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Abstract

This thesis aims to explore the use of two emerging technologies, the Instant Controlled Pressure
Drop (DIC) and the Pulsed Electric Fields (PEF), as pretreatments for yellow mealworms
transformation in a biorefinery concept. The impacts of these technologies on larval microbial
decontamination, mortality (killing), enzymatic browning, mechanical pressing for defatting and
dewatering, and drying processes were investigated. Conventional blanching in hot water was used
as a control for comparison.

Results showed that DIC and PEF were both efficient killing methods. The application of DIC
treatment at 0.3 MPa resulted in the reduction of the total viable count (TVC) and yeasts and molds
counts (YMC) to levels below the established European standards with decimal reduction times of
3.8 sand 3 s for TVC and YMC, respectively. Conventional blanching at 90°C for 360 s also
reduced the counts, but with slower decimal reduction times of 67.8 s and 57 s, respectively.
However, PEF treatment was not successful in reducing the initial microbial load of the larvae.
Moreover, the DIC treatment resulted in a marked improvement in the brightness of the larval juice
color which may be attributed to the inactivation of oxidative enzymes, whereas the juice color of
blanched, PEF-treated, and untreated larvae was much darker. Blanching followed by hydraulic
pressing resulted in a 68% pressing yield, a 48% recovery of the initial protein content, and a press
cake with 14.7% lipids/db and 45% dry matter. DIC and PEF both seem to improve this outcome,
but each in a different way. Increasing DIC treatment pressure from 0.15 to 0.45 MPa reduced the
pressing yield from 68 to 55%, which is believed to be caused by protein aggregation and
denaturation, confirmed by fluorescence spectroscopy analysis. As a result of the reduced pressing
yield, more proteins were retained in the press cake, resulting in a high protein recovery of 78%
and a press cake with 55% dry matter and 12% lipids/db. On the other hand, PEF treatment
increased the pressing yield of larvae up to 78% resulting in a higher protein loss in the pressing
juice, with a protein recovery of 43%. The press cake generated had 54% dry matter and with 14%
lipids/db.

PEF was found to be the best method that preserves protein quality, followed by blanching then
DIC. Moreover, compared to blanched larvae, DIC treatment reduced drying shrinkage and
improved water diffusivity. Additionally, the treatment increased the specific surface area of the
dried meal by up to 125% and resulted in a more uniform particle size distribution, both of which
improve the end product's quality. PEF treatment also accelerated drying compared to blanching
but still lags behind DIC in terms of drying kinetics and water diffusivity. PEF was found to be
the most energy-efficient treatment (21.7 kWh/t), followed by blanching (61.7 kWh/t) and DIC
(111 kWht).

Keywords: Tenebrio molitor; larvae; blanching; DIC; PEF; decontamination; pressing; drying.



Résumé

Cette theése vise a explorer l'utilisation de deux technologies émergentes, la Détente Instantanée
Controlée (DIC) et les Champs Electriques Pulsés (CEP), comme prétraitements pour la
transformation des vers de farine dans un concept de bioraffinerie. Les impacts de ces technologies
sur la décontamination microbienne des larves, la mortalité (mise a mort), le brunissement
enzymatique, le pressage mecanique pour la delipidation et la deshydratation, et le sechage des
larves ont été étudiés. Le procédé conventionnel de blanchiment a I'eau chaude a éte utilise comme
référence pour la comparaison.

Les résultats ont montré que la DIC et les CEP sont deux techniques efficaces pour la mise a mort
des larves. L application de la DIC a 0,3 MPa a entrainé une réduction de la flore aérobie totale et
du nombre des levures et moisissures en dessous des seuils fixés par les directives Européennes
avec des temps de réduction décimale de 3,8 s et 3 s, respectivement. Le blanchiment
conventionnel & 90°C pendant 360 s a également réduit efficacement le nombre de contaminants,
mais avec des temps de réduction décimale plus lents de 67,8 s et 57 s, respectivement. En
revanche, CEP n'a pas permis de réduire la charge microbienne initiale des larves. Par ailleurs, la
DIC a entrainé une amélioration de la clarté du jus de larves, tandis que la couleur du jus des larves
blanchies, traitées par CEP et non traitées était beaucoup plus foncée. Ce résultat pourrait étre
attribué a l'inactivation des enzymes oxydatives par DIC. Le blanchiment suivi d'un pressage a
permis d'obtenir un rendement en jus de 68%, une récupération de 48% des protéines et un tourteau
contenant 14,7% de lipides/MS et 45% de matiére séche. La DIC et les CEP semblent toutes les
deux améliorer ce reésultat, mais d’une maniére différente. Pour la DIC, l'augmentation de la
pression appliquée de 0,15 a 0,45 MPa a réduit le rendement de pressage de 68 a 55 %. Cette baisse
de rendement pourrait étre attribuée a I'agrégation et la dénaturation des protéines comme il a été
montré par spectroscopie de fluorescence. En conséquence, il en résulte une meilleure rétention
des proteines dans le gateau (78% des protéines) et 1’obtention d’un gateau avec 55% de MS dont
12% de lipides/MS. En revanche, le traitement par les CEP a augmenté le rendement de pressage
des larves jusqu'a 78 %, entrainant une perte de protéines plus élevée dans le jus (une récupération
de 43 % des protéines), et génere un gateau avec 54% de MS dont 14% de lipides/MS.

Les analyses ont montré que le CEP est le traitement qui préserve le mieux la qualité des protéines,
suivi du blanchiment puis de la DIC. En outre, la DIC a amélioré la diffusivité de I'eau et a limité
le rétrécissement de la taille des larves durant le séchage. De plus, elle a entrainé une augmentation
de 125% de la surface spécifique de la farine d’insectes obtenue avec une distribution de taille de
particules plus uniforme, ce qui améliore la qualité du produit final. Le traitement par CEP a aussi
amélioré le séchage par rapport au blanchiment, mais reste moins efficace que la DIC. Enfin, le
traitement par CEP est le moins énergivore (21.7 kWh/t), suivi par le blanchiment (61.7 kWh/t) et
la DIC (111 kWht).

Mots-clés : Tenebrio molitor ; larves ; blanchiment ; DIC ; CEP ; décontamination ; pressage ;
séchage.
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General Introduction

General Introduction

The combination of population growth and climate change is exacerbating concerns about food
security worldwide, particularly regarding conventional protein sources. The increasing demand
for protein, in addition to the harmful environmental effects of animal agriculture such as
deforestation, land use alteration, and water and air pollution, are making conventional protein
sources less viable. Therefore, it is essential to find new sources of sustainable protein that can
meet the growing population’s nutritional needs without exhausting the Earth's resources (Lange
and Nakamura, 2021; van Huis, 2013). Some potential alternatives include plant-based protein
sources, single-cell proteins such as mycoprotein, yeasts, fungi, bacteria, photosynthetic
microalgae, and cyanobacteria, macroalgae, cell-based meat, and edible insects. These alternatives
have the potential to provide the necessary nutrients while minimizing the environmental impact
of protein production (Green et al., 2022; Lahteenmaki-Uutela et al., 2021).

Insects are a highly sustainable source of protein, as they can be farmed using the “circular
economy" concept, which involves converting agricultural by-products into protein and fat. Insect
farming not only reduces waste but also requires minimal resources such as land and water, and
generates less greenhouse gas emissions compared to traditional livestock production making it a
more sustainable option (Gasco et al., 2020). Additionally, insects are a highly nutritious source
of food, rich in protein, essential amino acids (EAA), fat, and fiber (chitin). They are also rich in
vitamins and essential nutrients such as zinc, iron, and calcium (Rumpold and Schliiter, 2013).

However, in Western cultures, insects are not a traditional food source, hence, processing them in
a manner that is easy to consume and familiar to consumers may help increase their acceptance as
a food source. This can be done by incorporating them into familiar products such as burgers,
pasta, bread, protein bars etc. This will not only help increase acceptance but also generate a safe
product, and often make the nutrients more accessible (Zuk-Gotaszewska et al., 2022).

Insect processing includes traditional methods such as grinding, baking, roasting, pressing, and
oven-drying. However, recently some emerging technologies are being applied to different
biomass matrices (fruits, vegetables, algae, sea products, etc..) transformation chains including
high-pressure processing (HPP), cold atmospheric pressure plasma (CAPP), ultrasound (US),
instant controlled pressure drop (DIC), pulsed electric field (PEF), supercritical CO2 extraction,
and extrusion. These technologies are still being developed and tested, but they have demonstrated
encouraging results in enhancing the transformation process, including intensifying transfer
phenomena (pressing, diffusion, drying), as well as improving the characteristics of the final
product, such as texture, taste, and safety while preserving the nutritional value of products.
Additionally, these technologies can be used to extend the shelf-life of the transformed products,
which can facilitate their commercialization and distribution (Ojha et al., 2021; Parniakov et al.,
2022). There has been limited exploration into the potential use of emerging technologies for
processing insects, making it necessary to conduct further investigation on this matter.
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General Introduction

In such context, this thesis aims to explore the application of two emerging technologies: Pulsed
Electric Field (PEF) and Instant Controlled Pressure Drop (DIC), to the insect processing chain to
improve the quality of the final products while reducing costs. Pulsed Electric Field (PEF)
technology is a non-thermal treatment that uses short-duration electric pulses to create membrane
electropermeabilization, a process where the electric field causes damage to the cell membrane,
which enhances different transfer pnenomena while preserving the quality and nutritional value of
the food (Vorobiev and Lebovka, 2020). Instant Controlled Pressure Drop (DIC), on the other
hand, is a high-temperature/short-time treatment that involves applying high pressure for a short
time and instantly reducing the pressure to below the atmospheric pressure resulting in immediate
auto-vaporization of water and some volatile molecules, instant cooling of the sample, and often
expansion and texturing of the product, all of which improves unit operations and final product
quality (Allaf and Allaf, 2014).

The goal of this study is to identify cost-effective solutions that can improve the yield and quality
of the final products, while also enhancing the overall efficiency of the processing chain. The
research also includes an analysis of the economic and energetic impacts of implementing these
technologies in the insect industry. Ultimately, the findings of this thesis will provide valuable
insights and recommendations for the insect industry to improve its production process and
increase its competitiveness in the market.

The thesis is divided into four chapters that include six articles that have been either published or
submitted for publication in academic journals. Each chapter focuses on a specific aspect of the
research. These chapters are designed to provide a logical and coherent structure to the thesis, and
they help to guide the reader through the various arguments and findings.

Chapter | of the thesis provides a comprehensive overview of the general characteristics of insects
and their importance as a food source, with a focus on the potential of edible insects to contribute
to global food security and environmental sustainability. The second part of this chapter delves
deeper into the topic of insect processing with Article 1, a review article that discusses the
transformation steps and technologies used to transform insects into edible products, the
advantages and limitations of each method, and the challenges and opportunities of the sector. This
chapter also includes a presentation of the DIC and PEF technologies.

Chapter Il consists of three articles aimed at exploring the use of Instant Controlled Pressure Drop
(DIC) technology for enhancing the transformation of yellow mealworms. Article 2 focuses on the
examination of microbial inactivation through DIC technology, Article 3 investigates the effects
of DIC on larval properties and hydraulic pressing for effective lipid extraction and water removal,
and finally, Article 4 explores the impact of DIC texturing on the drying process of larvae.

Chapter 111 focuses on the use of Pulsed Electric Field (PEF) technology to enhance the
processing of yellow mealworms and its impact on the final product's quality and efficiency. The

8



General Introduction

chapter includes two articles, with Article 5 centered on optimizing PEF conditions, and Article 6
examining the effects of PEF treatment on the false mortality of Tenebrio molitor larvae, as well
as the hydraulic pressing and air-drying processes.

Chapter 1V compares the energy consumption and effects on various aspects of larvae of the
emerging technologies, DIC and PEF, as well as the conventional method, blanching, which were
explored in chapters Il and 111. The goal is to provide a clear understanding of the overall benefits
and drawbacks of each treatment method.

And ultimately, a comprehensive general conclusion is provided that summarizes key findings,
draws implications, and identifies potential areas for further investigation.



Chapter I - Literature Review

Chapter I - Literature Review
I.1. Edible insects

I.1.1. Insects’ generalities

Insects are invertebrates with six legs, three body sections (a head, a thorax and an abdomen),
antennae and a cuticle, the exoskeleton. They have muscular, digestive, circulatory, respiratory,
nervous, glandular, and reproductive systems and are the most diverse group of animals on the
planet, with the largest number of species (Gullan and Cranston, 2010).

They are categorized as a class (Insecta) and divided into 29 orders. Based on their development
pattern, these orders may be divided into three groups: holometabolous, with complete
metamorphosis (i.e., larva, pupa, adult), hemimetabolous, with incomplete metamorphosis (i.e.,
nymphs with wing buds that appear as adults and have no pupal stage), and ametabolous, wingless
insects (i.e., no distinction between larvae and adults, no nymphs, with secondary wingless insects
not ametabolous).

The largest orders are the Lepidoptera (butterflies and moths), Coleoptera (beetles), Hymenoptera
(bees, ants, and wasps), and Diptera (true flies), which are all holometabolous. They are very large
groups, each one thought to have more than a million species (Figure 1.1). Coleoptera belongs to
the largest group of arthropods, which are the largest group of animals, and the animals have the
most species of any kingdom in the world's biota (Eggleton, 2020). Many anatomical features of
the body parts, particularly the mouthparts, legs, wings, and abdominal apex, are critical to
identifying higher groups within the hexapods, such as insect orders, families, and genera (Gullan
and Cranston, 2010).

Estimates of species richness (%)
o 25 50 75 100

il m

1 Prokaryotes
: <1% ¢
Animalia : *\*

0 25 50 75 100 Plantae

Subphylum ‘( w B

100

rustacea
eicerata
0 25 50 75
Order Coleoptera w ‘ t m t ” e
£ 12 0 — Others
[-—- Hemiptera
Hymenoptera
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Figure 1.1 An estimation of global biotic species richness for groups, expressed as a percentage of higher taxonomic
groups, at kingdom, phylum, subphylum, and order level, based on 2019 species estimates data (Eggleton, 2020)
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Chapter I - Literature Review

1.1.2. Global Food security and the need for alternative sources of protein

The Food and Agriculture Organization (FAO) of the United Nations forecasts that the world's
population will exceed 9 billion by 2050, requiring a huge increase in food production (United
Nations, 2015). While human population growth drives food demand, there is a parallel decrease
in available land resources required to generate this food, which also is likely to be aggravated by
global warming. Climate change will reduce the extent of land available for agriculture, thereby
exacerbating food insecurity, with low-income countries bearing the brunt of the impacts,
including an increase in poverty and malnutrition which will widen the food security gap between
high- and low - income countries (Lange and Nakamura, 2021).

The proportion of undernourishment, as a stand-alone indicator, fails to capture the complexity
and multidimensionality of food security. As per the FAQO's Declaration of the World Summit on
Food Security: “Food security exists when all people, at all times, have physical, social and
economic access to sufficient, safe and nutritious food to meet their dietary needs and food
preferences for an active and healthy life. The four pillars of food security are availability, access,
utilization and stability” (FAO, 2009). In other words, food security exists when food is available,
affordable, evenly distributed, and safe to consume (Lange and Nakamura, 2021). And food
availability comprises the availability of an average dietary energy supply, an average value of
food production, a share of dietary energy supply derived from grains, roots, and tubers, an average
protein supply and an average protein supply from animal sources (FAO et al., 2013). Since the
population is predicted to continue to grow rapidly, establishing food security, and especially a
sufficient protein supply, is a crucial worldwide priority (Lange and Nakamura, 2021).

Intensive agricultural practices, genetic selection, and, more recently, the development of
genetically modified organisms (GMOs) have all contributed to improvements in food production
systems. However, increasing yields through agricultural intensification often has a negative
impact on environmental sustainability and animal welfare. Besides that, little attention has been
given to expanding plant and animal food sources, which is particularly true for animal-derived
foods because the Western diet only incorporates a few animal species (Belluco et al., 2013). From
a "Western culture™ perspective, the animal kingdom is unscientifically classified into a few
categories, including animals that can be eaten, pests (insects, rats, and so on), pets, and others
(Harris, 1998). On the other hand, as numerous publications reporting on eating habits in various
nations have extensively reported, people worldwide consume thousands of insect species as food
(Belluco et al., 2013).

Entomophagy (i.e. insect consumption) may be a potential solution to the problem of global food
insecurity in terms of both the amount of food required to fulfill metabolic needs and the quality
and nutritional value of foods required to maintain health since they are a good source of protein,
vitamins and minerals needed for human health and wellbeing (Lange and Nakamura, 2021). Aside
from entomophagy, with global animal feed prices rising as availability declines, insects are seen
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Chapter I - Literature Review

as an intriguing alternative protein source that may be utilized as animal feed, replacing fish meal,
fish oil, and soybeans in aquaculture and animal diets (van Huis, 2013).

1.1.3. Edible insects farming

Insect species selected for large-scale production should have rapid growth, a high survival rate, a
high reproduction rate, a short development cycle, the capacity to live in high densities, and a low
vulnerability to pathogens (Gatecki et al., 2021). They should also be easy to breed, able to be fed
on a wide range of resources including waste from crop production and the agri-food industry as
well as have great nutritional properties for food and feed uses (Zuk-Gotaszewska et al., 2022).

Edible insects have the potential to play a significant part in the bioconversion of agri-food wastes,
the worldwide output of which is estimated to be 1.3 billion tons per year. They can readily convert
different sources of waste biomass and agri-food waste into nourishing products, which could close
nutrient cycles, reduce food production’s environmental impact, and lower production costs. The
selection of insect feed is heavily influenced by economic and logistical considerations (Zuk-
Gotaszewska et al., 2022). Several regulations have been implemented in the EU to ensure the
safety of animal feeds (Commission Regulation (EC) No0.1069/2009, 2009; Commission
Regulation (EU) No 142/2011, 2011; Commission Regulation (EU) No 1137/2014, 2014,
Regulation (EC) No 767/2009, 2009; Regulation (EC) No 999/2001, 2001). These regulations
establish feed safety requirements for the production of edible insects for human (EU, 2021) and
animal (EU, 2017) use. However, the implemented regulations severely limit the use of many
common foodstuffs as insect feed (Zuk-Gotaszewska et al., 2022).

1.1.4. Environmental sustainability and economic benefits

To feed the world's rising population, food production will need to increase significantly. Intensive
protein production in current livestock farming and crop production will place huge pressure on
limited natural resources such as energy, water, land, and oceans, and will lead to deforestation,
environmental degradation, and increased greenhouse gas emissions. Livestock production, in
particular, will contribute to these environmental concerns, since it accounts for around 70% of
global agricultural land usage. Edible insect farming is emerging as a cost-effective and
environmentally friendly alternative to conventional farming. Since insect farming includes
effective bioconversion of byproducts, as well as low feed conversion ratios, greenhouse gas
emissions, and land and water use (Figure 1.2) (Lange and Nakamura, 2021; van Huis, 2013; Yi et
al., 2013).
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Figure 1.2 Nutritional values and sustainability of mealworms and conventional food/feed. (A—D) The nutritional
value of a 100-g edible portion of mealworms compared with various livestock meats. (E-G) The comparative effect
of mealworms and livestock on the environment presented as water footprint per edible ton, global warming
potential (GWP) for each 1 kg edible portion, and land use for each 1 kg edible portion. (H) Essential amino acid
(EAA) comparison of mealworms and classic feeds such as soybean and fish meal (Grau et al., 2017)

1.1.4.1. Feed Conversion Ratio

Feed conversion ratio (FCR= mass of feed/ mass of weight gain) is extremely important since the
increased demand for meat results in a greater-than-proportional need for grain and high-protein
foods. FCRs differ considerably based on the type of animal and the techniques used to produce
the meat (van Huis, 2013). Crickets require less than 2 kg of feed for every 1 kg of body weight
gain, whereas chicken, pig, and beef require 2.5, 5, and 10 kg, respectively. Moreover, it is
estimated that up to 80% of a cricket may be consumed and digested, compared to 55% for hens
and pigs and 40% for cattle. This results in feed-to-meat conversion rates (mass of feed/mass of
edible meat) of 2.1, 4.5, 9.1, and 25 kg/kg edible weight for crickets, chickens, pigs, and cattle
respectively (Collavo et al., 2005; Nakagaki and Defoliart, 1991; Smil, 2002; van Huis, 2013).
Insects are most likely more efficient at converting feed to body mass than conventional livestock
because they are poikilothermic (cold-blooded) and thus do not invest metabolic energy in
maintaining a constant body temperature (Oonincx et al., 2010)

1.1.4.2. Greenhouse Gas and Ammonia Emissions

Published data estimated that livestock production accounts for 18% of greenhouse gas emissions
(van Huis, 2013). Methane and nitrous oxide generated by livestock husbandry, via enteric
fermentation and manure, are the leading causes of surface water eutrophication and soil
acidification. When measured in CO2 equivalents, beef has the biggest environmental effect (14.8
kg CO: eqg/kg of mass gain), followed by pigs (3.8 kg CO:z eq/kg), and chickens (1.1 kg CO2 eq/kg)
(van Huis, 2013). The greenhouse gas emissions associated with the farming of edible insects,
such as crickets, locusts and mealworm larvae, have been reported to be lower than pigs and cattle
(Oonincx et al., 2010).
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1.1.4.3. Land and water use

The world's growing population will require feeding on the same area of land that is currently
available. In this context, mealworms were found to use only 43% of the land needed to produce
one kg of edible animal protein as milk, and 10% of the land needed to produce beef meat (Oonincx
and de Boer, 2012).

It is anticipated that by 2025, about 1.8 billion individuals would be living in water-stressed areas.
Water scarcity will endanger biodiversity, agricultural productivity, and food production
worldwide. Agriculture consumes more than 70% of freshwater worldwide, and meat production,
in particular, requires large quantities of water (Lange and Nakamura, 2021). The volume of water
required to produce 1 kg of meat is estimated to be 15 415 L for beef, 5 988 L for pigs, 4 325 L
for chickens, and 4 341 L for mealworms. In terms of water usage per gram of protein, the
estimates are 112 L for beef, 57 L for pigs, 34 L for chickens and 23 L for mealworms (Miglietta
et al., 2015). The lower water consumption for insects can be attributed to their drought-resistant
nature, ability to feed on organic byproducts, and efficient FCRs, especially for species like the
yellow mealworm (Tenebrio molitor) and lesser mealworm (Alphitobius diaperinus) (van Huis,
2013).

1.1.5. Food safety implications

Potential consumer and animal health safety hazards should be addressed and controlled when
producing food/feed from edible insects and insect-based ingredients (van Huis, 2013). The lack
of food safety knowledge regarding the use of insects in food production is estimated to be a barrier
to the introduction and promotion of the use of insects in human diets in Western nations. Edible
insects, like other foodstuffs, may be associated with a variety of health risks, including allergens
as well as toxicological and biological hazards. Contaminant incidence and concentration in edible
insects are affected by insect species, harvest stage, feed substrate utilized, and production
processes.

1.1.5.1. Allergens

The risk for allergic reactions should be addressed for each novel food for human consumption,
including insects or insect-derived products. Food allergies are commonly (glyco)proteins. It is
reasonable to assume that products derived from insects will always contain proteins, as the insects
will act as novel protein sources, and some proteins found in edible insects, such as arginine kinase,
a-amylase, and tropomyosin, are considered to be allergens. Therefore, food derived from insects
may induce allergic reactions through de novo sensitization or cross-reaction, and the production
process may magnify allergenic activity by revealing hidden allergens or concentrating allergens
that are already present (EFSA, 2015). Furthermore, the presence of arthropod allergens such as
arachnids, crustaceans (lobster, shrimp, crab), myriapods, and insects may increase the likelihood
of insect allergies. Similarly, the allergens of mollusks and helminths are frequently extremely
similar to those of insects, which might lead to cross-allergies (Belluco et al., 2013; EFSA, 2015).
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More study on the risk of insect-based food triggering allergic responses in humans is needed to
protect consumer health.

1.1.5.2.  Microbiological Hazards

Edible insects can carry pathogenic microorganisms, representing a health concern to consumers.
The magnitude to which edible insects are infected depends on insect species, collection
techniques, hygiene measures, feed substrates, and handling and processing methods adopted in
insect preparation (Lange and Nakamura, 2021). Studies on fresh Zophobas morio, Tenebrio
molitor, Galleria mellonella, and Acheta domesticus revealed a high microbial charge (10° to 10°
cfu/g) on samples derived from closed-cycle farms. The microbial charge was mainly composed
of Gram-positive bacteria as fecal and total coliforms (e.g., Micrococcus spp., Lactobacillus spp.,
and Staphylococcus spp.). Salmonella spp. and Listeria monocytogenes were never detected in the
tested samples (Belluco et al., 2013).

The microbiological profile of fresh, processed (boiled or roasted), and stored (cold or ambient
temperature) mealworms and crickets were studied. Fresh insects were found to carry
Enterobacteriaceae and spore-forming bacteria that did not belong to pathogenic species. Boiling
for 5 min was sufficient to eliminate Enterobacteriaceae but not spore-forming bacteria, whereas
roasting is found to be insufficient for decontamination, it is proposed to be coupled with boiling.
Moreover, lactic acid fermentation was also found to inactivate Enterobacteriaceae and maintain
spore-forming bacteria stable at acceptable values. It is recommended that processed insects be
stored at 5 to 7 °C to inhibit spore development and product spoilage (Klunder et al., 2012). These
findings demonstrate that insect hygienic handling, processing and storage should be prioritized in
order to minimize potential risks of infection following their intake (Belluco et al., 2013).

Insects being taxonomically farther distant from humans than livestock, the chance of zoonotic
diseases being transmitted to humans and livestock is lower for insects than for birds and mammals
(van Huis, 2013).

1.1.5.3.  Antinutritional compounds

Antinutritional compounds are naturally occurring compounds in foods that might limit
macronutrient and micronutrient intake, digestion, absorption, and utilization, thereby causing
detrimental health effects in consumers. Antinutrients such as alkaloids, saponins, tannins, oxalate,
phytate, and hydrocyanide have been found in certain edible insect species (Lange and Nakamura,
2021). However, boiling and drying were shown to lower the concentration of three anti-nutritive
components (oxalates, tannins, and alkaloids) in the stinkbug Encosternum delegorguei, often
consumed in Zimbabwe. The EFSA panel, on the other hand, determined that house cricket
(Acheta domesticus) powder contained anti-nutritive factors (e.g., tannins, oxalic acid, phytic acid,
hydrogen cyanide, and trypsin inhibitors) comparable to those found in other common foods, and
thus concluded that consumption of this insect-based powder was not nutritionally detrimental
(Aguilar-Toala et al., 2022). A greater understanding of the types of antinutritional compounds
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found in various insect species, as well as ways for eliminating them is essential (Lange and
Nakamura, 2021).

1.1.5.4. Heavy metals

Low levels of heavy metals exposure, such as lead, cadmium, mercury, and arsenic, are known to
have toxic and detrimental health consequences in both humans and animals. Heavy metal
transmission from substrates (e.g., organic matter, plants) appears to be the most important route
of contamination for insects. Their occurrence and accumulation in insects are influenced by the
elements' properties and concentrations in the substrates, the insect species, and their growth phase.
Although data on the transfer of contaminants from diverse substrates to insects are scarce, we do
know that insects may accumulate heavy metals, particularly cadmium, from their substrates;
nevertheless, there is insufficient evidence on the food safety of insects in this regard.
Bioaccumulation of heavy metals is found to be less likely in insects with a short life cycle (with
limited repeated feeding on a contaminated substrate) than in insects reared over a longer period
(EFSA, 2015; Lange and Nakamura, 2021).

[.1.6. Nutritional Composition

Insects are a highly nutritious source of food, with high content of protein, fat, vitamins, minerals,
and fibers. The nutritional profile of the 1,900 edible insects so far recorded is highly variable
depending on the species, diet, metamorphic stage, habitat, and environmental circumstances
(Lange and Nakamura, 2021; van Huis, 2013).

Mealworms, for example, have a high protein level (13.68-22.32 g/100 g edible part wb) and fat
content (8.90-19.94 g/100 g edible part wb), as well as significant quantities of polyunsaturated
fatty acids. They are also a good source of zinc and magnesium, and can also be considered a
source of niacin, pyridoxine, riboflavin, folate, and vitamin B12 (Grau et al., 2017). Table 1
presents the average composition of five insect species in terms of moisture, fat, and protein based
on live weight (Yi et al., 2013).

Table 1.1 Proximate composition of five insect species on a live weight basis (mean + S.D., n =2) (Yi et al., 2013).

0,
Crude protein %) Other components (%)

Insects Moisture (%) Fat (%) (including chitin nitrogen) (e.q9., .cart.)s, minerals,
and vitamins)

Tenebrio molitor 635+1.8 9.9+1.0 19.1+13 75422

Alphitobius diaperinus  64.5+ 1.0 85+0.2 20.6 £0.1 6.4+1.0

Zophobas morio 59.9+54 16.0+£0.7 20.7+0.3 34+55

Acheta domesticus 70.8+2.0 36+04 21.5+0.5 41+21

Blaptica dubia 67.4+£21 7.7+0.1 19.3+0.9 56+2.3
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1.1.6.1. Amino acids profile and digestibility

The quality of insect protein with respect to human requirements is determined by amino acid
profiles and digestibility (van Huis, 2013). The larvae of A. diaperinus, T. molitor, and Z. morio
were found to have all of the essential amino acids in sufficient quantities for humans
(FAO/WHO/UNU, 1985; Yi et al., 2013).

Table 1.2 presents the amino acid composition and essential amino acid index of five insect species,
casein, and soybean protein, and the recommendation for EAA intake. Interestingly, the total
essential amino acid (EAA) content of A. diaperinus, T. molitor, and Z. morio was similar to that
of soybean protein but significantly lower than that of casein. Furthermore, the total of EAA for
A. domesticus and B. dubia was lower than for casein and soybean protein, nonetheless they were
present in sufficient quantities for human consumption (277 mg/g crude protein). The essential
amino acid index (EAAI) of A. diaperinus, T. molitor, and Z. morio were somewhat greater than
that of soybean but lower than that of casein, indicating that the quality of the insect protein for
these three insect species was equivalent to conventional food protein sources (Yi et al., 2013).
Additionally, mealworms' nutritional profile has been compared to livestock proteins, indicating
that mealworms have a much higher nutritional value than beef and chicken while being no less
nutritionally balanced (Grau et al., 2017)

Table 1.2 Amino acid composition of five insect species, casein, and soybean protein, the recommendation for
adults and the calculated essential amino acid index (Yi et al., 2013).

. 1985
unit _(mg/g crude . A'. T.' Z'. A . . Casein Soybean FAO/WHO
protein) diaperinus  molitor morio  domesticus  dubia JUNU
Essential amino
acid (EAA)

Histidine 34 29 31 21 23 32 25 15
Isoleucine 43 43 46 36 31 54 47 30
Leucine 66 73 71 66 56 95 85 59
Lysine 61 54 54 53 43 85 63 45
Methionine + 26 26 24 25 23 35 24 22
Cysteine
Phenylalanine + 120 100 111 92 93 111 o7 38
tyrosine
Threonine 39 39 40 35 32 42 38 23
Tryptophan 12 12 14 9 8 14 11 6
Valine 58 61 63 55 52 63 49 39
Sum of EAA

459 437 454 392 361 531 439 277

Non-essential

amino acid

Alanine 66 70 68 81 71
Arginine 54 54 54 65 46
Aspartic acid 83 80 82 73 67
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Glutamic acid 123 109 127 110 96
Glycine 46 50 48 51 53
Proline 56 66 56 54 48
Serine 40 44 42 38 34
Sum of total AA 927 910 931 864 776
EAAI 1.65 1.6 1.66 1.39 1.28 1.93 1.56

Yi et al., (2016) identified the proteins present in water-soluble (supernatant) and water-insoluble
(pellet) fractions of T. molitor insect. The most abundant proteins found in the supernatant fraction
were hemolymph proteins, the potential allergen alpha-amylase, two putative proteinases, and
stress-related proteins, as for the proteins found in the pellet fraction, they were mainly muscle
proteins including actin, tropomyosin, and troponin T.

Insect protein digestibility is believed to be high, with most species ranging between 80% and
90%. According to a comparative study of 17 insect species with fishmeal and soybean meal, Z.
morio, T. molitor, M. domestica, B. mori (pupae), and even the cockroach P. americana showed a
similar digestibility to fish meal (84.9 - 85.7%) and a little lower digestion than soybean meal
(95%).

The processing step can affect the quantity and quality of bioavailable protein by modifying the
nutritional profile of insects and the digestibility of their proteins. Pretreatment is defined as any
procedure performed on insects, from slaughter to their use as a substrate for in vitro hydrolysis
(Rodriguez-Rodriguez et al., 2022).

Leni et al., (2019) studied the impact of the slaughter method on the digestibility of H. illucens.
They have found that blanching improved the enzymatic digestibility of larvae, which they linked
to the inhibition of the enzymatic browning process that reduces amino acid loss, in addition to
that, it enhances enzymatic digestion because it probably denatures proteins, allowing digestive
enzymes to act on the unfolded polypeptide chain.

A comparison of protein digestibility of defatted meals and protein isolate from the same insects
revealed that protein digestibility was much greater in the protein isolate, which has been attributed
to the absence of chitin in this fraction, as chitin lowers digestibility (Séré et al., 2021). Different
heat processing techniques were applied to T. molitor larvae (vacuum-cooked, fried, boiled, and
baked for 15-30 min in an oven at 70 °C). When compared to control (uncooked) larvae, all
treatments (except frying) were found to significantly enhance protein digestibility (Caparros
Megido et al., 2018). Opstvedt et al., 2003 stated that excessively high temperatures can impair
protein digestibility by triggering amino acid reactions that interfere with enzymatic digestion.

Extrusion is a common feed processing method in animal nutrition that increases the nutritional
content of feed by destroying antinutritional factors and unwanted enzymes, enhancing feed
digestibility and increasing the solubility of dietary fibers. Extrusion's effect on insects is found to
be complex, it depends on species, degree of inclusion, pressure, temperature, humidity, and even
numerous interactions between these parameters (Rodriguez-Rodriguez et al., 2022).
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1.1.6.2. Chitin

Insect exoskeletons are made up of chitin, which consists almost entirely of fiber. Chitin is a
polysaccharide composed of glucosamine and N-acetylglucosamine which is embedded in a
scleroprotein matrix. It is neither digested nor absorbed in the small intestine and may have "anti-
nutritional™ properties due to its possible negative impacts on protein digestibility (Lange and
Nakamura, 2021; Rodriguez-Rodriguez et al., 2022).

Chitin represents around 10% of an insect's dry weight and varies according to insect species and
developmental stage. Purified chitin contains approximately 90% dietary fiber that is digestible by
humans. Chitin removal enhanced protein digestibility, amino acid content, protein efficiency
ratio, and net protein utilization, according to Ozimek et al., 1985. However, while chitin can be
considered indigestible, its digestibility is dependent on the enzyme package of the consuming
species, such as the presence of chitinolytic enzymes from bacteria located in the gastrointestinal
tract. Another noteworthy feature of exoskeleton chitin is that it can provide health advantages by
boosting the immune system, improving cardiovascular and intestinal health, lowering cholesterol,
and having wound-healing properties (Rodriguez-Rodriguez et al., 2022).

1.1.6.3. Fatty acid profile

The lipid content and fatty acid composition of insects are affected by species, feed substrate and
developmental stage. The fatty acid composition of edible insects appears to be comparable to that
of animal fats and vegetable oils. Table 3 represents the fatty acid profile of A. domesticus and T.
molitor, two edible insects. They have up to 77% unsaturated fatty acids (UFA): palmitoleic
(C16:1), margaroleic (C17:1), oleic (C18:1), linoleic (C18:2) and gadoleic (C20:1) acids, and 30%
saturated fatty acids (SFA): lauric (C12:0), myristic (C14:0), pentadecanoic (C15:0), palmitic
(C16:0), heptadecanoic (C17:0), stearic (C18:0), arachidic (C20:0) and behenic (C22:0) acids.
Linoleic acid, followed by oleic and palmitic acids, is the most abundant fatty acid in both insects.
T. molitor has a relatively higher total UFA content than A. domesticus (77.2% and 70.7%,
respectively) (Table 1.3).

The omega-3 polyunsaturated and other fatty acid composition of mealworms is found to be
equivalent to that of fish and greater than that of pigs and cattle, as for the omega-6/omega-3 fatty
acid ratio, it is influenced by insect diet (Otero et al., 2020).

Table 1.3 Fatty acid profile (9g/100g FAMESs) of A. domesticus and T. molitor insects (mean + S.D., n = 3) (Otero et

al., 2020).

FAME A. domesticus  T. molitor
12:0 0.07 £ 0.00 0.19 +0.03
14:0 1.28 £0.03 4.05 +0.04
15:0 0.17 £0.02 0.12+0.04
16:0 22.84 +0.27 16.66 + 0.09
16:1 1.69 +£0.07 3.01+0.11
17:0 0.13+0.02 0.11 +0.06
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17:1 0.05+0.02 0.17+0.01
18:0 4.65+0.12 1.57+0.04
18:1 20.91+0.24 34.26 £1.26
18:2 48.00 £ 0.39 39.85+1.23
20:0 0.15+0.02 0.05+0.01
20:1 0.04+0.01 0.04+0.01
22:0 0.03+0.00 0.01+0.00
XSFA 29.33+0.22 22.75+0.10
XMUFA 22.68 +£0.18 37.39 £1.27
2PUFA 48.00 + 0.39 39.85+1.23

1.1.6.4. Vitamins and minerals

There are significant differences in mineral content across edible insect species. They were
identified to have relatively high quantities of B complex vitamins (riboflavin, pantothenic acid,
and biotin), but low levels of vitamin C, calcium, sodium, and potassium. Vitamin B levels in
grasshoppers have been found to stay consistent throughout development, but vitamin A, C, D,
and E levels increase throughout life phases. Cricket powder has been shown to be high in
magnesium, zinc, and copper, whereas grasshoppers and mealworms were found to have copper,
magnesium, manganese, and zinc levels that are higher than those found in beef. This is highly
important since iron and zinc deficits are common in underdeveloped nations, particularly among
children and women of reproductive age, where around 2 billion individuals are zinc deficient, and
1 billion suffer from anemia. However, additional research is needed to assess the bioavailability
of iron and zinc from insects (Lange and Nakamura, 2021; van Huis, 2013).

|.2. Edible insects processing

1.2.1. The necessity of insect processing

The processing and incorporation of edible insects’ fractions into common consumer products
appear to promote entomophagy while also improving the nutritional composition of the insects.
Consequently, appropriate processing methods must be explored in order to enhance the marketing
of insect products.

