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A B S T R A C T   

This study aimed to extract oleosomes (OLs) from flaxseeds and assess their response to environmental conditions 
during storage (pH and ionic strengths), shear and tribological stresses. Our hypothesis was that a shear-induced 
instability will enable OLs to exhibit favourable lubrication performance. During storage, OLs exhibited resis
tance to droplet aggregation for up to 6 weeks owing to the proteins (3.5–152.8 kDa molecular weights) sta
bilizing the OL droplets. However, presence of divalent (Ca2+) ions induced destabilization with marked increase 
in droplet size (p < 0.05). OLs demonstrated shear thinning behaviour, displaying an order of magnitude higher 
viscosity than flaxseed oil (FSO) at low shear rates (<10 s− 1). Strikingly, OLs mirrored the frictional profile of 
FSO regardless of entrainment speeds, due to droplet coalescence, validating the hypothesis. Such kinetic sta
bility with shear-induced coalescing feature of OLs hold strong potential for future plant-based food develop
ment, particularly in achieving desired mouthfeel characteristics.   

1. Introduction 

Oleosomes, also known as oil bodies, are micron-sized, micelle-like 
organelles found in the nature that serve as intracellular lipid storage 
structures. They possess a distinctive composition, consisting of a hy
drophobic triglyceride core surrounded by phospholipids and various 
embedded alkaline proteins, including oleosins, caleosins, and ster
oleocins (Acevedo-Fani, Dave, & Singh, 2020; Chang et al., 2013; De 
Chirico, di Bari, Foster, & Gray, 2018). Previous research has primarily 
focused on investigating oleosomes in traditional oilseed crops such as 
sunflower, soybean, and rapeseed (Nikiforidis, Kiosseoglou, & Scholten, 
2013; Qi et al., 2017; Romero-Guzmán, 2020). Typically, oleosomes 
isolated from oilseeds contain approximately 94 – 98% neutral lipid, 0.6 
– 2% phospholipid, and 0.6% protein. However, the specific lipid 
composition can vary across different plant species (Payne, Lad, Foster, 
Khosla, & Gray, 2014). These inherently assembled structures of oleo
somes found in oilseeds possess a highly complex interfacial configu
ration. This unique configuration plays a crucial role in protecting the 
polyunsaturated triglycerides (i.e., the oil) naturally encapsulated 
within the oleosomes from adverse environmental influences (Nikifor
idis, 2019). 

Flaxseed (Linum usitatissimum L.) is an important plant source of 

health-promoting compounds such as α-linolenic acid, good quality 
protein, and phytochemicals such as flavonoids, lignans and phenolic 
acids (Kajla, Sharma, & Sood, 2015; Oomah, 2001). Flaxseed oil is 
known for its high content of the omega-3 fatty acid called linolenic 
acid, which accounts for approximately 55% of the oil (Oomah, 2001). 
Interestingly, the flaxseed oleosomes exhibit a protective effect on the 
naturally encapsulated flaxseed oil, preventing auto-oxidation. This 
unique attribute makes flaxseed oleosomes an intriguing member of the 
oleosome family and an attractive candidate for investigation. However, 
unlike many well-studied oleaginous seeds (e.g. rapeseed, soybean, 
sunflower), flaxseeds have significant amounts of mucilaginous poly
saccharide making the extraction process challenging (Chen, Xu, & 
Wang, 2006). Furthermore, up until now, there has been a lack of 
comprehensive studies that have systematically characterized flaxseed 
oleosomes (OLs). Such investigations would significantly enhance our 
understanding of how OLs are able to provide remarkable stability 
against oxidation, despite containing a substantial amount of unsatu
rated fatty acids. Therefore, characterizing the composition and proteins 
in flaxseed oleosomes, as well as their microstructural behaviour over 
storage may help define key design rules that may inspire the design of 
future biomimetic oleosomes containing long-chain unsaturated fatty 
acids. 
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In fact, environmental stresses such as pH and ionic strengths have 
varying degree of destabilization effects on oleosome characteristics 
obtained from different sources. In rapeseed oleosome, significant coa
lescence of droplets were found at pH 7.0 in presence of divalent cations 
(Ca2+, Mg2+) unlike monovalent ions (Na+, K+) (Romero-Guzmán et al., 
2020b), largely attributed to charged species of proteins and phospho
lipids at the interface of oleosome droplets driving electrostatic in
teractions and consequently kinetic stability in oleosomes (Nikiforidis & 
Kiosseoglou, 2011). In soybean oleosomes, the particle size and surface 
hydrophobicity of oleosome-associated proteins were found to be 
significantly influenced by pH levels. Alkaline pH treatments (pH 8.0 – 
11.0) were found to induce an increase in the β-sheets conformation of 
oleosome-associated proteins contributing to soybean oleosome aggre
gation (Qi et al., 2017). However, to our knowledge there has been no 
systematic study that has evaluated the stability of flaxseed oleosomes as 
a function of pH and ionic strengths (mono and divalent ions) over time, 
which will be tackled in this study. 

