments Inc., 

Vermont, USA). ANS solution and protein solutions (without the ANS probe) were used 

as blank. The slope from the linear regression of fluorescence intensity versus protein 

concentration (mg/mL) was used to determine the final comparative surface 

hydrophobicity (Ho). 

2.2.5.3 Protein solubility at different pH 

The solubility of the proteins in hemp particles was determined at various pH values (3.0 

to 9.0) using a similar method of that described by (Feyzi, Varidi, Zare, & Varidi, 2015; 

Hadnađev et al., 2018). 1% (w/v) protein dispersions were adjusted to pH 3-9 using 1M 
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HCl or 1M NaOH and stirred at 1000 rpm for 30 min at room temperature. Dispersions 

were then centrifuged at 5000 g for 15 min at room temperature and the supernatant was 

collected. Protein solubility was then determined by the Biuret method, a copper ion 

based colorimetric method as described by (Chang & Zhang, 2017), using a Hach 6000 

UV-Vis-spectrophotometer (Hach, Colorado, USA) at 540 nm with a quartz cuvette of 1 

cm path length. Bovine serum albumin (BSA) of varying concentration was used as the 

calibration standard. Protein Solubility was calculated and expressed in percentage using 

equation 1, where PS represents the protein content in the supernatant post 

centrifugation and PT represents the total protein content in the initial solution. 

!"#$%&'	)#*+,&*&$- = 100 ×
!)
!2 (1) 

 

2.2.5.4 Water Holding Capacity (WHC) and Oil Holding Capacity (OHC) 

WHC and OHC were determined as described by (Hadnađev et al., 2018) with slight 

modifications. Briefly, 10 mL of distilled water or canola oil (NoName, Loblaws, Canada) 

were added to 1 g of sample protein powder in pre-weighted 15 mL centrifuge tubes. The 

mixtures were thoroughly mixed using a vortex shaker for 2 minutes and subsequently 

centrifuged at 3550 rpm for 30 minutes. The supernatant was carefully discarded, and the 

pellet was weighed again. Water or Oil holding Capacity were determined as described 

in equation (2), where W1 denotes the initial weight and W2 denotes the final weight after 

discarding the supernatant. WHC and OHC were expressed as grams of liquid (water or 
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oil) bound to 1 g of protein sample. WHC and OHC were also determined at heated 

temperatures as described by (Cumby, Zhong, Naczk, & Shahidi, 2008) with 

modifications consisting of incubating the tubes at 95°C using a water bath for 60 

minutes, then cooling down to room temperature, and further centrifuging as previously 

described at room temperature.  

34$%"	#"	5&*	ℎ#*7&'8	94:4;&$- =
(32 −31)

31  (2) 

 

2.2.5.5 Least Gelation Concentration (LGC) 

LGC was determined as described by (Adebiyi & Aluko, 2011). Briefly, 5 mL dispersions 

of hemp powder at concentrations ranging from 2-30 %(w/v) were prepared and 

thoroughly mixed on a vortex mixer for 5 min and heated for 1 h at 95°C. Mixtures were 

then cooled down briefly under tap water and further cooled for 2h at 4°C. LGC was 

determined as the lowest concentration at which the sample did not fall or slip from an 

inverted tube. LGC was performed in triplicate.  

2.2.5.6 Emulsion Activity Index (EAI) and Emulsion Stability Index (ESI) 

Emulsions were prepared by firstly mixing 18 mL of a 20 g/L protein suspension (pH 7) 

with 6 mL canola oil using a magnetic stirrer (IKA Werke GmbH & Co. KG, Staufen, 

Germany) at 800 rpm for 2 min. Then, suspensions were homogenized using an ULTRA-

TURRAX T25 (IKA Werke GmbH & Co. KG, Staufen, Germany) at 12000 rpm for 1 min. 
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Using equation 3 and 4, respectively, EAI and ESI were determined by the method 

originally developed by Pearce and Kinsella (1978) with later modifications (Cheung, 

Wanasundara, & Nickerson, 2014). 

 

@AB C
D!

8 E =
2 × 2.303 × A" × H
; × I × 10000  

(3) 

@)B	(D&') =
A"

A" − A#"
× $ (4) 

A0 and A10 correspond to the absorbance of the diluted sample at time (t) zero and 10 

min, respectively. N is a dilution factor (equal to 500, since the emulsion was diluted 500 

times in 0.1% SDS), c is the protein concentration (0.02 g/mL) and φ is the oil volume 

fraction (set at 0.25). After mixing for 30s, the diluted emulsion was measured in a quartz 

cuvette at 500 nm in a UV-visible spectrophotometer. In Eq. 4, t equals 10 min. 

Measurements were performed in triplicate. 

2.2.5.7 RVA Viscosity and visual elasticity 

The viscosity behaviour hemp powder slurries during a heating-cooling cycle was studied 

using a high pressure RVA 4800 (Perkin Elmer, Perten Instruments, Sydney, Australia) 

equipped with a canister and paddle system able to work under high pressure and high 

temperature conditions to ensure full protein denaturation. The pasting profile of the hemp 

powders was obtained following the high-temperature pasting cycle (130 ◦C hold 
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temperature), as described by (Park et al., 2020) with minor modifications. 13% (w/v dry 

basis) hemp powder slurries were made by dispersing 4.0 g of sample into 25 mL 

ultrapure water. Slurries were then heated from 30°C to 140°C at a rate of 6°C min-1, held 

at 140°C for 5 min, and cooled down to 30°C at a rate of -6°C min-1. Pasting profiles of all 

samples were obtained in triplicate. The solid gels obtained after RVA cooling were 

manually stretched by 2 cm and pictured as a proxy of gel elasticity.  

