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Lupin is an underutilized legume with high protein content (30-40 %) and strong potential for sustainable
cultivation, but its use in the food industry is limited by the presence of anti-nutritional (saponins, alkaloids,
polyphenols) and anti-technological factors, as well as suboptimal techno-functional properties. Low-moisture
extrusion (LME) offers a promising strategy to overcome these limitations while producing high-protein
texturized ingredients. In this study, five formulations combining lupin flour with laboratory or commercial
lupin protein isolates were subjected to LME to evaluate effects on anti-nutritional compounds, techno-functional
properties, and textural attributes. Extrusion reduced polyphenols (avg. 42 %), antioxidant activity (avg. 17 %)
and saponins (avg. 47 %), while alkaloids remained stable. Water and fat absorption capacities were largely
maintained (avg. 1.26 g water/g dm and 1.66 g oil/g dm, respectively), compared to powder formulations (avg.
1.31 g water/g dm and 2.25 g oil/g dm, respectively). Microstructural observations, along with bulk density
(avg. 1.09 g/cm®) and texture analysis (average hardness of 346 N) confirmed the formation of compact high-
protein extrudates (up to 88.6 % protein) and showed the effects of protein incorporation on matrix organiza-
tion and textural properties, supporting their suitability as functional ingredients. Overall, this work demon-
strates that LME can enhance the properties of lupin flour and isolates, producing high-protein extrudates with
improved nutritional, functional, and structural qualities.

1. Introduction polyphenols, saponins and alkaloids, which can reduce digestibility and

nutrient bioavailability and by anti-technological factors (ATF),

The growing demand for sustainable protein sources has accelerated
the use of plant proteins in the food industry. Legumes are particularly
attractive due to their high protein content and lower environmental
footprint compared to animal-based proteins (Pam Ismail et al., 2020).
Among legumes, lupin has gained attention not only for its high protein
content (around 40 %) but also for its contribution to environmental
sustainability, as its capacity for nitrogen fixation reduces the need for
external fertilizers and pesticide applications (Lo et al., 2021; Szcze-
panski et al., 2022). However, its incorporation into food systems is
often limited by the presence of anti-nutritional factors (ANF) such as

including polyphenols and lipids, which may interfere with protein
extraction and processing and subsequent applications in food formu-
lations (Chéreau et al., 2016; Rahate et al., 2021). Although most ANF
and ATF are reduced during alkaline protein extraction, some may
persist or be concentrated in the resulting isolates, depending on the
specific processing conditions applied (Navarro-Vozmediano et al.,
2025). In addition, plant proteins frequently exhibit limited
techno-functional properties such as solubility, water and fat absorp-
tion, emulsification and foaming capacity, which are critical for their
suitability in food formulations (De Carvalho Oliveira et al., 2025;
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Venkateswara-Rao et al., 2023). Moreover, plant proteins often require
some degree of texturization to improve their application in food
product development by simulating the structure of meat fibers.

Therefore, various strategies can be employed to overcome these
limitations of plant-based proteins, including the ANF and ATF presence,
their limited techno-functional properties and the lack of a fiber-like
texture. Additional processing steps, including baking, cooking and
extrusion, have been reported to partially reduce the concentration of
various ANF and ATF in lentil, pea and bean flours (Sanchez-Velazquez
et al., 2021). Among these approaches, extrusion has emerged as one of
the most effective strategies to overcome these limitations. During this
process, proteins are subjected to high temperature, pressure and me-
chanical deformation, leading to structural protein changes that may
enhance digestibility, improve techno-functional and textural proper-
ties, while also reducing ANF and ATF content (Han et al., 2025; Schmid
et al., 2022). Depending on the target application, extrusion can be
operated under different moisture content. High-moisture extrusion
(HME), with moisture levels above 50 %, enables the development of
fibrous, meat-like texturized proteins through protein alignment and
crosslinking (Bou et al.,, 2022). In contrast, low-moisture extrusion
(LME), typically conducted at moisture levels under 35 %, is widely used
for the production of texturized proteins with a sponge-like structure
and a firm, porous texture (Akharume et al., 2021; Dekkers et al., 2018).

Previous research on LME texturization has mainly focused on flours
or flour blends, including soybean and rice flour (Park et al., 2024),
wheat flour (Chai et al., 2025), rice, pea and carob flour blend (Arribas
et al., 2017) or chickpea, sorghum and maize flours (Wang et al., 2019).
However, very few studies have addressed the extrusion of protein iso-
lates or formulations with very high protein content, such as pea protein
isolate (Webb et al., 2023) or soybean protein isolate (Xiao et al., 2023).

Regarding lupin, research has predominantly focused on HME
(Elhordoy et al., 2025; Palanisamy et al., 2019). In contrast, LME studies
have primarily examined lupin-based blends with other ingredients,
such as rice and pumpkin Alefew et al. (2024), whereas the application
of extrusion to lupin as a sole raw material has been largely restricted to
improving digestibility in animal feed (Kasanova et al., 2025; Men-
dowski et al., 2019; Prandini et al., 2005). In this context, the applica-
tion of LME to high-protein lupin-based formulations represents a
promising yet underexplored approach, as it enables the production of
texturized, high-protein matrices with a strong potential for incorpora-
tion into protein-rich foods, including meat analogues such as dry-cured
sausages or hamburgers.

Additionally, as mentioned above, extrusion can also contribute to
the reduction of ANF and ATF while modifying techno-functional
properties. For instance, Han et al. (2025) found that LME (10 % and
20 % moisture levels) effectively reduced the levels of polyphenols,
saponins and tannins of oilseed formulations. Likewise, reductions in
saponin content due to extrusion have been reported in faba bean
(Saldanha do Carmo et al., 2025) and pea and pinto beans
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(Sanchez-Velazquez et al., 2021). Moreover, several studies have also
demonstrated the ability of extrusion process to modify the water and fat
absorption indexes of different plant proteins (Cagnin et al., 2024;
Espinosa-Ramirez et al., 2021).

Despite these findings, limited information is available on the
application of low-moisture extrusion to high-protein lupin-based sys-
tems. Therefore, the objective of this study was to develop high-protein
lupin-based extrudates using LME and to evaluate the effects of extru-
sion on the reduction of ANF and ATF, the enhancement of techno-
functional properties and the resulting textural characteristics.

