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A B S T R A C T   

The combined effects of isolation temperature (20, 30 and 40 ◦C) and pH (2.0–12.0) on yield, techno-functional 
properties, and beany flavor of pea protein isolates were investigated. Increasing pH from 2.0 to 9.5 and 11.0 
increased yields from 37 % to 75 % and 79 %, respectively, at 20 ◦C. At a constant pH, increasing temperature 
from 20 to 40 ◦C did not increase protein recovery; rather, negatively affected the techno-functional properties 
such as protein solubility, foaming and gelation. Protein isolated at pH 11.0 (20 ◦C) provided a higher fat ab
sorption, gelation capacity, gel hardness, cohesiveness, chewiness, and gumminess than at pH 9.5, due to higher 
protein denaturation as supported by their higher surface hydrophobicity. Volatile beany flavor marker hexanal 
was predominant in all isolates than the starting material, irrespective of isolation temperature, probably due to 
lipid oxidation. The results provide a basis for tuning the isolation process for producing pea protein isolates with 
desired techno-functional properties for meat analogue applications.   

1. Introduction 

The global demand for plant-based meat analogues has increased at a 
compound annual growth rate of 15 % from 2019 (MarketsandMarkets, 
2019) due to ongoing protein shift trend towards a healthy and more 
environmentally sustainable choices (Lam, Can Karaca, Tyler, & Nick
erson, 2018). It is expected that its market value will increase from USD 
12.1 billion in 2019 to USD 27.9 billion by 2025 (MarketsandMarkets, 
2019). This in turn has increased the search for plant-based protein in
gredients to replace animal-based proteins. Pea (Pisum sativum L.) is one 
of those ingredients which has the potential to be used for plant-based 
meat analogues production because of its low cost, availability, low 
allergenicity, high nutritional value, and being non-genetically modified 
(Lam et al., 2018). Further, pea cultivation has lower greenhouse gas 
intensity per unit of nutritional density compared to animal foods 
(Saget, Costa, Santos, Vasconcelos, Styles, & Williams, 2021); its culti
vation requires negligible amount of nitrogen fertilizer, and has less 
negative impact on biodiversity due to low pesticide use (Tidåker, 
Potter, Carlsson, & Röös, 2021). 

The main classes of proteins found in pea are e.g. globulin, albumin 
and glutelin, with their amount being varied in the range of 55 %-65 %, 
18 %-25 %, and 3 %-4%, respectively (Lu, He, Zhang, & Bing, 2020). The 

major class globulin is a storage protein and further classified into 
legumin, vicilin and convicilin, based on their sedimentation coefficient 
(Tanger, Engel, & Kulozik, 2020). Legumin (11S) has a molecular weight 
of 360 kDa, is hexameric with subunits being 60 kDa each. Each subunit 
is composed of an α-chain (40 kDa) containing chiefly of acidic amino 
acids and a β-chain (20 kDa) containing chiefly of basic amino acids, and 
are connected by a disulfide bond. (Tanger et al., 2020) Vicilin (7S) on 
the other hand has a molecular weight of 150 kDa, is trimeric with 
subunits being 50 kDa each, and does not contain any disulfide bonds. 
Pea globulin usually follows a 2:1 ratio of 11S legumin and 7S vicilin, 
but may vary depending on genotype. The other protein convicilin has a 
molecular weight of 280 kDa, is tetrameric with subunits being 70 kDa 
each, and has no disulfide bonds. (Kyriakopoulou, Dekkers, & van der 
Goot, 2019; Tanger et al., 2020) The sulfur-containing amino acids of 
legumin e.g., cysteine creates disulfide bridges during e.g., extrusion and 
provides texturization. (Lu et al., 2020; Sha & Xiong, 2020) Besides this, 
other protein functionalities such as protein solubility, gelation prop
erties, emulsification, foaming, water and oil holding capacities play 
important roles in meat analogue structure formation (Kyriakopoulou 
et al., 2019). For example, proteins in general provide water holding and 
network formation properties (Kyriakopoulou et al., 2019), which 
depend largely on their structural properties (Abdollahi, Rezaei, 
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Jafarpour, & Undeland, 2018). Thus, it is important to find the right 
functional properties of proteins giving a suitable meat analogue 
structure formation (Kyriakopoulou et al., 2019). 

The process conditions used for protein isolation from the legumes 
can largely influence protein isolation yield, structure, and function
ality, defining product forming capacity and thus the final application of 
protein isolates. For example, it has been reported that the isolation pH 
can affect protein solubility (Day, 2013), surface hydrophobicity 
(Timilsena, Adhikari, Barrow, & Adhikari, 2016), and water holding 
capacity of protein isolated from legumes (Peng, Kersten, Kyr
iakopoulou, & van der Goot, 2020). Further, a positive correlation be
tween pH and the reactivity of disulfide bond formation has been 
reported in gelation studies with oats and whey (Monahan, German, & 
Kinsella, 1995; Nieto-Nieto, Wang, Ozimek, & Chen, 2015). One of the 
structural properties of proteins i.e., surface hydrophobicity, which 
represents the degree of protein unfolding and denaturation, changes 
with pH and affects e.g., intermolecular protein–protein and protein- 
lipid interactions, thus affecting proteins’ water solubility, emulsifica
tion, foaming, and gelation properties (Timilsena et al., 2016). Protein 
isolation temperature is also an important factor which can affect e.g. 
denaturation, aggregation, and structure formation of proteins (Zhang, 
Liu, Liu, Yoon, Rizvi, & Wang, 2019). Besides these, both temperature 
and pH affect volatile compound formation (Gao et al., 2020; Sajib & 
Undeland, 2020), often reported as beany flavor compounds for plant- 
based ingredients, which is an outstanding challenge for meat alterna
tive applications as it is not desired. The most reported beany flavor 
markers found in pea proteins are e.g. hexanal, 1-hexanol, 2-pentyl
furan, 3-methyl-1-butanol, 1-octen-3-ol, (E,E)-2,4-decadienal, and (E,E)- 
2,4-nonadienal (Ferawati, Witthöft, & Bergström, 2020; Xu, Jin, Lan, 
Rao, & Chen, 2019). 

To date however very little is known how a combination of pea 
protein isolation temperature and pH affect the functional properties 
and beany flavor of pea proteins. For example, several authors reported 
only the effect of alkaline isolation pH, typically in the pH range of 
8.0–10.5 (Ferawati et al., 2021; Gao et al., 2020), on pea protein and the 
effect of temperature and their combined effect has been neglected. 
Therefore, the aim of this study was to investigate the combined effect of 
protein isolation temperature and pH on functional, rheological, 
textural, structural, and volatile beany flavor properties of protein iso
lates from yellow pea. The results of this study will guide us towards a 
better understanding of key drivers of pea protein functionality and 
flavor to find optimum protein isolation process condition suitable for 
meat analogue applications. 

2. Material and methods 

2.1. Materials 

Dry fractionated pea protein concentrate (Vestkorn A/S, Denmark), 
referred to as pea flour hereafter, was used as the starting raw material 
to further improve its protein purity and techno-functional properties 

suitable for meat analogue applications. The pea flour contained around 
90 %-93 % dry matter, 54 %-56 % protein, 15 %-20 % carbohydrates, 
15 %-17 % dietary fiber, 3 %-5% total fat, and 5.5 %-6.5 % ash. All 
chemicals used were of reagent grade. 