2.2.6 Statistical analysis 

Differences among results were studied by the analysis of variance (one-way ANOVA) 

using the Fisher’s least significant difference (LSD) to describe means with 95% 

confidence intervals. This was done using Minitab 16 (Minitab LLC, Pennsylvania, USA). 

To assess correlations, a Principal Component Analysis (PCA) was conducted with the 5 

hemp samples as scores and the proximal composition, mineral profile, phenolic 

fractions, and functionality (surface hydrophobicity, solubility, heated and normal WHC, 

LGC, ESI and EAI, Td50 and ΔH) as loadings. The PCA was performed with the OriginPro 

2018 software (OriginLab Inc., Northampton, MA, USA). 
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3 Results and Discussion 

3.1 Proximal composition, mineral analysis, and phenolic fractions 

The composition of five distinct hemp protein concentrates compared to the control pea 

protein is shown in (Table 2), which is found similar to the manufacturer’s product analysis 

data. The protein, lipid, and carbohydrate content of hemp protein concentrate (HPC) 

ranged from 55.9-76.4, 6.9-18.6 and 8.4-28.0 % dry, respectively. HPC was significantly 

high in terms of lipid, ash, carbohydrates, and protein content. Hemp 1, 2, and 5 were 

found to have significantly lower lipid content (6.9-8.6 %, d.b.) than Hemp 3 and 4 (17.0-

18.6%, d.b.). Hemp 1, when compared to Hemp 3 (where both samples were not 

subjected to protein aqueous extraction methods) and Hemp 2 when compared with 

Hemp 4 (where both the samples were subjected to single protein aqueous extraction) 

together suggest a highly efficient oil extraction by Hemp Oil Canada. Hemp 1, being the 

only sample that was not subjected to a protein aqueous extraction method, had the 

highest amount of carbohydrate content in its composition (28%, d.b.) in contrast to Hemp 

5, being subjected to a two-fold aqueous extraction and isoelectric precipitation had the 

highest amount of protein and the lowest amount of carbohydrate content 

compositionally. 
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Table 2:Proximal composition, mineral profile, and phenolic fractions of protein powders. 

 

 

 

 

 

 

 

 

 

 

 

Results were presented in the form of average values ± standard deviation. Values followed by the same letters within each 
parameter indicate no significant differences (p ≤ 0.05). TDF, total dietary fiber; SDF: Soluble Dietary Fiber; IDF: Insoluble 
Dietary Fiber; d.b.: dry basis; w.b.: wet basis; GAE: Gallic Acid Equivalents; DE: Delphinidin Equivalents; EPP, Extractable 
Polyphenols; HPP, Non-extractable Hydrolysable Polyphenols; NEPA, and Non-Extractable Proanthocyanidins; TP: Total 
Phenolics, TP=EPP+HPP+NEPA.

 Pea Hemp 1 Hemp 2 Hemp 3 Hemp 4 Hemp 5 
Lipids (% d.b.) 4.5±0.5e 8.3±0.1cd 6.9±0.1d 17.0±0.0b 18.6±1.3a 8.6±0.1c 
SDF (% d.b.) 1.1±0ab 2.4±1.8a 1.9±0.4ab 1.7±0.8ab 0.1±0.0b 0.11±0.0b 
IDF (% d.b.) 2.9±0.9d 28.9±0.6a 15.1±2.0c 17.4±0.3bc 16.4±0.1bc 8.6±0.5b 
TDF (% d.b.) 4.1±0.9c 30.4±1.2a 16.7±1.9b 19.9±1.1b 16.9±0.1b 9.5±0.5b 
Protein (% d.b.) 83.8±0.1a 55.9±0.3e 68.1±0.1c 61.2±0.8d 56.6±0.2e 76.4±0.1b 
Ash (% d.b.) 5.9±0.1e 7.9±0.1c 8.6±0.0b 9.6±0.2a 8.7±0.2b 6.7±0.3d 
Moisture (% w.b.) 5.6±0.0d 8.5±0.2a 5.8±0.1d 8.4±0.1a 7.5±0.4b 6.5±0.3c 
Carbohydrates (% d.b.) 5.7±0.5e 28.0±0.0a 16.6±0.0b 12.0±0.0c 16.1±1.5b 8.4±0.2d 
Mineral profile       
Calcium (ppm) 380±0f 1600±0c 1700±0a 1000±0d 1600±0b 590±0e 
Copper (ppm) 6±0f 24±0d 39±0a 22±0e 36±0b 30±0c 
Iron (ppm) 120±0d 230±0a 75±0f 180±0b 110±0e 150±0c 
Magnesium (ppm) 420±0f 7300±0b 3300±0c 12000±0a 3200±0d 440±0e 
Manganese (ppm) 6±0f 180±0a 110±0d 130±0c 160±0b 28±0e 
Phosphorous (ppm) 9100±0e 15000±0b 9500±0d 25000±0a 13000±0c 7700±0f 
Potassium (ppm) 2000±0f 13000±0e 28000±0a 20000±0c 25000±0b 16000±0d 
Sodium (ppm) 18000±0a <1±0f 290±0b 2±0e 280±0c 210±0d 
Sulphur (ppm) 7500±0b 6200±0f 7700±0a 6800±0d 6600±0e 7100±0c 
Zinc (ppm) 64±0e 130±0b 98±0c 140±0a 80±0d 30±0f 
Phenolic fractions       
EPP (mg GAE/100g) 115.5±0.0d 328.0±0.0a 266.6±1.2b 79.0±0.0f 143.9±1.3c 106.2±0.0e 
HPP (mg GAE/100g) 550.0±0.0f 904.6±0.0a 681.10±0.0c 649.3±5.1e 697.6±0.0b 666.3±0.0d 
NEPA (mg DE/100g) 23.0±0.6f 83.4±3.9e 122.9±1.4d 331.9±0.0b 409.7±7.1a 226.1±7.7c 
TP (mg/100g) 688.5±0.6e 1316.1±3.9a 1070.6±0.2c 1060.2±5.1c 1251.2±8.4b 998.5±7.7d 
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Hemp 5 also depicted a significantly low ash content (6.2% d.b.) in contrast to Hemp 1-

