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c Natural Resources Institute Finland, Myllytie 1, FI-31600, Jokioinen, Finland   

A R T I C L E  I N F O   

Keywords: 
High moisture extrusion 
Meat analogues 
Lupin 
Protein concentrate 
Protein isolate 

A B S T R A C T   

Lupin is a nutritious, yet undervalued grain used as a fodder and food crop. In the present study, 
native lupin flour (LF), lupin protein concentrate (LPC), and lupin protein isolate (LPI) were 
combined (70% LPI:LPC blend ratios [30:70, 50:50, and 70:30] and 30% LF constant fraction), 
extruded at high moisture (45–55%), and shaped with a long cooling die (800 mm) to obtain 
texturized meat analogues (TMAs) with fibrous structures. The characteristics of TMAs (e.g., 
hardness, water hydration capacity) depended heavily on water content, blend ratios (LPI:LPC), 
and to a lesser extent, the long cooling die temperature. Color changes (i.e., L*, b*) were mostly 
attributed to variations in blend ratios (LPI:LPC). Microstructure analysis showed that TMAs with 
higher water content (55%) were more likely to have thinner walls and smaller void thickness. 
Fluorescence imagery revealed that TMAs with lower LPI content presented more homogeneous 
structures. These findings show that reasonable amounts (30% d.m.) of native lupin flour can be 
incorporated into meat analogues by maintaining a sufficiently high protein content (>50% d.m.) 
to trigger the formation of fibrous structures.   

1. Introduction 

The consumption of plant-based meat analogues is increasing in the developed world. This responds to (i) growing public 
awareness of the carbon footprint associated with the meat industry, (ii) stronger attitudes toward health promotion (e.g., cardio-
vascular diseases, obesity, type II diabetes), and (iii) current ethical constraint due to animal welfare [1,2]. Despite efforts to develop 
plant-based alternatives to meat, the reliance on a handful of imported feed grains (e.g., wheat, corn, soybean) imposes new challenges 
that could be as environmentally detrimental as meat itself. Thus, the use of local grains could dramatically reduce the carbon footprint 
linked to transportation, secure the preservation of local varieties, prevent the introduction of foreign species to vulnerable ecosys-
tems, revalue/foster domestic culinary knowledge, and boost food system resilience [3,4]. In this context, blue lupin (Lupinus 
angustifolius) is a plant whose seeds (hereafter referred to as lupin) are rich sources of protein (31–40%) and dietary fiber (15–25%) 
[5–8]. Although traditionally used as animal feed, a reassessment of lupin’s nutritional and technological characteristics could increase 
its human consumption and valorization worldwide. 

Most of lupin’s protein fraction is made of four types of globulins: α-, β-, γ- and δ-conglutin (11S, 7S, 7S, and 2S, respectively). α- and 
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β-conglutin make up most of total globulin, while the presence of γ- and δ-conglutin is comparatively small [9]. Even though the overall 
protein content of native lupin might depend on the cultivated species/varieties, tillage system, harvesting season, and rainfall 
environment [10,11], researchers [12–14] have observed that lupin has (on average) a similar content of protein and higher content of 
dietary fiber than soybean (Glycine max). Similarly, lupin was found to have a higher content of protein and dietary fiber and a lower 
content of carbohydrates than pea (Pisum sativum) [13]. This gives lupin the potential to substitute soybeans and peas. 

In its native form, lupin presents substantial contents (≥50% d.m.) of non-starch polysaccharides (NSPs), such as galactomannans, 
glucomannans, mannans, and galactans [15,16]. Based on Fourier-transform infrared spectroscopy, β-glycoside linkages (877.9 cm− 1), 
pyranose rings (989.5 cm− 1; 1067.5 cm− 1; 1103.3 cm− 1) and carbonyl bonds (as part of an amide group; 1539.4 cm− 1) were detected 
in NSPs extracted from blue lupin [15]. These NSPs contained mostly (in decreasing order) galactose, mannose, xylose, rhamnose, 
glucose, and fucose. 

Compared to other grains, there are few studies on the nutritional benefits of lupin. Among these [17,18], demonstrated the 
probiotic activities of NSPs extracted from lupin. For instance, a diet rich in NSPs seems to stimulate the growth of bifidobacteria 
(Bifidobacterium spp.), thus altering the composition of the colonic microbiota in healthy men [17]. Lupin also contains notable 
amounts of phenolic compounds (total phenolics: 13.0 mg/g, flavonoids: 4.4 mg/g, flavonols: 1.7 mg/g; average values reported by 
Ref. [19], B vitamins (vitamin B1 [thiamine]: 7.1 mg/kg, vitamin B2 [riboflavin]: 2.4 mg/kg; [20], tocopherols (alpha-T: 0.4 mg/100 
g, gamma-T: 8.0 mg/100 g, total T: 8.4 mg/100 g; average values calculated from data reported by Ref. [21], and carotenoids (total 
carotenoids: 229 μg/g, lutein: 24.1 μg/g, zeaxanthin: 134.4 μg/g, beta-carotene: around 50 μg/g; [22]. 

