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Surface roughness and textural image analysis, particle size and stability of microparticles
obtained by microfluidization of soy protein isolate aggregates suspensions
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Abstract

Protein microparticles are of interest in the development of low-fat foods and as stabilizing agents of food dispersed systems.
The characteristics of the microparticles influence food texture, so that it is important to consider the processing conditions for
their production. In this work, soy protein isolate (SPI) aggregates obtained by heat treatment (93 °C for 15 min) and different
pH values (3, 5, 7 and 9) were subjected to microfluidization (110 MPa, 1, 2 or 3 cycles). The resulting SPI suspensions were
evaluated for particle size, zeta potential and Turbiscan stability index (TSI). The TSI of SPI microparticles suspensions (TSI)
was better at pH 9 (and 1 MF cycle) due to the distance from the average isoelectric point for soy proteins (4.5). By atomic force
microscopy it was possible to observe the breakdown of the aggregates. In all cases, a decrease in height’s profiles was observed
after MF, which confirmed the reduction in particle size of the microparticles. Surface roughness and image texture analyses
allowed to evaluate the effect of MF on the surface of the microparticles. The best descriptor of the image texture characteristics
of microparticles was the second angular moment while the rest of the descriptors did not correlate with the characteristics of the
images in the whole range of operating conditions given that their calculation algorithms were not sensitive enough to detect the
small variations in image texture of the samples.
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Resumen

Las microparticulas de proteinas son de interés en el desarrollo de alimentos bajos en grasas y como agentes estabilizantes en de
sistemas dispersos en alimentos. Las caracteristicas de las microparticulas influyen en la textura de los alimentos, por lo que es
importante considerar las condiciones de procesamiento para su produccién. En este trabajo, agregados de aislados de proteina
de soya (SPI) obtenidos por tratamiento térmico (93 °C durante 15 min) y diferentes valores de pH (3, 5, 7 y 9) fueron sometidos
a microfluidizaciéon (MF) (110 MPa, 1, 2 o 3 ciclos). Las suspensiones resultantes se evaluaron en cuanto al tamafio de particula,
potencial zeta y el indice de estabilidad de Turbiscan (TSI). La estabilidad de la suspension de microparticulas SPI fue mejor a
PH 9 (y 1 ciclo de MF) debido a la distancia del punto isoeléctrico promedio para las proteinas de soja (4.5). Por microscopia
de fuerza atémica (AFM) fue posible observar la ruptura de los agregados. En todos los casos, se observé una disminucién en
los perfiles de altura después de la MF, lo que confirmé la reduccién del tamafio de particula de las microparticulas. Los andlisis
de rugosidad superficial y textura de imagen permitieron evaluar el efecto de la MF en la superficie de las microparticulas. El
descriptor mds relevante para la caracterizacion de microparticulas fue el segundo momento angular mientras que el resto de los
descriptores no se correlacionaron con las caracteristicas de las imdgenes en todo el intervalo de condiciones de operacién dado
que sus algoritmos de célculo no fueron lo suficientemente sensibles para detectar las pequefias variaciones en la rugosidad de
las muestras.

Palabras clave: microfluidizacién, aislado de proteina de soya, estabilidad de microparticulas, andlisis de textura de imdgenes.
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1 Introduction

Microfluidization (MF) also known as Dynamic
High-Pressure Microfluidization (DHPM) is a
homogenization process in which mechanical energy
is transferred to fluid particles under high dynamic
pressures (Pereyra-Castro et al., 2019; Liu et al., 2016;
Cano-Sarmiento et al., 2015; Kasaai et al., 2003). The
homogenization system of MF consists of a pump that
drives the dispersion through microchannels within the
disruption or interaction chamber (IXC) (Villalobos-
Espinosa et al., 2019; Cano-Sarmiento et al., 2015).
MF is of interest in food engineering due to produced
changes in structure and functionality in polymers as
polysaccharides and proteins (Monroy-Rodriguez et
al., 2020; Monroy-Villagrana et al., 2014).

MF can change the structure of proteins, inducing
unfolding of the protein and influencing their
physicochemical properties (Liu et al., 2010). Some
of the proteins in which the effect of MF has been
evaluated are those from peanut (Hu et al., 2011, Gong
et al., 2017, Gong et al., 2019), milk whey (Liu et
al., 2011), B-lactoglobulin (Zhong et al., 2012), soy
(Song et al., 2013; Shen and Tang, 2012; Martinez
et al., 2011; Keerati-U-Rai and Corredig, 2009) and
zein (Sun et al., 2016) among others. Microparticles
are produced by the aggregation of the proteins by pH
or heat, and subsequent mechanical treatment as MF
causing a rather homogeneous reduction in particle
size.

There are published reports of the various effects
of MF in proteins but the combination of a high
temperature and pH, has not been widely studied
in spite of their importance in the production of
protein microparticles, used in processed foods as
fat substitute (Chung et al., 2014). It is believed
that the application of microfluidization cycles and
different pH values and a fixed high temperature of
the suspensions would produce microparticles with
different levels of stability and morphometry. The
functionality of microparticles in food emulsions is
comparable to that imparted by the oil droplets,
whose particle sizes and morphology may contribute
to enhance the textural properties of food systems,
by altering the local relative motion of the dispersed
phase (Liu et al., 2016; Torres et al., 2011). The range
of particle sizes of microparticles is between 0.1 and
10 um (Torres et al., 2011).

