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Abstract

This study evaluated the synergistic effect of ultrasound pretreatment and insoluble solids removal on the fermentation
of pea protein concentrate (Pisum sativum L.) by Lactobacillus gasseri and its implications for the kinetic, fermentative,
and rheological properties of the system. Four experimental treatments were investigated: protein fermented by L. gasseri
(P-LG), protein pretreated by ultrasound and fermented by L. gasseri (P-US-LG), soluble protein fermented by L. gasseri
(S-LG), and soluble protein pretreated by ultrasound and fermented by L. gasseri (S-US-LG). The growth kinetics, based
on total cell counts determined in a Neubauer chamber, was modeled using a modified Gompertz equation for the growth
phase, whereas the post-peak phase was described only descriptively with an exponential decay function. Acidification was
modeled using a four-parameter logistic equation. The rheological properties were evaluated using flow and oscillatory test-
ing, with shear-sweep data fitted to the Ostwald-de Waele model. The results indicated that the removal of insoluble solids
was associated with higher u,, . values and a shorter time to reach pH < 5.5, characterizing faster acidification in kinetic
terms, while ultrasound modulated the microbial adaptation time in a manner dependent on the protein fraction. The non-
centrifuged systems showed greater consistency and predominantly elastic viscoelastic behavior, while the soluble fractions
exhibited lower viscosity and less organized structures. Radar visualization highlighted the distinct functional profiles among
treatments. Taken together, the findings demonstrate that combined strategies of physical processing and lactic fermentation
enable modulation of the techno functional properties of fermented plant proteins.
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Introduction

The growing interest in plant-based proteins as sustain-
able alternatives to animal proteins reflects a global shift
towards healthier and more environmentally responsible
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dietary patterns, driven by environmental, ethical, and pub-
lic health concerns (Patil et al., 2025). Among them, pea
protein stands out for its high-protein content (20-30% of
the grain’s dry weight), balanced amino acid profile with
high levels of lysine, and low allergenicity (Lu et al., 2020;
Taylor et al., 2021; Xu et al., 2023). However, technologi-
cal limitations, such as low solubility, insoluble fractions,
and the development of undesirable sensory attributes, still
restrict its application in fermented and structured food sys-
tems (Farshi et al., 2024; Liu et al., 2022).

Previous studies demonstrate that ultrasound is a promis-
ing physical strategy for modifying pea proteins, promot-
ing structural changes resulting from acoustic cavitation,
such as particle size reduction and exposure of functional
groups, leading to improvements in solubility, emulsifi-
cation, and gelation (Barac et al., 2012; Patil et al., 2025;
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Shen et al., 2022). Independently, fermentation with lactic
acid bacteria, especially Lactobacillus spp., has been exten-
sively investigated in plant matrices, being associated with
improved protein digestibility, the development of aromatic
compounds, and the reduction of off-flavors, in addition to
impacting microbial growth kinetics and the acidification of
the medium (Erem and Kilic-Akyilmaz 2024; Kaleda et al.,
2025; Zhang et al., 2025).

Despite advances in these technologies, a significant
gap remains in the literature. Few studies have combined
ultrasound and lactic fermentation in pea protein systems
within the same experimental design. Furthermore, there is
a lack of research that simultaneously evaluates microbial
kinetics, acidification dynamics, and rheological behavior in
fermented pea protein matrices, particularly regarding the
impact of insoluble fractions.

Given this context, the hypothesis of this study is that
ultrasound pretreatment, associated with the removal of
insoluble solids, can promote structural modulation of pea
protein that favors the adaptation and growth of Lactoba-
cillus gasseri, accelerates acidification, and influences the
rheological behavior of the fermented system. The distin-
guishing feature of this work is its integrated approach,
which simultaneously evaluates growth kinetics, acidi-
fication parameters, and rheological properties, thereby
providing a comprehensive assessment of the interactions
between processing conditions and system responses. Thus,
the objective of this study was to investigate the combined
effects of ultrasound and insoluble solids removal on the
fermentation of pea protein by L. gasseri, with the aim of
developing sustainable functional ingredients with enhanced
technological properties.

Materials and Methods
Materials

Pea protein concentrate (> 83% protein, 2% lipids, 0% car-
bohydrates, and 5% fiber) was obtained from Jhamal Natural
(Brazil). The Lactobacillus gasseri strain (ATCC 33323)
was obtained from the Tropical Cultures Collection—André
Tosello Foundation (Campinas, Brazil). All reagents used
were of analytical grade.

Preparation of the Culture and Fermentation
Medium

Pea protein concentrate was dispersed in distilled water at a
concentration of 160 mg/mL and homogenized manually to
ensure uniform dispersion. The concentration of 160 mg/mL
of pea protein concentrate was selected based on preliminary
laboratory tests. This concentration maintained the system
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in a liquid state with suitable viscosity for homogeneous
fermentation. It also provided sufficient protein substrate to
support the growth of L. gasseri without excessive dilution
of the medium. The suspension was then kept at 8 °C for
24 h to ensure complete hydration of the protein. After this
period, the suspension was pasteurized at 80 °C for 30 min
to reduce the naturally occurring microbial load (Akpabli-
Tsigbe et al., 2023; Chen et al., 2024). It should be noted
that this heat treatment can induce structural changes in
proteins, with potential impacts on rheological properties;
however, the same protocol was applied to all experimental
groups, ensuring equivalent initial conditions for subsequent
analyses.

A fraction of the pasteurized suspension was subjected
to ultrasound pretreatment in an ultrasonic bath (ALT-
SONIC CLEAN 3PA, Ribeirdo Preto-SP, Brazil), operating
at 40 kHz and a nominal power of 100 W, for 10 min. This
frequency was selected because it promotes stable cavita-
tion and effective physical disruption in liquid food systems
without causing excessive protein denaturation, while the
nominal power ensures sufficient acoustic intensity for struc-
tural modification (Alrosan et al., 2026). The samples were
placed in 500-mL glass reagent bottles containing 300 mL of
the mixture, kept vertically, and fully submerged in the ultra-
sonic bath to ensure homogeneous exposure to the acoustic
field. The total volume of water in the bath was kept below
30 °C by periodically replenishing it with ice, thereby mini-
mizing thermal effects associated with the ultrasonic pre-
treatment. Ultrasound was applied prior to centrifugation
as a pretreatment to increase protein solubilization in pea
protein concentrate, with the aim of breaking down protein
aggregates and promoting the release of soluble components
from the original matrix, allowing the subsequent centrifu-
gation step to separate the fractions according to the solu-
bilization effects induced by ultrasound. Figure 1 presents
a schematic representation of the experimental design and
preparation steps of the four treatments applied to pea pro-
tein concentrate.

