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Abstract:

The increasing human population will escalate the demand for meat and alternative meat products. The term “hybrid meat”
can be used to define food products that combine conventional animal meat with alternative protein sources, such as plant-
based ingredients, insect protein, or cultured cells. These products are designed to reduce the environmental and ethical
concerns associated with traditional meat, while retaining the desirable sensory and nutritional qualities. Our review provides
a comprehensive analysis of the development, composition, processing technologies, nutritional value, environmental
sustainability, consumer acceptance, safety concerns, and regulatory frameworks for hybrid meat. The incorporation of
plant proteins, pulses, insect flours, and cultured cells has shown potential to improve dietary fiber, antioxidant content, and
lipid profiles without significantly compromising taste or texture. Innovative technologies such as high-moisture extrusion,
3D bioprinting, and fermentation enhance the structural and functional attributes of hybrid meat products. From an
environmental perspective, hybrid meat can reduce greenhouse gas emissions and resource use by lowering the total meat
content. However, safety issues such as allergenicity, microbial contamination, and chemical residues require thorough
monitoring. Regulatory policies are evolving globally to address these challenges, while consumer acceptance hinges on
familiarity, sensory quality, and clear labelling. Numerous studies are being conducted to curb the challenges and produce
hybrid meat with a specific composition and preserved flavor. As flexitarian diets gain momentum, hybrid meat emerges as a
promising transition towards sustainable food systems. It bridges the gap between conventional meat and plant-based alternatives,
promoting environmental sustainability.
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INTRODUCTION

Meat consumption has played a pivotal role in human
evolution and remains a deeply ingrained practice in cul-
tures worldwide. From a biological standpoint, anthropo-
logical and nutritional evidence suggests that meat-eating
played a crucial role in shaping the human species. Ac-
cording to the “expensive tissue hypothesis”, high caloric
density and nutrient richness of meat enabled early hu-
mans to develop larger brains by reducing the energy de-
mands of the digestive system [1]. Meat provided essential
nutrients such as vitamin B, iron, and high-quality pro-
teins that were not readily available in plant-based foods,
giving early hominins an evolutionary advantage. At the
same time, the consumption of meat has been tightly in-
terwoven with social, cultural, and symbolic meanings.
Across many cultures, meat signifies wealth, power, and

masculinity, being often reserved for important rituals,
feasts, and social gatherings.

The growing human population is increasing the de-
mand for meat products, and if sustainable and econom-
ical alternatives are not found, future prices may rise
significantly. Scientists have been exploring alternative
methods, such as man-made meat and technological de-
velopments for value-added, textured, and taste-enhanc-
ing livestock products [2]. The meat industry cannot
keep up with the growing demand, so it has to come up
with creative solutions to problems pertaining to sus-
tainability, public health, and animal welfare. Further-
more, it is facing a complex regulatory environment,
as well as growing competition from newly developed
non-traditional meat and protein substitutes [3].

Copyright © 2026, Nandana R et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
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Meat production is the primary source of methane
that has a limited half-life in the atmosphere compared
to CO,, but a relatively high warming potential. Even
though well-managed grasslands have the potential to
sequester carbon, their overall benefits are likely to be
modest [4]. This explains the need for artificial meat or
alternatives that can satisfy the increasing demand in
the face of environmental concerns.

The emerging innovative technologies offer differ-
ent varieties of meat, such as hybrid meat, vegan meat,
or in-vitro meat. The definition of hybrid meat can vary
depending on the ingredients incorporated. Hybrid meat
with plant-based ingredients can be defined as hybrid
meat products that combine 20-50% of plant-based and
50—80% of meat components. These products incorpo-
rate plant-based protein sourced from legumes or vege-
tables to replace a portion of meat. With only a few hy-
brid meat products available at the moment, more are
expected to be developed in the future [5].

As flexible eating habits are gaining popularity, new
hybrid meat products that combine plant-based and
animal components are becoming more widely avail-
able [6]. With the recognizable meaty taste and texture,
hybrid meat products are seen as an alternative to tra-
ditional meat products with additional dietary benefits
from plants [7].

STUDY OBJECTS AND METHODS

This review aimed to summarize recent studies on
hybrid meat (foods that combine components from plants
and animals and are made to resemble animal-based
products [8]), with a focus on raw materials, processing
technologies, and consumer perception. For this, we con-
ducted a systematic review of articles from the leading
journals in food science, nutrition, and related fields pub-
lished from 2012 to 2025. The journals included Foods,
Food Quality and Preference, Future Foods, Interna-
tional Journal of Food Science & Technology, Meat Sci-
ence, Molecules, Nutrients, Science, Sustainability, and
many others. In this review, we sought to identify the
key findings and future research directions for hybrid
meat as a sustainable protein solution.

RESULTS AND DISCUSSION

Hybrid meat varieties. This section summarizes
hybrid meat products that incorporate various ingredi-
ents providing them with distinct characteristics.

