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Abstract
Animal-based foods have a large impact on the environment; for this reason, plant-based meat analogous are now in the 
spotlight. Although protein concentrates/isolates from soy are the most used raw materials for meat analogues, some concerns 
about allergenicity, loss of biodiversity, and low sustainability of their production rise from their uses. In this context, high 
protein fractions obtained by air classification of pulse flours are here proposed as substitutes of protein concentrates. Thus, 
this work is aimed at understanding the aptitude of high protein fraction from pulses to be transformed into meat analogous 
through high moisture extrusion process. Differences in functional and rheological properties among high protein fractions 
resulted in different high moisture extrusion properties and thus products with different appearance. Specifically, the foam-
ing capacity of high protein fraction from red lentil resulted in expansion at the end of the extruder creating a heterogeneous 
structure, whereas the high lipid content of high protein fraction from chickpea can account for the unsuitability of this raw 
material to high moisture extrusion. On the contrary, high protein fraction from both fava bean and yellow pea presented a 
fibrous structure. However, the structure and textual properties of the final products need to be further investigated.
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Introduction

The term “meat analogue” describes food products that are 
made of protein sources other than animal ones and repro-
duce meat with respect to taste, texture, and appearance. 
Both nutritional and environmental reasons drove the inter-
est in meat analogues (Andreani et al., 2023; Thavamani 
et al., 2020). High consumption of meat is indeed linked 
to an increased risk of several health diseases like cardio-
vascular disease and type 2 diabetes (Richi et al., 2015). 
Moreover, meat products are less sustainable than plant ones 
(Gerber et al., 2013).

Various technologies have been proposed to develop meat 
analogues, including extrusion, shear cell, high temperature 
induced shearing with Couette Cell technology, 3D printing, 

wet spinning, and electrospinning. The potential and chal-
lenges of these techniques have been the objective of several 
reviews (Lee et al., 2023; Singh & Sit, 2022; Boukid, 2021). 
Among them, extrusion is one of the most applied technolo-
gies to produce meat analogues. It is a cost-effective process 
able to produce-due to both thermal and mechanical stresses-
a desirable fibrous structure that can mimic meat functional-
ity. Extrusion can be performed at a low (< 40%) or high (> 
40%) moisture level. In the first case, the immediate expan-
sion of the product is due to the rapid evaporation of water 
at the end of the extruder. The obtained intermediate product 
(called texturized vegetable proteins or TVP) needs to be 
rehydrated to obtain a fibrous and spongy structure. In the 
high moisture extrusion process, raw materials are hydrated 
(> 40% moisture content), subjected to thermomechanical 
stresses and then forced through a cooling die (Wittek et al., 
2021). Due to the shear, thermal stress, pressure, and final 
cooling, proteins are denatured, realigned, and cross-linked 
(Zahari et al., 2020), inducing a fibrous structure.

The most used raw materials in high moisture extrusion 
are protein isolated from soy, pea, wheat, and rice (Bakhsh 
et al., 2022). More recently, the effect of extrusion on the 
functional characteristics of TVP from hempseed was 

 *	 Alessandra Marti 
	 alessandra.marti@unimi.it

1	 Department of Food, Environmental and Nutritional 
Sciences (DeFENS), Università degli Studi di Milano, via G. 
Celoria 2, 20133 Milan, Italy

2	 Brabender GmbH & Co. KG, Kulturstraße 49 – 51, 
47055 Duisburg, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-023-03220-z&domain=pdf


	 Food and Bioprocess Technology

1 3

studied (Rajendra et al., 2023). In this study, we decided to 
investigate the potentiality of other botanical sources (i.e., 
faba bean, chickpea, and red lentil). However, the use of pro-
tein isolates/concentrates has some limitations, mostly due 
to functionality loss during their production that involves 
the use of large amount of water, energy, and solvents  
(Grandison et al., 1996). In this context, dry separation pro-
cesses have been proposed to separate plant proteins while 
maintaining their functionality (Schutyser et al., 2015). 
Among them, air classification allows to separate flour into 
particles differing in size and density and thus in chemi-
cal composition: a fine fraction rich in proteins (also called 
high protein fraction) and a coarse one in carbohydrates. 
The composition of the air classified fractions can be con-
trolled by setting the classifier wheel speed and the air flow 
through the classifier wheel. Classifier wheel speed and air 
flow are inversely proportional to the cut point, which is 
the size where a particle has an equal chance to end up in 
the fine or in the coarse fraction: the lower the cut point, 
the smaller the average diameter of the particles in the fine 
fraction, which in turn increases the protein content of the 
fine fraction (Funke et al., 2022).

