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This study aimed to understand the role of yeast biomass in stabilising oil-in-water emulsions. Three food-grade
yeast strains (Saccharomyces cerevisiae (SC) including two non-conventional strains of yeast (NC; and NCy)) were
cultured using batch fermentation to obtain their biomass (size range 1-10 pm) and were used to stabilise 5-20
wt% oil-in-water emulsions. The oil-in-water emulsions, stabilised by biomass demonstrated varying stabilisation
capacities, with SC preventing droplet coalescence for four weeks with mean droplet size (d [4,3]) ~ 12 pm

whilst emulsions made using NC; or NCy showed rapid coalescence within a week. Washing of the SC biomass
resulted in emulsion destabilisation and increase of interfacial tension of the n-tetradecane/water interface,
associated with removal of loosely-bound proteins from the cells. In summary, our findings pinpoints the po-
tential contribution from other surface-active agents such as surface/ secreted proteins in the SC biomass sta-
bilising the emulsions droplets rather than a true Pickering stabilisation.

1. Introduction

Today, plant proteins such as soy, pea, chickpea, oat and lupin
mainly dominate the alternative protein landscape (Ma et al., 2022;
McLauchlan et al., 2024) as a result of research and industrial efforts to
reduce animal protein-associated carbon footprint. However, microbial
cells from fungi, yeast, bacteria and algae are gradually gaining
increased attention in literature, in the form of biomass but also in
precision fermentation to produce alternative sustainable sources of
protein using microbial cells as cell factories. A well-known example of
biomass fermented protein is Quorn™, which is a commercially avail-
able meat analogue, made from the filamentous fungi Fusarium ven-
enatum combined with animal or plant proteins (Okeudo-Cogan et al.,
2023; Okeudo-Cogan et al., 2024; Okeudo-Cogan et al., 2025; Pérez-
Torrado et al., 2015). Besides meat analogues, there is an increased
attention to test the efficacy of microbial cells to stabilise food emulsions
(Dorobantu et al., 2004; Jiang et al., 2019).

Within the fungal proteins, there is a burgeoning interest in biomass
fermentation of yeasts (Martin & Chan, 2024; Wani et al., 2023) in
recent years with a renewed focus to use yeast as source of functional
alternative protein. Although commercially available Saccharomyces
cerevisiae (SC) or dehydrated form of Baker’s yeast have been applied in

bakery and beverage applications for centuries (Parapouli et al., 2020),
there is limited study so far on the ability of yeast cells to emulsify oil
droplets (Narsipur et al., 2024). Among such yeast cell-based emulsion
studies, few have suggested that yeast cells have an ability to stabilise
oil-in-water emulsions via a Pickering stabilisation mechanism
(Firoozmand & Rousseau, 2016; Furtado et al., 2015; Meirelles et al.,
2018; Moreira et al., 2016).

Typically, such dehydrated Baker’s yeast has been redispersed in
aqueous phase to stabilise Pickering emulsions, where yeast cells adsorb
to droplet surfaces, identified as the primary mechanism behind emul-
sion stabilisation. In other words, once the yeast cell has been attached
to an oil-water interface at a finite contact angle (closer to 90 °), it can be
considered to be irreversibly adsorbed as large quantity of desorption
energy is required to remove the particle from the interface (Sarkar &
Dickinson, 2020). Noteworthy, commercially available dried yeast for
brewing or baking applications contain two ingredients: the baker’s
yeast (e.g. Saccharomyces cerevisiae) and an emulsifier (usually sorbitan
monostearate, often listed as E491 (Mortensen et al., 2017). One might
question the importance of co-emulsifier in the stabilisation mechanism,
besides the Pickering stabilisation reported previously.

In general, yeast cell is enclosed by a rigid cell wall composed of a
complex network of polysaccharides and proteins, primarily beta-
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Fig. 1. Schematic illustration of experimental method for preparation of yeast biomasses (SC, NC; and NCy). In SC, both unwashed and washed biomass have

been prepared.

