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Abstract

Microfluidization is a technique commonly used to disrupt and homogenize dispersions such as oil-in-water emulsions or
cellular suspensions. In this study, we investigated its ability to alter the physicochemical properties of plant-derived insolu-
ble protein aggregates such as those found in pea protein extracts. Insoluble pea protein dispersions (5% w/w, pH 7) were
homogenized at 25—150 MPa for 1-5 cycles. Increasing the homogenization pressure and cycles decreased the particle size
(dy3) of the unhomogenized insoluble pea proteins from 180 +40 pm to 0.2 +0.0 pm (at > 125 MPa), leading to more trans-
parent dispersions. Furthermore, the solubility of the insoluble pea proteins increased from 23 + 1% to 86 +4%. Treatments
with chaotropic agents, dithiothreitol and urea, revealed that insoluble pea protein aggregates were stabilized not only by
disulphide bonds but also by hydrogen bonds and hydrophobic interactions. These molecular interactions were disrupted by
microfluidization. The study provides insights into the disruption mechanism of insoluble pea proteins by applying micro-
fluidization and offers a mean to improve their technofunctional properties to facilitate further use in food manufacture.
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Introduction

Pea (Pisum sativum L.) proteins can potentially replace con-
ventional animal-derived proteins (e.g. whey, egg white) in
many food applications due to its lower cost, commercial
availability, low environmental footprint, lower allergenicity,
and good nutritional value [1]. The salt-soluble globulins
make up for 70-80% of total pea proteins. They comprise
hexameric legumins (11S, ~300-400 kDa), trimeric vici-
lins (7S, ~150-180 kDa), and convicilins (7S, ~290 kDa)
consisting of ~20 and ~40 kDa, ~30-50 kDa, and ~ 70 kDa
subunits, respectively. Water-soluble albumins (~ 5-80 kDa)
account for 10-20% of the total pea proteins [2—4]. Usually,
pea proteins show limited techno-functionality compared to
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conventional proteins, attributed to their low intrinsic water
solubility and structural state [1, 5]. The structural state
of the pea proteins is influenced by purification methods
and temperature exposure during drying. For example, pea
proteins obtained by ultrafiltration processes had a higher
techno-functionality compared to heat-, acid-, and heat-acid-
precipitation possibly due to the preservation of their native
state [6]. Furthermore, protein folding can be prevented by
applying spray drying at temperatures below the denatura-
tion temperature of the pea proteins (T, = 85 °C) or freeze
drying [7]. Therefore, the used processing technique is of
key importance in retaining or modifying the functionality
of pea proteins.

Homogenization is a non-thermal processing technology,
in which a fluid is forced through a small gap or channels
by means of high pressure resulting in a more homogeneous
size distribution of particles in the fluid [8]. Disruption of
the particles is achieved by the combined action of turbu-
lence, shear force, and cavitation as well as impingement on
the walls and fluid jet collisions. The magnitude of fragmen-
tation depends on the design of the respective device [9].
For example, a microfluidizer equipped with an interaction
chamber contains microchannels forcing the fluid streams to
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collide in an impact zone, whereas in a valve homogenizer,
disruption occurs due to stress fluctuations and cavitation
[10].

In the food industry, homogenization is used to emulsify
oil droplets, disrupt particles, modify structures, and extract
metabolites through cell disruption as well as inactivate
microorganisms and enzymes [8, 9]. In the case of proteins
with inferior functionalities, structural modifications are of
great interest as they may impart changes in their physico-
chemical properties, thus potentially improving the proteins’
techno-functionality [11]. The modifications of proteins can
be attributed to (1) particle size changes and (2) alterations
in their structure, both depending on the applied homog-
enization parameters and the used proteinaceous material
[12, 13]. For example, microfluidized pea protein emulsions
showed a higher stability compared to ultrasonication as a
result of smaller particle size and higher hydrophobicity
[14]. Recently, microfluidization was applied to pea albu-
min aggregates to modulate their foaming properties [15].
Although homogenization is a well-established processing
operation in dairy, juice, pharmaceutical, and chemical man-
ufacturing, the molecular disruption mechanism of aggre-
gates is still largely unknown compared to droplet breakup.
For example, shear forces lead to droplet elongation and
ultimately droplet break-up, whereas they seem to have
little impact on rigid particles such as protein aggregates
[10]. Baldyga et al. [16] reported a more effective break-up
of aggregates using a high-pressure system compared to a
rotor—stator system due to the fact that cavitation occurs in
the former in addition to hydrodynamic stresses.

