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A B S T R A C T   

Widespread adoption of plant-based alternatives over animal derived proteins provides a sustainable path to 
ensure food security for an increasingly growing population. Oat proteins, in particular, have generated note
worthy interests due to their high nutritional value, low environmental footprint and lack of allergenicity 
compared to other plant proteins. However, limited aqueous solubility at neutral pH can impair the techno- 
functional performance of oat proteins. Therefore, this review aims to provide a comprehensive understanding 
of structure-function relationships of oat proteins. In particular, we focus on current structural knowledge of the 
major oat protein fraction, 12S globulin, at three different length scales: (i) primary structure and amino acid 
composition, (ii) secondary structure and (iii) tertiary and quaternary protein structure. We then proceed to 
discuss (i) their properties in solution, i.e., solubility, surface hydrophobicity and surface charge in aqueous 
systems, (ii) their interfacial behaviour at air-water and oil-water interfaces, and (iii) their gelation and simple 
coacervation behaviour. We identify gaps in structural information and functional properties of oat proteins 
throughout and, where possible, complement these with parallel knowledge drawn from the cereal (rice) and 
legume family (pea, soy). Whilst oat proteins share stronger genetic similarities to rice based on amino acid 
sequence, their folded structure and overall functionality are surprisingly closer to legumes. Finally, we also 
emphasise the need for further structural and interfacial characterisation of oat proteins, in addition to an 
evaluation of their mouthfeel performance to increase their applications in sustainable plant protein-based food 
design.   

1. Introduction 

A paramount challenge for the food industry is the development of 
sustainable and healthy alternative products to maintain a growing 
global population. Food production alone is responsible for approxi
mately one third of global greenhouse emissions, with animal derived 
products accounting for 57% of food emissions (Crippa et al., 2021; Xu 
et al., 2021). Despite the recent popularity of the vegetarian and vegan 
movements leading to larger availability of new plant-based products, 
plant proteins suffer from poor techno-functionality, i.e., high surface 
hydrophobicity, increased aggregation and limited aqueous solubility at 
neutral pH, which restricts their widespread food applications. Sensorial 
aspects are also a key limitation since alternative proteins can be asso
ciated with astringency, off-flavours and poor oral lubrication 

performance (Kew et al., 2023; Kew, Holmes, Stieger, & Sarkar, 2021; 
Liamas, Connell, & Sarkar, 2023; Tanger, Utz, et al., 2022; Vlădescu 
et al., 2023). 

Among plant proteins, wheat proteins and legumes, in particular soy 
proteins, are extensively studied in the literature and used by the food 
industry to date. However, significant potential lies in the adoption of 
oat proteins due to their relatively higher protein content (typically 
10–20% in oat groats compared to 7–12% in other cereals) sustainable 
production, low cost, and low allergen content compared to other 
alternative protein sources including legumes and wheat (Dhanjal, 
Sharma, & Prakash, 2016; Mäkinen, Sozer, Ercili-Cura, & Poutanen, 
2017; Spaen & Silva, 2021). However, underutilisation of oat proteins is 
often traced back to their limited solubility at neutral and mildly acidic 
pH conditions (Ma, 1983). 

Importantly, both protein solubility and extractability are reported 
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to be influenced by heat treatment or kilning of oats used to prevent 
rancidity via lipase action (Runyon, Sunilkumar, Nilsson, Rascon, & 
Bergenståhl, 2015; Wouters & Nicolai, 2024). The location of the protein 
within the oat grain may also have an effect on its extractability and 
functional properties. Oat storage proteins, including 12S globulins, are 
typically found in protein bodies within cells of the starchy endosperm 
(Klose & Arendt, 2012). The aleurone layer also contains protein bodies 
in the form of globoids and carbohydrate-protein bodies. Finally, the 
bran contains different types of proteins, often associated with the cell 
wall. This indicates that protein structure and composition vary 
depending on their location in the grain, and their functionality may 
vary due to associations with other components, e.g. binding to poly
saccharides. Therefore, it is important to delve into structure-function 
relationships of oat proteins in order to effectively overcome 
techno-functional limitations and improve widespread acceptability. 

Remarkably, oat protein shares more similarities with legumes over 
other cereals based on Osborne classification. Osborne divided cereal 
proteins into four fractions according to their relative solubilities, 
namely water-soluble albumins, saline-soluble globulins, alkaline- 
soluble glutelins and alcohol-soluble prolamins (Osborne, 1907). As 
shown in Table 1, albumin and prolamin fractions contribute 1–12% and 
4–15% of total oat protein respectively, whilst <10% is made up of 
glutelin fractions. Importantly, the major Osborne fraction in oat is not 
prolamin or glutelin, as observed in most other cereals, but globulins 
which are similarly predominant in legumes. The oat globulin fraction 
can also be further separated into 2S, 7S and 12S fractions based on their 
sedimentation coefficient. The latter dominates the oat globulin fraction 
and thus will be the focus of this review. Although the major fraction in 
rice is glutelin (Table 1), genomic organisation, sequence characteristics 
and expression patterns of oat storage proteins were all found to be 
closer to rice and other dicotyledonous plants than, e.g., wheat (Kamal 
et al., 2022). Further understanding of oat protein structure and what 
aspects are important for functionality may aid in systematic oat protein 
modification to improve its properties. 

Therefore, the aim of this review is to understand current structural 
knowledge of the 12S globulin oat protein fraction and attempt to link its 

structural properties to protein functionality. Other recent reviews on 
oat protein have highlighted its potential as an emerging ingredient and 
covered important aspects such as an overview of oat protein structure 
and composition, the effect of extraction methods and processing on 
protein functional properties, as well as improvements via enzymatic 
and chemical treatment (Boukid, 2021; Kumar, Sehrawat, & Kong, 
2021; Mel & Malalgoda, 2021; Spaen & Silva, 2021). 

Herein, we explore the structural aspects further by methodically 
providing a description of the major oat globulin fraction (12S globulin) 
across length scales, from amino acid composition to folded protein 
structure, highlighting key similarities and differences to other plant 
proteins (rice, pea and soy). We then use these structural findings to 
understand (i) the behaviour of oat protein molecules in solution 
(aqueous phase) including solubility, surface hydrophobicity, and sur
face charge, (ii) oat protein behaviour at air-water and oil-water in
terfaces and (iii) oat protein gelation and coacervation properties. 
Whilst previous reviews have covered an excellent overview of oat 
protein techno-functionality by comparing structure to functional 
properties such as emulsification activity, foaming capacity and water/ 
fat binding content, we focus on fundamental colloidal science across 
length scales. This is achieved for example, by discussing interfacial 
tension rather than emulsifying activity and by attempting to under
stand the structural interactions involved in gelation. Additionally, we 
take a different approach, whereby, gaps found in the literature in oat 
globulins are addressed via predictions and comparisons with other 
plant proteins based on similarities in structural features using com
plementary studies. Since legumes analogously contain globulins as a 
principal storage protein component (Table 1), these are included in the 
review. Specifically, soy and pea are selected as well-studied represen
tatives of legume protein behaviour. Rice protein is also explored since it 
has been reported as the cereal which most closely resembles oat protein 
structure (Robert, Nozzolillo, & Altosaar, 1985b; Shotwell, Afonso, 
Davies, Chesnut, & Larkins, 1988a). Importantly, studies on rice, pea 
and soy are only used in this review where their findings may help un
derstand oat protein structure and function. Any plant protein studies 
beyond this are considered out of scope. 

List of Abbreviations 

OPI Oat protein isolate 
RPC Rice protein concentrate 
SPI Soy protein isolate 
PPI Pea protein isolate 
pI Isoelectric point 
Mw Molecular weight 
XRD X-ray diffraction 
RMSD Root mean square deviation 
DLS Dynamic light scattering 
SAXS Small angle X-ray scattering 
Td Thermal denaturation temperature 
AFM Atomic force microscopy 

AF4 Asymmetric flow field flow fractionation 
H0 Surface hydrophobicity 
ANS 8-anilinonapthalene-1-sulphonic acid 
γ0 Equilibrium surface tension 
SDS-PAGE Sodium dodecyl-sulphate polyacrylamide gel 

electrophoresis 
DTT Dithiothreitol 
GDL Glucono-δ-lactone 
I Ionic strength 
κ− 1 Debye screening length 
QCM-D Quartz crystal microbalance with dissipation 
G’ Storage modulus 
G″ Elastic modulus 
MGC Minimum gelation concentration  

Table 1 
Approximate protein content and Osborne classification of select cereals and legumes (Boukid, 2021; Fukushima, 1991).  

Plant family Crop Protein content (g/100g) Osborne Classification (% of total protein) 

Albumin Globulin Prolamin Glutelin 

Cereals Oat 10–20 1–12 70–80 4–15 <10 
Rice 7–10 Trace 2–8 1–5 80–90 
Barley 10–16 3–4 10–20 35–45 35–45 
Wheat 10–15 3–5 6–10 40–50 30–40 

Legumes Soybean 36–40 10 90 N/A N/A 
Pea 23–31 21 66 N/A 12 
Broad bean 23 20 50 N/A 15  
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2. Multiscale structure of oat 12S globulin 

Oat protein consists of approximately 70–80% salt-soluble globulins 
according to the Osborne classification (Table 1). These are typically 
heterogeneous and can be further categorised according to their sedi
mentation constant, S, into 3S, 7S and 12S (Peterson, 1978). Whilst 
glycosylated 3S and 7S globulins have been identified in oats via sugar 
density ultrafiltration, Burgess et al. determined that 12S globulin is the 
most prevalent fraction and relatively low quantities of 3S and 7S were 
present (Burgess, Shewry, Matlashewski, Altosaar, & Miflin, 1983). For 
the reasons outlined, 12S globulin will be the focus of this section. 

Briefly, oat 12S globulin consists of two polypeptide chains, α and β, 
which are linked via a disulphide bond, as shown in the structural 
illustration across multiple length scales (Fig. 1). Similar to legumes, α 
and β subunits are synthesised as a single polypeptide (proglobulin) 
which subsequently undergoes post-translational cleavage by aspar
aginyl endopeptidase between a conserved Asp at position 317 and Gly 
at position 318 (Robert, Nozzolillo, & Altosaar, 1985a; Shotwell et al., 
1988a; Tandang-Silvas et al., 2010). The α polypeptide has a higher 
molecular weight (Mw) of ~33 kDa and is characterised by its higher 
hydrophilicity and acidity than the β polypeptide, i.e., an isoelectric 
point (pI) of between 4 and 5 (Burgess et al., 1983; Klose & Arendt, 
2012; Li & Xiong, 2021b; Peterson, 1978; Shotwell, 1999). In contrast, 
the β polypeptide has a smaller Mw of ~23 kDa and a more basic pI range 
of 7–8. 

In the following sections, current knowledge of how native oat 12S 
globulin folds and assembles into hexameric complexes in solution is 
covered. Particularly, we examine how it compares to major storage 
proteins from rice (rice glutelin) and legumes (pea legumin and soy 
glycinin) with the aim of gaining insights on structural features which 
may influence protein techno-functionality. 

2.1. Primary structure 

Primary sequence is the blueprint for protein folding. From the late 
1970s onwards, separation of seed storage proteins from cereals and 
legumes using sodium dodecyl-sulphate polyacrylamide gel electro
phoresis (SDS-PAGE) led to their successful isolation and characterisa
tion (Gwiazda, Schwenke, & Rutkowski, 1980; Kitamura & Shibasaki, 
2014; Peterson, 1978; Shotwell, 1999; Villareal & Juliano, 1978; Wen & 
Luthe, 1985). These typically included amino acid composition analysis 
(in mol%) via an acid hydrolysis method. More recently, the use of 

genome sequencing has accelerated understanding of plant protein 
structures, for example via the publication of the oat genome in 2022 
(Kamal et al., 2022). In this section, amino acid composition analysis 
followed by sequence alignment similarities are used to compare the 
structure of oat 12S globulin with rice glutelin and 11S legumins (pea 
legumin, soy glycinin). Note that whilst 11S and 12S globulins are 
hexameric proteins which have been modified by post-translational 
cleavage, the sequences used for alignment and amino acid compari
sons are of individual monomers containing α and β subunits prior to 
post-translational cleavage. Care must be taken with interpretation of 
amino acid compositions here since reported values are relative to the 
chosen extraction methods and crop varieties used in each study 
(Amagliani, O’Regan, Kelly, & O’Mahony, 2017). 

Fig. 2a shows the amino acid composition for a combination of α and 
β polypeptides in the major fractions of oat, rice, pea and soy proteins. 
Values highlight a key property of seed storage proteins: a high content 
(>24%) of amidic building blocks Gln/Glu and Asn/Asp. This corre
sponds to their biological role as a source of carbon and nitrogen to aid 
seedling growth after germination (Derbyshire, Wright, & Boulter, 1976; 
Fukushima, 1991). Note that composition values of Gln and Asp are 
shown together with Glu and Asp respectively, as these cannot be 
distinguished by the acid hydrolysis method (Holt et al., 1971). How
ever, analysis of cDNA clones which encode oat seed storage globulin 
suggest that uncharged Gln and Asn are more abundant than their 
charged counterparts in the native oat protein state, which may have 
implications in solubility. For example, Shotwell et al. report a ratio of 
2.5:1 of Gln:Glu and 2.3:1 of Asn:Asp, leading to predicted mol% values 
of 15.2% Gln, 6.1% Glu, 6.9% Asn and 3.9% Asp (Shotwell, 1999; 
Shotwell, Afonso, Davies, Chesnut, & Larkins, 1988b). 

Another similarity between oat, pea and soy globulins shown here is 
their sulphur content, since Cys and Met make up approximately 2 mol% 
(Shotwell, 1999; Shotwell et al., 1988a). Cys residues are structurally 
important due to their role in disulphide bond formation between α and 
β polypeptides. However, it is worth noting that the Lys and Phe content 
is different in oat globulins compared to the other proteins, with Lys 
being at lower (2.6 mol%) and Phe at higher concentrations (5.6 mol%). 