Insect-based hybrid meat. Due to the increas-
ing demand for protein, various researchers have ex-
plored alternative protein sources to supplement or
replace traditional animal proteins. Insect flours have
emerged as a promising option, offering high nutrition-
al value suitable for human consumption. For example,
Talens et al. [9] investigated the potential of insect flour in
hybrid meat products. The researchers prepared sausage
samples from turkey meat partially replaced with brewer’s
spent grains, frozen broccoli, and mealworm (7enebrio
molitor L.) powder. In particular, nine different sausage
formulations were developed by varying the proportions
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of insect flour. The ingredients were thoroughly mixed,
blended, and then pasteurized before shaping and cooking
the sausages. The objective was to assess the functionality
and acceptability of insect flour in processed meat prod-
ucts. The study demonstrated that incorporating alterna-
tive protein sources such as insect flours is an effective
strategy to reduce the dependence on animal protein in
meat formulations. The blend with 22% of broccoli, 3%
brewer’s spent grains, and 10% insect flour looked the
best and tasted/smelled just as good as the standard com-
mercial product. Additionally, the study highlighted the
feasibility of creating nutritionally balanced and sustain-
able meat alternatives through ingredient innovation.

In another study, Megido et al. [10] prepared four
different burger patties using unflavoured ground beef,
green lentils, and mealworms (7. molitor). One of the pat-
ties contained 45% of green lentils and 50% of insects
(mealworm/lentil burger), and another one was formulat-
ed from 45% ground beef and 50% insects (mealworm/
beef burger). The remaining two patties contained com-
mon burger ingredients. All the ingredients were pre-
cooked and mixed, then patties were made and cooked.
The microbial analysis detected neither Escherichia coli
nor Clostridium perfringens strains in the samples. The
total viable counts were below the standard legal maxi-
mum for the mealworm/beef burger (5.04 log CFU/g)
and mealworm lentil burger (5.28 log CFU/g). The re-
search concluded that mealworms are safe to consume af-
ter fasting for 24 h (to remove toxins from their body) and
drying. The use of the insects was accepted by the con-
sumers.

A study conducted by Han et al. [11] utilized house
cricket (Acheta domesticus L.) flour in combination
with pork to produce hybrid sausages. The formulation
included 42.5% of ice water, 35% lean pork, 20% pork
fat, and other standard ingredients, along with cricket
flour incorporated at 1, 2.5, and 5.0%. The cricket flour
was prepared through lyophilization, a freeze-drying
process that preserves its nutritional properties. The
study aimed to evaluate the functional and sensory
qualities of the resulting hybrid sausages. The research-
ers observed that the protein solubility and water-hold-
ing capacity of the cricket flour were influenced by such
factors as pH and sodium chloride (NaCl) concentra-
tion. These variations affected the structural properties
of the sausage, potentially leading to undesirable color
and texture when only small amounts of cricket flour
were added. Due to these challenges, further research is
being carried out to enhance the lipid and protein oxi-
dation stability in such insect-based meat formulations.
This will help improve the product’s quality and broad-
en consumer acceptance in future applications.

In Western culture, the consumption of insect-based
products is gaining popularity due to their high nutri-
tional value, including protein, vitamins, and minerals.
These products also offer favorable sensory attributes
such as taste and texture. Their integration into fami-
liar food forms has further increased consumer accep-
tance [10].
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Plant-based hybrid meat. As the increase in the
dependence of animal meat for various health benefits
and sensory attributes, alternative plant-based mimic
meats are formulated with isolated plant proteins [12].
For example, Petrat-Melin & Dam [13] prepared burg-
ers from 50% of plant-based ingredients (such as textur-
ized legume protein) and 50% of meat (pork and beef,
4:1). The patties were seasoned with regular ingredients
and analyzed for texture profile, cooking loss, express-
ible moisture, and consumer acceptance. According to
the results, the most crucial characteristics for a burg-
er were meat flavor, juiciness, spiciness, and saltiness.
In summary, the hybrid burger was just as acceptable
overall as a beef burger, despite having distinct qualities
and being evaluated using various check-all-that-apply
methods.

Sun et al. [14] investigated how adding hempseed
meal (10, 20, 30, and 40%) affected the qualitative char-
acteristics of chicken sausage. Their findings demon-
strated that hempseed meal significantly decreased the
moisture, protein, and lipid contents in chicken sausage,
but increased the ash and total dietary fiber contents.

By combining chicken with pulses, Chandler &
McSweeney [15] produced a hybrid meat burger and
described its physical, textural, and chemical compo-
sition. At 0, 25, 50, and 75%, the chicken burger was
supplemented with pulses (lentil, chickpea, and yellow
pea). The samples’ chemical composition, cooking qual-
ities, and textural characteristics were examined. All
the pulses led to a decrease in both moisture and lipid
contents in the meat analogues. Lentils and chickpeas
maintained the protein content, whereas yellow peas re-
sulted in a reduced protein content. By decreasing the
width and thickness and increasing the cooking yield,
the pulses enhanced the samples’ cooking qualities. At
50 and 75% replacement, the burger’s textural charac-
teristics differed considerably from those of the control
burger. The study showed that pulses and chicken can
be mixed only at a modest replacement level (25%) to
produce a unique food product.

Stem cell-based hybrid meat. In vitro meat cultur-
ing, or meat cultivation, is a transformative alterna-
tive to traditional livestock production. It is designed
to precisely replicate all the physical characteristics of
conventional meat. This is primarily achieved by cul-
tivating animal stem cells using advanced tissue engi-
neering techniques. In particular, cells are proliferated
in bioreactors and then guided by scaffolds to differenti-
ate into muscle, fat, and connective tissues. The result-
ing product mimics the fibrous texture, juiciness, color,
and overall mouthfeel found in traditional cuts of meat.
The objective is to produce a sustainable and ethical
protein source that is sensorially indistinguishable from
its animal counterpart [16].

