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Abstract

This study investigated the technological properties of barley hydrocolloids to produce a kinetically stable plant-based non-
dairy alternative milk. The impact of mechanical extraction assisted by electrolysis treatments (0, 5, and 15 V) on the barley
protein content was examined. The protein-rich barley aqueous extract was used to emulsify canola oil enriched with vitamin
D at different pH conditions (5, 5.6, 6, and 7) and temperatures (30 and 60 °C). The homogenization treatment performed
at 60 °C allowed higher protein solubilization and better kinetic stabilization than the one obtained at 30 °C. This tempera-
ture probably promoted water retention in barley’s hydrocolloids and protein agglomeration, producing samples with larger
Sauter mean diameters of ~ 14 um and higher apparent viscosities from 13 to 16 mPa s. The rise in pH from 5 to 7 increased
the electrostatic charges of the samples. In contrast, the pH decrease allowed a higher reduction in the interfacial tension
between barley aqueous extract and canola oil up to 3.2 mN/m at pH 5. Despite these electrostatic and steric forces provided
by the barley hydrocolloids, the beverage only showed better kinetic stability after the homogenization treatment at 60 °C.
Therefore, the barley hydrocolloids acted as structuring agents in the production of barley-based non-dairy alternative milk,

contributing to its kinetic stability by high internal phase Pickering emulsions.

Keywords Plant-based emulsion - Electrolysis - Interfacial tension - Zeta potential - Pickering emulsions

Introduction

The market for plant-based non-dairy alternative milk is
growing due to the rise consumers who are lactose intolerant,
allergic to milk proteins, or are turning to more plant-
based lifestyles (Domke, 2018; Flom & Sicherer, 2019).
More than 250 new plant-based products were added to
the shelves in the US market in 2021 (Good Food Institute,
2021). Furthermore, the dairy alternative market is predicted
to reach a value of US$ 47.1 billion in 2033, growing at
an estimated 8.3% compound annual growth rate in
10 years from 2023 to 2033 (Dairy Alternatives Market,
2023).
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Milk substitutes produced from plant raw materials have
been highlighted since they can carry and deliver bioactive
compounds, such as oil-soluble vitamins, -3 oils, carotenoids,
curcuminoids, and polyphenols (Tan & McClements, 2021;
Mekala et al., 2022). However, plant-based milk alternatives
have shown lower kinetic stability due to their complex system
formed by a colloidal system of large dispersed particles of
proteins, fat globules, and starch granules (Silva et al., 2020).
These solid particles are responsible for unwanted sensory
characteristics such as the sandy, gritty, or chalky mouthfeel
(Silva et al., 2020). Therefore, the current industrial challenge
is to develop a stable product to be transported and stored for
a long time without solid particle settling.

The manufacturing of plant-based non-dairy alternative
milk includes the following steps of soaking, extraction, fil-
tration, homogenization, and pasteurization (Bocker & Silva,
2022). The aqueous extraction stage is commonly carried
out through wet milling using mechanical energy. However,
the in-line coupling of other extraction techniques may be
advantageous, allowing higher protein extraction yields. In
this regard, electrolysis processes have efficiently assisted
the extraction of proteins from different raw materials
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(Ekaette, 2020; Rosello-Soto et al., 2015; Sankaran, et al.,
2018; Xiao & Zhou, 2020). These processes are performed
by applying an electrical voltage through metal electrodes
into the extraction media, generating ionic species, propagat-
ing shock waves, and causing cavitation bubbles (Sankaran,
et al., 2018; Xiao et al., 2020). The electrical discharges, in
its turn, have disrupted cell structures, releasing intracellular
compounds like proteins for the liquid medium. Moreover,
electrolysis voltage is one of the most significant variables
for protein extraction (Ekaette, 2020).

After the aqueous extraction, separation processes such
as filtration and sieving remove the plant solids from the
suspensions. However, the plant extracts still present large
insoluble particles that may favor kinetic instabilities (Aydar
et al., 2020). Thus, plant-based emulsions similar to dairy
colloidal system are prepared by adding oils, emulsifying
and gelling agents to the aqueous plant extracts to overcome
this challenge (McClements, 2020). Therefore, different
plant-based ingredients have been studied for the kinetic sta-
bilization of plant-based non-dairy alternative milk (Sarkar
& Dickinson, 2020). Different processes x have also been
carried out to improve the homogenization of the beverage,
avoiding phase separation phenomena (Boukid et al., 2021;
McClements, 2020; Sethi et al., 2016; Strieder et al., 2021).
Recently, barley ingredients, such as barley flour, starch,
p-glucans, hordeins, and antioxidants, have been studied and
added to plant products to improve nutritional and kinetic
stability (Boostani et al., 2020; Ekaette & Saldafia, 2021;
Karp et al., 2019; Kaushik et al., 2017; Mishra et al., 2020).
Barley grains contain glutelin that demonstrated superior
oil-binding property and emulsifying stability; hordein that
exhibited good foaming capacity; f-glucans that can act as
emulsifiers and gelling agents; and starch that is a hydro-
colloid that can stabilize emulsion systems by coating oil
droplets with formed film, reducing interfacial tension (Karp
et al., 2019; Kumari et al., 2022; Li et al., 2021; Wang et al.,
2010). Recently, Strieder et al. (2022) studied the impact of
pulsed high-pressure processing on the quality parameters of
p-carotene enriched barley-based milk. However, there are
no studies evidencing barley as a source of all the necessary
ingredients to produce a kinetically stable beverage with
added vegetable oils enriched with vitamin.