glucans, chitin, and mannoproteins (Lipke & Ovalle, 1998), the latter is
predominantly located on the outer surface. Mannoproteins has been
often cited in literature for their ability to stabilise emulsions besides
other cell wall proteins and other biosurfactants (Neto & Silva, 2026;
Saito et al., 2025). Nevertheless, there is ongoing debate on key mech-
anism of stabilisation of emulsions by the surface-active mannoproteins
forming a molecularly-adsorbed interfacial layer versus a Pickering-type
stabilisation by the intact yeast cells themselves (Cameron et al., 1988;
Nerome et al., 2023; Qiao et al., 2022; Silva Aratjo et al., 2014). For
instance, Onishi et al. (2021) identified SC-derived mannoproteins being
responsible for emulsifiying oil-in-water (O/W) emulsions. On the other
hand, Nerome et al. (2020) suggested that high molecular weight ma-
terials released from yeast cells contribute to emulsion stabilisation.
Overall, it remains to be investigated whether the biomass of yeast
has such true Pickering-like behaviour at the oil-water interface, similar
to rehydrated yeast particles, as reported in literature. It remains unclear
whether washed yeast biomass behave similarly to those of unwashed
biomass, pinpointing any role that the cell surface proteins may have in
stabilising droplet. Furthermore, the mechanisms of emulsion stabili-
sation may vary between yeast strains, particularly when exploring non-
conventional yeasts. Hence, the aim of this study was to understand the
functional properties of yeast biomass as stabilisers of oil-water in-
terfaces using conventional as well as non-conventional yeasts. Our
hypothesis was yeast biomass irrespective of the yeast strains will be
able to stabilise emulsions via a Pickering-type stabilisation. In order to
examine the hypothesis, we generated biomass of three types of yeast
strains using a batch-fermentation approach in the laboratory and

employed a suite of characterisation techniques ranging from light
scattering, microscopy across length scales (scanning electron micro-
scopy, confocal laser scanning microscopy), rheology, interfacial tension
measurements and stability studies. We also carried out washing of the
cells and characterising the composition of the wash water to under-
stand whether the cells themselves contribute to stabilisation of droplets
or the proteins that are either located at the surface or secreted via
disruption of cells during homogenisation contribute to the stabilisation
of droplets.

2. Materials and methods
2.1. Materials and chemicals

Three yeast strains, i.e. Saccharomyces cerevisiae (SC), and non-
conventional yeast strains (NC; and NCy) were provided by Candida
Lucas from School of Biology of Minho University, Portugal. Yeast
Peptone Dextrose (YPD) broth powder was purchased from MP Bio-
medicals (Santa Ana, USA) and the agar powder was purchased from
Merck, Germany. Sunflower oil was purchased from a local supermarket
(Sainsbury’s, UK) and the sodium azide was purchased from Sigma-
Aldrich (Dorset, UK). Pierce BCA Protein Assay Kit was used from
Thermo Scientific (Oxford, UK) while the gels, reagents and apparatus
used for sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) were from the Invitrogen NuPAGE line by Thermo Scientific
(Oxford, UK). All other chemicals were of analytical grade and were
purchased from Sigma-Aldrich (Dorset, UK) unless otherwise specified.
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Ultrapure water (resistivity 18.2 MQ/cm) from a Millipore Milli-Q
system (Millipore Corp., Bedford, MA, USA) was used as a solvent to
make the buffer.

2.2. Biomass fermentation

Three types of yeast strains (SC, NC; and NCy) were cultured in a
single-cell stage using a small-scale, batch fermentation process on a
YPD media with air-to-liquid ratio of 2.5:1 v/v for 54 h until their late
stationary phase was achieved as illustrated in Fig. 1 (Held, 2010).
Culture flasks were placed in an incubator shaker set at 30 °C with a
constant shaking speed of 200 rpm for 54 h. The shaking of the flasks
allowed for even distribution of free oxygen within the culture media
and among the yeast cells. The pH of the culture media at the start of
fermentation was pH 6.08, while at the end of the fermentation was pH
6.49. The concentration of cells was determined using optical density
(OD) at initial inoculation and post 54 h fermentation with absorbance
measured at 600 nm. After reaching a high cell population (ODggg nm of
~14), a biomass pellet was obtained by centrifuging the yeast cultures at
4696 g for 5 min. The biomass fermentation is illustrated schematically
in Fig. 1.

2.3. Interfacial tension

Exactly, 0.1 vol% of SC, NC; and NC; biomass was dispersed in 20
mM phosphate buffer at pH 7.0 and interfacial tension (IFT) was
measured using the OCA 25 (Dataphysics Instruments, Germany) to
capture the image of the drop and the Young-Laplace equation was used
to calculate the interfacial tension (Berry et al., 2015; Inaba & Sato,
1996). A 1.65 mm straight needle (SNP 165/119) was used to dispense
the sample into a cuvette containing n-tetradecane, which served as the
oil phase. n-Tetradecane was chosen due to its widespread use as a
standard in the literature (Akgonullu et al., 2024). The measurements
were performed at 22 °C, and the interfacial tension was measured at
every one-second interval for up to 1200 s. The Young-Laplace equation
was fitted to the extracted shape of the drop obtained using dpiMAX
software. Control samples ie. n-tetradecane-buffer interface was also
measured without any added biomass. Results are presented as means
and standard deviations, based on at least triplicate measurements
conducted on three independent samples (n = 3 x 3).