Samples not subjected to ultrasonic pretreatment were
designated P (dispersed protein), while those subjected to
pretreatment in an ultrasonic bath were designated P-US. A
portion of these samples was centrifuged, resulting in sam-
ples S (soluble protein) and S-US (soluble protein pretreated
in an ultrasonic bath).

After applying all pretreatments (ultrasound and/or cen-
trifugation), the P, P-US, S, and S-US suspensions were
inoculated with L. gasseri and subjected to fermentation.
The fermented samples were named P-LG, P-US-LG, S-LG,
and S-US-LG, respectively. In all treatments, inoculation
was performed after the pretreatments.

The four experimental treatments were fermented with
L. gasseri for 48 h at 37 °C. For this, L. gasseri was reacti-
vated in MRS broth (KASVI, Brazil) for 48 h at 37 °C. The
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Fig.1 Flowchart of the process for preparing the four treatments
applied to pea protein concentrate. The pea protein concentrate was
dispersed in water (160 mg/mL) and pasteurized (80 °C, 30 min),
followed by optional pretreatment with ultrasound (100 W, 40 kHz,
10 min) and/or centrifugation (3000 rpm, 20 min, 4 °C) for the
removal of insoluble solids. The resulting fractions were fermented
with L. gasseri (37 °C, 48 h) and frozen (20 °C) to stop fermentation
and subsequently analyzed for rheological properties. The experimen-
tal conditions were defined as P-LG (protein fermented with L. gas-
seri; orange), P-US-LG (protein pretreated with ultrasound and fer-
mented with L. gasseri; blue), S-LG (soluble protein fermented with
L. gasseri; pink), and S-US-LG (soluble protein pretreated with ultra-
sound and fermented with L. gasseri)

reactivated L. gasseri cells were separated by centrifuga-
tion (Refrigerated centrifuge NT 815, Novactenica, Brazil),
equipped with a horizontal rotor, at 2000 rpm for 10 min.
The supernatant was discarded, and the cell mass (pellet)
was suspended in sterile distilled water (121 °C, 15 min),
cooled to room temperature. The four treatments were inocu-
lated with 6 Log cells/mL of L. gasseri. The samples were
homogenized and incubated in partially threaded Falcon-
type tubes to establish conditions of limited oxygen avail-
ability without agitation throughout the fermentation period.
During the fermentation period, aliquots were removed for
kinetic study. In the first 24 h, kinetic monitoring was per-
formed at 2—h intervals, and subsequently at 40 and 48—h
intervals. Cell counts were performed by direct counting
in a Neubauer chamber, as well as the determination of

pH and total soluble solids (°Brix). It should be noted that
counting in a Neubauer chamber provides an estimate of
the total number of cells; however, in protein-rich matrices,
such as pea protein suspensions, dispersed particles and pro-
tein aggregates can interfere with visualization, potentially
leading to overestimation or variability in cell counts. Such
interference can affect the accuracy of calculated growth
parameters, including the microorganism's adaptation time
to the medium (1) and the apparent maximum growth rate
(U4,,.,)- To minimize these effects, samples were properly
diluted and homogenized before counting. Accordingly,
changes observed after 7,,,, represent apparent post-peak
changes in total counted cells and should not be interpreted
as direct measurements of cell death or viability loss.

Modeling the Growth of L. gasseri

To model the growth kinetics of L. gasseri in the four experi-
mental treatments, the data were segmented into two dis-
tinct phases: (i) adaptation phase and exponential growth
(0 h—t,,,) and (ii) stationary and decline phase (,,,—
48 h). The 1, time was defined by direct inspection of the
growth curves, considering the time corresponding to the
highest average cell concentration value observed during
fermentation, calculated from the experimental replicates.
The modified Gompertz model was fitted to the data corre-
sponding to phase (i), whereas phase (ii) was explored with
an exponential decay model with an asymptotic plateau only
as a descriptive approximation of the apparent post-peak
behavior.

Modified Gompertz Model

The lag (adaptation) phase and exponential growth of L.
gasseri in the four experimental treatments obtained from
pea protein concentrate were described using the modified
Gompertz model (Eq. 1), which is widely used to represent
the sigmoidal behavior of microbial growth.

Y(t) = yg + A X exp(— exp(Upyge X 2.718/A) X (A — 1) + 1))

ey

where Y(7) is the cell concentration (Log cell/mL) at time

t (h), y, is the initial cell concentration (Log cell/mL), A

is the asymptotic increase in logarithmic units (with y,+A

approximating the maximum cell concentration), u,,,. is

apparent maximum growth rate (Log/h), and 4 is the time of
adaptation of the microorganism to the medium (h).

Exponential Decay Model

An exponential decay model with an asymptotic plateau
(Eq. 2) was employed as a descriptive approximation of the
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apparent post-peak decrease after the maximum counted cell
concentration was reached.

Y(r) = Vo T+ (ypeak - yoo) X exp(_k X (- tpeak)) (2)

where Y(¢) is the cell concentration (Log cell/mL) at time
t (h) for £>1,,,4s ¥pear 18 the maximum cell concentration
(Log cell/mL) observed at 7, Y, s the asymptotic loga-
rithm of the cell concentration during the cell decline phase,

and £ is the apparent decay rate constant.

