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The impact of animal-based food production on climate change drives the development of plant-based
alternatives. We demonstrate the use of colloidal thermogelation on a real nanoemulsion system to
create structured gels that could be of interest for thermo-mechanical processing of next-generation
plant-based food applications. We use a commercial pea protein isolate (PPI) without further purification
to stabilize a 20 vol% peanut oil-in-water nanoemulsion at pH = 7 by high-pressure homogenization
(HPH) and demonstrate the temperature induced gelation behavior of the nanoemulsion as a function of
the HPH processing parameters. Bright-field and laser scanning confocal fluorescence microscopy
reveals a diverse microstructure of the aqueous PPI dispersions, with a large amount of insoluble protein
particles, cell-wall debris particles, and lipid inclusions. Sedimentation of particulates is prevented by
HPH treatment and leads to a loss of the dispersion’s thermogelation properties. The non-gelling PPI
dispersion stabilizes nanoemulsions and the insoluble components of the PPl dispersions persist
throughout the HPH processing. We perform a systematic rheological investigation of the effect of HPH

Received 6th June 2024, processing on thermogelation and demonstrate that the number of HPH passes n and HPH pressure P

Accepted 16th December 2024 control the average nanoemulsion droplet size measured by DLS at a 90° scattering angle. We show
that the droplet size defines the final gel strength with a strong inverse dependence of the elastic
modulus on droplet size. Furthermore, processing can lead to heterogeneously structured gels that yield

over a large strain amplitude range.
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1 Introduction

Advancements in modern agriculture increased the supply of
secure, affordable, and appetizing foods, and helped to reduce
world hunger throughout the last century. However, the grow-
ing world population requires an increased food production to
meet the United Nation’s Sustainable Development Goal 2 to
strengthen food security by 2030." Furthermore, current food
production practices contribute considerably to climate change
because rearing livestock is very resource intensive in water and
land use, and contributes to greenhouse gas emissions and
pollution, and loss of biodiversity compared to growing plants
for direct consumption.” Therefore, plant-based foods are a
promising approach for a much more sustainable alternative.?

A major challenge for plant-based proteins to find
their application as analogues in next-generation plant-based
foods is to generate a structured morphology from their
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predominantly globular protein conformation that can imitate
animal-based products such as meat, fish, or seafood. Some
protocols are reported for fibril formation of pea protein,*
thermo-mechanical processing,” and thermal templating by
the application of a well-defined thermal history to a combined
pea protein—curdlan gum system® and emulsion systems.’
Furthermore, a plant-based diet is not necessarily better than
an omnivore diet with respect to nutritional value and can lead
to chronic diseases and deficiencies of essential nutrients.®
This outlines the necessity for next-generation plant-based
foods to take an integral approach and focus not only on
sustainability, but also take nutrition, taste, availability, and
affordability into consideration.” Furthermore, next-generation
plant-based foods should not solely include meat analogues,
but also be applied to all animal-based foods, such as dairy
products, fish and seafood, and egg analogues.*®

Oil-in-water nanoemulsions can be used to encapsulate
hydrophobic nutrients in the dispersed oil droplets, which is
called fortification of a food product.’* Nanoemulsions contain
droplets with diameters below 1 um and are kinetically stabi-
lized by an interfacial tension reducing agent in contrast to
microemulsions, which are thermodynamically equilibrated

This journal is © The Royal Society of Chemistry 2025
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systems and therefore react sensitively to environmental
changes, or macro-emulsions, which tend to undergo phase
separation.’>"® The small droplet size results in a very large
interfacial area and hence a large bioavailability of the encap-
sulated nutrients is achieved. Furthermore, similar concepts
are applied, where nanoemulsions are loaded with hydropho-
bic pharmaceutically active ingredients and engineered for
controlled drug release.™*

The temperature induced gelation - or thermogelation - of
nanoemulsions has been studied with various model systems.
Polymers with associative end-groups whose partition coefti-
cient to the dispersed phase increases with temperature can be
used to induce bridging of nanoemulsion droplets at a well-
defined temperature.® The transition from a viscous liquid to
an elastic solid is reversible, and the final gel structure can be
tuned from homogeneous percolation to arrested phase separa-
tion by tuning parameters such as the volume fraction of the
dispersed oil phase ¢ or heating range.’®'® The mechanical
properties and microstructure of these model materials can be
tuned precisely by the processing parameters of said nanoe-
mulsions where the gel strength is defined by an inverted
power-law of nanoemulsion droplet size. The gelation is not a
result of jamming as a consequence of a large volume fraction
¢ of the dispersed phase, as observed for colloidal hard spheres
at the glass transition™ or repulsive emulsions at high volume
fractions,>® but due to an increase in attractive interactions
between the droplets, where the interaction strength ¢ (units of
kgT) is given by the partitioning of the polymer end-groups into
the droplets, and the interaction range /4 given by the linking
polymer radius of gyration R,.>'>* Similar systems use a
thermally triggered surfactant displacement to tune repulsive
interactions of emulsion droplets,> and telechelic triblock
copolymers have been used as linkers to study the bridging
mechanism between emulsion droplets® elucidating the
chemical properties of the linker protein on their rheological
properties in shear flows.>®

Proteins of yellow peas (Pisum sativum L.) are attractive
candidates for formulation of plant-based foods because of
their high nutritional value and low allergenic potential.*”*®
The commercial pea protein isolate (PPI) used in this study
consists of a collection of storage proteins with diverse primary
structures.”®*° These are mostly legumin, vicilin, and convicilin
with few albumins, and are present as heteromers with hydro-
phobically linked subunits, as shown for a similar PPL>"
Furthermore, the PPI can contain a large amount of other
particles such as cell-wall debris or lipid phases. The different
fractions of a PPI differ in functional properties.*” Furthermore,
the functional properties between different pea protein isolates
usually differ strongly, and variations even between seeds of the
same variety can be substantial.>* A stronger protein purifica-
tion can lead to the loss of protein nativity and therefore limits
their functional properties such as surface activity, emulsifica-
tion, and gelation.>**°

Only a small amount of the proteins in PPI are soluble in
water, and the majority forms insoluble particles on the order
of 50 um and sediments quickly.*® The soluble fraction
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contains a higher concentration of proteins with charged
amino acids and is surface active and hence stabilizes oil
droplets or air bubbles in water. The insoluble particles are
stabilized by hydrogen bonds, hydrophobic interactions, and
disulphide bonds and are suitable to increase water holding.*'
High-pressure homogenization (HPH) of the combined PPI
increases the protein solubility drastically by reducing the size
of the insoluble particles where Brownian dynamics prevents
sedimentation.*"*> Furthermore, the insoluble protein parti-
cles can be functionalized by HPH treatment and properties
such as solubility, surface activity, and gel properties can
be boosted through HPH treatment.*””*” However, the
large mechanical impact during HPH processing can lead to
partial protein denaturation, hence reducing other functional
properties.

The temperature induced gelation of PPI solutions or dis-
persions has been studied extensively.’”*® The mechanism is
based on denaturation of the proteins at their denaturation
temperatures. The unfolding exposes the hydrophobic groups
of the proteins, hence increasing the hydrophobic interaction
between proteins, leading to a percolating network. The proper-
ties of the heat-set PPI gels can be manipulated by pH and salt
concentration. Setting the pH close to the isoelectric point
reduces the electrostatic repulsion between proteins and hence
they typically aggregate and sediment, while an increased ionic
strength can stabilize the proteins from unfolding.*>° Bivalent
ions can also be used to control the properties of the protein
gel.” Furthermore, HPH treatment can functionalize the inso-
luble pea protein fraction for synergistic contributions to
gelation,®® but there is limited systematic investigation of
HPH processing parameters on the rheology of heat induced
gelation of PPI emulsions.

Only a few examples can be found in the literature where the
application of emulsion systems is not just limited to fortifica-
tion, but also serve as a structural component to the plant-
based food.””? In this paper, we demonstrate the temperature
induced gelation of nanoemulsions stabilized by a commercial
plant-based protein isolate and the effect of processing
parameters on the final gel structure. We use high-pressure
homogenization to both process the PPI and synthesize nano-
emulsions stabilized by PPI. We perform a systematic rheo-
logical investigation of the effect of processing on the gel
properties. The results are interesting for applications in
thermo-mechanical processing of next-generation plant-based
food products.