2.4. Scanning electron microscopy (SEM)

Morphological characteristics of the biomass was assessed using
scanning electron microscopy (SEM). Briefly, the biomass sample was
placed on an SEM stub and allowed to dry using hot air until the water
was completely evaporated. Biomass was then coated with carbon prior
to imaging on a bench-top Hitachi TM3030 Scanning Electron Micro-
scope (SEM) at a voltage range of 15 to 30 kV. Images were analysed
using ImageJ software (version 1.48r, National Institute of Health,
Bethesda, USA) to determine the maximum dimension of the biomass,
calculated using at least 100 cells in multiple images. The sizes were
calculated using FLJI (ImageJ software).

2.5. Emulsion preparation

SC, NC; and NC;, yeast strains (1 vol% cell) were dispersed in 20 mM
phosphate buffer at pH 7.0. Oil-in-water emulsions (5-20 wt% oil) were
mixed with the biomass dispersions with a high-speed homogeniser
(Ultra Turrax T25, IKA-Werke GmbH & Co., Germany) set at 7500 rpm
speed for 2 min. This dispersion was then passed through the high-
pressure Leeds Jet Homogeniser (School of Food Science and Nutri-
tion, University of Leeds, UK) with an opening of 3.5 mm at 300 bar
pressure to obtain the final emulsion and they were stored refrigerated
at 5 °C until subsequent analyses were performed.
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2.6. Washing of biomass and emulsion preparation

A small aliquot of culture SC biomass were washed with sterile
MilliQ water to remove compounds from the growth media or any sur-
face proteins that were attached externally to the cells that would in-
fluence the emulsification process. This was done to understand the
interfacial effect of washed versus unwashed biomass. Washed SC
biomass was prepared by resuspending the pellet in Milli-Q water, fol-
lowed by a centrifugation step. The washing and centrifugation steps
were repeated three times to remove any surface proteins. Then these
washed cells (Fig. 1) were used to prepare oil-in-water emulsions and
characterised using light scattering and microscopy and the wash water
was further characterised separately.

2.7. Protein content

The estimation of protein present in the SC supernatant and the wash
water was performed using the BCA assay, which uses bicinchoninic acid
(BCA) for the colourimetric quantification of total protein (Smith et al.,
1985). After adding the working reagent, samples were incubated in a
water bath at 37 °C for 30 min before measuring their absorbance at 562
nm. Results are presented as means and standard deviations, based on at
least triplicate measurements conducted on three independent samples
(n=3x 3).

2.8. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE)

The protein profile of SC supernatant and the wash water was ana-
lysed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). A 1 mm thick Invitrogen NuPAGE (Thermo Scientific,
Oxford, UK) gel consisting of 4-12 % Bis-Tris was used to load our
samples in the wells. The gel was run in the Invitrogen mini gel tank
(Thermo Scientific, Oxford, U.K.) setup at a constant voltage of 200 V for
35 min on a PowerEase 90 W power pack (Life Technologies, Thermo
Scientific, Oxford, UK). A known protein standard (Novex Sharp Pre-
stained Protein Standard, Invitrogen, Oxford, UK) of molecular weight
3.5-260 kDa was run alongside the samples. Finally, the gels were
stained with Coomassie (SimplyBlue™ Sain, Invitrogen, Oxford, UK) for
visualising the protein bands on the gel. Excess stain was washed off
using distilled water and the protein electropherogram was imaged
using a ChemiDoc XRS+ with Image Lab Software (Bio-Rad, Oxford,
UK).

2.9. Emulsion stability

Droplet size distribution in the emulsions was monitored using a
static light scattering instrument (Mastersizer 3000 series, Malvern, UK)
with the obscuration set between 4 % and 6 %. To understand stability,
the emulsions were monitored for droplet size measurement over a
period of 30 days. Emulsions were also visually assessed in glass vials
over this period. The mean droplet size distribution was reported and
volume mean diameter (d [4,3]) was compared as a function of storage
time at 22 °C. The refractive indices of the oil droplets and water were
1.46 and 1.33, respectively. Results are presented as means and standard
deviations, based on at least triplicate measurements conducted on three
independent samples (n = 3 x 3). Coalescence rate in SC emulsion
droplets (Sarkar et al., 2010; Walstra, 1987) containing 5 and 10 wt%
proteins were calculated using eq. (1)

N;

_ ket 1
N, € (€]

where, N; is the number concentration of SC emulsion droplets at time t
(days), Ny is the initial number concentration of freshly homogenized SC
emulsion droplets (time zero) and Kc is the coalescence rate constant.
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Table 1
Yield of biomass obtained using SC, NC; and NC, expressed as means and
standard deviations of triplicate experiments.

