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Abstract: The utilization of alternative and sustainable food sources has garnered significant interest
as a means to address the challenges of food security and environmental sustainability. Tenebrio molitor
larvae, commonly known as mealworms, have emerged as a promising candidate in this context, as they
are a rich source of nutrients and can be reared with relatively low resource input. This review article
presents an in-depth analysis of the diverse range of food products developed using T. molitor larvae
and the distinctive properties they bestow on these products. The review encompasses an exploration of
the nutritional composition of the larvae, emphasizing their rich protein content, balanced amino acid
profile, fatty acids with health benefits, vitamins, and minerals. It delves into how these attributes have
been harnessed to enhance the nutritional value of a variety of food items, ranging from protein-rich
snacks and energy bars to pasta, bakery goods, etc. Each of these applications is discussed with regard
to how T. molitor larvae contribute to the nutritional content and sensory characteristics of the final
product. Furthermore, this review sheds light on the innovative techniques and processing methods
employed to incorporate T. molitor larvae into different food matrices. It addresses challenges related
to taste, texture, and appearance that have been encountered and the strategies devised to overcome
related problems. Overall, this comprehensive review elucidates the diverse food products that have
been developed utilizing T. molitor larvae as a key ingredient. Highlighting the nutritional, sensory, and
sustainability aspects of these products, this review offers valuable insights to harness the potential of this
alternative protein source to meet the evolving needs of modern food systems.
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1. Introduction

The exploration of alternative food sources for human consumption has garnered sig-
nificant attention due to several compelling factors, with most of them revolving around
overpopulation and the high nutritional value of these novel food sources. This ongoing issue
of overpopulation, which has been a topic of concern in the research community since 1997 [1],
naturally correlates with an increasing demand for conventional protein sources, namely, meat
and fish [2-5]. The expansion of livestock farming, driven by this escalating demand, poses the
risk of encroaching on previously uncultivated land, exacerbating the issue of land use, consid-
ering that 75% of arable land is currently dedicated to livestock activities [6,7]. Moreover, the
livestock sector is a major contributor, accounting for 14.5% of total anthropogenic greenhouse
gas emissions [8], raising concerns about the environmental impact of this sector, which is likely
to escalate with an increase in livestock units [9]. In the context of fish as a key source of protein,
numerous fish species are endangered worldwide as a consequence of overfishing, pollution,
coastal development, climate change and other anthropogenic actions [10]. An example is
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Chondrichthyes. The Chondrichthyes species is in danger, since 32.6% (391 out of 1199 species) are
threatened with complete extinction due to overfishing [11]. This overexploitation of marine
resources has resulted in the degradation of several marine habitats [11-13]. Given these
ecological and sustainability concerns surrounding conventional protein sources, the scientific
community has shifted its focus toward identifying alternative, sustainable sources of protein.
Among these, insects have emerged as one of the most promising options [14-18].

Insects exhibit distinct advantages from economic and ecological standpoints. They
require considerably less space, minimal water (relying primarily on moisture), and reduced
feed to complete their biological life cycle compared to traditional protein sources [19-22].
However, it is noteworthy that the concept of insects as a food source is not entirely novel.
Recent archaeological evidence from Tanzania suggests that insects played a crucial role
in the nutrition of early humans, dating back 1.8 million years [23]. Additionally, historical
depictions, such as those found in the Artamila caves in northern Spain (3000-9000 BC),
portray the collection of bee nests and larvae, further highlighting the historical significance
of insect consumption [24]. Despite this historical practice, insect consumption has declined
significantly over time and is now primarily narrowed to traditional practices in certain regions
like Southeast Asia and Australia [25,26]. In Europe, insect consumption remains relatively rare,
largely due to “neophobia” surrounding insect consumption in any form [27-30]. Nevertheless,
as of 2021, three insect species have received approval for safe human consumption by the
European Parliament and Council [31]. In particular, on 12 November 2021 they authorized
the placing on the market of frozen, dried, and powdered forms of Locusta migratoria
Linnaeus (Orthoptera: Acrididae) [32], on 1 June 2021 the placing on the market of dried
Tenebrio molitor Linnaeus (Coleoptera: Tenebrionidae) larvae as a novel food [33] and,
most recently, on 5 January 2023, the frozen, paste, dried and powder forms of Alphitobius
diaperinus Panzer (Coleoptera: Tenebrionidae) larvae (lesser mealworm) [34].

One of the approved species, Tenebrio molitor Linnaeus (Coleoptera: Tenebrionidae),
is particularly noteworthy for its potential to be more readily accepted by consumers,
especially in Europe [35-38]. For instance, Europeans tend to find the larvae of T. molitor
more appealing than alternatives like cockroaches or ants [39]. Moreover, the rearing of
T. molitor shows great promise in the rapidly expanding, global, edible insect market, where
it is already being widely produced as feed for fish and poultry [40-43].

A comparative analysis of the rearing of T. molitor and Alphitobius diaperinus Panzer
(Coleoptera: Tenebrionidae) reveals several advantages of the former. T. molitor larvae complete
their development and growth in a shorter time frame, boasting a higher survival rate and
greater weight compared to A. diaperinus [44]. Specifically, the survival rate of T. molitor larvae is
as high as 98.8%, while that of A. diaperinus ranges from 88 to 95%. Additionally, the weight of
T. molitor larvae is substantially greater, compared to the weight of A. diaperinus larvae [45-47].
This disparity is expected, given that T. molitor is larger than A. diaperinus at all stages of
development [48,49]. When comparing the rearing of T. molitor to that of Locusta migratoria
Linnaeus (Orthoptera: Acrididae), it becomes evident that T. molitor rearing is both faster and
more straightforward. The development of T. molitor larvae is completed in just 2-3 months,
whereas L. migratoria larvae require 2—4 months for their development [50-52]. This efficiency
in rearing further highlights the potential of T. molitor as a viable and sustainable protein
source for human consumption, particularly in regions where insect consumption is gaining
recognition as an environmentally responsible dietary choice.