Kim et al. [17] studied the effect of adding cultured
meat tissue (10, 20, and 30%) on hybrid meat’s physi-
cochemical and taste profiles. Chicken satellite cells
were isolated from hindlimb muscles and suspended in
growth media prepared and incubated to produce cul-
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tured meat tissues. After the dissociation of cells, the
suspensions were centrifuged and the supernatant was
lyophilized for storage. A pea plant protein solution and
a wheat solution were used to prepare a solution for wet
spinning. Imitation fiber and muscle were manufactured
through wet spinning, while cellulose membrane was
produced through electrospinning. The resulting hy-
brid cultured chicken meat was introduced to the plant-
based protein solution. Each imitation fiber muscle was
wrapped with an artificial muscle membrane to replicate
the structure of traditional muscle. The quality of the
imitated fiber muscles was thus improved, enhancing
the quality of hybrid cultured chicken meat in turn. The
product’s sensory attributes were also improved and the
method was found useful for addressing the problem of
protein deficiency in plants.

Fish-based hybrid meat. Aquatic products are
widely consumed due to their economic value, taste,
and nutritional composition [18]. A recent study was
conducted on the partial replacement of fish meat in
surimi-based fish cakes with 0, 5, 10, 15, and 20% of
textured vegetable protein. Fish cakes were cooked in
two ways: 1) dough cylinders were placed in boiling wa-
ter (100°C, 1.5 L) and cooked for 5 min; 2) dough cylin-
ders were fried for 3 min in 1 L grapeseed oil at 180°C.
Both samples were cooled to room temperature. The
specific properties of fish meat contributed to a fibrous
gel structure of the cake samples. Increased contents of
textured vegetable protein seemed to gradually reduce
the elastic property. They also decreased the fishy fla-
vor and increased the beany flavor. Six unknown and 60
identified volatile compounds were detected in the fish
cake samples. The fried fish cakes were most preferred
by consumers [19].

3D printing. Bioprinting is defined as the use of bio-
materials such as muscle, skin, bone, and cartilage to
develop three-dimensional structures through 3D print-
ing technology [20]. Meat substitutes can be derived
from various sources, including in vitro cell cultures,
meat by-products or waste, plants, and insects. Among
these innovations, the sustainable 3D printing of meat
from biological materials is referred to as bio-printed
meat. This technique involves the precise layering of bio-
inks composed of edible materials such as proteins, lipids,
insect powders, and dietary fibers. These components are
blended in optimized concentrations to mimic the tex-
ture, flavor, and nutritional profile of conventional meat.
Bioprinting offers a promising solution to the growing de-
mand for sustainable and ethical meat alternatives. In ad-
dition, it allows for customizing the nutrient composition
and structure, ensuring product consistency and consumer
acceptance [21].

Wang et al. [22] prepared soft-textured meat analogues
with the use of plant and animal proteins (pea protein iso-
late and chicken mince, respectively). In addition to the pro-
teins, the ingredients included soy lecithin, maize starch,
and beef fat. They were blended, made into a paste, and
cooked before use. There were five samples with different
ratios of the ingredients. The pastes were filled into syring-
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es and small nugget-shaped samples were printed using a
large volume extrusion 3D printer. The study found that 3D
printability of the meat analogue was better with the addi-
tion of 20% chicken mince paste. The product had a good
fiber texture contributed by hydrogen bonding [23].

Golovin et al. [24] biofabricated cellular meat con-
structs (30x40x3 mm) by 3D bioprinting rabbit stem cells
(omentum-derived, lipogenic/myogenic differentiation) and
fibroblasts within a sodium alginate/sunflower protein hy-
drogel. Cells demonstrated sustained viability (> 72 h) via
confocal microscopy and formed tight junctions with meta-
bolic activity, including procollagen secretion by fibroblasts
and lipid accumulation by lipoblasts, as observed via trans-
mission electron microscopy. The resulting product, com-
prising fibroblasts, lipocytes, myogenic cells, and hydrogel
components, was confirmed safe for consumption.

Properties of hybrid meat. Hybrid meats contain
plant or other alternative ingredients in addition to meat
ingredients [8]. A hybrid meat burger prepared by add-
ing pulses (yellow pea, chickpea, and lentil) at 0, 25, 50,
and 75%, respectively, resulted in a decreased protein
content with increasing amounts of yellow peas [15].
When added to chicken burgers, pulse flours improve the
cooking yield and lessen the size reductions that occur
during cooking. Adding pulses decreases the moisture
content and increases the fat content in cooked meat.
The inclusion of plant-based alternatives (pulses) to meat
also enhances its textural properties such as hardness,
cohesion, springiness, and gumminess.

Before extrusion, each protein from the plant source
should be analyzed for its physicochemical characteris-
tics, since even proteins coming from the same botani-
cal source may have differing functions [25]. Processing
parameters such as specific mechanical energy, mois-
ture, and temperature have a significant impact on the
quality of pea-based textured vegetable protein. Howe-
ver, because of the differences in protein subunits and
the swelling (or gelling) properties of cold and hot wa-
ter, pea protein-based texturized products generally
have lower cutting strength and less chewiness than
soy- or gluten-based products. These properties can be
controlled with the use of functionality modifiers.