Yield of biomass SC NG, NC,

in g/L

Dry weight 58+1 56 +1.1 6.7 + 0.2
Wet weight 20.6 £1.1 23.5 25.1

Using the transformation of the MasterSizer volume distribution data to
the number distribution, (Ni/Ny) were plotted versus the time (days),
with the slope denoting K.

2.10. Confocal laser scanning microscopy (CLSM)

The microstructure of the biomass and the biomass-stabilised
emulsions were characterised using an upright confocal laser scanning
microscopy (CLSM) (Zeiss LSM 880, Carl Zeiss Microlmaging GmbH,
Germany). Calcofluor White (1.0 % w/v in Milli-Q water, excitation 405
nm, emission 410-523 nm) was used to stain the chitin in the biomass. In
case of the emulsions, Nile Red (0.1 % w/v in dimethyl sulphoxide,
excitation 514 nm, emission 539-648 nm) was used to stain the oil
droplets. Mixtures of biomass and dye (Calcofluor White), as well as the
mixtures of emulsions with Calcofluor White and Nile Red, were vor-
texed for 10 s, equilibrated for 10 min, and then 30 pL of the sample was
placed onto a concave slide and the samples were observed using a 63 x
magnification oil immersion objective lens. Z-stack images of the
emulsion were also captured, and a 3D micrograph was constructed
using the Zen software (Carl Zeiss Microlmaging GmbH, Germany).

2.11. Apparent viscosity

Apparent viscosity was measured using Anton Paar MCR 302
rheometer (Anton Paar, Germany) using RheoCompass software. 5-10
wt% dispersions of SC biomass was prepared in 20 mM phosphate buffer
at pH 7.0 and placed between a 50 mm diameter cone-plate geometry
(Anton Paar CP50-1). The gap was set to 0.1 mm and the sample was run
at 25 °C measuring shear rates between 1s~! to 1000s~!. Deionised
water and phosphate buffer without biomass were measured as control.
The data was analysed using Origin Pro software. Viscosity for SC-
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stabilised oil-in-water emulsions (5-10 wt% oil) were also measured
containing 1 wt% biomass. Results are presented as means and standard
deviations, based on at least triplicate measurements conducted on three
independent samples (n = 3 x 3).

2.12. Statistical analysis

Unless stated otherwise, results are presented as means and standard
deviations, based on at least three triplicate measurements conducted on
three independent samples (n = 3 x 3). Analysis of variance (ANOVA)
with a Tukey post hoc test (p < 0.05) was performed to compare data
sets, using Microsoft Excel (Version 2502) and OriginPro (version
2024b).

3. Results and discussion
3.1. Characteristics of yeast biomass

3.1.1. Yield and microstructure

Briefly, yeasts were grown in YPD media where the yield of the
biomass pellets obtained after batch fermentation is presented in
Table 1. All strains had typical values reported for batch fermentation
ranging from 20 to 40 g/L (Malairuang et al., 2020). NC; strain pro-
duced the highest yield dry cell weight per litre, while SC and NC;
produced slightly lower yields (p > 0.05). To investigate differences in
cell morphology, we characterised the microstructure of the biomass
using microscopy across length scales, as shown in Figs. 2a-b.
Morphologically, both SC and NC, biomass exhibited pronounced
spherical or slightly ovoid appearance as can be observed in the SEM
images (Figs. 2al-bl, a3-b3), while NC; cells demonstrated elliptical
shape with a 3:2 aspect ratio (Figs. 2a2-b2). In SEM images, it can also be
noted that SC and NC, cells show aggregation, whereas NC; cells
appeared to be well-separated (Figs. 2al-a3). Notably, CLSM confirmed
the presence of chitin-rich domains (green halo) in the cell wall fluo-
resced using Calcofluor White (Figs. 2b1-b3). NCy exhibited higher
levels and a rather homogeneous distribution of chitin throughout the
cell body (Fig. 2b3), whilst the chitin distribution was less uniform in SC
and NC1 with more preferential location at the edges of the cell wall
shown by darker florescence (Figs. 2b1-b2).