2 Materials and methods
2.1 Chemicals

Pea protein isolate (PPI) S85XF was kindly provided by Roquette
(France). Peanut oil and Nile blue A were purchased from
Thermo Scientific Chemicals. Sodium chloride (ACS reagent,
>99.0%), sodium phosphate monobasic dihydrate (BioUltra,
>99.0%), mineral oil (light), Nile red (for microscopy), and
Calcofluor white stain (for microscopy) were purchased from
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Sigma-Aldrich. Sodium phosphate dibasic anhydrous (ACS,
>99.0%) and 2-propanol (ACS, >99.5%) were purchased from
VWR Chemicals. Ethanol absolute (KOPTEC, USP 200 Proof)
was purchased from Decon Labs (USA). Deionized water was
used for buffer preparation and cleaning.

2.2 Differential scanning calorimetry

7.4 mg PPI powder was sealed in a Tzero aluminium hermetic
pan and loaded together with an empty pan as a reference in a
DSC 2500 (TA instruments). Heating rates of +2 °C min~' and
—5 °C min~ ' were applied in the temperature range from 20 °C
to 120 °C. The endothermic peak was analysed using DSC
software (Trios v5.6.0.87).

2.3 High-pressure homogenization

A high-pressure homogenizer (Emulsiflex-C3, Avestin) was first
cleaned by feeding successively 2-propanol, ethanol, and water
at pressures ranging from 0 kpsi to 30 kpsi through the
homogenizer. The sample was loaded by rinsing the homoge-
nizer with a 20 mL sample to displace the water from the
cleaning step. The first four and two pump strokes were
discarded for HPH passes n < 4 and n > 4, respectively. The
heat exchanger at the outlet of the homogenizer was set to 4 °C
and the sample was allowed to cool in an ice bath and
equilibrated for 10 min after each HPH pass.

2.4 PPI dispersion sample preparation

A 10 mmol L' phosphate buffer with pH = 7 (Orion Star
A125 pH/conductivity meter, Thermo Fisher Scientific) and
0.1 mol L™' NaCl were prepared and stored in a fridge. A
10 wt% PPI dispersion was prepared by slowly adding the PPI
powder to the buffer while gently stirring. 0.1 wt% Nile blue,
0.02 wt% Nile red and 1% v/w Calcofluor-white with respect to
PPI powder mass were added for staining. The dispersion was
stirred overnight at 4 °C to ensure full hydration. The disper-
sion was then homogenized for up to n = 6 consecutive passes
at P =10 kpsi and stored at 4 °C.

2.5 PPI nanoemulsion sample preparation

A 10 wt% PPI dispersion passed for n = 4 times at P = 10 kpsi
was used as a precursor and mixed with peanut oil containing
0.01 wt% Nile red for staining to reach an oil volume fraction of
¢ = 0.2 while stirring. A pre-emulsion was formed by ultra-
sonication at 20 kHz for 10 min sonication time with a tip
probe (Cole-Palmer Ultrasonic Processor CPX750; 30 s cycles
with 10 s on, 20 s off, and amplitude 30%) while the emulsion
was stirred in an ice bath to keep the temperature below 4 °C.
The pre-emulsion was then homogenized up to n = 20 con-
secutive passes at various P. Samples were collected from the
emulsion after every four passes and analyzed immediately
while transported at 4 °C.

2.6 Dynamic light scattering

A Brookhaven NanoBrook 90Plus PALS with a wavelength of
640 nm at a fixed scattering angle of 90° was used (a compar-
ison of scattering angles is shown in Fig. S1, ESI}). PPI

654 | Soft Matter, 2025, 21, 652-669

View Article Online

Paper

dispersions and PPI emulsions were diluted by a factor of 1 x
10% and 2 x 10" in filtered (20 nm, Whatman Anotop 25 syringe
filters) buffer, respectively, to avoid multiple scattering
during the DLS experiment. After equilibration for 2 min at
25 °C, nine measurements were performed for each
sample. The acquisition time was 1 s and data were averaged
over 2 min for each measurement. Average diameter (Deg)
and polydispersity were calculated by the standard second-
order cumulant analysis using the instrument software. A
refractive index of 1.45 for the insoluble PPI particles®' and
1.46 for the peanut oil droplets®* were used for the dispersed
phase of the PPI dispersion and nanoemulsion samples,
respectively, and the refractive index of water was used for
the continuous phase.

2.7 Rheology

Rheological oscillatory shear tests were conducted with a Dis-
covery Hybrid Rheometer 3 (DHR3, TA Instruments) and con-
centric cylinder geometry with Peltier temperature control. The
geometry was successively cleaned with 2-propanol, ethanol,
and water. Instrument calibration including the measurement
of the instrument and geometry inertia, geometry friction,
and a rotational mapping (three iterations in precision mode)
was performed. The sample was stored at 4 °C and loaded in
the equilibrated geometry at 20 °C without creating air bubbles.
After lowering the rotating bob to the measuring position, the
exposed sample surface was covered with mineral oil to
avoid evaporation. The sample was pre-sheared at a shear rate
of 9 =290 s~ for 60 s before performing rheological tests. The
sample was conditioned for one period, and data were acquired
for three periods in strain-controlled mode while motor mode
was set to ’auto’. Rheological tests were performed with fre-
quency f =1 Hz, shear strain amplitude y = 1%, and a heating
rate of 2 °C min~ " if not specified differently. A minimum
torque value of 5 x 10~ was used as the lower measurement
limit.>®

2.8 Optical microscopy

A laser scanning confocal microscope (Zeiss LSM 980 with
Airyscan 2) was used in oil-immersion mode with a 63x
objective (numerical aperture = 1.4, Plan Apochromat). Three
imaging channels were defined with excitation wavelengths
[emission windows] of 405 nm [429 nm to 509 nm], 514 nm
[535 nm to 579 nm], and 639 nm [667 nm to 693 nm],
corresponding to the Calcofluor-white, Nile red, and Nile blue
fluorescent dyes. The same setup was equipped with a bright-
field transmission imaging camera (Axiocam 305 mono). Sam-
ples were prepared by placing a 25 pL sample between two cover
slides separated by a frame-seal from Bio-Rad Laboratories
(USA). All measurements were conducted at room temperature.
Images were analysed with a 5D contrast optimizer of the
BioVoxxel Figure Tools>® in Fiji. Pixel saturation was set to
0.00% and 0.01% for the PPI dispersions and PPI nanoemul-
sions, respectively.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00687a

Open Access Article. Published on 17 December 2024. Downloaded on 4/22/2026 3:39:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

3 Results and discussion

An overview of the sample processing parameters is sketched in
Fig. 1. Pea protein isolate (PPI) dispersions and nanoemulsions
(PPI-NE) were prepared following Methods A and B, respec-
tively, and are presented in separate subsections. The proces-
sing parameters for high-pressure homogenization (HPH) are
detailed in Fig. 1 as the number of passes n and pressure P. We
focus on a nanoemulsion composition of 10 wt% PPI and
20 vol% oil. This provides a sufficiently high surfactant-to-oil
ratio for the stabilization of the oil droplets, and an adequate gel
strength based on preliminary data presented in Fig. S2 (ESIT).

3.1 PPI dispersion (Method A)

First, the morphology of the pristine PPI dispersion is dis-
cussed in terms of bright-field and fluorescence microscopy,
followed by the effect of HPH passes n at P = 10 kpsi on the
microscopic morphology. The discussion is complimented by
dynamic light scattering (DLS) measurements at a 90° scatter-
ing angle to relate the average effective PPI particle diameter as
a function of n. The section is concluded by the effect of the

Buffer

o pHI="7

e 0.1 M NaCl

1. Add PPI while stirring.

2. Stir overnight at 4°C.

Y

PPI dispersion
HPH n € [0,6] passes at P = 10kpsi
o PPI 10wt%

1. HPH:

e 1 = 4 passes
e P =10kpsi
Method A

2. Add oil.

nanoemulsion 1. Tip-sonication for 10 min to form pre-emulsion

o PPI 10wt%

2. HPH n € [4,20] passes at P € [10kpsi, 30 kpsi]

o Oil 20 vol% i

PPI10-0il20 (n)

Method B

Fig. 1 Visualization of the sample processing methods. (Method A) Pre-
paration of a 10 wt% pea protein isolate (PPI) dispersion with n humber of
high-pressure homogenization (HPH) passes at P = 10 kpsi. (Method B)
Preparation of a 10 wt% PPl + 20 vol% oil nanoemulsion (PPI-NE) with n
number of HPH passes at pressure P.
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number of HPH passes n at P = 10 kpsi on the rheological
behavior of the PPI dispersions while increasing the tempera-
ture from 20 °C to 80 °C.

