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The objective of this study was to subject Sacha inchi (TA) kernels to mechanical 
(TST), thermo- mechanical (TCT), and chemical (TMH) processes with the aim 
of obtaining cakes with a high protein content. These were then compared with 
commercial brands (TP and HC). Proximate analysis, anti-radical capacity (determined 
using DPPH and ABTS assays), reducing capacity (evaluated using the FRAP assay), 
and antinutritional compounds (tannins, phytates, and saponins) were quantified. 
The TCT and TP treatments exhibited relatively low contents of tannins (3.78 ± 0.01 
and 2.55 ± 0.02 mg/100 g sample), phytates (3.073 ± 0.004 and 3.214 ± 0.001 
mg/100 g sample), and saponins (0.496 ± 0.005 and 0.437 ± 0.002 mg/100 g 
sample) in comparison to the treatments (TST and HC). Accordingly, TCT, TP, and 
TMH were selected for the determination of rheological properties and in vitro 
protein digestibility, as well as the evaluation of interfacial potential at varying pH 
(4, 5, 7, 9) and temperatures (25 °C, 40 °C, 55 °C). The thermo-mechanical and 
chemical treatments result in alterations to the configuration of the proteins, which 
are characterized by the formation of specific secondary structures, including 
β-sheets, random coils, α-helices, and β-turns. These structural changes impact 
the interfacial potential of the proteins, influencing the particle size and the zeta 
potential. The results indicated that the structural changes caused by the treatments 
could optimize the use of Sacha inchi protein cakes in the food industry, favoring 
their functionality and use in the development of new products.

KEYWORDS

protein, secondary structure, antioxidants, anti-nutrients, rheology

1 Introduction

Sacha inchi (Plukenetia volubilis) is a member of the Euphorbiaceae family. It is commonly 
referred to as the “Inca peanut,” “mountain peanut,” “sacha peanut,” “incha peanut,” or “incha 
nut.” It is a climbing plant that is native to the Peruvian Amazon basin, where it has been 
cultivated for a long time. It is well-suited to tropical climates. In recent decades, it has 
expanded to other regions, including countries such as Colombia, Ecuador, China, Vietnam, 
Thailand, and Taiwan. This is due to the high interest it has generated in recent years for its 
remarkable nutritional composition and bioactive properties (Chan et al., 2024; Landines Vera 
et al., 2024; Cordero-Clavijo et al., 2025).
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The main component of Sacha inchi is oil, which contains between 
45 and 60% omega-3, 6, and 9 fatty acids. The protein content 
represents between 25 and 30% of the total composition, including 
essential amino acids such as cysteine, tyrosine, threonine, and 
tryptophan. Additionally, the oil contains other nutrients such as 
vitamin E, polyphenols, tocopherols, minerals, and fiber, which 
enhances its application in the food industry (Cai, 2011; Wang et al., 
2018; Chirinos et al., 2013).

Currently, there is a growing interest in Sacha inchi, not only in 
oil extraction, but also in the use of the residual cake, which has a 
high protein content. However, the processing of Sacha inchi 
presents several challenges that require efficient and specific 
extraction methods. One of the main challenges is to preserve 
bioactive compounds such as antioxidants and essential fatty acids, 
which can be  degraded when using processes that involve high 
temperatures, affecting the final quality of the product (Amparo 
et al., 2009; Cornelio-Santiago et al., 2021). Furthermore, reducing 
antinutritional factors is crucial to enhance the digestibility and 
bioavailability of nutrients without compromising their nutritional 
value (Taipe Cuadra et al., 2022). Another challenge is to optimize 
the protein content of the cake, ensuring its bioaccessibility and 
minimizing protein losses during the extraction process. 
Furthermore, the stability of the cake is a crucial consideration, as 
the residual lipid content can be oxidized, influencing the shelf life 
and affecting the flavor of the final product (Aslam and Schroën, 
2023; Sahin, n.d.).

This study aimed to evaluate different oil extraction methods from 
Sacha inchi and their influence on the quality of the resulting cake. 
Specifically, the nutritional composition, phenolic and antioxidant 
compound content, and presence of antinutritional compounds in the 
cake were analyzed. Additionally, rheological behavior, protein 
digestibility, and infrared spectroscopy measurements were assessed, 
along with stability tests using Z potential and particle size. These 
analyses allowed us to determine the impact of each method on 
nutritional and bioactive properties, optimizing its potential as a 
by-product in the food industry.

2 Materials and methods

The Sacha inchi kernels (TA) was provided by the Sacha Tambo 
Cooperative, located in the San Juaquin District of Tambo, Colombia. 
The commercial flour extracted from the cake pellet by extrusion at 
70°C (TP), and commercial flour extracted cold (HC), were supplied 
by the company SEGALCO SAS, which is headquartered at 
Panamericana AV 6 S-225, Jamundí, Colombia.

2.1 Methods of obtaining Sacha inchi cake

The analysis was conducted on Sacha inchi kernels (TA). To 
obtain the cake, different treatments were applied. Two mechanical 
extraction methods were used: mechanical extraction with controlled 
temperature (90°C) (TCT) and mechanical extraction without 
temperature application (TST). In a third treatment, the cake was 
obtained through chemical extraction by wet milling (TMH). 
Additionally, two commercial flours obtained through industrial 
processes were included for comparison: a commercial flour obtained 

from the Sacha inchi cake by extrusion at 70°C (TP), and another 
commercial flour extracted under cold conditions (HC).

2.1.1 Wet milling (TMH)
The milling process was conducted using an Oster blender (Oster, 

United States) with a 1.25-litre capacity. The Sacha inchi kernel was 
mixed with water in a 1:3 w/v ratio. The resulting mixture was then 
filtered through a fabric filter to separate the insoluble extract from 
the water-soluble extract. The resulting cake was dried in a Binder FD 
115 UL drying oven (Binder GmbH, Tuttlingen, Germany) at 55°C for 
18 h. Once dry, it was immediately packaged in a polyethylene bag 
with a hermetic seal for storage until later use (Narváez Cadena et al., 
2023; Valles Ramírez et al., n.d.).

2.1.2 Thermo-mechanical method
Sacha inchi kernels were introduced into the hopper of a 

GOLDEN WALL automatic extractor press, model K28 (GOLDEN 
WALL, China). Two types of mechanical extraction processes were 
applied: mechanical extraction with controlled temperature (90°C), 
referred to as TCT, and mechanical extraction without temperature 
application, referred to as TST. During the process, the press screw 
pushed the material through the main pressing cylinder, gradually 
reducing the chamber volume and increasing pressure. Friction 
against the cylinder wall facilitated oil extraction, which flowed 
through the cylinder holes, while the cake was expelled through the 
outlet nozzle (Narváez Cadena et al., 2023).