The pursuit of alternative food sources, driven by concerns for overpopulation and the
environmental impact of traditional protein sources, has led to the exploration of insects
as a sustainable protein option. T. molitor, in particular, holds promise due to its appeal to
European consumers, efficient rearing, and favorable growth characteristics compared to
other insect species. This comprehensive review aims to provide a thorough exploration
of the diverse applications of T. molitor larvae, in the realm of food product development.
It endeavors to elucidate the multifaceted potential of T. molitor larvae as a sustainable
and nutritious protein source for human consumption. By comprehensively reviewing
the existing research and applications of T. molitor larvae in food product development,
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this review aims to provide valuable insights for researchers, food industry professionals,
and policymakers. Furthermore, it underscores the need for continued exploration and
development in this field to advance the sustainable food options required to meet the
demands of a growing global population while mitigating environmental concerns.

2. Nutritional Value of T. molitor

As is frequently mentioned, their high nutritional value is the reason that led re-
searchers to extensively study the larvae of T. molitor. This species is, to this day, the main
subject of research since it is characterized by its content of essential nutrients, including
crude protein, essential amino acids (EAAs), fat, and essential fatty acids [24,53-57]. The
quantification of the crude protein of T. molitor and its flour (dried and finely ground larvae)
has received special attention. Due to this, several analytical methods have been used,
such as the combustion (Dumas) method [56], Randall method [35], Kjeldahl method [58],
elemental analysis method [59], Bradford method [60], and precipitation [61], yielding a
variety of results, ranging from 36.8-75.1%. This variation can be attributed to the different
rearing conditions of each T. molitor larvae. At this point, it is worth emphasizing that
conventional animal, protein-rich foods, such as beef, chicken, and tuna, contain 21.4,
19.4 [62], and 22.7% crude protein [63], respectively, values that can easily be considered
low compared to the protein content of T. molitor larvae. In Table 1 the crude protein values
contained in T. molitor larvae according to various surveys are presented.

Table 1. Nutritional value of T. molitor larvae according to the crude protein quantification method.

Composition of Dry Weight (%)

Crude Protein Crude Fat Ash Ref.
36.8 26.0 ~1.0 [60]
46.4 32.2 2.9 [35]
47.0 29.6 2.6 [56]
51.0 ne * ne [59]
60.2 19.1 42 [58]
75.1 ne ne [61]

* ne: not examined.

Histidine (His), isoleucine (Iso), leucine (Leu), lysine (Lys), methionine (Met), phenylala-
nine (Phe), threonine (Thr), tryptophan (Trp), and valine (Val) are nine amino acids that cannot
be synthesized by mammals and they must be obtained through food consumption. Therefore,
they are called dietarily essential, indispensable nutrients or essential amino acids (EAAs) [64].
T. molitor larvae contain large amounts of Leu, Val, and Lys but low amounts of His, Met, and
Trp EAAs, with Trp rarely occurring in these insects [55]. Similarly, to crude protein, EAA
concentrations are influenced by the rearing conditions of the T. molitor larvae, temperature,
humidity, feed substrate and rearing region [65,66]. For instance, Lys quantities in T. molitor
larvae can range from 1.6 to 5.8%, Thr quantities can range from 1.3 to 4.3%, Met quantities can
range from 0.6 to 2.2% and Trp quantities can range from 0.02 to 1.9% [35,42—45]. More details
for the quantities of the EAAs are presented in Table 2.

Table 2. Amino acid composition (mg/g of dry weight) of T. molitor larvae.

His Iso Leu Lys Met Phe Thr Trp Val Ref.
0.8 1.3 22 1.6 0.6 1.3 1.3 0.3 2.2 [67]
1.5 3.6 3.4 29 0.7 1.6 1.8 nd * 2.4 [57]
2.6 2.8 48 1.8 1.4 14 2.9 1.9 4.0 [43]
2.8 6.5 6.2 5.3 1.2 3.2 3.3 0.02 4.5 [68]
3.1 4.0 7.3 5.8 22 1.8 43 0.7 53 [69]

* nd: not detected; His: histidine; Iso: isoleucine; Leu: leucine; Lys: lysine; Met: methionine; Phe: phenylalanine;
Thr: threonine; Trp: tryptophane; Val: valine.
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The second most plentiful nutrient in the composition of T. molitor larvae is crude
fat [70], which exhibits variability in values depending on the content of other nutrients and
the processing method [55]. Predominantly, these larvae contain about 27% fat, whereas the
percentage was found to range from 19.1 to 32.2% [56-60]. In Table 1, a detailed presentation
of the crude fat values, with the corresponding crude protein content, is shown. In addition
to EAAs, in T. molitor larvae, essential fatty acids (EFAs), such as linoleic acid (w-6 group)
and alpha-linolenic acid (w-3 group) [71], are also detected [72]. Humans cannot produce
these EFAs and thus must be obtained through the diet they are based on. The fatty acid
composition of T. molitor larvae is presented in Table 3. As far as linolenic acid (C18:2 w-6)
is concerned, it is present in high amounts in T. molitor larvae, ranging from 11.5 to 48.1%.
In contrast, as far as the content of alpha-linolenic acid (C18:3 w-3) in larvae is concerned,
it covers a range of values, from 0.2 to 2.3%. Furthermore, considerable quantities of fatty
acids such as myristic acid (C14:0), palmitic acid (C16:0), palmitoleic acid (C16:1), and
w-9 oleic acid (C18:1) are also detected [38,42,45-47].

Table 3. Fatty acid composition (%) of T. molitor larvae.

C18:2 C18:3

C14:0 C16:0 C16:1 C18:1 (w-6) C20:0 (w-3) Y SFA Y UFA Ref.
2.1 18.8 0.5 28.6 48.1 0.6 0.2 22.5 77.5 [58]
2.1 17.2 1.9 43.8 29.4 nr* 2.3 21.0 79.0 [62]
2.3 214 0.1 39.1 27.3 1.4 0.1 31.6 nr [65]
43 21.1 1.9 529 11.5 0.5 0.2 33.2 nr [66]
5.0 19.1 1.7 49.9 18.1 0.1 0.4 28.6 nr [67]

*nr: not referred.

