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Abstract

Andean crops can be efficiently incorporated into food industrialization after the character-
ization of their components. This study evaluated tarwi (Lupinus mutabilis Sweet) flours
from three ecotypes: PNTF (punto negro), WTF (white), and MTF (moro), with a particle
size of 125 um, analyzing their color, proximate composition, amino acid profile, bioactive
compounds, and spectroscopic, thermal, and microstructural properties. Significant dif-
ferences among ecotypes were determined at p < 0.05. The white ecotype showed greater
accumulation in Dx (50), while black point exhibited the highest Dx (90), indicating a higher
proportion of large particles. Regarding color, WTF presented the highest lightness and
whiteness index, PNTF intermediate values, and MTF the darkest coloration, with greenish
tones in black point and reddish tones in moro. The MTF ecotype showed the highest
protein content (56.28%) and higher levels of essential amino acids, with methionine being
the limiting amino acid. It also contained phenolic compounds ranging from 29.97 to
35.49 mg GAE/100 g, flavonoids from 9.36 to 10.8 mg quercetin/100 g, and antioxidant
capacity measured by DPPH ranging from 25.79 to 55.30 mg TE/100 g, particularly notable
in MTE. PNTF stood out for its dietary fiber (5.93%) and carbohydrate (17.22%) content.
Infrared spectroscopy analysis revealed a similar macromolecular fingerprint among the
samples. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
indicated greater thermal stability in MTFE. Scanning Electron Microscopy (SEM) revealed
greater compaction of irregular particles in MTF and greater dispersion in PNTE. These
results support the differentiated valorization of tarwi ecotypes as complementary raw
materials for the development of high-value-added foods in the current food industry.

Keywords: tarwi ecotypes; aminoacid profile; bioactive compounds; thermal behavior of
flours; flour micrograph

1. Introduction

Growing demand for sustainable protein sources has increased interest in legumes
due to their high nutritional value, bioactive compound content, and lower environmental
impact compared with animal-derived protein sources [1,2]; in that scenario, tarwi (Lupinus
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mutabilis Sweet), an Andean species belonging to the Fabaceae family, stands out for its
high protein (32-56%), lipid (up to 24%), dietary fiber, essential amino acid, particularly
lysine, and antioxidant compound contents, making it a promising raw material for the
development of functional ingredients and plant-based foods [3-5]. Nevertheless, the
chemical composition and functional properties of L. mutabilis exhibit considerable vari-
ability among varieties and ecotypes, which has been attributed to both genetic factors
and agronomic growing conditions [6-8], such variability is also reflected in seed pigmen-
tation, which ranges from light to dark colors depending on the ecotype. In this regard,
darker seeds have been associated with a greater accumulation of phenolic compounds
and higher antioxidant capacity, traits closely related to the functional quality and bioactive
potential of legumes [9,10]. Recent studies have further demonstrated that the functional
and technological properties of L. mutabilis depend not only on its chemical composition
but also on the structural organization of proteins, lipids, and polysaccharides, which
directly affects thermal stability and processing performance [9,11]. Despite these advances,
the relationship between nutritional composition, bioactive compounds, and molecular
structure remains insufficiently understood, particularly in local Andean ecotypes.

This limitation is especially relevant in Andahuaylas (Peru), a region characterized
by a wide genetic diversity of L. mutabilis, where the white flour (WTF), moro (MTF), and
punto negro (PNTF) ecotypes are traditionally cultivated. Despite their agronomic and
nutritional importance, information regarding their nutritional, bioactive, and structural
characteristics remains scarce, and no studies have comprehensively compared these
ecotypes using a unified methodological approach. Consequently, a significant knowledge
gap persists regarding the influence of genetic variability on the nutritional, bioactive, and
structural properties of L. mutabilis ecotypes.

Therefore, the aim of the present study was to comprehensively characterize and
compare the physical, nutritional, bioactive, and structural properties of three Lupinus
mutabilis ecotypes from Andahuaylas, Peru, using particle size distribution, colorimetric,
compositional, amino acid, spectroscopic (FTIR), thermal (DSC and TGA), and microstruc-
tural (SEM) analyses. This approach was intended to improve the understanding of how
genetic variability affects the functional quality of tarwi and to identify ecotypes with
potential applications in the development of high-value food ingredients.

2. Material and Methods
2.1. Materials

The Lupinus mutabilis Sweet seeds from the white, moro, and punto negro ecotypes
were cultivated under the same conventional agronomic practices and were obtained
from the Sunday market in the province of Andahuaylas, located in the south-central
region of the Peruvian Andes (13°10" and 13°50’ south latitude, and 73°10" and 73°50’ west
longitude). The samples correspond to the 2023 production period. Subsequently, they
were stored at room temperature (20 + 5 °C) in airtight containers until processing.

2.2. Processing of Lupinus mutabilis Sweet Flour

The Lupinus mutabilis Sweet seeds were selected, removing impurities and mechanical
damage. They were then debittered following the methodology of Cortés-Avendario [12].
In summary, 1 kg of seeds from each ecotype was soaked in water (1:6, w/v) for 12 h at
room temperature. Subsequently, they were boiled for 1 h (seeds/water, 1:3, w/v), replacing
the water every 30 min. After cooking, the seeds were washed with running water for
5 days and dried at 40 °C for 24 h. Finally, they were ground using a disc mill (Maqorito
MQMP2040 model, Lima, Peru) until a particle size smaller than 125 um was obtained
(according to ASTM E11-24 [13]). Larger particles from the first milling were reprocessed

https:/ /doi.org/10.3390/appliedchem6030044


https://doi.org/10.3390/appliedchem6030044

AppliedChem 2026, 6, 44

30f22

until the desired particle size was achieved. The samples were stored in airtight bags at
20 £ 5 °C until analysis.

2.3. Analytical Determinations
2.3.1. Particle Size and Polydispersity Analysis

The particle size of the flours was measured using a Mastersizer 3000 analyzer
(Malvern Instruments, Worcestershire, UK), dispersing the samples in isopropanol. It
was expressed as the volume-weighted mean diameter (D 4,3), and polydispersity was
evaluated using the span index, calculated according to Equation (1).

D(0.9) — D(0.1)

SPan = =5 05)

1)
where D (0.1), D (0.5), and D (0.9) correspond to the particle diameters at 10%, 50%, and
90% of the cumulative particle size distribution, respectively.

