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Simple Summary: Insects such as mealworms are increasingly explored as sustainable pet food 
ingredients with a high nutritional value and a smaller environmental footprint than traditional meat 
sources. This study evaluated the nutrient content and mechanical properties of five dog food 
formulas with different proportions of yellow mealworm meal. The formulas were analyzed for the 
content of protein, fat, fiber, and fatty acids, as well as mechanical resistance to deformation under 
load. It was found that higher mealworm content stabilized protein levels and increased the content 
of beneficial fats, such as omega-6 and omega-3 fatty acids, which are important for canine health. 
However, a slight decrease in the concentrations of some essential amino acids was noted with 
increasing insect meal levels, suggesting the need for careful diet formulation. The mechanical 
properties of the formulas also changed in response to higher mealworm content, resulting in softer 
and more flexible granules. These findings are important for developing sustainable, hypoallergenic 
dog foods that meet nutritional needs while supporting environmental goals. 

Abstract: This study examined the nutritional composition and mechanical properties of five dog 
food formulas containing different amounts (25%, 30%, 35%, 40%, 45%) of yellow mealworm 
(Tenebrio molitor) meal. The aim of the study was to assess the applicability of insect protein for 
formulating hypoallergenic dog food that aligns with modern sustainability goals. Nutritional 
analyses revealed that protein levels remained stable in all formulas, whereas fat, ash, and fiber 
concentrations increased, and carbohydrate levels decreased with a rise in the content of T. molitor 
meal. The fatty acid profile of the formulas improved due to higher concentrations of beneficial 
omega-6 and omega-3 fatty acids. Amino acid profiles remained generally stable, although a slight 
decrease in lysine and methionine concentrations was observed with an increase in insect meal levels. 
Mechanical tests demonstrated that higher T. molitor content resulted in softer and more deformable 
granules. Overall, these findings indicate that T. molitor meal is a sustainable and nutritious 
ingredient of dog food, but careful balancing is needed to optimize essential nutrient profiles. 

Keywords: edible insects; Tenebrio molitor; pet food; nutritional value; companion animals; veterinary 
diets; fatty acid profile; amino acid profile; mechanical properties 
 

1. Introduction 

The edible insect sector is experiencing rapid growth due to its scalability, sustainability, and 
the increasing recognition of its potential to transform the global feed chain. Edible insects are rich in 
protein, fats, and micronutrients, and they are a viable alternative to conventional meat sources. 
Insect production requires significantly fewer resources, such as land and water, and has a lower 
environmental impact in terms of greenhouse gas emissions [1,2]. The European Union’s (EU) Novel 
Food Regulation (EU 2015/2283) has established a legal framework for supporting the commercial 
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development of the edible insect industry. This regulation ensures that insects introduced onto the 
EU feed market meet stringent safety standards [3]. Several insect species have already been 
approved for human consumption, including crickets (Acheta domesticus), mealworms (Tenebrio 
molitor), and grasshoppers (Locusta migratoria) [4]. This legal endorsement has enabled the expansion 
of insect farming across Europe, leading to increased research and development projects to scale up 
production [5]. Despite regulatory progress, challenges remain, particularly with regard to consumer 
acceptance and the establishment of robust supply chains [6]. Nevertheless, the edible insect sector 
continues to flourish, and it could play a pivotal role in addressing global food and feed security 
issues in the coming decades [7]. 

Edible insects also hold promise in animal nutrition, particularly in the production of feed for 
companion animals such as dogs and cats. Insects such as black soldier fly larvae (Hermetia illucens), 
crickets, and mealworms have been found to provide a high-protein, nutrient-dense alternative to 
conventional animal feeds [8,9]. Insects contain essential amino acids, fatty acids, and minerals that 
are critical for the health of companion animals [10]. Studies indicate that the nutritional value of 
insect-based pet food could be comparable to that of traditional protein sources such as chicken or 
beef, while being more sustainable due to lower resource use and lower emissions in the production 
process [11]. The use of insects in pet food is still in its infancy, particularly on Western markets, 
where consumers may be hesitant to accept these novel protein sources [12]. However, the 
environmental benefits and the nutritional adequacy of insect-based pet food have prompted 
companies to explore this market, leading to the development of dog and cat foods incorporating 
insect meal [13]. As awareness grows and regulatory frameworks adapt, the use of edible insects in 
companion animal nutrition is expected to increase, potentially transforming the pet feed industry 
[14]. 

Tenebrio molitor is increasingly explored as a sustainable alternative protein source of pet food 
with an optimal nutritional profile. Mealworms are rich in high-quality protein, fat, and essential 
amino acids, which are crucial for the healthy growth of companion animals such as dogs and cats 
[15]. In terms of macronutrient levels, mealworms typically contain around 50% protein and 30% fat 
on a dry matter basis, and they are a rich source of fiber, which makes them an attractive feed 
ingredient [16]. Tenebrio molitor also contains essential vitamins (including vitamin B12) and minerals 
such as calcium, zinc, and iron, which contribute to its overall nutritional value [17]. However, as a 
feed component, insect meal does not fully meet the amino acid requirements of pets. Insect meal 
offers a more environmentally-friendly alternative to traditional protein sources such as beef or 
chicken, and research indicates that mealworms have a much smaller environmental footprint and 
require less water, land, and feed than conventional livestock [18]. Pet food producers could start to 
incorporate T. molitor meal into their current formulations as a key ingredient, thus providing 
nutritional balance and supporting sustainability in the pet food industry [19]. 

The use of T. molitor meal in animal feed is gaining traction, but its full potential has not been 
fully explored, especially as regards the final nutritional outcomes for animals and the scalability of 
its integration. Mealworm meal is abundant in protein, essential fatty acids, and micronutrients, and 
it is a viable alternative to traditional protein sources such as fish meal and soy [20]. In addition, the 
use of soy in large-scale production can be problematic due to its high content of antinutritional 
factors. However, meal processing methods can affect the bioavailability of nutrients, potentially 
impacting the digestibility and nutritional efficacy of the final feed product [21]. For example, drying 
and defatting may lead to nutrient loss or alter meal structure, thus affecting its performance in 
animal diets [22]. Moreover, T. molitor meal provides essential proteins and lipids, but it may be 
deficient in certain nutrients such as specific amino acids or vitamins, which implies that it has to be 
combined with other feed ingredients to fully meet the dietary needs of animals [23]. 

The impact of T. molitor meal on the final product also depends on its interactions with other 
feed ingredients. Research has shown that T. molitor meal can be combined with plant-based and 
animal-based protein sources, such as soy and fish meal, respectively, to enhance the nutritional 
value of feed and create feeds that better meet the dietary needs of companion animals [24]. However, 
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these combinations must be carefully formulated, as excessive reliance on a single ingredient can lead 
to nutrient imbalances or impact the feed’s palatability [19]. Attempts are being made to determine 
the optimal inclusion rates of mealworm meal in feeds to maximize its benefits without 
compromising the overall quality of the diet [18]. The scalability of T. molitor farming and processing 
technologies also pose a challenge. Factors such as the availability of feedstock for mealworm rearing, 
cost-effective processing methods, and the environmental impact of large-scale production are being 
examined [25]. 

To address these knowledge gaps, further research is needed to investigate the long-term effects 
of mealworm-based diets on various animal species and their implications for animal growth, health, 
and productivity. In addition, there is evidence to indicate that agricultural by-products such as 
broccoli stems or distillers’ grains can be used in mealworm rearing to promote sustainability and 
reduce production costs. However, the impact of these substrates on the nutritional quality of 
mealworm meal and the final feed product remains an area of exploration [26]. As the industry moves 
toward more sustainable feed solutions, the role of mealworm meal will likely increase, provided 
that technological and nutritional challenges are addressed through continued research and 
innovation [23,27]. 

The aim of this study was to evaluate the nutritional value of five dog food formulas with 
different inclusion levels of T. molitor meal (25%, 30%, 35%, 40%, and 45%). In addition, attempts were 
also made to assess the effect of varying dietary levels of mealworm meal on selected physical 
parameters of the formulas that influence their functionality in dogs’ diets. 