Crude ash constitutes one more important aspect of T. molitor larvae, which is tested
in all studies investigating the nutritional value of T. molitor larvae. Crude ash refers to
the total of all mineral elements such as phosphorus (P), calcium (Ca), sodium (Na), and
magnesium (Mg) [73]. The crude ash as presented in Table 1 ranges from about 1.0 to
4.2% [56-60] and is also affected by the composition of the other nutrients, crude protein,
and crude fat. Regarding, the minerals contained in T. molitor larvae were identified and
quantified in a number of studies. In particular, the P content of larvae has recorded values
up to about 1.0% [74], Ca content up to 0.5% [58], Na content up to 0.4% [57], Mg content up
to 1.6% [58] and potassium (K) content up to about 1.0% [57]. In addition, T. molitor larvae
contain up to 100.02 mg/kg of iron (Fe), up to 117.4 mg/kg, of zinc (Zn), and 20.0 mg/kg
of copper (Cu) [74].

3. Tenebrio molitor and Its Derivatives as Innovative Products for Human Consumption

As stated in the introduction, humans have been consuming insects in their daily diet
since ancient times [23]. However, it is presumed that, at that time, insects were mainly
eaten raw. In the modern world, the habit of eating insects, known as entomophagy, was
first described in 1975 by Meyer-Rochow, in which edible insects were proposed as a future
dietary solution [75]. Nowadays, in Western countries the predominant consumption way
of T. molitor larvae is in the form of ‘flour’ [76]. The preparation method of this flour has
been relatively similar in all investigations to date. First, the larvae are dried either using
lyophilization (e.g., lyophilizer for 48 h at a temperature of —96 °C and vacuum) [77] or
an oven (e.g., air circulation oven at 40 °C for 48 h) [78] and then pulverized until they are
in powder form. Consequently, most of the products obtained from mealworm larvae are
bakery products, ranging from bread to pastries [79].

Moreover, T. molitor larvae are also well known for their high oil and fatty acid
content [55]. Various methods and solvents carry out the extraction of the oil. For instance,
the use of petroleum ether as solvent and extraction using a Soxhlet device at 50 °C for
6 h and evaporation with a rotary evaporator has been proposed [80]. Another method is
the use of supercritical carbon dioxide (CO,) extraction, where for maximum degreasing
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(95%) pressure at 400/250 bar, a temperature of 45 °C and an extraction time of 105 min
was applied [81]. In addition, extraction with hydroethanolic solvent (20:80, v/v) under
continuous stirring (150 rpm) for 3 days has been proposed [78]. Alternatively, extraction
using stirring at 40 °C and evaporation of the solvent with a rotary evaporator has also
been proposed [60].

3.1. Bakery Goods
3.1.1. Bread

Kim et al. [82] pioneered the incorporation of flour from T. molitor larvae for bread
production, marking a significant milestone in the exploration of alternative protein-rich
ingredients for bakery products. Their study involved the creation of three separate bread
formulations, each containing varying proportions of T. molitor larvae powder (2, 4, and
6%). A comprehensive evaluation of key parameters, including fermentation characteristics,
pH level, total acidity, specific volume, color characteristics, and sensory evaluations were
performed, all of which were compared to a control bread, produced with conventional
flour. The findings of this study revealed exciting insights into the impact of T. molitor
larval flour on bread properties. Initially, as the concentration of insect flour in the bread
increased, the amount of fermentation swelling decreased; this may be due to the fact that
T. molitor larvae are considered gluten-free [83]. Along with the increase in insect flour in
bread, the pH levels also increased, which may be due to the fact that the pH of the insect
ranges from 6.4 to 7.5 [84]. As expected, with the increase in insect flour in bread, acidity
levels decreased, which possibly resulted from the previous fact. A further interesting
result is that the color characteristics of the bread sample remained almost unaffected, even
though T. molitor larvae flour has a dark color owing to its composition. After a sensory
evaluation (using a 9-point scale system), the bread with the addition of 2% T. molitor
larvae flour recorded the highest scores in appearance, taste, and overall acceptability,
indicating the promising potential of this flour as a protein-rich alternative ingredient in
bakery products.

A few years later, breads were prepared with the addition of T. molitor larvae flour
by Roncolini et al. [85]. Higher percentages of T. molitor larval flour, namely 5 and 10%,
were incorporated in this later research. This research extended its focus to the analysis of
the nutritional value of bread (protein, fat, EAAs, and EFAs) and the effect of the addition
of T. molitor larval flour on the antimicrobial activity of bread products. According to the
results, the bread with wheat flour contained 8.9% crude protein and as the addition of
T. molitor larvae powder increased, the protein percentage also increased, finally reaching
11.6%, in the sample with 10% addition of insect flour, up to 30%. The same effects
were shown for the fat content. In the control sample, bread with wheat flour, the fat
percentage was 0.1%, while for the sample with 10% insect flour from T. molitor larvae, the
fat percentage was 1.1%, showing a ten-fold increase. Finally, the ash content was also
increased significantly from 0.5 to 0.6% in the above-mentioned samples. It is therefore
shown that the addition of nutritional ingredients to conventional foods may enhance
their nutritional value without being influenced by the preparation process, i.e., baking. In
addition, the content of EAAs and EFAs was also studied, whereby by increasing the content
of insect flour from T. molitor larvae, these important nutrients were also enhanced. Worth
mentioning is the evaluation of the presence of endospores in the baked bread samples,
along with the occurrence of the following human pathogens: Clostridium perfringens and
Bacillus cereus. The occurrence of spores in all samples containing T. molitor flour was <1
while in the control sample was 0.38, and all prepared bread samples were subjected to
enumeration of these two human pathogens and showed safe and viable counts below
1 log colony forming unit (CFU)/g [86]. Regarding sensory characteristics, color was
evaluated where, unlike the previous study by Kim et al. [82] in which the color remained
unaffected, the color of bread in this case progressively deepened with the increasing
proportion of insect-derived flour. This observation likely stemmed from the notably
higher percentages employed in this experiment compared to the previous study. Finally,
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in terms of consumption preference, white flour bread proved to be the most preferable,
with the study conclusion being that, so far, the addition of more than 2% insect flour is not
as preferred by consumers.