Acidification Kinetics and Total Soluble Solids

The variation in pH throughout the fermentation of the dif-
ferent experimental treatments obtained from pea protein
concentrate fermented with L. gasseri was described using
a four-parameter logistic model (Eq. 3). This model was
selected for its suitability in representing microbial acidifica-
tion processes characterized by sigmoidal behavior, includ-
ing an initial lag phase, followed by a sharp drop in pH and,
subsequently, a stabilization phase.

pH(t) = A + B/(1 + exp(— (t — C)/D)) 3)

where A represents the initial asymptotic pH, B corre-
sponds to the total pH change (ApH), C refers to the time
at which the maximum acidification rate occurs, and D is
associated with the slope of the acidification curve, reflect-
ing the rate of pH decrease.

The total soluble solids content was also determined over
the fermentation period for all experimental treatments, in
order to monitor the consumption of soluble substrates dur-
ing the fermentation process.

Rheological Properties

The rheological properties of the four experimental treat-
ments were evaluated at 25 °C and 37 °C, at the initial
moment of fermentation with L. gasseri (O h) and after
48 h of fermentation. For measurements, 2 mL of the
sample was used in the measuring cell. The rheological
properties were determined using a HAAKE MARS III
rotational rheometer (Thermo Fisher Scientific), equipped
with an MTMC temperature control system, using a tita-
nium (P60 Ti) cone-plate geometry with an angle of 0.5°
and a 0.500—mm gap. The samples were manually loaded
into the center of the plate to avoid incorporating bubbles
and allowed to stand for 0.5 min before measurements. The
apparent viscosity and shear stress curves were obtained
in controlled shear rate mode, applying a logarithmic
ramp from 0.1 to 1000 s~! for 2.5 min. Subsequently, the
viscoelastic properties were evaluated by oscillatory fre-
quency sweeps conducted under a constant strain of 1%,
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assumed to lie within the linear viscoelastic region, over
the frequency range 0.1 to 100 Hz. The reduced test time
and rigorous temperature control minimized evaporation
effects during the analyses.

The Ostwald-de Waele model was fitted to the experi-
mental viscosity data as a function of shear rate (Eq. 4).

n=kxy"! )

where 7 is the apparent shear viscosity (Pa-s), y is the
shear rate (s™), k is the consistency index (Pa-s"), and n is
the flow behavior index.

Statistical Analysis

All experiments were performed in triplicate (n=3) or quin-
tuplicate (n=35), as specified, and the data are presented
as means =+ standard deviation. The statistical differences
between the groups were assessed using analysis of variance
(ANOVA), followed by Tukey’s post-hoc test for multiple
comparisons, considering a significance level of p <0.05.

The kinetic growth parameters of L. gasseri were esti-
mated by nonlinear regression using GraphPad Prism soft-
ware, version 10.0 (GraphPad Software, San Diego, CA,
USA). The equations used were customized based on the
behavior observed in the experimental data, to ensure the
best representation of the different phases of L. gasseri
growth kinetics in the experimental treatments obtained
from pea protein concentrate.

The acidification kinetics and rheological parameters
were estimated by nonlinear regression using the Leven-
berg—Marquardt method. The fitting was performed using
Statistica software, version 7.0 (StatSoft Inc., Tulsa, OK,
USA). The quality of fit of the models (modified Gompertz,
exponential decay, four-parameter logistic model, and Ost-
wald-de-Waele) was evaluated using the coefficient of deter-
mination (R?). For models showing inadequate fit, parameter
estimates were treated only descriptively and were not sub-
jected to inferential statistical comparison.

To provide an integrated visual summary of the fermenta-
tive and rheological responses after 48 h of fermentation at
37 °C, a radar plot (spider plot) was constructed using nor-
malized values of selected key parameters: apparent maxi-
mum growth rate (u,,,,), pH at the end of fermentation (pH),
variation in total soluble solids (A°Brix), consistency index
(k), and flow behavior index (n). The values were normal-
ized per variable using the min—max scale (0 to 1) to allow
direct comparison between treatments. The radar plot was
generated in R (version 4.3.1; R Core Team, 2023) with the
tidyverse and fmsb packages (or ggplot2 with coord_polar)
and is presented as a descriptive visualization tool that com-
plements the results of the univariate and factorial ANOVA.
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Results

Influence of Ultrasound Pretreatment and Removal
of Insoluble Solids on the Growth Kinetics of L.
gasseri

The growth curves of L. gasseri in the four experimental
treatments are shown in Fig. 2. In all treatments, a typical
kinetic profile was observed, with an initial phase of expo-
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Fig.2 Growth curves of L. gasseri for four experimental treatments
applied to pea protein concentrates fermented by L. gasseri. The
points represent the experimental means accompanied by the stand-
ard deviation (n=15) of the total number of cells over the fermentation
time for each treatment: A P-LG (protein fermented with L. gasseri;
orange and red), B P-US-LG (protein pretreated with ultrasound and
fermented with L. gasseri, blue), C S-LG (soluble protein fermented

growth was observed), followed by a phase of cell decline.
The experimental data (mean + standard deviation; n=35)
were adequately described by the modified Gompertz model
during the growth phase. In contrast, the exponential decay
model showed limited adequacy for the post-peak phase and
was used only as a descriptive approximation.

In the P-LG treatment (Fig. 2A), the number of cells
increased rapidly in the first hours of fermentation, reach-
ing an average value of 8.7 +0.223 Log cells/mL at 8 h, fol-
lowed by a gradual decline, without showing a stationary
phase over time. The P-US-LG treatment (Fig. 2B) showed
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with L. gasseri; pink), and D S-US-LG (soluble protein pretreated
with ultrasound and fermented with L. gasseri, green). Solid lines
correspond to the adjustments of the Gompertz model applied to the
growth phase up to the peak time (7,,,, maximum growth), whereas
dashed lines represent descriptive exponential fits for the post-peak
phase
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progressive growth up to 18 h of fermentation, reaching a
cell count of 8.6 +0.215 Log cells/mL, followed by a decline
shortly after reaching 7, with a relatively stable cell count
maintained until the end of fermentation.

For the S-LG treatment (Fig. 2C), a rapid increase in the
number of cells was observed in the first hours of fermen-
tation, reaching a maximum average value of 8.8 +0.190
Log cells/mL at 12 h, followed by a reduction in the num-
ber of cells in the following hours. The S-US-LG treatment
(Fig. 2D) showed gradual growth up to 12 h, with a maxi-
mum average value of 8.4 +0.264 Log cells/mL, showing a
slight reduction in the number of cells after reaching 7,
but maintaining high values until the end of fermentation.