2. Materials and methods
2.1. Raw material and formulations. particle size assessment

Lupin flour (LF) (Semillas Batlle S.A, Barcelona, Spain) was selected
as the reference raw material for extrusion. However, since the main
objective of the study was to maximize the protein content of the
extrudates, LF was blended with a laboratory-prepared lupin protein
isolate (LPI) obtained via alkaline extraction according to Nav-
arro-Vozmediano et al. (2025) at different ratios (100:0, 20:80 and
0:100 w/w), allowing the evaluation of extrusion effects in systems with
progressively increasing protein content. In addition, LF was blended
with a commercial lupin protein isolate (LPI.C) (Prolupin GmbH,
Grimmen, Germany) at 80:20 and 60:40 (w/w) ratios to evaluate the
feasibility of extrusion using available commercial lupin protein iso-
lates. Blends with higher proportions of LPI.C could not be extruded due
to process limitations. Consequently, five different powder formulations
were extruded: (i) LF 100:0 LPI, (ii) LF 20:80 LPI, (iii) LF 0:100 LPI, (iv)
LF 80:20 LPI.C and (v) LF 60:40 LPI.C. The chemical characterization of
the raw materials (determined as explained in Section 2.3.1) is pre-
sented in Table 1.

2.1.1. Particle size assessment

Particle size distributions of the raw materials (LF, LPI and LPI.C)
were determined using a laser diffraction analyzer (Mastersizer 2000,
Malvern Instruments Ltd., Malvern, UK) equipped with a dry dispersion
unit (Scirocco 2000, Malvern Instruments Ltd., Malvern, UK). The
volume-weighted mean diameter (D[4.3]) and percentile diameters d
(0.1), d(0.5) and d(0.9) were recorded (Table 1).

2.2. Low-moisture extrusion (LME) processing

Before extrusion, each formulation was hydrated to reach a water
content of 30 g water/100 g. The experimental setup for lupin extrusion
is illustrated in Fig. 1. Extrusion was carried out using a single-screw
extruder (KE 19/25, Brabender, Germany) equipped with a 3 mm
diameter die, operating at a compression ratio of 3:1 and 150 rpm
extruder screw speed. Samples were fed into the extruder at 1.34 kg/h

Table 1
Chemical characterization and particle size assessment of raw materials.
LF LPI LPI.C
Chemical characterization Protein content (g protein/100 g dm) 42.4+0.8 88.6 + 0.3 839+1.6
FC (g/100 g dm) 3.75 £ 0.10 10.33 + 0.60 4.20 £0.21
TPC (mg gallic acid/g dm) 2.72 £ 0.11 1.56 + 0.17 1.57 + 0.36
AA 5.71 £ 0.56 5.99 £+ 0.50 2.57 £ 0.49
(uM Trolox/ g dm)
TSC (g oleanolic/100 g dm) 1.25 £+ 0.08 2.04 £ 0.17 0.89 + 0.09
AC (g lupinine/100 g dm) 0.44 + 0.02 nd nd
Particle size d(0.1) (um) 65 +7 66 + 2 14 +1
d(0.5) (um) 687 + 27 224 + 2 44 £ 2
d(0.9) (um) 1361 + 22 603 + 21 96 + 2
D[4.3] (um) 714 + 23 296 +7 50 +2

LF, lupin flour; LPL, lupin protein isolate; LPI.C, commercial lupin protein isolate; FC, fat content; TPC, total polyphenol content; AA, antioxidant activity; TSC, total
saponin content; AC, alkaloid content; d(0.1), 10 % standard percentile; d(0.5), 50 % standard percentile; d(0.9) 90 % standard percentile; D[4,3], volume-weight

mean diameter. Values are presented as average + SD. nd: non-detectable.
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Fig. 1. Scheme of extrusion process.

and 18 rpm speed. Barrel temperatures (Fig. 1) were set at 40, 80, 120 °C
(melt and die temperature) and were monitored together with the
pressure during extrusion.

After extrusion, samples were dried at 65 °C in a convective drier
(Binder FD 260, Binder, Tuttlingen, Germany) to reach a final moisture
content of 8 g water/100 g to avoid mold growth. The water loss after
extrusion and drying was calculated using Eq. (1).

M, — M,

1

Water loss(%) = x 100 1)

where, M; (%) is the moisture content before the extrusion/drying and
My, is the moisture content after the extrusion/drying.

Specific mechanical energy (SME) was calculated using the Eq. (2)
(Fang et al., 2014).

kJ 2xaxnxT
SME(— | =———— 2
(kg) my @

where, n (rpm) is the screw speed, T (Nm) is the torque and ms (g/min) is
the mass flow rate (Gulati et al., 2016).

2.3. Characterization of powders and extrudates

For powders, protein, fat, alkaloid, total polyphenol and total
saponin content and antioxidant activity were determined. For extru-
dates, the same parameters were assessed, along with techno-functional
properties, including water and fat absorption indexes, bulk density,
texture, color and microstructure.

2.3.1. Anti-nutritional and anti-technological factors and techno-functional
properties

2.3.1.1. Protein content. Determination of protein was conducted using
Kjeldahl method 2.062 (AOAC, 1984), considering a protein factor of N
X 6.25.

2.3.1.2. Fat content. Determination of fat content (FC) was conducted
using Soxhlet extraction method 991.36 (AOAC, 1996).

2.3.1.3. Total polyphenol content and antioxidant activity. Methanolic
extracts for total polyphenol content and antioxidant activity

quantification were obtained following the method described by Nav-
arro-Vozmediano et al. (2025) without modifications.

Quantitative analysis of total polyphenol content (TPC) was carried
out following the Folin-Ciocalteu method (Singleton et al., 1999), with
slight modifications as described in Navarro-Vozmediano et al.(2025).
While, antioxidant activity (AA) was determined by the ferric reducing
antioxidant power assay (FRAP) (Benzie & Strain, 1996), with slight
modifications as described in Navarro-Vozmediano et al.(2025), to
adapt it to microplates.

2.3.1.4. Total saponin content. The total saponin content (TSC) was
measured using the spectrophotometric method described by Navarro
del Hierro et al.(2020).

2.3.1.5. Alkaloid content. Alkaloid extracts were prepared according to
the protocol described in Ganzera et al.(2010), and their content was
quantified using a modified version of the titration method by Ruiz
(1977), as adapted by Navarro-Vozmediano et al.(2025).

2.3.1.6. Water and fat absorption indexes. Water and fat absorption in-
dexes (WAI and FAI) were evaluated following the method proposed by
Lian et al.(2020), with minor modifications as described by Nav-
arro-Vozmediano et al.(2025).

2.3.1.7. Instrumental color. The color was measured using a Konica
Minolta CM-2600D colorimeter (Tokyo, Japan), previously calibrated
with illuminant D65 and a 10° visual angle. CIELab parameters L
(lightness), a (green-red), and b* (blue-yellow) were recorded, and h*
(hue angle), C* (chroma), and AE; and AE, (total color difference be-
tween powders and extrudates and total color differences between LF
100:0 LPI extrudate and other extrudates, respectively) were calculated
(Sakai et al., 2022).