Compared to conventional pork and beef meats,
plant-based meat analogue patties were higher in ash
and crude fiber and lower in moisture, fat, and pro-
tein [26]. They also had more porous and loose struc-
tures before and after cooking, as well as lower values
of lightness and redness. Their high pH (pH 7.42-7.43)
might be due to the slight alkalinity of TVP.

The cutting strength of high-moisture extruded in-
termediates is primarily determined by their compo-
sition and water content [27]. Combining up to 40%
Alphitobius diaperinus (Panzer, 1797) (mealworm) pro-
tein concentrate with 5-10% of soy fiber (dry matter)
provided the meat analogue with a meat-like texture and
25.0-30.8% protein. The study showed that meat hy-
brids made of a blend of protein concentrates (soy and
A. diaperinus) and water can develop a meat-like fiber
texture by high-moisture extrusion.
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A study by Han ef al. [11] demonstrated that the pH
and NaCl concentration had a substantial impact on the
protein solubility and water-holding capacity of cricket
flour added to the meat hybrid. However, the amount of
cricket flour in the medium at the same pH and heating
conditions had an impact on its gelation. Even small
quantities of cricket flour can have negative effects on
the color and texture of hybrid sausages and reduce
their capacity to withstand oxidative storage.

Ramachandraiah studied 3D-printed hybrid meat
made with insects and fish [21]. He found that the ground
cricket- or grasshopper-incorporated meat had the high-
est protein and fiber contents, whereas the black soldier
fly- or grasshopper-incorporated meat had the highest
lipid content. The 3D-printed hybrid meat obtained from
fish had a high nutritional value depending on the com-
position of the body part used.

A review by Stanisi¢ ef al. [28] proved that moderate
levels of substitution (20—50%) in meat can preserve or
enhance the product’s texture, juiciness, and nutritional
quality, while excessive incorporation levels frequently
result in undesirable flavors, color alterations, and tex-
ture problems.

Nutritional characteristics. Hybrid meat products
are engineered to retain a protein content comparable to
that of traditional meat, while offering a more balanced
amino acid profile. The integration of cultured animal
cells ensures that essential amino acids such as lysine,
leucine, and methionine are present in adequate quan-
tities, while plant-based components (e.g., soy, pea, or
lentil proteins) contribute complementary nutrients and
dietary fiber. According to Curtain & Grafenauer [29],
hybrid meats achieve a “complete protein” status by
blending sources, which is nutritionally advantageous
for populations at risk of protein insufficiency, such as
vegetarians or older adults.

A key nutritional advantage of hybrid meat is its
improved lipid profile. While conventional red meats
are often high in saturated fats and cholesterol, hybrid
products make use of unsaturated fats from plant oils
such as canola, sunflower, or flaxseed. This modulation
reduces the risk of cardiovascular diseases. A study by
Willett et al. [30] demonstrated that consumers of hy-
brid meat products experienced improved lipid bio-
markers, including reduced LDL-cholesterol levels,
compared to those consuming conventional meat.

One concern often raised regarding plant-based di-
ets is the potential deficiency in micronutrients such as
vitamin B, ,, iron, and zinc primarily found in bioavail-
able forms in animal products. Hybrid meat addresses
this concern by enabling micronutrient fortification di-
rectly into the product formulation. Cultured meat com-
ponents naturally contain heme iron and vitamin B,
while plant products can be fortified with additional
minerals. According to Driessen et al. [31], the bioavail-
ability of iron in hybrid meat was significantly higher
than in traditional plant-based alternatives due to the
presence of both heme and non-heme sources.
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Zhang et al. [32] proved that hybrid meat products
contribute to good nutrition by offering health ben-
efits and consumer appeal. Incorporating plant pro-
teins, these products can keep protein levels similar to
those in regular meat. However, at high meat substi-
tution levels (around 40-50%), the overall protein and
fat contents may decrease because plant ingredients
hold more water and have fewer calories. One benefit
of hybridizing proteins is a better ability to hold water
and oil. This helps the product yield more, stay juicier,
and have a more stable emulsion. As a result, the food
becomes more enjoyable to eat. These improvements
come from the way meat and plant proteins interact
to form a strong, three-dimensional structure. New
processing methods, such as high-moisture extrusion,
high hydrostatic pressure, high-pressure homogeni-
zation, and ultrasound, are also used to improve these
products. They help mix the proteins better, enhance
their ability to form gels and emulsions, and break
down those compounds in plant proteins which might
block nutrients. This makes the final hybrid food safer,
more nutritious, and better in taste and texture. Over-
all, these techniques not only boost the health benefits
of hybrid foods but also make them more attractive in
terms of taste and texture for consumers interested in
sustainable diets.

Hybrid meat shows a distinct nutritional advantage
by incorporating dietary fiber, a component that is al-
most absent in conventional meat. This additional fiber
not only supports digestive health and satiety but also
enhances the overall functionality of the product. For
example, integrating plant-based ingredients such as le-
gumes boosts the antioxidant capacity of hybrid meat.
Studies have shown that adding red beans to turkey
formulations can significantly raise the antioxidant ac-
tivity, compared to pure meat samples. In addition, the
soluble dietary fibers from legumes, which are rich in
complex polysaccharides, provide extra benefits such
as antioxidant, antiglycation, immunostimulatory, and
prebiotic effects that go beyond basic nutrition [33].
Harnack et al. [34] reported that although convention-
al meat is a good source of key vitamins (e.g., B,, and
B,) and minerals (e.g., iron and zinc), incorporating

plant ingredients can diversify and enrich the micro-
nutrient profile of hybrid meat. Some plant-based meat
alternatives contain higher levels of nutrients, such as
folate, niacin, iron, phosphorus, sodium, manganese,
and copper, compared to ground beef. This enhance-
ment not only broadens the nutritional benefits but also
positions hybrid meat as an attractive option for con-
sumers seeking both balanced nutrition and innovative
food products. The detailed nutrient characteristics of
conventional (chicken, beef, etc.) and hybrid (with plant-
based materials) meat are depicted in Table 1.

