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ABSTRACT

We investigate oil-in-water emulsions prepared using potato protein and cellulose microfibrils (CMF) in the
continuous phase. The ratio of potato protein and CMF is varied, along with the pH of the emulsion, and the
volume fraction of the dispersed oil phase. We study how these factors affect the microstructure and flow
properties of the emulsion, and link oscillatory rheology data to the microstructure via confocal laser scanning
microscopy, cryo-scanning electron microscopy, and droplet size measurements. We find that the concentration
of CMF is the key contributor to the flow properties of the continuous phase. While the protein has little effect on
the rheology of the continuous phase, it plays a significant role in the flow properties of the emulsion. At low
concentrations of protein, the CMF stabilises the emulsion droplets, and as the concentration of potato protein
increases,this results in a decrease in droplet size, and an increase in emulsion elasticity. We find that it is also
possible to drastically tune the elasticity of the emulsion via acidification. This is due to a combination of several
different mechanisms, including altering the degree of attachment between droplets and the gel matrix. We
finally investigate the dependence of elasticity on the oil fraction, and find that storage modulus increases for
emulsions at pH 4, and decreases at neutral pH. Emulsions with adjustable elasticity offer a highly versatile
system, enabling their use in the reformulation of various food emulsions.

1. Introduction

pea (Olsmats & Rennie, 2024), and potato (Bhutto et al., 2024) have
been well studied as emulsifiers. While various plant proteins have been

Emulsions are ubiquitous within the food industry; dairy cream,
mayonnaise, and cream cheese are all examples of food emulsions. A
large contributor to the sensory experience associated with such prod-
ucts is their texture and flow properties (Joyner, 2018). Volume fraction
of the dispersed oil phase, droplet size, continuous phase rheology, and
colloidal interactions within the emulsion are all known to contribute to
emulsion rheology (Derkach, 2009; Pal, 2011). To form stable emul-
sions, particles or emulsifiers are typically used to adsorb at the
oil-water interface and provide steric hindrance to coalescence. The
most common emulsifiers used for oil-in-water type food products are
proteins, with dairy- and egg-derived emulsifiers being employed most
often. However, as plant-based diets become increasingly popular,
plant-proteins, such as soy (Huang et al., 2024), faba (Liu et al., 2022),

explored, their functionality can vary a lot based on their solubility.
Potato protein isolate that is rich in patatin is particularly attractive as
an emulsifier. It is highly soluble and has shown good emulsifying
properties, as well as good foaming and gelling functionality (Tan et al.,
2023). It is a globular protein, with an isoelectric point (IEP) of 4.9, and
a molecular weight range of 45-50 kDa (Waglay & Karboune, 2016).
Water soluble polysaccharides typically show low surface activity
and are commonly used as thickening agents in the continuous phase of
emulsions to restrict droplets from creaming, and to enhance the sensory
perception of the product. Cellulose microfibrils (CMF), a water insol-
uble polysaccharide, however, can be used both as a thickener and as
Pickering stabiliser to emulsions (Miao et al., 2020; Yuan et al., 2021).
CMF is a fibrillar form of cellulose, made of f-1,4-glucan chains
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(Chinga-Carrasco, 2011). Hydrogen bonding between these chains re-
sults in highly crystalline structure. The microfibrils are very attractive
toward one another, driven by hydrogen bonding and van der Waals
interactions (Moon et al., 2011). CMF are present in all fruit and vege-
table tissues, purees and in insoluble dietary fibres (e.g. in citrus fibre),
and can be produced by bacteria and some algae. In citrus fibre, CMF is
present along with hemicellulose, proteinaceous material and pectin
(Fechner et al., 2013). The CMF derived from insoluble dietary fibre are
not chemically modified. Previous studies have also demonstrated how
the CMF obtained from citrus fibre (CF) can be used alone to stabilise
emulsions (Nomena et al., 2018, 2021; Wallecan et al., 2015). In addi-
tion to its structuring and stabilising properties, CMF are an advanta-
geous material from a sustainability point of view, as they can be
recovered from the waste or side streams of fruit processing procedures
(Costa et al., 2018; Naz et al., 2016; Wallecan et al., 2015). From a
nutrition perspective, CMF are a non-digestible, non-fermentable ma-
terial (Mudgil & Barak, 2013), and so can be useful in the development
of low calorie foods.

