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Abstract

The industrial scale use of animals to produce food for humans, such as meat,
egg, and dairy products, has serious environmental, health, and ethical
implications. Livestock production is a major source of greenhouse gas
emissions and drives soil depletion, water pollution, deforestation, and
biodiversity loss. There are also concerns about its negative impacts on human
health and animal welfare. To feed future generations, it will be important to
produce nutritious foods in a more sustainable, ethical, and environmentally
friendly manner. In this article, we examine several protein-rich food sources as
alternatives to traditional animal proteins, including plants, insects, mycelia,
cultured animal cells, and microbial fermentation products. Each of these
alternative protein sources has advantages and disadvantages in terms of their
organoleptic properties, nutritional profile, consumer acceptance, affordability,
and scalability. We then consider combining different alternative protein sources
to form affordable, scalable, delicious, nutritious, and sustainable hybrid foods
that may compete with conventional meat products, including meat-plant,
cultivated meat—plant, mycelium—-plant, and insect—plant foods. However,
these hybrid products are still relatively new, and significant challenges,
including cost reduction, scalability, regulatory approval, and consumer
acceptance, need to be addressed before they become commercially viable.
Future research should therefore focus on optimizing protein sources,
developing scalable production methods, conducting environmental and
economic analyses, and leveraging artificial intelligence for innovation. To
make hybrid food products viable and sustainable, more efficient collaboration
across academia, industry, and regulatory bodies is urgently needed.

plant-based foods, cultivated meat, precision fermentation, hybrid food products,
insect foods
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Key points

- Protein sources such as plants, cultured cells, insects,
mycelia, and microbes are increasingly being explored
as alternatives to animal-derived proteins due to
sustainability, human health, and
environmental concerns.

- Hybrid food products, which combine alternative protein
sources, are emerging as a promising solution to animal-
derived proteins, with enhanced sensory appeal,
nutritional profile, affordability, scalability, and consumer
acceptance, but designing them requires careful
consideration of their organoleptic, health, and
safety properties.

- To make hybrid foods commercially viable, challenges
such as environmental impact, scalability, affordability,
and regulatory approval must be addressed
collaboratively by key stakeholders.

- The successful adaptation of hybrid food products
depends on the following critical steps: (i) optimizing
individual alternative protein sources (including using
artificial intelligence approaches); (ii) developing
combinatorial technologies; (iii) creating large-scale
manufacturing facilities for economic and scalable
production; (iv) improving consumer acceptability via
marketing, sensory, nutrition, and cost optimization; and
(v) employing life cycle and techno-economic analyses to
identify the most sustainable and commercially viable
hybrid foods.

Introduction

The food industry is exploring the potential of replacing
traditional animal-derived foods, such as dairy, egg, meat, and
seafood products, with foods created from alternative protein-rich
sources, such as plants, cultured cells, microbes, insects, or mycelia
(1, 2). There are several reasons for this push toward alternative
protein-rich food sources, including the potentially adverse effects
of some animal-derived foods (especially beef produced on
intensive factory farms) on the environment, animal welfare,
human health, antibiotic resistance, and zoonotic disease
transmission (3). Moreover, the continued growth in the global
population, as well as the “nutrition transition” (where more people
in developing countries are switching to a meat-rich diet), will make
it challenging to produce sufficient protein-rich foods to feed future
generations from animal-derived sources alone (4). Consequently,
there is an urgent need to produce alternatives to meat, seafood, egg,
and dairy products from non-animal protein sources. These kinds
of products are currently the main focus of the food industry
because most consumers in developed countries are omnivores,
rather than vegans or vegetarians. These products should have
sensory attributes that consumers find desirable (5), as well as being
affordable, convenient, healthy, and sustainable (6, 7). Considerable
progress has been made in the development of many kinds of
alternative protein products, especially those made from plant

Frontiers in Science

10.3389/fsci.2025.1599300

proteins and mycelia, where there are already successful
commercial meat, seafood, egg, and dairy analogs on the market.
However, the majority of the population in most countries is still
not incorporating this new generation of alternative protein
products into their diets (8).

The limited availability and adoption of alternative protein
products can be partly attributed to the disadvantages inherent to
each technology (2, 9). For instance, plant proteins are highly
abundant, relatively inexpensive, and have been successfully
scaled, but the products made from them are often lacking in the
sensorial and nutritional attributes desired by consumers (10). In
contrast, cultivated meat (CM) products have desirable sensory and
nutritional attributes because they have properties similar to animal
meat, but they are currently too expensive and difficult to produce at
a sufficiently large scale (11). For these reasons, there are advantages
to creating hybrid products that combine the desirable traits of
different sources of alternative proteins (Figure 1) while overcoming
the undesirable ones (12). For instance, researchers have proposed
that combining CM cells with plant-derived ingredients can create
hybrid products that overcome the limitations of both cultured
meat and plant-based meat analogs (13). The presence of the CM
cells provides sensory and nutritional attributes, whereas the
presence of the plant-derived ingredients provides texture,
reduces costs, and increases scalability. Hybrid products can also
be generated by combining animal-derived foods (meat, fish, egg, or
dairy products) with alternative protein-rich sources, such as
cultured cells, insects, mycelia, or plant proteins, in order to
reduce the total amount of meat in the diet and resulting in
environmental, human health, and animal welfare benefits (14).

This article focuses on the development of hybrid meat
alternatives, but much of the material presented is also applicable
to the development of hybrid seafood, egg, or dairy alternatives.
Initially, a brief overview of the different sources of alternative
proteins is provided, including a discussion of their potential
benefits and limitations. Then, some of the factors that should be
considered when combining different sources of alternative proteins
are highlighted, followed by an overview of previous studies on the
development and testing of hybrid alternative-protein products.
Finally, we present areas where further research and development
are needed to facilitate the commercial success of hybrid products.