3.1.1 PPI dispersions have a diverse morphology -
fluorescence confocal microscopy. A representative bright-
field and fluorescence microscopy image of an unprocessed
PPI10 dispersion is shown in the first column of Fig. 2. The
bright-field image (Fig. 2A) of the pristine sample reveals the
presence of large particles on the order of 50 pm. These large
particles are insoluble PPI particles and sediment within
seconds if stirring of the sample ceases. Individual
components of the PPI10 dispersions are highlighted by the
channels isolating different fluorescent dyes within the sample.

Nile blue binds to proteins and appears as yellow color in
Fig. 2B. This channel not only confirms that the large particles
in the bright-field image are insoluble PPI particles, but also
reveals the presence of smaller insoluble PPI particles, and
hence their particle size is highly polydisperse. The irregular
shape of the insoluble PPI particles suggests that they broke off,
and some neighboring particles are actually connected in the
z-direction and just cracked open. Video S1 (ESIf) provides a
z-scan of the pristine sample in Fig. 2 and highlights a high
polydispersity in insoluble PPI particle size, particles connected
through the z-direction, and the presence of hollow particles.

Some areas are not stained by Nile blue, but are visible in the
Calcofluor-white channel in Fig. 2C. This dye binds to poly-
saccharides of chitin and cellulose that are present in cell walls
and hence this channel is highlighting cell-wall debris parti-
cles. The presence of cell-wall debris particles in a similar PPI
has been quantified as 2.6 + 0.4 g per 100 g dry mass.*”
Furthermore, Nile red is only fluorescent in lipid solvents,
and the Nile red channel (Fig. 2D) shows the presence of small
bright spots. Some lipid phases are highlighted with arrows.
This confirms the presence of lipid phases in PPI, which is in
agreement with composition analysis reported for similar com-
mercial PPI powders and can be as high as 10 wt%.*""** The
three fluorescence channels are combined in the composite
image in Fig. 2E. Cell-wall debris can be present as particles of
their own but are more often embedded as thin sheets within
the large PPI particles. The lipid phases are present as inclu-
sions within the large protein particles, as highlighted by
arrows. All of these features can be seen in the z-scan provided
in Video S1 (ESIY).

A selection of representative bright-field and fluorescence
microscopy images of the processed PPI10 dispersions after n =
1, 2, and 5 HPH passes are assembled in the remaining
columns of Fig. 2. The bright-field images and Nile-blue
channel confirm that passing the sample through the high-
pressure homogenizer at 10 kpsi decreases the protein particle
size with each consecutive pass. The large insoluble protein
particles are broken down to diameters on the order of 10 pm.
The difference in insoluble protein particle size is strongest
between the pristine and first HPH pass and the particle size
after more than two passes appears qualitatively identical
(images for all HPH passes shown in Fig. S3, ESIt). The cell-
wall debris shown in the Calcofluor-white channel persists

Soft Matter, 2025, 21, 652-669 | 655
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Pass: 0 (pristine) 1 2 5

Fig. 2 (A) Bright-field and fluorescence confocal images with channels (B) Nile blue (protein), (C) Calcofluor-white (cell-wall debris), (D) Nile red (lipid
phases) with arrows highlighting the presence of small lipid phases, and (E) the composite of (B)—(D) of a 10 wt% PPI dispersion after n = O (pristine), 1, 2,
and 5 passes at P = 10 kpsi. Images were recorded at room temperature and the scale bar represents 20 um.

throughout all HPH passes and the particles do not seem to as shown in the composite image. The apparent increase in
significantly reduce in size. However, they appear more freely number is most likely a consequence of this detachment, which
and are less frequently attached to the green protein particles, allows for independent sedimentation of the cell-wall debris

656 | Soft Matter, 2025, 21, 652-669 This journal is © The Royal Society of Chemistry 2025
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particles from the insoluble protein particles. Interestingly, the
embedded lipid phases, which are visible in the Nile red
channel (highlighted by arrows), become also more evenly
distributed throughout the sample and appear not only within
the large protein particles anymore.

The fluorescence microscopy reveals that the dispersions
remain heterogeneous even after 6 HPH passes at P = 10 kpsi,
but the insoluble protein particle size is strongly reduced and
the cell-wall debris and some of the lipid inclusions are freed
from the insoluble protein particles. The size of the cell-wall
debris particles appears to be least affected by the processing
parameters. The dark areas in the bright-field images are not
stained by any of the three fluorescent dyes and are most likely
ashes, as quantified by the supplier for a similar PPI to
approximately 5 wt%, and also reported in the literature for
comparable PPI powders.*"*!

3.1.2 Average effective particle size - dynamic light
scattering. The estimation of particle size distributions from
fluorescence microscopy is difficult because of the large
polydispersity and difference in sedimentation of the
dissimilar particles. Therefore, the average particle sizes of
the PPI10 dispersions are measured by DLS at a 90°
scattering angle, which measures ensemble averages of all
particles in the sample that contribute to the scattered light
signal at this scattering angle. As discussed previously, the
pristine dispersions with no HPH processing contain large
particles (see the first column in Fig. 2A). They are non-
Brownian and sediment immediately. After one HPH pass at
10 kpsi, the particle size is reduced such that the particles
become Brownian and sedimentation is not observed on the
time scale of an experiment. Therefore, DLS measurements are
not performed on pristine samples.

The average effective diameter D.g of PPI10 dispersions
decreases with each subsequent HPH pass n, as shown in
Fig. 3A, and the strong decrease of D weakens after two
homogenization passes. This is in agreement with the confocal
microscopy study presented in Fig. 2. The decrease in particle
size for a larger number of HPH passes can be quantified by
DLS and the inset in Fig. 3A confirms a power-law dependence
of D on n for more than one HPH pass. Measurements of
individual samples are shown by colored open symbols. Their
standard deviations are large at n = 1 pass but decrease with
increasing passes where the variability between individual
samples becomes dominant to the total average. The confocal
images show larger insoluble particles, which is a consequence
of capturing the images at the bottom of the imaging cell where
large particles sediment, while smaller particles have a differ-
ent sedimentation profile and are located at higher z-values. On
the contrary, DLS averages all the particles in the sample,
therefore measuring a smaller average effective diameter Degr.
Another contributing factor for the cutoff of particles of larger
size in the DLS data is due to measurements at a scattering
angle of 90°.

The polydispersity in Fig. 3B is large for all individual
samples. The average polydispersity decreases with each sub-
sequent HPH pass. This is reflected by the microscopy images

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 DLS data of 10 wt% PPI dispersions after n e [1,6] consecutive HPH
passes at P = 10 kpsi. (A) Mean effective diameter D¢ and (B) polydisper-
sity. The colored open symbols are averages of individual samples with at
least eight repetitions, while the black data are the average of all samples.
Error bars correspond to standard deviations and measurements were
performed at 25 °C and a scattering angle of 90°. The inset shows the data
of (A) in log—log scale with a power-law fit (R = 0.99), error bars not
shown.

in Fig. 2 where the large particles are strongly reduced in size
with each consecutive HPH pass.

3.1.3 Effect of HPH on thermogelation. The rheological
behavior of PPI10 dispersions during a temperature increase
from 20 °C to 80 °C is presented in Fig. 4. A time sweep at 20 °C
for equilibration preceding the temperature increase is shown
in the gray shaded area. The pristine PPI10 dispersion behaves
like a viscous liquid with constant loss modulus G” and storage
modulus G’ below the minimum torque limit of the rheometer
and hence the phase angle ¢ is close to 90°. The initial decrease
in G’ upon increasing the temperature represents the depen-
dence of the dispersion’s viscosity on temperature. Further
heating of the pristine PPI10 dispersion leads to gelation at a
gel point of 77 °C where G’ crosses G” in Fig. 4A. Another
representation of the gelation behavior is the decrease of the
phase angle ¢ to values smaller than 45° in Fig. 4B. We posit
that the dissolved proteins denature upon heating and lose
their secondary structure. The unfolding exposes hydrophobic
groups to the aqueous phase and hydrophobic interactions
between different proteins are formed, which result in a sample
spanning network at the gel point. The increasing G’ in the
subsequent time sweep at 80 °C (see the subsequent orange
shaded area in Fig. 4) indicates a slow gelation process that is
still ongoing once 80 °C has been reached, but the final G’ at
the end of the time sweep remains small with less than 1 Pa.
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Fig. 4 Rheological temperature sweeps of a 10 wt% PPl dispersion
homogenized at 10 kpsi from n = O (pristine) to 5 HPH passes labeled by
the legend. (A) Full and empty symbols are the storage modulus G’ and loss
modulus G”, respectively. A low torque limit is indicated by the solid
horizontal line. (B) Phase angle d. 6 = 45° is indicated by the solid line.
Equilibration time sweeps at 20 °C and 80 °C are shown in the preceding
gray and subsequent orange shaded areas, respectively. Data were mea-
sured at f = 1 Hz, y = 1%, and a heating rate of 2 °C min™™. Every tenth point
is shown for clarity.

