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Abstract

Pea albumins are found in the side stream during the isolation of pea proteins. They are soluble at 
acidic pH and have functional properties which differ from their globulin counterparts. In this study, 
we have investigated the aggregation and structural changes occurring to pea albumins under 
different environmental conditions, using a combination of size-exclusion chromatography coupled 
with multi-angle laser light scattering (SEC-MALS) and small-angle X-ray scattering (SAXS). Albumins 
were extracted from a dry fractionated pea protein concentrate by precipitating the globulin fraction 
at acidic pH. The albumins were then studied at different pH (3, 4, 4.5, 7, 7.5, and 8) values. The effect 
of heating at 90 °C for 1, 3, and 5 min on their structural changes was investigated using SAXS. In 
addition, size exclusion of the albumins showed 4 distinct populations, depending on pH and heating 
conditions, with two large aggregates peaks (~250 kDa): a dimer peak (~24 kDa) containing 
predominantly pea albumin 2 (PA2), and a monomer peak of a molar mass of about 12 kDa (PA1). X-
ray scattering intensities as a function of q were modeled as polydisperse spheres, and their 
aggregation was followed as a function of heating time. Albumins was most stable at pH 3, showing 
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no aggregation during heat treatment. While albumins at pH 7.5 and 8 showed aggregation after 
heating, solutions at pH 4, 4.5, and 7 already contained aggregates even before heating. This work 
provides new knowledge on the overall structural development of albumins under different 
environmental conditions, improving our ability to employ these as future ingredients in foods. 

Keywords:  Pea proteins; Albumins, Structure; Small angle X ray scattering; Heat-induced 
aggregation; SEC-MALS

1. Introduction

Albumins are small, globular and soluble proteins. Those derived from plant sources, are currently 
attracting significant attention, despite being present in a smaller concentration compared to the 
other storage proteins, the globulins (Kim, Wang, & Selomulya, 2020). Plant-based albumins are 
soluble at acidic pH, therefore they are usually found in high proportion in the side streams during the 
isoelectric precipitation of plant protein isolates. Understanding their properties will increase the 
value of a processing waste stream and contribute to more circular processes. Although research 
reports on plant-derived albumins are limited, few preliminary studies pointed to their potential to be 
used as technologically functional proteins in foods (Cheung, Wanasundara, & Nickerson, 2015; Wong, 
Pitts, Jayasena, & Johnson, 2013; Yang & Sagis, 2021). For example, the albumins from pea possess 
emulsifying and foaming properties (Lu, Quillien, & Popineau, 2000; Yang, de Wit, et al., 2022; Yang, 
Kornet, et al., 2022), as well as gel-forming properties (Kornet et al., 2021). 

Amongst the storage proteins in pea, globulins account for approximately 60 to 80% of the total 
protein. The side stream resulting from the precipitation of the globulins does not only contain soluble 
albumin fractions, but also other molecules, such as soluble carbohydrates and phenolic components, 
which can negatively affect protein digestibility or sensory attributes such as color and flavor (Dhaliwal, 
Salaria, & Kaushik, 2021). These unwanted molecules and active enzymes may be reduced, at least in 
part, by additional processing steps, e.g., filtration (Lu et al., 2000), or inactivated by other processes, 
like heating and fermentation (Samtiya, Aluko, & Dhewa, 2020). 

Globular proteins’ structure can be significantly affected by pH, ionic strength, or heating. These 
changes are critical to effectively evaluate how to best utilize these proteins as functional food 
ingredients. Scattering experiments are often employed to gather information about protein 
structural rearrangements at the molecular as well as at the supramolecular scale. Small-angle X-ray 
scattering (SAXS) has been widely employed in the study of structural properties and characterization 
of complex protein structures at multiple length scales, for example, in milk protein (Li et al., 2021; Li 
et al., 2022; Pedersen, Moller, Raak, & Corredig, 2022), and plant proteins (Chen, Kuzmenko, Ilavsky, 
Pinho, & Campanella, 2022; Khaliq et al., 2017; Miles, Morris, Carroll, Wright, & Newby, 1985). By 
providing insights into the arrangement of molecules and their interactions at scales ranging from ca. 
1 to 200 nm, SAXS can probe the structural evolution of protein solutions without disruption, in their 
natural aqueous environment, further providing a unique perspective on the structural organization 
of the proteins. In addition, a comprehensive understanding of the aggregation dynamics in situ can 
be obtained when combining SAXS with other complementary techniques, such as light scattering or 
size exclusion chromatography.