A expansion of the previous investigations was carried out by study Kuenper et al. [87],
in which baked bread with a wider range of T. molitor larval flour concentrations, namely
0, 5, 10, and 15%, was examined. A combination of the characteristics studied in the
previous studies was examined, leading to similar outcomes. In more detail, nutritional
characteristics (protein, fat, carbohydrates, and fiber), antimicrobial activity, and consumer
preference for the products were also explored in the present study. According to the
results, increasing the content of T. molitor flour led to an increase in crude protein, fat, and
fiber while simultaneously decreasing carbohydrates. The crude protein in bread made
with conventional flour was recorded at 11.3 g while the highest value was recorded in
bread with a 15% T. molitor larvae content, which was a 75.2% increase compared to the
control sample. Fat increased from 2.2 to 4.8 g and fiber from 7.5 to 7.7 g, among the control
sample and that containing 15% insect flour in both cases. Meanwhile, the carbohydrate
content decreased as the content of T. molitor larval meal increased, which is expected since
the carbohydrate content of insects is reduced due to their high crude protein content.
Regarding the antimicrobial activity of the samples, the resistance of the bread to yeasts
and molds was studied after 7 days. The results are highly promising, since no significant
differences between the samples were found in terms of shelf life. Finally, according to the
consumers, the bread with 5% T. molitor larval flour added was the most preferable despite
being darker than the control one. This fact is greatly encouraging considering that, until
now, consumers have not preferred the addition of insect flour to exceed 2%.

3.1.2. Biscuits

Biscuits are the second most consumed bakery product after bread [88]. For this
reason, T. molitor flour was also used to enhance these nutrient-poor products. The first
attempt was made by Zielifiska et al. [89] by preparing three types of biscuits enriched with
T. molitor flour and the control biscuit with conventional flour. The control biscuit consisted
of 300 g flour (MO0), while the three versions receiving T. molitor flour contained 15 g (M15),
20 g (M20), and 30 g (M30), with the last sample being the darkest. As mentioned in
the fortified bread, the higher the content of T. molitor flour, the higher the crude protein
content of the biscuits. In M0, 9.1% crude protein content was recorded while in M30, it was
13.5%, i.e., a 48.3% increased content. However, the ash content was found to be greater
in sample M20, with a value of 0.7%, while the highest antioxidant activity was found in
sample M10, about 1 mM TE. Mixed results were obtained between the samples since the
increase in T. molitor flour in the samples did not lead to a similar increase in nutrients in
the biscuit samples. Nevertheless, it is worth noting that samples M15, M20, and M30 were
significantly enriched compared to MO.

Biscuits with percentages of T. molitor larval flour, in order to enrich their nutritional
value, were also prepared by Xie et al. [90]. Specifically, four biscuits with different percent-
ages of T. molitor flour of 5% (M5), 10% (M10), 15% (M15), and 20% (M20) were prepared
and compared with an insect-free control sample (M0). Concerning the nutritional value
of the different biscuits in terms of protein, lipid, and dietary fiber, the higher the level
of substitution of conventional flour with T. molitor flour, the higher the content of the
above-mentioned nutrients in the samples. Sample MO showed an equal crude protein
content as in the aforementioned study, i.e., 9.1% [67], while the highest protein content was
recorded in M20, which reached 16.0%. Moreover, the fat and dietary fiber content of M20
showed an increase of 20.5 and 21.7% compared to those of M0. Regarding organoleptic
characteristics, the score for sensory properties showed no significant difference up to the
15% substitution level; however, in terms of preference, the biscuit with a 5% T. molitor flour
content prevailed. Therefore, it was proven again that consumers do not prefer products
containing over 5% T. molitor flour.
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The latest study on the nutritional quality of biscuits enriched with T. molitor flour was
conducted by Cozmuta et al. [91], where biscuits were prepared with 0, 10, 15, and 20%
replacement of conventional flour with T. molitor flour. According to consumer preference,
a significant result was recorded as the biscuit enriched with 15% T. molitor flour was
selected as the most preferred biscuit, and it was the first time that consumers showed
preference for such a high percentage of T. molitor flour in a food product. Comparing
the conventional biscuit with the fortified biscuit, the nutritional value was significantly
increased. Specifically, crude protein increased from 29.1 to 31.3%, crude fat increased from
46.4 to 47.8%, and ash increased from 1.4 to 1.6%. In addition, all individual minerals were
identified and quantified, where in particular the addition of 15% T. molitor flour resulted
in enhanced nutritional value in mineral elements. In detail, Na, K, Ca, Mg, P, Cu, Zn, Mn,
Fe and Li showed an increase in content of about 2.1, about 7.1, 6.4, 20.6, 0.1, 39.5, 50.1, 13.2,
25.3 and 13.3%, respectively, proving once again that T. molitor larval flour can contribute
to enhancing otherwise-nutrient-poor food products, such as bread and biscuits [92].

3.1.3. Cracker

Further study of the addition of T. molitor larvae flour to bread has not been carried
out and, thus, the first attempt to enrich another amylaceous product, cracker, was made
by Djouadi et al. [93]. In this study, crackers incorporating varying proportions of T. molitor
larvae flour (0, 2, 4, 6, 10, 15, and 20%) were prepared (see Figure 1), where 0% was used as
a control sample as in previous studies. The color of the crackers darkened greatly as the
T. molitor larvae flour content increased, and therefore, consumers showed no attraction to
crackers containing 10% or more T. molitor larvae flour. Hence, the researchers evaluated
only the cracker with 6% insect flour and compared it to the control cracker. Regarding the
nutritional value of the two crackers, 0 and 6% insect flour, the protein content scored values
from 9.7 to 13.9%, respectively, and the ash content of the crackers scored values from 1.9 to
2.2%. Moreover, besides the increase in total ash content, the content of constituent minerals
such as Na, K, Ca, Mg, P, Fe, Cu, and Zn in the cracker with 6% T. molitor flour increased
strongly. Delving deeper into the study of the nutritional value of the 6% cracker, it was
found that its polyphenol content also showed a statistically significant (p < 0.05) increase
compared to the control sample, which was enhanced by 148.8%. Polyphenols are known
for their strong antioxidant properties [94]. Therefore, it is believed that the high polyphenol
content may have enhanced the antioxidant activity of the cracker, since through this study
using two different methods (2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
activity and the reducing power of ferric ion), the cracker with the T. molitor larvae flour
showed a significantly higher antioxidant activity than the control sample.