Proteins and protein aggregates are stabilized by hydro-
phobic and electrostatic interactions as well as hydrogen and
disulphide bonds [17] that are prone to changes upon applied
processing conditions. For example, disulphide bonds can
be formed at high pressures, elevated temperatures or upon
shear, whereas electrostatic and hydrophobic interactions
are disrupted by pressure [18, 19]. Hydrogen bonds were
reported to be insensitive to pressure [20]. This suggests that
some molecular interactions can be manipulated by applying
high pressures during microfluidization.

The aim of this study was to investigate the impact of
high-pressure homogenization via microfluidization on
insoluble pea protein aggregates. We hypothesized that an
increase in microfluidization pressure and cycles increas-
ingly disrupts electrostatic and hydrophobic interactions
keeping protein aggregates together, leading to an overall
weakening of protein—protein interactions and thus facilitat-
ing a breakup of aggregates. Furthermore, disulphide bonds
should remain unaffected as the pressures used in this study
were chosen to be below 600 MPa, which was reported to
be a critical stress level for disulphide bond-induced aggre-
gation of other proteins such as egg white [20]. We postu-
lated that microfluidization may result in reduced particle
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sizes, which in turn will increase the solubility of the chosen
protein.

Materials and methods
Materials

Pea protein isolate powder (Pisane C9; dry matter 95.7%,
protein content 66.9% N x 5.36) was manufactured by Cosu-
cra (Warcoing, Belgium). According to the manufacturer,
the product was extracted from yellow dry peas in a wet
process. The peas were first dehulled, milled, and solubi-
lized in water. Then, the soluble (protein) and insoluble
(fiber and starch) fractions were separated in a decantation
step. Next, the soluble protein fraction was pasteurized, puri-
fied, and concentrated, and finally spray dried, resulting in
a denatured protein product. Hydrochloric acid, magnesium
acetate, petroleum ether, and urea were purchased from Carl
Roth GmbH & Co. KG (Karlsruhe, Germany). Dithiothreitol
(DTT) was purchased from AppliChem GmbH (Darmstadt,
Germany). Double distilled water was used as solvent for
all experiments.

Fractionization of pea protein isolate

Pea protein isolate (5% w/w) was dissolved in water and
stirred overnight at 2-5 °C to ensure full hydration. The
dispersion was then centrifuged at 16.000 g for 30 min at
2-5 °C (Avanti J-301, Beckman Coulter, Krefeld, Germany).
The supernatant containing the soluble proteins was sepa-
rated from the pellet comprising the insoluble proteins. Next,
the pellet was freeze-dried (Sublimator 15, Zirbus technol-
ogy, Bad Grund, Germany) and ground to obtain a powder
(=“insoluble pea proteins”).

Chemical analyses of the proteins

The dry matter and ash content were determined gravimetri-
cally according to AS § 64 LFGB 06.00-3, and AS § 64
LFGB 06.00—4, respectively [21]. The fat content was ana-
lysed according to AS § 64 LFGB 06.00-6 [21]. The protein
content was quantified according to the Dumas method [22]
using a rapid nitrogen analyzer (Dumatherm N Pro, Gerhardt
GmbH & Co. KG, Konigswinter, Germany). A nitrogen-to-
protein conversion factor of N X 5.36 was used [23].