To our knowledge, no systematic study has been reported on how  pea-derived albumins are affected 
by the changes of pH and heat treatment; and this is crucial for understanding their properties and 
potential applications. In the present study, the fine details of pea albumins heat-induced structural 
evolution were investigated in a wide range of pH (3-8). These new insights will improve our ability to 
utilize pea albumins as ingredients in new food formulations.

2. Material and methods 

2.1. Materials 

Pea protein concentrate (55% protein content, w/w) was kindly provided by Vestkorn A/S (Holstebro, 
Denmark). The concentrate was processed through milling and air classification. Hydrochloric acid and 
sodium hydroxide are analytical grades and obtained from Merck (Merck Life Science A/S, Søborg, 
Denmark)

2.2. Sample preparation

The separation of albumin from globulins was carried out as previously reported in the literature (Sari, 
Mulder, Sanders, & Bruins, 2015), with some minor changes, namely, the use of pea protein 
concentrate instead of whole pea flour. In brief, pea protein concentrate was first dispersed in MilliQ 
water (1:10, w:v) and adjusted to pH 9 using 1 M NaOH, and then solubilized for at least 2 h using a 
magnetic stirrer (600 rpm). The extract was then centrifuged at 4500× g, 30 min, 20°C to remove the 
insoluble components. The supernatant was collected and adjusted to pH 4.5 using 1M HCl at room 
temperature, to separate the albumin fraction from the globulins, and kept stirring (400 rpm) for 2 h. 
Subsequently, a second centrifugation was conducted with 10,000×g for 30 min at 4°C. The 
supernatant was then dialyzed using 6-8 kDa membrane for 3 days, including changing water 3 times 
each day. The final pH of the supernatant was around 4.8. Finally, the supernatant after dialysis was 
freeze-dried, labeled as albumins and stored at -20°C until further use. The powder contained 70% 
(w/w) protein, as measured using the Pierce BCA protein assay kit (Thermo Scientific, Rockford, U.S.A.), 
the rest of around 30% were carbohydrates& polyphenols as measured using Phenol-Sulfuric Acid 
Method (Nielsen, 2010).

Freeze-dried samples were suspended in MilliQ water at 10 mg protein/mL and stirred (400 rpm) for 
at least 2 h at room temperature. The solutions were then adjusted to different pH values (3, 4, 4.5, 
7, 7.5, and 8) with 1 M HCl and NaOH respectively. Then each solution was heated for 1, 3, and 5 min 
at 90 °C.

2.3. Zeta potential

The zeta potential of the various solutions were measured by dynamic light scattering (Malvern 
Zetasizer Nano, Malvern instruments Ltd, Malvern,UK). Samples were diluted (approx 10 times) in 50 
mM NaCl and filtered through a 0.45 m Millex-GV filter unit (Merck Millipore Ltd., Cork, Ireland). 
Each sample was run in triplicate (each run was an average of 100 measurements) at 20 °C.

2.4. Size-exclusion chromatography coupled with a multi-angle laser light scattering 
(SEC-MALS)

The composition and molecular mass of the albumin fractions were measured using SEC-MALS. Briefly, 
protein solutions, heated or unheated (10 mg protein/mL) were filtered through 0.45 µm Whatman 
filters (PVDF) and then 30 μL were injected in the HPSEC system equipped with a Guard Cartridge (GFC 
4000, 4 x 3.0mm ID) and a Yarra SEC-4000 column (300 x 7.8 mm, 3 μm) (Phenomenex, Værløse, 



Danmark) connected in series and set at 25 °C. The mobile phase used was 0.02 μm filtered 50 mM 
sodium phosphate buffer (38 mM Na2HPO4 and 12 mM NaH2PO4) containing 150 mM NaCl and 0.02% 
sodium azide (pH 7.2) at a flow rate of 0.5 mL/min. Data analysis was conducted with the ASTRA 
software (version 8.1; Wyatt Technology, Santa Barbara, CA), and the weight average molecular mass 
(Mw) was derived using a second-order Berry fit. 

