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A B S T R A C T

The effects of ultrasonic agglomeration (UA) on the thermophysical and structural properties of matrices based 
on flours from Durvillaea antarctica and Arthrospira platensis were evaluated. UA was applied under power 
amplitudes, times, and cycles, optimizing the processing conditions in the agglomerated matrix. The elastic 
modulus increased significantly under optimal UA conditions, reaching 43.08 ± 1.93 N/m2 at 90 % power 
amplitude, compared to 0.051 ± 0.10 N/m2 at 70 % power amplitude. Fractrutability increased by more than 50 
%, reaching values up to 931.89 ± 23.78 N (90 % power amplitude, 25 s, 3 cycles). The protein denaturation 
temperature increased to 134–139 ◦C with UA, indicating increased thermal stability. FTIR analysis revealed a 
reduction in β-sheet content (from 70.9 ± 3.1 % to ~50–58 %) and an increase in α-helix structures, reflecting 
protein unfolding. UA is an alternative to be explored in the food industry, with potential application in the 
development of functional and sustainable foods.

1. Introduction

Ultrasound (US) is a promising technology in the food industry, 
facilitating various unit operations such as extraction, emulsification, 
and pasteurization (Bhargava et al., 2021; Singla & Sit, 2021). The 
principle of US is based on generating shear forces at the cellular level 
through cavitation, which can lead to cell membrane disintegration 
(Gavahian et al., 2020). Other physical effects, including microcurrents 
and shock waves, also significantly contribute to cellular damage and 
enhanced permeability (Cao et al., 2019; Khaire et al., 2021).

The application of US technology in food processing induces signif
icant alterations in the chemical structures and microstructures of food 
components, directly impacting their functional properties. Specifically, 
ultrasonic treatment generates hydrogen ions and free radicals in water 
molecules, facilitating various chemical reactions (Cao et al., 2019; 
Pétrier et al., 2007). Sonomechanical effects arising from molecular 
agitation can profoundly modify protein structures, including chain 

breaks and alterations in amino acid side groups, potentially leading to 
transient or permanent structural changes (Su & Cavaco-Paulo, 2021). 
Studies on pea protein isolates have demonstrated that US can induce 
changes in secondary, tertiary, and quaternary protein structures, pro
moting aggregation and cross-linking while exposing hydrophobic 
groups at the surface (Cheng & Cui, 2021; Rahman & Lamsal, 2021). 
Ultrasound has also been shown to activate and deactivate enzymes; 
specific studies have focused on the inactivation of phenol peroxidase 
and polyphenol oxidase (Bermúdez-Aguirre et al., 2011). Zhu and Li 
(2019) highlighted that US facilitates the depolymerization of konjac 
glucomannan, a natural polysaccharide derived from the konjac tuber. 
Barrett et al. (2018) and Barrett and Capodieci (2019) found that ul
trasonic agglomeration (UA) in wheat flour matrices enhanced struc
tural stability. This process reduced the need for low nutritional value 
binders and enabled the use of larger particle sizes, thus contributing to 
a more appealing and natural appearance of food products.

Macroalgae (such as cochayuyo) and microalgae (such as spirulina) 
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have emerged as alternative protein sources of high nutritional value, 
with protein contents that can exceed 60 % dry weight and complete 
amino acid profiles (Prates, 2025). Furthermore, they present significant 
environmental advantages, such as low water resource demand and the 
capacity to capture CO₂, contributing to the sustainability of their pro
duction (Guadalupi et al., 2025). Algal proteins exhibit excellent func
tional properties, including solubility, emulsifying capacity, and gelling 
ability, making them ideal for the development of innovative, alterna
tive, and sustainable food products (Thakur et al., 2024). The integra
tion of algal proteins into food matrices through advanced technologies 
like ultrasonic agglomeration allows for the development of products 
with improved textural and sensory properties, as well as enhanced 
structural stability. This technological strategy not only boosts the uti
lization of alternative protein sources but also responds to the growing 
demand for functional and sustainable foods (Braspaiboon et al., 2022).

Ultrasonic agglomeration (UA) utilizes physical and chemical 
changes induced by ultrasonic waves to compact food, promoting 
densification and enhancing material bonding without additives. These 
molecular interactions, occurring under compressive pressure, form 
permanent bridges, resulting in compressed foods with increased me
chanical stability (Barrett et al., 2021). Key UA process parameters 
include power amplitude, ultrasonic time, ultrasonic energy, and me
chanical compression force. While vibration frequency is typically fixed 
(20 kHz for food), power amplitude is adjusted to control energy 
transmission, which governs food transformations and texture devel
opment (Rivera-Tobar et al., 2024; Barrett et al., 2018). Despite growing 
interest, a comprehensive understanding of UA applications in 
compaction and agglomeration is still needed. Therefore, the present 
study aimed to evaluate textural changes and their correlation with 
conformational alterations, thermophysical properties, and microstruc
ture of combined cochayuyo (macroalgae) and spirulina (microalgae) 
flour mixes.

2. Materials and methods

2.1. Raw materials

The macroalga Durvillaea antarctica, known as cochayuyo in Chile, 
was purchased from a local market (Chillán, Ñuble Region, Chile). 
Cochayuyo samples were cut into small pieces (2 × 2 × 3 cm) and dried 
in a forced convection oven (Model 3900B, Excalibur Food Dehydrators. 
Sacramento, CA, USA) for 4 h at 50 ◦C to reach an approximate average 
moisture content of 20 %.; this prevented the cochayuyo pieces from 
sticking to the pulverizer, which was the next stage in the production of 
cochayuyo flour. The sample was pulverized in a high-shear mill (ZM 
200, Retsch GmbH, Haan, Germany) at 6000 rpm with a 500 μm sieve 
mesh to obtain the cochayuyo flour (Uribe et al., 2020). Spirulina 
(Arthrospira platentis) powders were purchased from a local shop 
(Chillán, Ñuble Region, Chile).

2.2. Proximal composition

The moisture, protein, lipid, ash, and carbohydrate contents of 
cochayuyo and spirulina flours, control sample (compacted without US), 
and samples under the different study conditions (compacted with ul
trasound, US) were measured according to the procedures described by 
the Association of Official Analytical Chemists (AOAC, 1991). Moisture 
and ash were determined using the gravimetric principle by oven drying 
and muffle incineration methods, respectively. The lipid content was 
established by the Soxhlet extraction method, the protein content by the 
Kjeldahl method (Baur & Ensminger, 1977), and the carbohydrate 
content by subtracting the sum of the percentages of protein, lipid, ash, 
and moisture content (Nilusha et al., 2021).

2.3. Particle size distribution

The particle size of the flours and control samples was measured with 
a laser scattering particle size distribution analyzer (LA-960 V2, Horiba, 
Kyoto, Japan). The temperature was 25 ◦C, and distilled water with a 
1.33 refractive index was used as the dispersing medium. Data was 
analyzed with software (HORIBA LA-960 Instruments Inc., Irvine, CA, 
USA) provided by the instrument supplier and represented as mean 
particle size (Lu et al., 2024).

2.4. Development of agglomerated matrices based on cochayuyo and 
spirulina flours

The development of agglomerated matrices was conducted in two 
stages. First, a homogeneous mixture consisting of 30.5 % spirulina 
flour, 30.5 % cochayuyo flour, and 39 % of a 0.6 M NaCl solution was 
prepared, adjusting the total moisture content to 30 %. This specific 
blend ratio of macroalgae and microalgae was chosen to leverage their 
complementary nutritional profiles and functional properties, which can 
lead to enhanced protein quality and improved textural attributes in 
food matrices (García-Segovia et al., 2020; Priyadarshani & Rath, 2012). 
The inclusion of 0.6 M NaCl solution was critical, as sodium chloride 
plays a significant role in modulating protein-protein interactions, 
influencing water activity, and facilitating efficient ultrasonic energy 
transfer, all of which are crucial for effective agglomeration (Dam
odaran, 2008; Li et al., 2019).