Microfluidization of insoluble pea proteins

Insoluble pea proteins (5% w/w freeze-dried powder) were
hydrated in water by stirring overnight at 2-5 °C, and then
adjusted to pH 7 with 6 M HCI. The microfluidization of the
insoluble pea protein dispersions was carried out with a LM10
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Microfluidizer equipped with an interaction chamber G10Z
with a diameter of 87 um (Microfluidics Corp., Westwood,
MA, USA) at six different pressures (25, 50, 75, 100, 125,
and 150 MPa) using 1, 3, and 5 cycles. The temperature at the
outlet was kept below 25 °C by cooling the interaction cham-
ber and the attached coil with ice water. A non-microfluidized
dispersion of insoluble pea proteins served as a control.

Effect of chaotropic reagents

Non-microfluidized and microfluidized (50 MPa, 3 cycles)
insoluble pea proteins (5% w/w freeze-dried powder in water,
pH 7) were subjected to chaotropic reagents urea and DTT.
For this, aqueous stock solutions of urea (15 M) and DTT
(30 mM) were prepared and adjusted to pH 7 with 6 M HCl or
6 M NaOH. The protein dispersion had a final concentration
of 5 M urea, or 10 mM DTT. The dispersions were stirred
for 24 h at 2-5 °C before particle size and turbidity analyses.
Samples with no added chaotropic agents served as control.

Particle size

Static light scattering (Horiba LA-950, Retsch Technology,
Haan, Germany) was used to determine the mean surface (d;,)
and volume (d,3) diameters of the samples. The refractive indi-
ces were set to 1.33 for the aqueous phase and 1.52 for the
dispersed pea protein phase. The samples were diluted with
pH-adjusted water to prevent multiple scattering effects. In the
case of chaotropic agents, 5 M urea or 10 mM DTT solutions
were used for dilution. The refractive index for the aqueous
phase with 5 M urea was set to 1.37 and 1.33 for 10 mM DTT.

(-Potential

Electrophoretic light scattering (Zetasizer Nano-ZS, Malvern
Instruments, Malvern, UK) was applied to determine the
C-potential of samples at 25 °C. The samples were diluted to
0.1% (w/w) with appropriate pH-adjusted water.

Turbidity

The absorbance (A) of the samples was determined ina 1 cm
path-length polystyrene cuvette (PS macro, VWR, Darmstadt,
Germany) using a UV/Visible spectrophotometer (model
8453, Hewlett Packard, Palo Alto, USA) at 630 nm. The sam-
ples were diluted to 0.1% (w/w) with appropriate pH-adjusted
water. Turbidity (7)) was calculated with Eq. 1:

T=2303xAxXL", ¢))

where L is the path length of the cuvette (cm). Bidistilled
water and in case of chaotropic agent measurements 5 M
urea or 10 mM DTT solution served as a blank.

Microstructure and visual observation

The microstructure of the samples was visualized by an Axio
Scope.A1 optical light microscope mounted with A-Plan
40x/0.65 Ph2 objective equipped with an AxioCam ICc3
digital camera (Carl Zeiss, Jena, Germany). In addition, pho-
tographic images for visual observation were taken.

Solubility

The microfluidized and non-microfluidized insoluble pea
protein dispersions (5% freeze-dried powder) were centri-
fuged at 16.000 g for 30 min at 2-5 °C (Z 32 HK, Hermle
Labortechnik, Wehingen, Germany). The nitrogen content
of the supernatant was analysed according to the Dumas
method [22] as described above. The protein solubility (S)
was calculated with Eq. 2:

Nitrogen

S atant
_ DrO8Cupernatant ) 307 @
Nltrogendispersion

The freeze-dried powder contained 71.35% protein, and
therefore the protein content in the sample was 3.57%.