2.3.1.8. Bulk density. After drying, the diameter and length of extru-
dates were measured using a caliper. At least twenty measurements were
taken for each formulation and bulk density (BD) was calculated using
the Eq. (3), assuming cylindrical shape (O’Shea et al., 2014).

&\ _ 4xm
BD (cm3) T axD?xL 3
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where, m (g) is the mass of the extrudate, D (cm) is its diameter and L
(cm) is its length.

2.3.1.9. Textural analysis. Textural properties of the extrudates were
evaluated by means of a compression-extrusion test using a TA. XT2i
texture analyser (Stable Micro Systems, Surrey, UK) equipped with a 50
kg load cell and a 4.5 cm diameter cylindrical methacrylate probe. 20 g
of extrudates were place in a methacrylate cylinder (5 cm diameter and
6 cm length) to ensure a sample height of approximately 1.9 cm. Sam-
ples were compressed to 15 % strain at a test speed of 2 mm/s. Ten
measurements were carried out for each formulation. The experimental
data was recorded and subsequently analyzed using Exponent Lite
6.1.4.0 software (Stable Micro System, Surrey, UK). Hardness (N) was
determined from the force-time curves obtained as the maximum
compression force.

2.3.2. Microstructure

The extrudates were examined using Field Emission Scanning Elec-
tron Microscopy (FESEM). The samples were fixed onto stubs with
carbon paste and coated with a thin gold layer by sputtering. Observa-
tions were carried out using a Zeiss Ultra 55 FESEM (Oberkochen,
Germany) at an accelerating voltage of 4 kV and a working distance of
12 mm.

2.4. Statistical analysis

Experimental results were reported as average + SD and one-way
analysis of variance (ANOVA) with 95 % confidence (p < 0.05) was
carried out to identify significant differences between samples. For each
formulation, comparisons were made between the powder and its cor-
responding extrudate to evaluate the effect of extrusion, while differ-
ences between formulations were assessed separately for powders and
extrudates. ANF, ATF and techno-functional properties were compared
using LSD intervals (Least Significant Difference). All statistical analysis
were performed using the Statgraphics Centurion XVIII software (Stat-
point Technologies, VA, USA).

3. Results and discussion
3.1. Water loss and extrusion parameters

The five feed formulations used (Table 2) had an initial moisture
content of 30 g water/100 g dm. During extrusion, water evaporated due
to the high temperatures involved, resulting in an average moisture loss
of 48.4 % (Table 2) and yielding extrudates with an average moisture

Table 2

Extrudate water loss and process parameters for the extrusion of powder for-
mulations prepared by mixing lupin flour (LF) and laboratory (LPI) and com-
mercial (LPL.C) protein isolates at different ratios.

WLE WLD Melt T Die T P SME

(%) (%) Q) [§O)] (MPa) (kJ/kg)

LF0:100 484+ 483+ 1231+ 1249+ 2.9+ 977.2 +
LPI 0.2° 0.3° 0.1° 0.37 0.94 8.3¢

LF20:80 443+ 521+ 12324+ 1241+ 2.9+ 871.5 +
LPI 0.6° 0.5% 0.6 0.5% 0.5¢ 5.14

LF100:0 476+ 491+ 1231+ 1239+ 3.6+ 509.1 +
LPI 1.1° 1.0° 0.8° 0.6 0.8¢ 7.6°

LF80:20 486+ 481+ 1234+ 1244+ 7.8 + 1048.3 +
LPLC 2.6° 2.7° 0.3% 0.5% 0.3 9.5"

LF60:40 531+ 430+ 1226+ 1249+ 109+ 11781+
LPLC 1.8 2.2¢ 0.1 0.2° 1.2 10.1%

WLE, water loss after extrusion; WLD, water loss after drying; T, temperature; P,
melt pressure; SME, specific mechanical energy.

Values are presented as average + SD. Different lowercase letters in columns
indicate significant differences (p < 0.05).
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content of 15 g water/100 g. The highest water loss was observed in LF
60:40 LPI.C (53.1 %, Table 2), whereas LF 20:80 LPI showed the lowest
(44.3 %, Table 2). After the subsequent drying process, an average
additional water loss of 48.1 % was observed, reducing the moisture
content to a final value of 8 g water/100 g which would likely prevent
mold growth and ensure the stability and safety of the final product.

Regarding extrusion parameters, melt and die temperatures were
very similar to each other, averaging 123.1 °C and 124.4 °C, respec-
tively, with no significant (p > 0.05) differences across formulations
(Table 2). Melt temperature was consistently maintained at the set
values for all formulations, indicating effective temperature control by
the extruder and stable high-temperature processing conditions. In
contrast, melt pressure exhibited a different pattern: it remained rela-
tively constant for the formulations containing LF and LF+LPI but
significantly (p < 0.05) increased with the addition of LPI.C. Thus, the
formulation with the highest proportion of the commercial isolate (LF
60:40 LPL.C) achieved the largest melt pressure (up to 10.9 MPa,
Table 2). Among other factors, this increase could be linked to the very
fine particle size in LPL.C (D[4.3] 50 um, d(0.1) 14 pym, d(0.5) 44 um and
d(0.9) 96 um, Table 1). Very fine particles exhibit higher interparticle
cohesion and reduced void spaces, which, upon wetting, promote sur-
face gel formation that limits moisture penetration, increases material
cohesiveness, and consequently might raise flow resistance and pressure
during extrusion (Jiang et al., 2025). Accordingly, formulations con-
taining the commercial isolate, LF 80:20 LPI.C and LF 60:40 LPI.C, led to
the highest SME figures (Table 2). Similar to LPI.C formulations, SME
showed a significant (p < 0.05) increasing trend with LPI proportion,
likely due to the lower particle size observed for LPI compared to LF (D
[4.3] 296 um, d(0.1) 66 pm, d(0.5) 224 ym and d(0.9) 603 um and D
[4.3] 714 pm, d(0.1) 65 pm, d(0.5) 687 um and d(0.9) 1361 pm,
respectively, Table 1). The smaller particle size, associated with a
greater surface area, increases interparticle friction, thereby enhancing
resistance to flow and increasing energy requirements (McGuire et al.,
2022). These observations are consistent with previous reports for maize
(Sharifi et al., 2021) and soybean (Singh & Koksel, 2021). Furthermore,
extrusion behavior may also be affected by fat content, which improves
flow and reduces the SME (Majzoobi & Farahnaky, 2010), as observed in
formulations containing LPI (FC of 10.33 g/100 g dm, Table 1)
compared to LPI.C (FC of 4.2 g/100 g dm, Table 1).