In the second stage, the prepared mixture was placed into a rectan
gular mold (5 × 4 × 2 cm) within the ultrasonic agglomeration (UA) 
equipment (Branson 2000×). Negative control was established by 
applying only mechanical pressure (65 psi) via the Sonotrode descent, 
without activating the ultrasound. For the experimental treatments, 
twenty-seven distinct UA processing conditions were evaluated, varying 
amplitude percentages (70 %, 80 %, and 90 %), exposure times (20, 25, 
and 30 s), and number of cycles (3, 4, and 5). Constant pressure and a 
fixed vibration frequency of 20 kHz were maintained throughout these 
treatments (Barrett et al., 2021). The selection of these ultrasonic pa
rameters was based on their documented influence on agglomeration 
efficiency and the final properties of food matrices. High power ampli
tude (70–90 %) are known to generate stronger cavitation effects, pro
moting more robust interparticle bonding and enhanced structural 
cohesion (Kentish & Feng, 2014). Moderate exposure times (20–30 s) 
were chosen to ensure optimal compactness, balancing the need for 
sufficient energy input with the prevention of over-processing that could 
negatively impact internal structure or functional properties (Chemat 
et al., 2017). Furthermore, the application of multiple cycles (3–5) was 
crucial for achieving a homogeneous distribution of ultrasonic energy, 
which is essential for uniform particle agglomeration, particularly in 
complex matrices like those derived from algae (Ashokkumar, 2011). 
Following agglomeration, all samples were dried in a forced convection 
oven (Excalibur Food Dehydrators Model 3900B) at 45 ◦C to achieve a 
final moisture content ranging from 9 % to 13 %.

2.5. Identification of secondary structures by Fourier transform infrared 
spectroscopy with attenuated total reflectance

Infrared spectra were measured at room temperature using Fourier 
transform infrared (FT-IR) equipment (Shimadzu Corporation Pte. Ltd., 
Kyoto, Japan) with 128 scans set at a spectral resolution of 4.0 cm− 1. A 
sample mass of 1 mg was placed on the surface of the attenuated total 
reflectance glass and pressed with a flat-tipped plunger until spectra 
with suitable peaks were produced. The spectra were between 1600 and 
1700 cm− 1 (amide I region) and exhibited temperature dependence. The 
resulting spectra were mathematically processed using IRsolution v.1.10 
software (Creon Lab Control AG, Shimadzu Corporation Pte. Ltd., Kyoto, 
Japan). The amide I region (1600–1700 cm− 1) was analyzed by a 
deconvolution procedure (OriginPro 2015, OriginLab Corporation, 
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Northampton, MA, USA); secondary structures were quantified accord
ing to Jackson and Mantsch (1995) and reported as percentage fre
quency. The amide I region was evaluated to estimate the proportion of 
secondary structures in the control sample and UA- The FT-IR spectra 
analysis of the arrays of different protein secondary structures in the 
amide I region revealed five leading Gaussian bands located at ~1632, 
~ 1649, ~ 1665, ~ 1680, and ~ 1694 cm− 1, which corresponded to the 
β-sheet, α-helix, β-turn, anti-parallel β-sheet, and intermolecular aggre
gates, respectively (Benelhadj et al., 2023; Shevkani et al., 2015; Zeng 
et al., 2020).

2.6. Thermogravimetric analysis by differential scanning calorimetry

Thermophysical parameters were obtained by differential scanning 
calorimetry (DSC) thermograms in the control sample and UA-treated 
samples. Enthalpy change of glass transition temperature (ΔHtg), pro
tein denaturation temperature (Tm), enthalpy changes of protein dena
turation temperature (ΔHtm), changes in specific heat 

(
ΔCp

)
, and glass 

transition temperature (Tg) were determined by differential scanning 
calorimeter (DSC 7, PerkinElmer, Norwalk, CT, USA) calorimetry dif
ferential barred PerkinElmer (PE; Norwalk, CT).equipped with a low 
temperature cooling unit (LTC-50, Shimadzu Corporation, Kyoto, 
Japan). Samples (7–8 g) were placed in hermetically sealed aluminum 
capsules, and an empty capsule was used as a reference. The tempera
ture program consisted of cooling from 25 to − 70 ◦C at a rate of − 10 ◦C/ 
min, followed by a 2-min holding period, and then heating to 200 ◦C at a 
rate of 5 ◦C/min. An airtight capsule was used as a reference, and a 
constant N2 flow rate of 50 mL/min was maintained. The thermograms 
were analyzed with the Pyres Player software to determine enthalpy 
(calculated from the area of the endothermic peak under the baseline), 
which was expressed in Joules per gram fresh weight (J/g FW) in the 
phase transitions, and as the glass transition and protein denaturation 
temperatures.

2.7. Determination of elastic modulus and fracturability

The control sample and UA-treated samples were subjected to a 
uniaxial compression test with a texture analyzer (TA-TX PLUS model, 
Texture Technologies, Scarsdale, NY, USA). Compression tests were 
performed with a model P75 cylindrical aluminum plate at room con
ditions (20 ◦C, 1 atm). Force calibration and sensitivity were checked 
with 5 kg weight, and the probe position calibrations were performed 
before the test. The tests were performed with a constant crosshead 
speed of 1 mm/s. Samples were compressed to a 75 % strain, but only 
the reversible domain was considered. Strain–stress curves were 
analyzed, and elastic modulus (N/m2) was calculated from the slope in 
the elastic region (Texture Expert v.2.63 software, Stable Micro Systems 
Ltd., Godalming, UK). Fracturability values of samples treated with UA 
were obtained from the highest point of the strain-stress curve 
(Masavang et al., 2019).

2.8. Experimental design and optimization

The optimization of the elastic modulus (Pa), fracturability (N), and 
degree of denaturation (%) responses was performed using the response 
surface methodology. A 33 factorial experimental design was applied, 
considering the following independent variables: power amplitude (A: 
70–90 %), time (B: 20–30 s), and the number of cycles (C: 3–5). The 
levels of each factor were defined based on preliminary studies and the 
operational limitations of the ultrasound system. The experimental 
design included factorial points at high (+1) and low (− 1) levels, as well 
as center points (0), allowing the evaluation of linear and quadratic 
effects and interactions between factors. This strategy allowed for 
modeling and optimization of the ultrasonic agglomeration treatment 
conditions to maximize the evaluated properties. To describe the 

relationship between the factors and the response variables, a second- 
order statistical model (quadratic equation) was fitted, as expressed in 
Eq. (1): 

Y = β0+ β1A+ β2B+ β3C+ β12AB+ β13AC+ β23BC+ β11A2 + β22B2

+ β33C2 + ε
(1) 

Where Y represents the response variable (elastic modulus, fractur
ability or denaturation), A is the power amplitude(%), B is the Time (s), 
C is the number of cycles, β₀ is the constant term, β₁, β₂, β₃ are the linear 
coefficients, β₁₂, β₁₃, β₂₃ are the interaction coefficients, β₁₁, β₂₂, β₃₃ are the 
quadratic coefficients and ε is the random error term.

2.9. Microstructure

Control sample and UA-treated samples had dimensions of 2 × 2 × 2 
cm (height, width, and length) and were observed under an optical 
microscope (ODC-89 model, KERN, Balingen, Germany) without prior 
preparation at 200× magnification. The compacted matrices were 
placed on a watch glass, cut into thin uniform cross-sections with a 
scalpel and forceps and deposited on the copper grid sample holder (300 
mesh) covered with scanning electron microscope gold film (EVO, 
MA10, Carl Zeiss, Jena, Germany) at 100 μm magnification. Images of 
the agglomerated samples were obtained by US with a Carl Zeiss 
confocal laser microscope (LSM 800, Carl Zeiss, Jena, Germany). The 
transmission of 2.5 % nominal laser power was used, along with DAPI 
(4,6-diamidino-2-phenylindole) at 410 nm, AF (alexa fluor) at 647 nm, 
and a wavelength range of 410 to 617 nm for all the analyzed samples. In 
addition, the samples were immersed in ZEISS immersion agent 
Immersol W 2010, which has a refractive index of 1334.