In Western countries, consumer acceptance is found to be linked to extracting and purifying
proteins, and incorporating them into common food products such as bread, pasta chips protein
bars etc. Furthermore, nutrient extraction is an important step since it has been proven to increase
protein digestibility, and also high chitin concentrations may have an adverse effect on the
digestibility of insect-based products (van Huis, 2013; Zuk-Gotaszewska et al., 2022).

In recent years, the transformation of edible insects for food and feed purposes has gained
significant attention. The upcoming ‘Article 1: Edible insects’ transformation for feed and food
uses: an overview of current insights and future developments in the field’ is a review article
that was published in the Journal ‘Processes’ (https://doi.org/10.3390/pr10050970) and provides a
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comprehensive overview of various research and studies focused on extracting lipids, proteins,
and chitin from various insect species. It highlights the latest developments and research findings
in the field of edible insects.

1.2.2. Article 1: Edible insects’ transformation for feed and food uses: an
overview of current insights and future developments in the field

(The article is presented in the following pages)
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Abstract

The integration of insect-derived extracts in feed and food products has become a field of growing
interest in recent years. In this review, we collect different studies carried out on edible insects’
transformation processes and focus on the various treatment operations, extraction technologies,
and solvents used in different processing steps. We include an overview of current insights into
the different steps of the transformation process: insect reception, killing methods, pretreatments,
storage, delipidation, protein extraction, as well as chitin and chitosan extraction. Finally, we
reflect on the most important future challenges of this sector.

Keywords: edible insects; lipids; chitin; chitosan; proteins; extraction; biomolecules
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1. Introduction

Nowadays, generating sufficient food for the world’s population, which is expected to reach 9
billion by 2050, is one of the greatest challenges facing the food industry [1]. To meet this need,
new sustainable agricultural techniques for food production [2] as well as alternative sustainable
protein sources for the food and feed industries must be investigated [3]. In other words, there is a
massive need to change traditional farming practices and to find new protein sources that have
lower environmental impacts (e.g., water consumption, greenhouse gas emissions, etc.) [4] than
conventional sources (e.g., cattle, sheep, pig, and poultry livestock). In this regard, plant-based
meat alternatives, single-cell proteins (i.e., mycoprotein, yeasts, fungi, bacteria, photosynthetic
microalgae, and cyanobacteria), macroalgae (i.e., red seaweed), insects, and cultured meat are all
being explored as alternative proteins and future foods [5,6,7]. Among these alternative protein
sources, cultured meat has the highest environmental impact and cost due to high-energy
requirements for the medium and meat-growing processes, followed by mycoprotein-based food,
which has high-energy needs and agricultural feed-growing activities. Insect-based and soy meal-
based alternatives have the lowest impact, because of the use of efficient processing and growing
methods, as well as the usage of by-products and side streams [8].

The number of edible insect species consumed worldwide in 2017, at their different life stages, is
estimated to be around 2000, spread across Asia, Australia, Central, and South America, and
narrowly across Europe and North America [9]. However, insects are currently gaining attention
in Europe as a promising alternative protein source that can answer the growing demand for animal
protein products while being low cost, nutritious, safe, and environmentally friendly [10,11].

The most consumed insect species in the world, in decreasing order, are beetles (Coleoptera, 31%);
caterpillars (Lepidoptera, 17%); ants, bees, and wasps (Hymenoptera, 15%); grasshoppers and
locusts (Orthoptera, 13%); true bugs (Hemiptera, 11%); dragonflies (Odonata, 3%); termites
(Isoptera, 3%); flies (Diptera, 2%); cockroaches (Blattodea, 2%); others 3% [9]. Coleoptera,
Lepidoptera, and Diptera are mainly consumed in the larval stage, while Orthoptera, Blattodea,
Hymenoptera, Hemiptera, and Isoptera are consumed in the adult stage [2].

Entomophagy, i.e., the consumption of insects is frowned upon in most Western countries. It is
worthy to mention that most people are averse to the idea of eating insects and they link the practice
with primitive behavior. In addition to basic human perceptions, the origins of disgust may be
traced back to culture (i.e., “taste is culture”), which has a significant impact on eating habits. The
laws that define what is edible are impacted by culture, which is influenced by the environment,
history, community organization, human endeavor, mobility, and economical status [12]. On the
one hand, low levels of readiness and intention to try insects have been linked to the fear of trying
new foodstuffs (food neophobia) [13]. Curiosity, on the other hand, appears to be one of the most
powerful motivators for individuals to try insects, according to a recent study [14]. Hence, despite
being very nourishing, as well as rich in proteins, minerals, lipids, and vitamins, insects have been
found to be disliked, and commonly, not accepted as a human food source in most developed
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countries [15]; this psychological barrier to entomophagy acceptance is highly influenced by
metamorphological life-stage, type of gastronomic preparation, and level of insect visibility [16].

Therefore, to increase consumer acceptance, insect proteins can be extracted in the form of protein
flour, and “hidden” in familiar processed foods (such as bread, meat, pasta, and pizza) [17] or used
as a feed source for animals such as poultry, fish, and pigs (indirect entomophagy) [15].

Insect usage as an alternative food source is not only nutritious but also has a positive impact on
the environment and the economy [2]. Insect larvae can be raised by consuming agricultural bio-
waste and food waste, and converting them into protein and fat; this is the “circular economy”
concept [18]. The circular economy has become one of the most central concerns in the last decade,
emphasizing the development of sustainable and resource-efficient policies for long-term
socioeconomic and environmental advantages. The circular economy approach seeks to break the
linear pattern of production and consumption in industrial production systems by implementing
circular or “closing the loop” processes [19]. Thus, due to their ability to transform organic matter
into protein, insects can help to solve the problem of food waste [20]. Commercial insect rearing
is a viable method for reintroducing nutrients into the food chain in the form of protein-rich animal
feed, human food, and fertilizer [19]. However, insects can only be fed with substrates that are
eligible as feed materials for farmed animals, according to the animal by-products EU regulation
(1069/2009) [21].

Insect farming presents many other advantages over conventional livestock farming including
better feed-conversion efficiency, lower water pollution, higher reproduction rates, lower
greenhouse gas emissions, and minimal land area use. To produce the same protein quantity
obtained from 1 ha of mealworm, it requires 2 to 3.5 ha for chickens or pigs and 10 ha for cattle

[2].

Insects contain around 35-61% (DM) of protein and 15-40% of fats. They also contain fiber, non-
protein nitrogen, and ash, in no specific order, depending on the insect species (Figure 1) and
developmental stages [22]. Insect composition may vary within the same species, and these
variations can originate from many factors such as origin, processing treatments, measuring
methods, as well as some extrinsic factors such as feeding and rearing conditions [22,23].

The literature analysis shows a lack of reviews dealing with the transformation processes of edible
insects. In the current context marked by the growth of the insect transformation field, there is a
need for a review that brings together all of the published works. Moreover, it is essential to
provide to readers a document that covers all aspects of these works, as well as a critical analysis,
to open the door to future developmental opportunities based on the field’s challenges and areas
that require improvement. This review sheds light on the use of innovative and emerging
technologies in receiving, killing, pretreating, and processing edible insects to obtain extracts that
can be used in feed and food. Particularly, it focuses on comparing lipid, protein, and chitin
extraction, as well as transformation process methods from insects using different conventional
and emerging technologies.
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Figure 1. Average nutrient contents (%) (based on the dry matter) of edible insects belonging to the same order. n,
number of insect samples obtained from literature; NFE, nitrogen-free extract [22].

2. Transformation Processes for Edible Insects

1.1.

Raw Materials and Sample Preparation

The most commonly used edible insect species in protein extraction processes are presented in

Table 1.
Table 1. The most commonly used edible insect species in protein extraction processes.
Order Family Genus Species Common name Stage References
Tenebrionidae Tenebrio molitor Yellow mealworm Larvae [1,10,24-27]
Coleoptera Tenebrionidae Alphitobius diaperinus Lesser mealworm Larvae [15,25,28]
Tenebrionidae Zophobas morio Superworm Larvae [28]
. . Tropical house
Il I I . Adul 26,27
Gryllidae Gryllodes sigillatus cricket dult [26,27]
Orthoptera Acrididae Schistocerca gregaria Desert locust Adult [27,29]
Gryllidae Acheta domesticus House cricket Adult [15,26,28]
Gryllidae Gryllus bimaculatus  Two-spotted cricket Adult [24]
Blattodea Blaberidae Blaptica dubia Dubia cockroach Adult [15,28]
I . - Two-lined Velvet
Lepidoptera Sphingidae Clanis bilineata W?]a\;\rlllimotfw ve Larvae [30]
Bombycidae Bombyx mori Silkworm moth Pupae [24]
. . . . . . L
Diptera Stratiomyidae Hermetia illucens Black soldier fly arvae and [3,10,25]
prepupae
. . . L d
Hymenoptera Apidae Apis melifera Honey bee a;\;z;ea:n [29]
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Insects can be either collected in the wild, cultivated indoors, or issued as by-products from other
productions (e.g., Bombyx mori from silk production) [23]. In general, farmed insects are reared
in specific conditions, mainly by following a specific diet, aiming at achieving the highest feed
conversion ratio, reducing mortality, accelerating their development, and improving their
nutritional composition. They can be fed on plant resources (e.g., wheat, wheat bran, cereal, oats,
soy, rye, corn, chicken mash, and organic young wheat plants), fruits and vegetables (e.g., carrots),
microbial resources (e.g., beer yeast), premix, and NaCl [1,15,27,28,29]. By-products and organic
wastes can also be used in the diet as complements [31].

Upon collection, to clear their digestive tracts, insects should be fasted between 24 and 48 h, and
then sieved to separate them from frass before processing [10,15,27,28,29,32], yet this step is not
mandatory [33]. Afterward, many different ways of reception, storage, and pretreatments can be
applied to the insects before their transformation. Generally, insects are received from the supplier
alive, frozen, or dried (lyophilized, microwave dried, etc.), and then they are stored and pretreated
accordingly (Figure 2).
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Figure 2. Different methods of reception, storage, and pretreatments of edible insects.

If they are received alive, they should be stored at 4 °C until further processing (with or without
fasting). Fresh insects can be killed in various methods, including freezing with liquid nitrogen or
freezing at —20 °C and then grinding and freeze-drying, blanching in boiling water [3,28,30,34],
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or by applying pulsed electric fields (PEF) as both a killing method and a pretreatment at once
[35]. Alles et al. (2020) [32] studied the effect of PEF on insect larvae (Hermetia illucens) as a
killing method and a pretreatment to enhance drying rate and oil extraction. This study proved that
applying PEF as a pretreatment at high levels (>3 kV/cm, 5 kJ/kg) induced insects’ mortality and
increased oil yield slightly, and that levels of 2 to 3 kV/cm and 20 kJ/kg reduced drying time by
30%. Another study by Psarianos et al. (2022) [34] found that at 4.90 kJ/kg, PEF treatment
improved the functional properties of house cricket flour as well as the separation of interesting
molecules. The flour’s oil binding capacity, emulsifying capacity, and antioxidant activity were
increased by 19.53, 22.06, and 45.79%, respectively, while the extraction yields of protein and fat
were increased by 18 and 40%, respectively.

If insects are received in a lyophilized form, they should first be ground, and then transformed
[26]. If they are received after microwave drying, they should be stored at —40 °C until processing
[24]. When they are received frozen, either with liquid nitrogen or in a freezer, they should be
stored between —18 and —22 °C, and then pretreated. The pretreatment can be freeze-drying
followed by grinding or liquid nitrogen followed by grinding and freeze-drying. In all cases, the
samples should be stored at a very low temperature until use [1,10,15,24,25,27,29].

Leni et al. (2019) [3] studied the effect of two killing methods on the browning and the quality of
protein fraction of black soldier fly (BSF, H. Illucens) prepupae. By comparing the color of H.
Illucens killed by blanching and freezing, it was confirmed, visually and with absorbance
measurements, that the insects killed by freezing have a darker appearance than the blanched
insects. This is explained by the fact that steam-blanching inactivates the enzymes responsible for
color changing, thus, controlling the enzymatic browning. In addition, a comparison of the
intensity of some metabolites of H. Illucens prepupae killed by freezing and blanching was done.
This comparison showed that the samples killed by freezing exhibited numerous energy
metabolisms, including glucose hydrolysis, lactic acid synthesis, citric acid consumption, and
lipolysis. These transformations were not visible in samples killed by steam blanching because,
unlike freezing, blanching is a rapid killing method that results in the thermal inactivation of
enzymes involved in metabolic activities. Moreover, concerning the total amino acid profile, Leni
et al. (2019) [3] proved that killing by freezing induced partial degradation of Cys and Lys, which
was not seen in steam-blanched insects. Cys and Lys are essential amino acids that are associated
with the insect melanization process as well as protein aggregations. Thus, proteins from blanched
BSFs require less intense conditions for extraction and present a better nutritional profile than
frozen BSFs. Hence, blanching is found to be a better killing method than freezing since it results
in the inactivation of energy metabolisms and avoids browning.

Moreover, these facts reveal the importance of insect-killing methods in further processing steps
such as lipid and protein extractions and their incorporation in food and feed products as well as
the final product’s nutritional profile.
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In light of that, when implementing new pretreatment/killing techniques, their effect on the larval
enzymatic activities and energy metabolisms must be considered.

1.2.  Extraction Processes
1.2.1. Insect Delipidation

Before proceeding to protein extraction, fat removal is recommended for insects, as they generally
have a high lipid content. They can be primarily pressed either in a continuous screw press or in a
hydraulic discontinuous press, which removes part of their water and fat content [1,35], and then
they are dried and ground for further fat removal steps [1].

Defatting may be done in many ways; the most widespread methods are solvent extraction,
accelerated solvent extraction (ASE), Soxhlet extraction, Folch extraction, supercritical CO>
extraction, and aqueous extraction.

Solvents used for lipid solvent extraction are mainly hexane (100%), ethanol (99.5%), or a mixture
of hexane and isopropanol (ratio 3/2) [1,10,24,29,33,36]. This method (Figure 3) consists of
dissolving insect powder in the solvent 1:5 (w/v), and then stirring on a magnetic stirrer for 1 h.
After sedimentation, the solvent-fat mixture is decanted, and the whole process is repeated until
clarity of the solvent. Afterward, residual solvent is removed by evaporation overnight [10,29].
Alternatively, after dissolving insect powder in solvent, the mixture can be vortexed/shaken for 15
min, then centrifuged, and finally, solvent removal is done using a rotary evaporator, and the
remaining insoluble product is dried to a powder form by passing it through nitrogen gas. An
additional step of fine grinding of the defatted insect powder can produce defatted insect flour that
should then be stored at —20 °C until usage [36]. High hydrostatic pressure (HHP)-assisted fat
extraction was studied by Bolat et al. (2021) [37] on mealworm and cricket powders, to improve
the defatting process. The HHP study was carried out at a pressure of 500 MPa for 15 min at two
different temperatures, i.e., 30 °C and 40 °C, using the original powder/solvent ratio. According
to the findings, HHP and temperature seemed to have no influence on fat extraction; however, the
functional properties and antioxidant activities of the studied insects were significantly affected by
both parameters.

Amarender et al. (2020) [36] carried out a comparison study between defatting insects by solvent
extraction using hexane and ethanol. The results confirmed that ethanol, as compared with hexane,
resulted in a higher lipid extraction rate. Therefore, it is a good alternative, and it is also preferred
in the food industry over hexane since it is a green solvent. Alternatively, the influence of several
defatting solvents (aqueous, methanol, ethanol, and n-hexane) on the characteristics and functional
properties of isolated proteins from Protaetia brevitarsis larvae was studied by Kim et al. (2021)
[38]. In terms of protein functional qualities such as foam and emulsion characteristics, as well as
essential amino acid index, the findings suggested that hexane extract was the best solvent for
protein processing. Whilst ethanol extract had lower protein content, quality, and stability than
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hexane extract, foam and emulsion capacity were comparable to hexane extract after defatting with
ethanol.

Solvent 5:1 (viw)
(Hexane, Ethanol, or
Hexane : Isopropanol (3:2))

Insect Powder
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Figure 3. Flow diagram for fat solvent extraction.

An alternative intensified method of solvent extraction is accelerated solvent extraction (ASE) [1],
so-called pressurized solvent extraction (Figure 4). This process uses the same solvents previously
cited and it is performed under high pressure (up to 140 bars.) and at an elevated temperature (up
to 200 °C). The extractor is developed in a manner that it is capable of withstanding high pressures,
which allows an increase in temperature above the boiling point of the used solvent and maintains
the solvent in a liquid form at a high temperature. This method has several advantages such as
improved solvent diffusivity, less solvent consumption, accelerated operation time, as well as
higher extraction yield and rate [39].
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Figure 4. Schematic diagram of an accelerated solvent extraction (ASE) system [40].

Soxhlet extraction is one of the most often used methods for lipid extraction. It employs organic
solvents such as hexane, diethyl ether, petroleum ether, acetone, and ethanol. This is a specific
solvent extraction method usually performed in a Soxhlet apparatus for 6 h (Figure 5).
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Figure 5. Schematic diagram showing the Soxhlet extraction technique [39].
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Afterward, the residual solvent is evaporated either under a nitrogen N2 stream at a temperature
between 45 and 60 °C for 1.5 to 3 h (depending on the solvent) or using a rotary evaporator
[3,15,25-28].

A comparison study for the five organic solvents on ground cricket samples was carried out by
Ribeiro et al. (2019) [26] to determine the specific best conditions of Soxhlet fat extraction. The
quantity of extracted fat was determined gravimetrically. The results are reported in Table 2 and
indicated that: ethanol had the highest crickets’ fat extraction followed by acetone, with no
detected differences between diethyl ether, ether petroleum, and hexane. Mainly, crickets defatted
using ethanol had between 61.3% (G. sigillatus) and 70.1% (A. domesticus) less lipids than when
defatted using the other solvents. These results were comparable to a study conducted by Laroche
etal. (2019) [41], who concluded that the highest fat extraction rate (22.7% w/w) of A. domesticus
and T. molitor was produced by ethanol and that hexane was the least efficient solvent. However,
they also concluded that ethanol was less effective at extracting nonpolar fatty acids, according to
fatty acid profiles obtained by gas chromatography. Therefore, the defatting method should be
chosen based on the fat composition profile of the edible insects.

Table 2. Ether extract content (g/100 g DM = s.d.) of whole and defatted Acheta domesticus and Gryllodes sigillatus
determined with different solvents. **°*—Represents in each column homogeneous groups in accordance with the
Turkey’s test, within each cricket species (p < 0.050). Results are means of three (defatted) and four (whole)
replications [26].

Solvent A. domesticus G. sigillatus
Whole Defatted Whole Defatted
Acetone 246 +1.02° 47+199% 235+027° 5.8+1.93%®
Diethyl ether 208+ 1.17°¢ 44 +055%® 20.8+0.96°¢ 6.5+228°
Ethanol 28.2+163°2 1.4+0.74%2 284+1.10° 2.3+0.65%
Ether petroleum 21.3+031°¢ 41+0.66%® 20.2+0.36 ¢ 6.9+0.50°
Hexane 189+1.65° 55+247° 20.8+0.97°¢ 46+1.02%

Regarding the Folch extraction, it consists of diluting the insects with dichloromethane/methanol
(1:1, v/v), and then shaking the mixture for 20 s. After that, it is sonicated for 10 min before being
shaken on a rotary shaker for 2 h. Next, a specific quantity of demineralized water is added to
induce phase separation, and the mixture is centrifuged for 20 min. At this point, an upper phase
with non-lipid compounds and a lower phase containing lipids with the organic solvents are
obtained (Figure 6). The upper phase is removed using a glass pipette and the lower one is filtered
using a paper filter. Later, the organic solvents are evaporated in a rotary evaporator [15].
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Figure 6. Workflow according to the Folch’s extraction method [42].

Moreover, supercritical CO, (SC-COy) fat extraction (Figure 7) is considered to be a promising
eco-friendly alternative to the conventional solvent extraction methods. This operation presents
several advantages such as safety because of the use of nonorganic solvents, high product quality
due to the moderated operating temperature (lower than 60 °C), an extract free of residues, and
selective extraction [43]. Wu (2012) studied the optimum conditions for supercritical CO; fat
extraction from Clanis bilineata. He concluded that the highest extraction yield (97%) for 20 g of
dried CB meat was achieved at a temperature and pressure of 35 °C and 25 MPa, respectively,
with a supercritical CO> flow rate of 20 L/min and in an extraction time of 60 min [44]. However,
Laroche et al. (2019) [41] proved that the SC-CO> extraction method, despite being sustainable,
was less efficient than Soxhlet extraction, and therefore, proposed its optimization using co-

solvents.
_ @
bl 5
BNC P i

R
e—Q ©
9 8 7

1-Extraction vessel, 2- Pressure reduction valve, 3-Vaporizer,
4-Separator, 5-Condenser, 6-Receiver, 7-Precooler, 8-Pump, 9-Preheater

Figure 7. General flow diagram of a supercritical fluid extraction process from solid material [39].

Finally, for the aqueous extraction, 200 g of frozen insects are dissolved in 600 mL of
demineralized water and mixed for 1 min. Afterward, the mixture is sonicated for 15 min, then
sieved through a 350 um stainless steel filter sieve, and centrifuged for 30 min at 4 °C. By this
stage, the mixture is divided into three phases: an upper lipid phase, the supernatant in the middle
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phase, and the pellet in the lower phase. The lipid phase undergoes a second centrifugation at 40
°C which results in another three phases: a transparent anhydrous lipid extract at the top, a thin
cream layer in the middle, and finally water and water-soluble compounds in the lowest phase
[15].

Tzompa-Sosa et al. (2014) [15] conducted a comparison study among Soxhlet lipid extraction
(SLE), Folch lipid extraction (FLE), and aqueous lipid extraction (ALE), on four insect species.
They calculated the extracted lipid content (g/100 g of fresh insects) for each method and compared
the yields (%) of aqueous and Soxhlet lipid extraction relative to Folch lipid extraction using the
following formulas: ALE/FLE and SLE/FLE (Table 3).

Table 3. Total lipid quantity extracted from four insect species after aqueous, Soxhlet, and Folch extraction
expressed on the basis of live weight. Extraction yields of aqueous and Soxhlet extraction relative to Folch
extraction (mean £ S.D., N = 3) [15].

Extracted Lipid (9/100 g Fresh Insects) Yield (%) Yield (%)
Aqueous Soxhlet Folch (ALE/FLE) (SLE/FLE)
T. molitor 7.8+044 127+248 129+028 60.3+04 98.4+24
A. diaperinus 55+1.04 10.7+058 94+10°B 58.3+14 1135+1.1
A. domesticus 1.6+0.1A 6.0+0.38 8.0+1.1° 19.2+1.1 748+1.1

B. dubia 3.1+034 76+0.28 75+0.38 409+04 100.5+0.4

Insect Species

Their results show that lipid extraction (g/100 g in fresh insects) of all species ranged between 1.6
and 7.8% for the ALE, between 6 and 12.7% for SLE, and between 7.5 and 12.9% for FLE.
Concerning the comparison to the Folch extraction method: SLE/FLE reached almost 100% for T.
molitor, A. diperinus, and B. dubia, and 74.8% for A. domesticus; regarding ALE/FLE, the values
were much lower (between 19 and 60.3%). These findings indicate that Soxhlet and Folch
extraction methods provide nearly the same lipid extraction efficiencies, with the highest quantities
extracted, which is not the case for the aqueous extraction [15].

In short, after insect pressing, which extracts a high amount of lipids and water in a low-energy
manner, solvent extraction is needed. Although ethanol has been found to be the most efficient
solvent for extracting lipids from insects, it is the least effective at extracting nonpolar fatty acids.
Therefore, combining a nonpolar and a polar solvent, such as hexane/ethanol and hexane/propan-
2-ol, might be a solution to improve the lipid extraction yield. When it comes to the SC-CO,
coupling it with a co-solvent such as ethanol might be a solution to improve its efficiency in an
environmentally friendly way.

1.2.2. Insect Protein Extraction

Insect proteins are extracted by diffusion in water either in an alkaline or an acidic environment,
possibly assisted by the sonication technique.

Alkaline aqueous extraction of the soluble proteins (Figure 8) consists of adding distilled water to
defatted insects and adjusting the pH of the solution to 10 using sodium hydroxide (0.1 or 1 N
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NaOH) with constant stirring (magnetic stirrer) and at a constant temperature (between 45 and 90
°C), from 30 min to 1 h, maintaining the pH at 10. Next, the solution is centrifuged, the supernatant
is collected [1] and undergoes isoelectric protein precipitation at pH 4.5 to 5, by adding 0.1 M of
hydrochloric acid (HCI) [27,29,33,45]. Re-extraction at either pH 2 [10] or pH 10 [33] of the pellet
followed by isoelectric precipitation might be conducted at this stage. Precipitated proteins from
both extractions are collected and go through another centrifugation, to be washed with distilled
water. The obtained proteins are frozen, freeze-dried, and then ground and preserved at low
temperature [1,10,27,33,45]. Sonication can be applied instead of the magnetic stirrer for a
sonication-assistant extraction [29].

NaOH
(pH 10)

Protein aqueous

Defatted Insect Flour X
extraction

Stirring Centrifugation

Distilled water

Re-extraction Pellet

Pellet Supernatant Supernatant

Isoelectric
precipitation

Freezing, Freeze-

Insect Protein Flour ing ¥ ooding

Centrifugation Collection

Figure 8. Schematic representation of insect protein extraction from defatted insect flour.

On the one hand, Zhao et al. (2016) [33] worked on finding the most optimal alkaline extraction
conditions for yellow mealworms. After a study based on the fractional factorial experimental
design, they found the following optimal conditions: 0.25 M NaOH solution as extraction solvent,
liquid/solid ratio of 15 mL/g, T=40°C,andt=1 h.

On the other hand, an acidic aqueous extraction was performed as an alternative method of aqueous
extraction. It consisted of adding ascorbic acid to the solution instead of NaOH followed by
vortexing and finally centrifuging. The supernatant and gel layer were collected, and a second
extraction was conducted on the pellet, followed by vortexing and centrifuging, to obtain a protein
extract, which was frozen and freeze-dried [36].
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Otherwise, proteins are extracted by sonication using an ultrasonic generator set to 20 kHz for 15
to 20 min, with 75% AMPL (amplitude), and pulsed every 3 s with equal resting intervals. Then,
samples are filtered using a stainless-steel filter of 1 mm, and filtrates are collected, freeze-dried,
and stored at cold for further usage [24,46]. The effect of the ultrasound-assisted process (UAP)
on the yield, functional, antioxidant, and molecular properties of protein isolated from Bombay
locusts (Patanga succinta L.) was studied by Kingwascharapong et al. (2021) [47]. They stated
that to avoid undesirable effects on the protein’s molecular structure, the right UAP condition
should be assessed. For Bombay locust, UAP at 60% amplitude for 20 min was identified as being
a good condition for protein extraction with minimal side effects.

Laroche et al. (2019) [41] conducted a study on the influence of the defatting methods on proteins
purity. This study proved that the lipid extraction method affected protein extraction and ethanol-
Soxhlet defatting produced a higher protein purity in A. domesticus as compared with other
solvents such as petroleum ether, ethyl acetate, hexane, and even as compared with supercritical
CO. extraction.

Buller et al. (2016) [10] indicated that during the protein extraction process, protein solubility was
extremely dependent on the pH. Usually, protein solubility of defatted insect flour is higher in pH
2 and 11, and it decreases as it approaches the isoelectric point (pl) around pH 4 (Figure 9) [27,33].
On this line, Amarender et al. (2020) [36] conducted a comparative analysis of the extraction of
defatted cricket proteins in an alkaline (NaOH) and an acidic solution (Ascorbic acid). The results
(Table 4) led to the following conclusion: extraction in an acidic medium (pH from 2 to 3) gave
an extract with higher protein content (69.69%) than the one issued from the extraction in an
alkaline medium of pH 13 (61.75%). This can be explained by the high solubility of cricket
proteins in an acidic solution rather than an alkaline solution. A study done by Brogan et al. (2021)
[48] determined that proteins can be successfully separated from insects through pH solubility
precipitation and that this method results in isolates with good nutritional and functional qualities.
100
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Figure 9. Protein solubility (%) with changes at pH 2-11. Tenebrio molitor (square), Gryllodes sigillatus (triangle),
and Schistocerca gregoria (circle) [27].
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Table 4. Extraction yield, true protein content, and extraction rate of protein from ethanol defatted cricket powder

[36].
sample Extraction Yield (%) of  True Protein  Extraction Rate of
P Defatted Cricket Powder (%) Protein (%0)
Defatted protein extract 87.75+ 1,532 69.69 82.95
(ascorbic acid)
Defatted protein extract 80.78 + 017 61.75 67 66

(NaOH)

The protein content of insects is generally determined using the Kjeldahl method. This method
gives the total nitrogen content, and then a protein-to-nitrogen conversion factor (Kp) of 6.25 is
used to calculate the protein content [1] (equivalent to 0.16 g nitrogen per gram of protein).
However, scientists have assumed that using the Kp factor of 6.25 has led to a large overestimation
of protein content and this is due to the presence of non-protein nitrogen (NPN) mainly as chitin-
bound nitrogen in the exoskeleton, nucleic acid, and inorganic nitrogen.

To avoid this overestimation, Janssen et al. (2017) [25] conducted a study on three insect species,
to calculate the Kp factors to be used for whole insect and protein extracts derived from insects.
First, they determined the exact protein content, by calculating the amino acid composition of
insects and concluding from it the total amino acid content, which is equivalent to the total true
protein content. Then, they calculated the adjusted Kp factors that should be used for insects to be
able to determine the true protein contents based on the nitrogen content using the Kjeldahl
method. They proposed to use an insect-specific Kp factor of 4.76 for protein content in the whole
larvae (Figure 10) and 5.60 for soluble proteins extracted from insects. The last one is significantly
higher than the Kp of the whole larvae and this is due to the elimination of NPN during the
extraction steps. In addition, the right estimation of protein content in the whole insect will lead to
an increase in protein extraction yield (%) due to the removal of initial protein overestimation.

Total N

A feo2s
' A\

Protein N

Kp=4.76
Other components
4 otein N
9

— %DW

Figure 10. Insect larvae nitrogen-to-protein conversion factors [25].

Kim et al. (2020) [49] studied the effect of protein extraction steps, i.e., grounding, defatting, and
extraction, on the essential amino acid composition and changes in protein qualities and
functionalities. They determined that the essential amino acid index (EAAI) increased during
extraction, and that protein functionalities such as foam capacity and stability increased as well,
which might be due to the removal of chitin and hydrophobic amino acids. They also indicated a
slight increase in the emulsion capacity and a decrease in emulsion stability with the extraction
steps for the most studied insect species. Moreover, Zielinska et al. (2018) [27] studied the water
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holding capacity (WHC g/g) and the oil holding capacity (OHC g/g). They noticed a higher WHC
as well as OHC in protein extracts than in whole insects. These results prove that protein extraction
is beneficial in improving protein qualities and functionalities of edible insects, and, these
properties, in addition to insects’ solubility in a wide pH range (Figure 9), are very important for
the use of protein extracts in food and feed applications.

This being said, protein extraction is often carried out in an extremely alkaline or acidic
environment, using HCIl, NaOH, and ascorbic acid, and could be enhanced by sonication.
However, natural alternatives to currently used chemicals, such as the use of ionic liquids (ILs),
notably natural deep eutectic solvents (NADES), should be considered.

1.2.3. Chitin and Chitosan Extraction

Chitin is a biopolymer found in the exoskeleton of arthropods (i.e., insects, arachnids, and
crustaceans). It is chemically a linear polymer of N-acetylglucosamine units, a cellulose derivative,
and classified into three types: a, B, and y [50,51]. Since it is insoluble in most solvents due to its
compact structure, chemical treatments are needed to obtain a more soluble substance called
chitosan [51].

Currently, chitin and chitosan are gaining high interest in various industrial fields such as the
chemical, pharmaceutical, and food industries. This attention is due to their antimicrobial,
emulsifying, thickening, and stabilizing properties, in addition to being biodegradable, non-toxic,
wound healing promoters, hemostatic, hypolipidemic, enhancers for the immune system, and most
importantly, very abundant in the environment [50,51].

A study carried out by Kaya et al. (2016) [50], revealed that insects’ chitin content increased
progressively with their developmental stages. Chitin contents of Vespa crabro (wasp) larvae,
pupa, and adult were found to be respectively 2.2, 6.2, and 10.3% (dry basis), which indicated that
an intense production in chitin takes place between the larvae and pupa stage.

Chitin is found in the exoskeleton in form of chitin nanofibrils wrapped with proteins, and the
chitin-protein fibers are incorporated in a protein-mineral matrix [52]. Thus, to obtain pure chitin,
an extraction process is required. Chitin is commonly isolated from entire insects or by-products
issued from the insect protein extraction process. [53].

Chemical chitin extraction consists of two essential steps: demineralization and deproteinization.
For demineralization, samples are treated with HCI at a high temperature, to remove minerals,
then, they are filtered/centrifuged and rinsed with distilled water several times. Sediments
collected from the previous step undergo the deproteinization step: they are heated in NaOH to
remove proteins, and the extract is filtered and washed with distilled water until the pH becomes
neutral, and then dried. The extract obtained is designated as the isolated chitin in the form of light
brown powder that requires decolorization to remove pigments and impurities. This step is done
by passing the sample through a mixture of chloroform, methanol, and distilled water in the ratio
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of 1/2/4 at ambient temperature and stirring, then rinsing in distilled water, and finally drying
[50,53,54,55].

Alternatively, to overcome chemical extraction problems such as the deterioration of the quality
and the physicochemical properties of chitin by concentrated acids and bases, and high
temperatures, a biological extraction of chitin is possible. This method uses enzymes (proteases,
e.g., alcalase) from proteolytic bacteria for deproteinization and acid from acid-producing bacteria
(like lactobacillus) for demineralization, which produces a chitin extract of high quality (Figure
11). However, this method as compared with the chemical method is less efficient in
demineralization and deproteinization, therefore, it is still limited to a laboratory scale [56].

At this point, extracted chitin has to be deacetylated to obtain chitosan, which, unlike chitin, is
soluble in acidic solutions. This is done by treating chitin with NaOH at 100 °C for 3 h, washing
with water until achieving a neutral pH, and then drying in an oven for 24 h [53,57].

Shell
Biological method l Chemical method

Washed and crushed

Alkali treatment (1 M NaOH for
Deproteinisation by 1-72 hat 65-100 °C) (31)
protease-producing bacteria

Proteins

Deproteinised shell
Demineralisation by

SR PO R Acidic treatment (0.275-2.0 M HCI

for 1-48 h at 0-100 °C) (31)

Minerals (calcium carbonate
and calcium phosphate)

Discolouration and bleaching (organic mixture of chloroform, methanol and water

(1:2:4) at 25 °C) (8)

|

Raw chitin

Figure 11. Chitin recovery by chemical and biological methods [56].
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3. Future Challenges for the Sector

To achieve an eco-efficient production system, as well as development and transformation of
insect larvae, several key points must be addressed by further research. The major relevant key
points are the following:

« Study the integration of the insect rearing step in an ecological and economic space and
the valorization of various agricultural wastes and by-products from the agri-food industry
(peels, grape pomace, downgraded fruits and vegetables, etc.) by using them as potentially
effective raw materials for bioconversion by insects [19];

o Establishing environmental assessments of the two main phases of the insect sector, i.e.,
the production of insect larvae [58] and the industrial transformation of the larvae into lipid,
flour, and protein isolates, by comparing several scenarios of feeding and transformation
of insects;

« Water and energy are the main resources used in the transformation of insects. Therefore,
a Pinch analysis must be done along with a technical-economic study to reduce the use of
these resources through energy integration by using new ways and techniques of extraction.
In this context, substantial interest should be paid to the use of emerging technologies to:
intensify transfer phenomena, obtain purified extracts, preserve product quality, avoid its
oxidation, increase production yield, and reduce both energy and chemical consumption.
To do this, low-energy pretreatments such as pulsed electric fields (PEFs) can be applied
to insects to permeabilize their cells and facilitate the extraction steps and fractionation
downstream. This pretreatment can be used as a killing method at once [35]. Another
innovative technology that might be used in this context is the instant controlled pressure
drop DIC. It can be used as a pretreatment to intensify the extraction steps, such as DIC-
assisted solvent or press extraction of lipids, which have been studied in various cases of
pulses and oleaginous grains and seeds [59,60], or to intensify the drying process and
preserve the quality of products [61]. DIC-autovaporisation can also be studied as a highly
effective desolventation way;

« Innovative and less energy-consuming dehydration techniques should be adopted, such as
concentration by the superheated steam while preserving the quality of proteins [62];

« Improving the efficiency of the SC-CO; extraction process, especially with the use of co-
solvents [41].