2.5. Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) was used to measure the structural changes of pea albumins 
subject to different heating and pH using a laboratory setup (Nano-inXider, Xenocs SAS, Grenoble, 
France), equipped with a Rigaku (Rigaku-Denki, Co., Tokyo, Japan) 40 W micro-focused Cu Kα source 
with a 1.54 Å wavelength and a Pilatus detector from Dectris (Baden, Switzerland). The resulting q-
range was recorded from 0.004 to 0.3 Å-1.

Samples were first loaded and sealed into borosilicate capillary tubes and followed by evacuation of 
5 min in a desiccator at room temperature. Subsequently, the samples were measured at total 
acquisition time of 60 min at room temperature under the combined setting of very high resolution 
(beam size of 200 μm) for 15 min and medium resolution (beam size of 800 μm) for 45 min. The 
background buffer was obtained, for each sample through filtration using a 3 kDa membrane of 
centrifugal filter unit. Then data reduction was performed with the XSACT software for background 
subtraction. 

The open source Monte Carlo regression package McSAS 1.3.1 was used to analyze the scattering 
curves and evaluate model fits (Pauw, et al., 2013, & Breßler, et al., 2015). McSAS uses a Monte Carlo 
based approach to fit the data using a polydisperse sphere distribution, but assuming no pre-
determined shape of the distribution. It assumes a two-phase contrast system which we consider 
fulfilled here after background subtraction. The model was applied on the q range from 0.005 to 0.2 
Å-1. 

2.6. Statistical analysis

The study used SPSS Statistics 28 (IBM, New York, USA) for statistical analysis. ANOVA (one-way 
analysis of variance) was done following Tukey’s multiple comparison test based on a statistical 
significance level of P < 0.05.

3. Results and discussion

3.1. Zeta potential measurements

Figure 1 summarizes the changes in the visual appearance of the pea albumin solution, as a function 
of pH, as well as their overall charge, reported as potential, of the proteins. The overall charge of 
the pea albumins was near neutral at pH 5. This pH agrees with the isoelectric point (pI) of pea 
albumins reported in the literature (Archut, Klost, Drusch, & Kastner, 2023). The overall protein charge 
was positive, reaching a maximum charge of +20 mV at acidic pH, and a maximum negative charge of 
-13 mV at pH above the isoelectric point. A better stability at high and low pH was expected because 
of the high electrostatic repulsion between the proteins. For example, native β-Lactoglobulin (β-lg) 
exists as a mixture of monomers and dimers when far from its pI, while tends to form larger oligomeric 
structures, possibly octamers around its pI at low ionic strength (Verheul, Pedrsen, Roefs, & de Kruif, 
1999). As shown by the images in Figure 1, the albumin solutions were clear regardless of pH. 



3.2. Structural changes of albumins using SAXS and SEC-MALS during pH changes 

All solutions were analyzed to evaluate the presence of soluble aggregates using SEC. Figure 2 shows 
the elution based on light scattering (LS) and UV responses for the various albumin fractions adjusted 
to different pH values. Four main peaks were detected, and the molar mass (C) profile quantified by 
MALS corresponding to each of these peaks is also shown in Figure 2. The molar mass of each peak 
was not different between samples, significantly affected by pH, but rather the distribution of the 
various peaks. At pH 3, the albumins are positively charged. They eluted in two major peaks (peak 3 
and 4), corresponding to the two native albumin fractions: PA2 (reported in the literature to have a 
molecular mass ranging between 23-26 kDa) and PA1 in monomeric form, the latter reported with a 
much broader molecular mass of 4-18 kDa (Kornet, Yang, Venema, van der Linden, & Sagis, 2022; Lu 
et al., 2000; Yang, Kornet, et al., 2022). When measured by multi-angle laser light scattering, these 
peaks also showed a molecular mass within these reported ranges, namely, with peak 3 estimated at 
25 KDa, and peak 4, PA1 at 12 KDa. These values did not change for the various pH treated samples. 