2. Materials and Methods 

2.1. Feed Production 

Five feed formulas were developed and validated in the study. Their applicability for the 
production of hypoallergenic feed for dogs with food-responsive enteropathies was assessed. The 
formulas were characterized by varying inclusion levels of T. molitor meal at 25%, 30%, 35%, 40%, 
and 45% on a dry matter basis. Live mealworm larvae were sourced from a Polish insect farm 
observing HACCP feed safety requirements and national veterinary regulations concerning feed 
safety, animal health, disease control, animal welfare, and feed hygiene. To ensure the nutritional 
consistency of the purchased insects, larvae were sourced from the same supplier during the entire 
project. Insects were transported and stored in line with ethical standards and IPIFF guidelines on 
insect welfare [28]. Before processing, insects were fasted for 72 hours to clear the digestive tract. 
Mechanical cleaning methods were applied to remove feed residues, exuviae (molted skins), dead 
larvae, and pupating individuals. Insects were euthanized by thermal methods according to the 
American Veterinary Medical Association (AVMA) guidelines for the euthanasia of animals [29]. 
Standardized insect meal was produced using a comprehensive industrial line for killing and 
processing insects. 

The nutritional composition of feed was designed to meet the following target parameters: crude 
protein content – approximately 28% (±2.5%), crude fat content – approximately 15% (±1.5%), crude 
ash content – approximately 5% (±2.5%), and crude fiber content – approximately 5% (±2.5%). 
Depending on the formula, T. molitor meal was partially substituted with thermally processed potato 
by-products and fish oil to achieve these targets. The proportions of the remaining feed ingredients 
were identical in all feeds and consistent with those used in commercial hypoallergenic feeds. A 50 
kg batch of each feed formula was produced and tested. The details of some technological processes 
constitute the subcontractor’s intellectual property. According to the provided information, the 
production process involved feed extrusion methods that are commonly applied in the pet food 
industry. The feed production system relied on EN ISO 9001 and HACCP quality management 
standards. The feed was produced in a dry form as oval granules with a diameter of 15 mm. 
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2.2. Nutritional Value Assessment 

A primary sample of 0.5 kg was collected from each batch of feed using a sampling probe for 
nutritional analysis. Each primary sample was then divided into five laboratory samples (n = 25 for 
each formula). Before analysis, laboratory samples were ground and homogenized using a laboratory 
mill. To determine dry matter content, samples were dried at 105 °C to constant weight. The 
proximate chemical composition (total protein, crude fat, crude fiber, total ash, and total 
carbohydrates) of each laboratory sample was determined according to the standard methods 
recommended by AOAC [29]. Specifically, crude fat content was determined by the Soxhlet 
extraction method with diethyl ether as the solvent (PN-ISO 6492:2005). Total ash content was 
determined by incineration in a muffle furnace at 580 °C for 8 hours (PN-ISO 2171:1994). Total protein 
(N × 6.25) was determined by the Kjeldahl method (PN-EN ISO 5983-1:2005). Crude fiber content was 
determined according to PN-EN ISO 6865:2002. Total carbohydrate content was calculated using the 
following formula: total carbohydrates (%) = 100% – [moisture% + total protein% + crude fat% + crude 
fiber% + total ash%]. 

2.3. Fatty Acid Profile  

To determine the fatty acid profile of the formulas, lipids were extracted from the samples using 
the Folch procedure. Approximately 5 g of each sample was combined with 40 mL of a 
chloroform:methanol (2:1, v/v) mixture. The extract was filtered into a 100 mL flask, transferred to a 
glass tube, and evaporated at 60 °C under a nitrogen stream. The extracted lipids were stored 
overnight in a refrigerator. Next, the lipid residue was dissolved in 10 mL of a methylation mixture 
(chloroform:methanol:sulfuric acid, 100:100:1 v/v). A 1 mL aliquot of the obtained solution was 
transferred to a sealable glass ampoule. Fatty acid methylation was carried out in the ampoule at 100 
°C for 2 hours. The resulting fatty acid methyl esters (FAMEs) were analyzed by capillary gas 
chromatography with flame-ionization detection (FID) (PerkinElmer, Waltham, MA, USA). 
Individual fatty acids were identified by comparing their retention times to those of known standards 
(Supelco 37-component FAME Mix, Sigma-Aldrich). Separation was performed on a ZB-FAME 
capillary column (30 m length). Each formula was analyzed in five replicates (n = 25). 

2.4. Amino Acid Profile  

To determine the content of amino acids, the samples were subjected to acid hydrolysis prior to 
chromatographic analysis. Approximately 10 mg of each homogenized sample was weighed into a 
glass ampoule, and 0.5 mL of a hydrolysis solution (6 M HCl containing 1% 2-mercaptoethanol and 
3% phenol) was added. The ampoules were flame-sealed and heated in an oven at 110 °C for 24 hours. 
After hydrolysis, the ampoules were cooled and then opened. The hydrolysates were placed in a 
vacuum dryer and dried at 60 °C under reduced pressure for 24 hours to remove residual HCl. Dry 
residue was reconstituted in 1 mL of the buffer (10 mM ammonium formate in water, pH 3.2) and 
sonicated in an ultrasonic bath for around 15 seconds. The solution was then diluted 1:10 with 
acetonitrile, stirred, and centrifuged (14,000 rpm, 10 min). The supernatant was transferred to 
chromatography vials for analysis. The chromatographic analysis was performed using a Vanquish 
Core UHPLC system (Thermo Scientific, Waltham, MA, USA) coupled with a TSQ Fortis triple-
quadrupole mass spectrometer (Thermo Scientific). Separation was achieved on a Kinetex HILIC 
column (150 × 2.1 mm, 2.6 µm; Phenomenex) with mobile phase A (water:buffer 9:1) and mobile phase 
B (acetonitrile:buffer 9:1). Amino acids were identified by positive electrospray ionization (ESI) in 
selected reaction monitoring (SRM) mode. The parameters of parent and fragment ions of each amino 
acid are given in Table 1. Amino acids were quantified by preparing calibration curves for each amino 
acid standard. Each formula was analyzed in five replicates (n = 25). 
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Table 1. Parameters of parent and fragment ions in the chromatographic analysis of amino acids. 

Amino acid Parent ion (m/z) Fragment ion (m/z) 
Alanine 90.014 43.970 
Arginine 175.100 70.054 
Cystine 241.024 151.970 
Phenylalanine 166.062 120.000 
Glycine 75.988 30.196 
Histidine 156.074 110.054 
Hydroxyproline 132.075 68.042 
Aspartic acid 134.052 74.042 
Glutamic acid 148.062 84.125 
Leucine/Isoleucine 132.112 86.196 
Lysine 147.112 84.125 
Methionine 150.062 133.071 
Proline 116.112 70.071 
Serine 106.062 60.071 
Threonine 120.088 103.125 
Tyrosine 188.114 147.125 
Valine 118.112 72.071 

Key: m/z – mass-to-charge ratio. 

2.5. Mechanical Analyses 

Compressive strength tests were conducted using a TA.HD.Plus Texture Analyzer (Stable 
Microsystems, Surrey, UK). The textural parameters of feed granules were determined with a 35 mm 
cylindrical probe. The probe compresses the sample at a strain rate of 5 mm·min⁻¹. The results were 
used to determine the following parameters: hardness, defined as the force required to crush the 
sample; fracturability, defined as the tendency to deform and represented by strain behavior under 
the applied load until the formation of the first noticeable crack; and stiffness, defined as resistance 
to deformation. Thirty granules of each formula were used in compressive strength tests (n=150). 

2.6. Statistical Analysis 

The assumption of linearity and normality was checked before statistical analysis. Two-
dimensional scatter plots of the analyzed variables were generated for the linearity analysis. The 
assumption of normality was validated using histograms and residual normality plots. Mean (M) 
values and standard deviation (±; SD) were calculated for all data. Significant differences between 
the results of nutrient analyses, fatty acid profiles, amino acid profiles, and mechanical parameters 
(dependent variables) of the developed formulas (qualitative variables) were determined by one-way 
analysis of variance (ANOVA). Before ANOVA, the homogeneity of variance was determined using 
Levene's test. Tukey’s HSD test was applied to determine significant differences between groups 
at p < 0.05. Data were processed statistically in the Statistica 13.3 program (TIBCO Software Inc., Palo 
Alto, USA). 

