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A B S T R A C T   

Plant-based milk alternatives are gaining increasing relevance in the food industry, but the influence of plant 
proteins and fibers on the specific product properties has not yet been explored. In this study, the influence of soy 
protein isolate and the oat fiber β-glucan on the emulsion and powder properties of plant milk alternatives is 
analyzed. The components exhibit different behavior at the oil-water interface after homogenization, thereby 
affecting droplet size distribution, dynamic viscosity and emulsion stability in terms of electrostatic repulsion. To 
determine the interactions of the components at the interface, the individual raw materials soy protein isolate 
and oat bran as well as mixtures of both were investigated. The measurements highlight variations between the 
fiber component and the plant protein source at the interface. The identified differences in emulsion charac
teristics also manifest in spray drying with different particle sizes and lipid encapsulation efficiencies.   

1. Introduction 

Consumers are increasingly tending towards plant-based milk alter
natives (PBMA) compared to conventional cow’s milk (Statista, 2023). 
Thereby, the reasons are diverse and can be attributed, for example, to 
conditions such as lactose intolerance and milk allergy, lifestyle choices 
or the selection of a more sustainable food product (Aydar et al., 2020; 
Romulo, 2022; Yadav et al., 2017). PBMA are distinguished as a more 
environmentally friendly product as a result of lower CO2 emissions and 
water consumption during production (Aydar et al., 2020; Romulo, 
2022). This effect is also evident in the anticipated sales growth of 
plant-based milk products, significantly enhancing their industrial 
relevance (Aydar et al., 2020; Statista, 2023). 

PBMA belong in the liquid form to oil in water (O/W)- emulsions, in 
which the dispersed oil phase is present as droplets in the continuous 
water phase. Emulsifying additives are used to stabilize the emulsion 
and facilitate the droplet breakup mechanism (Armbruster et al., 1991; 
Köhler, 2010). In the food industry, proteins often accumulate at the 
interface between oil and water phases and thus reduce the interfacial 
tension (Leal-Calderon et al., 2007). For the optimization of product 

properties such as stability and structure, the mechanical homogeniza
tion techniques of the rotor/stator system and high-pressure homoge
nization are applied (Kivelä et al., 2010). In Armbruster et al. (1991) and 
Yadav et al. (2017), reduced droplet size distributions of the disperse 
phase are described by the deforming forces acting during homogeni
zation, exceeding the form-retaining interfacial forces and causing the 
breakup of aggregates and lipid droplets. To convert the liquid PBMA 
into a powdered form with an encapsulated dispersed oil phase 
embedded in an amorphous carbohydrate or protein matrix (Fuchs et al., 
2006; Palzer et al., 2012), the O/W emulsions are dried using a spray 
dryer. The liquid product to be dried is first atomized with a nozzle, in 
which the solvent at the droplet surface has a higher partial pressure 
than the solvent in the drying gas. As a result of the partial pressure 
difference, the solvent water evaporates and the viscosity of the PBMA 
liquid droplet increases until a rubbery state is reached. Gianfrancesco 
et al. (2008) reported that this state is achieved at different moisture 
contents and surface temperatures depending on the emulsion compo
sition. Moreover, amorphous substances in the liquid droplet can form a 
sticky surface, causing the particle to create porous agglomerate struc
tures on contact with others (Palzer, 2007). The literature describes the 
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stickiness temperature at 20–40 ◦C above the material-specific glass 
transition temperature at viscosities between 106 and 108 Pa • s 
(Bhandari, 2013; Gianfrancesco et al., 2008; Palzer, 2009). 

In this study, a PBMA product with soy proteins as a protein source 
with a high nutritional value and oat bran to add fiber to the recipe was 
investigated. Both raw materials are characterized by positive health 
effects if consumed and functional properties that have a beneficial ef
fect on the product (Aydar et al., 2020; Agbenorhevi et al., 2011; 
D’Adamo and Sahin, 2014; Kivelä et al., 2010; Zhang et al., 2009). 
However, the combination of soy proteins and oat fibers in PBMA and 
their influence on the emulsion and powder properties has not been 
researched to date. In particular, the integration of both components 
into a complex formulation for the manufacturing of the powdered food 
product is necessary to identify the influence of the applied technologies 
and process parameters on the material components and properties of 
the PBMA formulations. The results of this study can be used for the 
targeted regulation of PBMA product properties and thus enable opti
mization, for example with regard to reconstitution and storage 
stability. 

2. Materials and methods 

2.1. Materials 

In the study, a plant-based alternative to conventional cow’s milk 
was used. The considered simplified model system was intended to 
enable the transfer of the gained knowledge to more complex systems. 
The investigation was conducted with the raw materials glucose syrup 
with a dextrose equivalent (DE) of 21, soy protein isolate, sunflower oil 
and oat bran by integration into a formulation. In particular, the com
bination of the plant-based components soy protein isolate and oat bran 
in the complex composition with the carbohydrate and lipid source has 
not yet been published and thus provides fundamental insights for the 
optimization of PBMA products. The raw material Glucidex DE 21 
(Azelis, Germany) was used for the amorphous polysaccharide glucose 
syrup DE 21. Soy protein isolate (SPI) from the product line VEGACON® 
90S (Eurosoy, Germany) conduced as the protein source and was char
acterized by a crude protein content in dry matter according to DIN EN 
ISO 16634–1:2009 of 91.3% and an ash content of 4.55% with moisture 
content of the raw material of 5.8 g/100g. The lipid component was 
sunflower oil (Bressmer & Francke, Germany), which had a fatty acid 
content of palmitic acid C16:0 of 6.4%, stearic acid C18:0 of 3.5%, oleic 
acid C18:1 of 32.5% and linoleic acid C18:2 of 57.3%. The raw material 
oat bran (OB) (Mühle Schlingemann, Germany) was used to introduce 
the fiber β-glucan in the model system. OB was featured by a β-glucan 
content of 4.5 g/100g, fiber content of 11.4 g/100g, protein content of 
138 g/kg and a Total Kjedahl Nitrogen of 22 g/kg. 