Sources of alternative proteins:
benefits and drawbacks

Alternative proteins derived from various non-animal sources
such as plants, mycelium, cultured cells, microbes, and insects
(Figure 1) are gaining increasing attention due to their potential
to address global food challenges. The search for these alternative
proteins began in response to the need to establish sustainable food
systems to feed the growing global population, as well as rising
concerns about the adverse environmental impacts of traditional
animal agriculture. Early innovations focused on plant-based
solutions, but recent technological advances have led to the
possibility of using cultured cells and microbial fermentation as
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FIGURE 1

Hybrid meat products can be generated by combining different kinds of protein sources, including those derived from plants, insects, mycelia,
microbes, and animals (cultivated meat). Depending on the product, the ingredients in these products are processed either mechanically (e.g.,
extrusion, shear cell, spinning, or additive manufacturing technologies) or they are cultivated in bioreactors.

other viable sources of alternative proteins. The following sections
provide an overview of alternative protein sources and the products
derived from each, as well as an outline of current limitations and
possible solutions (Table 1). Table 1 also provides a rough
estimation of the technology readiness levels (TRLs) of the
different alternative protein products.

Plant-based products

Plant-based meat analogs are generated by blending a variety of
plant-derived ingredients, including proteins, polysaccharides,
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lipids, flavors, pigments, and preservatives (15, 16). These
ingredients may be isolated from a variety of botanical sources,
including cereals (such as corn, rice, wheat, barley, and oats),
legumes (such as soybeans, peas, chickpeas, lentils, peanuts, and
beans), pseudocereals (such as amaranth, quinoa, chia, and
buckwheat), nuts (such as almonds, cashews, and hazelnuts),
leaves (such as kale, spinach, lettuce, or duckweed), and seeds
(such as flax, sunflower, or sesame) (17). In addition, functional
ingredients may be isolated from marine “plants” (actually algae)
like seaweed (such as carrageenan or alginate) or obtained through
microbial fermentation (such as with gellan gum and xanthan
gum) (18, 19). Plant-derived ingredients can also be isolated from
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TABLE 1 Comparison of the benefits, challenges, and overall technology readiness levels (TRLs) of different alternative protein technologies.

Alternative protein

Benefits Challenges
technology
Plant-based « Low ingredient costs « Challenges in matching sensory and 4-9
« Lower final costs compared to other alternative nutritional properties of animal meat
protein products o Variability in plant-derived ingredient
« Abundant resources and a variety of options composition and performance
« Easily accessible o Health concerns regarding ultra-processed
o Sustainable final products
o Global scalability o Need to reduce costs relative to animal meat
«  Good consumer acceptance for some products products to make prices competitive
o Some competition with other food sources
Mycelium-based o Low ingredient costs o Limited consumer knowledge and acceptance 4-9
o Lower final costs compared to cultivated animal | « Products do not accurately match the
cell products properties of animal meat products
« Easy to establish bioreactors in urban areas o Need for careful control over bioreactor
« Sustainable conditions to avoid contamination
o Natural fibrous texture
« Good nutritional profile
«  Global scalability
Cultivated-based (animal cells) ~ « Good nutritional profile « Relatively high ingredient, production, and 4-7
«  Good sensory attributes final product costs
« Can match the cooking properties of animal o Poor scalability due to lack of suitable
meat products bioreactors
o Worse sustainability profile than other
alternative protein technologies
o Limited consumer understanding and
acceptance
« Regulatory issues
Microbial-based « Ability to produce a wide range of specialized « High production and ingredient costs limits 4-9
functional ingredients its use to specialized ingredients
« Can produce nutrients, enzymes, and flavors o Challenges to produce major ingredients at
that can be used to formulate hybrid foods scale
o Limited consumer understanding and
acceptance
o Regulatory issues
Insect-based o Low costs o Limited consumer understanding or 4-9
« Abundant since large insect farms can be acceptance
established o Products do not accurately match the
o A wide range of different insect species can be properties of animal meat products
used o Concerns that insects might escape from

« Sustainable
«  Good nutritional profile
o Global scalability

insect farms and cause a nuisance or
environmental damage
o Safety concerns with some insect sources
o Regulatory issues

*The technological readiness levels (TRLs) were estimated from https://s3food.eu/technology-readiness-levels/, where TRL1 is the lowest level of readiness and TRL9 is the highest. In many cases,
a range is given because different technologies within a particular alternative protein technology are at different stages of readiness.

agricultural or food industry waste streams, which may increase the
sustainability of the food supply (20). It is extremely challenging to
create meat analogs entirely from plant-derived ingredients because
of the unique composition and structure of animal meat (3, 16).
Whole meat has a complex structural architecture consisting of
muscle, adipose, and connective tissues (21), which is difficult to
replicate using only plant-derived ingredients. Indeed, one of the
major factors holding back the more widespread adoption of plant-
based meat analogs is that they do not accurately simulate the
desirable structure, flavor, texture, and mouthfeel of animal meat
products (22, 23).

Having said this, considerable progress has been made using
both traditional and modern mechanical processing operations to
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convert plant-derived ingredients into fibrous meat analogs
(24, 25). Currently, extrusion is the most common method of
industrially producing meat analogs on a large scale, but other
technologies have also shown promise, including shear cell,
spinning, and additive manufacturing technologies (26). Many
commercial plant-based meat analogs contain numerous
ingredients (>20) to more accurately simulate the properties of
animal meat products (27). However, the large number of
ingredients and extensive processing operations required to
formulate plant-based meat analogs have meant they are often
considered to be “ultra-processed” foods, which can be perceived as
unhealthy by consumers (28). Indeed, there is evidence from
observational nutritional studies of a correlation between the
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amount of ultra-processed foods in the human diet and adverse
health outcomes (29, 30). Consequently, there is interest in
redesigning these products to make them healthier (31, 32). In
addition, the need for multiple ingredients and processing
operations to generate plant-based meat analogs can lead to
relatively high costs compared to animal (livestock-derived) meat,
which is also holding back their adoption (33, 34). However, as
demonstrated by the products currently available on the market in
Europe, it is possible to create plant-based products that are
comparable or cheaper in price to those of conventional
meat products.