Among the homogenization process conditions, the pH
strongly influences emulsion stability by affecting elec-
trostatic and steric interactions in the continuous phase,
thus promoting dispersion stability or droplet aggregation
(Abdullah et al., 2020; Manassero et al., 2018). The tem-
perature, on the other hand, can indirectly affect emulsions
by altering the interfacial tension, adsorption of the emul-
sifier, and viscosity (Chen & Tao, 2005). Therefore, this
study evaluated the barley hydrocolloids as emulsifying and
stabilizing ingredients to produce barley-based non-dairy
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alternative milk by emulsifying canola oil enriched with
vitamin D. First, the effect of the electrolysis process (5
and 15 V) in the extraction step to obtain an aqueous barley
extract rich in proteins was examined. Then, the impact of
the pH (5, 5.6, 6, and 7) and homogenization temperature
(30 and 60 °C) on the stabilization mechanism, physico-
chemical and rheological properties, and kinetic stability of
the barley-based milk was assessed.

Material and Methods
Barley and Barley Preparation

Whole barley grains were measured for their moisture, pro-
tein, and fat contents by gravimetric determination, Dumas’
combustion method, and the test tube measurement, respec-
tively (Bradley, 2010; Gajzago & Czukor, 1993). The fat
content was determined by extracting the crude fat from
the ground barley grains with the addition of hexane. The
samples were shaken with hexane and left in contact with
the solvent for 24 h. After the extraction time, the sample
was centrifuged, and the hexane part was separated and sub-
sequently evaporated using a stream of nitrogen. Thus, we
weighted the test tubes containing the crude fat and deter-
mined the content by calculating the mass difference. The
protein content was quantified using Leco TruSpec® C/N
Analyzer with a nitrogen conversion factor of 6.25 (Vo &
Saldafia, 2023). The grains presented 4.3+0.1 g/100 g,
13.69+0.02 g/100 g (dried basis), and 1.4 +0.2 g/100 g (dried
basis) of moisture, protein, and crude fat contents, respectively.

Barley grains were soaked in water at a ratio of 10% (25 g
of barley for 250 mL of water) for 20 h at room temperature
(24 £2 °C). After the soaking, the water was drained, and
the hydrated barley grains were weighted then the barley
hydration observed was 39.6 +£0.2%. Subsequently after bar-
ley hydration, the operational procedures followed the flow
diagram presented in Fig. 1.

Aqueous Extraction of Barley Hydrocolloids

Hydrated barley grains (72 g) were immediately placed in
a Cuisinart ® Velocity Ultra 1 HP 1.5 L blender (Conair
Corporation, Hong Kong, China), and 216 g of distilled
water was added to the grains. The first extraction step
was carried out for 2 min using the blender at the maxi-
mum nominal power of the equipment. This condition was
selected based on preliminary tests, where extraction times
of 2 or 3 min did not significantly (p value > 0.05) affect the
protein extraction yield. Moreover, a higher extraction time
heated the system to more than 10 °C. The extract acquired
in this first step was named as the control extract.
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Fig. 1 Flow diagram of the main steps carried out to obtain and characterize the barley-based milk

After that, this suspension was placed in a 400 mL
glass beaker with a magnetic stirrer, and this recipient was
positioned on top of magnetic stirrer equipment. Platinum
rods (99.99% pure, 0.15 cm diameter X 15 cm length) from
Surepure Chemetals (Florham Park, NJ, USA), consid-
ered as electrodes were fitted in the beaker through rub-
ber hoses and held 2.5 cm apart on a plastic lid following
the procedure described in detail by Ekaette and Saldafia
(2021). The electrolysis chamber consisted of the plastic
lid placed on the beaker while inserting the platinum rods
into the slurry at rod lengths of 6 cm (Ekaette & Saldafia,
2021). The upper ends of the rods were connected to a
direct current supply. The studied voltages were 5 and
15 V based on previous results obtained in our laboratory
(Ekaette, 2020). Thus, the electrolysis extraction was per-
formed in an open electrolysis chamber at constant stirring
(9600 rpm) for 30 min (Ekaette & Saldafia, 2021). After
each extraction, the extract was separated from the solids
by sieving using the 75 um diameter size for 2 min. Tem-
perature and pH values were measured immediately before
and after electrolysis extraction as process control. The
pH measurements were performed using a pH and con-
ductivity meter (Accumet, Fisher Scientific, Ottawa, ON,
Canada) at 30+ 1 °C. The extraction experiments were
performed in triplicate.

Aqueous Barley Extract Characterization

The extraction yield was determined using Eq. 1. The aque-
ous barley extracts were characterized according to their
solid and protein contents and visual appearance. The solid
and protein contents were determined in the same way as
for barley grains as described in the “Barley and Barley
Preparation” section.

Barl tract
Extraction yield ( g ) arley extract (g)

= x 100
100g (Hydrated barley + water)(g)