3. Results 

3.1. Nutritional Value 

The crude protein content of all five formulas remained relatively consistent at around 25.7–
25.9% on a dry matter basis. In Formula 25%, the mean crude protein content was determined at 
25.77% (SD = 0.92%), crude fat content – 13.56% (SD = 0.78%), crude ash content – at 5.36% (SD = 
0.55%), crude fiber content – at 5.16% (SD = 0.59%), and carbohydrate content – at 43.15% (SD = 
1.46%). This formula was characterized by a balanced macronutrient profile, moderate protein 
content, and the highest carbohydrate content. In Formula 30%, the protein content reached 25.73% 
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(SD = 0.87%) and was practically identical to that of Formula 25%. Crude fat content was slightly 
higher at 13.68% (SD = 0.68%); crude ash content was 5.41% (SD = 0.59%); crude fiber content was 
nearly identical to that noted in Formula 25% at 5.17% (SD = 0.65%), and carbohydrate content was 
slightly lower at 43.01% (SD = 1.36%). 

In Formula 35%, crude protein content was determined at 25.83% (SD = 0.78%); crude fat content 
was higher at 13.79% (SD = 0.65%); crude ash content was similar at 5.37% (SD = 0.43%), and crude 
fiber content was slightly higher at 5.22% (SD = 0.49%). Carbohydrate content was lower at 42.79% 
(SD = 1.04%), which suggests that this parameter decreased with increasing inclusion levels of T. 
molitor meal. The analysis of Formula 40% revealed similar trends. This formula had a crude protein 
content of 25.75% (SD = 0.95%) and the highest crude fat content of 13.92% (SD = 0.68%). Crude ash 
content was 5.42% (SD = 0.67%); crude fiber content was 5.20% (SD = 0.57%), and the content of 
carbohydrates decreased to 42.61% (SD = 1.12%). In Formula 45%, crude protein content reached 
25.90% (SD = 0.84%) and was similar to that observed in other formulas. Crude fat content was 14.07% 
(SD = 0.74%); crude ash content was 5.40% (SD = 0.49%); crude fiber content was 5.24% (SD = 0.53%), 
and the content of carbohydrates was lowest at 42.39% (SD = 1.33%). These results indicate that partial 
replacement of conventional feed ingredients with T. molitor meal did not significantly affect protein 
levels, but influenced other macronutrients. In particular, fat content increased and carbohydrate 
content decreased with a rise in the dietary inclusion levels of mealworm meal. Detailed data are 
presented in Table 2 and Figure 1. 

Table 2. Mean content of crude protein, fat, ash, fiber, and carbohydrates in five dog food formulas with 
increasing inclusion levels of Tenebrio molitor meal. 

Formula  Crude protein Crude fat Crude ash Crude fiber Carbohydrates 
25% 25.77 ± 0.92 13.56 ± 0.78 5.36 ± 0.55 5.16 ± 0.59 43.15 ± 1.46 
30% 25.73 ± 0.87 13.68 ± 0.68 5.41 ± 0.59 5.17 ± 0.65 43.01 ± 1.36 
35% 25.83 ± 0.78 13.79 ± 0.65 5.37 ± 0.43 5.22 ± 0.49 42.79 ± 1.04 
40% 25.75 ± 0.95 13.92 ± 0.68 5.42 ± 0.67 5.20 ± 0.57 42.71 ± 1.65 
45% 25.90 ± 1.34 14.07 ± 0.86 5.73 ± 0.83 5.29 ± 0.69 42.01 ± 2.04 

Key: the presented values are means ± SD (n = 5 per formula). Annotation: insect meal was replaced with potato 
by-products or fish oil in the same proportions to maintain the original parameters. 

 

Figure 1. Macronutrient content of five dog food formulas with increasing inclusion levels of Tenebrio molitor 
meal. Annotation: insect meal was replaced with potato by-products or fish oil in the same proportions to 
maintain the original parameters. 

3.2. Fatty Acid Profile 

The examined formulas differed in the content of saturated fatty acids (SFAs), monounsaturated 
fatty acids (MUFAs), n-6 polyunsaturated fatty acids (n-6 PUFAs), and n-3 polyunsaturated fatty 
acids (n-3 PUFAs). 
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The content of total SFAs (ΣSFAs) increased gradually in all formulas, from 7.77 mg/g in 
Formula 25% to 13.45 mg/g in Formula 45%. The content of total MUFAs (ΣMUFAs) also increased 
from 11.26 mg/g in Formula 25% to 20.58 mg/g in Formula 45%, which indicates that MUFA levels 
increase with a rise in the proportions of mealworm meal. 

The content of n-6 PUFA also increased with a rise in the inclusion levels of T. molitor meal, from 
9.16 mg/g in Formula 25% to 14.97 mg/g in Formula 45%. The content of n-3 PUFA followed a similar 
upward trend, increasing from 1.15 mg/g in Formula 25% to 2.76 mg/g in Formula 45%. Detailed data 
are presented in Table 3 and Figure 2. 

Table 3. Fatty acid profile of five dog food formulas with increasing inclusion levels of Tenebrio molitor meal. The 
table presents the concentrations (in mg/g feed, dry matter basis) of the major fatty acid classes: saturated fatty 
acids (SFAs), monounsaturated fatty acids (MUFAs), omega-6 polyunsaturated fatty acids (n-6 PUFAs), and 
omega-3 polyunsaturated fatty acids (n-3 PUFAs). 

Formula (% T. molitor 
meal) 

SFAs 
(mg/g) 

MUFAs 
(mg/g) 

n-6 PUFAs 
(mg/g) 

n-3 PUFAs 
(mg/g) 

25% 7.77 ± 0.30 11.26 ± 0.50 9.16 ± 0.51 1.15 ± 0.10 
30% 8.90 ± 0.35 13.58 ± 0.62 10.74 ± 0.48 1.60 ± 0.12 
35% 10.12 ± 0.41 16.02 ± 0.70 12.83 ± 0.53 2.10 ± 0.15 
40% 11.30 ± 0.37 18.43 ± 0.55 13.64 ± 0.50 2.45 ± 0.14 
45% 13.45 ± 0.44 20.58 ± 0.60 14.97 ± 0.45 2.76 ± 0.16 

Key: the presented values are means ± SD (n = 5 per formula). 

 

Figure 2. Changes in the content of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), n-6 
polyunsaturated fatty acids (n-6 PUFAs), and n-3 polyunsaturated fatty acids (n-3 PUFAs) with increasing 
inclusion levels of Tenebrio molitor meal in five dog food formulas. 

The fatty acid profile of the developed formulas shows clear differences in the concentrations of 
the examined fatty acids. The mean content of myristoleic acid (C14:1 cis 9) increased from 1.39 mg/g 
in Formula 25% (SD = 0.32 mg/g) to 2.38 mg/g in Formula 45% (SD = 0.38 mg/g). The content of 
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palmitic acid (C16:0) also increased steadily from 6.45 mg/g (SD = 0.79 mg/g) in Formula 25% to 11.48 
mg/g (SD = 0.13 mg/g) in Formula 45%. The content of palmitoleic acid (C16:1 cis 9) was relatively 
similar in all formulas, ranging from 1.08 mg/g in Formula 35% (SD = 0.39 mg/g) to 1.68 mg/g in 
Formula 45% (SD = 0.21 mg/g). The mean content of stearic acid (C18:0) was lowest at 1.30 mg/g (SD 
= 0.32 mg/g) in Formula 30%, and highest at 2.09 mg/g (SD = 0.63 mg/g) in Formula 40%, and 
somewhat lower at 1.96 mg/g (SD = 0.04 mg/g) in Formula 45%. The content of oleic acid (C18:1 cis 9) 
increased steadily from 8.69 mg/g (SD = 0.90 mg/g) in Formula 25% to 16.53 mg/g (SD = 0.20 mg/g) in 
Formula 45%. The content of linoleic acid (C18:2 cis 9, 12) also increased from 9.16 mg/g (SD = 0.98 
mg/g) in Formula 25% to 14.97 mg/g (SD = 0.11 mg/g) in Formula 45%. A moderate increase was 
observed in the content of alpha-linolenic acid (C18:3 cis 9, 12, 15), from 1.01 mg/g (SD = 0.10 mg/g) 
in Formula 25% to 2.76 mg/g (SD = 0.48 mg/g) in Formula 45%. However, the content of many fatty 
acids, including caproic acid (C6:0), caprylic acid (C8:0), capric acid (C10:0), undecanoic acid (C11:0), 
lauric acid (C12:0), tridecanoic acid (C13:0), pentadecanoic acid (C15:0), heptadecanoic acid (C17:0), 
and eicosanoic acid (C20:0), was below the limit of detection (< 0.04 mg/g) in all formulas. Detailed 
data are presented in Table 4 and Figure 3. 