2.2. Protein solubility analysis at different temperature and pH 

Solubility of proteins at different pH was measured according to 
Abdollahi and Undeland (2018). Briefly, 50 g pea protein powder was 
dispersed in 750 ml of distilled water, and the pH was adjusted to 
2.0–12.0 using 2 M NaOH or 2 M HCl, and incubated either at 20 or 30 or 
40 ◦C for 60 min. Two different sets of experiments were performed, one 
to adjust the pH in the alkaline direction and the other in the acidic 
direction. Then, the solutions were centrifuged at 3,000 × g for 30 min 
at 4 ◦C, and the soluble protein content in the supernatants was 
measured using a modified version of the Lowry method (Lowry, 
Rosebrough, Farr, & Randall, 1951). The relative solubility of proteins 
was measured based on the solubility at pH giving the maximum 
solubility. 

2.3. Protein isolation process 

Based on the results from the step 2.2, pea proteins were extracted at 
pH 2.0, 9.5, and 11.0 at 20, 30, and 40 ◦C. Briefly, 60 g pea flour was 
homogenized with 840 ml deionized water in 1-liter glass beaker at 
either 20, 30, or 40 ◦C; the pH was adjusted to either 2.0, 9.5, or 11.0 
using 2 M NaOH and/or 2 M HCl and incubated for 60 min with 
continuous stirring using an overhead stirrer (R 3003 Spiral stirrer, IKA). 
Upon completion, the mixture was centrifuged at 3000 × g for 20 min 
(4 ◦C); the pellet was discarded, the pH of the supernatant was adjusted 
to 4.0 using 2 M HCl, and held for 20 min. Afterwards, the mixture was 
centrifuged as above, the supernatant was discarded, the pH of the pellet 
was adjusted to 7.0, stored at − 80 ◦C, and thereafter freeze-dried. This 
freeze-dried protein isolate was used for analyses. The soluble protein 
content of the supernatant was measured using a modified version of 
Lowry method (Lowry et al., 1951). Protein solubilization and precipi
tation yields were calculated using equations below, where H, S1, and S2 
represent soluble protein content of the homogenate at selected solu
bilization pH, at supernatant after the first centrifugation, and second 
centrifugation, respectively. 

Protein solubilization yield (%)=
SolubleproteincontentofS1

( mg
ml

)
×volumeS1

SolubleproteincontentofH
( mg

ml

)
× volumeH

×100.

Mass yield and protein recovery of protein isolation process were 
calculated using equations below: 

Massyield(%) =

(
amount of dry protein isolate

amount of dry starting material

)

× 100   

Protein precipitation yield (%) =

(
Soluble protein content of S1

( mg
ml

)
× volume S1

)
−
(
Soluble protein content of S2

( mg
ml

)
× volume S2

)

Soluble protein content of S1
( mg

ml

)
× volume S1

× 100.

Proteinrecovery(%) =

(
amount of final product × total nitrogenous protein content

amount of starting material × total nitrogenous protein content

)

× 100   
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2.4. Analyses of protein isolates 

2.4.1. Total nitrogenous protein content 
Nitrogen content in the sample was first analyzed using Dumas 

method with a nitrogen analyzer (LECO, St. Joseph, MI, USA), and then 
the nitrogen content was converted to total nitrogenous protein content, 
representing both soluble and insoluble proteins, using a nitrogen to 
protein conversion factor of 6.25 (Mariotti, Tomé, & Mirand, 2008). For 
the analysis, approximately 0.1 g sample was loaded on the sample tray, 
which was then combusted in the nitrogen analyzer at approximately 
1000 ◦C. The resulting nitrogen, after reduction of nitrogen oxides to 
nitrogen and separation of water and carbon dioxide, was then deter
mined by a thermal conductivity detector. 

2.4.2. Proteins solubility in water 
To measure protein solubility at different pH, 0.5 g of each protein 

isolate was dispersed in 20 ml distilled water, and then the pH was 
adjusted to 3.0–11.0 using 1 M NaOH or 1 M HCl. Two different sets of 
experiments were performed, one to adjust the pH in the alkaline di
rection and the other in the acidic direction. The protein dispersion was 
stirred using magnetic stirrer and held at each pH for 30 min at ambient 
temperature (i.e., 22 ◦C). The dispersion was then centrifuged at 15,000 
× g for 30 min (4 ◦C). Thereafter, the soluble protein content in the 
supernatant was measured using a modified version of Lowry method 
(Lowry et al., 1951). The relative solubility of proteins was measured 
based on the solubility at pH giving the maximum solubility using the 
formula below. 

2.4.3. Fat absorption capacity 
Fat absorption capacity of protein isolate was measure according to 

Sathivel, Yin, Bechtel, and King (2009) with some modification. Briefly, 
250 mg protein isolate was weighed into 15-ml plastic tube, followed by 
addition of 5 g sunflower oil, and vortexed for 2 min. The mixture was 
incubated at ambient temperature (i.e. 22 ◦C) for 30 min with inter
mittent mixing every 10 min. Thereafter, the mixture was centrifuged at 
2500 × g for 30 min, free oil was poured out, and the resulting mixture 
was weighted again. Fat absorption of the sample was calculated from 
the weight difference. The result was expressed in terms of milliliters of 
fat absorbed by 1 g of protein isolate. 

2.4.4. Foaming capacity and foaming stability 
Foaming capacity and foaming stability were measured according to 

Abdollahi and Undeland (2018). Briefly, 250 mg sample was mixed with 
25 ml deionized water (Vinitial) and homogenized at 11,000 rpm for 2 
min using a Polytron Homogenizer (IKA T18 digital ULTRA TURRAX, 
IKA, Brazil). The volume of the mixture including foam was recorded 
immediately after homogenization (V1) and after 60 min (V60), and 
foaming capacity and foaming stability were calculated using equations 
below. 

Foaming capacity (%) =

(
V1 − Vinitial

Vinitial

)

× 100  

Foaming stability (%) =

(
V60 − Vinitial

Vinitial

)

× 100  

2.4.5. Rheological (i.e. in-situ gelation) analysis 
For both rheological (i.e. in-situ gelation) and textural analyses, 6 g 

protein isolate was mixed with 24 ml deionized water, and mixed for 30 

sec using a chopper every 10th min over a period of 30 min. Then, 
rheological and textural analyses were performed as described in the 
following paragraphs. 

A portion of the sample (i.e., around 1–2 g) from the chopper was 
loaded on the dynamic rheometer (Paar Physica Rheometer MCR 300, 
Anton Paar GmbH, Austria) for in-situ gelation analysis using a parallel- 
plate geometry (25 mm plate diameter and 1 mm plate gap) mounted on 
a dynamic rheometer operated in an oscillating mode. Sample edges 
were covered with inorganic oil to prevent evaporation during in-situ 
gelation. In-situ gelation was performed in three steps; i.e., ramping up 
of temperature from 20 ◦C to 90 ◦C at a constant heating rate of 5 ◦C/ 
min, followed by maintaining temperature at 90 ◦C for 30 min, and, then 
the temperature was ramped down to 20 ◦C at a rate of 5 ◦C/min. The 
gelation test was done in a linear viscoelasticity region (i.e., 1 % strain 
and 0.1 Hz frequency) of the samples. 