Formulations were created from the components of the model sys
tem, enabling the influences of primarily protein and fiber on the for
mation of the PBMA product to be identified. Table 1 presents the plant 
powder (PP)- formulations as a function of the various components and 
set concentrations. In each composition, one component was used in a 
higher concentration compared to the other formulations. In composi
tion PP1, the fiber content was more pronounced, while in PP2, SPI was 
incorporated at a higher concentration, and in PP3, glucose syrup DE 21 
was utilized at a higher level. An equalization of the ingredients between 

the formulations is not possible, as the individual components are 
limited in the used concentration. The set concentration in the formu
lations is the maximum concentration at which processing and stability 
of the product can still be guaranteed. The composition PP3 represents 
the reference recipe in the study, as the raw material used to a greater 
extent has already been described in detail in the literature and PP3 is 
therefore intended to show the influence of the fiber component and the 
protein source in relation to the other formulations. 

2.2. Production process of the plant-based alternative 

2.2.1. Emulsion preparation 
Prior to high-pressure homogenization, a crude emulsion was pre

pared. Therefore, the raw materials were added to the water phase and 
were pre-homogenized by the high-performance disperser T 50 Ultra 
Turrax (IKA, Germany) with an intensity of 6,000 rpm. Based on pre
liminary tests, the formulations PP1 and PP3 were produced with a solid 
content of 30% to demineralized water. Due to the significant increase in 
viscosity in PP2 as a result of the higher concentration of SPI, the solid 
content had to be reduced to 20%. Otherwise, the homogenization step 
with the high-pressure homogenizer would not have been possible and 
the influence of viscosity on the subsequent process steps and product 
properties would only allow a limited comparison between the PBMA 
formulations. The dispersed phase of the emulsion consists of the sun
flower oil and the continuous phase contains the glucose syrup DE 21, 
SPI and OB. The plant proteins introduced by mainly the SPI and to a 
smaller extent from the OB act as emulsifiers in the system. The pre- 
homogenization step was followed by laboratory-scale high-pressure 
homogenization using the TwinPanda 600 (GEA, Germany). The two- 
stage lab homogenizer was operated in a single passage flow with 
pressures of 250/50, 350/100 and 450/150 bar. The temperature of the 
pre-homogenized emulsion before entering the high-pressure homoge
nizer was around 20 ◦C and based on the set pressures, the temperature 
increased after the pass to 27–36 ◦C. The emulsion was prepared in 
triplicates for each formulation. The measurement results shown are the 
mean value and standard deviation calculated from the trials. 

2.2.2. Spray drying 
The PBMA powders from the homogenized emulsions were produced 

using the laboratory spray dryer B-290 (Büchi, Switzerland). The spray 
dryer operated on the co-current principle and the emulsion was 
atomized by a two-fluid nozzle with external liquid mixing. The nozzle 
had a liquid insert with a diameter of 0.7 mm to a total cap diameter of 
1.5 mm. A total emulsion volume of 700 mL, homogenized with 250/50 
bar at one passage and constant temperature, was dried per formulation 
at a spray rate of 10 g/min, inlet temperature of 220 ◦C and outlet 
temperature between 74 and 120 ◦C. The aspirator was operated at 85% 
corresponding to a volume flow of 33 m3/h and the spray gas flow rate 
was set at 40 mm on the rotameter, which was equivalent to a flow rate 
of 667 l/h. Powder production was conducted in duplicates for each 
formulation; the results are given as mean values with standard 
deviations. 

2.3. Analysis of emulsion properties 

2.3.1. Droplet size distribution 
The droplet size distribution of the emulsion formulations was 

analyzed in at least triplicates using the wet dispersion unit of the 
Mastersizer 3000 (Malvern Panalytical, United Kingdom) (Guldiken 
et al., 2023). The occurrence of settling or separation of the sample in 
the water dispersant is effectively prevented by utilizing a stirrer oper
ating at a speed of 1,600 rpm. The sample concentration was controlled 
by the obscuration parameter, which was kept within a range of 1–5%. 
The plant emulsions were measured with a refractive index of 1.6 and an 
absorption index of 0.001 in relation to the material system. For the 
calculation of the droplet size distribution, spherical droplets were 

Table 1 
Overview of the formulations PP1, PP2 and PP3 in regards to raw material 
composition.  

Formulation Glucose syrup 
DE 21 [%wt] 

Soy protein 
isolate [%wt] 

Sunflower oil 
[%wt] 

Oat bran 
[%wt] 

PP1 53 20 20 7 
PP2 50 38 10 2 
PP3 68 20 10 2  
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assumed and evaluated according to the Mie theory (Mie, 1908). 

2.3.2. Zeta potential 
To assess emulsions stability, zeta-potential measurements were 

performed with a Zetasizer Nano ZS (Malvern Panalytical, United 
Kingdom). The measurement method was based on Guldiken et al. 
(2023) and was further adapted. To avoid multiple scattering due to 
excessive sample concentration and consequent impairment of the 
measurement results, the emulsion sample was diluted 1:200 with 
demineralized water. The zeta potential was measured in triplicates 
with the cuvettes DTS1070 (Malvern Panalytical, United Kingdom) and 
analyzed in dependency of the pH value measured with inoLab pH 7110 
(WTW, Germany). 

2.3.3. Rheological investigation 
The rheological properties of the emulsions were determined with 

the rheometer Kinexus Pro (Malvern Panalytical, United Kingdom) in 
order to explain the flow behavior in the process steps and the material 
properties in more detail. The investigation was conducted following 
Agbenorhevi et al. (2011) and Guldiken et al. (2023) with modifications. 
Rotation measurements were performed with the cone and plate ge
ometry at 25 ◦C and a pre-tempering time of 10 min. Cone and plate 
geometry is characterized by uniform shear conditions in the gap, fast 
temperature adaptation bubbles present in the sample can be pressed 
outward by the conical shape. The cone geometry had a diameter of 60 
mm and was characterized by a cone angle of α = 1.012◦. The gap dis
tance between the cone and the plate was 0.031 mm with a liquid vol
ume of 1.01 mL. The measurement was performed in the shear range 
between 1 and 1000 s− 1 with 6 data points per decade to determine the 
dynamic viscosity as a function of the shear rate. Viscosity curves were 
generated in the upward and downward direction for the 
triple-produced emulsions per formulation. 