Rheological properties of oleosomes are important on their own and 
also when they are added to other products. For example, in the case of 
soybean oleosome emulsions, they exhibit weak gel-like behavior, with 
viscosity increasing as the oil content increases, and showing instability 
under certain environmental conditions (Wu et al., 2012). Given the 
observed instability of oleosomes, it is important to understand the 
implication of droplet breakup under high shear conditions. We hy
pothesize that a shear-induced instability in oleosome will enable them 
to exhibit favourable lubrication behaviour. To date, there have been 
very few tribological studies i.e. studies measuring friction and lubri
cation of oleosomes when they are incorporated within colloidal sys
tems, such as emulsion gels (Yang et al., 2020). This suggests a 
significant gap in our understanding of the tribology of oleosomes 
themselves. One may question, how do oleosomes lubricate surfaces? – 
Is it primarily through shear-induced coalescence, or does the viscosity 
of the oleosomes play a key role in such lubrication phenomena? 

This study thus aimed to characterize the physicochemical and 
microstructural properties of flaxseed oleosome as a function of envi
ronmental stresses (pH, ionic strengths), storage time as well as shear in 
the rheological and tribological limits. In the study, oleosomes were 
obtained from flaxseed by aqueous-based green extraction method 
subjected to different pHs (pH 1.0 – 7.0), ionic strengths (0–200 mM 
NaCl, 0–50 mM CaCl2) and tribological conditions, and characterized 
using a suite of techniques such as sodium dodecyl sulphate poly
acrylamide gel electrophoresis (SDS-PAGE), zeta-potential, static light 
scattering, microscopy across length scales, rheology and tribology. 
Findings from this fundamental study will provide important insights 
about the structure and properties of flaxseed oleosomes, which can be 
used as a promising alternative in the formation of natural plant-based 
emulsions for developing plant-based foods as well as carriers for 
various bioactive components. 

2. Materials and methods 

2.1. Materials 

Flaxseeds were obtained from a local supermarket (Migros, Konya) 
in Turkey. Smooth elastomeric (polydimethylsiloxane (PDMS, Sylgard 
184, Dow Corning, Midland, MI, USA) tribopairs i.e. PDMS ball (∅ 47 
mm) and disc (∅ 19 mm – 4 mm thickness) with surface roughness of 
nearly 50 nm were purchased from PCS instruments, London, UK. The 
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE) chemicals were purchased from Invitrogen Ltd. (Paisley, UK). All 
other chemicals used in this study were of analytical grade and were 
purchased from Signa Aldrich, Dorset, UK unless otherwise specified. All 
dispersions were prepared with Milli-Q water having a resistivity of 
18.2 MΩ.cm at 25 ◦C (Milli-Q apparatus, Millipore, Bedford, MA, USA). 

2.2. Methods 

2.2.1. Extraction of oleosomes 
Oleosome extraction from flaxseeds was carried out as shown in 

Fig. 1 using previously described aqueous extraction routes (Chen & 
Ono, 2010). Briefly, flaxseeds were milled using a coffee grinder (Krups 
F203, Solingen, Germany) and mixed with MilliQ water (1:10 v/v) and 
kept at 4 ◦C for 72 h to allow hydration. In grinding, care was taken to 
ensure that the particle size was large enough not to pass through a 1 
mm mesh sieve and small enough to pass through a 1.6 mm mesh sieve. 
After the hydration stage, the milled flaxseed suspension was homoge
nized with a kitchen blender (XJ-10402, Argos, Milton Keynes, UK) at 
speed position 2 for 1 min. Then the dispersion was collected in 50 mL 
centrifuge tubes and centrifuged at 4,612 g for 15 min at 4 ◦C (Rotina 
380 R, Hettich, Germany) to separate the flaxseed milk containing the 
oleosomes from the solid residues. After this, the flaxseed milk was 
further centrifuged in an ultra-high-speed centrifuge (Avanti J-301, 
Beckman Coulter, Brea, California, USA) at 75,600 g for 20 min at 4 ◦C, 
and the oleosome (cream) layer (OL) i.e. the supernatant was collected 
from the top. The same centrifugation process was repeated three times 
to increase the level of purification. The entire process of extraction was 
carried out at 4 ◦C and the obtained OL was stored under refrigerated 
conditions (4 ◦C) for further analysis by adding 0.02 wt% sodium azide. 