Milk whey proteins are widely used for the
formation of microparticles by MF (Madadlou et al.,

2018; Ipsen 2017; Chung et al., 2014; Dissanayake
et al., 2010; Iordache and Jelen, 2003; Laneuville
et al., 2000) whereas, microparticles of vegetable
proteins have received less attention despite their
importance for developing plant-based protein foods
(Ipsen, 2017). Liu and Tang (2013) obtained soy
protein aggregates by combining heat treatment and
ionic strength handling (using NaCl) at neutral pH,
obtaining particles with an average size of 100 nm,
used for the stabilization of Pickering emulsions
processed by MF.

In this work, the effect of MF on the formation
of soy protein microparticles was analyzed given that
this protein is highly marketable and common to find
in processed foods due to technological functionalities
and nutritional value. The aim of the present work was
to obtain SPI aggregates by combined heat (93°C, 15
min) and different pH (3, 5, 7 and 9) treatments, and
evaluate the effect of applying MF (110 MPa, 1, 2 or
3 cycles) on the surface roughness and textural image
analysis, particle size and suspension stability of the
SPI microparticles.

2 Materials and methods

2.1 Preparation of SPI suspensions

Soy protein isolate (SPI) (ProWinner®, Mexico City,
Mexico) suspensions in deionized water 3% (w/v)
were prepared and their pH were adjusted to 3,
5, 7 and 9 by using either 1 M HCI (Sigma-
Aldrich) or 1 M NaOH (Sigma-Aldrich) (Acosta-
Dominguez et al., 2016). This concentration of protein
was selected based on published reports (Gong et
al., 2017 and 2019; Sun et al., 2016; Song et
al., 2013; Hu et al, 2011) indicating that a 1-
7% concentration range of protein is recommended
to avoid clogging of the microchannels of the
microfluidizer. To inhibit microbial growth in the
samples, sodium azide (Sigma-Aldrich) (0.02% w/v)
was added to the suspensions (Liu and Tang, 2013).
The protein content of the isolate was confirmed by
Kjeldahl analysis (AOAC 2.062, 1984) obtaining a
protein content of 87.15% =+ 0.16. The equipment used
to carry out this analysis was a Kjeltec"" 8100 Manual
Distillation Unit, Foss™, Canada. The chemical used
(HSO4, Wesselow indicator, NaOH, H3BO4, HCI
were purchased from Sigma-Aldrich).
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2.2 Microparticulation process

For the preparation of protein aggregates, the
suspensions prepared as described above were heated
for 15 min in a water bath at 93 °C as recommended
by various authors (Chen et al., 2017; Liu and
Tang, 2013; Shen and Tang, 2012) who reported that
the highest concentration of aggregates occurred at
temperatures above 90 °C during at least 15 min in
such a way that by maintaining the temperature fixed
at 93°C, it would be possible to observe the effect of
the pH and the number of cycles during the preparation
of microparticles while warranting formation of
aggregates. Subsequently, the suspensions were
subjected to MF in a Microfluidizer® equipment
(LM10, Microfluidics International Corporation,
England) at 110 MPa; samples were collected after 1,
2 and 3 MF cycles (Monroy-Villagrana et al., 2014).

2.3 Farticle size (PS) and polydispersity
index (PDI) measurements

The PS and PDI of microparticles were evaluated
by using a Zetasizer Nano Zs (Nano Zs, Malvern
Panalytical, Malvern, England). All measurements
were carried out in 1:1000 (v/v) suspensions
(Bernewitz et al., 2011) and determinations were
carried out by triplicate. Particle sizes were evaluated
by using dynamic light scattering (DLS), which is
a well-established and non-invasive technique for
measuring the size and size distribution of molecules
and particles dissolved in liquid. The motion of the
particles or molecules in suspension causes the laser
light to be scattered at different intensities. From the
analysis of the intensity fluctuations, the speed of the
particle’s motion and therefore their size are obtained
by using the Stokes-Einstein equation (Malvern
Panalytical, 2021). The software of the equipment
ZetaSizer Software 7.12 (Malvern Instruments Ltd,
2016) yields a particle size distribution from which,
the PDI values were obtained.

2.4 Zeta potential measurement

The microparticles in suspension were diluted (1:1000
v/v) and the zeta potential (-P) was measured with
a Zetasizer Nano Zs (Malvern Instrument, England)
(Monroy-Villagrana et al., 2014). All measurements
were carried out by triplicate.

Turbiscan

of SPI

2.5 Determination of the
Stability  Index  (TSI)
microparticles suspensions

The stability of the SPI suspensions was analyzed
with a Turbiscan’4® meter (Formulation Smart
Scientific Analysis, Tolouse, France). This equipment
determinates the changes in static multiple light
scattering (SMLS) of the sample over time by sending
photons (NIR light source, 880nm) to the sample
as to determine the scattering profiles of the sample
which will change depending on sedimentation due to
all phenomena that will cause destabilization of the
suspension (Formulation Smart Scientific Analysis,
2021).

The TSI values were taken as indicators of their
stability and were obtained by means of Eq. (1)
through the software of the equipment (Pereyra-Castro
et al., 2019; Villalobos-Espinosa et al., 2019).

3" (X;— Xpgs)?
TSI=NTE o O
In which:

X;: is the average backscatter for each minute of
the measurement.

Xps: is the mean of X; values and n is the number
of scans.

Higher differences (X; - Xps) in backscattering
readings with time will indicate decreased stability
thus larger TSI of the sample and vice versa as given
in Equation 1.

