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Advancements in texturization processes for the 
development of plant-based meat analogs: a review
Davide De Angelis1,*, Atze Jan van der Goot2,#,  
Antonella Pasqualone1,† and Carmine Summo1,‡

Meat analogs are developed in response to environmental 
concerns, health conscious, and ethical consumer choices. 
Advancements in texturization processes with respect to the 
optimization of extrusion cooking, shear cell, and 3D printing are 
thought be essential to maintain future consumer interest. Here, 
we describe both thermal and nonthermomechanical treatments 
based on peculiar gelation mechanisms of ingredients. The 
combination of two or more different technologies is a promising 
strategy to enhance textural, nutritional, and sensory properties. 
Examples include integrating extrusion with shear cell, using new 
rotating die geometries, or combining fermentations with 
structuring processes. Other innovations explore sustainable 
protein sources and additives and nonprotein ingredients to 
improve textural properties, although the latter may raise concerns 
about acceptance and sustainability.
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Introduction
The global demand for plant-based protein sources and 
food has demonstrated a remarkable increase in recent 
years, driven by growing environmental concerns, health- 
conscious consumer choices, and ethical considerations. 

The motivations and the drivers behind the shift toward 
plant-based food are given in excellent recent studies 
[1,2,3,4••,5], and they are summarized in Figure 1.

Compared with traditional meat substitutes, such as 
seitan, tempeh or tofu [5], meat analogs are specifically 
designed and developed to resemble meat product char
acteristics, such as texture and taste. This imitation also 
considers the visual appearance and the cooking experi
ence of the products [1], aiming to mimic all the phe
nomena occurring during preparation, such as color 
changes, fat melting, and aroma development. This 
choice is driven by the need of capturing meat consumers 
that seek for meat analogs [5], or flexitarians consumers 
who selectively and limitedly consume meat products. A 
high similarity with meat products helps consumers to 
become familiar with these new products, considering 
that sensory barriers are one of the major limitations for 
the acceptance of meat analogs [4••,5], in addition to 
person-related factors [4••]. Consequently, the techno
logical advancements in this sector are mainly aimed at 
enhancing the sensory quality of these products, with a 
particular emphasis on protein texturization.

Most meat analogs use texturized proteins to obtain the 
fibrous texture resembling the meat muscle [1,5–8]. To 
tune the texture and juiciness, additional ingredients, such 
as fats, polysaccharides, hydrocolloids, colorant and fla
voring agents, are used [1,7,9••]. It may be surprising to 
read that protein texturization has been used for decades. 
The first texturized proteins were developed in 1960s 
using low-moisture extrusion (LME) with single-screw 
extruders [5,8]. Then, during 1990s, high-moisture extru
sion (HME) technologies emerged, with twin-screw ex
truder equipped with a long cooling die [8,10], aimed at 
producing texturized protein with well-defined anisotropic 
structure. Nowadays, HME is one of the most studied 
technologies to produce meat analogs [3]. More recently, 
texturization processes including shear cell, 3D printing, 
and controlled gelation have been described (Figure 2), 
which all will be discussed in the next sections.

In this review, the recent technological advancements 
for the development of meat analogs are discussed, 
highlighting the challenges and the opportunities that 
need to be addressed to support the transition toward 
diets lower in meat. In the dynamic scenario of 
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innovations, we give our viewpoint and perspectives 
concerning the most promising strategies and the chal
lenges for the development of this sector.

Advancements in protein texturization
It is possible to distinguish two categories of meat ana
logs [1,11••]. The first including burgers, sausages, or 

other reconstructed products obtained with texturized 
proteins and other ingredients. The second one is aimed 
a mimicking whole-muscle meat products, specifically 
fillet of meat. Figure 2 depicts the technological pro
cesses used to produce texturized protein and processes 
used to prepare meat analogs. Both LME and HME can 
be used to obtain texturized proteins, whereas whole-cut 

Figure 1  
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Main drivers and factors that stimulate the innovations in meat analogs.  