Technologically, considerable advances have been made to understand the role of lupin flour in wheat-based popular food 
products, such as bread, gluten-free cakes, instant noodles, and pasta (Martinez-Villaluenga et al., 2010 [23,24]; Levent et al., 2011). 
According to Ref. [25]; adding only 10% lupin flour to refined wheat flour-based bread resulted in an observable detrimental quality. 
This is usually connected to the low elasticity associated with proteins and the high water-binding capacity of dietary fiber in lupin. 
The few studies found on lupin-containing meat analogues use mostly protein concentrates and isolates [26,27], raw materi-
als—particularly isolates—that require substantial amounts of energy and water for their production. According to Ref. [26]; it is 
possible to obtain meat-mimicking fibrous structures from a blend of lupin protein concentrate and isolate (50:50) at 55% water 
content, with the most influential factor being water content compared to barrel temperature and screw speed. 

In general, high moisture extrusion coupled with a long cooling die should offer the conditions for protein-rich materials to undergo 
phase separation and aggregation, and potentially result in the formation of layered and oriented fibrous structures. However, a 
myriad of intrinsic factors may influence the outcome, including (i) the ratio of non-proteinaceous components, (ii) pH value, (iii) ions, 
and (iv) emulsifying properties, among others [28]. 

The present investigation aimed to set a benchmark for the development of meat analogues containing native lupin flour. Physical/ 
physicochemical characteristics of extruded meat analogues containing native lupin flour and protein ingredients (blends of protein 
concentrate and isolate) were measured, analyzed, and modelled following regression analyses (multiple linear regression [MLR] and 
partial least squares regression [PLSR]). This study introduced native lupin flour (around 1/3) to meat analogues to boost health 
benefits and reduce reliance on high resource-consuming protein ingredients. 

2. Material and methods 

2.1. Materials 

Lupin flour (LF; FRANK Food Products, Twello, Netherlands), lupin protein concentrate (LPC; FRANK Food Products, Twello, 
Netherlands), and lupin protein isolate (LPI; Prolupin GmbH, Grimmen, Germany) were purchased and stored in frozen storage 

Abbreviations 

AI anisotropy index 
D-WHC Water hydration capacity measured via destructive method 
TMAs Texturized meat analogues 
LCDT Long cooling die temperature 
MLR Multiple Linear Regression Analysis 
ND-OAC Oil absorption capacity measured via non-destructive method 
ND-WHC Water hydration capacity measured via non-destructive method 
LF Lupin flour 
LPC Lupin protein concentrate 
LPI Lupin protein isolate 
PLSR Partial Least Squares Regression Analysis 
Ten Tensile cutting strength 
Tran Transverse cutting strength 
WAI Water absorption index 
WSI Water solubility index  
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(− 20 ◦C) prior to blending. Three mixtures containing a constant fraction of LF (30% d.m.) and a blend of protein ingredients (70% d. 
m. [LPI:LPC; 30:70, 50:50, and 70:30]) were prepared for testing (Table 1). Protein content analysis followed the Dumas combustion 
method (Vario MAX CN, Germany) using a nitrogen-to-protein conversion factor of 5.4. The contents of fat, dietary fiber, and car-
bohydrate were analyzed and provided by the manufacturer (Table 1). The water absorption index (WAI) and water solubility index 
(WSI) of each ingredient (LF, LPC, and LPI) were measured following the method reported by Ref. [29]; deionized water was used as 
the solvent. The particle diameter (of powder granules) was measured using a laser diffraction particle size analyzer (Mastersizer 3000 
SM, Malvern Instruments Ltd., Worcestershire, UK) with a dry powder dispersion unit (Aero S). The refractive index was set at 1.46. 
Chemical and physicochemical analyses were conducted in triplicate. 

2.2. Extrusion process 

Texturized meat analogues (TMAs) were prepared at different LPI:LPC blend ratios (70% blend [LPI:LPC; 30:70, 50:50, and 70:30] 
and 30% LF), water contents (WC: 45, 50, and 55%) and long cooling die temperatures (LCDT: 40, 60, and 80 ◦C). This was done 
following a split-plot Box-Behnken experimental design (Appendix A). A twin-screw laboratory extruder (Thermo Prism PTW24 
Thermo Haake, Polylab System, Germany) attached to a long cooling die (flat cooling nozzle FKD75, DIL Deutsches Institut für 
Lebensmitteltechnik, Quakenbrück, Germany) was used to produce the TMAs. Reverse osmosis water was the only liquid ingredient 
fed into the extruder, and the total feed rate and screw speed were maintained at 50 g/min and 400 rpm, respectively. The technical 
details of the equipment are shown in Appendix B. At the exit point, the TMAs were cut into pieces of 20 cm in length and placed inside 
Ziplock bags for subsequent storage at − 20 ◦C. 