Although the functional and nutritional features of air-
classified fractions from limited number of pulses have been 
investigated (do Carmoet al., 2020; Martinez et al., 2016), 
studies about the use of high protein fractions obtained by air 
classification to produce meat analogues are scarce and lim-
ited to a pea-oat mixture processed through a low-moisture 
extrusion-cooking process (De Angelis et al., 2020). Thus, 
this study exploring the potential use of high protein frac-
tions rather than protein isolates in meat analogues produced 
by high moisture extrusion.

Taking into consideration the interest in meat-analogue 
production and the actual knowledge gap in the state of the 
art (i.e., lack of information about the relation between the 
characteristics of high protein fractions and their applica-
tion in high moisture extrusion), the aim of this short note 
was to rapidly communicate the aptitude of high protein 
fractions – that were obtained by the air classification of 
various type of pulses-to be processed into meat analogues. 
To the best of our knowledge, this is the first time that high 
protein fractions from chickpea, red lentil, yellow pea, and 

fava beans are compared for their functional, pasting, and 
mixing properties in relation to their extrusion properties 
for the production of meat analogues.

Materials and Methods

High Protein Enriched Fractions and Their Properties

Commercial high protein fractions obtained applying 
air classification to red lentil, yellow pea, fava bean, and 
chickpea were provided by Müller’s Mühle GmbH (Gelsen-
kirchen, Germany). Protein (AACC 46-19.01), fiber (AACC 
32-10.01), lipid (AACC 30-10.01), and carbohydrate (by 
difference) content are reported in Table 1.

Water absorption capacity and oil absorption capac-
ity were evaluated as reported by Bresciani et al. (2022a), 
whereas foaming capacity and foaming stability were 
assessed as reported by Yadav et al. (2012).

The pasting properties were evaluated using the Visco-
Quick (Brabender GmbH & Co. KG, Duisburg, Germany), 
by dispersing 25 g of sample in 75 ml of distilled water scal-
ing both sample and water weight on a 14% flour moisture 
basis. Slurries were subjected to the following temperature 
profile: heating from 50 °C up to 92 °C, holding at 92 °C 
for 10 min and cooling from 95 °C to 50 °C with a heating/
cooling rate of 3 °C/min.

The mixing properties were measured by using the 
Farinograph-TS® (Brabender GmbH & Co. KG, Duisburg, 
Germany) equipped with a 300-g mixing bowl at a con-
stant hydration level (i.e., 50% on dry matter as reported by 
Bresciani et al. (2022b).

High Moisture Extrusion

High moisture extrusion was carried out using a twin-screw 
extruder TwinLab-F20/40 (Brabender GmbH & Co. KG, Duis-
burg, Germany) equipped with a modular cooling die. The 
following parameters were adopted: throughput, 2 kg/h; feed 
moisture, 50%; melt temperature, 115 °C; and screw speed, 
1000 rpm. As discussed below, these conditions were not suit-
able for high protein fraction from chickpea and red lentil. 

Table 1   Chemical  
composition of high-protein 
fractions from pulses

Mean (n = 3) ± standard deviation. Different letters in the same column correspond to significant differ-
ences (p < 0.05, Tukey’s HSD)

Samples Protein
(g/100 g d.b.)

Carbohydrate
(g/100 g d.b.)

Fiber
(g/100 g d.b.)

Lipid
(g/100 g d.b.)

High protein fraction from red lentil 50.8 ± 0.2 B 20.2 ± 0.3 C 12.9 ± 0.3 A 3.8 ± 0.1 A
High protein fraction from yellow pea 52.1 ± 0.3 B 14.7 ± 0.2 B 17.2 ± 0.6 C 4.9 ± 0.3 B
High protein fraction from fava bean 58.4 ± 0.2 C 7.5 ± 0.4 A 14.1 ± 0.4 AB 4.7 ± 0.5 B
High protein fraction from chickpea 37.3 ± 0.5 A 25.2 ± 0.3 D 15.3 ± 0.3 B 12.4 ± 0.3 C
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Thus, for these two raw materials, a textured vegetable protein 
(TVP) process was carried out using a twin-screw extruder 
TwinLab-F20/40 (Brabender GmbH & Co. KG, Duisburg, 
Germany) equipped with a round die head and adopting the 
following conditions: throughput, 2 kg/h; feed moisture, 30%; 
melt temperature, 130 °C; and screw speed: 750 rpm.