4, which had comparatively similar ash content (7.3-8.8%, d.b.), suggests the possibility 

of minerals being removed due to the two-fold aqueous extraction method. HPC was 

found to be rich in essential minerals required for humans in amounts above 50 mg/day, 

where potassium, phosphorus, and magnesium were found to be in amounts (13,000-

28,000 ppm), (7,700-25,000 ppm), and (440-12,000 ppm) respectively. HPC was also 

found to be abundant in macro-element calcium and micro-element minerals manganese, 

zinc, and copper, which are required for humans in amounts below 50 mg/day, compared 

to control pea protein. HPC samples portrayed significantly lower sodium content (1-290 

ppm) than control (18,000 ppm). The high potassium and low sodium (K/Na ratio) intake 

is believed to be beneficial for heart health due to high K intake and its inverse relation to 

blood platelet aggregation and incidences of stroke. The phytic acid content in hemp 

seeds is reported to be higher (Farinon, Molinari, Costantini, & Merendino, 2020), which 

could further reduce the bioavailability of multivalent cations (i.e., Zn2+, Fe2+/3+, Ca2+, 

Mg2+, Mn2+, and Cu2+). Magnesium and phosphorus content were significantly higher 

in Hemp 3, resulting from differences in genotype, agricultural environment, soil 

conditions, and mainly protein enrichment methodologies. 

The total content of EPP, HPP, NEPA, and TP is given in Table 2, where HPC contain a 

high content of total phenolics (998.5-1316.1 mg GAE/100g) in contrast to control protein 

(688.5 mg GAE/100g). HPP was found to be the most abundant phenolic fraction found 

in the HPC samples, suggesting that these abundant phenolics are not extracted during 
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the protein purification treatment using standard methods commonly used to analyze 

polyphenol content in food samples. Also, phenolic acids, fruit peels and monomeric 

flavanols were also reported to be un-extracted (Pérez-Jiménez & Saura-Calixto, 2018). 

In current literature, hemp seeds have been reported to be abundant in phenolic acids 

with significant components like lignanamides, cannabisin, and N-trans-coffeoyltyramine, 

where lignanamides are derived as secondary metabolites from oxidate coupling with 

hydroxycinnamic acid amides acting as intermediates. Cannabisin, and N-trans-

coffeoyltyramine are more abundant in phenolic acids (Flores-Sanchez & Verpoorte, 

2008; Izzo et al., 2020). Cannabisins might represent the majority of HPP fraction in our 

HPC samples based on the study (P. H. Mattila et al., 2018) where the total content of 

cannabisins was reported to be 140 mg/100 g of seed cake/meal. Hemp 1 was found to 

have a significantly high amount of EPP and HPP, which suggests the presence of the 

respective fractions either by covalent or non-covalent bonds with the carbohydrate 

fractions. Hemp 3 had the lowest EPP to HPP ratio, suggesting phenolic fractions in 

bound form. Further studies on hempseed are necessary to understand this phenomenon 

better. 

NEPA content of the control pea protein (23.0 mg DE/100g) was significantly lower 

compared to HPC (83.4-409.7 mg DE/100g). (Epi)catechin polymers, also known as 

procyanidins, that constitute the proanthocyanidins in hempseed cake/meal, were 

reported to be in total values of 245-262 mg proanthocyanidins/100g (Pap et al., 2020), 

which also aligns with the results presented by this study. It is also important to note that 
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proanthocyanidins could potentially be extracted as an EPP fraction using fruit peels, as 

reported by (Pérez-Jiménez & Saura-Calixto, 2018). Hemp 1 followed by Hemp 2 and 5 

had significantly lower NEPA compared to other samples. Hemp 3 had the highest NEPA 

content, which suggests that the NEPA fraction could have been co-extracted during the 

de-oiling process of Hemp 1 and 2, and due to the two-fold protein aqueous extraction of 

Hemp 5 sample, based on Table 1. Anthocyanins in NEPA fraction, similar to flavan-3-

ols, are highly susceptible to thermal/hydrothermal degradation, as suggested by (Pico et 

al., 2019; Witczak et al., 2021), which suggests, the protein purification processes which 

did not use high temperatures could have partially protected NEPA fractions from thermal 

degradation. 

3.2 Protein molecular properties 

Globulins and albumins are major fractions of hempseed protein which impart different 

functionality based on their relative abundance. The globular proteins, globulins are 

salt/saline soluble and are further divided into 11S legumin- and 7S vicilin-type globulins. 

A minor component corresponding to the 7S-vicilin type edestin fraction was identified at 

48 kDa using SDS-PAGE(Mamone et al., 2019). Edestin acidic subunit (AS) and basic 

subunit (BS) corresponded to the most intense bands observed (Mamone et al., 2019). 