2.2.2. Effects of pH and ionic strengths 
To understand the effect of pH on stability of OL, 0.01 N HCl or 0.01 

N NaOH was used to decrease the pH levels ranging from pH 1.0 – 7.0. In 
addition, to understand the influence of ionic strengths, OL samples 
were tested for their stability after addition of 50 or 200 mM NaCl, 5 or 
50 mM CaCl2 as well as a combination of mono- and divalent cations 
(200 mM NaCl + 50 mM CaCl2). The original OL sample extracted at pH 
5.4, as well as the samples subjected to different pHs and ionic strengths 
were subjected to storage stability study for 9 weeks at 4 ◦C. 

2.2.3. Proximate composition 
The proximate composition of the extracted OL sample was carried 

out according to AACC (1999). The moisture content was determined 
using gravimetric basis by oven drying of the oleosome sample at 105 ◦C 
(AACC 44–01.01); protein content was determined using Kjeldahl 
method to measure the free nitrogen content and converted to total 
protein with a conversion factor of 6.25 (AACC 46–30.01). The fat 
content of OLs was determined using Soxhlet method (AACC 30–25.01) 
whilst the ash content was determined upon incineration in a furnace at 
550 ◦C for 12 h (AACC 08–16.01). The carbohydrates were calculated by 
subtraction i.e. 100-(moisture + ash + protein + fat). The composition 
was expressed on fresh weight basis of the extracted OL and shown in 
Fig. 1. 

2.2.4. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS 
PAGE) 

Protein composition of the OL cream after centrifugation at 25,000 
rpm for 20 min and three times washing with MilliQ water was analysed 
using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE) using Invitrogen Novex 16% Tricine Protein Gels using Novex 
Tricine SDS Running Buffer (Fisher Scientific, Leicestershire, UK) ac
cording to the manufacturer’s instructions. Novex Sharp Pre-Stained 
Protein Standard was used as the molecular mass standard and gels 
were stained using a Coomassie based stain (Invitrogen, SimplyBlue 
SafeStain). After destaining, gels were imaged using a ChemiDoc XRS +
imager using Image Lab software (Bio-Rad, Hertfordshire, UK). 

2.2.5. Confocal scanning laser microscopy (CLSM) 
The microstructures of the OL sample were characterized before and 

after subjecting to tribological stress and also before and after storage for 
3 weeks with or without addition of 200 mM NaCl or 50 mM CaCl2 using 
a Zeiss LSM 880 inverted confocal microscope (Carl Zeiss MicroImaging 
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GmbH, Jena, Germany). Approximately, 5 μL of Nile Red solution (0.1 % 
v/w in dimethyl sulfoxide) and Fast Green solution (1.0 %v/w in MilliQ 
water) were used to fluorescently stain the lipid (excited at 514 nm) and 
protein phases (excited at 633 nm) of the OL, respectively. The fluo
rescently labelled OL sample was placed on a concave confocal micro
scope slide, fixed with a glass coverslip, and imaged using an oil- 
immersion 63 × lens and pinhole diameter 1 Airy Unit to filter out 
most of the light scattering. 

2.2.6. Cryogenic-scanning electron microscopy (cryo-SEM) 
For cryo-SEM imaging of freshly extracted OL samples, previous 

method described by Shi, Chen, and Meng (2023) was employed with 
slight modifications. Cryo-SEM micrographs of OL were taken by the 
electron microscope (Tescan Amber X, Kohoutovice, Czech Republic). 
The OLs were snap-frozen in liquid nitrogen at − 180 ◦C for 30 s, and 
transferred immediately to the sample preparation chamber on the SEM. 
The frozen OLs were cleaved and then etched at − 90 ◦C for 4 min. Next, 
the samples were coated with 5 nm of platinum (Pt). Finally, the Pt- 
coated samples were transferred to the SEM for imaging at − 140 ◦C 
and imaged at an acceleration voltage of 2.0 kV (Quorum PP3010T 
system). 