2.6 Atomic force microscopy and surface
roughness analysis

The samples were diluted (1:1000 v/v) in deionized
water and 10 uL. were deposited on a glass slide and
dried at room temperature. The surface topography of
the micro- and nano- soy protein microparticles was
analyzed by atomic force microscopy (AFM) (Veeco,
diMul-timode V, USA) connected to a diNanoscope V
microcontroller, USA by applying the fapping mode
(Acosta-Dominguez ef al., 2016; Alvarado-Gonzélez
etal., 2012).

The surface roughness values Ra (arithmetic mean
roughness), Rq (mean square roughness) and heights
of profiles were obtained from the AFM images by
using the Nanoscope Analysis software (version 2.0,
Bruker corporation, USA). The scanning area was
5x5um and Ra and Rq were obtained in the first
channel (height) as reported by Acosta-Dominguez et
al. (2016).
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2.7 Texture image analysis

Images of the SPI microparticles (521 x 521 pixels)
were captured by using the above described AFM
connected to a diNanoscope V microcontroller, USA.
Captured images were stored as bitmaps in a gray scale
with brightness values between 0 and 255 for each
pixel constituting the image (Herndndez-Carrion et al.,
2015). A generalization of the box counting method
was used to evaluate the texture fractal dimension of
the images (FDt) (Quintanilla-Carvajal et al., 2011).
In this work, the shifting differential box-counting
method (SDBC) (Chen et al., 2001) was utilized
to evaluate the fractal dimension of texture of AFM
images by means of the Image] software (Rasband,
W.S., ImageJ v.1.52 k, National Institutes of Health,
Bethesda, Maryland, USA).

Also, the following textural parameters were
evaluated to assess their suitability for describing
the image texture of the agglomerates from the
AFM images: angular second moment, contrast,
correlation, inverse difference moment, and entropy.
Measurements were carried out by using the Gray-
Level Co-Occurrence Matrix (GLCM) plugin and
surface plot tools of the Imagel] software as
recommended by Hernandez-Carrion et al. (2015).
The GLCM is a typical method for evaluating the
texture of images based on spatial-dependence GLCM
of pixels with estimation of image features using
second-order statistics (Sivchenko et al., 2016).

2.8 Statistical analysis

Statistical analyses were carried out by means of
an analysis of variance (ANOVA) by applying a
significance level @ = 0.05. All calculations were
carried out by using MinitabR 17.1.0 (Minitab Inc.,
2013) software and results were expressed as mean
values + standard deviation.

3 Results and discussion

3.1 PFarticle size (PS) and polydispersity
index (PDI)

The particle size and PDI for the suspensions of
microparticles are shown in Table 1. The size of the
protein aggregates decreased as the number of MF
cycles increased, independently of the pH used to
form the SPI aggregates. This was indicative that the
number of MF cycles did not induce reaggregation of

small particles into larger ones due to excess input
of energy caused by the application of cycles or
pressure over a threshold value (Villalobos-Castillejos
et al., 2018). The largest particle sizes were found
at pH 5, which is close to the isoelectric point (IP)
of the proteins of the SPI (4.5) where an increase in
protein aggregation was expected due to the charge
balance of the amino acids is close to zero and the
interaction with water molecules decreased, which
provoked a decrement in protein solubility at this pH
(Gonzélez-Cruz et al., 2020; Achouri et al., 2005).
When the pH of the suspensions was increased to
7 and 9 (far from the IP of SPI), MF decreased
significantly (p < 0.05) the particle size, and the
lowest particle sizes and PDI were obtained at pH
9 and when 3 MF cycles were used. At pH 9, SPI
solubility increased, and enough energy was supplied
for disrupting non-covalent bonds such as hydrogen,
hydrophobic, hydrophilic and electrostatic interactions
in the protein chains, aggregates and networking
structures (Song et al., 2013; Tang et al., 2009) leading
to a reduction in the sizes of the microparticles. Song
et al. (2013) evaluated the effect of MF pressure and
cycles in the sizes of soy protein particles with sizes
between 200 and 120 nm at a MF pressure of 270
MPa by using 1 and 30 MF cycles respectively at pH
7. When working at pH far from the IP, the proteins
will have a net charge either positive or negative and
the more different the working pH is to the IP, the
highest the net charge of the protein (either positive
or negative) and, the produced microparticles will be
smaller and more stable at pH 3, 7 and 9 than at pH 5.
Polydispersity indexes closer to 1 indicated a greater
dispersion of particle sizes. On the contrary, values
close to zero indicated greater size homogeneity. In the
suspensions at pH 3, 5 and 7, there were not significant
differences (p < 0.05) in the PDI values, while in the
samples at pH 9 (far from the IP), the PDI decreased
significantly with increasing MF cycles from 2 to
3, which indicated greater homogenization efficiency.
Additionally, suspensions at pH 9 had smaller particles
than those at pH 3, 5 and 7 (Table 1) and the MF
reduced and homogenized further the particles at pH
9 since the protein units were strongly negatively
charged. Dissayanke et al., (2009) reported that MF
tends to decrease the particle size distribution.

