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1. Introduction

Edible insects have been part of the human diet throughout 
history (Dobermann et al., 2017). Their consumption is 
traditionally recognised in several countries, where they 
are predominantly collected from their natural habitat 
(Dobermann et al., 2017); however, with increasing demand 
of insect based foods in western countries, many companies 
have started mass rearing systems (Wade, 2020).

In order to ensure food safety, insect processing and storage 
should follow the same health and hygiene standards as 
for any other traditional food or feed (Imathiu, 2020). 
Hazards which are commonly found in insects comprise 
pathogenic microorganisms and parasites (Gałęcki and 
Sokół, 2019; Schlüter et al., 2017), allergens (De Gier and 

Verhoeckx, 2018), heavy metals, toxins and other chemical 
contaminants (Bosch et al., 2017; De Gier and Verhoeckx, 
2018; Poma et al., 2017, 2019; Van der Fels-Klerx et al., 
2016). Prions and human pathogenic virus should be 
considered as well (EFSA, 2015), although they have not 
been detected in edible insects yet.

Processing technology depends on insect species, safety 
hazards and type of final product. Edible insects can be 
marketed in three different forms: (1) whole (dried, frozen, 
pre-cooked); (2) processed; and (3) extracts (EFSA, 2015). 
Whole insects are commercially available as dried, frozen 
or chilled products for direct use by the consumer or food 
manufacturer. Processing of insects results in powder or 
paste, which allow the insects to be incorporated into food 
products or directly into dishes prepared by the consumer.
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The processing of insects is paramount to deliver safe and high quality raw materials, ingredients and products 
for large-scale food and feed applications. Depending upon the nature of the initial material and the desired end 
product, the processing pathways vary and may include several unit operations currently already used in food and 
feed processing. Insect processing pathways can involve harvesting, pre-processing, decontamination, further 
processing, packaging and storage. Several traditional and industrial decontamination methods have been proposed 
for edible insects, which include smoking, drying, blanching/boiling, marination, cooking, steaming, toasting and 
their combinations. Further processing steps are employed to produce insect meal, insect flour or extracted insect 
fractions. Each operation will have a different impact on the chemical and microbiological properties of the final 
product. Novel food processing technologies (e.g. high pressure processing, pulsed electric field, ultrasound and 
cold plasma) have shown potential to modify, complement or replace the conventional processing steps in insect 
processing. These technologies have been tested for microbial decontamination, enzyme inactivation, drying and 
extraction. Further, these are considered to be environmentally friendly and may be implemented for versatile 
applications to improve the processing efficiency, safety and quality of insect based products. Future research 
focuses in insect processing are development of efficient, environmentally friendly and low-cost processes; waste 
minimisation and incorporation of by-products/co-products.
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In order to improve the acceptance of insects and insect 
products and extend their shelf life, several traditional 
cooking techniques such as steaming, roasting, smoking, 
frying, stewing, curing (Ebenebe and Okpoko, 2015; 
Grabowski and Klein, 2017b; Lautenschläger et al., 2017; 
Manditsera et al., 2019; Nonaka, 2009; Obopile and 
Seeletso, 2013; Ramos-Rostro et al., 2016; Shockley et 
al., 2018) have been proposed. Other techniques, such as 
traditional sun-drying (Manditsera et al., 2018), microwave 
processing (Lenaerts et al., 2018; Vandeweyer et al., 2017b), 
freeze-drying, oven-drying (Azzollini et al., 2016; Fombong 
et al., 2017), dry heat treatment (Bußler et al., 2015), dry 
fractionation (Purschke et al., 2018a), freezing (Melis et al., 
2018), marination, fermentation (Borremans et al., 2018, 
2020b; Patrignani et al., 2020) and new processing methods 
as ultrasound-assisted extraction (Mishyna et al., 2019; 
Panja, 2018; Sun et al., 2018), cold atmospheric pressure 
plasma (CAPP) (Bußler et al., 2016a), supercritical CO2 
extraction (Purschke et al., 2017), enzymatic hydrolysis 
(Purschke et al., 2018a) for protein, fat, and/or chitin 
extraction, three-dimensional food printing technologies 
(Severini et al., 2018; Soares and Forkes, 2014), and several 
modified atmosphere packaging methods (Flekna et al., 
2017; Stoops et al., 2017) have also been tested for insects 
and insect products.

Main objective of processing is to ensure food safety; 
however, it is also important to satisfy quality standards 
and consumer expectations. In this context, an important 
aspect to consider is the microbiological safety. In countries 
where insects are already recognised as food or feed, 
specific microbiological criteria are present. However, 
in the other countries, lack of specific rules may be 
observed. For example, insects are classified as novel 
foods in European Union (EU) and therefore fall within the 
current novel food legislation (EU Regulation 2283/2015; 
EFSA, 2016). Whole edible insects and their derived 
ingredients can only be lawfully placed on the EU market 
after safety assessments and authorisations. When a novel 
food is accepted for consumption, it will be considered 
as any other food, therefore it should respect the current 
accepted limit for microbiological contamination, stated 
in the EU Regulation 2073/2005 (EC, 2005). However, 
in the aforementioned regulation, edible insects are 
not considered. They could be equated to traditional 
meat or fish, but since their particular nature, specific 
microbiological criteria should be formulated. In order to 
overcome this problem, some European countries, such as 
Belgium and the Netherlands, where insects consumption 
is already allowed, have fixed microbiological limits for 
edible insect (FASFC, 2014a,b; Bureau Risicobeoordeling 
en Onderzoeks-programmering, 2014).

In order to guarantee high safety standard for the final 
consumer, suitable processing pathways should be 
integrated in the insect value chain. In this context, the 

present review aims to illustrate the current scientific 
knowledge in edible insect processing, focusing on the 
traditional pathways and providing an overview on possible 
future processing routes.

2. Pre-processing

Pre-processing technologies represents the first step of each 
edible insects processing route and mainly consist of insect 
harvesting/separation from the substrate residuals, insect 
inactivation/killing, removal of wings/legs, and washing 
(Rumpold and Schlüter, 2013).

Once the insects have grown to the desired size or 
reach a certain age, they are harvested either manually 
or automatically. Larvae such as mealworms and lesser 
mealworms are usually separated from their substrate by 
sieving, while crickets and grasshoppers, which typically live 
apart from the feeding source, can be harvested by picking 
them from their rearing cage or by shaking them out of the 
crevices they hide in. Some farms apply a starvation period 
(Figure 1) before harvesting by separating the insects from 
their food (Garofalo et al., 2019). This causes the insects to 
empty their intestines (Finke, 2002), which, according to 
the breeders, results in better taste and cleaner products 
with reduced microbial load (Fernandez-Cassi et al., 2019). 
However, Wynants et al. (2017) reported that starvation of 
yellow mealworms did not reduce the total viable counts 
(TVC) or change the bacterial community composition 
consistently.

Following harvesting, the insects undergo several post-
harvest treatments before being consumed. If not sold as 
living species, killing the insects is the first step. Freezing, 
drowning in hot or boiling water and steaming are some of 
the most common methods used for this purpose. Killing 
is a key step in insect processing since it can affect various 
final product quality parameters including microbial load, 
proximate composition, colour and taste (Adámková et al., 
2017; Farina, 2017; Larouche et al., 2019). Larouche et al. 
(2019) compared blanching, desiccation, freezing, high 
hydrostatic pressure, grinding and asphyxiation (100% 
CO2; 100% N2; vacuum conditioning) as killing methods on 
black soldier fly larvae. They reported blanching (boiling 
water for 40 s) to be the most effective method in terms 
of time duration, final larval moisture, lipid oxidation, 
microbial load and colour alteration. However, due to the 
high TVC and presence of pathogenic microorganisms in 
the resulting product, a further stabilisation process was 
recommended (Larouche et al., 2019). Variable results have 
been reported for effect of killing methods on nutritional 
composition of different insects. Adámková et al. (2017) 
observed lower fat content in mealworm killed by direct 
immersion in boiling water compared to freezing. However, 
Caligiani et al. (2019) and Singh et al. (2020) observed no 
difference in lipid concentration of Hermetia illucens and 
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Acheta domesticus killed by freezing (-20 °C) or blanching 
(100 °C, 40 s). Additionally, higher ether extract has been 
recorded when crickets were killed by asphyxiation (3 hour 
in plastic bag at room temperature).

The killing method can influence physiochemical properties 
as well. For instance, higher luminosity and lower browning 
have been detected in house crickets killed with CO2 
(40 min) followed by blanching (40 s), while reduction 
in taste and lower pH have been displayed when crickets 
were frozen before cooking. This was explained by the 
ante-mortem stress, which is responsible for an increasing 
glycolytic activity, with higher conversion of glycogen into 
lactic acid (Farina, 2017).

In order to reduce the microbiological load, killing process 
can be coupled with a rinsing/washing step, as it is already 
applied in traditional food products such as raw fruits and 
vegetables (Yoon and Lee, 2018) or carcasses and fresh 
meat (Huffman, 2002). However, experiments conducted 
by Wynants et al. (2016, 2017) and Ng’ang’a et al. (2019) 

on mealworm larvae and wild harvested Ruspolia differens 
showed no reduction in TVC and in mesophilic aerobic 
count, Enterobacteriace, bacterial endospores, yeast and 
moulds when 1 min of washing treatment with tap water or 
sterile water were applied (Ng’ang’a et al., 2019; Wynants 
et al., 2016, 2017). Better results have been obtained in 
lesser mealworms with sterile distilled water containing 
antimicrobial substances such as ethanol, hydrogen 
peroxide or sodium hypochlorite (Crippen and Sheffield, 
2006). Although these concepts can be extended to dead 
insects, the washing experiments aforementioned were 
applied on living larvae. Use of washing procedures on 
dead insects has been described by Fröhling et al. (2020). 
In this study, three successive washing steps with tap water 
were applied on frozen/thawed crickets. Although TVC of 
crickets was not affected by washing procedure, a reduction 
of approximately one logarithmic cycle was detected for 
total aerobic mesophilic viable count, Enterobacteriaceae, 
Escherichia coli, Bacillus cereus, Clostridium perfringens, 
Enterococcus spp., Staphylococcus spp., yeasts and moulds 
(Fröhling et al., 2020).

Insects

Harvesting
(starvation)

Inactivation
(boiling/freezing/asphyxiation)

Drying
(oven-drying/solar-drying/

microwave-drying) 

Packaging

Freezing

Freezing Marination

Storage

Marinated
insects

Frozen
insects

Boiled
insects

Autoclaving Blanching

Dried
insects

Freeze-dryingRefrigeration

Freeze
dried

insects

Figure 1. Processing pathways for the production of whole (boiled/frozen/oven-dried/freeze-dried/microwave-dried/marinated) 
edible insects.
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3. Conventional processing routes

Although pre-processing represents the first step to connect 
from rearing to consumption, it cannot be considered 
decisive for ensuring food safety. Further processing 
techniques are required to obtain a product suitable 
for consumption. In the following section, the common 
conventional processing routes applied in the edible insects 
sector are described. Current scientific results as well as 
positive aspects and challenges observed for each step are 
discussed.

Processing of whole insects

Whole edible insects are usually marketed in chilled 
(T≤5 °C), frozen (T≤-18 °C) or dried form. Dried insects 
have a low moisture and water activity, therefore can be 
stored stable for a longer time (up to months) at room 
temperature (Kamau et al., 2018). When cold and freezing 
storage are used, the cold chain should be continuously 
maintained during the storage (James, 1996). Even though 
some reduction in TVC has been detected after freezing 
(Grabowski and Klein, 2017a; Ssepuuya et al., 2016), 
both cold storage and freezing cannot be considered as 
decontamination steps as they can only decelerate or delay 
microbiological growth and chemical deterioration (Kamau 
et al., 2020). A certain microbial inactivation can be reached 
with drying processes, despite several studies displayed high 
residual microbial count on dried insects (Vandeweyer et 
al., 2017a, 2018; Wynants et al., 2018). Therefore, in order 
to guarantee high food safety standards and extend the 
shelf-life, raw edible insects should be subjected to a series 
of steps to ensure overall safety. An overview of possible 
processing pathways for production of whole edible insects 
is presented in Figure 1.

Every processing route should be organised in 3 steps: 
(1) harvesting and pre-processing; (2) decontamination; 
and (3) packaging and storage. Several decontamination 
methods have been proposed on edible insects. These 
comprise blanching, cooking/boiling, steaming, marination, 
drying, smoking, toasting and their combinations. Each 
operation will have a different impact on the chemical 
and microbiological properties of the final product. For 
example, Nyangena et al. (2020) compared the effect of 
toasting (5 min, 150 °C), boiling (5 min, 96 °C), solar-drying 
(2 days, 50-60 °C, 15-25% RH) and oven drying (2 days, 
60 °C) on A. domesticus, H. illucens, Spodoptera littoralis 
and R. differensis. They observed that in all the species, 
an important reduction could be detected for TVC and 
Staphilococcus aureus (5-6 log cycles), yeasts-moulds and 
Salmonella spp. (lower than detection limits) when toasting 
or boiling were used. On the contrary, solar-drying and 
oven-drying could not guarantee the same results, if not 
preceded by toasting or boiling (Nyangena et al., 2020). 
The presence of pathogenic microorganisms on edible 

insects after drying process represent an important safety 
concern, whereby dried insects should be reheated before 
consumption (Grabowski and Klein, 2017b). However, 
drying at 100 °C for 4 hours was able to reduce about 
5-8 log cycles of the microbial counts (TVC, total aerobic, 
E. coli, Enterobacteriaceae, Enterococcus spp., B. cereus, 
C. perfringens, Stahilococcus spp., yeasts and moulds) in 
A. domesticus (Fröhling et al., 2020). Similar reduction 
levels have been obtained for TVC (from 7.5 to <1.7 log 
cfu/g), Enterobacteriaceae (from 6.8 to <1 log cfu/g) and 
bacterial endospores (from 2.1 to <1 log cfu/g) on Tenebrio 
molitor, Brachytrupus spp and A. domesticus after either 
boiling in water or roasting for 10 minutes (Klunder et 
al., 2012).

A very common process in the food industry is 
blanching. Blanching allows the inactivation of vegetative 
microorganisms (but not bacterial spores). It refers to a 
process where a food is placed inside boiling water for short 
time (from few seconds to more than 10 minutes, depending 
by the product) and then cooled in cold water (Xiao et al., 
2014). It has been tested on edible insects by Vandeweyer 
et al. (2017b), who compared the effect of blanching for 
10, 20 or 40 seconds, with or without microwave drying 
(16 microwave sources of 2 kW) on T. molitor larvae. 
They observed a significant reduction (from 8 log cfu/g 
to 1.3 log cfu/g) in total aerobic count when blanching for 
40 seconds was followed by microwave treatment for at 
least 16 minutes (residual moisture 0.6%). Lower microbial 
reductions were detected when blanching was followed by 
shorter microwave treatments or no microwave process 
was applied. Blanching was able to reduce the number of 
Enterobacteriaceae and fungi (yeasts and moulds) below 
the detection limits (1 log cfu/g for Enterobacteriaceae 
and 2 log cfu/g for fungi), but an increase in bacterial 
endospores was observed (Vandeweyer et al., 2017b). 
Similar results have been obtained by Vandeweyer et al. 
(2018) who studied the evolution in microbial counts during 
processing and storage of Gryllus sigillatus. They observed 
an initial reduction in TVC after smoking (80 °C, 40 min, 
residual moisture 5.1%) or smoking and oven-drying (80 °C, 
overnight, residual moisture 2.2%). However, an increase 
in TVC and endospores was displayed during the storage 
at room temperature (Vandeweyer et al., 2018). Therefore, 
in order to obtain a final product safe for the consumer, 
alternative storage methods should be tested.

Still under-explored techniques in edible insects processing 
and storage are marination (treatment of raw meat with 
several ingredients to improve sensorial parameters 
and improve microbiological safety; Williams, 2012) 
and fermentation (subjecting food to the activity of 
microorganisms or enzymes, in order to obtain desirable 
sensorial and nutritional characteristics and extend the shelf 
life (Campbell-Platt, 1987)). While fermentation is usually 
conducted on insect powder or paste, marination can be 
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realised on whole insects. In a study from Borremans et al. 
(2018), effect of marination technology was analysed on 
blanched (40 s) T. molitor larvae. The authors concluded 
that 6 days of marination in red wine or soy sauce could 
inhibit the microbial growth, allowing shelf life extension of 
at least 7 days. However, marination might be responsible 
for germination of bacterial endospores, which might 
represent an issue for longer storage periods (Borremans 
et al., 2018).

Choice of the most suitable processing methods is a key 
and should involve the consideration of the initial raw 
material and the final product that would be obtained. 
Besides microbial safety, choice of processing technique 
should also consider nutritional and sensorial parameters. 
For example, blanching has shown to be responsible for 
luminosity value and non-enzymatic browning (Azzollini 
et al., 2016) although it is effective inactivating browning 
enzymes (Tonneijck-Srpova et al., 2019). Another common 
effect connected with processing is the increase in protein 
solubility (Womeni et al., 2012). However, these effects 
cannot be generalised for all insect species. For example, 
decrease in protein digestibility was observed on R. differens 
subjected to toasting (150 °C, 5 min) and solar drying (30 °C, 
40% RH), while the same process applied on Macrotermes 
subhylanus has not shown the same results (Kinyuru et al., 
2010). Processing could also be responsible for nutrient 
loss. It has been shown for Hemijana variegate subjected 
to sun drying (Egan et al., 2014), while reduction in vitamin 
B12 has been detected in mealworm exposed to microwave 
drying (14 sources of 2 kW for 24 min) (Lenaerts et al., 
2018). Whereas, no proximate composition alteration 
was observed when oven drying (60 °C, 24 h) was used on 
R. differens (Fombong et al., 2017). Reduction in protein and 
in vitro true dry matter digestibility have been detected in 
Imbrasia belina (Madibela et al., 2007), Eulepida mashona 
and Henicus whellani (Manditsera et al., 2019) after 1 hour 
of boiling process. For the last two species, boiling without 
roasting operation, was also responsible for reduction in 
zinc and iron bio-accessibility (Manditsera et al., 2019). 
Conversely, 5-7 minutes of roasting could improve the 
calcium availability in mopane caterpillar (Madibela et 
al., 2007).