Furthermore, the gelation occurs at higher temperatures com-
pared to the endothermic peak temperature (66 °C) of the PPI
powder measured by differential scanning calorimetry (see
Fig. 4, ESIT). The low peak temperature compared to reported
denaturation temperatures of pea globulins suggests that the
detected endothermic peak represents complete unfolding of
the already partially denatured pea proteins. The extraction
process in commercial PPI is known to reduce protein nativity.
This is supported by the relatively small enthalpy measured
with DSC and small final G’, and the dissolved PPI appears
already partially denatured. However, the absence of peaks in
the cooling and second heating cycles in the DSC data is typical
for the irreversible mechanism of protein unfolding and does
not comply with phase transitions of a lipid phase. Therefore,
the measured endothermic peak might not correspond with the
actual denaturation temperature of the purely native pea pro-
teins, but represents the final unfolding of an already partially
denatured pea protein isolate.

Homogenizing the PPI10 dispersion at 10 kpsi leads to an
increase in the viscous modulus at 20 °C. The measuring
position of the concentric cylinder geometry leaves a gap of
5.9 mm between the bottom of the rotating bob and the cup,
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and the lower end of the rotating bob has a conical shape with a
relatively large angle. This geometry results in a large volume at
the bottom of the measuring cup that is not sheared during the
rheological measurement. It can be expected that the short
time scale of sedimentation observed in the pristine sample
results in a significant fraction of the large insoluble PPI
particles to sediment into this gap volume. Therefore, they do
not contribute to the rheological signal. As discussed earlier,
one HPH pass reduces the insoluble PPI particle size to prevent
visual sedimentation on time scales of the experiment. The
increase in G” is in agreement with a higher volume fraction of
dispersed solid particles. The application of more than one
HPH pass further reduces the particle size and their anisotropy,
but does not change the volume fraction of insoluble PPI
particles within the sheared section of the sample. Therefore,
a viscosity reduction with each subsequent HPH pass is
expected and has been reported for similar systems.*’

An even more striking difference between the homogenized
and pristine PPI10 dispersions is the absence of a gel point of
the processed samples and G” is larger than G’ across the entire
temperature range. This difference is also present in Fig. 4B
where the phase angle 6 remains well above 45° for the
homogenized dispersions. The higher volume fraction of the
insoluble particles as well as the higher amount of free cell-wall
debris particles and lipid phases (¢f Fig. 2) prevents the
formation of a sample spanning network. The thermogelation
experiments of pristine samples show poor repeatability, as
shown in Fig. S5 and S6 (ESIT). The rheological properties seem
to be highly sensitive to sedimentation of the insoluble PPI
particles.

Changes in the rheological properties for more than n = 3
HPH passes at 10 kpsi are below the sensitivity limit of the
rheometer. We apply n = 4 HPH passes for all further use of
PPI10 dispersions in the emulsion synthesis. The small incon-
sistencies in G’ when switching from a time sweep to tempera-
ture ramp or vice versa are a result of G’ values close to the low
torque limit and the feedback loop for the strain-controlled
mode of the rheometer.

3.2 PPI nanoemulsions (Method B)

As outlined in the previous section, the rheological and mor-
phological properties are qualitatively similar for HPH passes
n > 4. Therefore, 10 wt% PPI dispersions homogenized with
n = 4 passes at P = 10 kpsi are used as a precursor for all
nanoemulsion samples (Method B in Fig. 1), where the HPH
parameters of the homogenization step are varied.

We first discuss the morphology of PPI-NE nanoemulsions
with fluorescence confocal microscopy images followed by the
effect of high-pressure homogenization (HPH) during the
emulsification process on the said morphology. This is sup-
ported by dynamic light scattering (DLS) measurements at a 90°
scattering angle of the average effective droplet diameter size as
a function of the number of HPH passes. The thermogelation
behavior of the nanoemulsions depending on the number of
HPH passes n and pressure P is discussed, resulting in a strong
inverse dependence of the storage modulus after gelation as a
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function of average effective droplet size. The section is con-
cluded by a detailed focus on frequency and amplitude sweeps
after gelation to investigate the structure of the gel.

3.2.1 Microstructure - fluorescence confocal images. The
morphology of a PPI10-0il20 nanoemulsion homogenized for
n = 20 passes at 10 kpsi is shown by the fluorescence confocal
microscopy images assembled in Fig. 5. The composite image
in Fig. 5A reveals a diverse microstructure that is composed of
differently sized and shaped particles, which are detected in
different fluorescence channels (B-D).

The Nile red channel in Fig. 5B labels lipid phases in the
emulsion and highlights the oil droplets. Large droplets with
diameters on the order of a few pm are clearly visible. However,
the magnified image in Fig. 5E reveals a significant population
of droplets with diameters smaller than 1 pm. Evidently,
the droplet size distribution of this emulsion is very broad
after n = 20 HPH passes. The signal of the added oil dominates
the signal of the lipid phases already present in the PPI (see
Fig. 2).

The Nile blue fluorescence dye stains proteins and its
channel is shown in Fig. 5C. It confirms the presence of
insoluble PPI particles in the emulsion. The high number of
HPH passes reduces the insoluble PPI particle drastically and
they appear less frequent compared to the PPI10 dispersions
after n = 5 HPH passes (Fig. 2) but are still anisotropic.
Furthermore, a decreased intensity of the Nile blue signal can
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be seen in locations where large oil droplets or other particles
are located. The magnified image in Fig. 5F does not suggest
that the presence of insoluble PPI particles leads to Pickering
emulsions but rather hints at solubilized proteins stabilizing
the oil droplets. However, the optical resolution could be too
small to identify the smallest insoluble PPI particles to give a
definitive conclusion.

The Calcofluor-white dye binds to cellulose which is com-
mon in plant cell walls and highlights cell-wall debris. Large
particles are visible in Fig. 5D similar in size but less frequent
compared to the PPI10 dispersions discussed earlier (see
Fig. 2). These particles seem to exhibit a different sedimenta-
tion profile since they are typically found at higher z-values
within the imaging sample cell. The presence of the nanoemul-
sion droplets could lead to a small yield-stress, which traps the
large particles and ultimately prevents them from sedimenta-
tion. Furthermore, the cell-wall debris particles are the last to
break down by the homogenization processing. They even
persist the n = 20 passes at the highest homogenization

pressure of 30 kpsi (see Fig. S7, ESIT).

Fig. 5 confirms that the PPI10(4) precursor is able to
stabilize a peanut oil-in-water nanoemulsion despite the
presence of insoluble protein and cell-wall debris particles,
and results in a very broad droplet size distribution. A confocal
z-scan of the sample is presented in Video S2 (ESIt) to show the
heterogeneity of the sample.

Fig. 5 Fluorescence confocal microscopy images of a 10 wt% PPl + 20 vol% oil nanoemulsion after n = 20 HPH passes at P = 10 kpsi. (A) Composite of
the channels separately shown in channels (B) Nile red (oil), (C) Nile blue (protein), and (D) Calcofluor-white (cell-wall debris). The images (E)-(G) are
magnifications of the areas indicated by the white frame in the large images (B)-(D). The scale bar for (A)-(D) is 20 um and for images (E)—(G) is 1 um.

Images were recorded at room temperature.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Fluorescence confocal microscopy images of 10 wt% PPl + 20 vol% oil nanoemulsions. The rows and columns correspond to HPH pressure P
and the number of passes n, respectively. Shown are the stained oil droplets in the Nile red channel. The scale bar is 1 um. Images were recorded at room

temperature.

3.2.2 HPH effect on oil droplet morphology. This section
focuses on the Nile red channel of fluorescence confocal
microscopy images since this dye highlights the oil droplets
within the sample. A representative microscopy image selection
of differently processed PPI10-Oil20 nanoemulsion samples
recorded at room temperature is assembled in Fig. 6.

The microscopy image for n = 4 and P = 10 kpsi shows
predominantly droplets with diameters on the order of a few
um. However, careful inspection reveals the presence of a
significant population of droplets with diameters below 1 um,
and therefore confirms the presence of a broad droplet
size distribution. Increasing the number of HPH passes at
P =10 kpsi to n = 12 increases the fraction of the small droplet
population compared to the large droplets. The same trend can
be observed for n = 20 where the background appears more
densely populated with droplets, of which some are below the
optical resolution limit, but large droplets persist throughout
the 20 passes.