Table 4. Fatty acid profile of five dog food formulas with increasing inclusion levels of Tenebrio molitor meal. The 
table presents the concentrations (in mg/g feed, dry matter basis) of the major fatty acid classes: saturated fatty 
acids (SFAs), monounsaturated fatty acids (MUFAs), omega-6 polyunsaturated fatty acids (n-6 PUFAs), and 
omega-3 polyunsaturated fatty acids (n-3 PUFAs). 

Fatty acid 25% 30% 35% 40% 45% 
C14:1 cis-9 1.39 ± 0.32 1.52 ± 0.28 1.95 ± 0.53 2.18 ± 0.33 2.38 ± 0.38 
C16:0 6.45 ± 0.79 7.31 ± 0.18 8.92 ± 0.97 10.28 ± 0.22 11.48 ± 0.13 
C16:1 cis-9 1.18 ± 0.13 1.17 ± 0.17 1.08 ± 0.39 1.65 ± 0.10 1.68 ± 0.21 
C18:0 1.32 ± 0.22 1.30 ± 0.32 2.03 ± 0.52 2.09 ± 0.63 1.96 ± 0.04 
C18:1 cis-9 8.69 ± 0.90 10.95 ± 0.44 13.15 ± 1.68 14.95 ± 1.42 16.53 ± 0.20 
C18:2 cis-9,12 9.16 ± 0.98 9.91 ± 0.69 12.27 ± 0.54 12.92 ± 0.90 14.97 ± 0.11 

Key: the presented values are means ± standard deviation (n = 5). In all formulas, the content of the following 
fatty acids was below the limit of detection (< 0.04 mg/g) C6:0, C8:0, C10:0, C11:0, C12:0, C13:0, C14:0, C15:0, 
C15:1 cis-10, C17:0, C17:1 cis-10, C18:1 trans-9, C18:2 trans-9,12, both C18:3 isomers, C20:0, C20:1 cis-11, C20:2 
cis-11,14, C21:0, the C20:3 isomers, C20:4 cis-5,8,11,14, C22:0, C22:1 cis-13, C20:5 cis-5,8,11,14,17, C22:2 cis-13,16, 
C23:0, C24:0, C24:1 cis-15, and C22:6 cis-4,7,10,13,16,19. 
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Figure 3. The content of the major fatty acids in five dog food formulas with increasing inclusion levels of 
Tenebrio molitor meal. 

The ANOVA revealed significant differences in the content of the major fatty acids in the 
examined formulas. The content of myristoleic acid (C14:1 cis 9) differed significantly (p < 0.05) across 
the analyzed formulas. Tukey’s post-hoc test revealed significant differences in this parameter 
between Formula 25% and Formula 45%, and between Formula 25% and Formula 40%. The mean 
content of myristoleic acid increased from 1.39 mg/g (SD = 0.32) in Formula 25% to 2.38 mg/g (SD = 
0.38) in Formula 45%. Palmitic acid (C16:0) levels also differed significantly across formulas, and 
Tukey's HSD test revealed the greatest differences (p < 0.05) between Formula 25% (6.45 mg/g, SD = 
0.79) and Formula 45% (11.48 mg/g, SD = 0.13). Highly significant differences (p < 0.01) in the content 
of oleic acid (C18:1 cis 9) were also noted between Formula 25% (8.69 mg/g, SD = 0.90) and Formula 
45% (16.53 mg/g, SD = 0.20), with intermediate values in the remaining formulas. The ANOVA also 
revealed significant differences (p < 0.01) in the content of linoleic acid (C18:2 cis 9, 12) across 
formulas, and Tukey's test demonstrated that the differences between Formula 25% (9.16 mg/g, SD = 
0.98) and Formula 45% (14.97 mg/g, SD = 0.11) were statistically significant. In contrast, no significant 
differences (p>0.05) were noted in the content of alpha-linolenic acid (C18:3 cis 9, 12, 15), which 
suggests that the concentration of this fatty acid was not substantially influenced by the inclusion 
level of mealworm meal. 

3.3. Amino Acid Profile 

The amino acid composition of the feeds was relatively similar at different T. molitor inclusion 
levels. The developed formulas were most abundant in alanine, aspartic acid, and glutamic acid, and 
each of these amino acids made a significant contribution to total protein content. The formulas with 
the highest inclusion levels of mealworm meal (40% and 45%) were most abundant in several amino 
acids, but the overall differences were not significant. For instance, alanine content ranged from 7.22% 
(of protein, w/w) in Formula 25% to 8.16% in Formula 45%. The content of lysine, an essential amino 
acid, decreased from 4.35% in Formula 25% to 3.88% in Formula 45%. Methionine content was 
relatively low in all formulas and also decreased slightly from 1.53% to 1.34% with increasing 
inclusion levels of T. molitor meal. 

The statistical analysis revealed no significant differences (p > 0.05) in the content of individual 
amino acids across the compared formulas. This observation indicates that the inclusion level of T. 
molitor meal (25% to 45%) did not induce significant changes in the amino acid profile of the feeds. 
The differences in the content of selected amino acids (lysine and methionine) were too small to be 
deemed significant. The amino acid profile of the formulas is presented in Table 5, and the trends for 
selected amino acids are shown in Figure 4. 
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Table 5. Amino acid concentrations (% of total protein) in five dog food formulas with increasing inclusion levels 
of Tenebrio molitor meal. 

Amino acid 25% 30% 35% 40% 45% 
Alanine 7.22 ± 0.16 8.04 ± 0.24 7.71 ± 0.07 7.56 ± 0.27 8.16 ± 0.03 
Arginine 4.52 ± 0.36 4.79 ± 0.28 4.73 ± 0.33 4.71 ± 0.35 4.49 ± 0.18 
Cystine 4.67 ± 0.14 5.61 ± 0.20 4.91 ± 0.33 5.12 ± 0.07 5.02 ± 0.18 
Phenylalanine 6.07 ± 0.38 5.33 ± 0.17 5.51 ± 0.16 5.25 ± 0.43 5.41 ± 0.07 
Glycine 5.71 ± 0.07 6.41 ± 0.58 5.84 ± 0.23 5.57 ± 0.39 5.94 ± 0.46 
Histidine 2.00 ± 0.16 2.29 ± 0.14 2.11 ± 0.10 2.20 ± 0.17 2.16 ± 0.25 
Aspartic acid 10.25 ± 0.58 9.92 ± 0.35 9.41 ± 0.92 10.01 ± 0.89 11.52 ± 0.02 
Glutamic acid 16.88 ± 2.28 17.82 ± 0.65 18.52 ± 1.16 19.05 ± 0.78 17.97 ± 0.61 
Leucine 8.03 ± 0.23 7.27 ± 0.41 7.63 ± 0.18 7.28 ± 0.54 7.34 ± 0.51 
Lysine 4.35 ± 0.33 4.00 ± 0.06 4.05 ± 0.35 3.98 ± 0.15 3.88 ± 0.23 
Methionine 1.53 ± 0.06 1.57 ± 0.10 1.46 ± 0.11 1.44 ± 0.11 1.34 ± 0.03 
Proline 6.07 ± 0.50 5.89 ± 0.42 6.48 ± 0.13 6.35 ± 0.16 6.19 ± 0.42 
Serine 4.55 ± 0.45 4.61 ± 0.06 4.30 ± 0.22 4.50 ± 0.21 4.50 ± 0.37 
Threonine 4.41 ± 0.49 3.82 ± 0.05 3.94 ± 0.21 3.93 ± 0.11 3.89 ± 0.18 
Tyrosine 5.87 ± 0.30 5.29 ± 0.28 5.48 ± 0.18 5.20 ± 0.24 4.50 ± 0.23 
Valine 7.87 ± 0.54 7.36 ± 0.70 7.93 ± 0.01 7.84 ± 0.14 7.69 ± 0.47 

Key: the presented values are means ± SD (n = 5 per formula). 