Despite the well-established dual role of CMF as a bulk and interfa-
cial stabiliser, the research on cellulose fibrils in combination with plant
proteins has been limited to the use of bacterial cellulose and soy protein
(Wang et al., 2025; Zhang et al., 2022; Zhu et al., 2025). The use of
plant-derived CMF and plant protein has not been studied. In this paper,
we study the use of potato protein as emulsifier, and CMF present in CF
dispersions as both emulsifier and bulk structurant to stabilise
oil-in-water (O/W) emulsions. The aim of the study is to understand the
link between the microstructure of the system and its flow properties,
which can allow for the design of a wide range of plant-based alterna-
tives with different textures. By using both materials together, we pre-
pare emulsions which have tuneable flow properties, specifically elastic
modulus, which is less easily achieved using either of the materials alone
to stabilise emulsions. We do this by altering the ratio of CMF and potato
protein, pH, and volume fraction of oil, and elucidating the data with
confocal laser scanning microscopy and cryo-SEM. We find that the
emulsion flow properties can be tuned in several different ways, and that
the CMF and the potato protein can act synergistically to stabilise the
emulsion, though this is pH dependent. To the best of our knowledge, we
are the first to discuss such an effect for emulsion prepared with cellu-
lose microfibrils and protein. This versatility of this system could allow
the formulation of plant-based alternatives of a variety of traditionally
animal-based food emulsions.

2. Materials and methods
2.1. Materials

Citrus fibre Herbacel AQ + type N (65 wt% of cellulose, 3.7 wt% of
hemicellulose, and 5 wt% of proteinaceous materials (Fechner et al.,
2013)) from Herbafood Ingredients GmbH, Germany was used as a
source of cellulose microfibrils. Potato protein isolate (PPI) Solanic 200
(according to supplier specification: 90 wt% protein, 0.2 wt% dietary
fibre, 0.1 wt% lipids, 0.2 wt% carbohydrates) was obtained from Avebe.
Soybean oil (Wijnimport van der Steen B.V.) was used. Sodium Hy-
droxide pellets were received from J.T. Baker and used to prepare a 5 wt
% NaOH solution, and vinegar spirit (12 %) was purchased from Carl
Keuhne KG GmbH CO. Antimicrobial agent Proxel GXL was kindly
provided by Arxada. Calcoflour White and Nile Red, obtained from
Sigma Aldrich were used as fluorescent dyes for the Confocal Laser
Scanning Microscopy.

2.2. Methods

The aqueous continuous phase was prepared by dispersing citrus
fibre (CF) powder in deionized water using a magnetic stirrer (Labotech
EM 3300 T, Netherlands) for 5 min at a speed of 500 rpm. The initial pH
of the dispersion, which was approximately 3.5-4.0 depending on the
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concentration of citrus fibre, was adjusted to 7.0. Varying concentra-
tions (up to 1.0 wt%) of potato protein powder were added to the
samples, while dispersing using a magnetic stirrer at 500 rpm for 5 min.
To maximise protein dispersion and dissolution, a high-shear laboratory
mixer (Silverson L5M, USA) was used at 2000 rpm, using a screen with 1
mm holes, for 1 min. The mixing was performed with the mixer head
fully immersed in the sample to avoid incorporating air into the samples.
The dispersion was then passed through a homogenizer (M110-S
Microfluidizer, Microfluidics, USA) with a 200 pm diameter, Z-shape,
ceramic channel operating at a pressure of 1000 bar. Following this
stage, approximately 85 pg of Proxel GXL (Arxada, Switzerland) anti-
microbial agent per gram of sample was added. Finally, the pH was
adjusted by gently hand-stirring the vinegar spirit into the sample, such
that shear had minimal effect on the microstructure. The pH was
adjusted to 4, unless otherwise stated in the text.

For the preparation of the emulsions, soybean oil was added to the
aqueous mixture of CF and potato protein prior to the homogenization
with the Microfluidizer, as described in the preparation of the contin-
uous phase. The oil was gradually added while dispersing with a Sil-
verson L5M at 7000 rpm. Once the entirety of the oil was added, the
emulsion was further dispersed for 5 minutes. Next, the emulsion was
passed through the Microfluidizer, with the same parameters as detailed
above. Antimicrobial agent was added, 85 mg per g of sample. Finally,
the pH of the emulsion was adjusted as described above.

