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Abstract: In response to global challenges such as climate change and food insecurity, plant proteins
have gained interest. Among these, lentils have emerged as a promising source of proteins due to
their good nutritional profile and sustainability considerations. However, their widespread use in
food products has been impeded by limited solubility. This study aimed to investigate the potential of
high-shear mixing, a resource-efficient technique, to enhance lentil protein solubility and its functional
properties. Red lentil protein isolate powders were rehydrated and subjected to a semi-continuous
in-line high-shear treatment at 10,200 rpm for a timespan ranging from 0 to 15 min. The results high-
lighted a significant (p < 0.05) increase in solubility from 46.87 to 68.42% after 15 min of shearing and a
reduction in particle size as a result of the intense shearing and disruption provided by the rotor and
forced passage through the perforations of the stator. The volume-weighted mean diameter decreased
from 5.13 to 1.72 µm after 15 min of shearing, also highlighted by the confocal micrographs which
confirmed the breakdown of larger particles into smaller and more uniform particles. Rheological
analysis indicated consistent Newtonian behaviour across all dispersions, with apparent viscosities
ranging from 1.69 to 1.78 mPa.s. Surface hydrophobicity increased significantly (p < 0.05), from 830 to
1245, indicating exposure of otherwise buried hydrophobic groups. Furthermore, colloidal stability
of the dispersion was improved, with separation rates decreasing from 71.23 to 24.16%·h−1. The
significant enhancements in solubility, particle size reduction, and colloidal stability, highlight the
potential of in-line high-shear mixing in improving the functional properties of lentil protein isolates
for formulating sustainable food products with enhanced techno-functional properties.

Keywords: lentil proteins; plant proteins; in-line high-shear mixer; solubility; functional properties

1. Introduction

The need to tackle global challenges, ranging from climate change to food insecurity
and chronic diseases, as well as the growing demand for healthy and sustainable food
protein ingredients have recently driven interest in plant proteins [1–3]. Multiple protein
sources including legumes, pseudocereals, cereals, tubers, grains, nuts, and seeds offer
diverse nutritional profiles and health benefits [3,4]. Among these, pulses and more particu-
larly lentils emerge as an interesting animal protein alternative, as they are rich in essential
amino acids, dietary fibres, vitamins, and minerals as well as being affordable, sustainable
and abundant raw materials [5]. Despite their positive attributes, the widespread utilisa-
tion of lentil proteins in food products has been impeded by their limited solubility [5,6].
Indeed, solubility is a fundamental functional property of proteins that plays a crucial role
in processes such as gelation, foaming and emulsification where soluble proteins allow for
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the stabilisation of oil globules by adsorption at the oil/water interface [7–9]. On the other
hand, the low solubility of protein-based ingredients, impacted by extraction processing
parameters (e.g., pH changes, drying temperatures), can lead to processing challenges such
as clumping, phase separation, sedimentation, and overall poor physical stability [6,10]. To
enhance the functional properties of plant-based proteins, a range of strategies have been
investigated, including chemical and enzymatic modifications, as well as physical treat-
ments [11,12]. High-pressure homogenisation (HPH), a well-regarded technique known
for its ability to modify protein structures and enhance their functional properties, has
been widely used in recent years [13–16]. Several studies have shown that HPH could be
used to improve the functional properties of plant-protein ingredients, particularly their
solubility. More specifically, HPH treatment in the range of 70–150 MPa could lead to a
20 to 30% increase in solubility [17–19]. Similarly, Saricaoglu (2020) [20] has shown that
HPH treatment in the pressure range of 0–150 MPa could increase the solubility of the
protein ingredients from 32 to 46%. Other studies have investigated the effect of HPH on
protein ingredients for the formulation of lentil protein stabilised emulsions, such as Jeske
et al. (2019) [21] and Primozic et al. (2018) [22], who studied the suitability of HPH (34 and
103 MPa) to improve lentil protein isolate (LPI) for use in nanoemulsions. The results
showed that HPH treatment allowed for a reduction in particle size and hydrophobicity.
However, while effective, HPH comes with challenges as it is resource-intensive, both in
terms of capital cost and energy consumption [23,24].