2.4.6. Textural analyses of gels 
Sample for texture analysis was prepared as described in section 

2.4.5. Then, a portion of the sample from the chopper was loaded in 10- 
ml plastic tubes, tightly sealed, and cooked in boiling water at 90 ◦C for 
20 min. Upon completion, the syringe was cooled on ice-cool water for 1 
h, and then stored overnight at 4 ◦C. Thereafter, the gels were cut in 
equal heights and diameter (i.e., 15 mm), and textural properties were 
analyzed using a texture analyzer (TVT 6700, Perten Instruments, 
Australia) equipped with a 5-kg load cell according to Abdollahi and 
Undeland (2019). 

2.4.7. Water holding capacity of gels 
Water holding capacity (WHC) of gels was measured according to 

Cardoso, Mendes, Vaz-Pires, and Nunes (2009). Briefly, 2 g properly 
chopped gel sample (X) was wrapped within two layers of pre-weighed 
(Y) filter paper, placed in 50-ml plastic tube, and centrifuged at 3,000 ×
g for 10 min at 20 ◦C. Then, the gels were removed from the filter paper, 
and the filter paper was weighed again (Z). WHC (%) was calculated 
using the equation below, where M is the initial moisture (%). 

WHC (%) =

⎛

⎜
⎜
⎝

X ×
(

M
100

)
− (Z − Y)

X − ( M
100)

⎞

⎟
⎟
⎠× 100  

2.4.8. Molecular weight distribution of soluble proteins and peptides 
Molecular weight distribution of soluble proteins and peptides was 

analyzed by high performance size exclusion chromatography (HP-SEC; 
Dionex HPLC, Dionex GmbH, Idstein, Germany) according to a method 
described by Sajib, Albers, Langeland, and Undeland (2020). The HPLC 
system was equipped with an Agilent Bio sEC-5 guard column (5 µm, 
150 Å, 4.6 × 50 mm), and then chromatographic separation was per
formed by two serially connected SEC columns: Agilent Bio sEC-5 300 Å 
(5 µm, 300 Å pore size, 7.8 × 300 mm) and Agilent Bio sEC-5 100 Å (5 
µm, 100 Å pore size, 4.6 × 300 mm). Sample was prepared by dissolving 
protein isolates in the mobile phase (i.e., 0.1 M sodium phosphate buffer 
at pH 7.0) to a protein concentration of 10 mg/ml. The mixture was then 
centrifuged at 10,000 × g for 10 min, the supernatant was filtered 
through 0.45 µm pore size cellulose acetate membrane (fisher scientific), 
and the resulting filtrate was used for HP-SEC analysis. Molecular weight 
of samples was calculated against AdvanceBio SEC 300 Å Protein 
Standard (Agilent Technologies). 

Protein solubility (%) =

(
soluble protein concentration in the supernant

Soluble protein concentration in pH with maximum solubility

)

× 100   
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2.4.9. Surface hydrophobicity 
Surface hydrophobicity was analyzed according to Timilsena et al. 

(2016). Briefly, 40 mg pea protein isolate was mixed with 40 ml phos
phate buffer (0.01 M, pH 7.0), centrifuged at 10,000 × g for 20 min, and 
the resulting supernatant was used for soluble protein content analysis 
by a modified version of Lowry method (Lowry et al., 1951) and for 
further analysis. The supernatant was further diluted to 0.01 – 0.1 mg/ 
ml protein concentrations using phosphate buffer. Thereafter, 2 ml of 
diluted supernatant was mixed with 10 µL of 8 mM 8-anilinno-1-naptha
leneslfonic acid solution (ANS; solubilized in the same buffer), vortexed 
for 30 sec, and incubated in dark for 15 min at ambient temperature 
(~22 ◦C). Upon completion, the fluorescence intensities of samples 
containing ANS solution, ANS blank (in phosphate buffer), and sample 
blank were measured at excitation and emission wavelengths of 374 and 
485 nm, respectively, using a Tecan Safire 2 plate reader (Tecan, 
Switzerland). Fluorescence intensities of blanks were subtracted from 
samples, net fluorescence intensities were plotted against protein con
centration, and surface hydrophobicity was calculated from the initial 
slope (of the linear regression). 

2.4.10. Volatile beany flavor markers analysis 
Selected volatile beany flavor markers were analyzed by headspace 

solid-phase microextraction (HS-SPME)-GC–MS according to a method 
described by Sajib and Undeland (2020) with slight modifications. 
Modifications were; a different GC–MS setup (TQ8030, Shimadzu) and 
the data acquisition scan was performed in the mass range of 30–500 
amu. SPME fiber and GC column used were 75 μm Carboxen/ poly
dimethylsiloxane (CAR/PDMS) coated SPME fiber (Supelco, USA) and 
fused silica ZB-1701 capillary column (30 m × 0.32 mm, 1 μm, Phe
nomenex), respectively. Sample was prepared by dissolving 1 g sample 
in 9 ml MQ-water directly in 20-ml SPME vials. Then, SPME fiber was 
injected into vial for volatile compounds extraction at 60 ◦C for 20 min 
with stirring at 500 rpm. The fiber was then injected into GC–MS for the 
analysis in splitless mode for 5 min. The GC inlet temperature was 
maintained at 300 ◦C, and carrier gas helium was used at a constant flow 
rate of 1.5 ml/min. GC separation was performed at GC oven tempera
tures of 35 ◦C for 3 min, followed by an increase of 3 ◦C/ min to 70 ◦C, 
and then at 10 ◦C/min to 200 ◦C, and finally at 20 ◦C/min to 260 ◦C with 
a holding for 5 min. MS transfer line temperature was maintained at 
265 ◦C, and ion source temperature was 200 ◦C. Volatile beany flavor 
compound markers were selected based on most commonly reported 
markers by other researchers e.g., Ferawati et al. (2020) and Xu et al. 
(2019), and are hexanal, 1-hexanol, 1-octen-3-ol, 1-octen-3-one, 2- 
pentylfuran, 1-pentanol, 1-Nonanal, 3-methyl-1-butanol, (E,E)-2,4- 
nonadienal, and (E,E)-2,4-decadienal and 2-isopropyl-3-methoxy pyr
azine. Volatile compounds were identified by external standards, and 
relative quantification was performed against the peak area of the in
ternal standard. 

2.4.11. Sodium content analysis 
To get an indication about the amount of NaCl salt residue in protein 

isolates, sodium (Na) content was analyzed according to a method by 
Gmoser, Fristedt, Larsson, Undeland, Taherzadeh, and Lennartsson 
(2020) with slight modifications. Briefly, around 150 mg samples were 
weighed into Teflon vials, and then 3 ml of milli-Q water, 750 μL of 
nitric acid and 150 μL of concentrated hydrochloric acid were added. 
The Teflon vials were then closed tightly and digested in microwave 
digestor (Milestone microwave laboratory system Ethos Plus Sorisole, 
Italy) at 180 ◦C for 35 min. Upon completion the samples were cooled to 
room temperature. Thereafter the samples were diluted using milli-Q 
water and analyzed in atomic absorption spectroscopy (240FS AA, 
Agilent Technologies, Australia). Quantification was made using stan
dard curves of sodium standard (Fluka, Switzerland). 