Edestin accounts for about 70% of total hemp protein, this dominance of edestin fraction 

has been confirmed using Reversed-Phase Chromatography (Girgih, Udenigwe, & Aluko, 

2013; X. S. Wang et al., 2008). The AS of about 34 kDa was relatively homogenous, while 
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the BS further consisted of two subunits of about 20 kDa and 18 kDa respectively. The 

edestin molecule is made up of six identical and each subunit consists of AS and BS 

linked by a single disulfide bond each. In the absence of strong denaturing and 

dissociating conditions like 2-mercaptoethanol, the AS and BS bonded by disulfide bonds 

will not be disrupted and would further form different AB units of approximately 300 kDa 

(X. S. Wang et al., 2008). Hence, the unresolved intense bands seen by Native-PAGE of 

hemp samples in (Figure 1) could be explained due to these disulfide interactions. The 

slight differences between the intensity of these bands could have resulted due to 

difference in protein conformations, globulin ratio and their interaction with other non-

protein components. Hemp 3 had the most intense unresolved band as observed in 

Native-PAGE, which suggests the Hemp 3 proteins were non-aggregated and remained 

in their native form. Native-PAGE showed differences marked within the protein bands as 

the processing intensity was increased for protein purification methods among HPC 

samples. Hemp 1 when compared to Hemp 3, based on purification methods, shows an 

additional pelletizing step as observed by SDS-PAGE (Figure 2b), suggests that 

pelletizing process was potentially responsible for breaking some of the bonds. Also, 

comparing Hemp 2 and Hemp 4 indicates partial hydrolysis and denaturation of proteins 

which could result from single aqueous extraction of proteins. Similarly, Hemp 5 indicates 

an extensive partial hydrolysis in addition to protein denaturation which could have 

resulted in protein aggregate formation and removal in centrifugation step due to the two-

fold aqueous extraction of protein (Arrutia et al., 2020). The lower intensity bands were 

also observed in Native-PAGE, which could have been resulted due to aggregation of 
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protein form hempseed meal/cake due to the tandem aqueous extraction-isoelectric 

precipitation as it has been previously reported by (Malomo et al., 2014). 

2S albumin is a storage protein consisting of 2 subunits of 7 and 3 kDa, which are linked 

by two disulfide bonds (Potin & Saurel, 2020) were identified using SDS-PAGE at 10 kDa. 

Compared to other proteins, Hemp 3 had the most intense albumin bands. It is also 

interesting to notice that Hemp 3 was not subjected to any high-temperature processing 

step, which suggests that the protein purification methods used by other HPC lead to loss 

of albumin fraction. 

Hemp 2, 4 and 5 were the samples subjected to aqueous extraction for protein 

purification, and it is interesting to notice that the albumin fraction bands were observable 

in Native-PAGE for these samples. In contrast, in Native-PAGE, Hemp 1 and Hemp 3 

were observed not to have any albumin bands, which might have resulted from 

reassociation of bonds between 11S, 7S and 2S fractions (see DSC discussion). 

However, in Hemp 5, this albumin band was less visible, suggesting the additional 

aqueous extraction for protein purification would have caused extensive protein 

aggregation and denaturation (Malomo et al., 2014). 

Bands ranging in size from 100 kDa to 12 kDa were seen in pea protein, which mainly 

represented 11S basic and 11S acidic subunits (legumin) and 7S subunits (vicilin) in the 

protein (Shand, Ya, Pietrasik, & Wanasundara, 2007). Based on a previously published 
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work, the protein convicilin (50 kDa) was also identified at 50 kDa (K. Wang & Arntfield, 

2016). 

 

Figure 1: A. Gel electrophoresis at disassociating and reducing conditions (SDS-PAGE); B. Gel 
electrophoresis at non-disassociating and non-reducing conditions (Native-PAGE). L: Lader; AS: Acidic 
Subunit; BS: Basic Subunit; H1-5: Hemp 1-5. 

DSC was used to investigate the thermal denaturation of proteins between 25 and 120°C 

(Fig. 2). A single endotherm was seen in protein concentrate samples, which was 

previously linked with the dissociation of hydrogen bonds or the unfolding of the most 
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abundant protein component, edestin (Q. Wang & Xiong, 2019a; X. S. Wang et al., 2008). 

The enthalpy values for this single endotherm of hemp samples ranged from 7.5 to 23.7 

J/g protein, which is consistent with earlier studies on hemp protein isolates (Hadnađev 

et al., 2018). Hemp 3 had exhibited the highest enthalpy (23.7 J/g protein), suggesting 

that this protein enrichment technique, which included simply removing the hull fraction, 

resulted in concentrates with higher structural order proteins, i.e., a higher percentage of 

un-denatured edestin. Indeed, in the Hemp 3 electropherogram, both the edestin acidic 

and basic subunit bands seemed to be stronger (Figure 1a). The other hemp samples, 

which underwent further protein enrichment stages, had lower enthalpies (7.5-19.0 J/g 

protein), indicating that some protein damage (denaturation) happened during any of 

these processes (e.g., pelletizing and aqueous protein extraction). This was especially 

apparent in Hemp 5, which, in conjunction with the SDS-PAGE findings, indicated that 

the twofold aqueous extraction resulted in increased denaturation of hemp proteins, as 

previously shown by comparing alkaline extraction to micellization (Hadnađev et al., 

2018). 

Hemp 2 and Hemp 4 had significantly higher Td50 values (98.7-100.0 °C) when 

compared to the other samples examined in this study, which had Td50 values ranging 

from 91.4 to 95.2 °C, respectively. Interestingly, Hemp 2 and Hemp 4 were the only ones 

to display bands in the Native-PAGE environment (Figure 1b). Hemp 2 and Hemp 4 had 

the greatest potassium and sodium levels of all the hemp samples (table 2). The cations 

potassium and sodium are well-known kosmotropes, according to the Hofmeister series 
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of cations (so-called ranking of the relative influence of ions on the physical behavior of 

aqueous processes ranging from colloidal assembly to protein folding). It is believed that 

the kosmotropes have stabilizing and salting-out effects on proteins because of their high-

water content (Zhang & Cremer, 2006). In other words, it is possible that the greater 

stabilizing interactions in folded (native) conformations of edestin chains were caused by 

a higher concentration of kosmotropes in the folded (native) conformation. It is also 

possible that the greater Td50 is related to the different denaturation temperatures of 

edestin and other protein components. Accordingly, Raman spectroscopy was used to 

investigate the vibrational modes of the Amide I region (table 3, appendix figure 1), and it 

was discovered that Hemp 2 and Hemp 4 had a significantly higher relative proportion of 

ordered secondary structures (91.1-94.9 %), which included random coil and β -turn, than 

the other hemp samples (74.6-80.2 %). It has previously been reported that processing 

reduces the amount of native protein structural elements such as helices and 

intramolecular sheets (Hadnađev et al., 2018). However, the results of vibrational 

spectroscopy should be interpreted with caution because the vibrational analysis of solid 

samples may provide inhomogeneous data. In any case, more research is required to 

fully understand the contribution of these two reasons to the thermal stability of hemp 

proteins, which should be considered throughout the food structuring process in the 

future. 
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Figure 2:DSC thermograms of protein powder samples. 