On the other hand, high-shear mixers, which are composed of a rotor-stator allowing
for a shearing rate in the range of 20,000–100,000 s−1, are highly efficient in increasing
powder solubility in a cost-effective manner [25,26]. This physical treatment has been
used extensively in the dairy industry during batch compounding for the disintegration
and integration of powder particles into various aqueous phases. Indeed, O’Sullivan et al.
(2017) [27] compared different methods of powder rehydration and found that the use of
an in-line high-shear mixer allowed for the best reduction in particle size of the dispersion
from 20 to 10 µm. Furthermore, extensive literature is available on the use of in-line shear
mixers for the formulation of stable emulsions [28–31]. Scholz and Keck (2015) [32] have
shown that an in-line high-shear rotor-stator mixer could allow for the formulation of
stable emulsions with droplet size slightly larger than the one obtained by high-pressure
homogenization; however, no evidence of differences in the functionalities of the emulsions
were found.

Even though the use of in-line high-shear mixers in the dairy industry for the dis-
ruption of dairy powder particles and formulation of stable emulsions has been well
documented, to the author’s knowledge, there is no information available on the influence
of in-line high-shear mixers on plant protein solubility and functional properties. Conse-
quently, this study aims to investigate the potential of high-shear mixing to enhance the
functional properties of lentil protein dispersions. The results of this study will support the
development of cost-effective, sustainable processing solutions for the use of plant-based
protein ingredients in food systems including infant formulae, milk, and cheese alternatives.

2. Materials and Methods
2.1. Preparation of Lentil Protein Isolate Dispersions

The lentil protein dispersions were prepared by rehydrating red lentil protein isolate
powder (72.15% protein, w/w), provided by Döhler GmbH (Darmstadt, Germany), at a
concentration of 5% powder (w/v) (corresponding to 3.61% protein (w/v)) in pre-heated
deionised water (70 ◦C), stirred magnetically at 300 rpm for 1 h at 20 ◦C. While the protein
content of the lentil protein isolate powder was not as high as existing protein isolates
generally used in the formulation of infant nutritional products, it is in line with previous
studies on plant-based nutritional products [21,33,34]. The main non-protein constituents
of such ingredients are typically fat, starch and fibre, with the starch and fibre components,
in particular, having the potential to contribute to functional properties (see Section 3.2
for further details). The dispersions were then adjusted to pH 6.8 [33,35] and allowed to
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rehydrate fully at 4 ◦C for 18 h, after which the samples were equilibrated at 20 ◦C and pH
was readjusted, if necessary, to pH 6.8. This pH was chosen to align with that typical of
infant formula as employed in previous research from our group [33].

2.2. High-Shear Mixing Treatment

The lentil protein dispersion was subjected to a semi-continuous in-line high-shear
treatment using a Silverson laboratory high-shear mixer (L5M-A; Silverson, East Long-
meadow, MA, USA), equipped with an in-line mixing assembly to allow for recirculation.
A peristaltic pump (Watson Marlow, Marlow, UK) was used to feed the shearing head. A
valve was set on the outlet of the shearing head to apply 0.5 bar of back pressure and the
outlet was directed to the feeding tank. Samples were collected from the outlet after 0 (no
shearing), 1, 3, 5 and 15 min of shearing at 10,200 rpm. A control sample, which did not
pass through the shearing system was included in the analysis.

2.3. Particle Size Distribution

A Mastersizer 3000 (Malvern Instruments, Worcestershire, UK) static light scattering
device fitted with an automated Hydro MV wet and dry cell disperser was used to evaluate
the particle size distribution (PSD) of the dispersion and powder sample forms respectively.
The protein’s refractive index was set at 1.338, the dispersant’s refractive index at 1.33,
and the adsorption index was 0.001. The dispersions were diluted in ultrapure water until
10% laser obscuration was achieved (at 20 ◦C). The volume-weighted mean particle size
(D[4,3]), specific surface area, and the particle sizes below which 10 and 90% of the sample
volume are detected (Dv(10) and Dv(90)) are presented as the results.

2.4. Confocal Laser Scanning Microscopy

Microstructural analysis of the dispersions was performed using an OLYMPUS FV1000
confocal laser scanning biological microscope (Olympus Corporation, Tokyo, Japan). The
dispersions were prepared as described by Malterre et al. (2023) [34] with the following
modifications, whereby 1 mL of the dispersion was mixed in 4 mL of low gelling tempera-
ture agarose (Sigma-Aldrich, St. Louis, MO, USA) solution (1.5%, w/v) at 37 ◦C to fix the
dispersion and allow for higher quality imaging. As described by Grasso et al. (2021) [36],
20 µL of Fast Green FCF aqueous solution (200 µL of 0.1 g/L) was added to 1 mL of the
dispersion-agarose sample, which was then incubated at 20 ◦C until gelation. Fast Green
FCF was excited at 633 nm, and representative images, performed using a 20× objective
lens, were reported whereby protein was stained red.