2.5. Extrusion processing 

To investigate the applicability of selected pea protein isolates in 
meat analogue applications, both low-moisture extrusion (LME) and 
high-moisture extrusion (HME) trials were performed on a TwinLab-F 
20/40 twin-screw extruder (Brabender, Germany). The extruder has 6 
different temperature zones (including the die). In case of LME pro
cessing, a round head die with 2 mm diameter was used to produce low- 
moisture meat analogues (LMMA), which is also known as textured 
vegetable protein (TVP). And, in case of HME processing, a cooling die 
with 20 × 9 × 330 mm dimension was used to produce high moisture 
meat analogues (HMMA). Extruder screw configurations for both LME 
and HME processing can be found in supporting info. (see Figs. 4-5; 
supporting info.). The feeder was operated in the range of 2.25 – 3.43 
kg/h capacity for both LME and HME trials. For LME trial, selected pea 
protein isolate was used together commercial oat protein (Lantmännen 
Oats AB; 1:1 ratio); and for HME trial only pea protein isolate was used 
as the raw material. The operational settings for LME were; H2O: 35 %, 
temperature profile: 40–80-130–160-160 ◦C, screw velocity: 750 rpm, 
pressure: 10.3 bar, melt temperature: 174 ◦C, torque: 13, and 
throughput: 5.0 kg/h. The operational settings for HME were; H2O: 62 
%, temperature profile: 40–80-150–150-145–35 ◦C, screw velocity: 600 
rpm, pressure: 8.3 bar, melt temperature: 149.2 ◦C, torque: 8.9, and 
throughput: 4.5 kg/h. Melt temperature refers to the temperature of the 
melt extrudate recorded by a thermocouple connected to the extruder 
barrel. Data on melt temperature, barrel temperature profile, screw 
speed, pressure, torque, and throughput were collected from the ex
truder’s log records. 

2.6. Water absorption index and internal sensory analyses of extrudate 

Water absorption index (WAI) was measured gravimetrically ac
cording to a protocol by Munz (2021). Briefly, 2 g LME processed 
extrudate was weighed into 50-ml plastic tube, and then the tube was 
filled with cold water (10 ◦C) to soak the extrudates and kept for 10 min. 
Thereafter, the water was drained for 10 min using a strainer and the 
extrudate was weighed again (see Fig. 7; supporting info.). The WAI of 
extrudates was then calculated from weight difference according to the 
equation below. 

WAI (%) =.(hydrated extrudate weight (g)− initial extrudate weight (g) )×100(%)

initial extrudate weight (g)×(100%− extrudate moisture content (%)

An internal sensory analysis (i.e., affective test) was performed by 
four panelists for LME processed extrudate to get a better understanding 
of consumer experience. The test was performed in three steps. In step 1, 
25 g extrudate was mixed with 56.6 g water and 10 g rapeseed oil in a 
mixer (Snabbhack, Electrolux, Sweden) for approximately 15 sec to cut 
the extrudates into smaller pieces to increase the surface area and thus 
facilitate water and oil absorption. The mix was let to rest at room 
temperature for 30 min until further testing. In step 2, the soaked 
extrudates from step 1 were fried in oil without any seasoning. In step 3, 
the soaked extrudates from step 1 were mixed with 8 g of taco spice mix 
seasoning, fried in oil, and tested as part of taco lunch. The panelists 
were then evaluated extrudates from all three steps based on the like
lihood of acceptance. 

2.7. Statistical analysis 

Results are expressed as mean (n = 2 or 3) ± standard error of the 
mean (SEM). The data were subjected to ANOVA analysis with Tukey’s 
Honest Significant Differences (HSD) test on RStudio software (https 
://www.rstudio.com/); significant differences were accepted at p <
0.05. 
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Fig. 1. Effect of solubilization temperature and pH on pea protein solubility. Relative protein solubility was measured based on the solubility at pH and temperature 
giving the maximum protein solubility. Protein contents refer to soluble proteins only as described in the method section. 

Fig. 2. Pictures of pea protein isolates (A), and results from water solubility (B), fat absorption capacity (C), foaming capacity (D) and foaming stability (E) analyses 
of protein isolated produced at different temperature and pH. Different lower-case letters represent significance (p < 0.05) differences. 
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3. Results 

3.1. Effects of temperature and pH on pea protein solubility 

Fig. 1 shows pea proteins’ solubility at different temperature and pH 
values. In general, the solubility was higher at alkaline pH’s than acidic 
pH’s, and the highest solubility was noticed at pH 12.0. The lowest 
protein solubility was at pH 4.0, which is within the range of previously 
reported isoelectric point of 4.0–5.0 for pea proteins (de Oliveira et al., 

2020). The solubility increased again by decreasing pH to 3.0, which 
was followed by a sharp increase in solubility at pH 2.0. In case of 
temperature, relatively higher protein solubility was noticed at higher 
temperature at alkaline pH’s (e.g., pH > 9.0) than acidic pH’s. Apart 
from that, there was no big difference in protein solubility when 20 or 30 
or 40 ◦C temperature was used below pH 9.0. However, by increasing 
solubilization pH to 9.5 or higher the effect of temperature appeared. 
For example, the use of 40 ◦C gave significantly (p < 0.05) higher pro
tein solubility at pH 9.5 and 12.0 than at 20 ◦C. Based on these results, 

Fig. 3. Rheological behaviours (i.e., storage modulus G’, Fig. A; and loss modulus G’’, Fig. B) of protein isolates, produced at different temperature and pH, during in 
situ gelation via temperature ramp test including an initial heating step (5 ◦C/min, from 20 to 90 ◦C), followed by an isothermal step (90 ◦C, 30 min) and a final 
cooling step (5 ◦C/min, from 90 to 20 ◦C). 
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pH 4.0 was selected as the protein precipitation pH; and pH 2.0, 9.5, and 
11.0 were selected as protein solubilization pH for further experiments 
at 20 ◦C or 30 ◦C or 40 ◦C. 

3.2. Effect of temperature and pH on protein isolation yields 

Mass yield, which refers to “x” gram of protein isolate recovered 
from 100 g of starting material, increased with an increase in solubili
zation pH from 9.5 to 11.0 at both 20 and 30 ◦C (see supporting info. 
Fig. 1). The highest mass yield of 37.61 % was recorded at pH 9.5 
(40 ◦C); however further increasing the pH to 11.0 at this temperature 
did not increase the yield. In case of protein purity, i.e., total nitrogenous 
protein content representing both soluble and insoluble proteins in the 
final isolate, all protein isolation conditions resulted in around 80 % 
protein purity, except that of pH 2.0 at 20 ◦C which gave the highest 
protein purity of 89.46 %, although the mass yield was the lowest (i.e., 
12.16 %). 

3.3. Characterization of protein isolates 

3.3.1. Functional properties 
Fig. 2 shows representative pictures of dried protein isolates, as well 

as their water solubility, fat absorption capacity, foaming capacity, and 
foaming stability. In general, the protein isolates were highly soluble at 
alkaline pH’s (Fig. 2B). In case of solubility at pH 7.0, the most 
commonly found pH in food products, isolates produced at pH 9.5 had 
the highest solubility than isolates produced at pH 2.0 and 11.0 (see 
supporting info. Fig. 3). The lowest solubility was noticed at pH 5.0, 
which is close to the isoelectric point of the pea proteins (i.e., pH 
4.0–5.0). In case of fat absorption capacity, which also resembles flavor 
retention capacity of protein isolates, isolates produced at pH 11.0 
showed significantly (p < 0.05) higher values than the ones produced at 
pH 9.5 and 2.0 at 20 ◦C (Fig. 2C). However, this trend seems to reverse at 
30 and 40 ◦C. Foaming capacity indicates protein isolate’s ability to 
make foam, and in general isolates produced at pH 2.0 (20 ◦C) had better 
foaming capcity than the rest (Fig. 2D). In case of foaming stability, 

Fig. 4. Representative visual pictures of gels prepared from pea protein isolates (A) used for textural (B-F) and water holding capacity (G) analyses. Gel hardness (B), 
gel cohesiveness (C), gel chewiness (D), gel springiness (E), and gel gumminess (F) values of gels. Different lower-case letters represent significance (p < 0.05) 
differences. 
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foams from isolates produced at 20 ◦C were slightly more stable than 
others (Fig. 2E). In general, it was seen that the effect of isolation tem
perature surpasses the effect of solubilization pH on the functional 
properties of the pea protein isolates. 