3.2. Changes in protein, ANF and ATF content after extrusion

3.2.1. Protein content

The experimental results revealed significant (p < 0.05) differences
in protein content between the powder formulations (Table 3). As ex-
pected, formulations with higher LPI content, whether commercial or
lab-prepared, showed the highest protein content. The same trend was
observed for the extrudates (Table 3). However, the extrudates exhibited
slightly but significantly (p < 0.05) lower protein content compared
with their corresponding powder formulations. Similarly, Espinosa-R-
amirez et al. (2021), Wang et al. (2019), Ai et al. (2016), Robutti et al.
(2002) and Escobedo-Avellaneda et al. (2025) reported that extrudates
of amaranth, chickpea, bean, maize and soybean flours contained
significantly (p < 0.05) lower protein content than the corresponding
flours. In contrast, Marzo et al. (2002) and Solanas et al. (2005)
observed that extrusion led to a significant (p < 0.05) increase in protein
content for pinto bean and soybean. However, some authors, including
Escobedo-Avellaneda et al. (2025) and Espinosa-Ramirez et al. (2021)
have suggested that protein should be largely unaffected by the extru-
sion process as plant proteins tend to be more resistant. Thereby, the
reductions observed in protein content in the present work may be
primarily linked to structural modifications caused by denaturation,
aggregation or Maillard reactions, which could potentially affect its
solubility and extractability during Kjeldahl analysis. This may lead to
an apparent decrease in measured protein content rather than a true loss
of protein Arribas et al. (2017); Robutti et al. (2002).
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Table 3
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Protein content, anti-nutritional and anti-technological factors of powder formulations prepared by mixing lupin flour (LF) and laboratory (LPI) and commercial (LPIL.
C) protein isolates at different ratios and their corresponding extrudates.

Formulation Protein content FC TPC AA TSC AC
(g protein/100 g dm) (g/100 g dm) (mg gallic acid/g dm) (1M Trolox/ g dm) (g oleanolic/100 g dm) (g lupinine/100 g dm)
Powder LF 0:100 LPI 88.6 + 0.3 10.33 + 0.60"2 1.56 + 0.17P2 5.99 + 0.504° 2.04 + 0.1742 nd
LF 20:80 LPI 78.6 + 1.1% 8.08 + 0.63% 1.82 + 0.04%? 5.84 + 0.03A% 1.91 + 0.10% 0.08 + 0.01™°
LF 100:0 LPI 42.4 +0.8% 3.75 + 0.10%? 2.72 4+ 0.1142 5.71 + 0.56% 1.25 + 0.08%* 0.44 + 0.0242
LF 80:20 LPL.C 48.5 + 0.2P2 3.87 +0.12% 2.65 + 0.0547 5.12 4+ 0.11¢@ 1.21 + 0.15% 0.33 + 0.04%
LF 60:40 LPL.C 59.4 + 0.7% 4.28 + 0.22¢® 2.41 + 0.05% 4.46 + 0.11™° 1.11 + 0.05% 0.27 + 0.02¢®
Extrudate LF 0:100 LPI 84.2 + 0.4%° 8.96 + 0.104° 1.20 + 0.084° 5.09 + 0.35" 0.97 + 0.08"° nd
LF 20:80 LPI 74.2 + 0.4%° 6.49 + 0.35%° 1.21 + 0.12%° 5.26 + 0.35"° 0.83 + 0.02%° 0.06 + 0.01¢®
LF 100:0 LPI 39.9 + 0.7 3.41 +0.12° 1.26 + 0.124° 4.87 + 0.30%° 0.80 + 0.05%° 0.35 + 0.03%%
LF 80:20 LPL.C 45.4 + 0.9"° 3.45 + 0.21°° 1.20 + 0.094° 3.80 + 0.30° 0.65 + 0.04° 0.24 + 0.04%
LF 60:40 LPL.C 55.1 + 0.7° 4.02 + 0.23° 1.29 + 0.09%° 3.63 + 0.24" 0.58 + 0.02%° 0.21 + 0.04%

FC, fat content; TPC, total polyphenol content; AA, antioxidant activity; TSC, total saponin content; AC, alkaloid content.
Values are presented as average + SD. Different capital letters in columns indicate significant differences (p < 0.05) between formulations of powders and extrudates.
Different lowercase letters in columns indicate significant differences (p < 0.05) between powder and its extrudate. nd: non-detectable.

3.2.2. Fat content

Variations in fat content (FC) were observed depending on the
formulation (Table 3). Due to the higher fat content of the isolates
compared to LF, formulations with a greater proportion of protein
isolate, either LPI or LPI.C, exhibited significantly (p < 0.05) higher FC
compared to those richer in LF for both powders and extrudates. Inter-
estingly, the extrudates showed a significant (p < 0.05) reduction in FC
compared to their corresponding powder formulation. The highest
relative loss of fat (around 20 %), between powders and extrudates, was
found in the formulation LF 20:80 LPI (Fig. 2). Espinosa-Ramirez et al.
(2021) found that FC of different flours (rice, oat, amaranth, chickpea,
sorghum, quinoa, lentil, black bean and pinto bean) significantly (p <
0.05) decreased after extrusion. Similarly, Wang et al. (2019) observed
comparable reductions in chickpea, sorghum and maize flour extrusion.
Several mechanisms may explain this reduction, including the formation
of lipid-starch complexes under high temperature and pressure, which
could favor the retention of the lipid fraction (De Pilli et al., 2008), oil
dripping observed at the nozzle (Van Hoan et al., 2010) and the for-
mation of other lipid complexes, which could be not extractable using
petroleum ether (Arribas et al., 2017; De Pilli et al., 2011). Therefore,
given the absence of oil dripping and the minimal starch content in lupin
flour and isolates (0.2 g/100 g dm; Arzami et al., 2022), the lower FC
observed in extrudates is most likely attributable to the formation of

lipid complexes unextractable by Soxhlet method without acid hydro-
lysis using petroleum ether.

Overall, FC was higher in LPI-rich extrudates, while those containing
LPI.C showed values similar to LF. Noteworthy, does not represent a
drawback, as it may enhance lipid-binding capacity and thus support the
use of these extrudates in protein-rich food applications.