Solutions prepared at pH 4 showed 2 additional peaks (peak 1 and 2), eluting earlier. This indicated 
the presence of a small population of soluble aggregates. The peak eluting at 21 min had a larger 
molecular mass, at about 47 kDa. This peak indicated that with a decrease in electrostatic repulsion, 
oligomers of the albumins appeared. It has indeed been reported that the subunits (PA2a and PA2b) 
of PA2 could form homodimers of Mw from 48 to 53 kDa through non-covalent bonds (Croy, Hoque, 
Gatehouse, & Boulter, 1984). In addition, a shoulder eluting at 19 min (Peak 1) appeared at pH > 4.0 
with a high Mw of average 250 kDa. Samples at pH >4.0 all showed similar elutions with a higher 
oligomeric fraction, also showed similar elution patterns, with dimer and monomers, but also with the 
shoulder eluting earlier. It is important to note that all these samples were filtered before injection, 
and all aggregates were eluted at the same pH, and assuming that won’t affect the size. While the 
population in the monomer and dimer peaks did not seem to change, at the higher pH there was a 
larger presence of aggregates. Also, it is important to note that all samples were injected at a 
comparable protein concentration (within experimental error). 

Figure 3 presents the SAXS intensity curves of pea albumins as a function of q for unheated solutions 
prepared at different pH values. The model fit for polydisperse spheres is also shown, and clearly, all 
treatments showed good fits, apart from the sample at pH 7, at low q range (< 0.01 Å-1). In this case, 
unlike for the SEC analysis, the samples were not filtered. As shown in Figure 3, albumin solutions at 
pH 3, 7.5 and 8 showed similar scattering properties. There was no increase in the scattering at low q, 
indicating no aggregation. At the higher q range, the intensity of the pH 3 solutions was lower than 
for pH 7.5 and 8 solutions, which we attribute to a slightly different local shape. According to SEC-
MALS data (Figure 2), albumins at pH 7.5 and 8 also showed a small population of aggregates as well 
as dimers. It is important to note that sample comprised of different populations (Figure 2), but based 
on the scattering signal, it may be suggested that the scatterers present may have local sizes of similar 
magnitude. More work is needed to obtain monodispersed populations, this would allow for a better 
understanding of their aggregation behavior with pH and heating. 

As already shown in Figure 2, albumins showed the presence of a dimer as well as oligomers at pH 
higher than 4. These samples were filtered before SEC, hence, larger aggregates have most likely not 
been analyzed. Indeed, SAXS scattering curves of solutions at 4, 4.5 and 7 showed much higher 
scattering intensities at low q. Figure 3 clearly shows a marked increase in intensity at low q compared 
to the sample at pH 3. Furthermore, at pH 4.5 and 7, there were different upturns at low q, indicating 
significant differences in their structural features. The higher q upturn at pH 7 indicates a population 
of significantly larger aggregates than at pH 4.5. Furthermore, these aggregates were no longer noted 
at pH 7.5 and 8. These intermediate pH values, with an upturn in the scattering signal at low q, 
suggested substantial structural changes in solution for the albumin in the shift from low to high pH, 



likely due to the formation of non-covalent aggregates during a decrease in their ionic charge (Chen 
et al., 2022). At a higher pH these aggregates were less present. 

The SAXS data, in combination with the SEC-MALLS clearly raise important questions on the structural 
reorganization of the various protein populations present in the albumin fraction, as a function of pH, 
and more research is needed to fully understand their dependence on pH, ionic strength, as well as 
the interactions with the other minor components (mostly carbohydrates) present in solution. 

3.3. Structural changes of albumins using SAXS and SEC-MALS during heat treatment

Pea albumins showed a pH dependent effect with heating, as shown by their visual appearance after 
different heating times (0-5 min) at 90 °C (Figure 4). Albumins solutions were still clear at pH 3, and 4, 
however, at all other pH they showed cloudy solutions and even a precipitate. Solutions at pH 4.5 
formed soluble aggregates after 1 min, as shown by a cloudy solution. Extensive aggregation and 
precipitation were evident with heating at pH 7 and 7.5. Although the properties of the unheated 
soluble pea albumins were quite similar at pH 7.5 and 8.0, there was a significant difference in the 
aggregation between the two treatments. At pH 8.0 the aggregates were cloudy but did not show 
extensive precipitation, more precipitation was noted at pH 7.5 and 7. The differences in the heat-
induced aggregation between pH 7 and 8 clearly suggested the importance of the increased charge 
repulsion at pH 8.