3.3 Functional properties 

The colorimetric measurements of protein powders are listed in Table 3, and visual 

representations of the powders are shown in Fig. 3. Comparable to pea protein, hemp 3, 

the sole sample derived from dehulled seeds, had the greatest L* value. L* scores ranged 

from 40.6 to 48.1 for all of the other hemp proteins tested, indicating that they are 

aesthetically less attractive. It has been shown that the hulls of hemp seeds contain high 

concentrations of various phenolic chemicals, which are either naturally dark in color or 

maybe made dark via a variety of processes. As a result, dehulling is expected to reduce 

the blackness of the hemp protein concentrates (Shen et al., 2021). There has been 
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discussion in the recent past on how different techniques of protein extraction may 

influence the colorimetric lightness value of hemp protein powders (Hadnađev et al., 

2018; Shen et al., 2021). Because of exposure to molecular oxygen, alkaline extraction 

(such as Hemp 4 and Hemp 5) may oxidise polyphenols and cause Maillard reactions, 

which can result in darkening of the product's colour and a detrimental impact on its 

flavour and fragrance, as described by (Q. Wang & Xiong, 2019a). 

 

Figure 3: Macro- and micro-structure of protein powders. Scale bar of Scanning Electron Micrographs = 
200 µm. 

Protein samples were coupled to an ANS fluoro-probe that was sensitive to polarity and 

used to assess the surface hydrophobicity of the proteins. As it can be observed in the 

fluorescence intensities shown in Table 3, all of the hemp protein powders tested in this 

research exhibited greater surface hydrophobicity (fluorescence peak intensity 83533-

188786) than the pea protein. ANS fluoro-probe has been shown to be very sensitive to 

protein structural conformation, as described by (He et al., 2014). In accordance with the 
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protein conformations, the polar amino acid side chains are buried deep within the protein 

structure and are surrounded by non-polar amino acid side chains (He et al., 2014). The 

amount of exposed non-polar amino acid determines the H0 in terms of fluorescent 

values, where the fluoro-probe attaches to these exposed non-polar amino acid pockets. 

This may be owing to the presence of more hydrophobic groups on the outer surface of 

the proteins at their natural pH, which resulted in a greater fluorescence value when the 

pH was raised. In addition, since non-polar groups interact strongly with lipids and have 

been investigated by others, the variation observed across hemp samples may be related 

to the quantity of protein denatured during processing by different industrial processes 

(He et al., 2014). Denaturation of proteins results in the exposure of both polar and non-

polar amino acid side chain residues, which raises the H0 value of the molecule. Even 

though Hemp 2 and 4 are functionally identical, their H0 profiles are vastly different, which 

may be due to the increased lipid content of Hemp 4 linked to the non-polar amino acid 

sidechains. On the other hand, because of their lower surface hydrophobicity values, 

Hemp 5 and pea protein, which have greater protein concentrations, may include more 

denatured protein as a consequence of their processing techniques.
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Table 3: Secondary structure and functional properties of protein samples. 

 

Results were presented in the form of average values ± standard deviation. Values followed by the same letters within each 
parameter indicate no significant differences (p ≤ 0.05). LGC: Least Gelation Concentration; Td50: Half Denaturation 
Temperature; ΔH: enthalpy of protein denaturation; EAI: Emulsion Activity Index; ESI: Emulsion Stability Index; WHC: Water 
Holding Capacity; HWHC: Heated WHC; OHC: Oil Holding Capacity; HOHC: Heated OHC; CIE*: International Commission 
on Illumination; L*: lightness; a*: green to red; b* blue to yellow; h0: hue angle in degrees; C: chroma. 

 Pea Hemp 1 Hemp 2 Hemp 3 Hemp 4 Hemp 5 
Secondary Structure       
β Sheets (%) 26.9±1.3b 43.3±0.4a 19.5±3.5c 0.0±0d 5.6±4.7d 29.4±1.8b 
α Helix (%) 57.2±5.5bc 32.5±16.3d 71.6±1.2ab 74.6±1.6ab 89.3±4.4a 50.8±4.0cd 
β turn (%) 15.9±4.2ab 24.2±16.7a 8.9±2.3ab 25.4±1.6a 5.2±0.3b 19.86±5.8ab 
Random Coil (%) 0.0±0 0.0±0 0.0±0 0.0±0 0.0±0 0.0±0 
Functional properties       
H0 (Fluorescence Intensity) 12991±1727f 158650±2676b 188786±22728a 152324±9449c 104712±15800d 83533±10632e 
LGC (%) 14±0d 26±0a 12±0e 18±0c 24±0b 26±0a 
ΔH (J/g protein) 5.7±0.0c 19.0±5.2ab 14.7±0.5b 23.7±3.4a 14.9±1.8b 7.5±1.5c 
Td50 (° C) 93.4±0.3bc 95.2±2.3b 98.7±0.0a 93.5±0.6bc 100.0±0.8a 91.4. ±0.4c 
EAI (m2/g) 3.1±0.0a 0.7±0.0e 2.1±0.1c 2.7±0.1b 2.0±0.0d 2.0±0.0d 
ESI (min) 0.7±0.0f 8.8±0.0a 3.7±0.0d 2.8±0.7b 7.6±0.1e 3.9±0.1c 
WHC (g/g) 4.6±0.1a 1.3±0.0c 1.3±0.0c 0.8±0.0e 1.2±0.0d 1.8±0.0b 
HWHC (g/g) 2.4±0.1a 2.0±0.0bc 2.1±0.3bc 1.9±0.1c 1.8±0.2c 2.2±0.0ab 
OHC (g/g) 1.0±0.0a 0.8±0.0d 0.9±0.0cd 0.9±0.0bc 0.9±0.0b 0.8±0.0e 
HOHC (g/g) 1.1±0.1a 0.9±0.1b 0.9±0.0bc 0.9±0.0b 0.9±0.0bc 0.8±0.1c 
Colour CIE*       
L* 68.0±1.2a 40.7±0.0c 48.1±0.0b 68.5±1.5a 47.0±0.0b 40.6±0.0c 
a* 5.9±1.4±0b 4.9±0.0c 4.1±0.0c 0.1±0.1d 6.5±0.0b 9.2±0.0a 
b* 21.3±2.8bc 25.8±0.0a 22.3±0.0b 19.6±1.5c 22.4±0.0b 21.1±0.0bc 
h0 1.3±0.0d 1.4±0.0b 1.4±0.0c 1.6±0.0a 1.3±0.0e 1.2±0.0f 
C 22.1±3.1bc 26.1±0.0a 22.7±0.0b 19.6±1.5c 23.3±0.0b 23.0±0.0b 
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Protein solubility is a factor in determining the equilibrium between hydrophobic (protein-