In Fig. 2b, the amino acid analysis was separated into 3 categories: 
polar, non-polar and charged residues. Note that a hydrophobic scale 
categorisation was not used, as their accuracy is debated within the 
literature due to variability with environmental conditions and starting 
materials used (Moelbert, Emberly, & Tang, 2004; Simm, Einloft, Mirus, 
& Schleiff, 2016). Charged amino acids are shown to be less abundant 

Fig. 1. Summary of the current understanding of oat 12S globulin self-assembly from its primary structure (left) to its native quaternary folded states (right) (Jiang, 
Sontag-Strohm, et al., 2015; Li and Xiong, 2021b; Liu et al., 2011; Shotwell et al., 1988a; Subirade, Gueguen, & Schwenke, 1992; Zhang et al., 2022). Values for 
sequence identity from alignment of oat globulin to rice glutelin, pea legumin and soy glycinin were reported by Shotwell et al. (Shotwell et al., 1988a). Similarities 
to rice glutelin and 11S legumins are highlighted here at different length scales via colour coding (yellow: stronger structural resemblance to rice glutelin; blue: 
stronger structural resemblance to 11S legumins; green: exhibits properties of both rice glutelin and 11S legumins). The Gln-rich octapeptide (*) at the C-terminus of 
the acidic (α) polypeptide is highlighted as a previously identified unique structural feature of oat proteins. Due to a lack of experimentally defined structure, the 
predicted folded 3D monomeric structure of oat 12S globulin prior to post-translational modification was obtained using AlphaFold (Jumper et al., 2021). Dimensions 
of the hexameric structure were obtained from a dynamic light scattering study of extracted oat globulin in solution (Zhao, Mine, & Ma, 2004). 
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(11–17%) in all proteins investigated compared to non-polar residues 
(43–52%). Oat contained the lowest percentage of charged residues 
(11%), with values closest to soy (12%), whilst pea legumin exhibited 
the overall lowest composition of non-polar residues (43%). However, 
these values can vary between source types and only subtle differences 
between the proteins investigated are observed. 

To further distinguish oat from the other plant proteins investigated, 
we next outline the sequence alignment of monomers prior to post- 
translational cleavage conducted by Shotwell et al. which provides in
formation on residue locations within the peptide chain (Shotwell et al., 
1988a). This delivers additional insight into residues predicted to be 
exposed at the surface, which often defines functionality. In this study, 
the authors conducted genome sequencing of oat globulin and subse
quent alignment to rice glutelin, pea legumin and soy glycinin. As we 
summarise in Fig. 1, high sequence identity was found with rice glutelin 
(70%) over pea (38%) and soy (31%) legumins. 

We confirmed the high sequence identity to rice reported by Shotwell 
et al. by running a BLAST function in the National Centre for Biotech
nology Information database with a separate 12S oat globulin monomer 
sequence published by Schubert et al. (Altschul et al., 1997; Schubert, 
Bäumlein, Czihal, & Wobus, 1990). The BLAST function gave similar 
values of 60–67% sequence identity depending on the rice variety 
selected, consistent with previous reports of a closer evolutionary rela
tionship of oat proteins to rice (Robert et al., 1985b). Whilst protein 
content and composition change as a function of rice variety, similar 
changes have been found when altering the variety of oats used in the 
study (Mel et al., 2024). To test the effect of this variation on our 

sequence analysis, we selected another oat sequence in the genomic 
database and repeated the BLAST analysis. Similar results were ob
tained, confirming the high level of sequence identity amongst oat 
proteins. Therefore, oat globulin was confirmed to resemble rice glutelin 
structure more closely than soy and pea legumins at the amino acid 
sequence scale. 

Despite the high similarities reported thus far, Shotwell et al. pre
viously highlighted 3 major differences between oat globulin and rice 
glutelin monomers following sequence alignment (Shotwell, 1999; 
Shotwell et al., 1988a). These include (i) an extra 7 amino acid insertion 
in the middle of the acidic polypeptide of the rice sequence, and (ii) 
additional residues at the C-terminus of the basic polypeptide in oat. The 
third difference appears to be a unique property of oat globulins alone, i. 
e., the presence of highly conserved 4 to 5 repeats of a Gln-rich octa
peptide in the C-terminus of the acidic α polypeptide (Fig. 2c). Whilst in 
rice glutelin the hypervariable region is also rich in Gln, these are not 
organised into the repeats observed in oat 12S globulin. Since the 
Gln-rich octapeptide is less hydrophilic than the same region in soy 11S 
globulin and is proposed to reside at the surface of the protein, i.e., in 
contact with solvent, authors have also suggested it may influence dif
ferences in solubility between oat versus other plant globulins (Shotwell 
et al., 1988a). Whilst this is often mentioned as a potential reason for 
discrepancies compared to legume 11S globulins, there is no 
simulation-based evidence to date which confirms the effect of this 
octapeptide on functionality despite its potential implications. 

Fig. 2. Amino acid analysis and amino acid sequence of oat 12S globulin monomers compared to cereal (rice glutelin) and selected legume (11S globulins, pea and 
soy) monomers. (a) Amino acid composition values shown here were reported for rice glutelin and 11/12S globulin fractions in oat, pea and soy (Gwiazda et al., 
1980; Kitamura & Shibasaki, 2014; Peterson, 1978; Shotwell, 1999; Wen & Luthe, 1985). Cys value for rice glutelin (*) was obtained from a separate source (Villareal 
et al., 1978). No values for Trp were identified since it degrades under standard acidic conditions used for amino acid analysis (Friedman, 2018). During acid 
hydrolysis, Asn and Gln are converted into Asp and Glu, so isolated values were not distinguished using this method (Holt, Milligan, & Roxburgh, 1971). Figure (b) 
shows the relative mol% of polar, non-polar and charged amino acids calculated based on values in (a). Figure (c) is the amino acid sequence for a monomer of 12S 
oat globulin prior to post-translational cleavage taken from UnitProt database: O49258. Cysteine residues are highlighted in yellow whilst the Gln-rich region 
containing 4 octapeptides is highlighted in red. 
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2.2. Secondary and tertiary structure 

The next section explores amino acid chain folding at the secondary 
and tertiary structure level. Briefly, amino acid chains can typically fold 
into α helices, β-sheets (parallel and antiparallel) or random coils via a 
range of non-covalent interactions, most notably, via hydrogen bonding. 
Based on studies which conducted secondary structure determination 
using circular dichroism spectroscopy and/or Fourier-transform 
infrared spectroscopy (FT-IR) presented in Fig. 1, all proteins investi
gated were determined to contain a high number (>40%) of β-sheets and 
turns, with soy showing the highest value at 63%. The oat protein isolate 
(OPI) sample showed similar content of α helices (29%) and random 
coils (26%) to soy. Notably, a higher α helix content was observed in rice 
glutelin (42%), whilst this value was lower in pea (16%). Since β-sheet 
conformations predominated in all 4 protein structures, oat globulin 
secondary structure was determined to share properties with seed pro
teins from both legumes and rice. 

Whilst secondary structure analysis of oat globulin is readily avail
able, there is a distinct lack of X-ray diffraction (XRD) structural data for 
oat globulins and rice glutelin. Therefore, structure prediction based on 
their primary amino acid sequences using AlphaFold was used to 
compare tertiary structures with a previously obtained 12S globulin 

monomer sequence containing both α and β subunits prior to post- 
translational cleavage (Jumper et al., 2021; Schubert et al., 1990). 
The folding algorithm predicts a conserved jelly roll β-barrel for both 
proteins at levels of very high confidence. For oat globulin, this is circled 
in the monomer structure in Fig. 3ai. However, less can be inferred from 
the terminal sequence at the protein surface due to lower model 
confidence. 

Despite the lack of information on oat, recent structural in
vestigations on legume proteins, including pea and soy, have been 
conducted, likely as a result of their popularity as meat substitutes. X-ray 
diffraction (XRD) patterns of crystallised legumins and prolegumins 
have identified two extended helical domains in the 11S monomer and 
two highly conserved jelly roll β-barrels, composed of 8 β-strands in 4 
antiparallel sheets (Adachi, Takenaka, Gidamis, Mikami, & Utsumi, 
2001; Tandang-Silvas et al., 2010). These results match the AlphaFold 
prediction for oat and rice, with all proteins belonging to the cuprin 
superfamily, which is characterised by their highly conserved barrel 
region in the protein core. The predicted locations of these regions in oat 
12S globulin are highlighted in Fig. 3ai. Therefore, all proteins investi
gated here were deemed to share secondary and tertiary structure 
features. 

It should also be noted that the hydrogen bonded network of the 

Fig. 3. Tertiary and quaternary structure development of (a) 11S/12S globulins and (b) rice glutelin alongside a comparison of (c) X-ray diffraction (XRD) data 
overlaid with predicted AlphaFold structure for soy 11S globulin monomer. In (a), images of the predicted oat globulin monomer structure (i) were obtained by 
running the oat 12S globulin sequence in Fig. 1c in AlphaFold (Jumper et al., 2021). A conserved jelly roll region in oat 12S monomer is circled in red whilst green 
arrows point to the extended helical domains. Since XRD data are unavailable for oat globulin, pea trimer (ii) and soy hexamer data (iii) are shown with PDB 
identifiers 3 KSC and 1OD5. The viewing angle of the trimer and hexamer is depicted using the cartoon above each image. The three-fold axis is shown with a black 
circle/bold line depending on the viewing angle. IA and IE faces are labelled in (iii) using dashed lines (Adachi et al., 2003). In (b), no hexamerisation takes place as 
rice glutelin exists as a macropolymer which we depict schematically. The macropolymer is formed via intermolecular disulphide linkages between α- and β-subunits 
(Amagliani et al., 2017). In (ci), XRD data were obtained from PDB identifier P04776. AlphaFold structure prediction shown in (cii) was performed on the same 
sequence whilst both structures were overlaid in (ciii). Areas of the AlphaFold structure which differ in tertiary structure from XRD data are outlined in green. 
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β-strands in the jelly roll barrel regions is integral for protein stability, 
resulting in resistance to degradation by temperature, pH and non- 
specific proteolytic enzymes (Dunwell, Gibbings, Mahmood, & Saqlan 
Naqvi, 2008). Increased stability accounts for the conservation of the 
amino acids involved in β-polypeptide (core) formation over the 
α-polypeptide (surface) across oat varieties (Moreira, Hermodson, Lar
kins, & Nielsen, 1979; Wen & Luthe, 1985). It has also been reported 
that variation is larger in the number of helices than β-strands among 
11S globulins, once again confirming the conservation of the structur
ally important jelly roll barrel across oat species (Tandang-Silvas et al., 
2010). 

To validate the AlphaFold model of oat 12S globulin monomer, in 
Fig. 3c, a soy 11S legumin monomer structure obtained via XRD was 
overlaid with the predicted structure of the same amino acid sequence 
(PDB Identifier: P04776). The structure alignment was conducted in 
ChimeraX software and gave a root mean square deviation (RMSD) 
value of 0.991 Å across all residue pairs which suggests a good model fit. 
An RMSD value of 0 Å corresponds to identical structures, whilst a RMSD 
of 2.0 Å and below is commonly accepted to determine that two protein 
structures are similar (Yusuf, Davis, Kleywegt, & Schmitt, 2008). The 
tertiary structure sections shown in green (Fig. 3ci) correspond to areas 
in which there were significant differences between the crystalline 
structure and the predicted AlphaFold structure. In particular, it was 
determined that the predicted β subunit structure, corresponding to the 
core of the protein (jelly roll β-barrel and extended helical section) 
matches the XRD structure almost perfectly. The area of highest dis
crepancies between the two structures were at the α subunit terminals, 
with particularly significant differences in the C-terminus. Therefore, we 
conclude that AlphaFold provides useful insight into the core (β subunit) 
of the oat 12S globulin monomer. However, without XRD data, less can 
be inferred from the predicted α subunit tertiary structure at this stage, 
which is likely exposed at the protein surface. 

2.3. Quaternary structure 

In this section, the folding of oat 12S globulin individual protein 
monomers into their folded state in solution is explored. A model for oat 
12S globulin self-assembly was first proposed by Mw analysis of 12S 
globulin and its subunits using SDS-PAGE (Peterson, 1978). In 11S 
legumin fashion, two subunits (α and β) were reported to be present in 
equimolar amounts within 12S globulin, likely forming a compact 
hexameric structure held together by non-covalent interactions. In 11S 
soy globulin, the ratio of α and β subunits has been found to vary slightly 
according to the variety of soybean used in the study, which may also be 
the case with oat (Peng, Quass, Dayton, & Allen, 1984). 

Oat globulins have not yet been characterised using crystallography, 
so only the predicted AlphaFold structure for its monomeric form is 
shown. As previously mentioned, the AlphaFold monomer shows poorer 
model confidence in the α subunit C-terminal sequence predicted to be 
at the protein surface. Additionally, the predicted structure is based on a 
monomeric sequence prior to post-translational cleavage, which has 
been reported to be a key step when inducing trimer and hexamer 
stacking (Dickinson, Hussein, & Nielsen, 1989; Jung et al., 1998; 
Kumamaru et al., 2010; Scott, Jung, Muntz, & Nielsen, 1992; Wakasa, 
Yang, Hirose, & Takaiwa, 2009). For the reasons outlined, simulations to 
predict how monomers stack to form the hexameric oat 12S globulin are 
challenging. We therefore resort to legume trimer and hexamer XRD 
data as a basis for understanding the mechanism of oat hexamer 
formation. 