On the other hand, heating increases the amount
of aggregates due to partial denaturation (Shen and
Tang, 2012; Dissayanke and Vasiljevic, 2009). In
this respect, Song et al. (2013) evaluated the particle
sizes in microfluidized SPI at similar MF conditions
than those used in this work but without heating,
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Table 1. Particle size (PS) and polydispersity index (PDI) at different pH values and MF cycles*

pH MFcycles PS (um) PDI
3 1 0.567+0.009¢ 0.55+0.09%
2 0.545+0.01790 0.51+0.08¢
3 0.539+0.007> 0.51+0.11¢
5 1 8.725+0.610% 0.56+0.234
2 7.342+0.589 0.48+0.044
3 6.856+0.470° 0.51+0.18%
7 1 0.531+0.016“ 0.37+0.05%
2 0.467+0.0074> 0.31+0.024
3 0.429+0.008¢ 0.29+0.024
9 1 0.488+0.011¢ 0.32+0.024
2 0.443+0.009" 0.32+0.04%
3 0.398+0.004¢ 0.27+0.01°

*Results are mean values + SD. Different superscript letters in the same column between pH indicate

significant differences (p < 0.05)

obtaining lower particle sizes than those reported in
our work. Dissayanke and Vasiljevic, (2009) when
working with whey protein, reported an average PS
of 10 um for pre-heated protein and 1 um for the
non-heated samples. In another work, Shen and Tang,
(2012) found that MF greatly improved the solubility
and surface hydrophobicity of SPI both, unheated
and preheated and reported the formation of new
inter-subunit disulfide bonds. The increased PS and
surface hydrophobicity can be mostly attributed to the
disruption of large insoluble aggregates into smaller
soluble ones, due to high shearing during MF (Shen
and Tang, 2012).

3.2 Zeta potential

In Table 2, the {-P of the suspensions are shown. The
lowest values were obtained for the MF microparticles
at pH 5. At this pH, just above the IP, only few
ionized carboxylic groups were exposed, yielding a
negative surface charge in the SPI molecules (Song
et al., 2013; Achouri et al, 2005). When increasing
number of cycles, no significant differences (p >
0.05) were observed in the {-P values, at pH 3, 5
and 7 while for pH 9 under 3 cycles, {-P showed
a significantly higher value. A similar behavior was
reported by Gong et al. (2019) when increasing the
MF pressure above 150 MPa. These results may be
due to increased hydrophobicity as cycles increased
due the exposure of hydrophobic amino acid residues
which are not affected by pH (Lin et al., 2012; Peles
et al., 2012). Our results were similar to those by
Liu and Tang (2013) who reported that emulsions
stabilized by SPI and formed by MF showed negative
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Table 2. £-P at different pH values and MF cycles*
pH MF cycles {-P (mV)

3 1 -34.50+1.20¢
-35.12+1.50¢
-34.80+1.10°
-22.58+0.06¢
-23.70+1.00¢
-23.78+0.89¢
-32.11+1.40¢
-31.05+1.70¢
-32.20+1.60°
-32.40+1.80¢
-31.50+£1.70¢
-29.40+2.40°

*Results are mean values + SD. Different superscript letters

in the same column indicate significant differences (p <

0.05).
{-Ps (from -8 to -25 mV). At pH values close to the
IP, £-P values will be closer to zero than at pH far
from the IP due to increased charge-balance of the
microparticles. Therefore, the samples at pH 5 were
the most unstable depicting the largest values of {-P
(Table 2). The greater the dispersing force, the more
stable the suspensions become and, in general, values
of |£-P| > 30 mV are indicative of electric charge-
stability of the system (Villalobos-Espinosa et al.,
2019; Quintanilla-Carvajal et al., 2011).

A consequence of high-pressure treatments is
the exposure of electrically charged groups on
the surface of the protein (Chen er al., 2016).
Results obtained by Song et al. (2013) showed
an increase in the negative (-P values in soy
protein aggregates (from -16mV to -26mV) by
increasing the number of MF cycles (from 1 to

W N = W= W= W
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Fig. 1. Backscattering profile (BS) as a function of time (24h) and height of the sample volume (45mm) in the
suspension of microparticles at pH 3 A) 1 MF cycle B) 2 MF cycles C) 3 MF cycles. Macroscopic images of soy
protein microparticles suspensions at pH 3 after 24h. (3-1):1 MF cycle; (3-2): 2 MF cycles; (3-3): 3 MF cycles.

Altura (mm)

Bs (%)

B (%)

e e

Fig. 2. Backscattering profile (BS) as a function of time (24h) and height of the sample volume (45mm) in the
suspension of microparticles at pH 5 A) 1 MF cycle B) 2 MF cycles C) 3 MF cycles. Macroscopic images of soy
protein microparticles suspensions at pH 5 after 24h. (3-1):1 MF cycle; (3-2): 2 MF cycles; (3-3): 3 MF cycles.

30) which indicated that MF had a positive effect on
the reduction of particle size as well as on promoting
inter-particle repulsions due to the exposition of
charged amino acid, which caused greater electrical
stability of the system. In the case of peanut protein,
Gong et al. (2019) found that, when increasing the

pressure from 0.1 to 120 MPa, the {-P varied from -
34 to -39mV, and at pressures greater than 150 MPa,
the {- P was -34mV, which indicated disaggregation
of the protein when processed at pressures lower than
120 MPa and reaggregation at pressures greater than
150MPa.
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Fig. 3. Backscattering profile (BS) as a function of time and height of the sample for suspension of microparticles at
pH7. A) 1 MF cycle B) 2 MF cycles C) 3 MF cycles. Macroscopic images of soy protein microparticles suspensions
at pH 7 after 24h. (3-1):1 MF cycle; (3-2): 2 MF cycles; (3-3): 3 MF cycles.
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Fig. 4. Backscattering profile (BS) as a function of time and height of the sample for suspension of microparticles at
pHO. A) 1 MF cycle B) 2 MF cycles C) 3 MF cycles. Macroscopic images of soy protein microparticles suspensions
at pH 9 after 24h. (3-1):1 MF cycle; (3-2): 2 MF cycles; (3-3): 3 MF cycles.