An increase of HPH pressure to P = 30 kpsi qualitatively
increases the population of small particles at n = 4 passes
compared to the same n at lower pressure. However, a signifi-
cant number of larger droplets are still present. Similar to the
case at P = 10 kpsi, the population of droplets with a radius
below 1 pm is increased with increasing the number of passes
to n =12 at P = 30 kpsi but becomes dominant compared to the
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lower P at the same n. There are no large droplets in the
presented field-of-view and hence the polydispersity is signifi-
cantly decreased with increasing P. An increase to n = 20 passes
at P = 30 kpsi suggests an increase in the number of droplets
with diameters below the optical detection limit, but qualitative
differences to n = 12 passes are less obvious.

3.2.3 Average effective droplet size - dynamic light
scattering. As mentioned in the previous section, the
individual droplet size can be close to the diffraction limit,
especially for a large number of HPH passes n at P = 30 kpsi.
Hence, it is difficult to measure the droplet size distribution of
these emulsions quantitatively with optical microscopy
methods. We use DLS at a 90° scattering angle to measure an
average effective droplet diameter, which represents an
ensemble average of all droplet populations that are present
in the nanoemulsion sample. In contrast, the confocal
microscopy images serve to qualitatively investigate the
nanoemulsion droplet morphology.

We did not observe a change in droplet size over the time of
at least 10 consecutive DLS experiments, i.e. 20 min. This
confirms that PPI is able to stabilize a nanoemulsion prepared
with the presented processing parameters. The average effective
droplet diameter D of PPI10-0il20 nanoemulsions decreases
as a function of HPH passes n for each HPH pressure P, as
shown in Fig. 7A. However, the relatively large minimum D

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 DLS data of 10 wt% PPI + 20 vol% oil nanoemulsions after n = 4 to
20 consecutive HPH passes at different pressures P as labeled in the
legend: (A) effective diameter and (B) polydispersity. Open and closed
symbols are repetitions of individually prepared nanoemulsions at the
same P. Error bars correspond to standard deviations of at least 9
measurements. Measurements were performed at 25 °C and a scattering
angle of 90°.

compared to droplet sizes of model-nanoemulsions is probably
caused by the increased viscosity of the peanut oil (74 = 81 mPa s at
T =20 °C).”’

Homogenizing with larger pressures P results in smaller
average droplet size. However, this is strictly true only for n < 4.
The variability of D.¢ between different samples prepared at the
same P becomes comparable to the difference in Degs as a
function of P with increasing n. Not all samples homogenized
at 30 kpsi have smaller droplet size averages than the ones
processed at 20 kpsi. This variability is likely to be a conse-
quence of the heterogeneous nature and presence of insoluble
PPI particles and cell-wall debris particles of the PPI disper-
sions used as a precursor to stabilize the oil droplets. Further-
more, repetitions of DLS experiments with fresh dilutions from
the same nanoemulsion show an increase of D.g and polydis-
persity. This indicates aggregation of the droplets even when
the nanoemulsions are stored at 4 °C (see Fig. S8, ESIT). As a
consequence, the measurements of the nanoemulsion samples
appear to be very time sensitive and the time delay between
processing and sample analysis is kept as small as possible for
the presented data in Fig. 7.

The D.g of nanoemulsion samples homogenized at 10 kpsi
plotted with empty circles and 30 kpsi plotted with empty
squares are comparable for n = 12, 16, and 20 passes. Fluores-
cence microscopy images corresponding to these two samples
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are shown in Fig. 6 and show strong differences in their
morphology, as discussed previously. On the one hand, this is
a consequence of the ensemble averaging of the DLS technique
and due to measuring at a constant scattering angle of 90°.
Furthermore, the scattering cross section is larger for larger
droplets and hence D is biased towards large droplets and the
presence of a population of smaller droplets can remain hidden
even if it is higher in number. On the other hand, optical
microscopy captures the morphology of a very localized volume
in the nanoemulsion sample. The absence of droplets with
diameters larger than 1 pm in the nanoemulsion homogenized
for n = 20 times at 30 kpsi is not likely to be representative of
the entire sample. This emphasizes the importance of using
both techniques complementary to each other to understand
the morphological features of the processed nanoemulsions.

The polydispersity in Fig. 3B decreases with increasing HPH
pass number n for each HPH pressure. The effect of HPH
pressure can be seen in a consistently reduced polydispersity
between the 10 kpsi and 30 kpsi processed samples. The
intermediate pressure of 20 kpsi is not always located within
the other samples, which is caused by the same reason that
leads to the variability between individual samples processed at
the same P. We present our data analysed using the CONTIN
method, which takes a wide size distribution into account, in
Fig. S9 (ESIf) to demonstrate that our results are only margin-
ally affected by the analysis method.

3.2.4 Thermogelation of a PPI nanoemulsion. A PPI10-
0il20(20) nanoemulsion homogenized at 30 kpsi following
Method B in Fig. 1 undergoes a temperature induced gelation
as shown by its rheological properties in Fig. 8. The nanoemul-
sion behaves predominantly like a viscous liquid at 20 °C. Upon
increasing the temperature, a gel point at 53 °C is clearly
defined by the crossover of G’ and G”. The gel point is close
to the measured unfolding temperature of the PPI powder by
differential scanning calorimetry (see Fig. S4, ESIt). G’ is
increasing two orders of magnitude during the gelation
process and the gelled nanoemulsion is stable during the time
sweep at 80 °C where a weak strengthening (aging) of G’ can be
observed. Furthermore, the gelation of the nanoemulsion is
not reversible. G’ increases with decreasing temperature
after the time sweep at 80 °C. This is different compared to
thermogelling nanoemulsion model systems which use poly-
mers with associative end groups as linkers'® or reversible
hydrophobic'**® and surfactant displacement® interactions
and exhibit strong reversibility of thermogelation. The mea-
sured behavior for PPI-NE proposes the gelation mechanism to
be based on protein unfolding or denaturation. The unfolding
of the pea proteins exposes hydrophobic groups to the aqueous
phase. Newly exposed hydrophobic groups between different
proteins can interact and form a network. The proteins remain
unfolded when the temperature is reduced and these newly
formed network connections persist. Interactions between
other constituents of the PPI such as the formation of disul-
phide bonds have been found to play a minor role in gel
formation and could contribute to the aging during the equili-
bration at 80 °C."*"°
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Fig. 8 Rheological temperature sweeps of a 10 wt% PPI dispersion after n = 4 HPH passes at P = 10 kpsi (PPI, blue squares) and a 10 wt% PPl + 20 vol%
oil nanoemulsion after n = 20 HPH passes at P = 30 kpsi (NE, red circles). The rheology of a pure oil sample is shown by the data without symbols. An
equilibration time sweep at 80 °C between the heating and cooling steps is shown in the shaded area. Full and empty symbols are the storage modulus G’

and loss modulus G’, respectively. The maximal storage modulus after gelation at 80 °C is indicated as G/,

heating rate of 2 °C min~*. Every tenth point is shown for clarity.

The rheological properties of a PP110(4) dispersion, which is
prepared following Method A in Fig. 1, are plotted for compar-
ison in Fig. 8. In contrast to the nanoemulsion, the PPI
dispersion does not gel in the temperature sweep or the
equilibration step at 80 °C. During the cooling step, G’ does
increase slightly more strongly than G”, but the phase angle J is
46° at T =20 °C, and hence G’ is still weakly dominant and the
dispersion is not gelled at the end of the cooling temperature
ramp. Furthermore, we show that the thermogelation proper-
ties of a PPI dispersion after n = 4 HPH passes at P =10 kpsi are
not affected by sonication (Fig. S10, ESIT).

The maximal storage modulus after gelation for the nanoe-
mulsion is indicated as G/ ,, in Fig. 8 at 80 °C in the heating
temperature sweep. The stark difference of G/ ,, between the
PPI10-0il20(20) nanoemulsion and PPI10(4) dispersion is a
result of the assembly of the PPI at the water—oil interfaces of
the oil droplets within the nanoemulsion. The comparison of
the PPI dispersion to the PPI nanoemulsion leads to the
conclusion that the gelation mechanism is based on the
attractive droplet-droplet interactions (increase in ¢) which
emerge with an increase of temperature. The PPI dispersion
itself does not gel, and therefore droplet-droplet interactions
are dominant and lead to a colloidal arrest even at a volume
fraction of ¢ = 0.2, which is much smaller compared to the
packing fraction usually observed for the glass transition in
colloidal systems (¢ = 0.58).%°

The loss modulus of a pure peanut oil sample is plotted in
Fig. 8 to demonstrate that the oil can only explain the elevated
G" of the nanoemulsion prior to the temperature increase from
20 °C, but the oil is not responsible for the thermogelation
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Data were measured at f=1Hz,y =1%,and a

max"

behavior of the nanoemulsion. The oil behaves as a Newtonian
viscous liquid with a phase angle close to 90° (G’ — 0 Pa and
Gl/

outside of the plotted axis limits) and viscosity ny = — =
)

81 mPasat T=20 °C.