2.2 Proximate analysis

The chemical composition of the treatments was determined in 
accordance with the “Official Method of Analysis” published by the 
Association of Official Analytical Chemists. To determine the 
humidity content, the dehydration technique outlined in the AOAC 
934.01 protocol was employed using a FD 115 UL drying oven 
(Binder, Tuttlingen, Germany). The Soxhlet method was employed to 
quantify ether extract in accordance with the AOAC 920.85 standard, 
using a Soxhlet extraction system SoxTest SX-6 (Raypa, Barcelona, 
Spain). To determine ash content, the calcination technique was 
employed in accordance with the AOAC 942.05 standard, using a 
muffle furnace Thermolyne 1,400 Furnace (Thermo Fisher Scientific, 
Waltham, MA, United States). The determination of crude fiber was 
conducted in accordance with the AOAC 962.09 protocol using a fiber 
analyzer Fibertest (Raypa, Barcelona, Spain).

The protein content was determined by elemental analysis using 
the EMA 502 Elemental Micro Analyzer (VELP Scientifica, Usmate 
Velate, Italy), and calculated using the nitrogen-to-protein conversion 
factor of 6.25. To measure nitrogen, an EMA 502 VELP Scientific 
elemental microanalyzer was utilized, employing a CHNS analysis 
that commences with the pyrolysis of the sample. 3.5 mg was placed 
inside the VELP combustion furnace at a temperature of 1,030°C, 
where it was converted into elemental compounds. Subsequently, the 
flow passes through a chemical trap where all impurities are absorbed 
and reaches the gas chromatography column, ultimately reaching the 
TCD detector. The analysis time per sample is approximately 430 s. 
The calibration curve and the equation used for the respective 
nitrogen analysis are provided below. Sulphanilic acid was used as the 
standard for developing the curve (Figure  1). The carbohydrate 
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content present in the raw material was determined by difference, 
subtracting from 100% the sum of the percentages of water, crude 
protein, ash, ether extract, and crude fiber obtained, thus expressing 
the results on a dry weight basis.

2.3 Phenolic compounds

2.3.1 Extractable phenolic compounds (EPP)
The mixture was shaken at 200 rpm for 25 min at room 

temperature using an orbital shaker LSI-3016A (LabTech, Korea). 
After shaking, the mixture was centrifuged at 3500 rpm for 5 min 
using an Thermo Scientific™ ST Plus Series centrifuge (Thermo 
Fisher Scientific, Germany). The supernatant was transferred to a 
separate tube, and 40 μL of 2% EDTA was added. For the second 
extraction, 8 mL of a 70% acetone solution with 1% formic acid and 
30% water was added to the remaining residue, following the same 
shaking and centrifugation conditions. Both supernatants were 
combined and adjusted to a final volume of 20 mL with distilled water. 
The obtained extract was analyzed by the Folin–Ciocalteu method to 
determine the antioxidant content. A reaction mixture was prepared 
by mixing 40 μL of the extract with 1800 μL of Folin–Ciocalteu 
reagent, shaken for 1 min, and allowed to react for 5 min. Then, 
1,200 μL of NaHCO₃ was added, and the solution was shaken again 
and left to stand for 60 min at room temperature. Absorbance was 
measured at 765 nm using a microplate using Varioskan™ LUX 
spectrophotometer (Thermo Scientific, Waltham, United  States). 
Results were expressed as mg of gallic acid equivalents (mg GAE) per 
gram of sample, using a calibration curve prepared with gallic acid 
(Muñoz-Pabon et al., 2022).

2.3.2 Antiradical and reducing capacity
The extract obtained from the analysis of extractable phenolic 

compounds (EPP) was subsequently used to evaluate the antioxidant 
capacity through different in vitro assays.

2.3.2.1 Antioxidant activity by DPPH method
100 μL of the extract and 3.9 mL of the DPPH standard solution 

were added to a test tube lined with aluminum foil and vortexed for 
15 s to initiate the reaction. Subsequently, the sample was incubated 
at 30°C for 30 min and then centrifuged at 10.000 rpm for 5 min at 
25°C using an Thermo Scientific™ ST Plus Series centrifuge (Thermo 

Fisher Scientific, Germany). The absorbance was determined at a 
wavelength of 517 nm using the Varioskan™ LUX spectrophotometer 
(Thermo Scientific, Waltham, United States) (Muñoz-Pabon et al., 
2022). The antioxidant activity was expressed in micromoles of Trolox 
equivalents (μmol TE) per gram of sample, based on a calibration 
curve constructed with Trolox.

2.3.2.2 Antioxidant activity by the ABTS method
In a test tube, 1.35 mL of the extract and 4 mL of the previously 

prepared ABTS solution were added. Subsequently, the sample was 
vortexed for five seconds and then allowed to rest for 30 min. The 
measurement was taken at 729 nm using the Varioskan™ LUX 
spectrophotometer (Thermo Scientific, Waltham, United  States) 
(Muñoz Pabon et al., 2024). The antioxidant activity was expressed in 
micromoles of Trolox equivalents (μmol TE) per gram of sample, 
according to a calibration curve constructed with Trolox.

2.3.2.3 Reducing activity by the FRAP method
To obtain the extract, 0.4 g of sample was mixed with 10 mL of 

ethanol in a 50 mL Falcon tube. The solution was vortexed for 15 s and 
shaken at 37°C and 200 rpm for 30 min using an orbital shaker 
LSI-3016A (LabTech, Korea). Afterward, it was centrifuged at 
5000 rpm for 15 min in the Thermo Scientific™ ST Plus Series 
centrifuge (Thermo Fisher Scientific, Germany), and the supernatant 
was filtered. For the assay, 60 μL of the extract and 180 μL of water 
were mixed and vortexed, then 1800 μL of FRAP reagent was added. 
The mixture was incubated at 37°C for 30 min, and absorbance was 
measured at 595 nm using the Varioskan™ LUX spectrophotometer 
(Thermo Scientific, Waltham, United States). Results were expressed 
in μmol of ascorbic acid equivalents (μmol AAE) per gram of sample 
(Castillo-Guaca et al., 2023).

2.4 Antinutritional factors

2.4.1 Tannins
In test tubes, 1 gram of the sample was weighed, and 4 mL of 

methanol was added. The mixture was vortexed for 15 s and then 
allowed to stand for 6 h at 40°C using a drying oven FD 115 UL 
(Binder GmbH, Tuttlingen, Germany). After incubation, the 
supernatant was filtered and stored for further analysis. Tannin 
content was calculated as the difference between total phenol content 

FIGURE 1

Calibration curve for nitrogen content measurement.
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and the remaining phenols after precipitation with PVPP (Palacios 
et al., 2021). To determine the total phenol content, 0.04 mL of the 
methanolic extract was mixed with 0.06 mL of distilled water, 0.05 mL 
of Folin–Ciocalteu reagent diluted to 50% (v/v), and 0.225 mL of 20% 
sodium carbonate in Eppendorf microtubes. The mixture was 
vortexed, incubated in the dark for 40 min at room temperature, and 
then centrifuged at 10,000 rpm for 10 using an Thermo Scientific™ 
ST Plus Series centrifuge (Thermo Fisher Scientific, Germany). A 
volume of 0.25 mL of the supernatant was transferred to a microplate, 
and the absorbance was measured at 725 nm using the Varioskan™ 
LUX spectrophotometer (Thermo Scientific, Waltham, United States).