Insect meal production

Sometimes edible insects require to be formulated into 
homogenous forms, such as powder or paste (Figure 2). 
In such cases, milling or grinding processes are required. 
Edible insects can be milled when still fresh or after 
blanching (wet milling) or after a drying process (dry 
milling). Wet milling is usually applied at industrial level 
because it results into fluid material, whereby it will be easy 
to handle along the production line (Dossey et al., 2016). 
However, due to the high moisture content, the resulting 
material is microbially unstable (De Smet et al., 2019). It 

should be kept at low temperature (≤5 °C) and used within 
a short time (De Smet et al., 2019). Conversely, dry milling 
results in a dry powder, which shows extended shelf-life 
and can easily be marketed and stored at room temperature 
(Klunder et al., 2012).

In order to extend the shelf life and have a stable product, 
drying operations can also be performed after the wet 
milling process for obtaining a powder (Dossey, 2015). 
When insect paste has to be dried, spray drying is usually 
preferred. It is a drying method where the paste is propelled 
into hot air. In this way, every single drop of the fluid is 
dried singularly; therefore, the drying process happens in 
a short time and results in homogeneous products and 
with better nutritional properties (Bhandari et al., 2008; 
Dossey et al., 2016; Son et al., 2019). However, since spray-
drying cannot be used for products with a high fat level, 
drum drying is often adopted (Dossey et al., 2016). Here, 
the insect paste is in contact with a warm surface until it 
is dry (Tang et al., 2003). The result is a faster drying of 
the layer in direct contact with the drier surface and low 
drying of the remaining bulk. Therefore, the final powder 
can be inhomogeneous and characterised by low quality 
(Courtois, 2013; Dossey et al., 2016). Table 1 shows an 
overview of studies where positive and negative effects 
connected to traditional drying technologies have been 
evaluated on edible insects.

Possible processing pathways resulting in several types of 
insect meal are shown in Figure 2 (whole fat insect meal) and 
3 (defatted insect meal). Defatted insect meal is produced 
by extracting fat from the insect. This operation can be 
performed with chemical (Ravi et al., 2019; Son et al., 2019), 
physical (Arsiwalla and Aarts, 2015) or mechanical (Azagoh 
et al., 2016; Tschirner and Simon, 2015) treatments, and 
results in final products with different physiochemical and 
sensorial characteristics (Son et al., 2019) and longer shelf-
life (Nadarajah et al., 2015; Temba et al., 2017). Defatting 
operation can be carried out before (Figure 3, pathways B 
and C) or after (Figure 3, pathway A) the milling. If milling 
foregoes the defatting process, enzymatic hydrolysis might 
occur. It is due to the action of lipases and proteases present 
inside the insect cells and released into the meal when the 
insects are pulverised. Further enzymatic hydrolysis can 
be reached by adding commercial enzymes to the insect 
paste, as suggested by Arsiwalla and Aarts (2015). In order 
to promote the physical separation and/or the enzymatic 
hydrolysis, water should be present; therefore, a drying 
process is conducted on the defatted paste (Figure 3, 
pathway A). When defatted insect meal is produced by a 
mechanical defatting process (Figure 3, pathway B and C), 
milling is usually conducted after oil extraction (Azagoh et 
al., 2016; Son et al., 2019), while drying can be performed 
on the final defatted paste (Figure 3, pathway B) or on 
the whole insect (Figure 3, pathway C). Finally, solvent 
defatting operation is usually performed on dry material 
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(Ravi et al., 2019; Son et al., 2019), which should be milled 
to ultrafine powder in order to increase the surface and 
to improve the solvent penetration (Son et al., 2019). 
However, although defatting yield with solvent is higher 
than with other methods (Son et al., 2019), solvent defatting 
operations are not preferred for both, environmental and 
sensorial aspects. Indeed, n-hexane defatted mealworm 
meal showed less flavour, lower colour preservation and 
consumer acceptability than pressure-defatted powder 
(Son et al., 2019).

The type of blender used for meal production can also 
affect the final properties of the insect powder/paste. For 
example, Son et al. (2019) observed that mealworm defatted 
meal obtained by using a jet-mill showed lower humidity, 
higher luminosity, higher particle size uniformity and 
higher consumer acceptance than powder produced by 
pin, hammer or cutter mill (Son et al., 2019).

Apart from the three pathways already described, several 
other processing routes have been described for insect 
meal production (Borremans et al., 2020a,b; Bußler et al., 

Table 1. Summary of studies exploring the effect of different drying processes on edible insects.

Insect species Drying methods Notable effect Reference

Acheta domesticus, Hermetia 
illucens, Spodoptera littoralis, 
Ruspolia differens

Oven drying
Freeze drying
Solar drying

Oven drying decreased bacterial populations, yeasts and mould. 
Solar drying had no effect. All three drying processes combined 
with boiling eliminated bacterial populations, yeasts, moulds.

Nyangena et al. (2020)

Rhynchophorus phoenicis Solar drying
Oven drying
Smoke drying

Smoke drying was suggested as the preferable method as it 
maintains the lipid profile, while solar drying increased peroxide 
value. 

Tiencheu et al. (2013)

Sternocera orissa Oven drying
Freeze drying

Oven drying method led to a higher composition of the material in 
compare to freeze drying

Shadung et al. (2012)

Imbrasia epimethea Oven drying
Solar drying

The monosaturated fatty acid content was reduced. Lautenschläger et al. 
(2017)

Polyrhachis vicina Solar drying Aldehydes, increase of free fatty acid content, decrease of ketone 
content and hydrocarbons were observed. 

Li et al. (2009)

R. differens Oven drying
Freeze drying

Both processes led to no significant differences in composition 
and product quality.

Fombong et al. (2017)

Tenebrio molitor Oven drying
Microwave-assisted 
drying

Microwave-assisted drying, combined with 40 s of blanching for 
less than 16 min did not reduce water activity lower than 0.6. 

Vandeweyer et al. 
(2017b)

T. molitor Oven drying
Freeze drying
Fluidised bed drying

Higher temperatures of drying caused darkening and shrinking 
due to browning reactions and tissue disruption. 

Purschke et al. (2018a)

T. molitor Fluidised bed drying 
Microwave-assisted 
drying
Freeze drying
Vacuum drying
Hot air drying 

Freeze drying oxidised the lipid fraction. Protein solubility was 
higher with vacuum drying and freeze drying and decreased with 
microwave-assisted drying.

Kroncke et al. (2018)

H. illucens Oven drying
Microwave-assisted 
drying

Protein digestibility was higher with oven drying, since microwave 
treatment polymerised protein molecules. 

Huang et al. (2019)

Musca domestica L. Oven drying
Solar drying

Oven dried samples contained more proteins and less fat Aniebo and Owen 
(2010)

Macrotermes subhylanus,  
R. differens

Solar drying Solar drying of termites and grasshoppers decreased 
vitamin content in both species and protein digestibility of the 
grasshoppers.

Kinyuru et al. (2010)

Locusta migratoria 
manilensis, Bombyx mori

Freeze drying
Oven drying
Microwave-assisted 
drying

Oven and microwave drying changed the sensory characteristics 
of the materials in a way that they were less acceptable.

Mishyna et al. (2020)
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2016b; Fröhling et al., 2020; Purschke et al., 2018a,b,c; 
Vandeweyer et al., 2018). Depending on the process goal 
and the insect species, the order of several operations may 
vary (Stoops et al., 2017).

The most critical step along each processing pathway is 
the thermal treatment, which is important to assure food 
safety. Microbial decontamination can be performed on 
whole insects (before milling operation) (Kamau et al., 
2020) or directly on the powder/paste resulting from the 
milling process (Bußler et al., 2016a,b) (Figure 2). Applying 
the decontamination process on meal is preferred, since 
milling operations break down the insect body and a release 
of the insect gut microbiota is obtained increasing the 
total microbial count (Fröhling et al., 2020; Klunder et 
al., 2012; Rumpold et al., 2014). Indeed, microorganisms 
at the surface of food materials will be more susceptible 
to high temperature (Rumpold et al., 2014); therefore, 
acceptable results can be reached with lower temperature 
or shorter treatment time. In this way, less impact on 
physio-chemical and sensorial characteristics of the final 
product is realised (Fröhling et al., 2020). However, every 
time high temperatures are applied on insect meal, it may 
result in burnings of the powder/paste (Arsiwalla and 

Aarts, 2015). Concerning the physicochemical stability, 
the presence of browning and lipolytic enzymes should be 
considered. They can be responsible for browning, lipid 
oxidation and rancidity of insect paste. Therefore, in order 
to prevent undesirable reactions, a blanching process can 
be realised on the whole insects (Figure 3, pathways B and 
C) as suggested by Azagoh et al. (2016). Nevertheless, when 
blanching is performed, the adding of water can result in 
loss of soluble nutrients and higher energy is required for 
drying (Fröhling et al., 2020). However, blanching of whole 
insect can be responsible also for microbial inactivation, 
resulting in low number of Enterobacteriaceae (Stoops 
et al., 2017), but possible reactivation of bacterial spores 
should also be considered (Stoops et al., 2016). For this 
reason, further decontamination treatment should be 
carried out in the next steps. Besides drying and heat based 
operations, an interesting stabilisation method applied on 
insect-based food is fermentation (Figure 2). The ability 
of this technology to ensure quality and safety of insect-
based food has been investigated in several studies. For 
example, Patrignani et al. (2020) used Yarrowia lipolytica 
and Debaryomyces hansenii strains to produce cricket flour 
hydrolysates with high food safety, functionality, sensory 
and technological properties. The hydrolysates obtained 

Insects

Harvesting
(starvation)

Inactivation
(boiling/freezing/asphyxiation)

Drying
(oven-drying/

solar-drying/freeze-drying/
microwave-drying) 

Blanching Freezing

Milling

Fermented
insect
meal

Whole-fat
insect

powder

Autoclaving

Drying

Autoclaving
Fermentation

Whole-fat
insect
paste

Milling Drying
(freeze-drying) 

Whole-fat
insect
paste

Figure 2. Processing pathways for the production of whole-fat and fermented insect meal.
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by fermentation were characterised by a reduced chitin 
content and higher contents of antimicrobial substances 
(acetic acid, short chain fatty acids, chitosan, and GABA) 
and health-promoting molecules (arachidonic and linolenic 
acids, GABA, AABA, and BABA) when compared to 
the control. Borremans et al. (2018) observed that rapid 
acidification during fermentation, able to prevent microbial 
growth, could be reached within three days when blanched 
(40 s) paste of T. molitor was inoculated with a commercial 
starter containing Pediococcus acidilactici, Lactobacillus 
curvatus and Staphylococcus xylosus (Borremans et al., 
2018). However, the authors detected some lipid oxidation 
during refrigerated storage (4 °C) of the fermented paste. 
In order to prevent the oxidation, several additives have 
been tested. Borremans et al. (2020b) observed that 
sodium nitrite (150 mg/kg) and sodium lactate (60% w/w 
solution, 50 g/kg) are both able to reduce lipid oxidation. 
Different results were obtained by De Smet et al. (2019) 

who observed higher lipid oxidation of fermented insect 
paste stored for three weeks at 4 °C, when sodium nitrite 
or sodium lactate, rather than no additives, were used. 
Use of additive has displayed also a reduction in sulphite 
reducing bacteria in the fermenting paste (De Smet et al., 
2019). It is an important aspect because these bacteria are 
responsible for reduction of sulphite to hydrogen sulphite, 
compound associated with the unpleasant ‘rotten egg’ odour 
(Borremans et al., 2018).

Storage of insect-based food

Although the aforementioned techniques can guarantee 
microbial safety, they cannot prevent the re-contamination 
of the product in the subsequent working steps. In order 
to guarantee microbiological safety for the consumer, 
appropriate storage methods with respect to the specific 
product properties should be applied. Refrigeration and 

Insect

Harvesting
(starvation)

Inactivation
(freezing/boiling/asphyxiation)Milling

Decontamination
(blanching/boiling/

autoclaving)

Heat treatment
(70-100°C)

Physical separation
(decanting/centrifugation)

Insect
oil

Solid
fraction

DryingPressing

Pressing

Milling

Liquid
fraction

Solid
fraction

Insect
oil

A

CB

Mechanical fat
separation

Concentration

Drying

Drying

Insect
paste

Aqueous
fraction

Defatted
insect
meal

Figure 3. Processing pathways for production of defatted edible insect meal and insect oil: (A) as described by Arsiwalla and 
Aarts (2015), (B) analogous to fish meal production, (C) dry processing pathway.
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freezing, as well as air containing packaging, vacuum 
packaging and modified atmosphere packaging (MAP) 
are common preservation methods used for edible insects 
products. Klunder et al. (2012) observed that crickets boiled 
for 1 minutes could maintain low TVC (4.1 log cfu/g) over 
16 days when stored at 5-7 °C, while TVC higher than 10 
log cfu/g was reached after 2 days in room temperature 
storage (28-30 °C) (Klunder et al., 2012). Similar results 
have been obtained on blanched T. molitor larvae stored at 
3 °C for 6 days (Vandeweyer et al., 2017b), while stable TVC 
over 180 days has been found on refrigerated (about 5 °C) 
black soldier fly larvae (Kamau et al., 2020). Refrigeration 
has also shown promising results for storage of fermented 
or marinated insects, guaranteeing microbiological and 
chemical stability for up to two and four weeks respectively 
(Borremans et al., 2018, 2020b; De Smet et al., 2019). 
Cold storage can provide good lipid stability and thus the 
sensorial quality of insect products (Kamau et al., 2020; 
Lee et al., 2020; Tiencheu et al., 2013). However, since 
refrigeration temperatures are not able to inactivate lipases, 
enzymes responsible for lipid oxidation, freezing can be 
applied to inhibit enzyme activities (Tiencheu et al., 2013).

Important differences in terms of lipid oxidation and 
microbial growth were also observed when different 
packaging was used: insect meal packaged in polypropylene 
bags and stored at room temperature showed higher lipid 
oxidation than insect meal packaged in polyethylene bags 
(Kamau et al., 2020). It was attributed to the permeability of 
polypropylene to water, which was considered responsible 
for propagation of moulds able to produce lipases (Kamau 
et al., 2020). Combined effects of packaging and storage 
conditions have been tested also by Ssepuuya et al. (2016, 
2019) who observed that storage at room temperature 
(20 °C) could guarantee microbiological, chemical and 
sensorial stabilities only if opaque vacuum packaging was 
applied (Ssepuuya et al., 2016, 2019). An alternative to 
vacuum packaging is MAP. It has been investigated by 
Stoops et al. (2017), who observed that MAP (60% CO2 
40% N2) reduced microbial growth guaranteeing at least 
21 days of microbiological stability for insect paste stored 
at 4 °C (Stoops et al., 2017). However, they did not observe 
any reduction in bacterial spore counts.

Use of MAP may also be helpful to reduce the moulds 
contamination of dried whole insects or insect powder. At 
the best of our knowledge, no study has been conducted 
in this area, but this technology can be extended to insects 
from other dried food (Rodriguez et al., 2000). MAP can 
represent an important step in edible insect shelf-life 
extension because moulds are responsible for mycotoxin 
production, which can be a fundamental safety issue in 
edible insects when the water activity is higher than 0.6 
(Kamau et al., 2018). In a study conducted by Kachapulula 
et al. (2018), high moulds proliferation has been observed 
on dried caterpillars and termites after 7 days of storage at 

room temperature (31 °C). It was accompanied with high 
aflatoxin contamination, which made the insects not safe for 
human or animal consumption (Kachapulula et al., 2018).

Extraction of valuable compounds from insects

Despite a large number of studies aiming to use whole 
insects or insect meal as food or food ingredient, many 
consumers, especially from the western world, may still 
not accept them (Chen et al., 2009). In order to overcome 
these limitations and promote their consumption, isolation 
of protein and fat-rich fractions can be performed. The 
resulting products may then be used as ingredients for both 
industrial processing and culinary home-made preparation.