. 4 » . LT NN
» -4"
MR . sl
A\ i, \

.,::-».\5

Figure 1. Crackers containing 0 (control) to 20% T. molitor flour (% w/w) from (right) to (left) [93].
Reprinted /adapted with permission from Ref. [93]. 2022, MDPL

3.1.4. Bars

An investigation in which whole T. molitor larvae were used to produce a snack (bars)
was carried out in Poland [95]. The research team developed four kinds of bars: bars in the
absence of edible insects (serving as control), bars containing 7.4% w/w whole mealworms
(they were visible to consumers), bars containing 7.4% w/w ground mealworms, and
bars containing 7.4% w/w ground crickets. This study was conducted to assess consumer
acceptance of snack bars enriched with edible insects and whether preference is influenced
by the appearance of a food rather than its composition.
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The findings of this study revealed intriguing consumer preferences. Notably, the
control bars, which served as the control, were favored over the ground insect-enriched
counterparts. Moreover, participants noted that the appearance of bars containing crickets
was less appealing compared to the other products, highlighting the significance of visual
appeal in consumer choices. The study underscored that deliciousness emerged as the
primary determinant factor of the acceptability of insect-infused bars as a food source.
According to the results, the bar with T. molitor larvae flour was much more preferable than
the one with whole larvae, and in fact, the study underlines that in terms of appearance and
taste, the control bars and those containing non-visibly embedded T. molitor larvae do not
show significant differences. Additionally, the odor of the product emerged as a statistically
significant indicator of quality, further emphasizing the importance of sensory aspects in
consumer preferences. Considering the results from the odor of the samples, the control
sample had the most attractive odor, followed by the sample with no obvious edible insects
and the sample with obvious edible insects. As far as the samples with T. molitor larvae
were concerned, the appearance of the larvae seemed to have influenced the odor of the food
product to a large extent. Collectively, this research highlights that in terms of appearance and
taste, control bars and those containing non-visibly integrated edible insects do not exhibit
significant differences. This suggests that it is the phenomenon of neophobia, the reluctance
to embrace new or unfamiliar foods like insects, that instills suspicion in people regarding
insect consumption. These findings are invaluable in understanding the nuanced factors that
influence consumer acceptance of insect-based food products. The proximate composition of
the different baked products containing T. molitor flour is shown in Table 4 below.

Table 4. Proximate composition of the various bakery products made with the addition of T. molitor flour.

Bakery Percentage (%) of .
Products T molitor Flour Addition Protein Content (g/100 g)  Fat Content (g/100 g)  Ash Content (g/100g)  Ref.
0 8.9 0.1 0.5
5 10.5 0.5 0.5 [85]
10 11.6 1.1 0.6
Bread 0 96 ne * ne
5 12.6 ne ne
10 13.2 ne ne [87]
15 13.7 ne ne
0 9.1 27.0 0.3
15 13.5 27.2 0.6
20 11.9 26.9 0.7 [89]
30 10.8 28.5 0.4
L 0 9.1 18.5 2.0
Biscuits 5 10.3 19.4 2.1
10 13.0 19.7 2.3 [90]
15 14.2 20.5 2.3
20 16.0 22.3 24
0 29.1 46.4 14
15 31.3 47.8 1.6 (911
0 9.7 12.7 1.9
Cracker 6 13.9 111 22 531

* ne: not examined.

3.2. Meat
3.2.1. Burgers

T. molitor, aside from the bakery products, was also employed in meat-based products.
To this end, distinct burger formulations were prepared at the University of Liege [96].
Specifically, a beef burger consisting of unflavored ground beef, a lentil-based variant
(consisting of 95% green lentils), a burger with 45% green lentils and 50% T. molitor, and a
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burger containing 45% ground beef and 50% T. molitor were produced. In all cases, a 5%
fraction of each burger consisted of a flavoring mix (containing onions, carrots, tomato
paste, garlic, salt and pepper). These burgers were prepared in order to examine the
degree of insect neophobia in Western societies. In the analysis of the participants’ ratings,
the gender of the participant was found to play a significant role. As far as the taste of
the burger was concerned, all participants favored the traditional beef burger, ranking it
first. However, it is worth noting that the male participants preferred burger preparations
containing beef or T. molitor more than the fully vegetable ones. At the same time, women
showed a greater preference for conventional beef burgers only. In addition, odor did
not seem to be significantly affected by the composition of the samples according to both
genders. One notable outcome was the positive inclination observed among the participants
regarding the integration of insects into their future dietary habits. Impressively, 70% of the
respondents expressed confidence in the prospective inclusion of insects within their diets.