For the determination of non-precipitated phenols, 100 mg of 
PVPP was combined with 1.0 mL of water and 0.75 mL of extract in 
Eppendorf microtubes. After vortexing, the mixture was kept at 4°C 
for 15 min and centrifuged under the same conditions. Then, 0.04 mL 
of the supernatant was taken and analyzed following the same Folin–
Ciocalteu procedure described above.

2.4.2 Phytates
Initially, 0.05 grams of the sample were added to 10 mL of 0.64 N 

hydrochloric acid, and the solution was shaken for 10 s. The mixture 
was then placed on an orbital shaker at 300 rpm and room temperature 
for 16 h using an orbital shaker LSI-3016A (LabTech, Korea). After 
incubation, the samples were centrifuged at 1512 g and 10°C for 
20 min using an Thermo Scientific™ ST Plus Series centrifuge 
(Thermo Fisher Scientific, Germany). The supernatant was filtered 
through Whatman No. 1 filter paper into pre-weighed tubes 
containing 1 g of NaCl. The solution was shaken again for 20 min at 
1512 g using the same centrifuge, and then stored at −20°C for 
20 min. A second centrifugation at 1512 g for 20 min was performed. 
Then, 5 mL of the supernatant was extracted and diluted in 25 mL of 
deionized water. From this diluted sample, 3 mL was taken and mixed 
with 1 mL of Wade’s reagent (0.03% FeCl₃ 6H₂O + 0.3% sulfosalicylic 
acid), followed by centrifugation at 1512 g for 10 min. Finally, the 
absorbance of the reaction was recorded at a wavelength of 500 nm 
using a Varioskan™ LUX spectrophotometer (Thermo Scientific, 
Waltham, United States). The phytic acid content of the samples was 
expressed as mg of phytic acid per 100 grams of dry sample (Arjmand 
et al., 2023).

2.4.3 Saponins
To prepare the extract, 1 g of the sample was weighed and 

transferred to a 20 mL volumetric flask containing 80% ethanol. The 
solution was heated in a water bath at 60°C for one hour using a 
Memmert WNB14 water bath (Memmert GmbH + Co. KG, 
Schwabach, Germany). Afterward, the sample was centrifuged at 
6251 g for 5 min using an Thermo Scientific™ ST Plus Series 
centrifuge (Thermo Fisher Scientific, Germany) and the supernatant 
was filtered and left at room temperature for 16 h. For saponin 
quantification, the extract was first homogenized, and 3 mL was 
filtered using Whatman paper. Then, 0.5 mL of the filtered extract was 
diluted in 96% ethanol. The absorbance of the diluted extract and the 
Liebermann–Burchard (LB) reagent was measured at 417 nm using a 
Varioskan™ LUX spectrophotometer (Thermo Scientific, Waltham, 
United States). In parallel, 1 mL of the diluted extract was transferred 
to a test tube lined with aluminum foil, and 3.5 mL of the LB reagent 
was added along the walls, followed by shaking for 30 s in a vortex 
mixer. This shaking process was repeated at minutes 10 and 20, and 

the mixture was allowed to rest until minute 30. After the 30 min 
reaction period, the absorbance was measured at 417 nm using a 
Varioskan™ LUX spectrophotometer (Thermo Scientific, Waltham, 
United States) (Ulchur Pillimue, 2022).

2.5 In vitro protein digestion

The K-PDCAAS protein digestibility kit was employed to estimate 
protein digestion. The methodology employed is based on the Protein 
Digestibility and Amino Acid Score (PDCAAS). This methodology is 
endorsed by the Food and Agriculture Organization of the United 
Nations (FAO) and the World Health Organization (WHO). The 
procedure was conducted in accordance with the instructions 
provided by the manufacturer (Megazyme, n.d.).

2.6 Infrared spectroscopy

Infrared spectroscopy was conducted on a Nicolet model IS50 
spectrophotometer (Thermo Scientific, United States). To this end, a 
reflectance adapter (ATR) was employed to obtain an average of 32 scans 
at a resolution of 4 cm−1 and a temperature of 25°C, utilizing a flat tip. 
Prior to each measurement, a reference spectrum was obtained using air 
as the standard. The spectra spanned a range of 500 to 4,000 cm−1 and 
underwent baseline correction, smoothing, and normalization between 
0 and 1. A peak deconvolution process was conducted in the region of 
1,600 to 1710 cm−1 to identify secondary structures. The measurement 
was performed in triplicate (Castillo-Guaca et al., 2023).

2.7 ζ-Potential and particle size distribution

Particle size and ζ-potential measurements were made using an 
Anton Paar Litesizer 500 (Anton Paar GmbH, Graz, Austria) according 
to the methodology of Polo Muñoz et  al. (2025) with some 
modifications. Particle size and ζ-potential measurements were 
performed with an Anton Paar Litesizer 500. Disposable polycarbonate 
cuvettes purchased from Anton Paar were used for dynamic light 
scattering measurements. This equipment detects scattered light in three 
scattering directions: forward scattering (15°), side scattering (90°) and 
backscattering (175°). The optimum scattering angle is automatically 
adjusted by the Kalliope software. In all measurements, the water was 
used as dispersant in the preparation of the buffer (refractive index of 
1.330 and a viscosity of 0.0008903 Pa·s). The acetate buffer was used in 
the solutions at pH 4 and pH 5 and phosphate buffer was used in the 
solutions at pH 7 and pH 9. Dispersions at 0.1%w/w were prepared in 
15 mL test tubes, shaken for 3 min in an ultraturrax at 15000 rpm. The 
dispersions were then allowed to stand for 24 h. 2 mL of the supernatant 
was then taken and injected into the measuring cells. it was allowed to 
equilibrate in the instrument for 20 s before measurement at 25°C and 
55°C ± 0.1°C. Five measurements were performed for each dispersion 
with an average of 200 s per measurement.

The ζ-potential was measured using the same instrument as the DLS 
experiments, which employs a laser Doppler electrophoresis procedure. 
Using this method, the mobility within an Omega Z cuvette is measured, 
from which the ζ-potential can be  calculated using the Hueckel 
approximation. Disposable folded capillary cuvettes were used for 
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ζ-potential measurements and the sonicated solutions were loaded with 
a syringe to ensure that no air bubbles were trapped in the folded capillary.

2.8 Rheological properties

2.8.1 Pasting properties
The pasting properties were determined using an AR 1500 

Rheometer (TA Instruments, New Castle, United  States). The 
rheometer was equipped with a starch cell. A 5% (w/w) flour 
suspension in water was prepared and subjected to a heating and 
cooling ramp at a rate of 10°C/min (García-Parra et al., 2022). The 
viscosity curve, the maximum viscosity peak during heating, and the 
maximum viscosity peak during cooling were determined.