2.2.7. Droplet size measurements 
The droplet size distributions of the OLs were determined using static 

light scattering at 25 ◦C using a Malvern MasterSizer 3000 (Malvern 
Instruments Ltd, Malvern, Worcestershire, UK). The mean droplet size 

distribution of the OLs samples at different pH (pH 1.0 3.0, 5.0 7.0 and 
reference pH of pH 5.4) and ionic strengths (50 mM NaCl, 200 mM NaCl, 
5 mM CaCl2, 5 mM CaCl2, 200 mM NaCl + 50 mM CaCl2) as a function of 
storage period for 9 weeks was reported along with their volume mean 
diameter, d43 (De Brouckere mean diameter) and the surface mean 
diameter, d32 (Sauter mean diameter). The relative refractive index, i.e. 
the ratio of oil (1.456) to that of the aqueous medium (1.33), was 1.095. 

2.2.8. ζ-potential measurements 
The electrophoretic mobility of the OL sample at various ionic 

strength and pH were measured using a Zetasizer (ZS Nano, Malvern 
Instruments Ltd, Malvern, UK). The diluted emulsion samples (0.05 wt% 
droplet concentration) were transferred into a folded capillary cells 
(Model DTS1070, Malvern Instruments Ltd., Worcestershire, UK) for 
measurement. The electrophoretic mobility was then converted to 
ζ-potential values using the classical Smoluchowski equation. 

2.2.9. Rheology 
Apparent viscosities of OL and flaxseed oil (FSO) were measured 

using a modular compact rheometer (MCR-302, Anton Paar, Austria). A 
cone- plate geometry system (CP50-1, angle 1◦) was used and apparent 
viscosities were measured as a function of shear rate ranging from 0.01 
to 1000 s− 1 at 37 ◦C. The hysteresis was negligible for the tested sam
ples. About 2.0 mL of the OL or FSO was placed onto the sample plate 
and sealed with the temperature hood to maintain the sample at speci
fied temperature and prevent evaporation. 

Fig. 1. Schematic flow diagram for extraction of flaxseed oleosome (OL) sample with from flaxseeds with inset table showing the proximate composition of OL in 
fresh weight basis represented as means and standard error of means (SEMs) (n = 1 × 3). 
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2.2.10. Tribology 
A Mini Traction Machine 2 (MTM2, PCS Instruments, London, UK) 

containing hydrophobic PDMS ball and disc as tribo-pairs was used to 
determine the tribological properties of the OL and FSO samples. A 
normal load of 2 N (Hertzian contact pressure of 343 kPa) and a slip-to- 
roll ratio (SRR) of 50% was used for all friction measurements. Friction 
coefficients (μ) were measured for all samples as a function of entrain
ment speed (U); the speeds ranged from 1 to 1000 mm s− 1. Analyses 
were carried out by fixing the temperature to 25 or 37 ◦C. 

2.2.11. Statistical analysis 
All the extractions and measurements were performed at least in 

triplicates (n = 3 × 3) unless otherwise specified. The statistical analyses 
were conducted using one-way ANOVA followed by the Tukey’s pair
wise comparison with a 95% confidence interval using SPSS software 
(IBM, SPSS statistics, version 24). 

3. Results and discussion 

3.1. Composition and microstructure of flaxseed oleosome 

The proximate composition of the extracted OL sample is shown in 
Fig. 1. The extracted OL contained nearly 1 w% protein, 6 wt% oil and 
88.3 wt% water, the latter been higher than that of studies reporting the 
composition of oleosome derived from other oil seeds (Li, Wang, Hao, & 
Xu, 2022; Romero-Guzmán, 2020). While the high moisture ratio might 
be related to the extraction method, the oil: protein ratios of OL was in 
agreement with previous literature (Fig. 1) (Kapchie, Hauck, Wang, & 
Murphy, 2011; Nikiforidis, Matsakidou, & Kiosseoglou, 2014; Tontul & 
Sert, 2021). Generally, the ratio of oil to protein in emulsions, and hence 
in oleosomes, is crucial to govern the stability of the droplets. The 
relatively high carbohydrate content observed in the OL sample may be 
attributed to the presence of high mucilage content in flaxseeds (Chen 
et al., 2006). This additional carbohydrate component could potentially 

Fig. 2. Macroscopic image of flaxseed (a) and multiscale images of OL with macroscopic image (b), confocal laser scanning micrograph (c) and cryo-SEM image (d) 
with white arrows pointing the OL droplets. 

Fig. 3. SDS-PAGE of OL sample showing the protein units. Lane Marker represents the protein marker of 3.5–260 kDa molecular weight range.  
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contribute to the kinetic stability of the droplets, as will be discussed 
later. 