2.3. Rheology

Rheological measurements were carried out on each sample using a
stress-controlled rheometer (MCR 302, Anton Paar, Austria). A sand-
blasted, plate-plate geometry with a 50 mm diameter was used, with a 1
mm gap. Oscillatory rheology measurements were performed. An
amplitude sweep was performed on the samples, increasing the ampli-
tude logarithmically from 0.01 to 300 % strain, at a frequency of 1
radian/s. Next, frequency sweeps were completed, increasing the fre-
quency from 1 to 100 rad/s, at an amplitude of 0.1 %, as it was found to
be within the linear viscoelastic regime (LVER) of the samples during the
amplitude sweeps.

2.4. Droplet size via time-domain NMR

Droplet sizes were measured using a Bruker mq20 minispec Nuclear
Magnetic Resonance (NMR), using a protocol described previously
(Goudappel et al., 2001). Using pulsed-field gradients, the constrained
diffusion coefficient of triglyceride molecules inside the oil droplets is
measured. Finally, this is modelled to a lognormal droplet size distri-
bution assuming a spherical droplet size, through which we obtain the
volume-weighted  geometric-mean  droplet  diameter  (d33).
Cross-validation of the data generated was done using confocal laser
scanning microscopy along with ImageJ’s particle analyzer function, as
well as cryo-SEM images. Discussion of this cross-validation is available
in the supplementary material (Fig. S1).

2.5. Confocal scanning laser microscopy

Confocal scanning laser microscopy (CSLM) was performed on a
Zeiss LSM 880 (Germany) confocal microscope, using a 63 x magnifi-
cation with oil objective. The samples were stained by adding Nile Red
(100 pL/g of sample) for the oil and Calcofluor White (64 pL/g of
sample) for cellulose. The laser used to excite the Nile Red was 405 nm,
and the laser used for the Calcofluor White was 514 nm. A sequential
imaging protocol was used to prevent channel crosstalk. For imaging,
the samples were placed between two cover slips. Image processing and
analysis was performed with ImageJ.
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Fig. 1. A) Amplitude sweeps for gels prepared with increasing concentrations of citrus fibre (CF). Dotted line indicates the storage modulus (G') at 0.1 % strain,
demonstrating that it is within the linear viscoelastic regime (LVER). B) Storage modulus within the LVER, at 1 % strain, versus concentration of CF. Dotted line is G’
~ (Wt% CF)>!. C) Yield stress plotted versus CF concentration, where yield stress (cy) is defined as the stress at which storage modulus (G) equals the loss modulus
(G"). Orange dotted line is 6, ~ (Wt% CF) 176 D) Storage and loss modulus of emulsions with increasing concentration of fibre versus angular frequency (@- storage
modulus, o — loss modulus). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.6. Cryo-scanning electron microscopy (Cryo-SEM)

Cryo-SEM was employed to further image the microstructure of the
emulsions. A small droplet of sample was placed on a rivet and plunged
into melting ethane, which flash freezes the entire sample. After
freezing, the sample was placed into the prep-chamber of the SEM
(Gatan Alto2500, USA), and the system was cooled with liquid nitrogen
to a temperature of —125 °C. The frozen sample was cryo-fractured with
a knife attachment in the prep-chamber. After fracture, the sample was
heated to —90 °C for 90s to sublimate part of the ice to increase depth
contrast. After sublimation, the sample was brought back to —125 °C.
The sample was then sputter-coated with platinum for 90 s from a
perpendicular angle, and another 30 s while tilting to ensure a uniform
coating. The sample was then placed into the scanning electron micro-
scope (Zeiss Auriga, Germany). The sample was viewed at 3 kV at 5 mm
working distance with an SE2 detector under high vacuum at —125 °C.