Figure 2  
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Texturization technologies for the development of meat analogs and materials with fibrous texture.  
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meat analogs can be only obtained with HME cooking 
operating with a cooling die with suitable dimensions. 
The demand for whole-cut meat analogs stimulated the 
development of alternative technologies in addition to 
extrusion cooking, such as shear cell and 3D printing, 
together with pioneering approaches exploiting the ge
lation properties of ingredients and that will be dis
cussed next in the manuscript. The development of new 
meat analog product is probably key to maintain future 
consumer interest.

Innovations in thermomechanical treatments
High-moisture extrusion cooking
Table 1 summarizes the processing conditions and in
gredients used in the extrusion experiments. The ther
momechanical treatment occurring in the extrusion 
barrel is responsible for protein unfolding, cross-linking 
and aggregations [9••,10]. The screw configuration de
termines not only mixing intensity but also the product 
temperature and residence time. Then, the long cooling 
die plays a crucial role in the texture formation through 
the deformation and elongation of the protein phase 
[9••,10,12•]. Recently, the overall thermal process in
tensity was quantified by Near Infrared spectroscopy 
[13], providing an online process monitoring that can 
guarantee the constant and the correct conditions during 
texturization, improving process standardization. Given 
its conformation and set-up, the innovations in HME 
can regard both the barrel section and the cooling die.

Zink et al. [14•] proposed the nitrogen injection as a 
technology to tailor a microfoaming mechanism during 
the extrusion. The idea behind nitrogen injection is that 
the texture formation could be modulated by creating 
microbubbles in the melt [14•,15]. By adjusting the gas 
pressure and the die temperature, it was possible to 
obtain meat analogs with different textures. An increase 
in nitrogen pressure led to a decrease in meat analog 
density while simultaneously resulting in a decrease in 
hardness due to the aerated structure [15]. The different 
densities of meat analogs may also influence their phy
sicochemical properties. Specifically, the water absorp
tion of meat analogs is influenced by their porosity and 
density [6], offering interesting possibilities to tune the 
final product properties. Zheng et al. [16] recently in
vestigated the possibility of modulating the flow in the 
cooling die using a multihole nozzle at the junction 
between the extrusion end and the cooling die. The 
multiholenozzle allows for the creation of long and 
straight fibers that are solidified at a temperature of 
about 40°C [16]. Contrary to the anisotropic structure 
commonly found in high-moisture meat analogs, which 
have a V-shaped or parabolic pattern, this peculiar fiber 
conformation was found to enhance freeze–thaw stabi
lity and increase the rehydration capacity, which was 
explained by improved water distribution in the samples 

[16]. Snel et al. [12•] designed an in-house die that 
consists of a cylinder with two-rotating inner parts, 
combining the well-defined shear typical of the shear 
cell with the advantages of the extrusion technologies, 
such as continuous processing. This design efficiently 
cools the melt at the barrel exit while maintaining well- 
defined shear and allows adjustment of the shear rate 
during cooling. Consequently, the modulation of fiber 
formation can be achieved either independently of, or in 
addition to, traditional extrusion parameters such as 
screw speed and barrel temperature. The rotating die 
also facilitates the production of extrudates of consider
able dimensions, potentially suitable for whole-cut meat 
analogs. From an industrial implementation standpoint, 
integrating both gas injection and the rotating cooling 
die is relatively straightforward. Gas injection requires 
only an injection port and a pressure control valve, while 
the rotating die can be attached to existing equipment. 
Finally, the introduction of these new process variables 
calls for further optimization studies involving proces
sing conditions and the behavior of protein ingredients. 
Moreover, it would be interesting to investigate the 
economical and the environmental implications of these 
innovations at both pilot-scale and industrial-scale levels.