4. Conclusions

With the rapid growth in world population, farming and processing of edible insects are considered
to be, nowadays, one of the promising solutions to answer the mounting demand for food and feed
supply as a new sustainable alternative for protein sources. Recently, many studies have focused
on the importance of insect consumption, but the insect processing sector is still in its initial stages.
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In this review, we have focused on the current insect processing methods from reception to final
products: lipids, proteins, and chitin/chitosan. The collective results implicate that blanching is an
effective killing method that preserves larval quality and appearance. Lipid extraction is usually
done in two steps: pressing and solvent extraction. The optimal solvent has been shown to be
ethanol, which is noteworthy since it is a green solvent; nevertheless, to extract both polar and
nonpolar fatty acids, an improvement might be considered. As for the extraction of proteins,
isoelectric precipitation is the most widely used and successful method; however, natural
alternatives might be explored to reduce the need for chemicals in the process. Finally, using
emerging technologies to intensify the processing steps might be an efficient way to improve the
whole process while staying environmentally friendly, cost-effective, and producing high-quality
final products.

Bottom line, more studies on industrial-scale farming and processing cost, as well as on processing
steps optimization and the use of novel processing technologies, are required to formulate
functional and accepted insect-based ingredients that can promote global entomophagy the right
way.
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1.2.3. Implementation of novel/emerging technologies for insect processing

Novel technologies are innovative and emerging techniques, tools or methods that are
developed to address new challenges or improve the efficiency of existing processes. These
technologies are often characterized by their safety, minimal processing, and reduction of
energy and water consumption, which reduce a process’s carbon and water footprint
(Khouryieh, 2021). Although novel technologies have demonstrated their potential in several
processes in the food sector, their use in edible insect processing is currently limited. Due to
the significant diversity of insect-products and the complexity of process optimization,
traditional processes that are well understood and easy to use are still preferred.

However, as previously outlined in the review, the application of novel technologies can lead
to enhanced extraction, fractionation, energy efficiency, and production vyield, as well as
improved quality and safety of insect-based products, and ensuring increased customer
acceptability. Some of the explored insect processing technologies and the main findings are
summarized in Table 1.4 (Ojha et al., 2021).

Table 1.4. Innovative technology in insect processing (Ojha et al., 2021).

Process Technology and Insect species and
goal processing condition form
HHP treatment (35 L
vessel, at room

Main findings Reference

HHP resulted in a lower inactivation for

Hermetia illucens TVC and 600 MPa was needed to achieve (Campbell et
temperature) at 400 MPa . . . .
and 600 MPa: 1.5 min and larvae similar reductions against Enterobacteria, al., 2020)
T LAB, and YM.

10 min.
HHP was effective against natural
contaminating Y M, resulting in more than 5

HHP treatment (250 to 400 . . Kashiri et
( . H. illucens larvae log cycle reductions at 400 MPa for all ( "
MPa, for 1.5 to 15 min). . al., 2018)
treatments; however, a low reduction of the

Microbial total microbial load was achieved.

decontami  CAPP generated at

nation sinusoidal voltage of 8.8
kVee at a frequency of 3.0 Tenebrio molitor flour Total microbial load reduced from 7.72 to (BuBler et
kHz using air as working 4.73 log10 cfu/g in 15 min CAPP treatment.  al., 2016)
gas; treatments up to 15
min.
HHP treatment (400, 500, .

rea mer.l ( . A HHP treatment at 600 MPa for 10 min (Rumpold et

and 600 MPa; up to 15 T. molitor larvae . L
miin resulted in an inactivation of 3 log cycles. al., 2014)

Indirect plasma treatment

at a frequency of 2.45 GHz . Plasma treatment (10 min) resulted inupto  (Rumpold et
. T. molitor larvae .

and power consumption in 7 log cycles reduction. al., 2014)

the range of 1.2 kW.
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Drying

Enzymatic
hydrolysis

Enzyme
inactivatio
n

Extraction

PEF at 2 and 3 kV/cm; 5,
10 and 20 kJ/kg wet basis.

HHP treatment at 380 MPa
for 1 min applied before or
during the enzymatic
hydrolysis by pepsin or
Alcalase®.

Ultrasound pretreatment at
600 W and 40+2 kHz for
30 min. Pulse interval of
15 s on and 5 s off.
Temperature of 50 °C.
Ultrasound pretreatment at
600 W and 40+2 kHz for
10-20-30 min. Pulse
interval of 15sonand5s
off.

Ultrasound pretreatment at
600 W and 40+2 kHz with a
pulse interval of 15 s on and
5 s off.

HHP treatment (4 | vessel)
at 250, 300, 400 and 500
MPa for 3 min
Ultrasound-assisted
extraction by direct
sonication at 20 kHz,
amplitude of 89.9 um in
continuous pulse; 15 min.

Ultrasonic-assisted

aqueous  extraction by
sonication at 20 kHz
(several parameters

combinations tested).

Live H. illucens larvae

T. molitor larvae
powder

Defatted H. illucens
meal

Dried defatted H.
illucens meal

Dried defatted H.
illucens larvae

T. molitor larvae

Lyophilised and
grounded Acheta
domesticus and T.
molitor

Lyophilised and
grounded Clanis
bilineata larvae

48

PEF pre-treatment can significantly reduce
(up to 30%) drying time of insect biomass.

- HHP applied before the enzymatic
hydrolysis  improved the enzymatic
hydrolysis by Alcalase® (but not by pepsin)
at the very beginning of the process.

- Partial reduction of allergenic properties
was observed.

- No alterations on the protein profile were
observed.

US pretreatment enhances the enzymolysis
reaction, by altering the molecular structure
and arrangement and improving the
enzyme-substrate interactions

US-assisted hydrolysis leads to hydrolysates
with higher antioxidant activity.

- Ultrasound pretreatment increases the
sample lightness by reducing the protein
hydrolysate molecular weight.

- Sonic treatments alter the secondary
protein structure, reducing the hydrolysate
turbidity and increasing the protein
dispersibility.

A pressure of 400 MPa prevented the
enzymatic browning.

The extraction yield was dependent on the
nature insect species and the solvent of
extraction. Ultrasound can be used to obtain
insect extracts with an improved fatty acid
profile.

- Ultrasound treatment allowed for
increasing oil extraction yield and oil
quality.

- The higher yield was reached with an
ultrasound treatment of 50 min at 40 °C
and 400 W, with a pulsation interval of 2
S.

- Ultrasound treatment can increase the
thermo- stability and antioxidant activity
of the oil.

(Alles et al.,
2020)

(Boukil et
al., 2020)

(Mintah et
al., 2019a)

(Mintah et
al., 2019b)

(Mintah et
al., 2020)

(Tonneijck-
Srpova et
al., 2019)

(Otero et al.,
2020)

(Sunetal.,
2018)
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Ultrasound-assisted
extraction by sonication at
20 kHz, 75% of amplitude,
3 seconds of pulsation
interval; 1, 15 and 20 min.

Ultrasound-assisted protein
extraction by sonication
with amplitude 70% for 6
min. pulsation interval of
30s.

PEF at 2 and 3 kV/cm; 5,
10 and 20 kJ/kg wet basis

Lyophilised and
grounded Bombyx
mori Microwave dried
and grounded T.
molitor and Gryllus
bimaculatus

Defatted powder of
Apis mellifera larvae
and pupae Defatted
powder of
Schistocerca gregaria
adults

Live H. illucens larvae

- Ultrasound sonication significantly affects
the protein extraction yield without
changing the amino acid profile.
Sonication time had a different impact on
protein extraction yield among several
insect species (maximum yield reaches
after 15 min for T. molitor and G.
bimaculatus and 5 min for B. mori).

The protein extraction yield was
dependent on the insect species and their
life stage.

Ultrasound sonication improve the protein
extraction yield

Method used for protein extraction alter
the molecular characteristics of protein,
determining a changing on its
hydrophobicity. But a specie- specific
effect has to be addressed.

Oil extraction yield was not affected
significantly by PEF treatment.

- Higher amount of amino acids was
recovered in oil after PEF treatment

(Choi et al.,
2017)

(Mishyna et
al., 2019)

(Alles et al.,
2020)

CAPP = cold atmospheric pressure plasma; HHP = high hydrostatic pressure; LAB = lactic acid bacteria; PEF = pulsed eclectic
field; TVC = total viable count; US = ultrasound; YM = yeasts and moulds

Based on the existing studies, we have decided to focus our research on the two following

emerging technologies:

- Instant controlled pressure drop (DIC): this emerging technology is known to enhance
various food processes, but no research on insects was previously reported.
- Pulsed electric fields (PEFs): research on the influence of this technology on insect
processing is limited, but available studies indicate a good prospect for this innovative
method to enhance the insect processing chain.

1.2.3.1.

Instant controlled pressure drop (DIC)

The Instant Controlled Pressure-drop (Figure 1.3), abbreviated DIC (Détente Instantanée
Contrdlée), is an emerging thermo-mechanical process based on the principle of instantaneous
thermodynamics that uses high-temperature/high-pressure treatments for a short time (HTST).
Thus, the DIC process involves subjecting biological food matrices to a saturated steam pressure
of up to 700 kPa and 160 °C for a few seconds, followed by an abrupt and controlled pressure drop
(of more than 500 kPa/s) to a final vacuum of absolute pressure of 10 to 5 kPa, significantly lower
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than the atmospheric pressure (101.325 kPa). The DIC leads to an instantaneous auto-vaporization
of water, an expulsion of some molecules to the vacuum tank, along with rapid cooling and an
expansion of treated products (Pech-Almeida et al., 2021).
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Figure 1.3. Schematic representation of Instant controlled pressure drop (DIC) (a) apparatus and (b) the
temperature and pressure correlations during a treatment cycle

In drying operations, DIC was found to improve drying Kinetics, thus reducing energy
consumption and improving the overall quality of dried products (Haddad et al., 2008; Louka and
Allaf, 2002).

Haddad et al. (2008) have studied the drying kinetics of untreated, DIC treated and DIC treated
and microwave-assisted by ambient temperature air drying of apple strips and sweet potato slices.
The results presented in Figure 1.4 show that DIC treatment is an effective method that enhances
the drying kinetics (final moisture content of 4.9% db instead on 11.4% db for untreated larvae),
and that using microwave-assisted by ambient temperature air drying of sample expanded by DIC
led to a moisture content of 5% db with a very high final product quality within less than 5 min of
drying.
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Figure 1.4. Kinetics of the second stage of drying of pre-dried green apple strips and sweet potato slices, a) raw
material dried by hot air at 45 °C, b) sample treated by DIC and then dried by hot air at 45°C (simple
intensification), c) sample treated by DIC and then dried by microwave-assisted by ambient temperature air (double
intensification) (Haddad et al., 2008).
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Additionally, DIC improves pressing yield (Bamerni, 2018) and solvent extraction kinetics, by
providing better solvent infiltration (Allaf et al., 2014; Jablaoui et al., 2020).

Jablaoui et al. (2020) compared the effects of an expander and DIC method as pretreatments for
soybeans in terms of oil extraction enhancement. Figure 1.5 shows that DIC treatment resulted in
the extraction of 247 mg oil/g db, compared to 224 mg oil/g db for expanded soybeans and 207
mg oil/g db for both cracked and flaked samples. To achieve the same yields obtained in 160 min
of extraction for both cracked and flaked soybean, the expander and DIC treatments took 120 min
and 35 min respectively. On the other hand, they stated that DIC led to the best preservation of
soybean oil quality, with fatty acid levels nearly comparable to those of untreated seeds, attributed
to the rapid heat treatment and the instant product cooling.

Oil yields
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Figure 1.5. Impact of Instant Controlled Pressure-Drop DIC texturing on oil extraction kinetics of different
pretreated soybeans (Jablaoui et al., 2020).

Moreover, thanks to the thermo-mechanical effect, DIC was found to be an effective microbial
decontamination method (Allaf et al., 2011). It can be also used as an extraction technique for
volatile molecules (e.g. essential oils) through the auto-vaporization phenomenon (Berka-Zougali
et al., 2010; Besombes et al., 2010).

Given the reported advantages of DIC treatment on various processing operations, researching its
impact on different larval processing operations was an intriguing topic, especially as no previous
studies on the impact of DIC treatment on insect larvae had been conducted.

1.2.3.2. Pulsed electric fields (PEFS)

Pulsed electric field (PEF) treatment is an innovative and promising approach for non-thermal
food processing. It is a moderately invasive cell disruption that prevents undesired alterations in a
biological product and accelerates its extraction by electrically breaking down cellular membranes
which result in the loss of their barrier functions (Lebovka et al., 2016; Vorobiev and Lebovka,
2020). The cell membrane is a layer that surrounds the cell and regulates the exchange of
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intracellular and extracellular fluids. When cells are subjected to an electric field, their membranes
might be damaged, causing pores to form. Pore creation can be temporary (reversible pore opening
and sealing) or permanent (irreversible pore formation) (Zhu, 2014).

If the field strength exceeds the reversible threshold and the exposure is of sufficient duration,
reversible electroporation occurs; the membrane is permeabilized and remains in a state of higher
permeability for a while but is eventually able to spontaneously return to its original state through
membrane resealing, a process in which the pores close and the cell restores its normal
transmembrane potential. By contrast, if the field strength and quantity of delivered energy are too
high, reversible damage becomes irreversible, resulting in mechanical destruction of the cell and
the development of many pores in proportion to the membrane surface. This phenomenon of cell
damage causes permeabilization of cell membranes and is called “electroporation” or
“electropermeabilization” (Figure 1.6) (Zhang, 2020; Zhu, 2014).

Pulsed electric field (E)
E>Ec

"I
== +
Pulsed electric field (E) Pulsed electric field (E) \ .,/I +
= - 4
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Formation of pores
(reversible)

Pulsed electric field (E)
E>>Ec

v Cell meﬁqbrane/v Polarisation

Electrodes -
e &

Formation of pores
(irreversible)

Figure 1.6. A biological cell exposed to an external electric field (polarization) (Szwarc and Gtowacka, 2021).

Several theories, based on the increase in transmembrane potential, electromechanical
compression of the cell membrane, and conformational changes in lipids or protein molecules,
have been suggested to explain this phenomenon (Vorobiev and Lebovka, 2020). Zimmermann
(1986) proposed an explanation, arguing that the membrane might be seen as a capacitor filled
with dielectrics. The electric field charges the capacitor by creating transmembrane potential um,
and the cell is compressed due to the attraction of opposing charges that accumulate on the
membrane. As a result of the increased transmembrane potential, the membrane thickness
decreases, and membrane disruption is expected when um reaches a crucial value. This "dielectric
breakdown theory" is one of the most widely adopted theories.

PEF treatment is often used in food and biomaterials for microbial inactivation, extraction
improvement, drying, pressing, osmotic dehydration, freezing, freeze-drying, and wastewater
treatment (Vorobiev and Lebovka, 2020).
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Recently, the effects of PEF treatment on the reproduction of insects, extraction yields, and drying
kinetics were studied.

The experiments of PEF treatment (at electric field strength E=1-4 kV/cm) of
Drosophila melanogaste insect revealed that the application of the electric field increased insect
reproduction by up to 30%, and induced a mild stress factor that has led to a slight induction of
DNA fragmentation (Panagopoulos, 2016). The effects of PEF on mosquito larvae (Culex pipiens)
at low electric field intensities (E=66.66-116.66 VV/cm) have been studied (Mohamad et al., 2022).
PEF treatment has been shown to produce genotoxicity in mosquito larvae, alterations in the
insect's body proteins, and to trigger oxidative stress in insect cells.

PEF treatment impact on the extraction yields (protein, fat and chitin) and functional properties of
house crickets (Acheta domesticus) flour have been evaluated (Psarianos et al., 2022). Insects were
washed, ground fresh then treated. PEF treatment was done at electric field strength E= 1.5 kV/cm
and different specific energy inputs W= 4.9- 49.1 kJ/kg. Results showed that PEF treatment
significantly increased the extraction yields of protein, and fat by over 18% and 40% (Figure 1.7),
and increased the oil binding capacity, emulsifying capacity, and antioxidant activity of the cricket
flour (Figure 1.8).
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Figure 1.7. Effect of PEF pretreatment on the protein and fat extraction yields (g /100 g dm). The error bars
indicate the standard errors of measurements. Superscript letters (a,b,c...) indicate the significant differences
(p < 0.05) between the means of the functional properties of PEF-treated samples and the untreated sample
(control) (Psarianos et al., 2022) .
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Figure 1.8. Effect of PEF pretreatment on the functional properties of the cricket flour: (a) oil binding capacity (g
oil/g d.m.), (b) water binding capacity (g water/ g d.m.), (c) emulsifying capacity (%), (d) foaming capacity (%),
(e) antioxidant activity (ug TE/g d.w.). The error bars indicate the standard errors of measurements. Superscript
letters (a,b,c...) indicate the significant differences (p < 0.05) between the means of the functional properties of

PEF-treated samples and the untreated sample (control) (Psarianos et al., 2022).

Additionally, the effects of PEF treatment on the drying of H. illucens and T. molitor larvae have
been studied (Alles et al., 2020; Bogusz et al., 2022; Shorstkii et al., 2022). The impact of PEF
pre-treatment of H. illucens on hot air drying at different temperatures T¢=50-90 °C (at E=2 kV/cm
and specific energy inputs W=10-20 kJ/kg) was investigated. The processing parameters W=11.2-
13.1 kJ/ kg and T4=81- 84 °C were shown to be optimal for larvae drying (Shorstkii et al., 2022).
PEF treatment was also found to reduce the infrared drying time of T. molitor and H. illucens
larvae by up to 10% (Figure 1.9) and may reduce the microbial load of fresh larvae by 0.5-1.0 log
cycle (Bogusz et al., 2022).
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Figure 1.9. Infrared drying kinetics of H. illucens (a) and T. molitor (b) larvae without pre-treatment (U) and with
pulsed electric field treatment (PEF1 and PEF2 — input energy 5 and 20 kJ/kg, respectively) (Bogusz et al., 2022).

The presented studies emphasize the need for ongoing exploration of the use of PEF technology
in the insect sector. Additionally, it highlights the importance to study the potential impact of DIC
technology on the sector as well. These emerging technologies hold great promise for the
development of sustainable and nutritious insect-based food products, and their continued
exploration and application in the insect industry can significantly contribute to advancing this
field.

1.3. Conclusion and research objectives

With the world's population expanding, entomophagy is being regarded as a possible solution to
global food insecurity since insects are high in protein, vitamins, and minerals and may therefore
meet the growing need for novel food sources.

In addition to being highly nutritious, edible insects are a cost-effective and environmentally
friendly alternative to conventional farming, since they are fed on byproducts, they have low feed
conversion ratios, greenhouse gas emissions, and land and water use.

However, to be accepted as a food source, mainly in Western countries, edible insects must be
processed and transformed into undistinguishable forms and incorporated into common food
products.

Recently, the European Commission has authorized 4 insect species to be placed on the market as
novel food products: yellow mealworm (Tenebrio molitor) (Turck et al., 2021a), migratory locust
(Locusta migratoria) (Turck et al., 2021b), house cricket (Acheta domesticus) (Turck et al.,
2022a), and lesser mealworm (Alphitobius diaperinus) (Turck et al., 2022Db).

Among those interesting species, we chose yellow mealworms (Tenebrio molitor Larvae) as the
raw material in our study. Yellow mealworms are insects of the Tenebrionidae family and are
native to Europe but are now found worldwide. T. molitor is a pest of grain, flour, and food stores,
however, it is not a major concern because of its small population. Mealworms are easy to breed
and feed, and they have a high protein profile, therefore they are produced industrially as feed for
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animals such as birds, reptiles, small mammals, amphibians, and fish. They are usually fed alive,
although they can also be found canned, dried, or in powder form (Makkar et al., 2014).

T. molitor’s life cycle is presented in Figure 1.10. Larvae hatch after 10-12 days (at 18-20°C) and
mature after 8 to 20 stages, usually after 3-4 months (at ambient temperature), however, the larva
stage can persist up to 18 months. The adult larva is 20-32 mm long, weighs 130-160 mg, and has
a light yellow-brown color. The pupal stage lasts 7-9 days at 25 °C and up to 20 days at lower
temperatures and the adult lives for 2 to 3 months (Finke, 2002).
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Figure 1.10. Tenebrio molitor life cycle. Created with BioRender.com

Mealworms are omnivorous, eating a variety of plant materials as well as animal products and
low-quality waste. They are usually fed cereal bran or flour (wheat, oats, maize) with added protein
sources such as soybean flour, skimmed milk powder, or yeast. Fresh fruits and vegetables (carrots,
potatoes, lettuce) are also mentioned as water sources. Although they can survive on small
quantities of water present in dry feeds, this reduces their productivity from 6 to 1 generation per
year and can promote cannibalism (Makkar et al., 2014).

The selected species is one of the most popular and widely consumed edible insects in the world
as it holds significant relevance and suitability for the concept of biorefinery. Mealworms offer
high nutritional value as they are a rich source of protein, vitamins, and minerals, making them an
excellent food source. They are accessible and cost-effective to farm and cultivate compared to
other edible insects, and they can be raised in various environments, providing a sustainable
protein source. Furthermore, their mild nutty flavor makes them easier to include into a variety of
meals, thereby increasing their acceptability by customers who may be hesitant to try insect-based
food products.

The present thesis aims to develop techniques for fractionating larvae that are both
environmentally friendly and cost-effective. To achieve this goal, the study will explore the impact
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of two pretreatment technologies, Instant controlled pressure drop (DIC) and Pulsed electric fields
(PEFs), on the following factors:

e Kinetics of larval mortality and total mortality thresholds

e Physical, quantitative, and qualitative characteristics of larvae

e Microbial decontamination and the ability to reduce microbial load below the
European Commission's acceptable levels

e Hydraulic pressing yield and press cake’s water content
o Effective separation of proteins from other molecules with hydraulic pressing
e Larval enzymatic browning
e Drying kinetics, dried powder characteristics, sorption isotherms and model
fitting
Along with an evaluation of the energetic consumption and processing costs of the explored
emerging methods and a general comparison with blanching, the conventionally used method.
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Chapter Il - Impacts of Instant controlled pressure-drop (DIC)
pretreatment on yellow mealworms transformation chain

[1.1. Introduction

The Instant Controlled Pressure-drop (DIC) is a thermo-mechanical process that uses high-
temperature/high-pressure treatments for a short time, followed by an abrupt and controlled
pressure drop to a final vacuum. This process is known to improve drying Kinetics, pressing yield,
solvent extraction kinetics, and microbial decontamination. It can also be used for the extraction
of volatile molecules. Given its advantages, we were interested in researching its impact on
different larval processing operations, as no previous studies on insect larvae have been conducted
so far.

This chapter aims to investigate the potential of Instant Controlled Pressure Drop (DIC) technology
for improving the transformation chain of edible insects, specifically yellow mealworms. The
chapter includes three parts: (1) an assessment of microbial inactivation using DIC technology, (2)
a process study and optimization of DIC-assisted pressing for defatting and dewatering of yellow
mealworm larvae, and (3) an examination of the impact of DIC texturing on the drying process of
yellow mealworms. The goal of this study is to determine the effectiveness of DIC technology in
improving the safety and quality of edible insects as a food source and provide guidelines for the
optimization of DIC processes to produce safe and high-quality insect-based food products.

In the first part ‘Article 2: Use of Instant Controlled Pressure Drop technology for the
preservation of edible insects’ (yellow mealworm) quality: Assessment of microbial
inactivation’ is presented. This article has been published in the journal of Environmental
Sciences and Pollution Research (https://doi.org/10.1007/s11356-023-26030-4). It investigates
and compares the effectiveness of DIC and blanching treatments in reducing the initial load of
microorganisms in yellow mealworms to meet the acceptable values set by the European
Commission for the commercial sale of insects as a food source. The insects were subjected to
different parameters of each method, such as pressure and temperature for DIC and time for
blanching at 90°C, to identify the optimal decontamination conditions. The study also evaluates
the impact of the applied treatments on the color changes of the larvae, to assess the overall
effectiveness of each method in preserving the microbial and phenotypic quality of the insects.

The second part of this chapter is devoted to ‘Article 3: Instant controlled pressure-drop
assisted pressing for defatting and dewatering of yellow mealworm larvae: process study and
optimization.” This paper was published in the Journal of Insects as Food and Feed (JIFF)
(https://doi.org/10.3920/J1IFF2022.0062). It investigates the use of DIC technology as a
pretreatment for living mealworms. The effects of DIC on the physical and chemical
characteristics were first investigated. Larvae were then defatted and dewatered by using
mechanical pressing. A preliminary study was carried out to identify the optimal conditions for
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hydraulic pressing of Tenebrio molitor larvae. The killing threshold with DIC technology was
identified and an experimental design with DIC operative parameters was established to conduct
the study.

In the final part of this chapter is presented ‘Article 4: Impact of instant controlled pressure-
drop (DIC) texturing on the drying of yellow mealworms.” This article has been accepted in
the Journal of Insects as Food and Feed (JIFF). It focuses on understanding the effects of DIC
pretreatment on the shrinkage and overall quality of dried yellow mealworms. It investigates the
impact of DIC on the drying process, including its effect on water diffusivity, drying kinetics, final
moisture content, and sorption isotherms. Additionally, the study includes the modeling of sorption
isotherms to fit the experimental data.

11.2. Article 2: Use of Instant Controlled Pressure Drop technology for the
preservation of edible insects’ (yellow mealworm) quality: Assessment of
microbial inactivation.

(The article is presented on the following pages)
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Abstract

The world population is expanding, and with it, so is the need for proteins for the food and feed
sectors. Conventional livestock production is correlated with negative environmental
repercussions such as global warming, land degradation, and biodiversity loss. The nutritional
content of edible insects is comparable to that of conventional meat, and insect farming offers
various environmental advantages over livestock production, making it a favorable sustainable
protein resource. However, to be placed on the market, insects should be processed, and their
microbial load should be within the accepted range of the European Commission regulation (EU)
2021/882. The purpose of this research is to investigate the use of instant controlled pressure drop
(DIC) technology for the microbial inactivation of yellow mealworm larvae. This innovative
decontamination treatment was compared to blanching in hot water, the conventional processing
method. We also investigated the impacts on enzymatic browning. Results showed that the
application of rapid (20 s) DIC treatment at 0.3 MPa allowed reducing the total aerobic count and
the total yeasts and molds count of larvae below the thresholds authorized by the commission
regulation. Pressure, temperature and number of cycles factors were found to have significant
effects on the decontamination, while the treatment time had no effect for most treatments. In
regards to blanching, we were able to get the authorized load at 90°C for 360 s. Decimal reduction
times for DIC and blanching treatments were found to be 3.8 s and 67.8 s for total aerobic count,
and 3 s and 57 s for total yeasts and molds count, respectively. Furthermore, DIC-treated larvae
showed a significant increase in juice color brightness, which could be traced back to the oxidative
enzymatic inactivation of larvae, whereas there was a slight difference between blanched and
untreated larvae juice colors.

Keywords: Tenebrio molitor; Larvae; Decontamination; Instant controlled pressure drop DIC;
Emerging technologies; Blanching; Pretreatment.

Abbreviations

DIC Instant controlled pressure-drop
CFU Colony-forming unit

TVC Total viable aerobic count
YMC Total Yeasts and molds count
TSA Tryptone Soya Agar

PDA Potato Dextrose Agar

MSA Mannitol Salt Agar
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1. Introduction

An ever-increasing world population, along with constantly rising economic growth and
urbanization, lead to an increase in demand for high-value protein, exerting further strain on the
world's livestock production industry. This growth would most likely have a detrimental impact
on the environment, taking into account carbon emissions, land and water use, public health
hazards etc. (Steinfeld et al. 2006; Klunder et al. 2012). In this regard, edible insects provide a
potentially sustainable alternative to meet the increasing need for nutritional foods and proteins
(van Huis et al. 2013). In Asia, Africa, and America, edible insects are a widely known meal.
Nearly 2111 insect species are estimated to be consumed by humans worldwide (Jongema 2017).

Insects are comparable to conventional livestock meat in terms of nutritional content.
Nevertheless, they use less water, land, and feed to generate the same quantity of nutritious
molecules. As poikilotherms or cold-blooded animals, insects can convert almost all the feed they
consume into body mass, lowering the feed conversion ratio. Moreover, they may be reared on
various substrates, such as byproducts of the agri-food sectors that have no other usage, allowing
them to fit into the circular economy approach. Numerous international agencies and organizations
have acknowledged insects as potential actors in the commercial food chain, and active players in
decreasing environmental impacts while expanding animal production (Mancini et al. 2022;
Cacchiarelli et al. 2022).

Multiple international organizations, such as IPIFF (International Platform of Insects as Food and
Feed, Brussels, Belgium), AFFIA (Asian Food and Feed Insect Association, Bangkok, Thailand),
NACIA (North America Coalition for Insect Agriculture, Chicago, IL, USA), and IPAA (Insect
Protein Association of Australia, Canberra, ACT) are supporting the insect sector worldwide. In
many countries around the world, edible insects are becoming part of the human diet, whether
directly or indirectly (Mancini et al. 2022).

Tenebrio molitor (Coleoptera: Tenebrionidae), often known as yellow mealworm, is one of the
most used/investigated insects for food (EU 2021) and feed (EU 2017) applications due to its
balanced composition, ease of rearing, high production output, and minimal environmental impact
(van Huis et al. 2013; Mancini et al. 2019). This species is high in proteins and lipids and is a good
source of essential amino acids, vitamins, and minerals; it can have up to 50% and 34% of proteins
and lipids, respectively, in its dry mass (Cacchiarelli et al. 2022). According to the EU regulation
2021/882, T. molitor larvae for human consumption, currently, must be blanched and oven-dried
(EU 2021).

However, various barriers limit the use of insects as food, especially in nations where
entomophagy is not widespread. For example, European consumers are found to be not very
enthusiastic and receptive towards the idea of eating insects, instead expressing revulsion
(Dagevos 2021). In fact, the style of culinary preparation and degree of insect visibility greatly
influence this psychological barrier to entomophagy acceptance. Therefore, insect proteins can be
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isolated as protein flour and "hidden” in familiar processed products to enhance consumer
acceptability (such as bread, meat, pasta, and pizza) (El Hajj et al. 2022).

Another important factor influencing consumer willingness to eat insects is safety concerns due to
the fear of allergic, parasitic, chemical, and microbiological risks. However, proper rearing,
handling, and processing methods can reduce the microbial load, and low-temperature storage
ensures that the microbial load remains low while prolonging the product’s shelf-life. Additionally,
color is an important trait influencing any product acceptance, and browning is usually a major
issue in processing many edible insect species, and it is usually linked to other reactions that reduce
protein digestibility, deteriorate flavor, and change the product's techno-functional properties
(Mancini et al. 2019).

Emerging technologies applied as a pretreatment to raw materials, such as pulsed electric fields
(PEFs), ultrasound (US), instant controlled pressure-drop (DIC), and high hydrostatic pressure
(HHP), have recently prompted a rush of interest in the food and feed processing sectors for
presenting several advantages over conventional procedures, such as reduced energy and water
consumption, cost-effectiveness, sustainability, eco-friendly operations, and enhanced product
quality (Knorr et al. 2011; Smetana et al. 2020). Plasma and hydrostatic pressure treatments
efficiently decrease microbial load for T. molitor processing. Among the studied treatments, the
combination of high hydrostatic pressure (600 MPa) and high temperature (90 °C) was the most
successful (Rumpold et al. 2014; EFSA 2015).

The Instant Controlled Pressure-drop, called DIC (French acronym: Détente Instantanée
Controlée), is a new method based on hydro-thermo-mechanical phenomena, typically applied as
a pretreatment for raw materials. It isan HTST (High-Temperature/Short-Time) method that alters
the structure of the treated materials by expansion (El Zahar et al. 2015). This novel process has
been studied, developed, optimized, and applied at the industrial scale for many applications such
as solid/liquid extraction, mechanical expression (Bamerni, 2018; Jablaoui et al., 2020), drying
(Louka and Allaf 2002; Haddad et al. 2008), decontamination (Allaf et al. 2011), pretreatment for
extraction of non-volatile molecules, and direct extraction of volatile compounds (Berka-Zougali
et al. 2010; Besombes et al. 2010). The DIC is a low-energy batch process, requiring 0.80 kWh/kg
of DM in swell drying (Mounir et al. 2012) and 0.11 kWh/kg per cycle of lavender essential oil
extraction (Besombes et al. 2010) on an industrial scale. Previous studies revealed that DIC
treatment is an effective decontamination method, it kills microorganisms by heat treatment as
well as mechanical stress induced by the quick pressure drop that induces their explosion. Fresh
cassava roots' bacterial load was reduced by 85.7% after DIC treatment (Puguh Setyopratomo et
al. 2009), whereas Albitar et al. 2011 reported that swell-drying significantly decontaminates
onions (from 875,000 germs/g up to 100 germs/g). Yet, no studies on the effect of DIC technology
on edible insect larval decontamination have been conducted so far.
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This research aims to study the impact of Instant Controlled Pressure Drop (DIC) technology on
microbiological decontamination and color changes in T. molitor larvae and compare it to
blanching, the conventional method that is generally used as an insect pretreatment.

2. Materials and methods

2.1.  Yellow mealworm samples

Yellow mealworms (T. molitor larvae) between the 13" and 16™ instar were purchased from the
France insects farm (Crevecoeur-le-grand, France), where they were reared on miller’s bran. The
larvae were fasted for at least 24 h at 4°C and then sieved by shaking their perforated plastic bags
to separate the frass.

2.2. Blanching parameters

Blanching is a conventional pretreatment step used to kill larvae, reduce microbial load, and
inactivate the degradative enzymes that cause spoiling before further processing (Vandeweyer et
al. 2017b; Saucier et al. 2021; Cacchiarelli et al. 2022). Blanching was done in a 90°C water bath.
Sterile falcon tubes were preheated empty, and then 10 g of live larvae were introduced. The closed
tubes are placed in the water bath for various treatment times: 120, 240, 360, and 480 s. Following
that, all treated samples were frozen for 90 min at -20 °C to deactivate any larvae that were still
alive without affecting their microbiological profile. It is important to note that the 90 min freeze
did not result in the death of the larvae, and if allowed to thaw, they will regain activity.

2.3. Instant controlled pressure drop DIC-pretreatment

Instant controlled pressure drop lab-scale equipment was from ABCAR-DIC Process (Compiégne,
France). Figure 1 (a) illustrates a laboratory DIC unit design. It is a batch treatment unit made up
of a treatment vessel connected to a saturated steam generator, a vacuum tank, and the atmosphere.
The system is capable of sensing, regulating, and recording pressure changes. The DIC treatment
cycle is a five-step thermo-mechanical process (Fig. 1(b)); (1) The first step consists of placing the
material to be treated into the DIC treatment chamber, (2) applying a vacuum in the treatment
chamber (absolute pressure of 10 to 5 kPa) to promote optimal performance of the subsequent step,
(3) injecting a dry saturated steam into the DIC treatment vessel (hydrothermal processing step)
until reaching a set target pressure (up to 700 kPa) for a short treatment time (<60 s), (4) applying
a pressure-drop towards a vacuum (between 10 to 5 kPa) (abrupt pressure-drop step), and (5) re-
establishing the atmospheric pressure inside the treatment chamber (atmospheric releasing step).
When applying more than one cycle, steps from 2 to 4 are repeated until reaching the desired
number of cycles (Allaf et al. 2013a, b; Allaf and Allaf 2014; Pech-Almeida et al. 2021).
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To assess the impact of each parameter on bacterial decontamination, we perform a three-factor,
five-level central composite experimental design presented in Table 1. The variable factors are the
treatment time, the saturated steam pressure/temperature, and the number of cycles. The total
treatment time is the time of a cycle multiplied by the number of cycles. Moreover, for the
decontamination Kkinetics study, 4 levels of pressure/temperature were set, the treatment time was
varied between 5 and 25 s, and the number of cycles was set to 1. The quantity of treated larvae
was fixed at 230 g per batch.
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Fig. 1 Schematic representation of Instant controlled pressure drop (DIC) (a) apparatus and (b) the temperature
and pressure correlations during a treatment cycle

Table. 1 DIC-pretreatment 3-factor 5-level central composite design parameters

Factor Point min (-a) Point (-1)  Central point Point (+1) Point max (+a)
Total treatment time (s) 5 9 15 21 25
Pressure (kPa)/ 100 kPa/ 150 kPa/ 225 kPa/ 300 kPa/ 350 kPa/
Temperature (°C) 100 °C 112 °C 124 °C 134 °C 139 °C
No. of cycles 1 2 3 4 5

2.4.  Microbiological study

Figure 2 illustrates the experimental steps that preceded the microbiological analysis. Pretreated
larvae were directly collected in sterile containers. They were subjected to a freezing step at -20°C
for 90 min to deactivate any larvae that were still alive without affecting their microbiological
profile. Except for the treatment application, the control samples (living) followed the same
procedure. Following that, 10 g of larvae were inserted in sterile filter bags (BagFilter P,
Interscience, France), and sterile saline water of 0.9% NaCl was added to the bag at a ratio of 1:90
(w:v) (Macias et al. 2008; Mancini et al. 2019). For high treatment conditions, the ratio was
adjusted to 1:1 (w:v) to minimize the detection threshold to 1 log cfu/g. At this point, larvae were
crushed through the closed bags using a pestle to release the microbiota from the insects’ intestines
before being placed in an orbital shaker (Infors AG Aerotron, Switzerland) for 10 min to
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homogenize the solution. The filtrate was pipetted and subjected to different dilution factors (1,
103, and 106) before being plated on the culture medium under sterile conditions. Plating was done
using an automatic spiral plater (easySpiral, Interscience, France).