To better understand the differences in aggregation between the samples, the heated samples were 
analyzed by SEC-MALS, as shown in Figure 5. In this case also, the solutions were filtered through 0.45 
m, hence only the residual native proteins, oligomers or intermediate aggregates could be analyzed 
here. Similarly to what is shown in Figure 2 for unheated samples, 4 distinct peaks were also evident 
in the chromatographic elutions in the case of heated solutions, with important differences as a 
function of pH.  

The UV absorption signal for albumins at pH 3 was unchanged with heating. There were only 2 peaks, 
corresponding to PA2 (peak 3) and PA1 (Peak 4) (Figure 5A), as already described for the unheated 
samples. The lack of aggregation at pH 3 was in full agreement with their unchanged visual appearance 
with heating (Figure 4). As shown in Figure 5, with increasing pH from 4 to 8, peaks 1, 2, and 3 started 
to decrease in intensity, leaving only peak 4 nearly unchanged. Albumin solutions at pH 8 seemed to 
be more stable to heating compared to those at the lower pH values, from 4 to 7.5, as seen by a delay 
in peak 2 disappearance. Regardless, the visible differences in turbidity between the samples after 
heating (Figure 4) would suggest that the aggregates were larger than several hundreds of nanometers, 
and therefore filtered out before SEC analysis. Comparing their Mw, in all cases there was a decrease 
in average mass with heating time, for the aggregates and oligomer peaks 1-3. These SEC results 
clearly indicated that PA2 dominated the aggregation, while the PA1-predominant peak was not 
altered, regardless of the heat treatment or pH. 

The overview of background subtracted SAXS scattering patterns, for all albumin samples subjected 
to heat treatment as a function of pH is shown in Figure 6. In addition, the particle size distribution 
determined using the polydisperse spheres scattering model for all treatments is presented in Figure 
7. The albumins at pH 3 showed no aggregation with heating; they only exhibited slight changes in 
scattering intensity, and their particle size histogram also only showed a slight shift to higher radii 
(Figure 7). These results led to the conclusion that no heat-induced structural changes occurred at this 
pH, whereby the internal compact structure at pH 3 may have experienced a slight swelling, or limited 
aggregation. 

Significant alterations of the scattering patterns with heating were evident for all the other pH 
treatments. At pH 4 the scattering pattern was quite different than for all the other pH values, 



indicating some residual local building blocks of spherical shapes, but also the presence of larger 
structures around 60-100 nm in radius (Figure 7). Albumin solutions at pH 4.5, 7, 7.5 and 8, clearly 
showed the presence of small monomers and dimers, with a Guinier region shifting at higher q with 
heating and at the same time forming much larger aggregates as indicated by the steep increase in 
intensity at the low q. The high q features tended to be broader with increasing heating time (Fig. 6), 
on one hand, showing increased polydispersity, but also a gradual increase of the larger population 
leaving only the smaller population of protein particles. This could likely be the residual scattering 
from PA1, as SEC results would suggest. As shown in Figure 7, there was a clear shift to larger, more 
polydisperse sizes with increased heating time. The intensity of the low q features increased (Figure 
6) and larger aggregates formed (Figure 7) with longer heating times (3 and 5 min), confirming 
extensive protein aggregation (Chen et al., 2022; McEwan, Egorov, Ilavsky, Green, & Yang, 2011). The 
aggregates formed from Figure 6 seemed to show a q dependence q-4 indicating the formation of 
compact and smooth aggregates (Chen et al., 2021; Liu et al., 2017), but with sizes beyond the limits 
of the SAXS measurement. 