Fig. 3 shows a model for 11S/12S globulin folding determined by 
XRD, whereby in the first instance, 3 monomeric subunits interact to 
form a trimer via electrostatic and hydrophobic interactions (Adachi 
et al., 2001; Plietz, Drescher, & Damaschun, 1988). Legumin trimers are 
characterised as having two faces, IE and IA (Fig. 3aiii), which contain 
different hydrophilicities and curvatures (Adachi et al., 2003). Within 
the trimer, the C-terminus of each monomer is located at the surface 

whilst the N-terminus is near the hollow centre of the trimer (Tan
dang-Silvas et al., 2010). An XRD study of soy glycinin reported that 
trimer formation involves stacking of the extended helical regions on 
adjacent monomer units and also highlighted the importance of 
non-specific hydrophobic interactions between two IE faces during the 
association of two trimers (Adachi et al., 2001). 

The second stage of self-assembly involves two trimers stacking on 
top of each other. Stacking of oat globulin is predicted to occur at an 
offset angle of 60◦ to form an oblate cylinder, with dimensions of 12 ×
8.5 nm (Fig. 1) obtained in a laser light scattering study (Shotwell, 1999; 
Zhao et al., 2004). Similar dimensions were obtained using atomic force 
microscopy (AFM), which described the OPI hexamer as ellipsoidal with 
a diameter of 12.1 nm (Liu et al., 2009). These values match the range of 
dimensions of legume proteins obtained via small angle x-ray scattering 
(SAXS) and electron microscopy with diameters of 10.4–12.6 nm and 
heights of 7.5–9 nm (Badley et al., 1975; Plietz, Damaschun, Müller, & 
Schwenke, 1983; Plietz, Zirwer, Schlesier, Gast, & Damaschun, 1984; 
Reichelt, Schwenke, König, Pähtz, & Wangermann, 1980; Zhao et al., 
2004). In legumes, trimer dimensions indicate that two identical faces 
stack preferentially to opposite faces, i.e., IA faces do not interact with IE 
faces upon hexamerisation and vice versa. Specifically, work conducted 
on soy glycinin revealed that when two trimers associate, their IE faces 
form stronger interactions due to their lower curvature and higher 
exposure of hydrophobic residues on the surface (Adachi et al., 2001). 
This results in IA faces being exposed to solvent as shown in Fig. 3aiii. 
Whilst IE stacking is speculated to be mirrored in oat globulins, this 
requires experimental confirmation. 

Importantly, 11S hexamer formation in legumes results in stronger 
thermal stability compared to its trimer precursor since more energy is 
required to overcome the additional interactions. With soy glycinin, 
hexamerisation resulted in an increase of approximately 10 ◦C in the 
thermal denaturation temperature compared to the trimer alone (Tan
dang-Silvas et al., 2010). Ma and Harwalkar also showed that 
pre-heating oat globulin (110 ◦C for 60 min) increased the thermal 
denaturation temperature (Td) by up to 3 ◦C (Ma & Harwalkar, 1988a). 
The authors suggested that the increase in stability is due to 
re-arrangement of the protein to assume a more compact conformation. 
Therefore, hexamer packing properties are likely to influence the gela
tion mechanism of 12S globulin. 

A study by Tandang-Silvas et al. compared crystal structures of 
various 11S globulins from different legume sources and related differ
ences to changes in hydrophobicity and thermal stability (Tandang-
Silvas et al., 2010). In particular, the authors defined 5 regions of 
variability within the globulin structure that can lead to different 
physicochemical properties. The poor thermal stability of pea prolegu
min, for example, was attributed to differences in cavity size, lower 
number of intramonomer hydrogen bonds, a longer loop length and less 
Pro residues than proteins from other legumes. Importantly, the cavity 
size, i.e., the volume in the centre of trimers that is inaccessible to the 
bulk solvent, was found to be larger in pea prolegumin (4492.8 Å3) 
compared to soy prolegumin A1aB1b (4086.1 Å3). Authors suggested 
this decreases the hexamer packing efficiency and reduces the thermal 
stability of the globulin. However, cavity size information is not 
currently available for oat proteins, and it is unclear if the same pa
rameters are important for functionality. 

As shown in Fig. 3, the quaternary structure marks the divergence 
between oat globulin and rice glutelin. In rice glutelin, the monomers do 
not form the hexameric structure observed in oat, pea and soy globulins. 
Instead, the monomeric subunits (containing α and β polypeptides) 
polymerise via intermolecular disulphide bonds and hydrophobic in
teractions to form a water insoluble macropolymer, as schematically 
depicted in Fig. 3b (Amagliani et al., 2017; Buggenhout, Brijs, & Del
cour, 2013; Katsube-Tanaka et al., 2004; Sugimoto, Tanaka, & Kasai, 
1986; Van Der Borght et al., 2006). Importantly, the lack of functional 
properties of rice glutelin compared to 11/12S globulins is attributed to 
the formation of a significantly higher Mw structure (Katsube-Tanaka 
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et al., 2004). 
Although little is currently known about the specific mechanisms 

that lead to the discrepancies in quaternary structure between oat and 
rice, differences after the post-translational cleavage of seed storage 
protein, which occurs in both species, appears to be a critical step in 
determining protein folding and assembly (Dickinson et al., 1989; Jung 
et al., 1998; Kumamaru et al., 2010; Scott et al., 1992; Wakasa et al., 
2009). For example, Katsube-Tanaka et al. hypothesise that in rice 
glutelin precursors, the exposure of Cys residues at the surface after 
cleavage possibly drives the polymerisation process (Katsube-Tanaka 
et al., 2004). 

We determined here that oat 12S globulin structure shares properties 
with both rice glutelin and 11S legumins at different length scales. 
Similarity to rice is more prevalent at the amino acid sequence level, but 
clear differences arise in the quaternary structure due to high order 
polymerisation in rice. Strikingly, quaternary folding of 12S globulin has 
been suggested to mimic that of legume storage proteins over other 
cereals which is seldom reported in literature (Burgess et al., 1983; Klose 
& Arendt, 2012; Peterson, 1978). However, it is clear that information 
on oat 12S globulin quaternary structure is limited compared to le
gumes. Although dynamic light scattering (DLS) is commonly used to 
investigate particle size, oat 12S globulin’s ellipsoidal shape and ten
dency to aggregate increase complexity when trying to characterise in
dividual proteins (Liu et al., 2009). There is also a distinct lack of 
fundamental crystallography studies and small angle X-ray/neutron 
scattering, with the former being presumably due to issues with solu
bility and sample heterogeneity disrupting crystal formation (Adachi 
et al., 2001; Shigeru, Chan-Shick, Toshiro, & Makoto, 1988). Without 
precise structural information, it becomes a challenge to precisely 
determine which features of the quaternary structure affect 
techno-functionality. 

3. Functionality of oat protein isolate 

The following section of the review covers current knowledge on oat 
protein isolate (OPI) functionality. Where possible, oat globulin data are 
preferentially shown. Since specific studies on oat globulin are limited, 
OPI data are more commonly cited here with the assumption that 
functionality will likely be dominated by the major 12S globulin frac
tion. Where data on oats are lacking altogether, structuring properties 
are derived and complemented with studies conducted on other plant 
proteins (rice, pea and soy). 

Whilst different effects (protein concentration, temperature, pH etc.) 
are decoupled and their effects on protein functionality are discussed 
separately, it is worth emphasising the complexity of the topic, since all 
these variables are in reality interconnected. In addition, different 
extraction methods and starting protein (isolate/concentrate) materials 
will naturally affect the reported functionality data discussed here. 
Whilst oat protein studies typically use lab-scale extraction methods that 
differ in methodology, soy and pea data are often reported from both 
commercial protein isolates and lab-scale extracts. Any pre-treatments, 
e.g. heating, which is common in oat groats to prevent rancidity devel
opment, will also likely impact functionality such as interfacial prop
erties or gelation kinetics (Runyon et al., 2015; Wouters & Nicolai, 
2024). Since the impact of extraction method on functionality is a vast 
but noteworthy topic, we will not attempt to cover this in detail but 
instead refer to another review which focuses on oat protein extraction 
(Spaen & Silva, 2021). We use such extraction data available where 
relevant to discuss general trends observed from a compilation of 
studies. 

We begin this section by focusing on the properties of OPI in solution, 
including solubility and surface hydrophobicity in aqueous systems, 
whilst outlining internal and external factors affecting these. Stage two 
covers multiple phase properties of OPI, focusing on fundamental un
derstanding of behaviour at both the air-water and oil-water interface. 
The final section uncovers current knowledge of OPI gelation and 

coacervation properties. 

3.1. Behaviour in aqueous solution 

3.1.1. Solubility 
Protein solubility is an important thermodynamic parameter that can 

affect the processing conditions needed for a defined application, such as 
extraction method and heating time (Grossmann & McClements, 2023). 
Good aqueous solubility can improve functional properties including 
emulsification, foaming and gelation which in turn affects food product 
storage quality, mouthfeel, digestibility and other metabolic responses 
(Deng, Mars, Van Der Sman, Smeets, & Janssen, 2020; Grossmann & 
McClements, 2023; Jiang, Sontag-Strohm, et al., 2015; Yousefi & 
Abbasi, 2022). However, most plant proteins have an aggregated state 
and limited aqueous solubility compared to soluble animal-based pro
teins, e.g., whey protein, thus limiting their techno-functionality (Kew 
et al., 2021). 

Notably, a few complications in measuring and comparing data on 
plant protein solubility are that i) fractionation, purification and dehy
dration processes alter molecular structure and aggregation state ii) 
other natural components present after extraction can affect solubility 
including starch, dietary fibres, minerals and lipids iii) cultivar and their 
environmental growth conditions result in variable solubility values 
when different cultivars within the same species are used and iv) ni
trogen based solubility measurements are highly dependent on protein 
concentration and an accurate nitrogen-to-protein conversion factor 
(Amagliani et al., 2017; Grossmann, 2023; Grossmann & McClements, 
2023). 

To exemplify this, Table 2 shows a range of solubility values recorded 
for four types of plant protein isolates at neutral pH. Although it is clear 
that rice protein appears to be the least soluble, the large ranges reported 
in the literature make it difficult to conclude a definite hierarchy be
tween oat, pea and soy. However, in comparative studies which exhibit 
less variation in methodology, pea protein isolates typically show lower 
solubility than soy isolates under a given set of conditions (Karaca et al., 
2011; Zhao et al., 2020). Additionally, OPI is frequently referred to as 
being less soluble than isolates from legume sources, despite their sim
ilarities in tertiary and quaternary structure (Nivala et al., 2017; Shot
well, 1999). Therefore, a comparative study between oat and legume 
proteins, from sources that use comparable extraction/isolation 
methods, is necessary to further validate these findings. 

Whilst factors affecting solubility in oat proteins have been covered 
in previous reviews (Kumar et al., 2021; Mel & Malalgoda, 2021), these 
will be summarised here briefly due to the importance of solubility in 
influencing other aspects of plant protein functionality discussed in this 
review, e.g. gelation properties. Note that typically such factors are 
classified as internal or external, whereby the former is primarily 
dictated by the type of amino acids inherently present within the protein 
at its surface, whilst the latter includes variable conditions such as pH, 
ionic strength, temperature and any additives present in solution that 
affect the protein functionality (Kramer, Shende, Motl, Pace, & Scholtz, 
2012; Yousefi & Abbasi, 2022). 

3.1.1.1. Surface charge. A key internal factor which influences solubil
ity is protein surface charge. High charge reduces protein-protein in
teractions by increasing electrostatic repulsion, leading to improved 
aqueous solubility. A study investigating seven animal-derived proteins 
found that solubility had a higher correlation with a negative surface 
charge than changes in molecular weight (Kramer et al., 2012). The 
authors explain that carboxylate containing residues, i.e., Asp and Glu, 
have a high charge density and thus promote protein hydration. In oat, 
rice and legume storage proteins, high quantities of amidic side chains 
(Fig. 2a) result in negative zeta potential values between − 18.5 and − 30 
mV at pH 7.0 (Table 2). Whilst a negative surface charge of these storage 
proteins results in a higher solubility at pH 7.0 than at their pI values, in 
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practice, solubility under these conditions typically remains below 40% 
(Fig. 4a). Further modifications to increase net surface charge at neutral 
pH are also used to enhance the plant protein solubility, for example, by 
enzymatically converting Gln and Asn side chains into charged car
boxylates, Glu and Asp (Jiang, Sontag-Strohm, et al., 2015). 

3.1.1.2. Molecular flexibility. Although surface charge is often consid
ered the most important internal factor, molecular flexibility is also 
crucial. Recently, Jiang et al. found that OPI solubility was influenced by 
its secondary structure (Jiang, Sontag-Strohm, et al., 2015). Authors 
suggested that α-helices, β-turns and random coils can be more flexible 
and dynamic than pleated β-sheet folds. Therefore, a reduction of β-sheet 
content via enzymatic deamidation with protein glutaminase improved 
OPI flexibility. This was suggested to have contributed to the observed 
increase in solubility compared to the untreated OPI, alongside an in
crease in net protein charge. Another factor which can affect molecular 
flexibility is native protein aggregation. Plant storage proteins are often 
found in a self-aggregated quaternary state for efficient space storage 
inside vacuoles which increases structural rigidity (Vitale & Hinz, 2005). 
To counteract this, the mechanical break up of insoluble aggregates can 

be used to improve solubility e.g., via ultrasound treatment (Hu et al., 
2013; Li & Xiong, 2021b; Li et al., 2016; Sha & Xiong, 2022). 

3.1.1.3. pH. The solubility of OPI also largely depends on external 
factors such as pH which modifies protein structure and surface charge. 
In general, plant protein solubility varies with pH to form a recognisable 
“U-shaped” curve, exhibiting low solubility at the pI and higher solu
bility at values well above or below the pI (Fig. 4a). Low electrostatic 
repulsion between proteins at the pI is due to positively charged amino 
acid side chains being equal in magnitude to negatively charged resi
dues, encouraging protein-protein interactions (Grossmann & McCle
ments, 2023; Ma et al., 2022a). When pH < pI, amino acid residues 
become ionised such that amino groups get protonated. Conversely, 
when pH > pI, the carboxylic acid groups become deprotonated. 
Therefore, the protein experiences a stronger electrostatic repulsion and 
increased solubility as you move away from the pI. 