   

 

 

Figure 4. The content of the major amino acids in five dog food formulas with increasing inclusion levels of 
Tenebrio molitor meal. 
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3.4. Mechanical Properties 

In Formula 25%, mean fracturability was determined at 7.04% (SD = 0.55); mean hardness 
(crushing force) was 330.56 N (SD = 3.33), and stiffness (elastic modulus-like behavior) reached 46.2 
N/mm (SD = 2.1). In Formula 30%, fracturability increased to 7.58% (SD = 0.49), which indicates that 
these pellets were more susceptible to deformation before cracking. Hardness was slightly lower than 
in Formula 25% at 324.10 N (SD = 4.01), and stiffness was determined at 44.8 N/mm (SD = 1.9). In 
Formula 35%, fracturability increased to 8.12% (SD = 0.50); hardness was determined at 315.44 N (SD 
= 5.12), and stiffness decreased to 43.5 N/mm (SD = 2.3). A further decline in mechanical properties 
was noted in Formula 40%, where fracturability reached 8.65% (SD = 0.60) and hardness – 309.30 N 
(SD = 4.77). Formula 45% was characterized by the highest deformability, fracturability of 9.20% (SD 
= 0.58), and the lowest hardness at 300.22 N (SD = 5.50). Formula 45% was also characterized by the 
lowest stiffness at around 41.0 N/mm (SD = 2.5). 

Feeds with higher inclusion levels of T. molitor meal were composed of granules that were 
generally softer (required less force to break) and more deformable (higher ability to tolerate strain 
before fracture). Stiffness tended to decline, which suggests that the granules of formulas with higher 
insect meal content were more elastic or less rigid. All differences in the mechanical parameters of 
the compared formulas were statistically significant (p < 0.05) in ANOVA and Tukey’s post-hoc test. 
The post-hoc test revealed that formulas with higher insect meal content (40%, 45%) were 
characterized by significantly higher elastic deformation and lower hardness than those with lower 
insect meal content (25%, 30%). 

 

 
(a) 
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(b) 

 
(c) 

Figure 5. Mechanical properties of granules in five dog food formulas with increasing levels of Tenebrio molitor 
meal: (a) fracturability (% strain at first crack), (b) hardness (crushing force, N), and (c) stiffness (resistance to 
deformation). Key: Error bars represent SD (n = 30 per formula). 

4. Discussion 

4.1. Nutritional Value 

The study demonstrated that crude protein content was fairly similar in all formulas, whereas 
the content of crude fat, crude ash, and crude fiber increased gradually with a rise in the inclusion 
levels mealworm meal. In contrast, carbohydrate concentration decreased as the levels of T. molitor 
meal increased, suggesting a shift in the macronutrient composition of the formulas. The detailed 
analyses of the nutritional profiles of each formula revealed minor variations in nutrient content, and 
the results may inform dietary formulations based on specific nutritional goals. The protein content 
of the studied formulas remained relatively stable, ranging from 25.73% to 25.9%. This observation 
suggests that the replacement of insect meal with other ingredients (potato by-products or fish oil) 
did not significantly affect crude protein content. However, a slight increase in fat content was noted 
with a rise in the inclusion levels of insect meal, from 13.56% in Formula 25% to 14.07% in Formula 
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45%. These results corroborate the findings of other authors. Rumpold and Schlüter [31] conducted a 
comprehensive review of the nutritional value of edible insects, highlighting that T. molitor contains 
approximately 47–60% crude protein and 30–35% fat on a dry matter basis. Although the above 
values are higher than those observed in the current study, it should be noted that the analyzed 
formulas were designed to meet a specific crude protein target (28% ± 2.5%), which implies that insect 
meal was likely diluted with other ingredients to achieve this target. Broekman et al. [32] also 
examined insect-based pet food, in particular formulations containing H. illucens. The protein content 
of these formulations was estimated at 22-25%, which is similar to that noted in the current study. 
The above supports the argument that insect-based meals pose a viable alternative to traditional 
sources of protein and have comparable macronutrient profiles in terms of protein and fat content. 
In addition, the crude fat content reported by Broekman et al. [32] (12-16%) also aligns closely with 
the current findings (13.56% - 14.07%), indicating that insect-based meals can provide a balanced fat 
profile in dog food formulations. Moreover, Bosch et al. [33] analyzed various insect species, 
including T. molitor, and confirmed that insects offer a macronutrient profile that can be suitable for 
dog food, particularly in terms of protein and fat content. The cited authors also concluded that 
insects can be a rich source of selected essential amino acids, which is a crucial consideration in the 
process of formulating complete diets for dogs. 

4.2. Fatty Acid Profile 

The content of SFAs, MUFAs, and PUFAs (n-6 and n-3) increased with a rise in the inclusion 
levels of T. molitor meal. This indicates that insect meal can be a valuable source of fatty acids for dog 
food formulas. This observation may have important implications for the nutritional value and health 
benefits of these formulas. Mealworm meal was abundant in several saturated and unsaturated fatty 
acids, including palmitic, stearic, oleic, linoleic, and alpha-linolenic acids, whereas many other fatty 
acids were below the limit of detection. 

The designed formulas differed significantly in fatty acid composition, and the concentrations 
of both SFAs and MUFAs increased with a rise in the inclusion levels of insect meal. Notably, oleic 
acid (C18:1) content doubled from 8.69 mg/g in Formula 25% to 16.53 mg/g in Formula 45%, while 
the content of linoleic acid (C18:2), an essential n-6 PUFA, also increased significantly from 9.16 mg/g 
to 14.97 mg/g. 

Similar observations were made by Oonincx et al. [34] who studied the lipid composition of 
various edible insects, including T. molitor. Their research highlighted that T. molitor is a rich source 
of oleic and linoleic acids that are essential for maintaining healthy skin and coat in dogs. Borrelli et 
al. [35] also found that the content of n-6 and n-3 PUFAs increased with a rise in the inclusion levels 
of insect meal, and concluded that insect meal can be an excellent source of unsaturated fatty acids, 
especially in comparison with conventional meat-based ingredients. 

These findings are important because dogs require specific ratios of omega-6 to omega-3 fatty 
acids to maintain optimal health. Omega-3 and omega-6 PUFAs provide health benefits by 
modulating the immune response and exerting anti-inflammatory effects, and they can be 
particularly helpful in managing conditions such as osteoarthritis [36] and atopic dermatitis [37]. 
Diets rich in n-3 fatty acids can improve renal function by promoting balanced inflammatory 
responses and supporting cardiovascular health, which is especially important for older or at-risk 
dogs [38,39]. In the current study, the concentrations of n-3 and n-6 PUFAs increased steadily with a 
rise in the inclusion levels of mealworm meal (from 1.15 mg/g to 2.76 mg/g and from 9.16 mg/g to 
14.97 mg/g, respectively), which aligns with the growing body of evidence that the synergistic effects 
of these fatty acids enhance overall canine health. Furthermore, the proportion of MUFAs such as 
C18:1 cis 9 is also significantly higher in formulations with higher fat content, which may improve 
energy metabolism and further benefit active or aging dogs [40]. The present results indicate that 
feeds with a higher content of insect meal may have a more balanced fatty acid profile, which may 
be particularly beneficial for dogs with inflammatory conditions or skin sensitivities. Some of the 
detected fatty acids also have antibacterial properties [41]. 
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4.3. Amino Acid Profile 

The study revealed slight variations in the amino acid content of the analyzed formulas. The 
concentration of some amino acids was fairly stable, whereas greater fluctuations were noted in the 
levels of other amino acids. Formulas with the highest inclusion levels of T. molitor meal were most 
abundant in several amino acids (including alanine, aspartic acid, and glutamic acid), which implies 
that insect meal could enhance their nutritional value. 