2.8.2 Flow curves
The flow curves of each dispersion were determined on a 

rheometer (Anton Paar MCR 102e, Austria) equipped with a CC27/
T200/SS concentric cylindrical geometry. The dispersion was 
subjected to analysis at a concentration of 5% and a shear rate from 
100 to 0.01 s−1. The results were modelled using the power equation 
(Equation 1) to determine the consistency (K) and the flow index (n).

 = ∗ nT K y  (1)

Where:
T  is the shear stress (Pa).
y  is the shear rate (s−1).
K  is the consistency coefficient (Pa*s−1).
n is the flow behavior index.

2.8.3 Viscoelastic properties: amplitude sweep
The viscoelastic behavior of the dispersions subjected to the heating 

and cooling cycle was determined on the rheometer (Anton Paar MCR 
102e, Austria) equipped with a CC27/T200/SS concentric cylindrical 
geometry. The amplitude sweep was conducted at a concentration of 
5%, with a constant angular frequency (w) of 10 rad/s and a shear strain 
that increased from 0.01 to 100% (Pastrana-Pastrana et al., 2025).

3 Statistical analysis

To study the effect of treatments on proximal characterization, 
phenolic compounds, antioxidant capacity, antinutritional factors and 
protein digestibility, a one-way ANOVA was used. While, for the 
analysis of the electric potential and particle size, a two-way ANOVA 
is used, since the factors are the temperature and pH of the buffers. 
Tukey’s multiple range test was used to separate the means. Significant 
differences were determined at p < 0.05.

4 Results

4.1 Raw material

The results obtained from the evaluation of different Sacha inchi 
flours are presented below. These flours include samples obtained 

through various extraction methods, as described in the Materials and 
Methods section.

4.2 Proximal analysis

Figure 2 presents the findings of the proximate analysis conducted 
on the Sacha inchi kernels (TA), as well as the residual cakes obtained 
through diverse oil extraction techniques (TST, TCT, TMH) and the 
commercial cake (TP, HC). The results demonstrate that TA contains 
24.1% protein and 59.2% ether extract. The TMH treatment indicates 
a fat content of 21.6 and 53.2%, while the TST, TCT, HC, and TP 
treatments indicate higher protein content, with the latter reaching 
75.3%. Regarding the lipid content, the TP treatment exhibits a lower 
percentage of fat, with a value of 5.3%. In contrast, the HC, TST, and 
TCT treatments indicate a range of extract percentages between 7 and 
9%. These results reflect an efficient extraction process. These findings 
align with those of previous studies, wherein other researchers have 
reported protein content in Sacha inchi seeds to range between 24.7 
and 31.7% (Taipe Cuadra et al., 2022; Gutiérrez et al., 2011; Ruiz et al., 
2013). The discrepancies in nutritional content observed across 
studies can be attributed to the efficacy of the extraction process and 
the influence of various factors, including the provenance of the seeds, 
geographical conditions, storage parameters, and post-harvest 
treatments employed (Wang et al., 2018).

In previous studies, Ruiz et al. (2013) reported a protein content 
of 59.1%, which differs from the findings of Taipe Cuadra et al. (2022) 
and Rawdkuen et al. (2016), who reported protein contents between 
56 and 56.6%, respectively. Another study found that Sacha inchi 
cakes contain 40.8% by weight Zambrano et al. (2020). In contrast to 
the findings of Díaz Céspedes et al. (2021), who reported a protein 
content of 81.2% in the pelleted cake. Regarding the lipid content, the 
findings of the present study are in accordance with those of Díaz 
Céspedes et al. (2021), who determined that the Sacha inchi seed 
contains 49% fat, while the defatted cake contains 7.8%. Similarly, the 
study by Taipe Cuadra et al. (2022) yielded comparable results, with 
50.7% fat content in the seed and 16.2% in the cake. In contrast, 
Zambrano et al. (2020) indicated that the defatted cake contains 39.6% 
ether extract.

The discrepancy in compositional analysis between the various 
treatments under investigation can be  attributed primarily to the 
extraction techniques employed and the loss of solids that occurs 
during the process. In the case of the Sacha inchi kernels (TA), which 
was not subjected to an extraction process, a high fat and protein 
content was maintained. However, the TMH treatment demonstrated 
a reduction in protein content and an increase in carbohydrate content 
(15.2%). This discrepancy may be attributed to the wet milling process, 
which generates a milky suspension that, upon filtration, may result 
in the loss of water-soluble proteins, which are retained in the slurry. 
In contrast, the TCT treatment exhibited a higher protein content 
relative to TST, which can be attributed to the application of heat 
during the extraction process. This facilitates a greater removal of the 
ether extract, thereby leaving a residual cake that is richer in protein. 
Notwithstanding, the fiber and ash contents of both treatments are 
comparable, although TST exhibited a higher carbohydrate content. 
Commercial cakes (TP and HC) also exhibit elevated protein levels, 
with TP displaying the highest protein content observed in the study 
(75.3%). This phenomenon can be  explained using advanced 
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extraction techniques, such as heated extrusion, which facilitate the 
more efficient removal of oil, thereby concentrating the protein in the 
resulting cake.

4.3 Phenolic compounds and antioxidant 
capacity

The extractable phenolic compounds (EPP) were determined, and 
the antioxidant capacity was evaluated by different methods (DPPH, 
ABTS and FRAP), since these antioxidants can act by different 
mechanisms depending on the reaction system or the source of 
radicals or oxidants (Palomino et al., 2009). EPPs are free polyphenols 
that can neutralize free radicals by donating electrons or hydrogen 
atoms, stabilizing them and thus preventing oxidative damage to cells 
and tissues (Pandey and Rizvi, 2009; Scalbert et al., 2005).

The FRAP method is based on the reduction of ferric ion (Fe3+) to 
ferrous ion (Fe2+) in the presence of antioxidants (Mercado-Mercado 
et al., 2013). This method measures the electron transfer capacity of 
the antioxidants present in the sample rather than their ability to 
directly neutralize free radicals as in the DPPH or ABTS assays 
(Huang et al., 2005). DPPH is a stable methanol-soluble free radical 
that is neutralized by a hydrogen transfer mechanism, whereas ABTS 
is generated in reaction that may be  chemical, enzymatic, or 
electrochemical and is neutralized primarily by electron transfer 
(Aseervatham et al., 2012).

The polyphenol concentrations and their corresponding 
antioxidant capacities obtained from the analyzed samples are shown 
in Table 1. The samples from the different treatments (TA, TMH, TST, 

TCT, and TP) exhibited statistically significant differences (p < 0.05). 
However, a very significant effect was observed in the antiradical 
capacity: the samples obtained by the TST, TCT and TP treatments 
presented high values in the DPPH, ABTS and FRAP tests compared 
to the low values of the TA and TMH samples.