Major cell axes were measured from both SEM and CLSM images
(Fig. 2¢). SC cells exhibited diameters of 3-5 ym, NC; cells ranged from 3

p <0001
c p <0.001

p<0.015

p <0.001

p <0.001 A

p <0.001

Length (um)

4 e e

SEM CLSM SEM CLSM SEM CLSM
sc NC, NC,

Fig. 2. Microstructure of the biomass analysed using (a) scanning electron microscopy (SEM), where 1, 2 and 3 are SC, NC; and NC,, respectively, (b) confocal laser
scanning microscopy (CLSM), and (c) the length of the cells analysed using ImageJ using micrographs from (a) and (b), along with their p values.
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Fig. 3. Dynamic interfacial tension measurements (IFT) of n-tetradecane-water
interface in presence of SC (@), NC; (M) and NC, (V). n-tetradecane-buffer
interface (without biomass, A) is shown as control. Data represent the average
of three independent readings on triplicate samples (n = 3 x 3). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

to 6 pm, and NC; cells were slightly larger, ranging from 5 to 8 pm,
which are in agreement with yeast biomass grown using similar batch
fermentation techniques (Feldmann, 2012; Tofalo & Suzzi, 2016). There
was no significant difference between the sizes of biomass measured
using the SEM and CLSM images. But, there was a significant difference
in the sizes of the three yeast biomass (p < 0.001) as shown in Fig. 2c.

3.1.2. Interfacial tension

It is known that that microorganisms can decrease the interfacial
tension by extracellular or cell-bound biosurfactants (Lang, 2002;
Naughton et al., 2019). Hence, it was important to understand whether
any difference exists in interfacial tension of the three yeast biomass
tested in this study as a result of differing surface properties of these
cells. Fig. 3 shows the dynamic interfacial tension between dispersions
containing yeast biomass and n-tetradecane. In absence of any added
biomass, the interfacial tension of n-tetradecane-buffer ranged from 48
to 43 mN/m, within previously reported values (Hsieh et al., 2021).
Unsurprisingly, with the addition of yeast biomass, a significant drop in
interfacial tension was observed (p < 0.01), which has been observed in
previous study using yeast cells (Meirelles et al., 2018), yeast protein
(Zheng et al., 2025) and yeast fibres (Kong et al., 2025). The time-
dependent adsorption behaviour of biomass was apparent across all
samples with pronounced reduction in surface tension occurring within
the first 60 s, despite slight differences in kinetics as well as final
interfacial tension magnitudes recorded at 1200 s (p > 0.05). Particu-
larly, with addition of SC or NC; biomass, the interfacial tension reduced
to 17-19 mN/m within the first 10 min (Fig. 3). With NC; biomass, the
reduction in interfacial tension was faster than the other two biomass
samples but with a higher tension value of 21 mN/m (Fig. 3) however
this was not significant (p > 0.05). Overall, this suggests that differences
in emulsification ability (if any) might not be directly linked to how the
biosurfactants at the cell’s surface or the extracellular biosurfactant
diffuse at the oil-water interface.

3.2. Characteristics of emulsions

3.2.1. Emulsions stabilised by three different yeast biomass

Oil-in-water emulsions were next prepared utilising the yeast bio-
masses. It is apparent from the large size of biomass (Fig. 2), the cells
showed a high degree of sediment in the continuous phase which can be
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observed by a thin bottom layer within the vials (Figs. 4al-a3). Such
sedimentation has been previously reported by other studies involving
yeast-stabilised emulsions (Meirelles et al., 2018).

Focusing first on SC-stabilised emulsions, creaming of oil droplets
was observed after 2 weeks (Fig. 4al) due to density differences between
the emulsion droplets and the continuous phase. No clear oil layer or
phase separation was observed for SC-stabilised emulsions. Looking at
the CLSM image of SC-stabilised emulsion (Fig. 4b1), it was clear that
the sample had a distrbution of smaller-sized droplets (< 1 pm) as well
as larger-sized droplets (5-10 pm). It would be presumed that the
biomass would form a monolayer as observed previously at the oil-water
droplet interface for dehydrated yeast particles as described by Fir-
oozmand & Rousseau (2016) with a complete coverage of droplet sur-
face by the cells as demonstrated by Furtado et al. (2015) and Moreira
et al. (2016). However, the CLSM observations in Fig. 4b1 and the 3D
micrograph of the image in the inset of Fig. 4b1l revealed limited cells
located at the droplet surface, with most SC cells being visible in the
continuous phase, which suggests that the droplets might not have been
stabilised by cells themselves. This is further discussed later. Figure 4cl
shows the droplet size distribution across a 4-week storage period,
where SC-stabilised emulsions showed a bimodal distribution with the
larger peak at about 20 pm. The smaller peak around 3 pm would likely
be attributed to the SC cells in the biomass, which are around 3-5 pm in
length (Figs. 2al-b1) but can also be due to smaller oil droplets in the
emulsion as seen in Fig. 4b1. At day 28, we see the appearance of a third
small peak at around 200 pm. This small peak might suggest floccula-
tion/ some degree of droplet coalescence.