Statistics

The pasting and mixing properties were carried out in trip-
licate, and one representative curve for each sample was 
reported. Functional properties (i.e., water absorption capac-
ity, oil absorption capacity, foaming capacity, and foaming 
stability) were carried out in triplicate, and the results were 
expressed as mean ± standard deviation. Analysis of variance 
(one-way ANOVA) was assessed by Statgraphics Plus 5.1 
(StatPoint Inc., Warrenton, USA) using the samples as fac-
tors. The significant differences (p < 0.05) were determined 
by using Tukey’s Honestly Significant Difference (HSD) 
test. Data from functional properties, as well as final viscos-
ity and maximum consistency, were processed by principal 
component analysis (PCA) by using Unscramble software.

Results and Discussion

In the first part of the study, some functional properties, 
including hydration, foaming, pasting, and mixing proper-
ties, of the raw materials were evaluated. Particularly, the 
features of fractions enriched in protein that were obtained 
by air classification of chickpea, red lentil, faba bean, and 
yellow pea were compared and for the first time related to the 
extrusion properties through extrusion at high moisture level.

Functional Properties

High protein fraction from red lentil exhibited significantly 
higher water absorption capacity than the value found in 
high protein fraction from chickpea (Table 1). This suggests 
that in high protein fraction from chickpea, there is a lower 

availability of polar sites interacting with water. Differences 
between the fractions from red lentil and chickpea can be 
explained by their different chemical composition, having 
the fraction from red lentil a higher protein content and a 
lower lipid and carbohydrate content than chickpea fraction 
(Table 1). Although other components than protein content 
(e.g., fiber and starch) impact on water absorption capacity 
(Du et al., 2014), no relation between chemical composition 
(Table 1) and water absorption capacity was found for this 
set of samples, suggesting that the botanical source, type of 
proteins, and their functionality could prevail on chemical 
composition. Indeed, functional properties of food proteins 
depend on various factors, including amino acid composi-
tion, protein structure and conformation (which are deter-
mined by the botanical origin), and the interactions that 
occur between proteins and other food components (e.g., 
fats, carbohydrates, and phenolics) (Boye et al., 2010).

Recently, De Angelis et al. (2021) investigated the effect 
of air classification on the chemical composition and func-
tional properties of high-protein fractions obtained by the 
air classification of pulses. The authors found that water 
absorption capacity of protein rich fractions followed the 
order: red lentils > yellow and green pea > chickpea, which 
is partially in agreement with our results (Table 2). Both the 
variety used and the air-classifier settings certainly impact 
on the chemical composition (e.g., protein, fiber) and func-
tional properties of the fractions.

As regard oil absorption capacity, high protein fraction 
from chickpea showed the highest value that was signifi-
cantly different from that found in yellow pea (Table 2), 
suggesting higher hydrophobicity/non-polar amino acid side 
chains. The highest oil absorption capacity of high protein 
fractions from chickpea is in agreement with its high lipid 
content (Table 1).

As regard foaming capacity, high protein fraction from 
red lentil and faba bean showed the highest and lowest foam-
ing capacity and foaming stability (Table 2), which repre-
sent the ability to form a foam and the ability to maintain it 
stable, respectively. Such indices generally depend on the 
interfacial film formed by proteins, which maintains the air 

Table 2   Functional properties of raw materials Mean (n = 3) ± standard deviation

Mean (n = 3) ± standard deviation
Different letters in the same column correspond to significant differences (p < 0.05, Tukey’s HSD)

Samples Water absorption 
capacity
(g/ml)

Oil absorption capacity
(g/ml)

Foaming capacity
(%)

Foaming stability
(%)

High protein fraction from red lentil 2.0 ± 0.1 B 2.1 ± 0.2 AB 78 ± 2 C 98 ± 2 B
High protein fraction from yellow pea 1.7 ± 0.1 AB 1.9 ± 0.1 A 66 ± 1 B 96 ± 2 B
High protein fraction from fava bean 1.8 ± 0.1 AB 2.1 ± 0.1 AB 63 ± 1 A 92 ± 1 A
High protein fraction from chickpea 1.5 ± 0.1 A 2.2 ± 0.1 B 65 ± 1 AB 96 ± 2 B
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bubbles in suspension and slows down the rate of coales-
cence. The high foaming capacity of sample from red lentil 
could suggest high surface activities of soluble proteins in 
the water phases (Sosa et al., 2020). The low foaming stabil-
ity of fraction from faba bean compared to the other sam-
ples is in agreement with previous studies that were recently 
reviewed by Boukid and Castellari (2022).