In Fig. 4a, we gathered data from two sources to observe differences 
in solubility of storage proteins from oat, rice, pea and soy (Li & Xiong, 
2021a; Zhao et al., 2020). As predicted, all proteins showed minimum 
solubility in the pH range 4–6, corresponding to their pI range (Table 2), 

Table 2 
Physicochemical properties of cereal (oat, rice) and legume (soy, pea) seed storage proteins.  

Plant 
source 

Range of 
isoelectric 
point (pI) 

Relative 
aqueous 
solubility 
(%) at pH 
7.0a 

Surface 
hydrophobicity 
(H0-ANS)b 

Hydrodynamic 
radius (nm) at pH 
7.0 

ζ- potential 
(mV) at pH 
7.0 

Interfacial 
tension (mN/m)c 

Thermal 
denaturation 
temperature (Td, 
◦C)d 

References 

Air- 
water 

Oil- 
water 

Oat 4.5–7.5 15–40 50–450 50–620 − 20 to 
− 30 

45–60 N/A 110 (Ercili-Cura et al., 2015; He, 
Wang, & Hu, 2021; Immonen 
et al., 2022; Jiang, Sontag-Strohm, 
et al., 2015; Li and Xiong, 2021b;  
Li & Xiong, 2021a; Li & Xiong, 
2023a; Nieto-Nieto, Wang, 
Ozimek, & Chen, 2016; Nivala, 
Makinen, Kruus, Nordlund, & 
Ercili-Cura, 2017; Zhao et al., 
2017) 

Rice 3.0–8.0 <10 110–1200 490-2200 − 20 to 
− 30 

40–45 10- 
18a 

82 (Amagliani et al., 2017;  
Amagliani, O’Regan, Schmitt, 
Kelly, & O’Mahony, 2019; Dai 
et al., 2022; Felix, Romero, & 
Guerrero, 2016; Ju, 
Hettiarachchy, & Rath, 2001;  
Mileti et al., 2022; Omura et al., 
2021; Romero et al., 2012; Xu 
et al., 2016; Yang, Dai, Sun, 
McClements, & Xu, 2022; Zhao, 
Shen, Wu, Zhang, & Xu, 2020;  
Zhao et al., 2012) 

Soy 4.0–5.0 23.6–97 50–400 21–300 − 20 to 
− 30 

40–50 25–45 81.2 (11S) 65.7 
(7S) 

(Karaca, Low, & Nickerson, 2011;  
Liu & Tang, 2016; Mileti et al., 
2022; Omura et al., 2021;  
Ruíz-Henestrosa et al., 2007;  
Ruiz-Henestrosa, Martinez, 
Patino, & Pilosof, 2012; Santiago 
et al., 2008; Zhao et al., 2020) 

Pea 4.0–5.2 11–80 77–400 244-2000 − 18.5 to 
− 30 

35–45 13–43 80.8 (11S) 71.7 
(7S) 

(Cui et al., 2020; Karaca et al., 
2011; Kew et al., 2021; Ma et al., 
2022a; Omura et al., 2021; Sha & 
Xiong, 2022; Shen et al., 2022, 
2023; Yang, Mocking-Bode, et al., 
2022; Zhao et al., 2020) 

aValue of 18 obtained at a degree of hydrolysis of 2%. 
a Values cited were for protein isolates at low ionic strength (<20 mM) and measurements conducted at room temperature (between 20 and 25 ◦C). Solubility is 

defined as protein content in aqueous solution determined via a range of methods including the industry standard (Kjeldahl) and common spectrophotometric assays 
(Biuret, Lowry, and Bradford). 

b Surface hydrophobicity (H0) was determined using a fluorescence probe anilinonapthalene-8-sulfonate (ANS) in aqueous conditions. Slope of linear regression of 
fluorescence intensity against sample concentration against a known standard gives H0 value. 

c Interfacial tension of protein isolates and concentrates were conducted using the du Nouy ring method, Wilhelmy plate method and/or an oscillating drop 
tensiometer. 

d Major Osborne fraction values of Td shown i.e., pea, soy and oat (globulin) and rice (glutelin). Where possible, 7S and 11S globulin values are distinguished. 
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which is in line with most dairy proteins such as caseins and whey 
proteins. The data importantly highlight that rice protein concentrate 
(RPC) stands out as having extremely low solubility (<10%) at all 
measured pH values compared to PPI and SPI (Felix et al., 2016; Romero 
et al., 2012). This results from its major Osborne fraction being glutelin 
(prolamin family) which is largely alcohol soluble, whilst oat, pea and 
soy proteins predominantly consist of salt-soluble globulins. However, a 
key limitation with this comparison is that oat data was obtained from a 
separate source. As solubility is highly variable between different 
sources and extraction methods, this may explain the narrower shape of 
the OPI curve compared to soy protein isolate (SPI) and pea protein 
isolate (PPI). Whilst some information can be gathered from existing 
data, a direct comparison of oat to pea, soy and rice under similar 
conditions is needed to confirm differences as a function of pH. 

3.1.1.4. Ionic strength. Another key external factor when comparing 
solubility is the ionic strength of the solvent or buffer used. Li and Xiong 
recently outlined how ionic strength (I) affects OPI solubility (Fig. 4b) at 
pH 7.0 (Li & Xiong, 2021a). Changes in solubility upon addition of salt 
(e.g., NaCl) are attributed to electrostatic screening of the protein surface 
charge by ions. Typically, at low salt content, the resulting electrostatic 

repulsion can be explained using the Debye-Hückel theory, whereby the 
Debye screening length (κ− 1) can be approximated as κ− 1 = 0.304/√I 
for an aqueous system at room temperature (Grossmann & McClements, 
2023). When I was <0.005, a negligible effect on solubility was observed 
since the protein surface already carries a strong negative charge at pH 
7.0 (Table 2). The strong electrostatic repulsion is shown by a high value 
of κ− 1 (9.6 nm) at I = 0.001. Above I = 0.005, electrostatic repulsion is 
weakened as κ− 1 decreases below 4.3 nm, resulting in a loss of protein 
solubility. At this point, the protein’s negative surface charge is being 
screened by cationic Na+ ions, leading to protein aggregation (Gross
mann & McClements, 2023). The solubility reaches a minimum (0.86%) 
at 0.03 < I < 0.1. At this ionic strength, proteins are ‘salted out’ of so
lution, as shown by the κ− 1 values of below 1.75 nm. When increasing 
the salt concentration even further (>0.1 M), the Debye-Hückel theory 
begins to break down (Hyde et al., 2017). At this point, a ‘salting-in’ 
effect occurs, whereby the anionic Cl− counterions preferentially bind to 
the positively charged protein residues and break up protein aggregates 
by increasing electrostatic interactions. Importantly, maximum solubi
lity was attained at I = 1 (1.0 M NaCl) in Li and Xiong’s study. Note that 
the same hill-valley-hill-valley profile has also been observed with other 
plant-based globulins (soy, pea, etc.) and the same profile continues as 

Fig. 4. The effect of (a) pH and (b) ionic strength on aqueous plant protein solubility. In (a), soybean protein isolate (SPI), pea protein isolate (PPI), and rice protein 
concentrate (RPC) powders were obtained commercially, and their solubility was reported using a nitrogen analyzer (Zhao et al., 2020). Oat data in (a) was obtained 
from a separate study whereby oat protein isolate was extracted from whole oat groats by defatting, followed by alkaline extraction isoelectric precipitation (Li & 
Xiong, 2021a). The Biuret solubility method was used to determine protein content and experiments were performed at room temperature (21 ◦C) and residual ionic 
strength (<20 mM). Image (b) is a schematic obtained with permission from Li and Xiong (2021a). It represents aggregation of OPI as a result of increasing 
ionic strength. 
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the ionic strength increases beyond 1 (Grossmann et al., 2023). 
A key difference between legume and oat globulins is that the former 

only require 0.4 M NaCl to reach maximum solubility whilst a higher salt 
concentration (1.0 M) is needed for oat (Shotwell et al., 1988a). Such 
differences are likely accounted for by internal factors since the external 
factors are being kept constant. It has previously been suggested by 
Shotwell et al. that the lower solubility of oat may be influenced by the 
Gln-rich octapeptide region which is located at end of the α polypeptide 
and is predicted to be exposed to solvent (Fig. 2c). Similar regions in pea 
and soy 11S legumin were reported as containing more hydrophilic 
amino acids than that in oat 12S globulin, therefore previous authors 
have suggested this as a reason for discrepancies in solubility with oat 
globulin (Shotwell et al., 1988a). 

3.1.1.5. Temperature. Temperature is an important factor in solubility 
measurements. Elevated temperature regimes, for example, can 
encourage protein aggregation and lead to decreased solubility. Whilst 
the temperature at which the solubility measurements are conducted is 
key when interpreting results, it is also important to highlight whether 
the protein was subjected to elevated temperatures during or prior to 
extraction. For oats in particular, which typically undergo heat treat
ment to prevent rancidity development, such considerations are essen
tial and are often not explicitly reported in the methodology section of 
different studies which may lead to erroneous interpretations. 

Runyon et al. used asymmetric flow field flow fractionation (AF4) to 
investigate oat protein and polysaccharide fractions before and after 
heat treatment of oat groats (Runyon et al., 2015; Runyon, Nilsson, 
Alftren, & Bergenstahl, 2013). In particular, three peaks were identified 
corresponding to (i) soluble individual proteins, i.e. albumins and pro
lamins, (ii) hexameric and aggregated globulins and (iii) β-glucan 
polysaccharides. After steaming oat groats for 102 ◦C for 50 min fol
lowed by drying at 110–120 ◦C, the soluble protein content after 
extraction decreased from 74.6 wt% to 35.7 wt%. This correlated to a 
decrease in the ratio of monomeric protein to globulins from 1.82 to 
1.48. Interestingly, the authors suggested that the soluble albumin and 
prolamin fraction was more susceptible to changes in solubility due to 
heat treatment compared to the globulin fraction. Further studies using 
fractionation of oat protein extracts are necessary to fundamentally 
understand the role of each fraction on protein functionality in solution. 

3.1.2. Surface hydrophobicity (H0) 
An important parameter intrinsically linked to solubility and emul

sification performance is surface hydrophobicity of plant proteins (Tang, 
2017; Voutsinas, Cheung, & Nakai, 1983). Calculating the overall 
theoretical hydrophobicity via the sum of individual amino acid hy
drophobicity values is common when the protein sequence is known. 
However, functionality is typically defined by hydrophobicity at the 
surface (H0), which often does not correlate to predicted values from 
amino acid composition (Grossmann & McClements, 2023; Heldt, Zahid, 
Vijayaragavan, & Mi, 2017). A review by Jamadagni et al. highlights 
that current understanding of hydrophobicity remains a multidimen
sional challenge, despite it being a key driver of protein self-assembly 
and other biological processes (Jamadagni, Godawat, & Garde, 2011). 
Therefore, understanding hydrophobicity at multiple length scales often 
requires bringing together experimental, computational and theoretical 
approaches. 

The most common method of experimentally determining surface 
hydrophobicity involves spectrofluorometric measurements, i.e., using a 
fluorescent probe to bind to accessible hydrophobic regions of the pro
tein (Cardamone & Puri, 1992). This is a quick and easy method 
whereby the fluorescence intensity is plotted as a function of protein 
concentration and the slope is taken as the H0 value (Nakai, 2003). By 
far the most prevalent probe for plant-based globulin experiments is 
1-anilinonaphthalene-8-sulfonic acid (ANS), since it has good aqueous 
solubility and a low quantum yield of fluorescence in aqueous 

environments (0.004) compared to hydrophobic environments (0.63 in 
n-octanol). 

Next, we explore and compare ANS binding values reported for oat, 
pea, rice and soy protein samples. Reasons for discrepancies will be 
accounted for by internal and external factors affecting surface hydro
phobicity, including the nature of Osborne fractions present, pH, tem
perature, ionic strength of solution and the extraction method chosen. 

3.1.2.1. Osborne fractions. Internal factors, such as variations in the 
composition of major Osborne fractions, are known to influence plant 
protein surface hydrophobicity. A range of H0 values determined by ANS 
binding of oat, rice, pea and soy protein samples are shown in Table 2. 
Oat globulin H0 is reported to lie between 50 and 450, with similar 
values for soy and pea. However, much higher values from 490 to 2200 
are observed for rice. The large discrepancy is likely due to the macro
polymeric nature of the major Osborne fraction in rice protein, glutelin 
(Fig. 3). Oat, pea and soy, however, all contain hexameric globulins as 
major components of Osborne fractions, resulting in a similar range of 
H0. 

The influence of different oat bran protein components, i.e. separate 
Osborne fractions, on protein isolate H0 has also been investigated. Jing 
et al. fractionated oat bran protein and reported an H0 trend of prolamin 
> glutelin > globulin > albumin (Jing, Yang, & Zhang, 2016). Values 
reported for globulin and albumin were significantly lower (30–60) than 
prolamin and glutelin (110–120). These values agree with a previous 
study conducted on soluble and insoluble fractions of oat protein (Ma & 
Harwalkar, 1988b). Importantly, the H0 data showed a negative corre
lation with the aqueous solubility of each fraction and with the number 
of α helices in the protein structure. The latter was attributed to a looser, 
more flexible protein structure upon increasing α helix content. Expo
sure of buried hydrophobic groups increased the strength of 
protein-protein interactions, leading to an overall decrease in H0 due to 
effective burying of hydrophobic residues within the aggregates. 
Importantly, the H0 value for oat bran protein isolate was found to be 
closest to that of globulin since it is the major fraction in oat. 