Environmental sustainability. Animal husband-
ry, slaughter, and transportation generate significant
amounts of biological waste and pollutants in tradition-
al meat systems. On the other hand, because cultured
meat is produced in regulated conditions with reduced
by-product loss, hybrid meat systems produce less or-
ganic waste. Furthermore, using plant-based ingredi-
ents adds value to those agricultural by-products (e.g.,
legumes or soy protein isolates) which might otherwise
be wasted. The entire efficiency of the food system can
be improved by this move towards circular resource us-
age [36].

Meat protein production uses a lot of land, water, en-
ergy, and raw materials, which makes it quite costly for
the environment. The demand for full, high-quality pro-
teins, including those derived from animals, is expected
to rise globally due to the population growth estimated
for 2050. The development of flexitarian eating patterns
for wellness, health, and sustainability is gaining popu-
larity. In particular, hybrid products with meat protein
substitutes can lessen the effects on the environment.
Proteins from vegetables (e.g., peas and chickpeas), fun-
gi (mushrooms), and insects (e.g., cricket species and
T. molitor larvae) have recently emerged as the most vi-
able substitutes for meat in hybrid goods [37]. Although
offering significant environmental benefits, the devel-
opment of hybrid meat products involves overcoming
several technological challenges. The processes must
be optimized to ensure that partial substitution does not
detract from the sensory and nutritional qualities of the
final product.

Table 1 Nutrient profiles of conventional and hybrid meat, as sourced from [32-35]

Nutrient/Component Conventional meat Hybrid meat (meat + plant)

(per 100 g serving,

approximate)

Protein High [33] Slightly lower than in conventional meat, depending on
substitution level [32]

Total fat Moderate to high [33] Potentially lower, depending on plant ingredients [32]

Dietary fiber Negligible [35] Significantly increased [33]

Vitamins Present (B ,, B,) [34] Varies, with new vitamins coming from plants [33]

Minerals Present (Fe, Zn) [34] Varies, depending on the raw materials incorporated [33]

Antioxidant activity Low [51] Significantly increased with red beans [33]

Fatty acid profile

Varies based on cuts of meat [51]

Improved (e.g., lower n-6/n-3, UFA/SFA, PUFA/SFA) [33]

Anti-nutritional factors Absent

Potentially present in raw plant proteins; reduced by
processing [32]
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The integration of alternative protein sources pro-
vides an innovative pathway to achieve a more re-
source-efficient protein supply without completely
eliminating the sensory qualities that characterize meat-
based dishes. Boukid e al. [38] suggest that hybrid meat
products can play a vital role in reducing the environ-
mental impacts of conventional meat production. By
partially substituting animal proteins with alternative
sources, producers can reduce resource consumption
and greenhouse gas emissions without compromising
the key sensory attributes. For these reasons, hybrid
meat products are seen as a promising transitional strat-
egy towards a more sustainable and health-conscious di-
etary future.

Consumer acceptance of hybrid meat. Concerns
about environmental degradation, health safety, and the
vegan movement are pushing both the industry and cus-
tomers to seek meat alternatives [39]. Consumer accep-
tance has been studied via sensory analysis performed
by trained and/or untrained participants or via surveys
to obtain statistical values regarding their preference
and acceptance of hybrid meat or meat alternatives.

Megido et al. [10] studied the consumer acceptance of
insect-based alternative meat products in Western coun-
tries. In terms of overall liking, the beef burger was ranked
as the best in hedonic evaluation among the four burgers,
followed by the mealworm/beef burger, the mealworm/
lentil burger, and the lentil burger. The level of willing-
ness to try the same, an important factor in the study,
varied depending on the age and gender of the panel-
ists, their knowledge about, and perception of, the pro-
duct, its composition, and whether they had tasted it before.

The cost of plant-based meat alternatives is still
higher than that of traditional meat. According to
Szenderak et al. [40], the consumers who were willing to
pay higher prices were more likely to choose plant-based
alternatives. Other factors included their dietary prefer-
ences, emotional and situational factors, familiarity with
the product, environmental impacts, sensory characteris-
tics, religious and political factors, as well as nutritional
perception. As reported by Baune ef al. [41], a meat hybrid
with 30% of plant-based proteins can ultimately attract
more consumers. After tasting the product (pea-based
hybrid meat), almost 50% of the untrained panelists ex-
pressed a comparatively strong readiness to purchase it.
The remaining 50% did not like its musty taste.