3. Results and discussion
3.1. Continuous phase

The continuous phase of the emulsion was studied, and how both the
citrus fibre (CF) dispersion containing cellulose microfibrils (CMFs) and
potato protein contribute to the flow behaviour of the system. Samples
with increasing concentration of CF (0.2-0.5 wt%, increments of 0.1 wt
%) and no protein were prepared. The pH of all samples was adjusted to

4 using vinegar spirit. Amplitude sweeps for samples with increasing CF
concentration are displayed (Fig. 1A), and the storage moduli at 0.1 %
strain (i.e. within the LVER), are plotted versus concentration of the CF
(Fig. 1B). All samples were found to be strain-weakening, even at the
lowest concentration. The strain-weakening stems from the separation
of CMF flocs, and alignment of fibrils in the direction of shear (de Kort
et al., 2016; Karppinen et al., 2012). We observe a power-law relation-
ship between the concentration of CF and the storage modulus, G’, as
observed previously (Roberts-Harry et al., 2026). We find an exponent of
n = 2.11 (Fig. 1B). This value is in line with other studies on dispersion
of CMF from CF (Nomena et al., 2021). This demonstrates that the
dependence of the storage modulus on concentration sits in an expected
range, as models and theories for fibrous gels and semiflexible bio-
polymers predict an exponent of 2-2.5 (de Gennes, 1979; MacKintosh &
Janmey, 1995).

The yield stress of the gels with increasing concentration of the CF is
also displayed (Fig. 1C), where the yield stress is considered to be the
value of stress when G’ = G’ during the amplitude sweep, as discussed
previously in the literature (Dinkgreve et al., 2016). The yield stress
increases with concentration of the CF, with a power law exponent of
1.76. This is slightly lower than expected, as other authors have reported
a scaling exponent of approximately 2, for CMF dispersions from CF,
though processing conditions differed (Blok et al., 2021). Frequency
sweeps demonstrated that the CF dispersions behave elastically at all
concentrations (G > G”), indicating that they are rheological gels.
Furthermore, the samples are found to be almost independent of the
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protein isolate (PPI) in the continuous phase, and 30 wt% soybean oil.

frequency.

To establish the effect of protein addition to the rheology of the
continuous phase, samples with increasing concentrations of protein
(0-1 wt%, increments of 0.2 wt%), with a fixed concentration of CF (0.5
wt%), were prepared at pH 4. We find that changes in protein concen-
tration have a small influence on the storage modulus of the gel (Fig. 2).
We observe an initial small decrease in G/, which is then followed by a
small linear increase at higher concentrations of potato protein
(Fig. 2A). The small dip is attributed to the attraction between the
protein, positively charged at pH 4, ad the CMF and pectin which are
both negatively charged. The frequency sweep (Fig. 2B) demonstrates
that the samples remain as rheological gels (G’ > G”), almost indepen-
dent of the frequency, at all concentrations of protein studied.

4. Emulsions
4.1. Influence of protein on the continuous phase

When emulsions are prepared with these materials, the concentra-
tion of protein has a much more profound impact on the rheology of the
system. The storage modulus of emulsions with a constant amount of CF
(0.5 wt%) and increasing amounts of potato protein (0-1 wt%) in the
continuous phase, was recorded (Fig. 3A). Emulsification took place at
pH 7, where both potato protein and CMF (and the present pectin) have
negative charge, and then acidification to pH 4 where the protein

reverse surface charge. At low concentrations of protein (< 0.4 wt%),
the storage modulus remains fairly constant. However, we observe a
steady increase in the storage modulus of the emulsion as protein con-
centration increases above 0.4 wt%. We find that the emulsion droplet
size initially increases as a small amount of protein is added, from 0 to
0.2 wt% protein, and then decreases at higher concentrations of protein.
The initial increase in droplet size is attributed to competitive adsorp-
tion to the oil-water face between the CMF and the protein. When there
is no protein added, the droplets are stabilised solely by the CMF which
adsorb to the droplet surface. As the concentration of protein in the
continuous phase increases to 0.2 wt%, the protein adsorbs faster than
the CMF and hinders its effective adsorption at the droplet interface
during emulsification. However, there is not enough protein to adsorb
and reduce the interfacial tension, and stabilise the oil droplets, which
leads to decreased droplet size. Notably, the increase in droplet size from
0 to 0.2 wt% protein does not cause an increase in the storage modulus.
Suggesting that for larger droplet size, it is the CMF network in the
continuous phase that contributes most to elasticity of the sample. At
higher concentrations of protein, the droplet size decreases, reaching as
small as 1.6 pm at 1 wt% potato protein. This is because there is more
protein to adsorb to the oil-water interface, thus reducing the interfacial
tension of the oil-water interface (van Koningsveld et al., 2006). This
decrease in droplet size drives an increase in the storage modulus. Above
the values studied here, droplet size would eventually reach a plateau, as
the interfacial tension reaches a minimum, for a given value of shear
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Fig. 4. Micrographs obtained via CSLM of emulsions with 0.5 wt% citrus fibre and increasing potato protein isolate (PPI) concentration, and 30 wt% soybean oil, at
pH 4. The cellulose microfibrils are depicted in red, and the oil depicted in green. Readers are referred to the online version of the article for improved viewing of the
images. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