Table 1 summarizes the estimated parameters for the
four experimental treatments with mean =+ standard devia-
tion, along with the corresponding coefficient of deter-
mination (R?) for each adjustment. The coefficients of
determination (R?) ranged from 0.8644 to 0.9723 among
the four experimental treatments, indicating a satisfac-
tory to excellent fit of the modified Gompertz model to
the experimental data. The S-US-LG treatment, in par-
ticular, showed the highest R* (0.9723), reflecting a very
good agreement between the model predictions and the
observed growth data. Furthermore, one-way ANOVA
indicates that the four treatments (P-LG, P-US-LG, S-LG,
and S-US-LG) produce statistically significant differences
in initial concentration (y,), apparent maximum growth
rate (u,,,.), and adaptation or latency phase (4). In contrast,
the overall increase in cell number (A) did not differ sig-
nificantly between treatments. These results suggest that,
although pretreatments (ultrasound and/or centrifugation)
affect the apparent maximum growth rate and adaptation
phase, they do not substantially alter the overall increase
in cell number.

The initial cell count values estimated by the Gompertz
model (y,) differed between treatments (p < 0.05), ranging

Table 1 Kinetic parameters estimated by the modified Gompertz
model (yy, A, U, and A) for the four experimental treatments,
including coefficients of determination (R? and standard deviations
(n=35), obtained for pea protein concentrates fermented by L. gas-
seri. Distinct lowercase superscript letters indicate statistically signifi-

from 6.42+0.12 to 7.19+0.13 Log cells/mL, with P-LG
showing the highest values and S-US-LG the lowest.
Although inoculation was standardized to approximately
6 Log cells/mL in all treatments, the variation observed in
the initial estimated values (y,) can be attributed to meth-
odological and biological factors inherent to counting in
a Neubauer chamber and to the adjustment of the kinetic
model. Additionally, y, corresponds to a parameter esti-
mated by adjusting the modified Gompertz model and not
to the nominal inoculation value.

Parameter A ranged from 1.76 +0.21 to 2.48 +0.30,
with no statistically significant differences between treat-
ments (p > 0.05). The apparent maximum growth rate
(U,,0) showed significant differences (p <0.05), with
higher values observed in P-LG, S-LG, and S-US-LG,
while P-US-LG showed the lowest value. The adapta-
tion or latency phase time (4) ranged from 2.05 +0.62
to 4.38 +1.31 h, with statistically significant differences
between treatments (p <0.05).

The statistically significant differences observed
between treatments may be associated with variations
in the structure and availability of protein substrates,
resulting from both protein solubilization and ultrasound
pretreatment.

Acidification Kinetics

The variation in pH during the fermentation of pea protein
concentrates by L. gasseri is shown in Fig. 3. In all treat-
ments, a progressive reduction in pH was observed over
time, with characteristic sigmoidal behavior, adequately
described by the four-parameter logistic model.

The experimental data (mean + standard devia-
tion; n=3) showed high coefficients of determination
(R*>=0.951-0.989), indicating an excellent fit of the model
to the acidification profiles (Table 2).

cant differences between means according to Tukey’s test (p <0.05).
For the post-peak exponential fit, only R* values are shown because
parameter estimates were not interpreted statistically due to inad-
equate fit in most treatments

Gompertz model

Parameter P-LG P-US-LG S-LG S-US-LG

yo (Log cell/mL) 7.19+0.13 6.85+0.12% 6.62+0.12%° 6.42+0.12°
A (dimensional) 1.77+0.21* 2.48+0.30* 2.34+0.28% 1.76 +0.21*
e Log/h) 0.425+0.12% 0.0967 +0.03° 0.362+0.10* 0.497 +1.13%
A (h) 3.67+1.10° 2.05+0.62° 2.61+0.78° 438+1.31°
R? (adimensional) 0.91 0.86 0.95 0.97
Post-peak exponential fit (descriptive)

R? (adimensional) 0.593 0.018 0.368 0.046
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Fig.3 Variation of pH during fermentation over time for the four
experimental treatments applied to pea protein concentrates fer-
mented by L. gasseri. The points represent the experimental means
accompanied by the standard deviation (n=3), for each treatment: A
P-LG (protein fermented with L. gasseri; orange and red), B P-US-

Table 2 Kinetic parameters estimated by the four-parameter logistic
model (A, B, C, D) for the four experimental treatments, including the
coefficients of determination (R?) and respective standard deviations
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LG (protein pretreated with ultrasound and fermented with L. gas-
seri, blue), C S-LG (soluble protein fermented with L. gasseri; pink),
and D S-US-LG (soluble protein pretreated with ultrasound and fer-
mented with L. gasseri). The lines correspond to the fits of the four-
parameter logistic model to the experimental pH data

(n=3), obtained for pea protein concentrates fermented by L. gasseri.
Distinct lowercase superscript letters indicate statistically significant
differences between means according to Tukey’s test (p <0.05)

Four-parameter logistic model

Parameter P-LG P-US-LG S-LG S-US-LG

A (pH) 6.883+0.071* 6.811+0.067% 6.720+0.022* 6.741+0.018*
B (ApH) —1.476 £0.083% —1.456+0.085% —1.429+0.029* —1.422+0.025*
C (h) 8.051+0.443¢ 9.716 +£0.487* 9.012+0.137° 10.088 +0.132°
D (h) 2.927 +£0.364* 2.700+0.442% 1.042+0.115° 1.327+0.116°
R? (adimensional) 0.974 0.951 0.985 0.989
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The initial pH values (estimated by parameter A)
were similar among treatments (p > 0.05), ranging from
6.72+0.02 to 6.88 +0.07. The magnitude of the total pH
reduction (parameter B) also did not differ significantly
among treatments (p > 0.05), ranging from — 1.42 +0.03
to—1.48+0.08.