2.3.4. Bright field microscopy 
Bright-field microscopy was used to investigate the spatial distribu

tion of proteins, lipids and fibers in the prepared liquid samples by being 
stained with Toluidine blue. The dye stains the proteins in blue, the fi
bers in magenta, whereas the lipid droplets were identified directly by 
their characteristic spherical morphology. Toluidine blue (Sigma
–Aldrich, The Netherlands) was diluted at 1 mg/mL in deionized water. 
1 mL of liquid sample was stained by the addition of a 10 μL drop of 
Toluidine blue solution. A drop of the stained sample was placed be
tween a microscopy slide and a cover slide and observed with an Axi
oplan optical microscope (Zeiss, Germany) in bright field mode using 
10x, 20x and 40× objectives. 

2.3.5. Fluorescence microscopy 
Fluorescence microscopy was used to investigate in detail the spatial 

distribution of proteins, lipids and fibers in the liquid samples by being 
stained with Fast Green, Nile Red and CalcoFluorWhite, respectively. 
The analysis was conducted according to Michel et al. (2022). Nile Red 
(Sigma–Aldrich, The Netherlands) was diluted at 0.25 mg/mL in ethanol 
(Fisher Scientific, The Netherlands), Fast Green (Sigma–Aldrich, The 
Netherlands) was diluted at 1 mg/mL in deionized water and Calco
FluorWhite (Sigma–Aldrich, The Netherlands) at 1 mg/mL and Potas
sium Hydroxide (Fisher Scientific, The Netherlands) at 10%. 1 mL of 
liquid sample was stained by the addition of a 10 μL drop of Nile Red 
solution, followed by a 10 μL of Fast Green solution, 10 μL of Calco
FluorWhite solution and 10 μL of KOH solution. A drop of the stained 
sample was placed between a microscopy slide and a cover slide and 
observed with a LSM710 upright confocal microscope equipped with 
Airyscan detector (Zeiss, Germany) using Plan-Apochromat objectives 
(10x/0.45, 20x/0.8, 63x/1.4). The excitation laser lines used were 405, 
488 and 633 nm for CalcoFluorWhite, Nile Red and Fast Green, 
respectively. Images were acquired and processed with the ZEN imaging 
software (Zeiss, Germany). 

2.3.6. Preparation of dispersions 
Prior to interfacial measurements, SPI, OB and SPI-OB mixtures 

(3%wt) were prepared in MilliQ water adjusted at pH 7 and stirred with a 
rotor-stator mixer for 20 min. Insoluble compounds were removed by 
centrifugation at 4000×g for 20 min. The total solid content (%TS) in the 
supernatant was measured by thermogravimetric analysis. The disper
sions were diluted to 0.1%wt for interfacial analysis. 

2.3.7. Drop tensiometer measurements 
The interfacial tension between the sunflower oil and the protein 

solutions as a function of time γ(t) was determined with a drop tensi
ometer (TECLIS Instruments, France). An oil droplet is generated at the 
tip of the needle and the surface tension was calculated based on the 
shape of the drop according to the Young-Laplace equation shown in Eq. 
(1): 

Δp= γ •
(

1
R1

+
1
R2

)

(1) 

The latter relates the pressure difference across the interface Δp and 

the mean surface curvature knowing the value of both radii 
(

1
R1

+ 1
R2

)
. 

From the value of the interfacial tension γ, surface pressure can be 
determined as πt = γ0 − γt with γ0 as the value of the initial surface 
tension. For the experiments, an oil droplet of 30 mm2 was created at the 
tip of a rising needle (outer diameter of 1.65 mm). The oil droplet is 
immersed in a 0.1%wt dispersion. The interfacial tension was continu
ously monitored for 3600 s at approximately 20 ◦C. SPI and OB were 
measured separately as well as 20:1, 10:1, 3:1 SPI-OB mixtures following 
the emulsions recipes. After 3600 s, the interfacial elastic (E′

D) and 
viscous (E″

D) moduli were measured with oscillatory dilatational inter
facial rheology (Hinderink et al., 2020). The moduli were characterized 
as a function of amplitude deformation. The oil droplet was subjected to 
sinusoidal deformation (cycle of expansion and compression) with an 
amplitude between 2 and 25% of the original volume at a constant 
frequency of 0.1 Hz. Each amplitude consisted of a series of 5 defor
mation cycles followed by 1 cycle of rest period and an equilibrium back 
to the original volume of 180 s before the next deformation cycle. Based 
on the phase angle θ, both dilatational elastic modulus (E′

D) and dila
tational viscous modulus (E″

D) can be calculated based on Eqs. (2) and (3) 
as: 

E′
D = |ED| • cos θ (2)  

E″
D = |ED| • sin θ (3) 

The dilatational modulus ED can be determined by the Gibbs equa
tion. Each experiment was repeated at least three time to ensure 
repeatability. 

2.4. Analysis of particle properties 

2.4.1. Particle size measurements 
The particle shape and size distribution were analyzed using dy

namic image analysis based on the 2-camera principle of the CamSizer 
XT (Retsch Technology, Germany) (Pietsch et al., 2018). The measure
ment was performed with compressed air dispersion and a dispersion 
pressure of 90 kPa. The analysis enabled the particle size distribution 
and the characteristic parameters to be determined. In addition, the 
Sauter mean diameter was calculated based on the distribution using the 
software Matlab. To ensure repeatability, the measurements were 
repeated at least three times. 