The consumer acceptance of 3D-printed and cul-
tured alternatives is lower than that of conventional
items, despite the claimed benefits such as increased
sustainability, animal welfare, and healthiness [42].
In this study, the participants with a stronger affini-
ty for meat were less inclined to use plant-based meat
alternatives. No correlation was found between meat
attachment and eating willingness for the other meat
substitutes. The participants tended to consume all fish
alternatives, except for the 3D-printed plant-based sub-
stitute. This implies that customers who consider fish to
be a significant component of their diet may be willing
to consume fish substitutes [43].
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Consumers primarily rely on sensory factors such
as taste, texture, and visual appeal to guide their pref-
erence for hybrid meat products. Items that closely re-
semble traditional meat in these aspects tend to be more
accepted, largely because familiarity is a key driver.
However, increasing the proportion of plant ingredients
can disrupt the protein structure, leading to tougher,
chewier textures, and off-flavors (often described as dry,
beany, or bland). Moreover, noticeable color changes
such as reduced redness and increased yellowness can
detract from the product’s appeal [32].

Safety of hybrid meat. Concerns regarding the
safety of hybrid meat products arise from the integra-
tion of diverse components, each with its own set of po-
tential hazards. These can be broadly categorized into
biological, chemical, physical, and nutritional/allergenic
considerations. Biological hazards in hybrid meat are
mainly associated with microbial contamination and ge-
netic instability of cultivated meat components. Every
component carries microbial risks. For example, plant-
based ingredients may contain pathogens such as Clos-
tridium spp. and Bacillus spp., which may survive or
re-enter products after thermal processes such as extru-
sion. Plant ingredients (e.g., soy, pea, wheat, rye, barley,
lupin) may also contain allergens capable of triggering
IgE-mediated responses, with thermal processing hav-
ing uncertain effects on allergenicity. Cultivated meat
faces contamination risks from bacteria (e.g., Salmonel-
la, Listeria, E. coli), viruses, fungi, prions, and myco-
plasma. These risks are especially pronounced during
cell sourcing, media preparation, or bioreactor opera-
tions due to compromised aseptic techniques or contam-
inated inputs [44].

The integration of conventional meat, plant-based
ingredients, and cultivated meat components in hybrid
products broadens the range of potential pathogens and
spoilage microorganisms. Conventional meat natural-
ly presents microbial hazards, while plant-based in-
gredients may introduce additional pathogens that can
survive processing [45]. Chemical additives such as fla-
vorings, colorings, and emulsifiers are commonly used
in hybrid formulations to enhance sensory attributes,
and their safety must be validated at proposed usage
levels. Processing techniques, including heat treatment
and smoking, can cause physicochemical changes that
generate reactive compounds or carcinogens. Some
plant-based ingredients contain natural toxins (e.g.,
lectins, cyanogenic glycosides) or mycotoxins from
fungal contamination, which may persist despite pro-
cessing. Synthetic contaminants such as pesticide resi-
dues and residual solvents (e.g., hexane used in protein
extraction) also present potential toxicological concerns.

Zandonadi et al. [46] proved that prion contami-
nation in hybrid meat is a significant concern when
animal-derived ingredients are involved, particular-
ly high-risk tissues such as the brain, spinal cord, or
lymphoid organs. While cultivated meat is produced in
controlled environments, it carries biological hazards
such as contamination from compromised sterility or
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unstable cell lines. Various processing methods, such as
extrusion for plant proteins, bioreactor culture for cul-
tivated cells, or conventional meat processing, may not
uniformly address all microbial threats. This necessi-
tates a holistic food safety approach such as the Hazard
Analysis and Critical Control Points, which considers
cumulative or synergistic risks across components. Un-
intended genetic mutations in cultivated cells may result
in unknown secretory products or poorly differentiated
cells, potentially affecting nutritional quality or safety,
including the presence of carcinogenic cell types.
Chemical hazards are also diverse and originate at
different production stages. In cultivated meat, these in-
clude residues from growth media (e.g., fatal bovine se-
rum, serum-free alternatives), veterinary drugs, or toxic
substances used in cell culture (e.g., dexamethasone,
indomethacin). Scaffolds and bioreactor components
may degrade and release harmful by-products. Addi-
tionally, both plant-based and animal-derived materi-
als may contain physical contaminants such as stones,
metal fragments, or rubber from agricultural fields or
machinery. Emerging risks include microplastics, es-
pecially from marine cell sources or lab environments,
and heavy metals such as lead, mercury, or cadmium,
which may leach from bioreactor systems or come from

Table 2 Key safety concerns in hybrid meat products

soil and plant-based ingredients. These overlapping
risks highlight the need for comprehensive monitoring
and regulation tailored to the complexity of hybrid meat
production [46].

Beyond the microbial risks, the genetic instability
of cells or cell lines is a significant concern for cultivat-
ed meat production. Continuous cell culture may lead
to genetic mutations due to factors such as replication
errors, environmental stress, or cell line aging. These
mutations could potentially result in altered cellular
functions or a reduction in nutritional value. In more
serious scenarios, there is a possibility of oncogenic
changes within the cells [47]. Key safety concerns in
hybrid meat products primarily revolve around micro-
biological hazards, allergenicity, and potential for novel
contaminants, which are further detailed in Table 2.