The results indicate that thermomechanical treatments (high 
temperature and short time) favor the structural breakdown of the 
seeds, which increases oil extraction and produces a cleaner cake. This 
makes polyphenols and other compounds, such as denatured proteins 
or possible glycosides, more available as antiradical agents. The opposite 
is true for the TA sample, which corresponds to Sacha inchi kernels, 
which have an excess of fats that interfere with the DPPH, ABTS and 
FRAP assays. On the other hand, the TMH sample undergoes a process 
of strong alkali and successive washes, which causes the loss of soluble 
compounds and the degradation of others by the action of the alkali.

With references to Chirinos et al. (2013) and Rawdkuen et al. 
(2016), the results of this study were superior in both EPP 
concentration and antiradical capacity. Although Sacha inchi offers 
many health benefits, its antioxidant capacity is relatively low due to 
the low concentration of phenolic compounds such as flavonoids and 
phenolic acids. However, it does contain tocophenols or vitamin E, 
which have a low antioxidant capacity compared to flavonoids, but 
help protect the polyunsaturated fatty acids in the oil (Jang et al., 2020).

4.4 Anti-nutritional factors

Anti-nutritional factors are natural non-fibrous substances 
produced by the secondary metabolism of plants as a defense 

FIGURE 2

Proximal characterization. The graph (A) refers to humidity, (B) ash, (C) ether extract, (D) fiber, (E) protein and (F) carbohydrates. *The acronym (TA) 
refers to the Sacha inchi kernels. The (TST) mechanical extraction without temperature application. The (TCT) mechanical extraction with controlled 
temperature (90°C). The (TMH) designation represents chemical extraction through wet milling. The (TP) commercial flour obtained from the Sacha 
inchi cake by extrusion at 70°C and the (HC) commercial flour extracted under cold conditions. The use of different letters indicates that there are 
statistically significant differences between the samples (p < 0.05).
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mechanism in stressful situations or to counteract attack by molds, 
bacteria, insects and birds (Elizalde et al., 2009). For example, tannins 
are synthesized during the development of the seed and the plant with 
the main objective of defending it against the attack of various pests. 
However, antinutrients are compounds that affect the nutritional value 
of some foods by inhibiting the absorption of minerals and proteins, 
leading to reduced growth by negatively affecting the digestibility of 
proteins and carbohydrates (Landines Vera et al., 2024). In addition, 
the presence of these antinutrients, such as tannins and saponins, 
increases certain unpleasant tastes and limits consumer acceptance of 
products containing them (Li et al., 2024).

Figure 3 presents the statistical analysis of the results obtained 
regarding the content of tannins, phytates, and saponins. Regarding 
tannins, almonds exhibited a higher tannic acid level (6.086 ± 0.005 mg 
AT/100 g sample), followed by chemical extraction through wet 
milling (TMH) (5.814 ± 0.002 mg AT/100 g sample). The HC 
treatment exhibited the lowest level of tannic acid (3.786 ± 0.044 mg 
AT/100 g sample), followed by the TCT treatments (3.785 ± 0.013 mg 
AT/100 g sample) and TP (2.553 ± 0.024 mg AT/100 g sample). Other 
studies have yielded results of 6.35 mg tannins/100 g sample and 
1.37 mg tannins/100 g sample after heat treatment, values that are 
comparable to those obtained in this study (Ruiz et al., 2013; García 
Chacua and Gallego Perea, 2022).

About phytates, phytic acid is regarded as an antinutrient due to 
its capacity to bind to minerals, proteins, and starches, thereby 
reducing their bioavailability (Mohan et al., 2016). The Sacha inchi 
kernels (TA) almonds exhibited the highest content of aflatoxins 
(5.643 ± 0.001 mg AF/100 g sample), followed by TMH 
(5.282 ± 0.001 mg AF/100 g sample) and TST (4.164 ± 0.006 mg 
AF/100 g sample). The industrial treatments HC (3.640 ± 0.005 mg 
AF/100 g sample), TP (3.214 ± 0.001 mg AF/100 g sample), and TCT 
heat treatment (3.073 ± 0.004 mg AF/100 g sample) were observed to 
achieve the greatest reduction in phytates. Other studies have 
indicated that thermal processing can effectively reduce phytic acid 
levels. For instance, a reduction of 32.6% was observed in Sacha inchi 
cakes, with the initial concentration of 2.64 mg/100 g reduced to 
1.78 mg/100 g on a dry basis (Landines Vera et al., 2024). Similarly, a 
study conducted to determine the phytic acid content in quinoa 
yielded results indicating a concentration of 451.7 mg per 100 grams 
of dry weight (Saeid et al., 2024).

With respect to saponins, the highest content was observed in 
Sacha inchi kernels (TA) (1.986 ± 0.007 mg saponins/g sample), 

followed by TMH (1.286 ± 0.001 mg saponins/100 g sample) and TST 
0. The results demonstrated that the highest concentration of saponins 
was observed in Sacha inchi TA almonds (580 ± 0.002 mg 
saponins/100 g sample), followed by CH (0.522 ± 0.003 mg 
saponins/100 g sample), TCT (0.496 ± 0.005 mg saponins/100 g 
sample), and TP (0.437 ± 0.002 mg saponins/100 g sample). In other 
studies, the reported saponin content of Sacha inchi cake was 1.06 g 
per 100 g (Alcívar et al., 2020), while another study reported 0.048 
saponins per 100 g sample (García Chacua and Gallego Perea, 2022).

The results demonstrate that the extraction methods employed 
significantly impact the reduction of antinutrients (tannic acid, phytic 
acid, and saponins) present in Sacha inchi cake. Of the methods 
tested, heat and industrial treatments were found to be  the most 
effective in reducing these antinutrients. Sacha inchi kernels (TA) has 
been observed to retain high levels of these compounds, which could 
potentially limit the bioavailability of nutrients (Li et  al., 2020). 
Processes mechanical extraction without temperature application 
(TST) and mechanical extraction with controlled temperature (90°C) 
(TCT) have been demonstrated to moderately reduce antinutrients, 
thereby highlighting the impact of heat on TCT. Conversely, the 
commercial TP treatment has been shown to result in the most 
significant reductions in comparison to the other extraction methods.

4.5 Protein digestibility

Proteins are vital macromolecules composed of amino acids, 
including eight essential ones that must be obtained from the diet. 
During digestion, enzymatic hydrolysis in the stomach and small 
intestine breaks down proteins into peptides and amino acids, which 
are then absorbed and metabolized. Protein quality is commonly 
assessed using the Protein Digestibility-Corrected Amino Acid Score 
(PDCAAS), which considers both the amino acid profile and 
digestibility (Cincap, n.d.; Cui et al., 2023; García Luna and López 
Gallardo, 2007).

In this study, the TP treatment, corresponding to the cake 
obtained by extrusion at 70°C, showed the lowest digestibility with a 
PDCAAS value of 18%. Although this treatment exhibited low levels 
of antinutritional factors such as tannic acid and saponins, its poor 
digestibility could be related to the effects of extrusion on protein 
structure (Martínez Augustin and de Victoria, 2006). It has been 
demonstrated that intense thermal processes like extrusion can induce 

TABLE 1 Phenolic compounds and antioxidant capacity.