3.3.2. Rheological (in situ gelation) properties of protein isolates 
The changes in rheological properties of protein isolates, i.e., storage 

modulus (G’) and loss modulus (G’’), at different temperatures over time 
is shown in Fig. 3. The storage modulus represents material’s ability to 
store energy – the elastic portion, whereas the loss modulus represents 

Fig. 5. Surface hydrophobicity of pea protein isolates (A), and molecular size distribution of protein isolates and the initial pea flour (B). Different lower-case letters 
represent significance (p < 0.05) differences. 

Fig. 6. Detected volatile compounds in pea protein isolates; hexanal (A), 1-hexanol (B), 2-pentylfuran (C), and 3-methyl-1-butanol (D). Different lower-case letters 
represent significance (p < 0.05) differences. 
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material’s ability to dissipate energy as heat – the viscous portion. 
Overall, the gelation process started with an initial reduction in G’ for all 
protein isolates (Fig. 3A), reflecting denaturation of proteins. Protein 
isolates produced at pH 9.5 had lower G’ values than others in the 
beginning (i.e., 0–11 min). After an initial decrease in G’, isolates pro
duced at pH 9.5 at 20 and 30 ◦C showed an increase in G’ from 5 to 11 
min (i.e., 35–50 ◦C) reflecting structure formation by proteins. Further 
increasing the temperature to 90 ◦C and holding it for 30 min showed 
more or less similar G’ values for all protein isolates, except for the 
isolate produced at pH 2.0 (20 ◦C) which had the highest G’ values 
representing better structure formation than others. This isolate also had 
the highest G’ value at the end of the in situ gelation process when the 
temperature was reduced from 90 to 20 ◦C during the cooling step. This 
trend was followed by the isolate produced at pH 11.0 (20 ◦C). Other 
isolates had more or less similar final G’ values at the end of the cooling 
step. Similar trends were noticed for loss modulus G’’ for all isolates 
(Fig. 3B). 

3.3.3. Textural properties of gels prepared from protein isolates 
Fig. 4A shows pictures of gels prepared from protein isolates pro

duced at different temperature and pH. In general, gels prepared from 
isolates produced at pH 11.0 at all temperatures were more firm than 
others. This visual observation was also confirmed by textural analysis; 
i.e., gels prepared from isolates produced at pH 11.0 had significantly (p 
< 0.05) higher gel hardness, cohesiveness, chewiness, and gumminess 
than others (Fig. 4B-F). The recoreded higher gel hardness at pH 11.0 
than at pH 2.0 at 20 ◦C (Fig. 4B) was in line with their loss modulus (G’’) 
values (Fig. 3B); i.e., isolates produced at pH 2.0 had higher G’’ values 
than at pH 11.0 showing slightly more viscous behavior than the other, 
which was also reflected on its slightly lower gel hardness value. There 
were no significant (p > 0.05) differences in springiness (Fig. 4E) and 
water holding capacity (Fig. 4G) among different gels. 

3.3.4. Surface hydrophobicity and molecular size distribution 
Surface hydrophobicity represents the extent to which hydrophobic 

amino acids, which are usually buried inside the protein molecule, are 
exposed to the surface of the protein by e.g., protein unfolding and 

denaturation (Timilsena et al., 2016). In our study we have noticed that 
both protein isolation temperature and pH affected surface hydropho
bicity (Fig. 5A). Relatively higher surface hydrophobicity values were 
obtained at pH 11.0 than pH 9.5 at all isolation temperatures. 

Molecular weight distribution of protein isolates (i.e., soluble pro
teins and peptides), analyzed based on major peaks identified by HP-SEC 
analysis, produced at different temperature and pH is shown in Fig. 5B. 
Compared to the starting raw material pea flour, slight changes in mo
lecular weight distribution were noticed in the protein isolates. The 
largest change was noticed when pH 2.0 (20 ◦C) was used for protein 
isolation; that is, a sharp decrease in the relative amount of proteins with 
molecular weight of 290–950 kDa was noticed in this protein isolate 
compared to the pea flour. Also, protein isolates produced at pH 11.0 
had a relatively lower amount of large proteins and peptides than iso
lates produced at pH 9.5. 

3.3.5. Presence of volatile beany flavor marker compounds 
Presence of four volatile beany flavor markers were noticed in the 

pea protein isolates (Fig. 6). Among these four markers, hexanal was 
predominant in all isolates, and significantly (p < 0.05) higher amounts 
of this compound were noticed in the isolates produced at pH 9.5 and 
11.0 at all temperatures than pH 2.0 (20 ◦C) and pea flour (Fig. 6A). 
Contrary, significantly (p < 0.05) higher amount of 1-hexanol was 
noticed in the pea flour than the protein isolates (Fig. 6B). The marker 2- 
pentylfuran was not detected in pea flour and the amounts found in 
protein isolates were low. The other beany flavor marker 3-methyl-1- 
butanol was predominant in the isolates produced at pH 9.5 than pH 
11.0 at all temperatures, although slightly lower amounts were noticed 
at elevated temperatures. 

3.4. Produced meat analogues from LME and HME processing 

Fig. 7 shows representative pictures of meat analogues produced 
from both LME and HME processing. As can be seen in Fig. 7B, LME 
processed extrudate showed fibrous muscle meat-like texture after 
rehydration. This extrudate had a water absorption index (WAI) of 3.5 
%. HME processed extrudate also showed fibrous muscle meat-like 

Fig. 7. Pictures of extrudates after (A) low-moisture extrusion and (C) high-moisture extrusion processing. Figure (B) show the fiber-like texture of low-moisture 
processed extrudate after soaking in cold water (10 ◦C) for 10 min, and (D) shows fiber-like anisotropic texture of high-moisture processed extrudate. 
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texture (Fig. 7D). An internal sensory analysis of LME processed extru
date showed likeliness of LME extrudate fried in oil with/without 
seasoning. Extrudate soaked in water and oil (i.e., step 1 as described in 
section 2.6) showed pleasant muscle meat-like fibrous texture and 
chewiness; however, the presence of off flavor and saltiness were 
perceived by the panelists. Extrudate fried in oil with/without seasoning 
(i.e., step 2 and 3) showed somehow a bit softer texture after cooking 
than step 1. The presence of off flavor disappeared after frying; however, 
the panelists still perceived the saltiness. Extrudate fried in oil with 
seasoning (i.e., step 3) increased the overall likelihood of acceptance of 
the extrudate in terms of flavor, texture, and juiciness. 