2.3.2. Color Measurement

Color parameters were evaluated following the methodology of Chiumarelli and
Barrial-Lujan [14,15], with some modifications. A CR5 colorimeter (Konica Minolta Sensing
Inc., Osaka, Japan) was used to measure lightness (L*) and the a* and b* coordinates. In
addition, chroma (C¥), hue angle (h*), and whiteness index (WI) were calculated according
to Equations (2), (3), and (4), respectively.

b*
* -1 7
h* = tan <a*> )
C* =\ a2+ b+ (3)
WI =100 — \/(100 —L*)? +a*2 4 b*? (4)

2.3.3. Proximate Composition and Aminoacid Profile

The proximate analysis of Lupinus mutabilis Sweet flour from different ecotypes was
performed using AOAC methods. Moisture was determined by oven drying (SLW-115STD
stove, Wodzistaw Slaski, Poland) [16], protein by the Kjeldahl method [17], fat content
was determined by direct Soxhlet extraction [18], and dietary fiber AOAC was mea-
sured using the method cited by McCleary [19]. Ash content was determined gravimetri-
cally [20], and carbohydrates were calculated by difference and expressed as carbohydrate
content = 100 — (% Protein + % Fat + % Ash + % Fiber + % Moisture) [21].

The amino acid profile of Lupinus mutabilis Sweet flours local were identified and
quantified by liquid chromatography. Briefly, approximately 0.5 g of flour sample was
hydrolyzed with 6 N HCI (HCI, 37%, Sigma-Aldrich, St. Louis, MO, USA) under nitrogen at-
mosphere at 110 °C for 24 h. After hydrolysis, the samples were cooled, filtered, and diluted
with ultrapure water prior to chromatographic analysis. Amino acids were subsequently
identified and quantified using an Agilent 1200 High-Performance Liquid Chromatography
(HPLC) system equipped with a diode-array detector (DAD) and a Zorbax Eclipse C18
column (4.6 mm x 75 mm, 3.5 um) coupled to a guard column (12 mm x 4.6 mm X 5 um)
(Agilent Technologies Inc., Santa Clara, CA, USA). The mobile phase consisted of phosphate
buffer (Merck KGaA, Darmstadt, Germany) (pH 7.8) (solvent A) and acetonitrile:methanol
(45:45:10, v/v/v) (solvent B). Chromatographic separation was performed at 40 °C with
a flow rate of 1.0 mL min~! and a total run time of 55 min. Amino acids were derivatized
using o-phthalaldehyde (OPA) for primary amino acids and 9-fluorenylmethyl chloro-
formate (FMOC) (Agilent Technologies Inc., CA, USA) for secondary amino acids, and
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detected at 262 and 336 nm. Quantification was carried out by external calibration using
certified amino acid standards, and results were expressed as g amino acid per 100 g flour.

2.3.4. Bioactive Compounds
Methanolic Extraction

Extraction was carried out following the methodology of Kim [22] with slight modifi-
cations. Samples were prepared by dissolving 2 g of tarwi flour in 10 mL of 80% methanol
(PanReac AppliChem, Barcelona, Spain). The mixture was vortexed (IKA, VORTEX 3 S000,
Baden-Wiirttemberg, Germany) for 1 min at 2500 rpm and allowed to stand for 24 h at
2 °C in the dark. Subsequently, the samples were sonicated (BRANSONIC, CPX5800-E,
Danbury, CT, USA) for 10 min and centrifuged at 10,000 rpm for 15 min at 10 °C. The
resulting extracts were used for the determination of total phenolic compounds, flavonoids,
and antioxidant capacity.

Phenolic Compounds

Total phenolic content (TPC) was determined by spectrophotometry using the Folin—
Ciocalteu method. The procedure described by Kim and Madrera [22,23] was followed
with modifications. Folin—Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO, USA) (0.2 N),
20% NapCOj3 solution (Sigma-Aldrich, St. Louis, MO, USA), and gallic acid standard
(Sigma-Aldrich, St. Louis, MO, USA) (200 mg/L) were prepared. The reactions were
carried out in a 96-well microplate (Immuno Plate, Winooski, VI, USA), where 50 pL of
extract, 100 pL of Folin—Ciocalteu reagent, and 100 pL of Na,CO3 were added. For the
blank, the extract was replaced with 50 pL of ultrapure water. The mixture was allowed
to react for 15 min, after which the multimode microplate reader (Synergy H1, Winooski,
VT, USA) was programmed with shaking at maximum intensity for 10 s and incubation
for 30 min. Absorbance was measured at 725 nm. For calibration, a gallic acid standard
solution was used at concentrations of 10, 25, 50, 100, 150, and 200 mg/L. All measurements
were performed in triplicate, and total phenolic content was expressed as milligrams of
gallic acid equivalents per 100 g of flour (mg GAE /100 g).

Total Flavonoid Content

The aluminum chloride colorimetric method was used to determine the total flavonoid
content of the sample, following the methodology proposed by Sharma and Pekal [24,25],
with modifications. In the wells of a 96-well microplate (Immuno Plate, Winooski, VT,
USA), 4.5 pL of extract, 290 uL methanol (Scharlab S.L., Barcelona, Spain) to 80%, and
6 uL of AICl3 (Merck KGaA, Darmstadt, Germany) to (5%) were added; for the blank, the
extract was replaced with 4.5 uL of ultrapure water. The mixture was allowed to react for
15 min in the dark and was then programmed in a multimode microplate reader (Synergy
H1, Winooski, VT, USA) with shaking at maximum intensity for 30 s and incubation for
30 min. Absorbance was recorded at 425 nm. For calibration, quercetin standard solution
was used at concentrations of 5, 10, 25, 50, and 100 mg/L. Results were expressed as mg
quercetin/100 g.

Antioxidant Capacity

To determine the antioxidant capacity of flour from different ecotypes of Lupinus
mutabilis Sweet, the DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical method was used
(HIMEDIA, Mumbai, India) [26]. The calibration curve was constructed using Trolox
(6-hydroxy-2,5,7 8-tetramethylchroman-2-carboxylic acid) (Sigma-Aldrich, St. Louis, MO,
USA) with slight modifications. The reaction was carried out in a 96-well microplate
(Immuno Plate, Winooski, VT, USA), where 14 uL of extract and 261 pL. of DPPH were
added. For the blank, the extract was replaced with 14 uL of methanol. The multimode
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microplate reader (Synergy H1, Winooski, VI, USA) was programmed with shaking at
maximum intensity for 10 s and incubation for 15 min at room temperature. Absorbance
was measured at 515 nm, and results were expressed as pmol Trolox equivalents per 100 g
(umol TE/100 g).

2.3.5. Determination of Functional Groups

Functional groups present in Lupinus mutabilis Sweet flours were characterized using
ATR-FTIR spectroscopy, employing a Nicolet IS50 instrument (Thermo Fisher Scientific,
Waltham, MA, USA), following the method of Zhao [27]. The analysis was performed
in the mid-infrared range (4000-400 cm™1), with 32 scans and a resolution of 8 cm™!,
applying advanced correction for the diamond crystal. The angle of incidence was 45°, and
a refractive index of 1.50 was used, conditions typically applied for the identification of

functional groups in organic and food matrices [28].