3.2.2. Sausages

Kim et al. [97], being the first researchers to do so, decided to prepare emulsion
sausages which also contained various types of T. molitor flour. Specifically, they prepared a
conventional pork sausage containing 60% lean pork, 20% fat, and 20% ice (control sausage).
At the same time, those containing insects were prepared by replacing 10% of the lean pork
with flour of T. molitor larvae. Essentially, three different insect sausages were prepared,
since three different T. molitor flours were used. Specifically, untreated T. molitor larvae flour,
defatted T. molitor larvae flour, and defatted and acid-hydrolyzed T. molitor larvae flour
were employed. Results indicated that the increased treatment of T. molitor flour resulted in
an increased protein content of the final sample. In other words, a higher percentage of
proteins was found in the sausage with defatted and acid-hydrolyzed flour from T. molitor
larvae; the value increased from 22.6 to 31.3%. In addition to protein, minerals contained in
the final samples were also evaluated. The results of these showed varying results. The ad-
dition of T. molitor larval flour, regardless of the treatment it received, increased the content
of all the minerals tested (P, K, Ca, Mg, Na, Zn, Fe, Cu, and Mn). Nevertheless, the sample
containing defatted and acid-hydrolyzed flour from T. molitor larvae presented the low-
est mineral content compared to the other two samples containing T. molitor. The highest
content of Ca (13.9 mg/100 g), Na (913.7 mg/100 g), Fe (9.9 mg/100 g), Cu (0.3 mg/100 g),
and Mn (0.4 mg/100 g) was recorded in the sample with 10% T. molitor larvae flour that no
additional treatment was applied to. Simultaneously, a higher content of P (202.1 mg /100 g),
K (325.2mg/100 g), Mg (47.7 mg/100 g), and Zn (2.5 mg/100 g) was recorded in the sample
with 10% defatted T. molitor larvae flour. At this point it should be noted that the con-
trol sample showed the following mineral contents (P—145.5 mg/100 g, K—245.7 mg/100 g,
Ca—9.3 mg/100 g, Mg—20.9 mg/100 g, Na—799.5 mg/100 g, Zn—1.2 mg/100 g,
Fe—3.8 mg/100 g, Cu—0.04 mg/100 g and Mn—0.1 mg/100 g). Thus, it is proven that
a nutrient product can be enhanced even with the addition of 10% of insect flour. Furthermore,
itis proven that the addition of T. molitor larvae flour to a food product can achieve different out-
comes depending on the treatment it has received. Hence, depending on the nutrients insisted
upon to be enhanced in a product, the flour used should receive a corresponding treatment.

Frankfurt sausages are known worldwide due to their inclusion in the well-known
product “hot dog” [98]. Choi et al. [99] attempted to enrich this sausage with insect flour
in various proportions in order to evaluate its nutritional value and consumer preference.
This substitution with insect flour is also carried out in order to reduce the negative
environmental footprint caused by the production of the pork [8,100] from which the
Frankfurt sausage is made. As control samples, the sausages were prepared with 50% pork
ham, 25% back fat, and 25% ice. The other samples were prepared as follows: T1, 45% pork
ham + 5% T. molitor larvae flour; T3, 35% pork ham + 15% T. molitor larvae flour; T4, 30%
pork ham + 20% T. molitor larvae flour; T5, 25% pork ham + 25% T. molitor larvae flour; and
T6, 20% pork ham + 30% T. molitor larvae flour. The composition of back fat and ice in each
treatment was not different from the control. As occurred in previous studies, increasing the
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amount of T. molitor flour in the samples resulted in an enhanced protein content of the samples.
Specifically, the crude protein content was 10.0% in the control sample, 13.9% in T1, 14.3% in
T2, 15.6% in T3, 17.5% in T4, 21.1% in T5 and 24.0% in T6. Likewise, a similar increase was
observed in the total mineral content (ash) as the content was recorded at 2.1% in the control
sample, 2.3% in T1, 2.3% in T2, 2.3% in T3, 2.6% in T4, and about 2.9% in T5 and T6. Hence, the
use of T. molitor larvae flour is not necessarily limited to the preparation of bakery products,
since it may also enrich the nutritional value of further foodstuffs. According to the sensory
evaluation, sausages with T. molitor were poorer in color, flavor, off-flavor, and juiciness scores.
However, consumers indicated that up to the T2 sample, there was no noticeable difference
from the control sample. Consequently, another widely consumed food can be enriched and
rendered eco-friendlier without affecting consumer preferences.

3.3. Sauces

In Asia, one of the main protein foods is soy sauce [101], which apart from its high
crude protein content, contains all the EAAs such as His, Met, which imparts the bitter
flavor and Lys, which imparts the sweetness [102,103]. In an attempt to enhance the
nutritional value of this sauce, six different variations of the sauce were prepared by
Cho et al. [104]. Specifically, the samples were as follows: S8: soy sauce with soybean
meju:koji:roasted rice flour = 8:1:1; S6: soy sauce with soybean meju:koji:roasted rice
flour = 6:2:2; M8: raw insect sauce with mealworm meju:koji:roasted rice flour = 8:1:1;
Mé6: raw insect sauce with mealworm meju:koji:roasted rice flour = 6:2:2; DMS8: defatted
insect sauce with defatted mealworm meju:koji:roasted rice flour = 8:1:1; DM6: defatted
insect sauce with defatted mealworm meju:koji:roasted rice flour = 6:2:2; and conventional
soy sauce. The fermentation period extended to 20 days at a controlled temperature of
25 °C. After the nutritional value assessment, consumer acceptance was examined. With
respect to the results of EAAs, the composition of the soy sauce seemed to influence their
quantity in a different way than presented in previous studies. This means that the addition
of T. molitor larvae to the samples did not seem to enhance the content of all EAAs. To
illustrate, the arginine content was found to be highest in samples S6 (225.4 mg/100 g)
and S8 (100.8 mg/100 g) and the Phe content was highest in sample 56 (292.0 mg/100 g).
Concerning the other EAAs, the addition of T. molitor larvae greatly favored their content,
with sample M6 leading the way. Moreover, the defatting of the samples seemed to have
negatively affected the T. molitor samples, possibly due to the longer series of experimental
treatments the larvae received. Thereby, it was concluded that T. molitor larvae can be
added to a range of foods, which can be either in solid or liquid form. However, it is
worth mentioning that the total nitrogen content, a critical parameter, in samples S8, DM6,
and DMS ranged between 1.06 and 1.19% after 20 days of fermentation, exceeding the
reference limit of 0.70% total nitrogen set by the FAO/WHO Codex Alimentarius international
standard for soy sauce. Considering some organoleptic characteristics, it was reported
that sauces with T. molitor larvae had a yellowish color but pH items did not seem to be
influenced by the composition of the sauce. Of great interest was that consumer preference
for the samples was studied on a comprehensive 7-point scale and showed no significant
differences between the insect and soy sauce. Consequently, insect sauce appeared similar
to soy sauce, confirming its potential to be marketed in liquid spice form. This mitigates
consumer rejection due to its shape and texture characteristics, ensuring wider acceptance
of this product.