Mycelium-based products

Commercially successful meat analogs have been generated
using mycoproteins obtained using industrial fermentation
processes (27). These products are mainly created from mycelium
(Fusarium venenatum fungus, also used in bread, beer, and yogurt)
grown in large bioreactors under appropriate conditions, including
temperature, oxygen level, pH, and nutrient composition. A small
quantity of mycelia is placed into a bioreactor, where it multiplies
over time, leading to a large amount of biomass that can be
collected, centrifuged, and then converted into a suitable food
product. An RNA removal step is required during the production
process, as there are concerns that high levels of nucleic acids in
mycelium products could lead to health concerns, such as gout
(35, 36). A major advantage of using mycelium for creating meat
analogs is that it naturally has a fibrous structure that is somewhat
similar to that found in meat, thereby improving its sensorial
attributes (37). Moreover, mycelium is a good source of proteins,
dietary fibers, vitamins, and minerals, and therefore naturally has a
good nutritional profile (38, 39). Nevertheless, there are still
challenges in converting mycelium into food products with
sensory properties that accurately mimic those of animal meat
(40, 41). Consequently, mycelia are usually combined with other
ingredients, including binders, flavors, colors, and preservatives, to
better simulate the desirable attributes of meat products. Other
meat analogs can be produced from different kinds of mycelia, as
they can also provide similar beneficial features as described above.
For instance, Neurospora crassa has been used as an ingredient to
formulate chicken nuggets.

Cultivated meat-based products

CM analogs are also created by growing cells within bioreactors
under controlled conditions and then harvesting, purifying, and
converting them into meatlike products (42, 43). The difference here
is that the cells are the key ingredient in the food product and are used
for the nutritional and sensory benefits mentioned earlier (44).
The cells are usually isolated from animals, such as cows, pigs,
chickens, or fish (45, 46), or sometimes from insects (46, 47).
There are several stages involved in the production of meat analogs
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using this technology (42, 48): (i) isolate appropriate cells from
animal tissues; (ii) proliferate precursor cells in a bioreactor using
an appropriate growth medium, which contains nutrients and
signaling factors; (iii) control bioreactor conditions so the precursor
cells differentiate into the desired animal cell type, such as muscle or
adipose tissue; (iv) harvest and wash the cells; and (v) combine the
cells with other ingredients (such as plant and microbial fillers,
binders, nutrients, flavors, or colors) to generate meat analogs. The
bioreactor conditions require tight process control, including of
temperature, oxygen levels, pH, osmolality, agitation conditions,
and cell densities, to ensure efficient and safe production of the
cells (48). This high level of process control, as well as the
requirement for expensive recombinant growth factors to optimize
cell doubling times and high cell densities in bioreactors, leads to high
production costs. CM products based on immortalized chicken
fibroblasts have received regulatory approval in the United States
and Singapore, while other companies have pursued bovine and fish
sources with regulatory approval still pending. Some products have
also been approved in Israel and the United Kingdom for either
human or animal consumption.

There are several technical, consumer, and regulatory
challenges holding back the widespread availability and adoption
of CM products (42, 44, 49, 50). Cell lines that exhibit robust
proliferation and differentiation characteristics are required. The
growth medium used to produce the cells should be food-grade,
animal-free, and inexpensive, which is often challenging. Moreover,
there is a need to optimize the operating conditions of industrial
bioreactors so they can efficiently produce cells at the large scales
needed for commercial production. More research is also required
to determine any safety concerns associated with cells produced
using this approach, such as contamination, toxicity, and
allergenicity issues. In addition, none of these systems have been
scaled to date, thus, many unknowns remain in terms of production
efficiencies, impact on sustainability goals, and costs once scaling is
achieved. There is also a need to generate CM-meat analogs with
sensorial and nutritional attributes that satisfy consumers, and to
overcome the reluctance of many consumers to accept products
created using this novel technology (51, 52). Progress has been
made toward these goals, particularly with porcine-derived adipose-
derived stem cells in recent sensory analytical comparisons to
livestock-derived fat tissue (53). In addition, these products are
currently not allowed for consumption in many countries because
of regulatory issues (45, 54). Consequently, there is a need to
improve the marketing of these products and create a
standardized regulatory framework. Moreover, there is a need to
ensure that consumers will accept these novel products (55).

Microbial-based products

Rather than eating the whole cells, as is the case for CM analogs, it
is possible to utilize precision fermentation methods to produce the
proteins and other functional ingredients needed to formulate meat
analogs (56, 57). These methods employ different kinds of
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microorganisms, including bacteria, yeast, or fungi, to produce these
ingredients (58). Typically, the microbes are grown in bioreactors
under optimized nutrient and environmental conditions. As they
grow, the microbes produce proteins or other useful functional
ingredients, such as lipids, polysaccharides, vitamins, pigments, or
flavors, that can be used to formulate meat analogs once they are
purified from the complex media and cells. These molecules may be
secreted from the microbial cells or remain intracellular. The target
molecules can be isolated from the microbial broth, either by simply
separating them from the microbes or by breaking the microbial cell
walls and then separating them. A series of downstream processing
methods may be required to isolate and purify the target molecules,
including selective precipitation, absorption, filtration, or
centrifugation methods (56, 59, 60). In some cases, the
microorganisms used may naturally produce the desired target
molecule. In other cases, they may be genetically engineered to
produce the target molecule of interest. In the case of proteins, the
approach usually involves creating a DNA sequence that corresponds
to the target protein, then inserting it into a plasmid, which is then
introduced into the microbial cells. As a result, the target protein is
produced by the molecular machinery inside the microorganisms
during the fermentation process. At present, the biggest hurdle facing
this precision fermentation technology is the difficulty in
economically producing large quantities of the target molecules,
due to the yields of target molecule per unit volume as well as the
downstream purification steps required. For this reason, this
approach is mainly used to produce high-value functional
ingredients that can be utilized at relatively low levels in foods,
such as the leghemoglobin that is used as a pigment in some plant-
based burgers (61) or transglutaminase that is used as an enzymatic
crosslinking agent in protein-based gels and foods (62). However,
precision fermentation has also been used to produce meat, egg, and
milk proteins, which have then been used to formulate food
products (27).