2.3. Determination of mechanical and physicochemical properties 

The properties of the TMAs were assessed with a Texture Analyzer TAXT2i (Stable Micro Systems, Surrey, England). For the texture 
profile analysis (TPA), TMAs were cut into cubical specimens [24 mm (W) × 24 mm (L) × 14 mm (H)] and placed on a flat square 
aluminum sample holder. A cylindrical probe (Ø 36 mm) was fixed to a mechanical arm, and performed two sequential vertical de-
scents on every specimen, while force-time data was registered. The settings of the probe were as follows: load cell, 50 kg; pre-test 
speed, 1 mm/s; test speed, 1 mm/s; post-test speed, 5 mm/s; deformation distance, 7 mm (50% strain); resting time, 5 s; and 
trigger force, 5 g. Each measurement resulted in a two-cycle force-time curve from which hardness, springiness, and chewiness were 
calculated using Equations (1)–(3), respectively. 

Hardness=Fmax→A1 (1)  

Springiness=
L2

L1
(2)  

Chewiness=
A2

A1
× Hardness × Springiness (3)  

where, A1 or A2 is the area (N.s) to the peak force corresponding to cycle 1 or cycle 2, respectively; Fmax→A1 is the maximum force (N) 
corresponding to area A1; L1 or L2 is the period (s) corresponding to A1 or A2, respectively. To assess the cutting strength, TMAs were cut 

Table 1 
Chemical, physical and physicochemical characterization of individual raw materials (lupin flour, LF; lupin protein concentrate, LPC; lupin protein 
isolate, LPI) and their mixtures. Water absorption index, WAI; water solubility index, WSI; surface area moment mean, D[3,2]; volume moment mean, 
D[4,3].   

LF, 
% 

LPC, 
% 

LPI, 
% 

Blend 
ratios 

Content (g/100 g d m.) WAI WSI D[3,2] D[4,3] 

aLPI:LPC Protein bFat bDietary 
fibre 

bCHO 

LF 100 – – – 36.8 ±
0.3 

7.9 36 7.5 267.8 ±
1.2 

20.2 ±
0.2 

22.9 ±
0.1 

54.1 ±
0.3 

LPC – 100 – 0:100 54.6 ±
0.1 

9.8 14.6 7.6 191.5 ±
1.5 

24.2 ±
1.1 

9.9 ±
0.1 

12.9 ±
0.3 

LPI – – 100 100:0 97.5 ±
0.0 

3.0 4.4 0.5 244.2 ±
6.9 

56.3 ±
1.3 

49.9 ±
0.5 

77.3 ±
0.9 

Mixture 1 
(M1) 

30 49 21 30:70 58.2 7.8 18.9 6.1 211.7 ±
0.9 

35.9 ±
0.5 

16.6 ±
0.1 

46.7 ±
0.2 

Mixture 2 
(M2) 

30 35 35 50:50 64.2 6.9 17.5 5.1 234.4 ±
3.9 

45.5 ±
4.1 

20.5 ±
0.1 

56.2 ±
0.5 

Mixture 3 
(M3) 

30 21 49 70:30 70.3 5.9 16.0 4.1 229.0 ±
1.9 

48.5 ±
0.2 

26.4 ±
0.1 

64.2 ±
0.2  

a Blend ratios (LPI:LPC) 30:70, 50:50 and 70:30 correspond to mixtures 1, 2 and 3 (M1-M3), respectively. 
b Data provided by producer. 
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into pieces of specific dimensions [20 mm (W) × 30 mm (L) × 10 mm (H)] and tested following two cutting directions: transverse (defn. 
perpendicular to the flow direction) and tensile (defn. flow direction) (Appendix C). A probe attached to a razor blade performed a cut 
upon descent using the following settings: load cell, 5 kg; pre-test speed, 1 mm/s; test speed, 1 mm/s; post-test speed, 5 mm/s; and 
cutting distance, 10 mm. The collected data were the maximum force (N). The anisotropy index (AI) was calculated as the ratio between 
transverse and tensile (transverse

tensile ) cutting strength (Appendix A). 
To measure the destructive water hydration capacity (D-WHC), TMAs were shredded and then dried in an airflow convection oven 

(Termaks, Bergen, Norway) at 50 ◦C for 12 h. Dried samples were milled with an ultra-centrifugal mill (Retsch ZM 200, Haan, Ger-
many; rotational speed, 10,000 rpm) and stored in Ziplock bags at room temperature (25 ◦C) prior to analysis [30]. To assess the 
non-destructive water hydration/oil absorption capacity (ND-WHC; ND-OAC), TMAs were cut into pieces of the following dimensions: 2 
cm × 3 cm × 1 cm, and dried in an airflow convection oven (Termaks, Bergen, Norway) at 40 ◦C for about 24 h. Each piece was 
weighed and placed in a 50-ml Eppendorf tube, and then immersed in 40 ml of Milli Q water or rapeseed oil (Keiju, Bunge Finland Ltd., 
Finland) at 50 ◦C (water bath) for 16 h, followed by draining for 5 min. ND-WHC or ND-OAC were expressed as grams of water/oil 
retained per gram of dried sample using Equation (4), 

ND ̵WHC or ND ̵OAC(%)=
(WAR − WBR)

WBR
× 100 (4)  

where WAR is the weight of the sample after rehydration/oil absorption and WBR is the weight of the sample before rehydration/oil 
absorption. 