applied for droplet break-up. This occurs as the amount of protein at the
oil-water interface reaches a maximum, and no further protein can
adsorb (Liu et al., 2024).

As mentioned previously, these measurements demonstrate that the
storage modulus is independent of the droplet size at low concentrations
of protein (< 0.4 wt%). At this protein concentration, the droplets are
larger, and therefore there are fewer droplets. Given that the emulsion is
also quite dilute, droplet interactions do not contribute very much to
sample rheology. Conversely, at higher values of protein, the droplet
size and number of droplets are key drivers of increasing storage
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modulus. Droplet size is a known contributor to the rheology of
concentrated emulsions, as it influences the interaction between drop-
lets via their Laplace pressure, given by y/r, where interfacial tension (y)
is divided by the droplet radius (r) (Princen & Kiss, 1986). In the sup-
plementary information (S2), the elasticity of the emulsions is plotted
against the droplet size, demonstrating how smaller droplet size drive an
increase in emulsion elasticity. Similarly to the continuous phase,
however, the frequency dependence of the emulsion was not affected by
increasing protein concentration (Fig. 3C). At all concentrations, the
emulsions were fairly insensitive to changes in frequency, and the
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Fig. 6. Micrographs obtained via CSLM of emulsions with 0.5 wt% citrus fibre, 1 wt% potato protein, and 30 wt% soybean oil, at various pH. The cellulose mi-
crofibrils are depicted in red, and the oil depicted in green. Also shown is the measured dispersity index of emulsions at varying pH. Lines are to guide the eye.
Readers are referred to the online version of the article for improved viewing of the images. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

storage modulus was higher than loss modulus for all concentrations, at
all frequencies, indicating gel-like behaviour.

To further probe how the CMF and protein stabilise emulsions,
confocal laser scanning microscopy (CSLM) was used to image the
emulsion microstructure (Fig. 4). In the absence of potato protein, the
CMF provide Pickering type of stabilisation to the emulsion, as some
droplets are dispersed within flocs of the CMF, and droplets appear
attached to flocs of the CMF, consistent with previous observations in
the literature (Nomena et al., 2018). Droplets also appear flocculated,
and this is caused by bridging flocculation via the CMF (Nomena et al.,
2018; Yuan et al., 2021). In turn, this leads to a qualitatively observed
heterogeneity in the dispersity of the emulsion droplets. As protein
concentration increases above 0.4 wt%, and droplet size decreases, the
droplets are more homogeneously dispersed.

4.2. pH dependence of emulsions

We then consider the effect that pH has on the properties of the
emulsion. Emulsions with 0.5 wt% CF, 1 wt% potato protein in the
continuous phase, and 30 wt% soybean oil were prepared. The final pH
of the emulsion was altered using vinegar spirit, ranging between pH 4
and 6, as this pH range is most applicable for food emulsion applications.

We observe a significant influence of pH on the storage modulus of
the emulsions (Fig. 5A). The storage modulus of the emulsion below pH
5 is high, ranging from 600 to 700 Pa, while at pH 5 and above, samples
exhibited a drastically lower storage modulus, ranging from 50 to 125
Pa. Gels of CF with potato protein (i.e. without oil) were also prepared,
the dependence of their elasticity on pH can be found in the supple-
mentary information (S3). While storage modulus decreased from 200
Pa, it is not to the same extent as observed in the emulsions. With regard
to the emulsion system, we observe no change in droplet size, remaining

constant at approximately 1.75 pm (see Supplementary information,
S4). This was anticipated as emulsification took place at pH 7, and the
pH was adjusted after emulsification. Via frequency sweeps, we observe
how the emulsions at higher pH are more fluid like, as they have a higher
frequency dependence than at lower pH (Fig. 5B).