Insect-based products

Despite being uncommon foods in many developed countries,
insects are widely consumed in some countries, with over 2 billion
people estimated to include them as part of their diets on a regular
basis (63). Insects have many potential advantages as an alternative
protein source in the human diet (64). According to a United
Nations report (65), raising insects for food is much more
environmentally friendly than raising livestock animals, with
much lower greenhouse gas emissions, pollution, and land and
water use. Moreover, many edible insects have good nutritional
profiles (64). In general, the nutrient profile of insects depends on
the species, development stage, and food processing operations used
to generate the final food product. Certain insect species have been
reported to have high levels of proteins, unsaturated fats, dietary
fibers, vitamins (especially vitamin C), and minerals (especially iron
and calcium), which means they can be utilized as nutritious
alternatives to animal meat (66). Further, insects can be utilized as
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whole animal additions to foods, most often as insect flour, while
insect cells can be isolated and utilized for CM goals, as described
earlier (67). Of note is that, for CM, insect cells, due to their
adaptability to a wide range of environmental variables (e.g., oxygen,
nutrients, pH, and temperature), require lower process control than
mammalian cells, thus, production costs are significantly reduced (47).
In addition, insect cells have been scaled in the pharmaceutical
industry to produce therapeutics, thus, there is precedence for
advanced manufacturing. A major hurdle to incorporating insects
into the food supply is that consumers in many countries find the idea
of eating them highly undesirable (68, 69). This is partly due to food
neophobia (the fear of trying new foods), as well as disgust at the idea
of eating insects (70). To partly overcome this problem, the food
industry is developing products that contain insect ingredients but
that do not look like the insects themselves. For instance, the insects
may be converted into flours or pastes that are then incorporated into
foods like protein bars, baked snacks, burgers, nuggets, or sausages.
The use of insect cells instead of whole insects can also help to reduce
consumer-related insect phobia for food.

Designing hybrid products with
desirable properties

A variety of factors need to be considered when designing
hybrid meat products using the different kinds of protein sources
described in the previous section. These factors include
physicochemical, functional, sensory, nutritional, and safety
properties and economic and regulatory matters (Figure 2), all of
which have to be balanced to align with market demands.

Physicochemical and functional attributes

The physicochemical and functional attributes of meat analogs
play a critical role in determining their commercial success (3). As
the majority of consumers in most developed countries are
omnivores (71), hybrid products should be designed to accurately
simulate the attributes of the animal meat products they are
intended to replace, such as burgers, sausages, nuggets, or whole
cuts. The most important physicochemical and functional attributes
of these products are their appearance, texture, fluid-holding, and
cookability properties, which can be quantified using a variety of
standardized analytical methods (72, 73). Typically, the properties
of the target meat product are first quantified using these methods,
and then hybrid products are designed to exhibit similar properties.
Optimized hybrid meat analogs can then be selected for
sensory analysis.

Sensory attributes

The sensory attributes of meat analogs, such as their appearance,
mouthfeel, aroma, and taste, also play a critical role in determining
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Several factors need to be considered when designing hybrid meat products, including their physicochemical, functional, sensory, and nutritional

attributes, food safety issues, and economic and regulatory aspects.

their desirability and consumer acceptance (74-76). Currently, the
sensory attributes of most commercially available meat analogs
formulated from alternative proteins do not accurately mimic
those of the equivalent meat products (77). Some of these
limitations may be overcome by combining different kinds of
alternative protein sources to create hybrid products (9). For
instance, the flavor and mouthfeel of plant-based foods may be
enhanced by incorporating CM cells, as these may supply specific
aromas, tastes, and mouthfeels associated with animal meat
products. This strategy is already utilized by many CM companies.

Nutrition

It is important to ensure that meat analogs are designed to be at
least as nutritious as the conventional meat products they are intended
to replace, otherwise there could be adverse health consequences
associated with switching from a traditional omnivore diet (7). Lean
meat products are a good source of proteins, essential amino acids,
vitamins, and minerals. Indeed, they typically contain sufficient levels
of all the essential amino acids required to maintain human health and
well-being, whereas most plant-based proteins do not. Some of the
current generation of commercial meat analogs do not contain all of
the desirable macronutrients (especially proteins) and micronutrients
(specific vitamins and minerals) normally obtained from lean meat
products (78, 79). Consequently, there could be some adverse
nutritional effects associated with switching from lean to hybrid
meat products. As mentioned earlier, concerns have also been
expressed that some meat analogs are “ultra-processed” foods,
which have been linked to adverse health effects (80-82). The harsh
processing operations used to formulate meat analogs may disrupt
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plant cell walls, which makes the macronutrients (especially starches
and lipids) more rapidly digestible and could have undesirable health
consequences. For instance, rapid starch digestion and glucose
absorption could result in the dysregulation of blood sugar and
insulin levels, thereby increasing the risk of overeating, diabetes, and
coronary heart disease (83).

Consequently, it is important to create hybrid meat analogs with
nutritional profiles that are comparable or better than the
corresponding livestock-derived meat products. For instance, in
hybrid CM-plant meat analogs, plant proteins could be used as an
economic source of essential amino acids, whereas cultured
mammalian or avian cells could be used as a good source of vitamins
and minerals, such as vitamins D and B, as well as iron and zinc.

Having said this, there is good evidence that eating a
predominantly plant-based diet can provide all of the required
nutrients and have beneficial impacts on human health and well-
being (4), which would support the movement away from the
consumption of high levels of meat and other animal products
from a nutritional perspective. Moreover, the nutritional impact of
switching to hybrid products depends on the nature of the meat
product that is being replaced. The consumption of traditional red
meat and processed meat products has been linked to adverse health
effects and so replacing them could have health benefits. In contrast,
it may be more challenging to match the desirable nutritional
profiles of lean meat products.

Safety

It is also important to consider any potential safety aspects when
designing and producing hybrid foods. Some of the most important
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issues to consider are microbial contamination, chemical toxicity, and
allergenicity (1, 84). Hybrid foods may be contaminated by harmful
substances that come from any of the alternative protein sources they
are formulated from, including pathogenic bacteria, viruses, heavy
metals, pesticides, plasticizers, and other toxins, which could increase
their food safety risks. There may be some new risks associated with
hybrid foods because microbes different from those in either of the
individual environments may grow in the composite environment.
Hybrid foods may be formulated from food ingredients that cause
allergies in certain individuals, such as soy, milk, or egg proteins, which
may be from plants, animals, or precision fermentation. Consequently,
it is important to consider all of the potential safety aspects associated
with each alternative protein source used to formulate a hybrid food, as
well as any new risks that might arise by combining them. In the case
of CM, antibiotic requirements are often considerably reduced or
eliminated in comparison to livestock-generated meats and, as a major
health and safety concern due to growing antibiotic resistance, this
would be a positive outcome for this new technology approach. This
reduction in antibiotic needs is anticipated due to the controlled
environment utilized in CM production. However, since scaled
production has yet to be demonstrated, assessments of antibiotic
requirements remain to be validated to support these claims.