2.10. Statistical analysis

Results were analyzed with Minitab 19.0 statistical software to 
perform a multifactorial analysis of variance (ANOVA) between the 
study factors. The experimental design samples were run in duplicate 
and Fisher’s LSD test (for multifactorial ANOVA without control) and 
Dunnett’s test (including control) were used to minimize significant 
differences with a 95 % confidence interval.

3. Results and discussion

3.1. Characterization of flours and control matrix

Fig. 1 shows the spirulina and cochayuyo flours and the control 
sample flours characterized by proximate composition analysis, particle 
size distribution determination, DSC, and FT-IR. Moisture content 
ranged from 7.82 ± 0.51 % to 32.17 ± 1.57 %, ash from 9.55 ± 0.87 % 
to 23.91 ± 0.17 %, lipids from 0.15 ± 0.02 % to 0.76 ± 0.69 %, proteins 
from 66.07 ± 1.22 % to 9.98 ± 1.72 %, and carbohydrates from 12.40 
± 0.55 % to 50.57 ± 2.10 %. The proximate composition of cochayuyo 
and spirulina flours was comparable to findings reported by Gordalina 
et al. (2021) and Mateluna et al. (2020). A range of 79.49 ± 2.62 to 
308.89 ± 5.61 was reported for the particle size analysis. Fig. 1b shows 
that the particle size distribution of the spirulina flour was unimodal 
with a mean size of 79.49 ± 2.62 μm. This result was similar to sizes 
obtained by Ahmed and Kumar (2022), who evaluated particle size 
distributions in high-pressure-treated spirulina. They observed a unim
odal distribution curve, and a higher percentage of particles, which 
ranged from 2.42 to 66.9 μm. A value of 308.89 ± 5.61 μm was obtained 
for cochayuyo. Covacevich et al. (2024) found a higher percentage of 
particle size distribution that ranged from 250 to 500 μm, which was 
similar to the results of the present study (Fig. 1a). The FT-IR analysis 
provided sample ranges of 50.31 ± 0.14 % to 70.92 ± 3.10 % for 
β-sheet, 20.03 ± 0.18 % to 7.38 ± 2.11 % for α-helix, 13.9 ± 2.08 % to 
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7.95 ± 0.64 % for β-turn, and 20.09 ± 0.01 % to 11.46 ± 1.61 % for 
antiparallel β-sheet. Ladjal-Ettoumi et al. (2024) reported 25.04 % of the 
secondary structure of the α-helix protein for spirulina, which was 
similar to findings of the present study. These α-helix values contributed 
to improved solubility, thus allowing spirulina to dissolve and mix easily 
with cochayuyo flour (Bai et al., 2015). The DSC analysis showed that 
the cochayuyo protein enthalpy of denaturation was significantly higher 
than for spirulina (97.27 ± 0.18 (J/g) and 84.18 ± 0.49 (J/g), respec
tively). This can occur because cochayuyo is a thermophilic organism, 
which can withstand higher temperatures, and this suggests that its 
proteins have advanced mechanisms to maintain structural integrity and 
functionality under these conditions (Farkas & Mohácsi-Farkas, 1996). 
In contrast, mesophilic organisms such as spirulina can have lower 

thermal protein stability (Sawle & Ghosh, 2011). (See Fig. 1). The keys 
to the treatments applied with ultrasonic agglomeration according to the 
operational variables based on the experimental design are found in the 
Table 1.

3.2. Proximal analysis of matrices agglomerated with ultrasound

Ultrasonic agglomeration of cochayuyo and spirulina flours pro
duced matrices with stable proximal composition and significant dif
ferences depending on the applied power amplitude, as shown in 
Table 2. Increasing the ultrasonic power amplitude favored greater 
compaction and cohesion of the particles, which translated into in
creases in the thermal stability and mechanical strength of the matrix, in 

a

b

Spirulina Cochayuyo Control 
sample 

Proximal composition (%)
Moisture 7.82 ± 0.51 15.38 ± 1.56 32.17 ± 1.7 

Ash 9.55 ± 0.87 23.91 ± 0.17 15.96 ± 1.18 

Lipids 4.47 ± 0.47 0.15 ± 0.02 0.76 ± 0.69 

Protein 66.07 ± 1.22 9.98 ± 1.72 31.49 ± 0.97 

Carbohydrates 12.40 ± 0.55 50.57 ± 2.10 19.62 ± 2.46 

Distribution particle size: mean size (μm) 79.49 ± 2.62 308.89 ± 5.61 219.64 ± 6.27

Fourier transform infrared spectroscopy (%)
β-sheet 50.31 ± 0.14 60.37 ± 0.50 70.92 ± 3.10

α-helix 20.03 ± 0.18 8.63 ± 1.03 7.38 ± 2.11

Β-turn 13.9 ± 2.08 10.02 ± 0.97 7.95 ± 0.64

Antiparallel  β-sheet 12.99 ± 0.07 20.09 ± 0.01 11.46 ± 1.61

Differential scanning calorimetry
ΔCp 0.66 ± 0.05 1.43 ± 0.35 1.26  ± 0.00 

7.88 ± 0.18 10.89 ± 0.05 10.38 ± 1.08 

Tg 25.11 ± 0.47 25.82 ± 0.28 26.90 ± 1.41 

Tm 114.27 ± 1.35 113.1 ± 0.41 127.34 ± 0.88 

84.18 ± 0.49 97.27 ± 0.18 63.93  ± 0.96 

Fig. 1. a: Physicochemical characterization; b: particle size distribution of spirulina, cochayuyo, and control sample.
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agreement with what has been reported in previous studies on plant and 
algal proteins (Barrett et al., 2021; Rivera-Tobar et al., 2024). The re
sults of Table 2 show that the application of high power amplitude (90 
%) and long times (30 s) increased the protein denaturation temperature 
and the elastic modulus, indicating a denser structure resistant to ther
mal denaturation. Furthermore, the ultrasonically processed samples 
showed a significant reduction in final moisture and an increase in 
available protein content, suggesting improved nutrient retention and 
technological functionality of the matrix. These findings reinforce the 
potential of ultrasonic agglomeration as a tool to improve the structural 
and nutritional quality of seaweed-based products, although further 
validation of these effects with advanced molecular analysis is recom
mended in future studies. Specifically, the proximal composition values 
of the control sample were moisture 32.17 ± 1.7 %, ash 15.96 ± 1.18 %, 
lipids 0.76 ± 0.69 %, proteins 31.49 ± 0.97 %, and 19.62 ± 2.46 % 
carbohydrates (Fig. 1). Table 2 shows that samples T9, T18, and T27 
have proximal composition ranges of 30.12 ± 0.49 to 33.00 ± 1.35 
moisture, 15.37 ± 1.46 to 17.46 ± 0.08 ash, 0.26 ± 0.01 to 0.44 ± 0.12 
lipids, 31.75 ± 0.01 to 33.43 ± 1.51 proteins, and 18.55 ± 1.64 to 20.68 
± 0.61 carbohydrates; there are no significant differences (p < 0.05) 
between them. This indicated the effectiveness of applying UA because it 
generated the agglomeration of cochayuyo and spirulina flours while 
maintaining the proximal composition of the macronutrients. Ultrasonic 
agglomeration generated ultrasonic waves in the feed to create cavita
tion bubbles that caused localized points of heat and pressure. The 
particle surfaces liquefied and welded together to create permanent 
particle bridges between the spirulina and cochayuyo flours without 
binding additives and without modifying the proximate composition of 
the feed. This application is crucial for the development of innovative 
products with clean label formulations without additives (Rivera et al., 
2024).