The color space parameters lightness (L*), redness (a*), and yellowness(b*) were measure using a Minolta CR-400 chromometer 
(Konica Minolta Sensing, Inc., Osaka, Japan) on the exposed inner side (upon cut-opening) of defrosted TMAs; frozen samples were 
placed inside a Ziplock bag and exposed to water bath heating for 1 h at 30 ◦C. 

2.4. Imaging analyses 

TMAs were cut into pieces of defined volume (Appendix C, transverse) and freeze-dried (Lyovac GT 2, Amsco Finn-Aqua GmbH, 
Hürth, Germany) for 4 days. Images of freeze-dried TMAs were obtained via X-ray micro-CT system phoenix nanotom|s (phoenix|x-ray 
Systems + Services GmbH, currently part of Waygate Technologies owned by Baker Hughes). The samples were placed in a small 
plastic cup and supported by Styrofoam balls to ensure immobility during the scan. The operating voltage was 60 kV and the current 
150 μA; no filter was used. Each sample was imaged by taking 1600 projection images around 360◦ rotation with an exposure time of 3 
× 500 ms per projection. The pixel size of the images was 20 μm. 3D volumes were generated using phoenix datos|x 2 reconstruction 
software version 2.4.0 (phoenix|x-ray Systems + Services GmbH). The image analysis was conducted in Fiji/ImageJ [31,32]. Noise 
reduction was done by non-local means denoising [33,34], and the void portion was then identified by choosing (manually) a 
threshold value (the same for all samples) below which gray scale values were considered void space. The thickness distribution for the 
void space was computed using the ImageJ LocalThickness plugin [35]. 

The compositional and structural characteristics of TMAs were observed using an Axio Scope A1 fluorescence microscope (Carl 
Zeiss Microscopy GmbH, Germany) connected with an AxioCam 305 color digital camera (Carl Zeiss, Microimaging GmbH, Göttingen, 
Germany) and equipped with an external fluorescence light source (HXP 120 V, Carl Zeiss, Germany). Flat rectangular pieces (20 mm 
× 28 mm × 1 mm), taken from the center and side, were cut out from selected TMAs and submerged in Nile Blue A (Sigma-Aldrich) 
solution (0.1% w/v) for 15 min. The resulting samples were placed individually in perforated case holders and rinsed with Milli-Q 
water. Excess water was removed from the surface of the sample by using a vacuum oven (ThermoStable OV-70, Daihan Scientific 
Co. Ltd, Wonju-si, Korea) at 40 ◦C for 30 min. The samples were placed between two glass slides and taped to each other to keep the 
sample flat and steady during image acquisition. The excitation and emission wavelengths of Nile Blue A for the detection of proteins 
were 635 and 674 nm, respectively (red channel detector). Color interpretation took place as follows: black, soluble/insoluble dietary 
fiber and carbohydrates; red, native/denatured protein; white, spectral overlap associated to the presence of neutral lipids (e.g., tri-
glycerides). Photographs were taken using Zen 3.2 Blue edition (Carl Zeiss Microscopy GmbH, Germany) and eventually stitched using 
an Image Composite Editor (ICE, Microsoft corporation) for the observation of macrostructures. Ten individual pictur-
es—corresponding to each tested sample—were stitched together for analysis. Images were subsequently analyzed in Fiji/ImageJ 
software. The color difference between the side and the center of the TMAs was calculated using a modified version of the delta E 
(ΔmE) formula: 

ΔmE=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ΔMean2 + 2(ΔMode)

√
(5)  

where Δ Mean is the numerical difference between the mean values of the red color histogram and Δ Mode is the absolute difference 
between the mode values of the red color histogram. 

Photographs of selected TMAs (thawed, cut into 5-cm pieces, and split open) were taken with a digital single-lens reflex (DSLR) 
body camera (Nikon 7200, Tokyo, Japan) attached to a telephoto lens (18–400 mm f/3.5–6.3 DI II VC HLD zoom objective, Tamron 
Co., Ltd., Saitama, Japan) in a light-controlled cabinet (D50, warm daylight). The settings were as follows: distance to object, 20 cm; 
magnification, 18 mm; aperture, 9; shutter speed, 250; and ISO, 1000. Raw images (NEF format) were processed with Corel PaintShop 
Pro (v. 2021, Corel Corporation, Ottawa, Canada). 
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Table 2 
Effects of independent variables (blend ratio between lupin protein isolate and concentrate, LPI:LPC; water content, WC; long cooling die temperature, LCDT) on physicochemical and mechanical 
properties of meat analogues. Torque, Tor; pressure, Pre; hardness, Hard; chewiness, Chew; springiness, Spring; water hydration capacity, WHC; oil absorption capacity, OAC; tensile cutting strength, Ten; 
transverse cutting strength, Tran; lightness, L*; redness, a*; yellowness, b*.   