Isolation of protein has been performed from insect meal 
obtained from several species such as migratory locust 
(Clarkson et al., 2018; Purschke et al., 2018c), desert locust 
(Mishyna et al., 2019) house cricket (Laroche et al., 2019; 
Ndiritu et al., 2017), mealworm (Bußler et al., 2016b; Kim 
et al., 2019; Laroche et al., 2019; Yi et al., 2013, 2017; Zhao 
et al., 2016) black soldier fly (Bußler et al., 2016b; Caligiani 
et al., 2018; Soetemans et al., 2019). Extraction conditions, 
as well as solvent and insect species can strongly influence 
extraction yield and properties of the isolated proteins. 
Satisfactory protein yields have been obtained by using 
alkaline solutions (Laroche et al., 2019; Mintah et al., 
2020; Mishyna et al., 2019; Zhao et al., 2016) since pH 
values between 10 and 12 have displayed to lead to higher 
insect protein solubility (Bußler et al., 2016b; Purschke et 
al., 2018b,c; Udomsil et al., 2019; Yi et al., 2017; Zhao et 
al., 2016). However, use of chemical solvents has shown 
negative effects on protein functionality, impacting several 
parameters such as emulsion capacity, foaming capacity and 
foaming stability (Ndiritu et al., 2017). In order to prevent 
it, aqueous extraction may be performed. However, lower 
extraction yields have been shown when aqueous solutions 
of ascorbic acid have been used (Amarender et al., 2020; 
Ndiritu et al., 2017; Yi et al., 2013). Improved results have 
been reached by using NaCl, as displayed on T. molitor 
(Yi et al., 2017), or increasing pH (Purschke et al., 2018b), 
temperature, solid/liquid ratio and/or extraction time 
(Bußler et al., 2016b; Mintah et al., 2020). Defatting can 
also increase the protein extract yields, as shown for several 
insect species (Amarender et al., 2020; Kim et al., 2019).

Several extraction systems have been implemented for 
recovery of fat from edible insects. Common fat extraction 
methods comprises Folch, Soxhelet, Supercritical CO2 and 
aqueous extraction (Laroche et al., 2019; Ramos-Bueno et 
al., 2016; Ravi et al., 2019; Tzompa-Sosa et al., 2014). Choice 
of the method should consider the insect species because 
the same method applied on several species can results in 
different yields, as shown by Laroche et al. (2019), Pan et 
al. (2012), Ramos-Bueno et al. (2016) and Tzompa-Sosa et 
al. (2019, 2014). Moreover, different extraction systems, as 
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well as different solvents, lead to various extraction yield 
when applied on the same insect species (Amarender et 
al., 2020; Feng et al., 2020; Laroche et al., 2019; Mariod 
et al., 2010). Fatty acid profiles of the extract can change 
with the extraction system as well (Laroche et al., 2019; 
Purschke et al., 2017; Ramos-Bueno et al., 2016; Ravi et 
al., 2019; Tzompa-Sosa et al., 2014).

An interesting bioactive compound that can be extracted 
from insects is chitin. It is the precursor of chitosan, an 
amino-polysaccharide characterised by important biological 
activities (Mohan et al., 2020). The process for chitin 
extraction consists in four sequential steps: delipidation, 
deproteinisation, demineralisation, decolorisation (Mohan 
et al., 2020). The aim of this processing pathway is to 
remove all the extractible compounds from the insect 
powder in order to obtain the insoluble chitin fraction. This 
method has been implemented on a wide range of insect 
species, such as Bombyx mori (Luo et al., 2019; Simionato 
et al., 2014), T. molitor (Luo et al., 2019; Song et al., 2018), 
Zophobas morio (Shin et al., 2019; Soon et al., 2018), H. 
illucens (Caligiani et al., 2018; Purkayastha and Sarkar, 
2020), Musca domestica (Jing et al., 2007; Kim et al., 2016), 
Apis mellifera (Marei et al., 2016, 2019), Gryllus bimaculatus 
(Kim et al., 2017), Schistocerca gregaria (Marei et al., 
2016) and others. In order to reduce the use of chemical 
compounds, new eco-friendly chitin extraction systems 
have been developed. For example, the aforementioned 
method has been enhanced by using a sustainable deep 
eutectic solvent, which has shown attractive results on 
chitin extraction from black soldier fly (Zhou et al., 2019). 
Furthermore, biological methods, based on fermentation 
with bacterial strains isolated from mealworm surface, have 
shown to be strong candidates for replacement of chemical 
demineralisation (Da Silva et al., 2017).

4. Emerging technologies in insect processing

Recent advances in agri-food sector have shown that the 
emerging technologies (e.g. high hydrostatic pressures 
(HHP), pulsed electric fields (PEF), ultrasound (US) 
and CAPP) are promising alternatives for sustainable 
eco-friendly processing with negligible environmental 
impacts (Pojic et al., 2018). These technologies aim to 
improve the safety and the quality of final products and 
enhance processing efficiency. However, requirement of 
highly trained operators and presence of remarkable initial 
investments may represent important hurdles for their 
spreading (Priyadarshini et al., 2019). Legislative aspects 
need to be considered as well. For example, in Europe the 
novel food regulation (EU Regulation 2283/2015) considers 
products obtained by using emerging technologies as novel 
food if the applied technology was not used within the EU 
before 15 May 1997 and shows an impact on nutritional 
composition, structure or safety of the obtained food, which 
cannot be compared with the same food produced using 

traditional technologies. Since HHP, PEF and US are already 
applied in industrial food processing, the relation between 
emerging technologies and novel food legislation is not 
always clear and should be evaluated case by case every 
time one of these technologies is used.

In the present section, the most applied innovative 
technologies are described. A general overview of each 
technology, its fundamental effects and main applications 
in the food industry are given. Afterwards, possible 
applications of emerging technologies in the edible insects 
sector are discussed.

Emerging technologies

High hydrostatic pressure is a discontinuous or semi-
continuous process that involves a fluid, submitted at a 
pressure in a range of 100-1000 MPa (Koutchma, 2014), 
surrounding the product to be treated at 0 to 120 °C 
(Aganovic et al., 2021). However, pressure in the range 
of 200 up to 600 MPa at ambient or chilled temperature 
is usually applied in commercial food applications, with 
holding times rarely longer than 5 min (Aganovic et al., 
2021). The pressure can damage the microbial cells, leading 
to the inactivation of microorganisms at significantly lower 
temperature than conventional thermal processing and 
resulting in a better final product quality (Kashiri et al., 
2018). In food processing applications, HHP alone or in 
combination with heat can cause various physical, chemical, 
or biological changes in food, responsible for formulation 
of modified foods and ingredients (Bolat et al., 2021; 
Hugas et al., 2002; Rumpold et al., 2014; Ugur et al., 2020). 
Further, HHP can also be used to support the nutrient 
extraction from food (Preece et al., 2017), to maximise 
the extraction yield of oils (Andreou et al., 2020) and to 
improve product acceptability through the degradation of 
allergenic compounds which are naturally present in some 
food products (Boukil et al., 2020; Li et al., 2012; Penas et 
al., 2011). However, HHP may have a negative impact on 
protein stability, resulting in loss of important nutritional 
components and changing the food texture (Boukil et al., 
2020; Tonneijck-Srpova et al., 2019; Wang et al., 2016). 
Moreover, when food is treated with HHP at moderate 
temperature, residual contamination with bacterial spores 
can still be detected (Campbell et al., 2020; Kashiri et al., 
2018; Stoica et al., 2013; Wang et al., 2016). Therefore, the 
requirement of further heat operations and the high cost 
of HHP generating devices (Wang et al., 2016), represent 
important challenges for using this technology for edible 
insect processing in food industry.

Pulsed electric field application is a relatively recent and 
widely employed technology in the food sector for several 
purposes. PEF consists of processing the food product 
with short high voltage electric pulses (Nowosad et al., 
2021). Depending on the purpose, several pulse frequencies 

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
01

21
 -

 T
ue

sd
ay

, D
ec

em
be

r 
13

, 2
02

2 
4:

48
:5

9 
A

M
 -

 I
P 

A
dd

re
ss

:8
9.

24
5.

22
.2

28
 



� Processing pathways

Journal of Insects as Food and Feed 7(5)� 887

and exposition times can be applied. The mechanism of 
the technology is related to triggering a change in the cell 
membrane integrity with consequent enhancement of its 
permeability (Nowosad et al., 2021). This phenomenon 
can be exploited in several ways, including improvement of 
extraction efficiency of nutritional and bioactive compounds 
from raw materials (Alles et al., 2020; Andreou et al., 2020; 
Kaferbock et al., 2020; Rahaman et al., 2020) and food 
waste (Franco et al., 2020). Further, PEF coupled with some 
conventional processes, like freezing, drying or mechanical 
extraction of juices or oils, can lead to increase in yields, 
efficiency optimisation (Alles et al., 2020; Andreou et al., 
2019; Shorstkii et al., in press), and milder stabilisation 
treatments which allow obtaining fresh-like products with 
texture, flavour, colour and odour closer at their natural 
state (Liu et al., 2020; Tao et al., 2019). Hurdles for PEF 
application in food industry include the high initial costs 
(Stoica et al., 2013) and its lack of activity on bacterial 
endospores inactivation, which requires a further treatment 
(Reineke et al., 2015; Siemer et al., 2014). However, unlike 
HHP, no negative impact on bioactive compounds has 
been detected with PEF treatment (Nowosad et al., 2021; 
Shorstkii et al., in press).

Ultrasound technology consists of mechanical acoustic 
waves propagating in an elastic (solid or fluid) medium 
(Lempriere, 2003). These waves can generate compression 
and decompression on the matrix particles, producing a 
huge amount of energy (Gallo et al., 2018). High intensity 
ultrasound operates at frequencies between 20 and 100 
kHz and the intensity ranged between 10 and 1000 W/cm2. 
This high intensity allows them to be disruptive by inducing 
cavitation inside the treated medium, with consequent 
alterations on physical, chemical and mechanical properties 
(Bhargava et al., 2021). In the food industry, US is usually 
used to improve the efficiency of several unit operations. 
US can be used to enhance the extraction yield by creating 
cavities inside the tissues and favouring the breakdown 
of cell walls with a reduction of time and energy used for 
compounds’ extraction (Choi et al., 2017; Mishyna et al., 
2019; Ojha et al., 2020; Sun et al., 2018). With a similar 
mechanism, US can also be coupled with drying process. 
The micro-channels generated inside the bulk because the 
molecular cavitation, can favour the water elimination, 
reducing time and temperature of the drying processes. This 
can lead to a higher quality of the final product (Huang et 
al., 2020). Besides the mass transfer, US can also be used 
for heat transfer. For example, US can facilitate the freezing 
process through improved initial nucleation (Chow et al., 
2005). Further, US can be also used during thawing with 
the goal to reduce the defrosting time in order to avoid 
product degradation (Li et al., 2020). US coupled with 
heat treatments (thermosonication) or high pressure 
(manosonication) has found application also in sterilisation 
and enzyme inactivation, allowing to obtain interesting 
results in terms of shelf-life extension, without altering the 

sensorial characteristics of the food (Cameron et al., 2009; 
Mintah et al., 2019b; O’Donnell et al., 2010). However, when 
US is not applied properly, it can be responsible for increase 
of temperature, with negative effects on nutritional and 
organoleptic characteristics (Farkas and Mohacsi-Farkas, 
2011; Mintah et al., 2020). Despite these drawbacks, US is 
the mostly used novel technology in the food sector so far 
(Priyadarshini et al., 2019).

CAPP is a new technology with high potential, but to the 
authors best knowledge not applied in food industry yet. 
Plasma constitutes a mixture of several active chemical 
species, i.e. electrons, free radicals, ions, protons, 
excited atoms, reactive oxygen species, reactive nitrogen 
species, and UV radiation (Moreau et al., 2008). These 
reactive compounds are created by applying electric or 
electromagnetic fields, generated at several voltages, to 
a gas (Ramazzina et al., 2015). CAPP indicates a specific 
kind of plasma, generated at low temperatures (usually 
between 30 and 60 °C) and atmospheric pressure (Moreau 
et al., 2008). The lower operating temperature provides 
interesting opportunities for shelf-life extension of several 
food matrices, without altering the quality parameters of 
temperature-sensitive products (Bußler et al., 2016a; Pan 
et al., 2019). CAPP has also shown its potential to be active 
not only on the viable microbial cells but also on spores, 
thus allowing low-temperature sterilisation of the food 
product (Bußler et al., 2016a; Liao et al., 2018; Rumpold 
et al., 2014). The high reactivity and instability of the 
compounds produced during plasma treatment can also be 
used for inactivation of certain enzymes due to the alteration 
of their protein structures (Bußler et al., 2016a, 2017; Han et 
al., 2019). With the similar mechanism, CAPP can facilitate 
the decontamination of foods from allergens, pesticides, 
mycotoxins and other toxic contaminants (Gavahian and 
Cullen, 2020; Gavahian and Khaneghah, 2020). Another 
application of CAPP in the food industry is related to the 
modification of some food components and their physical 
characteristics, with the purpose to improve their quality 
and increase the processing efficiency (Bußler et al., 2016a; 
Ekezie et al., 2017). However, reactive oxygen species present 
in CAPP have shown negative activities on lipid stability, 
promoting lipid oxidation, which can result in off-flavour 
(Varilla et al., 2020). CAPP can also find application in 
food fortification to obtain a product with specific healthy 
properties (Akasapu et al., 2020). Furthermore, CAPP has 
also been applied on some by-products to extract interesting 
secondary nutrients as well as phenolic compounds (Bao 
et al., 2020). Main drawbacks for CAPP application in 
food industry are connected with the uncertainty of find 
toxic residuals in food. Despite no evidences of potentially 
dangerous compounds in plasma treated food have been 
found so far (Kromm et al., unpublished data; Priyadarshini 
et al., 2019), it is recommended that each product should 
be assessed individually (Schlüter et al., 2013).
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Innovative processing routes

Novel technologies have shown their potential for different 
processes in the food industry; however, their use in edible 
insect processing is still scarce. Traditional methods, which 
are well known and easy to operate, are still preferred, 
due to the high variability of the insect-products and the 
high difficulty of process optimisation. However, novel 
technologies can lead to improved quality and safety 
of insect based products, assuring a larger consumer 
acceptance. Several studies have been performed in this 
regard. Table 2 offers an overview of these studies. Further, 
Figure 4 and 5 present possible innovative processing 
pathways, for the production of whole edible insects 
and insect products respectively, where novel processing 
technologies can modify, complement, or replace the 
conventional processing routes.

Microbial decontamination

CAPP and HHP have been studied to reach an acceptable 
microbial reduction grade and guarantee safety for the 
final consumer. Rumpold et al. (2014) observed that 
indirect plasma treatment for 10 min is very effective for 
surface decontamination of mealworm larvae, allowing 
microbial reduction of 7 log cycles. However, the same 
treatment has not shown any effect on gut microbial load. 
On the contrary, HHP is more active on gut microbial 
count reduction than on the surface (Kashiri et al., 2018). 
Therefore, combination of CAPP and HHP can be a 
suitable alternative to traditional heat treatments in order 
to reach adequate microbial reduction on whole edible 
insects (Figure 4, pathway A). Another possibilities is to 
couple HHP or CAPP with traditional heat treatments 
realised at lower temperature and shorter time (Rumpold 
et al., 2014). Similar reasoning can be done for insect meal. 
Bußler et al. (2016a) investigated the impact of CAPP on 
the microbial load of T. molitor flour showing reduction of 
the total microbial load from 7.7 to 4.3 log cfu/g. However, 
reduction from 6.8 log cfu/g to below detection limit has 
been observed when a thermal treatment for 15 min in an 
oven at temperatures of 120 °C was applied (Bußler et al., 
2016a,b). The microbial species to be inactivated should 
be considered as well. For example, Campbell et al. (2020) 
observed that a HHP treatment at 400 MPa for 10 min on 
H. illucens larvae is able to reduce yeasts and moulds below 
the detection limits, while reductions of Enterobacteriaceae 
(from 7.65 to 3.32 log cfu/g) and lactic acid bacteria (from 
6.50 to 4.73 log cfu/g) were remarkable but not satisfactory. 
These results have confirmed the finding of Kashiri et al. 
(2018), who observed that HHP at 400 MPa for 2.5 min was 
responsible for a total inactivation of yeasts and moulds, 
but no significant effect was observed for total aerobic 
mesophilic microbial count, where the reduction was only 
0.35 log cycles (Kashiri et al., 2018).

Enzyme inactivation

In order to promote shelf life extension of food products, 
undesirable chemical reactions, such as enzymatic 
browning, should be prevented. Interesting results in terms 
of enzyme inactivation have been obtained when HHP 
treatments were used on T. molitor flour (Tonneijck-Srpova 
et al., 2019). In this study, HHP has shown a potential to 
prevent enzymatic browning, which was comparable with 
traditional blanching (L*90 ≥ 60 after 10-11 days for HHP 
and L*90 ≈ 60 after 3-4 days for blanching). However, HHP 
treatment had a negative impact on the product texture, 
with a high amount of serum released from the mealworm 
powder. On the contrary, treatment at 500 MPa was able to 
prevent the enzymatic browning and at the same time to 
reduce the amount of released serum, obtaining a product 
with a weaker texture, therefore more desirable by the 
consumer (Tonneijck-Srpova et al., 2019).

Drying

Novel technologies are also known for increasing efficiency 
and yield of basic unit operations such as drying and 
freezing (Bassey, 2021; Wu, 2017) (Figure 4, pathway B). 
Concerning edible insects, impact of PEF pre-treatment on 
drying time has been evaluated by Alles et al. (2020). They 
observed that PEF at 2 kV/cm and 20 KJ/kg was able to 
reduce the drying time of H. illucens pre-pupae. However, 
these benefits were not observed at higher electric field 
strength (3 kV/cm), highlighting the importance of process 
optimisation (Alles et al., 2020; Shorstkii et al., in press).