A similar trend was reported for pea protein, whereby water soluble 
albumin showed the lowest H0 of 329, whilst globulin and glutelin 
fractions exhibited an H0 of 427 and 523 respectively (Okagu & Ude
nigwe, 2021). Note that information on prolamins was not supplied due 
to poor yield. Authors emphasised the higher H0 for glutelin compared 
to the other fractions resulted from its larger relative content of hy
drophobic residues, including Trp, Leu, Val and Ala. When comparing 
globulin and glutelin, the effect of glycosylation of 7S globulin was also 
proposed to strengthen the protein-solvent interactions due to an in
crease in hydrophilicity. This was highlighted by a reversed-phase 
high-performance liquid chromatography method (RP-HPLC) study 
which separated out soy 11S and 7S, with the former showing higher H0 
(Riblett, Herald, Schmidt, & Tilley, 2001). Therefore, it is clear that 
inherent protein structure can heavily impact surface hydrophobicity 
and that the major fraction will dominate the H0 value in protein isolate 
and concentrate measurements. 

Although ANS binding is the preferred method for surface hydro
phobicity measurement, a key limitation of using ANS, and anionic 
probes in general, are that they likely induce electrostatic changes in 
protein structure in addition to the desired hydrophobic interactions 
(Alizadeh-Pasdar & Li-Chan, 2000; Nakai, 2003). For example, it is 
known that ANS can undergo ion pairing with cationic groups in pro
teins (Matulis & Lovrien, 1998). To illustrate the importance of probe 
selection, the H0 of whey protein isolate, β-lactoglobulin and bovine 
serum albumin were compared using aliphatic, aromatic, anionic and 
neutral fluorescent probes at pH 2–9 (Alizadeh-Pasdar & Li-Chan, 2000). 
Aliphatic and aromatic probes showed opposite trends in H0 and, at pH 
3, H0 values for anionic probes were higher than that of the neutral 
probe which suggests that electrostatic interactions were indeed 
affecting the measurements. Therefore, values should be taken as 
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estimates and probes should be selected based on the desired experi
mental conditions. Although not covered in this work, alternative 
methods suitable for measuring protein H0 include hydrophobic inter
action chromatography and the use of computational modelling 
(Andrews & Asenjo, 2010; Heldt et al., 2017; Nakai, 2003). 

3.1.2.2. pH and temperature. Similar to solubility, H0 is influenced by 
external conditions including pH and temperature. Ma and co-authors 
showed the effect of oat globulin upon alkaline incubation (pH 9.7) on 
H0 using cis-parinaric acid as a fluorescence probe (Ma, Harwalkar, & 
Paquet, 1990). At 25 ◦C, H0 gradually increased with incubation time. 
The authors attributed this to alkali-induced conformational changes to 
oat globulin, causing protein unfolding and exposure of hydrophobic 
groups over time. However, this relationship was also determined to be 
temperature dependent. At 37 ◦C, a sharp increase in H0 was followed by 
a steady decrease whilst little change in H0 was observed when the 
experiment was repeated at 55 ◦C. At higher temperatures, alkali 
exposed groups favourably interacted to form aggregates and were 
essentially buried, i.e., H0 effectively does not change. These results 
suggest pH and temperature can be tuned to modify H0 of oat protein. 

3.1.2.3. Ionic strength. Ionic strength is also likely to affect H0 as a result 
of its effects on solubility. To our knowledge, this has not been directly 
explored with oat proteins and requires further investigation. For soy 
protein isolate, however, H0 was found to show a negative correlation 
with solubility at different ionic strengths (Jiang, Wang, et al., 2015). 
This was suggested to be a result of changes in secondary structure using 
circular dichroism, with higher random coil and lower α-helix content 
leading to exposure of different amino acid groups at the surface when 
ionic strength increased. 

3.1.2.4. Extraction procedure. Finally, we have emphasised the impor
tance of considering the extraction procedure when comparing func
tionality throughout this review and, unsurprisingly, this also has an 
effect on H0 values. Karaca et al. have compared the physicochemical 
properties, including H0, of different legume protein isolates and shown 
differences based on the chosen extraction method i.e., salt extraction vs. 
isoelectric precipitation (Karaca et al., 2011). H0 values were lower in 
pea and soy when extracted using salt, with values of 77.83 and 50.62 
respectively compared to 84.76 and 55.32 when isoelectrically precip
itated. However, faba bean and lentil protein isolate showed the oppo
site effect, with higher surface hydrophobicity upon salt extraction. 
Notably, in both cases pea exhibited a higher H0 than soy, which cor
responds to its lower aqueous solubility (Fig. 4a). Another study, how
ever, reported that SPI has a higher surface hydrophobicity than PPI 
despite its higher solubility (Chang, Tu, Ghosh, & Nickerson, 2015). 

Generally, same phase properties appear to be defined by protein 
structure at the experimental conditions chosen. In particular, the nature 
of exposed residues and the protein’s molecular flexibility will influence 
functionality within a given solvent. Whilst oat protein solubility and H0 
more closely resembles globulin rich pea and soy proteins, little simi
larity is observed with rice. Two highlighted properties which appear to 
reduce solubility in oat proteins compared to pea and soy are its high 
molecular rigidity (high Td of oat 12S globulin in Table 2) and the 
exposed Gln-rich octapeptide (Fig. 1). 

3.2. Interfacial behaviour 

Proteins are surface active due to their inherent amino acid structure 
which provides the amphiphilicity required for interfacial stabilisation. 
Mechanistically, the first step involves protein diffusion to the interface, 
followed by exposure of hydrophobic groups (Zhang et al., 2023a). 
These conformational changes allow for the adsorption of hydrophobic 
groups at the non-polar interface e.g., oil, whilst hydrophilic residues 
remain exposed to the bulk polar phase e.g., water. Protein-protein 

interactions at the interface results in the formation of strong cohesive 
layers (films) after adsorption that provide the kinetic stability to the 
droplets against coalescence for certain time periods. 

Currently, animal-based proteins are more widely studied due to 
their high aqueous solubility and their ability to adsorb readily to in
terfaces. Plant-based alternatives, in particular globulins, have lower 
surface activity due to their slower adsorption behaviour and lower 
shear and dilatational moduli values, indicating less rigid film formation 
(Sagis & Yang, 2022). Recent reviews investigated plant protein inter
facial behaviour in detail due to its importance in the development of 
sustainable food products (Drusch, Klost, & Kieserling, 2021; Sagis & 
Yang, 2022; Yang & Sagis, 2021; Zhang et al., 2023a). Briefly, plant 
proteins showed poorer interfacial stabilisation than animal derived 
counterparts due to their complex, aggregated particulate structure 
which slows down the diffusion of the plant proteins to the interface. 
This increases the time needed for structural organisation and for the 
formation of a viscoelastic film at the liquid-liquid interface by the 
relatively insoluble plant proteins. Impurities upon extraction (poly
saccharides, lipids, polyphenols, etc.) also notably influence adsorption 
and interfacial properties, leading to greater variability in plant protein 
behaviour at liquid-liquid interfaces (Sagis & Yang, 2022). In particular, 
albumin and globulin fractions were reported to have the greatest po
tential for surface activity due to their partial solubility in water 
compared to prolamin fractions (Yang & Sagis, 2021). However, due to 
the reasons outlined above, these are often modified to improve their 
interfacial functionality. 

In the following section, current knowledge on oat globulin behav
iour at the air-water and oil-water interface is explored and com
plemented where necessary with studies on rice, soy and pea. As seen 
with their behaviour in aqueous solution, interfacial properties are also 
defined by a combination of factors, including electrostatic charge, 
particle size, surface hydrophobicity, etc. (de Jongh et al., 2004; Erci
li-Cura et al., 2015). We refer to a recent article highlighting to the 
general effects of experimental conditions (protein concentration, pH, 
ions, temperature) on plant proteins (Zhang et al., 2023a). Herein, we 
focus on fundamental behaviour of oat protein extracts at the air-water 
and oil-water interfaces, relating the findings to structural properties. 
Papers reporting on emulsification activity and foaming behaviour are 
considered out of scope. Further information on Pickering emulsions 
stabilised by the formation of protein particles can be found in another 
review (Sarkar & Dickinson, 2020). Protein modification, protein-dairy 
and protein-polysaccharide mixtures are also not covered here (Kumar 
et al., 2021; Yang & Sagis, 2021). 

3.2.1. Air-water interface 
Equilibrium surface tension values (γ0) are commonly used to 

compare the interfacial stabilisation properties of proteins at the air- 
water interface. Whilst low molecular weight surfactants typically 
show a γ0 range of 22–42 mN m− 1, globular proteins have a range of 
47–57 mN m− 1 (Bos & van Vliet, 2001). A lower surface activity is 
observed since proteins diffuse more slowly to the interface compared to 
low Mw surfactants and more time is needed for structural reorganisa
tion (Zhang et al., 2023a). 

Surface tension values for oat, rice, pea and soy storage proteins at 
the air-water interface are reported in Table 2. OPI lies within the 
globular protein range 45–60 mN m− 1, although some values are higher 
than the other proteins listed (e.g., γ0 = 35–45 mN m− 1 for PPI). 
Therefore, OPI appears to have slightly lower surface activity compared 
to legume and rice isolates. However, we note that a relatively small 
number of studies have been conducted on OPI, so further testing is 
needed to confirm this property. Next, we explore factors affecting 
surface activity of oat proteins at the air-water interface. 

3.2.1.1. Protein concentration. An important experimental factor which 
affects surface tension measurements is the protein concentration 
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selected. The effect of changing OPI concentration on dynamic surface 
tension with a drop shape analyser was investigated by Mohamed et al. 
in 0.5 M NaCl solution (Mohamed, Biresaw, Xu, Hojilla-Evangelista, & 
Rayas-Duarte, 2009). As the protein concentration increased, the pro
tein showed a sharp reduction in surface tension which equilibrated 
once a critical concentration (~0.2 mg/mL) was reached. This indicated 
that enough protein was present at this concentration to effectively form 
a stable interfacial film. 

Mileti et al. showed a similar decrease in surface tension when 
testing soy and brown rice protein. For brown rice, the critical concen
tration was reported to be 0.1% w/w, whilst larger concentrations were 
needed for hemp and soy (1% w/w). Another study has similarly re
ported that RPC exhibited higher surface activity than legumes at the 
air-water interface (Kontogiorgos & Prakash, 2023). This was attributed 
to small concentrations of low Mw (10–16 kDa) protein fractions in 
brown rice which unfolded more easily and exposed the hydrophobic 
groups at the interface. Other studies have also shown that soy and pea 
protein fractions present within the sample heavily influence the 
air-water interfacial behaviour (Martin, Bos, & van Vliet, 2002; Rodri
guez Patino, Molina, Carrera Sanchez, Rodriguez Niño, & Añón, 2003; 
Niño, Sánchez, Ruíz-Henestrosa, & Patino, 2005; Rodríguez Patino, 
Carrera Sánchez, Molina Ortiz, Rodríguez Niño, & Añón, 2004; Santiago 
et al., 2008; Shen et al., 2023). Upon deriving this concentration de
pendency from other plant proteins, the fractions present and their 
relative concentrations should be considered when understanding the 
interfacial behaviour of oat protein. 

Another feature of interfacial stabilisation is the lag time, also known 
as a period in which the protein is at low concentration and little 
interfacial activity is observed. Differences in lag time have previously 
been attributed to structural properties which change the speed of 
adsorption and nature of rearrangement at the interface, such as hy
drophobicity, Mw and the presence of disulphide bonds (Mileti et al., 
2022; Ruíz-Henestrosa et al., 2007). The latter, for example, may restrict 
the number of conformations possible at the interface, therefore 
reducing the lag time. Whilst lag time has not been explored with oat, 
interestingly, soy protein adsorption kinetics were found to be faster 
than brown rice. However, the opposite trend was observed with the 
kinetics of rearrangement at the interface. Mileti et al. suggested that 
hydrophobic sites are less well exposed in soy, therefore unfolding at the 
interface requires more time compared to rice (Mileti et al., 2022). 
Conversely, diffusion was faster for soy due to the lower Mw of globulins 
compared to macropolymeric rice glutelins, thus increasing the 
adsorption kinetics. 

Recently, rice and soy proteins have been compared using interfacial 
shear and dilatational rheology (Kontogiorgos & Prakash, 2023; Mileti 
et al., 2022). The techniques give insights into the properties of protein 
films at the interface and their response to compression and shear. When 
comparing the nature of the films formed, soy protein formed a more 
elastic, solid-like layer (phase angle = 10–20◦) than brown rice (phase 
angle >45◦). Similar results were seen in a separate study, implying 
weaker in-plane interactions and a less resilient structure in rice (Kon
togiorgos & Prakash, 2023). However, interfacial strength was higher in 
brown rice due to its stronger viscous component. Notably, the visco
elastic response of soy protein films resulted in long-term stability 
compared to rice protein. However, understanding of oat protein 
interfacial rheology remains unexplored to date. 