Statistics

All experiments were done in triplicates with three measure-
ments. The results are expressed as mean and standard devi-
ation. ANOVA and Tukey’s post hoc test with a confidence
interval of 95% was used to evaluate statistical differences
(SPSS Statistics 25, IBM, New York, NY, USA). A regres-
sion analysis was carried out to assess a correlation between
microfluidization and particle size reduction.

Results and discussion
Characterization of insoluble pea proteins

The fractionated and freeze-dried insoluble pea protein
powder contained 71.35+0.79% protein, 4.18 +0.24%
water, 3.00 +£0.02% ash, and 0.45+0.07% fat. Pea protein
isolates can also contain a substantial amount of carbohy-
drates and crude fibre, which might account for the remain-
ing solids [24]. For example, starch (50.8%) was found to
be the main solid residue in pea flour [25]. Pectin is mainly
found in pea hulls [26]. As the peas were dehulled during
the manufacturing process of the pea protein isolate, the
pectin content should be negligible. This indicates that the
negatively charged pectin fibers are unlikely to contribute
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to aggregation of insoluble pea proteins via electrostatic
interactions.

Influence of homogenization on particle
characteristics of insoluble pea proteins

Initially, we evaluated the influence of microfluidization
pressure (25-150 MPa) and number of applied cycles
(1-5) on the particle size, turbidity, microstructure, and
charge of the insoluble pea protein dispersions (5% w/w,
pH 7). The non-microfluidized insoluble pea proteins had
a mean surface diameter (d3,) of 73 + 11 um (Fig. 1a), and
a mean volume diameter (d43) of 180 +40 pum (Fig. 1b),
and showed a broad particle size (d,;) distribution rang-
ing between 10 and 1000 pm (Fig. 2). Increasing the
microfluidization pressure and the number of cycles led
to a decrease in the particle sizes (Fig. 1). The mild-
est microfluidization condition used (25 MPa, 1 cycle)
decreased the mean dj, value of the insoluble pea proteins
to 0.28 £0.06 um (Fig. 1a). However, the mean volume
particle size (d;3 =204+ 10 um) (Fig. 1b) and the particle
size distribution data indicated that the sample still con-
tained a significant fraction of protein aggregates between
1 and 100 um (Fig. 2). The harshest microfluidization
condition used (150 MPa, 5 cycles) led to the formation
of very small protein particles (d;;=0.12+0.00 um;
d;3=0.17+0.03 ym) (Fig. 1) with monomodally
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Fig. 1 Mean surface diameter d;, (a) and volume diameter d,; (b) of
aqueous insoluble pea proteins (5% w/w, pH 7) after different micro-
fluidization treatments. Control refers to a non-microfluidized sam-
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Fig.2 Particle size (d,3) distribution of aqueous insoluble pea pro-
teins (5% w/w, pH 7) after different microfluidization treatments.
Control refers to a non-microfluidized sample

distributed particles (Fig. 2). Similarly, small particle sizes
(d3,=0.12+0.00 ym; d43=0.15+0.01 um) were obtained
already at 125 MPa (5 cycles) (Fig. 1). A regression
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analysis, plotted in a logarithmic (log) scale, showed a
high coefficient of determination (R?) for all microfluidi-
zation cycles:

e 1 cycle: log(dy;) =— 1.555 xlog(P) +3.320; R*=0.888;
r=—0.942

e 3cycles: log(d;)=— 1.296 X log(P) +2.094; R*=0.957,
r=—10.978

e 5cycles: log(d,;)=— 1.193 xlog(P)+ 1.718; R*=0.967,
r=—0.984

The correlation coefficients (7) are evidence for a strong
negative correlation between the microfluidization pressure
and the mean volume diameter. The dissociation of insolu-
ble protein aggregates into so-called supramolecular aggre-
gates with sizes < 1 um upon homogenization has also been
reported for faba bean protein (dy =12 nm with detected
particles up to 100 nm, p =103 MPa for 6 cycles, pH 7)
[27] and soy protein isolate (d; = 136 nm, p=207 MPa for
30 cycles, pH unknown) [28]. Djemaoune et al. [15] were
able to decrease the hydrodynamic diameter of thermal pea
albumin aggregates from 370 to 133 nm (p = 130 MPa for 3
passes, pH unknown).