Treatment EPP ABTS DPPH FRAP

mg GAE/g sample μmol TE/g sample μmol TE/g sample μmol AAE/g sample

TA 0.94 ± 0.06c 3.9 ± 0.2d 6.4 ± 0.2d 4.9 ± 0.1c

TST 1.10 ± 0.02b,c 15.7 ± 0.1a 11.37 ± 0.03b 8.7 ± 0.2a

TCT 1.17 ± 0.02b 14.8 ± 0.5a, b 10.9 ± 0.2b 8.894 ± 0.002a

TMH 0.95 ± 0.01c 7.6 ± 0.6c 7.6 ± 0.2c 4.66 ± 0.05c

TP 1.12 ± 0.03b,c 13.04 ± 0.06b 12.58 ± 0.06a 5.81 ± 0.06b

HC 1.5 ± 0.1a 13.55 ± 0.03b 11.2 ± 0.6b 8.4 ± 0.3a

*The acronym (TA) refers to the Sacha inchi kernels. The (TST) mechanical extraction without temperature application. The (TCT) mechanical extraction with controlled temperature (90°C). 
The (TMH) designation represents chemical extraction through wet milling. The (TP) commercial flour obtained from the Sacha inchi cake by extrusion at 70°C and the (HC) commercial 
flour extracted under cold conditions. (GAE) refers to gallic acid equivalents, (TE) to Trolox equivalents, and (AAE) to ascorbic acid equivalents. The use of different letters indicates 
statistically significant differences between the samples (p < 0.05).
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Maillard reactions, generate cross-links between amino acids, or 
promote protein aggregation, thus reducing solubility and accessibility 
to digestive enzymes (Segura-Campos et al., 2010).

The TCT treatment, extracted by pressing at 90°C, presented a 
digestibility of 22%. Although slightly higher than TP, this low 
digestibility may be explained by the combined effect of temperature 
and pressure on proteins, which can also cause denaturation or 
structural modifications that limit enzymatic access (Arhewoh et al., 
2005). In this treatment, tannic acid and saponin levels were higher 
than in TP, which may have also negatively affected the bioavailability 
of essential amino acids, especially lysine (Schaafsma, 2000). In 
contrast, the TMH treatment, obtained through wet milling and 
low-temperature drying, reached a PDCAAS value of 84%. This high 
value can be attributed to the fact that the wet milling process did not 
involve high temperatures or intense mechanical pressures, thus 
preserving the protein structure (Schaafsma, 2012). Additionally, 
water dissolution during the process may have partially reduced the 
concentration of certain soluble antinutritional factors, improving 
digestibility (Schaafsma, 2000). Previous studies on in  vitro 
digestibility of sacha inchi cake report similar values (79.6–84.2%) 
after mild thermal treatments, comparable to that applied in TMH 
(Boye et al., 2012; Adriana and Ordoñez, 2013).

4.6 Attenuated total reflectance infrared 
spectroscopy ATR

To analyze the effects of the treatments on the structure of 
functional groups associated with macromolecules such as lipids, 
carbohydrates, and proteins, Fourier-transform infrared (FTIR) 
spectra were obtained in the range of 800 to 3,700 cm−1 (Figure 4). In 
the region between 1715–1770  cm−1, a band was observed 
corresponding to the stretching of the carbonyl group (C=O), mainly 
esters (Ordoñez-Delgado et al., 2024; Córdoba-Cerón et al., 2023), 
associated with lipid compounds. The signals between 2,800 and 
3,000 cm−1 correspond to the symmetric and asymmetric stretching 
of -CH₂ and -CH₃ groups, also related to lipids (Castillo-Guaca et al., 
2023; Ordoñez-Delgado et al., 2024) These bands were more intense 

in the TMH treatment, suggesting greater preservation or structural 
rearrangement of lipid components in this sample.

On the other hand, the region between 1,200–850 cm−1, associated 
with C–O, C–O–C, and C–O–H bond vibrations, showed more 
intense peaks for the TMH treatment, indicating a higher content or 
a more organized structure of carbohydrates, possibly starches or 
dietary fibers (Narváez Cadena et al., 2023; García-Parra et al., 2021).

Regarding proteins, the characteristic bands of Amide I (1700–
1,600 cm−1) and Amide II (1600–1,500 cm−1) allow for the assessment 
of changes in the secondary structure of proteins (Roa-Acosta et al., 
2020). As shown in Figure 5 and Table 2, the TP treatment displayed 
the highest intensities in most of the bands associated with β-sheet 
structures (1,633 and 1,638 cm−1), random coil (1,649 cm−1), α-helix 
(1,656 cm−1), and β-turns (1,665, 1,672, and 1,680 cm−1), indicating a 
greater presence of both ordered and partially disordered structures.

In contrast, the TCT treatment showed the lowest intensities in 
these bands, suggesting that the extraction process by pressing at 90°C 

FIGURE 3

Anti-nutritional compounds. The graph (A) illustrates the concentration of tannic acid (AT), while graph (B) depicts the content of phytic acid (AF). 
Graph (C) represents the concentration of saponins. *The acronym (TA) refers to the Sacha inchi kernels. The (TST) mechanical extraction without 
temperature application. The (TCT) mechanical extraction with controlled temperature (90°C). The (TMH) designation represents chemical extraction 
through wet milling. The (TP) commercial flour obtained from the Sacha inchi cake by extrusion at 70°C and the (HC) commercial flour extracted 
under cold conditions. The use of different letters indicates that there are statistically significant differences between the samples (p < 0.05).
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FT-IR spectra. *The acronym (TCT) refers to mechanical extraction 
with controlled temperature (90°C), (TMH) chemical extraction 
through wet milling and (TP) commercial flour obtained from the 
Sacha inchi cake by extrusion at 70°C.

https://doi.org/10.3389/fsufs.2025.1591362
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Narváez Cadena et al. 10.3389/fsufs.2025.1591362

Frontiers in Sustainable Food Systems 09 frontiersin.org

may have negatively affected protein conformation, possibly due to 
thermal denaturation. The TMH treatment exhibited intermediate 
values, which is associated with the moderate effect of the wet milling 
process that may have better preserved the native protein structures 
(Polo Muñoz et al., 2025).

4.7 Z-potential and particle size

Zeta potential is a key parameter used to evaluate the colloidal 
stability of a suspension, as it expresses the electrostatic potential at 
the slipping plane surrounding a charged particle in motion (Jain 
et  al., 2021). Absolute values equal to or greater than ± 30 mV is 
associated with high stability due to particle repulsion, whereas values 
close to 0 mV suggest a tendency toward flocculation or aggregation 
(Herrera, 2021; Ofir et al., 2007). The hydrodynamic particle size is 
also an important indicator of the degree of dispersion or aggregation 
in liquid media (Griffin et al., 2024). These parameters are essential for 
understanding the behavior of colloidal systems and optimizing their 
stability during storage (Pastrana-Pastrana et al., 2025).