For NC;, the emulsions showed coalescence and macroscopic phase
separation even within a day (Fig. 4a2). The cells did not anchor at the
interface and preferred to be dispersed and sediment out in the contin-
uous phase (Fig. 4b2) with clear droplet coalescence. NC;-stabilised
emulsions showed a large peak at 20 pm and a smaller second peak
around 1 pm (Fig. 4c2) similar to those of SC-stabilised droplets. The
droplet size data did not show many changes for days 14 and 28. It is
rather surprising that the coalescence was not reflected in the light
scattering, which might occur owing to large coalesced oil droplets
rising to the top and not taken into account in the cumulative analysis.

For NC,-stabilised emulsions, the samples showed rapid coalescence
(Fig. 4a3) even within a day. Interestingly, we observe Nile Red fluo-
rescence within NC; cells as these are oleaginous species and able to
store fat (Fig. 4b3). However, no emulsion droplet were visible, which
suggest most droplets might have coalesced and somehow could not be
imaged as they rose to the top of the coverslip. The NCy-stabilised
emulsions demonstrated a broad peak around 0.1-10 pm, most likely
representing the oleaginous yeasts as well as some oil droplets, which
later increased to a large peak around 150 pm at days 14 and 28
(Fig. 4c3). This suggests that coalescence was most prominent in NCp-
stabilised emulsions among the three samples tested. Although all the
samples showed reduction in interfacial tension (Fig. 3), this did not
result in emulsion stability. This suggests that although the biomass
irrespective of their types could migrate to the interface to reduce oil-
water-tension, they were not forming a thick, viscoelastic interfacial
film that is important to offer kinetic stability. Future studies should
further investigate the interfacial shear rheology of the films created by
the biomass. Overall despite instability, the SC-stabilised emulsion was
the most stable among the three emulsions stabilised by biomass. Based
on this, we proceeded with further assessment to understand the prop-
erty of SC cells to stabilise 5-10 wt% oil-in-water emulsions. This was to
understand the effect of lower oil loads on emulsion stability and, more
importantly, to examine whether or not there would be complete
coverage by SC cells at the droplet surface in lower droplet volume
fractions.

3.2.2. Characteristics of SC-stabilised emulsions with reduced oil load
Fig. 5a presents SC-stabilised emulsions with the lower oil load (5
and 10 wt%) at days 7 and 14. Similar to the 20 % O/W emulsions,
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stability, (b) confocal micrographs of emulsion droplets taken on Day 14, where b1 also shows a 3D plot of SC as a small inset with a zoomed CLSM micrograph in red
dotted line. Oil droplets stained in red using Nile Red, excited at 514 nm, and SC biomass in green stained using Calcofluor White, excited at 405 nm, and (c) mean
droplet size distribution for the emulsions on day 1, 14 and 28, respectively. The scale bars in CLSM images represent 20 pm. Data in (c) represent the average of three
independent readings on triplicate samples (n = 3 x 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. Emulsions containing lower oil concentrations (of 5 to 10 wt% oil) stabilised by SC biomass. Visual images of SC biomass containing (al) 5 wt% oil and (a2)
10 wt% oil showing physical stability. (b) Confocal micrographs of emulsion droplets taken on Day 14. Oil droplets stained in red using Nile Red, excited at 514 nm,
and SC biomass in green stained using Calcofluor White, excited at 405 nm, and (c) mean droplet size distribution for the emulsions on day 1, 14 and 28, respectively.
The scale bars in CLSM images represent 50 pm. (d) The coalescence rate for SC-stabilised emulsions containing 10 wt% and 5 wt% oil. (e) Apparent viscosity of SC
biomass at 5 % and 10 % volumes (closed symbols) and SC-stabilised emulsions with 5 wt% and 10 wt% oil concentrations (open symbols). Data in (c¢) and (e)
represent the average of three independent readings on triplicate samples (n = 3 x 3).

sedimentation of biomass particles was observed at the bottom of the
vials, along with creaming at the top. From the CLSM emulsion micro-
graphs (Fig. 5b), the proportion of smaller sized droplets were apparent
in 5 wt% as compared to 10 wt% (Figs. 5b1-b2). However, unlike what
has been previously reported for rehydrated yeast particles covering
droplet surface (Firoozmand & Rousseau, 2016; Furtado et al., 2015;
Meirelles et al., 2018; Moreira et al., 2016), even at lower oil loads, no
biomass could be located at the droplet surfaces.