Turbidity is a function of particle size, concentration, and
polydispersity [29]. The turbidity measurements showed that
increasing the microfluidization pressure and applied cycles
led to a decrease in turbidity (Fig. 3). The non-microflu-
idized insoluble pea proteins (= control) had the highest
turbidity of 1.80+0.40 cm™!, whereas the lowest turbidity
of 0.24 +0.04 cm™~! was measured for insoluble pea pro-
teins after microfluidization at 150 MPa with five cycles.
Microfluidization led to a substantial amount of particles
having sizes of less than 1 pm (Figs. 1, 2), which are the
dominant particles for light scattering [30]. Consequently,
these smaller particles scattered less light. In laser diffrac-
tion applying the Mie scattering theory, particles <20 pm
scatter light at a relatively low intensity and at wide angles,
whereas larger particles scatter light at relatively high inten-
sity and low angles. The statistical analyses showed that both
increasing the microfluidization pressure and increasing the
applied cycles contributed to turbidity decrease (p <0.05)
(Fig. 3).

Furthermore, the particle size and size distribution
(Figs. 1, 2) as well as turbidity (Fig. 3) measurements
corresponded well with the optical microscopy images
(Fig. 4a): the non-microfluidized insoluble pea proteins
contained large, irregularly shaped protein aggregates,
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Fig.3 Turbidity of aqueous insoluble pea proteins (0.1% w/w, pH 7)
after different microfluidization treatments. Control refers to a non-
microfluidized sample. Different small and capital letters denote
a statistical difference (p<0.05) within each pressure (impact of
cycles) and within each cycle (impact of pressure), respectively

whereas increasing the microfluidization pressure yielded
suspensions that contained only very few visible particles.
Furthermore, the non-microfluidized insoluble pea protein
dispersion exhibited a noticeable sedimentation after 24 h
since the large protein aggregates were prone to gravitational
separation, whereas the microfluidized samples did not form
any distinct sedimented layers (Fig. 4b).

The net charges ({=-35.5+0.4 mV) of the insoluble
pea protein dispersions were statistically independent of
the microfluidization treatments. The high negative charges
may have been sufficient in suppressing aggregation between
the protein particles via electrostatic repulsion after micro-
fluidization. Our results are in contrast to a study on soy
protein isolate (7% w/w, pH not indicated), whose net charge
decreased from approximately — 16 to — 26 mV after micro-
fluidization at 207 MPa with 30 cycles [28]. The authors,
however, did not give any explanation for this change.

Impact of homogenization on solubility of insoluble
pea proteins

In this part, we investigated the impact of microfluidiza-
tion on the (nitrogen) solubility of the insoluble pea proteins
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Fig.4 Optical microscopy (a) and test tube images (b) of aqueous
insoluble pea proteins (5% w/w, pH 7) after different microfluidiza-
tion treatments. Control refers to a non-microfluidized sample. Rec-
tangle indicates sedimentation