2.4.2. Electron microscopy 
Electron microscopy was used to investigate the morphology of the 

powder samples (Munoz-Ibanez et al., 2015) and the spatial distribution 
of the lipids by being stained with Osmium Tetroxide (OsO4, EMS, 
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United States). Therefore, the powder was spread on an aluminum mi
croscopy stub equipped with a conductive carbon sticker. The surface of 
the stub was gently tapped with a razor blade to open the powder par
ticles and access its interior. The specimens were exposed to OsO4 vapor 
for 4 h to stain the unsaturated lipids. The specimens were observed with 
a Scanning Electron Microscope (SEM) Quattro S (Thermo Fisher, 
United States) employing the backscattered electron detector, which 
provides topography contrast and elemental contrast to locate the lipids 
stained with OsO4. Imaging was performed at an accelerating voltage of 
10 kV and in low vacuum mode to reduce charging artifacts. 

2.4.3. Moisture content 
For determining the moisture content of the PBMA powder after the 

spray drying process, the moisture analyzer EM 120-HR (Precisa 
Gravimetrics AG, Switzerland) was used. The method is based on ther
mogravimetry at a temperature of 102 ◦C for 30 min. The measurement 
was performed with all manufactured powders in triplicates. 

2.4.4. Surface lipid analysis 
The concentration of lipids on the particle surface was analyzed to 

assess the encapsulation efficiencies. The surface lipids are the oil pro
portion which is not encapsulated during the spray drying process. The 
analysis was conducted following a protocol by Haas et al. (2019) and 
Sarkar et al. (2016) with modifications. The measurement was per
formed in triplicates with 2 g of PBMA powder dissolved in 40 mL of 
n-heptane. To obtain optimal lipid release from the particle surface, the 
dispersion was stirred at 300 rpm for 10 min in a laboratory shaker. 
After a sedimentation phase lasting 30 min, the liquid supernatant was 
separated from the particulate solid. Centrifugation at 2,000 rpm for 5 
min led to re-sedimentation of the remaining powder particles. The 
liquid phase was then aspirated with a syringe and filtered through a 
sterile filter. A volume of 25 mL of the filtrate was filled onto 
pre-weighed aluminum pans and the solvent in the pans were evapo
rated at 115 ◦C on a heating plate. Once evaporation was complete, 
heating was continued for an additional 10 min. The aluminum pans 
were dried for 30 min at 100 ◦C in a heating oven and cooled in a 
desiccator with silica gel for at least 1 h. By weighing the pans, the 
concentration of the oil at the particle surface and the encapsulation 
efficiency (EE) of the lipid droplets in the particle matrix were deter
mined for the formulations considering the moisture content. For this 
purpose, the mass differences of the total fat content mTF from the 
fraction located on the surface mSF was related to the total oil content in 
Eq. (4): 

EE =
mTF − mSF

mTF
(4)  

2.4.5. Particle density and closed porosity 
The apparent solid density was evaluated using the AccuPyc 1330 

helium pycnometer (Micromeritics, United States) and corresponded to 
the volume of the solid phase including the closed pores (Haas et al., 
2019). The closed porosity εclosed was also determined with the helium 
pycnometer (Fuchs et al., 2006) and calculated based on Eq. (5) knowing 
the sample density without processing ρs and after crushing the particles 
ρc: 

εclosed = 1 −
ρs

ρc
(5) 

For each powder produced, six individual measurements were 
conducted. 

2.4.6. Statistical evaluation 
The results were reported as mean ± standard deviation and the 

statistical analyses was determined using one-way ANOVA with α =

0.05. The Tukey’s multiple comparison test was applied in Origin 
(2021b). Significant differences were indicated in the text and by 

different letters in the tables when p < 0.05 were obtained. The number 
of trials and measurement repetitions are listed in the corresponding 
sections. 

3. Results and discussion 

3.1. Influence of protein and fiber on the emulsion characteristics 

3.1.1. Droplet breakup 
The emulsion and powder quality of the product are strongly 

dependent on the homogenization of the PBMA components. In order to 
control the properties of both product forms, the material influence on 
the droplet size distribution, which had not previously been described, 
was first investigated. Homogenization in the high-pressure homoge
nizer causes a significant reduction of the distribution towards smaller 
droplet diameters (see Fig. 1). The droplet size decreases with increasing 
applied homogenizing pressure except of PP1, but the SPAN value is not 
reduced by the processing step (see Table 2). As the formulation PP1 
differs due to the increased concentration of OB, the formation of fiber 
aggregates during homogenization is possible. The increase in SPI in PP2 
results in slightly smaller oil droplets compared to the reference 
formulation PP3, which also leads to significant differences (p < 0.05) in 
the statistical data analysis. Therefore, it can be assumed that the con
centration of the emulsifier at the interface has reached its maximum, 
and further increments will not lead to any enhancement in emulsion 
quality. Hu et al. (2003) found protein saturation at the droplet interface 
even at low concentrations of casein, whey protein isolate and soy 
protein isolate. 

Fig. 2 depicts the microscopic images of the PBMA emulsions after 
homogenization at 250/50 bar. The oil droplets are isolated in the 
continuous phase, so the measurement of aggregates formed by oil 
droplets during the droplet size analysis can be excluded. This obser
vation was found for all formulations and homogenization pressures. 
The OB components indicated by arrows in the microscopic images 
exceed the dispersed droplet diameter despite the homogenization step. 
In the study by Michel et al. (2022) on plant-based cream cheese made 
from pea protein, sunflower oil and pea/potato fibers, comparable size 
pattern were noted in the confocal microscopy images. Particularly in 
Fig. 2 b), network-like structures are visible in the PBMA emulsion, 
which can be attributed to the oat components and form a steric barrier. 
In addition to the soluble fiber β-glucan, OB contains proteins that can 
interact with the interface and improve emulsion stability. 