Regulatory aspects. The regulatory oversight of
novel foods, such as hybrid meats, varies significantly
across different regions. In the United States, a bifurcat-
ed approach is employed. The Food and Drug Admin-
istration regulates the early stages of cultivated meat
production, encompassing aspects from cell sourcing
all the way through cell differentiation. Conversely, the
U.S. Department of Agriculture’s Food Safety and In-
spection Service supervises post-harvest stages, which

Hazard Specific concern Primary source Implication References
category
Biological Microbial contamination Conventional Risk of foodborne illness from pathogens (e.g., [44]
meat, plant-based, Salmonella, Escherichia coli, Clostridium spp.,
cultivated meat Bacillus spp.) or spoilage microorganisms from diverse
origins
Microbiological risks and Insect flour-based Risk of health disorders caused by [44]
allergens meat, from various Cronobacter, Bacillus, Staphylococcus,
processes Clostridium, Haemophilus, Salmonella, Bacillus
cereus, Vibrio, and Acinetobacter
Genetic instability/ Cultivated meat Risk of altered cellular functions, reduced nutritional [46]
incomplete differentiation value, or unintended (e.g., carcinogenic) cell types
Chemical Residues from Cultivated meat, ~ Accumulation of growth media components, veterinary [45]
production plant-based meat  drugs, toxic chemicals, or scaffold degradation products
Chemical additives/ All components,  Safety of intentionally added substances and formation [45]
by-products processing of harmful compounds (e.g., carcinogens) during
processing
Natural/synthetic toxins  Plant-based, Presence of mycotoxins, natural plant toxins (e.g., [45]
processing lectins), or residual organic solvents (e.g., hexane)
Physical Foreign materials All components,  Contamination by external objects (e.g., stones, [46]
processing metal shavings) or microplastics from production
environment
Heavy metals All components,  Leaching from equipment or natural presence in raw [46]
production materials
environment
Nutritional ~ Nutrient disparity/quality All components,  Possibility of imbalances, deficiencies (e.g., B ,, iron),  [45]
formulation or lower protein quality compared to conventional meat
Bioavailability of added Formulation Need to assess how well added nutrients are absorbed — [46]
nutrients and utilized by the body
Allergenic Novel/known protein All components Increased risk of allergic reactions due to diverse [44]

allergens

protein sources (e.g., soy, pea, wheat, novel cultivated

proteins) and potential cross-reactivity
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include critical steps such as processing, packaging,
and labelling of these products. In addition, plant-based
components within hybrid meats are generally regulat-
ed in a manner consistent with other conventional non-
animal food products [44].

Across the Atlantic, the European Union operates
under a distinct framework. Its cornerstone is the Novel
Foods Regulation (EU 2015/2283), mandating a rigor-
ous pre-market authorization process for any new food
product falling under its scope. The European Food
Safety Authority plays a pivotal role in this process by
providing comprehensive scientific advice. To obtain
authorization, detailed information is required from
manufacturers, including specifics about the source or-
ganisms, confirmation of cell line identity, any genet-
ic modifications undertaken, and conclusive evidence
regarding the absence of pathogens. These varying
regulatory pathways highlight the diverse strategies em-
ployed globally to ensure the safety and integrity of hy-
brid meat products as they enter the food supply [44].

The EU’s precautionary principle often leads to a
more cautious market entry. Singapore has emerged as
a frontrunner, approving cultivated meat sales in 2020,
with the Singapore Food Agency requiring comprehen-
sive safety assessments. Other regions such as Israel,
Australia, New Zealand, and Canada are also develop-
ing novel food regulations. The Food and Agriculture
Organization and the World Health Organization have
jointly published documents synthesizing information
on terminology, production processes, potential haz-
ards, and global regulatory frameworks, highlighting
the key food safety issues [46].

While general principles such as the Hazard Analy-
sis and Critical Control Points and good manufacturing
practices are widely applied, specific frameworks for
hybrid products are still emerging, leading to regional
variations and challenges in harmonization. Labelling
and nomenclature present particular hurdles, as clear
communication of product origin and composition is vi-
tal for consumer trust and market acceptance [48-50].
The success of hybrid meat products in the market hing-
es not only on their safety but also on consumer accep-
tance, which is heavily influenced by transparent and
trustworthy regulatory frameworks, particularly label-
ling [50].

Market trends. Despite the numerous product
launches during the past years in various countries, few
hybrid meat products have achieved a sustained market
presence. This suggests a significant challenge in trans-
lating initial consumer interest into long-term loyalty.
Successful examples, such as Rebel Meat and Perdue
Chicken Plus, appear to have found the right target mar-
ket by developing niche products that offer solutions to
specific practical problems. This observation suggests
that simply blending ingredients is insufficient for long-
term market success. Initial novelty can quickly fade if
the product fails to deliver consistent value, meet a par-
ticular consumer need, or establish a clear market niche.
This implies that the hybrid meat market is not just
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about product innovation but also about developing sus-
tainable business models, effective market positioning,
and a deep understanding of long-term consumer needs
beyond initial curiosity [8].

Furthermore, consumers’ willingness to pay for hy-
brid meat products is a critical factor. Research suggests
that consumers are generally not yet willing to pay a
premium for hybrid options, especially when compared
to conventional meat counterparts [49]. This price sensi-
tivity means that manufacturers must strive to keep pro-
duction costs competitive to offer hybrid products at an
attractive price. Without a clear value that justifies their
price and a well-defined market presence, hybrid meats
may continue to face an uphill battle in gaining a signif-
icant market share against their traditional or exclusive-
ly plant-based competitors.