3.2.3. Total polyphenol content and antioxidant activity

Among the powder formulations, LF (LF100:0 LPI) exhibited the
highest total polyphenol content (TPC) (2.72 mg gallic acid/g dm,
Table 3). Consequently, formulations with a higher proportion of LF
showed significantly (p < 0.05) higher TPC compared to those richer in
LPI (1.56 mg gallic acid/g dm, Table 1) or LPI.C (1.57 mg gallic acid/g
dm, Table 1). Similarly, as also observed in Table 1, the highest anti-
oxidant activity (AA) was found in LPI (5.99 uM Trolox/ g dm,) and LF
(5.71 uM Trolox/ g dm), which may explain the significantly (p < 0.05)
higher values observed in powder formulations containing greater pro-
portions of these components (Table 3).

A significant (p < 0.05) decrease in TPC was observed in all extru-
dates compared to their corresponding powder formulations (Fig. 2).
The relative loss of TPC ranged from 23 to 55 %, with the greatest
reduction found in LF 100:0 LPI and LF 80:20 LPI.C. Similarly, AA
significantly decreased (p < 0.05) after extrusion in all formulations and
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Fig. 2. Relative loss of total polyphenol content (TPC), antioxidant activity (AA), total saponin content (TSC), alkaloid content (AC) and fat content (FC) between
powder formulations obtained by mixing lupin flour (LF) and laboratory (LPI) and commercial (LPI.C) protein isolates at different ratios and their corresponding
extrudates. Relative loss was calculated as the ratio between the change of ANF or ATF content between extrudates and powders. Different lowercase letters indicate

significant differences (p < 0.05) between samples for each ANF and ATF.
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relative losses ranged from 10 to 26 %, with the largest reductions found
in LF 80:20 LPI.C. No significant (p > 0.05) differences in TPC were
observed between the extrudates (Table 3). In contrast, extrudates with
higher proportions of LPI or LF exhibited the highest AA, following the
same trend observed for the powders (Table 3). Overall, extrusion had a
stronger impact on TPC than on AA, as indicated by the greater relative
losses observed. Consistent with these findings, previous studies have
reported reductions in TPC following extrusion in various food matrices,
including lentil (Rathod & Annapure, 2016), pea (Alonso et al., 2000),
sunflower (Vidal et al., 2022) and flaxseed-pea mixture (Han et al.,
2025). This reduction in TPC may be explained by either to the thermal
degradation of phenolic compounds during extrusion or to structural
modifications that reduce their chemical reactivity and decrease their
extractability through polymerization (Lund, 2021). Consequently,
extrusion could also affect the AA, due to its close association with
phenolic compounds. However, the thermal treatment can also promote
the formation of Maillard reaction products with antioxidant properties,
which may partially compensate for phenolic losses (Rufian-Henares &
Delgado-Andrade, 2009; Sharma et al., 2012). Therefore, the compara-
tively lower losses of AA relative to TPC observed in the extrudates
(Fig. 2) may be attributed, at least in part, to the formation of these
compounds.

Overall, protein incorporation maintained similar TPC to LF and
although AA increased with LPI addition, this could be considered
beneficial, as it may enhance the nutritional value and oxidative sta-
bility of meat analogues produced with these high-protein extrudates.

3.2.4. Total saponin content

As reported in Table 3, powder formulations containing a greater
proportion of LPI showed significantly (p < 0.05) higher total saponin
content (TSC) compared to the other formulations and the same trend
was observed for extrudates. A significant (p < 0.05) decrease in TSC
was observed in all extrudates compared to their corresponding pow-
ders, with reductions ranging from 36 to 57 % and the highest relative
reduction observed in LF 0:100 LPI and LF 20:80 LPI (Table 3 and Fig. 2).
Similar results have been reported in previous studies, including re-
ductions of TSC to trace levels in acha and soybean flours after extrusion
(Anuonye et al., 2010) and an 18 % decrease in TSC in a flaxseed-pea
mixture (Han et al., 2025). Additionally, Sanchez-Velazquez et al.
(2021) found a 17 and 13 % reduction of TSC after extrusion in pea and
pinto bean, respectively. This decrease might be attributed to hydrolytic
effects during extrusion, which degrade the native saponin structures
(Han et al., 2025; Xu et al., 2025).

Overall, the inclusion of LPI.C reduced the TSC of extrudates, while
those containing LPI, although higher than LF, remained below 1 g
oleanolic acid/100 g dm, indicating that these protein-rich formulations
are suitable for use in meat analogue products.

3.2.5. Alkaloid content

Alkaloid content (AC) varied across formulations (Table 3). Both LF
0:100 LPI powder and its extrudate exhibited non-detectable levels of
alkaloids. Therefore, formulations with a greater proportion of LPI
exhibited significantly (p < 0.05) lower AC compared to those richer in
LF. This likely reflects the high water solubility of alkaloids, which fa-
cilitates their removal during protein extraction and minimizes potential
toxicity concerns (Aguilar-Acosta et al., 2020; El-Adawy et al., 2001;
Schryvers et al., 2023; Taberner-Pibernat et al., 2026).

No significant (p > 0.05, Table 3) differences in AC were observed
between powders and their corresponding extrudates. Although extru-
dates generally showed slightly lower AC values (Table 3), this changes
could be likely due to experimental variability as quinolizidine alkaloids
present in lupin are highly thermally stable (Schryvers et al., 2023).
Moreover, these reductions were insufficient to reach levels considered
safe for human consumption (0.02 g lupinine/100 g dm) (ACNEP, 1996).
Similarly, Chamone et al. (2023) reported that extrusion treatment was
unable to effectively reduce AC in white lupin flour. Consequently, only
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LF 0:100 LPI extrudates could be considered suitable for consumption
and inclusion in meat analogue products without a prior debittering
process. Future research may explore the use of sweet lupin varieties as a
strategy to achieve lower AC and enhance the overall quality of the
extrudates (Bou et al., 2022).

3.3. Impact of extrusion on techno-functional properties

3.3.1. Water and fat absorption indexes

The water absorption index (WAI) is affected by several factors,
including the levels of hydrophilic amino acids, the presence of non-
protein constituents and both the structure and composition of pro-
teins (Sathe & Salunkhe, 1981). On the other hand, the fat absorption
index (FAI) describes the ability of proteins to interact with lipids via
capillary action, a process influenced by electrostatic attractions, hy-
drophobic effects and hydrogen bonding (Lawal, 2004). The WAI and
FAI values were formulation-dependent (Table 4), likely reflecting
compositional differences. In particular, LF 100:0 LPI powder showed
the highest WAI (1.43 g water/g dm). Thus, powder formulations with a
greater proportion of LF exhibited significantly (p < 0.05) higher WAI
compared to those richer in protein isolate, either LPI or LPI.C and this
trend was also observed for extrudates. The higher WAI of LF rich for-
mulations may result from their potentially greater carbohydrate frac-
tion compared to the isolates, as carbohydrates can interact with water
through hydrogen bonding, allowing them to retain water within the
matrix and increase the overall WAI (Kaur et al., 2013; Zhang et al.,
2022). This pattern was consistent with observations by Tas et al.
(2022), who reported that navy bean, which had a higher carbohydrate
content than chickpea, also exhibited greater WAL Notably, extrusion
had no significant effect on WAI (p > 0.05), as powders and extrudates
displayed comparable values (Table 4).