lipid-water, protein-protein) and hydrophilic (protein-water) interactions (Potin & Saurel, 

2020). In accordance with (Potin & Saurel, 2020), the relative solubility of hemp proteins 

retained in the supernatant as a function of pH was determined to be between 10.4 and 

33.9 %, which was significantly higher than the solubility of pea proteins retained in the 

supernatant, which was 9.2 % at neutral pH (pH 7), as observed in the solubility curves 

shown in Figure 4. The quantity of proteins present in the supernatant is determined by 

the amount of protein that clumps and sediments during centrifugation (Potin & Saurel, 

2020). The solubility curves follow the typical U-shaped curve described by many 

solubility studies, which was found to rise with the increase in alkaline conditions as 

previously reported (Hadnađev et al., 2018; Tang et al., 2006), and the field protein 

solubility profile was very identical to the findings published by (Osen et al., 2014). It is 

possible that the large albumin percentage found in the SDS-PAGE results in Hemp 3 

having the greatest relative solubility. Albumins from hemp have lower amounts of 

aromatic and hydrophobic amino acids and have a less rigid conformational shape than 

globulins, which makes them more soluble than globulins (Malomo & Aluko, 2015b). It 

has been reported that solid-dispersion based spray drying under controlled 

circumstances increased the solubility of pea protein (Lan, Xu, Ohm, Chen, and Rao, 

2019), which suggests this method may possibly be used as a production process for pea 

protein. According to (Potin & Saurel, 2020), protein solubility is a critical techno-
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functional characteristic that affects the gelling capacity, emulsifying activity, and stability 

index of protein powders, among other properties (see below). 

 
Figure 4: Solubility of protein concentrates at various pH values. 

The capacity of a protein to entrap water in its matrix while resisting the force of gravity is 

referred to as its Water Holding Capacity (WHC) (Q. Wang & Xiong, 2019b).  It is a very 

crucial activity of proteins that is required for the formulation and development of new 

products. The WHC of proteins is determined by a variety of variables, including protein 

quantity, conformation, surface hydrophobicity, and pH of the protein (Q. Wang & Xiong, 

2019b). The water holding capacity (WHC), as shown in Table 3, ranges from 0.8 g to 1.8 
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g water per gramme protein, with Hemp 3 having the lowest WHC (0.8 g/g) and Hemp 5 

having the greatest WHC (1.79 g/g) for HPC. With 4.58 g/g, pea protein isolate exhibited 

the highest WHC of all the proteins tested. When heated, the WHC of all hemp proteins 

rose to 1.87 to 2.16 grammes of water per gramme of protein, while the WHC of pea 

protein dropped to 2.42 grammes of water per gramme of protein which was surprising.  

As previously stated, hemp proteins include mainly globulin and edestin fractions of 

proteins (Hadnađev et al., 2018; Shen et al., 2021; Q. Wang & Xiong, 2019b), which have 

a high molecular weight in the native form (Figure 8a; Native PAGE) and are firmly linked 

in a globular matrix with disulfide linkages (Hadnađev et al., 2018). Heating the proteins 

to 95° C may have led them to denature and unfurl, leading the polar groups in the 

structure to bind to more water. Hemp 5 protein had the highest protein content and also 

exhibited the highest WHC in both the native and heated conditions, which is consistent 

with the findings of a recent study (Hadnađev et al., 2018), which found that hemp protein 

isolates (HPI) had a higher WHC than micellized hemp protein (HMI), which had a WHC 

that was twice as low as HPI. In the presence of denaturing conditions, pea protein lost 

its capacity to retain water, which may have occurred as a consequence of protein 

linearization, in which the protein was fully denatured and lost most of its functional 

activity. 

When compared to water holding capacity (WHC), Oil Holding Capacity (OHC) is a 

consequence of the interaction between hydrophobic nonpolar amino acid sidechains (Q. 

Wang & Xiong, 2019b). It is the capacity of this hydrophobic contact to keep the oil in its 
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matrix against the influence of gravity. OHC of all the proteins is shown in Table 3, where 

the OHC of all HPC varied between 0.8 and 0.9 g/g protein, which was consistent across 

all samples. The OHC of Hemp 1, 2, 3, and 5 and pea protein rose somewhat when 

heated. On the other hand, the difference was negligible, and the OHC content of all 

hemp samples was less than 1 g/g. The native and heated OHC of pea protein were 1 

g/g and 1.1 g/g, respectively, according to the results. When proteins were denaturing, 

the heating would have promoted a small interaction with nonpolar groups, resulting in a 

modest increase in the amount of protein produced. The low OHC may be explained by 

the presence of lipids in the powders' matrix, which would explain their low OHC. 