Since many previous research studies reported the absence of Escherichia coli (Enterobacterales:
Enterobacteriaceae), Bacillus cereus (Bacillales: Bacillaceae), Listeria monocytogenes (Bacillales:
Listeriaceae), and Salmonella spp. (Enterobacterales: Enterobacteriaceae) bacteria in edible
insects reared for human consumption (Vandeweyer et al. 2017a; Osimani et al. 2017; Mancini et
al. 2019), we were only interested in the total viable aerobic count (TVC), total yeasts and molds
count (YMC), and staphylococci bacteria in the present study. We used Tryptone Soya Agar (TSA)
as a growing medium for the TVC, Potato Dextrose Agar (PDA) for the YMC detection, and
Mannitol Salt Agar (MSA) for staphylococci detection. The incubation was done at 30°C in the
dark for 24h for bacteria and at 22°C under a 12h/12h photoperiod for 48h for yeasts and molds,
and microbial counts were expressed in log colony-forming unit (cfu)/g.

The decontamination was calculated as follows:
Log N/NO )

where N is the number of enumerated colonies, and NO is the initial colony count of untreated
larvae (cfu/g), respectively.
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with saline water bags and placing them 10 incubating forming units

min in an orbital shaker

Fig. 2 Microbiological study protocol

2.5.  Image processing

Image color analysis was done using ImageJ 1.53t software (National institute of health, USA) on
the same filtrate obtained for the decontamination study (Fig. 2) with a dilution ratio of (1:1) (w:v)
in 0.9% NacCl. It is a Java-based image-processing program for multidimensional scientific images.
The comparison was given in grayscale units, with the lowermost value being 0 for black color
and the highest being 255 for white color.

2.6.  Experimental design and statistical analysis
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The DIC pretreatment was carried out using a three-factor (pressure, time and number of cycles),
five-level central composite design with eight central points. Since our experimental data meet the
criteria for parametric analysis, a statistical analysis was conducted using ANOVA to gain a
comprehensive understanding of the relationship between the independent variables and the
dependent variable. The results were evaluated using Pareto charts (with a significance level of p
< 0.05), main effects plots, and estimated response surfaces (Statgraphics, centurion XVI,
StatPoint Technologies). A T-test was also used to determine the significance of the difference
between the means of two groups with, at least, three measurements performed on each sample.

3. Results and discussions

3.1. Decontamination kinetics

For the study of decontamination kinetics with DIC, we set the treatment temperature/pressure to
100°C/0.1MPa, 112°C/0.15MPa, 134°C/0.3MPa, and 139°C/0.35MPa, and set the treatment
cycles to 1, and varied the treatment duration between 5 and 25 s (intervals of 5 s), whereas, for
blanching, we set the temperature to 90°C and varied the treatment time between 120 and 480 s
(intervals of 120 s) (Table 2).

Under our rearing, feeding, and handling conditions, the initial microbial load of our larvae was
10.1 log cfu/g for TVC, and 7.4-9.4 log cfu/g for YMC, which is higher than the initial load
mentioned by Nyangena et al., 2020, Stoops et al., 2017, Wynants et al., 2017 but closer to that
obtained by Larouche et al., 2019. Microbial counts of different treatments are presented in Table
2.

Table. 2 Microbial counts (log cfu/g) of untreated, DIC-treated, and blanched T. molitor larvae

Treatment time Total aerobic count  Total yeasts and molds

Treatment (s) (log cfu/g) count (log cfu/g)
0 10.1+0.1 9.410.2
5 9.840.1 9.4+0.1
10 9.240.2 8.51+0.1
DIC-treated at 0.1 MPa (100°C)
15 9+0.1 8.810.1
20 9.540.2 8.910.1
25 9.1+0.1 8.41+0.1
10.1+0.1 9.4+0.2
7.4+0.1 6.4+0.2
10 8+0.2 6.810.1
DIC-treated at 0.15 MPa (112°C)
15 7.1+0.1 6.4%0.2
20 7.610.3 7.610.3
25 6.8+0.1 6.0£0.1
10.1+0.1 9.4+0.2
DIC-treated at 0.3 MPa (134°C)
7.840.2 6.240.2
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10 6.3+0.2 6.2+0.1
15 6.1+0.3 4.0+0.2
20 5.1+0.3 2.0£0.1
25 3.7£0.1 2.1+0.2
10.1+0.1 9.4+0.2
5 1.7£0.5 <1
DIC-treated at 0.35 MPa (139°C) 10 20201 <t
15 1.9+0.2 1.0+£0.3
20 2.0£0.1 <1
25 <1 <1
0 10.1+0.1 7.4+0.1
120 9.1+0.1 4.5+0.2
Blanched at 90°C 240 7.1+0.2 1.8+0.2
360 3.3x0.1 <1
480 3.2+0.1 <1

The decontamination kinetics of DIC treatment are presented in Fig 3. As can be observed, the
effect of DIC on the TVC decontamination profile is remarkably similar to that on YMC. We
notice that treatment duration variation between 5 and 25 s has a very slight influence on
decontamination, with increasing treatment time causing a maximum decontamination increase of
0.7 and 1 log in TVC and YMC, respectively. Therefore, we can state that at the studied
parameters, the decontamination is solely impacted by the temperature/pressure combination,
except for the treatment at 134°C, when we can see the effect of time. It might be explained by the
fact that the treatment at 134°C is an intermediate treatment, whereas the other treatments are
either too mild to notice a significant influence of time or too intense, where the bacterial load
instantly reaches a very low value. Allaf et al., 2011 reported that both treatment time and saturated
steam pressure had an influence on reducing the microbial load of seaweeds and skimmed milk
powders, but this might be because they applied a wide range of time (between 20 and 60 s) in
their study, which is not the case in ours.

On the other hand, the decontamination kinetics of blanched larvae (Fig 4) show comparable
curves in both TVC and YMC. However, the decontamination level is more pronounced in YMC
than in TVC, which could be attributed to the fact that yeasts and molds are heat-sensitive and
easily destroyed at high temperatures (Garnier et al. 2017). Furthermore, TVC and YMC
decontaminations versus treatment time presented nearly linear curves which is not in line with
the findings of Cacchiarelli et al., 2022, who stated that blanching the larvae at 90°C for 1 min
resulted in a complete decrease of the TVC to a value below the detection limit of the method, but
still, the detection limit value in their method was not mentioned.

Additionally, blanching at 90°C for 360 and 480 s (Table 2) led to approximately the same bacterial
load, 3.3 and 3.2 log cfu/g, respectively, which is comparable to the findings of (Klunder et al.

68



Chapter Il - Impacts of DIC pretreatment on yellow mealworms transformation chain

2012), who reported that extending the boiling duration from 5 to 10 min resulted in TVC of 2.5
and 2.8 log cfu/g, respectively.

The European Commission regulation requires a TVC of < 5 log cfu/g and YMC counts of <2 log
cfu/g for dried T. molitor larvae to be placed on the market as a novel food (EU 2021). These
required values for both counts were achieved in DIC-treated larvae at 134°C (0.3MPa) for > 20s,
and at 139°C (0.35MPa) for > 5s (Fig 3), and in the blanched larvae at 90°C for > 360 s (Fig 4).
However, if the initial microbial loads were lower, which is affected by proper sample handling
and separation from the frass, possibly with the use of a plastic web under their bags (Mancini et
al. 2019), these values would have been reached at milder treatment conditions.
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The decimal reduction time (D-value), or the time required at a given condition to achieve one log
reduction, that is, to kill 90% of relevant microorganisms, was calculated for blanched larvae at
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90°C and DIC-treated larvae at 134°C, where the decontamination kinetics profiles could be
regarded as linear. As shown in Fig. 5, decimal reduction times for DIC-treated larvae at 134°C
and blanched larvae at 90°C were found to be 3.8 s and 67.8 s for TVC and 3 s and 57 s for YMC,
respectively. These findings reveal that DIC treatment takes up to 19 times less time than blanching
to achieve a given decontamination value.
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Fig. 5 Linear fit and decimal reduction times of TVC and YMC for (a) DIC-treated larvae at 134°C and (b) blanched
larvae at 90 °C

Figure 6 represents the decontamination kinetics of staphylococci bacteria. The identified strain is
Staphylococcus aureus (Bacillales: Staphylococcaceae), a Gram-positive spherically shaped
bacterium, one of the most important bacteria that cause illness in humans. Staphylococcus aureus
is recognized by the formation of gold colonies and the production of yellow zones on MSA (Fig.
6) (Bano et al. 2020). The initial load of our larvae was 7.3-7.6 log cfu/g, which is similar to the
initial load reported by Nyangena et al., 2020. To be placed on the market, the European
Commission regulation requires the Coagulase-positive staphylococci load of edible insects to be
<100 cfu/g (EU 2021).

Treatment time influences S. aureus bacterial load in both DIC (0.3 MPa) and blanching (90°C).
DIC treatment at 0.3MPa was insufficient to decrease the S. aureus load to below the EC regulatory
threshold, whereas blanching surpassed the threshold within 240 s, and then at t > 240 s the S.
aureus load remained nearly unchanged. Similarly, Montanari et al., 2015 have found that a heat
treatment at 80°C of isolated S. aureus strains shows a first decline (up to 3.39 min and 2.08 min
for S. aureus DSM 20231T and S. aureus SS3, respectively) during which the initial population
was reduced of about 6 log units. Then the number of survivors did not change with the increase
of treatment time up to 20 min. DIC treatment at 0.35 MPa for > 5 s, on the other hand, resulted in
a TVC load of < 2 log cfu/g (table 2), ensuring that the S. aureus load is < 2 log cfu/g, which is the
EC regulation requirement. Our results are comparable to Nyangena et al., 2020, who stated that
boiling and toasting reduced S. aureus load by 4.8-6.4 logs.
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petri dish showing the formation of gold colonies and the outset of the emergence of yellow zones on MSA
medium

3.2.  Effect of DIC parameters on the decontamination

DIC treatment eliminates microorganisms by two main mechanisms: highly controlled heat
treatment and mechanical stress on the microorganisms induced by the quick pressure drop that
provokes their explosion (Allaf et al. 2011). To study the impact of these mechanisms on the
decontamination of yellow mealworms, we performed a 3-factor design of experiments (Table 1).
Figure 7 shows the effect of each DIC factor (Saturated steam pressure, time, and number of
cycles) on T. molitor larvae decontamination, represented by Pareto charts, main effects plot,
estimated response surface (at a no. of cycles = 3), and estimated response surface mesh. Pressure
and number of cycles were negatively correlated with the microbial load, whereas treatment
duration had no significant effect. To address the influence of the number of cycles, we held
constant all variables while the number of cycles varied from 2 to 4 cycles. Figure 8 shows that by
increasing the number of cycles while keeping the temperature/pressure and total treatment time
constants, we were able to increase the decontamination level of TVC from -2.4 log to -4.6 log
and from -6.5 log to -10 log for DIC-treatment at 112°C/20s and 134°C/20s, respectively. The
same effect was observed by Allaf et al., 2011, who reported that the increase in the treatment
temperature increased the influence of the number of cycles on the decontamination level.
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Fig. 8 Effect of DIC number of cycles on TVC decontamination

3.3.  Color analysis

To investigate the impact of DIC and blanching on the enzymes responsible for browning, we
extracted the intracellular juice and analyzed its color. Table 3 presents image color analysis of
extracted liquids from untreated, blanched, and DIC-treated larvae in the grayscale unit. There are
no considerable changes in color intensity between untreated and blanched larvae at 90°C for 360
s, which is around 47, although we observe an increase to 62 at 480 s. Contrarily, (Mancini et al.
2019) observed that blanching larvae at 60°C for 5 min was sufficient to block the browning
process in yellow mealworms. On the other hand, the color of DIC-treated larvae at 0.3 MPa
gradually increases from 47 to 99 as treatment duration increases from 0 to 25 s, respectively,
indicating a brighter color. The inactivation of oxidative enzymes in larvae which is usually
associated with the DIC treatment led to an increased color brightness of DIC-treated samples
(Setyopratomo et al. 2012). Indeed, color is one of the most critical factors influencing consumer
perception and readiness to buy and consume a product. It is especially critical when addressing a
new product. Furthermore, browning relates to other reactions that impair protein digestibility,
degrade flavor, and change the product’s techno-functional aspects (Friedman 1997; Kroll et al.
2003; Rohn et al. 2006).
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Table. 3 Juice color and grayscale units of T. molitor after different treatment conditions

Grayscale unit

Treatment Color 4 (plack) > 255 (white)
Untreated - 47.8+2.3
Blanched 90°C/ 360s - 47.0455
Blanched 90°C /480s - 62.049.8
DIC 0.3 MPa /5s - 57.145.4
DIC 0.3 MPa /105 - 65.141.5
DIC 0.3 MPa/15s - 03.3+2.4
DIC 0.3 MPa /255 - 99.542.6

4. Conclusion

Insects, like other animal-derived foodstuffs, are high in moisture and their gut microbiota provides
a rich environment for the growth of undesirable microorganisms. Therefore, edible insects must
be processed and handled with care. In this study, the Instant Controlled Pressure Drop (DIC)
technology presents an effective decontamination method for T. molitor larvae and an interesting
alternative to blanching. DIC reduced the TVC and YMC loads under the EC regulation
requirements. These required values for both counts were achieved in DIC-treated larvae at 134°C
(0.3 MPa) for > 20s, and at 139°C (0.35 MPa) for > 5s, as for the blanched at 90°C it required >
360 s (for TVC) and > 240 s (for YMC). The Staphylococcus aureus load reached the EC
requirements with DIC treatment at 0.35 MPa > 5s and blanching treatment at 90°C for 240 s.

The DIC treatment pressure/temperature and number of cycles significantly impacted the
decontamination. However, the effect of treatment time only occurred in the intermediate intense
treatment at 0.3 MPa (134°C). Decimal reduction times for DIC (at 0.3 MPa) and blanching (at
90°C) treatments were 3.8 s and 67.8 s for TVC and 3 s and 57 s for YMC, respectively.
Additionally, the larval juice color had a brighter color with DIC treatment, and with the increase
of treatment time, as for the blanching at 90°C for 480 s, the juice showed a slightly brighter color
than the untreated larvae. However, implementing a DIC unit on an industrial level entails a higher
cost compared to a blanching unit. Therefore, to make an informed decision, it is important to
conduct a full assessment of its implementation cost, energy consumption, and the additional value
it provides. Even though the studied processes were able to ensure microbial safe products, proper
storage techniques, as well as careful handling during the next processing steps, must be employed,
to avoid re-contamination of the product. Additionally, even though S. aureus is thermosensitive,

74



Chapter Il - Impacts of DIC pretreatment on yellow mealworms transformation chain

staphylococcal enterotoxins, which are a byproduct of the development of some strains of S.
aureus, are very stable, heat resistant, and resistant to extreme environmental conditions. They can
also induce staphylococcal foodborne disease outbreaks. Therefore, further studies on the effects
of pretreatments on potentially thermoresistant toxins produced by S. aureus could be of interest.
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11.3. Article 3: Instant controlled pressure-drop assisted pressing for defatting and
dewatering of yellow mealworm larvae: process study and optimization.

(The article is presented on the following pages)
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Abstract

Insects are gaining interest as a sustainable and highly nutritious source of proteins and lipids for
food and feed production sectors. Insect bio-refinery includes lipid extraction by pressing,
dewatering, microbiological decontamination, and protein fractionation. The present study is
experimenting the use of instant controlled pressure-drop (DIC), an emerging technology, for
treating yellow mealworms and evaluating its combined effects on insect bio-refinery steps. A
preliminary study allowed identifying the optimal hydraulic pressing conditions for Tenebrio
molitor larvae. Then, establishing an experimental design with DIC operative parameters of the
saturated dry steam absolute pressure and treatment time ranging between (0.15 and 0.45 MPa)
and (15 and 35 s), respectively, allowed identifying the DIC impact as a pretreatment on different
larvae properties. It was possible to identify the optimal pressing parameters at 6 MPa, 60 °C, 2
cm of thickness, and 0.15 mm/s as initial piston speed. Moreover, DIC performed at 0.15 MPa for
25 seconds stood as an efficient killing method. Thanks to the changes in the membrane’s structure
it provokes, DIC treatment modified larvae properties, ensured a partial expulsion of the matter
(up to 0.47 g/g dry basis (db)), and resulted in larval expansion (up to 67%) which resulted in a
decrease in the apparent density. As for the chemical properties, the larvae and larvae juice colours
were found to become lighter as we increased the treatment conditions, which might be caused by
the inactivation of oxidative enzymes. Moreover, severe DIC operative parameters decreased the
pressing yields from 68 to 55%, possibly caused by protein aggregation and denaturation
phenomena that prevent molecules from coming out by pressing. However, the water activity and
moisture, lipid, and protein contents remained unaffected.

Keywords: edible insects, Tenebrio molitor, pretreatment, protein, lipid
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1. Introduction

The world's population would reach 9 billion by 2050. Consequently, it is essential to find new
sustainable agricultural practices and protein sources for food and feed production, with minimal
environmental impacts (Hilborn et al., 2018; Leni et al., 2019; Sun-Waterhouse et al., 2016).

Edible insects have recently received attention in Europe as a protein-rich food source (Otero et
al., 2020) by presenting numerous advantages over conventional livestock, such as using fewer
resources (land, water, and energy), having a lower environmental impact (less greenhouse gas
and ammonia emissions), and holding a low feed conversion ratio (FCR = feed consumed/animal
weight gain) (Hilborn et al., 2018). In fact, to produce 1 kg of live weight, beef cattle, pigs, chicken,
and insects need 10, 5, 2.5, and 1.7 kg of feed, respectively (Gahukar, 2016), and to produce 1 kg
of edible protein, beef emits (75-170 kg of GHGs in CO2 equivalent), pigs (21-53 kg CO2-e),
chicken (18-36 kg CO2-e) and insect mealworms 2.7 kg CO2-e (De Vries and De Boer, 2010;
Oonincx and de Boer, 2012).

In January 2021, following a request from the European Commission, EFSA (European Food
Safety Authority) gave a favourable stance regarding the consumption of yellow mealworm
(Tenebrio molitor larva) as whole dried insects or as a powder. Studies have shown that the
consumption of T. molitor does imply no safety problem. It would only induce an allergic reaction
in subjects that are allergic to crustaceans and dust mites (Turck et al., 2021). In June 2021, selling
T. molitor larva products as a novel food in the marketplaces of Europe was authorized as of the
regulation (EU) 2021/882 (Commission Implementing Regulation (EU) 2021/882 of 1 June,
2021).

Yellow mealworm insects are a highly nutritious food source, as they are rich in high-quality
proteins (40% db), fat (30% db), fiber (chitin), minerals, and vitamins (Barker et al., 1998; Yi et
al., 2013). However, to increase consumer acceptance, different insect fractions can be extracted
and integrated into food products (Tzompa-Sosa et al., 2014). On this subject, many research
works were conducted on the larvae, studying the effect of different killing methods on the quality
of proteins and lipid oxidation (Leni et al., 2019), comparing the lipid and protein extraction
techniques (Azagoh et al., 2016; BuBler et al., 2016; El Hajj et al., 2022; Mishyna et al., 2019;
Zhao et al., 2016), and studying the protein qualities and functionalities (Kim et al., 2020;
Zielinska et al., 2018), etc.

Recently, emerging technologies such as Pulsed electric fields (PEFs), Ultrasound (US), Instant
controlled pressure-drop (DIC), and High hydrostatic pressure (HHP)) used as a pretreatment to
raw materials sparked a surge of interest in manifold food and feed processing industries. They
mainly presented many advantages over conventional processes in terms of lower energy and water
consumption, cost-effectiveness, sustainability, environmentally friendly operations, and higher
product quality (healthier, safer, and minimally processed products) (Knorr et al., 2011; Smetana
et al., 2020).
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The Instant Controlled Pressure-drop, known by its French acronym DIC (Détente Instantanée
Contr6lée) is an emerging technology based on hydro-thermo-mechanical effects used mainly as
a pretreatment to raw materials. It isan HTST (High-Temperature/ Short-Time) batch process that
modifies the structure of the treated materials by expansion and low tortuosity (El Zahar et al.,
2015). DIC pretreatment improves the drying Kinetics while preserving the quality of the products
(Haddad et al., 2008; Louka and Allaf, 2002), enhances solvent extraction, and increases the
pressing yield (e.g. in pulses, oleaginous grains, seeds, vegetables, and fruits) (Bamerni, 2018;
Jablaoui et al., 2020). Mkaouar et al., 2015 have found that DIC texturing on the solvent extraction
of polyphenols from olive leaves boosts extraction yield by 312% and allows for the generation of
extract richer in bioactive components. Moreover, DIC is a powerfully effective bacterial
decontamination method (Allaf et al., 2011). It also stands as an extraction technique for volatile
molecules (e.g. essential oils) through the autovaporization phenomenon (Berka-Zougali et al.,
2010; Besombes et al., 2010). On an industrial scale, the DIC is a low-energy batch process,
requiring 0.8 kWh/kg of dry material in swell drying (Mounir et al., 2012) and 0.110 kWh/kg per
cycle of lavandin essential oil extraction (Besombes et al., 2010). However, there are not yet
studies on the effect of DIC technology on insect larvae structure and extraction properties.

This paper studies the effect of instant controlled pressure-drop (DIC) pretreatment on larval
characteristics and compound extraction by pressing as a low-energy consuming dewatering and
defatting technique. It also seeks to establish the DIC effect on the pressing yield and product
quality as a part of a bio-refinery concept. The foremost goal is to produce high-quality insect
products as direct food and feed sources or transform them into ingredients that can be formulated
into food and feed products.

2. Materials and methods

2.1. Raw Material

Yellow mealworm (Tenebrio molitor) larvae were purchased from ‘France insects’ (Crevecoeur-
le-grand, France). They were received alive and stored at 4°C. Before processing, larvae were
fasted for at least 24 h and then sieved to separate frass. Their phenotypic properties and
composition are displayed in Table 1. The larvae devoted to optimizing micro-press operating
parameters initially underwent “freezing/thawing” process to acquire an outspread cell wall:
freezing was done at -18°C for more than 24 h, and the thawing was done at room temperature.
Larvae used as control samples for all the steps were either pressed alive or underwent blanching
at 90 °C for 4 min in closed tubes to avoid direct contact with water, and larvae treated in DIC
were alive.

In our study we have maximized the welfare of insects by applying the foundation for the ethical
consideration of individuals, the ‘3Rs’ of animal use in research: Replace, Reduce and Refine.
However, unlike vertebrates, most invertebrate species are exempted from animal research
restrictions due to the lack of evidence and knowledge regarding their ability to experience pain,
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discomfort, or stress (Freelance, 2019), therefore, there is no legal concern with the applied killing
methods (pressed alive, blanched and DIC). Additionally, in the council regulation (EC)
1099/2009 (EU, 2009b) on the protection of animals at the time of killing, no prescriptions are laid
down for insects (Belluco et al., 2017). Furthermore, no specific killing method was mentioned in
the official bulletin of the French Ministry of Agriculture and Food (DGAL/SDSPA/2017-860)
(Direction générale de 1’alimentation, 2017). However, pressed alive insects without heat
treatment are used as a control raw sample and are not to be used as feed and food, since the raw
insect materials are required to undergo a heat treatment process as outlined in animal-by-products
legislation (Regulation (EC) 1069/2009) (EU, 2009a; Turck et al., 2021)

Table 1. Yellow mealworm larvae's phenotypic properties and composition

Phenotypic properties Composition
Dry basis
Avg. weight | Avg. thickness | Avg. length Avg. density Water content Protein Lipid
content content
66.1+5.2mg | 2.06 £0.15 mm | 26.4 +6.8 mm | 714.3 +55kg/m® | 65.0+0.8% | 40.6+1.5% | 27.8+0.7%

2.2.  Experimental Protocol

B
v' Measurments -
b v' Moisture content !‘%’:Dil ]
) ==
/ P

v’ Expulsion rate
v’ Expansion

Living Larvae ]

: : v Water activity
1 1 ¥" Moisture content
: !’L‘ v Densities
r— s v SEM images
P2 16| v’ Thickness
| : } g! v Lipid & protein content
L | } o } v' FTIR spectroscopy
]

|

et Alive

o

[ —]
= S 4

I Hydraulic micro-press ‘

|

¥' Yield and moisture content v’ Phases separation
¥ Lipid and protein content v Colloids concentration
v Juice coloration

Figure 1. Experimental protocol
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Figure 1 shows the whole experimental setup of processing and assessing operations. Initially,
larvae to be treated were characterized. Then DIC treatment of yellow mealworms was followed
by a study of its effect on several processes and phenomena such as Killing, texturing,
autovaporization and expulsion. This was done by identifying the mortality threshold, calculating
the expulsion ratio and volumetric relative expansion, and comparing larval characteristics (water
activity, moisture content, densities, thickness, and lipid and protein contents).

Under optimal conditions defined in the hydraulic micro-press, pressing permits separating the
liquid fraction from the cake. The final assessment stage entails measuring the yield, moisture,
protein, and lipid contents of the press cake as well as separating the main phases of the press juice
and identifying their colloid concentration and colour.

2.3.  Hydraulic micro-press

Besides the characteristics of the raw materials to press (species, composition, state (untreated or
pretreated larvae), etc.), five independent operating parameters influence the pressing operation:
the piston hydraulic pressure (P), initial drop or compression speed (Vp), pressing time (tp), cake
temperature (Tp) and the sample initial thickness (h) (Lanoisellé, 1995).

Thus, we devoted the first step of this work to optimize the operating parameters in the micro-
scale hydraulic press in the case of Tenebrio molitor larvae. The goal was to combine parameters
that lead to the best process performance regarding the highest expression yield and the best quality
product to constitute an essential basis for the transition to the pilot scale.

_ -~
Piston
\\
T~ ‘
A

Pressing chamber

‘ Larvae to press

Filters —

\ Collected liquid -~

Figure 2. Hydraulic micro-press apparatus

Micro-press apparatus is presented in Figure 2. A stainless-steel piston connects the microcell with
the texturometer. The pressing chamber assembles two stainless steel pieces, with a maximum
volume capacity of 30.4 cm?, and a lower support to the cylinder perforated to provide drainage of
the filtrate towards the collection crucible located in the lower center of the pressing chamber. A
filtration system made from two independent metal filters and one filter paper ensures the liquid's
drainage. The metal filters are made of woven stainless steel and have an opening of 0.165 mm,
they provide liquid drainage and are placed on either side of the sample to be treated. Filter paper

86



Chapter Il - Impacts of DIC pretreatment on yellow mealworms transformation chain

(5-13 um; VWR international, Rosny-sous-Bois, France) permits holding the solid fraction. The
cell control system includes a heating collar positioned around the vertical cylinder to heat up to
80 °C. The temperature of the cylinder is monitored using a thermometer (SDL200, 4-channel
datalogging thermometer; Extech, Nashua, NH, USA) with a thermocouple type K.

The TA-HDi texturometer system (stable microsystems, Surrey, UK) allows applying the setpoint
force and keeping this force constant for a definite time. A measurement system throughout the
whole experiment equipped with a 500 kg load cell offers a maximum force capacity and pressure
of 4905 N and 10 MPa, respectively. The descent speed ranges between 0.01 mm/s and 10 mm/s.
The ‘Texture Expert Exceed’ software system (Stable Microsystems) assures to set the processing
parameters of each experiment (The setpoint force, the initial descent speed of the piston, and the
pressing time at a constant force) and register the data collected from the texturometer (the applied
force and the distance of movement per second) (Savoire, 2008).

Once assembling the system, we weighed the whole frozen/thawed Tenebrio molitor larvae on a
precision scale, introduced it to the pressing chamber covered by the metal filter and filter paper,
and added the second metal filter in the cylinder, on top of the sample. For the experiments that
require heating, the system is preheated using the heating collar for about an hour and monitored
with the thermocouple. The sample follows the monitoring temperature when the system reaches
the set temperature. At this point, the piston manually moves down until it touches the upper filter
to allow tackling the experiment.

Identifying the optimal pressing parameters corresponds to the successive variation of one
parameter after another and measuring the yield of the liquid extracted to the initial quantity of
pressed larvae and the cake's dry matter content. The operating parameters used were the
following: applied pressure (P) between 2000 and 10 MPa, cake’s temperature (Tp) between 10
and 80°C, the pressed cake’s thickness (h) between 1 and 3 ¢cm, and initial piston's drop speed (Vp)
between 0.05 and 0.2 mm/s, all pressed at constant pressure for 900 s (tp). The pressing yield (Y)
is calculated as:

Y (%)= (mi-m¢)/m; )

With m; and ms being the weight of larvae before and after pressing.

2.4. Instant controlled pressure-drop DIC: Equipment and treatment

ABCAR-DIC Process Company (Compiegne, France) provided the DIC lab-scale equipment
consisting of three main components (Figure 3): A treatment vessel, a vacuum system, and an
instantaneous opening pneumatic valve.
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Figure 3. Schematic representation of Instant controlled pressure-drop (DIC) apparatus

The DIC process is an HTST (High-Temperature/ Short-Time) treatment that consists of a heating
step at a high saturated steam absolute pressure (up to 0.7 MPa and 160 °C), done by injecting and
keeping constant saturated steam for a short time (< 60 sec): this step increases the pressure as
well as the temperature in the treatment chamber Afterwards, an abrupt pressure-drop occurs,
inducing a partial autovaporization of water and conceivably other volatile molecules, an instant
cooling, and a possible expansion of the treated product (Allaf et al., 2013; Bouallegue et al., 2016;
Mounir et al., 2012). Figure 4 presents the temperature and pressure correlations during a DIC
cycle.
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Figure 4. Instant controlled pressure-drop (DIC) processing cycle

Different experiments allowed identifying the larval mortality threshold in DIC treatment at 0.15
MPa for 25 seconds to serve as a basis for defining a functional design of experiments (DoE)
containing 13 trials with the treatment pressure ranging between 0.15 and 0.45 MPa (along with a
temperature ranging between 111 °C and 147.9 °C) and treatment time between 15 and 35 s (Table
2). Larvae were treated in batches of 230g with three repetitions for each point. They were weighed
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pre and post-DIC treatment (respectively mi and mf), and the mass difference indicated that an
expulsion phenomenon of the visceral content had occurred during the auto vaporization step.
Earlier it was also reported (Nguyen Van, 2010) a similar mechanical expulsion of non-volatile
rapeseed oil. Equation (2) gives the expulsion ratio:

Expulsion ratio (%) = (mi-m¢)/m; (2)

Table 2. DIC-pretreatment experimental points

Factor Point min (-a) Point (-1) Central point Point (+1) Point max (+a)
Time (s) 15 18 25 32 35
Pressure (MPa) 0.15 0.194 0.3 0.4 0.45

Then the mixture of the expulsed material and the condensed steam was collected from the vacuum
tank (through the extract collector) and was centrifuged at 14500 rpm for 10 min to identify its
different phases.

2.5.  Solid-phase analyses

Moisture content was determined by drying the samples in an oven at 105°C for 24 h or in an
infrared moisture analyzer at 105°C. The water activity was measured using the aw-meter
Agqualab (series 3, METER Group, Inc., Pullman, WA, USA). Measuring the true (or intrinsic)
density requires establishing the sample's mass and the volume of the solid (excluding the pore
volume). It was measured using a helium pycnometer. As for the apparent density it is determined
based on the sample’s mass and its apparent volume (including the pore volume) (Basu, 2013). To
determine the apparent volume of the larvae, we weighed a sample, placed it in a cylinder, and
applied many external tapping to reduce the air volume until it became steady, and assumed this
value as the apparent sample volume. Larval thickness was measured using a calliper. At least 20
larvae were measured to obtain an average thickness value. Equation 3 gives the volumetric
relative expansion ratio that DIC-pretreatment would cause:

Volumetric relative expansion (%) = (V-Vi)/Vi (3)

Where Vi and Vs are the volumes before and after DIC pretreatment, respectively. The volumes
were calculated by dividing the average weight of a larva over its apparent density.

For protein content determination, the Dumas method was used according to AOAC method
993.13 (AOAC, 1962). A known mass of dried and ground samples (<1g) is heated in a high-
temperature furnace at 1000°C in the presence of oxygen where a gas mixture of H.0O, CO and
nitrogen oxides is produced. This gas mixture passes then to a reduction chamber at 650°C with
the presence of copper, where nitrogen oxides are converted into nitrogen gas (N2), then the
residual H20, CO», and O2 are removed by different traps and the total nitrogen content is measured
by a thermal conductivity detector (Jung et al., 2003) In insects, the presence of non-protein
nitrogen (NPN) mostly as chitin-bound nitrogen, inorganic nitrogen, and nucleic acid leads to an
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overestimation in the protein content if the nitrogen-to-protein conversion factor (K;) of 6.25 is
used. To avoid this overestimation, Janssen et al., 2017 calculated a specific K, factor of 4.76 for
insects, which we will be using in this paper to calculate the protein content.

Lipid content was determined by the Soxhlet extraction technique. Soxhlet apparatus consists of
an extraction thimble with a siphon, condenser, and distillation flask. Before extraction, the
preparatory stages were drying at 105 °C for 24 h, and finely grinding each sample. The extraction
process consists of weighing and placing the sample (>59) in a filter paper in the thimble before
adding the extraction solvent (n-Heptane) to the distillation flask and heating the system within a
sand bath. The solvent recirculation was left for 4 h, or until complete extraction is achieved (clear
solvent in the extraction chamber) (Zygler et al., 2012). Afterwards, the solvent is separated from
lipids using a rotary evaporator, and the lipid content is calculated.

Surface structural images for whole larvae were obtained using the SEM imaging technique for a
better understanding of the effect of DIC pretreatment on the outer membrane and its permeability.

ATR-FTIR analysis was used to determine the presence of functional groups as a function of
wavelength (wavenumbers in the range of 500 to 4000 cm™). Larvae samples were dried and
ground to undergo the analysis. The peaks are observed as absorbance.

To determine the impact of DIC treatment on protein denaturation in larvae, we used fluorescence
spectroscopy as indicated in the work of Saulnier et al., 1991, using two fluorophores: ANS and
Tryptophan. ANS (1-anilino-8-naphthalene sulfonate) is a fluorescent "hydrophobic probe™ widely
used to examine the hydrophobicity of proteins (extrinsic probe) as for the Tryptophan (Trp), it is
an aromatic amino acid which is a natural fluorophore (intrinsic probe), and it is a marker that is
used to track conformational changes in proteins. A 5% protein solution was prepared for each
sample to successively add ANS concentrations ranging from 0 to 150 uM. This analysis was done
on blanched larvae at 90°C for 4 min (control) and on DIC-treated larvae at 0.3 MPa (133.5°C) for
25 s, which is a central experimental point, for comparison. Fluorescence spectra were recorded
using a Fluoromax-4 spectrofluorometer (Jobin Yvon, Horiba Scientific, Piscataway, NJ, USA).
The emission spectra of tryptophan residues (305-450 nm) and ANS (350 nm) were recorded with
the excitation wavelengths set at 290 and 400-650 nm, respectively. For each sample, 3 spectra
were recorded.

2.6.  Liquid-phase analyses

After centrifuging the liquid obtained from larvae, at 14500 rpm for 10 min, the aqueous phase
was retained to determine the total colloid concentration using Cherniavskaia's ethanol
precipitation method (Cherniavskaia et al., 1995). It consists of adding 1 mL of the sample liquid
to 10 mL of 96% ethanol in a boiling flask and heating the mixture in a reflux system for 15 min.
After that, left to cool down at room temperature, the mixture underwent filtration using a filter
paper and washing with 20 mL of 90% ethanol and left overnight at room temperature to dry. The
concentration of colloids was calculated using Equation (4):
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Ceo = (Ms-Mo)/0.001 (4)

With Cco being the concentration of colloids (g/L), mo the initial mass of the filter paper (g), and
m¢ the mass of the filter paper with the precipitate after drying (g).

To characterize the juice colour, the juice was diluted 15 times and then filtered through a 0.45 pum
syringe and its absorbance was measured at 420 nm.

Bradford's method allowed determining the protein concentration in the juice. Briefly, we mixed
1000 pl of Bradford reagent with 100 pl of the solution to be analyzed using a vortex and left it in
the dark for 10 min. After that, the absorbance at 595 nm allowed calculating the concentration
through a standard curve issued from known protein concentrations (BSA) (Bradford, 1976).

2.7.  Statistical Analysis

DIC treatment followed a two-factor 5-level central composite experimental design. A preliminary
study identified a suitable range of DIC operating parameters. Statistical analysis (ANOVA and
Pareto charts (p < 0.05)) of the experimental data reflects the significance of the variation of the
independent DIC variables on different responses (dependent variables). It aims to understand and
optimize the effect of DIC treatment. All experiments were done at least in triplicate for each
sample. Statistical treatments of the data were performed using Statgraphics (centurion XVI,
StatPoint Technologies, Warrenton, VA, USA).

3. Results and discussions

3.1.  Hydraulic micro-press optimization

Figure 5 shows the effect of each studied parameter on the pressing yield and the dry matter content
of the obtained press cake. It can be shown that the extraction yield increases with the rise of the
applied pressure, but past 6 MPa the increase is not noteworthy: a 5% higher yield correlated with
pressure increasing from 6 to 10 MPa. Thus, a pressure of 6 MPa was considered the optimal
applied pressure. As for the temperature, below 60°C there is no significant difference between
the reached yields, at 60°C we can clearly see an important increase, and then past this temperature,
there is a remarkable yield drop. This phenomenon is possibly related to larvae protein
denaturation and the formation of aggregates at high temperatures (>60°C): (Lee et al., 2019)
stated that heating T. molitor leads to the formation of protein aggregation and protein surface
changes such as protein-protein and protein-lipid interactions. Moreover, it is worth noticing that
the piston's initial speed of descent also influences the yield: when it is below or equal to 0.15
mm/s, we obtain the best pressing yield. A higher piston’s speed probably leads to a sudden rise
of the press-cake hydraulic resistance, which hindrance the internal liquid flowing and decreases
the juice yield. Besides, we identified the sample initial thickness as a contributing factor: a
thickness between 1.5 and 2 cm can correlate to the best yield. The cake's dry matter content was
proportional to the yields in all the experimental points.
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Figure 5. Impact of (A) pressure, (B) cake’s temperature, (C) sample initial thickness, and (D) piston’s initial speed
of descent on the pressing yield and the dry matter content of T. molitor larvae. (A) varying P between 2 and 10
MPa with T=25°C, h=2 cm and Vp =0.1 mm/s, (B) varying TP between 10 and 80°C with P=6 MPa, h=2 cm and Vp
=0.1 mm/s, (C) varying h between 1 and 3 cm with P=6 MPa, TP=60°C and Vp=0.1 mm/s, (D) varying the Vp
between 0.05 and 0.2mm/s with P=6 MPa, TP =60°C and h=2

Hence, after having optimized the pressing parameters individually, a press with the optimal
conditions was done (6 MPa, 60°C, 0.15mm/s, and 2 cm) on frozen/thawed samples of yellow
mealworms, and it has led to an extraction yield of 76%.