Statistically significant differences (p <0.05) were
observed for parameter C, associated with the character-
istic acidification time, which ranged from 8.05 +0.44 h
(P-LG) to 10.09+0.13 h (S-US-LG). Parameter D, related
to the slope of the curve and the rate of pH decline, showed
significantly lower values in the S-LG and S-US-LG treat-
ments compared to P-L.G and P-US-LG (p <0.05).

Taken together, the results show distinct acidification
profiles among the treatments, with differences mainly
associated with the temporal kinetics of pH reduction,
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T 1 1 1 1 1 T 11
12 16 20 24 28 32 36 40 44 48
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Fig.4 Variation in total soluble solids content during fermentation
over time for the four experimental treatments applied to pea protein
concentrates fermented by L. gasseri. The points represent the experi-
mental means accompanied by the standard deviation (n=3) for each
treatment: A P-LG (protein fermented with L. gasseri; orange and
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while the initial values and total amplitude of acidifica-
tion remain similar.

Kinetics of Total Soluble Solid Consumption

The variation in total soluble solids content (°Brix) over the
fermentation time of pea protein concentrates by L. gasseri
is shown in Fig. 4. In all treatments, a general trend of reduc-
tion in total solids was observed during the initial hours of
fermentation, followed by stabilization of values throughout
the evaluated period. Data are expressed as mean + standard
deviation (n=3).

In the P-LG treatment (Fig. 4A), the initial values of
total soluble solids were around 5.43 + (0.802°Brix, show-
ing a progressive decrease to 3.93 +0.231°Brix at the end
of fermentation. The P-US-LG treatment (Fig. 4B) showed
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red), B P-US-LG (protein pretreated with ultrasound and fermented
with L. gasseri, blue), C S-LG (soluble protein fermented with L.
gasseri; pink), and D S-US-LG (soluble protein pretreated with ultra-
sound and fermented with L. gasseri)
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similar behavior, with initial values of 4.63 +0.351°Brix,
followed by a gradual reduction to 4.0 +0.10°Brix at the
end of fermentation.

For the S-LG treatment (Fig. 4C), the initial average value
was 4.83 +0.058°Brix, showing a progressive decrease to
3.13 +0.058°Brix after 48 h of fermentation. Similarly, the
S-US-LG treatment (Fig. 4D) showed a progressive reduc-
tion in total soluble solids, starting from 4.53 +0.115°Brix
and reaching an average value of 3.37 +0.153°Brix after
48 h of fermentation. These overall results indicate similar
profiles of total soluble solids consumption among the treat-
ments, with differences mainly associated with the initial
values, suggesting interference from the ultrasound and cen-
trifugation pretreatments in the availability of soluble solids
as a substrate for L. gasseri.

Shear Viscosity

The rheological behavior of pea protein concentrates fer-
mented by L. gasseri was presented in Fig. 5. In all treat-
ments, the samples exhibited non-Newtonian pseudoplastic
behavior, characterized by a decrease in apparent viscosity
with increasing shear rate, both at the beginning of fermen-
tation (0 h) and at the end (after 48 h), regardless of the
measurement temperature (25 and 37 °C). The temperatures
of 25 °C and 37 °C were chosen because they represent the
average ambient temperature (25 °C) and the incubation
temperature during fermentation (37 °C).

The P-LG and P-US-LG formulations (Fig. SA-D)
showed substantially higher apparent viscosity values than
those observed for the soluble protein-based formulations
(S-LG and S-US-LG; Fig. SE-H), especially at low shear
rates. For these systems, fermentation for 48 h resulted in a
pronounced reduction in apparent viscosity throughout the
entire shear range evaluated, an effect most evident in meas-
urements taken at 37 °C. In contrast, the S-LG and S-US-LG
treatments showed significantly lower viscosity values and
less variation throughout the fermentation process, maintain-
ing relatively stable rheological profiles.

The rheological parameters estimated by the Ostwald-
de Waele model are presented in Table 3. The factorial
ANOVA (4 x2x?2) showed that both the consistency index
(k) and the flow behavior index (n) were significantly influ-
enced by the treatment, temperature, and fermentation
time factors (p <0.001), as well as by their second- and
third-order interactions (p < 0.001), demonstrating that the
rheological response of the systems depends on the com-
bination of these experimental variables.

For the consistency index (k), significant main effects of
treatment, temperature, and time were observed, in addition
to significant treatment X temperature, treatment X time,
temperature X time, and treatment X temperature X time

interactions. In general, the highest k values were observed
in the P-LG and P-US-LG experimental conditions at the
initial time (0 h), especially at 25 °C, reflecting greater
resistance to flow under these conditions. Fermentation
for 48 h promoted significant reductions in k, particularly
in P-LG, an effect intensified at 37 °C, characterizing a
response dependent on the interaction between time and
temperature. In P-US-LG, the magnitude of the reduc-
tion in k was modulated by temperature, corroborating
the presence of a third-order interaction. In contrast, the
soluble S-LG and S-US-LG systems showed significantly
lower k values under all conditions, with less pronounced
variations throughout fermentation and at different tem-
peratures, indicating lower structural sensitivity of these
systems to the evaluated conditions.

The flow behavior index (n) showed significant main
effects of treatment, temperature, and time (p <0.001), as
well as significant second- and third-order interactions.
These results indicated that, although all samples exhibit
non-Newtonian behavior, the variations in n are strongly
dependent on the combination of factors. In general, lower
n values were observed in the integral systems (P-LG and
P-US-LG), characterizing more pronounced pseudoplastic
behavior, while the soluble systems (S-LG and S-US-LG)
showed higher n values, especially at 37 °C, indicating a
flow behavior less dependent on the shear rate. Changes
in n throughout fermentation were particularly evident in
the soluble systems, reflecting structural modifications
induced by the process and fermentation conditions.

Taken together, the statistical results demonstrate that
k is the parameter most sensitive to structural changes
induced by fermentation, temperature, and pretreatments,
while n responds more subtly, but is significantly depend-
ent on the interactions between the factors. The high coef-
ficients of determination (R>=0.928-0.998) confirm the
excellent suitability of the Ostwald-de Waele model to
describe the rheological behavior of the different experi-
mental conditions.