3.3 Turbiscan Stability Index (TSI)

The backscattering profiles and images of the
appearance of MF suspensions after 24 h of
preparation are shown in Figures 1 to 4 for the different
pH treatments. For samples at pH 3, it was observed
that during the first 3 h, non-significant changes in
the profiles were observed, but that after 24 h, phase
separation was noted. The same trend was observed at

WWW.rmiq.org

pH 7 and 9 (Figures 3 and 4). In suspensions at pH 9,
the profile after 24 h showed a much milder departure
from the profile at 3 h than the other samples. The
backscattering data were corroborated by the visual
inspection of the macroscopic appearances of the
suspensions left to stand during 24 h in Turbiscan
tubes (Figures 1-4). Thus, the SPI suspension at pH 9
and treated at 1 MF cycle can be considered the most
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Table 3. Turbiscan stability index (TSI) for
suspension of microparticle at different pH values and
MF cycles at 24h*

pH MF cycles TSI
3 1 3.9+0.0°
2 3.4+0.0°
3 3.2+0.0¢
5 1 47.7+1.1°
2 53.0+1.24
3 54.0+1.8%
7 1 3.3+0.0¢
2 2.9+0.0°
3 2.3+0.0¢
9 1 0.8+0.1°
2 1.1+0.0¢
3 1.1+0.0°

*Results are mean values = SD. Different superscript
letters in the same column between pH indicate
significant differences (p < 0.05)

stable, as it showed the lowest backscattering and
macroscopic separation after 24 h (Figure 4; Image
3-3). As expected, the most unstable MF dispersion
was at pH 5, which exhibited the largest backscattering
profile change between 3 and 24 h of aging (Figure
2; images 3-1, 3-2, 3-3) and the largest macroscopic
visual separation after 24 h. These results were in
close agreement with the PS and PDI data shown
in Table 1. The smaller the PS and the PDI, the
greater the stability against phase separation of the
suspensions. The data of the backscattering profiles
were analyzed to obtain a quantitative measure of
suspesion stability of the suspensions versus phase
separation, i.e., the TSI. The TSI values for the 24 h
aged suspensions are given in Table 3 as a function
of pH and MF cycles. Depending on the differences
in charge between media and microparticles, they
will tend to sediment over time. When particles were
suspended in media which pH is far (3, 7 and 9)
to the IP of the SPI, particles repeled each other
improving their stability in suspension (Gonzélez-
Cruz et al., 2020). However, at pH value close (5)
to the IP, particles tended to sediment since reduced
repulsion forces will exist between media and their
surface. The structural changes will be also promoted
by MF which induced unfolding of the protein chains
(Liu and Kuo, 2016; Hu et al., 2011). At pH 9, the
TSI value was lower for 1 cycle than for 2 and 3

cycles, and this result is seemingly in contradiction
with the trend in particle size that was smaller the
more cycles were applied. This could be a signal of
overprocessing by MF when by increasing the number
of cycles or pressure, the PS and TSI increasd due
to the reaggregation of the protein. This effect was
observed in zein when increasing the pressure of MF
(from 75 to 100 MPa for 3 cycles) the PS increased
from 60nm to 100 nm (Sun et al., 2016). At pH 9,
the largest amount of deprotonated carboxylic groups
was exposed to the media and helped maintaining the
particles in suspension thus decreasing the TSI values.
Additionally, £-P values were larger for suspensions at
pH 5 which was due to the proximity to the IP of the
SPIL

One of the traditional techniques for obtaining
microparticles is by increasing temperature and
modifying the pH (Ipsen, 2016) and, as previously
commented, the highest concentration of aggregates
occurs at temperatures above 90 °C during at least 15
min (Chen ez al., 2017). The samples at pH 5 had the
largest size, {-P and TSI indicating reduced stability
compared to suspensions at pH values far from the
average [P of SPI (4.5). At pH 3 and 9 (far from IP), the
SPI globular structure unfolded and exposed ammonia
and carboxylic groups respectively.

However, the TSI embraces all phenomena taking
place in the sample leading to destabilization (Qi et
al., 2017), i.e., continuous phase viscosity, {-P, etc.
Low TSIs (close to zero) indicated greater suspension
stability (Kang et al., 2011). Li et al., (2020) analyzed
the stability in soy milk produced by MF. Their results
indicated that samples remained practically stable
(without sedimentation and/or creaming) during 21
days in refrigerated conditions (4°C). They also found
that the particle size practically did not increase during
the cold storage.

In addition to the effect of pH, the high pressures
applied during MF provokes denaturation of the
proteins causing the formation of a new network
with larger particle sizes of the aggregates (Liu and
Kuo, 2016) causing flocculation of the microparticles.
This effect may be related to the intense exposure of
hydrophobic sites caused by the application of high
pressures and shear forces in the interaction chambers
which can modify the structure of the proteins. These
phenomena have been reported in soy proteins (Liu
and Kuo, 2016), trypsin (Liu et al, 2010), and peanut
protein (Hu et al., 2011).
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Table 4. Surface roughness results by AFM in SPI during microparticulation process*