From Fig. 5¢1, SC-stabilised emulsion with 5 wt% oil demonstrated a
smaller droplet size ranging from 2 to 70 pm, while those with 10 wt%
oil (Fig. 5c¢2) had droplets in the 0.3 pm to 600 pm range over the one
month period. Also, the emulsion with 5 wt% oil concentrations exhibit
a monomodal size distribution as compared to the emulsions with 10 wt
% oil concentration which had a bimodal droplet size distribution. The
emulsions with 10 wt% oil load (Fig. 5c2) also showed a third peak after
4 weeks indicating droplet coalescence as was also observed in the
system containing 20 wt% oil (Fig. 4cl). Overall, SC-stabilised emul-
sions containing 5 wt% oil was kinetically more stable than those con-
taining 10 or 20 wt% oil concentrations, which was clear from light
scattering data as well as microscopy data (Figs. 4al-cl and 5al-c2).
Additionally, comparing the coalescence rate (K., day ') for the SC-
stabilised emulsions containing 5 wt% and 10 wt% oil (Fig. 5d), it was
clear that coalescence rate was reduced by half when the oil load was
decreased. This is expected as the same quantity of yeast cells are now
present to stabilise reduced quantity of surface.

The viscosity of SC biomass at 5 wt% and 10 wt% concentrations in
phosphate buffer exhibits a Newtonian behaviour with viscosity
resembling buffer as indicated in Fig. 5e, which might suggests that cells
are settling out and any viscosity measurements should be taken with
caution. From Fig. 5e, we can observe that SC-stabilised emulsions
containing 5 wt% and 10 wt% oil show a reduction in viscosity with
increasing shear rates indicating typical non-Newtonian behaviour
associated with flocculating emulsions where blocks break as a function
of shear forces.

There have been studies showing the stability of particle-stabilised

emulsions even with poor droplet coverage by the particles (Destribats
et al., 2014). However, irrespective of droplet volume fraction, limited
coverage of droplets surface was observed by SC biomass (Figs. 5b1,
5b2). Therefore, we hypothesize that unlike the previously reported
Pickering stabilisation mechanism (Firoozmand & Rousseau (2016);
Furtado et al., 2015; Meirelles et al., 2018; Moreira et al., 2016), oil
droplets are being stabilised by a biosurfactant in this study, other than
the biomass themselves acting purely as Pickering stabilisers. We sug-
gest that either the surface proteins (e.g. mannoprotein) or other bio-
surfactants released from the cells during homogenisation or potentially
surface active compounds from the YPD media are contributing to sta-
bilising the oil droplets. While high-pressure homogenisation techniques
are often employed for cell lysis, the pressures typically used often fall
within the range of 100 to 600 MPa (Escott et al., 2025) and are
significantly higher than what we applied in our emulsion formation.
Our emulsions are relatively low in viscosity, consisting of oil volumes of
20 % or less, which may further diminish the likelihood of shear-induced
cell breakage (Clarke et al., 2010). Furthermore, observations using
CLSM revealed intact cells (Figs. 4b and 5b), which did not exhibit clear
signs of cell breakage. This suggests that the emulsification process did
not significantly compromise cell integrity and surface proteins such as
mannoproteins were potentially stabilising the droplets.

Mannoproteins are reported as good stabilisers of emulsions and
studies with extracted mannoproteins from Saccharomyces species have
been described in literature (Cameron et al., 1988; Li & Karboune, 2019;
Meirelles et al., 2018; Qiao et al., 2022; Reis et al., 2023; Torabizadeh
et al., 1996). Hence, mannoproteins leaching out of the cells and sta-
bilising the SC emulsion droplets via a pure molecularly-adsorbed pro-
cess seems like the mechanism, which also is in line with the reduction of
interfacial tension (Fig. 3).

3.3. Effect of washing on emulsion stability

To further validate the role of molecularly-adsorbed biosurfactant in
stabilising the SC emulsion droplets, SC biomass was washed to remove
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any loosely-bound biosurfactants as described in Figurel. Droplet size
distribution of 5 wt% and 10 wt% oil containing SC emulsions are shown
in Fig. 6. In Fig. 6a, we observe that the droplet size of the emulsion with
washed biomass shows a bimodal distribution with the largest peak
between 2 pm and 80 pm. More importantly, there is a smaller peak
between 80 pm and 500 pm in the system stabilised by washed biomass,
which is absent in the non-washed ones, indicating the importance of
water-soluble biosurfactants in the stabilisation mechanism. The mean
droplet sizes (d [4,3] values) of washed SC-stabilised emulsions were
larger than those stabilised by the unwashed counterparts at 5 wt% oil
concentration (p < 0.001).