3.2.1.2. pH and ionic strength. As discussed previously, ionic strength 
and pH heavily influence structural properties, thus altering surface 
activity. Ercili-Cura et al. investigated the effect of pH on the adsorption 
of OPI at the air-water interface using surface tension and AFM (Erci
li-Cura et al., 2015). At pH 7.2, OPI particle size was measured to be in 
an aggregated state (~70 nm). At higher dilution (<0.1 mg/mL), 
dissociation/re-association of monomers resulted in polydisperse size 
distributions with larger sizes measured. When OPI was dissolved in 

alkaline solution (pH 9.0), less aggregation was seen, and particle size 
distributions remained the same upon further dilution at a value of ~30 
nm. Note that whilst the authors referred to the peak at ~30 nm as the 
monomeric, native structure, we deem this value high compared to 
previous light scattering experiments reporting dimensions of 8.5 × 12 
nm (Fig. 1). At both pH values, high negative surface charges were 
measured (stock solution ζ-potential values of − 36.0 at pH 7.0 and 
− 42.5 mV at pH 9.0). Although smaller than the native protein, less 
aggregated globulins at pH 9.0 showed a higher final surface tension (50 
mN m− 1) than at pH 7.2 (45 mN m− 1) at the same concentration. The 
higher pH sample also displayed slower adsorption dynamics, indicating 
poorer interfacial properties. Complementary AFM imaging showed the 
air-water interface is composed of particles of approximately 11 nm in 
diameter, matching dimensions in Fig. 1. Importantly, a homogenous 
interfacial layer of individual particles was identified at pH 9.0, whilst 
large aggregates from tens to hundreds of nm were formed at neutral pH. 
Overall, the work outlined that retention of native protein state allowed 
for multilayer formation which promoted high surface activity of OPI 
compared to its monomeric, dissociated state. The disruption of the 
native state was clear in Fig. 4a, with OPI solubility at pH 7.0 being 
41.5%, whilst a dramatic increase to 80% is shown beyond pH 8.0. 
Whilst further experiments between pH 7.2 and 9.0 are needed to 
pinpoint the exact pH of dissociation, this is likely to be below pH 8.0. 

To date, the effect of pH and ionic strength on individual oat globulin 
fractions has not been tested, however synergies can be derived from 
differences in the lag time of soy 11S and 7S at various pH values 
(Rodríguez Patino et al., 2004; Ruíz-Henestrosa et al., 2007). For 
example, at pH 5.0, lag time significantly increased in both fractions 
compared to pH 7.0 due to decreased solubility at the pI. However, the 
lag time more than doubled with the 11S fraction compared to 7S due to 
its higher molecular weight and the presence of a disulphide bond. This 
reduced structural flexibility and limited possible conformational rear
rangements. Addition of a reducing agent to cleave the disulphide bonds 
has also been shown to decrease the lag time of soy 11S by a factor of 7 
due to facilitated protein unfolding (Rodríguez Patino et al., 2004). 
Similar to pH, differences due to ionic strength were also observed as 
this can induce dissociation of 11S soy globulin into its 7S form, there
fore changing the 11S/7S ratio of the sample. Therefore, these variables 
should be carefully controlled when conducting surface tension mea
surements for oat globulins. 

3.2.2. Oil-water interface 
To our knowledge, the only fundamental study determining oat 

protein surface tension at the oil-water interface was conducted with oat 
bran extract (Ralla et al., 2018). However, the sample contained only 
13% protein and authors suggested that surface activity was dominated 
by oat saponins or saponin-protein complexes. Therefore, information 
will be complemented with studies on rice, pea and soy. Importantly, 
external factors which affect air-water interfacial stabilisation also have 
an effect here i.e., protein concentration, pH, ionic strength. Since this is 
covered previously in the air-water interfacial section, instead we focus 
on key differences between air-water vs. oil-water interface behaviour. 

Rice, pea, soy and mung bean protein concentrates were found to 
behave differently at the oil-water vs. air-water interface despite a 
similar range of interfacial values shown in Table 2 (Kontogiorgos & 
Prakash, 2023). Whilst for rice proteins, a higher surface activity was 
measured in air, the opposite was observed at the oil-water interface. 
Additionally, changes in surface pressure of all samples were observed 
when changing the nature of the oil subphase. Trigylceride oil mea
surements showed overall lower surface pressures than terpene and air. 
Protein rearrangement was also shown to occur twice as fast at the tri
glyceride interface (krear ~ 14 × 10− 3 s− 1) and three times faster in 
terpene (krear ~ 21 × 10− 3 s− 1) compared to air (krear ~ 7 × 10− 3 s− 1). 
This was attributed to the higher polarity of the triglyceride oil causing 
an increase of protein solubility in the subphase, therefore facilitating 
exposure of hydrophobic groups and conformational changes. 
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Generally, all plant protein films at the oil interface were also found to 
be less rigid (E’ < 35 mN m− 1) and able to withstand greater strains. This 
was attributed to hydrophobic amino acids showing greater affinity for 
the oil phase, leading to weaker protein-protein interactions compared 
to the air-water interface. These findings emphasise the need for oat 
protein studies using a variety of techniques, as opposed to simple sur
face tension measurements and testing using various types of oil phases. 

In general, multi-phase behaviour of oat proteins may be governed 
by a subtle balance of structural properties which in turn influence 
solubility and surface hydrophobicity parameters. These impact the 
adsorption, as well as rearrangement kinetics, and subsequently define 
the film properties. Findings suggested that proteins with high confor
mational flexibility tend to show the greatest interfacial activity (Karaca 
et al., 2011; Kinsella, 1979). Based on the behaviour of oat proteins at 
the air-water interface, we speculate similarities to other legumes like 
pea and soy at the oil-water interface. It is likely that this behaviour will 
differ from that of rice glutelin due to differences in quaternary struc
ture. As shown with rice, pea and soy protein concentrates, we also 
predict that the nature of the interface i.e., the polarity of the oil sub
phases, will be important in determining oat protein interfacial 
behaviour. 

Despite these findings, important gaps remain to be explored to 
better understand fundamental oat protein interfacial behaviour. To 
date, the wetting properties of OPI and bulk rheological properties of 

interfacial films formed have not been systematically investigated to 
complement interfacial tension measurements (Ercili-Cura et al., 2015). 
Another technique yet to be tested with oat proteins to understand 
multi-phase behaviour is quartz crystal microbalance with dissipation 
(QCM-D) to monitor adsorption onto hydrophobically modified sur
faces. Previous QCM-D studies conducted with pea, soy and, more 
recently, rice hydrosylates have led to insightful studies on surface in
teractions and hydrated film formation (Kew et al., 2021; Yang, Dai, 
Sun, McClements, & Xu, 2022; Zembyla et al., 2021). Finally, there is 
also a lack of knowledge on fundamental oat protein behaviour at the 
oil-water interface which needs to be addressed. 

3.3. Gelation and coacervation behaviour 

Plant globulins can undergo a sol-gel transition, whereby the protein 
structure is reorganised due to unfolding, resulting in an elastic, solid- 
like gel network (Kumar et al., 2021). Similar to gelation of 
animal-derived globular proteins (e.g. bovine β-lactoglobulin), 
plant-based globulin heat-set gelation occurs via three steps, involving 
(i) protein denaturation (ii) aggregation and (iii) gel network formation 
(McSwiney, Singh, & Campanella, 1994; Zheng, Regenstein, Zhou, & 
Wang, 2022). However, plant protein gels can also be formed below the 
thermal denaturation temperature, and these are often referred to as 
cold-set. Fig. 5a shows a classification of globular protein gels into either 

Fig. 5. Gelation and coacervation behaviour of plant-derived globular proteins using physical processing. (a) General schematic of globular protein heat-set gelation, 
forming either filamentous (stranded) or particulate-type gels (Peng, Ren, & Guo, 2016). (b) Proposed mechanism of heat-induced gelation of oat protein isolate 
(OPI) in aqueous solution via (i) reversible intermolecular interactions or (ii) irreversible aggregation (Kumar et al., 2021). (c) Transmission Electron Microscopy 
(TEM) and Atomic Force Microscopy (AFM) images of mature, worm-like and elongated worm-like oat globulin amyloid fibrils formed upon incubation at high 
temperature (90 ◦C) and low pH (pH 2) (Zhou et al., 2022). All scale bars shown are 250 nm. (d) Self-coacervation of soy glycinin into spherical structures and hollow 
condensates by tuning pH, temperature and salt concentration (Chen, Zhao, Wang, & Dimova, 2020). Micrograph of coacervate formation included below using soy 
glycinin solution (5 mg/mL, pH 7.5) with equal volume of 0.2 M NaCl. Images (a) and (b) were reproduced with permission from Elsevier, whilst (c) and (d) are 
reproduced with permission from Wiley and ACS respectively. 
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filamentous or particulate-type gels. The type of gel formed is dependent 
on gelation and heating conditions, including protein concentration, 
ionic strength and pH (Peng et al., 2016). 

3.3.1. Heat-set gelation 
Heat-set gels are formed by heating the protein solution, causing 

groups and side chains to gradually open, thus exposing the hydrophobic 
protein core and creating a network of aggregates via intermolecular 
interactions between the amino acid chains (Kumar et al., 2021; Zheng 
et al., 2022). Although studies on oat starch and β-glucan gelation are 
extensive in the literature due to their importance in the food industry, 
fundamental understanding of oat protein gelation is less prevalent 
(Brummer et al., 2014; Du, Meenu, Liu, & Xu, 2019; Lazaridou, Bilia
deris, & Izydorczyk, 2003; Punia et al., 2020). A simple schematic 
proposed by Kumar et al. for heat-induced gelation of oat protein isolate 
(OPI) into a particulate gel is shown in Fig. 5b whereby, depending on 
heating conditions, gels formed can either be reversible or irreversible. 
We will first attempt to understand the specific interactions and ener
getics involved in heat-set gel formation, then explore external factors 
affecting heat-set gelation properties. 

3.3.1.1. Energetics of heat-set gelation. Knowing the dominating in
teractions involved (hydrogen bonding, hydrophobic interactions, 
disulphide bonds, etc.) is important for mechanistic understanding of the 
protein gelation process. Typically, this is assessed via addition of 
structure modifying reagents which target specific interactions, then 
measuring the resulting effect on gel hardness or gel strength (Table 3). 
Since native rice protein gel interaction studies are comparatively 
lacking, here we limit oat globulin comparisons to pea and soy alone. 

The comparison of sulphur containing amino acids in Table 3 high
lights that oat 12S globulin contains the same number of Cys residues as 
pea 11S globulin (5 in total), whilst soy 11S globulin contains 3 extra 
free residues which are not involved in disulphide bonding. The location 
of the cysteine residues in oat 12S globulin is highlighted in yellow in 
Fig. 2c. To investigate the effect of disulphide bonding on gelation, 
addition of a reducing agent (DTT or β-mercaptoethanol) to oat globu
lins prior to heating cleaves the disulphide linkage between α and β 
polypeptides. As shown in Table 3, 10 mM addition of DTT was shown to 
significantly decrease OPI gel hardness from 5.20 to 1.81 N (Ma et al., 
1988c). Aggregation of the dissociated monomers resulted in protein 
precipitation, thus weakening the gel matrix. Similar results were 
observed with soy glycinin (Utsumi & Kinsella, 1985). Pea globulin gels, 
however, showed little change in gel strength, with minor effects at high 
reducing agent concentrations and slow cooling rates. Therefore, 
disulphide bonds appear to contribute less to gel formation in pea 
compared to oat and soy globulins. 

The importance of sulphur containing residues is further highlighted 
by the use of a sulfhydryl group (SH) blocking agent, N-ethylmaleimide. 
Interestingly, the role of SH groups in OPI gelation was reported as more 
prominent at an alkaline pH due to an increase in reactivity (Ma et al., 
1988c). In a pea globulin study, N-ethylmaleimide addition also resulted 
in slight destabilisation of the gel network (O’Kane et al., 2004). A lower 
gel strength due to thiol blocking was only observed upon slow cooling 
(0.2 ◦C min− 1), but not upon fast cooling (1 ◦C min− 1), which indicated 
that disulphide bonds were not essential but became more involved 
when the gel cooling rate is slow. Therefore, the gelation mechanism can 
also be dependent on experimental conditions. 

Sodium dodecyl sulphate (SDS), an anionic detergent, acts by bind
ing non-covalently to the protein and increasing its net charge, thus 
causing denaturation and a decrease in protein-protein interactions (Ma 
et al., 1988c). Since SDS disrupts hydrophobic interactions, ionic bonds 
and hydrogen bonds within the protein whilst maintaining the disul
phide bonds intact, it is used as a method of determining the importance 
of non-covalent interactions in the gelation process (Jung, Savin, Pou
zot, Schmitt, & Mezzenga, 2008). This is often complemented by the 
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addition of urea, which primarily disrupts hydrogen bonding in the 
native protein structure by displacing water molecules due to prefer
ential binding to the protein (Hua, Zhou, Thirumalai, & Berne, 2008). 
Both SDS and urea were found to decrease the gel forming ability of oat 
protein which highlights the importance of new non-covalent intermo
lecular interactions in the formation of the oat protein gel network. 
Importantly, SDS and urea may disrupt the non-covalent interactions 
already present within the folded protein structure, whilst also pre
venting the formation of new interactions. Therefore, results may also 
suggest that protein native structure must be preserved to a certain 
extent for optimised gelation. 

Addition of chaotropic salts, which disrupt the hydrogen bonding 
network in water, has a marked effect on protein stability by disrupting 
electrostatic and hydrophobic interactions. These were found to increase 
OPI gel hardness at 1.0 M concentration according to the theoretical 
series developed by Hofmeister, which orders ions based on their effects 
on protein solubility and changes in secondary and tertiary structure 
(Hofmeister, 1888). As shown in Table 3, legume proteins typically 
require a lower salt concentration compared to oat protein (<1.0 M) to 
promote an increase in gel hardness. At 1.0 M concentration and above, 
gel formation was inhibited in soy and pea proteins. These differences in 
concentration correlate to the lower solubility of oat proteins and the 
previously discussed effects of salting in and salting out. 

Importantly, such differences in the gel interactions can lead to 
changes in gel stability. For example, pea and soy protein gels responded 
differently to re-heating and re-cooling despite their similar protein 
structures. Soy glycinin gels were classified as thermally reversible, i.e. 
the storage modulus (G′) returned to its original value in soy protein, 
whilst G′ in pea legumin became stronger by one log scale after a re- 
heating/re-cooling cycle (O’Kane et al., 2004). G′ modulus values in 
this article were taken at constant strain (0.015 for legumin and 0.01 for 
glycinin) and a frequency of 0.1 Hz. The differences between pea and soy 
are likely a result of the different interactions holding the gel together. 