The exploration of oil addition during extrusion has 
emerged as a promising strategy to enhance the textural 
properties of meat analogs, particularly improving ten
derness and juiciness. However, challenges arise re
garding effectively incorporating oil during processing, 
while the occurrence of lipid oxidation due to the ther
momechanical treatment is not perfectly clear. However, 
adding oil at the end of the extruder barrel, in corre
spondence with the mixing zone, has been shown to 
enhance the fibrous structure formation, generating 
small-sized oil droplets [17], which are well-included in 
the protein matrix. Interestingly, it is reported that 
preparing an oil-in-water emulsion allows to double the 
maximum quantity of oil that can be added during ex
trusion without compromising the textural properties 
because the oil was distributed in small droplets within 
the protein matrix [18].

Finally, the modulation of structure formation and tex
tural properties can also be achieved by adjusting en
vironmental conditions during extrusion, varying the pH 
[19•,20]. It affects some physicochemical properties of 
proteins, including (i) the higher reactivity of disulfide 
bonds at higher pH conditions and (ii) the higher protein 
solubility and lower water holding capacity at higher pH 
[19•]. In fact, disulfide bonds have a recognized role in 
the fibrous structure formation [9••]. Nisov et al. [19•]
highlighted the necessity of increasing the extrusion 
temperature under acidic conditions (pH 5), finding an 
overall enhanced fibrous structure formation at higher 
pH levels (pH 7). These results are particularly relevant 
from the perspective of producing meat analogs using 
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fermented raw materials, as will be discussed in a next 
section of the manuscript. Moreover, both the oil addi
tion and pH modulation can justify further investigation 
to assess the stability and shelf-life of the final products. 
Indeed, oxidative degradation of lipids during the 
structuring process, as well as the shelf-life of meat 
analogs affected by processing conditions and pH, re
main largely unexplored areas in current literature.

Low-moisture extrusion cooking
Although HME is attracting most of the interest in sci
entific literature, texturized proteins produced through 
LME are extensively utilized in the food industry for 
burgers, patties, and other food resembling preparations 
based on minced meat. However, as reported in Table 1, 
recent studies investigating protein texturization via 
LME are limited. It might be hypothesized that being a 
well-known process, as described in the introduction, 
academic interest has now shifted toward HME and al
ternative structuring technologies. LME refers to ex
trusion processes in which materials with a moisture 
content below 40% are processed. The exact moisture 
content depends on the water absorption capacity of the 
protein ingredients [6], while the die design is less re
levant compared with high-moisture processes. It is in
teresting to note that the environmental impact of a 
certain plant-based product depends on the type of 
structuring process, with HME leading to a lower impact 
compared with low-moisture one [21••], which can be 
explained by the fact that LME extrudates are dried, 
while HME products are not. Consequently, these 
findings suggest that further research efforts should 
focus on optimizing processing conditions to minimize 
process-related impacts. This underscores the necessity 
of adopting a multidisciplinary approach to comprehen
sively understand the structuring processes while also 
considering the environmental and economic impacts.

Beyond extrusion: shear cells and 3D printing
A recent review on the shear cell devices and on their 
unit operations for protein structuring is given by Cornet 
et al. [10]. Like extrusion, shear cell technology exploits 
a thermomechanical process to create a fibrous texture 
from plant proteins [10,22,23]. However, contrary to 
extrusion, shear cell allows to apply a well-defined shear 
during processing. It is worth noting that shear cell 
technology is relatively recent compared with extrusion, 
which explains the lower number of articles. However, 
research activities cover several aspects, as reported in 
Table 2, which summarizes the recent developments 
involving shear cell technology. For example, the influ
ence of processing conditions on the structuring me
chanisms and product properties has been investigated. 
It was reported that the effect of mixing time on product 
structure can vary depending on the protein type [23]. 
While hydration time has a limited influence on product 
quality, it remains important to ensure complete 
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hydration of the protein mix [23]. Then, cooling of the 
protein melt is also a critical aspect to consider during 
shear cell processing because the degree and strength of 
the fibrous structure can be tailored by applying a certain 
shears during cooling [22]. These findings also con
tribute to a deeper understanding of the phenomena 
occurring in the cooling die during HME. Since the 
experiments were conducted at well-defined shear rates 
and temperatures in a shear cell, these results can be 
transposed to HME due to the similarities in the struc
turing mechanism [10]. Specifically, it is suggested that 
fibrous structures can form in the cooling die at low shear 
rates and that increasing the temperature could lead to 
stronger extrudate [22]. Other studies investigating ad
ditives to aid protein texturization in shear cell will be 
discussed in an upcoming section.