Interesting results in terms of increase in mass transfer 
rate and time reduction during drying process may be 
obtained by applying US on insects as a pretreatment and/
or in combination (Figure 4, pathway B). At the best of our 
knowledge, no study has investigated this potentiality on 
edible insects. However, basic knowledge can be transferred 
from other food materials (Huang et al., 2020).

Extraction

Traditional extraction procedures are often time consuming, 
inefficient and non-selective (Otero et al., 2020). Ultrasound 
and PEF have shown important solutions for these problems. 
For example, in a recent study, Otero et al. (2020) compared 
two different methods (i.e. ultrasound assisted extraction 
and pressurised liquid extraction) and two solvents (pure 
ethanol and a mixture of ethanol and water 1:1 v/v) to 
extract oil from A. domesticus adults and T. molitor larvae. 
They observed that ultrasound can increase the content 
of polyunsaturated fatty acids and decrease the content of 
saturated and monounsaturated fatty acids of the extract. 
Despite these positive results, every extraction method was 
found to increase the cholesterol level of the final extract. 
Besides, the effect of ultrasound is strictly related to the 
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Table 2. Innovative technology in insect processing.1

Process goal Technology and processing 
condition

Insect species 
and form 

Main findings Reference

Microbial 
decontamination

HHP treatment (35 L vessel, at 
room temperature) at 400 MPa 
and 600 MPa; 1.5 min and 10 min

Hermetia illucens 
larvae

HHP resulted in a lower inactivation for TVC 
and 600 MPa was needed to achieve similar 
reductions against Enterobacteria, LAB, and YM.

Campbell et al. 
(2020)

HHP treatment (250 to 400 MPa, 
for 1.5 to 15 min)

H. illucens larvae HHP was effective against natural contaminating 
YM, resulting more than 5 log cycle reductions 
at 400 MPa for all treatments; however, a low 
reduction of total microbial load was achieved.

Kashiri et al. (2018) 

CAPP generated at sinusoidal 
voltage of 8.8 kVPP at a frequency 
of 3.0 kHz using air as working 
gas; treatments up to 15 min

Tenebrio molitor 
flour

Total microbial load reduced from 7.72 to 4.73 log10 
cfu/g in 15 min CAPP treatment.

Bußler et al. (2016a)

HHP treatment (400, 500, and 600 
MPa; up to 15 min)

T. molitor larvae A HHP treatment at 600 MPa for 10 min resulted in 
an inactivation of 3 log cycles.

Rumpold et al. 
(2014)

Indirect plasma treatment at 
frequency of 2.45 GHz and a 
power consumption in the range 
of 1.2 kW 

T. molitor larvae Plasma treatment (10 min) resulted in up to 7 log 
cycles reduction.

Rumpold et al. 
(2014)

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

Live H. illucens 
larvae

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

Alles et al. (2020)

Enzymatic 
hydrolysis

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

T. molitor larvae 
powder

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.

Boukil et al. (2020)

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

Defatted H. 
illucens meal

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

Mintah et al. (2019a)

Ultrasound pretreatment at 600 
W and 40±2 kHz for 10-20-30 
min. Pulse interval of 15 s on and 
5 s off

Dried defatted  
H. illucens meal

US assisted hydrolysis leads to hydrolysates with 
higher antioxidant activity.

Mintah et al. (2019b)

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

Dried defatted H. 
illucens larvae

Ultrasound pretreatment increase 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.

Mintah et al. (2020)

Enzyme 
inactivation

HHP treatment (4 l vessel) at 250, 
300, 400 and 500 MPa for 3 min

T. molitor larvae Pressure of 400 MPa prevented the enzymatic 
browning.

Tonneijck-Srpova et 
al. (2019)
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insect species and the solvent used, with better results found 
for T. molitor oil extracted with ethanol-water mixture. 
Important parameters that determine the extraction yield 
are also temperature, treatment time, pulse interval and 
ultrasound power. Optimisation of ultrasound treatment 
in order to increase the oil extracted from Clanis bilineata 
was conducted by Sun et al. (2018). In this study, they 
applied Response Surface Methodology to find out the best 
parameters combination in order to increase the extraction 
yield without altering the antioxidant properties of the oil. 
A possible pathway where integration of ultrasound is used 
for insect oil extraction is shown in figure 5 (pathway A).

PEF has also been tested for oil extraction from insects 
(Figure 5, pathway B). In a recent study conducted on H. 
illucens larvae, Alles et al. (2020) observed that the PEF 
pre-treatment resulted in a size reduction and a more 

homogeneous distribution of fat droplets in insect cells; 
however, no significant increase in the extraction yield was 
observed. Further, the fatty acid profile of the oil extracted 
from PEF pre-treated sample was observed to be similar to 
the oil extracted without any pre-treatment.

Ultrasound, PEF, HHP and CAPP can also have an impact 
on protein extraction from defatted insect meal (Figure 5, 
pathway C). For example Choi et al. (2017) observed an 
enhanced protein extraction yield on B. mori, T. molitor and 
G. bimaculatus treated when ultrasound was used, while 
Mishyna et al. (2019) observed that ultrasound assisted 
extraction can enhance solubility, coagulability and foaming 
stability of S. gregaria protein extracts, while the same 
treatment has been responsible for reduction in solubility 
and coagulability in A. mellifera extracts.

Extraction Ultrasound assisted extraction 
by direct sonication at 20 
kHz, amplitude of 89.9 μm in 
continuous pulse; 15 min

Lyophilised and 
grounded Acheta 
domesticus and 
T. molitor

The extraction yield was dependent on the nature 
insect species and the solvent of extraction.

Ultrasound can be used to obtain insects extracts 
with improved fatty acid profile.

Otero et al. (2020)

Ultrasonic assisted aqueous 
extraction by sonication at 20 kHz 
(several parameters combinations 
tested)

Lyophilised and 
grounded Clanis 
bilineata larvae

Ultrasound treatment allowed 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 thermos-
stability and antioxidant activity of the oil.

Sun et al. (2018)

Ultrasound assisted extraction 
by sonication at 20 kHz, 75% of 
amplitude, 3 seconds of pulsation 
interval; 1, 15 and 20 min

Lyophilised 
and grounded 
Bombyx mori

Microwave dried 
and grounded 
T. molitor 
and Gryllus 
bimaculatus 

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.

Choi et al. (2017)

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

Defatted powder 
of Apis mellifera 
larvae and pupae

Defatted powder 
of Schistocerca 
gregaria adults 

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.

Mishyna et al. (2019)

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

Live H. illucens 
larvae

Oil extraction yield was not affected significantly by 
PEF treatment.

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

Alles et al. (2020)

1 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.

Table 2. Continued.
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Enzymatic hydrolysis

Innovative food processing methods, such as microwave, 
pulsed-electric field, ultrasound and HHP alone or coupled 
with enzymatic hydrolysis can reduce protein allergenicity 
of food proteins including edible insect products (Dong et 
al., 2021). In particular to insects, HHP and ultrasound have 
been studied to enhance the effect of hydrolysis of these 
allergenic compounds in order to increase the product 
quality. In a recent study, Boukil et al. (2020) reported that 
HHP at 380 MPa for 1 min applied in combination with 
Alcalase® enzyme could improve the protein hydrolysis 
degree (by up to 24%), allowing a partial reduction in 
allergenic activity. Ultrasonic treatment can also enhance 

the hydrolysis degree of insect powders (Mintah et al., 
2019a). For example, defatted H. illucens meal treated with 
ultrasound (600 W, frequency of 40 kHz) at 50 °C for 30 min, 
presented higher enzymatic activity (Mintah et al., 2019a). 
Moreover, the damaged cells could lead to increased enzyme 
releases/enzyme concentrations, enhancing the hydrolysis 
of allergens (Mintah et al., 2019a). Nevertheless, ultrasound 
treatment can also affect the antioxidant properties of 
the powder. Optimisation of the process depending on 
some antioxidant parameters has been conducted and 
validated on defatted H. illucens meal, concluding that 
sonication before the enzymatic hydrolysis allows obtaining 
a product with higher antioxidant power (Mintah et al., 
2019b). Furthermore, ultrasound can cause a change in the 

Insect

Harvesting
(starvation)

Inactivation Separation
from frass

Inactivation
(freezing/blanching/

HHP/CAPP)

PEF/US

Fresh
insects

Drying Freezing

Frozen
insects

Freeze-drying

Dried
insects

Milling

Insect
powder

Separation
from frass

HHP+CAPP

Milling

Freezing

Freeze-drying

Thermal
treatment

HHP+CAPP

Spray-drying

Insect
paste

Milling

A B

Packaging

Storage

Figure 4. Possible innovative processing pathways for the production of whole (fresh/frozen/oven-dried/freeze-dried/microwave-
dried) edible insects and full-fat insect meal
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protein structure. Mintah et al. (2020) observed a reduction 
of β-sheet and a correspondent increase of α-helix and 
β-turn conformations. However, the proportion of each 
structure depends on the treatment parameters applied 
(Mintah et al., 2020).

5. Conclusion and future perspectives

With the growing production of edible insects at an industrial 
scale, it is crucial to implement appropriate post-harvest 
and processing technologies for the safety, preservation, 
quality improvement, fractionation and storage of insects 
and insect products. Conventional processing pathways 
may include several unit operations used in traditional 
food and feed processing. The insect processing pathways 

can vary depending upon the nature of the initial material 
and the desired end product. In recent years, novel food 
processing technologies (e.g. high pressure processing, 
PEF, ultrasound and CAPP) have shown potential as an 
alternative or synergistic to the conventional technologies. 
The main challenges ahead of insect processing are the 
development of efficient, environmentally friendly and 
low-cost processing technologies, waste minimisation, 
recovery, and incorporation of by-products/co-products. 
Novel food processing technologies are considered to be 
environmentally friendly and may improve the processing 
efficiency, safety, quality, and sustainability of insect based 
products. However, the high knowledge level requirement, 
regulations and initial plant costs represent important 
hurdles to overcome.

Insect

Harvesting
(starvation)

InactivationMilling Decontamination

US

Separation

PEFPressing Drying

MillingSolid
faction

Drying

Defatted
insect

powder

Insect
oil

Separation

Defatted
insect

powder

Insect
oil

Defatted
insect
paste

A B

PEF/US/HHP/CAPP

Fractionation

Protein Chitin

Figure 5. Possible innovative processing pathways for the production of defatted insect meal, insect oil, insect protein and chitin.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
01

21
 -

 T
ue

sd
ay

, D
ec

em
be

r 
13

, 2
02

2 
4:

48
:5

9 
A

M
 -

 I
P 

A
dd

re
ss

:8
9.

24
5.

22
.2

28
 



� Processing pathways

Journal of Insects as Food and Feed 7(5)� 893

Acknowledgements

The work of the authors was partially supported by different 
funding sources, i.e. by funds of the Federal Ministry of 
Education and Research (BMBF) based on a decision of 
the Parliament of the Federal Republic of Germany via the 
Project Management Jülich (PtJ) within the joint research 
project Agrarsysteme der Zukunft: F4F – Nahrung der 
Zukunft, Teilprojekt I (Grant no. 031B0730 I), MSCA-
IF-2018 – Individual Fellowships (inTECH, Grant agreement 
ID: 841193) within H2020-EU.1.3.2. – Nurturing excellence 
by means of cross-border and cross-sector mobility and of 
the BlueBio ERA-NET COFUND on the Blue Bioeconomy 
– Unlocking the Potential of Aquatic Bioresources and 
The European Commission (AquaTech4Feed, Grant no. 
2819ERA01M) within the Horizon 2020 programme.

Conflict of interest

The authors declare no conflict of interest.

References

Adámková, A., Adámek, M., Mlček, J., Borkovcová, M., Bednářová, 
M., Kouřimská, L., Skácel, J. and Vítová, E., 2017. Welfare of the 
mealworm (Tenebrio molitor) breeding with regard to nutrition value 
and food safety. Potravinarstvo Slovak Journal of Food Sciences 11: 
460-465. https://doi.org/10.5219/779

Aganovic, K., Hertel, C., Vogel, R.F., Johne, R., Schlüter, O., 
Schwarzenbolz, U., Jäger, H., Holzhauser, T., Bergmair, J., Roth, 
A., Sevenich, R., Bandick, N., Kulling, S.E., Knorr, D., Engel, K.-H. 
and Heinz, V., 2021. Different aspects of high hydrostatic pressure 
food processing. Comprehensive Reviews in Food Science and Food 
Safety 20: 3225-3266. https://doi.org/10.1111/1541-4337.12763

Akasapu, K., Ojah, N., Gupta, A.K., Choudhury, A.J.M. and Mishra, 
P., 2020. An innovative approach for iron fortification of rice using 
cold plasma. Food Research International 136: 109599. https://doi.
org/10.1016/j.foodres.2020.109599

Alles, M.C., Smetana, S., Parniakov, O., Shorstkii, I., Toepfl, S., 
Aganovic, K. and Heinz, V., 2020. Bio-refinery of insects with Pulsed 
electric field pre-treatment. Innovative Food Science & Emerging 
Technologies 64: 102403.

Amarender, R.V., Bhargava, K., Dossey, A.T. and Gamagedara, S., 
2020. Lipid and protein extraction from edible insects – crickets 
(Gryllidae). LWT – Food Science and Technology 125: 109222. 
https://doi.org/10.1016/j.lwt.2020.109222

Andreou, V., Dimopoulos, G., Dermesonlouoglou, E. and Taoukis, 
P., 2019. Application of pulsed electric fields to improve product 
yield and waste valorization in industrial tomato processing. 
Journal of Food Engineering 270: 109778. https://doi.org/10.1016/j.
jfoodeng.2019.109778

Andreou, V., Psarianos, M., Dimopoulos, G., Tsimogiannis, D. and 
Taoukis, P., 2020. Effect of pulsed electric fields and high pressure 
on improved recovery of high-added-value compounds from 
olive pomace. Journal of Food Science 85: 1500-1512. https://doi.
org/10.1111/1750-3841.15122

Aniebo, A.O. and Owen, O.J., 2010. Effects of age and method of drying 
on the proximate composition of housefly larvae (Musca domestica 
Linnaeus) meal (HFLM). Pakistan Journal of Nutrition 9: 485-487.

Arsiwalla, T. and Aarts, K., 2015. Method to convert insects or worms 
into nutrient streams and compositions obtained thereby. U.S. 
Patent Application No. 14/408,371.

Azagoh, C., Ducept, F., Garcia, R., Rakotozafy, L., Cuvelier, M.E., 
Keller, S., Lewandowski, R. and Mezdour, S., 2016. Extraction and 
physicochemical characterization of Tenebrio molitor proteins. 
Food Research International 88: 24-31. https://doi.org/10.1016/j.
foodres.2016.06.010

Azzollini, D., Derossi, A. and Severini, C., 2016. Understanding 
the drying kinetic and hygroscopic behaviour of larvae of yellow 
mealworm (Tenebrio molitor) and the effects on their quality. Journal 
of Insects as Food and Feed 2: 233-243.

Bao, Y., Reddivari, L. and Huang, J.Y., 2020. Enhancement of phenolic 
compounds extraction from grape pomace by high voltage 
atmospheric cold plasma. LWT – Food Science and Technology 
133: 109970. https://doi.org/10.1016/j.lwt.2020.109970

Bassey, E.J., Cheng, J.H. and Sun, D.W., 2021. Novel nonthermal and 
thermal pretreatments for enhancing drying performance and 
improving quality of fruits and vegetables. Trends in Food Science & 
Technology 112: 137-148. https://doi.org/10.1016/j.tifs.2021.03.045

Bhandari, B.R., Patel, K.C. and Chen, X.D., 2008. Spray drying of food 
materials-process and product characteristics. Drying Technologies 
in Food Processing 4: 113-157.

Bhargava, N., Mor, R.S., Kumar, K. and Sharanagat, V.S., 2021. 
Advances in application of ultrasound in food processing: a review. 
Ultrasonics Sonochemistry 70: 105293. https://doi.org/10.1016/j.
ultsonch.2020.105293

Bolat, B., Ugur, A.E., Oztop, M.H. and Alpas, H., 2021. Effects of 
high hydrostatic pressure assisted degreasing on the technological 
properties of insect powders obtained from Acheta domesticus & 
Tenebrio molitor. Journal of Food Engineering 292: 110359.

Borremans, A., Bussler, S., Sagu, S.T., Rawel, H., Schlüter, O.K. and 
Van Campenhout, L., 2020a. Effect of blanching plus fermentation 
on selected functional properties of mealworm (Tenebrio molitor) 
powders. Foods 9: 917. https://doi.org/10.3390/foods9070917

Borremans, A., Lenaerts, S., Crauwels, S., Lievens, B. and Van 
Campenhout, L., 2018. Marination and fermentation of yellow 
mealworm larvae (Tenebrio molitor). Food Control 92: 47-52.

Borremans, A., Smets, R. and Van Campenhout, L., 2020b. 
Fermentation versus meat preservatives to extend the shelf life of 
mealworm (Tenebrio molitor) paste for feed and food applications. 
Frontiers in Microbiology 11: 1510. https://doi.org/10.3389/
fmicb.2020.01510

Bosch, G., Van der Fels-Klerx, H.J., De Rijk, T.C. and Oonincx, D.G.A.B., 
2017. Aflatoxin B1 tolerance and accumulation in black soldier fly 
larvae (Hermetia illucens) and yellow mealworms (Tenebrio molitor). 
Toxins 9: 185. https://doi.org/10.3390/toxins9060185

Boukil, A., Perreault, V., Chamberland, J., Mezdour, S., Pouliot, Y. 
and Doyen, A., 2020. High hydrostatic pressure-assisted enzymatic 
hydrolysis affect mealworm allergenic proteins. Molecules 25: 2685. 
https://doi.org/10.3390/molecules25112685

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
01

21
 -

 T
ue

sd
ay

, D
ec

em
be

r 
13

, 2
02

2 
4:

48
:5

9 
A

M
 -

 I
P 

A
dd

re
ss

:8
9.