Challenges to the formulation of
hybrid products

There are several potential challenges that food manufacturers
may experience when creating hybrid products from different sources
of alternative proteins, which are briefly discussed in this section.

An “off” flavor, color, or mouthfeel

Some sources of alternative proteins contain components that
adversely affect the flavor, color, or mouthfeel of food products. For
instance, plant protein flours, concentrates, or isolates often contain
relatively high levels of volatile or nonvolatile phytochemicals that
lead to “off” colors (such as dark pigmentation) and/or “off” flavors
(such as beany, bitter, or astringent flavors) (85-87). Research is
therefore being carried out to identify and quantify the various types
of “off” colors and flavors in these ingredients and to develop
processing operations to remove them (85, 88, 89). Similarly, the
ingredients and extracts obtained from insects often contain
“off” flavors and colors and components that can lead to
undesirable mouthfeels. For instance, many insects contain volatile
substances that lead to unpleasant odors in foods (90-92). Moreover,
the exoskeletons of insects contain high levels of chitin, which is
present in food as small particles that lead to a gritty mouthfeel (93).
Appropriate processing technologies are therefore needed to remove
or reduce the undesirable flavors, colors, or mouthfeel attributes of
alternative protein ingredients before they are combined. For
example, fermentation (typically using yeast or bacteria) has been
used to reduce or remove undesirable flavors from insect flours (94,
95), whereas deodorization has been used to reduce or remove them
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from insect oils (91). Grinding has been used to reduce the size of the
insoluble particles in insect flours, which reduces their undesirable
mouthfeel (93). More recently, insect cell isolation has been pursued
to avoid the use of the chitinous exoskeleton (67). It is therefore
important to identify any sources of undesirable components in the
different sources of alternative proteins used to formulate a hybrid
food and then either remove or deactivate them.

Antinutritional factors

Some of the alternative protein sources used to formulate
hybrid products contain antinutritional factors (ANFs) that
inhibit the digestion and/or absorption of key nutrients (96-98).
For instance, some plant protein sources contain phytates, tannins,
oxalates, or leptins. Phytates can bind to cationic mineral ions, such
as calcium, iron, magnesium, or zinc, and form complexes
that reduce their bioavailability. Tannins can bind to digestive
enzymes, such as amylases, lipases, or proteases, thereby reducing
macronutrient digestion. Oxalates can bind to calcium and reduce
its bioavailability. Lectins can reduce nutrient absorption and cause
inflammation of the gastrointestinal tract. Typically, ANFs are
removed or deactivated during the production of plant-derived
food ingredients but they may cause a problem if whole plant foods
are used to formulate hybrid products (96, 97, 99). Consequently, it
is important to consider the potential negative impacts of ANFs
when formulating hybrid products. Further, additional processes
required to remove these contaminants result in increased
production costs. Future options may include the use of
genetically modified plants where these ANFs are edited out of
the genome to avoid the contaminants during plant growth.

Gastrointestinal effects

Combining multiple sources of alternative proteins may
affect the gastrointestinal properties of the nutrients in a hybrid
food, such as their digestion rate, bioavailability, or microbiome
effects. In some cases, these effects may be advantageous, whereas
in others they may be detrimental. For instance, the dietary fibers
in mycelium, insect, or plant sources of alternative proteins may
slow down the digestion of proteins, starches, and lipids from
other alternative protein sources by increasing the viscosity of the
gastrointestinal fluids, slowing down gastric emptying, or binding
to key gastrointestinal constituents, such as bile salts, fatty acids,
or calcium (100-102). Dietary fibers may affect the bioavailability
of minerals co-ingested with them, depending on their molecular
structure, physical form, and gastrointestinal fate (103-105).
Dietary fibers can also impact the bioavailability of vitamins and
nutraceuticals in a manner that depends on dietary fiber and food
matrix type (105-107). Consequently, the fibers in some
alternative protein sources may impact the micronutrient
bioavailability in others, which should be considered when
formulating hybrid products. When genetically modified
organism-derived cells are used as ingredients in hybrid foods,
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the fate of DNA and other cellular constituents should be
determined as an additional safety measure. The gastrointestinal
properties of hybrid foods can be assessed using in vitro
gastrointestinal tract and tissue models. For instance, the static
INFOGEST digestion model can be used to monitor changes in a
food as it passes through simulated oral, gastric, and small
intestine conditions (108). In addition, more sophisticated
dynamic in vitro digestion models are available to more
realistically simulate the behavior of foods within the human
gastrointestinal tract (109, 110). Moreover, human cell-derived
bioengineered systems can be used to emulate the transport,
absorption, and metabolism of food components (111).

Changes in pH and ionic composition

When multiple alternative protein sources are combined to
formulate hybrid products, it is important to account for any
changes in the pH and ionic composition of the aqueous phase, as
each factor has important implications for ingredient solubility and
functionality (112). Each protein source will contain different levels of
acids, bases, buffers, and mineral ions, which determine the final
properties of the aqueous phase after they are combined. A change in
pH or ionic strength may alter the interactions and functionality of
ingredients, which may impact their behavior in the hybrid food and
gastrointestinal tract. For instance, proteins may precipitate around
their isoelectric point or in the presence of oppositely charged
polysaccharides, which may alter the physicochemical properties,
functionality, and nutritional fate of hybrid foods. Consequently, it is
important to take these changes into account and/or to adjust the pH
to the required target value after forming the hybrid product.

Adhesion and binding effects

In many hybrid products, one or more of the protein sources
may contain particulate materials, such as fat droplets, adipocytes,
muscle cells, texturized proteins, connective tissue, or tissue
fragments. The interactions of these particulate materials with the
surrounding food matrix impact the texture, mouthfeel, and
functionality of hybrid products. In general, particles in
composite materials may act as either active or inactive fillers
depending on whether they bind to the surrounding matrix or
not (113). Various theoretical models have been developed to relate
the mechanical properties of composite materials to the properties
of the fillers they contain, such as their concentration, size, shape,
interactions, and rigidity (114). These models are useful for
assessing the importance of different factors on the formation and
properties of hybrid meat products containing particulate materials.