The observed increase in storage modulus with acidification is
caused by three different mechanisms. The first is aggregation of the
protein as the emulsion is being passed through its isoelectric point
(IEP), which, for patatin, is 4.9 (Waglay & Karboune, 2016). At the
isoelectric point, there is no net charge on the protein, and it is signifi-
cantly less soluble (Krstonosic et al., 2020; Tan et al., 2023). As such, it
aggregates, increasing the elasticity of the oil-water interface providing
a more effective Pickering stabilisation to the droplets (Zhang et al.,
2021). This renders the oil droplets more rigid, such that there is an
increase of the storage modulus of the emulsion. The second contrib-
uting factor is that there is an increased attraction between the droplets,
as there is no net charge on the protein at the droplet interface when at
pH values close to the IEP of the protein. Emulsions prepared with just
potato protein, without CMF, showed a drastic increase in the storage
modulus at pH 5 (Supplementary information, S5). This demonstrates
that pH induced changes in the protein structure and surface charge
contribute significantly to the pH dependence of emulsion stability
displayed in Fig. 5A. Thirdly, changes in pH alters the electrostatic
interaction between the CMF, and the protein at the interface of the
droplets. This leads to the droplets becoming interconnected with the
CMF network (Figs. 8 and 10 wt% oil). As CMF have slight negative
surface potential (Liu et al., 2024; Zhang et al., 2024), and the protein is
at pH 6, i.e. above its IEP, is also negatively charged (Tan et al., 2023),
there is a repulsion between the protein adsorbed at the oil-water
interface and the CMF in the continuous phase. As the emulsion is
acidified below the IEP of the potato protein, said protein becomes
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Fig. 7. Cryo-SEM images of samples of 0.5 wt % citrus fibre and 1 wt% potato protein isolate in the continuous phase, 30 wt% soybean oil, at pH 6 and pH 4. Scale

bar is 2 pm.
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Fig. 8. A) Storage modulus within the LVER versus oil concentration for emulsion filled gels, where the dotted line represents power-law scaling with exponent n =
1.3. B) Droplet size plotted versus oil concentration, where dotted line represents exponential scaling. C) Frequency sweep for emulsions with 0.5 wt% CF and 1 wt%
protein in the continuous phase and increasing concentration of soybean oil. Dotted lines are exponential fits. D) Logarithm of G’/G,’, where G,,” is the storage

modulus of the continuous matrix (i.e. G’ at 0 % oil). Lines are to guide the eye.

positively charged, with values of approximately +20 mV being re-
ported in the literature at pH 4 (Tan et al., 2023). This leads to an
attraction between the oil droplets and the fibre network, such that the
oil droplets and the fibre network are interconnected. As such, the
droplets act as active fillers and contribute to an increase in the storage
modulus, as previously discussed in the literature (Dickinson & Chen,
1999, Dickinson, 2012). From CSLM micrographs, the emulsion droplets
appear more flocculated at pH 5, leaving large areas not occupied by

droplets, as opposed to being homogeneously dispersed at other pH
values (Fig. 6). We quantify the extent of flocculation of these droplets
from the CSLM micrographs using an index of dispersity (IoD) (see
Supporting information, Fig. S6), which other authors have discussed
(Kam et al., 2013). The IoD value measures the spatial uniformity of the
droplets (i.e. how uniformly droplets are dispersed across the micro-
graph), with higher values indicating a higher variation in droplet
population, and hence degree of droplet flocculation. The extent of
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Fig. 9. Confocal laser scanning microscopy images of emulsions with 0.5 wt% citrus fibre and 1 wt% protein the aqueous phase, with increases amounts of oil
dispersed (at pH 4). The overlay of the oil and fibre channels are shown, along with the fibre channel alone. The cellulose microfibrils are depicted in red, and the oil
droplets in green. Scale bar is 20 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

flocculation increases at pH 5, being very close to the IEP of the protein,
such that the repulsive force between the droplets is diminished. Using
cryo-SEM, we image samples above and below the IEP of the protein
(Fig. 7). The images taken demonstrate that more CMF are drawn to the
droplet interface when the emulsion is at pH 4, compared to pH 6.