24
5.

22
.2

28
 

https://doi.org/10.5219/779
https://doi.org/10.1111/1541-4337.12763
https://doi.org/10.1016/j.foodres.2020.109599
https://doi.org/10.1016/j.foodres.2020.109599
https://doi.org/10.1016/j.lwt.2020.109222
https://doi.org/10.1016/j.jfoodeng.2019.109778
https://doi.org/10.1016/j.jfoodeng.2019.109778
https://doi.org/10.1111/1750-3841.15122
https://doi.org/10.1111/1750-3841.15122
https://doi.org/10.1016/j.foodres.2016.06.010
https://doi.org/10.1016/j.foodres.2016.06.010
https://doi.org/10.1016/j.lwt.2020.109970
https://doi.org/10.1016/j.tifs.2021.03.045
https://doi.org/10.1016/j.ultsonch.2020.105293
https://doi.org/10.1016/j.ultsonch.2020.105293
https://doi.org/10.3390/foods9070917
https://doi.org/10.3389/fmicb.2020.01510
https://doi.org/10.3389/fmicb.2020.01510
https://doi.org/10.3390/toxins9060185
https://doi.org/10.3390/molecules25112685


S. Ojha et al.

894� Journal of Insects as Food and Feed 7(5)

Bußler, S., Ehlbeck, J. and Schlüter, O.K., 2017. Pre-drying treatment of 
plant related tissues using plasma processed air: Impact on enzyme 
activity and quality attributes of cut apple and potato. Innovative 
Food Science & Emerging Technologies 40: 78-86. https://doi.
org/10.1016/j.ifset.2016.05.007

Bußler, S., Rumpold, B.A., Fröhling, A., Jander, E., Rawel, H.M. and 
Schlüter, O.K., 2016a. Cold atmospheric pressure plasma processing 
of insect flour from Tenebrio molitor: impact on microbial load and 
quality attributes in comparison to dry heat treatment. Innovative 
Food Science & Emerging Technologies 36: 277-286.

Bußler, S., Rumpold, B.A., Jander, E., Rawel, H.M. and Schlüter, O.K., 
2016b. Recovery and techno-functionality of flours and proteins 
from two edible insect species: meal worm (Tenebrio molitor) and 
black soldier fly (Hermetia illucens) larvae. Heliyon 2: e00218. 
https://doi.org/10.1016/j.heliyon.2016.e00218

Bußler, S., Steins, V., Ehlbeck, J. and Schlüter, O., 2015. Impact of 
thermal treatment versus cold atmospheric plasma processing 
on the techno-functional protein properties from Pisum sativum 
‘Salamanca’. Journal of Food Engineering 167: 166-174. https://doi.
org/10.1016/j.jfoodeng.2015.05.036

Caligiani, A., Marseglia, A., Leni, G., Baldassarre, S., Maistrello, L., 
Dossena, A. and Sforza, S., 2018. Composition of black soldier fly 
prepupae and systematic approaches for extraction and fractionation 
of proteins, lipids and chitin. Food Research International 105: 812-
820. https://doi.org/10.1016/j.foodres.2017.12.012

Cameron, M., McMaster, L.D. and Britz, T.J., 2009. Impact of 
ultrasound on dairy spoilage microbes and milk components. 
Dairy Science & Technology 89: 83-98. https://doi.org/10.1051/
dst/2008037

Campbell-Platt, G., 1987. Fermented foods of the world. A dictionary 
and guide. Butterworth-Heinemann, London, UK, 291 pp.

Campbell, M., Ortuño, J., Stratakos, A.C., Linton, M., Corcionivoschi, 
N., Elliott, T., Koidis, A. and Theodoridou, K., 2020. Impact of 
thermal and high-pressure treatments on the microbiological quality 
and in vitro digestibility of black soldier fly (Hermetia illucens) 
larvae. Animals 10: 682.

Chen, X., Feng, Y. and Chen, Z., 2009. Common edible insects and 
their utilization in China. Entomological Research 39: 299-303. 
https://doi.org/10.1111/j.1748-5967.2009.00237.x

Choi, B.D., Wong, N.A.K. and Auh, J.H., 2017. Defatting and sonication 
enhances protein extraction from edible insects. Korean Journal 
for Food Science of Animal Resources 37: 955-961. https://doi.
org/10.5851/kosfa.2017.37.6.955

Chow, R., Blindt, R., Chivers, R. and Povey, M., 2005. A study on the 
primary and secondary nucleation of ice by power ultrasound. 
Ultrasonics 43: 227-230. https://doi.org/10.1016/j.ultras.2004.06.006

Clarkson, C., Mirosa, M. and Birch, J., 2018. Potential of extracted 
locusta migratoria protein fractions as value-added ingredients. 
Insects 9: 20. https://doi.org/10.3390/insects9010020

Courtois, F., 2013. Roller and drum drying for food powder production. 
In: Bhandari, B., Bansal, N., Zhang, M and Schuck, P. (eds.) 
Handbook of food powders. Woodhead Publishing, Sawston, UK, 
pp. 85-104. https://doi.org/10.1533/9780857098672.1.85

Crippen, T.L. and Sheffield, C., 2006. External surface disinfection 
of the lesser mealworm (Coleoptera: Tenebrionidae). Journal of 
Medical Entomology 43(5): 916-923. https://doi.org/10.1093/
jmedent/43.5.916

Da Silva, F.K.P., Brück, D.W. and Brück, W.M., 2017. Isolation of 
proteolytic bacteria from mealworm (Tenebrio molitor) exoskeletons 
to produce chitinous material. FEMS Microbiology Letters 364. 
https://doi.org/10.1093/femsle/fnx177

De Gier, S. and Verhoeckx, K., 2018. Insect (food) allergy and allergens. 
Molecular Immunology 100: 82-106. https://doi.org/10.1016/j.
molimm.2018.03.015

De Smet, J., Lenaerts, S., Borremans, A., Scholliers, J., Van der 
Borght, M. and Van Campenhout, L., 2019. Stability assessment 
and laboratory scale fermentation of pastes produced on a pilot 
scale from mealworms (Tenebrio molitor). LWT – Food Science and 
Technology 102: 113-121. https://doi.org/10.1016/j.lwt.2018.12.017

Dobermann, D., Swift, J.A. and Field, L.M., 2017. Opportunities and 
hurdles of edible insects for food and feed. Nutrition Bulletin 42: 
293-308. https://doi.org/10.1111/nbu.12291

Dong, X., Wang, J., & Raghavan, V. (2021). Critical reviews and 
recent advances of novel non-thermal processing techniques on 
the modification of food allergens. Critical reviews in food science 
and nutrition, 61(2), 196-210.

Dossey, A.T., 2015. Insect products and methods of manufacture and 
use thereof. U.S. Patent Application No. 14/537,960.

Dossey, A.T., Tatum, J.T. and McGill, W.L., 2016. Modern insect-based 
food industry: current status, insect processing technology, and 
recommendations moving forward. Insects as Sustainable Food 
Ingredients: Production, Processing and Food Applications: 113-152. 
https://doi.org/10.1016/B978-0-12-802856-8.00005-3

Ebenebe, C.I. and Okpoko, V., 2015. Edible insect consumption in 
the South Eastern Nigeria. International Journal of Science and 
Engineering 6: 171-177.

European Commission (EC), 2005. Commission Regulation (EC) 
No 2073/2005 on microbiological criteria for foodstuffs. Official 
Journal of the EU L 338: 1-26. Available at: http://data.europa.eu/
eli/reg/2005/2073/oj.

European Food Safety Authority (EFSA), 2015. Risk profile related 
to production and consumption of insects as food and feed. EFSA 
Journal 13: 4257.

European Food Safety Authority (EFSA), 2016. Guidance on the 
preparation and presentation of the notification and application 
for authorisation of traditional foods from third countries in the 
context of regulation (EU) 2015/2283. EFSA Journal 14(11): 4590.

Egan, B.A., Toms, R., Minter, L.R., Addo-Bediako, A., Masoko, P., 
Mphosi, M. and Olivier, P.A.S., 2014. Nutritional significance of 
the edible insect, Hemijana variegata Rothschild (Lepidoptera: 
Eupterotidae), of the Blouberg Region, Limpopo, South Africa. 
African Entomology 22: 15-23. https://doi.org/10.4001/003.022.0108

Ekezie, F.G.C., Sun, D.W. and Cheng, J.H., 2017. A review on recent 
advances in cold plasma technology for the food industry: current 
applications and future trends. Trends in Food Science & Technology 
69: 46-58. https://doi.org/10.1016/j.tifs.2017.08.007

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
01

21
 -

 T
ue

sd
ay

, D
ec

em
be

r 
13

, 2
02

2 
4:

48
:5

9 
A

M
 -

 I
P 

A
dd

re
ss

:8
9.

24
5.

22
.2

28
 

https://doi.org/10.1016/j.ifset.2016.05.007
https://doi.org/10.1016/j.ifset.2016.05.007
https://doi.org/10.1016/j.heliyon.2016.e00218
https://doi.org/10.1016/j.jfoodeng.2015.05.036
https://doi.org/10.1016/j.jfoodeng.2015.05.036
https://doi.org/10.1016/j.foodres.2017.12.012
https://doi.org/10.1051/dst/2008037
https://doi.org/10.1051/dst/2008037
https://doi.org/10.1111/j.1748-5967.2009.00237.x
https://doi.org/10.5851/kosfa.2017.37.6.955
https://doi.org/10.5851/kosfa.2017.37.6.955
https://doi.org/10.1016/j.ultras.2004.06.006
https://doi.org/10.3390/insects9010020
https://doi.org/10.1533/9780857098672.1.85
https://doi.org/10.1093/jmedent/43.5.916
https://doi.org/10.1093/jmedent/43.5.916
https://doi.org/10.1093/femsle/fnx177
https://doi.org/10.1016/j.molimm.2018.03.015
https://doi.org/10.1016/j.molimm.2018.03.015
https://doi.org/10.1016/j.lwt.2018.12.017
https://doi.org/10.1111/nbu.12291
https://doi.org/10.1016/B978-0-12-802856-8.00005-3
http://data.europa.eu/eli/reg/2005/2073/oj
http://data.europa.eu/eli/reg/2005/2073/oj
https://doi.org/10.4001/003.022.0108
https://doi.org/10.1016/j.tifs.2017.08.007


� Processing pathways

Journal of Insects as Food and Feed 7(5)� 895

Farina, M.F., 2017. How method of killing crickets impact the sensory 
qualities and physiochemical properties when prepared in a broth. 
International Journal of Gastronomy and Food Science 8: 19-23. 
https://doi.org/10.1016/j.ijgfs.2017.02.002

Farkas, J. and Mohacsi-Farkas, C., 2011. History and future of food 
irradiation. Trends in Food Science & Technology 22: 121-126. 
https://doi.org/10.1016/j.tifs.2010.04.002

Federal Agency for the Safety of the Food Chain (FASFC), 2014a. 
Circular concerning the breeding and marketing of insects and 
insect-based food for human consumption. FASFC, Brussels, 
Belgium.

Federal Agency for the Safety of the Food Chain (FASFC), 2014b. 
Common advice SciCom 14-2014 and SHC Nr. 9160 – subject: 
food safety aspects of insects intended for human consumption. 
FASFC, Brussels, Belgium.

Feng, W., Xiong, H., Wang, W., Duan, X., Yang, T., Wu, C., Yang, F., 
Wang, T. and Wang, C., 2020. A facile and mild one-pot process for 
direct extraction of lipids from wet energy insects of black soldier 
fly larvae. Renewable Energy 147: 584-593.

Fernandez-Cassi, X., Supeanu, A., Vaga, M., Jansson, A., Bogyist, S. 
and Vagsholm, I., 2019. The house cricket (Acheta domesticus) as 
a novel food: a risk profile. Journal of Insects as Food and Feed 5: 
137-157. https://doi.org/10.3920/Jiff2018.0021

Finke, M.D., 2002. Complete nutrient composition of commercially 
raised invertebrates used as food for insectivores. Zoo Biology 21: 
269-285. https://doi.org/10.1002/zoo.10031

Flekna, G., Mäke, D., Bauer, S. and Bauer, F., 2017. Microbiological 
and chemical changes during storage of edible insects. Book of 
Abstracts INSECTA 2019. ATB, Potsdam, Germany, pp. 99. Available 
at: https://tinyurl.com/4vjbv4f3.

Fombong, F.T., Van der Borght, M. and Vanden Broeck, J., 2017. 
Influence of freeze-drying and oven-drying post blanching on 
the nutrient composition of the edible insect Ruspolia differens. 
Insects 8: 102.

Franco, D., Munekata, P.E.S., Agregan, R., Bermudez, R., Lopez-
Pedrouso, M., Pateiro, M. and Lorenzo, J.M., 2020. Application of 
pulsed electric fields for obtaining antioxidant extracts from fish 
residues. Antioxidants 9: 90. https://doi.org/10.3390/antiox9020090

Fröhling, A., Bußler, S., Durek, J. and Schlüter, O.K., 2020. Thermal 
impact on the culturable microbial diversity along the processing 
chain of flour from crickets (Acheta domesticus). Frontiers in 
Microbiology 11: 884. https://doi.org/10.3389/fmicb.2020.00884

Gałęcki, R. and Sokół, R., 2019. A parasitological evaluation of edible 
insects and their role in the transmission of parasitic diseases 
to humans and animals. PLoS ONE 14: e0219303. https://doi.
org/10.1371/journal.pone.0219303

Gallo, M., Ferrara, L. and Naviglio, D., 2018. Application of ultrasound 
in food science and technology: a perspective. Foods 7: 164. https://
doi.org/10.3390/foods7100164

Garofalo, C., Milanovic, V., Cardinali, F., Aquilanti, L., Clementi, F. 
and Osimani, A., 2019. Current knowledge on the microbiota of 
edible insects intended for human consumption: a state-of-the-
art review. Food Research International 125: 108527. https://doi.
org/10.1016/j.foodres.2019.108527

Gavahian, M. and Cullen, P.J., 2020. Cold plasma as an emerging 
technique for mycotoxin-free food: efficacy, mechanisms, and 
trends. Food Reviews International 36: 193-214. https://doi.org/1
0.1080/87559129.2019.1630638

Gavahian, M. and Khaneghah, A.M., 2020. Cold plasma as a tool for 
the elimination of food contaminants: recent advances and future 
trends. Critical Reviews in Food Science and Nutrition 60: 1581-
1592. https://doi.org/10.1080/10408398.2019.1584600

Grabowski, N.T. and Klein, G., 2017a. Microbiological analysis of raw 
edible insects. Journal of Insects as Food and Feed 3: 7-14. https://
doi.org/10.3920/Jiff2016.0004

Grabowski, N.T. and Klein, G., 2017b. Microbiology of processed 
edible insect products – results of a preliminary survey. 
International Journal of Food Microbiology 243: 103-107. https://
doi.org/10.1016/j.ijfoodmicro.2016.11.005

Han, Y.X., Cheng, J.H. and Sun, D.W., 2019. Activities and conformation 
changes of food enzymes induced by cold plasma: a review. Critical 
Reviews in Food Science and Nutrition 59: 794-811. https://doi.or
g/10.1080/10408398.2018.1555131

Huang, C., Feng, W., Xiong, J., Wang, T., Wang, W., Wang, C. and Yang, 
F., 2019. Impact of drying method on the nutritional value of the 
edible insect protein from black soldier fly (Hermetia illucens L.) 
larvae: amino acid composition, nutritional value evaluation, in vitro 
digestibility, and thermal properties. European Food Research and 
Technology 245: 11-21. https://doi.org/10.1007/s00217-018-3136-y

Huang, D., Men, K.Y., Li, D.P., Wen, T., Gong, Z.L., Sunden, B. and 
Wu, Z., 2020. Application of ultrasound technology in the drying 
of food products. Ultrasonics Sonochemistry 63: 104950. https://
doi.org/10.1016/j.ultsonch.2019.104950

Huffman, R.D., 2002. Current and future technologies for the 
decontamination of carcasses and fresh meat. Meat Science 62: 
285-294. https://doi.org/10.1016/S0309-1740(02)00120-1

Hugas, M., Garriga, M. and Monfort, J.M., 2002. New mild technologies 
in meat processing: high pressure as a model technology. Meat 
Science 62: 359-371. https://doi.org/10.1016/S0309-1740(02)00122-5

Imathiu, S., 2020. Benefits and food safety concerns associated with 
consumption of edible insects. NFS Journal 18: 1-11. https://doi.
org/10.1016/j.nfs.2019.11.002

James, S., 1996. The chill chain ‘from carcass to consumer’. Meat 
Science 43: S203-S216. https://doi.org/10.1016/0309-1740(96)00066-
6

Jing, Y.J., Hao, Y.J., Qu, H., Shan, Y., Li, D.S. and Du, R.Q., 2007. Studies 
on the antibacterial activities and mechanisms of chitosan obtained 
from cuticles of housefly larvae. Acta Biologica Hungarica 58: 75-86. 
https://doi.org/10.1556/ABiol.57.2007.1.7

Kachapulula, P.W., Akello, J., Bandyopadhyay, R. and Cotty, P.J., 2018. 
Aflatoxin contamination of dried insects and fish in Zambia. Journal 
of Food Protection 81: 1508-1518. https://doi.org/10.4315/0362-
028x.Jfp-17-527

Kaferbock, A., Smetana, S., De Vos, R., Schwarz, C., Toepfl, S. and 
Parniakov, O., 2020. Sustainable extraction of valuable components 
from Spirulina assisted by pulsed electric fields technology. Algal 
Research-Biomass Biofuels and Bioproducts 48: 101914. https://
doi.org/10.1016/j.algal.2020.101914

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
01

21
 -

 T
ue

sd
ay

, D
ec

em
be

r 
13

, 2
02

2 
4:

48
:5

9 
A

M
 -

 I
P 

A
dd

re
ss

:8
9.