3D printing is particularly interesting for its versatility in 
creating desired shapes, textures, and sensory properties. 
While innovations in 3D printing technologies have been 
comprehensively and recently discussed elsewhere 
[24,25], this article aims to highlight the challenges of this 
technology not only from an engineering perspective but 
also from an economic viewpoint. One distinguishing as
pect of 3D printing is that protein ingredients may not be 
the primary focus as in the other discussed technologies. 
Instead, gelatinized starch, hydrocolloids, additives, and 
enzymes play a critical role in ensuring the printability of 
the ink and guaranteeing the optimal flowability [24–26]. 
In fact, given the low shear stresses and temperatures, 
protein are not subjected to denaturation, unfolding and 
aggregation reactions [25] contrary to extrusion and shear 
cell. Regarding the temperature, it is interesting to report 
that most of the studies on 3D printing are often per
formed at room temperature, after which the printed 
product is cooked [24–26]. Further research should focus 
on the optimization of meat analog inks and the devel
opment of 3D printers that can enhance the versatility of 
this technology regarding the types of ingredients that can 
be utilized [25].

From a critical perspective, it is significant to note that, 
unlike extrusion processes, shear cells and 3D printing 
operate in batches, potentially resulting in longer pro
duction times and thus higher associated costs for meat 
analogs. For instance, shearing time in a shear cell can 
extend up to 15 min, with additional time needed for 
material cooling and equipment discharge (Table 2). 
However, the solution to mitigate the limitations of 
these single technologies involves combining the 
working principles of two or more technologies. As dis
cussed above, an example is already available for shear 
cell and extrusion cooking. Conversely, 3D printing re
quires further optimization of the equipment and in
gredients of the ink. In fact, the printing speed can be 
10–40 mm s−1, with an extrusion rate variable between 
0.3 and 6 ml min−1 [25]. Therefore, assuming that 1 ml of 

ink weighs 1 g, producing 125 g steak would require 
from 20 to > 400 min. Despite this, 3D printing has the 
unique ability to personalize shapes, thicknesses, and 
surface characteristics of products. Furthermore, this 
technology is particularly promising to address specific 
needs of consumer groups such as dysphagic patients or 
elderly people [25].

Nonthermomechanical processes: mixing and 
gelation
Cutting-edge studies involve the maximal exploitation 
of the functionality of the ingredients. In a patent from 
2011 [27], it was described that mixing milk protein, a 
hydrocolloid that precipitates with metal cations and 
water, with a solution containing a metal cation can lead 
to the formation of a fibrous product. It can be expected 
that the technology can also be used for plant-based 
protein because the structuring relies mainly on the 
hydrocolloid properties. Recently, Dobson et al. [11••]
studied an innovative structuring process that does not 
rely on extrusion or shear processing. Instead, they le
veraged specific physicochemical properties of zein, 
which can form fibers using a supporting matrix when 
plasticized. Their procedure is that the dry ingredients 
(proteins and starches) are mixed with an aqueous so
lution in a ratio of 1:1.125 (w:w), stirred and manually 
extended to develop a fibrous network. The experi
mental methods described here align with recent the
ories involving the exploitation of the gelation properties 
of the ingredients, suggesting the possibility of creating 
meat analogs through simple mixing and mild thermal 
treatments [2,28]. In a pioneering perspective, this opens 
to the development of ingredient mixes that can be 
marketed as powdered materials and that consumers can 
directly use in their domestic preparations to create their 
desired products. Hypothetically, this shift would focus 
the attention on the functionality of the ingredients, 
rather than on the structuring processes.