Figure 6 shows the general behavior of zeta potential and particle 
size under different temperature conditions (25, 40, and 55°C) and pH 
levels (Cai, 2011; Wang et al., 2018; Amparo et al., 2009; Taipe Cuadra 
et al., 2022) for the TP, TCT, and TMH treatments. However, as no 
significant differences were observed due to temperature, the statistical 
analysis focused on the standard condition of 25°C, as summarized in 
Figure 7.

In Figure  7A, it can be  observed that zeta potential varies 
significantly with pH and the treatment applied. For TMH, values 
became more negative as the pH increased, reaching −32.2 mV at pH 
9, indicating greater colloidal stability in alkaline solutions (Herrera, 
2021). TCT showed a similar behavior, with values up to −25.9 mV at 

pH 9. In contrast, TP showed low values at pH 4 (close to −6.7 mV), 
indicating low stability in acidic media. The statistical analysis of zeta 
potential (Figure 7B) confirmed these observations: at pH 4, TP and 
TCT showed significant differences compared to TMH, while at pH 
9, TMH was statistically more stable than the other treatments.

Regarding particle size (Figure  7C), a decreasing trend was 
observed as pH increased, especially in the TMH treatment. At pH 4, 
TMH exhibited significantly larger particle sizes, consistent with its 
low zeta potential under this condition. As pH increased, particle size 
decreased, which is related to greater colloidal stability (Ofir et al., 
2007). This behavior is also reflected in Figure 7D, where statistical 
differences among treatments and pH levels are more evident, 
especially at pH 7 and 9.

These results suggest that the TMH treatment, based on wet 
milling and mild drying, promotes better colloidal stability in neutral 
and alkaline media, while TP and TCT tend to form aggregates under 
acidic conditions or near the isoelectric point of the proteins, possibly 
due to hydrophobic interactions, structural reorganization, or Van der 
Waals forces (Uskoković et al., 2011; Uskoković et al., 2010; Parsons 
et al., 2011).

4.8 Rheological properties

4.8.1 Flow profile
The flow profile (Figure 8), evaluated after the pasting process, 

characterizes the rheological behavior of the suspensions as a function 
of shear stress and shear rate. All treatments exhibited non-Newtonian 
behavior, which fit the power law model, with consistency (K) and 
flow behavior (n) parameters presented in Table 3.

The TCT treatment exhibited a flow behavior index (n) greater 
than 1, indicating a slightly dilatant behavior that is, an increase in 

FIGURE 5

FT-IR spectrum of the second derivative in the protein region. *The acronym (TCT) refers to mechanical extraction with controlled temperature (90°C), 
(TMH) chemical extraction through wet milling and (TP) commercial flour obtained from the Sacha inchi cake by extrusion at 70°C.
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TABLE 2 Intensity values in the 1,600 cm−1 to 1,700 cm−1 bands of the secondary protein structures present in the Sacha inchi flours.

Treatment b-Sheet 1 b-Sheet 2 b-Sheet 3 Ramdon coil a-Helix b-Turns 1 b-Turns 2 b-Turns 3

(1,622 cm−1) (1,633 cm−1) (1,638 cm−1) (1,649 cm−1) (1,656 cm−1) (1,665 cm−1) (1,672 cm−1) (1,680 cm−1)

TCT 0.0097 ± 0.0003b 0.0033 ± 0.0008b 0.0045 ± 0.0017b 0.0200 ± 0.0005c 0.0123 ± 0.0001c 0.0170 ± 0.0007b 0.0148 ± 0.0016b 0.0087 ± 0.0003c

TP 0.0004 ± 0.0001c 0.0115 ± 0.0008a 0.0095 ± 0.0008a 0.0295 ± 0.0021a 0.0178 ± 0.0005a 0.0202 ± 0.0008a 0.0173 ± 0.0007a 0.0102 ± 0.0002a

TMH 0.0111 ± 0.0004a 0.0022 ± 0.0002b 0.0047 ± 0.0003b 0.0251 ± 0.0001b 0.0152 ± 0.0003b 0.0193 ± 0.0001a 0.0171 ± 0.0001a 0.0094 ± 0.0001b

*The acronym (TCT) refers to mechanical extraction with controlled temperature (90°C), (TMH) chemical extraction through wet milling and (TP) commercial flour obtained from the Sacha inchi cake by extrusion at 70°C. Comparison of the values was made by 
means of a one-way Anova between treatments. The use of different letters indicates statistically significant differences between the samples (p < 0.05).

TABLE 3 Rheological properties of Sacha inchi flours obtained through different extraction treatments.

Treatment Pasting curve Flow behavior parameters Linear viscoelasticity limit Cross-linking

T (°C) Viscosity 
during 
heating 
(Pa·s)

T (°C) Viscosity 
during 
cooling 

(Pa·s)

n K Shear 
deformation 

(%)

G* (Pa) Shear 
deformation 

(%)

G’ (Pa) G” (Pa)

TCT 91,7 0,010 ± 0,006b 41,1 0,012 ± 0,006b 1,104 ± 0,175a 0,021 ± 0,00b 0,267 ± 0,072a 4,990 ± 1,089b 2,165 ± 0,007b 0,967 ± 0,014a 0,958 ± 0,018a

TP 0,014 ± 0,005a,b 0,021 ± 0,007a 0,809 ± 0,097b 0,106 ± 0,018a 0,100 ± 0,001b 16,500 ± 3,790a 6,855 ± 0,007a 1,009 ± 0,424a 0,954 ± 0,310a

TMH 0,015 ± 0,007a 0,022 ± 0,007a 0,918 ± 0,018a,b 0,002 ± 0,0009c There is no gel formation

*The acronym (TCT) refers to mechanical extraction with controlled temperature (90°C), (TMH) chemical extraction through wet milling and (TP) commercial flour obtained from the Sacha inchi cake by extrusion at 70°C. The use of different letters indicates 
statistically significant differences between the samples (p < 0.05).

https://doi.org/10.3389/fsufs.2025.1591362
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Narváez Cadena et al. 10.3389/fsufs.2025.1591362

Frontiers in Sustainable Food Systems 11 frontiersin.org

apparent viscosity as shear rate increases. This may be related to an 
internal structure that, under shear, increases friction due to 
interactions among partially reorganized polymers. Such behavior 
could result from the thermal treatment at 90°C applied during 
mechanical extraction, which may promote crosslinking or alignment 
of protein and polysaccharide components, forming a weakly 
expanding network under stress (Narváez Cadena et al., 2023; Polo 
Muñoz et al., 2025; García-Parra et al., 2022).