Sample Ra (nm) Rq (nm) Sample Ra (nm) Rq (nm)
pH3 5.60+1.38"  6.89+1.4° pH5 2.77+0.46°  4.42+1.06
pH3-H 5.67«1.17°  7.09+1.79>  pHS5-H 3.18+0.09°  4.08+0.24¢
pH3-IMFC  8.19+2.13¢ 9.27+32°  pH5-IMFC 17.3+1.41¢  21.0+0.99¢
pH3-2MFC  8.47+2.42¢ 14.05+3.8° pH5-2MFC 6.9+1.61" 8.56+2.74"
pH3-3MFC  4.28+0.74”> 5.80+0.80°  pH5-3MFC 6.78+1.41>  8.46+0.99"
pH7 5.71+0.89  6.70+0.87°  pH9 10.95+1.20%  13.85+0.64¢
pH7-H 4.85+0.59” 9.63+3.83¢  pH9-H 6.60+1.420  8.61+1.06"
pH7-IMFC  3.39+0.48° 6.22+1.94*  pH9-IMFC 5.25+0.95¢  6.69+0.74°
pH7-2MFC  3.46+0.44¢ 4.90+0.58°  pH9-2MFC  6.30+0.92>  8.51+0.18"
pH7-3MFC ~ 5.86+1.11¢ 11.73£1.04° pH9-3MFC 5.18+0.16°  8.34x1.617

*Results are mean values + SD. Different superscript letters in the same column between pH indicate
significant differences (p < 0.05). Ra (arithmetic mean roughness) Rq (mean square roughness).
pH: SPI agreggates by the effect of pH; pH-H: SPI aggregates after heat treatment; pH-1MFC: SPI
microparticles after 1 MF cycle; pH-2MFC: SPI microparticles after 2 MF cycles; pH-2MFC: SPI

microparticles after 3 MF cycles.

It has been reported that, during MF, enough
energy is supplied to the feed to break the
polymer structure into subunits by altering hydrogen
bonding, hydrophobic, hydrophilic and electrostatic
interactions, modifying the structure in the protein
network (Song et al., 2013; Tang et al., 2009).
The higher the pressure and duration of treatment,
the larger the extent at which bonds will break
and globular structures unfold exposing functional
groups interacting with the media. On the other hand,
it would be expected that MF caused changes in
the polar environment and an increment of surface
hidrophobicity and in disulfide bonds (Gong et al.,
2019).

3.4 Surface roughness

Surface roughness of AFM images indicates the
extent of dispersion of the microparticles in the
examined samples. In Table 4, the results of the surface
roughness analysis are shown. In samples at pH 3,
the Ra (arithmetic mean roughness) and Rq (mean
square roughness) increased when the samples were
subjected to two MF cycles and the larger values
of roughness were obtained at pH 5 and 1 MF
cycle. In samples at pH 7 and 9, the values of the
roughness decreased significantly (p < 0.05) after MF.
The observed decrement was, probably related to the
increased affinity of microparticles with suspension
media given the exposure of deprotonated carboxylic
groups causing a greater number of homogeneously
dispersed microparticles in the AFM image which
caused decreased roughness. Acosta-Dominguez et
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al. (2016) when studying the changes in surface
roughness in nanostructured SPI, found that the
reduction of particle size could decrease the roughness
of SPI due to nanostructuration by immersing samples
in cryogenic fluids at -50°C.

In Figures 5 (samples at pH 3 and 5) and 6
(samples at pH 7 and 9), the 2D AFM images obtained
in the peak force error channel (channel in which
images with the best delimited shapes were observed)
are presented. In images (B, G, B1, G1) the effect of
exposure to high temperature was noted by displaying
larger amounts of big aggregates which decreased their
sizes after the MF. In images A1-J1 (Figure 6), it was
possible to observe the presence of a higher amount
of smaller and more evenly distributed microparticles
than in images A-J (Figure 5) at pH 7 and 9 which
could be due to a higher exposure of charged amino
acid residues. AFM images were useful to observe the
similitudes of the microparticles formed after the MF
process at pH 3, 7 and 9 (far from the IP) being the
main differences between them other variables such as
PS and PDI, described in Sections 3.1, TSI (Section
3.3) and Texture image analysis (Section 3.5). In terms
of surface roughness, the main differences amongst
them were the heights of the profiles as described
below (Figure 7). Zhong et al., (2012) evaluated by
AFM the morphological changes in 8-LG subjected
to different MF pressures (0.1-180 MPa), finding
a decrease in particle size of the aggregates when
increasing MF pressures. Oboroceanu et al., (2010)
observed the aggregation of S-lactoglobulin due to
heating at different times by using AFM images.
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Peak Force Error
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E J 0
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Peak Force Error Tomm s
Fig. 5. AFM SPI micrographs during the microparticulation process A) SPI aggregates at pH 3 B) SPI aggregates at
pH3 after heat treatment C) SPI microparticles after 1 cycle of MF at pH 3 D) SPI microparticles after 2 cycles of
MF at pH3 E) SPI microparticles after 3 cycles of MF at pH3 F) SPI aggregates at pH 5 G) SPI aggregates at pHS
after heat treatment H) ) SPI microparticles after 1 cycle of MF at pH 5 I) SPI microparticles after 2 cycles of MF at
pH 5J) SPI microparticles after 3 cycles of MF at pH 5.
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Fig. 6. AFM SPI micrographs during the microparticulation process A1) SPI aggregates at pH 7 B1) SPI aggregates
at pH 7 after heat treatment C1) SPI microparticles after 1 cycle of MF at pH 7 D1) SPI microparticles after 2 cycles
of MF at pH 7 E1) SPI microparticles after 3 cycles of MF at pH7 F1) SPI agreggates at pH9 G1) SPI aggregates at
pHO after heat treatment H1 ) SPI microparticles after 1 cycle of MF at pH 9 I1) SPI microparticles after 2 cycles of
MF at pH 9 J1) SPI microparticles after 3 cycles of MF at pH 9.