The flaxseeds used in this study and the microstructures of the OL at 
various length scales are presented in Fig. 2. The OL freshly extracted 
from flaxseeds (Fig. 2a) without any pH or ionic adjustments exhibited a 
mayonnaise-like appearance (Fig. 2b), which is consistent with previous 
reports from (Romero-Guzmán, Köllmann, Zhang, Boom, & Nikiforidis, 
2020a). To investigate the structure of the extracted flaxseed oleosomes, 
confocal microscopy (CLSM) was employed. As shown in Fig. 2c, OL 
were spherical droplets that appeared in various diameters from sub- 
micron sizes until a few μm, which was consistent with previous 
studies reporting oleosomes from other oilseed sources (Karefyllakis, 
Octaviana, van der Goot, & Nikiforidis, 2019). The green areas show 
presence of proteins as a monolayer or as aggregates surrounding the 
hydrophobic lipid core. The protein: oil ratio of 1: 6 w/w (Fig. 1) is 
generally sufficient to create a monolayer at the droplet surface, 
depending upon the interfacial properties of the protein coating the 
droplets. Nevertheless, in some instances, the proteins are forming 
bridges between the OL droplets showing flocs of few neighbouring 
droplets together (Fig. 2c). Going further down in length scales, droplets 
in cryo-SEM (Fig. 2d) can be observed of the same size range as seen in 
Fig. 2c with slightly elevated parts defining the borders of these droplets 
representing the protein domains. 

Fig. 3 shows the SDS-PAGE profile of OL cream layer to understand 
which proteins where dominating the surface of these OL droplets. The 
electrogram shows eight distinguishable bands between 3.5 kD and 
152.8 kDa with further bands that were fainter. All of these proteins in 
the form of aggregates were present at the surface to coat the hydro
phobic lipid core as observed in Fig. 2c. Of these eight bands, four bands 
corresponding to 3.5 kDa, 4.2 kDa, 41 kDa and 52.4 kDa were observed 
to be prominent. Chung, Lei, and Li-Chan (2005) reported that they 
detected eleven (three dominant bands (20, 23 and 31 kDa)) and fifteen 
(three dominant bands (20, 23 and 31 kDa)) bands from the proteins 
extracted from hulled and defatted flaxseed, according to the reducing 
and non-reducing SDS-PAGE conditions, respectively. It is thought that 
some differences observed in the protein fraction of OL versus previous 
studies are due to the applied oleosome extraction conditions, seed type 
and analysis conditions. In the study of Lan, Ohm, Chen, and Rao (2020), 
the molecular weight profiles of two flaxseed globulins and albumins, 
with molecular weights ranging from 10 to 52 kDa were observed. 
Similarly, Tirgar, Silcock, Carne, and Birch (2017) reported that the 
main fraction of three different flaxseed protein concentrates comprised 
globulin and albumin. However, the number and proportions of protein 
units was observed to vary depending on the extraction conditions. 
Based on previous researches of flaxseed oleosomes and oil bodies from 
other seed sources, the protein bands in OL < 20 kDa might be attributed 
to olesoins, 20–40 kDa were most likely caleosins, whilst steroleosins 
were most likely the > 40 to < 60 kDa protein bands (Fig. 3) (Chung 
et al., 2005; Lan et al., 2020; Nwachukwu & Aluko, 2018; Tirgar et al., 
2017). Nevertheless, residues of flaxseed albumins and globulins even 
after subsequent centrifugation and aqueous extractions steps cannot be 
underestimated at the surface of OL droplets. Unlike most previous 
studies, OL also included two prominent high molecular weight bands of 
137.5 kDa and 152.8 kDa, such protein bands might be associated with 
the mucilages, which were also extracted together with the OL. The 
relative band intensity associated with medium (40–50 kDa) and low 
(3.5–12 kDa) molecular weight protein bands in OL was significantly 
higher when comparing with those in the high molecular weight poly
peptides (>100 kDa) (Fig. 3). This suggests that OL contained a larger 
proportion of low to medium molecular weight fractions whilst the 
demucilaging diminished even if not completely removed the larger 
polypeptides during the aqueous extraction and centrifugation process. 
In summary, these higher molecular weight proteins alongside higher 
concentrations of the lower molecular weight oleosins, caleosins, albu
mins and globulins provided steric stabilization to the OLs (6: 1 w/w 
ratio of oil to protein) (Fig. 1) against coalescence as observed in the Ta
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confocal micrographs (Fig. 2b). 