2.3.6. Thermal Behavior Analysis

The thermal stability of the flours was evaluated using differential scanning calorime-
try (DSC 2500, TA Instruments, New Castle, DE, USA). A 7 mg sample of hydrated flour
(1:2 w/v ratio) was weighed into sealed aluminum pans. The analysis was performed from
25 to0 300 °C at a heating rate of 5 °C/min, under a nitrogen flow of 50 mL/min to maintain
controlled conditions [28,29]. The thermal decomposition of tarwi flours was evaluated
following the methodology of Taipe [28], using a thermogravimetric analyzer (TGA550,
TA Instruments, New Castle, DE, USA). A 10 mg sample was subjected to temperatures
ranging from 25 to 600 °C at a heating rate of 10 °C/min. Weight loss was recorded as
a function of temperature, indicating the decomposition or volatilization of the different
components present in the sample.

2.3.7. Structural Analysis of Flours

The surface morphology of the samples was observed using scanning electron mi-
croscopy (SEM) with a Quanta 200 system (Thermo Fisher Scientific, Hillsboro, OR, USA),
operating at 25 kV and 1000 x magnification. The analysis was complemented by energy-
dispersive X-ray spectroscopy (EDX) using an Oxford Inca 350 detector (Oxford Instru-
ments, Oxford, UK). Sample preparation and analytical conditions followed the procedures
described by Taipe [28]. Images were acquired under low-vacuum conditions using ABS
and LVD detectors, at an operating pressure of 0.07 Torr.

2.4. Statistical Analysis

All measurements were carried out in triplicate, and the results were expressed as
mean values =+ standard deviation. Statistical analysis was performed using analysis of
variance (ANOVA) to evaluate differences among treatments and their interactions. Mean
comparisons were conducted using Fisher’s least significant difference (LSD) test at a 95%
confidence level (p < 0.05). All analyses were performed using Statgraphics Centurion
XVIII (StatPoint Technologies Inc., The Plains, VA, USA). The graphical representation of the
data was generated using OriginPro 8.0 software (OriginLab Corporation, Northampton,
MA, USA).

3. Results
3.1. Particle Size of Lupinus mutabilis Sweet Flour

Particle size distribution influences the properties and quality of particulate ma-
terials. Figure 1 shows the granulometric analysis of tarwi flours (white, moro, and
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punto negro) using the Dx (10), Dx (50), and Dx (90) parameters, which describe the
cumulative distribution.

120
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Figure 1. Dx (10), Dx (50), and Dx (90) correspond to the 10th, 50th and 90th percentiles of the particle
size distribution, respectively. Different letters indicate significant differences (LSD, p < 0.05).

The Dx (10) values ranged from 4.6 £ 0.07 to 8.08 £ 0.61 um, showing significant
differences among samples (p < 0.05); the white and moro ecotypes accounted for 7%, while
the punto negro ecotype represented 2% of the total particulate material (Figure 1). For
Dx (50), values fluctuated between 17.47 £ 0.73 and 69.50 £ 1.28 um, indicating that the
white ecotype showed a higher cumulative proportion (28%) compared to the punto negro
ecotype (p < 0.05). Regarding Dx (90), the punto negro ecotype exhibited the largest particle
size (323.67 £ 2.6 um) with the highest relative accumulation (81%) compared to the other
ecotypes (p < 0.05), indicating a particle size distribution dominated by larger particles
relative to the Moro and white ecotypes. The span values indicated differences in particle
size distribution among ecotypes. The white (2.13) and moro (2.38) flours showed relatively
homogeneous distributions, whereas the black-point ecotype exhibited a much higher span
(4.54), indicating a broader and more heterogeneous particle size distribution with the
presence of both fine and coarse particles.

3.2. Color of Lupinus mutabilis Sweet Flour

Table 1 presents the color parameters of tarwi flours after debittering processing
corresponding to the three ecotypes. Significant differences (p < 0.05) were observed across
all analyzed parameters: lightness (L*), color coordinates (a* and b*), chroma (C*), hue angle
(h*), and whiteness index (WI) indicating variations in the composition and structure of the
plant material.
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Table 1. Color parameters of Lupinus mutabilis Sweet flours.
White Ecotype Moro Ecotype Pu]r; to Negro
Parameters cotype
X+ SD x+ SD x+ SD
L* 78.55 £ 0.05 ¢ 7472 £0.19°2 77.23 +0.36 °
a* —0.048 £0.00° 0.467 £ 0.03 € —0.383 +0.00 P
b* 25.62 £ 0.63 P 25.54 £ 0.23P 20.27 +0.07 2
c* 25.62 £ 0.63 P 25.54 +0.23° 20.28 +0.07 2
h* 90.11 +£0.012 268.95 £+ 0.07 © 91.08 £ 0.02°
WI 69.51 +£0.31°¢ 64.06 £0.30? 66.59 + 0.46 P

Note. Values are expressed as X: mean; SD: standard deviation (n = 3); L¥, lightness; a* and b* represent the
CIELAB color coordinates; C*, chroma; h*, hue angle; WI, whiteness index. Different letters indicate significant
differences (LSD, p < 0.05).

The flour from the white ecotype flour showed the highest lightness (78.55, close to
100), followed by the punto negro ecotype, while the moro ecotype flour presented the
lowest values (p < 0.05) (Table 1). The difference between white and moro corresponds to
an approximate 4.7% reduction in lightness, whereas punto negro showed an intermediate
decrease of 1.7% relative to white, confirming that the former is the lightest and moro
the darkest. Regarding the a* parameter, the white flour presented values close to zero
(—0.05), indicating chromatic neutrality, punto negro showed significant negative values
associated with greenish tones, while moro exhibited positive values linked to reddish hues.
These differences indicate clear color variations among the ecotypes, potentially reflecting
differences in the composition and abundance of phenolic compounds in the seeds. For
the b* parameter, White and moro showed similar values, whereas punto negro presented
significantly lower values, indicating an approximate 20.9% reduction in yellow hue and,
therefore, a less warm color. chroma (C*) followed a similar pattern to b*, with higher
values in white and moro flours and lower values in punto negro, confirming lower color
saturation in the latter (20.9% less than white). The hue angle (h*) was similar in white and
punto negro, close to 90° (yellow-green tones), while moro flour showed a higher value
above 268°, reflecting a completely different hue. Finally, the whiteness index was highest
in the white ecotype (69.51), followed by punto negro and moro. Compared to the latter,
white was 8.5% higher and punto negro 3.9% higher, confirming that the white ecotype has
the lightest flour, in agreement with its higher lightness value.

3.3. Proximate Composition and Aminoacid Profile of Lupinus mutabilis Sweet Flour

Table 2 presents the mean values of the proximate composition and amino acid profile
of tarwi flours after debittering processing corresponding to the PNTE, WTE, and MTF
ecotypes, showing statistically significant variations in their contents (p < 0.05).