Besides the microscopic analysis, the components used in the for
mulations were individually examined in order to understand the tri
modal droplet size distribution curve of the homogenized PBMA 
emulsions in detail (see Fig. 3). Therefore, the ingredient OB was dis
solved in water, homogenized at 250/50 bar and then measured. 
Centrifugation enabled the oil droplets to be separated and analyzed 
from the 250/50 bar homogenized emulsion as a function of the 
formulation ratios. The OB in the continuous phase is characterized by a 
bimodal distribution, the comminution of the OB and fiber component 
thus determines the width of the droplet size distribution in addition to 
the droplet break-up. Furthermore, the statistical evaluation did not 
indicate any significant differences (p < 0.05) between the oil droplet 
curves of the plant-based formulations. The results of the particle size 
analysis thus confirm the size differences of the components identified in 
the light microscope images. The increased concentration of SPI in PP2 
leads to a more pronounced bimodal distribution in Fig. 3. Conse
quently, protein molecules that are not adsorbed as multilayers at the 
interface tend to aggregate within the continuous phase. Coalescence 
processes occurring between the oil droplets during homogenization are 
also expected. The comparison of the formulations demonstrate that the 
soy proteins act substantially at the interface. Nishinari et al. (2014) 
describe greater interactions of the 7S globulin molecules in the SPI and 
stronger protein film formation on the oil droplets. In the study of Hu 
et al. (2003), the droplet size of the disperse phase in the O/W emulsion 
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as well as the droplet charge and accompanying specific emulsifier 
properties have an effect on lipid oxidation. To regulate oxidation in the 
PBMA product, the following investigations are focused on the phase 
interface. 

3.1.2. Stabilization of the interface 
The proteins acting as emulsifiers in the PBMA emulsions stabilize 

the oil droplets by inducing an electrical charge that causes repulsive 
forces between the droplets, thus making the system stable regarding 
coalescence and flocculation (Hu et al., 2003). Due to the adsorption of 
the emulsifying components at the interface, steric interactions of 
various strengths can also occur depending on the formed interfacial 
layer which prevent destabilizing effects in the product system (Shao 
et al., 2020). In emulsions with proteins as emulsifier system, the 
interfacial layers are usually relatively thin, thus electrostatic effects 
dominate steric repulsion (Zhang et al., 2021). The zeta potential was 
measured to estimate the emulsion stability, representing the electrical 
potential in the bilayer at the phase interface (Qi et al., 2021). In Fig. 4, 
the magnitude of the zeta potential decreases with storage time, indi
cating that the PBMA emulsions become increasingly instable. The in
fluence of the homogenizing pressure is not significantly different within 
the formulations (p < 0.05). To understand the course in more detail, the 
pH value was measured, as the charge of the proteins depends on the pH 
value of the surrounding solution. The homogenization process did not 
destroy the microorganisms present in the emulsion, and the pH value 
decreases to acidic levels due to acetate formation during anaerobic 
metabolism. The increased concentration of oat fiber in PP1 leads to the 
fastest decrease in pH value and is also reflected in the most instable 
emulsions on day 4. Otherwise, the highest concentration of SPI in PP2 
results in more stable PBMA emulsion systems. Shao et al. (2020) pro
vided evidence that polysaccharides, when not adsorbed at the interface, 
exert a stabilizing effect on emulsions by reducing destabilization. In the 
study of O’Flynn et al. (2021), the zeta potential of SPI dispersions was 
investigated as a function of pH value. A significant decrease in the 
negative net charge of the zeta potential was observed at pH value < 6.0. 
Nishinari et al. (2014) and O’Flynn et al. (2021) attribute this obser
vation partly to the change in the tertiary and quaternary structure of 
β-conglycinin and glycinin, which affect the hydroelectric charge and 
protein interactions. The potential values measured on day 0 correspond 
to those reported in literature (O’Flynn et al., 2021), but the differences 
increase with the storage time. Therefore, the decrease in zeta potential 
can be ascribed to microbial growth and the associated metabolism, thus 
influencing the emulsion environment through pH value alterations. The 
PBMA emulsions consequently approach the isoelectric point of SPI (pI 
≈ 4.6 (O’Flynn et al., 2021; Wolf, 1970), leading to a decrease in solu
bility. Immediately after the homogenization process, the electrical 
charge induced by the SPI can be assumed to predominate. The analysis 
of PBMA emulsion stability as a function of formulations and homoge
nization pressures is intended to provide insights into the storage time at 
which a consistently stable emulsion can be ensured for further pro
cessing steps. The previously not studied correlation of PBMA stability 
over storage time is thereby also of industrial relevance. Due to the in
stabilities occurring with increasing storage time, the emulsions were 
spray-dried immediately after homogenization on day 0 (see section 
3.2). 

3.1.3. Rheological properties 
The not yet identified rheological properties of the PBMA formula

tions had been investigated to characterize the material influence on the 
production process and the microstructure of the O/W emulsions. Fig. 5 
show shear-thinning flow behavior for the plant-based emulsions. Due to 
the homogenization process, the flow behavior increasingly approaches 
a Newtonian fluid. The rheological property described was also 
observed in the study of Kivelä et al. (2010) using oat β-glucan solutions. 
For all formulations, high-pressure homogenization leads to a reduction 
in dynamic viscosity. Among the used homogenization pressures, no 
significant differences can be identified by the statistical analysis. In the 
investigations of Pal (1996) an opposite trend is described as a result of 
high-pressure homogenization. The droplet size has a decisive influence 
on the emulsion rheology by increasing the viscosity with a higher 
proportion of fine droplets compared to the pre-emulsion. Furthermore, 