Ingredient interactions

Interactions between ingredients from different alternative
protein sources may lead to alterations in the structural, physical,
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and chemical properties of hybrid products (Figure 3). As an
example, certain combinations of proteins and polysaccharides
promote phase separation through either associative (complex
coacervation) or segregative (thermodynamic incompatibility)
mechanisms (115), which may be either desirable or undesirable
when formulating hybrid meat analogs. For instance, phase
separation can be used to create fibrous structures in meat
analogs by shearing and setting the system (116-118). The
presence of a particular component in one alternative protein
source may impact the functionality of a component in another
protein source. For instance, calcium ions may promote the
crosslinking of anionic polysaccharides, thereby increasing the gel
strength (119). Conversely, some components may interfere with
the ability of biopolymers to form gels by binding to them, thereby
inhibiting their ability to crosslink (120). The presence of transition
metals or other prooxidants in an alternative protein source may
promote the oxidation of unsaturated lipids in another one.
Conversely, the presence of phenolic substances or other
antioxidants may have the opposite effects. For instance, tannic
acid (found in many plants) inhibits lipid oxidation because it can
chelate iron ions, which are strong prooxidants (121). Similarly,
quercetin, rutin, and chlorogenic acid (also found in many plants)
can inhibit the oxidation of unsaturated lipids (122). Plant-derived
ingredients also contain natural antioxidants (such as essential oils
and some phytochemicals) that can inhibit the oxidation of lipids
and proteins in meat products (123). The addition of myoglobin to
plant-based (soy protein) burgers was found to alter their aroma
profile, which was attributed to its ability to promote specific
chemical reactions (124). Consequently, it is important to be
aware of any chemical or physical interactions that may occur
between the ingredients in different alternative protein sources.

Development of hybrid products

In principle, many kinds of hybrid products can be created by
combining different alternative protein sources together but, in
reality, some combinations are much more practical than others.
Due to their low cost, high availability, and good techno-functional
properties, plant proteins are often used as key components to
formulate hybrid foods. These ingredients can also be combined
with polysaccharides to moderate costs due to the more expensive
protein components. CM cells, precision-fermentation proteins,
mycelia, or insects may then be used as another component due
to their desirable flavor attributes and/or nutritional profiles. As a
result, meat-plant, CM-plant, mycelium-plant, and insect-plant
systems are the most commonly studied and marketed hybrid meat
products. In this section, several examples of previous studies on
these hybrid products are provided.

Livestock derived meat—plant hybrids

The adverse effects of livestock production on the environment,
human health, and animal welfare can be reduced by developing
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meat-plant hybrids, where a substantial fraction of the meat is
replaced with more sustainable plant-derived ingredients (13).
These products are unsuitable for strict vegetarians or vegans
(who do not consume any meat), but they would be suitable for
omnivores or flexitarians (who intentionally reduce the amount of
meat they consume), who make up the majority of consumers in
most developed countries (71). Currently, meat-plant hybrids are
the most widely studied type of hybrid products. The development
of meat-plant hybrids has been reviewed recently (9), and so only a
brief overview will be given here to highlight some of the
issues involved.

Researchers have investigated the impact of meat-to-plant
ratio on the sensory and textural attributes of hybrid meat—plant
burgers (125). The fluid loss and shrinkage of the burgers during
cooking increased as the meat-to-plant ratio increased. Sensory
panelists could distinguish between the different products
during mastication, especially during the earlier stages of oral
processing. There were appreciable differences in the coarseness,
crumbliness, elasticity, and oiliness of the products depending on
their meat-to-plant ratios. The products containing higher
animal meat contents were rated as having higher saltiness and
flavor intensity scores.

In a recent study, researchers characterized the textural and
sensory properties of animal meat burgers and hybrid meat-plant
burgers (126). The hybrid burgers contained 50% meat (beef and
pork) and 50% plant-derived ingredients (including texturized
legume proteins). Texture profile analysis showed that the hybrid
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burgers were softer and less cohesive than the animal meat
burgers, although sensory studies showed that the hybrid
burgers were perceived as juicier. However, no significant
difference in the overall liking of the animal meat versus the
hybrid burgers was found. Other researchers have also reported no
significant difference in the liking, appearance, odor, flavor, or
texture of meat burgers, plant burgers, and hybrid meat-plant
burgers (127). Another study reported that up to 25% of meat
could be replaced with texturized pumpkin seed proteins in dry-
cured hybrid sausages without significantly changing their
desirable physicochemical and sensory attributes (128, 129).
Research has also shown that various plant proteins (including
those from peas, rice, or faba bean) can be incorporated into
processed chicken products to reduce their meat content (130).
Another study found that adding 20% of pea protein to pork
sausages improved their nutritional profile but reduced their
hardness (131). Other researchers reported that meatballs with
good physiochemical and sensory properties could be created by
blending texturized soy protein with beef (132). Indeed, these
kinds of products have been commercially available in Europe for
over two decades.

Interestingly, in some countries, many processed meat products
can be considered to be hybrid products (12). For instance, the
United Kingdom stipulates that a pork sausage only needs to
contain a minimum of 42% pork, with the rest being fillers,
extenders, or binders, which are often plant-based ingredients,
such as those obtained from soy and wheat. These non-meat
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ingredients are used to reduce costs as well as to provide desirable
functional attributes, such as binding, gelling, or emulsifying.

Overall, these studies suggest that the sensory desirability of
plant-based meat analogs can be improved by adding some meat to
them, due to the desirable colors, flavors, and mouthfeel provided
by the meat components. When formulating a product,
manufacturers should therefore identify the minimum amount of
animal meat that they need to incorporate into meat-plant hybrids
to obtain good consumer liking, as this would have the biggest
environmental impact.

Cultivated meat—plant hybrids

As mentioned earlier, the main limitations of CM products are
their relatively high costs and poor scalability, whereas the main
limitations of plant-based products are their poor flavor, texture,
mouthfeel, and nutrient profiles. These challenges can be addressed
by combining CM-based products with plant-based products (13).
Indeed, hybrid CM-plant products, containing 3% CM, with the
rest being mainly plant-derived ingredients, were recently made
commercially available in Singapore supermarkets.

