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Simple Summary: Global population growth will increasingly challenge the food industry sector
in the coming years. The yellow mealworm is a promising candidate for production on an in-
dustrial scale and it is also the first insect to be approved by EFSA in 2021 under the EU’s Novel
Food Regulation. Drying is an important preservation step in the industrial processing of insects
but there is limited information on the stability of nutritional, bioactive and sensory components
during drying. Thus, this study sought to investigate the impact of different drying procedures
(freeze-drying, microwave drying, infrared drying, oven drying and high frequency drying) on the
chemical composition, antioxidant capacity and volatile profile of mealworm larvae. To summarize:
(1) Mealworm larvae contain considerable amounts of polar or nonpolar extractable antioxidants,
whose molecular identity needs to be to be clarified in the future. (2) The drying process was decisive
with regard to the extraction efficiency of these antioxidants. The highest antioxidant capacities were
found in high-temperature dried larvae, while the extracts obtained from the freeze-dried larvae
had the lowest values. (3) The analyses of volatile compounds provide information on the extent to
which the Maillard reaction and lipid oxidation occur and indicate relevant changes in the chemical
composition during the drying procedure. Deepening the knowledge of process-induced changes
of mealworm quality will contribute to improve Tenebrio molitor L. processing technologies, a basic
prerequisite for utilizing mealworms as novel food or animal feed in the future.

Abstract: The yellow mealworm (Tenebrio molitor L., Coleoptera: Tenebrionidae) is an edible insect
and due to its ubiquitous occurrence and the frequency of consumption, a promising candidate for
the cultivation and production on an industrial scale. Moreover, it is the first insect to be approved by
EFSA 2021 following the Novel Food Regulation. Industrial production of mealworms necessitates
optimized processing techniques, where drying as the first postharvest procedure is of utmost
importance for the quality of the final product. The focus of the present study was to analyse the
chemical composition, antioxidant capacity, volatile compound profile and colouring of mealworm
larvae dried in various regimes (freeze-drying, microwave drying, infrared drying, rack-oven drying
and high-frequency drying). Proximate composition and fatty acid profile were similar for all dried
larvae. Freeze dried larvae were predominantly marked by lipid oxidation with significantly higher
peroxide values, secondary/tertiary oxidation products in the headspace GC-MS profiles and lower
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antioxidant capacity. High-temperature treatment in the rack oven—and to some extent also infrared
or microwave drying—led to mealworm larvae darkening and the appearance of volatile Maillard
secondary products such as 2-methylpropanoic acid, 2-/3-methylbutanoic acid and alkylpyrazines.
High-frequency drying as a new emerging technology in insect processing was the most cost-effective
method with energy costs of solely 0.09 €/kg T. molitor L. leading to final larval material characterized
by both lipid oxidation and nonenzymatic Maillard-browning.

Keywords: Tenebrio molitor L.; drying; nutrient composition; fatty acids; volatile compounds; antioxi-
dant capacity; lipid oxidation; Maillard reaction; flavour deterioration