4.3. Influence of oil volume fraction

Finally, we consider the effect increasing the volume fraction of the
dispersed oil phase has on the flow properties of emulsions. Specifically,
emulsions stabilised with 0.5 wt% CF, and 1 wt% potato protein, at pH 4.
The storage modulus within the LVER increases with the oil concen-
tration of the emulsion with a power law dependence, where the power
law exponent n= 1.3 (Fig. 8A). As the oil fraction increases, droplet
rearrangement becomes increasingly limited. They are able to
contribute to the resistance to shear as the droplets and the gel matrix
are attached, as discussed above. The droplet size, however, increases
(Fig. 8B) with increasing oil fraction, which typically leads to a decrease
in the storage modulus. This increase in droplet size is because the
concentration of potato protein per unit droplet surface area decreases
as oil concentration increases, but the total protein concentration in the
sample remains the same. Furthermore, the increased viscosity due to

increased oil fraction effectively can reduce the shear stress experienced
per droplet, resulting in less effective droplet breakup.

We observe a small difference in the frequency dependence of G’
with increasing oil fraction, as samples with a lower oil fraction show
slight frequency dependence in comparison with samples at higher oil
fraction. The ratio of the emulsion storage modulus to that of the
continuous phase, with increasing oil fraction, for emulsions adjusted to
pH 4 and 6 are plotted (Fig. 8D). While the ratio increases for the
emulsion at pH 4, at pH 6 the opposite effect occurs. This is because at
pH 6 the force applied to the system is not passed to the filler particle i.e.
the oil droplets, as there is less attachment between the fillers and the gel
matrix. These results also allow us to conclude that by varying pH, we
alter how bound the oil droplets are to the gel matrix, as proposed
previously.

Again, CSLM is used to study the emulsion microstructure at pH 4,
and how the mechanism for emulsion stabilisation changes with
increasing oil fraction (Fig. 9). An overlay of the channels used to image
the CMF and the oil droplets is displayed, as well as the CMF channel
alone. At low concentrations of oil, specifically at 10 wt% oil, there is a
clear alignment of droplets to the CMF flocs present in the system, as
there are no regions where the cellulose fibrils are present without
droplets. CMF have been found to be surface active, but are also able to
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provide steric stabilisation to emulsions by thickening the aqueous
phase, and providing a yield stress (Nomena et al., 2018). As the oil
fraction continues to increase, the droplets appear more homogeneously
dispersed across the area imaged. It’s noted as well that the CMF
network appears less dispersed as oil fraction increases. This is due to the
fact that the droplets are incompressible, while the CMF flocs are.

5. Conclusions

This study demonstrates that emulsions can be successfully formed
using both cellulose microfibrils (CMF) and potato protein in the
continuous phase. Emulsions prepared with 0.5 wt% citrus fibre (which
contains CMF) show a droplet size of approximately 5 pm, but signifi-
cantly smaller droplets are formed when enough potato protein isolate is
added. This demonstrates that the CMF is able to stabilise the emulsion
droplets, and that as protein concentration increases, the droplet size
decreases. The decrease in droplet size leads to an increase in the storage
modulus of the emulsion, as the Laplace pressure is increased.

At pH values higher than the isoelectric point (IEP) of the protein
(>5), the storage modulus of the emulsion is significantly lower than at
pH values below the IEP (<4.5). This effect is attributed to aggregation
of the potato protein, flocculation of droplets, and electrostatic attrac-
tion between the CMF and the protein at the droplet interface. Acidi-
fying the system through the IEP of the protein shifts the droplet’s
contribution from weakening to strengthening emulsion elasticity.

Increasing the fraction of the dispersed phase within this system
(0-40 wt% soybean oil), causes a droplet size increase, due to reduction
in the protein concentration per unit surface area of the oil-water
interface. The storage modulus of the emulsion at pH 4 increases with
increasing oil fraction, but decreases at pH 6, which is indicative of
active and inactive filler droplets, respectively.

These emulsions are versatile, as the elasticity of the emulsion can be
altered significantly in several different ways, namely protein concen-
tration, pH, and oil fraction. As such, a wide variety of food emulsions
can be formulated using these materials as a base. If these materials are
to be used for real world applications, further studies on the shelf-life,
flavour, and aroma of these samples should be conducted, as these
factors were not studied here.
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