Similarly, Fig. 6b shows the comparison of droplet size distribution
between washed and unwashed SC biomass-stabilised emulsions with
10 wt% oil concentration. Again, it is clear that the washed SC-stabilised
emulsion shows a trimodal distribution patter with a smaller peak at
250 pm highlighting droplet coalescence. This suggests the importance
of water-soluble bio-surfactants contributing to the stabilisation mech-
anism. We then questioned whether the washed water from the cells
contained any protein and then characterised the protein composition
and quantity to confirm their role in emulsion stabilisation.

The protein content of the SC supernatant and wash water was
estimated using the BCA protein assay. The protein content of the su-
pernatant was 4618 pg/mg, while that of the wash water was 534 pg/mg
highlighting that there was still 88 % of total protein present with the
cells that were potentially contributing to the emulsion stabilisation.

The protein composition of the SC supernatant and wash water are
shown in Fig. 6¢. SC supernatant and washing water showed similar
molecular weight distribution and band patterns. The visible bands
ranged in molecular weights from 7 to 80 kDa, with faint bands between
80 and 160 kDa, these are most likely mannoproteins. Mannoprotein can
range in molecular weights of 5 to 800 kDa (Narsipur et al., 2024; Wan
et al., 2021). Several studies have tried to quantify different protein
fractions of mannoprotein using chromatographic, SDS-PAGE and mass
spectrometric techniques. Sponton et al. (2015) identified purified
mannoprotein extracts from SC in the rage of 6.5-30 kDa. The SDS-PAGE
profile of mannoproteins from a previous study (Silva Aradjo et al.,
2014) showed proteins of 58 and 64 kDa. (Li et al. (2020)) used various
extraction methods to extract mannoproteins from SC cell walls. They
observed bands in a wide range of molecular weights between 2 and 100
kDa.

Besides mannoproteins, it is noteworthy that our yeast was cultured
in the lab in a batch fermentation from frozen cell stocks. They were
grown in complex culture media i.e. YPD. This media contains all the
amino acids needed for the growth of the cells. These protein compo-
nents from the media might have surface activity and aid in stabilising
the emulsions. However, washing the cells with water removes some of
these water-soluble proteinaceous elements carried over from the media
(Meirelles et al., 2018). In addition to mannoproteins and YPD media-
asociated remnants, cytoplasmic proteins from autolysed yeast cells
produced during homogenisation also cannot be ignored.
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(n = 3 x 3). (For interpretation of the references to colour in this figure legend,
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To finally confirm this from an interfacial perspective, it was clear
that post washing the tension at n-tetradecane-buffer interface increases
to 23 mN/M after 20 min (Fig. 7). This suggests that the washing step
has removed not only the proteins (Fig. 6), but more importantly
interfacially-active proteins that were present at the surface of the
biomass. This suggests that the yeast biomass stabilisation in this
particular study was largely linked to molecularly-adsorbed interfacial
stabilisation rather than a Pickering-type stabilisation (Firoozmand &
Rousseau (2016); Furtado et al., 2015; Meirelles et al., 2018; Moreira
et al., 2016). A key limitation of this study was that the biomass often
tends to sediment, which also influences the emulsion stabilisation and
interfacial characterisation such as interfacial tension measurement and
bulk viscosity. This suggests further characterisation techniques need to
be developed to pinpoint stabilisation mechanism when dealing with
these micron-sized large particles.

4. Conclusions

In this study, three different strains of food-grade yeast were cultured
using batch fermentation. Overall, S. cerevisiae biomass offered better
emulsion stabilising properties than NC; and NC, biomass, with no
coalescence or phase separation observed for 4 weeks in the former.
However, emulsions prepared using washed S. cerevisiae biomass were
found to be less stable than the unwashed ones largely associated with
depletion of interfacially-active proteins. We hypothesize that surface
proteins such as mannoproteins or proteins that might have been
secreted from the biomass during homogenisation process are essential
in stabilising yeast biomass-based emulsions via a molecularly stabili-
sation mechanism. Overall, this suggests that yeast cell-stabilised
emulsions might not be stabilised by a pure Pickering mechanism as
often reported in literature, particular for rehydrated yeast powders.
Ongoing studies are focusing on isolating which specific mannoproteins
at the surface or proteins leached out from the yeasts during homoge-
nisation are contributing to this emulsion stabilisation effect. Such
knowledge is crucial before yeast biomass can be used for emulsion
stabilisation for preparation of alternative-protein rich foods without
additional extraction processes.
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