Future perspectives for meat analogs: 
additives, new protein sources, 
biotechnological processes, and combined 
technologies
In addition to optimization of the technologies described 
above, there are new developments that can lead to new 
or better meat analog products. In this section, we first 
discuss the developments with respect to new additives 
and enzymes, then we focus on development in protei
naceous ingredients and their production including fer
mentation. Finally, we describe the potential of using 
combinations of processes.

Additives and enzymes [9••] can enhance the product 
properties because they can alter the properties of the 
protein ingredients through, for example, cross-linking 
and disulfide bonds formation. L-cysteine has been 
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studied during HME [29], shear cell processing [30,31•], 
and 3D printing [26]. An important reason to apply L- 
cysteine is that it can enhance the aroma of the products, 
with a consequent improvement of the sensory percep
tion [26]. However, the presence of L-cysteine was ef
fective in a specific and narrow range of temperatures, 
comprised between 120 and 130°C [30], and concentra
tions, typically 0.2% [31•] to 0.4% [26]. Transglutami
nase can also have beneficial effects on the texture 
formation in meat analogs, as reported in previous stu
dies [32,33]. Specifically, Zhang et al. [32] proposed that 
transglutaminase promotes conformational changes in 
the secondary protein structure, favoring the formation 
of β-sheet structures in the extrudate. This is suggested 
to stabilize the protein conformation and thus product 
structure in addition to the formed hydrogen en disulfide 
bonds. Interestingly, Schlangen et al. [33] stated that the 
use of a cross-linking enzyme should be tailored on 
certain protein types and the state of the proteins based 
on their findings that transglutaminase acts differently 
on the same proteins that only differ in their state, 
especially degree of denaturation. Hydrocolloids, for 
example, gums, pectin and other polysaccharides can 
improve textural properties of meat analogs, and their 
effect can be also modulated by the salt addition [31•].

Next to additives, many new proteinaceous ingredients 
are emerging currently. One route to make new in
gredients is through the use of new sustainable protein 
extraction technologies. For instance, dry fractionation is 
a sustainable protein extraction method [34], and it is 
highly versatile and adaptable to diverse protein sources 
[35]. Dry-fractionated proteins have been recently used 
to texturize proteins using both LME [6,36] and HME 
[37,38] (Table 1), overall suggesting the feasibility of 
these proteins for texture development, together with 
the necessity of considerably improving the sensory 
profile. Dry-fractionated protein has a characteristic 
beany and green flavor, which is challenging for the 
consumer acceptability due to lack of intensive washing 
processes in case of dry fractionation. Besides dry frac
tionation, also wet fractionation and washing processes 
are studied as a route to make new ingredients. Studies 
describe how better ingredients can be produced in a 
more sustainable manner. The advantage of wet frac
tionation is that the purity can be controlled, and re
sulting ingredients are mostly more neutral in taste and 
color. Fermentation protocols can be also applied to 
protein ingredients to enhance both nutritional proper
ties by reducing the antinutritional factors, [39,40•] and 
sensory characteristics through mitigating the off-notes 
characteristics of the raw materials [20]. This is espe
cially important when considering proteinaceous in
gredients from by-products derived from the food 
industry. Often, lowering the presence of unwanted 
compounds that compromise nutritional value and sen
sory properties is required to make the ingredients 

suitable for use in food products [40•]. After fermenta
tion, often with lactic acid bacteria, a neutralization to 
pH 7 is applied to reduce the sour taste of the products, 
making it similar to the nonfermented ones [40•]. Then, 
the ingredients can be further processed using for ex
ample HME. This concept was successfully applied to 
valorize sunflower press cake [40•].