Oscillatory Frequency Sweep

The dynamic viscoelastic behavior of pea protein con-
centrates fermented by L. gasseri was presented in Fig. 6,
expressed by the storage modulus (G’), loss modulus (G"),
and complex viscosity as a function of angular frequency. In
all treatments, the rheological parameters exhibited a clear
frequency dependence, with a decrease in complex viscosity
as frequency increased, indicating non-Newtonian behavior
typical of structured systems.

The P-LG (Fig. 6A, B) and P-US-LG (Fig. 6C, D) for-
mulations show high G’ values compared to G” throughout
the entire evaluated frequency range, both at 25 °C (filled
symbols) and 37 °C (open symbols), characterizing the
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«Fig.5 Rheological behavior of four experimental treatments,
expressed as apparent viscosity as a function of shear rate (0.1
1000 s~1) for pea protein concentrates fermented by L. gasseri. Each
panel compares the average values of the curves obtained immedi-
ately after preparation (0 h) and after 48 h of fermentation with L.
gasseri, measured at 25 °C (filled symbols) and 37 °C (open sym-
bols). The formulations evaluated were as follows: A-B P-LG (pro-
tein fermented with L. gasseri; 0 h—orange, 48 h—red), C-D
P-US-LG (protein pre-treated with ultrasound and fermented with L.
gasseri; 0 h—blue, 48 h—dark blue), E-F S-LG (soluble protein fer-
mented with L. gasseri; 0 h—dark pink, 48 h—Ilight pink), and G-H
S-US-LG (soluble protein pre-treated with ultrasound and fermented
with L. gasseri; 0 h—dark green, 48 h—light green)

predominance of the elastic character. After 48 h of fermen-
tation, a consistent reduction in G’, G", and complex viscos-
ity values was observed, particularly at low frequencies, an
effect more pronounced in measurements taken at 37 °C,
although the condition G’ > G" was maintained.

In contrast, the S-LG (Fig. 6E, F) and S-US-LG (Fig. 6G,
H) treatments showed substantially lower G’ and G” values
across the entire frequency range when compared to the non-
centrifuged treatments. In these treatments, G” was com-
parable to or higher than G’ at low frequencies, especially
after 48 h of fermentation and at 37 °C, indicating viscous
behavior. Complex viscosity remained low and strongly
frequency-dependent, reflecting less organized structures.

Increasing the measurement temperature from 25 to 37 °C
resulted in a systematic decrease in G’, G”, and complex
viscosity values in all treatments, regardless of fermentation
time. Overall, the results demonstrate that the type of protein
fraction, ultrasound pretreatment, fermentation time, and
analysis temperature significantly influenced the viscoelas-
tic response of protein concentrates fermented by L. gasseri.

Integrated Profile of Fermentative and Rheological
Response

To provide a concise visual comparison of the main
responses across the four treatments after 48 h of fermen-
tation at 37 °C, a radar chart was constructed using five
normalized key parameters: apparent maximum growth
rate (u,,,.)» pH at the end of fermentation (pH), change in
total soluble solids (A°Brix), consistency index (k), and
flow behavior index (n) (Fig. 7). Values were min—max nor-
malized (0-1) per variable to enable relative profiling. The
soluble protein treatments (S-LG and S-US-LG) displayed
expanded profiles in fermentative parameters (higher y,,,..
pH, A°Brix, and n), indicating enhanced microbial activ-
ity, substrate utilization, and fluid-like behavior (low k).
In contrast, non-centrifuged treatments (P-LG and P-US-
LG) showed prominent extension towards high k, reflect-
ing greater structural consistency and lower fermentative
intensity. Ultrasound pretreatment modestly modulated these

profiles, with a noticeable enhancement of u,,,. in the solu-
ble fraction.

Discussion

The results obtained demonstrate that ultrasound pretreat-
ment and removal of insoluble solids exert synergistic effects
on the fermentation kinetics with L. gasseri and the rheo-
logical properties of pea protein concentrate, with poten-
tial implications for the development of functional foods
based on plant-based proteins. These results demonstrate
the potential of employing technologies such as ultrasound
and probiotic fermentation to enhance the functionality of
alternative proteins, thereby promoting greater accessibility
to bioactive food formulations.

The shorter lag phase (1) observed in P-US-LG
(2.05+0.62 h) compared with P-LG (3.67 +£1.10 h) can be
attributed to the synergistic effect of ultrasonic pretreatment
on the non-centrifuged pea protein matrix, which still con-
tains insoluble solids. Ultrasonic cavitation likely promoted
partial disruption of protein aggregates, reduced particle
size, and exposed hydrophobic and hydrophilic groups,
increasing the surface area of the insoluble fraction, mainly
globulins such as legumin and vicilin. These structural
modifications may have improved the initial accessibility
of nutrients and interaction sites for L. gasseri, facilitating
faster metabolic adaptation and reducing the time required to
initiate active growth (Jadhav et al., 2024; Rahman & Lam-
sal, 2021; Su & Cavaco-Paulo, 2021). In contrast, the soluble
fractions (S-LG and S-US-LG) did not show a reduction in
the lag phase after ultrasound treatment. After centrifuga-
tion, the matrix is already enriched in soluble proteins and
peptides with relatively high bioavailability, which likely
shortens the baseline adaptation time and limits additional
improvements by ultrasound. Moreover, because ultrasound
was applied before centrifugation, many of the structural
changes induced in insoluble aggregates were removed with
the sediment, reducing their potential influence on bacte-
rial adaptation in the soluble systems. Although ultrasound
pretreatment initially increased substrate complexity, all
treatments maintained post-peak total cell counts above 7
Log cells/mL.