Tor Pre Hard Chew Springa Non-destructive Destructive Cutting strength L* a*a b* 

WHCa b OACa WHC Ten Tran 

Constant 15.3 5.5 347.6 172.6 0.87 96.7 4.4 1.9 12.3 10.7 42.1 4.2 19.0 
L = LPI:LPCc 0.91** 0.12 24.0* 27.2** 0.02 2.5 − 1.3 0.06*** 0.12 0.56 − 3.2*** − 0.01 − 1.9*** 
W = WC − 3.4*** − 1.49*** − 154.0*** − 78.0*** 0.006 10.9 0.01 0.13*** − 6.7*** − 4.1*** 3.1*** 0.07 1.9*** 
T = LCDT − 0.25 − 0.58* 15.3 9.3 − 0.01 − 3.4 0.04 − 0.03* 1.7** 0.09 − 1.1** − 0.08 − 0.50 
L*L − 0.50 − 0.002 1.8 − 3.5 − 0.04 − 5.7 − 0.34 − 0.05* 0.83 − 0.09 2.0** − 0.24 0.89* 
W*W 0.02 0.37 − 1.6 − 11.0 − 0.002 10.6 1.8 0.06** 0.04 − 1.4 1.1* − 0.22 0.32 
T*T 0.23 − 0.05 − 4.4 0.46 0.02 3.2 0.55 − 0.03 − 0.09 0.54 0.07 0.25 0.16 
L*W − 0.63 − 0.22 − 13.8 − 7.7 0.020 3.3 − 1.6 0.03 0.51 0.63 − 1.4** 0.00 − 0.92* 
L*T − 0.12 − 0.77* − 2.6 − 5.4 − 0.02 3.1 0.37 0.02 − 0.97 0.12 0.17 0.13 0.26 
W*T 0.24 0.73* 5.4 − 2.10 − 0.03 − 3.4 − 0.79 0.02 − 0.57 − 0.40 − 1* − 0.25 − 0.62 
R2 0.96 0.93 0.98 0.96 0.60 0.53 0.40 0.97 0.97 0.93 0.98 0.51 0.97 
Q2 0.66 0.37 0.75 0.56 − 3.4 − 3.5 − 5.1 0.89 0.86 0.12 0.82 − 4.2 0.75 

*, **, *** Significant at p < 0.05, p < 0.01 and p < 0.001. 
a Regression is NOT significant at level p of 5%. 
b Lack of fit is significant at level p of 5%. 
c 70% mixture (LPI:LPC; 30:70; 50:50; 70:30) + 30% LF. 
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2.5. Statistical analysis 

The main effect of LPI:LPC blend ratios (70% blend [LPI:LPC; 30:70, 50:50, and 70:30] and 30% LF of solids), WC (45, 50, and 55%) 
and LCDT (40, 60, and 80 ◦C), and their corresponding squared effects and interactions on the mechanical/physicochemical properties 
of the TMAs were statistically analyzed via MLR analysis (MODDE v. 12.1, Umetrics, Sweden) and PLSR modeling (SIMCA v. 15.0, 
Umetrics, Sweden). PLSR coefficients and indicators of model suitability (root mean square error of cross validation, RMSEcv; coef-
ficient of determination, R2; coefficient of prediction, Q2; variable importance in projection, VIP) are detailed in Appendix D. The 
complete dataset corresponding to every individual trial (17) is presented in Appendix A. TMAs measurements (e.g., TPA, WAI, WSI) 
were conducted at least in triplicate. 

3. Results and discussion 

3.1. Characterization of raw materials 

The chemical composition and physicochemical characteristics of single ingredients (LF, LPC, and LPI) and mixtures (M1, M2, and 
M3) are detailed in Table 1. The protein content was evidently higher in LPI than in LPC and LF (LPC > LF). The contents of fat and 
dietary fiber were, however, the lowest in LPI. Less than 10% carbohydrates (CHO) were found in LF and LPC, and traces in LPI. The 
gradual decrease in macro components (i.e., fat, dietary fiber, CHO) among single ingredients was attributed to the protein separation 
process. Upon blending, disparities in the content of macro components reduced considerably. Even though M1 (30 LPI: 70 LPC) and 
M3 (70 LPI: 30 LPC) presented opposite blend ratios, the difference, in terms of protein content, was less than 10%, whereas the 
difference corresponding to fat, dietary fiber and CHO was less than 5%. 

The lowest WAI value was found in LPC while the highest in LF. The protein content of single ingredients (LF < LPC < LPI) showed 
weak correlation with the corresponding WAI (LPC < LPI < LF). By contrast, the mixtures with higher protein content (M3 >M2 > M1) 
presented higher WAI (M2 = M3 > M1). The WSI of single ingredients and mixtures increased at higher protein content. 

The particle size of LPC was clearly smaller than that of LF and LPI (LF < LPI). However, the mixtures showed increasing particle 
size at higher protein content (M3 > M2 > M1). 

Fig. 1. Contour plots (2D) corresponding to process parameters, mechanical and physicochemical characteristics of TMAs in line with the MLR 
modelling (Table 2). Destructive water hydration capacity, D-WHC; Lightness, L*; redness, b*; tensile cutting strength, Ten; transverse cutting 
strength, Tran. 
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3.2. Effect of protein on TMA 

A higher content of lupin protein (higher LPI:LPC blend ratio) increased torque (main effect) upon extrusion, whereas it seemed to 
have a negligible/minor effect on pressure (interaction effect; LPI:LPC blend ratio and LCDT) (Table 2; Fig. 1). Various studies [26,36, 
37] have suggested a direct relationship between protein content and torque/pressure, generally associated with protein denaturation 
and texturization during extrusion. 