3.3. Identification of secondary structures by Fourier transform infrared 
spectroscopy of matrices agglomerated with ultrasound

The amide I region (1600–1700 cm− 1) was evaluated by FT-IR to 
determine differences in the protein secondary structure. Table 3a shows 

the percentages of the relative proportions of secondary structures of the 
control sample and samples treated under different UA conditions. 
There was a significant decrease in the percentage of the relative pro
portion of β-sheet secondary structure under the T19, T20, T22, T25, and 
T26 treatments compared with other treatments with 70 % and 80 % 
power amplitude. A relative proportion for β-sheet of 70.92 ± 3.10 % 
was obtained in the control sample, and samples treated with UA were 
approximately 50 % to 58 %. This decrease in β-sheet was also observed 
in Vela et al. (2023) when applying US to tef (Eragrostis tef) flour in 
which β-sheet decreased by 12.8 %. This occurred due to a US-caused 
dissociation of the protein secondary structure, which made the 
hydrogen bonds holding the β strands together weaken or break, and 
resulted in a loss of organized β-sheet conformation (Eze et al., 2022). In 

Table 1 
Keys to treatments applied with ultrasonic agglomeration operational variables 
based on experimental design.

Code Ultrasonic agglomeration operational conditions

T1 70 % power amplitude, 20 s, 3 cycles
T2 70 % power amplitude, 20 s, 4 cycles
T3 70 % power amplitude, 20 s, 5 cycles
T4 70 % power amplitude, 25 s, 3 cycles
T5 70 % power amplitude, 25 s, 4 cycles
T6 70 % power amplitude, 25 s, 5 cycles
T7 70 % power amplitude, 30 s, 3 cycles
T8 70 % power amplitude, 30 s, 4 cycles
T9 70 % power amplitude, 30 s, 5 cycles
T10 80 % power amplitude, 20 s, 3 cycles
T11 80 % power amplitude, 20 s, 4 cycles
T12 80 % power amplitude, 20 s, 5 cycles
T13 80 % power amplitude, 25 s, 3 cycles
T14 80 % power amplitude, 25 s, 4 cycles
T15 80 % power amplitude, 25 s, 5 cycles
T16 80 % power amplitude, 30 s, 3 cycles
T17 80 % power amplitude, 30 s, 4 cycles
T18 80 % power amplitude, 30 s, 5 cycles
T19 90 % power amplitude, 20 s, 3 cycles
T20 90 % power amplitude, 20 s, 4 cycles
T21 90 % power amplitude, 20 s, 5 cycles
T22 90 % power amplitude, 25 s, 3 cycles
T23 90 % power amplitude, 25 s, 4 cycles
T24 90 % power amplitude, 25 s, 5 cycles
T25 90 % power amplitude, 30 s, 3 cycles
T26 90 % power amplitude, 30 s, 4 cycles
T27 90 % power amplitude, 30 s, 5 cycles

Table 2 
Proximal composition of samples under ultrasonic agglomeration conditions.

Moisture Ash Lipid Protein Carbohydrate

T1 32.49 ± 2.29 
A

16.33 ±
0.63 A

0.88±0.18 
A

31.25 
±1.14 A

19.83±0.95 A

T2 33.78 ±1.73 
A

16.06 ±
1.49 A

0.83 ±0.46 
A

32.51 
±1.81 A

19.45±2.20 A

T3 32.56 ± 1.09 
A

15.90 ±
0.62 A

0.76 ±0.20 
A

32.55 
±2.61 A

19.28±1.02 A

T4 32.47± 3.42 
A

15.99 ±
1.85 A

0.79 ±0.57 
A

31.28 
±1.87 A

19.30±2.76 A

T5 33.83 ± 2.45 
A

16.01 ±
1.26 A

0.80 ±0.35 
A

32.59 
±1.15 A

19.45±1.88 A

T6 32.50 ± 1.80 
A

16.12 ±
0.62 A

0.88 ±0.11 
A

31.50 
±1.96 A

19.84±0.54 A

T7 32.70 ± 3.19 
A

15.95 ±
1.49 A

0.77±0.46 
A

32.78 
±1.72 A

19.39±2.42 A

T8 33.70 ± 1.35 
A

15.78 ±
0.62 A

0.77 ±0.11 
A

32.50 
±2.28 A

19.33±0.63 A

T9 35.00 ±1.35 
A

15.37 ±
1.46 A

0.26 ±0.01 
A

30.80 
±1.67 A

18.57±1.12 A

T10 33.36 ±2.62 
A

15.98 ±
2.00 A

0.78 ±0.67 
A

31.00 
±1.73 A

19.22±3.00 A

T11 32.36±2.32 A 15.95 ±
1.32 A

0.82 ±0.39 
A

32.15 
±1.60 A

19.31±1.85 A

T12 33.34 ±1.41 
A

16.23 
±0.62 A

0.85 ±0.21 
A

31.45 
±1.57 A

19.72±0.55 A

T13 33.85 ±2.75 
A

15.99 ±
1.71 A

0.79 ±0.56 
A

32.79 
±1.26 A

19.37±2.57 A

T14 31.67 ±2.04 
A

15.67 
±0.62 A

0.76 ±0.19 
A

32.28 
±2.43 A

19.22±0.63 A

T15 33.67 ±1.43 
A

15.90 
±2.06 A

0.79 ±0.61 
A

30.99 
±1.56 A

19.14±2.71 A

T16 33.55 ± 2.66 
A

16.35 
±0.50 A

0.81 ±0.31 
A

32.33 
±1.71 A

19.62±1.80 A

T17 32.44 ± 2.04 
A

15.97 
±0.61 A

0.85 ±0.10 
A

31.39 
±1.96 A

19.67±0.94 A

T18 30.12 ± 0.69 
A

17.50 
±0.06 A

0.38 ±0.04 
A

34.29 
±0.27 A

17.71±1.06 A

T19 33.51 ± 3.06 
A

15.95 
±1.27 A

0.75 ±0.75 
A

32.58 
±2.37 A

19.12±0.62 A

T20 32.08 ±3.06 
A

16.18 
±0.65 A

0.78 ±0.78 
A

31.02 
±1.88 A

19.30±2.62 A

T21 33.95 ± 1.35 
A

16.06 
±1.68 A

0.81 ±0.81 
A

32.51 
±1.17 A

19.57±1.89 A

T22 34.09 ± 1.46 
A

15.62 
±0.62 A

0.85 ±0.85 
A

31.61 
±1.96 A

19.83±0.86 A

T23 33.12 ± 2.32 
A

15.89 
±2.12 A

0.80 ±0.80 
A

32.97 
±1.54 A

19.53±2.48 A

T24 34.06 ± 2.58 
A

16.35 
±0.57 A

0.78 ±0.78 
A

31.89 
±1.73 A

19.44±0.64 A

T25 32.65 ± 1.34 
A

15.89 
±0.69 A

0.48 ±0.48 
A

31.18 
±1.81 A

17.75±0.98 A

T26 32.68 ± 2.44 
A

15.83 
±1.72 A

1.17 ±1.17 
A

32.50 
±1.70 A

20.43±0.42 A

T27 30.32 ± 0.35 
A

16.95 
±0.23 A

0.30 ±0.30 
A

31.75 
±0.01 A

20.68±0.61 A

The first capital letters (A, B, and C) indicate significant differences in ampli
tudes according to ANOVA analysis and Fisher’s test. Samples without (*) are 
significantly different from the control sample according to Dunnett’s test.
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general, the application of US in food matrices exposes the internal 
sulfhydryl and hydrophobic groups of proteins, thus unfolding the 
protein secondary structures (Cheng & Cui, 2021; Rahman & Lamsal, 
2021; Rostamabadi et al., 2023). The relative proportion percentage of 
α-helix increased significantly under UA conditions in the T12, T15, 
T18, T21, T24, and T27 treatments. This happened because US provides 
the sonolysis effect of polar molecules by generating free radicals and 
reactive species (superoxide), thus causing oxidation by reducing sulf
hydryl groups and conformational changes in the protein secondary and 
tertiary structure by breaking non-covalent bonds (Solomonov et al., 
2024). The antiparallel β-sheet structure increased under the T19 and 
T25 treatments with 27.1 ± 0.35 % and 26.4 ± 2.01 %, respectively; this 
concurs with Martínez-Velasco (2018), who used US in broad bean 
protein (Vicia faba L.) at the same 20 kHz frequency used in the present 
study.