ey

Homogenization Process

The aqueous barley extract with the highest protein content
was used in the following stages of the study. Thus, the bar-
ley extract was acquired from four batches of mechanical
extraction followed by electrolysis at 15 V, according to the
experimental procedure described in the “Aqueous Extrac-
tion of Barley Hydrocolloids” section. After the extractions,
the aqueous extracts were homogenized and separated into
four portions. The emulsions were prepared with barley
extract at different pH (5.6, 5, 6, and 7) and 0.5 g/100 g of
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canola oil enriched with vitamin D. The pH adjustment of
the aqueous barley extract was carried out adding droplets
of 0.5 M of NaOH or HCI solutions under constant mag-
netically stirring. The oil with vitamin was prepared by the
addition of 3.75 mg of cholecalciferol (>98%, Sigma) in
100 g of canola oil (Compliments, Mississauga, Canada).
The complete dissolution of the vitamin in the oil was pro-
moted by magnetic homogenization at 600 rpm overnight.
Falcon tubes of 50 mL were used to process 30 g of the sam-
ple prepared with 0.15 g of oil enriched with vitamin D and
29.85 g of barley extract. An Ultra Turrax® homogenizer
(Heidolph Diax900, Schwabach, Germany) coupled with a
water bath was used to process the samples. The emulsifi-
cation processes were performed at 21,500 rpm for 10 min.
Thus, the pH (5, 5.6, 6, and 7) and bath temperature (30 and
60 °C) were evaluated on the barley-based non-dairy alter-
native milk characteristics. Preliminary tests were carried
out to select the temperature levels evaluated. The initial
proposal was to study temperatures of 30, 60, and 90 °C.
However, samples with a cream appearance were obtained
with a homogenization temperature of 90 °C. The pH values
were selected considering those that can be reached by add-
ing ingredients to a plant-based milk.

Characterization of Barley-Based Non-dairy
Alternative Milk

The effects of the pH and homogenization temperature on
the characteristics of the barley-based non-dairy alternative
milk were analyzed according to its soluble protein content,
dynamic interfacial tension, zeta ({)-potential, droplet size
distribution, microstructure, rheological properties, cream-
ing stability, suspension rate, and color parameters.

Soluble Proteins

The soluble proteins were quantified according to the Lowry
method. Immediately after processing, 1.5 mL of each sam-
ple was transferred to a 2-mL Eppendorf tube. The tubes
were centrifuged for 15 min at 13,000 rpm, and the super-
natant was separated and filtered using Whatman filter paper
1 (25 mm). The samples were diluted twice and then pro-
ceeded with the described methodology according to Water-
borg (2009) Vo and Saldafia (2023). A calibration curve
(R*=0.99) using a protein standard from 50 to 2000 pg/mL
was used to quantify the protein content.

Stabilization Mechanism
The effects of the pH on the kinetic stabilization mecha-
nism of the barley-based emulsions were analyzed from

the dynamic interfacial tension and surface charges. The
homogenization temperature effects were also evaluated on
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the surface charges. The measurement of the dynamic inter-
facial tension between the canola oil and the barley aqueous
extract was performed by the pendant drop method using a
Theta optical tensiometer (Attension Theta, Biolin Scientifc
Inc., Gothenburg, Sweden). Approximately 4 mL of sam-
ple diluted 20 X in deionized water was placed in a cuvette
mounted onto a bench. The oil droplet (volume is~ 10 pL)
was deposited on the suspension by a J-shaped hook brought
into focus to estimate the interfacial tension. The inverted
droplet images were recorded at 12 fps for 10 min at room
temperature (24 °C). The interfacial tension was determined
by digitizing the drop and fit to the Young—Laplace equa-
tion (Eq. 2).

R2
y = Apg—2 @
B
where, v is the interfacial tension, Ap is the density dif-
ference between the fluids (canola oil and water), g is the
gravitational acceleration constant, R, is the radius of drop
curvature at the apex, and S is the shape factor. The oil drop-
let was injected into a syringe and released into the cuvette
containing diluted barley extract at different pH values (5,
5.6, 6, and 7).

The surface charges of the barley-based milk emul-
sion were determined by measuring the {-potential using a
Zetasizer Nano-ZS instrument (Malvern Instruments Ltd.,
Worcestershire, UK). The samples were diluted to 1.0% (v/v)
in deionized water for the measurements and performed in
duplicate.

Droplet Size Distribution

The droplet size distribution of the samples was measured
using the laser diffraction analyzer (Mastersizer 2000,
Malvern Instruments, Worcestershire, UK). The samples
were dispersed in distilled water to obtain laser obscura-
tion of 15% at a refractive index of 1.52 and pump speed at
2250 rpm. The Sauter mean diameter (D5 ,) was determined
according to Eq. 3.
Zleni.df 3

Zk n. d?

=117

D;, = 3)

where d; is the mean diameter of the droplets and n, is the
number of droplets.

Microstructure

The sample microstructures were observed using a Leica
DM RXA optical microscope (Leica microsystems, Concord,
ON, Canada). The images were captured by the QI click
camera using immersion oil with 40 x and 100 X objective
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lenses. We took images of the different phases formed in
the samples produced at 30 °C. After that, we homogenized
the emulsions to observe the microstructures of the mixture.

Rheological Properties

The viscosity and rheological profile of the barley-based
milk emulsions were measured using a theometer (Discov-
ery HR-1, TA Instruments, Mississauga, ON, Canada) with
DIN rotor type probe with radius of 14 mm (Peltier Steel
— 106,351) as described earlier by Mekala et al. (2021).
Approximately 25 mL of the emulsion was placed in the
cylindrical tube, and the spindle was lowered, maintaining a
gap of 1500 um. Flow curves (Shear rate: 0—300/s; 300-0/s;
and 0-300/s) were obtained using an up-down-up program
to eliminate the thixotropic behavior. The third flow curve
data were fitted to the model for shear-thinning fluids which
follows the power-law model according to Eq. 4. The param-
eters k and n were estimated by non-linear regression using
the Quasi-Newton method using the Minitab 18® software
(Minitab Inc., State College, PA, USA). The model fit was
evaluated based on the coefficient of determination (R?) and
the mean relative percentage deviation modulus (E), accord-
ing to Eq. 5.

o= k)" 4
N o|\m;—m
g=10 | . A ©)
N 4 mi

where o is the shear stress (Pa), 7 is the shear rate (s™"), k is
the consistency index (Pa s"), n is the flow behavior index
(dimensionless), m; is the experimental value, m, is the pre-
dicted value, and N is the population of the experimental
data.