Due to the popularity of soy sauce, a second attempt was made to produce enriched soy
sauce with flour from T. molitor larvae. Specifically, Lee and Kim [105] used four different
combinations of materials to prepare the soy sauces. The materials used were ground soybean,
mixed ground soybean with heated okara, defatted T. molitor larvae powder, and both heated
okara and defatted T. molitor larvae. From these materials, five sauces were prepared: one
high-salt soy sauce with ground soybean (sample 1), one low-salt soy sauce with ground
soybean (sample 2), one low-salt soy sauce with mixed ground soybean with heated okara
(sample 3), one low-salt soy sauce with defatted T. molitor larvae powder (sample 4), and
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finally, one low-salt soy sauce with both heated okara and defatted T. molitor larvae (sample 5).
The sauces were analyzed for their content of free amino acids, their antioxidant capacity,
and their sensory characteristics. Regarding the different free amino acids, all 20 [106] were
detected in the soy sauces, with sample 4 having the highest content of free amino acids
(28.6 mg/L), followed by samples 5, 1, 2, and 3 with contents of 25.7, 11.5, 9.6, and 2.1 mg/L,
respectively. Furthermore, with regard to amino acids, the most abundant amino acid in these
soy sauces was glutamic acid (593-5600 mg/L), with samples 4 and 5 recording the highest
values of 4830 and 5600 mg/L, respectively. Therefore, it has been initially confirmed that
the enrichment of existing foods with T. molitor flour enhances their nutritional value, and
more specifically, the addition of nymph powder increased the glutamic acid content through
fermentation, as previously reported by Yoo et al. [107]. In addition to the high content
of amino acids, samples 4 and 5 also showed a significant increase in their antioxidant
capacity. Finally, perhaps the most significant result is the preference of consumers for the
sauces. Sample 5 seems to have made the strongest impression among the other samples,
as it ranked first in terms of taste and overall preference. Therefore, for the second time,
it has been demonstrated that flour from T. molitor larvae is suitable for producing more
nutritionally enriched soy sauces, with a low salt content, in fact.

3.4. Dairy Products
3.4.1. Ice Cream

Ice cream is a frozen dairy food product consisting of cream or butter fat, milk, sugar,
and flavors [108,109]. As a favorite dessert for all age groups of people of all genders,
hundreds of flavors have been invented, with vanilla, chocolate, and strawberry being the
most popular. Ice creams are considered fattening desserts with no particular nutritional
value; hence, an effort was made to enrich the nutritional value of ice cream [110]. To this
end, a distinctive product—strawberry—cranberry ice cream containing T. molifor larvae,
was developed [111]. In more detail, four products were developed, including a control
sample (HCOo). The first was with the addition of T. molitor larvae (HT), the second with a
mixture of T. molitor larvae and chia (HTC), and the last with the addition of a mixture of
larvae and quinoa (HTQ). The ingredients were weighed, mixed, and pasteurized at 68 °C
for 30 min. The addition of the strawberry—cranberry pulp, seeds, and larvae necessitated
an aging process at 4 °C for 24 h, after which the mixture was beaten for 10 min and
frozen at —4 °C. The addition of an insect led to an increase in crude protein, vitamins,
and minerals in the product, resulting in a significant increase in the nutritional value of the
ice cream. In detail, the highest percentage of protein was found in the HT sample, 11.8%,
and the following protein richest ice cream was the HTC sample, 11.4%, i.e., 26.2 and 21.4%
higher than the control sample, respectively. The most nutritionally enhanced samples were
HT and HTC, with the latter showing the highest nutritional value. Namely, the content
of Ca, P, Na, K, Mg, and Fe in HTC was 332.0, 224.5, 232.8, 408.2, 50.0, and 1.6 mg/100 g,
respectively, while the Ca, P, Na, K, Mg, and Fe content of HT was 265.4, 185.1, 215.3, 403.9,
32.1, and 1.5 mg/100 g, respectively. In addition to the increase in minerals, there was a
great increase in vitamins, where the contents of vitamins A, D, E, K B1, B2, B3, B9, and
B12 in HTC were 1.9, 949.2, 9.7, 997.0, 27.3, 33.4, 102.9, 40.0 and 4.7 mg/100 g, respectively.
At the same time, the contents of HTC in vitamins A, D, E, K B1, B2, B3, B9, B12 were 1.0,
584.3,5.9, 0.0, 22.6, 33.7, 86.7, 36.8 and 4.4 mg/100 g, respectively, while the contents of
the same vitamins in the control sample were 0.9, 479.7, 4.8, 0.0, 21.5, 30.6, 74.6, 17.5 and
4.4 mg/100 g, respectively. A further application of T. molitor larvae flour is demonstrated
in the present research, paving the way for other foods in which T. molitor flour can be
incorporated and enhance its nutritional value.

3.4.2. Milk

Milk is a common household food product with unique functional, nutritional, and
sensory properties [112,113]. Recent research from Maastricht University confirmed that
the protein of T. molitor larvae matches the gold standard of milk protein due to its complete
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profile of EAAs and digestion [27], and for this reason, Tello et al. [114] decided to prepare
an innovative product, i.e., milk from T. molitor larvae, crafted to mitigate the environmental
impact associated with conventional bovine’s milk production. The insect milk created
consisted of 1.19% crude protein, 5.76% fat, and <1% carbohydrate. The impact of the insect
milk prototype was 0.76 kg CO, equivalents per kg FPCM in global warming potential,
while bovine milk accounts for 1.6 gigatons CO; equivalents per year [115]. However, this
milk is in a pilot stage and individual processes need to be implemented in order to prepare
a final product and make it edible and probably marketable. Nevertheless, it has paved the
way for a still-widely consumable product that will greatly reduce the negative impact of
bovine milk production.

3.4.3. Spreadable Cheese

The most recent research conducted for the preparation of enriched food with T. molitor
larvae was carried out in the current year, 2023. A hybrid product of spreadable cheese was
produced using nine different combinations of three different ingredients: milk protein
concentrate, faba bean flours, and T. molitor flour, which together constituted 7.1% of
the formula [116]. The samples had the following proportions of the ingredients: milk
protein concentrate, faba bean flours, and T. molitor flour—100/0/0 (control sample)—C1,
50/50/0—C2,0/50/50—C3, 50/0/50—C4, 75/0/25—C5, 75/25/0—C6, 25/50/25—C7,
25/25/50—C8, and 50/25/25—C9 (see Figure 2).