Fig. 1. Volume density distribution of the pre- and homogenized emulsions 
produced at different homogenization pressures for the formulations a) PP1, b) 
PP2 and c) PP3. 
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the shear-thinning flow behavior of the fine emulsions is more pro
nounced as a result of homogenization, which is attributed to the pres
ence of an electrical double layer due to surfactant adsorption at the 
interface (Pal, 1996). For the investigated PBMA emulsions, the effect of 
the stabilizing double layer can be considered small since the droplet 
size exceeds. The addition of SPI to the O/W emulsion results in a sig
nificant viscosity increase, necessitating the adjustment of the PP2 
formulation in terms of the total solids content during emulsion prepa
ration (see section 2.2.1). An adjustment was inevitable due to pumping 
and atomization efficiency in the process. Since all formulations are in 
the same pH value range, differences in protein solubility can be 
neglected (O’Flynn et al., 2021). O’Flynn et al. (2021) described 
shear-thinning flow behavior for dispersions containing SPI, but protein 
aggregates were observed at pH 6.9. The deviations in the range of low 
shear rates shown in Fig. 5 can probably be attributed to the formation of 
aggregates as well as sedimentation of the fiber particles. As the shear 
rate increases, the aggregates break up and sedimentation processes are 
avoided (González-Tello et al., 2009; Pal, 1996). In the high shear rate 
regime, the dispersed particles can also align to the shear plane reducing 
the frictional resistance (Song et al., 2013). Song et al. (2013) conducted 
investigations on SPI and found a viscosity reduction at all shear rates 
for the homogenized to the non-treated samples. The alteration of pro
tein structure and viscosity is attributed to the disruption of covalent 
bonds and inhibition of non-covalent interactions, in addition to the size 
reduction resulting from high-pressure homogenization (Song et al., 
2013). Consequently, the protein influence on the rheological emulsion 
properties are higher than increasing oil droplet concentration due to 
the high-pressure homogenization process. 

In literature, aqueous solutions containing the fiber β-glucan exhibit 
non-Newtonian shear-thinning flow behavior (Agbenorhevi et al., 2011; 
Kivelä et al., 2010; Wood, 2010). Kivelä et al. (2010) showed a linear 
relationship of viscosity decline with increasing shear rate to the molar 
mass and thus particle size of the fiber, which decreased with increasing 
mechanical energy input in the high-pressure homogenizer. The greater 
the concentration of fiber in the dispersions, the higher is the degree of 
fragmentation at constant homogenization (Kivelä et al., 2010). Ac
cording to the study of Agbenorhevi et al. (2011), the shape and size of 
the formed aggregates increases with higher fiber concentration. Espe
cially in the rheological measurements at low shear rates, hysteresis 
occurs between the upward and downward viscosity curves, this is 
depicted by the deviations in Fig. 5 respectively. Agbenorhevi et al. 
(2011) attributed the behavior to aggregate formation as well as in
teractions between the fiber particles. Considering the microscopic im
ages (Fig. 6), the oil droplets stained in red can be seen to exist in 
different sizes in the continuous phase due to coalescence phenomena. 
Due to the very small molecular size of the proteins, the aggregates 
stained in green formed multilayers around the disperse phase. How
ever, the size of the fibers stained in blue outweighs the other compo
nents, suggesting that the oat fibers are a major influence on the 
rheological emulsion properties. The statistical data analysis also 

confirms the suggestion showing a significant influence (p < 0.05) of 
formulation PP1 with increased fiber content. Furthermore, the micro
structural characteristics described for the PBMA emulsions align with 
the studies involving plant proteins (Amagliani et al., 2023; Guldiken 
et al., 2023; Michel et al., 2022). 

3.1.4. Interfacial tension measurement 
Adsorption kinetics at oil-water interface and calculated surface 

pressure over time are presented in Fig. 7. All samples indicate signifi
cant differences (p < 0.05) in the statistical evaluation. In the diagram, 
various regimes are visible in adsorption kinetics. An initial and rapid 
decrease of interfacial tension is linked to the adsorption of surface- 
active compounds at interface. Then, adsorption slows down and 
interfacial tension decreases more slowly. This phenomenon is 
explained by the rearrangement of interfacial compounds, which reor
ganize themselves to lower the interfacial tension as much as possible 
(Yang and Sagis, 2021). At oil-water interface, SPI solution led to the 
highest surface pressure around 13.7 mN/m and OB solution to the 
lowest (~12.3 mN/m). The curves corresponding to the mixtures of 
SPI-OB show an intermediate behavior to that of the compounds 
measured individually. It is important to specify that the measurements 
were made at a solid content equal to 0.1%. Therefore, the protein 
content in SPI dispersion is higher than the one in OB dispersion and the 
overall total content of surface-active compounds in both dispersions 
might be different. However, it worth notice that OB also contain 
various compounds which can present specific surface activity such as 
fibers of small polar lipids. To have a better understanding on the 
interfacial layers organization, dilatational rheology was performed. 

3.1.5. Interfacial dilatational rheology 
Oscillatory dilatational amplitude strain sweep (deformation ranging 

from 2% to 25%) were performed at a frequency of 0.1 Hz after 1h of 
equilibrium (see Fig. 8). The calculated dilatational elastic modulus was 
much higher than the viscous modulus for all dispersions indicating a 
more elastic behavior. Similar results for SPI solution were observed by 
Zhang et al. (2021). At sunflower oil-water interface, the elastic modulus 
of OB slightly decreased upon deformation from 11.7 mN/m (at 2% 
volume deformation) to 10.4 mN/m (at 25% volume deformation). The 
elastic moduli of SPI and SPI-OB dispersions showed almost no strain 
dependency. The absence of strain dependence indicated the presence of 
weak plane-plane interactions at interface (Hinderink et al., 2020). The 
dispersion 20:1 SPI-OB and 10:1 SPI-OB behave similar as the SPI alone, 
indicating that only SPI protein adsorbed at interface or that the 
configuration and interfacial organization is similar for these two mix
tures and for the SPI alone. An unexpected behavior is the evolution of 
the dilatational elastic modulus for the mixture containing 3:1 SPI-OB. 
The statistical investigations reveal significant differences (p < 0.05) 
between this mixing ratio and the other samples. The dilatational elastic 
modulus of 3:1 SPI-OB was the lowest for all strain tested ranging from 
9.4 (at 2% volume deformation) to 9.2 mN/m (at 25% volume 

Table 2 
Characteristic droplet size parameters for the different PBMA formulations and processings in the high-pressure homogenizer at different homogenizing pressures.  