Kinetic Stability

The kinetic stability of the samples was measured through
creaming stability by visual appearance and suspension rate.
The creaming stability was visually observed in samples
(15 mL), placed in a bottle with a lid, and photographed
right after processing (0 h) and after 24 h of cold storage
(6+2 °C). The suspension rate was determined using a 250-
mL cylinder tube following the China national standard GB/
T14825-2006, according to Mekala et al. (2021).

Color

The color parameters of the beverage were measured in
10 mL of sample in a white container (65 mm in diameter)
using a Hunter Lab colorimeter (CR-400, Konica Minolta,
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Fig.2 Effect of electrolysis voltage on extraction yield, total solid
content, protein content, and pH value

Ramsey, NJ, USA). The results were expressed in the values
of L (luminosity), a * (red-green), and b * (blue-yellow).

Statistical analysis

The effects of the pH and homogenization temperature on
the barley-based non-dairy alternative milk characteris-
tics were verified by analysis of variance (ANOVA) using
the Minitab 18® software with a 95% confidence level (p
value <0.05). Tukey’s test of means was performed.

Results and Discussion
Extraction Results

The barley-based non-dairy alternative milk was produced
using the barley aqueous extract obtained through mechani-
cal extraction assisted by electrolysis. The effect of elec-
trolysis voltage on the recovery of barley proteins to obtain
an extract rich in protein was examined. Therefore, two dif-
ferent voltages were studied to obtain the barley suspen-
sion. The temperatures before and after electrolysis were
31+1°Cand29+1 °C, respectively. Thereby, non-thermal
extraction processes were carried out.

Figure 2 presents the effect of electrolysis voltage on
extraction yield, barley solid content, protein extraction, and
pH value. The electrolysis voltage did not affect the total solid
content (p value=0.2). However, the processing employ-
ing 15 V promoted the highest extraction of proteins com-
pared to the control. Sankaran et al. (2018) also observed
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an increase in microalgae protein extraction increasing the
electrolysis voltage from 5 to 20 V as higher voltages pro-
moted better cell disruption of microalgae, enhancing the
extraction process by releasing more protein from the plant
cells to the system. Our results showed that the electrolysis
voltages evaluated did not significantly affect the pH value
(p value=0.17) of the aqueous extracts and the extraction
yield (p value=0.08) (Fig. 2). All processes presented an
extraction yield of 51+ 1 g, ../100 €. materia a1d produced
an extract with pH 5.6 +0.1.

The electrolysis voltage did not affect the barley extract
visual appearance (Fig. 3). Immediately after extraction,
the samples visually showed good homogeneity. However,
they presented visual phase separation after 1 h of storage
at room temperature of 24 + 1 °C. This kinetic instability is
a major problem of plant milk alternatives since they are
colloidal systems formed by large-sized dispersed particles
such as protein and starch granules (Wu & Inglett, 1974).
Thus, we selected the experimental procedure that produced
the extract with the highest protein content to proceed with
the homogenization stage of the study.

Homogenization Results

The temperature profile of each homogenization treatment
is presented in Fig. S1 in the Supporting Information. The
initial temperature of homogenization of the samples was
standardized at 5+2 °C (refrigerator temperature). The
processing time of 10 min started when we turned on the
homogenizer after coupling the sample into the water bath
system at 30 or 60 °C. Thus, the samples reached 30 and
60 °C after 4.5 and 7 min of homogenization, respectively.
Furthermore, the maximum temperatures reached by the
samples were 33 + 1 and 62+ 1 °C, respectively.

Protein Solubility

Table 1 presents the effects of the pH (5, 5.6, 6, and 7) and
the homogenization temperature (30 and 60 °C) on soluble
protein content and {-potential of the barley-based milk.
Homogenization treatments at 60 °C promoted higher
protein solubilization than treatments at 30 °C, regardless
of the sample pH value (Table 1). The treatments performed

Fig. 3 Visual appearance of the
barley aqueous extracts obtained
right after the extraction process
and 1 h after room storage at
24+1°C

0Oh 1h
Control
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Table 1 pH and temperature effects on the soluble protein content
and -potential of barley-based milk

Temperature pH value Soluble protein C-Potential
(g/100 mL) (mV)
Extract 5.60+0.06 0.099 +0.004° -16.8+0.2¢
30 °C 5 0.110+0.010° —14.4+0.001°
5.6 0.120+0.002° —18.9+0.5°
6 0.113+0.003¢ -222+0.1°
7 0.115+0.003¢ -22.0+0.8
60 °C 5 0.267 +0.004* -7.7+0.3%
5.6 0.289+0.001* -8.3+0.01°
6 0.280+0.020* —10.6+0.1°
7 0.211+0.004° - 14+0.8°