The fat content was slightly higher in WTF, exceeding MTF by approximately 4.7%,
while the difference between WTF and PNTF was 1.9% (Table 2). This variation could
mainly be attributed to genetic differences among ecotypes, which influence the seed’s
lipid accumulation capacity and may also vary according to the specific metabolism of each
variety. Regarding ash content, MTF showed the highest value (3.85%), exceeding PNTF by
19.9% and WTF by 12.6%, suggesting a higher mineral content in this ecotype. In terms of
dietary fiber, PNTF presented the highest content (5.93%) and contained approximately
37.6% more fiber than MTF and 4.0% more than WTF. For carbohydrates, PNTF also
recorded the highest value (17.22%), followed by WTF and MTE. The difference between
PNTF and MTF is 17.9%, while compared to WTF it is 3.9%. For protein content, MTF
(56.28%) was the highest among WTF and PNTFE. MTF exceeded WTF by 5.1% and PNTF
by 5.0%, standing out as the ecotype with the greatest protein value.
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Table 2. Proximate composition and aminoacid profile of Lupinus mutabilis Sweet flour.
Macronutrients PNTF WTF MTF
(/100 g bs) X+ SD X+ SD X+ SD
Fat 26.03 +0.02° 26.53 £0.02°¢ 2533 £0.032
Ash 321£0.022 3.42 4+0.02° 3.85£0.02°¢
Dietary fiber 5.93 £0.06 ¢ 5.70 +0.08 P 431+£0012
Carbohydrates 17.22 £0.06 ¢ 16.58 £ 0.15° 14.61 £0.102
Protein 53.60 £0.03 2 53.53 +0.02° 56.28 +0.02 ¢
Aminoacids (gaa/100 g)
Aspartic acid 5.01+0.012 5.11+0.01° 510+ 0.01°
Glutamic acid 11.11+0.01° 11.21 4+ 0.01° 11.31 £ 0.02°¢
Serine 2.80£0.012 280+0.012 280+£0.012
Glycine 1.80 £ 0.002 1.89 +£0.01° 1.90 £0.01°
Histidine 1.02 +0.02° 1.01 £0.01° 1.00 £ 0.01°
Threonine 3.09+0.01° 290+£0.012 321£001¢
Alanine 129 £0.01° 122 +£0.02° 129 £0.02°
Arginine 331£0.012 3.4140.01° 3.40 +0.01°
Proline 201+£0.012 200£0.012 201£0012
Tyrosine 1.70£0.01% 1.79 £ 0.01° 190 £0.01°¢
Valine 2.00£0.012 200+£0.012 2.02+£0.022
Methionine 0.3140.01° 019+0.012 0.30 +£0.01°
Isoleucine 2.4140.01° 230+£0.012 251£0.01¢
Leucine 42040017 4.32£0.02° 431+£0.01°
Phenylalanine 2404+ 0.01° 230+0.012 2514+0.01°¢
Lysine 290+0.01% 3.1140.01° 3.1140.01°
Tryptophan 031+0.017 030+0.012 031+£0.022

Note: ¥: mean; SD: standard deviation (n = 3); WTF: white tarwi flour; MTF: moro tarwi flour; PNTF: Punto negro
tarwi flour. Different letters indicate significant differences (LSD, p < 0.05).

The aminoacid profile of tarwi flours showed a clearly structured distribution among
the three evaluated ecotypes. In all cases, glutamic acid was the predominant amino acid,
with MTF showing the highest value (11.31 g/100 g), exceeding PNTF by approximately
1.8% and WTF by 0.9% (Table 1). Similarly, aspartic acid showed very close values among
ecotypes, with WTF being slightly higher (2.0% more than PNTF). MTF exhibited higher
concentrations in several cases: for threonine, MTF (3.21 g/100 g) exceeded WTF by
10.7% and PNTF by 3.9%. In isoleucine, MTF exceeded WTF by 9.1% and PNTF by 4.1%.
Likewise, in phenylalanine, MTF exceeded WTF by 9.1% and PNTF by 4.6%. For leucine,
MTF (4.31 g/100 g) was slightly higher than WTF (0.2%) and PNTF (2.6%). For lysine, MTF
showed the highest value (3.11 g/100 g), exceeding PNTF by 7.2% and WTF by a similar
proportion. On the other hand, some amino acids were slightly higher in WTF, such as
glycine, which exceeded PNTF by 5.0%, although the difference with MTF was minimal
(0.5%). Methionine was higher in PNTF (0.31 g/100 g), exceeding WTF by 63.2% and
MTF by 3.3%, making this one of the few cases where PNTF clearly stands out. Overall,
percentage differences among ecotypes ranged from low values (<5%) to moderate values
(up to 10%), except for specific amino acids such as methionine. However, serine, histidine,
proline, valine, and tryptophan showed no statistically significant differences among the
evaluated ecotypes (p > 0.05), indicating that their concentrations remained relatively
constant regardless of tarwi ecotype.

This distribution indicates that, although tarwi has a high protein content and a good
proportion of essential amino acids, the low presence of sulfur-containing amino acids such
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as methionine suggests a potential nutritional limitation, which is a common characteristic
in legumes.

3.4. Bioactive Compounds of Lupinus mutabilis Sweet Flour

Table 3 shows the mean values of phenolic compound content, flavonoids, and an-
tioxidant capacity measured by DPPH, where significant differences among bioactive
components are observed, indicating variability attributable to the ecotype (p < 0.05).

Table 3. Total phenolic content, flavonoid content, and antioxidant capacity of tarwi flour.

Phenolic Compounds (mg GAE/100 g) Flavonoids (mg Quercetin/100 g)

DPPH Antioxidant Capacity (mg
ET/100 g)

Sample
X + SD X + SD X + SD
WTF 29.97 + 0.014 ¢ 9.36 + 0.36 ¢ 25.79 + 0.91°¢
MTF 35.49 =+ 0.018% 10.80 =+ 1.18% 55.30 + 3.635%
PNTF 34.05 + 0.018° 10.24 + 0.44° 41.02 + 0.22b

Note: x: mean; SD: standard deviation (n = 3); WTF: white tarwi flour; MTF: moro tarwi flour; PNTF: Punto negro
tarwi flour. Different letters indicate significant differences (LSD, p < 0.05).