As for the FAI the highest value was found in LF 0:100 LPI powder
(Table 4). Thus, formulations with a greater proportion of LPI led to
significantly (p < 0.05) higher FAI in both powders and extrudates. In
contrast to the trend observed for WAI, the extrusion significantly (p <
0.05) reduced the FAI of extrudates, with an average loss of 25 %
compared to their corresponding powder formulation. Similarly, Vidal
et al. (2022) found that extrusion did not significantly (p > 0.05) affect
the WALI of canola, soybean and sunflower cakes, while FAI was signif-
icantly (p < 0.05) decreased. In contrast, Qiu et al. (2020) reported that
extrusion significantly (p < 0.05) improved WAI for oat, rye and black
beans flours. Espinosa-Ramirez et al. (2021) demonstrated that extru-
sion significantly (p < 0.05) reduced FAI in oat, amaranth, quinoa and
chickpea flours, while significantly (p < 0.05) increasing it in rice,
sorghum, lentil, black bean and pinto bean flours. A similar trend was

Table 4

Water ad fat absorption indexes of powder formulations obtained by mixing
lupin flour (LF) and laboratory (LPI) and commercial (LPI.C) protein isolates at
different ratios and their corresponding extrudates.

Formulation WAI FAI
(g water/g dm) (g oil/g dm)
Powder LF 0:100 LPI 1.24 + 0.04%? 2.63 + 0.08%7
LF 20:80 LPI 1.33 + 0.06 2.50 + 0.15452
LF 100:0 LPI 1.43 + 0.04* 1.70 + 0.06>*
LF 80:20 LPL.C 1.32 + 0.022 2.10 + 0.05
LF 60:40 LPL.C 1.25 + 0.03% 2.32 + 0.16"
Extrudate LF 0:100 LPI 1.15 + 0.05%? 1.62 + 0.06°"
LF 20:80 LPI 1.28 + 0.06%2 1.70 + 0.134°
LF 100:0 LPI 1.38 + 0.05% 1.49 + 0.06%°
LF 80:20 LPL.C 1.30 + 0.034B2 1.72 + 0.13A%°
LF 60:40 LPL.C 1.18 + 0.04%? 1.80 + 0.03%°

WAL, water absorption index; FAI, fat absorption index.

Values are presented as average + SD. Different capital letters in columns
indicate significant differences (p < 0.05) between formulations for powders and
extrudates. Different lowercase letters in columns indicate significant differ-
ences (p < 0.05) between powder and its extrudate.
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reported by Wang et al. (2019), who observed an increase in FAI for
sorghum flour but a decrease for chickpea and maize flours. A plausible
explanation for the lower FAI of extrudates compared to powders in the
present study could be the structural changes that limit protein-lipid
interactions or the reduced ability of the low-expanded extrudate
structures to retain oil (Espinosa-Ramirez et al., 2021). Differences in
FAI between formulations may be related to higher proportion of LPI or
LPI.C, as greater protein content provides more hydrophobic amino acid
residues and binding sites that interact with oil, enhancing retention
(Sanchez-Mendoza et al., 2017). This effect is consistent for both pow-
ders and extrudates, as shown in Tables 3 and 4.

Extrusion has been suggested to generate strong shear forces capable
of disrupting macromolecules and inducing protein denaturation and
aggregation, leading to alterations in the exposure of hydrophilic and
hydrophobic regions and potentially affecting water and oil absorption
(Marzec & Lewicki, 2006). Given the variability in published results, the
impact of extrusion on WAI and FAI appears to depend on several fac-
tors, including the type of raw material, extrusion conditions and the
degree of expansion.Overall, extrusion allowed the production of
high-protein extrudates, with LPI formulations averaging 1.22 g water/g
dm and 1.66 g oil/g dm and LPLC formulations averaging 1.24 g
water/g dm and 1.76 g oil/g dm, for WAI and FAI respectively. These
results highlight their suitability as ingredients for the development of
meat analogue products.

3.3.2. Color properties

Significant (p < 0.05) differences in color parameters were observed
among formulations for both powders and extrudates (Table 5 and
Fig. 3). In powder formulations, L*values decreased, while a* and b*
increased as the proportion of LPI increased, resulting in darker and
redder and yellower formulations compared to LF 100:0 LPI. These color
changes may be advantageous for their use as an ingredient in meat
analogues and could potentially reduce the use of colorants. Formula-
tions containing LPI.C showed L*, a* and b* values more similar to those
of LF 100:0 LPI, likely due to the lighter color of LPI.C (Fig. 3). According
to the manufacturer’s technical documentation, the LPI.C was produced
from previously defatted flour and dried by spray drying, which could
explain the color differences compared to the LPI. Dominguez-Valencia
et al. (2025) also found that prior defatting of LF using supercritical CO:
resulted in lighter and whiter LPI.

Extrusion caused a significant (p < 0.05) decrease of L* and a sig-
nificant (p < 0.05) increase of a* and b* color parameters compared to
powders (Table 5), resulting in a darker appearance with redder and
yellower tones. These changes were perceptible to the human eye, as the
total color differences (AE;, Fig. 3) exceeded 5 units (Mikulec et al.,
2019). Additionally, to assess the effect of increased protein content on
color parameters, the remaining extrudates with the LF 100:0 LPI
extrudate (AE,, Fig. 3). Total color differences remained above the

Table 5
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perceptible threshold, except for the LF 80:20 LPI.C and LF 60:40 LPI.C
extrudates, likely due to the high LF proportion and the similar color of
LPI.C and LF. Moreover, no significant (p > 0.05) differences in AE,
were observed between LF 0:100 LPI and LF 20:80 LPI (Fig. 3). These
color differences may be attributed to several factors. Carotenoids,
lipid-soluble pigments closely linked to the FC of food matrices are
known to affect the a* (redness) and b* (yellowness) parameters (Bou
et al., 2022; Siger et al., 2023). In the present study, formulations with
the lowest FC values also showed reduced a* and b* values, along with
significantly (p < 0.05) lower AA (Tables 3 and 5). Moreover color
differences between powders and their extrudates may also result from
Maillard reactions during extrusion (Espinosa-Ramirez et al., 2021;
Jebalia et al., 2019; Nayak et al., 2011) and from protein structural
modifications induced by the high temperatures (Llave et al., 2018).