Hybrid products can be produced by growing meat cells and
then mixing them with plant-derived ingredients or by using plant-
derived ingredients to form a suitable scaffold that is then used to
grow the cells around. For example, researchers have generated
CM-plant hybrids using alginate fibers as a scaffold to grow model
meat (mouse) cells (133). The alginate fibers were produced by a
wet-spinning method that involved injecting a sodium alginate
solution into a calcium solution. The model meat cells attached to
the alginate fibers and proliferated to form meatlike hybrid
structures. The researchers showed that these CM-plant hybrids
could be cooked to form chicken-like products. Other researchers
have used scaffolds assembled from texturized vegetable proteins
(TVPs) coated with a mixture of fish gelatin and agar to cultivate
model meat cells (134). The presence of the fish gelatin-agar
coating increased the adhesion of the CM cells to the surfaces of
the TVP matrix. The cooked CM-plant hybrids were reported to
have physicochemical and sensory attributes (appearance, texture,
and flavor profile) somewhat similar to those of animal meat.

The possibility of forming CM-plant hybrids by blending
animal adipocytes grown in bioreactors with plant-based matrices
has also been investigated. In this case, the adipocytes are used to
simulate the fatty tissue (rather than the muscle tissue) in meat
products. For instance, researchers have grown pork adipocytes
within hydrogel scaffolds formulated from k-carrageenan and
konjac glucomannan (135). Other researchers used hydrogel
scaffolds formulated from fibrinogen and konjac glucomannan to
grow model muscle cells derived from mice (136). The authors of
these studies suggested that these hybrid products may be able to
mimic the attributes of animal meat products. Nevertheless, more
research is clearly needed to examine the impact on the
physicochemical, functional, and sensory attributes when
incorporating different kinds of CM cells into different kinds of
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plant-based matrices. Several companies are currently pursuing
commercialization of such hybrids. As an example, Mission Barns
includes pork fat cells with plant components in their hybrid bacon
and meatball products.

Mycelium—plant hybrids

Several studies have reported that meat analogs can be produced
by incorporating mycelium grown by microbial fermentation into
plant-based matrices. Mycelium is particularly useful for this purpose
because it naturally has a fibrous structure that mimics the mouthfeel
and texture of animal meat. In addition, it contains some valuable
nutrients, such as specific vitamins and minerals, that may not be
found in plant-derived ingredients. For instance, sensory studies have
shown that the consumer acceptance of burger analogs produced
from mycelium (Agaricus bisporus)—plant hybrids was higher than of
those produced from plant-derived ingredients alone (40).
Mycelium-plant hybrids with physicochemical properties similar to
animal meat products have also been produced by incorporating
mycelium (Pleurotus eryngii) into pea protein-based matrices (41).
Other researchers have explored the potential of creating meatlike
structures and textures using other kinds of mycelia, such as
P. sapidus (137) and P. ostreatus (138), to form mycelia-plant
hybrids. It should be noted that the vegan version of commercial
meat analogs (QuornTM) based on mycelium (Fusarium venenatum)
is held together by a plant protein matrix, so this can already be
considered to be a mycelia-plant hybrid. Moreover, Matr Foods in
Denmark uses a combination of plant-derived ingredients
(vegetables, legumes, and grains) and mycelia to create hybrid food
products with meatlike textures using solid-state fermentation.

Insect—plant hybrids

Several researchers have examined the impact of combining
insects with plant-derived ingredients to form hybrid meat
products. For instance, meat burger analogs have been generated
from a blend of insect and plant proteins (139). The main
texturizing and binding ingredients used to formulate these
products were insect mealworm (Tenebrio molitor) flour, seitan,
soy proteins, oat flakes, and sodium alginate. The physicochemical
and sensory attributes of these hybrid burgers, such as their texture,
mouthfeel, and flavor, could be controlled by altering the ratio of
these different ingredients. Under optimized conditions, hybrid
burgers with properties resembling aspects of animal (livestock-
derived) meat burgers could be produced. In another study, insect—
plant hybrid meat analogs were prepared from lesser mealworm
(Alphitobius diaperinus), soy protein, and soy fiber using twin-
screw high-moisture extrusion (140). Fibrous meat analogs were
generated with a protein content and hardness similar to
animal meat.

Hybrid insect-plant meat analogs can also be generated from
more exotic ingredients. For example, the Javanese grasshopper
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(Valanga nigricornis) has been combined with kidney beans
and elephant foot yam to produce high-protein meat patty
analogs (141). These products were targeted at the Indonesian
market, as a large fraction of this population has protein
consumption levels below recommended levels. By varying the ratio
of the different ingredients, it was possible to obtain appearances,
textures, and fluid-holding properties resembling those found in
animal meat burgers. Meat analogs with flavors and nutritional
profiles similar to animal meat have also been generated by
blending 30% of mealworm larva (Tenebrio molitor) with soy
protein (142). Taken together, these studies suggest that there may
be some advantages to combining insect and plant proteins together,
but further research is required to optimize these formulations so that
they match consumer expectations for specific hybrid food products.

Non-plant-based hybrids

There are several examples of studies on hybrid products
formulated without plant proteins. For instance, researchers have
shown that incorporating insect proteins (5%) into beef burgers
improved their phenolic acid content, which may have health
benefits (143). Other researchers examined the impact of
replacing some of the meat in burger patties with black soldier fly
larvae (Hermetia illucens) (144). Cooked patties containing these
insects had a softer texture, exhibited lower cooking losses, and had
a darker appearance than the control beef patties. Hybrid products
containing 25% insects had physicochemical properties most
similar to those of beef patties. In another study, the impact on
physicochemical and functional properties when replacing some of
the meat in ground pork products with superworm (Zophobas
morio larvae) was investigated (145). The incorporation of
superworm decreased the hardness, water-holding, and cooking
loss properties of the hybrid insect-meat products (145). The
physicochemical properties of the hybrids were found to be most
similar to those of the livestock-derived meat products when heated
at a higher temperature (80°C instead of 70°C), but it was still
difficult to completely match textural profiles. The same researchers
reported that even replacing a small amount of meat in pork
sausages with superworm (5-10%) led to an appreciable decrease
in the textural attributes of the products (146). Numerous other
studies have shown that different kinds of insects can be used as
extenders in meat products, including grasshoppers in pork
sausages (147), crickets in pork sausages (148), black soldier fly
larvae in meat analogs (149), and silkworm pupae in meat batter
(150). These and other studies demonstrate that products with
properties somewhat similar to those of animal meat burgers can be
produced by incorporating insect-derived ingredients up to a
certain level, highlighting the potential for these products in
reducing overall meat consumption, which, in turn, could have
sustainability, environmental, and cost benefits. Further advances
can also be considered by using insect cells as alternatives, akin to
CM hybrids with plants, while also reducing costs compared to the
use of mammalian-derived cells.
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Current challenges and future
directions for hybrid products

For hybrid alternative protein products to become commercially
viable, there are several hurdles that need to be overcome, including
their potential effects on human health and animal welfare, scalability,
accessibility, affordability, desirability, and environmental impacts.