The amino acid profile remained relatively stable in all formulas, and no significant differences 
in the content of most amino acids were observed between the formulas. The studied formulas were 
most abundant in alanine, aspartic acid, and glutamic acid, while a slight decrease in lysine content 
was noted as the proportion of T. molitor meal increased. 

Similar results were reported by Gasco et al. [42] who evaluated the amino acid content of insect-
based dog food and found that T. molitor meal can provide adequate levels of essential amino acids 
for dogs. However, the fact that higher inclusion levels of mealworm meal induced a slight decrease 
in lysine content could be of concern because lysine is an essential amino acid for dogs that promotes 
muscle development and overall health. Ravzanaadii et al. [17] found that while insect-based proteins 
are generally rich in essential amino acids, lysine content is sometimes lower compared to 
conventional meat proteins, which implies that commercial formulations may require 
supplementation to meet dietary requirements. Despite these concerns, the present study 
demonstrated that the amino acid profile of insect-based meals, in particular T. molitor meal, is 
comparable to that of traditional meat proteins. The presence of other essential amino acids, such as 
methionine and cystine, in adequate quantities supports the nutritional viability of these formulas. 
While edible insects are rich in many nutrients, they tend to be relatively low in methionine compared 
to traditional sources of animal protein. Methionine is an essential amino acid for dogs because it 
plays a key role in keratin production and overall protein metabolism, and diets deficient in this 
amino acid may lead to poor coat quality, hair loss, dullness, and skin problems. Therefore, diets 
based heavily on insect protein may require methionine supplementation to ensure optimal health 
and coat condition in dogs. 

4.4. Mechanical Properties 

Mechanical tests revealed that higher inclusion levels of T. molitor meal increased the softness 
and flexibility of feed granules. Specifically, formulas containing higher proportions of insect meal 
were characterized by higher elastic deformation (granules could be compressed further before 
breaking) and lower breaking strength. In practical terms, formulas with higher inclusion levels of T. 
molitor meal consisted of granules that were easier to chew (softer) and less brittle (more flexible). 
The above could affect the palatability and chewiness of dog food. For instance, very hard granules 
might provide dental benefits by removing plaque, but they could be difficult to chew for puppies or 
older dogs with dental issues. These groups of animals require dry food with slightly softer granules. 

The present results align with the findings of Purschke et al. [43] who observed that the inclusion 
of insect-derived ingredients and certain processing methods can significantly affect the textural 
properties of food products. They observed changes in the elasticity and plasticity of insect-based 
extrudates, which were similar to the trends noted in pellet elasticity and deformation [43]. In this 
study, significant differences in mechanical behavior were observed between formulas with the 
highest (40% and 45%) and the lowest (25% and 30%) inclusion levels of T. molitor meal. This 
observation suggests that the texture of feed granules may change considerably when the inclusion 
level exceeds a certain threshold. The likely explanation is that T. molitor meal has different binding 
and structural characteristics than plant-based components. Insect meals may contain chitin and have 
high protein content, but unlike cereals, they do not contain starch, which affects granule formation 
during extrusion and pelletization. 

Meléndez-Rodríguez [44] emphasized that mechanical resilience plays an important role in feed 
matrices by preserving their shape and integrity during handling and storage. Formulas with higher 
inclusion levels of insect meal were softer, but their structural integrity was preserved. Crumbling 
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was not observed during normal handling, but these formulas were more likely to break under lower 
stress in mechanical tests. According to Recupido et al. [45], changes in the composition of bio-based 
composite materials could lead to increased softness at higher inclusion levels of certain components. 
By analogy, the present findings suggest a similar effect: the flexibility of granules increased with a 
rise in the inclusion levels of T. molitor meal. This could affect product durability as softer granules 
might be more prone to breakage in transport. However, the hardness of all studied formulas was 
within the range of values typical of dry dog food.  

In practical feeding scenarios, flexible granules could be more desirable for dogs with certain 
health issues (such as weaker jaws or dental concerns) and could potentially increase palatability due 
to ease of chewing. In the future, dog food manufacturers might consider combining insect meals 
with texturizing agents or adjusting processing conditions to fine-tune the hardness and brittleness 
of granules. 

4.5. Compliance With FEDIAF Guidelines 

The developed formulas were examined for fatty acid and amino acid content to assess their 
compatibility with the European Pet Food Industry Federation (FEDIAF) Nutritional Guidelines for 
Dogs [46] and ensure that they meet standard requirements for canine diets. According to FEDIAF, 
canine diets should have a balanced ratio of fatty acids (with sufficient levels of linoleic acid, an 
omega-6 fatty acid, and alpha-linolenic acid, an omega-3 fatty acid) and provide all essential amino 
acids above the minimum recommended amounts. The dietary fats for canine nutrition should 
include a balance of SFAs, MUFAs, and PUFAs, particularly omega-6 and omega-3 PUFAs, which 
are essential for skin health, coat quality, and inflammatory modulation. The SFA content of the 
tested formulas increased progressively with a rise in the inclusion levels of T. molitor meal, from 7.77 
mg/g in Formula 25% to 13.45 mg/g in Formula 45%, which indicates that these feeds provide 
adequate amounts of energy and support cell membrane integrity. The content of MUFAs also 
increased from 11.26 to 20.58 mg/g, which is a desirable outcome because these fatty acids are a source 
of readily metabolizable energy, and their beneficial impact on cardiovascular health has been 
demonstrated in other species. Notably, the content of omega-6 PUFAs increased from 9.16 to 14.97 
mg/g in the studied formulas, which is consistent with FEDIAF’s recommendations concerning skin 
health and immune function. In turn, the content of omega-3 PUFAs increased from 1.15 to 2.76 mg/g, 
indicating that the anti-inflammatory effects of the tested formulas are slightly below the ideal ratios 
and that additional supplementation may be required to achieve the optimal balance. 

Based on FEDIAF’s guidelines, the formulated feeds were also analyzed for the content of 
essential amino acids that are crucial for muscle health, immune function, and enzyme activity in 
dogs [46]. The content of alanine, an important glucogenic amino acid, ranged from 7.22% to 8.16%, 
indicating that alanine levels were high enough to trigger gluconeogenic pathways that are necessary 
during endurance or stress. Arginine, which plays a key role in immune function and ammonia 
removal, was within the recommended levels in all formulas (4.49-4.79%). The formulas were also 
sufficiently abundant in histidine (2.00-2.29%) which is necessary for histamine synthesis and 
hemoglobin structure. However, lysine levels (4.35-3.88%) tended to decline in formulas with the 
highest inclusion levels of insect meal, which implies that they should be monitored to ensure 
adequate supply of lysine that plays a role in calcium absorption and bone health. Methionine levels 
also decreased from 1.53% to 1.34% and approximated the minimum recommended intake levels, 
which suggests that the designed formulations may need to be adjusted to enhance protein synthesis 
and antioxidant protection. 

5. Conclusions 

Tenebrio molitor meal can be effectively incorporated into dog food formulas at inclusion levels 
of up to 45% without exerting a detrimental effect on the content of essential nutrients. The 
formulated diets were characterized by stable protein levels, and fat content and fatty acid quality 
improved with a rise in the inclusion levels of insect meal. A slight decrease in the concentrations of 
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selected essential amino acids (lysine and methionine) suggests that insect meal could be combined 
with other protein sources or supplements to fully meet all essential amino acid requirements of dogs. 
The mechanical properties of dog food granules were influenced by insect meal, and formulas with 
higher inclusion levels of insect meal were characterized by softer and more deformable granules. 
This observation indicates that processing conditions or binders may need to be adjusted in large-
scale production to maintain the integrity of granules in feeds with high proportions of insect meal. 