2.5. Rheological Analysis

A modular compact rheometer MCR 102e (Anton Paar, Graz, Austria) fitted with
a concentric cylinder geometry was used to assess the rheological characteristics of the
dispersions. The rotor’s diameter was 26.7 mm, the cell’s internal diameter was 28.9 mm,
and the distance between the two parts at the geometrical base was 2 mm. After loading
the sample (20 mL) into the cylinder and preheating it to 20 ◦C, the shear rate was increased
to 100 s−1 over 30 s and maintained for 30 s. A constant temperature of 20 ◦C was applied
throughout the measurement, and viscosity was continuously recorded. The Ostwald-de
Waele model (Equation (1)) was used to describe the rheological properties of the protein
dispersions while ensuring that R2 ≥ 0.95.

τ =
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protein concentration in the supernatant of the dispersions, obtained after centrifugation at
1000× g for 20 min at 20 ◦C, was measured using the Kjeldahl method, with a nitrogen-to-
protein conversion factor of 6.25. The results are expressed as a percentage of protein in the
supernatant (soluble protein) as compared to the total protein content of the dispersions
(3.61% (w/v)).

2.7. Protein Profile Analysis

The protein profile of the dispersions, and their fractions, were assessed using sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) with precast gels (Mini-
PROTEAN TGX, Bio-Rad Laboratories, Hercules, CA, USA), following the method devel-
oped by Laemmli (1970) [37], with minor modifications. The samples were centrifugated at
1000× g for 20 min at 20 ◦C using an RC5C plus centrifuge (Thermo Scientific™ Sorvall™,
Waltham, MA, USA) with a GSA rotor to isolate the soluble protein in the supernatant
and diluted to a protein concentration of 2 mg/mL. In method I (non-reducing condi-
tions), 100 µL of the diluted supernatant was mixed with 100 µL of sample loading buffer
(2× Laemmli sample buffer, Bio-Rad Laboratories, Hercules, CA, USA) whereas, in method
II (reducing conditions), 100 µL of the diluted dispersion was mixed with 95 µL of sample
loading buffer and 5 µL of β-mercaptoethanol. Each well was loaded with 7 µL of sample
solution and 5 µL of SDS-PAGE broad range protein standard (Bio-Rad laboratories, Her-
cules, CA, USA) was loaded as a protein molecular weight standard. The gels were run
in a running buffer (10× Tris/Glycine/SDS, Bio-Rad Laboratories, Hercules, CA, USA) at
160 V for 1 h, then fixed for 15 min using a solution of water:methanol:acetic acid (40:50:10),
stained with Coomassie Brilliant Blue R-250 (Bio-Rad Laboratories, Hercules, CA, USA) and
destained using a solution of water:methanol:acetic acid (50:40:10) until a clear background
was achieved. The gels were then stored at 4 ◦C in a 5% (v/v) acetic acid solution overnight
to reverse the shrinkage induced during the fixing and destaining steps.

2.8. Surface Hydrophobicity

Hydrophobicity of proteins in the supernatant (dispersion centrifugated at 1000× g for
20 min as described in Section 2.6) was measured using the method previously described
by Nakai (2003) [38] and Goulding et al. (2021) [39], with minor modifications, using the
hydrophobic probe 8-Anilino-1-naphthalenesulfonic acid (ANS). Samples were diluted to
each of the following concentrations, 0.003, 0.006, 0.009, 0.012, and 0.015% (v/v) in sample
buffer (0.01 M phosphate buffer, pH 7) and 100 µL of the diluted solutions were transferred
to a black 96 microwell plate, after which 50 µL of ANS solution (8 mM in 0.1 M phosphate
buffer) was added. The well plate was then covered with foil and gently rocked for 15 min
on a plate shaker. After this, the fluorescence intensity of the samples was measured using a
Varioskan Flash microplate reader (Fisher Scientific, Ireland) with an excitation wavelength
of 390 nm and an emission wavelength of 470 nm. The fluorescence intensity was plotted
as a function of protein concentration (%, v/v) and only linear regressions with an R2

higher than 0.98 were considered. The slope (S0) value was used to compare the surface
hydrophobicity of proteins in the different samples.