A higher lupin protein content (higher LPI:LPC blend ratio) was directly proportional to hardness (calculated as shown in Equation 
(1)) and particularly chewiness (calculated as shown in Equation (3)) as shown in Table 2 and Fig. 1. The relationship between plant 
protein and sturdiness (defined as a robust structure characterized by high hardness or chewiness) was linked to the increasing 
presence of protein during extrusion [36]. Nevertheless, hardness and chewiness might be ascribed to higher protein–protein in-
teractions at a higher LPI:LPC blend ratio. 

The larger presence of hydrophilic groups could increase water bonding across a protein-rich continuous phase. As a result, a larger 
volume-mass fraction—containing bonded water and non-proteinaceous components such as carbohydrates—might be formed [28, 
38]. Water and carbohydrates in a protein-rich phase may reduce the sturdiness of the overall structure [28]. In the present study, it is 
possible that the protein-rich phase showed hydrophobic traits, particularly at a higher lupin protein content (i.e., high LPI:LPC blend 
ratio). This could be a plausible explanation for the increase in the sturdiness in TMAs (Table 2; Fig. 1). 

There was a direct impact of lupin protein content (higher LPI:LPC blend ratio) on the D-WHC of TMAs (calculated as shown in 
Equation (4); Table 2; Fig. 1). This seems to contravene the results shown by Ref. [39]; who demonstrated that a higher content of faba 
protein isolate substantially reduced water absorption capacity (technically the same as the ND-WHC) and, to a nonsignificant level, 
D-WHC. It is possible that, in the present study, the number of hydrogen bonds—between protein moieties (amine, amide, and hy-
droxyl groups) and water—increased at higher protein content. Interestingly, these changes were observed only in the D-WHC but not 
in the ND-WHC. The destructive nature of the method (i.e., D-WHC) may have increased the surface contact area between the protein 
and water, thus increasing the chances of bonding. 

Regarding color, increasing protein content (higher LPI:LPC blend ratio) seemed to darken the TMAs (lower L*), and reduce their 
yellowness (lower b*) (Table 2; Fig. 1). These findings are in contrast to those of [40]; who showed that increasing soy protein iso-
late—in relation to hemp protein concentrate—resulted in lighter and yellower meat analogues. All the mixtures tested in the present 
study contained 30% (d.m.) native lupine flour. Apparently, mixtures with more dietary fiber/carbohydrates (low LPI:LPC blend ratio) 
were better at preserving lupin’s light-yellow color compared to mixtures with less dietary fiber/carbohydrates (high LPI:PLC blend 
ratio). Further, the increasing protein content (high LPI:PLC blend ratio) in mixtures, which are rich in reducing sugars, may have 
encouraged non-enzymatic browning (Maillard reaction) during extrusion. The presence of phenolic compounds in lupin flour (e.g., 
flavonoids, flavonols, tartaric esters [19]; may also have intervened in color formation. It is plausible that the enzymatic oxidation of 
phenolic compounds occurred before compartment four (100 ◦C). 

Color variation could also be associated with polyphenol–quinone conversion reactions with amino acids residues. If LPI were 
produced using the alkaline extraction before protein precipitation at their isoelectric points, phenolic compounds might have been 
oxidized to their quinones. According to Ref. [41]; these quinones could react with free NH2 or thiol groups, producing dark 
pigmentation after condensation reactions. In this context [42], reported that flavonoids have a high affinity strength to γ-conglutin; a 
unique lupin protein. This finding seems to strengthen the link between darkening and the formation of protein–polyphenol conjugates 
and polymerization in TMAs. 

3.3. Effect of processing conditions on TMA 

During extrusion, the increase in water content decreased torque and pressure (Table 2; Fig. 1). The lubricating properties of 
water—on the mass undergoing extrusion—have been vastly reviewed by previous studies [43–45]. The present results also indicate 
that the increase of water content was associated with softer and less chewy structures in TMAs (Table 2). Hardness decreased by 50%, 
while chewiness decreased by almost 70% upon the increase in water content (from 45% to 55%; Fig. 1) [39]. observed comparable 
results during the extrusion of blends containing faba bean protein isolate and concentrate. In the present study, the increase in water 
content had a remarkable impact on hardness and chewiness, even compared to protein content (high LPI:LPC blend ratio). 

Regarding water hydration, a higher water content led to an increase in the D-WHC (Table 2; Fig. 1). Initial increments of water 
content were associated with modest increase in the D-WHC up to an inflection point (around 50% water), after which the D-WHC 
rapidly increased. Interestingly, Kantanen et al. (2022) reported a similar effect of water content via non-destructive methods. In the 
present study, the addition of water may have increased the hydrogen bonding in the lupin protein as suggested by Ref. [46]. It is 
possible that water fostered molecular-level changes in the protein thereby increasing its hydration capacity, regardless of structural 
conditioning (powdering) prior to measurement. However, higher LCDT seemed to reduce the D-WHC. These changes were rather 
modest compared to those of water content. Thus, it is reasonable to think that temperature stimulated changes in the molecular 
configuration of proteins under specific processing conditions (low LPI:LPC blend ratio; Fig. 1). 