However, it is worth emphasising the difficulty in quantitatively 
comparing gel properties due to variations in source and extraction 
method. Whilst PPI gels were sometimes found to be stiffer than SPI 
(G’PPI = 3212.5 Pa; G’SPI = 889.5 Pa at 1.0 Hz), in another study the 
opposite was true (average shear strain, stress: PPI = 0.78,14.8 N; SPI =
1.44, 26.9 N) (Shand, Ya, Pietrasik, & Wanasundara, 2007; Sun & 
Arntfield, 2010). Another important property to consider is the effect of 
different globulin fractions on gelation. Interestingly, the gelation 
mechanisms of 7S and 11S legumins in pea were shown to be different, 
with the former being held together by non-covalent bonds alone, whilst 
the latter also showing the formation of covalent disulphide bonds 
(Mession, Chihi, Sok, & Saurel, 2015). An in-depth mechanistic inves
tigation of gelation with fractionated 7S and 11S oat globulins is 
therefore needed as the 7S/11S ratio changes depending on the source 
and the extraction method chosen. 

Overall, non-covalent protein interactions (hydrophobic effect, 
hydrogen bonding, electrostatics) are crucial for both oat and legume 
proteins. These all appear to be involved in a complex gelation process. 
However, the contribution of S-containing groups i.e., disulphide- 
mediated covalent bonding, varies. Despite having the same number 
of free thiols than oat, comparatively little effect on gel strength is seen 
with pea protein when DTT was added. Importantly, soy glycinin has a 
larger number of free thiol groups than OPI, therefore it has the ability to 
form stronger gels via covalent binding. Once again, further experiments 
are needed to confirm this under the same environmental conditions. We 
next analyse the conditions affecting gelation properties of OPI gels. 

3.3.1.2. Temperature. Heat-set gel formation typically involves protein 
denaturation and aggregation which is facilitated by an increase in 
temperature. The temperature at which gelation occurs depends on 
heating time, as well as other conditions including protein concentra
tion, pH and ionic strength, which will be discussed further. Notably, 

OPI gel formation at 10 % w/v did not occur below 90 ◦C after heating 
for 20 min (Ma et al., 1988c). Another study by Zhao et al. also observed 
a slow rate of aggregation of an oat globulin dispersion (1 % w/v) at 
100 ◦C, with insoluble aggregates formed after heating for 60 min (Zhao 
et al., 2004). Slow gelation under these conditions was attributed to the 
high stability of oat globulin structure, demonstrated by its high thermal 
denaturation temperature (Table 3) compared to other plant proteins. In 
particular, the study by Ma et al. suggested that more energy is required 
to dissociate subunit monomers, i.e., they are more strongly bound 
together in a hexameric form in oat protein compared to pea and soy. 
For example, when an oat globulin dispersion was heated to 120 ◦C, the 
gels formed at pH 8.0 became more elastic and stable, leading to an 
increase in G’ of ~20 kPa at 1.0 Hz compared to 90 ◦C (Brückner-
Gühmann, Kratzsch, Sozer, & Drusch, 2021). 

To further understand the energies involved in this first step, a ki
netics study of thermal denaturation and aggregation of oat globulin 
(10%) at pH 7.4 and 1.0 M NaCl was conducted (Ma and Harwalkar, 
1988a). Using Arrhenius plots, the order of oat globulin thermal dena
turation and the activation energy (Ea) were found to be 2.5 and 500 kJ 
mol− 1 respectively. These values are similar to β-lactoglobulin (order 
2.2, Ea = 525 kJ mol− 1) despite oat globulin having a much higher 
denaturation temperature (Park & Lund, 1984). However, soy globulin 
fractions have a much lower Ea, with 11S being 215–430 kJ mol− 1 and 
7S being 175–245 kJ mol− 1 (Scilingo & Añón, 1996). Therefore, there is 
a higher energy barrier for oat protein gelation compared to soy. 

Importantly, the rate of heating also affects the nature of aggregates 
formed by altering the protein structure. Zhao et al. investigated such 
changes in OPI using size exclusion chromatography and light scattering 
techniques (Zhao et al., 2004). Short term heating at 100 ◦C led to 
dissociation of oat globulin hexamers and trimers into monomers. The 
monomers then proceeded to associate to form soluble aggregates. 
Further heating for >60 min induced the formation of insoluble aggre
gates whilst increasing the temperature to 110 ◦C was also shown to 
increase the rate of hexamer dissociation and insoluble aggregate for
mation. In a study conducted with pea and soy 11S globulins, decreasing 
the heating rate from 1 to 0.5 ◦C min− 1 did not affect the rheology of the 
gels formed (O’Kane et al., 2004). However, cooling the gel more slowly 
increased G’. The authors suggested that slower cooling alters the ag
gregation process by slowing down the reactivity of exposed residues to 
allow for optimal interactions, i.e., formation of disulphide bonds, 
resulting in increased gel strength. 

We note here that a method to improve dispersibility and give con
trol of particle size is via microgelation of plant proteins. This tool allows 
for rheological modification of the protein gels and has been shown to 
improve of tribological properties of pea and potato protein (Kew et al., 
2023). However, microgelation of oat proteins remains to be 
investigated. 

3.3.1.3. pH and ionic strength. Intuitively, gelation is influenced by pH 
and ionic strength due to the previously discussed effects on protein 
solubility (Fig. 4). Weak OPI gel networks were formed at neutral and 
acidic pH due to low solubility of oat globulin (Ma et al., 1988c). Gel 
hardness increased from 1 to 6 N between pH 8.0 and 10.0, corre
sponding to improved aqueous solubility in this pH range. Similarly, the 
strongest gels were formed at low salt concentrations (0.4 M NaCl) due 
to charge shielding effects. However, unlike oat and legumes, RPC, did 
not exhibit proper gelation at any pH, likely due to its insoluble nature 
shown in Fig. 4a (Felix et al., 2016). 

To understand the underlying mechanism of changes in pH, a 
sequential Raman spectroscopy study of oat globulin revealed changes 
in conformation during thermal aggregation and gelation (Ma, Rout, & 
Phillips, 2003). Upon aggregation at neutral pH, the sample showed 
reduced α-helical content and higher β-sheet content than unheated oat 
globulin. Protein denaturation was higher in insoluble aggregates, 
whilst soluble aggregates typically remained in their native state. 
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Increasing the pH to 9.5 promoted gelation over aggregation; β-sheet 
content grew as a result of intermolecular β-sheet structure formation. 
Samples were found to be partially denatured due to the alkalinity of 
solution, with denaturation becoming more prominent after heating. 
However, enthalpy measurements by differential scanning calorimetry 
indicated that the OPI gel still exhibited some native structure, once 
again suggesting that gelation is caused by conformational rearrange
ment rather than complete protein unfolding. 

3.3.1.4. Protein concentration. The minimum gelation concentration 
(MGC) is another important parameter which defines the amount of 
protein needed for a sol-gel transition to take place under defined con
ditions such as applied temperature, heating time, pH and ionic 
strength. Ma et al. reported the MGC for oat protein isolate as 5 % w/v, 
with gel hardness increasing linearly as the concentration was increased 
to 12 % w/v (Ma et al., 1988c). A comparative study of pea legumin and 
soy glycinin gels showed that the minimum gelling concentrations were 
higher, at 8.4 and 6.6 % w/v respectively (O’Kane et al., 2004). Another 
study did not observe gelation of rice proteins despite increasing its 
concentration to 20%, whilst soybean and pea formed gels at concen
trations of 12% and 14% respectively (Zhao et al., 2020). Differences in 
reported values of MGC are likely due to variations of source and 
extraction method between studies, as well as different conditions upon 
measurements. 

3.3.2. Filamentous gelation 
To this point, we have solely discussed particulate heat-set gelation 

of oat protein. At the isoelectric pH range, protein subunits remain intact 
and the particulate gel structure dominates (Yang, Wang, & Chen, 
2017). However, as the pH deviates from the isoelectric point, dissoci
ation of subunits into monomers induces protein unfolding. Unfolded 
chains can subsequently associate into flexible, linear strands to form 
filamentous gels. In this case, different to particulate gels, thin fila
mentous strands are formed upon heating when the pH is largely devi
ated from the pI. This results in a morphologically different 
stranded-like network (Fig. 5c). 

Despite issues with low extraction yields, a recent study proposed a 
purification and fibrillisation process for oat globulin, which allows for 
functional material synthesis including aerogels, films, electrodes and 
membranes (Zhou et al., 2022). The resulting twisted amyloid oat 
globulin fibrils were several microns in length (Fig. 5c) and were formed 
at pH 2.0 upon long-term heating (90 ◦C, 18 h) as a result of denatur
ation and hydrolysis. The mechanism of amyloid formation was sug
gested to be similar to milk-derived β-lactoglobulin, whereby building 
blocks (protofilaments) pack laterally to form twisted ribbon multi
stranded fibrils (Adamcik et al., 2010). Two fibril polymorphs which can 
coexist were identified via transmission electron microscopy (TEM) and 
atomic force microscopy (AFM) (Fig. 1c): thermally reversible short 
worm-like fibrils and thermally irreversible mature rigid fibrils. Mature 
amyloid fibrils showed 3 large height distributions via AFM measure
ments at 2.2, 4.1 and 6.0 nm whilst the height distribution of worm-like 
fibrils was between 1 and 3 nm. 

Amyloid structures are not unique to oat globulins and have been 
observed with other plant proteins including soy, pea and rice (Li et al., 
2023b; Song, Li, Zhang, & Wang, 2023). Although most experiments 
were conducted with protein isolates or crude extracts, Zhang et al. 
characterised the kinetics of fibrillation and fibril morphology using 
individual 7S and 11S globulin fractions of pea and soy (Zhang & Dee, 
2023b). Fibril cores were found to be primarily formed by residues in the 
β-polypeptide chain over the N-terminal region, presumably as a result 
of their higher hydrophobicity and lower net charge. Interestingly, 7S 
globulin displayed stronger fibrillation capacity over 11S. In particular, 
soy 11S globulin showed lower conservation of amino acid residues in 
the fibril forming regions due to larger sequence variations, whereas 7S 
globulins in both pea and soy were highly conserved. Therefore, the 

authors concluded that fibrillation is more prominent among proteins 
with high amino acid sequence conservation. Experiments also identi
fied differences in morphology between pea and soy-derived fibrils, with 
the former being predominantly straight and the latter being worm-like. 

Whilst work on oat protein fibrillation is still in its early stages, 
further investigation into the rheological properties of the fibrils and 
their behaviour at liquid-liquid interfaces remain to be studied. Addi
tionally, further experiments are necessary to understand whether the 
presence of minor oat protein fractions (e.g. 7S) influence fibrillation 
capacity and formation mechanisms. 

3.3.3. Coacervation 
In this section, we briefly move away from gelation to discuss 

coacervation, a unique protein phase transition which is similarly 
affected by ions, pH, protein concentration and temperature. Simple 
coacervation is a form of liquid-liquid phase separation which occurs 
spontaneously at specific environmental conditions to form spherical 
protein-rich domains (coacervates) in a protein-poor continuous phase 
(Chen, Nicolai, Chassenieux, & Wang, 2020). Although heteroprotein 
coacervation of animal-derived proteins and animal-plant protein 
combinations have been extensively studied, it has recently been 
discovered that globular plant proteins also have the ability to form 
coacervates (Adal et al., 2017; Anema & de Kruif, 2013, 2016; de Kruif, 
Pedersen, Huppertz, & Anema, 2013). A schematic of soy protein 
coacervate formation and a micrograph of the coacervates formed is 
shown in Fig. 5d. 

The stability of coacervates involves a delicate balance of various 
interactions including electrostatic, hydrophobic, excluded volume and 
van der Waals (Moulik, Rakshit, Pan, & Naskar, 2022). More informa
tion on the theory, factors influencing coacervation and their applica
tions can be found elsewhere (Moulik et al., 2022). 

Although until recently unexplored in oat globulins, a recent paper 
extracted an OPI from non-heat treated kernels and investigated the 
effect of ionic strength and pH conditions (Wouters & Nicolai, 2024). In 
this fundamental study, OPI experienced extensive centrifugation (50, 
000 g, 4 h) at pH 10.0 and filtration via a 200 nm membrane to isolate 
individual oat globulin hexamers with a hydrodynamic radius of ~8 nm. 
Confocal microscopy images showed microphase separation of OPI into 
spherical droplets (≥1 μm) when 50–300 mM NaCl was present in pH 
10.0 solution. The authors suggested a particle nucleation and growth 
mechanism whereby droplets grow until an equilibrium state is reached. 
Similar microphase separation was observed when titrating the pH 10.0 
solution to pH 7.1–8.2. Therefore, the authors reported that oat globulin 
charge density (α) appears to be dictating the type of colloidal structure 
formed. As α becomes less negative, unaggregated oat globulin transi
tioned into microphase separated droplets, followed by the formation of 
irregular aggregates. As irregular aggregates increased in size, the sol
ubility reduced (pH 5.1). Further investigation into oat protein coacer
vate formation is a necessary undertaking. 

Whilst coacervation behaviour of oat globulins remains relatively 
unknown, this has been extensively explored with soy globulins and pea 
protein isolates/concentrates (Chen, Zhao, et al., 2020; Chen, Zhao, 
Nicolai, & Chassenieux, 2017; Cochereau, Nicolai, Chassenieux, & Silva, 
2019; Kornet et al., 2022). Coacervation occurred under slightly acidic 
pH (6.2–6.8) and ionic strengths of approximately 0.1 M NaCl This 
critical pH was typically slightly above the pI, at the point where the 
protein charge density is lower, but not low enough to induce aggre
gation (Chen, Nicolai, et al., 2020; Kornet et al., 2022). The coacervate 
droplets formed were typically micron-sized (Fig. 5d), their advantage 
being the retention of the protein’s native conformation without leading 
to precipitation. As shown in Fig. 5d, further tuning of conditions led to 
vacuole formation and hollow condensates with potential applications 
in encapsulation (Chen, Zhao, et al., 2020). 