3.2.5 Effect of HPH passes n on thermogelation of a PPI
nanoemulsion. The rheological properties of a PPI10-0il20
nanoemulsion homogenized for up to n = 20 consecutive passes
at P = 10 kpsi are shown in Fig. 9. All samples are predomi-
nantly viscous during the equilibration time sweep at 20 °C
prior to the temperature increase. A difference to the PPI
dispersions discussed earlier is the steady increase of G’ with
time despite the constant temperature. An increase in G’ is
associated with the generation of a structure that has elastic
properties and is an indication of nanoemulsion droplet aggre-
gation, which is in agreement with earlier observations with
DLS (see Fig. S8, ESIT). This instability underlines the impor-
tance of measuring the rheological properties and droplet size
with as little time delay after processing as possible and
keeping the sample at low temperature at all times.

All of the nanoemulsion samples in Fig. 9 undergo thermo-
gelation with a resulting dominant G’ at 80 °C. The sample with
n =4 HPH passes (circles) shows a gel point at a temperature of
64 °C, which is 10 °C larger compared to the samples with a
larger n. Furthermore, the relaxation (or rejuvenation) of G’
during the time sweep at 80 °C is distinct and almost leads
to the loss of the dominant elastic modulus, as well shown by
the rebounce of ¢ towards 45°. This sample contains droplets
on the order of a few pm, which could not be stabilized by
thermal fluctuations. However, no macroscopic creaming or

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Thermogelation of a 10 wt% PPl + 20 vol% oil nanoemulsion
homogenized during the emulsification process at P = 10 kpsi for up to
n = 20 consecutive passes labeled by the legend. (A) Full and empty
symbols are the storage modulus G’ and loss modulus G”, respectively. (B)
Phase angle §. 6 = 45° is indicated by the solid line. Equilibration time
sweeps at 20 °C and 80 °C are shown in the gray and orange shaded areas,
respectively. Data were measured at f = 1 Hz, y = 1%, and a heating rate of
2 °C min~t. Every tenth point is shown for clarity.

phase separation on the time scale of the measurement is
observed.

The final gel strength after gelation G, is increasing
with increasing number of HPH passes n and plateaus for the
shown sample at n = 16. The correlation of decreasing oil
droplet size with the HPH pass number (see DLS data in
Fig. 7) suggests that smaller emulsion droplets (Des) lead to
stronger gels (GY,,,). Furthermore, the gels are stable at 80 °C
forn > 4.

3.2.6 Effect of HPH pressure P on thermogelation of PPI
nanoemulsions. Three samples of PPI10-0il20(20) nanoemul-
sions homogenized at different pressures P for the same
amount of passes n = 20 are shown in Fig. 10. A higher
homogenization pressure leads to less stable gels in the time
sweep at 20 °C prior to increasing the temperature. The phase
angle ¢ of the 30 kpsi sample in Fig. 10B decreases to values
very close to 45° towards the end of the time sweep. This trend
suggests that the large mechanical impact during the proces-
sing at 30 kpsi leads to partial denaturation of the proteins.
Furthermore, the mechanical impact at this P leads to a
significant increase of temperature during the homogenization
process. Temperatures measured at the outer side of the outlet
pipe in between the piston and the heat exchanger can reach up
to 28.7 °C for 10 kpsi, 38.8 °C for 20 kpsi, and 55.1 °C for
30 kpsi. Because the PPI consists of a collection of proteins
rather than an isolated molecule, the denaturation temperature
of the PPI powder is spread out over a temperature region and
unfolding onset is measured by DSC as low as 52 °C while

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Thermogelation of 10 wt% PPl + 20 vol% oil nanoemulsions
homogenized during the emulsification process for n = 20 consecutive
passes at the pressure P indicated by the legend. (A) Full and empty
symbols are the storage modulus G’ and loss modulus G”, respectively.
(B) Phase angle 4. 6 = 45° is indicated by the solid line. Equilibration time
sweeps at 20 °C and 80 °C are shown in the gray and orange shaded areas,
respectively. Data were measured at f = 1 Hz, y = 1%, and a heating rate of
2 °C min~. Every tenth point is shown for clarity.

the denaturation peak is at 66 °C (see Fig. S4, ESIf). The
temperature during HPH processing at P = 30 kpsi is larger
than the onset of the unfolding temperature of the PPI powder.
As a consequence, it is likely that the pea protein is already
partially denatured despite keeping the sample at 4 °C in
between passes. Therefore, the high mechanical impact and
temperature increase during HPH processing can induce par-
tial unfolding and breakup of protein heteromers and aggre-
gates. This changes the strength ¢ and range 4 of the interaction
potential between droplets in addition to the droplet size
change. Furthermore, the increase in temperature during the
HPH processing depends on sample volume because small
volumes need less pump strokes and hence the sample can
already complete the HPH pass before reaching the equilibrium
temperature during processing. The data in Fig. 8 represent a
temperature sweep of an independent nanoemulsion sample
prepared in a batch with a smaller volume. The smaller value of
G’ at 20 °C prior to the temperature increase for the smaller
badge supports this hypothesis.

The samples in Fig. 10 correspond to the filled symbols in
Fig. 7. Higher HPH pressure leads generally to stronger gels
(larger G, ). This supports the hypothesis that smaller dro-
plets lead to stronger gels. The thermogelling nanoemulsion is
a complex mixture of particles with polydisperse size (¢f. DLS
data in Fig. 7) and of different nature (oil droplets, cell-wall
debris, and insoluble protein particles; see the microscopy
images in Fig. 5). As a consequence, it is likely that the
evolution of G’ and G” deviates from a gelation process with
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a single wunderlying mechanism as seen for model
nanoemulsions."® Nevertheless, the increased thermogelation
with HPH pressure is reproducible (see Fig. S11, ESIT).

An interesting behavior is the unsteady relaxation of the
nanoemulsion processed at 30 kpsi at 80 °C in Fig. 10. Repeti-
tion of a fresh nanoemulsion sample with the same processing
parameters does not show the said instability (see Fig. 8). The
applied shear strain of 1% was chosen carefully to probe the
sample within the linear viscoelastic regime. Nevertheless,
there could be an influence of the applied shear strain on
certain components of the gel, e.g. rearrangements of droplets
within the gel. However, the relaxation of G” prior to G’ in the
time sweep is not typical for a weakening of the gel due to a
large strain amplitude. The subtle increase in G’ at the end of
the temperature sweep and before the time sweep at 80 °C
indicates that the material is not in equilibrium.

3.2.7 Nanoemulsion droplet size controls gel
strength. The results presented so far indicate that the material
properties of the gelled nanoemulsion can be manipulated by
the number of high-pressure homogenization passes n and
pressure P. Since the nanoemulsion droplets are detrimental
for the colloidal gelation and serve as building blocks for the
final gel structure, we propose to use the measured average
effective droplet size Dg to compare the final gel strength at
80 °C, G|, as indicated in Fig. 8, of differently processed
nanoemulsions. The data of the three HPH pressures P align on
the graph in Fig. 11. Since DLS measurements are conducted at
a fixed scattering angle of 90°, the observed trends should be
analysed with caution to avoid over-interpretation. Neverthe-
less, it is worthwhile to compare the dependence of G, on Deg
qualitatively with reported scalings in the literature. Further-
more, the strong inverse dependence of G/, with Deg suggests
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Fig. 11 Maximum gel strength after gelation G, (G’ at 80 °C) as a
function of effective droplet size Dk of 10 wt% PPl + 20 vol% oil
nanoemulsions processed according to Method B in Fig. 1. Error bars
represent standard deviations of 9 DLS measurements at a scattering angle
of 90°. The solid line shows a power-law with exponent —2 as a guide to

the eye.
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that the large droplets visible in the microscopy images actually
make a negligible contribution to the gel elasticity.