2.9. Accelerated Physical Stability

The colloidal stability of the dispersions was measured using an analytical centrifuge
(LUMiSizer®, LUM GmbH, Berlin, Germany). The samples were centrifugated through
two successive cycles at 800 and 3000 rpm for 10 min each, with near-infrared light illu-
minating the samples throughout the analysis and the intensity of the transmitted light
over the entire length of the sample was measured every 10 s. The separation rate was
determined by plotting the integral of the intensity of the transmitted light over time and
extracting the slope (%.h−1). The light transmission profiles before centrifugation, after the
first cycle and after the second cycle were extracted and plotted.
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2.10. Statistical Data Analysis

All samples were formulated in independent triplicate trials and all analyses were
conducted in triplicate, unless otherwise stated. The data generated was subject to one-way
analysis of variance (ANOVA) using R version 4.3.1 (R foundation for statistical computing,
Vienna, Austria). A paired comparison test was used to determine statistically significant
differences (p < 0.05) between mean values for different samples, at a 95% confidence level.

3. Results and Discussion
3.1. Particle Size Distribution and Microstructure

The particle size distribution (PSD) parameter, volume-weighted mean particle diam-
eter (D[4,3]) of the lentil powders, control sample and that processed through the in-line
high-shear mixer are shown in Table 1. The red lentil protein isolate powder ingredient
displayed a D[4,3] value of 30.7 ± 0.06 µm in line with the literature [34,40,41]. The control
red lentil protein dispersion and the sample processed through the in-line high-shear mixer
for 0 min displayed similar (p > 0.05) D[4,3] values, of 5.13 ± 0.58 µm and 5.00 ± 0.04 µm,
respectively, indicating that the pumping through the semi-continuous system and applica-
tion of back pressure did not affect the particle size distribution. Interestingly, increasing
the shearing time caused a significant (p < 0.05) decrease in the PSD parameters, with a
decrement in D[4,3] to 2.81 ± 0.06, 2.17 ± 0.04 and 1.72 ± 0.01 µm after 1, 5 and 15 min of
processing, respectively. This progressive reduction in particle size can be attributed to the
high shearing forces induced by the rotor of the mixing head, which causes the breakage of
the powder particles with the forced passage of the particles through the perforations of
the stator [30,42,43].

Table 1. Particle size distribution parameters, protein solubility, surface hydrophobicity and sepa-
ration rate for lentil protein isolate powder and protein dispersions (5% powder, w/v) of untreated
(control) and treated with high-shear mixing for 0, 1, 3, 5 and 15 min.

D[4,3] (µm) Span (µm) Protein Solubility (%) Surface Hydrophobicity (-) Separation Rate
(%.h−1)

Powder 30.7 ± 0.06 a 1.84 ± 0.02 a n/a n/a n/a

Control 5.13 ± 0.58 b 7.25 ± 2.98 b 46.87 ± 1.55 a 830 ± 123 a 71.23 ± 18.15 a

0 min 5.00 ± 0.04 b 6.96 ± 0.16 b 48.04 ± 4.03 a 852 ± 73 a 69.67 ± 18.85 a

1 min 2.81 ± 0.06 c 4.28 ± 0.22 c 57.18 ± 5.65 b 1044 ± 26 b 36.57 ± 5.19 b

3 min 2.49 ± 0.18 d 3.99 ± 0.22 c 63.69 ± 7.14 c 1116 ± 70 bc 30.81 ± 2.63 bc

5 min 2.17 ± 0.04 e 3.72 ± 0.06 d 63.94 ± 5.70 c 1245 ± 43 c 28.89 ± 3.01 cd

15 min 1.72 ± 0.01 f 3.14 ± 0.02 e 68.42 ± 8.04 d 1236 ± 41 c 24.16 ± 2.58 d

Values within a column that share a superscript are not significantly different from one another (p < 0.05).
D[4,3] = volume-weighted mean particle diameter. Span = measurement of the width of the distribution calculated
as (Dv(90) − Dv(10))/Dv(50). n/a: not applicable.