The functional properties of pulse proteins have been 
discussed in various reviews, including those of Boye et al. 
(2010) and Foschia et al. (2017). Even considering the same 
botanical species, variations in the results from different 
studies could be due to differences in the protein purity/
content of the samples studied as well as the specific condi-
tions used for the foaming tests (Boye et al., 2010).

Pasting Properties

The ability to form a gel under heating and cooling condi-
tions is another techno-functional property to consider since 
it is related to the capability of proteins to form a three-
dimensional network. The study of pasting properties, gen-
erally, gives information regarding the ability of starch to 
form a gel upon thermal treatments. Regarding high protein 
fractions, protein denaturation, aggregation, and gelation 
also play a decisive role in pasting properties. Indeed, in 
this study, the change in viscosity upon heating and cool-
ing was mainly due to protein fractions, because of the low 
starch content in the samples, and the sample:water ratio 
used during the test. Indeed, although high protein fraction 
from chickpea and from yellow pea exhibited different car-
bohydrate content (Table 1), their pasting profile was simi-
lar (Fig. 1A). At the same time, the pasting profile of high 
protein fractions seemed not to be affected by the protein 
content: The lowest pasting profile was shown by the frac-
tion from faba beans which was characterized by the highest 

protein content. Such results suggest that protein type and 
properties might account for the differences among the sam-
ples, with the sample from red lentil showing the greatest 
gelling capacity.

Pasting profiles are in line with functional properties 
(Table 2): high protein fraction from red lentil showed the 
highest viscosity and foaming capacity, while the fraction 
from faba bean showed the lowest viscosity and foaming 
capacity. The greater tendency of sample from red lentil to 
absorb water could have an effect in creating a more consist-
ent paste, and its greater foaming capacity could result in 
greater viscosity. In contrast, high protein fraction from faba 
bean showed the lowest foaming capacity and consequently 
lower viscosity during the test. In this case, low carbohy-
drate content (i.e., starch) might account for the low viscos-
ity. Finally, the fraction from yellow pea showed a decrease 
in viscosity during the holding phase at high temperature 
suggesting lower stability to both thermal and mechanical 
stress (considering that the sample was kept under stirring 
during all the analysis). The pasting properties profiles of 
the other samples did not show this loss of viscosity; on the 
other hand, their viscosity continued to increase during the 
holding period at 92 °C, suggesting that the protein modifi-
cation were not completed.

Mixing Properties

Even though pulse proteins are not able to aggregate into a 
network like gluten, they are able to create a cohesive mass 
with measurable consistency (Fig. 1B). The rheological 
behavior of high protein fractions showed a trend related 
to the amount of protein: the sample from chickpea (with 
37% proteins) shows the lowest dough consistency, while the 
consistency of the fraction from red lentil (51% proteins), 
from yellow pea (52% proteins), and from faba bean (58% 

Fig. 1   Pasting A and mixing B profiles of high protein fractions from pulses
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proteins) increased proportionally with the increase in pro-
tein content. The lack of studies on the mixing properties of 
air-classified fractions from pulses makes the discussion of 
the results difficult.

Principal Component Analysis

Exploratory multivariate analysis via PCA was used to 
explore the data further and provide additional discrimina-
tory power. The PCA in Fig. 2A shows the distribution of 
the high protein fractions according to the indices described 
above. The first two principal components provided a good 
summary of the data, accounting for about 84% of the total 
variance (PC 1 = 46%; PC 2 = 38%). Moreover, the loading 
plot (Fig. 2B) distinguishes the variables affecting sample 
distributions, which are those more distant from the origin 
of the plot. Specifically, the sample in quadrant I (i.e., high 
protein fraction from chickpea) was separated by all the 
other samples for its high lipid, carbohydrate content, and 
oil absorption capacity. Sample in quadrant III (i.e., high 
protein fraction from red lentil) was characterized by high 
water absorption capacity and foaming capacity. Finally, 
samples in quadrant IV (i.e., high protein fraction from yel-
low pea and from faba bean) were separated from all the 
other samples for their high protein content and high maxi-
mum consistency during mixing (variables in quadrant IV in 
Fig. 2B) and by low carbohydrate content, foaming stability, 
and final viscosity after heating and cooling (variables in 
quadrant II in Fig. 2B).