Overall, the study demonstrated that higher inclusion levels of T. molitor meal significantly alter 
the nutritional composition and physical characteristics of dog food, but these changes are generally 
manageable and can be optimized. The developed insect-based formulas meet current nutritional 
guidelines for adult dogs and offer a promising solution for hypoallergenic diets because T. molitor is 
not a common allergen in pets. The formulas also contribute to sustainability goals by utilizing a 
protein source with a lower environmental footprint. These findings indicate that insect-based feeds 
are a sustainable and wholesome option in canine nutrition. Further research and development 
should focus on optimizing amino acid profiles (through complementary ingredients or 
supplementation), palatability testing in pets, and long-term feeding trials to ensure positive health 
outcomes. The growing use of T. molitor meal in pet food could play a part in reducing reliance on 
traditional livestock proteins, thereby supporting environmental sustainability while maintaining pet 
health. 

6. Patents 

The present study gave rise to patent application P.443579 – Hypoallergenic dog food. The 
patent covers a hypoallergenic feed formulation for dogs suffering from food-responsive 
enteropathies. Hypoallergenic dog food contains T. molitor meal (inclusion level: 10% to 60%, 
preferably 35%), potato and/or sweet potato by-products (10% to 65%, preferably 48%), plant 
substrates of the plantain family (0.01% to 15%, preferably 7.3%), animal or vegetable fat (0.1% - 15%), 
herbs and minerals (0.01% to 5%, preferably 1.8%), berries (0.01% to 8%, preferably 0.6%), functional 
additives such as water- and fat-soluble vitamins (0.01% to 15%, preferably 6.3%), and plants of the 
flax family (0.01% to 5%, preferably 1%). The patented formulation has the following nutritional 
composition: crude protein – 11% to 41%, (preferably 25%), crude fat – 3% to 27%, (preferably 15%), 
crude ash – 1% to 9%, (preferably 5%), crude fiber –1% to 9%, (preferably 5%). 

Author Contributions: Conceptualization, R.G.; methodology, R.G. and Ł.Z.; software, R.G.; validation, R.G.; 
formal analysis, R.G., B.P. and Ł.Z.; investigation, R.G.; resources, R.G.; data curation, R.G.; writing—original 
draft preparation, R.G.; writing—review and editing, R.G. and Ł.Z.; visualization, R.G.; supervision, R.G.; project 
administration, R.G.; funding acquisition, R.G. All authors have read and agreed to the published version of the 
manuscript. 

Funding: The study was conducted as part of Stage I of the Lider XII research project entitled “Development of 
an insect protein feed for companion animals with diet-dependent enteropathies”, financed by the National 
Center for Research and Development (NCBiR) (LIDER/5/0029/ L-12/20/NCBR/2021). The article was funded by 
the Minister of Science under the Regional Initiative of Excellence Program. The funders had no role in the study 
design, data collection and analysis, decision to publish, or preparation of the manuscript. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are presented in the article or supplementary materials. 

Acknowledgments: The authors would like to thank Marzena Barasińska of the Department of Veterinary 
Prevention and Feed Hygiene, Faculty of Veterinary Medicine, University of Warmia and Mazury in Olsztyn, 
for administrative support during the project. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 May 2025 doi:10.20944/preprints202505.2237.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.2237.v1
http://creativecommons.org/licenses/by/4.0/


 17 of 19 

 

References 

1. Van Huis, A. Insects as food and feed, a new emerging agricultural sector: A review. J. Insects Food Feed 
2020, 6, 27–44. https://doi.org/10.3920/JIFF2019.0017 

2. Raheem, D.; Raposo, A.; Oluwole, O.B.; Nieuwland, M.; Saraiva, A.; Carrascosa C. Entomophagy: 
Nutritional, ecological, safety and legislation aspects. Food Res. Int. 2019, 126, 108672. 
https://doi.org/10.1016/j.foodres.2019.108672 

3. Montanari, F.; Pinto de Moura, A.; Cunha, L.M. Production and Commercialization of Insects as Food and 
Feed; Springer: Cham, Switzerland, 2021. https://doi.org/10.1007/978-3-030-68406-8 

4. European Food Safety Authority (EFSA). Scientific opinion on the safety of dried yellow mealworm 
(Tenebrio molitor larva) as a novel food pursuant to Regulation (EU) 2015/2283. EFSA J. 2021, 19, e06343. 

5. Stull, V.; Patz, J. Research and policy priorities for edible insects. Sustain. Sci. 2020, 15, 1–9. 
https://doi.org/10.1007/s11625-019-00709-5 

6. Frooninckx, L.; De Smet, J.; Van Miert, S. The need for dedicated pilot plant infrastructure for insect rearing 
and processing: A case study from Belgium. J. Insects Food Feed. 2024, 10, 1725–1740. 
https://doi.org/10.1163/23524588-20230032 

7. Gambelli, D.; Vairo, D.; Zanoli, R.; Alleweldt, F. Future scenarios of the sector of insects as food and feed 
in Europe. J. Insects Food Feed 2024, 10, 1–20. https://doi.org/10.1163/23524588-00001108 

8. Williams, J.; Williams, J.; Kirabo, A.; Chester, D.; Peterson, M. Nutrient content and health benefits of 
insects. In Insects as Sustainable Food Ingredients; Dossey, A.T., Morales-Ramos, J., Rojas, M.G., Eds.; 
Academic Press: San Diego, CA, USA, 2016; pp. 61–84. https://doi.org/10.1016/B978-0-12-802856-8.00003-X 

9. Reverberi, M. Edible insects: Cricket farming and processing as an emerging market. J. Insects Food Feed 
2020, 6, 345–356. https://doi.org/10.3920/JIFF2019.0052 

10. Glover, D.; Sexton, A. Edible Insects and the Future of Food: A Foresight Scenario Exercise on 
Entomophagy and Global Food Security; University of Sheffield: Sheffield, UK, 2015. 

11. Garcia-Vaquero, M.; García, C.Á. Insects as Food and Feed Ingredients: Technological Improvements, 
Sustainability, and Safety Aspects; Elsevier: Amsterdam, The Netherlands, 2023. 

12. Imathiu, S. Benefits and food safety concerns associated with consumption of edible insects. NFS J. 2020, 
21, 1–13. https://doi.org/10.1016/j.nfs.2019.11.002 

13. Grasso, S.; Bordiga, M. Edible Insects Processing for Food and Feed: From Start-Ups to Mass Production; 
CRC Press: Boca Raton, FL, USA, 2023. https://doi.org/10.1201/9781003165729 

14. Aigbedion-Atalor, P.O.; Fening, K.O.; Adeyemi, A.O.; Idemudia, I.; Ojukwu, K.C.; Nwobodo, M.A.; 
Sunday, O.; Isiogu, N.C; Oke, A.O. Regenerative edible insects for food, feed, and sustainable livelihoods 
in Nigeria: Consumption, potential and prospects. Future Foods 2024, 9, 100309. 
https://doi.org/10.1016/j.fufo.2024.100309 

15. Heidari-Parsa, S. Determination of yellow mealworm (Tenebrio molitor) nutritional value as an animal and 
human food supplementation. Arthropods 2018, 7, 124–137. 