Changes in particle size are also visible on the confocal micrographs (Figure 1), as
the control and 0 min dispersions displayed large particles in the range of 40–50 µm.
Furthermore, micrographs of the 1 min dispersion, showed heterogeneous particles in the
range of 1–5 µm and 15–25 µm. Longer processing up to 15 min showed further reductions
of the population of large particles and an increase in small particles as illustrated by an
increase in the intensity of red particles on the micrographs (Figure 1).
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Figure 1. Confocal laser micrographs of lentil protein isolate dispersions (5% powder, w/v) of
untreated (control) and treated with high-shear mixing for 0, 1, 3, 5, and 15 min.

The reduction in number of bigger particles can also be shown through the particle
size parameters D(90) (particle size below which 90% of sample volume is found), which
progressively decreased throughout the process from 12.71 ± 3.33 µm for the control
dispersion to 6.83 ± 0.35 and 3.76 ± 0.07 µm after 1 and 15 min of shearing (Figure 2).
On the other hand, the D(10), which represents the particle size below which 10% of
the sample volume is found, had minimal reduction (p > 0.05) through shearing from
0.46 ± 0.05 µm for the control dispersion and 0.42 ± 0.01 µm for the dispersion treated for
1 min. This parameter then plateaued (p > 0.05) with increasing shearing time to reach a
D(10) value of 0.35 ± 0.01 µm after 1 min. Furthermore, the particle disruption induced
by the high-shearing caused a significant (p < 0.05) increase in specific surface area from
4.14 ± 0.46 m2·g−1 for the control dispersion to 5.87 ± 10 m2·g−1 after 15 min of shearing
(Figure 2). Higher specific surface area could allow for greater exposure of each particle
to water and possibly better dissolution of the powder as demonstrated by the Noyes
Whitney equation, which details a link between the exposed surface and the dissolution
rate of the powder [44,45]. The results are in agreement with the literature as similar
results on the effect of high-shear mixing on particle disruption have been found in the
literature for powders. In particular, Pacek et al. (2007) [42] and Padron and Özcan-Taskin
(2018) [46], found that an in-line high-shear mixer at 8000 rpm, caused the reduction of
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particles of silicon from 90 µm to 9 µm after 20 min and from 100 µm to 15 µm after
30 min of shearing. The authors have also shown that in the timespan used in the present
study (<15 min), in-line high-shearing did not allow for the disruption of aggregates below
1–2 µm. Similarly, O’Sullivan et al. (2017) [27] have found that the use of in-line high-shear
mixer for the rehydration and dispersion of dairy powders (skim milk powder and milk
protein isolate) at a concentration of 7.2% (w/w) caused a significant reduction of particle
size from 100 to 20 µm after 15 min, while the size of the smaller particles plateaued in the
range 0.1–1 µm. Overall, these results show that in-line high-shear mixing has the potential
to effectively reduce the particle size of lentil protein isolates across both large and small
particles/aggregates, which could have potential benefit in increasing the dissolution rate
and improving overall rehydration.
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Figure 2. Particle size distribution parameters (-3-, Dv(10), particle size below which 10% of sam-
ple volume is found), (-�- Dv(90), particle size below which 90% of sample volume is found),
and (--#--, specific surface area) of protein dispersions (5% powder w/v) untreated (control) and
treated with high-shear for 0, 1, 3, 5, and 15 min. Filled shapes (-�-, -u- and -•-) correspond to the
control dispersion.

3.2. Rheological Properties

The apparent viscosity of the dispersions as well as their flow properties n (-) and k
(mPa.sn) as defined by fitting the Ostwald de Waele model, are provided in Table 2. The
apparent viscosity at 100 s−1 and 20 ◦C ranged between 1.69 ± 0.3 and 1.78 ± 0.34 mPa.s
with no significant differences (p > 0.05) between the dispersions. Similar apparent vis-
cosity values were measured for lentil protein dispersions with protein concentrations of
4% (w/w) [20]. The Ostwald de Waele model allowed for the accurate description of the
rheological properties of the dispersions (R2 > 0.98), and similar (p > 0.05) consistency coef-
ficient ranging between 1.57 × 10−3 ± 0.81 × 10−3 and 1.87 × 10−3 ± 0.72 × 10−3 mPa.s
were observed over the range of treatments. The flow behaviour index of all dispersions
ranged between 1.00 ± 0.06 and 1.03 ± 0.09 mPa.sn, indicating Newtonian behaviour
of the dispersions. Similar results have been observed by Jeske et al. (2019) [21] who
studied the HPH treatment of lentil protein isolate emulsions at a concentration of 3%
(w/w). Furthermore, the impact of starch and fibre content on the rheological properties
of plant protein emulsions was not evaluated as part of this study. According to Dikeman
and Fahey (2006) [47] changes in starch or fibre content could modify the viscosity of the
samples and therefore have an impact on the shearing and mechanical forces induced by
high-shear mixing; therefore, future studies should investigate the impact of starch and
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fibre content on the techno-functional properties of lentil protein isolate dispersions for use
in food systems.