3.2. Responsiveness of flaxseed oleosomes to pH 

To understand whether electrostatic interaction was key to the ki
netic stability of OLs, electrokinetic potentials were recorded as a 
function of pH. OLs were negatively-charged at neutral pH (Table 1). 
Even at their natural pH of extraction (pH 5.4), they had significant 
negative surface charge (–23 mV), which highlights the importance of 
charge-mediated repulsive being sufficient to retain the dispersity of OLs 

as shown in Fig. 2. Unlike other oil bodies such as those derived from 
soybean (Qi et al., 2017), sunflower and rapeseed (Romero-Guzmán 
et al., 2020a), OLs possessed high negative charge (-41 mV) at neutral 
pH highlighting the benefit of these flaxseed oleosomes in food devel
opment. One can expect both low molecular weight proteins as well as 
mucilages contributing to this negative surface charge at OL surface as 
flaxseed mucilages are also anionic in nature (Chen et al., 2006). 

The stability of OLs against flocculation and coalescence is largely 
dependent on the repulsive forces between the proteins adsorbed onto 
the OL surface, which might alter based on pH change. Particularly, the 

Fig. 4. Mean droplet size distribution of OL at different conditions (pH (pH 1.0–7.0) and ionic strengths (0–200 mM NaCl, 0–50 mM CaCl2) stored for different time 
periods: a, 0 week i.e. week of preparation; b, 3 weeks of storage; c, 6.weeks of storage and d, 9 weeks of storage. Confocal images of corresponding emulsions without 
ions (ai) and with addition of 200 mM NaCl (aii) or with 50 mM CaCl2 (aiii) are shown with protein aggregates stained fluorescently green using Fast green whilst fat 
droplets are stained fluorescently red using Nile Red. 
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ζ-potential values gradually changed from negative to positive as the pH 
decreased from 7.0 to 1.0 (p < 0.05) with net charge values decreasing 
significantly at low pH value. For example, the ζ-potentials was closer to 
zero at pH 3.0, owing to amino side groups (–NH3

+) being equivalent to 
the carboxylic acid groups (–COO− ). This suggests the isoelectric point 
of the proteins stabilizing the OL droplets were closer to pH 3.0 
(Table 1). Interestingly, this is far from the pI generally reported for 
purified oleosins (pH 4.5–5.5), highlighting again the importance of 
multiple protein subunits such as caleosins, sterolesosins as well as 
residues of non-membrane proteins (e.g. albumins, globulins and 
mucilage-bound proteins) (Fig. 3) contributing to the surface charge and 
overall kinetic stability of the OLs. 

Looking at the droplet size distributions of OL immediately after 
preparation (Fig. 4a), pH did not affect the peak breadth ranging in size 
from 0.5 to 50 µm with a limited impact on d32 values (p > 0.05) 
(Table 1). Similar results were reported previously for oleosomes 
derived from other plant sources with pH having minimal effect on 
oleosome stability when the pH is far from the pI (Qi et al., 2017). 
However, due to charge-mediated aggregation, there was some varia
tion in larger-sized droplet population and consequently d43 was higher 
at pH 1.0 and pH 7.0 (p < 0.05) as compared to the natural pH of 
extraction (Table 1). 