24
5.

22
.2

28
 

https://doi.org/10.1016/j.ijgfs.2017.02.002
https://doi.org/10.1016/j.tifs.2010.04.002
https://doi.org/10.3920/Jiff2018.0021
https://doi.org/10.1002/zoo.10031
https://tinyurl.com/4vjbv4f3
https://doi.org/10.3390/antiox9020090
https://doi.org/10.3389/fmicb.2020.00884
https://doi.org/10.1371/journal.pone.0219303
https://doi.org/10.1371/journal.pone.0219303
https://doi.org/10.3390/foods7100164
https://doi.org/10.3390/foods7100164
https://doi.org/10.1016/j.foodres.2019.108527
https://doi.org/10.1016/j.foodres.2019.108527
https://doi.org/10.1080/87559129.2019.1630638
https://doi.org/10.1080/87559129.2019.1630638
https://doi.org/10.1080/10408398.2019.1584600
https://doi.org/10.3920/Jiff2016.0004
https://doi.org/10.3920/Jiff2016.0004
https://doi.org/10.1016/j.ijfoodmicro.2016.11.005
https://doi.org/10.1016/j.ijfoodmicro.2016.11.005
https://doi.org/10.1080/10408398.2018.1555131
https://doi.org/10.1080/10408398.2018.1555131
https://doi.org/10.1007/s00217-018-3136-y
https://doi.org/10.1016/j.ultsonch.2019.104950
https://doi.org/10.1016/j.ultsonch.2019.104950
https://doi.org/10.1016/S0309-1740(02)00120-1
https://doi.org/10.1016/S0309-1740(02)00122-5
https://doi.org/10.1016/j.nfs.2019.11.002
https://doi.org/10.1016/j.nfs.2019.11.002
https://doi.org/10.1016/0309-1740(96)00066-6
https://doi.org/10.1016/0309-1740(96)00066-6
https://doi.org/10.1556/ABiol.57.2007.1.7
https://doi.org/10.4315/0362-028x.Jfp-17-527
https://doi.org/10.4315/0362-028x.Jfp-17-527
https://doi.org/10.1016/j.algal.2020.101914
https://doi.org/10.1016/j.algal.2020.101914


S. Ojha et al.

896� Journal of Insects as Food and Feed 7(5)

Kamau, E., Mutungi, C., Kinyuru, J., Imathiu, S., Affognon, H., Ekesi, 
S., Nakimbugwe, D. and Fiaboe, K.K.M., 2020. Changes in chemical 
and microbiological quality of semi-processed black soldier fly 
(Hermetia illucens L.) larval meal during storage. Journal of Insects 
as Food and Feed 6: 417-428. https://doi.org/10.3920/Jiff2019.0043

Kamau, E., Mutungi, C., Kinyuru, J., Imathiu, S., Tanga, C., Affognon, 
H., Ekesi, S., Nakimbugwe, D. and Fiaboe, K.K.M., 2018. Moisture 
adsorption properties and shelf-life estimation of dried and 
pulverised edible house cricket Acheta domesticus (L.) and black 
soldier fly larvae Hermetia illucens (L.). Food Research International 
106: 420-427. https://doi.org/10.1016/j.foodres.2018.01.012

Kashiri, M., Marin, C., Garzón, R., Rosell, C.M., Rodrigo, D. and 
Martínez, A., 2018. Use of high hydrostatic pressure to inactivate 
natural contaminating microorganisms and inoculated E. coli O157: 
H7 on Hermetia illucens larvae. PLoS ONE 13: e0194477.

Kim, M.W., Han, Y.S., Jo, Y.H., Choi, M.H., Kang, S.H., Kim, S.A. and 
Jung, W.J., 2016. Extraction of chitin and chitosan from housefly, 
Musca domestica, pupa shells. Entomological Research 46: 324-328. 
https://doi.org/10.1111/1748-5967.12175

Kim, M.W., Song, Y.S., Han, Y.S., Jo, Y.H., Choi, M.H., Park, Y.K., 
Kang, S.H., Kim, S.A., Choi, C. and Jung, W.J., 2017. Production 
of chitin and chitosan from the exoskeleton of adult two-spotted 
field crickets (Gryllus bimaculatus). Entomological Research 47: 
279-285. https://doi.org/10.1111/1748-5967.12239

Kim, T.K., Yong, H.I., Jeong, C.H., Han, S.G., Kim, Y.B., Paik, H.D. 
and Choi, Y.S., 2019. Technical functional properties of water- and 
salt-soluble proteins extracted from edible insects. Food Science of 
Animal Resources 39: 643-654. https://doi.org/10.5851/kosfa.2019.e56

Kinyuru, J.N., Kenji, G.M., Njoroge, S.M. and Ayieko, M., 2010. Effect of 
processing methods on the in vitro protein digestibility and vitamin 
content of edible winged termite (Macrotermes subhylanus) and 
grasshopper (Ruspolia differens). Food and Bioprocess Technology 
3: 778-782. https://doi.org/10.1007/s11947-009-0264-1

Klunder, H.C., Wolkers-Rooijackers, J., Korpela, J.M. and Nout, 
M.J.R., 2012. Microbiological aspects of processing and storage of 
edible insects. Food Control 26: 628-631. https://doi.org/10.1016/j.
foodcont.2012.02.013

Koutchma, T., 2014. Adapting high hydrostatic pressure (HPP) for 
food processing operations. Academic Press, Cambridge, MA, USA.

Kroncke, N., Boschen, V., Woyzichovski, J., Demtroder, S. and 
Benning, R., 2018. Comparison of suitable drying processes for 
mealworms (Tenebrio molitor). Innovative Food Science & Emerging 
Technologies 50: 20-25. https://doi.org/10.1016/j.ifset.2018.10.009

Laroche, M., Perreault, V., Marciniak, A., Gravel, A., Chamberland, J. and 
Doyen, A., 2019. Comparison of conventional and sustainable lipid 
extraction methods for the production of oil and protein isolate from 
edible insect meal. Foods 8: 572. https://doi.org/10.3390/foods8110572

Larouche, J., Deschamps, M.-H., Saucier, L., Lebeuf, Y., Doyen, A. 
and Vandenberg, G.W., 2019. Effects of killing methods on lipid 
oxidation, colour and microbial load of black soldier fly (Hermetia 
illucens) larvae. Animals 9: 182.

Lautenschläger, T., Neinhuis, C., Kikongo, E., Henle, T. and Förster, 
A., 2017. Impact of different preparations on the nutritional value 
of the edible caterpillar Imbrasia epimethea from northern Angola. 
European Food Research and Technology 243: 769-778. https://doi.
org/10.1007/s00217-016-2791-0

Lee, H., Bang, W.Y., Kim, Y., Bae, S., Hahn, D. and Jung, Y.H., 2020. 
Storage characteristics of two-spotted cricket (Gryllus bimaculatus 
De Geer) powder according to drying method and storage 
temperature. Entomological Research 50: 517-524. https://doi.
org/10.1111/1748-5967.12472

Lempriere, B.M., 2003. Ultrasound and elastic waves: frequently asked 
questions. Elsevier, Amsterdam, the Netherlands.

Lenaerts, S., Van der Borght, M., Callens, A. and Van Campenhout, 
L., 2018. Suitability of microwave drying for mealworms (Tenebrio 
molitor) as alternative to freeze drying: Impact on nutritional quality 
and colour. Food Chemistry 254: 129-136.

Li, B., Qiao, M.Y. and Lu, F., 2012. Composition, nutrition, and 
utilization of Okara (soybean residue). Food Reviews International 
28: 231-252. https://doi.org/10.1080/87559129.2011.595023

Li, D., Sihamala, O., Bhulaidok, S. and Shen, L.R., 2009. Changes in 
the organic compounds following sun drying of edible black ant 
(Polyrhachis Vicina Roger). Acta Alimentaria 38: 493-501. https://
doi.org/10.1556/AAlim.38.2009.4.9

Li, D.N., Zhao, H.H., Muhammad, A.I., Song, L.Y., Guo, M.M. and Liu, 
D.H., 2020. The comparison of ultrasound-assisted thawing, air 
thawing and water immersion thawing on the quality of slow/fast 
freezing bighead carp (Aristichthys nobilis) fillets. Food chemistry 
320: 126614. https://doi.org/10.1016/j.foodchem.2020.126614

Liao, X.Y., Li, J., Muhammad, A.I., Suo, Y.J., Chen, S.G., Ye, X.Q., Liu, 
D.H. and Ding, T., 2018. Application of a dielectric barrier discharge 
atmospheric cold plasma (Dbd-Acp) for Eshcerichia coli inactivation 
in apple juice. Journal of Food Science 83: 401-408. https://doi.
org/10.1111/1750-3841.14045

Liu, C.Y., Pirozzi, A., Ferrari, G., Vorobiev, E. and Grimi, N., 2020. 
Effects of pulsed electric fields on vacuum drying and quality 
characteristics of dried carrot. Food and Bioprocess Technology 
13: 45-52. https://doi.org/10.1007/s11947-019-02364-1

Luo, Q., Wang, Y., Han, Q.Q., Ji, L.S., Zhang, H.M., Fei, Z.H. and 
Wang, Y.Q., 2019. Comparison of the physicochemical, rheological, 
and morphologic properties of chitosan from four insects. 
Carbohydrate Polymers 209: 266-275. https://doi.org/10.1016/j.
carbpol.2019.01.030

Madibela, O.R., Seitiso, T.K., Thema, T.F. and Letso, M., 2007. Effect 
of traditional processing methods on chemical composition and in 
vitro true dry matter digestibility of the Mophane worm (Imbrasia 
belina). Journal of Arid Environments 68: 492-500. https://doi.
org/10.1016/j.jaridenv.2006.06.002

Manditsera, F.A., Lakemond, C.M., Fogliano, V., Zvidzai, C.J. and Luning, 
P.A., 2018. Consumption patterns of edible insects in rural and urban 
areas of Zimbabwe: taste, nutritional value and availability are key 
elements for keeping the insect eating habit. Food Security 10: 561-570.

Manditsera, F.A., Luning, P.A., Fogliano, V. and Lakemond, C.M.M., 
2019. Effect of domestic cooking methods on protein digestibility 
and mineral bioaccessibility of wild harvested adult edible insects. 
Food Research International 121: 404-411. https://doi.org/10.1016/j.
foodres.2019.03.052

Marei, N., Elwahy, A.H.M., Salah, T.A., El Sherif, Y. and Abd El-Samie, 
E., 2019. Enhanced antibacterial activity of Egyptian local insects’ 
chitosan-based nanoparticles loaded with ciprofloxacin-HCl. 
International Journal of Biological Macromolecules 126: 262-272. 
https://doi.org/10.1016/j.ijbiomac.2018.12.204

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
01

21
 -

 T
ue

sd
ay

, D
ec

em
be

r 
13

, 2
02

2 
4:

48
:5

9 
A

M
 -

 I
P 

A
dd

re
ss

:8
9.

24
5.

22
.2

28
 

https://doi.org/10.3920/Jiff2019.0043
https://doi.org/10.1016/j.foodres.2018.01.012
https://doi.org/10.1111/1748-5967.12175
https://doi.org/10.1111/1748-5967.12239
https://doi.org/10.5851/kosfa.2019.e56
https://doi.org/10.1007/s11947-009-0264-1
https://doi.org/10.1016/j.foodcont.2012.02.013
https://doi.org/10.1016/j.foodcont.2012.02.013
https://doi.org/10.1016/j.ifset.2018.10.009
https://doi.org/10.3390/foods8110572
https://doi.org/10.1007/s00217-016-2791-0
https://doi.org/10.1007/s00217-016-2791-0
https://doi.org/10.1111/1748-5967.12472
https://doi.org/10.1111/1748-5967.12472
https://doi.org/10.1080/87559129.2011.595023
https://doi.org/10.1556/AAlim.38.2009.4.9
https://doi.org/10.1556/AAlim.38.2009.4.9
https://doi.org/10.1016/j.foodchem.2020.126614
https://doi.org/10.1111/1750-3841.14045
https://doi.org/10.1111/1750-3841.14045
https://doi.org/10.1007/s11947-019-02364-1
https://doi.org/10.1016/j.carbpol.2019.01.030
https://doi.org/10.1016/j.carbpol.2019.01.030
https://doi.org/10.1016/j.jaridenv.2006.06.002
https://doi.org/10.1016/j.jaridenv.2006.06.002
https://doi.org/10.1016/j.foodres.2019.03.052
https://doi.org/10.1016/j.foodres.2019.03.052
https://doi.org/10.1016/j.ijbiomac.2018.12.204


� Processing pathways

Journal of Insects as Food and Feed 7(5)� 897

Marei, N.H., Abd El-Samie, E., Salah, T., Saad, G.R. and Elwahy, A.H.M., 
2016. Isolation and characterization of chitosan from different local 
insects in Egypt. International Journal of Biological Macromolecules 
82: 871-877. https://doi.org/10.1016/j.ijbiomac.2015.10.024

Mariod, A.A., Abdelwahab, S.I., Gedi, M.A. and Solati, Z., 2010. 
Supercritical carbon dioxide extraction of sorghum bug (Agonoscelis 
pubescens) oil using response surface methodology. Journal of the 
American Oil Chemists Society 87: 849-856. https://doi.org/10.1007/
s11746-010-1565-2

Melis, R., Braca, A., Mulas, G., Sanna, R., Spada, S., Serra, G., Fadda, 
M.L., Roggio, T., Uzzau, S. and Anedda, R., 2018. Effect of freezing and 
drying processes on the molecular traits of edible yellow mealworm. 
Innovative Food Science & Emerging Technologies 48: 138-149.

Mintah, B.K., He, R.H., Dabbour, M., Agyekum, A.A., Xing, Z., Golly, 
M.K. and Ma, H.L., 2019a. Sonochemical action and reaction of 
edible insect protein: influence on enzymolysis reaction-kinetics, 
free-Gibbs, structure, and antioxidant capacity. Journal of Food 
Biochemistry 43. https://doi.org/10.1111/jfbc.12982

Mintah, B.K., He, R.H., Dabbour, M., Golly, M.K., Agyekum, A.A. and 
Ma, H.L., 2019b. Effect of sonication pretreatment parameters and 
their optimization on the antioxidant activity of Hermetia illucens 
larvae meal protein hydrolysates. Journal of Food Processing and 
Preservation 43: e12982. https://doi.org/10.1111/jfpp.14093

Mintah, B.K., He, R.H., Dabbour, M., Xiang, J.H., Jiang, H., Agyekum, 
A.A. and Ma, H.L., 2020. Characterization of edible soldier fly 
protein and hydrolysate altered by multiple-frequency ultrasound: 
structural, physical, and functional attributes. Process Biochemistry 
95: 157-165. https://doi.org/10.1016/j.procbio.2020.05.021

Mishyna, M., Haber, M., Benjamin, O., Martinez, J.I. and Chen, J., 
2020. Drying methods differentially alter volatile profiles of edible 
locusts and silkworms. Journal of Insects as Food and Feed 6(4): 
405-415. https://doi.org/10.3920/JIFF2019.0046

Mishyna, M., Martinez, J.-J.I., Chen, J. and Benjamin, O., 2019. 
Extraction, characterization and functional properties of soluble 
proteins from edible grasshopper (Schistocerca gregaria) and honey 
bee (Apis mellifera). Food Research International 116: 697-706.