Challenges for hybrid meat. Despite the promis-
ing potential of hybrid meat products, a significant chal-
lenge lies in winning widespread consumer acceptance.
One primary hurdle is the consumer’s lack of under-
standing of what hybrid meat entails. Unlike clearly
defined categories such as conventional meat or plant-
based alternatives, hybrid products often lack a specific
identity in the marketplace, leading to confusion among
shoppers [8]. Another major barrier might be consum-
er expectations regarding the sensory attributes of hy-
brid products, such as taste, texture, and visual appeal.
While hybrid meats aim to mimic conventional meat,
any perceived deviation in these characteristics can lead
to lower acceptance. Studies indicate that factors such
as protein source, fat content, and even packaging can
significantly influence purchasing decisions for hybrid
products, often more so than for pure meat or plant-
based options [49].

Zhang et al. [32] concluded that the development of
high-quality hybrid meat products is also hampered by
several complex technological challenges, particularly
those concerning protein compatibility and functional
performance. Combining diverse protein sources such
as animal muscle, plant proteins, or even microbial pro-
teins requires precise control over factors such as pH,
temperature, and salt concentration to ensure the de-
sired texture and cohesion of the product. Achieving
a uniform and appealing structure that mimics meat
can be difficult, as plant proteins may react differently
during processing compared to animal proteins. This
can potentially lead to altered hardness, chewiness, or
discoloration. Hybrid products are frequently linked to
being extensively processed or categorized as “ultra-
processed foods”. This viewpoint may cause consumers
to feel hesitant because of unfamiliarity and a sense of
unnaturalness [28].

The absence of a unified global regulatory frame-
work for hybrid and novel protein products hampers
international growth and creates uncertainty in the
market for producers [49, 51]. Depending on the ingre-
dient selection and processing, there may be changes in
emulsion stability, water-holding capacity, and nutrient
bioavailability (such as iron and specific amino acids).
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To ensure nutritional equivalency between hybrid and
traditional meats, reports advise cautious formulation
and analytical verification (digestibility, micronutrient
retention, etc.) [52]. Many nations lack a widely rec-
ognized regulatory definition or labelling standard for
hybrid goods. This may reduce customer trust and lead
to market uncertainty and lawsuit risk (e.g., whether
“meat” words can be used) [53].

Future of hybrid meat. A study by Grasso [8] re-
ported that hybrid meat products might be a simple
method to reduce meat consumption without sacrific-
ing flavor or having to develop new culinary practices,
in addition to enjoying the advantages of the addition-
al components. According to Ramachandraiah [21], 3D
printing is still in its early phases, requiring further
research into both printers and materials. In particular,
there is a need to investigate food-safe (bioprinting)
and insect-derived materials that can be used to 3D
print meat analogues. The use of both plant and animal
wastes and by-products from the production of meat
substitutes might increase their sustainability. A sur-
vey by Megido et al. [10] on consumer acceptance of
insect-based alternative meat products showed that 79%
of the respondents were interested in consuming insects
in their future. Among them, 68% would include insects
in their regular diet. This suggests increasing populari-
ty of hybrid meat incorporating insect-based products in
the future.

Chandler & McSweeney [15] explored how pulses
can be utilized in innovative gastronomic applications
and contribute to the development of new hybrid meat
products. The authors concluded that the use of pulses
in hybrid meat burgers improved their cooking qualities
by increasing the cooking yield, minimizing the reduc-
tion in thickness and diameter, and enhancing the fat
content. Thus, the study promotes creative approaches
to enhance plant protein consumption in the culinary in-
dustry.

Baune et al. [41] emphasized that factors such
as healthiness and sustainability often score highest
among intrinsic attributes, and that good communi-
cation about these benefits is pivotal for acceptance.
However, challenges in the market integration of hybrid
meat persist. Grasso [8] observed that very few hybrid
meat products are still available in the market after ini-
tial launches, despite their favorable taste and texture
in many cases. Their limited retail presence and the
consumers’ confusion about their categorization can
impede market performance. Therefore, future market
strategies need to focus on clearer branding, targeted

marketing, and establishing a distinct identity for hybrid
meats to ensure their sustained growth and widespread
adoption.

CONCLUSION

Hybrid meat is an emerging concept in the meat in-
dustry, which involves combining traditional meat with
other components to develop novel varieties for the mar-
ket. These additional components can be derived from
insects, plants, stem cells, or fish, so hybrid products can
cater to both vegan and omnivorous preferences. Ad-
vancements in production technology have even enabled
the 3D printing of hybrid meat. One notable advantage
of hybrid meat is its customizable nutritional profile,
which can be tailored to meet specific dietary needs.

The development of hybrid meat is driven by the
escalating global demand for protein, coupled with in-
creasing consumer awareness of the environmental
impact of traditional meat production. These hybrid
products offer tangible benefits in terms of sustainabil-
ity (lower meat content) and health (better dietary fiber,
fatty acid profiles, and antioxidant capacity). Their ap-
peal is particularly strong among flexitarian consumers,
who seek to reduce meat consumption without sacrific-
ing familiar taste and texture. This segment, represent-
ing nearly half of the consumer base, is highly receptive
to hybrid options, making them a critical target for mar-
ket growth.

Some of the major challenges of hybrid meat include
potential risks of microbial contamination, allergic re-
actions, and the presence of heavy metals, among oth-
er issues. Studies indicate that consumer acceptance
of such products is likely to increase shortly. Further-
more, hybrid meat presents a promising solution for en-
vironmental sustainability. However, further research is
required to fully understand the implications and poten-
tial of hybrid meat.
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