Figure 7 shows the AFM height profiles of
the surface of the SPI before and after MF. In all
cases, a decrease in height was observed after MF,
which confirmed the reduction in particle size of the
microparticles compared to the initial aggregates. The
maximum heights registered in the surface images
by AFM were 1.1, 1.2, 1.1, and 0.28 um for the

samples at pH values 3, 5, 7, and 9 respectively as
shown in Figures A8, C8, E8 and G8. These heights
decreased after 3 MF cycles to 0.990, 0.628, 0.541,
and 0.082 pum as shown in Figures B8, D8, F8 and
HS8. In the case of microparticles at pH 3 and 7,
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Fig. 7. AFM height profiles of the surface of SPI (section size is 5 um). A7) SPI aggregates before MF at pH3. B7)
SPI microparticles at pH3 after 3 cycles of MF. C7) SPI aggregates before MF at pHS. D7) SPI microparticles at
pHS after 3 cycles of MF. E7) SPI aggregates before MF at pH7. F7) SPI microparticles at pH7 after 3 cycles of MF.
G7) SPI aggregates before MF at pH9. H7) SPI microparticles at pH9 after 3 cycles of MF.
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evaluated heights were similar to the particle sizes
determined by dynamic light scattering (Section 3.1)
and slightly lower for the microparticles at pH 5
and 9. These findings indicated that AFM profiles
may be considered as a valuable tool to describe the
sizes of microparticles in conjunction with DLS tests
(Section 3.1) and complemented with textural image
analysis (Section 3.5). Li et al., (2020) characterized
the fibril formation in cowpea, chickpea, and lentil
proteins by using AFM, and evaluated the changes
in the fibril’s dimensions at different heat treatment
times as a function of the height and contour length
of the images. The characterization of the surface of
proteins aggregates could be related to their capacity
to interact with other compounds such as water or oil
(Bildyukevich et al., 2020; Wen et al., 2020). In this
work, the smallest microparticles were obtained at pH
9 (Figure H7) and 3 MF cycles and were more stable
due to water-protein interactions. Acosta-Dominguez
et al. (2016) found that interactions between the
nanostructured soy protein and water, increased with
the number of nanocavities on the surface of particles,
which was reflected in higher water holding capacities
and better gelling properties. These authors also
reported that interactions between proteins and water
decreased at pH values close to the IP of the protein.

3.5 Texture image analysis

Table 5 shows the results of texture parameters
angular second moment, contrast, correlation, inverse
difference moment, entropy, and fractal dimension.
Only the second angular moment correlated well
with the image texture of the microparticles in the
whole range of MF conditions and pretreatments.
This parameter indicates the texture uniformity or
orderliness of an image (Herndndez-Carrién et al.,
2015; Barrera et al., 2013; Ou et al., 2014) and in this
respect, an increment in its value was observed when
increasing the number of MF cycles, indicating greater
homogeneity of the texture of the analyzed images
and may be considered an appropriate descriptor of
their texture (Yang et al., 2000). In a study carried
out by Yang et al. (2000), it was concluded that the
angular second moment was a good descriptor of the
structure of biofilms. The other texture parameters
(contrast, inverse difference moment, correlation,
entropy, and fractal dimension) did not correlate with
the characteristics of the images within the whole
range of operating conditions given that their texture
calculation algorithms were not sensitive enough to
detect the small variations in texture (Qiao, et al.,
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2007; Laddi et al., 2013). In this respect, the contrast
of the images of particles obtained by applying 3 MF
cycles at pH 7 decreased significantly (p < 0.05).
Contrast, measures of the intensity of the differences
between a pixel and its neighbor over the whole
image and is considered a dynamic range of gray
level or sharpness of edges (Laddi et al., 2013).
The inverse difference moment (IDM) increased in
samples after 3 cycles of MF which corresponded to
the microparticles with lower PDI, except for samples
at pH 7. Hernandez-Carrién et al., (2015), analyzed
the changes in the texture parameters in images
obtained by SEM in red sweet pepper subjected
to high pressure processing and observed that IDM
depended on the magnification of the images to be
analyzed. Correlation of the obtained images did not
show any relationship to MF conditions and these
results were consistent with findings by Herndndez-
Carrién et al., (2015) who did not obtain significant
changes in this parameter in relation to images of the
structural changes in red sweet pepper tissue after high
pressure processing. The entropy of the images did not
change significantly (p >0.05) in the different stages
of microparticulation. The entropy is a statistical
measure of randomness of the object that can be
used to characterize the texture of the input image.
This finding indicated that the microparticles having
relatively similar values of rugosity (Section 3.4) were
dispersed in the image by following similar patterns
amongst samples due to charge-related characteristics
such as those reported in Section 3.1.

The fractal dimension of texture (FDt) did not
show any significant (p > 0.05) changes with operating
conditions for samples at pH 5 and 9. On the other
hand, in the pH 3 samples, the FDt values decreased
after the MF process. Several studies have concluded
that higher values of FDt indicate rougher and more
irregular surfaces with notorious differences in the
gray-scale levels of the image and could indicate
disorganized distribution of particles in the samples
(Arzate-Vazquez et al., 2012; Alvarado-Gonzilez et
al., 2012). In relation to all treatments, the FDt values
remained practically constant given that the fractal
dimension is a logarithmic variable and changes
little with small texture variations (Quintanilla-
Carvajal et al., 2011). These results indicated that
the irregularities of the images were similar and
analogous amongst them mainly due to homogeneous
distributions of microparticles in the suspensions and
that the differences in sizes and PDI given in Section
3.1 and Surface rugosity (Section 3.4) could not be
detected by the fractal dimension algorithm.

799



Monroy-Rodriguez et al./ Revista Mexicana de Ingenierfa Quimica Vol. 20, No. 2 (2021) 787-805

Table 5. Texture image analysis during the SPI microparticulation process.