(5% wiw, pH 7). Surprisingly, the non-microfluidized pro-
tein dispersion had some solubility (22.6 = 1.3%) despite
being separated as pellet after centrifugation. It is possible
that the hydration overnight was not sufficient to fully solu-
bilize all the proteins, or the separation via centrifugation
and decanting did not fully remove all the soluble proteins.
Furthermore, freeze-drying and grinding afterwards may
have led to rearrangements in the protein aggregates, thus
making them accessible for solubilization. The solubility
of the insoluble pea proteins increased with increasing the
microfluidization pressure and cycles (p <0.05) (Fig. 5). For
example, applying a pressure of 150 MPa with five cycles
increased the solubility to 86.3 +4.4%. This is in accord-
ance with a previous study reporting a solubility increase
from 35 to 99% upon homogenization for faba bean proteins
(1% w/w, pH 7, 103 MPa, 6 cycles) [27]. Chen et al. [31]
speculated that dissociation of large protein aggregates into
smaller particles leads to more protein-water interactions.
This potentially improves protein hydration and subsequent
dissolution. On the other hand, microfluidization treat-
ment can potentially lead to protein denaturation uncover-
ing hydrophobic groups, which were buried in the interior
before, resulting in the formation of larger aggregates and
decreased protein solubility [32]. This was the case in a
study on soy flour proteins (13% w/w, pH not indicated)
whose solubility decreased from 39.1% (control) to 17.6%
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after homogenization at 150 MPa with three cycles [32].
However, we did not observe any decrease in solubility upon
homogenization treatment (Fig. 5). This can be explained
by the fact that the initial pea protein isolate was already
denatured as was confirmed by the manufacturer.

Molecular interactions in insoluble pea protein
aggregates

In this series of experiments, we investigated the role of
different intermolecular interactions stabilizing insoluble
pea protein aggregates (5% w/w, pH 7) and the impact of
intermediate microfluidization conditions (50 MPa, three
cycles) on those. These conditions were chosen as they were
sufficient to cause a significant decrease in the particle size
compared to the non-microfluidized proteins (Fig. 1), but
still contained larger particles for potential disruption by the
chaotropic agents. For this, we used urea, which is known to
disrupt hydrophobic interactions and hydrogen bonds, and
DTT, which reduces intra- and intermolecular disulphide
bonds [33].

Intermolecular interactions before microfluidization

Upon addition of urea, the mean particle sizes (d3,, dys3)
of the non-microfluidized insoluble pea proteins decreased
significantly (p <0.05) (Table 1). The particle size (d3,)
distribution data showed that the insoluble pea proteins
after urea treatment were still highly polydisperse with
sizes ranging from 10 to 400 um (Fig. 6). However, less
particles with sizes > 200 um were present compared to
the control. The addition of urea disrupted the large aggre-
gates into a higher number of smaller aggregates (Fig. 6).
Therefore, more particles that scatter light were pre-
sent, which is the reason for the slight turbidity increase
compared to the control sample (no chaotropic agent)
(Table 1). These results indicate that hydrophobic interac-
tions and hydrogen bonds partially stabilized insoluble pea
protein aggregates. The dissolution of protein aggregates
upon urea addition was also found for microalga Chlorella
protothecoides [34]. Purification methods and subsequent
drying can potentially lead to structural rearrangement of
the proteins, resulting in increased surface hydrophobicity
[35]. Oliete et al. [7] reported that pea globulin floccula-
tion in undiluted sample conditions (5% w/w, pH 7.2) was
driven by hydrogen bonds.

Similarly, the addition of DTT into the insoluble pea
protein dispersion also decreased the mean particle sizes
(ds,, dy3) (Table 1), however, the particles remained
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Fig.5 Nitrogen solubility of insoluble pea proteins (5% w/w, pH 7)
after different microfluidization treatments. Control refers to a non-
microfluidized sample. Different small and capital letters denote
a statistical difference (p<0.05) within each pressure (impact of
cycles) and within each cycle (impact of pressure), respectively

polydisperse (d;, =6—-400 um) (Fig. 6). The turbidity
increased significantly (Table 1) because of an increase in
scattering particles. These data demonstrate that the insol-
uble pea protein aggregates are interlinked also by disul-
phide bonds. Previously, disulphide bonds were shown to
be the main contributors in stabilising extruded pea pro-
tein isolates [36]. Extrusion employs the combination of
not only pressure and shear but also high temperatures
that can induce formation of disulphide bonds [18]. High
temperatures occurred also during pasteurization of the
initial pea protein isolate. The sum of hydrophobic inter-
actions, hydrogen bonds, and disulphide bonds has also

been shown to be responsible for the remarkable stability
of whey protein microgels [37].