The least gelation concentration (LGC), which is shown in Table 3, is the lowest 

concentration at which proteins may form stable gels via a variety of complicated 

processes such as heat-induced denaturation, protein disassociation and association, 

and protein aggregation (Q. Wang & Xiong, 2019b). When it comes to maximising the 

functioning of food items, this characteristic of proteins is critical (Shen et al., 2021). LGC 

for Hemp 1 and 5 was 26 %, followed by Hemp 4 at %, which was considerably higher 

than that of the previously reported findings for HPM and HPI, which were 12% and 22%, 

respectively (Girgih, Alashi, He, Malomo, & Aluko, 2014). LGC concentrations in hemp 2 

and 3 were 12% and 18%, respectively. The LGC content of pea protein was 14%. Hemp 

4 and 5 have a high LGC, which can be explained by the high protein content, which 

during the process of manufacturing relying on tandem aqueous extraction and spray 

drying (Table 1) may have resulted in protein polypeptides that were denatured, 
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aggregated, or damaged, leading to a loss of least gelation functionality. Hemp 1, on the 

other hand, comprised a significant amount of seed hulls and carbohydrate content, which 

may have impeded its tendency to develop a stable gel at lower concentrations, which is 

in contrast to the conclusion reached by (Potin & Saurel, 2020) based on the 12 per cent 

LGC of hemp protein meal (HPM) reported by (Potin & Saurel, 2020)(Malomo & Aluko, 

2015b). 

Because of their amphiphilic nature, proteins are commonly employed to stabilise 

emulsions (Shen et al., 2020). It is possible to measure a protein's capacity to produce 

stable emulsions using the Emulsion Activity Index (EAI) and the Emulsion Stability Index 

(ESI) (Q. Wang & Xiong, 2019b). A protein's EAI is calculated by dividing the area (m2/g) 

of its interface (oil in water) by the weight of the protein (in grammes) (Chatterjee, Dey, 

Ghosh, & Dhar, 2015). The emulsion stability index (ESI) measures the stability of a 

produced emulsion over a period of time (Chatterjee et al., 2015; Schmidt, Damgaard, 

Greve-Poulsen, Larsen, & Hammershøj, 2018). As shown in Table 3, pea protein had the 

greatest EAI at 3.1 m2/g but the lowest ESI at 0.7 min, indicating that it was the most 

efficient. In general, hemp proteins have EAI ranging from 0.7 to 2.72 m2/g, with Hemp 3 

having the highest EAI, followed by Hemp 2, 5, 4, and Hemp 1, and Hemp 1 having the 

lowest EAI. In the case of the Hemp 1 sample, this may be explained by the low OHC of 

the hemp proteins and the large proportion of non-soluble polysaccharides in the sample. 

An investigation on the link between EAI and protein solubility was conducted by (Shen 

et al., 2021). Hemp 3 has the greatest solubility at native pH, followed by Hemp 5, 4, and 
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2, and Hemp 1 has the lowest solubility. In this study, we discovered that Hemp 3 is the 

most soluble at native pH, followed by Hemp 5, 4, and 2, and the least soluble is Hemp 

1. In comparison to hemp proteins, pea protein has a greater EAI than hemp protein, 

which may be attributed to the higher OHC of pea protein. Hemp 1 exhibited the highest 

ESI of all the hemp proteins tested, followed by Hemp 4, 5, 2 and 3. These findings may 

be explained in part by the quantity of non-protein material that exists in protein powders, 

as well as the native lipid content of protein powders. It has also been proposed that the 

higher disulfide bonding affinity of hemp proteins causes protein aggregation after 

emulsification (Shen et al., 2021; Tang et al., 2006) and that this is the cause of poor EAI 

and ESI (Shen et al., 2021). 

The pasting profiles of commercial proteins were shown to be highly correlated with their 

functional and thermal characteristics, such as WHC and Td50 (Osen et al., 2014; Zahari 

et al., 2020). Hemp 2 and 4 had the greatest initial viscosity over 4000 cP, and this was 

also true during the time of their denaturation (DSC). However, after attaining its 

denaturation temperature, the viscosity of pea protein becomes inconsequential, which 

correlates to its reduced WHC at higher temperatures. This may be owing to its high WHC 

in its native state, which is thought to be related to its low WHC in its denaturation state. 

The pasting profile of pea is consistent with previously published data (Osen et al., 2014). 

Because all of the hemp proteins were observed to have produced strong fibrous 

structures and gel-like protein structures (Appendix data Fig. 2), the pasting profiles of 

hemp proteins near the end of the run had much more noisy data than earlier profiles 
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(Figure 1). This effect was also seen in a recent study, in which the authors stated that 

HPC formed spheres after being subjected to a pasting profile testing (Zahari et al., 2020). 

We believe this is due to the shear generated by the rotor and that following the 

denaturation process, and the proteins are spun into these solid structures as a result. It 

is also vital to notice that only Hemp 2 and 4 exhibited the most significant peak viscosity 

in the RVA pasting profiles, which corresponded to their denaturation temperatures 

(Td50; Table 3). When compared to other hemp proteins, Hemp 2 and 4 were most 

resolved in gels under non-reducing and non-disassociating conditions (figure 1b), 

indicating a relatively lower effect of de-/re-association of intramolecular disulfide bonds. 