Figure 2. Image of the nine spreadable cheese analogues used in the experiments, labeled from C1 to
C9 [116]. Reprinted /adapted with permission from Ref. [116]. 2023, MDPI.

These nine samples were evaluated both in terms of their nutritional value and their
sensory characteristics. Regarding the protein profile of the samples, it appears that the
addition of two protein ingredients, T. molitor flour and faba bean flour [117], did not
enhance the protein content of the spreadable cheese analogues. Specifically, the protein
contents recorded in samples C1-C9 were 5.2%, 4.8%, 4.2%, 4.6%, 4.9%, 5.0%, 4.5%, 4.4%,
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and 4.7%, respectively. Additionally, it was evident that the immediately higher protein
value was recorded in sample C6, 3.9% lower than the control sample. As expected, the
sample with the highest protein content also had the lowest fat content. Specifically, sample
C1 (high protein sample) had a fat content of 30.1%, while sample C3 (low protein sample)
had a fat content of 31.9%. Furthermore, in terms of sensory characteristics, samples C2, C7,
and C9 had the best flavor as they exhibited a more characteristic cheesy taste compared
to the other samples. The most promising result is that the samples containing T. molitor
flour showed a more preferable flavor profile compared to the samples that did not contain
T. molitor flour.

3.5. Oil

A survey on the suitability of T. molitor larvae oil for consumption or as an ingredient
in various foods was carried out by Son et al. [118]. The oil from larvae was presented as a
light-yellow liquid, like commonly used edible oils. The peroxide value of commercialized
edible oils was estimated at less than 2 mequivalents/kg oil [119] while T. molitor oil showed
a much higher value, of the order of 3.5 mequivalents/kg oil. In order to examine the
samples for their stability, secondary oxidation markers (TBARS) were determined. The
lower the value of TBARS, the higher the stability of the oils [120], and in this case the oil
showed a value of 1.8 mg MDA /kg oil. Furthermore, the tocopherol (vitamin E) content
of the oil was studied, which is a natural antioxidant that prevents lipid oxidation by free
radicals [121]. In terms of animal food sources, chicken and pork contained 2.7-4.2 and
9.5-100.0 mg/kg of total vitamin E, respectively [122,123]. Meanwhile, olive oil and soybean
oil ranged from 80.0 to 1360.0 mg/kg of vitamin E [124]. In accordance with the present
study, the oil from T. molitor larvae was rich in vitamin E, with a content of 144.3 mg/kg
oil; therefore, it was concluded that it can be easily compared with the main consumed
oils. Rigorous safety assessments, including a comprehensive toxicological profile on rats over
28 days, revealed significant reductions in cholesterol and glucose levels without adverse
hematological effects or mortality. This unequivocally establishes the safety and nutritional
superiority of insect oils. Intriguingly, after a one-year storage period, the oil was found to be
stable, highlighting its potential as a novel food ingredient suitable for commercial distribution.

3.6. Tenebrio molitor as Animal Feed to Enhance Meat for Human Consumption

In addition to the production of food products fortified with T. molitor larvae flour,
a further way of consuming insect-fortified conventional foods exist. In particular, this
alternative route for consuming insects exists indirectly through the consumption of meat
or fish raised either exclusively or for a large part of their lives with insects. One such case
is the study by Gasco et al. [125], in which they bred rabbits subjected to diets enriched
with fat from T. molitor and other insects to ascertain the advantages that a rabbit diet
can provide on the final nutritional value. Three samples were tested: the control sample
and rabbits fed with a diet containing 50% fat from T. molitor and rabbits fed with a diet
containing 100% fat from T. molitor. The final product was examined for its crude protein
content and this revealed that all the samples had the same protein content. In addition,
the EFA content was not affected by the diet of the samples. Nevertheless, the rabbit
meat fed with diets containing T. molitor fat was less susceptible to oxidation. Moreover,
a sensory test was carried out by young individuals who consumed meat at least twice a
week. According to their preferences, they did not perceive any difference between the
rabbit meats, which means that organoleptically there would be no difference between the
‘classic” meats and the meat that was fed with insects. However, the meat of rabbits reared
with insects was not nutritionally enhanced so it cannot be considered enriched or extra
beneficial for consumption.

4. Conclusions and Future Perspectives

T. molitor larvae are increasingly gaining ground in the food sector as they are no
longer studied only for their nutritional value and their value as animal food, but also ways



Foods 2023, 12, 4223 14 of 19

of introducing them into the human diet are being investigated. A growing amount of
research is being carried out in order to develop new tasty and nutritious products prepared
with T. molitor larvae, especially in bakery products or products containing flour, such as
burgers. There are three reasons why flour is the main product of T. molitor larvae used
for food preparation. Firstly, the production of flour from T. molitor larvae is exceptionally
simple and economical; secondly, the flour can be added to a variety of foods, increasing
their nutritional characteristics (proteins, EAAs, EFAs, and vitamins); and finally, they are
largely accepted in foods by consumers. This means that neophobia in Europe is slowly
disappearing in terms of insect consumption and people are starting to accept insects as a
new and innovative food, either directly or indirectly, given that the use of insects as animal
feed has been ongoing for years. This fact is very encouraging as new enhanced nutritional
foods can now be produced to promote a more sustainable way of production. These
foodstuffs are not required to be completely novel, since the enhancement of conventional
foodstuffs with flour from T. molitor larvae has been proven to result in new and advanced
products. These products may differ in color from conventional ones, as mentioned above.
Still, once a preferable rate of insect flour addition/replacement by consumers has been
established, products can be created more efficiently. Finally, as stated above, flour is not
the only product that can be used containing T. molitor larvae, as it turned out that oil
containing them can also be a safe and nutritional choice either for direct consumption
or as an additive or substitute for oils in various food products. Moreover, the oil is an
undetectable ingredient in food, which will promote rapid consumer acceptance. Overall,
the development of food products that are either based on or enhanced with T. molitor larvae
has begun, and the current studies are paving the way for new avenues to be explored, so
as to revolutionize the food market.
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