Intermolecular interactions after microfluidization

Addition of urea or DTT into the microfluidized insoluble
pea protein dispersions neither reduced the particle size
any further nor had any major impacts on the turbidity
(Table 1). This indicates that microfluidization had dis-
rupted molecular interactions (hydrophobic, hydrogen and
disulphide bonds) and chaotropic agents could not further
break down protein aggregates.

Molecular disruption mechanism

Based on our results (Figs. 1-6), Table 1), we propose
a disruption mechanism of insoluble pea proteins upon
microfluidization as depicted in Fig. 7.

e The hydrophobic interactions as well as hydrogen and
disulphide bonds contributed to the stability of the
insoluble pea protein aggregates before microfluidiza-
tion, which is why the solubility was low.

e As the net charges of the insoluble pea proteins did not
change upon microfluidization, we conclude that elec-
trostatic interactions were not affected by microfluidi-
zation. It should be noted that at pH 7 some positively
charged patches on the protein’s surface may be bound
to the predominantly negatively charged proteins, and
thus may have supported the aggregate stabilization to
a minor extent before microfluidization.

e Hydrophobic interactions contributed to stabilization
of the insoluble pea protein aggregates. High pressures
are known to disrupt hydrophobic interactions due to a
large volume change upon their formation [38].

e Hydrogen bonds were also shown to stabilize the insol-
uble pea protein aggregates, although they have been

Table 1 Influence of chaotropic

Treatment P (MPa)/cycl d d T (cm™
agents (urea and dithiothreitol reatmen (MPayfeycles 3 (Hm) 4 (Hm) (em™
DTT) on particle size (d3, dy3) Control® 0 MPa 72.7+112a 179.8+39.0 2 1.80+0.40 ¢
and turbidity T of insoluble pea 50 MPa/3 x 0.17+0.02d 1.1+05¢ 0.95+0.10d
proteins (5% w/w, pH 7) before
and after microfluidization 5M urea 0 MPa 59.3+3.0b 103.9+5.8b 2.11+0.10b
(50 MPa for 3 cycles) 50 MPa/3 X 0.18+0.02d 6.6+3.7¢ 0.62+0.03 e

10 mM DTT 0 MPa 43.1+55¢ 93.5+19.1b 2.80+0.44 a

50 MPa/3 x 0.16+0.01d 135+5.0¢ 0.86+0.02 d.e

“No chaotropic agent added

Values within each column followed by different letters denote a statistical difference (p <0.05)
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Non-microfluidized

reported to be insensitive to pressures [38]. However,
other actions during microfluidization such as turbu-
lence, shear forces, and collisions might have disrupted
them.
Disulphide bonds stabilized the insoluble pea protein
aggregates to a large extent and were affected by the
microfluidization treatment. Disulphide bonds have been
reported to contribute as intramolecular bonds stabilizing
subunits of legumin [39].
Overall, microfluidization was shown to disrupt protein—
protein interactions in insoluble pea protein aggregates
leading to smaller particles and increased solubility.

Conclusions

This study showed that insoluble pea protein aggregates
were stabilized via disulphide bonds, hydrogen bonds and
hydrophobic interactions. Higher microfluidization pressures
and number of applied microfluidization cycles increasingly
weakened these interactions between the insoluble pea pro-
tein aggregates leading to reductions in particle sizes and
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Fig. 7 Proposed molecular disruption mechanism of insoluble pea protein aggregates through microfluidization
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subsequent increases in protein solubility. Therefore, high-
pressure homogenization as a commercially widely available
non-chemical treatment was shown to be a useful method
to modify the structure of the insoluble pea proteins. Such
modification of the protein structure is of key importance
in formulating plant-based protein applications in the food
industry. Research on the techno-functional properties of
the microfluidized insoluble pea proteins are currently
underway.
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