1. Introduction

The demand for food needed to feed the world’s population in 2100 far exceeds current
production capacities. United Nations projections expect nearly 11 billion people on Earth
in 2100—about 3 billion more— to feed than 2021 [1]. Current food production systems will
not be able to sustainably supply the projected world population with conventional animal
protein, especially in the face of climate change [2-4]. Animal proteins require more natural
resources to be produced, so future food capacities at medium levels of animal-based
agriculture are much more desirable from a nutritional as well as sustainability perspec-
tive [5,6]. Insects have received attention as a sustainable, macro- and micronutrient-rich
food and feed resource over the past 10 years [7-9]. The 2013 FAO report on global insect
consumption [10] was ground-breaking, as it gave credibility to the acceptance of edible
insects in the western industrial society. Even though insect products have not yet become
mainstream in the western world, recent trends show a global increase in the numbers
of insect manufacturing companies and consumers. In terms of volume, the value of the
global edible insect market will pass 8 billion USD by 2030, with a total volume of 730,000
tons of insect-based products (whole insects, insect ingredients and products incorporated
with edible insects) on the global market to be expected [11,12]. Commercial challenges
facing today’s insect industry include reducing production costs, facilitating certifications
and regulations, improving marketing, expanding retail and distribution and expanding
processing into consumer-friendly products. The international marketing of insect prod-
ucts is yet restricted due to inconsistent regulations for the approval of insects or insect
products worldwide. While the USA, Canada, New Zealand and Australia have compar-
atively lenient national legislation, the EU has classified edible insects as “novel foods”,
necessitating a tedious authorization procedure for production and distribution [13,14].
In 2021, three kinds of insects were positively evaluated by the European Food Safety
Authority (EFSA) and received legal status for EU marketing—amongst them dried yellow
mealworm larvae (Tenebrio molitor L., Coleoptera: Tenebrionidae) [15,16]. Along with the
black soldier fly (Hermetia illucens), the lesser mealworm (Alphitobius diaperinus), the house
fly larvae (Musca domestica L.) and various grasshopper species, mealworm larvae are the
most promising insect food and feed replacement alternatives that are currently being
studied [12,14,17,18]. T. molitor breeding and harvesting ranges nowadays from small to
large-scale automated mass approaches [18-20] and almost any of the steps from insect rear-
ing to the edible products is addressed from economical, food safety and nutritional quality
perspectives [15,16,21,22]. Mealworms are generally high in protein (30-65% of dry matter),
carbohydrates (2.2-11.5% of dry matter), fat (10-30% of dry matter) and particularly rich
in unsaturated fatty acids [9,23]. This macro-composition and the high moisture content
of fresh larvae with a water activity near to 1 favours lipid oxidation and non-enzymatic
Maillard browning reactions already during the drying procedure [24]. The Maillard
pathway, a complex chemical cascade that starts from a chemical reaction between amino
components and reducing sugars, produces numerous and mostly highly reactive ketones,
aldehydes, dicarbonyl and heterocyclic compounds, as well as high-molecular-weight
melanoidins [25-27]. They all contribute to the colour, flavour, nutritional and antioxidant
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properties of heat-treated foods. Likewise, lipid oxidation also generates numerous primary,
secondary and tertiary oxidation products that influence shelf life and product properties
such as taste, texture, mouthfeel and appearance [28,29]. In complex matrices-such as
mealworm larvae-intermediates of the Maillard reaction and lipid oxidation will likely
pass into interrelated routes and thus contribute in a coordinated manner to the properties
of the dried insect [30]. During industrial processing, mealworm larvae are first killed
by heat or cold treatment and then dried to slow down enzymatic and non-enzymatic
degradation and microbiological spoilage. The energy and time requirements, as well
as the intended post-processing of the insects, are important criteria when deciding on
a particular drying technique. Still drying must be carried out properly to reduce poten-
tial microbial, chemical and allergenic hazards, while ensuring nutritional quality and
consumers preference in terms of texture, taste and flavour [31]. Oven drying and freeze
drying are currently most common for insects on an industrial scale [32]. Freeze-drying
is also implemented in the updated IPIFF (International Platform of Insects for Food and
Feed) Guide on Good Hygiene Practices for European Union producers of insects as food
and feed [33]. EFSA confirmed the safety for frozen, freeze-dried as well as thermally
dried mealworms [15,16]. In addition to these common industrial drying procedures, other
innovative, seminal drying methods [32,34] have been investigated on T. molitor larvae for
their effects on macro/micronutrient composition and accessibility, colour changes, protein
solubility and lipid oxidation prevalence [24,35-40]. Drying devices based on microwave-,
infrared- or fluid bed drying are already used industrially [32,41]. The scope of our study
was to compare some of these established drying methods (freeze drying, oven drying,
microwave drying, infrared drying) and high frequency drying as an emerging technology
in insect processing, with regard to their effects on larvae nutritional value (water activity,
nutrient composition), lipid oxidation, total antioxidant capacity, volatile component profile
and mealworm larvae colouring. These results will help to further advance the processing
technologies for T. molitor larvae, which is of immense importance considering the future
prospects of insects for food and feed.

2. Materials and Methods
2.1. Insect Samples

T. molitor larvae of own breeding were cultured at the University of Applied Sci-
ences Bremerhaven, as described previously [24]. Mealworms were reared for a period of
16-18 weeks in a rearing room at 25 °C with a relative humidity of 55-60% and fed with
wheat bran ad libitum after hatching. At harvest time, larvae were separated from wheat
bran and frass and frozen at —21 °C for 48 h (HAS 47520, Beko Grundig Deutschland
GmbH, Neu-Isenburg, Germany) before drying. The larvae rearing and the accomplish-
ment of the experiments were carried out under consideration of the German Animal
Welfare Act.