3.2. Instant controlled pressure-drop DIC pretreatment

A quick comparison of visual observation between DIC-treated and conventionally dried larvae
(Supplementary Figure S1) revealed that the more severe the treatment conditions, the lighter the
larval colour. These observations let us suppose that DIC pretreatment has an impact on the
enzymatic activity of the larvae, which led us towards carrying out additional studies.
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3.3.  Expulsion phenomenon

DIC pretreatment results in a partial expulsion of non-volatile compounds whose ratio depends on
the experimental conditions. As shown in Table 3, the expulsion ratio varies from 0% to 16.4%,
ranging from the lowest to the highest treatment conditions (0.15 MPa; 25 s) to (0.45 MPa; 25 s),
respectively. In other words, the expulsion ratio varies from zero to 0.47 g expulsed/g db (dry
basis). Figure S2 visualizes the effect of the DIC treatment pressure and time on the expulsion
phenomenon. Both pressure and time are positively correlated with the expulsion ratio. Thus, the
higher the saturated steam pressure, the more important the expulsion ratio is for the same
treatment time. While, for the same pressure, the variation of time induces a minimal effect.
Therefore, the pressure would be the main factor affecting the expulsion ratio.

Table 3. DIC-pretreatment experimental conditions and expulsion ratio

Run no.! P t T Expulsion ratio g expulsed/g db
(MPa)  (s) (O (%)

Central points (1,4,7,10,13)? 0.3 25 1335 5.8+0.9 0.21
2 0.3 35 133.5 8.6 0.25
3 0.45 25 147.9 16.4 0.47
5 0.4 32 144.2 15.4 0.44
6 0.194 32 119.2 1.1 0.03
8 0.194 18 119.2 0.0 0
9 0.4 18 144.2 12.9 0.37
11 0.3 15 133.5 3.8 0.11
12 0.15 25 111.3 0.0 0

1Run no. are numbers given to each experimental point in the experimental plan
2 Central points are repetitive runs at the center of the experimental plan that provide an estimate of experimental error

In fact, at high treatment pressures, larvae are almost emptied from their visceral content by the
expulsion phenomenon. It is either expulsed to the vacuum tank or stuck on the exoskeleton
(Supplementary Figure S3).

The vacuum tank extract was collected and centrifuged. Two phases were detected in different
treatment conditions: an aqueous upper phase and a pellet lower phase (Figure 6). At DIC
conditions of (0.15 MPa/25 sec), (0.3 MPa/25 sec), and (0.45 MPa/25 sec), the protein
concentration of the aqueous phase submitted to Bradford method gave values of 0.3, 0.59, and
0.73 mg/ml, respectively.
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‘L— Aqueous phase

“w < Pellet phase

Figure 6. The vacuum tank extract: (A) 0.15 MPa/25 sec and (B) 0.45 MPa/25 sec, centrifuged, showing both an
aqueous and a pellet phase

3.4. SEM images

Figure 7. SEM images at 400um for T. molitor larva (A) Without treatment, (B) Treated at 0.15 MPa/15 sec, (C)
Treated at 0.3 MPa/25 sec, and (D) Treated at 0.4 MPa/18 sec

The SEM images in Figure 7 show that DIC-treated larvae present changes in their membrane
structure, and the higher the treatment pressure, the more visible the damage. In dried strawberries
(Alonzo-Macias et al., 2013) and orange by-products (Louati et al., 2019), structural variations
between raw material and DIC treated samples were also reported. Before DIC treatment, raw
material had a compact and well-organized cell structure; after DIC treatment, the cell structure
became more porous. These changes are found to be highly dependent on the operating parameters.
This phenomenon might be attributed to the mechanical effect generated by dropping the pressure
towards a vacuum. Such structural changes from the interstitial zone to damaged cell walls can
have a significant impact on mass transfer phenomena such as improving diffusivity and
permeability within the matrix (Allaf et al., 2012).
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3.5.  Qualitative analysis of ATR-FTIR spectra
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Figure 8. ATR-FTIR spectra for various samples of yellow mealworm larvae

ATR-FT-IR analysis was done on the raw material (RM) and DIC-treated samples. Even though
the larva is a complex matrix, Figure 8 allows discerning peaks corresponding to the main
functional groups. The peak at 3009 cm™ indicates the C-H stretching vibration of the
polyunsaturated fatty acids' cis-double bond (=CH) groups. The 2923 and 2853 cm™ peaks would
reveal the asymmetric and symmetric stretching vibrations of CH2 groups, respectively, which are
associated with the hydrocarbon chains of the lipids. The spectral band observed at 1740 cm™, and
the small band at 1710 cm™ characterize the function C=0 of the ester groups, and it is related to
the presence of amino acids and fatty acids in the sample. In the regions 1650-1590 cm and 1570-
1510 cm't, we notice overlapping bands that characterize the primary and secondary amide groups
(N-H) respectively. These overlapping bands are composed of multiple peaks that correspond
mainly to the secondary structures of proteins (o helix, B sheet, 3-turn helix, and random coil).
Between 1300 and 1000 cm™, we perceive two stretching bands (at 1235 and 1160 cm™) that
correspond to the C-O bonds of the ester group. The section between 1500 and 600 cm™ is complex
and covers many peaks caused by several vibrations. It offers information about organic
composites like alcohols, sugars, and organic acids. However, it is not easy to analyze because of
its complexity.

By comparing the spectra of all the samples, we can perceive no difference in the molecular
composition of the DIC-treated larvae and the non-treated ones, as they present almost the same
peak bands confirming that DIC treatment is not destructive.
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3.6. Characteristics of the untreated and DIC treated larvae

Table 4. Moisture content, aw, thickness, and densities for T. molitor larvae

Moisture Thick p Relative
P t T content aw ness P true apparent Volume expansion
1 o 3 3
Run no. (MPa) (s) (°C) (% wh) (mm) (kg/m?) (kg/m?) (mm?) (%)
Living larvae / / / 65.00 £0.8
Blanched / / / 59.07£0.9 0.954+0.001 2.06 1073.0 7143 92 0.0
Central points 2,20 1091.1+ 507.8
(1.4,7,10,13)2 0.3 25 1335 65.55%1.0 0.983 +0.002 1005 7.8 45 123 +£11 335115
2 0.3 35 1335 64.99#0.6 0.975+0.001 2.16 1109.0 392.8 154 66.2
3 045 25 1479 63.74+0.4 0.988+0.001 244 1089.3 357.1 155 67.2
5 04 32 1442 67.83+0.9 0.994+0.002 2.42 1097.0 3339 167 81.0
6 0.194 32 1192 64.09+1.3 0.983+0.008 2.08 10947 607.1 108 16.4
8 0.194 18 119.2 67.39%1.8 0.980+0.006 2.09 1093.4 6928 95 31
9 0.4 18 1442 63.30+1.8 0.982+0.005 2.42 10844  375.0 153 65.9
11 0.3 15 1335 66.67+0.9 0.984+0.003 2.16 10943 596.4 106 15.2
12 015 25 1113 67.29#0.2 0.968 +0.002 2.06 1090.0 714.3 92 0.0
DIC average® 65.62 +1.5 0.982 +0.006 1092.9+7.3

Y Run no. are numbers given to each experimental point in the experimental plan
2 Central points are repetitive runs at the center of the experimental plan that provide an estimate of experimental error
3DIC = instant controlled pressure drop

Table 4 sums up the different characteristics of untreated and DIC-treated larvae. The larvae's
moisture content shows no significant difference before and after different DIC treatment
conditions: its average value is 65% with a standard deviation of 1.5%, which is not different from
that of the living larvae. Therefore, DIC ensures water and dry matter are expulsed in proportion,
resulting in the same content as untreated larvae. The same goes for water activity (aw), with an
average value of 0.982. However, the blanched larvae's moisture content and water activity are
slightly lower than the living ones due to water evaporation during the blanching process. In terms
of larvae's thickness, a positive correlation with the pressure of treatment is noticed, with no
significant effect on the treatment time (Supplementary Figure S4) due to the expansion
phenomenon caused by DIC treatment.

As for the densities: there is no significant difference between the larvae's intrinsic density values;
however, the apparent densities decrease with the increase of the DIC pressure and time
(Supplementary Figure S4). This observation can be explained by the loss of matter during
expulsion (a decrease in larval weight) and larval expansion (an increase in larval volume).
Accordingly, the calculated larval volumetric relative expansion increases from 0 to 67% from the
lowest to the highest treatment conditions. Similarly, Mounir et al., 2011 reported that the DIC
parameters had no effect on the intrinsic (true) density of treated cheese and that the specific
density decreased when the DIC parameters were increased. They also stated that DIC treatment
at 0.5 MPa/22s increased the expansion ratio by up to 35 times. Likewise, Namir et al., 2017,
found a relative expansion ratio of up to 21x in cactus pear following DIC treatment (0.6 MPa/15s)
when compared to the raw material.
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In terms of protein and lipid contents, Table 5 shows no differences between the pressed alive
larvae and DIC-treated larvae. Knowing that water and dry matter are expulsed proportionally,
these findings show that the expulsion of the dry matter occurs proportionally between its protein,
lipid, and moisture content, resulting in the same proportions as the initial one. As a result, we may
assume that the proteins, lipids and humidity are all expulsed in a non-selective manner, leaving
their contents unaltered.

Table 5. Yellow mealworm protein and lipid content

Protein Protein Lipid Mass of
Run no.! P ¢ T N content mass content (% lipids (g/100
o MRy O O epindn) 100 Tindn) glarvae)
larvae)

Pressed alive / / / 8.64 41.15 144 27.94 9.8
((3162”73'1801'2? 03 25 03 7958403  37.88 132 28.4 9.8
2 0.3 35 0.3 8.665 41.24 14.4 28.01 9.8
3 0.45 25 0.45 8.86 42.17 15.3 27.47 10.0
5 0.4 32 0.4 8.522 40.56 13.0 27.41 8.8
6 0.194 32 0.194 8.667 41.25 14.8 27.73 10.0
8 0.194 18 0.194 8.548 40.69 13.3 27.9 9.1
9 0.4 18 0.4 8.495 40.43 14.8 27.29 10.0
11 0.3 15 0.3 8.429 40.12 13.4 26.98 9.0
12 0.15 25 0.15 8.725 41.53 13.6 27.12 8.9

DIC Average® 8.361+04 4065+1.1 139+08 27.59+0.43 95+0.5

L Run no. are numbers given to each experimental point in the experimental plan
2 Central points are repetitive runs at the center of the experimental plan that provide an estimate of experimental error
3 DIC = instant controlled pressure drop

Table 6. Pressing yield and dry matter content for DIC-pretreated larvae

RuN no. P t T Yield Cake’s dry matter content
' (MPa) (s) (C) (%) (%)
Pressed alive / / / 65.60 41.80
Blanched / / / 68.04 46.18
Central points
(1.4,7,10,13) 0.3 25 133.5 59.56 +2.8 55.39 +2.7
2 0.3 35 133.5 57.50 52.57
3 0.45 25 147.9 55.67 54.45
5 0.4 32 144.2 56.27 57.74
6 0.194 32 119.2 66.66 56.5
8 0.194 18 119.2 66.67 54,55
9 0.4 18 144.2 57.59 54.06
11 0.3 15 1335 62.47 55.28
12 0.15 25 111.3 67.58 55.82

1Run no. are numbers given to each experimental point in the experimental plan
2 Central points are repetitive runs at the center of the experimental plan that provide an estimate of experimental error
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Both untreated blanched samples and DIC-treated larvae underwent pressing in a hydraulic micro-
press at the optimal pressing conditions: 6 MPa, 60°C, 2 cm, and 0.1 mm/s for 900 s. Table 6
presents the pressing yield and cake's dry matter content after each pressing.

The statistical analysis of pressing yield after DIC pretreatment presented in Supplementary Figure
S5 shows that the yield decreases significantly by increasing the treatment pressure. It decreases
from 67% to 55% respectively from the lowest to the highest treatment pressure (Table 6), with
little influence of treatment time. The cake’s dry matter content remains almost the same with 55.2
% + 2 for all treatment conditions, except for the pressed alive and blanched larvae, where it was
42% and 46%, respectively. Larval structural modifications, protein aggregation, and denaturation
phenomenon increase with DIC pressure and temperature. These phenomena can explain the
decrease in yield. Mahler et al., 2009 stated that thermal and mechanical stress can cause protein
aggregates to form. High temperatures can affect the conformation of polypeptide chains and their
structures, leading to temperature-induced unfolding. Although the pressure-drop in DIC induces
instant cooling of the treated materials, the treatment temperature is relatively high, varying from
111 °C to 147 °C, depending on the treatment pressures, during 25 s of treatment. Protein
aggregation and denaturation might result from the previously mentioned factor and from the
mechanical stress caused by the applied pressure, leading to the retention of a larger quantity of
matter in the cake, consequently decreasing the pressing yield. Additionally, expansion of larvae
structure caused by DIC treatment leads to higher air content in larvae tissue, which may also
hinder the pressing yield.

According to Lee et al., 2019, heating (at 55, 75, and 95 °C) affects the functional properties of T.
molitor proteins, and the effect increases with the heating duration (20, 40, and 60 min). Thus, the
higher the applied temperature and time, the higher the water holding capacity WHC, the foam
stability, and the gel stability, the lower the oil holding capacity OHC, the foam capacity, and the
emulsion activity and stability.

Figure 9 brings together the total extract from DIC treated larvae adding up the pressing yield and
the expulsed matter rate. The total extracted matted varies between 60 and 68%.
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3.7.  Impact of DIC on the quality and the composition of larvae press-cake and juice

Table 7 shows that mechanical pressing of the raw material allowed removing 78% of the larvae’s
initial lipid content. Indeed, the lipid mass decreased from 9.8 g/100 g of larvae (Table 5) to
2.19/100g of pressed larvae. As for the other treatment conditions, we extracted 73 + 2.5% of the
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Figure 9. Total extracted matter from larvae

initial lipid content, with no significant difference.

Table 7. The fraction of total lipids present in the pressing juice of yellow mealworms

5 Cake'slipid M3 @) 0F ) inids in the liquid
1 t T lipids in o
Run no. (MPa) s) °C) cor_ltent 100 g of phase (/9 \{\I/W of
(% in db) total lipids)
press cake

Pressed alive / / / 14.71 +0.26 2.1 78.4+0.5
((:fztr?a'lgol'g)ti 0.3 25 1335 11,96+ 0.35 27 72.6+2.2

2 0.3 35 1335 11.89 2.7 72.9

3 0.45 25 147.9 11.15 2.7 73.0

5 04 32 144.2 10.68 2.7 69.4

6 0.194 32 119.2 12.91 2.4 75.6

8 0.194 18 119.2 11.20 2.0 77.6

9 0.4 18 144.2 11.00 2.5 74.8

11 0.3 15 1335 11.35 2.3 73.8

12 0.15 25 111.3 14.88 2.7 69.6

L Run no. are numbers given to each experimental point in the experimental plan

2 Central points are repetitive runs at the center of the experimental plan that provide an estimate of experimental error
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Table 8 shows that increasing DIC pressure decreases the fraction of proteins that pass in the liquid
phase. It drops from 49.2% for the RM to 17.7% for DIC-treated larvae at 0.45 MPa. These
findings confirm the previously stated hypothesis of proteins' thermal and mechanical aggregation
causing their retention in the press cake and thus justify the pressing yield drop. This result may
be very useful in retaining the proteins in a meal that is very suitable for feed applications.

Table 8. The fraction of total proteins present in the pressing juice (aqueous phase) of yellow mealworms
Proteins in the

Cake’s - . e,
. Mass of proteins liquid’s
P t T protein
Run no. (MPa) (s) (°C) content (9/100 g pressed  aqueous phase
(/100 g db) larvae cake) (% wiw of total
proteins)
Pressed alive / / / 51.0 7.3 49.2
12 0.15 25 1113 46.0 8.4 38.4
13 0.3 25 1335 52.6 11.1 18.8
3 0.45 25 147.9 52.2 12.6 17.7

Table 9 shows no significant differences in the colloid concentration in the extracted liquid
between different DIC conditions, with 52.95 g/L, against 75.45 g/L for the pressed alive raw
material. These results correlate with the previously stated phenomenon of protein aggregation in
the pressing cake.

As for the juice colouration, absorbance decreases from 1.267 to 0.372, from the raw material to
the most severe DIC treatment conditions, with a pH of 4.65 +£0.35 for all juices (blanched and
DIC treated). Moreover, the statistical responses in Supplementary Figure S6 confirm these
findings: the colour of the larvae juice becomes lighter by increasing the DIC treatment pressure,
while the treatment time has little or no influence. In addition, the visual observation of larvae
colours after different treatment conditions (Supplementary Figure S1) reveals that DIC
pretreatment might gradually inhibit the enzymatic activities of T. molitor larvae with the threshold
being at 0.3 MPa/15 s. A similar effect of the DIC on the enzymatic activity of bananas was stated
by Setyopratomo et al., 2012, who reported that DIC texturing of bananas prevented the conversion
of the starch to reducing sugar, which was attributed to enzymatic deactivation during the DIC
treatment process. Besides, blanching the larvae at 90°C for 4 min does not seem to surpass the
inhibition threshold of the enzymatic activities (Supplementary Figure S1, left), which is not in
line with the findings of Cacchiarelli et al., 2022, who stated that blanching mealworms at 90 °C
for 1 min was sufficient to block the enzymatic browning of their juice. On this subject, Mancini
et al.,, 2019 have found that the enzymatic activity was partially inactivated in mealworms
blanched at 90 °C for 2.5 min and totally inactivated in the ones blanched at 90 °C for 5 min.
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Table 9. The aqueous phase colloids concentration and colouration of yellow mealworm pressing juice

Run no P t T Colloids Juice absorbance
' (MPa) (s) (°C) (9/L) (at 420 nm)

Pressed alive? / / / 75.45 1.267
(Cle’;t;a'lgol'g;f 0.3 25 1335  51.28+13 0.602 +0.115

2 0.3 35 1335 54.10 0.410

3 0.45 25 147.9 50.95 0.372

5 0.4 32 144.2 55.75 0.365

6 0.194 32 119.2 56.05 1.229

8 0.194 18 119.2 52.30 1.256

9 0.4 18 144.2 54.45 0.344

11 0.3 15 1335 51.20 0.895

12 0.15 25 111.3 57.10 1.224
DIC average® 53.68

LRun no. are numbers given to each experimental point in the experimental plan

2 Central points are repetitive runs at the center of the experimental plan that provide an estimate of
experimental error

3 DIC = instant controlled pressure drop

—— Lipid layer

I I i l ‘\\ Viscous film
) : . . . B - - I Aqueous layer

—— Pellet layer
Figure 10. Centrifuged pressing larvae juice in ascending order from blanched to the highest DIC pressure treatment

conditions, from left to right

Centrifugation of the expressed juice permits identifying three distinct layers: lipid, aqueous, and
pellet (Figure 10). Thus, between a lipid upper layer and an aqueous phase, a viscous dark film
occurs. It is worth noticing that the more severe the DIC treatment conditions, the more distinctive
the lipid layer, going from 3% to 17% (from the RM to the highest treatment conditions) (Figure
10), even though the same lipid content is present (Table 7). These results prove that more severe
DIC conditions result in less emulsion stability of pressing juice, possibly because of the heat
denaturation and lipid droplet flocculation/coalescence (Lee et al., 2019).

3.8.  Impact of DIC treatment on the qualitative aspect of larval proteins

In Figure 11 we can see the spectra obtained for (A) blanched (90°C; 4 min) and (B) DIC-treated
larvae (0.3 MPa; 25 s) at different concentrations of ANS and (C) the spectra of the Tryptophan
method, of unhydrated (powder) and hydrated (solution) (5% protein) samples of both blanched
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and DIC treated larvae. The variations of the maximum fluorescence intensity (Fmax) indicate the
degree of protein denaturation. According to Saulnier et al., 1991 when the heat treatment is more
severe, it results in the unfolding of the proteins, the hydrophobic sites became more accessible
and the fluorescence increases. In both methods, the DIC-treated larvae seem to have a greater
Fmax than the blanched ones, implying that it has the most hydrophobic sites on the surface of the
proteins, and consequently a more pronounced protein denaturation.
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Figure 11. ANS spectra obtained for (A) blanched larvae and (B) DIC-treated larvae at different concentrations of

ANS (0 to 150 uM) successively added to a 5% protein solution, and (C) tryptophan spectra for unhydrated
(powder) and hydrated samples (solutions) (5% protein).
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4. Conclusion

This study determined the optimal hydraulic pressing conditions to extract the maximum juice
yield from T. molitor larvae. The best pressing results were obtained at a temperature of 60 °C, a
pressure of 6 MPa, a sample initial thickness of 2 cm, and an initial piston speed of 0.15 mm/s,
giving a yield of 76% in frozen/thawed larvae and 68% for blanched larvae.

Moreover, instant controlled pressure-drop (DIC) treatment could kill the T. molitor larvae at
relatively mild conditions (0.15 MPa for 25 s) with no other significant consequences. The high
DIC treatment conditions resulted in changes in membrane structure, a decrease in the apparent
density, an expansion, and a matter expulsion to the vacuum tank, all commensurate with the
treatment harshness, with no changes in their protein, lipid, and moisture contents. Larvae and
larvae juice colours became lighter with more severe treatment conditions, possibly because of
oxidative enzyme deactivation. As for the pressing, the increased DIC conditions result in lower
yield caused by possible protein denaturation and changes in molecule interactions that bring
higher aggregation and protein content in the press cake. DIC treatment slightly decreases the lipid
extraction yield from 78.4 + 0.5% to 73 +2.5% with no significant difference between different
treatment conditions. Furthermore, the treatment affects lipid emulsion, decreasing its stability and
facilitating other separation processes. DIC treatment time is perceived to have little or no effect
on the integrity of these phenomena. Fluorescence spectroscopy showed that DIC treatment at 0.3
MPa for 25 s causes protein denaturation in comparison with blanching at 90 °C for 4 min, which
confirms our hypothesis of protein denaturation causing protein aggregation and decreased lipid
emulsion stability. However, it is important to note that protein denaturation makes them easier to
digest, has no effect on a sample's nutritional properties, and increased surface hydrophobicity
may be beneficial for certain applications.

These findings allow understanding of the impacts of instant controlled pressure-drop technology
on different physical and chemical properties of yellow mealworms, thus it could be used as a
pretreatment step prior to the mechanical pressing to improve protein separation from lipids:
generating a protein-rich press cake and a liquid with a readily separable lipid phase through simple
centrifugation. The corollary of this is to construct foundational material to expand in further
studies.
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7. Supplementary material

Figure S1. Larvae in ascending order from blanched raw material to the highest instant controlled pressure-drop
treatment conditions.
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Figure S3. Dried larvae after instant controlled pressuredrop treatment at 0.45 MPa for 25 sec showing
semitransparent colour with their visceral content expulsed (A) or expulsed and stuck on the exoskeleton (B).
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Standardized Pareto Chart for Thickness (mm)
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11.4. Article 4: Impact of instant controlled pressure-drop (DIC) texturing on the
drying of yellow mealworms

(The article is presented on the following pages)
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Abstract

Insects are increasingly being evaluated as promising protein sources for the food and feed sectors.
However, to be accepted as a viable food source, insects must undergo proper processing. Drying
is a crucial step in insect processing, as it inhibits the growth of harmful microorganisms, improves
their stability and extends their shelf life. After drying, insects can be further processed into various
forms, to make them more socially acceptable as food and feed. During drying, biological materials
are prone to shrinking, which usually affects their quality. Shrinkage of dried biological material
results in a compact structure and causes a significant reduction in water diffusivity. It is typically
escorted with unsatisfactory organoleptic quality and problems with grinding. Therefore, including
retexturing and structure-expanding techniques in regular drying procedures is becoming essential.
The instant controlled pressure-drop (DIC) technique was suggested as a texturing technique for
yellow mealworms. DIC treatment successfully overcame shrinkage at treatment conditions of
0.194 MPa/32 s and above, resulting in enhanced water diffusivity of 1833 % and 682 % for DIC-
treated larvae at 0.45 MPa/25 s, dried at 50 and 60°C, respectively, as compared to blanched larvae.
Furthermore, DIC caused a 125% increase in the specific surface area of the dried meal, and a
more uniform particle size distribution, both of which reflect the influence of this pretreatment on
grinding and, consequently, the end product's quality. Finally, experimental data of sorption
isotherms at 20, 30, and 40°C were fitted with Brunauer-Emmett-Teller (BET), Guggenheim-
Anderson-de Boer (GAB), and Oswin models to represent the sorption behaviour.

Keywords: water diffusivity; shrinkage; edible insects; fitting; sorption isotherms.

Nomenclature

A Area of a water molecule (1.06x107*° m?)

aw water activity

C,Kand N Constants related to the sorption isotherm
Def Effective diffusivity (m?/s)

db Dry basis

dp The equivalent radius of the material (m)
EMC or M Equilibrium moisture content (g / g db)

Mg Dry matter mass

m¢ mass (g) after DIC treatment

mi mass (g) before DIC treatment

my mass (g) at time t

M Moisture content (g / g db)

M; Initial moisture content (g/g db)

M moisture content during drying at time t (g /g db)
Mo Monolayer moisture content (g /100g dry db)
Mk20 Molecular weight of water (18g/mol)

MR Moisture ratio (dimensionless)

n Number of terms in the series

N Avogadro Avogadro’s number (6x10% mol™t)

Ty Temperature of glass transition
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Vs Volume of larvae after DIC treatment (mm?)
Vi Volume of larvae before DIC treatment (mm?)
Greek letters

) thickness (mm)

p density (kg/m®)

o solid surface area (m?/g)

1. Introduction

The exponential rise of the world's population and the scarcity of our resources necessitate a
reassessment of our eating habits, particularly those related to protein intake. Insects present
promising biomass for food and feed applications since they are rich in protein and fat, have a low
feed conversion ratio (FCR), and involve minimal greenhouse gas emissions (van Huis, 2013). For
instance, the yellow mealworm (Tenebrio molitor), one of the most known edible insect species,
is composed of nearly 50% of protein, and 30% of fat, in addition to containing chitin, vitamins,
and minerals (Jones et al., 1972). However, entomophagy (human consumption of insects) is
uncommon or even socially unacceptable in Western civilization. Thus, it has rarely been
addressed as part of international organizations' sustainability and food security programs (van
Huis, 2013).

There are three ways to distribute insects for human or animal consumption: whole insects, insects
processed into a powder (meal), and purified extracts such as protein isolate, lipid, or chitin (EFSA,
2015). Since insects (cooked or raw) have low acceptance, they may have a better perception as
food for human consumption when processed into high-protein food products or as protein extracts
(Zhao et al., 2016). Various processes can be applied to insects such as pretreatments (freezing,
blanching, ultrasound, Pulsed Electric Field), drying (traditional sun-drying, smoke drying,
roasting, microwave drying, freeze-drying, and oven-drying), and extraction (pressing,
delipidation, ultrasound-assisted extraction, supercritical CO2 extraction, alkaline aqueous protein
extraction, and enzymatic hydrolysis for protein and chitin extraction) (El Hajj et al., 2022; Ojha
et al., 2021; Parniakov et al., 2022).

On an industrial level, oven drying is the most commonly used technology for drying insects due
to its scalability, despite potential negative impacts on the sample such as denatured proteins,
enzymatic oxidation, colour changes, hard texture, and loss of potential health benefits. In order
to maintain the nutrient and sensory quality of insects and their products, alternative drying
methods, such as traditional sun drying, freeze drying, and microwave-assisted drying, have been
explored, and pretreatments like blanching have also been used to reduce microbiological load,
prevent enzymatic oxidation, and improve some sensory properties (Hernandez-Alvarez et al.,
2021; Kroncke et al., 2019). Yet, balancing drying energy cost with the quality of the dried larvae
is very important (Kroncke et al., 2019).
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Since drying time and temperature are found to be the main factors affecting the expenses and the
overall quality (biochemical, functional, and organoleptic characteristics) of any dried foodstuff,
scientists and industrials of different sectors have been adopting novel drying techniques or
assisting conventional drying with emerging technologies to enhance different drying processes
(Mounir et al., 2012). Hence, in the insect processing chain, industrials are facing a challenge in
finding suitable drying technologies that can preserve insects for prolonged storage periods
without compromising their nutrient and sensory quality (Krdncke et al., 2019), therefore it is
essential to focus on developing novel and environmentally-friendly drying techniques that are
specific to each insect species, while considering the technological and bio-functional quality of
the final product. This includes addressing concerns related to shelf life, safety, and sensory
quality, as well as evaluating the impact of the drying process on the potential health benefits of
the bioactive compounds present in the insects (Hernandez-Alvarez et al., 2021).

Drying mealworms using fluidized bed proved to be challenging due to the lightweight nature of
the larvae, requiring constant regulation of air supply to prevent material from being blown out.
Microwave and freeze drying were found to be dependent on the thickness of the larval bed to be
dried, with higher loading rates resulting in higher moisture content and water activity. While
conventional hot-air and freeze-drying techniques are highly effective, they are associated with
lengthy processing times. Freezing larvae prior to drying is effective in decelerating microbial
growth, but it has some drawbacks such as the degradation of the cell membrane which results in
the loss of flavor and taste (Kroncke et al., 2018).

In general, heat pretreatment is required to Kill vegetative bacteria and limit the presence of aerobic
spores. Blanching is currently the most often used pre-treatment step for insect drying to avoid
browning, preserve colour and nutritional value, and inactivate enzymes and microorganisms that
cause spoiling during storage. It is found to improve the drying process and the final quality and
safety of insect products, but the particular parameters vary based on the insect and desired product
properties (Hernandez-Alvarez et al., 2021). Also, the application of pulsed electric field (PEF) as
a pre-treatment for H. illucens larvae before drying showed promise. Electric field strengths of 2
kV/cm and 3 kV/cm with specific energies ranging from 5 kJ/kg to 20 kJ/kg resulted in improved
insect biomass and up to 30% reduction in drying time (Alles et al., 2020).

Instant Controlled Pressure-drop (French acronym DIC) is a novel technology used mainly as a
pretreatment for raw materials. This High-Temperature/Short-Time (HTST) hydro-thermo-
mechanical treatment alters the structure of the treated materials through expansion. DIC
pretreatment is known to improve solvent extraction (Jablaoui et al., 2020; Mkaouar et al., 2015),
increase pressing yield (Pérez et al., 2014), as well as being an extremely efficient microbial
decontamination method (Allaf et al., 2011). DIC can also be used as an extraction technique for
both volatile molecules (such as essential oils) (Allaf et al., 2013; Berka-Zougali et al., 2010;
Besombes et al., 2010) and non-volatile compounds. DIC treatment typically improves drying
kinetics while preserving product quality (Mounir et al., 2012). With the DIC-induced texture
expansion, conventional hot air drying can be significantly improved by avoiding the phenomenon
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of shrinkage, reducing drying time, and increasing effective diffusivity and starting accessibility,
thus reducing energy consumption and improving the quality of dried products (El Zahar et al.,
2015; Mounir et al., 2011, 2018; Pech-Almeida et al., 2021).

In two recent studies (El Hajj et al.“in press”, 2023) we investigated the impact of DIC
pretreatment on yellow mealworms larval properties and compound extraction by pressing as a
low-energy consuming dewatering and defatting approach, as well as its effect on pressing yield,
product quality and microbial inactivation. The current work extends these previous studies by
exploring for the first time the impact of DIC pretreatment on the drying process of insect larvae,
analyzing its effects on drying kinetics, end-product quality, and sorption isotherm behaviour
modelling.

2. Materials and methods

2.1. Raw material

Living T. molitor larvae were supplied by France insects farm (Crevecoeur-le-grand, France).
Before processing, they were fasted for at least 24 h at 4°C and then sieved. On average, a larva
weighs 95 *+ 15 mg, has a thickness of 2 + 0.15 mm, and has an average length of 20 £ 5 mm.
Larvae treated with DIC were initially alive, with an initial moisture content of 65%. The ones
used as control samples were blanched at 90 °C for 4 min in preheated closed tubes, with no direct
contact with water.

The welfare of insects was maximized in our work by following the foundation for ethical
consideration of individuals, the '3Rs' of animal exploitation in research: Replace, Reduce, and
Refine, and there are no legal concerns with the adopted killing methods.

2.2.  Experimental protocol

Instant Controlled Pressure Drop (DIC) was applied to living mealworms as a killing method and
a pretreatment at once before drying them in a ventilated oven at 2 m/s at two different
temperatures (50 and 60 °C). The control samples were blanched at 90 °C for 4 min and dried
under the same drying conditions (Figure 1).
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Figure 1. Experimental protocol

2.3. Instant controlled pressure-drop DIC
Larvae were treated with the DIC unit provided by ABCAR-DIC Process company (Compiegne,

France). The DIC apparatus (Figure 2 (A)) includes a treatment chamber and a vacuum system
connected by an instant opening valve.
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Figure 2. Schematic representation of (A) Instant controlled pressure drop (DIC) apparatus and (B) the temperature
and pressure correlations during a treatment cycle

The DIC treatment cycle presented in Figure 2 (B) consists of two steps: 1) a quick heating step
that can induce an absolute pressure of up to 0.7 MPa and a temperature of 160 °C, and it is done
by injecting saturated steam into the treatment chamber for less than 60 sec; 2) a prompt pressure
drop that induces immediate auto-vaporization of water and some volatile molecules, an instant
cooling of the sample, and often an expansion and texturing of the product (Allaf et al., 2013;
Bouallegue et al., 2016; Mounir et al., 2012). Going from a high-temperature-high-moisture state
to a low-temperature/low-moisture state may lead the product to cross the glass transition (Tg)
zone from the rubbery (viscoelastic) to the glassy state allowing drying to occur without shrinking
and the expanded structure to be kept (Mounir et al., 2011).

Larvae treatment with DIC was carried out using a two-factor 5-level central composite
experimental design with 230 g larvae treated per batch and at least two repetitions for each point.
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The two independent variable factors were the pressure and the treatment time and were varied
between 0.15-0.45 MPa and 15-35 s, respectively (Table 1).

Table 1. DIC-pretreatment experimental points

Factor Point min (-a) Point (-1) Central point Point (+1) Point max (+a)
Time (s) 15 18 25 32 35
Pressure (MPa) 0.150 0.194 0.300 0.400 0.450

Preliminary tests showed that the lowermost combination of 0.15 MPa/25 s was the larval mortality
threshold. During the pressure drop step, the high rate of autovaporized water expels some of the
visceral content into the vacuum tank while assuring an expansion of the larvae.

Equation (1) expresses the expulsion rate:

m; — mf
— 1)

l
with m; and ms representing the mass of the larvae before and after DIC treatment, respectively,
and the relative volumetric expansion was calculated based on the sample’s volume variation as

follows, Equation (2):

Expulsion rate (%) =

v @

with Vi and Vs representing a larva’s average initial and final volumes obtained by dividing its
average weight by its apparent density.

i

Relative volumetric expansion (%) = !

2.4.  Qualitative and quantitative analyses

The moisture content of the samples was assessed by drying them in an oven at 105°C for 24 h. A
calliper was used to measure the thickness of the larvae, with at least 15 repetitions to determine
the average thickness.

A gravimetric dynamic sorption analyzer (SPS23, ProUmid GmbH & Co, Germany) was used to
determine the sorption isotherms and kinetics of dried yellow mealworm meal. This equipment
can simultaneously measure the water vapour sorption isotherms on up to 23 samples. It records
the value of every sample’s water intake every 10 min using a high-accuracy microbalance
(10 pg). Samples were first dried in an oven at 105 °C for 24 h and then ground with a coffee
grinder. They were then kept at 0% RH at the specified temperature for at least 48 h to ensure that
they were totally dry. Following that, they were subjected to a series of relative humidity (RH)
jumps at constant temperatures (20, 30 and 40°C) until reaching equilibrium. Once the
humidification step was complete, the desorption cycle was carried out by gradually decreasing
the RH to zero (Afrassiabian and Saleh, 2020).
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A laser diffraction testing instrument (Mastersizer 2000, Malvern Panalytical, UK) was used to
evaluate particle size distribution (PSD). The measurements were done on dried (at 105°C/24 h)
and ground samples. Then the Sauter mean diameter (SMD or Ds;), which is the diameter of a
sphere with the same volume-to-surface-area ratio as the particle of interest, was used to compute
the specific surface area (Scala, 2013).

2.5.  Drying kinetics

The drying was done in a ventilated oven (UN750, Memmert, Germany) at two different drying
temperatures: 50 and 60 °C, with an airflow rate of 2 m/s measured using a digital anemometer
(Shenzhen Tomtop Technology Co., Ltd., China). Samples of 50 g DIC-treated whole larvae were
put in well-perforated stainless-steel baskets (65x70mm) and were weighed for 6 h at intervals of
30 min, then they were left at the same drying temperature overnight. After a total drying time of
20 h, samples were weighed, their moisture content was determined, and then they were left at the
same drying temperature for 7 more days to determine the dry matter’s content at the equilibrium
level. The drying kinetics study was done in duplicate.