Fractal
Sample Angular second moment Contrast Correlation Inverse difference moment Entropy pimension
(FDt)

pH3 0.0004£0.0¢ 347.9+12.2°  0.001+0.0° 0.10+0.07 8.3+0.2¢ 1.9+0.0¢
pH3-H 0.0169+0.0¢ 518.5+19.5¢  0.001x0.0° 0.14£0.1¢ 8.1£0.8¢  1.9£0.0¢
pH3-1IMF 0.0009+0.0¢ 251.7£12.5¢  0.001+0.0° 0.12+0.0¢ 7.9+£04%  1.9+0.0¢
pH3-2MF 0.0017+0.0° 175.5£16.2¢  0.002+0.0¢ 0.19+0.14 7.6£0.5¢  1.6+0.2°
pH3-3MF 0.0012+0.0¢ 215.6+13.4¢  0.001+0.0° 0.14+0.1¢ 7.6+0.7¢ 1.6+0.4°
pH5 0.0008+0.0" 45433144 0.001+0.0° 0.110.14 8.1+0.4¢ 1.9+0.1¢
pH5-H 0.0007+0.0¢ 405.0£16.7°  0.001+0.0° 0.11£0.0¢ 8.1+0.2¢ 1.9£00¢
pH5-1MF 0.0014+0.0¢ 253.9+11.2¢  0.001+0.0° 0.15+0.0° 7.5+0.4° 1.8+0.2¢
pH5-2MF 0.0014+0.0¢ 346.2+£39.8¢  0.001+0.0° 0.13+0.0¢ 7.7£0.5¢  1.8+£0.2¢
pH5-3MF 0.0014+0.0¢ 243.9+17.6¢  0.002+0.0¢ 0.16+0.0¢ 7.5+0.4°  1.7+0.2¢
pH7 0.0004+0.0¢ 361.5£71.1¢  0.001+0.0° 0.10+0.04 83+0.19  1.9+0.0°
pH7-H 0.0008+0.04 208.3+29.0¢  0.002+0.0¢ 0.14£0.0¢ 79+£02¢  1.9+0.0°
pH7-1IMF 0.0006+0.0" 574.7£23.54  0.0010.0° 0.09+0.0¢ 8.1+0.19  1.9+0.0¢
pH7-2MF 0.0008+0.0¢ 473.9+31.6°  0.001+0.0° 0.11£0.0° 8.0+0.4¢ 1.920.0¢
pH7-3MF 0.0008+0.0¢ 429.7+15.9°  0.001+0.0° 0.11+0.0° 7.840.3¢  1.8+0.1¢
pH9 0.0003+0.0¢ 748.6£36.14  0.001x0.0° 0.07+0.0¢ 8.5+0.14 1.9+0.0¢
pH9-H 0.00120.0? 593.5+37.77  0.001x0.0° 0.10+0.0¢ 8.1+0.6% 1.8+0.2¢
pH9-1MF 0.001+0.0? 601.3+24.4>  0.001+0.0° 0.09+0.0¢ 7.9+0.2¢ 1.9+0.0¢
pH9-2MF 0.001£0.0° 297.1£26.5¢  0.001+0.0° 0.14+0.0¢ 7.6£0.2¢  1.9+0.0¢
pH9-3MF 0.002+0.07 280.6+16.8  0.001+0.0° 0.14+0.0¢ 7.5+0.6¢  1.7+0.2¢

*Results are mean values + SD. Different superscript letters in the same column between pH indicate significant differences (p < 0.05). pH:
SPI aggregates by the effect of pH; pH-H: SPI aggregates after heat treatment; pH-1MFC: SPI microparticles after 1 MF cycle; pH-2MFC:
SPI microparticles after 2 MF cycles; pH-2MFC: SPI microparticles after 3 MF cycles.

Conclusions

Suspensions at pH 9 presented the smallest particle
size (0.398 + 0.004 um) after being subjected to 3 MF
cycles, and the lowest TSI (0.8 + 0.1) when subjected
to 1 MF cycle. Therefore, most stable suspension
against phase separation as given by the TSI were
obtained at pH 9 and 1 MF cycle. In general, the
stability of the SPI suspensions decreased, as the pH
of the suspension was nearer that of the average IP
(4.5) of the proteins. By atomic force microscopy
it was possible to observe the breakdown of the
aggregates for the formation of microparticles and
height of the obtained peaks of the roughness profiles
(heights) were rather well descriptors of the size of the
microparticles. Surface roughness and image texture
analyses allowed the evaluation of the effect of MF
on the surface of the microparticles. In samples at
pH 7 and 9, the values of the roughness decreased
significantly (p < 0.05) after MF. The observed
decrement was, probably related increased affinity
of microparticles with suspension media due to the

exposure of deprotonated carboxylic groups causing
homogeneously dispersed microparticles in the AFM
image which gave place to decreased roughness. The
most relevant descriptor for their characterization was
the second angular moment whereas contrast, inverse
difference moment, correlation, entropy, and fractal
dimension did not correlate with the characteristics of
the images in the whole range of operating conditions
given that their calculation algorithms are not sensitive
enough as to detect the variations in the roughness
of the samples. The best conditions for microparticles
production were 1 MF cycle and pH 9 in accordance
with the Turbiscan stability index that encompasses
the contributions of different factors to instability.
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Nomenclature
SPI Soy protein isolate
MF Microfluidization
TSI Turbiscan stability index

AFM  Atomic force microscopy

IXC Interaction chamber

PS Particle size

PDI  Polidispersity Index

1P Isoelectric point
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