2.2. Drying Procedures

Five different methodologies were applied for T. molitor larvae drying: freeze-drying,
microwave drying, infrared drying, rack oven drying or high frequency drying. For freeze-
drying, a total of 500 g frozen larvae material was subdivided onto five freezing plates
and placed within a freeze-dryer (Christ Beta 1-8, Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany). The condenser was set to —50 °C prior to drying
and a vacuum was applied for 27 h, with final temperatures of around 20 °C at the shelves.
Microwave drying was carried out in a conventional microwave (H 6100, Miele & Cie.
KG, Giitersloh, Germany). Frozen larvae (150 g) were placed as a thin layer on the plate
(45 x 35 x 3 cm) in the middle of the microwave and dried for 15 min. Infrared drying
of 1 kg mealworm larvae material was carried out in the laboratory-built device IRD-A
70/90-22-Batch-K (perfect solutions GmbH, Meiningen, Germany) at 130 °C for 15 min
under evaporation. For rack oven drying 400 g of frozen larvae were subdivided onto two
baking plates (60 x 80 x 2 cm) in the middle of the rotating convection oven (RI 1.0608-TL,
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MIWE Michael Wenz GmbH, Germany) and dried at 60 °C, ventilation stage 2 for 19 h. A
13.56 MHz pilot-scale GloMic-Laborofen GR1000 radio frequency dryer (GloMic GmbH,
Berlin, Germany) equipped with multiple controllable heat sources (high-frequency heating,
P 2 kW; conventional electric heating, P 1kW; electric infrared heating P 1kW) was used for
high-frequency drying in this study. 540 g of frozen larvae placed in a trough were heated
within 230 s (load power 300 Watt) to 120 °C inside the drying chamber. Subsequently,
the larvae were dried in a non-equidistant program under temperature maintenance until
the weight loss was below 0.2g/Wh (see Supplementary Figure S1 for further details
of HF-drying). After drying, the larvae were separately packed in closed polyethylene
bags and stored until analysis at 5 °C in a climatic chamber (HPP 110, GmbH + Co. KG,
Schwabach, Germany).

Energy consumption (EC) of the different drying methods were calculated based on
the assumption that the equipment run at maximal capacity during drying according to
Saifullah et al. 2019 [42]. EC for infrared drying and rack oven drying was calculated using
Equation (1), where Drenp is the drying temperature used (°C), Mremp is the maximum
temperature (°C) and MO the maximum energy output (kW) for the drying equipment and
tis the drying time (h).

EC = Preme  pioc s 1)
Temp

The EC calculation for freeze-drying and microwave drying (Equation (2)) is based on

the supplied electrical power (P in kW) and the time required for drying (t in h).

EC=Pxt @)

In the high-frequency application, the EC is based on the continuous measurement
of the forward and reflected power by high-frequency power detectors. The difference of
these two quantities is the time-dependent absorbed power. The EC is the time integral
over the absorbed power. In addition, the reflected power is permanently minimized by an
automatic RF matchbox.

2.3. Proximate Analysis

Proximate composition of fresh or dried T. molitor larvae was determined as described
before [24]. The moisture content was analysed after heating ground insect material in a
drying oven (U10, GmbH + Co. KG, Schwabach, Germany) for 4 h at 103 °C. Water activity
(aw-value) was measured using a water activity meter (LabMaster aw neo; Novasina AG,
Lachen, Switzerland) until the water activity was stable for 15 min. Kjeldahl procedure
was used for protein quantification applying a nitrogen-to-protein conversion factor of
6.25 according to DIN EN 25663 and the Association of German Agricultural Analytic
and Research Institutes. Total fat content was determined from ground larvae material
according to the Soxhlet method (VDLUFA, 1976). The ash content was analysed as
described by VDLUFA, 1976 [43].

2.4. Colour Evaluation

Colour parameters were determined from whole-body larvae digital images according
to a protocol from de Oliveira et al. [44] using Photoshop CS4 Version 11.0. After back-
ground correction, the larvae bunch was scaled to 800*800 pixels and five different areas per
bunch marked by the eyedropper tool to 101*101 pixels were analysed for CIELAB parame-
ters. These coordinates are the lightness of the colour (L* = 0 yields black and L* = 100 indi-
cates diffuse white), the values of components a* (green-red axis) and b* (blue-yellow axis)
are between —128 and +128, respectively. Based on these values, total colour differences
(AE*) between mealworm samples were calculated with AE = v/a*2 4 b*2 + L*2 [38].