Infrared spectroscopy (FT-IR) analysis of ultrasonically agglomer
ated matrices reveals significant changes in protein secondary structure, 
evidenced by shifts in the amide I region (1600–1700 cm− 1) (Fig. S1), 
which correspond primarily to vibrations of C––O and N–H bonds 
associated with β-sheets and α-helices (Barrett et al., 2021; Rivera-Tobar 
et al., 2024). Ultrasonic treatment favored a decrease in the proportion 
of β-sheets and a relative increase in the α-helix, suggesting a partial 
unfolding and structural rearrangement of the proteins (Quian et al., 
2023). These vibrational changes reflect the breaking of internal 
hydrogen bonds and the exposure of hydrophobic groups, facilitating 
new intermolecular interactions and the formation of more compact and 
stable networks (Wang et al., 2024). Ultrasonic agglomeration also 
induced shifts in FTIR peaks associated with the formation of stronger 
hydrogen bonds and the reorganization of hydrophobic forces, which 
translates into increased thermal and mechanical strength of the matrix. 
In agreement, the manuscript results show significant increases in the 
elastic modulus (up to 80 %) and fracturability (more than 50 %) under 
optimal power amplitude and cycle conditions, confirming that ultra
sonic compaction improves the cohesion and structural stiffness of the 
matrix. These effects are supported by the literature, which attributes 
the improved mechanical and thermal properties to the reorganization 
of non-covalent bonds and the exposure of hydrophobic domains, pro
moted by ultrasonic cavitation (Sun et al., 2023). Taken together, the 
results demonstrate that infrared spectroscopy is a key tool to demon
strate the molecular changes induced by ultrasonic agglomeration and 

Table 3 
a) Relative proportion of secondary protein structures; b) elastic modulus (N/ 
m2); c fracturability in samples under different ultrasonic agglomeration 
conditions.

a) Relative proportion of secondary protein 
structures

b) c)

β-Sheet α-helix β-Turn Antiparallel 
β-sheet

Elastic 
modulus 
(N/m2)

Fracturability 
(N)

T1 55.27 
± 3.05 
A,a,A

8.75 
± 1.33 
A,a,A*

8.29 
± 1.17 
A,a,AB*

24.94 ±
1.59 A,a,AB

0.51 ±
0.10 A a A 

*

187,03 ±
42,44 AaA*

T2 57.1 ±
0.17 A, 

a,A

10.61 
± 0.65 
A,a,A*

9.39 
± 0.19 
A,a,AB*

22.15 ±
0.02 A,a,AB

0.28 ±
0.11 A b A 

*

174,00 ±
19,18 AaA*

T3 56.48 
± 1.92 
A,a,A

8.54 
± 1.92 
A,a,A*

8.36 
± 0.43 
A,a,AB*

25.78 ±
0.62 A,a,AB

2.04 ±
0.74 A c B 

*

77,64 ± 5,52 
AaA*

T4 56.68 
± 0.71 
A,a,A

11.88 
± 0.33 
A,a,A*

7.95 
± 1.43 
A,a,A*

21.95 ±
0.00 A,a,A

2,21 ±
0.89 A a A 

*

414,27 ±
21,90 AaB*

T5 58.05 
± 0.71 
A,a,A

12.76 
± 0.33 
A,a,A*

9.64 
± 1.43 
A,a,A*

20.00 ±
0.00 A,a,A

0.64 ±
0.26 A b A 

*

221,26 ±
45,90 AaB*

T6 57.02 
± 0.60 
A,a,A

10.10 
± 0.32 
A,a,A*

11.04 
± 0.57 
A,a,A*

22.53 ±
0.75 A,a,A

2.56 ±
0.69 A c B 

*

170,42 ±
32,56 AaB*

T7 55.24 
± 0.79 
A,a,A

13.65 
± 0.03 
A,a,A*

7.31 
± 0.12 
A,a,B*

24.56 ±
0.43 A,a,B

2.42 ±
1.35 A a A 

*

244,54 ±
32,97 AaB*

T8 56.8 ±
1.54 A, 

a,A

10.43 
± 0.03 
A,a,A*

7.95 
± 0.50 
A,a,B*

23.34 ±
0.19 A,a,B

3.44 ±
1.04 A b A 

*

163,57 ±
34,11 AaB*

T9 53.50 
± 0.66 
A,a,A

10,93 
± 0.30 
A,a,A*

7.32 
± 0.11 
A,a,B*

27.42 ±
0.77 A,a,B

3.62 ±
0.40 A c B 

*

463,00 ±
49,71 AaB*

T10 56.91 
± 2.01 
A,a,A*

9.48 
± 2.74 
A,a,A*

6.89 
± 0.61 
A,ab,A*

25.15 ±
1.23 A,a,A

3.93 ±
0.41 A a A 

*

475,32 ±
27,25 AaA

T11 54.21 
± 0.81 
AB,b,A*

12.25 
± 1.34 
A,b,A

9.11 
± 2.78 
A,a,A*

25.02 ±
0.63 A,a,A

6.91 ±
0.72 A a B 

*

388,41 ±
44,71 BbA

T12 54.29 
± 3.70 
A,b,A*

13.00 
± 3.18 
B,b,A

6.96 
± 0.74 
B.b,A*

23.99 ±
1.58 A,a,A

2.28 ±
0.69 A a A

572,38 ±
31,80 BcA

T13 55.88 
± 0.11 
A,a,A

12.16 
± 0.15 
A,a,A*

8.10 
± 0.22 
A,ab,A*

23.56 ±
0.19 A,a,A

2.51 ±
0.63 A b A 

*

188,25 ±
20,39 AaB

T14 53.13 
± 0.58 
AB,b,A

13.6 
± 0.08 
A,b,A

9.21 
± 0.03 
A,a,A*

23.05 ±
0.47 A,a,A

3.08 ±
1.21 A b B 

*

214,94 ±
53,00 BbB

T15 54.21 
± 0.65 
A,b,A

14.90 
± 0.72 
B,b,A

6.00 
± 0.16 
B,b,A*

22.88 ±
0.09 A,a,A

2.32 ±
0.80 A b A

517,32 ±
49,10 BcB

T16 55.77 
± 1.12 
A,a,A*

11.21 
± 1.58 
A,a,A*

7.52 
± 0.05 
A,ab,A*

23.49 ±
1.65 A,a,A

1.96 ±
0.49 A b A 

*

513,29 ±
55,67 AaA

T17 55.67 
± 0.57 
AB,b,A*

12.32 
± 1.52 
A,b,A

7.42 
± 0.03 
A,a,A*

25.08 ±
3.02 A,a,A

3.30 ±
0.97 A b B 

*

224,45 ±
39,76 BbA

T18 54.86 
± 0.48 
A,b,A*

12.70 
± 0.48 
B,b,A

6.18 
± 0.05 
B,b,A*

27.02 ±
1.39 A,a,A

2.03 ±
0.65 A b A

503,66 ±
35,42 BcA

T19 52.18 
± 1.35 
B,a,A

12.24 
± 1.51 
A,a,A*

7.50 
± 1.02 
A,a,A*

27.10 ±
0.35 B,a,A

1.73 ±
0.56 B a A 

*

263,28 ±
38,92 BaA

T20 55.79 
± 3.16 
B,a,A

13.00 
± 2.11 
A,a,A

7.74 
± 0.65 
A,a,A*

22.08 ±
0.96 A,a,A

2.09 ±
0.59 B a A 

*

210,04 ±
23,35 BbA

T21 52.16 
± 0.25 
A,a,A

12.29 
± 0.68 
B,a,A

7.24 
± 0.01 
AB,a,A*

29.21 ±
0.95 A,a,A

43.08 ±
1.93 B a B

260,67 ±
33,69 CbA

T22 51.01 
± 1.69 
B,a,A

13.05 
± 0.41 
A,a,B*

8.22 
± 0.00 
A,a,A*

27.22 ±
0.00 B,a,A

2.07 ±
0.45 B a A 

*

931, 89 ±
23,78 BaB

Table 3 (continued )

a) Relative proportion of secondary protein 
structures 

b) c)