Mean values + standard deviation (n=4). Values followed by different
letters (a-f) in the same column show differences by Tukey’s test at
95% significance (p value <0.05)

at 30 °C maintained the same soluble protein content as the
extract. Therefore, the heat applied at 60 °C combined with
the homogenization treatment was essential to increase the
protein solubility. Yu et al. (2022) also observed an increase
from about 0.2 to 0.7 mg/mL in the soluble protein con-
tent of their high-denatured peanut protein samples treated
by shearing at 12,000 rpm for 10 min. They attributed this
result to the homogenization treatment which combined
strong shear force, cavitation effect, and collision, result-
ing in the depolymerization, fragmentation, and separation
of the protein aggregates. Then, the molecular structure of
the protein might be unfolded and exposed to more polar
and non-polar groups in aqueous solutions, increasing the
interaction of the hydrophilic group with water molecules.
However, they did not consider the effects of heat on their
results but reported that the treatments evaluated reached up
to 60 °C. An increase in the soluble protein content was also
observed by Krentz et al. (2022) for samples at 90:10 and
50:50 w/w of casein micelle:pea protein blend after homog-
enization and pasteurization treatment at 60 °C for 30 min.
According to them, the process of homogenization disrupted
the 3-dimensional globular protein bodies into smaller, more
soluble aggregates suspended in the aqueous phase. Despite
the heat probably contributing to the results achieved, they
also did not consider the effect of pasteurization on their

0h 1h 0Oh 1h
5V 15V
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results. The heat provided by the treatments can favor the
diffusion, interfacial tension reduction, and homogenization,
favoring the solubilization of proteins (Chen and Tao 2005).
The pH of the extracts only affected the soluble protein con-
tent in the sample produced at pH 7 and 60 °C (Table 1).
This lower soluble protein content may be associated with
the lowest medium protonation provided by pH 7.

Stabilization Mechanism

An emulsion can be stabilized, depending on the surface
characteristics of the material by electrostatic or steric sta-
bilization (Robins, 2000). Thus, we evaluated the dynamic
interfacial tension and the surface charges of the samples.
Figure 4 presents the pH effects on the interfacial tension
between the canola oil enriched with vitamin D and the
barley extracts. The contact between oil and water pre-
sented the highest value of interfacial tension up to 19.8
mN/m at 10 min of contact, as expected, considering the
immiscibility of these two fluids. Therefore, barley com-
ponents acted as emulsifying agents, reducing the inter-
facial tension between the water and oil. The interfacial
tension between the extracts and the oil at different pH
values decreased with time but at different rates. The pH
value of 5 resulted in the lowest value of interfacial tension
(3.2 mN/m at 10 min of contact). Moreover, the barley
extract compounds were quickly adsorbed in the oil/water
interface, reducing the interfacial tension. The equilibrium
was also rapidly attained, indicating a rapid saturation of

12
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Fig.4 Interfacial tension between the canola oil enriched with vita-
min D and the water and barley extracts at different pH values of 5,
5.6,6,and 7 at24+1 °C

the adsorption surface (Silva et al., 2015). We assumed
that the pH reduction affected the microenvironment of the
samples, influencing the emulsifying action of the barley
hydrocolloids. Therefore, barley proteins at pH 5 might
have presented a better surface activity to act as emulsi-
fiers in our plant-based milk.

Furthermore, all samples presented negative charges
measured by the {-potential (Table 1). These negative
charges can be associated with the barley proteins and
starch, which present negative charges in aqueous solutions
(Boostani et al., 2020; Kumari et al., 2022). On the other
hand, p-glucan’s {-potential is slightly negative, but very
close to zero (Sarantis et al., 2021). We observed a simi-
lar pH effect on the {-potential of the samples at the two
homogenization temperatures. Extracts with low pH of 5 and
5.6 produced barley-based milk samples with low surface
charges. Boostani et al. (2020) observed a different behavior
for their Pickering emulsions produced with barley hordein
and canola. Their samples produced at pH 6 and 7 presented
charges around 0 mV, while the sample produced at pH 5
had a charge value higher than 10 mV. They attributed the
lower charges (0 mV) to the protein isoelectric point. How-
ever, they evaluated purified barley hordein, which presents
an isoelectric point between pH 6 and 7. But our samples are
complex with unknown mixture of barley proteins (albumin,
globulin, gliadin (hordein), and glutelin), starch, #-glucan,
and other components extracted from barley (Bishop,
1928; Henry, 1988). Gumus et al. (2017) observed similar
C-potential results for their emulsions produced from lentil,
pea, and faba bean protein concentrates and w-3 microalgae
oil. The coarse 10:20 w/w oil-in-water emulsions prepared
using a high-shear mixer for 2 min at 10,000 rpm and a
high-pressure homogenizer operating at 68.9 kPa showed
particles with lower charges at a pH value of 5. The protein
concentrates evaluated by them presented more globulins
and albumins that had isoelectric points of 4.5 and 6, respec-
tively. Our barley-based milk may have these protein groups,
and we also verified lower {-potential values for the sam-
ples produced at lower pH values. Sirin and Yal¢in (2019)
observed that their hull-less barley protein concentrates had
an isoelectric point close to 6. Therefore, the studied pHs
were close to the isoelectric point of the barley proteins.
Moreover, we observed higher negative charges for samples
treated at 30 °C than at 60 °C. This difference can be attrib-
uted to the effect of heat on barley hydrocolloids.

The 30 °C and pH values of 6 and 7 favored the barley-
based milk stabilization by electrostatic forces. On the
other hand, the pH 5 modified the microenvironment of the
extract, promoting a better action of barley’s hydrocolloids
as emulsifying agents, improving stabilization by steric
forces. The equipment dis not allow us to assess the tem-
perature effects on reducing the interfacial tension between
the aqueous and oil phases. However, we observed that the
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proteins better solubilized at 60 °C (Table 1), which may
favor their action as an emulsifying agent in the samples
treated at this temperature.