Table 2. Apparent viscosity (η at 100 s−1, 20 ◦C), flow behaviour (n) and consistency coefficient (K)
of protein dispersions (5%, w/v, powder) untreated (control) and treated with high-shear treatment
for 0, 1, 3, 5 and 15 min.

Treatment η (mPa.s) n (-) K (mPa.sn)

Control 1.74 ± 0.35 a 1.02 ± 0.06 a 1.73 × 10−3 ± 0.78 × 10−3 a

0 min 1.75 ± 0.33 a 1.02 ± 0.07 a 1.77 × 10−3 ± 0.76 × 10−3 a

1 min 1.69 ± 0.3 a 1.02 ± 0.07 a 1.57 × 10−3 ± 0.81 × 10−3 a

3 min 1.73 ± 0.26 a 1.00 ± 0.06 a 1.70 × 10−3 ± 0.60 × 10−3 a

5 min 1.72 ± 0.32 a 1.03 ± 0.09 a 1.67 × 10−3 ± 0.75 × 10−3 a

15 min 1.78 ± 0.34 a 1.00 ± 0.05 a 1.87 × 10−3 ± 0.72 × 10−3 a

Values within a column that share a superscript are not significantly different from one another (p > 0.05).

3.3. Protein Solubility

Protein solubility is an essential functional property which strongly influences other
protein functional properties, such as emulsifying, foaming or gelling properties [7,9].
The control dispersion had a protein solubility of 46.87 ± 1.55%, similar (p > 0.05) to the
dispersion treated for 0 min displaying a solubility of 48.04 ± 4.03% (Table 1), as expected
for plant protein ingredients which have low solubility as compared to dairy isolates (>90%
in similar conditions) [6]. The high shearing generated through the treatment allowed
for a 20% increase in solubility when treated for 1 min (57.18 ± 5.65%), and continuously
increased up to a value of 68.42 ± 8.04% for the dispersion treated for 15 min, allowing
for 42% increase in solubility. The increase in solubility can be attributed to the particle
breakage caused by the intense shearing as observed in Table 2. Similar results have been
observed by other authors who showed that mechanical shearing up to 8000 rpm can
increase the solubility of protein ingredients by breaking down the protein aggregates and
facilitating their dispersion and dissolution [27,48].

The breakages and disruptions induced by the in-line high-shear treatment, reducing
the particle size, could have allowed for better dispersion of the agglomerated powder par-
ticles Schuck et al. (2012) [49], increasing the rehydration and solubility of the ingredients
as shown by other authors who worked on the improvement of protein ingredients through
mechanical processing such as the well-documented use of HPH for the improvement of
plant protein functionalities [18,50–54].

A better understanding of the protein solubilisation as affected by processing time
was obtained by analysing the protein profile of the soluble fractions of the dispersions
(Figure 3a,b). The supernatant of lentil protein isolate dispersions had proteins with
molecular weight of 50 kDa, which may correspond to vicilin subunits, and the bands at
37 and 25 kDa may correspond to the acidic and basic subunits of legumin. Under reducing
conditions, legumin dissociated into its acidic and basic subunits due to the dissociation of
disulphide bonds, resulting in a decrease in the intensity of the bands at 50 and 37 kDa and
an increase in the intensity of the bands at 20–25 kDa. Similar results have been observed
by Jarpa-Parra et al. (2015) [55], Barbana and Boye (2013) [56], Joshi et al. (2012) [57], and
Alonso-Miravalles et al. (2019) [41] The protein profile of all the samples were similar to
the one of the control sample, indicating that in-line high-shear treatment did not affect the
profile of solubilised proteins.
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reducing (b) conditions.