4. Discussion 

The main principle applied for protein recovery in this study was first 
to solubilize pea proteins at studied temperature and pH, separate the 
soluble protein fraction by centrifugation, and then precipitate proteins 
at their isoelectric precipitation pH (pI). So, the “solubilization” is a 
crucial step to ensure a satisfactory protein recovery with desired 
functionalities. Our results clearly showed that the isolation conditions 
greatly influenced protein solubility, which could possibly be due to 
protein denaturation and/or formation of aggregates affected by e.g., 
isolation pH, ionic strength, temperature (Tanger et al., 2020; Tanger, 
Müller, Andlinger, & Kulozik, 2022). In general, our observed highest 
protein solubility at alkaline pH’s and the lowest solubility at pH around 
4.0 was in line with previously reported study by Shand, Ya, Pietrasik, 
and Wanasundara (2007), where the authors used alkali isolation fol
lowed by isoelectric precipitation to investigate the physicochemical 
and textural properties of heat-induced pea proteins gels. Tanger et al. 
(2022) reported the highest solubility of pea protein at pH 9.0; however, 
the authors did not investigate protein solubility beyond pH 9.0. Our 
study shows that pea protein solubility increases even further beyond pH 
9.0; the highest was at pH 12.0. The latter could possibly be due to a high 
ionic strength at this pH, and also due to the fact that the majority of pea 
proteins i.e., globulins is salt soluble (Tanger et al., 2022). And, probably 
for the same reason we have noticed a higher protein recovery at higher 
pH values e.g., at pH 11.0 than at pH 9.5 or pH 2.0 at both 20 and 30 ◦C. 

Apart from the pH, we also noticed that the solubility was temper
ature dependent, indicating that proteins were denatured at varying 
extent at different temperatures (Tanger et al., 2020). Our observed 
highest protein solubility at 40 ◦C (pH 12.0) indicates that this isolation 
condition denatured proteins in a way that increased protein solubility 
than the other conditions used. However, the use of 40 ◦C temperature 
did not increase protein recovery that much compared to 20 and 30 ◦C, 
possibly due to changes in e.g., surface properties of proteins. It is worth 
mentioning that the isolation condition used may target different types 
of pea proteins, which will then influence protein solubility, isolation 
yield, and protein functionality. For example, globulin has a different 
isoelectric point (pI) pH than albumins (Tanger et al., 2020); since the 
majority of pea proteins is globulin (55 %-65 % globulin vs 18 %-25 % 
albumin) it is likely that the extracted proteins will mostly be globulins. 
And, even in case of globulins, the 11S legumin and 7S vicilin have 
different denaturation temperatures – i.e., 77 vs 68 ◦C (Tanger et al., 
2022); so, they will denature at varying extent during isolation at 
different temperatures, which will also define their solubility. We have 
noticed that protein’s water solubility was inversely correlated with 
surface hydrophobicity values; the latter indicating the extent of protein 
unfolding/denaturation. A decreasing water solubility trend was noticed 
with increased surface hydrophobicity values (see Fig. 2B and 5A). It is 
worth mentioning that protein solubility affects the gelatin behavior of 
protein (Tanger et al., 2022), which is an important protein functionality 
for use in meat analogue applications. Thus, based on our findings, the 
use of an isolation temperature > 30 ◦C is not recommended since it 
negatively affects both protein solubility and recovery yields. Similar to 
our observation, Timilsena et al. (2016) also reported an inverse rela
tionship between surface hydrophobicity values and protein solubility of 

spray dried Australian chia seed protein isolate. 
The functional properties of protein isolates dictate their final 

application in food industry. One of the most important protein func
tionalities is their water solubility, which largely depends on the state of 
protein i.e., native or denatured (Timilsena et al., 2016). The observed 
higher water solubility of protein isolates at alkaline pH values was 
expected, because the majority of pea protein is globulin which is sol
uble in alkaline solutions (Lu et al., 2020; McClements & Grossmann, 
2021). And, all the protein isolates had their lowest water solubility at 
pH 5.0, which was close to their pI. This means that at pI protein mol
ecules have the net zero charge, meaning that proteins have the lowest 
electrostatic repulsion enhancing protein aggregation, and thus the 
lowest water solubility around pI pH (Timilsena et al., 2016). As 
mentioned earlier that fat absorption capacity indicates proteins’ ability 
to absorb fat, which, in case of plant protein-based meat analogue ap
plications, suggests how much fat and/or fat-soluble flavors and other 
ingredients the isolates can hold. This fat absorption capacity depends 
on the extent of protein denaturation, i.e., the extent of hydrophobic 
groups exposure to the surface of the protein molecule (Timilsena et al., 
2016), which was measured as surface hydrophobicity in this study. The 
observed higher fat absorption capacity by protein isolates produced at 
higher pH values, which was inversely related with water solubility, 
correlates well with higher surface hydrophobicity values at higher pH 
values, suggesting that protein denaturation was higher at pH 11.0 than 
at pH 9.0. Proteins with high surface hydrophobicity can easily orient 
themselves at the oil–water interface by placing their hydrophobic 
moieties towards the oil phase and the hydrophilic moieties towards the 
water phase (Damodaran, 2005), which is why higher fat absorption 
capacity was noticed from isolates with higher surface hydrophobicity 
values (i.e., isolates produced at higher pH values). Similar to this, an 
increased foaming capacity was noticed when isolates were produced at 
higher pH values, which is suggested to be positively correlated with 
surface hydrophobicity values (Kato & Nakai, 1980). 

Rheological study provides a basis to understanding the heat induced 
gelation and how proteins will behave under varying temperatures, 
which is important in case of e.g., producing plant protein-based meat 
analogues by extrusion as it provides information about proteins’ 
denaturation and structure formation behaviors. In such a test, the 
storage modules (G′) represents the elasticity of the gel network and the 
strength of the structure (Yang, Zamani, Liang, & Chen, 2021); i.e., the 
higher the G’ the better the gel network and strength formation. The 
observed initial reduction in G’ during in-situ gelation represents the 
reduction of electrostatic and hydrogen bond interactions due to in
crease in mobility of protein chains and thermal agitation induced by 
heat (Felix, Romero, Rustad, & Guerrero, 2017). The globular pea pro
teins denature at denaturation temperature resulting in exposure of its 
internal hydrophobic regions. The denaturation temperature depends on 
the composition of pea protein. For example, the two major protein 
fractions 7S and 11S of globulins have denaturation temperature of 68 
and 77 ◦C, respectively. Thus, the ratio between 7S/11S determines the 
denaturation temperature, i.e., the higher the amount of 11S the higher 
the denaturation temperature. Upon denaturation, the unfolded protein 
interacts via covalent and/or non-covalent interactions, e.g., hydrogen 
bonds, disulfide bonds, van der Waal force, and hydrophobic in
teractions, to form protein aggregates giving a three-dimensional 
network. Here, it is important to note that a higher extent of protein 
aggregation may hinder protein unfolding as well as formation of 
intermolecular interactions. In this study, different protein isolates, 
isolated at different isolation conditions, behaved differently with an 
increase in temperature. Protein isolate produced at pH 9.5 showed a 
typical denaturation and structure formation behavior upon increasing 
the temperature from 20 to 90 ◦C, while proteins isolates produced at pH 
11.0, especially those isolated at temperature > 20 ◦C, showed a 
reduction in G’ during heating. This means that proteins isolated with a 
combination of high pH and high temperature were already denatured 
or not fully refolded due the condition used for their isolation. The 
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increased G’ during the final cooling step is possibly due to physical 
interactions within the gel’s primary network, e.g., hydrogen bonding, 
van der Waals, and hydrophobic bonds, which increased at low tem
perature strengthening the gel network. The hydrogen bonds play an 
important role here to immobilize water molecules in the protein 
network, which can affect the water holding capacity of gels. (Shand 
et al., 2007; Yang et al., 2021). 