Ideally, we want hybrid alternative-protein products to
significantly enhance our food supply systems while becoming more
sustainable. Reducing our reliance on livestock production would
improve overall food system sustainability by minimizing adverse
environmental effects, such as greenhouse gas production, biodiversity
loss, pollution, and water and land use. However, a number of
challenges remain to be addressed. For instance, techno-economic
analysis (TEA) and life cycle analysis (LCA) have shown that the
media components (such as serum and growth factors) used to
produce CM are major contributors to their high costs and negative
environmental impacts. Thus, there is a pressing need to identify
media constituents that are more cost effective, abundant, and
sustainable, as this will provide immediate benefits to the economic
and environmental impacts of any hybrid foods formulated from CM.
Moreover, there is currently limited bioreactor capacity to produce
cultivated cell products on a scale large enough to significantly reduce
meat consumption. Consequently, it will be important to greatly
increase capacity to have the desirable impact on the sustainability
and environmental footprint of our modern food supply. This will
require considerable investment from both the public and private
sector, as well as a long-term commitment to the successful
implementation of this technology.

The impact on human health and animal welfare is another
important aspect to consider. Cultivated cell-based hybrid products
could improve human and animal health by providing safer and more
nutritious foods, but, as with any new technology, it is important to
ensure that alternative food products do not have any unintended
harmful effects on human health and well-being. Generally, there
should be a decreased risk of disease transmission for food products
containing cultivated cells when compared to conventional livestock
production because of the closed production systems typically used to
support cell growth and processing. Engineering cells to enhance their
nutritional content is also feasible with CM, e.g., by controlling cell
media composition or using cell engineering (151). For instance, it is
possible to reduce the saturated fat level and increase the
polyunsaturated fat level using these approaches (152). Animal and
human health would also benefit from the anticipated reduced need
for antibiotics, steroids, and other compounds currently used in
industrial or factory farms. However, rigorous studies are still
needed to systematically compare the nutritional and health
consequences of switching from meat products to hybrid alternatives.

Fluctuations in the global economy also pose challenges for
implementing new hybrid food technologies, potentially resulting in
reduced investment. However, academic research has continued to
develop new fundamental tools, and public and private funding has
been supporting research innovation in this field (153-157).
Naturally, continued funding will be critical for the further
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development of commercially viable products that can have an  products) present another major obstacle. However, several CM
appreciable impact on food sustainability and human health. and hybrid food products intended for either human or animal

Finally, difficulties in obtaining regulatory approval for new  consumption have already received regulatory approval in countries

hybrid food technologies (particularly cultivated cell-based  such as Singapore, the United Kingdom, the United States, and
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Israel, which will pave the way for more products in the future. Still,
it is important that regulatory approval is obtained for a wider range
of hybrid products in a greater number of countries if this
technology is going to be successful. Consumers will ultimately
decide which hybrid options are most acceptable to them in terms
of their desirability, affordability, convenience, healthiness,
sustainability, and ethics. In the short term, plant-mycelium
hybrids are likely to be the most economically viable due to their
lower costs and scalability but, in the longer term, plant-CM hybrid
products may become more desirable because of their potential for
improved nutritional and sensorial properties. Even so, additional
research is required to better understand consumer preferences so
that appropriate products and marketing strategies can be
developed and employed (55).

A road map for the future of hybrid
products

The successful adoption of hybrid food products by consumers
will depend on several critical steps being successfully implemented,
thereby providing us with a clear road map (Figure 4):

* Optimization of individual alternative protein sources. It
will be important to optimize the science and technology
required to produce each individual alternative protein
source, including plants, insects, mycelia, and cultivated
cells. In particular, further research is needed on how to
reduce costs, increase scalability, understand and control
composition and structure, improve functional properties
and nutritional profiles, and enhance sensory attributes.

* Development of hybrid combinatorial technologies. More
research is required to rationally design hybrid products
with desirable attributes based on knowledge of the
properties of the individual alternative protein sources. At
present, there is still a poor fundamental understanding of
how the physicochemical, sensory, nutritional, and safety
properties of hybrid foods depend on the nature of the
different components they are assembled from.

* Economic and scalable production. Additional research
and development is needed to create large-scale
manufacturing facilities that can economically produce
hybrid food products in the quantities required to satisfy
the target consumer market. At present, many alternative
protein products are too expensive and cannot be produced
at a scale that will have an appreciable impact on the
consumer meat market, thereby restricting their potential
environmental and sustainability benefits.

* Sensory and consumer aspects. Further research is
urgently needed to assess the consumer desirability and
acceptability of different kinds of hybrid food products and
determine effective communication and marketing
strategies to enhance their potential success in the market.
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It will be critical to gain consumer confidence and trust in
hybrid products to meet this goal, which will require
transparency and honesty from food companies that
manufacture and sell hybrid products.

* Comparative environmental and economic analyses. LCA
and TEA are required on a broader range of hybrid food
products to assess their environmental and economic
impacts relative to conventional animal-derived food
products. This information could then be used to identify
the most commercially viable and sustainable hybrid foods.
However, more research is still required to develop
standardized methods and validated data to make
meaningful comparisons between different products
and processes.

* Knowledge integration technologies. Artificial intelligence
approaches, including machine learning, deep learning, and
computer vision, have great potential for promoting the
expansion and efficiency of this field. For example, they can
be used to identify the optimum type and combination of
alternative protein ingredients and processing operations
required to produce desirable, affordable, and sustainable
hybrid food products. This could be achieved using AI to
establish correlations between inputs (ingredients and
processing operations) and outputs (nutritional profile,
appearance, texture, mouthfeel, etc.).

The successful implementation of these steps will require the
concerted efforts of a diverse group of individuals and organizations,
including academics, industry experts, entrepreneurs, investors,
regulators, politicians, and the media.
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