Moisture content on a dry basis is calculated using Equation (3) (Benseddik et al., 2020):

m, —my
M, =—2
t my (3)
where Mt is the sample’s moisture content based on its dry weight at time t (g H.O/g db), mtis the

mass measured at time t (g), and mq is the dry matter mass (g).

2.6.  Modelling of drying kinetics

For the modelling of drying kinetics, larvae were considered as infinite slabs (Alles et al., 2020;
Da Silva et al., 2019). Fick's second law of diffusion mathematically describes the kinetics of
moisture transfer throughout the drying process (supposing Dess is constant) (Benseddik et al.,
2019):

oM
ot
where M is the moisture content, De is the effective diffusivity (m?/s), and t is the time.

Assuming that the airflow velocity is greater than the Critical Airflow Velocity, we considered
that the drying process is controlled by internal water diffusion. Furthermore, assuming that the
airflow temperature and internal effective water diffusivity are constant and that there is no
shrinkage, we may use Crank’s analytical solution of Equation (4), which gives the total diffusing
material that enters or leaves an infinite slab (Crank, 1979), Equation (5):

121



Chapter Il - Impacts of DIC pretreatment on yellow mealworms transformation chain

_ (2n+1)2m2Dyf st
_Mt—Moo_8z 1 ap®
TMi—M, mL@n+ 12 P
n=
where MR is the moisture ratio, M, Mi, and M-, are the moisture contents (g /g db), at time t, t =
0, and t=o0, respectively, and dp is the equivalent radius of the material (m).

MR (5)

Over a sufficiently long drying time, the second and all higher terms in Equation (5) are negligible
when compared to the first term (n=1) (Benseddik et al., 2020; Chinenye et al., 2010; Doymaz,
2007). As a result, Equation (5) can become the following:

38 B TL’ZDefft
MR = —7€xp 4dp? (6)
By rearranging Equation (6), we obtain:
8 T[ZDeff t
lTl( MR) =In (F) - sz (7)

For the drying time t higher than the starting accessibility, Ln (MR) of the drying experimental

data can be plotted versus drying time t, and the effective diffusivity Dess can be calculated using

the obtained slope k (Benseddik et al., 2019; Chinenye et al., 2010; Doymaz, 2007) as follows:
T[ZDeff

_ 8
Slope k Tdp? (8)

2.7.  Sorption isotherms modelling

In this study, we have applied Brunauer-Emmett-Teller (BET), Guggenheim-Anderson-de Boer
(GAB), and Oswin models to fit our experimental sorption isotherms data. BET is the most
frequent and commonly used two-parameter model. It gives good data fitting for a wide variety of
foods throughout the range 0.05 < aw < 0.45 (Brunauer et al., 1938). On the other hand, the three-
parameter GAB equation is the most accurate with the best-fitting model for a wide variety of
foodstuffs throughout an extensive water activity range (up to 0.9). Both BET and GAB models
indicate the quantity of water tightly bound to primary adsorption sites (monolayer value) (Marcos
et al.,, 1997). The BET and GAB models are mathematically expressed by their respective
equations as follows:

BET (Brunauer et al., 1938 M= MoCay 9
(Brunauer et al., 1938) " U—a,)(1—a,+Cay) ©)

. MyCKa,,
GAB (Maroulis et al., 1988) EMC = (20)

(1-Kay)(1-Ka, + CKa,,)
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Where EMC and Mo are the equilibrium moisture content and the monolayer moisture content (g
H>0/100g dry matter), respectively and C and K are the constants related to the sorption isotherm.

The conversion of BET and GAB models to linear and second-order polynomial equations,
respectively, allows computing the values of the constants through the regression coefficients
(Marcos et al., 1997).

The purely empirical Oswin model Equation 11, which is based on mathematical series expansion
for sigmoid-shaped curves (Chirife and Iglesias, 1978), has long been recognized as a good model
for a wide range of isotherm types and materials with up to 0.5 water activity. The Oswin equation
is the following:

N
Oswin (Chia-Chung Chen, 1990) M = K (1 “Wa ) (11)
- Uw

The linearization of equation (11) gives the sorption isotherm constants K and N (Téllez-Pérez et
al., 2015):

Ay

InM = N In( )+1In K (12)

1—-a,
The mean relative percentage deviation modulus (E) and the root mean square (RMS) allow
evaluation of the model goodness-of-fit and pertinence (Iguedjtal et al., 2008):

N
1 |Mexp_Mth|
E(% =—Z— (13)
=Nl M.,
=1
15 M, — M. \>
RMS (%) = —Z (L”‘) (14)
Ni=1 Mexp

Where Mexp Is the experimental moisture content, My is the theoretical moisture content, and N is
the number of experimental points.

Additionally, the solid surface area, o (m?/g), was determined from the monolayer moisture content
using Equation (15) (Iguedjtal et al., 2008; Mazza and LeMaguer, 1978):

ApooN, M
G = H20'"VAvogadro!™0 — 3530 Mo (15)
MHZO

Where o is the solid surface area (m?/g), A is the area of a water molecule (1.06x10*° m?), N avogadro
is Avogadro’s number (6x10% mol™?), Mo is the monolayer moisture content (g/g db), Muzo is the
molecular weight of water (18 g/mol).
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2.8.  Experimental design and statistical analysis

A two-factor central composite experimental design was used to treat larvae with different DIC
conditions. The significance of variable variation was determined by analyzing the data obtained
from the experimental study using ANOVA and Pareto charts (with a significance level of p <
0.05) in Statgraphics (centurion XV1, StatPoint Technologies, Virginia, US).

As for all other experiments, a t-test (Microsoft excel) was used to determine the significance of
the difference between the means of two groups with at least two measurements performed on
each sample.

3. Results and discussions

3.1. Larval characteristics before and after the DIC treatment

In our previous paper, different larval characteristics were measured before and after DIC
treatment and the main findings are presented in Table 2 as they are relevant to the current study
(El Hajj et al., “in press”). The larvae’s moisture content and water activity (aw) Show no significant
difference, with an average value of 65% + 1.5 and 0.982 + 0.006, respectively. However, the
blanched larvae's moisture content and water activity decreased slightly due to some water
evaporation during the blanching process. The expulsion of the larval content to the vacuum tank
ranges from 0% (0.15 MPa/25s) to 16.4% (0.45 MPa/25 s).

As a result of the DIC expansion, the larvae's thickness increases with the treatment intensity from
2.06 to 2.44 mm. There was no significant difference found between the larvae’s true (intrinsic)
densities (1091+8.7), however, the apparent density was found to decrease with increasing the
treatment intensity, which is due to substance loss during expulsion as well as the increase in
larvae’s thickness. Moreover, the calculated relative volumetric expansion ranges from 0 to 67.2%
proportionally with the treatment intensity.

124



Chapter Il - Impacts of DIC pretreatment on yellow mealworms transformation chain

Table 2. Larval characteristics before and after the DIC treatment (EI Hajj et al., “in press™)

X p t T . M @ E>'<pu p apparent \% \ Relatiye
Run no. (MPa)  (s) C) (b/g;\gt aw (mm) I(s(:/(())? (kg/m?) (m)m ex%e)i/(r)l)smn
Living / / / 65.0 / 2.06 / / / /
Blanched / / / 59.0 0.954 2.06 / 714.3 92 0.0
Central
points® 300 25 1335 655 0982 220 58 5078 123 335
(147,10, . : : . . . . .
13)
2 0.300 35 1335 65.0 0.975 2.16 8.6 392.8 154 66.2
3 0.450 25 147.9 63.7 0.988 2.44 16.4 357.1 155 67.2
5 0.400 32 144.2 67.8 0.994 2.42 15.4 333.9 167 81.0
6 0.194 32 119.2 64.1 0.983 2.08 11 607.1 108 16.4
8 0.194 18 119.2 67.4 0.980 2.09 0.0 692.8 95 3.1
9 0.400 18 144.2 63.3 0.982 2.42 12.9 375.0 153 65.9
11 0.300 15 1335 66.7 0.984 2.16 3.8 596.4 106 15.2
12 0.150 25 111.3 67.3 0.968 2.06 0.0 714.3 92 0.0
DIC 65.6 0.982
average ° *1.5 +0.006

1 Run no. are numbers given to each experimental point in the experimental plan.

2 Central points are repetitive runs at the centre of the experimental plan that provide an estimate of experimental
error.

®DIC = instant controlled pressure-drop

3.2.  Drying kinetics

Based on the drying experimental data, a linear correlation was found between In (MR) and time
for all samples, with an average coefficient of determination (R?) of 0.99 at both drying
temperatures (50 and 60 °C) and the effective moisture diffusivity (Deff) of each sample was
calculated from the correlation’s slope and is presented in Table 3. As can be observed, the DIC-
treated larvae had effective water diffusivities ranging up to 5.50 10! and 6.34 10°** m?/s, which
are significantly higher than 0.30 101! and 0.93 10! m?/s for blanched samples, during drying at
50 and 60 °C, respectively. DIC pretreatment significantly improved diffusivity, increasing it up
to 1833% and 682% for drying at 50 and 60 °C, respectively. The t-test revealed a significant
difference in water diffusivity at 50°C between blanched larvae (0.3 10'%) and DIC-treated 0.15
MPa/25s (0.6 101 with t (2) = 5.08, p = 0.0183. At 60°C, a similar trend was observed in
diffusivity between blanched larvae (0.93 1011) and DIC-treated 0.15 MPa/25s (1.14 10%) with t
(2) = 4.32, p = 0.0247. Also, this significant difference in diffusivity was consistently observed
between blanched and all higher DIC treatments. Moreover, the statistical analysis presented in
Supplementary Table S1, Table S2 and Figure S1 allows a better understanding of the influence
of DIC factors on effective moisture diffusivity. According to the Pareto charts and the estimated
response surfaces, the water diffusivity within the material is positively correlated with the
saturated steam pressure, which is the only factor affecting this response. Similarly, Albitar et al.,
(2011) reported a 223% improvement in diffusivity for onion samples treated with DIC at 0.46
MPa for 14 s and dried at 40°C. On this subject, Alles et al., (2020) observed an increase in
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diffusion coefficient value of up to 170% for PEF-treated H. illucens larvae of at E = 2 kVV/cm and
20 kJ/kg when compared to untreated samples.

Azzollini et al., (2016) reported that the Des values for yellow mealworm larvae showed a gradual
increase as the temperature increased from 50 °C to 60 °C. At 60 °C, the values were 3.3 times
higher than at 50 °C. In this study, we observed a similar pattern for blanched larvae, with values
at 60 °C being three times higher than those at 50 °C. However, when the larvae were treated with
DIC, this difference was reduced and continued to decrease as the treatment intensity increased.
Eventually, for DIC-treated larvae at 0.45 MPa/25 s, the values at 60 °C were only 1.15 times
higher than those at 50 °C.

Table 3. Effective moisture diffusivity of larvae dried at 50 and 60 °C after different treatments

Drying at 50 °C Drying at 60 °C
Run no.! Du Improverr;ent of Diffusivity Dur ImprovemDent of Diffusivity
(x 101 m2/s) <¢) (%) (x 1011 m2/s) <¢) (%)
Deffplanchea Desfplanchea
Blanched 0.30 100 0.93 100
0.150 MPa/25 s 0.60 200 1.14 123
0.194 MPa/18 s 1.21 403 2.04 219
0.194 MPa/32 s 1.40 467 2.32 249
0.300 MPa/15 s 3.07 1023 4.16 447
0.300 MPa/25 s 2.97 992 4.46 479
0.300 MPa/35 s 4.02 1340 5.52 594
0.400 MPa/18 s 4.72 1573 5.06 544
0.400 MPa/32 s 5.16 1720 6.97 749
0.450 MPa/25 s 5.50 1833 6.34 682

1 Run no. are numbers given to each experimental point in the experimental plan.

Conventionally, the shrinkage phenomenon, strictly associated with the hot air-drying process,
enhances heat conductivity while decreasing water and vapour diffusivity inside the matter. As a
result, the mass transfer becomes the limiting factor, significantly decreasing the drying Kkinetics
(Louka et al., 2004). The obtained hard dried particles are difficult to grind, leading to thick and
large particle dimensions, which results in a low specific surface area powder and undesirable
functional, sanitary, nutritional, and sensory properties (Mounir et al., 2011).

However, in the present study, DIC treatment overcame the shrinking concerns of the drying
process (Figure 3). Larval thickness measurement pre- and post-drying (at 50 and 60°C) for
samples that underwent different treatment conditions (Table 4), shows that for the blanched larvae
and the ones treated with DIC at 0.150 MPa for 25 s and at 0.194 MPa for 18 s, the thickness has
shrunk from 2 to 1.5 mm after the drying step at both drying temperatures. When treated at 0.194
MPa for 32 s and above, larval thickness remains constant after drying, which could be explained
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by crossing the previously mentioned glass transition state (Tg), increasing diffusivity and
improving drying kinetics significantly.

The paired t-test was used to statistically analyze the variability in larvae thickness before and after
drying at 50 and 60°C for blanched and DIC-treated samples. The results indicated that the
thickness significantly changed after drying at both temperatures for the blanched and DIC-treated
larvae at 0.15 MPa/25s and 0.194 MPa/18s, with t (2) = 36.93; p = 0.0003 at 50 °C and t (2) =
25.46; p =0.0007 at 60°C. As for the remaining DIC-treated larvae, the paired t-test results showed
that there was no significant change in the thickness before and after drying at both temperatures,
with t (6) =-0.22; p=0.415at 50 °C and t (6) = 1.03; p = 0.171 at 60 °C.

Purschke et al., (2018) evaluated the morphology of yellow mealworms following conventional
hot air drying, freeze-drying, and fluidized bed drying. They stated that freeze-drying preserves
the original structure of larvae by preventing undesirable shrinkage and producing dried larvae
that have high porosity. However, due to tissue collapse and loss of porosity, oven and fluidized
bed drying generated shrivelled larvae with decreased length and diameter and a much higher
density than freeze-dried larvae.

Furthermore, as can be seen in Figure 3, the colour of the dried larvae appeared lighter when the
DIC treatment intensity was increased. This colour change is most likely caused by the inhibition
of the enzymes that induce oxidation, which is an effect previously observed in bananas treated by
the DIC (Setyopratomo et al., 2012). According to Purschke et al., (2018), untreated air-dried
Tenebrio molitor larvae at 80 °C displayed a low colour lightness due to a combination of
enzymatic and non-enzymatic browning, resulting in the formation of brown pigments. Blanching
followed by oven drying or fluidized bed drying caused less browning due to the inactivation of
some browning enzymes. Blanching followed by freeze-drying was found to be the method that
best preserved the colour. However, Azzollini et al., (2016) have stated that fresh freeze-dried T.
molitor larvae had a higher luminosity compared to blanched freeze-dried, unblanched air-dried at
70 °C, and blanched air-dried at 50 °C, 60 °C, and 70 °C. They suggested that blanching treatments
and extended drying at high temperatures, necessary to achieve dehydration equilibrium, likely
facilitated non-enzymatic browning reactions which are well-known to cause a reduction in
lightness values.

Table 4. Larvae thickness before and after drying kinetics at 50 °C and 60 °C

Treatment @ Before drying @ (mm) after drying @ (mm) after drying

conditions (mm) at50 °C at 60 °C
Blanched 2.06 £ 0.05 1.50 £0.02 1.50 £0.02
0.150 MPa/25 s 206+0.2 1.55 +0.15 1.57 £0.33
0.194 MPa/18 s 2.09+0.23 1.55 +0.17 1.55 +0.17
0.194 MPa/32 s 2.08+0.24 2.17 £0.19 2.18 £0.19
0.300 MPa/15 s 2.16 £ 0.15 2.15+0.37 2.15+0.37
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0.300 MPa/25 s
0.300 MPa/35 s
0.400 MPa/18 s
0.400 MPa/32 s
0.450 MPa/25 s

2.20+£0.26
2.16+0.21
242 +0.42
242+0.5
244 +0.31

2.19+0.23
222 +0.21
2.39 +0.42
2.37 +0.36
2.42 +0.3

2.15+0.19
2.1+0.11
2.39 +0.42
2.40+0.4
2.34 +0.32

Figure 3. Photos of larvae in ascending order from blanched to the highest DIC-treatment intensity

After 6 h of drying (Table 5), the blanched larvae had a final dry matter content of 35% and 44%
(1.88 and 1.29 g H20O/g db), for drying at 50 and 60 °C, respectively. As for the DIC-treated larvae,
the final dry matter content increased with increasing the treatment intensity until reaching a
maximum value of 77% and 85% (0.3 and 0.18 g H.0/g db) for drying at 50 and 60°C respectively,
for DIC treatment at 0.450 MPa/25 s. Albitar et al. (2011), observed a similar improvement where
the moisture content of DIC-treated onion decreased from 4.15 to 0.05 g/g db in 700 min compared
to 3200 min for the untreated onion.

Table 5. Dry matter content (wet basis) and moisture content (dry basis) after the hot air-drying process

Drying at 50 °C

Drying at 60 °C

Treatment After drying kinetics At equilibrium level After drying At equilibrium level
conditions (6h) (7 days at 50°C) kinetics (6h) (7 days at 60°C)
%DM gH20/gdb %DM gH20/gdb %DM gH20/gdb %DM gH20 /gdb

Blanched 35+1.6 1.88 97.0 0.03 44 +0.0 1.29 96.8 0.03
0.15 MPa/25s 41 +1.9 144 97.6 0.02 50+0.4 1.02 98.0 0.02
0.19 MPa/18s 46 +3.4 1.19 97.9 0.02 53+4.0 0.88 98.2 0.02
0.19 MPa/32s 47 +1.6 1.14 98.2 0.02 59 +4.1 0.71 98.2 0.02
0.30 MPa/15s 64 0.2 0.57 98.6 0.01 75+1.8 0.33 98.6 0.01
0.30 MPa/25s 65 +4.6 0.54 98.9 0.01 76 6.3 0.33 98.8 0.01
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0.30 MPa/35s 75 0.4 0.34 98.9 0.01 85+0.1 0.18 98.7 0.01
0.40 MPa/18s 76 1.9 0.32 98.9 0.01 75 +0.6 0.33 98.9 0.01
0.40 MPa/32s 77 £3.2 0.30 98.7 0.01 85 +1.7 0.18 98.8 0.01
0.45 MPa/25s 76 +8.2 0.33 99.0 0.01 8254 0.23 98.9 0.01

Figure 4 shows that larvae treated with DIC at 0.15, 0.3 and 0.45 MPa for 25 s required respectively
135, 60, and 41 min of drying at 50 °C to obtain the moisture content of 1.88 g/g db. The same
moisture content was reached after 360 min of drying for the blanched larvae, which reflects a
decrease of 88% in drying time. Additionally, at 60°C, the same samples took 270, 120, and 90
min, respectively to reach a moisture content of 1.29 g/g db, against 360 min of drying for the
blanched larvae (75% decrease in drying time). On this subject, Alles et al., (2020) found that the
application of Pulsed electric fields (E = 2 kV/cm and W = 20 kJ/kg) on H. illucens larvae as a
pre-treatment before drying decreased the drying time by around 30%.
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Figure 4. Moisture content (M, g H.O/g db) kinetics during drying at (A) 50 °C, and (B) 60 °C for 6 h after different
treatment conditions

3.3.  Particle size distribution and specific surface area

Figure 5 shows that the ground larval meals of blanched and DIC-treated larvae do not have a
noticeable difference in particle volume (%). However, DIC-treated meal has a more homogenous
distribution of particle size number (%), implying a more uniform and easier grinding, with no
effect of treatment intensity. Likewise, Purschke et al., (2018) noted that the low-density, porous
structure of freeze-dried T. molitor larvae resulted in a significantly lower compression force
required for deformation as compared to the shrunk, compacted structure of thermally dried
samples.
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Figure 5. Particle size distribution in volume (%) and number (%) for the untreated and DIC-treated larvae at 0.3
MPa/25s and 0.45 MPa/25s

According to Table 6, blanched and DIC-treated larvae at 0.3 MPa/25 s and 0.45 MPa/25 s have a
specific surface area of 15.87, 18.75, and 19.93 m?/kg, respectively. These findings indicate an
increase in specific surface area of 118% and 125% for DIC-treated larvae at 0.3 MPa/25s and
0.45 MPa/25 s, respectively, as compared to blanched larvae. Thus, the higher the saturated steam
pressure, the greater the specific surface area, which is linked to the expanded structure of DIC-
textured larvae (Mounir and Allaf, 2008). A similar effect was observed with swell-dried apple
powder, where a 200 % increase was observed at 0.3 MPa/18 s (Mounir et al., 2011). In this regard,
Mounir et al. (2018) stated that expanded granule structures often allow for an increase in specific
surface area. This finding is particularly interesting given that manufacturers strive for extremely
fine powder to increase specific surface area, expedite drying kinetics, and improve functional
qualities.

Table 6. Specific surface area (m?/kg) of dried larvae meal

Treatment Specific surface area (m?/kg)
Blanched 15.87 £ 0.586

DIC-treated 0.3 MPa/25 s 18.75 £ 0.566

DIC-treated 0.45 MPa/25 s 19.93 + 0.8303
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3.4.  Isotherms of sorption

Figure 6 shows sigmoid-shaped sorption isotherms that correspond to type Il of Brunauer's
classification (Brunauer et al., 1940). This isotherm is seen in many hygroscopic products and is
caused by the monolayer-multilayer sorption process (Al-Muhtaseb et al., 2002). Type Il has been
previously reported for T. molitor (Azzollini et al., 2016), A. domesticus and H. illucens larvae
(Kamau et al., 2018).
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Figure 6. (A) adsorption and (B) desorption isotherms at 20 °C of blanched and DIC-treated larvae at 0.3 MPa/25 s
and 0.45 MPa/25 s

It is worth stating the presence of a hysteresis phenomenon between adsorption and desorption
curves. Figure 7 shows that during the desorption phase, for a given equilibrium relative humidity,
more moisture is retained, leading to the detection of higher moisture content (Caballero-Cerén et
al., 2015).
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Figure 7. Sorption isotherms of blanched larvae at 20, 30 and 40 °C
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In food products, water mobility and the dynamic exchange between vapour and absorbed phases
are affected by temperature. When temperature rises, the binding energy between molecules
decreases, resulting in a drop in water molecule adsorption capacity (reduced product hygroscopy),
leading to changes in the sorption isotherm. As illustrated in Figure 7, increasing the temperature
(from 20 to 40 °C) leads to an increase of aw (from 0.6 to 0.65) at the same equilibrium moisture
content (12 g H>0O/100 g db), denoting a reduction in the total number of active sites for water
adsorption due to physical or chemical changes caused by higher temperatures (Abdulla et al.,
2009; Caballero-Ceron et al., 2015; Iguedjtal et al., 2007).

At aw < 0.5, for a given equilibrium moisture content (EMC), DIC-treated samples have lower
water activity than raw material. It is worth noting that the higher the saturated steam pressure, the
lower the water activity (Figure 8). For example, for an EMC of 4 g H>0/100 g db, aw is equal to
0.35, 0.33, and 0.25 for the blanched, and DIC-treated larvae at 0.3 MPa/25 s and 0.45 MPa/25 s,
respectively.

The greater expansion and porosity of DIC-treated products can explain this behaviour. Indeed, an
increase in the available surface for the hydrophilic water-binding (polar sites) decreases the
amount of free water. Therefore, DIC-treated products are likely to be more stable at the same
moisture content than non-treated ones (Iguedjtal et al., 2008; Téllez-Pérez et al., 2015).
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Figure 8. Sorption isotherms (0 < aw < 0.65) for DIC-treated and non-treated larvae at (A) 20°C, (B) 30 °C and (C)
40°C

3.5. Modelling

The isotherm models (BET, GAB, and Oswin) were applied to fit the experimental data for dried
larvae (Supplementary Figures S2, S3, S4, and S5). Tables 7, 8, 9 and 10 displays the estimated
parameters values from the models, the mean relative deviation (E), and the root mean square
(RMS). Lower E and RMS values indicate a better fitting of the model.

The results show that the models do not provide a good fit for the sorption data of blanched larvae
(5 %< E <10 % and 5 %< RMS<14 %) (Table 7). Conversely, the DIC-treated larvae at 0.194
MPa/32 s (Table 8) presented improved values of E and RMS but were still in the high ranges.
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However, the models fit very well for DIC-treated larvae at 0.3 MPa/25 s and 0.45 MPa/25 s
(Tables 9 and 10) with a deviation modulus E and RMS of less than 4%. Hence, BET, GAB, and
Oswin equations are suitable for modelling the isothermal water sorption in the case of DIC-treated
dried larvae. Our results are not in line with those of Azzollini et al., (2016), who reported that the
GAB model was suitable for interpolating isotherms of blanched air-dried T. molitor larvae.

The monolayer moisture content (Mo) is the optimal moisture content to maximize the shelf life of
dry products and enhance their stability and powdering operations, it typically falls between aw
values of 0.2 to 0.4. When moisture content exceeds the monolayer level, chemical reactions that
require water can occur, while both above and below this value the lipid oxidation rate increases
(Azzollini et al., 2016). The data presented in Tables 9 and 10 of larvae treated at 0.3 and 0.45
MPa/25 s (E and RMS < 4%), show that the monolayer moisture content, estimated through the
use of BET and GAB models, is around 3.7 g H20/100 g dry matter.

The solid surface area calculated from the monolayer moisture content is shown to increase with
increasing the DIC treatment intensity (Tables 9 and 10). Regardless of the temperature, for the
adsorption and desorption data, the average surface area in both BET and GAB models increases
from 127 to 137.7 m2/g for DIC-treated larvae at 0.3 and 0.45 MPa for 25s, respectively. Here too,
the increase of DIC-induced expansion coupled with the formation of a microporous structure and
a greater surface of adsorption may explain this phenomenon. Iguedjtal et al. (2007, 2008)
observed a similar effect with granny smith apples and potatoes.

Table 7. Sorption model constants for Blanched larvae

Blanched
ADSORPTION DESORPTION
20°C 30°C 40°C 20°C 30°C 40°C
Mo (g/100g db) 5.272 4731 4.651 4.563 4.363 4.401
6 (m?/g) 186.112 166.987 164.186 161.081 154.014 155.373
BET C 1.877 2.395 2.599 3.796 3.454 3.023
E (%) 7.8% 6.1% 4.8% 7.7% 6.9% 5.7%
RMS (%) 8.7% 6.7% 5.4% 8.6% 7.8% 6.4%
Mo (g/100g db) 4597 4534 4.462 4.112 4.214 4.201
6 (m?/g) 162.269  160.033 157.498 145.146 148.764 148.306
GAB C 2.106 2.477 2.705 4.193 3.509 3.149
K 1.068 1.032 1.027 1.075 1.038 1.033
E (%) 10.6% 9.0% 5.8% 10.4% 9.8% 6.3%
RMS (%) 14.6% 12.2% 7.3% 14.4% 13.3% 7.7%
A 6.798 6.686 6.686 7.076 6.680 5.895
Oswin B 0.844 0.777 0.777 0.672 0.702 0.480
E (%) 6.7% 3.7% 3.7% 6.5% 5.6% 3.4%
RMS (%) 7.5% 4.0% 4.0% 7.1% 6.2% 3.7%
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Table 8. Sorption model constants for DIC-treated larvae at 0.194 MPa/18 s

DIC-treated 0.194 MPa/18 s

ADSORPTION DESORPTION
20°C 30°C 40°C 20°C 30°C 40°C
Mo (9/100g db) 4.666 3.540 3.493 4.021 3.516 3.387
6 (m?/g) 164.708  124.954 123.301 141.928 124.126 119.551
BET C 1.741 5.971 6.006 14.288 7.990 6.405
E (%) 9.9% 3.4% 3.3% 3.4% 4.4% 4.8%
RMS (%) 11.4% 3.7% 3.7% 4.1% 5.1% 5.5%
Mo (9/100g db) 4.080 3.564 3.483 3.905 3.522 3.320
6 (m?/g) 144.012  125.798 122.936 137.847 124.322 117.195
GAB C 2.023 5.790 6.012 15.451 7.870 6.652
K 1.043 1.014 1.011 1.030 1.013 1.017
E (%) 10.3% 5.6% 4.0% 3.2% 6.0% 5.0%
RMS (%) 11.5% 7.2% 4.7% 4.0% 7.5% 5.8%
A 5.820 5.974 5.899 7.230 6.065 5.708
Oswin B 0.852 0.590 0.589 0.428 0.521 0.564
E (%) 9.5% 2.9% 2.7% 4.4% 4.2% 4.3%
RMS (%) 10.4% 3.1% 2.9% 4.7% 4.5% 4.6%
Table 9. Sorption model constants for DIC-treated larvae at 0.3 MPa/25 s
DIC-treated 0.3 MPa/25 s
ADSORPTION DESORPTION
20°C 30°C 40°C 20°C 30°C 40°C
Mo (9/100g db) 3.665 3.600 3.489 3.911 3.579 3.333
6 (m?/g) 129.387  127.082 123.145 138.058 126.356 117.651
BET C 7.813 7.951 7.996 14.960 12.763 10.459
E (%) 3.1% 1.6% 1.7% 1.8% 2.2% 3.1%
RMS (%) 3.5% 1.7% 2.0% 2.2% 2.7% 3.6%
Mo (9/100g db) 3.596 3.715 3.486 3.880 3.652 3.273
6 (m?/g) 126.944 131.135 123.058 136.972 128.914 115.531
GAB C 7.802 7.441 8.032 15.360 12.183 11.100
K 1.034 0.991 1.002 1.009 0.991 1.011
E (%) 4.4% 3.2% 1.9% 1.8% 3.2% 2.7%
RMS (%) 5.5% 4.0% 2.1% 2.1% 3.9% 3.0%
A 6.383 6.306 6.107 7.113 6.426 5.895
Oswin B 0.538 0.543 0.541 0.434 0.452 0.480
E (%) 2.9% 1.6% 1.7% 2.9% 3.0% 3.4%
RMS (%) 3.1% 1.8% 1.8% 3.1% 3.2% 3.7%
Table 10. Sorption model constants for DIC-treated larvae at 0.45 MPa/25 s
DIC-treated 0.45 MPa/25 s
ADSORPTION DESORPTION
20°C 30°C 40°C 20°C 30°C 40°C
Mo (9/100g db) 3.969 3.892 3.748 4.277 3.863 3.558
BET 6 (m?/g) 140.101  137.385 132.315 150.992 136.368 125.599
C 8.910 9.000 9.188 17.114 16.265 14.300
E (%) 1.8% 0.5% 0.8% 1.0% 1.1% 1.5%
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RMS (%) 2.0% 0.6% 1.0% 1.3% 1.4% 1.9%
Mo (g/100g db)  3.813 4.075 3.869 4.142 3.993 3.627
o (m?/g) 134.607 143841 136581 | 146210 140.946  128.046
GAB C 9.402 8.187 8.682 19477 14962  13.794
K 1.038 0.972 0.975 1.019 0.974 0.984
E (%) 2.2% 1.9% 1.4% 1.5% 1.9% 1.8%
RMS (%) 2.7% 2.4% 1.5% 2.2% 2.2% 2.0%
A 7.037 6.920 6.656 7.847 7.050 6.446
Oswin B 0.522 0.528 0.521 0.421 0.427 0.441
E (%) 2.0% 1.0% 1.1% 2.0% 2.4% 2.6%
RMS (%) 2.3% 1% 1.1% 3.0% 2.6% 2.9%

4. Conclusion

DIC treatment induces larval expansion and eradicates product shrinkage, which is one of the
critical challenges of drying, and consequently, it has highly improved water diffusivity. This has
resulted in easier and finer grinding and an increase in the meal's specific surface area as well as a
more homogeneous particle size distribution, leading to high-end product quality.

Furthermore, the sorption isotherm models: BET, GAB, and Oswin, were found to fit well the
experimental data of DIC-treated dried yellow mealworms at 0.3 MPa/25 s and 0.45 MPa/25 s.
Moreover, DIC-treated samples had lower water activity at the same equilibrium moisture content
than non-treated larvae. This phenomenon is attributed to the product’s expansion and the
microporous structure induced by DIC, leading to an increase in the available surface for the polar
sites, and thus a decrease in the amount of free water. As a result, at the same moisture content,
DIC-treated products are considered to be more stable than non-treated ones. The findings in this
study represent a step forward in the optimization of insect larvae drying processes; however,
further research is needed.
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7. Supplementary material

Table S1. Two-Way ANOVA Analysis of DIC factors on water diffusivity at 50°C (R2=97.6%)

Source Sum of Squares |df |Mean Square |F-Ratio |P-Value
A: Time 0.00515012 1 |0.00515012 |5.67 0.0487
B: Pressure  10.25008 1 ]0.25008 275.56 10.0000
AA 0.00508658 1 |0.00508658 |5.60 0.0498
AB 0.000423701 |1 ]0.000423701 |0.47 0.5164
BB 0.000631203 |1 ]0.000631203 |0.70 0.4318
Total error  |0.00635281 7 10.000907545

Total (corr.) |0.266292 12

Table S2. Two-Way ANOVA Analysis of DIC factors on water diffusivity at 60°C (R2=88%)

Source Sum of Squares |df |Mean Square |F-Ratio |P-Value
A: Time 0.0229064 1 ]0.0229064 3.28 0.1131
B: Pressure 10.31848 1 ]0.31848 45.59 0.0003
AA 0.00292869 1 ]0.00292869 |0.42 0.5380
AB 0.00632921 1 |0.00632921 |0.91 0.3729
BB 0.00660639 1 [0.00660639 |0.95 0.3632
Total error  |0.0488974 7 10.00698534
Total (corr.) 10.410492 12
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Figure S1. Pareto charts and estimated response surfaces showing the effect of DIC treatment parameters on the
effective diffusivity during larvae drying at 50 °C (A.1-2) and 60°C (B.1-2)
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I1.5. Conclusions

The findings presented in this chapter demonstrate that DIC technology is an effective
decontamination method for T. molitor larvae. It was able to reduce the microbial loads (TVC and
YMC) to meet the EC regulation requirements. Specifically, larvae treated with DIC at 134°C (0.3
MPa) for > 20s, or at 139°C (0.35 MPa) for > 5s, achieved the required values for both counts,
while blanching at 90°C required > 360 s for TVC and > 240 s for YMC. In terms of
Staphylococcus aureus load, both DIC treatment at 0.35 MPa > 5s and blanching at 90°C for 240
s met the EC requirements.

DIC treatment has also resulted in changes in membrane structure, a decrease in apparent density,
expansion, matter expulsion, and prevented enzymatic browning of larvae and larval juice.
Additionally, it has led to a decrease in pressing yield from 68 to 59% due to the denaturation of
proteins and alterations in molecular interactions, which made it an effective pretreatment step for
larvae to improve protein separation from lipids and obtaining a protein-rich press cake and a
liquid with a readily separable lipid phase through simple centrifugation. However, it's worth
noting that the protein denaturation caused by DIC treatment could limit its use in the food sector.

Moreover, DIC treatment has been found to increase the quality of dried yellow mealworms by
reducing drying time by up to 88%, avoiding shrinkage, and increasing specific surface area by up
to 125%, resulting in easier and finer grinding and a more homogenous particle size distribution.
By causing product's expansion and microporous structure, it results in a decreased water activity
and greater stability at a given moisture content.

Overall, the results of this chapter reveal that DIC technology is a promising technology for
improving the quality and safety of T. molitor larvae, as well as increasing the efficiency of the
drying and pressing processes. While further research is needed to fully optimize the use of DIC
technology in the insect industry, the findings of this study suggest that it has the potential to be a
valuable tool in intensifying the processing of this alternative protein source.
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Chapter 111 - Pulsed electric field (PEF) pretreatment effect on
yellow mealworms

[11.1. Introduction

Pulsed Electric Field (PEF) treatment is a non-thermal food processing method that involves the
application of high-voltage electrical pulses to food products. These pulses create an electric field
within the product's cells, which can result in temporary or permanent modifications to the cell
membrane structure, allowing for the release of important intracellular components. PEF treatment
offers various benefits over traditional food processing methods such as improving the quality of
the final product, increasing the extraction yield, shortening the processing time, and improving
food safety.

This chapter thoroughly investigates the application of Pulsed electric field (PEF) technology to
improve the processing of yellow mealworms and its effect on the end product's quality and
efficiency. The study is divided into two parts, with the first part focused on optimizing PEF
operation conditions and the second part exploring the effects of pulsed electric field treatment on
the mortality of Tenebrio molitor larvae, as well as the pressing and drying processes that follow.
The goal of this chapter is to assess the potential of PEF technology in enhancing the overall
transformation process of yellow mealworms and to determine its impact on the quality and
efficiency of the end-product.

The first part of the chapter showcases “Article 5: Application of pulsed electric fields assisted
mechanical pressing to produce a protein-rich insect’s meal from Tenebrio molitor larvae’
This article has been submitted to the journal ‘Processes’. In this study, the operating conditions
of PEFs, including the sample's apparent density, electric field strength, and duration of treatment,
were optimized through the evaluation of the disintegration cell index and microscopic analysis.
Additionally, the impact of PEF-assisted pressing on the release of intracellular compounds was
explored to further understand its potential benefits. The results of this research offer valuable
insights into the optimization and application of PEFs in the production of insect-based meals,
laying the foundation for further studies in the field. The next article builds upon these findings
and expands the scope of this research to provide a more comprehensive understanding of the use
of PEFs in this industry.

The second part of this chapter is dedicated to ‘Article 6: Impact of pulsed electric field
treatment on the viability of Tenebrio molitor insect biomass, and on the following pressing
and drying processes.’ This paper was published in the Journal of Innovative Food Science and
Emerging Technologies (IFSET) (https://doi.org/10.1016/j.ifset.2023.103462). It investigates the
effects of PEF on the false mortality of yellow mealworms and the hydraulic pressing process. It
also focuses on the kinetics, modeling, and activation energy of the air-drying process. The effects
of PEF are compared with those of blanching and freezing/thawing. The outcomes of this research
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will deepen the understanding of the impact of PEF on the transformation chain of yellow
mealworms and its influence on the process efficiency and the quality of the final product.