Following the rheological study, the textural analysis suggests gel 
formation capabilities by protein isolates, which can mimic the extru
date’s properties after high moisture extrusion. A few authors previously 
reported that pea proteins form weak gels, which could probably be 
linked to their aggregate formation (Shand et al., 2007); however, our 
results suggest that pea protein isolates could form strong gels if isolated 
at pH 11.0 (20 ◦C). The observed higher gel hardness, cohesiveness, 
chewiness, and gumminess at this isolation condition were in line with 
rheological studies. Protein isolates produced at pH 2.0 provided slightly 
better texture formation than isolates produced at pH 9.5 (20 ◦C), 
probably because of its relatively higher protein content (89.46 % vs 
82.10 %) and/or higher extent of protein denaturation (i.e., surface 
hydrophobicity values) than the one produced at pH 9.5. Similar to our 
observation, Ferawati et al. (2021) reported that the protein content of 
the raw material plays an important role in texture formation during 
HME processing of yellow pea and fava bean protein isolate/concentrate 
for meat analogue applications. In addition to that, we would like to 
stress that the structural properties of proteins e.g., surface hydropho
bicity also play an important role in texture formation by contributing to 
formation of hydrophobic interactions during the cooling step. 

The observed relatively lower amount of high molecular weight 
proteins and peptides in isolates produced at pH 11.0 than pH 9.5 cor
responds well with proteins’ water solubility at pH 7.0 (see supporting 
info. Fig. 3), where relatively higher water solubility was noticed in 
isolates produced at pH 9.5 than at pH 11.0. One plausible explanation 
for having relatively lower amount of soluble proteins and peptides in 
isolates produced at pH 11.0 than at pH 9.5 could be that the HP-SEC 
method used in this study analyzed proteins soluble in the mobile phase 
(i.e., 0.1 M sodium phosphate; pH 7.0); that is, isolates produced at pH 
9.5 were more soluble in the HP-SEC mobile phase, than isolates pro
duced at pH 11.0, giving a relatively higher proportions of proteins and 
peptides. Contrary, as discussed earlier, the observed relatively higher 
surface hydrophobicity values in isolates produced at pH 11.0 than at pH 
9.5 suggests that proteins were slightly more denatured when pH 11.0 
was used for isolation. This was in accordance with observed lower 
water solubility of proteins. However, as mentioned earlier, this slight 
protein denaturation probably helped in gaining a better texture for
mation, fat absorption, and foaming capacity than the rest, and can be 
considered as desirable. Nevertheless, the hexamer conformation of 
legumin (11S) has a molecular weight of 360 kDa, so the observed 
proteins in the molecular weight > 360 kDa could possibly indicate 
aggregation of proteins, which was noticed in all produced isolates at 
varying extent. Isolates produced at pH 2.0 (20 ◦C) had the lowest 
amount of proteins in the molecular weight range of 290–950 kDa, 
which could possibly be due to less aggregation and/or splitting of 
legumin into its subunits. The latter was evident by its relatively higher 
amount of proteins in the molecular weight range of 24–63 kDa, sug
gesting that legumin was split to its subunits of 60 kDa, as well as further 
split to its α- and β-chains of 40 and 20 kDa, respectively (Tanger et al., 
2020). The trimeric vicilin (7S) has a molecular weight of 150 kDa, so 
the observed proteins in the range of 147–194 kDa could possibly 
represent vicilin. The splitting of vicilin into its subunits of 50 kDa each 
could also happen, which possibly elapsed together with legumin sub
units in the molecular weight range of 24–63 kDa. There were no visible 
peaks in the HP-SEC chromatograph representing the 280 kDa-sized 
tetrameric convicilin; however, this could have been split to its subunits 
and coeluted with others. The observed proteins in the molecular weight 
range of 4–14 kDa could represent albumins (Tanger et al., 2020). 
Overall, our HP-SEC analysis suggests that all protein isolates were 

subjected to both aggregation and splitting to their subunits, but at 
varying extent depending on isolation condition used. 

One of the most faced challenges with plant-based proteins for meat 
analogue applications is the beany flavor, coming from beany flavor 
compounds, which are either produced naturally in peas or are the 
products of secondary and/or tertiary lipid oxidation (Gao et al., 2020; 
Xu et al., 2019). Regarding the latter, secondary lipid oxidation product 
hexanal can be produced from the oxidation of n-6 polyunsaturated fatty 
acids like linoleic acid (18:2n-6) and/or from degradation of other 
preformed secondary lipid oxidation products like (E,E)-2,4-decadienal. 
Tertiary lipid oxidation product 2-pentylfuran can be generated from the 
interaction between preformed α,β-unsaturated secondary lipid oxida
tion products and amino acids/peptides/proteins. (Sajib & Undeland, 
2020) Detailed discussion on lipid oxidation-derived volatile com
pounds can be found elsewhere (Sajib & Undeland, 2020), and will not 
be discussed further. We have observed the presence of four beany flavor 
marker compounds in protein isolates and in the pea flour, with hexanal, 
1-hexanol, and 3-methyl-1-butanol being the predominant ones. Hexa
nal provides a grassy and green pea-like flavor, 1-hexanol provides 
grassy and greenish lemon-like flavor, and 3-methyl-1-butanol provides 
whiskey and fruity banana-like flavor (Xu et al., 2019). The other beany 
flavor maker 2-pentylfuran provides green bean-like flavor. 

The observed significantly (p < 0.05) higher level of secondary lipid 
oxidation product 1-hexanol in pea flour, compared to protein isolates, 
could possibly be due to different oxidation kinetics of e.g., linoleic acid 
present in pea flour (Xu et al., 2019). During protein isolation process 
this 1-hexanol probably either degraded or reacted with pea proteins/ 
peptides/amino acids to form e.g., non-enzymatic browning reaction 
products, and thus significantly (p < 0.05) lower levels were detected in 
pea protein isolates than the starting raw material pea flour. Contrary, 
the observed higher levels of hexanal in protein isolates than the pea 
flour could possibly be due to different oxidation kinetics involved 
behind the formation of hexanal. For example, hexanal can be formed 
due to lipoxygenase (LOX) activity, oxidation of n-6 polyunsaturated 
fatty acids like linoleic acid (18:2n-6) and arachidonic acid (20:4n6), 
and degradation of other preformed volatile compounds like 2-octenal 
and 2,4-decadienal (Sajib & Undeland, 2020). Gao et al. (2020) re
ported similar levels of hexanal both in pea flour and protein isolate 
produced at pH 9.5, which was not the case in our study. This observed 
difference could probably be due to varying extent of different reaction 
pathways taking place both in the starting pea flour and during protein 
isolation process, as well as during storage of protein isolates. The well- 
known prooxidant LOX could promote lipid oxidation at varying extent; 
for example, Gao et al. (2020) mentioned that protein isolation pH can 
affect LOX activity influencing lipid oxidation at varying extent and thus 
the formation of beany flavor compounds. Although Szymanowska, 
Jakubczyk, Baraniak, and Kur (2009) reported the highest activity of 
LOX enzymes isolated from pea seeds at pH 5.5, the optimal activity pH 
varies greatly depending on the source (Gao et al., 2020; Hsieh, German, 
& Kinsella, 1988; Szymanowska et al., 2009). Even though the direct 
link between LOX activity and volatile beany flavor compound forma
tion was not investigated in our study, based on the findings from Gao 
et al. (2020), we can speculate that protein isolation at higher pH values 
e.g., at pH 11.0 (20 ◦C) was less affected by LOX activity and thus 
resulted in slightly lower levels of e.g., hexanal and 3-methyl-1-butanol 
formations. It has also been reported that LOX activity is inhibited at 
temperatures above 40 ◦C (Hsieh et al., 1988), which possibly partially 
supports a relatively lower levels of beany flavor marker formation 
when a temperature > 20 ◦C was used for protein isolation. Apart from 
the reduced LOX activity at temperatures > 20 ◦C, it is also possible that 
the preformed secondary lipid oxidation products can be degraded and/ 
or interacted with proteins/peptides/amino acids at temperatures >
20 ◦C (Sajib & Undeland, 2020) giving slightly lower values, which re
quires further investigation. Here it is important to note that the for
mation of volatile compounds can occur via several reaction pathways as 
explained earlier. So, careful attention is required while explaining the 
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reason of volatile compound formation in a complex food matrix like pea 
protein isolate. Apart from the unwanted beany flavor, generation of 
such oxidation products may reduce nutritional value (Sajib & Unde
land, 2020), and chronic uptake of such food ingredients/products may 
represent a health risk e.g., increased risk of tumor development 
(Esterbauer, 1993). Therefore, it is important to minimize such un
wanted reactions; examples of such are solid dispersion-based spray- 
drying and/or addition of natural antioxidants, which could be the 
subject of a separate study. 