Mohan, K., Ganesan, A.R., Muralisankar, T., Jayakumar, R., 
Sathishkumar, P., Uthayakumar, V., Chandirasekar, R. and Revathi, 
N., 2020. Recent insights into the extraction, characterization, 
and bioactivities of chitin and chitosan from insects. Trends in 
Food Science & Technology 105: 17-42. https://doi.org/10.1016/j.
tifs.2020.08.016

Moreau, M., Orange, N. and Feuilloley, M.G.J., 2008. Non-thermal 
plasma technologies: new tools for bio-decontamination. 
Biotechnology Advances 26: 610-617. https://doi.org/10.1016/j.
biotechadv.2008.08.001

Nadarajah, S., Margot, F. and Secomandi, N., 2015. Relaxations of 
approximate linear programs for the real option management of 
commodity storage. Management Science 61: 3054-3076. https://
doi.org/10.1287/mnsc.2014.2136

Ndiritu, A.K., Kinyuru, J.N., Kenji, G.M. and Gichuhi, P.N., 2017. 
Extraction technique influences the physico-chemical characteristics 
and functional properties of edible crickets (Acheta domesticus) 
protein concentrate. Journal of Food Measurement and 
Characterization 11: 2013-2021. https://doi.org/10.1007/s11694-
017-9584-4

Ng’ang’a, J., Imathiu, S., Fombong, F., Ayieko, M., Broeck, J.V. and 
Kinyuru, J., 2019. Microbial quality of edible grasshoppers Ruspolia 
differens (Orthoptera: Tettigoniidae): From wild harvesting to fork 
in the Kagera Region, Tanzania. Journal of Food Safety 39: e12549. 
http://doi.org/10.1111/jfs.12549

Nonaka, K., 2009. Feasting on insects. Entomological Research 39: 
304-312. https://doi.org/10.1111/j.1748-5967.2009.00240.x

Nowosad, K., Sujka, M., Pankiewicz, U. and Kowalski, R., 2021. The 
application of PEF technology in food processing and human 
nutrition. Journal of Food Science and Technology 58: 397-411. 
https://doi.org/10.1007/s13197-020-04512-4

Nyangena, D.N., Mutungi, C., Imathiu, S., Kinyuru, J., Affognon, 
H., Ekesi, S., Nakimbugwe, D. and Fiaboe, K.K.M., 2020. Effects 
of traditional processing techniques on the nutritional and 
microbiological quality of four edible insect species used for food 
and feed in East Africa. Foods 9: 574. https://doi.org/10.3390/
foods9050574

O’Donnell, C.P., Tiwari, B.K., Bourke, P. and Cullen, P.J., 2010. Effect 
of ultrasonic processing on food enzymes of industrial importance. 
Trends in Food Science & Technology 21: 358-367. https://doi.
org/10.1016/j.tifs.2010.04.007

Obopile, M. and Seeletso, T.G., 2013. Eat or not eat: an analysis of 
the status of entomophagy in Botswana. Food Security 5: 817-824. 
https://doi.org/10.1007/s12571-013-0310-8

Ojha, K.S., Aznar, R., O’Donnell, C. and Tiwari, B.K., 2020. Ultrasound 
technology for the extraction of biologically active molecules from 
plant, animal and marine sources. Trends in Analytical Chemistry 
122: 115663. https://doi.org/10.1016/j.trac.2019.115663

Bureau Risicobeoordeling en Onderzoeks-programmering, 2014. 
Advisory report on the risks associated with the consumption of 
mass-reared insects. Bureau Risicobeoordeling en Onderzoeks-
programmering, Utrecht, the Netherlands.

Otero, P., Gutierrez-Docio, A., Del Hierro, J.N., Reglero, G. and Martin, 
D., 2020. Extracts from the edible insects Acheta domesticus and 
Tenebrio molitor with improved fatty acid profile due to ultrasound 
assisted or pressurized liquid extraction. Food chemistry 314: 
126200.

Pan, W.J., Liao, A.M., Zhang, J.G., Dong, Z. and Wei, Z.J., 2012. 
Supercritical carbon dioxide extraction of the oak silkworm 
(Antheraea pernyi) pupal oil: process optimization and composition 
determination. International Journal of Molecular Sciences 13: 
2354-2367. https://doi.org/10.3390/ijms13022354

Pan, Y.Y., Cheng, J.H. and Sun, D.W., 2019. Cold plasma-mediated 
treatments for shelf life extension of fresh produce: a review of recent 
research developments. Comprehensive Reviews in Food Science and 
Food Safety 18: 1312-1326. https://doi.org/10.1111/1541-4337.12474

Panja, P., 2018. Green extraction methods of food polyphenols from 
vegetable materials. Current Opinion in Food Science 23: 173-182.

Patrignani, F., Del Duca, S., Vannini, L., Rosa, M., Schlüter, O. 
and Lanciotti, R., 2020. Potential of Yarrowia lipolytica and 
Debaryomyces hansenii strains to produce high quality food 
ingredients based on cricket powder. LWT – Food Science and 
Technology 119: 108866. https://doi.org/10.1016/j.lwt.2019.108866

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
01

21
 -

 T
ue

sd
ay

, D
ec

em
be

r 
13

, 2
02

2 
4:

48
:5

9 
A

M
 -

 I
P 

A
dd

re
ss

:8
9.

24
5.

22
.2

28
 

https://doi.org/10.1016/j.ijbiomac.2015.10.024
https://doi.org/10.1007/s11746-010-1565-2
https://doi.org/10.1007/s11746-010-1565-2
https://doi.org/10.1111/jfbc.12982
https://doi.org/10.1111/jfpp.14093
https://doi.org/10.1016/j.procbio.2020.05.021
https://doi.org/10.3920/JIFF2019.0046
https://doi.org/10.1016/j.tifs.2020.08.016
https://doi.org/10.1016/j.tifs.2020.08.016
https://doi.org/10.1016/j.biotechadv.2008.08.001
https://doi.org/10.1016/j.biotechadv.2008.08.001
https://doi.org/10.1287/mnsc.2014.2136
https://doi.org/10.1287/mnsc.2014.2136
https://doi.org/10.1007/s11694-017-9584-4
https://doi.org/10.1007/s11694-017-9584-4
http://doi.org/10.1111/jfs.12549
https://doi.org/10.1111/j.1748-5967.2009.00240.x
https://doi.org/10.1007/s13197-020-04512-4
https://doi.org/10.3390/foods9050574
https://doi.org/10.3390/foods9050574
https://doi.org/10.1016/j.tifs.2010.04.007
https://doi.org/10.1016/j.tifs.2010.04.007
https://doi.org/10.1007/s12571-013-0310-8
https://doi.org/10.1016/j.trac.2019.115663
https://doi.org/10.3390/ijms13022354
https://doi.org/10.1111/1541-4337.12474
https://doi.org/10.1016/j.lwt.2019.108866


S. Ojha et al.

898� Journal of Insects as Food and Feed 7(5)

Penas, E., Gomez, R., Frias, J., Baeza, M.L. and Vidal-Valverde, C., 
2011. High hydrostatic pressure effects on immunoreactivity and 
nutritional quality of soybean products. Food Chemistry 125: 423-
429. https://doi.org/10.1016/j.foodchem.2010.09.023

Pojic, M., Misan, A. and Tiwari, B., 2018. Eco-innovative technologies 
for extraction of proteins for human consumption from renewable 
protein sources of plant origin. Trends in Food Science & Technology 
75: 93-104. https://doi.org/10.1016/j.tifs.2018.03.010

Poma, G., Cuykx, M., Amato, E., Calaprice, C., Focant, J.F. and Covaci, 
A., 2017. Evaluation of hazardous chemicals in edible insects 
and insect-based food intended for human consumption. Food 
and Chemical Toxicology 100: 70-79. https://doi.org/10.1016/j.
fct.2016.12.006

Poma, G., Yin, S.S., Tang, B., Fujii, Y., Cuykx, M. and Covaci, A., 2019. 
Occurrence of selected organic contaminants in edible insects 
and assessment of their chemical safety. Environmental Health 
Perspectives 127. https://doi.org/10.1289/Ehp5782

Preece, K.E., Hooshyar, N., Krijgsman, A.J., Fryer, P.J. and Zuidam, N.J., 
2017. Intensification of protein extraction from soybean processing 
materials using hydrodynamic cavitation. Innovative Food Science 
& Emerging Technologies 41: 47-55. https://doi.org/10.1016/j.
ifset.2017.01.002

Priyadarshini, A., Rajauria, G., O’Donnell, C.P. and Tiwari, B.K., 2019. 
Emerging food processing technologies and factors impacting their 
industrial adoption. Critical Reviews in Food Science and Nutrition 
59: 3082-3101. https://doi.org/10.1080/10408398.2018.1483890

Purkayastha, D. and Sarkar, S., 2020. Physicochemical structure analysis 
of chitin extracted from pupa exuviae and dead imago of wild 
black soldier fly (Hermetia illucens). Journal of Polymers and the 
Environment 28: 445-457. https://doi.org/10.1007/s10924-019-
01620-x

Purschke, B., Brüggen, H., Scheibelberger, R. and Jäger, H., 2018a. 
Effect of pre-treatment and drying method on physico-chemical 
properties and dry fractionation behaviour of mealworm larvae 
(Tenebrio molitor L.). European Food Research and Technology 
244: 269-280.

Purschke, B., Sanchez, Y.D.M. and Jager, H., 2018b. Centrifugal 
fractionation of mealworm larvae (Tenebrio molitor, L.) for protein 
recovery and concentration. LWT – Food Science and Technology 
89: 224-228. https://doi.org/10.1016/j.lwt.2017.10.057

Purschke, B., Stegmann, T., Schreiner, M. and Jäger, H., 2017. Pilot-
scale supercritical CO2 extraction of edible insect oil from Tenebrio 
molitor L. larvae – influence of extraction conditions on kinetics, 
defatting performance and compositional properties. European 
Journal of Lipid Science and Technology 119: 1600134. https://doi.
org/10.1002/ejlt.201600134

Purschke, B., Tanzmeister, H., Meinlschmidt, P., Baumgartner, S., 
Lauter, K. and Jager, H., 2018c. Recovery of soluble proteins 
from migratory locust (Locusta migratoria) and characterisation 
of their compositional and techno-functional properties. Food 
Research International 106: 271-279. https://doi.org/10.1016/j.
foodres.2017.12.067

Rahaman, A., Zeng, X.A., Farooq, M.A., Kumari, A., Murtaza, M.A., 
Ahmad, N., Manzoor, M.F., Hassan, S., Ahmad, Z., Chen, B.R., Zhan, 
J.J. and Siddeeg, A., 2020. Effect of pulsed electric fields processing 
on physiochemical properties and bioactive compounds of apricot 
juice. Journal of Food Process Engineering 43: e13449. https://doi.
org/10.1111/jfpe.13449

Ramazzina, I., Berardinelli, A., Rizzi, F., Tappi, S., Ragni, L., Sacchetti, 
G. and Rocculi, P., 2015. Effect of cold plasma treatment on physico-
chemical parameters and antioxidant activity of minimally processed 
kiwifruit. Postharvest Biology and Technology 107: 55-65. https://
doi.org/10.1016/j.postharvbio.2015.04.008

Ramos-Bueno, R.P., González-Fernández, M.J., Sánchez-Muros-
Lozano, M.J., García-Barroso, F. and Guil-Guerrero, J.L., 2016. 
Fatty acid profiles and cholesterol content of seven insect species 
assessed by several extraction systems. European Food Research 
and Technology 242: 1471-1477.

Ramos-Rostro, B., Ramos-Elorduy Blásquez, J., Pino-Moreno, J.M., 
Viesca-González, F.C., Martínez-Maya, J.J., Sierra-Gómez Pedroso, 
L.d.C. and Quintero-Salazar, B., 2016. Calidad sanitaria de alimentos 
elaborados con gusano rojo de agave (Comadia redtembacheri H.) 
en San Juan Teotihuacán, Estado de México, México. Agrociencia 
50: 391-402.

Ravi, H.K., Vian, M.A., Tao, Y., Degrou, A., Costil, J., Trespeuch, C. 
and Chemat, F., 2019. Alternative solvents for lipid extraction and 
their effect on protein quality in black soldier fly (Hermetia illucens) 
larvae. Journal of Cleaner Production 238: 117861. https://doi.
org/10.1016/j.jclepro.2019.117861

Reineke, K., Schottroff, F., Meneses, N. and Knorr, D., 2015. Sterilization 
of liquid foods by pulsed electric fields-an innovative ultra-high 
temperature process. Frontiers in Microbiology 6: 400. https://doi.
org/10.3389/fmicb.2015.00400

Rodriguez, M., Medina, L.M. and Jordano, R., 2000. Effect of modified 
atmosphere packaging on the shelf life of sliced wheat flour 
bread. Nahrung-Food 44: 247-252. https://doi.org/10.1002/1521-
3803(20000701)44:4<247::Aid-Food247>3.0.Co;2-I

Rumpold, B.A., Fröhling, A., Reineke, K., Knorr, D., Boguslawski, S., 
Ehlbeck, J. and Schlüter, O., 2014. Comparison of volumetric and 
surface decontamination techniques for innovative processing of 
mealworm larvae (Tenebrio molitor). Innovative Food Science & 
Emerging Technologies 26: 232-241.

Rumpold, B.A. and Schlüter, O.K., 2013. Potential and challenges 
of insects as an innovative source for food and feed production. 
Innovative Food Science & Emerging Technologies 17: 1-11. https://
doi.org/10.1016/j.ifset.2012.11.005

Schlüter, O., Ehlbeck, J., Hertel, C., Habermeyer, M., Roth, A., Engel, 
K.H., Holzhauser, T., Knorr, D. and Eisenbrand, G., 2013. Opinion 
on the use of plasma processes for treatment of foods. Molecular 
Nutrition & Food Research 57: 920-927. https://doi.org/10.1002/
mnfr.201300039

Schlüter, O., Rumpold, B., Holzhauser, T., Roth, A., Vogel, R.F., Quasigroch, 
W., Vogel, S., Heinz, V., Jager, H., Bandick, N., Kulling, S., Knorr, D., 
Steinberg, P. and Engel, K.H., 2017. Safety aspects of the production 
of foods and food ingredients from insects. Molecular Nutrition & 
Food Research 61: 1600520. https://doi.org/10.1002/mnfr.201600520

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
01

21
 -

 T
ue

sd
ay

, D
ec

em
be

r 
13

, 2
02

2 
4:

48
:5

9 
A

M
 -

 I
P 

A
dd

re
ss

:8
9.

24
5.

22
.2

28
 

https://doi.org/10.1016/j.foodchem.2010.09.023
https://doi.org/10.1016/j.tifs.2018.03.010
https://doi.org/10.1016/j.fct.2016.12.006
https://doi.org/10.1016/j.fct.2016.12.006
https://doi.org/10.1289/Ehp5782
https://doi.org/10.1016/j.ifset.2017.01.002
https://doi.org/10.1016/j.ifset.2017.01.002
https://doi.org/10.1080/10408398.2018.1483890
https://doi.org/10.1007/s10924-019-01620-x
https://doi.org/10.1007/s10924-019-01620-x
https://doi.org/10.1016/j.lwt.2017.10.057
https://doi.org/10.1002/ejlt.201600134
https://doi.org/10.1002/ejlt.201600134
https://doi.org/10.1016/j.foodres.2017.12.067
https://doi.org/10.1016/j.foodres.2017.12.067
https://doi.org/10.1111/jfpe.13449
https://doi.org/10.1111/jfpe.13449
https://doi.org/10.1016/j.postharvbio.2015.04.008
https://doi.org/10.1016/j.postharvbio.2015.04.008
https://doi.org/10.1016/j.jclepro.2019.117861
https://doi.org/10.1016/j.jclepro.2019.117861
https://doi.org/10.3389/fmicb.2015.00400
https://doi.org/10.3389/fmicb.2015.00400
https://doi.org/10.1002/1521-3803(20000701)44
https://doi.org/10.1002/1521-3803(20000701)44
https://doi.org/10.1016/j.ifset.2012.11.005
https://doi.org/10.1016/j.ifset.2012.11.005
https://doi.org/10.1002/mnfr.201300039
https://doi.org/10.1002/mnfr.201300039
https://doi.org/10.1002/mnfr.201600520


� Processing pathways

Journal of Insects as Food and Feed 7(5)� 899

Severini, C., Azzollini, D., Albenzio, M. and Derossi, A., 2018. On 
printability, quality and nutritional properties of 3D printed 
cereal based snacks enriched with edible insects. Food Research 
International 106: 666-676.

Shadung, K.G., Mphosi, M.S. and Mashela, P.W., 2012. Influence of 
drying method and location on proximate chemical composition of 
African metallic wood boring beetle, Sternocera orissa (Coleoptera: 
Buprestidae) in Republic of South Africa. African Journal of Food 
Science 6: 155-158.

Shin, C.S., Kim, D.Y. and Shin, W.S., 2019. Characterization of chitosan 
extracted from mealworm beetle (Tenebrio molitor, Zophobas morio) 
and rhinoceros beetle (Allomyrina dichotoma) and their antibacterial 
activities. International Journal of Biological Macromolecules 125: 
72-77. https://doi.org/10.1016/j.ijbiomac.2018.11.242

Shockley, M., Lesnik, J., Allen, R.N. and Muñoz, A.F., 2018. Edible 
insects and their uses in North America; past, present and future. In: 
Halloran, A., Flore, R., Vantomme, P. and Roos, N. (eds.) Edible insects 
in sustainable food systems. Springer International Publishing, Cham, 
Switzerland, pp. 55-79. https://doi.org/10.1007/978-3-319-74011-9_4

Shorstkii, I., Alles, M.C., Parniakov, O., Smetana, S., Aganovic, K., 
Sosnin, M., Toepfl, S. and Heinz, V., in press. Optimization of pulsed 
electric field assisted drying process of black soldier fly (Hermetia 
illucens) larvae. Drying Technology. https://doi.org/10.1080/0737
3937.2020.1819825

Siemer, C., Toepfl, S. and Heinz, V., 2014. Inactivation of Bacillus 
subtilis spores by pulsed electric fields (PEF) in combination 
with thermal energy – I. Influence of process- and product 
parameters. Food Control 39: 163-171. https://doi.org/10.1016/j.
foodcont.2013.10.025

Simionato, J.I., Villalobos, L.D.G., Bulla, M.K., Coro, F.A.G. and 
Garcia, J.C., 2014. Application of chitin and chitosan extracted 
from silkworm chrysalides in the treatment of textile effluents 
contaminated with remazol dyes. Acta Scientiarum – Technology 
36: 693-698. https://doi.org/10.4025/actascitechnol.v36i4.24428

Singh, Y., Cullere, M., Kovitvadhi, A., Chundang, P. and Dalle Zotte, A., 
2020. Effect of different killing methods on physicochemical traits, 
nutritional characteristics, in vitro human digestibility and oxidative 
stability during storage of the house cricket (Acheta domesticus L.). 
Innovative Food Science & Emerging Technologies 65: 102444.