Mean Droplet Diameter and Microstructure

Table 2 presents the pH and temperature effects on the mean
size diameter (Dj ,), theological properties, and suspension
rate of the barley-based milk. The higher homogenization
temperature (60 °C) produced droplets of a larger mean
diameter (D;,). The heat provided by this treatment pro-
moted the solubilization of proteins and may have promoted
the particles’ agglomeration. Figure 5 presents the micro-
structures and the droplet size distribution of the extracts
and the barley-based milk acquired at different pH values
and homogenization temperatures. The microstructures of
the samples were similar to those acquired for barley starch
by Kumari et al. (2022). According to them, the onset, peak,
and conclusion temperatures of barley starch gelatinization
were at 58.76, 62.74, and 69.72 °C, respectively. Thus, the
larger diameter droplets observed for samples processed at
60 °C may be related to onset starch gelatinization since
the water retaining starch molecules have larger diameters.
Moreover, Berggren (2018) observed an increase in f-glucan
adsorption of water, increasing the processing temperature
to 95 °C. Thus, the adsorption of water by these hydrocol-
loids at 60 °C may have generated the largest sample drop-
lets diameters. Previous studies performed by our research
group have shown similar behavior. Strieder et al. (2021)
observed higher mean Sauter diameters for plant-based col-
orants produced from oat, rice, peanut, and almond aque-
ous extract after a thermosonication treatment associating
ultrasound and heat at 70 °C. The thermosonicated oat col-
orant presented a higher D; , and lower span value than the
aqueous oat extract. Then, the oil droplets in the aqueous
plant-based extracts were reduced by acoustic cavitation but

the water-retaining starch molecules had larger diameters
increasing the D; , value.

The samples treated at 30 °C showed larger droplets
than the extract, except for the acquired at the pH value of
7 (Table 2 and Fig. 5). In this case, the particle’s higher
mean diameter may be associated with particle agglomera-
tion. Oliete et al. (2019) observed that combining shear,
turbulence, and collisions by microfluidization during
emulsion homogenization increased the medium tempera-
ture, probably causing an association of protein molecules.
Thus, forming high-sized aggregated structures in their pea
globulin-based emulsions prepared at different homogeniza-
tion pressures (50, 70, and 130 MPa). Silva et al. (2016) also
observed an increase in the mean Sauter diameter of their
oil-in-water emulsions stabilized with modified starch after
a process intensification using acoustic energy. According
to them, a re-coalescence phenomenon occurred due to the
“overprocessing,” resulting in higher D , value.

The pH of the samples treated at 30 °C affected the mean
diameter of the particles in different ways. The treatments at
the pH 7 produced droplets with smaller diameters, while pH
6 produced intermediate mean diameters, and pH 5.6 and 5
produced the highest mean diameters. These results may be
attributed to the effects of pH on barley hydrocolloids protona-
tion. According to Dai et al. (2020), the proteins tend to form
agglomerates due to the lowest repulsion charges in the iso-
electric point values. However, all our samples were prepared
in a pH value close to the isoelectric point (pI=06) of barley
proteins (Sirin & Yal¢in, 2019). Nevertheless, we observed
higher repulsion charges measured by {-potential in samples
produced at pH values of 7 and 6 (Table 1). Thus, the higher
pH values (6 and 7) probably promoted greater repulsion of
the molecules, avoiding agglomeration and thus producing
droplets of smaller mean diameter. Therefore, homogeniza-
tion treatments did not reduce the particles’ size but may have
promoted water retention in molecules and agglomeration.

Table2 pH and temperature effects on the mean size diameter (D5 ,), apparent viscosity, consistency and flow indices at 25 °C, coefficient of
determination (R%), mean relative percentage deviation modulus (E), and suspension rate of the barley-based milk

Temperature  pH  Dj,(um) Apparent viscosity ~ Consistency Flow behavior index,n ~ R? E (%)  Suspension rate (%)
at 98 s~! (mPa s) index, k (mPa s)

Extract 56  3.9+0.1¢ 6.0+0.1° 25.8+0.4¢ 0.692+0.001¢ 0.998  0.64 T4+4¢

30 °C 5 59+0.1>  7.43+0.05° 33.2+0.6°¢ 0.679 +0.002¢ 0.998  0.59 63 +2¢
56  59+0.1 7.36+0.04° 33.6+£0.4%¢ 0.676+0.001¢ 0.998  0.64 61+1¢
6 5.7+0.1° 7.5+0.1° 34.8+0.8° 0.673 +0.002¢ 0.998  0.62 57+1°
7 404019 7.7+0.1° 33+1°¢ 0.685+0.003¢ 0.998  0.62 62+14

60 °C 5 14+1° 16+1° 4244 0.787 £0.002° 0.995 1.23 90+ 17
56 15+1° 16+1° 36+3*° 0.830+0.008° 0997 1.11 94422
6 14+1° 12.6+0.1° 26+14 0.847 £0.009° 0.998  0.88 89+2°
7 14+1* 14.9+0.2° 27.5+0.4%¢ 0.869+0.001* 0.998  0.95 86+1°

Mean values + standard deviation (n=2). Values followed by different letters (a-e) in the same column show differences by Tukey’s test at 95%

significance (p value <0.05)
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Furthermore, samples processed at 30 °C showed a less
homogeneous size distribution than those obtained at 60 °C.
This behavior was observed in the particle size distribution
presented in Fig. 5. Thus, the treatment at 60 °C promoted
a better homogeneity in size distribution, increasing drop-
let size diameter; the same was observed by Strieder et al.
(2021).

Rheological Properties

The larger droplet diameters of the samples obtained at
60 °C also provided a higher apparent viscosity of 98 s~! to
the beverage (Table 2). This higher viscosity, as previously
discussed, may be associated with water retention in mol-
ecules and protein agglomeration, considering the isoelectric
points of the barley proteins (Boostani et al., 2020). Oth-
erwise, although the samples obtained at 30 °C had larger
droplet diameters than the extract, they did not show higher
apparent viscosities. Thus, we can infer that the viscosity
increased in samples processed at 60 °C due to water reten-
tion by barley hydrocolloids at this temperature (Kumari
et al., 2022).