β-Sheet α-helix β-Turn Antiparallel 
β-sheet 

Elastic 
modulus 
(N/m2) 

Fracturability 
(N)

T23 52.03 
± 0.31 
B,a,A

14.55 
± 1.61 
A,a,B

7.44 
± 0.23 
A,a,A*

24.52 ±
1.48 A,a,A

2.94 ±
0.52 B a A 

*

281,75 ±
30,10 BbB

T24 53.60 
± 0.15 
A,a,A

15.31 
± 0.64 
B,a,B

7.92 
± 0.35 
AB,a,A*

22.43 ±
0.21 A,a,A

8.93 ±
4.72 B a B 

*

336,88 ±
26,51 CbB

T25 52.52 
± 2.11 
B, a, A

12.59 
± 0.88 
A,a,A*

8.60 
± 0.04 
A,a,A*

26.45 ±
2.01 B,a,A

21.46 ±
7.08 B b A 

*

513,72 ±
20,54 BaB

T26 51.92 
± 2.11 
B,a,A

11.56 
± 0.78 
A,a,A

8.47 
± 0.04 
A,a,A*

27.28 ±
2.02 A,a,A

19.60 ±
12.04 B b 

A *

677,09 ±
23,61 BbB

T27 55.83 
± 1.29 
A,a,A

12.40 
± 0.05 
B,a,A

7.04 
± 1.56 
AB,a,A*

23.83 ±
0.44 A,a,A

25.84 ±
2.96 B b B

580,24 ±
44,43 CbB

The first capital letters indicate significant differences in amplitudes. Lowercase 
letters indicate significant differences between the number of ultrasonic aggre
gation cycles. The second capital letters indicate differences between ultrasonic 
aggregation times. Obtained by ANOVA and Fisher’s post hoc test. Samples 
without * are significantly different from the control sample. Obtained by 
Dunnett’s test.
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their impact on the technological functionality of matrices based on 
macro and microalgae (Chen et al., 2022).

3.4. Thermogravimetric analysis by differential scanning calorimetry of 
matrices agglomerated with ultrasound

Fig. 2 shows the changes in the thermophysical parameters of flour 
mixes treated by UA based on the thermograms obtained by DSC. The 
thermophysical parameters for the UA-treated flour blends were calo
rific capacity (ΔCp), glass transition temperature (Tg), enthalpy change 
of glass transition temperature (ΔHTg), protein denaturation tempera
ture (Tm), and enthalpy changes of protein denaturation temperature 
(ΔHTm). As the power amplitude increased to 70 %, 80 %, and 90 % in 
the UA treatment, the ΔCp values showed a gradually increasing trend 
with significant differences between the 80 % and 90 % power ampli
tude treatments. This indicates that there is a change in the thermal 
capacity of the samples treated with UA at higher power amplitude 
values because samples are more agglomerated at higher power ampli
tudes (Fig. 2). Barrett et al. (2021) also observed a change in the thermal 
stability of a model system of wheat flour agglomerated by the US. In 
samples with 4 UA cycles, T17, T20, T23, and T26, the ΔCp (Jg− 1) values 
decreased by 0.87 ± 1.02, 1.06 ± 0.28, 0.81 ± 0.21, and 0.64 ± 0.31, 
respectively, and protein Tm increased. As the number of UA cycles 
applied to the samples increased, more intramolecular bonds were 
formed, which resulted in samples that needed more thermal energy for 
protein denaturation to occur. Pereira et al. (2018) performed a ther
mogravimetric analysis by DSC in a spirulina protein extract and 
reached a Tm value between 96.7 and 107 ◦C. In the present study, UA- 
treated samples had higher Tm values that were between 122 and 139 ◦C 
because samples contained spirulina and cochayuyo and were 
agglomerated.

There is no significant dependence of UA time on ΔCp, but it was 
generally higher at 30 s than 20 s. at longer US times, UA-treated sam
ples had more vibrational energy, thus increasing the molecular rear
rangement with new interactions, which changed their thermal response 
when the samples were subjected to a thermal flow for more time. The 
variability of the glass transition temperature did not vary significantly 
in UA-treated samples. However, ΔHTg significantly increased at 
different power amplitude levels (70 %, 80 %, and 90 %). The number of 
cycles and different times applied to the UA-treated samples showed no 
differences for ΔHTg. Specifically, samples T22, T23, T24, T25, T26, and 
T27 had significantly lower ΔHTg (Jg− 1) values of 17.64 ± 0.78, 18.40 ±
0.87, 14.10 ± 0.22, 15.65 ± 0.51, 13.28 ± 0.98, and 17.25 ± 0.99, 
respectively. This means that the samples exhibited a change in heat 
flow absorption because they were more agglomerated than the other 
samples. Gürenken et al. (2015) demonstrated the effects of high-power 
amplitude US on cell disruption and examined the thermal properties of 
microalgae such as spirulina. These authors found that increasing the 
power amplitude of the US application decreased ΔHTg, which concurs 
with the present study.

The Tm value significantly increased with the UA-treated samples 
compared with the control sample. The T3 treatment showed a 5 % 
increase in Tm values ; this behavior was maintained in samples in which 
80 % and 90 % power amplitudes of were applied. Furthermore, there 
was no significant difference between the different number of applied 
cycles (3, 4, and 5) in samples with 90 % power amplitude; there was 
protein denaturation in the samples with only three UA cycles. For times 
used in the UA process, it was necessary to apply 30 s to increase the 
protein denaturation temperature because the cavitation bubbles 
generated by the US treatment can alter the protein intramolecular 
bonds and their secondary structures (Zeller et al., 2013).

The ΔHTm values in samples with both 70 % and 90 % power 
amplitude were significantly higher than the control sample because 
applying UA induced an alteration of the hydrogen bonds and hydro
phobic interactions in the sample protein structure.; this leads to a 
change in the protein secondary structure and alters the thermophysical 

parameters (Barba et al., 2015). In other words, there is a partial 
unfolding of the proteins to expose the hydrophobic groups with a more 
thermostable conformation and generate the need for more energy to 
denature the proteins in the samples (Purdi et al., 2023). As for the time 
involved in the process, the T10, T13, T16, T19, T22, and T25 treat
ments showed significant differences in ΔHTm values in samples with 70 
% power amplitude, given that power amplitude was a predominant 
factor in the thermal stability of the UA-treated samples. The number of 
applied UA cycles showed no significant differences between 4 and 5 
cycles. Therefore, to exert a change in the thermal stability of UA-treated 
samples, only the 3 and 4 cycle conditions need to be applied. It was 
determined that applying UA to the samples produced significant 
changes in ΔHTm at 20 s, given that the predominant study factor was the 
power amplitude percentage. This phenomenon was also observed for 
fracturability and elastic modulus in the values from the UA-treated 
samples (see Table 3). Table S1 shows the statistical variability of the 
physical parameters of the UA-treated samples.

3.5. Elastic modulus and fracturability of ultrasonic agglomerated 
samples

Table 3 (a and c) indicates the values for elastic modulus and frac
turability of the UA-treated samples. Values for elastic modulus ranged 
from 0.51 ± 43.88 N/m2. Samples with 90 % power amplitude were 
significantly different compared with other treatments, and elastic 
modulus values increased by 80 %. No differences were found between 
samples for the number of applied cycles. Applied processing times were 
significantly different between 20 and 25 s. Fracturability values ranged 
from 77.64 ± 5.52 (N) to 931.89 ± 23.78 (N). Fracturability increased 
at 80 % power amplitude onwards compared with the control sample. 
Agglomerated samples had a significant increase in fracturability values 
after four cycles. Significant differences were observed from 25 s on
wards for the applied times.