Regarding phenolic compounds, the MTF ecotype (35.49 mg GAE/100 g) showed
the highest value, exceeding PNTF by approximately 4.2% and WTF by 18.3%. Similarly,
in flavonoids, MTF (10.8 mg quercetin/100 g) was higher than PNTF by 5.5% and WTF
by 15.4%. Regarding DPPH antioxidant capacity, the MTF ecotype showed the highest
antioxidant capacity, exceeding that of the PNTF ecotype by 34.8% and exhibiting 2.1 times
greater than that observed in the WTF ecotype (p < 0.05). In this sense, the MTF ecotype pre-
sented the highest values across the evaluated components, suggesting a greater presence
of bioactive compounds and, consequently, a higher antioxidant capacity. These variations
can mainly be explained by genetic differences among ecotypes, which influence the syn-
thesis of secondary metabolites. In addition, grain pigmentation plays an important role, as
darker-colored ecotypes such as MTF tend to present higher concentrations of phenolic com-
pounds and flavonoids, which are responsible both for coloration and antioxidant capacity.
In contrast, WTF ecotype with lower pigmentation, tends to accumulate lower amounts
of these compounds, while PNTF shows an intermediate behavior. Overall, these results
indicate that the MTF ecotype is the most outstanding due to its higher content of bioactive
compounds and superior antioxidant capacity, suggesting better functional quality.

3.5. Determination of Functional Groups by Infrared Spectrophotometry

Figure 2 shows that the three tarwi flours after debittering processing present similar
IR spectra. The band at 3290 cm ™! corresponds to O-H/N-H stretching, associated with
water and polysaccharides, whose high intensity indicates strong molecular interaction
with water. The signal at 2938 cm ! reflects the asymmetric CH, stretching of lipids. The
bands at 1634 cm~! (Amide I, C=0) and 1538 cm ! (Amide II, N-H bending) confirm the
presence of proteins. At 1427 cm~!, COO~ stretching of fatty acids is observed, while
1250 cm~! corresponds to P-O stretching, related to Amide III. The signal at 1075 cm !
confirms C-O stretching typical of carbohydrates and fiber. Finally, the band at 670 cm ! is
associated with C-H bending attributable to aromatic amino acids or secondary metabolites.
The overlap of the spectra indicates that the three tarwi varieties share a common macro-
molecular fingerprint, with differences only in the relative proportion of proteins, lipids,
and carbohydrates. The higher relative intensity of amide bands compared to carbohydrate
bands confirms the high protein content of tarwi. Likewise, the C-H band (2938 cm ') and
slight variations in the 1200-1000 cm ! region reflect the presence of lipids and possible
amylose-lipid complexes.
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Figure 2. Fourier Transform Infrared (FTIR) Spectroscopy spectra curves of white (WTF), moro (MTF),
and punto negro (PNTF) tarwi flours.

Table 4. Summary of the principal FTIR absorption bands identified in tarwi (Lupi-
nus mutabilis Sweet) flours, including wavenumber assignments, functional groups, and
associated biochemical constituents. The differences observed among the ecotypes were
primarily reflected in the relative intensity of the FTIR bands rather than in significant
shifts in wavenumber positions (Table 4), indicating a similar chemical composition but
differences in the relative proportions of proteins, lipids, and polysaccharides (Table 2).
This behavior is characteristic of materials belonging to the same species, where genetic
variability modifies the accumulation of storage compounds without substantially altering
the functional groups present [11]. In this context, the variations observed in the intensity of
the Amide I and Amide II bands, as well as in the polysaccharide region (1200-1000 cm 1),
were consistent with the differences found in the proximate composition, suggesting that ge-
netic variability influences the partitioning and accumulation of proteins and carbohydrates
during seed development [6,30].

Table 4. Wavenumber assignments, functional groups, and biochemical interpretation of FTIR spectra
of tarwi (Lupinus mutabilis Sweet) flour.

Wavenumber Associated

(cm—1)

PNTF

WTF

MTF

Assignment

Biochemical

Structural Interpretation

~3290

~2938

~1634

~1538

~1427

O-H and N-H

stretching vibrations

C-H asymmetric
stretching

Amide I (C=0
stretching)

Amide IT (N-H
bending and C-N
stretching)

CH, bending
vibrations

Bound water,
proteins

Lipids, aliphatic
chains

Proteins

Proteins

Proteins, lipids

Hydrogen bonding interactions
associated with proteins and
adsorbed water.

Reflects fatty acid aliphatic
groups and lipid content.

Associated with peptide bonds
and protein secondary structure
(a-helix and p-sheet).

Indicates the presence and
conformation of storage
proteins.

Related to aliphatic structures
and intermolecular interactions.
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3.6. Thermal Behavior Analysis of Lupinus mutabilis Sweet Flour

Figure 3 shows the DSC thermograms of WTF, MTF, and PNTF flours. All samples
exhibit similar thermal profiles; however, differences are observed in their transition
temperatures and the energy required for these transitions, indicating variations in their
thermal behavior.

Endothermic heat flow

\ ——PNTF
WTF
MTF

135 150 165 180 195 210 225
Temperature (°C)

Figure 3. Differential Scanning Calorimetry (DSC) thermograms of white (WTF), moro (MTF), and
punto negro (PNTF) tarwi flours.

Figure 3 shows the DSC (Differential Scanning Calorimetry) thermograms of PNTF,
WTE, and MTE. All three ecotypes exhibited two main endothermic events associated with
structural changes in the macromolecular components of the matrix. The first transition,
occurring between 148 and 153 °C, may be attributed to the release of strongly bound water,
partial denaturation of globular proteins, and the reorganization of secondary structures.
The second endothermic event, observed between 205 and 215 °C, showed greater intensity
and was associated with more extensive matrix transformations, including advanced
protein denaturation, disruption of protein polysaccharide and protein-lipid interactions,
and the initial degradation of more thermally resistant structural compounds. Within this
temperature range, the MTF ecotype exhibited a lower transition temperature (205 °C) than
WTF and PNTE, suggesting that conformational changes and molecular reorganization
occurred at relatively lower temperatures. However, this behavior should not be interpreted
as lower overall thermal stability, since DSC evaluates energetic transitions rather than the
resistance of the matrix to thermal degradation. Therefore, WTF and PNTF required higher
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temperatures to induce these transitions, indicating greater stability of their molecular
structures against the endothermic events evaluated.

Figure 4 shows the TGA and DTGA thermograms of WTE, MTF, and PNTF flours after
debittering processing, which exhibited similar thermal degradation patterns characterized
by two main mass-loss stages. The first stage (Z1), occurring between 53 and 65 °C, was
mainly associated with the removal of adsorbed water and resulted in mass losses of
3.5% (WTE), 6.0% (MTF), and 4.7% (PNTEF). The higher mass loss observed in MTF may
be associated with a greater moisture-retention capacity or stronger interactions between
water molecules and matrix components. The second stage (Z2), occurring approximately
between 335 and 360 °C, corresponded to the degradation of proteins, polysaccharides,
and lipids, representing the main thermal decomposition event of the samples. During
this stage, mass losses reached 80.9% (WTF), 77.7% (MTF), and 79.5% (PNTEF). Although
MTF exhibited a slightly lower mass loss, the temperatures of maximum degradation
occurred within a narrow range among the three ecotypes, indicating comparable thermal
degradation behavior. Therefore, the small differences observed in mass loss may be
attributed to variations in the composition and structural organization of the sample
matrices rather than to substantial differences in overall thermal stability. The final residue
was similar among ecotypes, reaching 15.8% (WTEF), 16.5% (MTF), and 16.5% (PNTF),
values mainly attributable to mineral compounds and thermally resistant carbonaceous
structures. Overall, the TGA results suggest that the three ecotypes exhibited comparable
resistance to thermal degradation.
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80
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20 22=71.7%
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Figure 4. Thermogravimetric analysis (TGA) curves and derivative thermogravimetric analysis
(DTGA) curves of white (A), moro (B), and punto negro (C) tarwi flours.