The parameters obtained by the regression using the
power-law model (Eq. 2) were also reported in Table 2.
This model has been used to demonstrate the fluid viscos-
ity behavior by observing the shear rate promoted by shear
stress (Silva et al., 2015). We observed a good adjustment
of the experimental values to the model through the coeffi-
cient of determination (R?) and the mean relative percentage
deviation modulus (E). The values of R? were very close
to 1, indicating a good correlation between predicted and
observed values. The consistency index (k) indicates the
viscosity of a fluid by relating the shear stress required to
cause a shear rate of 1 s~'. Thus, higher values of k indicate
more ticker fluids. Therefore, samples produced at 30 °C are
thicker than the barley extract since they presented higher

Fig.6 pH (5, 5.6, 6, and 7) and 1000

k values. Additionally, the pH of the samples did not affect
this index at 30 °C. However, the k index observed for the
samples processed at 60 °C presented a different behavior
than the observed at 30 °C. The barley extract and samples
processed at 60 °C and pH values of 6 and 7 showed statisti-
cally the same and lowest values for k. This result can also
be observed in the flow curves presented in Fig. 6. At low
shear rates, the profile of the samples obtained at 60 °C and
pH 6 and 7 showed a profile more similar to the extract. This
result may be associated with the repulsive charges observed
in Table 1. Lower repulsive charges were observed at pH
values of 5 and 5.6. Thus, the barley molecules may have
agglomerated more, promoting the higher viscosity dem-
onstrated by the k parameter. On the other hand, the barley
molecules had higher repulsive charges at pH values of 6 and
7. Therefore, fewer agglomerations of proteins can occur,
generating lower viscosity values.

The n, otherwise, indicates the type of fluid: n=1 indi-
cates a Newtonian, n> 1 Dilatant, and 0 <n <1 a Pseudo-
plastic fluid. Our samples presented a pseudoplastic behav-
ior since all n values were lower than 1. The same behavior
was observed in the flow curves presented in Fig. 6. All
the samples presented a shear-thinning behavior, charac-
teristic of pseudoplastic fluids. We observed a decrease in
the viscosity of the samples by increasing the shear rate.
The samples obtained at 30 °C showed the same n and flow
behavior as the barley extract regardless of the evaluated pH
value. However, the samples prepared at 60 °C had higher n
values and different flow curves than the other samples. The
heat provided at 60 °C probably was responsible for these
rheological differences as our samples are complex mixtures
of proteins and polysaccharides such as starch and f-glucan.
As previously discussed, the heat may have promoted the
water retention by barley hydrocolloids and their agglom-
eration, promoting the increase in the apparent viscosity of
the beverage. The rheological characteristics observed in

homogenization temperature (30
and 60 °C) effects on the flow
behavior of the barley-based
milk: A curves of aqueous
extract and samples obtained at
30 °C and B curves of aqueous
extract and samples obtained

at 60 °C
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our samples were similar to others reported by plant-based
milk (Silva et al., 2019). Furthermore, pseudoplastic fluids
are industrially advantageous as less energy is necessary to
transport them through tubes and pipes.

Kinetic Stability

The kinetic stability of plant-based milk alternatives pro-
duced by oil in water emulsions is an important parameter to
be evaluated, considering the number of insoluble particles
present in these products. Figure 7 presents the visual appear-
ance of the samples right after the homogenization treatments
(0 h) and after 24 h of cold storage at 5+ 1 °C. The homog-
enization treatments performed at 60 °C visually improved
the kinetic stability of the barley-based milk, regardless of
the pH value. Small phase separation can be observed at the
top of the tube after 24 h of cold storage. However, the treat-
ments at 30 °C did not visually improve the kinetic stability
of the beverage. Therefore, when heated at 60 °C, the barley
hydrocolloids may have acted as Pickering stabilizers.

The same behavior was observed for the suspension rate
values presented in Table 2. This value indicated the kinetic
stability of samples considering the particle’s sedimenta-
tion rate in a diluted medium. Therefore, high rates indi-
cated lower sedimentation and better kinetic stability of
the sample. Thus, the heat provided at 60 °C was essential
to promote higher kinetic stabilization of the barley-based
milk. Besides the temperature, the pH value also affected
the kinetic stability of the sample. The pH values of 5 and
5.6 allowed the production of more kinetically stable bever-
ages at 60 °C, according to the suspension rate. The pH 5
promoted the lower interfacial tension between the water and
oil phase (Fig. 4), probably favoring the emulsification and
kinetic stabilization of the beverage. The samples processed

at 30 °C presented lower kinetic stability than the barley
extract. Thus, once again, we observed that the energy pro-
vided by processing at 30 °C was not enough to promote a
good kinetic stabilization of the samples.

We believe that barley hydrocolloids homogenized at
60 °C acted as Pickering stabilizers, producing a stable
kinetic emulsion. According to Xia et al. (2021), Picker-
ing emulsions were stabilized by insoluble solid particles
that localize at the interface between oil and water, reduc-
ing the surface of this high-energy interface. The solids
adsorption at the interface occurred through partial wet-
ting by both phases, forming an obstacle to limiting the
merging (coalescence) between droplets (Gonzalez Ortiz
et al., 2020). These solids, named Pickering stabilizers, are
proteins; modified proteins; complex particles formed by
protein—polysaccharide, polysaccharide—polysaccharide,
protein—protein, protein—polyphenol, polysaccharide—poly-
phenol, and ternary (protein—polyphenol—polysaccharide);
flavonoid; food-grade wax; and fat crystals (Xia et al.,
2021). Therefore, we believe that the homogenization at
60 °C modified the barley hydrocolloids, allowing the for-
mation of Pickering stabilizers that produced kinetic stable
emulsions in our systems.