In summary, SEC combined with MALS and SAXS show the presence of some stable proteins, and the 
formation of oligomers and aggregates depending on the pH. A two steps aggregation is proposed, 
with small particles forming at the first step and then fractal structures organized by the small particles. 
This also agrees with the aggregation mechanism of whey proteins or β-lactoglobulin proposed 
previously during heating (Chen et al., 2022; Ikeda & Morris, 2002; Vijayalakshmi, Krishna, 
Sankaranarayanan, & Vijayan, 2008). The albumins could be modelled as spherical structures. At pH 3 
the proteins showed a slight aggregation when subjected to heat treatment at 90 °C for 5 min. 
Albumins at pH 4 could also keep their spherical shape after heat treatment, however, in this case, 
some of the protein structure may have undergone unfolding and aggregation. The scattering 
intensity of the proteins at pH 4 increased and the aggregates became larger with increasing heating 
time, only from 0 to 3 min. However, at this pH, the strong charge repulsion force could limit the size 
of the protein clusters, by reducing further aggregation at longer heating times (3 to 5 min). This has 
already been shown for other proteins (Chen et al., 2022; Nicolai, 2019). When pH increased to 4.5, 
the albumins became more sensitive to heat treatment, due to their much-decreased overall charge. 
More attachment points were assumed to be exposed and larger structures were formed probably via 
mainly non-covalent interactions with longer heating time, inducing a general disruption of their local 
structure. A similar behavior was also shown for samples adjusted at pH 7, 7.5 and 8. At this pH, the 
proteins are negatively charged, and may be much more sensitive to the presence of ions in the 
solution. The effect of ionic strength in the albumin aggregations was not within the scope of the 
current research. 

4. Conclusions

The structural dynamics of a pea albumins in solution during heat treatment at various pH values were 
successfully followed using SAXS, combined with the measurement of molecular weight using SEC-
MALS. While solutions at pH 3 showed low aggregation with heating at 90 °C for 1, 3 and 5 min, 
albumins close to the isoelectric point and at higher pH showed extensive aggregation. A model for 
polydisperse spheres was employed to estimate the changes in particle size distribution with heating 
at all pH values. The comparison of light scattering data from SEC and SAXS showed some 
discrepancies which may be due to sample preparation, namely, buffer re-equilibration and filtration. 
However, SEC data clearly suggested a conserved PA1 peak with the dimeric fraction, mostly 
composed of PA2, to be the most prone to heat-induced aggregation. However, further studies are 
needed to better understand the structural changes of pea albumin fractions under different 
processing conditions, and possibly starting with monodisperse fractions for a more detailed 



structural characterization. This work clearly highlighted the potential to use albumin proteins as 
ingredients in food, due to their process induced versatility in structure formation.  

CRediT authorship contribution statement

Ruifen Li: Conceptualization, Methodology, Formal analysis, Investigation, Validation, Writing – 
original draft. 

Jacob J.K. Kirkensgaard: Conceptualization, Methodology, Validation, Writing – review & editing. 
Milena Corredig: Conceptualization, Resources, Validation, Writing – review & editing, Supervision, 
Project administration, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Acknowledgements

SAXS data was generated via a research infrastructure at the University of Copenhagen, partly 
funded by FOODHAY (Food and Health Open Innovation Laboratory, Danish Roadmap for Research 
Infrastructure). This work was funded by Novo Nordisk Fund- Post Doctoral Fellowship for research 
within plant science, agriculture and food biotechnology, and the Villum Fonden, through the Villum 
investigator award.

References

Archut, A., Klost, M., Drusch, S., & Kastner, H. (2023). Complex coacervation of pea protein and 
pectin: Contribution of different protein fractions to turbidity. Food Hydrocolloids, 134.

Breßler, I., Pauw, B. R., & Thünemann, A. F. (2015). McSAS: software for the retrieval of model 
parameter distributions from scattering patterns. Journal of applied crystallography, 48(3), 962-
969.

Chen, D., Kuzmenko, I., Ilavsky, J., Pinho, L., & Campanella, O. (2022). Structural evolution during 
gelation of pea and whey proteins envisaged by time-resolved ultra-small-angle x-ray scattering 
(USAXS). Food Hydrocolloids, 126.

Chen, D., Zhu, X., Ilavsky, J., Whitmer, T., Hatzakis, E., Jones, O. G., & Campanella, O. H. (2021). 
Polyphenols weaken pea protein gel by formation of large aggregates with diminished 
noncovalent interactions. Biomacromolecules, 22 (2), 1001-1014.

Cheung, L., Wanasundara, J., & Nickerson, M. T. (2015). Effect of pH and NaCl on the emulsifying 
properties of a napin protein isolate. Food biophysics, 10, 30-38.