The limited adequacy of the exponential decay model in
the post-peak phase is biologically plausible in this system.
Direct counting in a Neubauer chamber estimates the total
number of counted cells and does not distinguish viable from
nonviable cells, while the pea-protein matrix may contain
particles and aggregates that interfere with microscopic
counting. In addition, the P-US-LG and S-US-LG curves
displayed post-peak stabilization/tailing rather than a mono-
tonic first-order decline. Thus, the post-peak phase is better
interpreted as an apparent change in the total number of
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Table 3 Rheological param-

. Experiment Temperature Time (h) Parameters
eters (k, n) adjusted by the °C)
Ostwald—de Waele model for K n R?
the four experimental treat-
ments, accompanied by their P-LG 25 0 4073.64 +283.03* 0.47+0.02 0.988
respective standard deviations 48 76.64 +5.59¢ 0.09+0.03" 0.973
and coefficients of determina- 37 0 3359.84+224.300 0.43+0.02¢ 0.990
tion (R“), obtained for the pea 4 he
protein concentrates fermented 48 10.65+0.19 0.16+0.01 0.998
by L. gasseri. The data were P-US-LG 25 0 2060.53 + 129.49¢ 0.42+0.02¢ 0.988
analyzed using a 4 X2 X 2 facto- 48 10.94 +0.83¢ 0.18+0.04 ¢ 0.981
rial ANOVA (treatment >< tem- 37 0 24723 +11.46% 0.25+0.02¢f 0.988
perature X fermentation time), a .
followed by Tukey’s test. 48 127.74 £9.63 0.17+0.03 0.977
Lowercase superscript letters S-LG 25 0 0.151 +0.002¢ 0.29+0.01° 0.995
indicate statistically significant 48 0.240 +0.0034 0.28+0.01¢ 0.997
differences between the factor 37 0 0.005 +0.000° 0.89+£0.005" 0.938
combinations (p <0.05) a
48 0.114 +0.001 0.32+0.01° 0.997
S-US-LG 25 0 0.083+0.001¢ 0.31+0.01° 0.996
48 0.063 +0.002¢ 0.69+0.02b 0.928
37 0 0.005 +0.000¢ 0.87 +0.005% 0.950
48 0.045 +0.000¢ 0.53+0.01°¢ 0.991

counted cells than as strict death kinetics. In this context,
non-log-linear survival models such as Weibull-type models,
which can accommodate curvature and tailing, may be more
appropriate than a simple exponential decay model (Albert
& Mafart, 2005; Mafart et al., 2002).

The soluble treatments (S-LG and S-US-LG) showed the
highest apparent maximum growth rate (u,,,,=0.362-0.497
Log/h) when compared to the P-US-LG treatment (0.0097
Log/h), demonstrating that differences in the physicochemi-
cal properties of the medium and in the accessibility to nutri-
ents, resulting from the removal of insoluble solids, exert a
direct influence on the growth kinetics of L. gasseri. Similar
results were reported by Lima et al. (2022), who demon-
strated that the physicochemical characteristics and nutri-
tional composition of the medium are determinants for the
growth rate of L. gasseri in passion fruit juice. Additionally,
considering the nutritional complexity required for the opti-
mal growth of lactic acid bacteria, including the availability
of peptides and carbohydrates, it is evident that modifica-
tions to the fermentation matrix, whether by removing insol-
uble solids or by ultrasound pretreatment, can significantly
modulate the efficiency with which the microorganism
reaches its maximum growth potential (Kwoji et al., 2022).

The reduction in pH and total soluble solids through-
out fermentation is consistent with the production of lactic
acid and the utilization of substrates present in pea protein
concentrate, a phenomenon widely known in lactic fermen-
tations, where the metabolism of substrates present in the
medium leads to acidification of the medium and the estab-
lishment of an environment unfavorable to further microbial
growth after a certain point in fermentation (Kaleda et al.,
2025). This behavior also coincides with reports of lactic
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fermentation in other plant systems, where the drop in pH
accompanies the accumulation of acidic metabolites, lead-
ing to the stabilization of the microbial population as the
medium reaches inhibitory acidity levels (Lima et al., 2022;
Monteiro et al., 2020).

In terms of rheological properties, the significant differ-
ences between the solubilized and soluble solids-containing
treatments observed in this study include higher consistency
(k) values and a predominance of elastic characteristics in
P-LG and P-US-LG, in contrast to more viscous and less
structured profiles in S-LG and S-US-LG. These observa-
tions can be directly linked to fermentation-induced struc-
tural changes in the protein matrix (Emkani et al., 2021).
During lactic acid fermentation with L. gasseri, progressive
acidification (pH drop to ~5.4-5.5) approaches the isoelec-
tric point of pea proteins (around pH 4.5-5.5 for vicilin and
legumin fractions), reducing net charge and electrostatic
repulsion between protein molecules (Masia et al., 2024).
This promotes enhanced protein—protein interaction, par-
ticularly hydrophobic associations and hydrogen bonding,
leading to partial aggregation and the formation of a more
cohesive, elastic network as evidenced by G’ > G" across
frequencies in non-centrifuged systems. Simultaneously,
proteolytic activity of L. gasseri (via cell-envelope proteases
and intracellular peptidases) induces limited hydrolysis of
pea proteins (primarily vicilin/convicilin susceptible frac-
tions), generating smaller peptides that disrupt overly tight
aggregates while exposing hydrophobic regions (Klost et al.,
2020). This dual mechanism, acidification-driven aggre-
gation combined with moderate proteolysis, explains the
observed reduction in apparent viscosity and consistency
index (k) after 48 h of fermentation, particularly pronounced
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Fig.6 Rheological behavior of four experimental treatments,

expressed as storage modulus (G, circle), loss modulus (G”, square),
and complex viscosity (triangle), obtained for pea protein concen-
trates fermented by L. gasseri. Each panel compares the average val-
ues of the curves obtained immediately after preparation (0 h) and
after 48 h of fermentation with L. gasseri, measured at 25 °C (filled
symbols) and 37 °C (open symbols). The formulations evaluated

at 37 °C, where thermal energy further facilitates partial
unfolding and reorganization of protein networks without
full denaturation. This is consistent with the literature show-
ing that lactic fermentation can modify protein—protein and
protein-water interactions, directly impacting the structural
network and responses to shear stress (Masia et al., 2024).
In protein matrices, acidification and microbial enzymatic
activity can lead to partial denaturation and reorganization
of protein aggregates, affecting the ability to form stable
three-dimensional networks, as described for fermented pea
and lentil protein systems (Masia et al., 2022; Tonini et al.,
2024).