I11.2. Article 5: Application of pulsed electric fields assisted mechanical pressing to
produce a protein-rich insect’s meal from Tenebrio molitor larvae

(The article is presented on the following pages)
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Abstract

Yellow mealworms (T. molitor) are considered to be a good protein source for animal and human
consumption. This study aimed to produce a protein-rich insect’s meal from Tenebrio molitor
larvae by combining mechanical pressing with pulsed electric fields (PEFs). First, PEFs operating
conditions (sample’s apparent density d, electric field strength E, and duration tper) were optimized
by measuring the disintegration cell index Z and by comparing images taken by scanning
electronic microscopy (SEM). The application of a short PEF pre-treatment (E = 800 V/cm, tper =
200 ms) on a bed of larvae with a density of d = 0.8 resulted in total permeabilization (Z = 0.95)
of the tissue with low energy consumption. SEM images showed clearly the damage that PEFs
induced to cell membranes in these conditions. Tests of PEF-assisted pressing were then carried
out on a pilot scale (200 g). The results confirmed the interest in using PEF to improve juice and
lipid yields during cold pressing at 60 bars and a short time (15 min). Similarly, microscopic
observations and Fourier transform infrared spectroscopy (FTIR) analysis of cakes indicated that
PEF treatment is less damaging to the molecules of interest and preserves proteins better than
standard treatments such as crushing. Therefore, PEF-assisted cold pressing represents an efficient
method for larvae dewatering and defatting to obtain a meal rich in proteins and suitable for food
and feed uses.

Keywords: Tenebrio molitor; insect; PEF; pressing; proteins; dewatering; fats; meal
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1. Introduction

The current global context is marked by environmental degradation, an increase in population
density along with a scarcity of land dedicated to agricultural production and natural resources.
According to FAO (FAO, 2011) global consumption of livestock and dairy products would
increase by 173 % and 158 %, respectively, by 2050 in comparison to 2010. And since the livestock
industry requires a lot of natural resources and has a highly negative environmental impact
involving high energy, land, and water consumption, as well as considerable ammonia and
greenhouse gas production, alternative sustainable proteins are now being considered (Kréncke et
al., 2019; Lahteenmaki-Uutela et al., 2021; Oonincx and de Boer, 2012). Amongst those being
explored, insects represent more than a million arthropod species and offer an inexhaustible source
of compounds that could be exploited in sectors such as the agri-food industry, i.e. proteins for
human foods and animal feeds, lipids, chitin, and minerals, or energy in the form of fatty acids for
the production of biofuels (Manzano-Agugliaro et al., 2012). Moreover, it can provide a source of
chitin which is of great interest and high economic value due to its numerous applications in food,
cosmetics, pharmaceuticals, and the textile industries (Caligiani et al., 2018).

The candidates with the most potential for large-scale production, due to their yield and ease of
rearing, are mainly the larvae of the black soldier fly (Hermetia illucens), the common house fly
(Musca domestica) and yellow mealworm (Tenebrio molitor) (van Huis et al., 2013).

Yellow mealworms, which belong to the family of Tenebrionidae, are considered a potential
animal feed and human food due to their high content of crude protein (42-63 % DM), well-
balanced amino acid profile, and high protein digestibility (Makkar et al., 2014). Their nutritional
profile has been compared to that of traditional meats, and it has been determined that mealworms
have a considerably higher nutritional value than beef and chicken while being no less nutritionally
balanced and having all essential amino acids (Grau et al., 2017). This insect species is commonly
reared on wheat bran, although it could be raised on organic byproducts and grains (Azagoh et al.,
2016; Broekhoven, 2015; Ramos-Elorduy et al., 2002).

Despite widespread interest in insects, various scientific and technological barriers need to be
overcome to produce innovative insect-based products and ingredients on a large scale (pilot and
industrial) by establishing cost-effective, competitive and sustainable transformation processes.
Among these barriers is the cost, both environmental and energy-wise, of extraction processes that
mainly rely on the use of solvents (El Hajj et al., 2022).

Insects must undergo a series of treatments to make them fit for industrial use. Of utmost
importance is the need to master not only the quality and supply of insects used as raw material
(selection, development stage, insect diet) but also the operating conditions required to obtain end-
products showing the desired properties. Insects could potentially either be processed as whole
insects (dried or freeze-dried) or fractionated into various components such as protein (protein-
rich flour or protein iso-lates), lipid or chitin (Azagoh et al., 2016; Melgar-Lalanne et al., 2019;
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Songetal., 2018; Yietal., 2013). The preparation of protein concentrates or isolates often involves
the extraction of the lipid fraction from the raw material as a first step (defatting) (Choi et al.,
2017).

Typically, there are four possible ways for transforming larvae into various insect-based products:
mechanical, i.e., pressing, as a low-energy dewatering and defatting process (Azagoh et al., 2016),
thermal, i.e., drying, heating or blanching blanching (Larouche et al., 2019; Sun et al., 2021;
Tobolkova et al., 2021), biological, i.e., enzymatic extraction (Caligiani et al., 2018), and
chemical, i.e., using solvents (Kumar Yadav et al., 2019; Mishyna et al., 2019).

However, these conventional processes can be expensive, denature insect proteins, and may not
always be compatible with nutritional requirements and economic and environmental concerns.

In this context, pulsed electric field technology (PEF) has emerged as a novel approach that has
the potential to be effective in the establishment of an economically viable biorefinery. Several
studies have shown that PEFs can be used to improve the extraction of intracellular compounds,
such as pigments, flavors, proteins and other compounds from different products (Chemat et al.,
2017).

Pulsed electric field treatment involves applying a non-continuous electric field to biological cells
or tissues to modify the properties of their membrane (Carullo et al., 2018; Garcia-Sanchez et al.,
2018). Other advantages of PEF treatment are its low energy consumption (10-15 kJ/kg) and the
possibility of its implementation at the industrial scale.

Previous studies have reported on PEF pretreatment of insect larvae and its effect on the quality
aspects of infrared-dried black soldier fly and yellow mealworm larvae (Bogusz et al., 2022), on
drying and oil extraction enhancement in black soldier fly larvae (Alles et al., 2020), on the
extraction of protein, fat, and chitin from house crickets and the material's functional properties
(Psarianos et al., 2022), and on the extraction of proteins from yellow mealworm larvae in the
production of insect milk (Tello et al., 2021).

This study aims to produce a dewatered and defatted meal from Tenebrio molitor larvae by using
mechanical pressing processing intensified by pulsed electric field treatment. The optimum
condition of PEF treatment, its effect on cell disintegration and its energy consumption were first
studied. Additionally, the biomolecular ex-tractability and selectivity (proteins and lipids) using
mechanical pressing assisted by PEF were determined by comparing them with a control sample
and a reference treatment like crushing.

2. Materials and methods

2.1. Raw material

Larvae of Tenebrio molitor were used within the framework of this study. Living larvae, 11 weeks
old, were supplied by France Insectes (Crévecceur-le-Grand, France). These larvae were fed with
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a diet consisting generally of wheat bran. Some of the larvae were dried in an oven at 105°C for
24 h and then ground, with a coffee grinder (SEB, France), to obtain fine powders which were
used for the physical-chemical characterization. The others were treated with PEF and then
underwent mechanical pressing (hydraulic press), for dewatering and defatting, to obtain a protein-
rich meal.

2.2.  Pulsed Electric Field treatment

The effect of PEF operating conditions on cell permeabilization was studied using a laboratory
generator (1500V-20A) linked to a treatment cell (Choquenet, France) (Figure 1). The
compression chamber (treatment cell) consisted of a support, a piston and a cylindrical cavity
compartment. Larvae were placed in the treatment chamber between two electrodes (stainless steel
spherical electrodes 16 mm in diameter. The larvae packing bed can be conceived of as a porous
substance. The initial thickness of the loose packing bed of larvae was ho~ 10 mm (Figure 1). It
corresponds to the initial apparent density of uncompressed larvae do= 0.4 g/cm®. The larvae were
compacted by moving down the piston and the mobile electrode. The decrease of the distance be-
tween electrodes, h, increased the apparent density of the compacted slices, d, to 1 g/cm?®.

The PEF generator provides monopolar pulses of near-rectangular shape. N number of trains
(series) were used for the PEF treatment. An individual train consists of n = 20 pulses with a pulse
duration of ti= 100 ps, a resting time between pulses of At =10 ms and a resting time between the
trains of Atr = 10 s. The effective PEF treatment time is calculated as trer = nNtj and the total time
of PEF processing, tr, is = NAtT. The electric field strength E was varied between 200 and 1000
V/cm and the number of trains N was varied between 1 and 100 trains. Experiments were carried
out at ambient temperature. The temperature was measured before and after electrical treatment
using a thermocouple Thermocoax type 2-AB 25 NN (Thermocoax, Suresnes, France); due to the
relatively long inter-series pause Atr, the temperature elevation, AT, during each PEF series
application was < 2 °C for all the experiments. The electrodes are connected to the PEF generator
and the electrical conductivity of the sample is measured at 0.5 kHz during the inter-series period.
This frequency was chosen to minimize the polarizing effects on the electrodes and tissue samples
(Lebovka et al., 2013). All the output data (current, voltage, electrical conductivity, and
temperature) were collected using a data logger and special software, developed by the electronic
service of the UTC, Compiegne, France.
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Figure 1. Illustration of PEF treatment

The degree of tissue damage was estimated from the electrical conductivity disintegration index,
Z (Lebovka et al., 2002) using Equationl:

o—0,

Oy — 0, (1)

6 (S/m) is the measured electrical conductivity value during PEF treatment, oo is the initial
conductivity of the untreated (intact) tissue and o4 i the conductivity of the completely damaged
tissue. The value of oq was estimated from a tissue damaged by long PEF treatment (> 1 s) at E =
1000 V/cm, and it could be used to determine the electrical conductivity of completely damaged

tissue. Z=0 for intact larvae cells and Z=1 for completely distorted cells (Vorobiev and Lebovka,
2010).

The energy consumption of PEF treatment (W, kJ / kg) was calculated using Equation 2:

Migrvae

U is the applied tension (V), I is the measured current strength (A) and m is the mass of treated
larvae (kg).

2.3.  Juice extraction
2.3.1. PEF-assisted mechanical expression

The pressing of untreated and PEF pre-treated larvae (200 g) was carried out using a laboratory
hydraulic press (Creusot-Loire, France). The pressing was carried under constant pressure (60
bars) for 15 min. The extracted juice is collected and weighed continuously by an electronic
balance. The juice yield was calculated using Equation 3 :
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m. .
Y (%) = __Juice 3)
Myarvae

with Y is the juice yield, mjuice is the mass of juice obtained by pressing in g, and mlarvae is the
mass of the sample before pressing in g.

2.3.2. Crushing

Crushing was applied as a reference treatment. It was realized using a mixer (Ultra-Turrax T50).
It consists in fragmenting the material into fine particles and altering the tissues and cell walls to
release the intracellular juice. This process allows a complete fragmentation of the material to
obtain the highest juice yield by centrifugation. The mixing was performed for 10 min and the
centrifugation was achieved at 5000 rpm for 30 min to separate the juice and the residual solid.

2.4.  Analysis
2.4.1. Dry matter content determination

The dry matter content (DM) of the larvae before and after pressing or crushing was measured by
drying 5 g of the product at 105°C to a constant weight using a moisture analyzer MA160
(Sartorius, Goéttingen, Germany).

2.4.2. Lipid content

The lipid content of larvae and the press cake was determined by hexane extraction according to
international standard 1SO 659:20009.

2.4.3. Protein content

The protein content in the juice (mg/L) was determined using the Bradford method (Bradford,
1976). A volume of 500 pL of raw juice and 500 pL of Bradford Reagent were mixed. The
resulting samples were kept for 10 min in the dark at room temperature before analysis. The
absorbance was then measured at wavelength A = 595 nm by the UV/Vis UV-6300 PC
spectrophotometer (VWR, Strasbourg France). The standard calibration curve was constructed
using aqueous bovine serum albumin solution (BSA) at different concentrations from 0 to 10 mg/L.
Protein content in solid samples (larvae) was determined using the Kjeldahl method (1ISO 5983-
2:2009).

2.4.4. Infrared characterization (FTIR)

Untreated and PEF-treated larvae were analyzed before and after juice extraction (pressed or
crushed), by Fourier transform infrared spectroscopy from press discs using a Nicolet iS5 ID1
Transmission FTIR Spectrometer (Thermo Scientific) and FTIR spectra were recorded in the range
of 4000-400 cm!, averaging the data of 16 successive scan. Briefly, press discs were prepared
from a mixture of larvae and KBr pellets as powder.
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2.4.5. Scanning electron microscopy (SEM) analysis

The morphological features of untreated or pre-treated larvae cells were visualized using a
Scanning Electron Microscopy SEM instrument Quanta FEG 250 (FEI, Hollande) applied in an
accelerating voltage of 20 kV, at the physical-chemical platform of the University of Technology
of Compiegne (France).

2.5.  Statistical analysis

All treatments and analyses were performed in triplicate and the results were reported as mean
values, the statistical analysis was realized by SPSS software 17 and the significant differences
(p<0.05) between the means were evaluated using one-way analysis of variance (ANOVA).

3. Results and discussion

3.1.  Impact of PEF on cell permeabilization

Figure 2 shows the evolution of the electric conductivity of the porous bed of intact larvae versus
the apparent density. The data shows that the conductivity (o) is minimal for uncompacted larvae
(d=0.4 g/cmq) and it increased with the increase of the apparent density (d). Indeed, when the layer
of particles formed by insect larvae is compacted, the air between the particles is expelled, leading
to an increase in conductivity. A linear correlation is observed up to a density of 1 g/cm® (¢ =2.
10° s/m). As stated by (Mhemdi et al., 2013) the power equation may be used to fit the curve ¢
vs. d.
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Figure 2. Electrical conductivity ¢ versus the apparent density d of the porous untreated larvae particles bed

To characterize the degree of tissue damage, the electrical conductivity was measured and recorded
during the treatment and the permeabilization index Z was calculated according to Eq. 1. Figure 3
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displays the cell permeabilization kinetics vs time of PEF treatment. Index Z increases during the
electrical treatment, showing the PEF's influence on cell permeabilization regardless of particle
density. Furthermore, the results are consistent with the conductivity trend seen in Figure 2. The
apparent density of the layer of larval particles significantly affects the degree of tissue damage
(Mhemdi et al., 2013). For example, for the same electric field E=800V/cm, the electrical
disintegration index Z reaches its maximum and almost complete value Z=0.94 at the apparent
density of >=0.8. High conductivity implies better current flow to the sample, which leads to
improved treatment efficiency and permeabilization. Thus, the optimal apparent density of the
layer of larvae particles is set to 0.8 g/cm3 for the subsequent studies.
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Figure 3. Permeabilization index Z versus time t for larvae tissue at different apparent densities d; with:

E=800V/cm, N=100 trains, n=20 pulses, t=100pus.

The effectiveness of a pulsed electric field treatment depends on the intensity of the applied electric
field and the effective treatment time. Figure 4 shows the effect of PEF treatment intensity (varied
from 200 to 1000V/cm) at a fixed density of 0.8, on the kinetics of cellular damage. This graphic
shows that increasing the intensity of electric fields allows for greater tissue permeabilization.
Indeed, the maximum permeabilization index obtained at the end of the treatment (Zmax) is 0.3 for
E = 200V/cm and 0.94 for E = 800V/cm. Similarly, (Ben Ammar et al., 2011; Lebovka et al.,
2014; Zhu et al., 2015) indicated that an increasingly intense PEF treatment leads to increased
permeabilization of cells. In addition, low intensities (200V/cm, 400V/cm and 600V/cm) lead to
partial damage to the larvae. Furthermore, the results demonstrated that duration of 100ms at
800V/cm is sufficient to induce maximal cell damage.
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Figure 4. Permeabilization index Z versus time t for larvae tissue at different electric field intensities; with N=100
trains, n=20 pulses, t=100us.

Figure 5 presents maximal tissue permeabilization Zmax, characteristic treatment time tz=0.5 and
specific energy input Qz=os required to achieve a 50% larvae cell damage at different PEF
intensities. Specific energy was calculated using Equation 3. For instance, to damage 50% of the
cells, a treatment time of 152 ms is required at E=400V/cm, whereas 22 ms are sufficient at E=800
V/cm and E=1000 V/cm. This treatment time is substantially longer compared to other plant tissues
such as beetroots, which on the other side need 10 ms at 800V/cm (Mhemdi et al., 2014). This
discrepancy may be explained by the presence of chitin, which covers the cell membrane. Chitin
provides some rigidity to the membrane and may induce some resistance to the pulsed electric
field. Additionally, Figure 5 shows that higher PEF intensities require less energy to semi-
permeabilize larval tissue (Qz=05=28 kJ/kg at E=600V/cm and Qz=05=15 KJ/Kg at E=1000V/cm).
In contrast, an earlier study by (Mhemdi et al., 2014) showed that for sugar beet, the optimal
treatment conditions that ensure total cell damage were E = 600 V/cm, trer = 10 ms and Q = 10
kJ/kg. This difference is probably due to the rigidity of the exoskeleton of larvae as stated earlier.
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Figure 5. (a) Maximal tissue permeabilization Zmax, and (b) Characteristic treatment time and specific energy
needed to attain a semi-permeabilization of larvae tissue at different PEF electric field strengths.

3.2.  Impact of PEF on the cell structure

Figure 6 shows SEM images of larval cells derived from untreated and PEF-treated samples at
various electric field strengths (400V/cm, 800V/cm, and 1000V/cm). The findings clearly show
the impact of PEF on the cell structure of larvae. An intact cell bounded by cell membranes is
observed on the untreated sample (control). At 400V/cm the presence of some intact cells can also
be detected. However, at a high electric field strength (E>=800V/cm) the intact cells are not present
anymore and the tissues form a homogeneous continuous medium which shows the fragility of the
cell walls. All of this confirms the effect of PEF treatment, which degrades cell membranes and
induces nearly total permeabilization at 800V/cm.
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Figure 6. Scanning electron microscope (SEM) of T. molitor cells before (control) and after PEF treatment at
different electric field strengths (400V/cm, 800V/cm and 1000V/cm)

3.3. Influence of PEF and mechanical pressing on the release of intracellular

compounds

The effect of PEF pretreatment on intracellular compounds extractability during mechanical
pressing was determined by measuring the dry matter content of the press cake, as well as protein
and lipid extraction yields. Crushing was used as a reference treatment to evaluate the efficiency
and the selectivity of the PEF treatment.

Figure 7 presents the press juice extraction yields of untreated larvae (control) and PEF-treated
larvae for 100 ms and 200 ms. The results show that the application of the PEF increases the
extraction yield progressively as the electric field intensity increases. The yield was increased from
41% for the control sample to 56% for the PEF-treated sample at E = 800V/cm and tper = 200ms.
Thus stronger cell disintegration leads to more efficient extraction of intracellular compounds.
Moreover, the duration of PEF treatment doesn’t seem to have an influence on the degree of cell
permeabilization and consequently on the amount of extracted juice except at high electric field
strength (E=800V/cm). Similarly, the effect of the electric field strength was observed by other
authors with apple juice extraction (Grimi et al., 2011), highlighting the important effect of PEF
on the intensification of juice and intracellular compounds extraction yield.
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Figure 7. Juice extraction yield from untreated (control) and PEF-treated larvae at different electric field strengths
(varying from 400V/cm to 800V/cm).

The quantity of released intracellular compounds was determined by measuring the dry matter
content of the press cake of untreated larvae (control), crushed larvae and PEF-treated larvae.
Figure 8 (a) shows the press cake’s dry matter content for different treatment conditions. The
maximum value of dry matter content (39.3%) was detected in the sample treated by PEF at
E=800V/cm for 200ms compared to untreated and crushed samples, with a dry matter content of
34.9 and 17.4 % respectively. This result is in line with the extraction yields given in Figure 7 and
indicates that a maximal evacuation of intracellular water was enhanced with the application of
PEF, which was the goal of the study.

Figure 8 (b) and (c), indicate that pressing with PEF treatment extracts 49.7% of total lipid content
which is quite close to the control sample (46.8%) and that the reference treatment (crushing) leads
to the extraction of 74.7% of total lipid content. As for the protein content of the press juice, there
is no significant difference for different treatment conditions, they vary between 1.4 and 1.8 g/L.
Thus, from these results, it can be concluded that applying an electric field strength of 800 V/cm
at 200 ms could be an efficient dewatering method.
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Figure 8. (a) Press cake’s dry matter content, (b) Lipid extraction yield, and (c) concentration of proteins in the
press juice of untreated (control), crushed and PEF-treated larvae.

To observe the effect of different treatments on the tissue structure of the powder obtained,
microscopic observations were made. SEM images (Figure 9) show the presence of residual fat in
all the samples. Interestingly, the results show clearly the appearance of granules in the samples
that have been crushed. For samples pretreated with PEF, the cell network remains homogeneous
with the presence of some granular bodies similar to those mentioned above. According to similar
previous studies (Koubaa et al., 2015), these granules could correspond to polysaccharides (starch,
cellulose, lignin). As a result, crushing causes total fragmentation of the material, which may result
in the release of these molecules, as opposed to PEF treatment, which is less destructive and can
keep the integration of the cellular structure.

P =

Figure 9. Microscopic observations of larvae powder morphology.
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3.4.  Solid characterization-FTIR spectroscopy

Figure 10 presents the infrared spectra of larvae meal (raw sample), untreated pressed sample, PEF
treated and pressed sample (E=800V/cm at 200ms) and the sample obtained after crushing.

Table 1. Interpretation of the distribution of functional groups bands determined by FTIR

Wavenumber (cm™)  Functional group Compound class
3700 O-H Alcohol and Phenol
3500 N-H Primary amine
3290 N-H Secondary amine
2930 C-H (CH2) Asymmetric stretching in fatty acids
2850 C-H (CH2) Symmetric stretching in fatty acids
1620 C=0 Amide
1467 C-H (CH2) Alkane
1164 C-0 Tertiary alcohol
<900 C=Cand C-H Aromatic

The FTIR molecular profile analysis shows similar profiles with the same absorption bands.
However, the comparison of the spectra of the samples before and after pressing reveals a decrease
in the intensity of some peaks which became more accentuated with the crushed samples. This
decrease is explained by the extraction of molecules during pressing. The main identified peaks
are presented in Table 1. The presence of functional groups such as amine, amide, and aromatic
compounds reveals the richness of the protein samples even after treatment and pressing. For
instance, the band at 3290 cm™ represents the stretching vibration of bonded NH groups which
was totally despaired after crushing while pretreated samples by PEF had the same peak as
untreated samples. Therefore, exposing larvae to the PEF treatment seemed to not affect the meal
composition.
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Figure 10. FTIR spectra of mealworm larvae before treatment (Control), after extraction (pressed and PEF +
Pressed) and crushed sample
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4. Conclusion

This study demonstrated the effect of electric field strength on cell disintegration and larvae
dewatering. The optimum parameters (apparent density of 0.8, E= 800V/cm and tpgr=200ms)
allow for a maximum permeabilization (Z=0.95).

Results from this work showed, that PEF could be used as a pre-treatment before pressing insect
mass to improve pressing yield (10% gain in yields) and water extraction at relatively low pressure
(60 bars) and short time (15 min).

In addition, analyses by FTIR spectroscopy and SEM performed on the press cakes show that the
treatment with PEF is less destructive for the tissue structure and more selective compared to other
treatments (crushing). As a result, it is reasonable to believe that mechanical pressing assisted by
PEF treatment would be extremely promising to improve extraction and obtain a protein-rich dry
meal.

Further studies are needed for the identification of insect proteins, their isolation and determination
of their technological suitability as ingredients.

This will allow for a better understanding of the relationship between their functional properties
and the development of extraction and production processes to make them more suitable for usage
in the feed and food industries.
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111.3. Article 6: Impact of pulsed electric field treatment on the viability of Tenebrio
molitor insect biomass, and on the following pressing and drying processes

(The article is presented on the following pages)
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Abstract

This work explores the impact of pulsed electrical fields (PEF) on false mortality or latent vitality
of yellow mealworms (Tenebrio molitor larvae) and following processes of hydraulic pressing (at
pressure P= 6 MPa and temperature T,=60 °C) and air drying in a ventilated oven (T¢=50-70 °C).
The observed PEF effects were compared with data for blanched and frozen-thawed samples.
Rinsing the larvae before the treatment significantly increased larval mortality. Analysis of SEM
images revealed the presence of large-scale damages such as necrotic spots, after applying severe
PEF treatment conditions to achieve complete mortality. In the pressing experiments, remarkable
improvements were observed, with pressing yield increasing from 65% in untreated larvae up to
80% in PEF-treated larvae. Simultaneously, the water content of the resulting press cake decreased
from 58% to 46%, with all studied samples displaying an inverse linear correlation between the
press cake's water content and the pressing yield. Regarding the drying process, it was observed
that blanched samples exhibited the slowest drying rate, whereas PEF-treated samples displayed a
first-order Kinetic process with a noteworthy acceleration in drying. These findings indicate that
PEF treatment improves and boosts the overall drying process. Furthermore, PEF treatment
resulted in a notable decrease in the activation energy of larvae, dropping from 80 kJ/mol for
blanched and frozen-thawed samples to a range of 40-50 kJ/mol for PEF-treated larvae. This
reduction in activation energy highlights the potential of PEF treatment in optimizing the overall
efficiency of larval drying.

Industrial relevance: T. molitor larvae were approved by the European Food Safety Authority as a
novel food. It is also a promising candidate for industrial-scale production, with relatively low
contamination levels and high nutrient values as food sources for humans and domestic animals
(such as birds, fish, and pets). It was demonstrated that PEF treatments significantly affect larval
viability and can significantly improve the pressing and drying processes of T. molitor insect
biomass. Obtained data may be useful for the industrial optimization of these processes.

Keywords: Insect biomass; Tenebrio molitor, Pulsed electric fields, Mortality, Pressing, Drying
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1. Introduction

In recent years edible insect biomasses have attracted increasing interest as feed and food products
(Aguilera et al., 2021). Typically they have high nutritional values with high content of proteins,
fatty acids, chitin, and micronutrients similar to conventional meat sources (do Carmo et al., 2021;
Laroche et al., 2019; Mishyna et al., 2021) . Large-scale production of feed and food products
from edible insects has recently begun in France, China, the United States, and Spain (Hong et al.,
2020). It was demonstrated that the production of insect-based feed and food products is more
environmentally beneficial than that of traditional products (Smetana et al., 2016, 2019).

Tenebrio molitor (T. molitor) larva, known as "yellow mealworm," is an extensively studied insect
and approved as a novel food source in Europe (Errico et al., 2022; Turck et al., 2021). It offers
high nutritional value, including high protein (41-66% w/w on a dry basis) and lipid (15-50% w/w
on a dry basis) content, high protein digestibility, along with fiber (1.97-18.84% w/w) and
essential vitamins and minerals (Gkinali et al., 2022). Comprehensive data on the nutritional value
of T. molitor larvae were recently collected (Errico et al., 2022; Hong et al., 2020).

Fresh larvae have a considerable water content, up to 68%. To preserve their nutritional and
sensory quality during storage, a range of processing methods are necessary (Kroncke et al., 2019).
These methods include pretreatments, delipidation, protein, chitin, and chitosan extraction
techniques, along with different killing methods (El Hajj et al., 2022). The initial processing
involves inactivation (blanching, freezing, grinding, and asphyxiation), followed by post-
inactivation processes such as drying and grinding (Hong et al., 2020). Additionally, mechanical
pressing is often applied as a low-energy consuming process to remove water and fat from the
larvae before further processes such as drying, grinding and extraction (EI Hajj et al., 2023,
Smetana et al., 2020). Drying methods include oven drying, vacuum drying, freeze-drying, and
microwave drying. After drying, the larvae can be used as they are or undergo additional processes,
such as grinding and lipid extraction (Melgar-Lalanne et al., 2019). Preliminary processing
methods can significantly affect the nutritional composition of the larvae (Baek et al., 2019; Errico
et al., 2022; Laroche et al., 2019). For example, traditional thermal treatments like boiling and
blanching, which are used for microbial reduction, may impact the nutritional properties and
sensory characteristics of the final products (Yan et al., 2022).

The potential of novel insect processing techniques including high hydrostatic pressure (HHP),
pulsed electric fields (PEF), ultrasound (US), microwaves, and cold atmospheric pressure plasma
(CAAP) have been discussed (Hernandez-Alvarez et al., 2021; Huang et al., 2023; Ojha et al.,
2021).

Recently, the effects of PEF treatment on the reproduction of insects, extraction yields, and drying
kinetics were intensively studied. Experiments with PEF treatment (E=1-4 kV/cm) of Drosophila
melanogaster insect revealed the presence of a mild stress factor, DNA fragmentation and cell
death (Panagopoulos, 2016). Another study showed that PEF treatment increased the extraction of
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protein and fat from house crickets (Acheta domesticus) flour, as well as improved oil binding,
emulsifying capacity, and antioxidant activity of cricket flour (Psarianos et al., 2022).
Additionally, studies on mosquito larvae (Culex pipiens) indicated genotoxic effects, changes in
body proteins, and oxidative stress under PEF treatment at low electric field strengths (E=66.66-
116.66 V/cm) (Mohamad et al., 2022).

Several studies have investigated the effects of PEF treatment on insect drying (Alles et al., 2020;
Bogusz et al., 2022; Shorstkii et al., 2022). PEF pretreatment (at E=2 and 3 kV/cm) of Hermetia
illucens resulted in a significant reduction (up to 30%) in drying time during hot air drying at 90°C,
with no noticeable effects on fatty indices and amino acids profile (Alles et al., 2020). Another
study investigated the impact of PEF pretreatment on H. illucens hot air drying at different
temperatures (Tq¢=50-90 °C), revealing optimal processing parameters at W=11.2-13.1 kJ/kg and
T¢=81-84 °C (Shorstkii et al., 2022). The impact of PEF treatment (at Ex1 kV/cm) on infrared-
assisted air drying kinetics of T. molitor and H. illucens larvae has been evaluated (Bogusz et al.,
2022). It was demonstrated that PEF treatment reduces the infrared drying time by up to 10% and
may reduce the microbial load of fresh larvae by 0.5-1.0 log cycle. A general review on insect
drying with different methods including PEF-enhanced lyophilization was recently presented
(Parniakov et al., 2022).

A study by (Smetana et al., 2020) investigated the impact of PEF (E=200 to 1000 V/cm) on cell
permeabilization in T. molitor larvae. They found that at higher values of electric field strength
and larval density, significant permeabilization (Z~0.8-1) occurred due to the compacted tissue's
high conductivity, resulting from air expulsion. Additionally, PEF treatment under optimal
conditions (E = 800 V/cm, teer = 200 ms, pi = 0.8 g/cm®) was found to increase the juice yield of
the mechanical pressing process.

The current study builds upon previous research conducted by Smetana et al. (2020), which
explored the effects of PEF on T. molitor larvae. The PEF-induced stress and larvae mortality were
studied in dependence on PEF protocol and the presence or absence of preliminary aqueous rinsing
of larvae. After the PEF treatment, the larvae were subjected to two different processes. Some
larvae underwent a low-energy pressing method to decrease their water and lipid content, while
others were dried as whole larvae in a ventilated oven at temperatures ranging from 50 to 70°C.
The study involved comparing untreated, blanched, frozen-thawed, and PEF-treated samples to
assess and compare the impact of each treatment on the larvae.

2. Materials and methods

2.1.  Insect samples

Yellow mealworms (T. molitor larvae) were supplied by France insects farm (Crevecoeur-le-
grand, France). They were fed with wheat bran and delivered in sealed boxes before being held at
4°C and starved for more than 24h before processing then sieved to separate the frass. Handling
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was done within 10 days of reception. On average, a larva weighs 66.1+5.2 mg, has an average
thickness of 2.06 £0.15 mm, and an average length of 26.4 +6.8 mm. Larvae were treated alive
and had an initial moisture content of 65 % (659/100g wb). The protein content of insects
calculated from total nitrogen using the nitrogen-to-protein conversion factor (Kp) of 4.76 (Janssen
etal., 2017) was = 40% db and lipid content was =~ 28% db.

In this research, we maximized the welfare of insects by following the '3Rs' of animal usage in
research: Replace, Reduce, and Refine. Furthermore, the used killing methods raise no legal
concerns as there are no guidelines for insect killing methods in Council Regulation (EC)
1099/2009 on animal protection at the time of killing (Belluco et al., 2017) or in the official bulletin
of the French Ministry of Agriculture and Food (DGAL/SDSPA/2017-860) (DGAL, 2017).

2.2.  Pretreatment methods

Figure 1 presents the scheme of the applied experimental methods. The pretreatments included
PEF treatment, blanching and freezing/thawing. Simultaneously, the pretreatments served the dual
purpose of inactivation and processing treatment.
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Figure 1. Description of the applied experimental methods

2.2.1. Pulsed electric field (PEF)

The PEF pre-treatment was applied on rinsed (R) and non-rinsed (NR) samples. Larvae to be rinsed
were placed in a strainer and exposed to tap water. 50 g of larvae to be treated were placed in a
cylindrical treatment chamber between two parallel disk electrodes of 8.7 cm in diameter. The
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larvae were compacted to a density of p; =0.9 g/cm® by reducing the distance between the
electrodes to 0.9 cm, resulting in greater conductivity within the samples.

The PEF generator (5 kV, 1 kA) (Hazemeyer, France) was used in this study. It provided
monopolar pulses of a near-rectangular shape. The treatment data (number of trains, current, and
voltage) were recorded using the Agilent VEE-PRO version 8.5 software. An electric field strength
of E = 200-2000 V/cm was applied. PEF protocol consisted of N applied trains (N=5-20) with a
relatively long pause between them At;=10-30 s. In order to avoid overheating the samples were
periodically cooled during the inter-train periods and the elevation of the temperature never
exceeded 40°C.

One train consisted of n pulses (n =20-100), with the pulse duration of ti =100 pus, and distance
between pulses At = 100 ms. The total time of PEF treatment tper = tinN was tper =10- 1000 ms.
At such treatment conditions the PEF-induced disintegration can be rather high (Smetana et al.,
2020).

The electrical conductivity disintegration index, was defined as (Vorobiev & Lebovka, 2020):
Z=(c-0))l(o=-ci), (1)

Here o is the electrical conductivity of the sample, and the subscripts i and oo refer to intact and
completely damaged samples for rinsed (R) and non-rinsed (NR) samples, respectively. The value
of o» has been estimated when the PEF treatment reached its saturation point after an extended
treatment time o—ow.

Therefore, the selected protocols of PEF treatments allow for obtaining different impacts on
survival mortality levels of larvae samples.

2.2.2. Blanching

Blanching is a conventional pretreatment step used to kill the larvae, minimize the microbial load
and inactivate the degradative enzymes responsible for spoilage, before further processing. It could
be done at different temperature/time combinations (Mancini et al., 2019; Vandeweyer et al.,
2017). Closed sample bottles of 60 ml were preheated in a water bath at 90°C before being loaded
with 20 g of living larvae. The blanching time required at 90°C to induce 100% larval mortality
was identified to be 4 min.

2.2.3. Freezing/thawing

The freezing/thawing was used as a reference treatment since it is known to produce cell damage
through the formation of ice crystals, which improves subsequent processing steps (Vorobiev &
Lebovka, 2020). Freezing was done at Tf=-18 °C for 48 h in freezer TCH501E (Thomson, China)
and followed by thawing at room temperature, taking approximately 1 h to reach the ambient
temperature.
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2.3.  Sample analysis

Sample analysis included the evaluation of the mortality level and scanning electron microscopy
(SEM) images (Figure.1).

2.3.1. Monitoring of PEF-induced stress and mortality of larvae

After the PEF treatment, larvae were homogenized and two representative sample groups of 50
larvae were formed, and their PEF-induced stress and mortality were monitored for up to 24 h
(holding time ty). The level of larval mortality Lm (%) was determined by counting the larvae with
no vital signs (complete lack of movement).

2.3.2. SEM analysis

Scanning electron microscopy (SEM) images of whole larvae were taken at 250 folds
magnification at 20 kV accelerating voltage and low pressure, using an environmental Scanning
Electron Microscope QUANTA 250 FEG (Thermo Fisher Scientific, USA). The Quanta
equipment permits observation of life-sciences samples in environmental conditions.

2.4.  Processing methods

After different pretreatments, T. molitor larvae were subjected to hydraulic pressing and air drying
in a ventilated oven (Figure 1).

2.4.1. Hydraulic pressing

The hydraulic pressing experiments employed the TA-HDi texturometer system (Stable
Microsystems, Surrey, UK) as a micro-press apparatus. Serving as the strength source, this
texturometer was equipped with a force capacity sensor of 4903 N (equivalent to 100 bar) with a
precision of 10 N that ensures accurate force measurements throughout the entire pressing process.

The apparatus is essentially made of a stainless-steel piston, a pressing chamber (with a maximum
volume capacity of 30.4 cm?), and a filtration system (Figure. 1). The latter is made of metal filters
(with 0.165 mm pores) set on each side of the material to be pressed and a filter paper (5-13um)
placed beneath the sample to retain the solid fraction. A heating collar is positioned around the
vertical cylinder, and the temperature of the cylinder is monitored using a thermometer and a
thermocouple type K (Extech, SDL200, 4-Channel Datalogging Thermometer, USA).