Extrusion Properties

With regard to the high moisture extrusion process, high 
protein fractions from pulses showed different behaviors that 
led to the formation of products having different characteris-
tics, especially regarding the formation of a fibrous structure 
capable of reproducing the functionality of meat (Fig. 3).

As for the high protein fraction from chickpea and from 
red lentil, it was not possible to obtain through high moisture 
extrusion a product characterized by a structure capable of 
reproducing meat: both raw materials did not show the abil-
ity to aggregate during the process (data not shown). The 
reason why the high protein fraction from chickpea did not 
perform adequately during the process could be due to the 
high amount of lipids (Table 1). Lipids, in fact, could act as 
a lubricant by decreasing the specific mechanical energy and 
therefore the mechanical stress during the process, leading 
to the inefficiency of the process. Similar results were found 
by De la Peña and Manthey (2017), who observed that the 
addition of flaxseed flour seeds during the extrusion pro-
cess reduced the SME and thus the quality of the extruded 
product (i.e., pasta).

In the case of high protein fraction from red lentil as well, 
it was not possible to obtain a product through high moisture 
extrusion likely due to high foaming capacity (Table 2). It 
is likely that the presence of air (i.e., mixing was not car-
ried out under vacuum) inside the dough made the process 
inhomogeneous because thermal and mechanical stress were 
not equally imparted to the dough during extrusion. Besides 
showing bubbles, the product from high protein fraction 
from red lentil tended to expand rather than creating a com-
pact and fibrous structure. Therefore, the suitability of high 

Fig. 2   Principal component (PC) analysis on data collected for high protein fractions from pulses: score plot A and loading plot B 

Fig. 3   Product obtained after extrusion of high protein fractions of 
pulses that were obtained by air classification
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protein fraction from chickpea and from red lentil during a 
TVP process was investigated. The purpose of this process 
is to create an expanded, honeycomb structure that should 
be later processed to produce meat analogues. No success-
ful results were obtained in the case of high protein frac-
tion from chickpea, suggesting that further investigations 
for optimizing the processing conditions are needed. On the 
other hand, in the case of high protein fraction from red 
lentil, it was possible to obtain an extruded product charac-
terized by good expansion, as shown in Fig. 3.

The extrusion of high protein fraction from both yellow 
pea and faba bean led to good results for the production 
of extrudates through high moisture extrusion; in fact, the 
obtained products showed a meat-like structure (Fig. 3). 
These two raw materials were the ones that showed the high-
est farinographic consistency, suggesting that greater con-
sistency is positively related to greater mechanical shear and 
consequently to greater efficiency of the extrusion process.

Conclusions

The use of high protein fractions from pulses seems to be 
a viable sustainable alternative to the use concentrated/iso-
lated proteins. Functional, pasting, and mixing tests seem to 
be able to provide information on the behavior of these raw 
materials during the extrusion process. Specifically, high 
farinographic consistency is linked to product with desir-
able characteristics, whereas the worst results were obtained 
from samples showing the highest viscosity (pasting prop-
erties) and foaming capacity. Since the high lipid content 
in high protein fraction from chickpea negatively affected 
the extrusion properties, further studies will consider the 
use of defatted chickpeas to reduce the negative impact they 
have, as well as the use of blends in order to combine the 
functional properties of various fractions to obtain the best 
aptitude for high moisture extrusion. This short note pro-
vides useful information to understand the characteristics 
of high protein fractions from pulses that mainly affect their 
extrusion performance. Being the first study on the extrusion 
at high moisture level of fractions from the air classification 
of chickpea, red lentil, faba bean, and yellow pea for the 
production of meat analogues, further studies are needed to 
gather more information on the relation between this new 
ingredient (i.e., high protein fraction from air classification), 
processing conditions, and product quality, in terms of tex-
ture, sensory acceptability, and nutritional value.
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