Based on the results of this study, i.e., primarily protein recovery 
yield and texture formation, which are the main concerns for commer
cial application of pea protein isolates for meat analogue applications, 
pH 11.0 and 20 ◦C temperature were used to produce isolates for both 
LME and HME trials. The produced isolate performed well in both LME 
and HME applications and the extrudates showed fibrous muscle meat- 
like texture (Fig. 7). In general, the production of extrudates with 
desirable texture from both LME and HME trials suggest that the 
investigation of this current study helped in finding suitable protein 
isolation process settings and thus produced a protein isolate with 
desired properties for meat analogue applications. However, internal 
sensory analysis of LME processed extrudate was perceived somehow 
salty by the panelists. One possible reason for this perceived saltiness 
could be the use of a relatively high alkaline pH 11.0, which required 
more NaOH and HCl for pH adjustments and thus possibly formed more 
salt (e.g., NaCl) than pH 9.5 (see supporting info. Table 1). The presence 
of relatively higher sodium (Na) content was detected in protein isolates 
produced at pH 11.0 than at pH 9.5 (see supporting info. Fig. 6), which 
partially explains this perceived saltiness. However, NaCl is water sol
uble, and we expect it to remain soluble in the solution during both 
protein isolation and precipitation steps, and thus it is not expected to 
end up in the protein isolate. Contrary, the starting raw material pea 
flour and protein isolates produced at pH 2.0 had higher sodium con
tents than isolates produced at both pH 9.5 and 11.0. Possible reasons 
for having a relatively high sodium content in protein isolates produced 
at pH 2.0 could be that acidic condition resulted in the extraction of a 
larger portion of sodium already present in the starting raw material, or 
proteins’ nucleophilic groups e.g., carboxylic acid groups reacted with 
sodium to form sodium carboxylate. Apart from saltiness, panelists also 
perceived some off flavor in produced meat analogue. In our HS-SPME- 
GC–MS analysis, we did detect the presence of a few volatile beany 
flavor markers like hexanal, 1-hexanol, 2-pentylfuran, and 3-methyl-1- 
butanol as discussed earlier, which probably explains this perceived 
off flavor by the panelists. However, the fact that this perceived off 
flavor disappeared after frying in oil with/without seasoning suggests 
that further processing and/or addition of off flavor masker is needed to 
increase the likeliness of pea protein-based meat analogues. Neverthe
less, the perceived off flavor of plant protein-based isolates and meat 
analogues produced thereof is still an outstanding challenge, which the 
food industry usually solves by adding off flavor/taste masker, and thus 
requires thorough investigation to further increase the overall likeliness 
of plant protein-based meat analogues. 

This study also opened up a few possible topics for future investi
gation, e.g., sodium content of produced pea protein isolates. The 
presence of sodium was related to the total volumes of NaOH and HCl 
used during protein isolation except for the one produced at pH 2.0 (see 
supporting info. Table 1 and Fig. 6), which may contribute to perceived 
saltiness when consumed and thus require further investigation on e.g., 
understanding the mechanism of sodium formation and/or reduction of 
sodium content during processing. Also, the isolates produced at alka
line pH values (i.e., pH 9.5 and 11.0) had slightly dark brownish color 
than the one produced at acidic pH 2.0 (see Fig. 2A), and the reasons of 
such including/excluding lipid oxidation and/or pyrrole formation 
(Sajib & Undeland, 2020) can be investigated further as the color of 
ingredients partly dictates the quality and consumer acceptance. 
Nevertheless, the results of this study provide an understanding of the 
effects of pea protein isolation process conditions on functional 

properties of the isolates, and can be used in producing a range of pea 
protein isolates with different functionalities for different types of ap
plications by tuning the process conditions. It is foreseen that pea pro
tein isolates can not only be used as meat analogues, but its usage can 
also be explored in other areas e.g., egg analogues, cheese analogues, 
and fish analogues (McClements et al., 2021). 

5. Conclusion 

Combined effects of isolation temperature and pH on functional, 
rheological, textural, structural, and beany flavor properties of pea 
protein isolates have here been reported for the first time. Both pH and 
temperature affected the above-mentioned properties at varying extent. 
For example, the use of pH 11.0 gave better protein recovery than pH 
9.5, probably because the majority of pea proteins i.e., globulins were 
more soluble at this pH facilitating a higher protein recovery yield. Also, 
at this pH proteins were probably more unfolded and denatured than pH 
9.5, providing a better structure formation as shown with gel formation 
capacity, which could be suitable for meat analogue applications too. 
Protein isolated at pH 11.0 provided better fat absorption capacity, gel 
hardness, cohesiveness, chewiness, and gumminess than isolation at pH 
9.5. Protein isolation under acidic conditions (at pH 2.0) did not provide 
a good protein recovery, probably because pea proteins were not soluble 
that much at this pH than alkaline conditions. However, the gels pre
pared from this provided slightly better textural properties than isola
tion at pH 9.5, as well as produced less volatile beany flavor compounds 
than the rest. Therefore, it can be investigated further for possible im
provements in recovery yields and/or other application areas. All 
isolation conditions, except pH 2.0, generated significantly higher 
amount of volatile beany flavor marker hexanal than the starting ma
terial pea flour, and probably will require addition of masking agents 
during further processing like extrusion to cover this undesired beany 
flavor. The use of a higher isolation temperature e.g., 30 and 40 ◦C did 
not provide better techno-functional properties than 20 ◦C and are not 
recommended. It is also possible to use pH 9.5, which will require 
slightly less NaOH and HCl than pH 11.0, for protein isolation if the final 
application requires slightly less firm textural properties than the one we 
reported here for isolation at pH 11.0. Overall, the results of this study 
provide a basis for tuning of the isolation process for producing pea 
protein isolations with desired functionalities for a wide range of 
applications. 
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