The predominant study factor was the power amplitude percentage 
applied to the samples, which increased elastic modulus and fractur
ability values. Some authors, such as Barrett et al. (2021) and Mo et al. 
(2019), studied the application of UA in wheat flour and macroalgal 
biomass. They determined that the degree of agglomeration in food 
matrices increased as the percentage of power amplitude increased. This 
phenomenon occurs because the integrated agglomeration energy in 
food matrices is proportional to the percentage of maximum power 
amplitude applied by the sonotrode (Shen et al., 2022). This implies that 
ultrasonic waves with a higher power amplitude percentage can physi
cally bind the matrix particles and create more compact and robust 
structures (Rivera et al., 2024); this leads to increased elastic modulus 
and fracturability values. Therefore, the optimal conditions were 90 % 
power amplitude, 20 s, and 5 cycles, which showed an elastic modulus 
value 43.08 ± 1.93 (N/m2). The best conditions for fracturability were 
90 % power amplitude, 25 s, and 3 cycles with a value of 931.89 ± 23.78 
(N).

3.5.1. Effect of ultrasonic aggregation on spirulina and cochayuyo flours
Response Surface Analysis.
A response surface methodology (RSM) was applied to evaluate the 

effect of three independent factors—ultrasonic power amplitude (A), 
Time (B), and number of cycles (C)—during the ultrasonic agglomera
tion process in food matrices composed of cochayuyo and spirulina. The 
response variables analyzed were elastic modulus, fracturability, and 
degree of denaturation. The experimental design allowed for simulta
neous modeling and optimization of these responses using advanced 
statistical tools such as analysis of variance (ANOVA), Pareto charts, 
main effects plots, and three-dimensional response surfaces, facilitating 
the identification of optimal operating conditions within the experi
mental space evaluated. The regression model fitted for the response 
variables was as follows: 
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Fig. 2. Thermophysical parameters: ΔCp :Changes in calorific capacity; ΔHtg :enthalpy change of glass transition temperature; Tg:glass transition temperature; 
Tm :protein denaturation temperature; ΔHtm: enthalpy changes of protein denaturation temperature.
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Elastic modulus= − 1,99+6,13 A+1,14B+2,99C+4,94A2+1,10AB
+4,12 AC+5,12B2–2,98 BCE+2,59C2 

Fracturability=324,19+107,77 A+70,83B − 13,86C − 56,94A2

+50,38AB − 33,03 AC − 3,43B2+24,19 BCE+116,82 C2 

Tm = 135,66+1,47 A+1, 31B+1, 72C − 1, 58A2–1,57AB − 1,91 AC
− 0, 69B2–0,99 BCE − 0,16 C2 

In the analysis of the variable’s elastic modulus, fracturability, and 
degree of Tm, the models obtained using RSM showed varying levels of 
fit. For the elastic modulus, the model presented a coefficient of deter
mination R2 = 61.01 % and an adjusted R2 = 40.38 %, indicating a 
moderate fit. The analysis of variance (ANOVA) revealed that ultrasonic 
power amplitude was the only statistically significant factor (p =
0.0032), while the AC interaction (power amplitude × cycles) and the 
quadratic terms showed trends close to significance. In the case of 
fracturability, the model explained an R2 = 45.03 % and an adjusted R2 

= 15.93 %, demonstrating limited predictive capacity. Only power 
amplitude was statistically significant (p = 0.0216), suggesting a pre
dominant effect of this factor on the mechanical strength of the system. 

Finally, the model corresponding to the degree of Tm presented the best 
fit among the three responses, with an R2 = 64.90 % and an adjusted R2 

= 46.31 %. In this case, the factors power amplitude (p = 0.0328), 
number of cycles (p = 0.0146), and the AC interaction (p = 0.0245) were 
statistically significant, reflecting a joint influence of the sonication 
parameters on the structural modification of the proteins. The ANOVAs 
are presented below (Table 4).

The analyses performed allowed a comprehensive evaluation of the 
influence of ultrasonic power amplitude. Time. and number of cycles on 
the mechanical and structural properties of food matrices composed of 
cochayuyo and spirulina. Through three key response variables: elastic 
modulus. Fracturability. and degree of protein Tm. For the elastic 
modulus. The Pareto diagram showed that power amplitude was the 
factor with the greatest positive impact. This trend was confirmed by the 
main effects plots. Where a sustained increase in modulus was observed 
as power amplitude increased. Indicating greater compaction and 
reorganization of the structural network as a result of the mechanical 
effect of ultrasonic cavitation. Furthermore, the response surfaces 
revealed a positive interaction between power amplitude and number of 
cycles. Suggesting a favorable synergistic effect in the generation of a 
stiffer and more cohesive matrix. The optimal condition for maximizing 
this property was obtained with power amplitude = 1.0. time = − 1.0. 
and cycles = 1.0. reaching an estimated value of 24.63 units. Regarding 

Table 4 
Analysis of Variance for Elastic Modulus, Fracturability, and Denaturation, respectively.

Elastic Module

Source Sum of Squares Df Mean Square F-Ratio P-Value

A: Amplitude 675.894 1 675.894 11.76 0.0032
B: Time 23.5756 1 23.5756 0.41 0.5304
C: Cycles 160.802 1 160.802 2.80 0.1127
AA 146.356 1 146.356 2.55 0.1289
AB 14.52 1 14.52 0.25 0.6216
AC 203.363 1 203.363 3.54 0.0772
BB 157.423 1 157.423 2.74 0.1162
BC 106.803 1 106.803 1.86 0.1906
CC 40.2141 1 40.2141 0.70 0.4145
Total error 976.892 17 57.4642 ​ ​
Total (corr.) 2505.84 26 ​ ​ ​

Fracturability.

Source Sum of Squares Df Mean Square F-Ratio P-Value

A: Amplitude 209,046. 1 209,046. 6.40 0.0216
B: Time 90,298.3 1 90,298.3 2.76 0.1147
C: Cycles 3455.58 1 3455.58 0.11 0.7489
AA 19,456.0 1 19,456.0 0.60 0.4508
AB 30,451.7 1 30,451.7 0.93 0.3478
AC 13,087.8 1 13,087.8 0.40 0.5351
BB 70.498 1 70.498 0.00 0.9635
BC 7022.84 1 7022.84 0.22 0.6487
CC 81,884.6 1 81,884.6 2.51 0.1317
Total error 555,181. 17 32,657.7 ​ ​
Total (corr.) 1.00995E6 26 ​ ​ ​

Tm.

Source Sum of Squares Df Mean Square F-Ratio P-Value

A: Amplitude 38.72 1 38.72 5.40 0.0328
B: Time 30.6806 1 30.6806 4.28 0.0542
C: Cycles 53.045 1 53.045 7.40 0.0146
AA 14.9363 1 14.9363 2.08 0.1672
AB 29.4533 1 29.4533 4.11 0.0587
AC 43.7008 1 43.7008 6.09 0.0245
BB 2.89352 1 2.89352 0.40 0.5338
BC 11.8008 1 11.8008 1.65 0.2168
CC 0.155741 1 0.155741 0.02 0.8846
Total error 121.917 17 7.17158 ​ ​
Total (corr.) 347.303 26 ​ ​ ​
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fracturability. The fitted model again showed a clear dominance of 
power amplitude as the main factor. as reflected in the Pareto diagram. 
The main effects plots showed that power amplitude and time favor an 
increase in fracturability. Likely due to the reinforcement of intermo
lecular interactions and the generation of denser and more brittle 
structures. However, the response surfaces indicated that low levels of 
cycles combined with high power amplitude and time values optimize 
this property. Which could be related to a less homogeneous texture that 
is more susceptible to fracture under stress. The optimal condition for 
this variable was obtained with power amplitude = 1.0. time = 1.0. and 
cycles = − 1.0. reaching an estimated maximum fracturability of 632.30 
units. Regarding the degree of Tm. The results indicated that the number 
of cycles and the interaction between power amplitude and cycles (AC) 
were the most relevant effects. The main effects graphs showed a pro
gressive increase in Tm with increasing any of the three factors 

evaluated. While the response surfaces displayed a positive synergy 
between power amplitude and cycles. Which can be attributed to the 
intensification of the physicochemical stress induced by ultrasonic 
treatment. Promoting the exposure of hydrophobic groups and the 
rupture of tertiary structures. The optimal condition was set at power 
amplitude = − 0.573. time = 0.873. and cycles = 1.0. predicting a 
maximum Tm value of 137.48 units. The main effects Pareto diagrams 
are presented in Fig. 3. and the response surface graphs in Fig. 4. Finally, 
a multiple desirability function was applied with the aim of identifying 
an operating condition that would allow the three responses to be 
maximized simultaneously. The optimal combination was power 
amplitude = 1.0. time = 1.0. and cycles = 1.0. under which the 
following values were estimated: elastic modulus: 23.15. fracturability: 
586.92. Tm: 133.25. with an overall desirability of 0.586. This point 
represents the best functional compromise between the structural and 