The elasticity for emulsions with repulsive interactions at
high volume fraction originates by the resistance against dro-
plet deformation described by the Laplace pressure, which
scales as o/D, where ¢ is the interfacial tension and D is the
droplet radius.?>®® Scaling of the plateau modulus for emul-
sions with attractive depletion interactions has shown to scale
in the same way as repulsive interactions,®’ but other depen-
dencies have been reported.®” For attractive interactions origi-
nating by associating linker proteins, a scaling of plateau
modulus as a function of Dy with a power-law exponent of
—1.7 has been reported,"® which could be described by cluster
mode coupling theory.*® Exponents between —2 and —3 were
reported for attractive colloidal systems.®®

Since the measured dependence shown in Fig. 11 is stronger
than a power-law scaling with exponent —2, we expect that not
only the amount of interface present in our attractive nanoe-
mulsion system is dictating the elasticity, but the load bearing
gel structure is changed by the processing as well. We note that
our data do not span a full decade for D.¢ and so comparisons
to power-law scalings are tentative. As discussed in the previous
section, the increase in G' at 20 °C prior to temperature
increase in Fig. 10 suggests an increase in the well depth ¢
and changes in the range / of the interaction potential between
the droplets. A change in the interaction potential results in a
different path in the colloidal phase diagram during gelation,
hence leading to different load bearing structures. A larger ¢
usually results in a smaller percolation threshold leading to
earlier onset of a percolating network or increases the quench-
ing depth which gives rise to different non-ergodic states, e.g.,
homogeneous percolation or arrested phase separation.?!%47%°
The coupled effects of processing on droplet diameter and
interaction potential (both ¢ and A) render predictions of a
percolation threshold non-trivial but could explain a stronger
dependence compared to a power-law exponent of —2. Further-
more, the diverse nature of our system with multiple proteins
and insoluble particles is contributing to the complexity and
multiple effects can be present under the same conditions,
such as partial unfolding of the protein molecules and also
increased depletion interactions by polymers or small particles
in solution.

The dispersion of the data in Fig. 11 can be a consequence of
the use of a commercial protein isolate powder, which contains
not only one well-defined protein, but a collection of extractable
proteins with a range of sizes, solubilities, and denaturation
temperatures, where a large portion of the protein remains in
insoluble particles. Furthermore, the presence of lipid phases
and large resilient cell-wall debris particles is confirmed by
fluorescence microscopy (Fig. 2 and 5) as well by other
authors.*" Even after forming the nanoemulsions, a significant
number of insoluble pea protein particles withstand the pro-
cessing parameters and the cell-wall debris particles are only
marginally reduced in size. This complex mixture inevitably
leads to a higher polydispersity of the homogenized nanoemul-
sions compared to a model system. Furthermore, most theories
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assume a monodisperse colloidal system in contrast to our
polydisperse nanoemulsions. The results in Fig. 11 are only
marginally affected by analysing the DLS data with the CONTIN
method (see Fig. S9, ESIT). Furthermore, the measurement of
such a system with a fixed scattering angle requires a careful
analysis to prevent over-interpretation.

Nevertheless, G/, is significantly different for Dy below
and above 500 nm, which are fabricated with low and high HPH
pressures, respectively. This result reveals the droplet size Degr
to be a very strong handle to control the elasticity of nanoemul-
sion gels formed with a commercial pea protein isolate.
Exploration of a smaller droplet limit will be interesting to
generate stronger nanoemulsion gels and ultimately increase
the range of applications in the plant-based food space.

3.2.8 Rheological investigation of the gel structure. To
investigate the gel structure of the thermally gelled PPI10-
0il20 nanoemulsions, frequency and strain amplitude sweeps
are performed after the time sweep at 80 °C (i.e. after aging). A
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representative selection is shown in Fig. 12. Data show the
processing parameters have a strong influence on the viscoe-
lastic properties.

3.2.8.1 Frequency sweep. The nanoemulsion homogenized
with n = 4 passes at 10 kpsi shows a positive slope of G’ with
frequency w in Fig. 12A. Furthermore, no plateau of G’ is visible
in the entire measured frequency range. The crossover of the
two moduli at large w is due to instrument inertial effects,
which become dominant at frequencies indicated by the solid
line®” and do not represent the material property. The rhe-
ometer software corrects for inertia to allow accurate measure-
ment beyond the solid line to some extent, but this only applies
to uncorrected raw phase signals smaller than 175° (raw phase
shown in Fig. S12-S14, ESIf).

In contrast, there seems to be a crossover of the viscoelastic
moduli close to the lower limit of the measured frequency
range. This indicates the presence of a terminal region at low
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Fig. 12 (A) and (B) Frequency sweep, (C) and (D) applied strain amplitude sweep, and (E) and (F) the resulting stress amplitude sweep of 10 wt% PPl + 20 vol% oil

nanoemulsions at 80 °C and processed as labeled by the legend. (A)—(C) Full and empty symbols are the storage modulus G’ and loss modulus G”, respectively.
(D)—(F) Phase angle 6. 6 = 45° is indicated by the solid line. The solid line in (A) indicates the contribution of instrument inertia. Data were measured at a frequency
of 1 Hz and a shear strain amplitude of 1%, if not stated otherwise.
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frequencies. Hence, the material behaves rather like a viscoe-
lastic liquid with a long relaxation time than an elastic solid.

Another representation of this behavior can be seen in the
"

phase angle § = arctan el in Fig. 12B. The value of 6 = 31° at the

smallest frequency and its negative slope indicate a crossover of
0 = 45° not far below the lower limit of applied frequencies. As
stated above, instrument inertial effects are responsible for the
increase of ¢ at large w.

Increasing the number of HPH passes at 10 kpsi to n = 20
changes the rheological properties of the gel drastically.
Besides the strong increase in both viscoelastic moduli, G’ is
larger than G” in the entire accessible frequency range of
Fig. 12A. Furthermore, there is a definite minimum in G,
which defines a plateau modulus of G|, = 18.3 Pa that repre-
sents the overall elasticity of the gel. Hence, this nanoemulsion
behaves like a viscoelastic solid. The phase angle ¢ in Fig. 12B is
smaller and less dependent on frequency compared to the
PPI10-0il20(4) gelled nanoemulsion. The slight increase at
large frequencies is again a result of instrument inertial effects.
Increasing the homogenizing pressure P from 10 kpsi to 30 kpsi
does not change the qualitative behavior of the gel, but
generally leads to a larger plateau modulus (G}, = 46.2 Pa for

n =20). A low number of passes at high HPH pressures leads to
a more pronounced minimum in G” as well as a stronger
decrease in G’ with decreasing frequency.

3.2.8.2 Strain amplitude sweep. After completing the fre-
quency sweeps, the strain amplitude sweeps in Fig. 12C and
D are performed and give insights into the material’s behavior
with increasing strain amplitudes at f= 1 Hz.

The PPI10-0il20(4) at 10 kpsi has a linear viscoelastic
regime up to strain amplitudes of 10%. The increase of G’
towards a maximum with increasing strain amplitude before
the strong decrease is not common in strain amplitude sweeps
and is known as large strain overshoot.®® However, this
behavior has been observed for associative polymers such as
hydrophobically modified alkali-swellable emulsion (HASE)
polymers, which interact through hydrophobic groups along
their backbone®’® or polyelectrolytes with electrostatic
interactions,”’ and in some fractal colloidal gels.”> The
proposed mechanism is the increased rate of association
compared to the rate of dissociation because of the applied
strain combined with straightening of stress bearing gel com-
ponents in the flow direction or stretching of said gel backbone
components (molecules in the case of the reported polymer
system) beyond their linear Hookean limit. The occurrence of
the rejuvenation during the time sweep at 80 °C (see Fig. 9)
suggests that some bonds dissociate from the gel network,
which leads to an increased number of free interaction sites
and results in a less dense gel. Additionally, the interaction
range between droplets / is given by the radius of gyration R, of
the adsorbed pea protein (9.47 nm reported from small-angle X-
ray scattering measurements’>), which is not expected to be a
well-defined length scale because of the diverse composition of
pea proteins. The application of shear strain compresses the gel
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with increasing strain amplitude, reducing the interdroplet
distance, hence leading to the association of the free inter-
action sites and aligning the stress bearing gel backbone. This
requires a large enough bond strength to withstand the
increased strain amplitude. The behavior is reproducible and
seen for all PPI10-0il20 gels undergoing rejuvenation during
the time sweep at 80 °C. Further increase in strain amplitude
eventually overcomes the bond strength in the gel and the
dissociation rate becomes larger than the association rate and
hence G’ decreases and the network disintegrates. The small
decrease of G’ at around y = 10% prior to the increase has been
observed and characterized in polyvinyl alcohol-borate hydro-
gels and is a consequence of an intermediate number of free
reaction sites, where the association rate increase is delayed
slightly with respect to the strain induced dissociation rate.”