3.4. Surface Hydrophobicity

Understanding hydrophobic interactions is crucial for the development of food prod-
ucts containing high concentrations of protein ingredients, as they have a strong contribu-
tion to stability and overall interfacial properties. The control sample had the lowest value
of 830 ± 123, similar (p > 0.05) to the sample treated for 0 min, revealing a negligible effect
of the pumping in the semi-continuous system studied (Table 1). Treating the sample at
10,200 rpm for 1 min allowed for a significant (p < 0.05) increase of the surface hydrophobic-
ity to 1044 ± 26, which reached the maximum value of 1245 ± 43 for the sample treated for
5 min. This increase in surface hydrophobicity could be attributed to exposure of hydropho-
bic residues, otherwise buried, as a result of mechanical disruption [39,52]. The results
agree with the literature, where the application of mechanical forces (i.e., shear, cavitation,
turbulences) caused an increase in surface hydrophobicity and thus an improvement of
plant protein functionalities (i.e., emulsifying properties) [52,58].



Foods 2024, 13, 283 10 of 13

3.5. Colloidal Stability

The physical stability of the dispersions was analysed by measuring the transmis-
sion of light through the samples during centrifugation. In Figure 4, representative light
transmission profiles for each of the dispersions treated at 10,200 rpm from 0 to 15 min are
shown. The control and the sample treated for 0 min showed low physical stabilities with
separation rates of 71.23 ± 18.15%.h−1 and 69.67 ± 18.85%.h−1, after the second centrifu-
gating cycle, respectively. In addition, at low centrifugation speed (i.e., 800 rpm), it can
be observed that the treated dispersions (1, 3, 5 and 15 min) did not undergo any changes
through the first cycle, indicating relative physical stability of the large, dispersed particle
as also underlined by Crowley et al. (2019) [59]. When increasing the speed to 3000 rpm
during the second cycle, complete sedimentation and destabilisation of the samples can be
measured. In particular, the separation rate of the dispersion decreased sharply (p < 0.05)
with the treatment of 1 min (36.57 ± 5.19%.h−1) indicating a slower movement of particles
in the samples as a result of particle disruption and particle size reduction, which resulted
in more colloidally stable dispersions. The separation rate decreased progressively to
reach a value of 24.16 ± 2.58%.h−1 for the dispersion treated for 15 min. The results are
in agreement with the literature, particularly Moll et al. (2021) [60], who found that the
reduction in particle size caused by physical treatment with microfluidisation allowed for
an increase in colloidal stability and Jeske et al. (2019) [21] using HPH at 18 MPa observed
a reduction in separation rate from 48 to 22%.h−1.
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Figure 4. Accelerated physical stability profiles of lentil protein isolate dispersions (5% w/v powder)
untreated (control) and treated with high-shear treatment for 0, 1, 3, 5 and 15 min. Original light
transmission of the dispersions (time 0 min) (. . ..) together with the profile after the first cycle (10 min
at 800 rpm) (- -) and the profile after the second cycle (10 min at 3000 rpm) (-) are shown.

4. Conclusions

The effect of in-line high-shear mixing at 10,200 rpm on the techno-functional prop-
erties of lentil protein isolate was studied during treatment times ranging between 0 and
15 min. It was shown that the high-shear and long time provided by the mixer allowed for
a 42% improvement in solubility of the protein ingredients from 46.87 ± 1.55% of soluble
protein at 0 min up to 68.42 ± 8.04% when treated for 15 min. This increase in solubility
has been attributed to the high shearing induced at the rotor and the passage through
the small perforations of the stator, with a concomitant significant (p < 0.05) reduction in
particle size from 5.13 ± 0.58 µm (at 0 min) to 1.72 ± 0.01 µm after 15 min. Furthermore,
the particle disruption caused an increase in hydrophobicity as hydrophobic groups ex-
posed to the surface have been observed, which can be associated with an improvement
of the emulsifying properties of the lentil protein isolate. The lentil protein isolate disper-
sions after in-line high-shear treatment had improved colloidal stability with values of
69.67%.h−1 at 0 min, down to 35.77%.h−1 after 1 min of treatment and further treatment for
15 min reduced it to 24.16%.h−1. These results show that in-line high-shear mixing has the
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potential to improve the functional properties of lentil protein isolate dispersions for the
formulation of more sustainable food products, including infant formulae with enhanced
techno-functional properties.
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