16. Bordiean, A.; Krzyżaniak, M.; Aljewicz, M.; Stolarski, M.J. Influence of different diets on growth and 
nutritional composition of yellow mealworm. Foods 2022, 11, 3075. https://doi.org/10.3390/foods11193075 

17. Ravzanaadii, N.; Kim, S.H.; Choi, W.H.; Hong, S.J.; Kim, N.J. Nutritional value of mealworm, Tenebrio 
molitor, as a food source. Int. J. Ind. Entomol. 2012, 25, 93–98. https://doi.org/10.7852/ijie.2012.25.1.093 

18. Syahrulawal, L.; Torske, M.O.; Sapkota, R.; Næss, G. Improving the nutritional values of yellow mealworm 
(Tenebrio molitor) as an animal feed ingredient: A review. J. Anim. Sci. Biotechnol. 2023, 14, 45. 
https://doi.org/10.1186/s40104-023-00945-x 

19. Hong, J.; Han, T.; Kim, Y.Y. Mealworm (Tenebrio molitor larvae) as an alternative protein source for 
monogastric animals: A review. Animals 2020, 10, 2068. https://doi.org/10.3390/ani10112068 

20. Moruzzo, R.; Riccioli, F.; Espinosa Diaz, S.; Secci, C.; Poli, G. Mealworm (Tenebrio molitor): Potential and 
challenges to promote circular economy. Animals 2021, 11, 2568. https://doi.org/10.3390/ani11092568 

21. Sangiorgio, P.; Verardi, A.; Dimatteo, S. Valorisation of agri-food waste and mealworm rearing residues 
for improving the sustainability of Tenebrio molitor industrial production. J. Insects Food Feed 2022, 8, 625–
637. https://doi.org/10.3920/JIFF2021.0101 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 May 2025 doi:10.20944/preprints202505.2237.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.2237.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 19 

 

22. Heckmann, L.H.; Andersen, J.L.; Gianotten, N. Sustainable mealworm production for food and feed. In 
Insects as Sustainable Food Ingredients; Springer: Cham, Switzerland, 2018; pp. 341–356. 
https://doi.org/10.1007/978-3-319-74011-9_19 

23. Derler, H.; Lienhard, A.; Berner, S.; Grasser, M.; Posch, A.; Rehorska R. Use them for what they are good 
at: Mealworms in circular food systems. Insects 2021, 12, 40. https://doi.org/10.3390/insects12010040 

24. Jensen, L.D.; Miklos, R.; Dalsgaard, T.K. Nutritional evaluation of common (Tenebrio molitor) and lesser 
(Alphitobius diaperinus) mealworms in rats and processing effect on the lesser mealworm. J. Insects Food Feed 
2019, 5, 239–251. https://doi.org/10.3920/JIFF2018.0048 

25. Zhang, X.; Tang, H.; Chen, G.; Qiao, L.; Li, J.; Liu, B.; Liu Z.; Li, M.; Liu, X. Growth performance and 
nutritional profile of mealworms reared on corn stover, soybean meal, and distillers’ grains. Eur. Food Res. 
Technol. 2019, 245, 281–290. https://doi.org/10.1007/s00217-019-03336-7 

26. Oonincx, D.G.; de Boer, I.J.M. Environmental impact of the production of mealworms as a protein source 
for humans – A life cycle assessment. PLoS ONE 2012, 7, e51145. 
https://doi.org/10.1371/journal.pone.0051145 

27. Gałęcki, R.; Hanuszewska-Dominiak, M.; Kaczmar, E. Edible insects as a source of dietary protein for 
companion animals with food responsive enteropathies–perspectives and possibilities. Polish Journal of 
Veterinary Sciences 2024, 309-318. 

28. International Platform of Insects for Food and Feed (IPIFF). IPIFF Guidance on Insect Welfare during 
Transport and Storage; IPIFF: Brussels, Belgium, 2019. 

29. Underwood, W., & Anthony, R. AVMA guidelines for the euthanasia of animals: 2020 edition. Retrieved on 
March, 2013(30), 2020-1. 

30. AOAC International. Official Methods of Analysis of AOAC International, 19th ed.; AOAC International: 
Gaithersburg, MD, USA, 2012. 

31. Rumpold, B.A.; Schlüter, O.K. Nutritional composition and safety aspects of edible insects. Mol. Nutr. Food 
Res. 2013, 57, 802–823. https://doi.org/10.1002/mnfr.201200735 

32. Broekman, H.; Knulst, A.C.; den Hartog Jager, C.F.; Houben, G.F.; Verhoeckx, K.C.M. Is mealworm or 
shrimp allergy indicative for food allergy to insects? Mol. Nutr. Food Res. 2017, 61, 1600737. 
https://doi.org/10.1002/mnfr.201601061 

33. Bosch, G.; Zhang, S.; Oonincx, D.G.; Hendriks, W.H. Protein quality of insects as potential ingredients for 
dog and cat foods. J. Nutr. Sci. 2014, 3, e29. https://doi.org/10.1017/jns.2014.23 

34. Oonincx, D.G.; van Broekhoven, S.; van Huis, A.; van Loon, J.J. Feed conversion, survival, development, 
and composition of four insect species on diets composed of food by-products. PLoS ONE 2015, 10, 
e0144601. https://doi.org/10.1371/journal.pone.0144601 

35. Borrelli, L.; Coretti, L.; Dipineto, L.; Bovera, F.; Menna, F.; Chiariotti, L.; Nizza, A.; Lembo, F.; Fioretti, A. 
Insect-based diet, a promising nutritional source, modulates gut microbiota composition and SCFAs 
production in laying hens. Sci. Rep. 2017, 7, 16269. https://doi.org/10.1038/s41598-017-16560-6 

36. Waldron, M. The role of fatty acids in the management of osteoarthritis. Nutrients 2022, 14, 3362. 
https://doi.org/10.3390/nu14163362 

37. Schumann, J.; Basiouni, S.; Gück, T.; Fuhrmann, H. Treating canine atopic dermatitis with unsaturated fatty 
acids: The role of mast cells and potential mechanisms of action. J. Anim. Physiol. Anim. Nutr. 2014, 98, 1013–
1020. https://doi.org/10.1111/jpn.12181 

38. Bauer, J.E. The essential nature of dietary omega-3 fatty acids in dogs. J. Am. Vet. Med. Assoc. 2016, 249, 
1267–1272. https://doi.org/10.2460/javma.249.11.1267 

39. Brown, S.A.; Finco, D.R.; Brown, C.A. Is there a role for dietary polyunsaturated fatty acid supplementation 
in canine renal disease? J. Nutr. 1998, 128, 2765S–2767S. https://doi.org/10.1093/jn/128.12.2765S 

40. Ahlstrøm, Ø.; Krogdahl, A.; Vhile, S.G.; Skrede, A. Fatty acid composition in commercial dog feeds. J. Nutr. 
2004, 134, 2145S–2147S. https://doi.org/10.1093/jn/134.8.2145S 

41. Kanjilal, S.; Kaki, S.S. Antimicrobial activities of fatty acids and their derivatives. In Medicinal Chemistry of 
Fatty Acids; Royal Society of Chemistry: Cambridge, UK, 2019; pp. 457–478. 
https://doi.org/10.1039/9781788012638-00457 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 May 2025 doi:10.20944/preprints202505.2237.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.2237.v1
http://creativecommons.org/licenses/by/4.0/


 19 of 19 

 

42. Gasco, L.; Biagini, S.; Lupi, D. Insect and fish by-products as sustainable alternatives to conventional animal 
proteins in dog and cat diets. Ital. J. Anim. Sci. 2020, 19, 730–738. 
https://doi.org/10.1080/1828051X.2020.1743209 

43. Purschke, B.; Brüggen, H.; Scheibelberger, R.; Jäger, H. Effect of pre-treatment and drying method on 
physico-chemical properties and dry fractionation behavior of mealworm larvae (Tenebrio molitor L.). Eur. 
Food Res. Technol. 2018, 244, 269–280. https://doi.org/10.1007/s00217-017-2953-8 

44. Meléndez Rodríguez, B. Development and characterization of monolayers and multilayers based on biodegradable 
materials derived from waste and by-products of interest in food packaging. Ph.D. Thesis, Universitat Politècnica 
de València, Valencia, Spain, 2022 

45. Recupido, F.; Lama, G.C.; Steffen, S.; Dreyer, C.; Dreyer, K. Efficient recycling pathway of bio-based 
composite polyurethane foams via sustainable diamine. Ecotoxicol. Environ. Saf. 2024, 240, 114127. 
https://doi.org/10.1016/j.ecoenv.2023.115758 

46. FEDIAF. FEDIAF Nutritional Guidelines for Dogs and Cats 2024. Available online: 
https://europeanpetfood.org/wp-content/uploads/2024/09/FEDIAF-Nutritional-Guidelines_2024.pdf 
(accessed on 25 April 2025). 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 May 2025 doi:10.20944/preprints202505.2237.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.2237.v1
http://creativecommons.org/licenses/by/4.0/