3.4. Bulk density, textural properties and microstructure

Bulk density (BD) reflects the degree of expansion achieved during
the extrusion process (Rathod & Annapure, 2016). Formulations con-
taining LF combined with either LPI or LPI.C exhibited the highest BD
values, with no significant (p > 0.05) differences between them
(Table 6). The average BD (1.10 g/cm®) was considerably higher than
those reported in previous studies. For example, Wang et al. (2019)
recorded 0.17 g/cm?® for sorghum, 0.29 g/cm?® for chickpea and 0.10
g/cm? for maize. Similarly, Gutkoski and El-Dash (1999) reported 0.45
g/cm® for oats and Banki et al. (2021) reported 0.12 g/cm® for
rice-pigeon pea (85:25 w/w) blend extrudates.

Lower BD is generally associated with greater expansion during
extrusion, as the formation of pores reduces the overall density (Pitts
et al.,, 2014). This expansion is largely dependent on starch content,
which provides the structural basis for puffing (Chien et al., 2022). The
elevated BD observed in this study may be explained by the formation of
a homogeneous dense protein matrix, with low starch content (0.2
g/100 g dm, Arzami et al., 2022), consisting of compact layers with
minimal or absent air cavities (Rathod & Annapure, 2016), which
limited expansion during extrusion. Similarly, Wang et al. (2019) re-
ported that higher protein and FC combined with lower starch or car-
bohydrate levels tend to produce denser extrudates with reduced puffing
and expansion. Therefore, if the aim is to obtain a porous, directly
consumable product, future formulations should consider the incorpo-
ration of starch or other expansion-promoting components to reduce BD.
In contrast, the development of a dense, structured protein matrix with
limited expansion may be advantageous for applications where a
texturized high-protein ingredient is required.

Fig. 3 illustrates the appearance of the powder formulations and its
extrudates. Extrudates displayed fibrous structures, characteristic of
texturized plant-based proteins (Akharume et al., 2021; Dekkers et al.,
2018). Texture is a critical attribute of extrudates and a key determinant

Color parameters of powder formulations obtained by mixing lupin flour (LF) and laboratory (LPI) and commercial (LPI.C) protein isolates at different ratios and their

corresponding extrudates.

Formulation L* b* C* h*
Powder LF 0:100 LPI 62.2 + 0.4P2 7.9 + 0.34° 65.4 + 0.94" 65.8 + 0.9"° 83.1 + 0.2%
LF 20:80 LPI 63.2 + 0.4% 7.6 + 0.3%° 56.9 + 1.25° 57.4 + 1.25° 82.4 + 0.2P*
LF 100:0 LPI 68.8 + 0.5 2.7 + 0.3 29.8 + 1.0%° 29.9 + 1.0% 84.9 + 0.5
LF 80:20 LPL.C 67.3 + 0.6 3.8 + 0.3 32.3+1.1% 32,5 + 1.1 83.3 + 0.6
LF 60:40 LPL.C 68.6 + 0.742 3.7 £ 0.3 34.7 +1.1%® 34.9 + 1.1 83.9 + 0.5%
Extrudate LF 0:100 LPI 55.6 + 0.4 11.2 +0.3% 69.9 + 1.7 70.7 + 1.7 80.9 + 0.2°°
LF 20:80 LPI 51.9 + 0.2%° 11.8 + 0.3 70.4 + 1.6 71.4 + 1.6 80.5 + 0.3
LF 100:0 LPI 56.1 + 0.6°° 4.9 +0.6™ 48.8 +1.8% 49.0 + 1.8% 84.2 + 0.5
LF 80:20 LPL.C 57.1 + 0.47° 5.5 + 0.5% 44.3 + 1.4% 44.6 + 1.4% 82.9 + 0.5
LF 60:40 LPL.C 55.0 + 0.4°° 5.6 + 0.6 49.4 +1.8% 49.8 +1.9% 83.6 + 0.6

L* lightness value; a*,green-red; b*,blue-yellow; C*, chroma; h*, hue angle.

Values are presented as average + SD. Different capital letters in columns indicate significant differences (p < 0.05) between formulations for powders and extrudates.
Different lowercase letters in columns indicate significant differences (p < 0.05) between powder and their extrudate.
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Formulation Powder Extrudate AE, AE,
LF 0:100 LPI . “ 87+1.1° 21.9+1.6"
LF 20:80 LPI . ‘ 182+£1.2° 23.1+1.5°
LF 100:0 LPI . 23.0+1.5°
LF 80:20 LPI.C 154114 47+13
LF 60:40 LP1.C 202+£1.2° 23406

LPIL.C

Fig. 3. Appearance of powder formulations obtained by mixing lupin flour (LF) and laboratory (LPI) and commercial (LPI.C) protein isolates at different ratios and
their extrudates. Appearance of LPI.C powder. AE,, total color differences between powders and extrudates; AE,, total color differences between LF 100:0 LPI
extrudate and other extrudates. Values are presented as average + SD. Different lowercase letters in columns indicate significant differences between samples (p

< 0.05).

of consumer acceptance in formulated products that incorporate them as
ingredients. As shown in Table 6, the lupin extrudates exhibited an
average maximum force of 346 N. Taking into account the probe surface
area (4.5 cm), the average maximum stress (0.22 N/mmz) was higher
compared to other sources such as amaranth (avg. 0.08 N/mm?)
(Zapotoczny et al., 2006) or wheat (0.03 N/mm?) (Azzollini et al.,
2018), which were also tested using a compression-extrusion test with a
similar configuration to the one used in the present work. Moreover,
compared to amaranth (avg. 68 N-mm, Zapotoczny et al., 2006) and

wheat (5 N-mm, Azzollini et al., 2018), the lupin-based extrudates
required higher energy to break, with an average area of 498 N-mm
(Table 6). These results are in agreement with Chanvrier et al. (2013),
who reported that higher protein content further increased hardness.
The highest hardness and compression energy were observed for LF
80:20 LPI.C (Table 6). Texture results are consistent with the elevated
BD previously discussed, indicating a compact and rigid structure,
associated with the low starch content. However, despite the lowest BD
was observed for LF 0:100 LPI, this was not clearly reflected in the
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Table 6

Bulk density (BD) and texture parameters of extrudates from different powder
formulations obtained by mixing lupin flour (LF) and laboratory (LPI) and
commercial (LPIL.C) protein isolates at different ratios.