3.3. Responsiveness of flaxseed oleosomes to mono and divalent ions 

Generally, oil bodies may flocculate or coalesce when the ionic 
strength exceeds a particular level (Romero-Guzmán et al., 2020b). This 
is because the ions screen the charges and therefore the net repulsive 
electrostatic forces between the oleosome droplets may not be sufficient 
to overcome the hydrophobic or van der Waal’s attractive forces. To 
understand this, OLs were subjected to both mono (0–200 mM NaCl) and 
divalent cations (0–50 mM CaCl2) at pH 7.0. Presence of both mono and 
divalent cations irrespective of their concentration significantly reduced 
the net surface charge versus OLs without any added ions (p < 0.05) 
with most marked reduction in absolute magnitude of ζ-potential 
happening in presence of Ca2+ ions (-5.6 mV) (Table 1). This was also in 
line with a significant shift in the droplet size distribution with double- 
humped peak shifting to > 10 µm-sized droplets particularly in presence 
of 50 mM CaCl2 (Fig. 1a) and consequently the size of the droplets 
increased by nearly 15× (d43 = 59 µm) (p < 0.05) (Table 1). Such salt 
induced aggregation has also been previously observed in rapeseed and 
nut-based oleosomes (Romero-Guzmán et al., 2020b; Zhou, Chen, Hao, 
Du, & Liu, 2019) having different pI versus OLs derived from flaxseed in 
the currents study. Looking at the confocal micrographs (Fig. 4ai-iii), it 
is clear that presence of monovalent ions (200 mM NaCl) had much more 
green fluorescence as compared to the ones without ions highlighting 
the occurrence of protein–protein aggregation in OLs. In addition, some 
non-spherical coalesced OL droplets were indeed evident in presence of 
NaCl, which might be associated with NaCl-induced charge screening 
effects (Table 1) and compression of electrostatic double layer reducing 
the net repulsive forces between the droplets. The droplet coalescence in 
OLs were prominent in presence of Ca2+ ions showing large pool of 
uncoated oil droplets in line with the droplets size data (Table 1). Such 
dramatic increase in presence Ca2+ might be attributed to the calcium 
binding to caleosins (Næsted et al., 2000), the flaxseed mucilages con
taining calcium-binding galacturonic acid (Chen et al., 2006). These 
compounds can be compared to pectin, which might have brought the 
OL droplets in close vicinity, leading to droplet flocculation and coa
lescence. To our knowledge, this is the first systematic study that reports 
the effect of pH and ions highlighting the important effect of Ca2+ ions 
on destabilization of oleosomes derived from flaxseeds, which might 
have implications when OLs are employed in food product development. 

3.4. Storage stability of flaxseed oleosomes 

Understanding microstructural stability of oleosomes in absence or 

presence of environmental stresses is crucial for long-term preservation 
of the samples as well as subsequent utilization in food processing 
(Abdullah, Weiss, & Zhang, 2020). Despite the importance, micro
structural stability of osmoses under storage has seldom been reported in 
literature with no published report on OLs derived from flaxseeds. 
Looking at OLs at pH 7.0 in absence of ions, the droplet size distributions 
showed minimal variations, particularly as a function of storage (Fig. 4a- 
d). The d32 remaining fairly constant throughout, while the d43 exhibited 
a slight but non-significant increase to 12.2 µm until 6 weeks and sig
nificant increase to 20 µm only after 9 weeks of storage (p > 0.05) 
(Table 1). The latter showed no signs of coalescence (confocal data not 
shown). Even when subjected to monovalent ions and/or pH alterations 
(Fig. 4 b-d), the OLs were relatively stable with d43 values ranging from 
6 to 22 µm (Table 1) during 9 weeks of storage period. One should take 
the sizing data in presence of Ca2+ ions with some caution, which in fact 
reduced in size with storage (Table 1). This is most likely related to the 
coalesced droplets (see Fig. 4aiii) being moved to the top and were not 
effectively captured during the light scattering experiments Fig. 4b-d). 

To sum it up, OLs showed excellent storage stability with marked 
destabilization only in presence of divalent ions. Often hydrocolloids 
with high molecular weights such as pectin and alginates are used to 
provide steric stability to oleosomes against flocculation and coales
cence (Mert & Vilgis, 2021; Zhang et al., 2019) but this was not required 
in case of OLs. The OLs in this study had high kinetic stability unlike 
most reported oleosomes– thanks to the residues of inherently present 
flaxseed gums at the interface of OL droplets, which might have offered 
additional steric stability. 

3.5. Viscosity and lubricity of flaxseed oleosomes 

Considering the OLs had varying degree of coalescence in presence of 
ions, we performed the rheological and tribological experiments using 
only the stable OLs without any added salts at pH 7.0 to clearly un
derstand the destabilization effects (if any) of purely applied shear. 
Firstly, we measured flaxseed oil (FSO) as a control, which shows typical 
Newtonian behaviour with almost constant apparent viscosity of about 
~ 25 to 30 mPa.s over the entire range of the applied shear rates 
(Fig. 5a). Findings regarding the FSO sample in this study are similar to 
those reported in previous studies reporting flaxseed oil obtained from 
various flax plants (Punia, Sandhu, Dhull, Kaur, & Siroha, 2020; Zhang, 
Wang, Li, Li, & Özkan, 2011). 