3.7. Structural Analysis of Lupinus mutabilis Sweet Flours

The SEM micrographs of tarwi flours after the debittering process (Figure 5) revealed
differences in particle organization and aggregation among ecotypes, suggesting that genetic
variability influences not only chemical composition but also the microstructural arrangement
of storage compounds. These differences were consistent with the proximate composition
and elemental analysis (EDS), particularly with variations in protein, carbohydrate, fiber, and
nitrogen content. The WTF ecotype exhibited larger particles with an irregular morphology
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and heterogeneous distribution, characterized by moderate aggregation and rough surface
features. These structural characteristics suggest a less compact organization of storage com-
ponents, likely associated with its lower nitrogen content (12.8%), which serves as an indirect
indicator of reduced protein concentration. The presence of angular particles and irregular
fracture planes indicates that brittle fracture mechanisms predominated during milling, result-
ing in the disruption of the cellular matrix. Furthermore, the lower aggregate density may
reflect weaker protein—polysaccharide interactions, thereby limiting the formation of cohesive
particle networks. From a functional perspective, the rough and irregular particle surfaces may
provide a greater specific surface area, potentially enhancing water adsorption capacity. In
contrast, the MTF ecotype displayed a more compact and highly agglomerated microstructure,
consistent with its higher protein content and elevated nitrogen concentration (14.2%). The
greater accumulation of storage proteins, particularly conglutins, may promote intermolecular
associations through hydrogen bonding, hydrophobic interactions, and protein-lipid com-
plex formation, leading to the development of denser and more cohesive particle networks
that enhance matrix structural integrity and physical stability. This interpretation is further
supported by the higher relative intensities of the Amide I and Amide II bands observed in
the FTIR spectra, indicating a greater contribution of proteinaceous components to the flour
matrix. Conversely, the PNTF ecotype exhibited a more homogeneous and slightly dispersed
microstructure, characterized by lower aggregation and greater particle individualization.
This behavior was consistent with its higher carbohydrate (17.22%) and dietary fiber (5.93%)
contents, as a greater proportion of structural polysaccharides may restrict protein—protein in-
teractions while increasing matrix rigidity after milling. Consequently, these structural features
may promote improved particle dispersibility and faster hydration kinetics. Moreover, the
greater dispersion observed in PNTF may facilitate water penetration, enhance reconstitution
behavior in aqueous systems, and increase the accessibility of bioactive compounds during
gastrointestinal digestion, potentially improving their bioavailability. Thus, MTF appears to
allocate a greater proportion of nitrogen to protein synthesis, whereas PNTF accumulates
relatively more carbon in the form of structural carbohydrates and dietary fiber. Overall,
the SEM, EDS, and proximate composition results indicate that genetic variability among
tarwi ecotypes modulates the spatial organization of proteins, lipids, and polysaccharides,
ultimately influencing their technological and functional properties.

Figure 5. Scanning Electron Microscopy (SEM) micrographs of tarwi flours: (A) white, (B) moro, and
(C) punto negro.
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4. Discussion

Regarding the granulometry of the flours, the Dx (10), Dx (50), and Dx (90) values
show marked differences in particle size distribution among the tarwi ecotypes showing
that the flour from the punto negro ecotype presents a coarser particle size, whereas white
and moro exhibit finer fractions (Figure 1). The lower span values observed in the white and
moro ecotypes suggest a more homogeneous particle size distribution, possibly resulting
from a more uniform fracture of the cotyledon matrix during milling. In contrast, the
higher span value recorded for the punto negro ecotype indicates a broader particle size
distribution, characterized by the simultaneous presence of fine and coarse particles, which
may reflect a more heterogeneous cellular structure or a greater proportion of fibrous
components resistant to mechanical size reduction. This behavior is consistent with studies
on legumes showing that differences in cellular architecture and cell wall composition
significantly influence milling efficiency and the particle size distribution of the resulting
flours [9,31]. This difference is relevant, as recent literature has demonstrated that particle
size reduction significantly increases the specific surface area of the material, promoting
the rupture of cell walls and the release of bioactive compounds and nutrients associated
with the plant matrix [32]. Studies in other matrices, such as lentil flours [33] and faba
bean powder [32,34], further support that smaller particle sizes improve functionality,
digestibility, and technological applicability due to the increased surface area and enhanced
interaction with digestive enzymes.

Regarding color parameters, the differences observed among ecotypes reflect genet-
ically determined variations in the accumulation of pigments and phenolic compounds.
The white ecotype exhibited the highest lightness (L*), whereas the moro ecotype showed
the lowest values, which is consistent with its higher phenolic content and antioxidant
capacity [14,35]. This behavior suggests a greater accumulation of flavonoids, tannins, and
other metabolites derived from the phenylpropanoid pathway, which contribute both to
seed coat pigmentation and antioxidant activity [10,36]. Likewise, the positive a* values and
the high hue angle (1°) observed in the Moro ecotype indicate a greater presence of phenolic
pigments, such as anthocyanins and proanthocyanidins, whose synthesis is regulated by
genetic factors and agronomic growing conditions [6,15,23]. In contrast, the higher b* and
WI values recorded for the white ecotype suggest a greater contribution of carotenoids
and a lower accumulation of dark pigments [6]. Therefore, the color differences observed
among ecotypes not only reflect phenotypic variation but also underlying differences in
chemical composition and the technological potential of the flours.

The proximate composition of tarwi flours revealed differences among ecotypes that
reflect variations in reserve partitioning and accumulation during seed development.
Although all three ecotypes exhibited a high protein content (53.53-56.28%) (Table 2),
characteristic of Lupinus mutabilis and higher than that reported for most conventionally
consumed legumes such as lentils (22-26%), chickpeas (18-22%), beans (20-25%), and fava
beans (24-30%) [15,37,38], the moro ecotype showed the highest protein concentration. This
behavior may be associated with genetic differences in the synthesis and accumulation of
storage proteins, particularly conglutin type globulins, which constitute the predominant
protein fraction in the genus Lupinus [4,9]. Likewise, the higher ash content observed in
MTF suggests greater mineral accumulation, which may be related to a more efficient
uptake and translocation of nutrients to the seed during grain filling. In contrast, the WTF
ecotype exhibited the highest lipid content compared to purple tarwi (22%) [39], while the
PNTF ecotype showed the highest levels of carbohydrates and dietary fiber (Table 2). These
differences suggest a differential allocation of fixed carbon during seed development, as the
synthesis of proteins, lipids, and polysaccharides competes for common metabolic precur-
sors. In legumes, genetic variation has been reported to modify the balance of proteins, oils,
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and carbohydrates, resulting in seeds with distinct energy storage profiles [6,39]. In this
context, the higher proportion of carbohydrates and dietary fiber observed in PNTF may
be associated with greater deposition of structural polysaccharides in the cell wall and seed
coat, which may also contribute to the differences in color and particle size distribution
observed among ecotypes.