Other authors suggested that wheat and oat brans, de
rived from milling operations, could be directly in
corporated with pea proteins, preferably not exceeding 
15% in HME [41]. This also increases the fiber content, 
with consequent nutritional benefits. Lyu et al. [42]
explored the utilization of tomato peel powder, from the 
tomato industry, to attain the desired color in meat 
analogs, thereby enhancing the nutritional profile. 
However, it is essential to acknowledge that protein 
hydrolysis [20] and the macromolecules degradation [39]
during fermentation may impede fibrous structure for
mation and weaken the product, suggesting the im
portance of further investigation and optimization of 
fermentation protocols tailoring them for texturization.

Emerging frontiers involve the utilization of cellular 
proteins derived from mycoproteins as an ingredient for 
extrusion [43] or as a whole biomass [44]. Microbial 
biomass cultivated on independent-crop substrates such 
as renewable methanol made from agricultural by-pro
ducts could be structured using, for example, shear cell 
[45]. The limited adoption of these innovative protein 
sources is primarily due to limited availability of the 
products in addition to nutritional concerns [43,45], 
which call for further research in this field.

When overviewing all information above, we conclude 
that there are many possibilities for innovation in meat 
analogs and clear directions for future research. 
Especially, we think that the combination of technolo
gies could be the most promising strategy for the de
velopment of meat analogs with improved texture, 
sensory and nutritional properties. Examples include 
integrating extrusion with shear cell, using the rotating 
die, or the fermentations with the structuring processes.

Additives enhance the structural properties of meat 
analogs in terms of visual fibrousness, tensile strength, 
and springiness. However, an increase in the number of 
ingredients could affect consumer acceptability [4••]
and the overall environmental footprint. Oil addition 
during extrusion requires investigations on the oxidative 
degradation of lipids during the process and the oxida
tive status of oil-added extrudates. Finally, chemical 
modification of pH may impact the product stability, 
with optimal structure typically achieved at higher pH 
values. Conversely, fermented raw materials with low 
pH may positively affect meat analogs shelf-life, which 
is an area still unexplored in current literature.
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Conclusion
In this review, we discussed the advancements in the plant- 
based meat analogs sector and examined the thermo
mechanical treatments such as extrusion cooking and shear 
cell and innovative nonthermomechanical processes based 
on the molecular properties of the ingredients. Within this 
landscape of innovations, we conclude that there is not a 
single most promising direction for the sector to effectively 
reach a sustainable alternative product for meat. In contrast, 
combining two or more different technologies probably 
offers great opportunities in meat analog development. In 
this way, the limitations of individual technologies, such as 
the textural properties of extruded proteins, the batchwise 
conditions of the shear cell, and the need to improve the 
nutritional and sensory properties of plant-based proteins, 
could be mitigated by integrating multiple processes. 
Possible combinations include extrusion with shear cell and 
the application of biotechnological protocols before the 
structuring processes. Moreover, the importance of opti
mizing the structuring process has emerged. The low spe
cific mechanical energy of shear cell processing suggests 
that structuring processes can be optimized to lower the 
mechanical stresses given to the ingredients, which can lead 
to less damage to their functional properties. As a per
spective, this optimization could also reduce the energy 
consumption and operational costs. This aspect could be 
further investigated, even in comparison to 3D printing.

The importance of additives and nonprotein ingredients 
to enhance the structural properties of meat analogs was 
discussed. However, this is in contrast with the purpose 
of reducing the ingredients contained in plant-based 
meat to enhance the acceptance and sustainability of 
these products. This consumer wish is particularly 
challenging for reconstructed products such as burger 
and sausages, whereas it might be simpler for whole-cut 
products that do not need binders to resemble the 
minced meat behavior. Fermentation to make the pro
teinaceous ingredients or to improve the nutritional 
value can be a clean label option to stimulate new de
velopments in the area of meat analogs.

Overall, the efforts in the development of processes for 
meat analogs and the continuous research for the im
provement of the sensory and nutritional qualities could 
encourage the shifting toward a diet less rich in meat 
products. This development should be supported by 
more comprehensive and multidisciplinary approach to 
better understand the nature of the structuring process 
as well as the impacts in terms of environmental and 
economical sustainability.
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