This is apparently due to the denaturation of all protein fractions, i.e., edestin (11S and 

7S) and 2S albumins in Hemp 2 and 4, where the pasting profile process was able to 

linearize or denature the protein fractions to a significant extent, leading to higher 

functionality and, consequently, higher viscosity, as a result of higher functionality. 

Photographs of the RVA leftovers are presented in (Appendix Material 2), and it was 

discovered that they were viscoelastic in their natural state. All of the solid/semi-solid gels 

were very viscous, particularly Hemp 3, which had solidified into a fibrous solid sphere. 
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Figure 5: Pasting profile of protein powders. 

3.4 Principal Component Analysis (PCA) 

In order to mechanistically link compositional and structural features with functioning and 

to categorize samples based on their characteristics, Principal Component Analysis 

(PCA) correlation biplots were examined (Figure 5). PC1 and PC2 explained 37.8 per 

cent and 29.2 per cent of the variation, respectively, according to the results. Hemp 1, 

Hemp 3, and Hemp 5 each appeared in a separate quarter and a significant distance from 

the center, suggesting that they had very different behaviors. Hemp 1 was found to be in 

the positive PC1/negative PC2 quarter, which is especially associated with high 
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carbohydrate, TDF, HPP, EPP, TP, Fe, Ca, and emulsifying stability index and also higher 

emulsifying stability indexes (ESI). Hemp 3 was positioned within positive PC1/positive 

PC2 quarter, which corresponded to a high amount of ash (and minerals such as K and 

Mg), fats, NEPA fraction, and showed a reasonably high solubility (at both pH 7 and pH 

9) as well as a high lightness value (L*). Hemp 3 was also placed in the negative 

PC1/negative PC2 quarter, which corresponded to a high amount of ash (and minerals 

such as K and Mg), Hemp 5 was found in the negative PC1/negative PC2 quarter, which 

was associated with high protein content, salt and copper concentration, and high-WHC, 

among other characteristics. Hemp 2 was in the same quarter as Hemp5, despite the fact 

that it was towards the middle of the graph. A high K and NEPA fraction, as well as 

comparatively high solubility, were the distinguishing characteristics of Hemp 4, which 

was found in the negative PC1/positive PC2 quarter, near Hemp 2. 
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Figure 6: Principal Component Analysis (PCA) of hemp protein concentrates. LGC: Least Gelation 
Concentration; Td50: Half Denaturation Temperature; ΔH: enthalpy of protein denaturation; EAI: Emulsion 
Activity Index; ESI: Emulsion Stability Index; WHC: Water Holding Capacity; HWHC: Heated WHC; L: 
lightness; represented by blue lines as loadings.  
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4 Conclusion and Future prospects 
4.1 Conclusion 

Five distinct commercial hemp protein concentrates were studied and compared against 

a field pea protein isolate to understand their composition, molecular properties, and the 

resulting functionality from an industrial-scale perspective to add to the current lab scale 

understanding of the protein properties. Hemp protein concentrates (HPC) were found to 

have proximal composition of lipids (6.9%-18.6%), SDF (0.1%-2.4%), IDF (8.6-28.9), TDF 

(9.5%-30.4%), protein (55.9%-76.4%), ash (6.7%-9.6%), moisture (6.5%-8.5%), and 

carbohydrates (8.4%-28%). HPC also had a high mineral content in contrast to pea 

protein and had a higher phenolic content. Native- and SDS-PAGE results indicate to 

existence of strong disulfide bonding between protein fractions in their native state at non-

reducing conditions. HPC also retained its WHC at higher temperatures in contrast to pea 

protein and had ∆H and Td50 values of (7.5 J/g-19 J/g) and (91.4°C-100°C) respectively. 

HPC had higher H0 compared to pea protein indicating higher amount of exposed 

hydrophobic amino acid sidechains. Hemp 3 had the highest lightness (L*) value, which 

indicates the dehulling process of hempseeds results in HPC powder with higher lightness 

values. Multiple tandem aqueous extractions result in higher protein concentration and 

lower non-protein material.  

This work addresses the industrial applicability of commercial hemp protein concentrates 

both by helping new product developers/ food developing industries to develop/optimize 

their production based on this study to develop innovative new food products, as well as 
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to help all the hemp protein manufacturing industries to better understand the consumer 

and product developer perspective. This will also help the plant-based protein 

manufacturing companies to better optimize their production to maintain the optimum 

structure-function relationship of the protein. Without limiting the possibilities of 

applicability, hemp protein concentrates are also a promising source to develop pet food 

as well as feed for cattle. Finally, this study will contribute to plant-based protein 

innovation using hemp protein concentrates for a sustainable future and with possibility 

to develop new food products for humans as well as nutritious food for feed purposes. 

4.2 Future prospects 

The research discussed in this thesis, serves as a guide for industrial hempseed 

manufacturers, new food product developers/ industries, food formulators and 

manufacturers to achieve an understanding of the structure function relationship of 

hempseed protein concentrates and to develop manufacturing/optimization based on 

desired applications of the protein. In the future, the work presented in this thesis can be 

used to innovate protein rich plant based vegan food alternatives, which would potentially 

be rich in protein content as well as having a complete amino acid profile. Further, the 

hemp proteins can be studied for their digestive responses based on their uses in various 

forms in a plethora of formulations (e.g., beverages, snacks, meals, meat extenders or 

alternatives) and the digestive responses could be controlled (or delayed) with 

formulations to develop health-promoting food.
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6 Appendix 

 
Appendix Figure 1:Raman spectra of Hemp 1 protein with highlighted amide-1 region (left). 
Deconvoluted Amide-I band for pea in the amide-I region from 1600 cm-1 to 1700 cm-1 wave number 
(right); where peaks corresponding to wavenumbers reported by (Sadat and Joye, 2020) were only 
selected. 

 

Appendix Figure 2:Solid structures formed after pasting analysis at high temperature-high pressure 
conditions. 