The analysis of the amino acid profile (Table 2) showed a predominance of glutamic
and aspartic acids in the three ecotypes, a pattern widely reported in lupin storage proteins,
where these amino acids play key structural and metabolic roles [40,41]. Regarding essential
amino acids, the MTF ecotype exhibited higher concentrations of lysine, leucine, isoleucine,
phenylalanine, and threonine, suggesting a relatively better protein quality. This behavior
is consistent with recent studies indicating that L. mutabilis has a balanced amino acid
profile, with a high proportion of lysine compared to cereals, which improves protein
complementarity in mixed diets [39,42], as in other legumes, methionine was identified
as the limiting amino acid in all three ecotypes, a well-documented characteristic of plant
proteins due to their low content of sulfur-containing amino acids [42,43]. The differences
observed among ecotypes were relatively moderate, indicating that genetic variability
mainly affects the quantitative concentration of amino acids rather than their qualitative
pattern. This behavior has been reported in studies on the genetic diversity of Lupinus
mutabilis, where factors such as ecotype, altitude, and environment influence protein
composition without significantly altering the overall profile of essential amino acids [6,41].

Regarding bioactive compounds, the MTF ecotype exhibited significantly higher
concentrations of phenolic compounds, flavonoids, and antioxidant capacity (35.49 mg
GAE/100 g, 10.8 mg QE/100 g, and 55.30 mg TE/100 g, respectively) than WTF and
PNTF (Table 3). This difference suggests a greater activation of the phenylpropanoid
pathway, which is responsible for the biosynthesis of polyphenols and phenolic pigments
associated with seed coloration [44,45]. Accordingly, the darker coloration of the moro
ecotype was consistent with its greater accumulation of bioactive compounds and enhanced
antioxidant capacity. Furthermore, the higher antioxidant capacity observed in MTF may
not only be related to a greater total phenolic content but also to differences in the structural
composition of these metabolites, since antioxidant activity depends on the number and
arrangement of hydroxyl groups within phenolic molecules [23,24,32].

Compared with other legumes, the values obtained were lower than those reported for
some pigmented varieties of Lens culinaris and Phaseolus vulgaris [43,45]. Nevertheless, this
difference may be attributed to interspecific variations in the distribution and accumulation
of phenolic compounds, as in Lupinus mutabilis a larger proportion of the seed is composed
of protein- and lipid rich cotyledons, whereas in other legumes these compounds are mainly
concentrated in the seed coat [23,24]. These findings provide evidence that genetic variabil-
ity among ecotypes directly influences the accumulation of bioactive compounds and their
antioxidant potential, highlighting the MTF ecotype as the most promising candidate for
the development of functional ingredients with health-promoting properties [32,46].

The pronounced overlap of the FTIR spectra obtained for the WTF, MTE, and PNTF
ecotypes indicates the presence of a common macromolecular composition, mainly char-
acterized by storage proteins, lipids, and structural polysaccharides, which are the pre-
dominant components of Lupinus mutabilis seeds [9,11]. Nevertheless, differences in the
intensity of certain bands suggest variations in the proportion and molecular organization
of these components. The higher intensity of the Amide I and Amide II bands observed in
MTF was consistent with its higher protein content (56.28%), which may be associated with
a greater accumulation of conglutins, the main storage proteins of the genus Lupinus [30,47].
In contrast, the variations detected in the 1200-1000 cm~! region were consistent with the
higher carbohydrate and dietary fiber contents of PNTF, suggesting a greater deposition of

https:/ /doi.org/10.3390/appliedchem6030044


https://doi.org/10.3390/appliedchem6030044

AppliedChem 2026, 6, 44

16 of 22

structural polysaccharides in the cell wall, which influence matrix organization and milling
behavior [31]. Likewise, the higher relative intensity of the C-H band (~2938 cm~!) in WTF
was consistent with its higher lipid content (26.53%), suggesting a greater allocation of
carbon toward triacylglycerol biosynthesis during seed development. This behavior agrees
with studies reporting that genetic variability in Lupinus mutabilis modifies carbon partition-
ing among proteins, lipids, and carbohydrates [6,48,49]. Overall, the FTIR results indicate
that the differences among ecotypes are mainly associated with quantitative changes in the
accumulation and molecular organization of proteins, lipids, and polysaccharides rather
than with modifications in the functional groups present within the matrix.

The DSC thermograms showed that the WTF and PNTF ecotypes exhibited higher
main transition temperatures (214-215 °C) than MTF (205 °C), indicating that their protein
structures required a greater amount of energy to undergo conformational changes. These
results suggest that the protein matrices of WTF and PNTF were more structurally orga-
nized, possibly due to stronger intermolecular interactions, including hydrogen bonding,
hydrophobic interactions, and protein-lipid associations [50,51]. In contrast, the lower
transition temperature observed for MTF may indicate greater molecular mobility or lower
stability of protein secondary and tertiary structures, promoting earlier matrix reorganiza-
tion during heating [28]. However, these findings should not be interpreted as evidence
of lower overall resistance to thermal degradation. While DSC evaluates denaturation
and molecular reorganization processes, TGA assesses the chemical stability of the ma-
trix through mass loss during heating. In this regard, the TGA and DTGA thermograms
(Figure 4) revealed similar degradation patterns among the ecotypes. During the first stage
(53-65 °C), mass losses were 3.5% (WTF), 6.0% (MTF), and 4.7% (PNTF), mainly associated
with the removal of adsorbed moisture. The higher mass loss observed in MTF suggests
a greater water-holding capacity, possibly related to a higher availability of polar groups
derived from proteins and other hydrophilic constituents [28,52]. The second degradation
stage (335-360 °C) corresponded to the decomposition of proteins, polysaccharides, and
lipids, with mass losses of 80.9% (WTF), 77.7% (MTF), and 79.5% (PNTF) [53]. Although
MTF reached a maximum degradation temperature close to 360 °C, slightly higher than
those observed for WIF and PNTF, the differences were relatively small and occurred
within a narrow thermal range. Therefore, the results do not indicate a greater overall
thermal stability of MTF, but rather slight differences in degradation kinetics associated
with matrix composition and organization [50,54]. This interpretation is consistent with
the FTIR results, which revealed a similar macromolecular architecture among ecotypes,
dominated by proteins, lipids, and polysaccharides [9,11].