The predominance of G’ over G” in the P-LG and P-US-
LG treatments suggests the formation of a more cohesive
and structured network, possibly associated with a greater
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were as follows: A-D P-LG (protein fermented with L. gasseri; 0 h—
orange, 48 h—red), E-H P-US-LG (protein pre-treated with ultra-
sound and fermented with L. gasseri; O h—blue, 48 h—dark blue),
I-L S-LG (soluble protein fermented with L. gasseri; 0 h—dark pink,
48 h—light pink) and M-P S-US-LG (soluble protein pre-treated
with ultrasound and fermented with L. gasseri; 0 h—dark green,
48 h—Ilight green)

presence of intact protein fractions and physicochemical
interactions favoring elastic resistance, with post-fermen-
tation reductions (Silva et al., 2025). In contrast, soluble
formulations lack these aggregates, favoring viscous flow
due to their limited binding capacity after centrifugation.
Furthermore, the significant effects of measurement tem-
perature (25 °C vs. 37 °C) and fermentation time on rheo-
logical parameters reflect underlying mechanisms related
to thermal energy promoting partial protein unfolding,
exposure of hydrophobic domains, and enhanced molecu-
lar mobility, facilitating aggregation or reorganization after
fermentation. This results in lower G’, G”, and complex vis-
cosity, as well as sharper reductions in consistency index
(k), especially in non-centrifuged systems. In contrast,
at 25 °C, reduced thermal agitation preserves more rigid
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Fig. 7 Radar chart illustrating the comparative profiles of key fermen-
tative and rheological parameters (u,,,,, pH, A°Brix, k, and n) across
the four experimental treatments after 48 h of fermentation at 37 °C.
Values are min—max normalized (0-1) per variable for relative com-
parison

structures, yielding higher viscoelastic moduli and consist-
ency. These temperature-dependent shifts align with known
pea protein behavior, where moderate heating (below full
denaturation ~90 °C) induces limited unfolding and aggrega-
tion via hydrophobic interactions without extensive covalent
crosslinking, modulating viscoelastic response in fermented
matrices (Kuang et al., 2023; Langendorfer et al., 2024).

The radar chart (Fig. 7) provides a clear visual integra-
tion of the responses, confirming that the presence/absence
of insoluble solids is the dominant factor differentiating the
profiles (higher fermentative activity and fluidity in soluble
fractions vs. greater consistency in non-centrifuged sys-
tems), while ultrasound acts as a secondary modulator, par-
ticularly enhancing u,,,. in soluble matrices.

These findings have relevant implications for food appli-
cations, particularly in the development of plant-protein-
based fermented products, where lactic fermentation can be
used not only to improve nutritional and sensory quality but
also to modulate technological properties such as texture
and rheological stability. The structural behavior of these
systems is strongly influenced by the composition of pea
protein concentrates, whose insoluble fraction is mainly
composed of poorly soluble globulin aggregates, especially
legumin and vicilin, which play a key role in determining
the structural and functional properties of the protein matrix
(Tahir et al., 2024). These proteins participate in the forma-
tion of gel networks stabilized primarily by hydrophobic and
electrostatic interactions, thereby influencing the rheologi-
cal characteristics of fermented systems (Klost et al., 2020).
During lactic fermentation, microbial proteolytic activity
can modify the polypeptide profile and increase protein solu-
bility by generating smaller peptides (Emkani et al., 2021;
Kim et al., 2024), thereby enhancing substrate accessibil-
ity and metabolic utilization by lactic acid bacteria. This
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mechanism may explain the improved fermentation perfor-
mance observed in soluble systems. In addition, processing
and protein isolation steps can promote aggregation of pea
globulins, affecting the structural organization of the pro-
tein network and its macroscopic properties (Luecha et al.,
2024). However, it should be noted that the present study
was conducted under controlled conditions and with a lim-
ited number of matrices and operational parameters, which
may limit the direct extrapolation of the results to more com-
plex food systems or pilot-scale processes. Nevertheless, the
findings suggest that integrated formulation and processing
strategies, including solids separation in protein concentrates
and physical pretreatments, can be adjusted to optimize
microbial performance and final physicochemical properties,
thereby expanding the potential application of fermented pea
protein concentrates in innovative food systems.

Conclusion

The removal of insoluble solids was the main determining
factor in the fermentative and rheological responses of pea
protein matrices fermented by L. gasseri, resulting in less
structured systems with lower consistency index (k) values
and higher flow behavior index () values. Ultrasound pre-
treatment modulated these responses in a manner dependent
on the protein fraction, the temperature analyzed, and the
fermentation process, as evidenced by the significant interac-
tions observed in the factorial ANOVA. Multivariate analy-
ses corroborated these findings, indicating that the composi-
tion of the protein matrix governed the overall organization
of the kinetic, acidification, and rheological variables, while
ultrasound acted as a secondary modulator, highlighting the
potential of combined fractionation and ultrasonic pretreat-
ment strategies for adjusting the technological properties of
fermented plant systems. The substantial reduction in con-
sistency (k) and the shift to higher n values after fermen-
tation, particularly pronounced in noncentrifuged matrices
at 37 °C, result in systems with improved flow behavior
and reduced structural stiffness, expanding their potential
for incorporation into innovative food formulations. These
adjusted properties are especially suitable for high-protein
fermented beverages (e.g., plant-based fermented bever-
ages with improved flowability, sedimentation stability, and
a smoother mouthfeel), viscous or semi-fluid products (e.g.,
creams, sauces, or fermented pastes with adjustable consist-
ency and reduced bean flavor), and as functional ingredients
in gel or emulsified matrices where moderate viscosity and
controlled viscoelasticity are desired without excessive firm-
ness. In practical food processing contexts, the observed rhe-
ological adjustment, facilitated by acidification close to the
isoelectric point combined with limited proteolysis, allows
for clean-label texture modulation, improved industrial-scale
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processability, and the development of sustainable, lactose-
free, high-protein alternatives with enhanced sensory and
functional performance. Future studies will include detailed
physicochemical characterization of the substrates under
the most effective conditions identified here to confirm the
mechanistic links between pretreatment, substrate accessibil-
ity, and fermentation performance.
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