Croy, R. R., Hoque, M. S., Gatehouse, J. A., & Boulter, D. (1984). The major albumin proteins from 
pea (Pisum sativum L). Purification and some properties. Biochemical journal, 218 (3), 795-803.



Dhaliwal, S. K., Salaria, P., & Kaushik, P. (2021). Pea seed proteins: A nutritional and nutraceutical 
update. Grain and Seed Proteins Functionality.

Ikeda, S., & Morris, V. J. (2002). Fine-stranded and particulate aggregates of heat-denatured whey 
proteins visualized by atomic force microscopy. Biomacromolecules, 3 (2), 382-389.

Khaliq, B., Falke, S., Negm, A., Buck, F., Munawar, A., Saqib, M., Mahmood, S., Ahmad, M. S., Betzel, 
C., & Akrem, A. (2017). SAXS and other spectroscopic analysis of 12S cruciferin isolated from the 
seeds of Brassica nigra. Journal of Molecular Structure, 1137, 60-66.

Kim, W., Wang, Y., & Selomulya, C. (2020). Dairy and plant proteins as natural food emulsifiers. 
Trends in Food Science & Technology, 105, 261-272.

Kornet, R., Penris, S., Venema, P., van der Goot, A. J., Meinders, M. B., & van der Linden, E. (2021). 
How pea fractions with different protein composition and purity can substitute WPI in heat-set 
gels. Food Hydrocolloids, 120, 106891.

Kornet, R., Yang, J., Venema, P., van der Linden, E., & Sagis, L. M. C. (2022). Optimizing pea protein 
fractionation to yield protein fractions with a high foaming and emulsifying capacity. Food 
Hydrocolloids, 126.

Li, J., Yang, Z., Lin, X., Wu, S., Li, G., Li, N., Otter, D., Zhu, F., Hartinger, C., Corke, H., & Hemar, Y. 
(2021). In-flow SAXS investigation of whey protein isolate hydrolyzed by bromelain. Colloids and 
Surfaces A: Physicochemical and Engineering Aspects, 631.

Li, R., Christine Jaeger, T., Rovers, T. A. M., Svensson, B., Ipsen, R., Kirkensgaard, J. J. K., & Bygvra 
Hougaard, A. (2022). In situ SAXS study of non-fat milk model systems during heat treatment 
and acidification. Food Research International, 157, 111292.

Liu, D., Yu, Y., Zhang, J., Liu, X., Wang, M., Hemar, Y., Regenstein, J. M., & Zhou, P. (2017). 
Biochemical and physico-chemical changes of skim milk during acidification with glucono-δ-
lactone and hydrogen chloride. Food Hydrocolloids, 66, 99-109.

Lu, B. Y., Quillien, L., & Popineau, Y. (2000). Foaming and emulsifying properties of pea albumin 
fractions and partial characterisation of surface-active components. Journal of the Science of 
Food and Agriculture, 80 (13), 1964-1972.

McEwan, M. E., Egorov, S. A., Ilavsky, J., Green, D. L., & Yang, Y. (2011). Mechanical reinforcement of 
polymer nanocomposites: theory and ultra-small angle X-ray scattering (USAXS) studies. Soft 
Matter, 7 (6), 2725-2733.

Miles, M., Morris, V., Carroll, V., Wright, D., & Newby, V. (1985). Small-angle X-ray scattering studies 
of 7S and 11S globulins from pea (Pisum sativum). International Journal of Biological 
Macromolecules, 7 (2), 125-126.

Nicolai, T. (2019). Gelation of food protein-protein mixtures. Advances in colloid and interface 
science, 270, 147-164.

Nielsen, S. S. (2010). Phenol-sulfuric acid method for total carbohydrates. Food analysis laboratory 
manual, 47-53.



Pauw, B. R., Pedersen, J. S., Tardif, S., Takata, M., & Iversen, B. B. (2013). Improvements and 
considerations for size distribution retrieval from small-angle scattering data by Monte Carlo 
methods. Journal of applied crystallography, 46(2), 365-371.

Pedersen, J. S., Moller, T. L., Raak, N., & Corredig, M. (2022). A model on an absolute scale for the 
small-angle X-ray scattering from bovine casein micelles. Soft Matter, 18 (45), 8613-8625.