In contrast, TP showed a pseudoplastic behavior, characterized 
by a decrease in viscosity as shear rate increases. This behavior 
may be  linked to a more compact and cohesive structure, 
reinforced by the extrusion conditions (temperature and pressure), 
which likely favor protein–protein interactions and partial 
gelatinization. The higher consistency observed suggests a firmer 
matrix, which could be advantageous for applications requiring 
greater viscosity or structural body, such as doughs or semi-solid 
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FIGURE 6

Potential-z and particle size at 25°C, 40°C and 55°C, in buffer solutions at pH 4,5,7 and 9. Graphs (A,B) refer to TCT treatment; graph (C,D) refer to 
TMH; graph (E,F) refer to TP. The comparison of values was performed by bidirectional Anova between treatments and pH. *The acronym (TCT) refers 
to mechanical extraction with controlled temperature (90°C), (TMH) chemical extraction through wet milling and (TP) commercial flour obtained from 
the Sacha inchi cake by extrusion at 70°C.
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products (Muñoz-Pabon et  al., 2022; Polo Muñoz et  al., 2025; 
Córdoba-Cerón et al., 2023).

TMH also exhibited pseudoplastic behavior, though with lower 
shear stress compared to TP, suggesting a weaker, less cohesive 
internal structure. This could be  attributed to protein network 
disintegration during chemical treatment and the absence of 
intense thermal processing, which limits the formation of a robust 
structure. The low consistency observed supports this 
interpretation and suggests that the suspension may be  more 
suitable for low-viscosity applications, such as beverages or liquid 
formulations (Narváez Cadena et al., 2023; Roa-Acosta et al., 2020).

4.8.2 Pasting test
The measurement of the pasting curve was carried out with the 

purpose of inducing gel formation and analyzing the behavior of 
each treatment during the heating and cooling stages, simulating 
conditions similar to baking processes. As shown in Table 3, the 
TCT treatment presented a low maximum viscosity during heating 
(0.010 ± 0.006 Pa·s) and a non-significant increase during cooling 
(0.012 ± 0.006 Pa·s), indicating weak and inconsistent gel formation. 
This behavior may be  due to limited structural development, 
possibly associated with the extraction temperature (90°C) being 

FIGURE 7

Statistical analysis. Graph (A) shows the determination of the Z potential at 25°C in buffer solutions with pH 4, 5, 7 and 9 for the TP, TCT and TMH 
treatments. Graph (B) presents the statistical analysis of the Z potential. Graph (C) corresponds to the particle size measurement at 25°C in buffer 
solutions with pH 4, 5, 7 and 9 for the same treatments. Finally, graph (D) shows the statistical analysis of particle size. *The acronym (TCT) refers to 
mechanical extraction with controlled temperature (90°C), (TMH) chemical extraction through wet milling and (TP) commercial flour obtained from 
the Sacha inchi cake by extrusion at 70°C. The use of different letters indicates statistically significant differences between the samples (p < 0.05).
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FIGURE 8

Flow profile behavior. *The acronym (TCT) refers to mechanical 
extraction with controlled temperature (90°C), (TMH) chemical 
extraction through wet milling and (TP) commercial flour obtained 
from the Sacha inchi cake by extrusion at 70°C.
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insufficient to induce effective gelatinization or to establish a stable 
protein network (García-Parra et al., 2022; Roa-Acosta et al., 2020).

In the case of the TMH treatment, a slightly higher viscosity was 
observed during both heating (0.015 ± 0.007 Pa·s) and cooling 
(0.022 ± 0.007 Pa·s). However, a typical gel structure was not evidenced 
either, suggesting that the chemical treatment applied may have caused 
disintegration of proteins and polysaccharides, limiting the formation of 
a cohesive matrix (Narváez Cadena et al., 2023; Polo Muñoz et al., 2025).

For its part, the TP treatment reached a viscosity of 
0.014 ± 0.005 Pa·s during heating and 0.021 ± 0.007 Pa·s during 
cooling, showing better development of the structural network 
compared to TCT and TMH. These results suggest that the 
extrusion conditions applied (70°C and pressure) favored protein–
protein interactions and possible partial starch gelatinization, 
generating a more compact and flow-resistant structure. This 
behavior is desirable in applications where higher viscosity or 
body is required, such as semi-solid products or water-retentive 
formulations (Córdoba-Cerón et  al., 2023; Roa-Acosta 
et al., 2020).

4.8.3 Viscoelastic properties (amplitude sweep)
Figure 9 shows the viscoelastic behavior of the evaluated flours 

through amplitude sweep tests, where the storage modulus (G′), loss 
modulus (G″), and complex modulus (G*) are plotted as a function of 
applied strain. The results corresponding to the TCT treatment 
(Figure 9A) show a progressive decrease in both G′ and G″ as the strain 
increases, indicating a weak structure with a low linear viscoelastic 
limit (5.0 Pa), as shown in Table 3. This behavior can be attributed to 
the effect of the thermal treatment at 90°C combined with mechanical 
shear, which induces modifications in protein conformation (see 
Figures 5, 6), limiting the formation of strong and stable structural 
networks (García-Parra et al., 2022; Roa-Acosta et al., 2020).

In the case of the TMH treatment (Figure  9B), no defined 
crossover points between G′ and G″ was observed, indicating the 
absence of a gelled structure and an inability to withstand increasing 
deformation. This is related to the disruption of protein and 
polysaccharide networks caused by the chemical treatment, which 
compromises the integrity of the matrix and its ability to crosslink 
(Narváez Cadena et al., 2023; Polo Muñoz et al., 2025).

On the other hand, the TP treatment (Figure 9C) showed the most 
solid behavior, with the highest value for the linear viscoelastic limit 
(16.5 Pa) and a clear dominance of G′ over G″ over a wide range of 

deformation, reflecting a stronger and more stable gel structure. This 
result is related to the extrusion conditions applied (70°C and 
pressure), which favor the formation of a cohesive structural network 
through protein–protein interactions and partial starch gelatinization. 
Moreover, TP exhibited the highest G′ value in the cross-linking stage 
(6,355 Pa), suggesting a greater capacity for elastic energy storage, 
which is desirable in products requiring firmness and textural stability 
(Córdoba-Cerón et al., 2023; Roa-Acosta et al., 2020).

5 Conclusion

The results obtained in this study demonstrate that the applied 
extraction methods have a significant impact on the chemical 
composition, functional properties, and nutritional value of Sacha inchi 
flours and cakes. In particular, thermo-mechanical and extrusion 
treatments notably improved protein concentration (up to 75.3%) and 
antioxidant capacity, as measured by DPPH, ABTS, and FRAP assays. 
However, these improvements were accompanied by a decrease in 
protein digestibility, likely due to structural changes induced by heat. 
On the other hand, the TMH treatment showed higher digestibility 
(84%) and more effective preservation of lipids and carbohydrates, 
although with a lower reduction of antinutritional factors. In contrast, 
thermal and industrial treatments were more effective in reducing 
tannins, phytates, and saponins. FTIR spectroscopic analysis revealed 
significant structural changes in proteins, lipids, and carbohydrates, 
supporting the physicochemical observations. Altogether, these findings 
highlight the importance of properly selecting the extraction method 
according to the desired functional and nutritional profile, thus favoring 
its application in the development of high value-added food ingredients.
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