The loss modulus G” shows a maximum which is typical for
many soft materials (weak stress overshoot) and is related to
the network breakup and increased energy dissipation during
plastic deformations of the droplet network.>>”> We define the
yield point where G’ crosses G”. The phase angle ¢ in Fig. 12D
displays a minimum where the maximum in G’ is located and a
steady increase after the yielding occurs. Therefore, the yielding
behavior of the gelled PPI10-0il20 nanoemulsion sample pro-
cessed for n = 4 passes at 10 kpsi shows a simple yielding of the
strengthened gel. The corresponding representation of the
same data as a function of resulting stress amplitude in
Fig. 12E shows a very strong decrease of the viscoelastic moduli
after the yield point.

Increasing the number of passes to n = 20 at 10 kpsi results
in not only a strong increase of the viscoelastic moduli and a
decrease of the phase angle, but also a drastic change of the
yielding process. There is a slight increase in G” at y = 3%,
accompanied by a decrease of G'. However, G” plateaus after
this first increase before exhibiting the characteristic maximum
as a function of strain amplitude. Furthermore, the decrease in
the storage modulus is stopped and G’ remains constant. The
yielding is delayed after the first increase of G” for more than
an order of magnitude in strain amplitude where it occurs
instantaneously at around y = 75%, similar to a brittle fracture.
The sudden yielding and strong change of G’ lead to a recoil
when the data are plotted against the resulting stress amplitude
7 in Fig. 12E. This is a consequence of using the hybrid
rheometer, which is in fact a stress controlled rheometer and
uses a feedback loop to constantly adjust the applied torque for
reaching the desired strain amplitudes in the strain-controlled
mode. This can be seen by the larger applied strain amplitude
for the first data point after yielding compared to the expected
logarithmic distributed value (see Fig. S15, ESIt). The abrupt
yielding highlights the presence of a population of strong
bonds that break at a well-defined critical stress. The presence
of a local maximum in G” has been connected to the breaking
of weak links in the gel structure in attractive emulsion systems
before the shear induced configurational rearrangements of the
droplets where G” displays the maximum at larger strain
amplitudes.®>”® This two-step yielding has also been observed
in attractive colloidal systems.”” Furthermore, these “weak

This journal is © The Royal Society of Chemistry 2025
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bonds” are dissociated with increasing strain amplitude
and contribute to free network sites available for the strain
induced network formation, resulting in a constant G’ before
the abrupt yielding. After the instantaneous yielding, the phase
angle in Fig. 12F shows a shallower slope compared to the
nanoemulsion passed 4 times at 10 kpsi. These observations
indicate a more complex yielding process, where not all com-
ponents of the gel structure disintegrate at the same critical
strain amplitude but are spread out in a wider strain regime.

Nanoemulsions prepared with n = 4 passes at an increased
homogenization pressure of P = 30 kpsi exhibit again not only
an increase of viscoelastic moduli, but also a change in the
yielding behavior. The local maximum and broad plateau of G”
are much more pronounced in Fig. 12C compared to the
sample prepared with n = 20 passes at P = 10 kpsi. A decrease
of G’ is accompanied by the first increase of G’ and G’ shows a
constant non-zero slope during the plateau of G”. Once the gel
yields, the slope of G’ decreases further. This behavior is also
visible in the phase angle in Fig. 12D. Plotted as a function of
the resulting stress amplitude in Fig. 12E, the decrease is
sudden with a steep decay of both moduli at the end of the
G’ plateau, similar to the nanoemulsion homogenized for n = 4
passes at 10 kpsi. However, the slopes seem to level off towards
very large stress amplitudes. The larger HPH pressure leads to
stronger interactions between the droplets on average and
hence the availability of free network sites is not sufficient for
the gel to undergo the large strain overshoot.

Increasing the number of passes to n = 20 at P = 30 kpsi
shows similarities to increasing the number of passes at 10
kpsi. The maximum in G” is more distinct, and there is a recoil
in the resulting stress amplitude. A big difference is the more
gradual occurrence of the yielding and the constant non-zero
slope in G’ is absent. A stark contrast to the other samples is the
recoil of the phase angle towards 45° over a broad strain (and
resulting stress) amplitude range before eventually increasing
towards 90° (see Fig. 12D). The wide range of ¢ close to 45°
indicates the presence of a heterogeneously structured gel
whose structural components yield over a broad range of
strain/stress amplitudes. The recoil of the moduli as a function
of stress amplitude is again the result of a very abrupt yielding
(see Fig. 12E).

In conclusion, the HPH processing parameters n and P
control the rheological properties of the gelled nanoemulsions
and a higher degree of processing leads to more heteroge-
neously structured gels.

4 Conclusions

Bright-field and fluorescence confocal microscopy show that
the aqueous redispersed commercial PPI consists of a consid-
erable amount of insoluble protein particles, cell-wall debris
particles, and lipid inclusions. These large insoluble particles
sediment quickly and the temperature induced gelation of the
PPI dispersion is very sensitive to sample loading and hence
repeatability of the thermogelation is low. Sedimentation can

This journal is © The Royal Society of Chemistry 2025
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be prevented by just one high-pressure homogenization pass
due to insoluble particle size reduction. As a consequence, the
PPI dispersion loses its gelling ability and stays viscous for the
entire temperature range with good repeatability.

The non-gelling PPI dispersion is able to stabilize a nano-
emulsion with ¢ = 0.2 oil volume fraction and exhibits a
complex microscopic morphology, which is composed of not
only emulsion oil droplets, but insoluble protein particles, and
cell-wall debris particles persist to varying degrees throughout
all processing steps. The emulsion droplet size and polydisper-
sity can be modified by varying the number of HPH passes n
and pressure P and both fluorescence microscopy and dynamic
light scattering show the presence of sub-micron sized droplets.
Furthermore, the nanoemulsions stabilized by the non-gelling
PPI dispersion show strong thermogelation upon heating to
80 °C, which is associated to an increase in attractive inter-
action between droplets as a result of the denaturation and
unfolding of the adsorbed protein molecules. Hence, the pea
protein isolate acts not only as a nanoemulsion stabilizer, but
also as a linker for thermogelation. We show that the average
droplet size measured by DLS at a 90° scattering angle is a
strong handle to control nanoemulsion gel stiffness after gela-
tion at 80 °C despite the underlying complexity in composition
and morphology of the commercial pea protein isolate. Further-
more, the rheological properties of the formed nanoemulsion
gel can be manipulated by the parameters n and P, ranging
from a strong stress overshoot and almost brittle fraction to
multi-step yielding over a broad strain range, which indicates
the presence of free network sites, a homogeneous, and a
heterogeneously structured gel that yields over a range of
critical strain amplitudes, respectively.

In conclusion, we demonstrate the use of nanoemulsion
droplets stabilized by a commercial pea protein isolate as
building blocks to control the mechanical properties of ther-
mogelled nanoemulsions with droplet size and processing
parameters as controlling parameters. This study serves as a
first step of structure formation by colloidal thermogelation in
a real system with a commercial pea protein isolate. Extending
the lower droplet size limit to smaller values will be interesting
to fabricate stronger gels. The investigation of sedimenting
large particles with z-dependent turbidity scan measurements
prior to gelation will be helpful to identify the nature of these
particles. They can then be removed for future formulation to
avoid perturbation of the gelation process. Furthermore, inter-
facial rheology will be interesting to gain more detailed insights
into the adsorption kinetics of the proteins depending on the
pre-processed PPI and the interfacial shear modulus will reveal
structural changes of these adsorbed proteins as a function of
temperature. This will be useful for optimizing the thermogela-
tion process, e.g., selecting a specific protein fraction with
beneficial interfacial properties. Detailed knowledge of the
interfacial behavior of a specific protein fraction as a function
of HPH processing will help to deconvolute the effect of HPH
processing on droplet diameter and interaction potential (¢ and
A) between the droplets. Using hydrophobic colloidal particles
instead of oil droplets in combination with adsorbing PPI
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dispersions could potentially further decouple these effects and
lead to mechanistic insights of the colloidal physics and
potentially allow for predictions of the percolation threshold.
Additionally, tuning the oil volume fraction ¢ could potentially
lead to different gel structures as has been shown for model
nanoemulsions."® However, it is crucial to keep the surfactant-
to-oil ratio constant to avoid droplet size change which drasti-
cally affects the gel elasticity. Furthermore, an extensive rheo-
logical investigation with the underlying constant shear strain
rate paired with parallel and orthogonal superposition oscilla-
tory shear measurements can give a more profound insight into
the formed heterogeneous structure, which will be interesting
for application as a precursor in thermo-mechanical processing
for next-generation plant-based foods.
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