The OLs on the other hand demonstrated a significant shear thinning 
behaviour (Fig. 5a) with viscosity decaying by two orders of magnitude 
to ~ 20 mPa.s as a function of shear rate studied. Despite having only 6 
wt% oil (Fig. 1), the system still possessed significant viscosity resem
bling those of sunflower oleosomes containing nearly 40 wt% oil at 
corresponding shear rates (White, Fisk, Mitchell, Wolf, Hill, & Gray, 
2008). Such high viscosity and sharp shear thinning character of FSO 
might be attributed to the weak depletion-type droplet flocculation 
occurring in OLs at pH 7.0. Even at 50 s− 1 shear rate, which is often 
considered to be in line with shear rates occurring in mouth conditions 
(Ong, Steele, & Duizer, 2018), the viscosity was 2.5 × higher than that of 
flaxseed oil (FSO), suggesting that OL retained the emulsion-like struc
ture despite subjected to the shear rates (Fig. 5a). However, above 450 
s− 1, the OLs behaved like FSO, highlighting that the emulsions were 
disrupted by the shear into an oil film. Although such high shear rates 
might be less relevant in the rheological limit, they can have a signifi
cant effect on the tribological performance of OL, especially in narrow 
gaps where shear rates are generally higher than 1000 s− 1 (Sarkar, 
Andablo-Reyes, Bryant, Dowson, & Neville, 2019). Additionally, 
behaviour in such tribological limits might translate into interesting 
mouthfeel consequences, such as smoothness and creaminess (Sarkar & 
Krop, 2019). 

Fig. 5b-c show the frictional performance of OL and FSO with water 
as a control in soft tribological contacts at different temperature (25 and 
37 ◦C) conditions. As one might expect, water had high friction 
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coefficients, which might be attributed to the inability of water to form a 
lubricating film in between PDMS-based hydrophobic contact surfaces. 
Interestingly, the tribological behaviour of FSO (Fig. 5b-c), irrespective 
of temperature, was similar to those of other vegetable oils containing 
unsaturated fatty acids (Torres, Andablo-Reyes, Murray, & Sarkar, 
2018) with friction coefficients < 0.05 maintained in the mixed regime. 
To date, limited tribological studies have been performed on oleosomes. 

For example, the friction of soybean-based oil bodies in the mixed 
regime has been found to be higher than that of the corresponding 
soybean oil (Yang et al., 2020). Strikingly, irrespective of the speeds, the 
OL in this study resembled the frictional profile of FSO in the mixed 
regime but slightly differed in the onset of elastohydrodynamic regime. 
The electrohydrodynamic regime for OLs occurred at a 5 × lower speed, 
while for FSO, it was at 20 × lower speed (~100 mm s− 1 and 50 mm s− 1 

at 25 ◦C and 37 ◦C, respectively) as compared to those in OLs. This 
suggest that OL has somehow destabilized in the tribological contact and 
formed a coalesced film. This was further evidenced by confocal images 
pre- and post-tribology (Fig. 5ci and ii) of OLs, which show a high de
gree of coalescence and uncoated smaller OLs, which might have 
resulted from droplet breakup during triboshearing versus the pre- 
tribology samples. Overall, this suggests that the OLs extracted from 
flaxseed had a limited resistance to coalescence in tribological condi
tions, which might be in fact beneficial in providing desired mouthfeel if 
used for designing plant-based foods. 

4. Conclusions 

In this study, oleosome samples were extracted from flaxseed using a 
facile, green, aqueous extraction method under low temperature and pH 
close to natural conditions, with no addition of organic solvents. The 
oleosomes were stabilized by a range of lower to higher molecular 
weight proteins including ones hypothesised to be associated with mu
cilages. Using a combination of microscopy across length scales, elec
trophoresis and light scattering, we confirmed, for the first time, the 
kinetic stability of these oleosomes stabilized by proteins of 3.5–152.8 
kDa over 6 weeks storage. This stability can be largely attributed to 
electrostatic repulsive forces generated by the flaxseed proteins, whilst 
steric stabilization offered by larger glycans associated with mucilage. 
Varying degree of kinetic stability was evidenced in presence of ions and 
pH conditions with most dramatic effects of coalescence observed in 
presence of Ca2+ ions due to ion binding to oleosome-associated surface 
proteins. Strikingly, the oleosomes show a high shear thinning behav
iour despite containing just 6 wt% oil. Of more importance, the un
precedented tribological properties of flaxseed oleosome was similar to 
those of flaxseed oil highlighting the shear-induced coalescence of these 
oleosomes. In summary, this study sets the scene for using flaxseed 
oleososme as a potential natural emulsion for designing plant-based 
products without added emulsifiers to offer the desired rheological as 
well as tribological benefits. Future studies are underway exploring the 
sensorial and gastrointestinal digestion of these naturally derived 
emulsions. 
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