After oil-in-water emulsion production, different phe-
nomena of phase separation can occur due to the interactions
of the particles. Thus, to better understand these phenomena,
Fig. 8 presents the microstructures of the particles present in
each phase formed in the barley extract and beverage sam-
ples obtained at 30 °C. Larger particles were observed in
the bottom part of the samples, while small ones can be
observed in the top part. These indicate particles can aggre-
gate by coalescence and flocculation that form sediments
and creaming layer. The sedimentation and creaming phe-
nomenon were also visually observed by the turbidity at the
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Fig.7 pH and temperature effects on the creaming stability of the barley-based milk immediately after processing (0 h) and after 24 h of cold

storage at 5+ 1 °C
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top and bottom parts of samples obtained at 30 °C (Fig. 7).
Besides that, samples obtained at pH 6 and 7 presented
smaller particles on the top part than those produced at pH
values of 5 and 5.6. These larger particles in the top part can
indicate creaming phenomena, which can be associated with
the protein agglomerations.

Table 3 pH and temperature effects on the color parameters of the barley-based beverage

We conclude that only the electrostatic and steric forces
provided by barley hydrocolloids were not enough to pro-
mote good emulsification and kinetic stabilization of the
plant-based milk. Therefore, the energy supplied through
homogenization at 60 °C favored the kinetic stabilization,

by allowing Pickering emulsification. Then, the barley

Temperature pH L a* b* Appearance
Barley extract 70.6+0.2° 24+03%¢ 113+0.1° Q
5 67.4+04° 24+0.1%¢ 88+03° Q
56 668+22°% 22+02¢ 7.8+0.1 >4 @
30 °C
6 67.5+06° 23+02°%  68+1¢ @
7 65.7+0.1° 26+£02%4¢ 7940454 Q
5 61.6+02¢ 31402 93+03° @
56 59.0+05° 3.1+£0.01% 8.0+0.03 %4 Q
60 °C
6 60.8+0.02% 32+0.02* 79+0.1%4 Q
7 59.8+04°%  36+0.5% 7.6+0.2° Q

Mean values + standard deviation (n=2). Values followed by different letters (a-f) in the same column show differences by Tukey’s test at 95%

significance (p value <0.05)
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hydrocolloids acted as nonadsorbing “structuring agents”
and promoted “high internal phase Pickering emulsions”
(Sarkar & Dickinson, 2020). In this type of emulsion, the
hydrocolloids promoted changes in the viscosity of the sys-
tem, improving the emulsion stability (Silva et al., 2015).
The steric stabilization is more stable to pH variations than
the electrostatic forces (Ozturk & McClements, 2016).
Because of that, we could not observe the visual pH effect on
the kinetic stability of the samples treated at 60 °C (Table 2
and Fig. 7).

Color

Table 3 presents the extract pH and the homogenization
temperature effects on the color parameters of the barley-
based milk. The samples prepared at 60 °C had darker color
(lower L values) than the barley extract and samples pre-
pared at 30 °C. The heat provided by the 60 °C treatment
may have favored browning reactions by the Maillard reac-
tion since our samples contain proteins and probably reduc-
ing sugars, as observed earlier by Lazaridou et al. (2008).
Da Silva et al. (2023) also observed darker (lower L values)
rice plant-based milk beverages acquired after pasteurization
due to browning reactions. Moreover, the samples produced
at 60 °C had the most reddish color (higher a* values), and
all the beverage samples had a less yellow color (lower b*
values) than the barley extract. These color changes can be
attributed to the addition of canola oil and homogenization
treatments. Variations in the color parameters a* and b*
were also observed by Da Silva et al. (2023) for rice-based
milk beverages. The color change was related to the deg-
radation of compounds in the raw material. Sivabalan and
Sablani (2022) observed a remarkable decline in red (a*)
and yellow (b*) colors parameters of their chitosan emul-
sions loaded with B-carotene in the oil phase after thermal
treatment at 121 °C for 1 h. They attributed this difference
to f-carotene degradation. We did not observe major differ-
ences among the samples due to the lower temperature and
processing time employed.

Conclusion

Our results have demonstrated that the barley hydrocol-
loids were promising as emulsifiers and stabilizers for
the production of kinetically stable non-dairy alterna-
tive milk. The electrolysis step applying 15 V allowed a
higher yield, producing an aqueous barley extract richer
in proteins (2.86 g/200 g liquid extract). Although bever-
ages produced at 30 °C had higher electrostatic repulsion
forces and lower pH values allowed the reduction of the
interfacial tension between the extract and the oil, these
forces were not sufficient to promote a beverage with good

@ Springer

kinetic stability. On the other hand, the treatment at 60 °C
promoted greater kinetic stability of the beverage. Thus,
we believe that barley hydrocolloids acted as structuring
agents, allowing greater kinetic stability and emulsifica-
tion by high internal phase Pickering emulsions. However,
these macromolecules need higher thermal energy to pro-
mote their technological functions. Therefore, we suggest
the performance of subsequent steps to reduce the mean
diameter of particles, promoting finer emulsions and better
kinetic stability to the beverage. Overall, this study dem-
onstrated the possibility of using barley more integrally,
supplying ingredients to produce a plant-based non-dairy
alternative milk.
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