Soares, S. and Forkes, A., 2014. Insects Au gratin-an investigation into 
the experiences of developing a 3D printer that uses insect protein 
based flour as a building medium for the production of sustainable 
food, DS 78. In: Proceedings of the 16th International Conference 
on Engineering and Product Design Education (E&PDE14), Design 
Education and Human Technology Relations. September 4-5, 2014. 
University of Twente, Enschede, the Netherlands, pp. 426-431.

Soetemans, L., Uyttebroek, M., D’Hondt, E. and Bastiaens, L., 
2019. Use of organic acids to improve fractionation of the black 
soldier fly larvae juice into lipid- and protein-enriched fractions. 
European Food Research and Technology 245: 2257-2267. https://
doi.org/10.1007/s00217-019-03328-7

Son, Y.J., Lee, J.C., Hwang, I.K., Nho, C.W. and Kim, S.H., 2019. 
Physicochemical properties of mealworm (Tenebrio molitor) 
powders manufactured by different industrial processes. LWT – 
Food Science and Technology 116: 108514. https://doi.org/10.1016/j.
lwt.2019.108514

Song, Y.S., Kim, M.W., Moon, C., Seo, D.J., Han, Y.S., Jo, Y.H., Noh, 
M.Y., Park, Y.K., Kim, S.A., Kim, Y.W. and Jung, W.J., 2018. Extraction 
of chitin and chitosan from larval exuvium and whole body of edible 
mealworm, Tenebrio molitor. Entomological Research 48: 227-233. 
https://doi.org/10.1111/1748-5967.12304

Soon, C.Y., Tee, Y.B., Tan, C.H., Rosnita, A.T. and Khanna, A., 2018. 
Extraction and physicochemical characterization of chitin and 
chitosan from Zophobas mono larvae in varying sodium hydroxide 
concentration. International Journal of Biological Macromolecules 
108: 135-142. https://doi.org/10.1016/j.ijbiomac.2017.11.138

Ssepuuya, G., Aringo, R.O., Mukisa, I.M. and Nakimbugwe, D., 2016. 
Effect of processing, packaging and storage-temperature based 
hurdles on the shelf stability of sauteed ready-to-eat Ruspolia 
nitidula. Journal of Insects as Food and Feed 2: 245-253. https://
doi.org/10.3920/jiff2016.0006

Ssepuuya, G., Smets, R., Nakimbugwe, D., Van der Borght, M. and 
Claes, J., 2019. Nutrient composition of the long-horned grasshopper 
Ruspolia differens Serville: effect of swarming season and sourcing 
geographical area. Food Chemistry 301: 125305. https://doi.
org/10.1016/j.foodchem.2019.125305

Stoica, M., Mihalcea, L., Borda, D. and Alexe, P., 2013. Non-thermal 
novel food processing technologies. An overview. Journal of 
Agroalimentary Processes and Technologies 19: 212-217.

Stoops, J., Crauwels, S., Waud, M., Claes, J., Lievens, B. and Van 
Campenhout, L., 2016. Microbial community assessment of 
mealworm larvae (Tenebrio molitor) and grasshoppers (Locusta 
migratoria migratorioides) sold for human consumption. Food 
Microbiology 53: 122-127. https://doi.org/10.1016/j.fm.2015.09.010

Stoops, J., Vandeweyer, D., Crauwels, S., Verreth, C., Boeckx, H., Van 
der Borght, M., Claes, J., Lievens, B. and Van Campenhout, L., 
2017. Minced meat-like products from mealworm larvae (Tenebrio 
molitor and Alphitobius diaperinus): microbial dynamics during 
production and storage. Innovative Food Science & Emerging 
Technologies 41: 1-9.

Sun, M., Xu, X., Zhang, Q., Rui, X., Wu, J. and Dong, M., 2018. 
Ultrasonic-assisted aqueous extraction and physicochemical 
characterization of oil from Clanis bilineata. Journal of Oleo Science 
67: 151-165.

Tang, J., Feng, H. and Shen, G.Q., 2003. Drum drying. In: Encyclopaedia 
of Agricultural, Food, and Biological Engineering. Marcel Dekker, 
Inc., New York, NY, USA, pp. 211-214.

Tao, Y., Han, M.F., Gao, X.G., Han, Y.B., Show, P.L., Liu, C.Q., Ye, 
X.S. and Xie, G.J., 2019. Applications of water blanching, surface 
contacting ultrasound-assisted air drying, and their combination 
for dehydration of white cabbage: drying mechanism, bioactive 
profile, color and rehydration property. Ultrasonics Sonochemistry 
53: 192-201. https://doi.org/10.1016/j.ultsonch.2019.01.003

Temba, M.C., Njobeh, P.B. and Kayitesi, E., 2017. Storage stability of 
maize-groundnut composite flours and an assessment of aflatoxin 
B-1 and ochratoxin A contamination in flours and porridges. Food 
Control 71: 178-186. https://doi.org/10.1016/j.foodcont.2016.06.033

Tiencheu, B., Womeni, H.M., Linder, M., Mbiapo, F.T., Villeneuve, 
P., Fanni, J. and Parmentier, M., 2013. Changes of lipids in insect 
(Rhynchophorus phoenicis) during cooking and storage. European 
Journal of Lipid Science and Technology 115: 186-195. https://doi.
org/10.1002/ejlt.201200284

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
01

21
 -

 T
ue

sd
ay

, D
ec

em
be

r 
13

, 2
02

2 
4:

48
:5

9 
A

M
 -

 I
P 

A
dd

re
ss

:8
9.

24
5.

22
.2

28
 

https://doi.org/10.1016/j.ijbiomac.2018.11.242
https://doi.org/10.1007/978-3-319-74011-9_4
https://doi.org/10.1080/07373937.2020.1819825
https://doi.org/10.1080/07373937.2020.1819825
https://doi.org/10.1016/j.foodcont.2013.10.025
https://doi.org/10.1016/j.foodcont.2013.10.025
https://doi.org/10.4025/actascitechnol.v36i4.24428
https://doi.org/10.1007/s00217-019-03328-7
https://doi.org/10.1007/s00217-019-03328-7
https://doi.org/10.1016/j.lwt.2019.108514
https://doi.org/10.1016/j.lwt.2019.108514
https://doi.org/10.1111/1748-5967.12304
https://doi.org/10.1016/j.ijbiomac.2017.11.138
https://doi.org/10.3920/jiff2016.0006
https://doi.org/10.3920/jiff2016.0006
https://doi.org/10.1016/j.foodchem.2019.125305
https://doi.org/10.1016/j.foodchem.2019.125305
https://doi.org/10.1016/j.fm.2015.09.010
https://doi.org/10.1016/j.ultsonch.2019.01.003
https://doi.org/10.1016/j.foodcont.2016.06.033
https://doi.org/10.1002/ejlt.201200284
https://doi.org/10.1002/ejlt.201200284


S. Ojha et al.

900� Journal of Insects as Food and Feed 7(5)

Tonneijck-Srpova, L., Venturini, E., Humblet-Hua, K.N.P. and Bruins, 
M.E., 2019. Impact of processing on enzymatic browning and 
texturization of yellow mealworms. Journal of Insects as Food 
and Feed 5: 267-277. https://doi.org/10.3920/Jiff2018.0025

Tschirner, M. and Simon, A., 2015. Influence of different growing 
substrates and processing on the nutrient composition of black 
soldier fly larvae destined for animal feed. Journal of Insects as 
Food and Feed 1: 249-259. https://doi.org/10.3920/jiff2014.0008

Tzompa-Sosa, D.A., Yi, L., Van Valenberg, H.J.F. and Lakemond, 
C.M.M., 2019. Four insect oils as food ingredient: physical and 
chemical characterisation of insect oils obtained by an aqueous oil 
extraction. Journal of Insects as Food and Feed 5: 279-292. https://
doi.org/10.3920/Jiff2018.0020

Tzompa-Sosa, D.A., Yi, L.Y., Van Valenberg, H.J.F., Van Boekel, 
M.A.J.S. and Lakemond, C.M.M., 2014. Insect lipid profile: 
aqueous versus organic solvent-based extraction methods. Food 
Research International 62: 1087-1094. https://doi.org/10.1016/j.
foodres.2014.05.052

Udomsil, N., Imsoonthornruksa, S., Gosalawit, C. and Ketudat-Cairns, 
M., 2019. Nutritional values and functional properties of house 
cricket (Acheta domesticus) and field cricket (Gryllus bimaculatus). 
Food Science and Technology Research 25: 597-605. https://doi.
org/10.3136/fstr.25.597

Ugur, A.E., Bolat, B., Oztop, M.H. and Alpas, H., 2020. Effects of 
high hydrostatic pressure (HHP) processing and temperature 
on physicochemical characterization of insect oils extracted 
from Acheta domesticus (house cricket) and Tenebrio molitor 
(yellow mealworm). Waste and Biomass Valorization. https://doi.
org/10.1007/s12649-020-01302-z

Van der Fels-Klerx, H.J., Camenzuli, L., Van der Lee, M.K. and Oonincx, 
D.G.A.B., 2016. Uptake of cadmium, lead and arsenic by Tenebrio 
molitor and Hermetia illucens from contaminated substrates. PLoS 
ONE 11: e0166186. https://doi.org/10.1371/journal.pone.0166186

Vandeweyer, D., Crauwels, S., Lievens, B. and Van Campenhout, L., 
2017a. Microbial counts of mealworm larvae (Tenebrio molitor) and 
crickets (Acheta domesticus and Gryllodes sigillatus) from different 
rearing companies and different production batches. International 
Journal of Food Microbiology 242: 13-18. https://doi.org/10.1016/j.
ijfoodmicro.2016.11.007

Vandeweyer, D., Lenaerts, S., Callens, A. and Van Campenhout, 
L., 2017b. Effect of blanching followed by refrigerated storage 
or industrial microwave drying on the microbial load of yellow 
mealworm larvae (Tenebrio molitor). Food Control 71: 311-314.

Vandeweyer, D., Wynants, E., Crauwels, S., Verreth, C., Viaene, N., 
Claes, J., Lievens, B. and Van Campenhout, L., 2018. Microbial 
dynamics during industrial rearing, processing, and storage of 
tropical house crickets (Gryllodes sigillatus) for human consumption. 
Applied and Environmental Microbiology 84: e00255-18. https://
doi.org/10.1128/AEM.00255-18

Varilla, C., Marcone, M. and Annor, G.A., 2020. Potential of cold plasma 
technology in ensuring the safety of foods and agricultural produce: 
a review. Foods 9: 1435. https://doi.org/10.3390/foods9101435

Wade, M. and Hoelle, J., 2020. A review of edible insect industrialization: 
scales of production and implications for sustainability. Environmental 
Research Letters 15: 123013. https://doi.org/10.1088/1748-9326/
aba1c1

Wang, C.Y., Huang, H.W., Hsu, C.P. and Yang, B.B., 2016. Recent 
advances in food processing using high hydrostatic pressure 
technology. Critical Reviews in Food Science and Nutrition 56: 
527-540. https://doi.org/10.1080/10408398.2012.745479

Williams, J.B., 2012. Marination: processing technology. Handbook of meat 
and meat processing. CRC Press, Boca Raton, FL, USA, pp. 495-504.

Womeni, H.M., Tiencheu, B., Linder, M., Nabayo, E.M.C., Tenyang, 
N., Mbiapo, F.T., Villeneuve, P., Fanni, J. and Parmentier, M., 2012. 
Nutritional value and effect of cooking, drying and storage process 
on some functional properties of Rhynchophorus phoenicis. 
Advance Research in Pharmaceuticals and Biologicals 2: L203-L219.

Wynants, E., Bruyninckx, L. and Van Campenhout, L., 2016. Effect 
of rinsing on the overall microbial load of mealworm larvae 
(Tenebrio molitor). In: Proceedings of the 21st Conference on Food 
Microbiology. September 15-16, 2016. Brussels, Belgium, pp. 15-16.

Wynants, E., Crauwels, S., Lievens, B., Luca, S., Claes, J., Borremans, 
A., Bruyninckx, L. and Van Campenhout, L., 2017. Effect of post-
harvest starvation and rinsing on the microbial numbers and the 
bacterial community composition of mealworm larvae (Tenebrio 
molitor). Innovative Food Science & Emerging Technologies 42: 
8-15. https://doi.org/10.1016/j.ifset.2017.06.004

Wynants, E., Crauwels, S., Verreth, C., Gianotten, N., Lievens, B., 
Claes, J. and Van Campenhout, L., 2018. Microbial dynamics during 
production of lesser mealworms (Alphitobius diaperinus) for human 
consumption at industrial scale. Food Microbiology 70: 181-191. 
https://doi.org/10.1016/j.fm.2017.09.012

Wu, X.F., Zhang, M., Adhikari, B. and Sun, J., 2017.Recent developments 
in novel freezing and thawing technologies applied to foods. Critical 
Reviews in Food Science and Nutrition 57: 3620-3631. https://doi.
org/10.1080/10408398.2015.1132670

Xiao, H.W., Bai, J.W., Sun, D.W. and Gao, Z.J., 2014. The application 
of superheated steam impingement blanching (SSIB) in agricultural 
products processing – a review. Journal of Food Engineering 132: 
39-47. https://doi.org/10.1016/j.jfoodeng.2014.01.032

Yi, L., Van Boekel, M.A.J.S. and Lakemond, C.M.M., 2017. Extracting 
Tenebrio molitor protein while preventing browning: effect of pH 
and NaCl on protein yield. Journal of Insects as Food and Feed 3: 
21-31. https://doi.org/10.3920/Jiff2016.0015

Yi, L.Y., Lakemond, C.M.M., Sagis, L.M.C., Eisner-Schadler, V., Van Huis, 
A. and Van Boekel, M.A.J.S., 2013. Extraction and characterisation 
of protein fractions from five insect species. Food Chemistry 141: 
3341-3348. https://doi.org/10.1016/j.foodchem.2013.05.115

Yoon, J.H. and Lee, S.Y., 2018. Review: comparison of the effectiveness 
of decontaminating strategies for fresh fruits and vegetables and 
related limitations. Critical Reviews in Food Science and Nutrition 
58: 3189-3208. https://doi.org/10.1080/10408398.2017.1354813

Zhao, X., Vazquez-Gutierrez, J.L., Johansson, D.P., Landberg, R. and 
Langton, M., 2016. Yellow mealworm protein for food purposes 
– extraction and functional properties. PLoS ONE 11: e0147791. 
https://doi.org/10.1371/journal.pone.0147791

Zhou, P.F., Li, J.B., Yan, T., Wang, X.P., Huang, J., Kuang, Z.S., Ye, 
M.Q. and Pan, M.S., 2019. Selectivity of deproteinization and 
demineralization using natural deep eutectic solvents for production 
of insect chitin (Hermetia illucens). Carbohydrate Polymers 225: 
115255. https://doi.org/10.1016/j.carbpol.2019.115255

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

0.
01

21
 -

 T
ue

sd
ay

, D
ec

em
be

r 
13

, 2
02

2 
4:

48
:5

9 
A

M
 -

 I
P 

A
dd

re
ss

:8
9.

24
5.

22
.2

28
 

https://doi.org/10.3920/Jiff2018.0025
https://doi.org/10.3920/jiff2014.0008
https://doi.org/10.3920/Jiff2018.0020
https://doi.org/10.3920/Jiff2018.0020
https://doi.org/10.1016/j.foodres.2014.05.052
https://doi.org/10.1016/j.foodres.2014.05.052
https://doi.org/10.3136/fstr.25.597
https://doi.org/10.3136/fstr.25.597
https://doi.org/10.1007/s12649-020-01302-z
https://doi.org/10.1007/s12649-020-01302-z
https://doi.org/10.1371/journal.pone.0166186
https://doi.org/10.1016/j.ijfoodmicro.2016.11.007
https://doi.org/10.1016/j.ijfoodmicro.2016.11.007
https://doi.org/10.1128/AEM.00255-18
https://doi.org/10.1128/AEM.00255-18
https://doi.org/10.3390/foods9101435
https://doi.org/10.1088/1748-9326/aba1c1
https://doi.org/10.1088/1748-9326/aba1c1
https://doi.org/10.1080/10408398.2012.745479
https://doi.org/10.1016/j.ifset.2017.06.004
https://doi.org/10.1016/j.fm.2017.09.012
https://doi.org/10.1080/10408398.2015.1132670
https://doi.org/10.1080/10408398.2015.1132670
https://doi.org/10.1016/j.jfoodeng.2014.01.032
https://doi.org/10.3920/Jiff2016.0015
https://doi.org/10.1016/j.foodchem.2013.05.115
https://doi.org/10.1080/10408398.2017.1354813
https://doi.org/10.1371/journal.pone.0147791
https://doi.org/10.1016/j.carbpol.2019.115255

	Edible insect processing pathways and implementation of emerging technologies
	Abstract
	1. Introduction
	2. Pre-processing
	3. Conventional processing routes
	4. Emerging technologies in insect processing
	5. Conclusion and future perspectives
	Acknowledgements
	Conflict of interest
	References