Formulation Pressure [bar] x10,3 [μm] x50,3 [μm] x90,3 [μm] x3,2 [μm] x4,3 [μm] SPAN [− ] 

PP1 Pre 2.7 ± 0.4a 60.9 ± 21.2a 181.3 ± 6.0a 10.3 ± 0.7b 78.8 ± 0.6b 2.9 ± 0.7a 

250/50 0.2 ± 0.0b 1.3 ± 0.2b 9.3 ± 8.9a 0.6 ± 0.0b 5.6 ± 0.6b 8.9 ± 2.1b 

350/100 0.2 ± 0.0a 1.5 ± 0.3a 27.1 ± 10.4b 0.6 ± 0.0a 8.6 ± 3.0a 16.9 ± 1.3a 

450/150 0.2 ± 0.0a 2.1 ± 1.1a 44.4 ± 27.9a 0.6 ± 0.0a 31.4 ± 16.7a 21.9 ± 4.7a 

PP2 Pre 6.0 ± 2.5b 61.4 ± 16.8a 167.0 ± 5.2b 17.0 ± 3.2a 74.9 ± 1.1c 2.6 ± 0.2a 

250/50 0.3 ± 0.0a 4.8 ± 0.6a 88.7 ± 11.6b 1.0 ± 0.1a 28.2 ± 2.0a 16.0 ± 1.0a 

350/100 0.2 ± 0.0a 2.9 ± 0.2a 45.7 ± 4.9b 0.7 ± 0.0a 14.1 ± 0.6a 15.9 ± 0.8a 

450/150 0.2 ± 0.0a 2.7 ± 0.4a 39.4 ± 4.7a 0.6 ± 0.0a 11.7 ± 1.8a 14.1 ± 1.1b 

PP3 Pre 9.2 ± 2.7b 93.3 ± 4.2a 208.0 ± 2.9c 22.4 ± 2.0a 103.0 ± 0.5a 2.1 ± 0.0a 

250/50 0.2 ± 0.0b 4.8 ± 0.5a 101.0 ± 10.2c 0.8 ± 0.2a,b 32.2 ± 3.5a 19.3 ± 2.0a 

350/100 0.2 ± 0.0a 3.0 ± 1.2a 151.0 ± 34.8a 0.6 ± 0.1a 12.6 ± 4.7a 13.5 ± 4.4a 

450/150 0.2 ± 0.0a 2.8 ± 0.6a 43.3 ± 15.8a 0.6 ± 0.0a 11.9 ± 1.5a 15.2 ± 2.4a,b 

*values associated with different letters per applied pressure denote significant differences (p < 0.05) between the PBMA formulations PP1, PP2 and PP3. 
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deformation) indicating some very weak interaction at interface and the 
absence of a strong network. The lower elastic modulus compared to the 
SPI and OB dispersion alone suggested the presence of both compounds 
at the interface and the absence of a synergistic effect. An increase in OB 
concentration seemed to hinder and impact the formation of SPI 
network at interface. This could be explained by the existence of steric 
hindrance which will be weaken the formed interface. 

3.2. Influence of protein and fiber on the powder characteristics 

The emulsions were spray-dried and the resulting particles were 
analyzed to identify the influence of the PBMA formulation on the 
powder properties. The increased amount of SPI in PP2 results in the 
smallest particle diameters, whereas a higher concentration of OB in PP1 
leads to an increase in particle size (see Fig. 9, p < 0.05). In the emulsion 
characterization, the fragmentation of the OB and fiber has been 
demonstrated to have a significant impact on the viscosity. Since the 
drying parameters were kept constant between formulations, larger 
droplets are expected at the outlet of the two-fluid nozzle of PP1 and the 
smallest diameters for PP2. Consequently, the drying rate of the emul
sion droplet differs between the different formulations and is charac
terized in higher moisture contents due to the addition of OB as can be 
seen in Table 3. As OB is composed of soluble and insoluble fiber ma
terial (Gualberto et al., 1997; Manthey et al., 1999), an influence of both 
fractions on the spray drying process can be expected. The characteristic 
parameters of particle size distribution, lipid encapsulation, closed 
porosity and true density are also listed in the table. Boukouvalas et al. 
(2006) indicates that the true density of food is strongly dependent on 
the temperature and moisture content of the measured sample. Thus, a 
direct conclusion on the material characteristics is only possible to a 
limited extent, since the powders are in different physical states. 
Furthermore, the particle properties are strongly dependent on the 
production scale of the spray dryer. 

Due to the different component concentration in the PBMA formu
lations, the surface composition of the solid particles varies by enriching 
the ingredient used in increased quantities. In the study of Murrieta-
Pazos et al. (2012), the surface composition has an influence on lipid 
accumulation, but in the investigations of Haas et al. (2019) the surface 
to volume ratio emerges as a crucial parameter of EE. For the spray-dried 
encapsulated carotenoids, low ratios correlate with high EE (Haas et al., 
2019). However, this trend is not observed for the produced PBMA 
powders in the study. The material influence and the associated particle 
morphologies significantly affect the surface lipid content. The 
increased addition of proteins results in a structure characterized by 
numerous closed pores that contain gas inclusions and lipids (see Table 3 
and Fig. 11 a)). According to previous studies (Abdalla and Roozen, 
1999), the oxidative stability of PP2 is reported to be higher compared to 
other formulations as the lowest proportion of oxidation-sensitive sun
flower oil is present on the particle surface. In contrast, the fiber 
component β-glucan leads to less porous particles and the amount of 
lipids that attach to the surface is higher considering the moisture and 

Fig. 2. Light microscope images of the PBMA formulations a) PP1, b) PP2 and 
c) PP3 homogenized at a pressure of 250/50 bar; the arrows illustrate the oat 
bran structures in the emulsions, which are significantly larger than the oil 
droplet diameters; in b) the exposure was adjusted to improve the clarity of the 
fiber component. 