The microstructural features observed in tarwi flours (Figure 5) reflect differences
in the physical organization of proteins, lipids, and polysaccharides accumulated during
seed development, which directly influence their functional behavior [6,55]. The WTF
sample exhibited a heterogeneous and moderately agglomerated microstructure, which
may be related to its higher lipid content (26.53%), promoting protein-lipid interactions and
greater water retention [50,51,55]. In contrast, MTF displayed a more compact and highly
agglomerated structure, consistent with its higher protein content (56.28%). A greater con-
centration of storage proteins favors the formation of cohesive networks through hydrogen
bonding and hydrophobic interactions, generating denser and more stable aggregates [50].
This behavior is consistent with the higher intensity of the amide I and amide II bands
observed in the FTIR spectra. PNTE, on the other hand, exhibited a more dispersed and
less agglomerated structure, associated with its higher carbohydrate and dietary fiber
contents. A greater proportion of structural polysaccharides limits matrix compaction
and promotes improved dispersion and hydration in aqueous systems [31,47,51]. Overall,
these findings suggest that genetic variability among ecotypes modifies the microstructural
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organization of the matrix through changes in the relative proportions of proteins, lipids,
and polysaccharides, thereby contributing to the differences observed in the functional
properties of the flours.

Principal component analysis (PCA), shown in Figure 6, was used to summarize the
variability of the physicochemical and functional characteristics of tarwi flours into two
principal components. PC1 accounted for 55.80% of the total variability, whereas PC2
explained 44.20%; this distribution reflects a strong influence of the variables associated
with PC1 in the differentiation of the ecotypes [39,56].
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Figure 6. Principal component analysis of the studied variables of the flours from three tarwi ecotypes.
Note: white tarwi flour (WTF), moro tarwi flour (MTF) and punto negro tarwi flour (PNTF). L*,
lightness; a* and b*, CIELAB color coordinates; C*, chroma; h*, hue angle; WI, whiteness index. Dx
(10), Dx (50), and Dx (90) denote particle diameters at the 10th, 50th, and 90th percentiles, respectively.

PCA revealed that the WTF ecotype is positioned in the positive quadrant of PC1 and
the negative quadrant of PC2, being associated with variables such as fat content, light-
ness (L*), whiteness index (WI), and two essential amino acids (histidine and methionine).
This distribution suggests that its characteristics are more closely linked to physical and
appearance-related properties, as well as to its lipid composition, distinguishing it from the
other samples in terms of visual quality (lighter color characteristics) and higher energy con-
tent. These attributes may contribute to improving palatability and positively influencing
the texture of foods [34,39]; consequently, the WTF ecotype may present greater potential
for applications in baking, extrusion, and the development of formulated foods, where
color, texture, and energy contribution constitute relevant technological attributes [57].
The MTF sample is located on the negative side of PC1, showing a strong association
with phenolic compounds, flavonoids, and antioxidant capacity (DPPH), as well as with
protein content and most amino acids (aspartic acid, glutamic acid, arginine, lysine, glycine,
leucine, and tyrosine). In addition, ash content and the color parameters a*, b*, and c* also
stood out in this sample, which had a fine particle size. This association suggests that this
flour has greater nutraceutical potential [32,35], contributing to the oxidative stability and
functional value of foods. Likewise, the association with protein may also indicate good
emulsifying and foaming properties, characteristics widely reported for lupin proteins
and commonly used in products such as emulsions, sauces, or egg substitutes [21,58,59].
On the other hand, the PNTF sample is located in the positive quadrant of PC1 and PC2,
with particles whose cumulative distribution was represented by Dx (90). It was mainly
associated with amino acids such as valine, phenylalanine, and isoleucine, which are
important for muscle metabolism and tissue maintenance [41,60], and proline, alanine, thre-
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onine, and tryptophan, which are useful for energy metabolism and neurological and sleep
regulation, in addition to the contribution of fiber and carbohydrates. Therefore, PNTF
could be particularly useful in applications where high protein value and technological
functionality are required, such as ingredients for fortified foods or protein blends [6,41,60].
This analysis shows that the samples present clearly differentiated profiles: MTF stands
out for its greater nutraceutical and antioxidant potential, WTF for its physicochemical
characteristics related to color and fat content, and PNTF for its amino acid content and
functionality in enriched foods.

Although this study provides relevant information on the physicochemical, nutritional,
structural, and functional characteristics of Lupinus mutabilis ecotypes from the Andes of
Andahuaylas, some limitations should be acknowledged. In particular, the samples evaluated
were collected from a single geographical region and during a single growing season, which
may limit the extrapolation of the results to other agroecological environments. Environmental
factors such as altitude, soil conditions, temperature, rainfall, and agronomic practices have
been reported to significantly influence the accumulation of proteins, lipids, minerals, and
bioactive compounds in legumes, thereby affecting their nutritional and functional charac-
teristics [61]; Furthermore, future studies should include a comparative evaluation of tarwi
microstructure before and after the debittering process to better understand the structural
and compositional changes associated with the removal of soluble constituents. In addition,
detailed characterization of specific bioactive compounds and a more comprehensive assess-
ment of antioxidant potential using complementary assays, such as ABTS, FRAP, and ORAC,
are recommended to provide a deeper understanding of the nutraceutical properties of tarwi
ecotypes. From an applied perspective, future studies should evaluate the techno-functional
performance of these flours in real food systems, including bakery products, plant-based
beverages, meat analogues, and gluten-free formulations. Furthermore, it is necessary to
investigate the bioaccessibility and bioavailability of proteins, amino acids, and phenolic
compounds to establish their nutritional and nutraceutical value more accurately [32,46]. Such
approaches will contribute to a better understanding of the functional variability of tarwi
and support the identification and valorization of superior ecotypes for the development of
sustainable, value-added foods and their contribution to food security.

5. Conclusions

Tarwi ecotypes from the Andes of Andahuaylas, Peru, exhibited compositional, struc-
tural, and functional differences associated with genetic variability. The MTF ecotype was
characterized by its higher protein content, greater concentrations of phenolic compounds
and flavonoids, and superior antioxidant capacity. In contrast, PNTF showed higher di-
etary fiber and carbohydrate contents, whereas WTF stood out for its higher lipid content
and distinctive color characteristics. Although the three ecotypes shared a similar macro-
molecular composition, FTIR, DSC, TGA, and SEM analyses revealed differences in the
molecular and microstructural organization of proteins, lipids, and polysaccharides. These
findings indicate that genetic variability influences the distribution of storage reserves and
bioactive compounds within the seed, thereby affecting its functional and technological
properties. Overall, the results highlight the potential of these ecotypes as sustainable
sources of plant-based proteins and functional ingredients for the development of foods
with enhanced nutritional and technological value, contributing to the diversification of
food resources and the promotion of food security.
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