In a preliminary study, the different pressing parameters were optimized to obtain the highest
extraction yield. Identifying the optimal pressing parameters was done by comparing the yield of
the liquid extracted. The selected optimal pressed cake thickness h=2 cm and piston speed Vp=
0.15 mm/s allowed an optimal performance of the filtration process. The optimum pressure was
selected to be P= 6 MPa because the increase in liquid yield above this pressure was insignificant.
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The pressing temperature was relatively moderate, Tp=60°C, in order to avoid protein denaturation
and aggregation.

The samples were weighed on a precision scale (Mettler Toledo ME54, USA) before and after
pressing. The total time of pressing was selected to be 15 min. This time was large enough to
obtain the saturation levels for pressing yield Yp and press cake’s water content We.

The value of Y (%) was calculated as Yp=100(mi-ms)/m;i where m; and m¢ are the initial (before
pressing) and final (after pressing) masses, respectively. After the pressing, the press cake’s water
content W¢ (%, wb) was determined using an infrared moisture analyzer at 105°C MA160
(Sartorius, Germany).

2.4.2. Oven-drying

In this study, the drying kinetics was carried out in a ventilated oven (Memmert UN750, Germany),
at three different drying temperatures T¢=50, 60, and 70°C. The airflow velocity was fixed at 2
m/s and measured using a digital anemometer (Shenzhen Tomtop Technology Co., Ltd., China).
In the drying procedure, 30 g of pretreated samples were placed in well-perforated stainless-steel
baskets (65x70mm) and then they were placed in the oven. Samples were periodically weighed,
and the total drying time was 20 h. Moisture content on a dry basis M was calculated as

M(t)= (m(t)-mq)/mq (2)

where m(t) is the mass measured at time t, and md is the dry matter mass that was determined after
drying in an oven at 105°C for 24 h.

2.5.  Drying modeling

The analysis and modeling of the drying data were conducted using Table Curve 2D software
(Version 5.0, Systat Software Inc, San Jose, California, US). This software tool was employed to
analyze and fit the drying data with the objective of identifying the most suitable mathematical
models that accurately represent the drying behavior of the samples.

2.6.  Statistical analysis

Every experiment was carried out at least three times. All data are given as means, and the standard
deviations are presented as error bars. The significance of differences between mean values was
determined using the least significant difference test at a level of p<0.05 (using Microsoft Excel
2019).

3. Results and discussion

Figure 2 compares the Z(trer) behavior for rinsed (R) and non-rinsed (NR) PEF-treated samples at
E=800 V/cm and 1 =0.9 g/cm?® for PEF treatment time in the interval tper=0-1000 ms. For the
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compacted NR samples the higher level of Z was only observed at a relatively long time of PEF
treatment, tper~1000 ms. However, for the compacted R samples the PEF-induced disintegration
was observed at a significantly shorter time, trer~100 ms.

-

L £=800 V/em, p=0.9 g/cm’

08
06
04

02 j NR samples

c Lol L 1 X 1 Ll 1 L Ll
10° 10' 107 10°
Ippp, MS

Figure 2. Disintegration index Z versus PEF treatment time tper at electric field strength E=800 V/cm and
compacted larvae with density of p=0.9 g/cm? for rinsed (R) and non-rinsed (NR) samples. The curves are
drawn only for visual guidance.

Such differences in PEF-induced disintegration behavior can be explained by the presence of a
very rigid and resistant exoskeleton of the larvae, whose role is to protect the insect from the
environment (Caveney, 1970; Roberts & Willis, 1980). The exoskeleton has a rather complex
structure, and it is composed of two layers represented by a thin outer protein layer, the epicuticle
that contains waxes (thickness of 1 um) and a thick inner chitin-protein layer, the procuticle. The
procuticle consists of an outer layer, exocuticle (thickness of 20-30 um) and an inner layer,
endocuticle (thickness of =15 pum). In the absence of any preliminary rinsing step, the NR sample
represents the packing of larvae with relatively small conductivity and large air gaps between them.
The increase of Z during the PEF treatment can be explained by the improvement of electrical
contact between individual larvae. For the preliminary rinsed R samples, the contact between
individual larvae is improved and it results in an improvement in PEF treatment efficiency.

Figure 3 shows the mortality level of T. molitor larvae PEF-treated without (a, NR samples) and
with (b, R samples) rinsing at different electric field strengths (E=200-2000 V/cm) and treatment
times (trper=50-200 ms). The data are presented at different holding times tn=0, 2 and 24 h after the
PEF treatment. Immediately after the PEF treatment at t»=0 h, many larvae remained motionless
and can be assumed to be dead. However, some of them were under a shock (mild stress) resulting
from the application of PEF treatment and after some time (t,= 2 h), survivors started to move.
Therefore, at relatively moderate PEF treatment, the effect of false mortality or latent vitality was
observed. This behavior was rather similar to that observed after the PEF treatment of Mexican
fruit fly, Anastrepha ludens (Loew) insects (Hallman & Zhang, 1997; Pinpathomrat et al., 2011).
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The PEF-treated insects displayed a variety of pathological symptoms (sluggishness, partial
pupariation, and development of necrotic spots throughout the body). It has been shown that PEF
treatment can also influence the development characteristics of the larvae and restrain larvae from
becoming mature. The potential biological consequences produced by the mild stress placed on
the organism by pulsed electric fields were addressed in precise detail in (Panagopoulos, 2016).

In our experiments at a long holding time after the PEF treatment (th=24 h) a part of the surviving
larvae died and the mortality level increased. Additionally, the rinsing step had a significant impact
on the increase in mortality. For example, for the PEF treatment with E=1500V/cm and tper=50
ms for th=24 h, the mortality levels were =50 % (Figure. 3a) for NR samples and ~100% (Figure.
3b) for R samples. This effect can be explained by the increased electrical conductivity with the
rinsing step as mentioned previously.
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Figure 3. Mortality level Ln(%) of T. molitor larvae versus electric field strength E at different PEF treatment times
teer for samples without (a, NR samples) and with (b, R samples) preliminary rinsing. The data are presented for
compacted larvae with density of p=0.9 g/cm?at different holding times t,=0, 2 and 24 h after the PEF treatment.

The curves are drawn only for visual guidance.

Figure 4 illustrates the dependencies of the mortality level L versus the holding time after the
PEF treatment and holding time tn. The data are presented for the samples without (NR samples,
dashed curves) and with (R samples, solid curves) preliminary rinsing PEF treated at electric field
strength E= 800V/cm and treatment time teer= 50 and 200 ms.
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Figure 4. Mortality level Ly (%) of T. molitor larvae versus the holding time t, for samples without (NR samples)
and with (R samples) preliminary rinsing. The data are presented for compacted larvae with a density of #=0.9
g/cm?® PEF treated at E=800 V/cm, teer=50 and 200 ms. The curves are drawn only for visual guidance.

At shorter teer (=50 ms), the values of Lm were insignificant (=10-17 %) for NR samples during
all the holding time of t»=0-24 h. However, the situation changed drastically for R samples. Here,
the mortality was near complete at t»=0 h, it dropped significantly during the initial period of t\=1-
3 h, and then increased up to ~40 % at th»=24 h.
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Figure 5. SEM images of T. molitor larvae: blanched, frozen/thawéd, and PEF-treated (R samples with preliminary
rinsing, E=1500 V/cm and 2000 V/cm).

At a longer time of PEF treatment (trer=200 ms), a similar behavior was observed for NR samples,
i.e., the mortality level dropped significantly during the initial period t,=1-3 h, but for R samples
the mortality level was close to 100 % during all the holding time. The parabolic-like behavior of
mortality level with partial survival of larvae over the holding time t, was only observed at rather
high PEF-induced changes for both NR and R samples. Finally, the irreversible killing of insects
was observed only for intensive PEF treatment of R samples.
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SEM images of larvae that underwent different pretreatments are presented in Figure. 5. The
observed pores in all images are canal pores that are present in the yellow mealworm exoskeleton.
The structure of pore canals in T. molitor insects was discussed in (Caveney, 1970). The larvae
pores on their exoskeleton extend from the epidermis to the procuticle and are used to carry waxes,
cement, and occasionally other materials to the insect's surface (epicuticle) (Nation, 2008;
Wigglesworth, 1948). These pore canals were clearly observed for blanched and frozen/thawed
samples (Figure 5).
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Figure 6. Pressing yield Y, and press cake’s water content W, at different treatment conditions.

However, some changes have been observed for PEF-treated larvae at strong treatment conditions
to obtain complete mortality (e.g. at E=1500V/cm, teer= 50 ms and E=2000V/cm, tper=20 ms). In
these cases, PEF treatment significantly affected the structure of the exoskeleton and large-scale
damages (100-500 pm), and necrotic spots on the surface of larvae were visually observed (Figure
5).

Larvae pressing is a commonly applied process to separate water and lipids from proteins and
chitins. The main objective is to retain most proteins in the press cake, resulting in a protein-rich
meal, while water and lipids are partially extracted into the pressing liquid. The compounds
obtained in the liquid, including lipids and proteins, are also to be extracted and valued. Figure 6
shows results for the pressing yield Yp and press cake’s water content Wc at different treatment
conditions. The PEF treatments were applied on R samples at intense treatment conditions to
obtain total mortality (e.g., at E=800V/cm, teer= 200 ms, E=1500V/cm, tper= 50 ms and
E=2000V/cm, trper=20 ms).

Significant increases in pressing yield (Y;) were observed in frozen-thawed and PEF-treated larvae
samples compared to untreated larvae. The pressing yield values were as follows: 78.7% for
frozen-thawed, 80.6% for PEF-treated at 800 V/cm for 200 ms, 75.8% for PEF-treated at 1500
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V/cm for 50 ms, 78.3% for PEF-treated at 2000 V/cm for 20 ms, and 65% for untreated larvae.
However, it is essential to highlight that blanching treatment did not lead to a significant increase
in yield (68.4%) when compared to untreated larvae. Regarding the press cake's water content, it
was found to be 42% for frozen-thawed larvae, 46.5% for PEF-treated at 800 V/cm for 200 ms,
51% for PEF-treated at 1500 V/cm for 50 ms, 46% for PEF-treated at 2000 V/cm for 20 ms, and
58% for untreated larvae.

An inverse linear correlation between values of W and Y, was observed (Figure 7):
Wc=a-bY, 3)
where a= 114+14, b=-0.87+0.18 with correlation coefficient of R?>=0.847.

These findings support the existence of a strong relationship between the press cake’s water
content and the pressing yield. The results also indicate that PEF-treated larvae exhibited an
increase in pressing yield and a decrease in the water content of the press cake when compared to
untreated and blanched larvae. This outcome leads to a more dewatered protein-rich press cake,
which is highly advantageous in reducing the remaining water that needs to be evaporated in
subsequent processes.
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Figure 7. Press cake’s water content Wc (%) versus the pressing yield Yp (%) correlation curve at different
treatment conditions. The symbols correspond to experimental data and curves were obtained from fitting using the
extended exponential function (Eq. (3)).

Different treatment conditions had a significant impact on the oven-drying process as well. It is
well known that the energy costs for oven drying of T. molitor are much lower than that for freeze
drying and vacuum oven drying (Kroncke et al., 2019). In our work, relatively low temperatures
of drying T¢=50-70 °C were selected in order to avoid protein denaturation as well as the
pronounced color darkening with the progress of the Maillard reaction. However, at low drying
temperatures, long process times should be avoided, and PEF treatment can be useful for the
acceleration of drying.
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Figure 8. Relative water content M*=M(t)/M(0) versus the drying time ty at temperature Tq=70°C for blanched,
frozen/thawed, and PEF-treated R samples with preliminary rinsing (at E=800V/cm, tper= 200 ms, E=1500V/cm,
tper= 50 ms and E=2000V/cm, tper=20 ms). Inset shows the same dependencies in logarithmic -In(M*) versus tq
coordinates. The symbols correspond to experimental data and curves were obtained from fitting using extended
exponential function (Eq. (4)).

Figure 8 shows examples of the variations of the sample’s relative moisture content M™ =M(t)/M(0)
versus the drying time tq for the blanched, frozen/thawed, and PEF-treated samples. All these data
are presented for R samples at drying temperature T4= 70 "C and the chosen PEF treatments were
high treatment conditions with complete mortality (e.g., at E=800V/cm, teer= 200 ms,
E=1500V/cm, trer= 50 ms and E=2000V/cm, tper=20 ms). Similar dependencies were obtained at
T¢= 50 'C and 60°C. The findings show that blanched samples had the slowest drying kinetics,
frozen/thawed samples had relatively faster drying kinetics, and PEF-treated samples had the
fastest drying kinetics. Notably, among the PEF-treated samples, the treatment at 2000V/cm for
20 ms resulted in slightly slower drying kinetics in comparison to the treatments at 800V/cm for
200 ms and 1500V/cm for 50 ms. This observation highlights the potential influence of treatment
duration on the effectiveness of the PEF treatment. Note that the impact of freezing on the drying
processes of edible yellow mealworms was previously reported (Melis et al., 2018).

Analysis of the drying data has shown that all the curves can be well-fitted with extended
exponential functions of type (Vorobiev & Lebovka, 2020):

M*(t)=exp(-(ta/ 7)?), 4)

where 14 is a characteristic drying time and t >1 is an exponent. In the literature on drying the
extended exponential model is also called a Page model (Page, 1949).

183



Chapter Il - PEF pretreatment effect on yellow mealworms

The presentation of the data in logarithmic -In(M*) versus tq coordinates (see inset to Figure 8)
reveals that g >1. Particularly at T¢=70 °C, the data fittings give $=1.50+0.03 for blanched
samples, $=1.26+0.03 for freeze-thawed samples, and $=1.17+0.05 for PEF-treated samples. Note
that formally the first-order kinetic model (# =1) corresponds to the process with a single
characteristic time, tq, Whereas the extended exponential model accounts for the presence of a
distribution of the characteristic times.

The process with g > 1 is called the process with a compressed distribution function and the value
=2 corresponds to the Gaussian distribution. It shows that blanching or freeze-thawing can cause
the strong isolation of internal water inside larvae and the appearance of a barrier against drying.
However, PEF treatment results in the formation of many paths for the evaporation of internal
water and the PEF-assisted drying is close to the first-order Kinetic process with a single
characteristic time.
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Figure 9. Arrhenius plots of the characteristic drying time zy versus the inverse thermal energy 1/(RTg) for the
blanched, frozen/thawed, and PEF-treated R samples with preliminary rinsing (at E=800V/cm, tper= 200 ms,
E=1500V/cm, teer= 50 ms and E=2000V/cm, tper=20 ms). Inset shows the activation energies AE for different
treatments. The symbols correspond to experimental data and curves were obtained from exponential fittings.

Figure 9 presents the characteristic drying time zy versus the inverse thermal energy 1/(RTq), where
R is the universal gas constant. The values zq decreased with increasing temperature and all
dependencies were near-Arrhenius, za =74 eXp(-AE/RTq), with AE drying activation energies. The
highest drying activation energies AE =~80 kJ/mol were observed for the blanched and
frozen/thawed samples. However, for the PEF-treated samples, the activation energies were
significantly lower, AE ~40-50 kJ/mol.
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These data also revealed the presence of a barrier against the evaporation of water during the drying
of the blanched and frozen/thawed samples. It is interesting that at some critical temperature of the
order of 75-80 °C all the Arrhenius plots converge to an area with approximately the same value
1¢=90 min. This behaviour can reflect the destruction of the barrier against evaporation for the
blanched and frozen/thawed samples at sufficiently high temperatures.

4. Conclusion

Application of PEF with an electric field strength of E = 200-2000 V/cm and treatment duration
of trer =10- 200 ms allowed effective electroporation of larvae with a high level of mortality. At
relatively moderate PEF treatment the effect of false mortality or latent vitality of larvae was
observed. Immediately after PEF treatment, many larvae looked dead, but after some time, some
of them survived and started to move. Additionally, the rinsing step significantly affected the
increase in mortality. Particularly at E > 800V/cm, the parabolic-like behavior of mortality level
with partial survival of larvae over the holding time t, was observed for both NR and R samples.
Analysis of SEM images revealed significant changes in the structure of the exoskeleton and
visible large-scale damages (100-500 um) after the PEF treatment at strong treatment conditions
(to obtain the complete mortality). A development of necrotic spots on the surface of the larvae
took place. PEF treatment increased pressing yield Y, and an inverse linear correlation between
values of press cake's water content W¢ and pressing yield Y, was observed for all samples
(blanched, frozen-thawed, and PEF treated), making the PEF treatment an interesting dewatering
method. The different treatment conditions also significantly influenced the oven-drying processes
at drying temperatures T¢=50-70 "C. The slowest drying processes were observed for the blanched
samples. Analysis of drying data using the Page model revealed the presence of strong isolation
of water inside larvae for blanching or freezing-thawing treatment. However, PEF treatment results
in the formation of many paths for the evaporation of internal water and the PEF-assisted drying
is close to the first-order kinetic process with a single characteristic time. The impact of further
combined mechanical and ultrasonic stresses coupled with preliminary PEF treatments will be a
focus of our future studies.
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I11.4. Conclusions

This chapter provides valuable insights into the effects of Pulsed Electric Field (PEF) treatment on
the transformation chain of yellow mealworms. The findings reveal that PEF treatment before
pressing larvae can significantly improve the pressing yield by up to 10%, as compared to blanched
larvae. Additionally, PEF treatment improves water extraction, reducing the press cake's water
content from 58% in blanched larvae to 46%, although with high protein loss. The study also
indicates that PEF treatment is less destructive to the tissue structure and more selective compared
to other treatments such as crushing.

Furthermore, PEF treatment was found to cause both false and real mortality in larvae, and adding
a washing step before the treatment can significantly increase effective electroporation and
mortality. Analysis of SEM images also shows that intense PEF treatment causes significant
changes in the structure of the exoskeleton and visible large-scale damages.

Moreover, the findings suggest that applying PEF treatment prior to drying can be an effective
method for releasing internal water in larvae, thereby making the drying process more efficient
and closer to a first-order kinetic process. PEF creates multiple pathways for water evaporation,
resulting in a faster drying process with a single characteristic time. In contrast, other treatments
like blanching or freezing-thawing showed slower drying and stronger isolation of water inside the
larvae. PEF-treated larvae showed drying activation energies of 40-50 kJ/mol, which is much
lower than the 80 kJ/mol seen for blanched larvae.

In conclusion, this study highlights the potential of PEF as a pre-treatment method for enhancing
the production of protein-rich meals made from Tenebrio molitor larvae through assisted
mechanical pressing and drying processes. PEF treatment can significantly improve pressing yield,
water extraction, and drying kinetics while also being less destructive to the tissue structure
compared to other treatments. The findings of this study could have implications for the
development of more efficient and sustainable methods for producing insect-based protein
products.
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Chapter IV - Comparative Study between PEF and DIC
technologies for insect processing: technical, energetic, and
guality aspects

IV.1. Introduction

Insect processing is critical for providing safe and high-quality raw materials, components, and
products for large-scale food and feed applications. The processing routes vary depending on the
nature of the raw material and the intended end-products and may include many unit operations
that are already in use in food and feed processing. Harvesting, pre-processing, decontamination,
additional processing, packing, and storage are all common steps in the insect processing chain.
The selection of the most suitable transformation route is a key point to maximize yield, minimize
inputs (use of chemicals reagents, solvents, energy consumption, etc..) and continually enhance
product quality. In this line, the use of innovative technologies can improve the quality and safety
of insect-based products as well as extraction, fractionation, energy efficiency, and production
yield (Ojha et al., 2021).

In this work, DIC and PEF technologies were selected and their application for insect processing
was investigated. The aim of this chapter is to compare the energy consumption and effects on
many larval aspects of these innovative pretreatments (DIC and PEF), along with the conventional
treatment, blanching, that were all explored in Chapters 11 and 111.

The first section of this chapter compares the energy consumption of different pretreatment
pathways for treating fresh mealworms, and the second section summarizes the key findings of
pretreatments’ impacts on larval aspects throughout this entire research and compares the overall
outcome of the pretreatment on a given aspect. As a result, by the end of this chapter, we should
have a clear understanding of the overall benefits and drawbacks of each pretreatment.

IV.2. Comparison of different pretreatment methods based on their energy and
economic costs

The energy consumption of different pretreatment pathways for the treatment of 1 ton of fresh
yellow mealworms is presented in Figure 1V.1. The optimal conditions determined in the previous
chapters were used for comparison.
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Figure IV.1. Energy consumption of different processing pathways for the production of protein-rich cake

The pretreatments adopted for comparison are:

e Blanching: Treatment at 90°C for 6 min was taken for comparison. The pretreatment is
done in an isolated tank, thus the energy required to heat water is considered negligible as
the same hot water is used for many consecutive treatments. Therefore, this method is
estimated to consume about 61.7 kWh/ton of treated larvae at 90°C. Blanching is a common
processing technique for food and vegetables. Industrial continuous blanchers can handle
capacities from 1 to 30 tons per hour using water, steam, water and steam, or forced steam.
In the case of larvae treatment, a hot water blancher is a suitable option. The BC BACW
blancher (figure 1V.2) is designed for small capacities of products, from 2 to 9 t/h, and is
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compact in size. The blancher has four sections: an infeed section, a blanching section where
the product is heated with re-circulated water, an air-cooling section, and a re-circulated
chilled water cooling section. The BAC blancher uses a combination of air and re-circulated
chilled water to cool the product, minimizing the amount of cooling water needed. The
temperature of the product can be reduced from 90°C to approximately 20°C, depending on
the cooling air's relative humidity. The cost of the BAC 2 blancher, which can treat 2 t /h, is
around 112,000 €.

Figure IV.2. BAC blancher cooler

o DIC pretreatment: For this method, the treatment parameters of 300 kPa / 25 s were taken
for comparison since they were proved to be relatively gentle on larvae while being effective
in different ways. The total energy consumed by this technique is calculated to be around
111 kWh/ton of treated larvae, including the costs of generating the saturated steam and
increasing the pressure in the treatment chamber. ABCAR DIC process is the founder and
developer of the DIC technology. DIC is a batch-based process carried out on an industrial
scale for the processing of different foodstuffs such as fruits, vegetables, coffee, cocoa, and
pulses, and for the extraction of essential oils. The DIC treatment unit (Figure 1V.3) has a
capacity of 15 liters per batch and can process between 100 and 400 kg/h. The total cost of
installing a DIC unit, including a vacuum tank, boiler, compressor, and treatment vessel, is
approximately 400,000€.

Figure 1V.3. DIC industrial scale unit
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e PEF pretreatment: Treatment of pre-rinsed and compacted larvae at 2000V/cm for 20 ms
was taken for comparison. The energy consumed using this method is around 21.7 kWh/ton
of treated larvae. PEF technology is applied on an industrial scale for the treatment of fruits
and vegetables. Elea is a leading manufacturer of PEF treatment lines worldwide. The PEF
belt system developed by Elea is suitable for the large-scale processing of roots, tubers, and
fruits, and can also be used for insect treatment. The Elea PEF Advantage Belt system is an
energy-efficient and low-temperature process that eliminates the need for blanching insects
before processing. This system reduces energy and water consumption by up to 90%, and
offers uniform treatment of fresh produce, thanks to its volumetric treatment process. The
pilot model B10-320 has a capacity of up to 12 tons per hour. The cost of installing a PEF
unit is around 450,000 €.

Figure 1V.3. PEF Advantage Belt system B10-320

After different pretreatments, larvae should be subjected to hydraulic pressing, which is found to
be an effective low-energy dewatering method with around 30 kWh/t of pressed matter and then
dried in an oven to remove residual water and obtain a protein-rich cake dried to 95% of dry matter
content. The energy cost of drying is known to be about 680 kWh/t of evaporated water.

Even though the same processing steps were followed after different pretreatments, the energy
consumption of each step was different depending on the following: the remaining quantity to be
pressed, the pressing yield, the press cake’s dry matter content, and the remaining water to be
evaporated to reach 95% of final dry matter content. Thus, the energy required by blanching, DIC
and PEF to process a ton of fresh larvae is found to be 197 kWh, 247 kWh, and 116 kWh,
respectively. However, blanching, DIC, and PEF require respectively 1386 kWh, 1115 kwWh, and
929 kWh to produce a ton of dried larvae (protein-rich cake), and 2861 kWh, 2231 kWh, and
1881 kWh, to produce a ton of proteins.

As a result, the PEF treatment is found to be the most energy-effective treatment among the three
energy comparison criteria. As for the DIC, it is shown to be more energy intensive than blanching
for processing a ton of fresh larvae but better for producing a ton of dried larvae and a ton of
proteins.

Table V.1 presents a summary of the energy and economic costs of the pretreatments that were
studied.
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Table I1V.1. A comparison of energy consumption, production yield, and installation cost.

Blanching DIC PEF

Process type Continuous Batch Batch

197 kWh/t of fresh larvae 247 KWhtt of fresh larvae 116 kWh/t of fresh larvae
Energy consumption 1386 kWh/t of dried larvae 1115 kWh/t of dried larvae 929 kWh/t of dried larvae

2861 kWhit of proteins 2231 kWhit of proteins 1881 kWh/t of proteins
Quantity of
generated proteins
per ton of treated 69 kg 111 kg 62kg
larvae
Yield of protein
recov.ery of tqtal 48 % 78 % 43 %
protein quantity
(143 kgft)
Unit installation cost 112,000 € 400,000 € 450,000 €

IVV.3. Comparison of pretreatments effects on key aspects of larvae

The effects of each pretreatment method on different characteristics of Tenebrio molitor larvae
were evaluated as part of our current research comprising effective killing and mortality threshold,
microbial decontamination, hydraulic pressing, product color, air-drying, and protein denaturation.

IV.3.1. Larval mortality

All three studied technologies were proven effective as a killing method for larvae. Blanching at
90 °C induced total mortality at t > 4 min. In DIC, the lowest combination of factors causing total
mortality is found to be 1 cycle of DIC at 150 kPa for 25 s. As for the PEF, the lowest combinations
of factors causing total mortality for pre-rinsed and compacted larvae are 800V/cm for 200 ms,
1000V/cm for 150 ms, 1500V/cm for 50 ms, and 2000V/cm for 20 ms. Consequently, all the
treatment conditions employed for comparison in the study resulted in total larval mortality.

IV.3.2. Microbial inactivation

In terms of microbial decontamination, blanching was effective in lowering the microbial count to
meet the EU regulations for mealworms to be approved for sale as a novel food (EU, 2021). DIC
under the optimal conditions used in this study achieved the desired values for total viable count
and yeast and mold count, but the S. aureus content slightly exceeded the regulations (by 1 log
cfu/g). However, the implementation of proper sample rearing and handling techniques, such as
separating the larvae from their frass using a plastic web, could decrease the initial microbial load,
resulting in milder treatment conditions needed to bring the microbial content into compliance
with regulations. Regarding PEF, it was ineffective in achieving the decontamination of larvae.
And even with a treatment at an electrical field strength of up to 40,000Vv/cm and a duration of 4.5

196



Chapter IV - Comparative Study

ms, the initial microbial load remained unchanged. Although PEF treatment at high electrical field
strengths is a well-known effective decontamination method, it is typically applied to liquids or
semi-liquids (Amiali and Ngadi, 2012; Delso et al., 2022; Puligundla et al., 2018).

IV.3.3. Defatting and dewatering by mechanical expression

Blanching followed by hydraulic pressing gives a pressing yield of 68%, a recovery of around 48%
of the initial protein content, and a press cake with 14.7% lipids/db and high water content (158
kg of water to evaporate to reach 95% of dry matter). DIC and PEF both seem to improve this
outcome, but each in a different way. DIC has decreased the pressing yield (59.6%), increased
protein recovery (78%), and generated a press cake with 12% lipids/db but with a high water
content (158 kg of water to evaporate). PEF has increased the pressing yield by up to 78%,
resulting in a higher protein loss in the pressing juice (protein recovery of 43%) and a press cake
with 14% lipids/db but with a lower quantity of water that needs to be evaporated (95 kg).

IV.3.4. Color

The color of dead larvae tends to become dark due to enzymatic browning. Measuring the juice
color using ImageJ software revealed that blanched larvae and PEF-treated larvae have dark colors
of 46 + 5.5 and 48 + 2.3 grayscale, respectively, comparable to untreated larvae (47.8 £ 2.3). DIC
treatment, on the other hand, resulted in a highly clear juice color of 99.5 + 2.6 grayscale, indicating
that the oxidative enzymes responsible for browning were inactivated.

IV.3.5. Drying

Drying whole larvae in a ventilated oven was found to be the slowest with blanched larvae,
followed by PEF treated and finally the fastest are the DIC treated. In addition to drying speed, the
final water contents after 6 h of drying following blanching, PEF, and DIC treatments are 65%,
48%, and 35% at 50 °C, and 56%, 26%, and 24% at 60 °C, respectively. However, after 24 h of
drying, they all have a final water content of 5%.

IV.3.6. Protein Quality

Protein quality after different pretreatments was reflected by the quantity of unfolded /denatured
proteins determined by the maximum fluorescence intensity Fmax using fluorescence spectroscopy
with two fluorophores: ANS and tryptophane. According to Saulnier et al. (1991), when the heat
treatment is more intense, the proteins unfold, leaving the hydrophobic sites more accessible and
the fluorescence increases. Fmax values of ANS fluorophore method for blanched, DIC-treated and
PEF-treated larvae are 50 000, 500 000 and 1111 cps, respectively. Fmax values for the tryptophane
fluorophore method are 19 095, 76 073 and 18 373 cps for unhydrated samples and 8 832, 90 434
and 6 369 cps for hydrated samples of blanched, DIC-treated and PEF-treated larvae respectively.

These results indicate that DIC treatment induces the most protein denaturation, with very high
Fmax values, followed by blanching and finally PEF treatment, with minimal difference between
the blanching and PEF values.
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A summary of the main effects of pretreatments on different larval aspects is presented in Table
IV.2. The method's overall effect on a particular aspect is depicted through the use of three distinct
colors: green indicates a favorable effect, orange indicates a moderate effect, and red represents a
negative effect.

Table 1V.2. A comparison of main larval aspects after different pretreatment.

Blanching (90 °C; 6 min)

DIC (300 kPa; 25 s)

PEF (2000 V/cm; 20 ms)

Killing

100% mortality

100 % mortality

100 % mortality

Decontamination

Treating at 90°C for 6 min
was effective to reach the EC
regulation thresholds for

total viable counts, yeasts
and molds
staphylococcus
count.

counts and
aureus

Hydraulic pressing

Color

Drying

Protein quality

Fmax much lower than the
DIC treatment but higher
than PEF treatment,
reflecting intermediate
quantity unfolded
proteins.

of

Treating at 350 kPa for > 5s
was effective to reach the
EC regulation thresholds for
total viable counts, yeasts
and molds counts and
staphylococcus aureus
count.

Pressing yield 59.6%. Very
low protein loss in press
juice (17%), a press cake
with 12% lipids/DM, and a
high quantity of remaining
water to evaporate as well
(158 kg).

Pressing yield 78%. High
protein loss in press juice
(57%), a press cake with
14% lipids/DM and a low
remaining water
evaporated (95 kg).

to be

Very light color of 99.5+2.6
grayscale unit.

Good
Moderate
Bad

Fastest drying Kinetics with
relatively low water content
after 6 h (35% at 50°C and
24% at 60°C), and water
diffusivity improved up to
17 times than blanching.
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Drying Kinetics faster than
blanching with lower final
water content after 6 h (48%
at 50°C and 26% at 60°C),
however still higher than
DIC.

Lowest Fmax values,
reflecting the lowest protein
denaturation.




Chapter IV - Comparative Study

IV.4. Conclusion

This chapter is dedicated to comparing conventional (blanching) and emerging technologies (PEF
and DIC) pretreatment pathways of yellow mealworms: energy consumption and main impacts on
larval characteristics that were identified throughout our research.

Blanching, the control treatment, is found to be a good killing and decontamination method with
moderate protein denaturation; however, it has a negative effect on hydraulic pressing yield and
press cake’s characteristics, the drying kinetics is found to be very slow with high final moisture
content, and it does not prevent the enzymatic browning of larvae. This method requires the least
implementation cost but has the highest energy consumption to produce a dry meal rich in proteins.

DIC, on the other hand, is an effective killing and decontamination treatment, improves the
separation of interesting compounds during pressing, has the fastest drying kinetics with very low
final moisture content, and inhibits enzymatic browning of larvae, resulting in a brighter-colored
product. This method, however, considerably denatures the proteins, affecting their functional
properties, and thus limiting its application to when the functional properties are not critical, such
as when producing dried larvae or formulating the proteins in animal feed, although more research
should be done to ensure that the nutritional profile and digestibility of proteins are not negatively
affected by the treatment. The DIC has high unit implementation cost but consumes less energy
per ton of dried larvae and per ton of proteins than blanching.

PEF has been proven to be an efficient killing method, improving pressing yield but with
considerable protein loss, moderately improving drying kinetics and final moisture content, and
preserving protein quality, but it fails to decontaminate larvae and prevent their enzymatic
browning. This approach has the most expensive implementation cost but uses the lowest amount
of energy per ton of treated larvae, dried larvae, and generated proteins.

Overall, the study findings indicate that novel pretreatments outperform blanching, but each
method has its benefits and drawbacks, and choosing one over another will be a matter of
compromising on the needed features depending on the final application of the generated product
(i.e., human food, animal feed, chitosan production etc..).
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General Conclusion and Prospects

This thesis has explored the potential of two novel technologies, Instant controlled pressure drop
(DIC) and Pulsed electric fields (PEFs), as pre-treatments for yellow mealworms (Tenebrio molitor
larvae) as an alternative protein source that addresses global food insecurity.

The main thesis findings can be summarized as follows:

1.

DIC technology has been proven effective in reducing microbial loads to meet regulatory
requirements, while also preventing enzymatic browning of larvae and larval juice.
Although it reduces the pressing yield (from 68 to 59%), it is found to improve the pressing
process by retaining the proteins in the press cake and generating an easily separable lipid
phase. In fact, the protein recovery yield from DIC technology is 78%, significantly higher
than the 48% yield obtained through blanching.

The application of DIC treatment resulted in a significant decrease in the drying time of
larvae. Larvae treated with DIC at 0.45 MPa achieved a moisture content of 1.88 g/g db
and 1.29 g/g db after only 41 min of drying at 50°C and 90 min of drying at 60°C,
respectively. In contrast, achieving the same moisture content for blanched larvae required
360 min of drying, indicating a reduction in drying time of 88% and 75% at 50°C and 60°C,
respectively.

The application of DIC treatment effectively addressed shrinkage issues and improved
water diffusivity by up to 1833% and 682% for larvae dried at 50°C and 60°C, respectively,
compared to blanched larvae. Additionally, DIC treatment resulted in an increase in
specific surface area up to 125% and a more uniform particle size distribution, indicating
an improvement in the quality of the end-product.

DIC treatment causes protein denaturation, which could limit its application mainly in the
food sector.

PEF technology leads to a noteworthy enhancement in pressing yield, up to 78%, and the
expulsion of internal water from larvae, resulting in a low-moisture meal that requires
minimal drying. However, 57% of protein passed in the liquid fraction (juice) and only
43% of proteins are recovered in the solid fraction (press cake).

PEF treatment induces notable modifications in the exoskeleton structure and enhances the
kinetics of drying, while leaving protein functionalities unaffected. The drying activation
energies for PEF-treated larvae were approximately 40-50 kJ/mol, which is significantly
lower than the 80 kJ/mol observed for blanched larvae. Following 6 h of drying, the
moisture content of PEF-treated larvae reached 48% at 50°C and 26% at 60°C, compared
to 65% at 50°C and 56% at 60°C for blanched larvae.
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7.

PEF treatment is found to be the most energy-effective method among the three treatments
(blanching, DIC, and PEF) that were compared. On the other hand, the DIC treatment was
found to be more energy-intensive than blanching when processing a ton of fresh larvae,
but it was more favorable for producing a ton of dried larvae and a ton of proteins.

The study results suggest that novel pretreatments, DIC and PEF, are more effective than
traditional methods like blanching and have the potential to be valuable tools in the processing of
insect-based products. However, each method has its strengths and weaknesses, and the choice of
treatment will depend on the desired features and final application of the processed insect-based
product. Therefore, the decision to choose one method over another will require careful
consideration of trade-offs and a careful balance between the desired features and the potential
drawbacks of each method.

Based on the findings of this thesis, there are several prospects for further research in the area of
insect processing and the use of novel technologies. Some of the areas that could benefit from
additional investigations include:

1.

Protein Digestibility: Examining the effect of the applied treatments (DIC, PEF and
blanching) on the digestibility of processed larvae for their application in the food and feed
sectors.

Protein and chitin isolation: Investigating the impact of pretreatment methods on the
efficiency of protein and chitin isolation and evaluating their effects on the quality and
yield of the isolation and purification processes.

Formulating insect proteins in food products: studying the formulation of insect proteins
in food products to assess their functional, textural, and sensory characteristics, and
determining the most efficient method to produce a palatable and nutritionally adequate
product, such as baked goods, meat analogues, and protein bars, etc...

Conducting a life cycle assessment (LCA) of the processing pathways: evaluating their
environmental impact, including resource utilization, energy consumption, greenhouse gas
emissions, carbon footprint, and waste generation, with the purpose of determining the
most sustainable option. Moreover, comparing the results of the LCA with other protein
production methods to determine the sustainability of larvae-based protein production and
provide a comprehensive picture of its impact on the environment.

Scale-up: investigation of the potential for scaling up the most promising pretreatment
methods for commercial production and application in various industries, such as animal
feed and human food.
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6. Studying other edible insect species: the results of this thesis were based on studies of
yellow mealworms (T. molitor). Further research is needed to determine whether these
treatments are effective for other insect species and to determine the optimal conditions for
processing different insects.

In conclusion, this thesis lays the groundwork for future research on the utilization of innovative
technologies to enhance the production of insect-based food products. The results of this thesis
indicate a vast potential to be harnessed by conducting more in-depth evaluations of the advantages
and limitations of these technologies, to determine the most optimal methods of incorporating them
into the processing pipeline.
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