The effect of water content on cutting strength was substantial. Tensile and transverse cutting strength was reduced at a higher 
water content. Additionally, the AI values around 1 (0.9–1.1) corresponded to samples with higher water content (Appendix A). This 
may indicate isotropy (or lack of anisotropy), as the cutting strength values were similar regardless of the cutting direction (tensile or 
transverse) [39]. It is possible that water may help open a tightly packed fibrous arrangement, thereby weakening the overall structure. 
In the present study, structural changes in the TMAs were strongly associated with a higher hydration capacity. These findings are 
consistent with those of [47]; who suggested a link between isotropy and the higher hydration capacity of fibrous meat analogues 
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(containing oat fiber concentrate and pea protein isolate). 
Water content and LCDT presented statistically significant main effects and interactions on lightness (L*) and yellowness (b*). The 

higher the water content, the lighter and yellower the TMAs became. By contrast, a higher LCDT gave rise to a darker color. At a low 
LCDT, the increase in water content showed a substantial effect on the lightness of the TMAs. However, the effect of water progres-
sively diminished as LCDT increased. Various studies [39,40,48] have reported the effects of temperature and water content on the 
darkening of extrudates. 

3.4. PLSR modeling 

PLSR allowed mapping and visualization of the cause-effect relationships between process parameters and the physicochemical 
characteristics of TMAs (Fig. 2). Among the process parameters, water content had the greatest effect, followed by the LPI:LPC blend 
ratio and LCDT. According to this model, a higher water content led to lighter (+L*), yellower (+b*), softer (i.e., low hardness, low 
cutting strength), and less chewy TMAs. The latter (hardness, cutting strength, and chewiness) also correlated with high pressure and 
torque. Further, a high LPI:LPC blend ratio seemed to increase water hydration (D-WHC and ND-WHC), reduce oil absorption (ND- 
OAC), and decrease lightness (-L*) and yellowness (-b*). 

Using a similar modeling technique [47], observed that a high content of pea protein was linked to high water hydration and low oil 
absorption in TMAs. By contrast [39], observed a lower water hydration capacity in TMAs containing a high content of faba bean 
protein isolate [39]. also reported a substantially higher oil absorption capacity compared to those observed in the present study 
(Appendix A). In both studies [39,47], TMAs with high protein content showed a dark color compared to those with low protein 
content. In the present study, despite the high water content, the onset of Maillard reactions (non-enzymatic browning) may be 
fostered by the larger presence of amino acids (amino groups of lysine residues) and reducing sugars in the mass during extrusion. 
Besides, enzymatic browning (before the onset of protein denaturation) should not be entirely dismissed due to the presence of 
phenolic compounds in lupin mixtures, particularly in native lupin flour. The location of the LCDT at the center of the PLSR plot 
indicates that the LCDT cannot adequately explain the score variation under the current model. Similarly, the observed springiness 
(calculated as shown in Equation (2)) and redness (+a*) could not be satisfactorily explained. 

3.5. Microtomography 

Water content had an observable impact on the structure of the TMAs, as shown in Fig. 4A. Transitioning from 45% to 55% water 
content substantially reduced wall thickness. The drop was remarkably pronounced at a low LPI:LPC blend ratio (Fig. 4A). In line with 

Fig. 2. PLSR plot describing the effect of independent extrusion variables (blend ratio between lupin protein isolate and concentrate, LPI:LPC; water 
content, WC; long cooling die temperature, LCDT) on process parameters (pressure, Pre; torque, Tor), mechanical (chewiness, Chew; hardness, Hard; 
springiness, Spring; tensile cutting strength, Ten-CS; transverse cutting strength, Tran-CS) and physicochemical (non-destructive water hydration 
capacity, ND-WHC; non-destructive oil absorption capacity, ND-OAC; destructive water hydration capacity, D-WHC; lightness, L*; yellowness, a*; 
redness, b*) properties. The percentage variance in X and Y, explained by each PLSR component is shown next to the adjacent axes (X, Y). 
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Fig. 3. Microtomography images of TMAs obtained at different blend ratios (LPI:LPC) and water contents (WC) as follows: A. 30:70 and 45%; B. 
30:70 and 55%; C. 70:30 and 45%; D. 70:30 and 55%. Orthogonal slices from different view angles are shown: Front (F), Side (S) and Top (T). 
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this [39], reported a reduction in the wall thickness of TMAs (70% faba bean protein isolate) with increasing water content (from 60% 
to 65%). These changes in the LPI:LPC blend ratio had a minimal yet observable impact on the wall thickness of TMAs tested in the 
present study; however [39], found that wall thickness was considerably larger at a higher content of faba bean protein isolate. 