Fig. 3. Volume density distribution of OB solution and the oil droplets stabi
lized with protein depending on the different PBMA formulations. 
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total lipid content of the formulation. Thus, a lower oxidation stability is 
to be expected during storage of the powder product. Figs. 10 and 11 
confirm the EE results by using the so far unpublished visualization 
method of the lipid component under the SEM. The figures show that the 
PBMA formulations are partially agglomerated. The lipid accumulates at 
the junction of the primary particles, and the formation of agglomerates 

through lipid bridges cannot be excluded. These particle linkages 
occurring after the spray drying process have already been described in 
the literature (Fuchs et al., 2006; Kim et al., 2002). In the investigations 
of Bhandari (2013), the more wrinkled particle surface is attributed to 

a)

b)

c)

Fig. 4. Zeta potential and pH value as a function of storage time for the O/W 
emulsions of formulations a) PP1, b) PP2 and c) PP3 produced at different 
homogenization pressure; the individual measurement points were linked by 
lines for enhanced readability, the lines do not represent measurements. Fig. 5. Dynamic viscosity as a function of shear rate for the pre-emulsion and 

with different homogenization pressures produced O/W emulsion of formula
tions a) PP1, b) PP2 and c) PP3. 
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Fig. 6. Fluorescence microscope images to visualize the oil droplets (red), 
proteins (green) and fibers (blue) in the O/W emulsion of formulations a) PP1, 
b) PP2 and c) PP3. 

Fig. 7. a) Interfacial tension evaluation over 1h of sunflower oil-water in
terfaces containing either SPI, OB and different SPI-OB ratios; b) calculated 
surface pressure over 1h for SPI, OB and different SPI-OB ratios. 

Fig. 8. Dilatational elastic moduli of sunflower oil-water interface stabilized by 
SPI, OB or SPI-OB mixture as a function of applied deformation and at a fixed 
frequency (0.1 Hz). 
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high protein coverage but according to Murrieta-Pazos et al. (2012) the 
particle morphology is also influenced by drying temperatures and 
droplet diameter in the spray dryer. Kim et al. (2002) attributed the 
accumulation of proteins at the particle surface to the enhanced 
adsorption of proteins at the air/liquid interface during the atomization 
process in the nozzle and the preferential entrapment of lipids in the 
matrix. The correlations between the ingredients used in the formula
tions and the particle properties identified in the section enable targeted 
product regulation and control of important characteristics such as 
encapsulation efficiency. 

4. Conclusion 

The previously unexplored combination of soy protein isolate with 
oat bran in the complex composition with sunflower oil and glucose 
syrup DE 21 in the PBMA formulations and their influence on emulsion 
and powder properties were further investigated. During high-pressure 
homogenization, the droplet break-up and the width of the droplet 
size distribution were characterized by the comminution of the fiber 
component. Furthermore, an improved stabilization of the O/W inter
face was shown due to an increased fiber concentration and the 
component significantly influenced the rheological properties of the 

plant emulsions. The investigations at the interface demonstrated that 
soy protein isolate led to the highest and oat bran solutions to the lowest 
surface pressures. Deformation also occurred at the interface using oat 
bran, whereas soy protein isolate and mixtures of the ingredients exerted 
only weak plane-plane interactions. 

The spray-dried milk alternative powder was influenced by the 
emulsion properties, particularly the dynamic viscosity and fragmenta
tion of the oat bran and fiber. The different component concentrations in 
the plant-based formulations had an influence on the surface lipid 
content in addition to the different particle morphologies. The increased 
addition of the plant proteins in PP2 resulted in a particle structure with 
many closed pores, which also contained lipids besides to gas inclusions. 
PP1 with the highest concentration of the fiber β-glucan led to less 
porous particles and a higher proportion of accumulated lipids on the 
particle surface. The plant-based milk alternative formulations were 
partially agglomerated with lipid accumulations at the junction of the 
primary particles. In order to optimize the reconstitution properties of 
the increasing industrially relevant milk alternative product and mini
mize lipid oxidation during storage, it is necessary to identify the most 
ideal particle morphology in further investigations, additionally to the 
material influence on the powder structure. 
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Fig. 9. Particle size distribution of formulations PP1, PP2 and PP3 produced in 
the spray dryer at constant process parameters. 

Table 3 
Overview of the characteristic particle properties of the PBMA formulations PP1, 
PP2 and PP3.   

PP1 PP2 PP3 

d10,3 [μm] 7.7 ± 1.3a 5.8 ± 0.8 a 7.1 ± 0.8a 

d50,3 [μm] 37.4 ± 4.7a 19.5 ± 2.9b 30.9 ± 1.9a 

d90,3 [μm] 272.1 ± 56.9a 77.1 ± 23.1b 171.5 ± 20.6c 

d3,2 [μm] 17.0 ± 3.8a 11.0 ± 2.1a 14.9 ± 1.8a 

S [− ] 0.80 ± 0.01a 0.81 ± 0.00a 0.81 ± 0.02a 

SPAN [− ] 7.06 ± 0.57a 3.66 ± 1.20b 5.31 ± 0.32a,b 

Mwb [g/100 g] 4.17 ± 0.43a 2.90 ± 0.38a,b 3.45 ± 0.50b 

ρs [kg/m3] 1240.40 ± 3.78a 1009.25 ± 2.50b 876.45 ± 2.05c 

Surface lipid content 
[%] 

3.74 ± 0.19a 1.93 ± 0.18b 2.16 ± 0.18a,b 

EE [%] 96.26 ± 0.19b 98.07 ± 0.18a 97.84 ± 0.18a,b 

εclosed [%] 3.26 ± 0.69c 7.97 ± 0.45a 4.61 ± 0.37b 

*values associated with different letters per row of the characteristic particle 
property denote significant differences (p < 0.05) between the PBMA formula
tions PP1, PP2 and PP3. 

Fig. 10. Electron microscopic image visualizing the lipid component (white) of 
the spray-dried PBMA formulation PP1 a) at a magnification of 2.5kx and b) at 
10kx, the arrow illustrates the lipid accumulations at the junction of the pri
mary particles. 
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