Formulation BD Hardness Peak time Slope Area

(g/em®) ) (s) (N/mm)  (N-mm)

LF 0:100 LPI 0.94 + 338 +17¢ 1.59 + 127 + 519 +
0.09¢ 0.02° 114 38>

LF 20:80 LPI 1.18 + 273 + 1.56 + 105 + 406 +
0.04% 224 0.05° 13¢ 31°

LF 100:0 LPI 1.02 + 372 + 1.45 + 164 + 7° 514 +
0.11° 23° 0.04° 41°

LF 80:20 LPIL. 1.16 + 432 + 1.45 + 183 + 623 +
¢ 0.03? 30° 0.02° 17° 49°

LF 60:40 LPIL. 117 + 315 + 41° 1.36 + 142 + 426 +
C 0.03% 0.05° 16° 62°

Values are presented as average + SD. Different lowercase letters in columns
indicate significant differences (p < 0.05).

texture parameters. Furthermore, although other studies have not
evaluated these aspects, the extrudates led to an average peak time of
1.48 s and an average slope of 144 N/mm. As peak time and slope were
inversely related, lower peak time values generally corresponded to
higher slope values (Table 6). Nevertheless, no clear effect of formula-
tion was observed. In general terms, the addition of LPI led to reduced
hardness and slope and increased peak time compared to LF 100:0 LPI,
while the required compression energy remained similar (Table 6).
Overall, these results could be closely related to the microstructural
features observed (Fig. 4), as microstructure has been shown to strongly
influence textural properties in plant-based proteins (Bhuiyan & Ngadi,
2024). LF 100:0 LPI exhibited a highly irregular structure composed of
aggregates of small rounded particles along with larger isolated parti-
cles, likely associated with its broad particle size distribution (D[4.3]
714 pm, d(0.1) 65 um, d(0.5) 687 um and d(0.9) 1361 pm) (Fig. 4A and
Table 1). A laminar fibrillar structure derived from plant cell wall
components was also observed, where compounds such as lipids and
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partially gelatinized starch appeared to interact and partially fuse with
the fibers, although complete fusion was not achieved (Fig. 4B). This
incomplete fusion may be associated with the low BD of this formulation
where numerous small but shallow pores were present throughout the
matrix (Table 6). In contrast, LF 0:100 LPI displayed elongated fibrous
structures that progressively aggregated to form smooth-surfaced
lamellae (Fig. 4C). At higher magnification, the smooth surface was
densely populated with micropores, which may explain the lower den-
sity observed in this sample (Fig. 4D and Table 6) compared to the other
formulations. LF 20:80 LPI showed a higher degree of fusion among the
different extrudate components compared to LF 100:0 LPI. A continuous
protein network was established, characterized by fibrous protein
structures that encapsulated LF-derived aggregates (Fig. 4E). In some
regions, these aggregates were more extensively fused, whereas in
others they retained the less integrated morphology observed in LF
100:0 LPI (Fig. 4F). Consequently, a discontinuous matrix containing
embedded aggregates was formed. The interactions between LF and LPI
components may have allowed the structure to collapse more easily
under compression, leading to low hardness despite its high density
(Table 6).

Regarding the incorporation of the commercial protein isolate, LF
80:20 LPI.C exhibited higher hardness and BD values (Table 6), which
may be related to the particle size of LPI.C (D[4.3] 50 um, d(0.1) 14 pm,
d(0.5) 44 pm and d(0.9) 96 um, Table 1), promoting greater fusion be-
tween protein fibers and LF components (Fig. 4G and H). Conversely, LF
60:40 LPI.C, due to its higher protein content, likely developed a more
irregular matrix in which protein fibers remained more independent
from LF-derived aggregates, resulting in reduced hardness (Fig. 4I and J
and Table 6). Overall, the incorporation of lupin protein influenced the
microstructural organization of the extrudates, enhancing component
fusion and matrix continuity, which was reflected in changes in BD and
textural properties depending on protein type (LPI or LPI.C) and its
proportion. Further quantitative analyses, such as fractal dimension and
surface porosity evaluation (Bhuiyan et al., 2026), would be valuable to

Fig. 4. Microstructure of extrudates observed by FESEM. LF 100:0 LPI (A-B), LF 0:100 LPI (C-D), LF 20:80 LPI (E-F), LF 80:20 LPI.C (G-H), LF 60:40 LPI.C (I-J). LF,
lupin flour; LPI, lupin protein isolate; LPI.C, commercial lupin protein isolate. Arrows indicate: ag, aggregates; f, fusion of components; mp, micropores; pf, plant

fibers; prf, protein fibers.
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more comprehensively characterize the microstructure and should be
addressed in future work.

4. Conclusions

The present study demonstrates that high-protein lupin-based for-
mulations can be efficiently processed by extrusion, yielding stable
extrudates with a uniform structure. Although slight apparent re-
ductions in measured protein and fat were observed after extrusion,
these might be more likely due to limited extractability caused by
structural modifications under the combined effects of high temperature
and pressure. Polyphenols, saponins and antioxidant constituents were
substantially reduced during extrusion, probably due to hydrolysis and
thermal effects, whereas heat-stable compounds like alkaloids were
unaffected. Overall, the incorporation of protein isolates into lupin
formulations resulted in extrudates with lower anti-nutritional and anti-
technological factors, compared with extrudates from lupin flour alone.
Regarding techno-functional properties, water absorption index
remained high after extrusion, while fat absorption (FAI) decreased,
likely due to structural compaction and altered protein-lipid in-
teractions. Compared to the lupin flour formulation, the incorporation of
protein isolates improved the FAI of the extrudates while maintaining
high WAI values. As expected, the extrudates exhibited a hard and dense
texture, attributed to the low starch content of lupin flour and isolates.
Therefore, if the objective were to produce a porous, ready-to-eat
product, future formulations should incorporate starch or other
expansion-promoting components to reduce bulk density. However,
maintaining a compact protein matrix may be advantageous for appli-
cations requiring a texturized high-protein ingredient. Microstructural
analysis confirmed the formation of dense, cohesive protein networks,
providing a structural basis for the observed bulk density and textural
properties.

Collectively, extrusion proved to be an effective strategy to obtain
high-protein texturized lupin ingredients suitable for meat analogue
applications, with the additional benefit of reducing anti-nutritional and
anti-technological factors. Further pilot-scale studies are required to
confirm its industrial feasibility and future research should explore
alternative formulations aimed at increasing expansion and optimizing
textural properties.
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