Roosen-Runge, F., Hennig, M., Zhang, F., Jacobs, R. M., Sztucki, M., Schober, H., Seydel, T., & 
Schreiber, F. (2011). Protein self-diffusion in crowded solutions. Proceedings of the National 
Academy of Sciences, 108 (29), 11815-11820.

Samtiya, M., Aluko, R. E., & Dhewa, T. (2020). Plant food anti-nutritional factors and their reduction 
strategies: an overview. Food Production, Processing and Nutrition, 2, 1-14.

Sari, Y. W., Mulder, W. J., Sanders, J. P., & Bruins, M. E. (2015). Towards plant protein refinery: 
review on protein extraction using alkali and potential enzymatic assistance. Biotechnology 
journal, 10 (8), 1138-1157.

Verheul, M., Pedersen, J. S., Roefs, S. P., & de Kruif, K. G. (1999). Association behavior of native 
β-lactoglobulin. Biopolymers: Original Research on Biomolecules, 49 (1), 11-20.

Vijayalakshmi, L., Krishna, R., Sankaranarayanan, R., & Vijayan, M. (2008). An asymmetric dimer of 
β-lactoglobulin in a low humidity crystal form—Structural changes that accompany partial 
dehydration and protein action. Proteins: Structure, Function, and Bioinformatics, 71 (1), 241-
249.

Wong, A., Pitts, K., Jayasena, V., & Johnson, S. (2013). Isolation and foaming functionality of 
acid-soluble protein from lupin (Lupinus angustifolius) kernels. Journal of the Science of Food 
and Agriculture, 93 (15), 3755-3762.

Yang, J., de Wit, A., Diedericks, C. F., Venema, P., van der Linden, E., & Sagis, L. M. C. (2022). Foaming 
and emulsifying properties of extensively and mildly extracted Bambara groundnut proteins: A 
comparison of legumin, vicilin and albumin protein. Food Hydrocolloids, 123.

Yang, J., Kornet, R., Diedericks, C. F., Yang, Q., Berton-Carabin, C. C., Nikiforidis, C. V., Venema, P., 
van der Linden, E., & Sagis, L. M. C. (2022). Rethinking plant protein extraction: Albumin—From 
side stream to an excellent foaming ingredient. Food Structure, 31.

Yang, J., & Sagis, L. M. (2021). Interfacial behavior of plant proteins—Novel sources and extraction 
methods. Current Opinion in Colloid & Interface Science, 56, 101499.

Figure 1 Zeta potential and visual appearance of pea albumins solution (10mg/ ml) as a 
function of pH.



pH 3        pH 4      pH 4.5      pH 5        pH 6       pH 7   pH 7.5     pH 8



Figure 2  SEC-MALS elution profiles with light scattering (LS) signal (A) and UV response 
(B), and molecular mass (C) of pea albumins solution (10 mg/ ml) at different  pH, from 3 to 
8. All samples were eluted with the same elution buffer.  



Figure 3 Background-subtracted SAXS intensity for pea albumins solutions (10mg/ ml) as a 
function of pH, represented by the dot plot, lines representing model fits. Note: pH 3-black, 
pH 4-red, pH 4.5-blue, pH 7-green, pH 7.5-purple, pH 8-orange. 



Figure 4 Visual appearance of pea albumin solutions (10mg/ ml)  after heating (0-5min) at 
90 °C at different pH values, from pH 3 to 8. 
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Figure 5 SEC-MALS elution profiles (UV, left axis) including molecular weight of pea albumins solution (10 mg/ml) for  different heating times 
(0-5 min) at 90 °C from pH 3 to 8 and corresponding molar mass (stars,  right axis).   



Figure 6 Background-subtracted SAXS intensities (dots)  of pea albumins solution (10 mg/ml) for different heating times (0-5 min) at 90 °C 
from pH 3 to 8,  lines represent model fit.



Figure 7  Particle size distribution histograms of pea albumins solutions (10 mg/ml) after heating at different  times (0-5 min) at 90 °C from pH 3 
to 8, as estimated from the McSAS fit.

 



18

HIGHLIGHTS

Pea albumins showed 4 distinct elution peaks. 

Pea albumins were the most stable at pH 3. 

PA2 are heat liable and form aggregates.

X-ray scattering data suggest an internal ellipsoidal shape for pea albumins.
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