Fig. 3. Pareto diagram (A, B and C), and diagram of main effects (D, E and F) for elastic modulus Fracturability and Tm, respectively.
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mechanical properties of the treated system. Being highly relevant for 
the design of food matrices with controlled textural characteristics and 
partially modified protein structures. Suitable for applications in inno
vative products of plant or mixed origin.

3.6. Microstructural changes

Different types of microscopy were used to analyze the effects of UA. 
Optical microscopy revealed the interaction between the cochayuyo and 
spirulina flour mix (Fig. 5a). Both scanning electron and confocal mi
croscopy revealed the surface structure of the samples when UA was 
applied. In the control sample (Fig. 5b), the scanning electron micro
scopy microstructure images indicated high porosity with a heteroge
neous flour distribution. One section revealed small cochayuyo flakes, 
whereas the spirulina flour was more homogeneously distributed in the 
sample. Confocal microscopy images showed that the two flours seemed 
to be irregularly agglomerated (Fig. 5c). The T1 treatment revealed a 
slight change in the microstructure with the surface becoming less rough 
and smoother surface areas appearing in small sections of the matrix 
(Fig. 5d). However, more pronounced changes were noted with 90 % 
power amplitude treatments (Figs. 5h, k) in which a significant portion 
of the sample showed smoother sections and more aggregated flours for 
a homogeneous structure. As for the different cycles (3 and 5) at 90 % 
power amplitude, no significant differences were observed in the 
microstructure; this substantial change was attributed to the severity of 
the processing, as pointed out by Barrett et al. (2021). These changes 

were also reflected in the elastic modulus and fracturability of the 
samples in which higher US power amplitude was correlated with higher 
values. Microstructural analysis showed greater cohesion between 
cochayuyo and spirulina flours and a smoother surface. The UA-treated 
samples showed interconnected bridges after processing, which indi
cated that the particles were fully integrated in a continuous network 
with a higher treatment power amplitude. Consequently, trans
formations occurred in the cochayuyo and spirulina flour particle sys
tems through the minimal temperature rise caused by particle cavitation 
by US. Other authors have determined that molecular transformations, 
such as protein denaturation (Su & Cavaco-Paulo, 2021) and swelling 
and rupture of starch granules (Yu et al., 2013), have occurred when 
applying US and has led to the formation of continuous starch-protein 
networks (Fennema, 1996).

Confocal microscopy images are illustrated in Figs.5c, f, i, and l with 
a 3D perspective. All samples exhibited autofluorescence on their own. 
The control sample and T1 treatment revealed greater porosity in their 
structures compared with samples agglomerated at 90 % power ampli
tude and showed more compact aggregation. Under different UA con
ditions and compared with the control sample, different behaviors were 
observed in cochayuyo and spirulina flours. Spirulina flour was more 
abundantly distributed in the UA-treated samples than cochayuyo flour 
because spirulina flour has a higher solubility than cochayuyo flour 
(Caballero et al., 2021; Larrosa et al., 2018). Rodríguez De Marco et al. 
(2014) identified structural changes in wheat flour paste when adding 
spirulina and noted that the higher spirulina content resulted in a more 

Fig. 4. Response surface plots for levels − 1, 0 and 1 respectively for elastic modulus (A, B and C), fracturability (D, E and F), and Tm (G, H and I).
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heterogeneous and less uniform paste. In the present study, synergy 
between spirulina and cochayuyo flours was observed, given that the 
flours agglomerated separately, and there was a complete disintegration 
in the sample with only cochayuyo flour in preliminary tests. In contrast, 
the spirulina flour agglomerate alone was excessively compacted, but 
tended to break easily into two or three parts. The combined spirulina 
and cochayuyo samples had greater adhesion and were more com
pacted. The greater protein solubility of spirulina flour can explain this 
phenomenon as compared with cochayuyo flour.

The particle size of the flours also influenced their distribution in the 
agglomeration. Spirulina flour had a mean particle size distribution of 
79.49 ± 2.62 (μm) and cochayuyo flour of 308.89 ± 5.61 (μm). This 
caused spirulina flour to interact better with the NaCl solution, which is 
an advantage in functional food applications (Larrosa et al., 2018). The 
components of the cochayuyo flour, mainly the alginate content 

together with the soluble fiber and lipids, affected the viscosity and 
solubility of the flour when agglomerating the samples. However, these 
larger particles form networks that trap water particles due to US- 
induced morphological changes in the alginate, which results in more 
compacted samples with higher fracturability values (Caballero et al., 
2021).

4. Conclusions

Ultrasonic agglomeration of protein matrices from cochayuyo and 
spirulina flours proved to be effective and versatile technology for the 
development of functional food systems with optimized textural and 
thermal properties. The process yielded matrices with greater cohesion, 
homogeneity, and stability, without the need for additives, representing 
a significant advance toward the production of clean-label foods. This 

Control 

Fig. 5. Images of microstructural changes in the control sample and samples under ultrasonic agglomeration conditions of 70 % power amplitude, time 20 s, and 3 
cycles (T1); 90 % power amplitude, time 30 s, and 3 cycles (T25) and 5 cycles (T27). Optical microscopy is shown in a), d), g), and j), scanning electron microscopy in 
b), e), h), and k), and confocal microscopy in c), f), i), and l).
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technology responds to the growing demand from consumers and in
dustry for more natural, sustainable, and healthy products. An increase 
in the intensity of ultrasonic agglomeration occurred, particularly under 
conditions of 90 % power amplitude, 30-s exposure, and 5 cycles, 
resulting in greater matrix compaction, which translated into a signifi
cant increase in protein denaturation temperature (up to 139 ◦C). This 
thermal effect indicates that proteins require more energy to denature 
due to the formation of denser and more stable molecular networks, 
reinforcing the system’s thermal resistance. Furthermore, under these 
optimal conditions, an increase in the elastic modulus of up to 80 % and 
a more than 50 % increase in the fracturability compared to the control 
sample was observed, demonstrating a substantial improvement in the 
firmness and mechanical strength of the matrix. The practical implica
tions for the food industry include the production of clean labels and the 
development of functional foods through the integration of macro- and 
microalgal proteins. Along with improved texture and stability, precise 
control of ultrasonic parameters enables customization of texture and 
mechanical strength, adapting to different technological and sensory 
requirements. The focus was on specific ultrasonic parameters (power 
amplitude, time, and cycles), so exploring other factors, such as fre
quency or total power, could provide additional information. A unique 
combination of cochayuyo and spirulina flours was used; extrapolation 
to other protein sources or mixtures requires validation. Consequently, it 
is recommended to expand studies to include different combinations of 
raw materials, explore the scalability of the process, and further explore 
molecular analysis to validate the observed stabilization and function
ality mechanisms. Ultrasonic agglomeration emerges as an alternative to 
being explored in the food industry, with possible applications in the 
development of functional and sustainable foods.

CRediT authorship contribution statement

Daniela Rivera-Tobar: Writing – original draft, Visualization, 
Methodology, Formal analysis, Conceptualization. Mario Pérez-Won: 
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