Other important insights can be drawn from soy and pea which may 
extend to oat due to the structural similarity of 7S and 11S globulins 
(Nicolai & Chassenieux, 2019). Kornet et al. observed that pea protein 
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coacervates were exclusively formed by the globulin fraction, in 
particular 11S legumin, over albumins. The results agreed with a soy 
protein study, which found that 80% of the coacervate phase was made 
of 11S legumin, whilst only 20% was classified as 7S (Lui, Litster, & 
White, 2007). Pea protein processing history was also found to influence 
coacervate formation, with mild fractionation being identified as the 
most suitable extraction method as opposed to commonly used iso
electric precipitation (Kornet et al., 2022). The authors suggested that 
these differences are caused by irreversible protein aggregation from 
changes in protein conformation and surface hydrophobicity induced by 
isoelectric precipitation. 

3.3.4. Cold-set gelation 
Cold-set gels are prepared using lower protein concentrations and 

milder heating conditions than heat-set gels due to the presence of ad
ditives including acid, salt and/or enzymes. Kumar et al. recently 
reviewed studies from the past 10 years on OPI gelation properties, 
highlighting the positive effects of cold-set gels (Kumar et al., 2021). 
Herein, we briefly summarise work conducted on oat protein gelation by 
analysing each additive separately. Current literature has also explored 
binary gels to improve functionality i.e., via complexation with poly
saccharides, however we focused on single component gels only (He, 
Ma, et al., 2021; Lopes-da-Silva & Monteiro, 2019; Nieto-Nieto, Wang, 
Ozimek, & Chen, 2015; Nunes, Raymundo, & Sousa, 2006; Wang, Yang, 
Li-Sha, & Chen, 2021; Yang et al., 2018; Yang, Wang, et al., 2022). 

3.3.4.1. Acidification. Recently, the morphology, rheology and me
chanical properties of cold-set OPI gels were studied via glucono- 
δ-lactone (GDL) acidification (Yang et al., 2017). 5% and 7% w/v OPI 
solutions were tested over a range of GDL concentrations. Since pH 
values of the OPI gel were within the isoelectric range for oat globulin 
(pH 4.4–6.8, Fig. 4a), a particulate gel was formed. Authors proposed a 
microstructure of OPI monomers acting as building blocks and 
cross-linking to form a percolating, network structure. In all gels tested, 
the initial storage modulus (G′) was always higher than the loss modules 
(G″), with G’ reaching a plateau at approximately pH 6.8. Protein con
centration directly influenced gel properties, since 7% OPI gels consis
tently showed a higher shear strength than 5% OPI. GDL concentration 
was also shown to be a key parameter since increasing it from 2 to 15% 
generally improved the mechanical properties. 

At 10% w/w GDL, 7% w/v OPI gel showed comparable compressive 
strength (30 kPa) to egg white gel (22–32 kPa) (Hammerøj, Larsen, 
Ipsen, & Qvist, 2001; Yang et al., 2017). This value was also larger than 
gels made from legume (lupin, pea and faba bean) protein isolates at 
20% w/w (5–8 kPa) and GDL-modified 7% whey protein gel when 
compressed to 80% of its original height (22 kPa) (Cavallieri & da 
Cunha, 2008; Makri, Papalamprou, & Doxastakis, 2006; Yang et al., 
2017). 

Although results from OPI gelation via GDL acidification show 
promisingly high gel strength, information on mechanistic details is 
lacking. Therefore, understanding of GDL-induced gelation of SPI by 
Kohyama et al. could serve as a model for understanding oat data 
(Kohyama, Sano, & Doi, 1995). In the first step, soy protein was pro
posed to be partially denatured due to heat. GDL was then predicted to 
aid in aggregate formation by producing H+ ions that neutralised the 
negative charge on the protein surface, which decreased electrostatic 
repulsion and promoted gel network formation. We expect a similar 
mechanism to take place with OPI samples. 

3.3.4.2. Divalent ions. Whilst this cold-set gelation method remains 
unexplored to date with oat proteins, use of salt (typically containing 
divalent Ca2+) to enhance gel network formation is a common approach 
employed for soy protein due to its use in traditional tofu 
manufacturing. Mechanistically, Ca2+ ions promote protein aggregation 
via either electrostatic shielding, ion-specific hydrophobic interactions 

or via bridging of two acidic residues or adjacent anionic residues in the 
protein (Ma, Xiong, & Jiang, 2022). The major difference between GDL 
and Ca2+ induced gelation in soy protein isolate comes down to kinetics, 
with an increase of one order of magnitude in the rate of reaction when 
using salt (Kohyama et al., 1995). 

Notably, the type of gel formed (i.e., particulate or filamentous) was 
found to be dependent on additive concentration in whey and soy pro
teins (Maltais, Remondetto, & Subirade, 2008; Remondetto & Subirade, 
2003; Yang et al., 2017). At high ion concentration, particulate gel 
network dominated due to weaker protein-protein electrostatic repul
sion promoting fast, random aggregate growth. At low Ca2+ concen
tration, filamentous gels dominated whereby repulsive forces 
encouraged gradual interactions between hydrophobic patches to form 
linear aggregates. 

3.3.4.3. Enzymes. Nieto-Nieto et al. explored the effects of partial 
enzymatic hydrolysis (degree of hydrolysis = 5–7%) on the mechanical 
properties of 15% w/v OPI gels using a selection of different proteases, i. 
e., flavourzyme, alcalase, pepsin and trypsin (Nieto-Nieto, Wang, Ozi
mek, & Chen, 2014). This was based on previous work on soy and rice 
bran protein which report that gelling improvement is highly dependent 
on the selected enzyme (Hou & Zhao, 2011; Yeom, Lee, Ha, Ha, & Bae, 
2010). 

Partial hydrolysis changes protein secondary and tertiary structure, 
leading to exposure of different amino acids on the surface. The enzymes 
selected for this study have different activities, which are briefly sum
marised herein. Note that amino acid positions are conventionally cat
egorised as P1, P2, P3 etc. when moving left of the hydrolysed bond and 
P1′, P2′, P3’ etc. when moving to the right (Tacias-Pascacio et al., 2020). 
Enzymes can similarly be categorised as endo or exopeptidases, with the 
former recognising amino acids in the middle of the chain whilst the 
latter cleaving terminal amino acids. Flavourzyme and alcalase are 
commercial enzymes blends. The former is typically derived from 
A. oryzae fungus and contains both exo-protease and endopeptidase 
activity due to the presence of aminopeptidase and carboxypeptidase 
(Waglay & Karboune, 2016). The latter is a blend of non-specific en
dopeptidases, classified as serine proteases, from a strain of 
B. liceniformis. Pepsin displays broad range protein cleavage at pH ≥ 2.0, 
i.e., under the pH conditions of the study (Keil, 1992). Trypsin, 
conversely, was described by Nieto-Nieto et al. as the most specific out of 
the enzymes in the study, as it preferentially cleaves at Arg and Lys when 
in position P1 (Nieto-Nieto et al., 2014). When inserting the monomer 
12S globulin sequence shown in Fig. 2c (UniProt ID: O49258) into an 
enzyme cleavage site analysis tool, ExPASy PeptideCutter, 128 cleavage 
sites are predicted in the presence of pepsin at pH ≥ 2.0, whilst 44 
cleavage sites are predicted upon trypsin addition (Gasteiger et al., 
2005). Therefore, trypsin treatment is expected to show weaker protein 
degradation compared to pepsin. 

SDS-PAGE results showed that the acidic α polypeptide in 12S 
globulin is more prone to enzymatic degradation than the basic β 
polypeptide due to its higher accessibility at the protein surface. The 
only exception to the norm was pepsin, which also showed degradation 
of the β subunit. Moreover, as expected, trypsin activity on the α chain 
was reduced compared to the other enzymes tested due to its more 
specific activity. Additionally, the authors also suggested that larger 
quantities of Glu in the α subunit, which is already at high levels in oat 
12S globulin (Fig. 2a), can favour specific alcalase degradation, as a Glu 
specific protease has been previously isolated from an alcalase blend 
(Svendsen & Breddam, 1992). Note that alcalase and pepsin treatment 
resulted in the largest deviation from the protein native structure. The 
former was likely due to the high Glu contents in the α chain of 12S 
globulin (Fig. 2a and c) whilst the latter is presumably due to its broad 
range specificity, combined with higher temperature (50 ◦C) and 
extreme pH treatment needed for pepsin (pH 2.0) used. 

Flavourzyme and trypsin treatment increased gel hardness compared 
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to untreated OPI, especially at higher pH values (8–9), where these 
showed comparable strength to egg white protein gels (8.70 N) at the 
same pH. However, previous work conducted with trypsin treatment of 
OPI at lower concentrations and temperatures (10% w/v, 100 ◦C) 
resulted in weaker gel structures than the native protein control (Ma & 
Wood, 1987a; 1987b). Nieto-Nieto et al. attributed this to a decrease in 
the size of polypeptides upon trypsin treatment perhaps reducing their 
ability to associate into a strong gel network. Therefore, experimental 
conditions are also essential and should be carefully selected for cold-set 
gels. 

Enzymatically induced cold-set oat globulin gels using microbial 
transglutaminase have also been synthesised and compared to native 
heat-induced gels, resulting in improved protein solubility (Siu, Ma, 
Mock, & Mine, 2002). Transglutaminase catalyses an acyl transfer re
action, forming an inter- or intra-molecular covalent bond between the 
carboxamide group of Gln residues and the free amine of Lys residues 
(Griffin, Casadio, & Bergamini, 2002). G′ and G″ for heat-induced gel 
(10%, pH 9.0, 100 ◦C for 20 min) were 34 and 11.8 Pa respectively at 
1.0 Hz. Similar values were obtained upon incubation with trans
glutaminase for 2 h (G’ = 32.6 Pa; G’’ = 20.5 Pa), however increasing 
the incubation time to 8 h resulted in maximum values of G’ (G’ = 574 
Pa; G’’ = 207 Pa). Higher storage modulus values for the enzymatically 
modified gels were attributed to the formation of a chemical gel with 
covalent ε(γ-glutamyl)-lysine cross links, whilst the heat-set gel resem
bled a physical gel held together by non-covalent interactions. 

Overall, oat protein gelation appears to be qualitatively similar to 
soy and pea protein gelation, whilst rice protein stands out with a weak 
gelation potential as a result of its native structure. Direct comparisons 
should be considered with caution due to the presence of impurities as a 
result of crop variations or extraction methods (Zheng et al., 2022). 
Importantly, antinutrients (phytic acid, tannic acid, saponins) were 
shown to have an effect on heat-set gelation of soy, pea and rice protein 
isolates as these interact with the proteins, affecting their functional 
properties e.g. solubility (Kaspchak, Silveira, Igarashi-Mafra, & Mafra, 
2020). We conclude that limitations in oat protein gel strength at neutral 
pH can potentially be overcome by cold-set gelation. Importantly, the 
literature highlights that gelation properties appear to be intricately 
linked to inherent protein properties, especially solubility and surface 
hydrophobicity. There is also a clear gap in the literature for a detailed 
mechanistic understanding of oat protein gelation, in particular cold-set 
gelation, and the importance of individual 2S, 7S and 12S globulin 
fractions in determining OPI gel properties. We also highlight ample 
opportunities to explore microgelation of oat globulins after recent 
successful attempts with structurally analogous pea and soy globulins. 

4. Conclusions and future outlook 

Whilst oat proteins have the potential to increase their widespread 
application as a plant-based alternative, it is clear that fundamental 
understanding of structure-function relationships is a much-needed 
endeavour which seems to be overlooked in the literature to date. 
After a compilation of work conducted on oat proteins and com
plementing studies on rice, pea and soy, oat protein structure was found 
to differ from most other cereals since its major Osborne fraction is 
globulin. Whilst at the amino acid scale, oat was previously reported to 
strongly resembled rice glutelin, its folded quaternary state is homolo
gous to that of 11S legumins from pea and soy. Previous studies also 
highlighted a unique exposed Gln-rich octapeptide in oat 12S globulin. 
This differentiates its structure from rice glutelin and other plant storage 
globulins, whilst likely influencing the oat protein functionality. 

Protein functionality studies suggested that behaviour of plant pro
teins in aqueous solution (solubility, surface hydrophobicity, surface 
charge) is crucial and these appear to define subsequent multiple phase 
and phase transition properties. However, due to lack of complete data 
in oat, this needs further confirmation. It was also noted that function
ality is highly variable on internal (growth conditions, genetic 

variations) and external factors (extraction method, experimental con
ditions). These differences can often be linked to resulting differences in 
the protein structure and consequently performance. Overall, oat pro
tein behaviour was shown to resemble more closely that of legumes than 
rice, indicating that quaternary structure, i.e., the protein’s native folded 
state, is likely defining its functionality. 

The review has also emphasised major areas that remain to be 
explored in the field of oat proteins. A thorough investigation of three- 
dimensional oat 12S globulin structure via X-ray diffraction is needed 
to corroborate current protein structure prediction and to fully appre
ciate the structural aspects of oat protein. Whilst studies have focused on 
oat protein modification empirically, there is a lack of fundamental 
understanding of oat protein functionality compared to legumes (e.g., 
surface tension measurements at the oil-water interface, lack of small 
angle neutron and X-ray scattering). This can help design a bottom-up 
approach to define the protein modification required for a specific 
application. Finally, there are currently limited rheological and no 
tribological or adsorption studies using oat proteins. We believe these 
are necessary to provide quantitative understanding of mouthfeel at
tributes for the incorporation of oat proteins into plant-based food 
design. 
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