TMAs containing more water (55%) showed—a larger probability of—smaller voids (Fig. 4B; <400 μm) than those containing less 
water (45%). Notably, TMAs containing a high LPI:LPC blend ratio (70:30) and low water content (45%) showed an abrupt increase in 
void thickness (Fig. 4B; <700 μm). As shown in Fig. 3, TMAs with low water content presented noticeable fractures along their 
geometric center. The formation of these fractures could be partially attributable to the physicochemical state of the mass during 
cooling. At this point, there is usually temperature/viscosity/velocity gradient (resembling Hagen–Poiseuille profile) between the 
inner and outer side of the mass, which affects water-protein phase separation (spinodal decomposition) and elongation [49]. The 
released of steam may depend—among other factors—on the capillarity and malleability of the mass upon phase separation. In the 
present study, water might have accumulated at the geometric center of the mass (as shown by the void distribution in the TMAs; 
Fig. 3A/3C). Apparently, high water content fostered a more homogenous water distribution across TMAs. This might explain the 
larger proportion of smaller voids in TMAs containing higher water content (Fig. 3B/3D; Fig. 4B). 

Photographs of selected TMAs—same as those analyzed via microtomography—showed observable structural layering 
(Appendix E). Although TMAs with high water content seem to exhibit slightly better-defined layers than those with low water content, 
it is hard to link these observations to the microtomography results due to preconditioning factors (i.e., freeze-drying) and repre-
sentativeness (e.g., size of the observed area). Additionally, TMAs with a high LPI:LPC blend ratio looked darker and less yellow. This is 
in line with the model-based results (MLR and PLSR) of the present study. 

3.6. Fluorescence macroscopy 

This method was developed for large-scale fluorescence analysis of extruded samples. As shown in Fig. 5, protein (red) and dietary 
fiber (black) were observed to be the largest components in the TMAs. Even though lipids, carbohydrates, and their corresponding 
complexes/aggregates were part of the system (white), they had minor presence in the TMAs, consistent with the chemical compo-
sition shown in Table 1. A noticeable difference between the center and side sections of the TMAs was observed (ΔmE was calculated as 

Fig. 4. Wall (A) and void thickness (B) probability distribution in TMAs obtained at two LPI:LPC blend ratios (30:70 and 70:30) and two water 
contents (45 and 55%). 
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shown in Equation (5); Fig. 5). Apparently, protein tended to concentrate at the geometrical center of the TMAs, particularly among 
those containing more LPI (LPI:LPC, 70:30; Fig. 5); the side section of these samples also presented observable fibrous structures. 

The presence of dietary fiber in relation to protein was substantially higher in TMAs containing less LPI and obtained at 45% water 
content (LPI:LPC, 30:70; Fig. 5). The distinct presence of dietary fiber (black circular bodies) across this sample (LPI:LPC, 30:70; 45% 
water content; Fig. 5) coincided with the measurement of the thickest inner walls via microtomography (LPI:LPC, 30:70; 45% water 
content; Fig. 4A). Thus, it is reasonable to believe that dietary fiber was directly associated with the development of thicker walls (LPI: 
LPC, 30:70; 45% water content). 

Based on color histograms (Fig. 5), the sample containing less LPI (LPI:LPC, 30:70) and obtained at 55% water content was 
compositionally the most homogenous (side vs. center; ΔmE = 7.74). This also happened to be the sample with a remarkably low void 
thickness (Fig. 4A). By contrast, the sample containing more LPI (LPI:LPC, 70:30) appeared to be the most heterogeneous (side vs. 
center; ΔmE = 19.08), yet it maintained its low void thickness (Fig. 4A). This supports the hypothesis that, at high availability, protein 
tends to accumulate at the geometric center of extrudates, with (apparently) minor consequences for void formation. 

Fig. 5. Fluorescent composite imagery of TMAs containing two different LPI:LPC blend ratios (30:70 and 70:30) and processed at two different 
water contents (45% and 55%). Red, native or denatured protein; black, soluble/insoluble dietary fiber and carbohydrates; white, spectral overlap 
associated to the presence of neutral lipids (e.g., triglycerides). The red color histograms provide details (mean, mode) on the degree of blackness 
and redness of each image, and the overall color difference between center (C) and side (S) sections (ΔmE). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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4. Conclusion 

The present study showed that it is possible to obtain meat analogues by combining different blend ratios of lupin protein 
concentrate and isolate (70%) and a fixed fraction of native lupine flour (30%) under different processing conditions. High protein 
content was strongly linked to hardness and chewiness, while water content had the opposite effect on the mechanical properties of 
TMAs. Water content reduced cutting strength (tensile or transverse) and apparently had a negative impact on the formation of fibrous 
structures (e.g., AI close to 1). The hydration capacity of TMAs, either measured via destructive or non-destructive methods, increased 
with protein and water content. Regarding microtomography, the observed structures exhibited isotropic characteristics. The presence 
of small and homogeneously distributed voids was prevalent in TMAs with high water content. Fluorescence macroscopy revealed 
compositional differences between the center and side sections of the TMAs. Overall, increasing the LPI in the blend ratios led to 
detectable, yet not overwhelmingly different, technological changes (e.g., hardness, cutting strength) in the TMAs with side effects on 
darkening. TMAs with a low LPI presented technological characteristics that warrant further study. These findings strengthen the 
hypothesis that native flours can be used to obtain fibrous meat analogue if the protein content of the raw material is high enough, thus 
reducing over-reliance on protein ingredients. This study provides structural details that support process optimization and contributes 
to the body of knowledge on plant-based meat analogues from undervalued grain sources. 
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