Insects 2022, 13, 166

50f 20

2.5. Fatty Acid Composition and Fat Oxidation

Lipids were extracted from fresh and dried ground mealworm larvae by methanol/
chloroform (1:2 v/v)) extraction [45] and subsequently subjected to trimethylsulfonium
hydroxide derivatization. The fatty acid composition was measured as described in
Kroncke et al. (2019) [37] using a gas chromatography-flame ionization detection de-
vice (GC-2025, Shimadzu Deutschland GmbH, Duisburg Germany) on a DB-23 column
(60 m x 0.25 mm x 0.25 um; Agilent Technologies Deutschland GmbH, Munich, Germany).
Fatty acid methyl esters were identified by comparison of their retention times with fatty
acid methyl ester standards (Sigma Aldrich Chemie GmbH, Taufkirchen, Germany). The
peroxide value (POV) was determined according to the Wheeler method [46] in a microan-
alytical approach. 0.1 g of the oily phase was weighed into an Erlenmeyer flask and mixed
with 30 mL of solvent (acetic acid/chloroform 3:2) and 0.5 mL of saturated potassium
iodide solution. After stirring for 60 s, 30 mL distilled water was added and titrated poten-
tiometrically (TitroLine® 7000, Pt 61 electrode, Xylem Analytics Germany Sales GmbH &
Co. KG, Weilheim, Germany with sodium thiosulphate (0.001 N).

2.6. Volatile Compound Measurements

Three different headspace-based sample extraction techniques (static headspace (static
HS), headspace solid phase microextraction (HS-SPME) and headspace in-tube extraction
(HS-ITEX)) [47], combined with gas chromatography-mass spectrometry (GC-MS) were
used to cover the broadest possible spectrum of volatile compounds from mealworm
larvae. Approximately 1 g of whole-body fresh or dried larvae, without further pre-
processing, was used for each of the extractions. All methods were initially optimized
to ensure the lowest possible thermal stress during headspace extraction and sufficient
sensitivity. All extraction procedures were automatically executed using Combi-PAL-RSI
autosampler (Axel Semrau GmbH & Co. KG, Sprockhovel, Germany). In case of static HS,
the agitator module was incubated for 7 min at 120 °C to carry volatile compounds directly
into the vapor phase. Subsequently, 1 mL of vapor space was injected into the GC—MS
system. In HS-SPME mode samples were incubated in the agitator for 6 min at 100 °C.
A PDMS/CAR/DVB fibre was exposed to the headspace of the sample to allow volatile
compound enrichment for 15 min and then desorbed for 1 min in the injector (230 °C). For
the dynamic HS-ITEX (Tenax TA trapping adsorbent), the optimized parameters are an
agitator temperature of 100 °C, an incubation period of 1 min, 30 stroke cycles, extraction
volume 1000 pL/stroke and 60 pL /s extraction speed. The trap was desorbed at 200 °C with
a desorption speed of 50 uL./s. All gas-chromatography analyses were conducted using
a GC—MS system consisting of a GC-17A gas chromatograph (Shimadzu Deutschland
GmbH, Duisburg, Germany) and a Shimadzu GCMS-QP5000 mass detector. The volatile
compounds were separated using a Restek GmbH (Bad Homburg, Germany) Rtx®-Volatiles
column (60 m x 0.25 mm, 1 pm film thickness). The following settings were used: carrier
gas, helium; flow 1.00 mL/min; splitless injection; injection temperature 230 °C; interface
temperature 230 °C; ion source temperature 200 °C; ionization energy 70 eV; temperature
gradient 40 °C for 5 min, 10 °C/min to 150 °C, 2 °C/min to 198 °C. Chemical identification
was carried out by comparing retention times and mass spectra of samples with those of
commercial standards (Sigma-Aldrich, Munich, Germany) and data available from NIST
library (National Institute of Standards and Technology, Gaithersburg, MD, USA). The
quantitation was performed in SCAN mode (mass scan m/z 33-350) using total ion current
(TIC) and expressed as abundance units (AU) and provide semiquantitative data. Data
acquisition was performed using the GCMS solution software version 1.20 (Shimadzu
Deutschland GmbH, Duisburg, Germany).

2.7. Antioxidant Analysis

A total of 0.5 g of the fresh or dried mealworm larvae were mixed with 5 mL of
solvents of different polarity (H,O, PBS, ethanol, methanol, acetonitrile, MeOH/CHCl;
2:1 (v/v), MeOH/CHCl; 3:1 (v/v)), dispersed (30 sec, 13,500 min~1) using T25 digital
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ULTRA-TURRAX® (IKA®—Werke GmbH & CO. KG, Staufen, Germany) and extracted by
agitation (neoLab® Rotator 2-1175, neoLab Migge GmbH, Heidelberg, Germany) under
light-protection for 30 min at room temperature. Subsequently, the samples were cen-
trifuged in the Eppendorf® Centrifuge 5810 (Eppendorf, Hamburg, Germany) at 2500 g
for 10 min. Part of the supernatants was either freeze-dried (Alpha 2—4 freeze-dryer, Mar-
tin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany) or applied to nitrogen
blow down evaporation (MULTIVAP nitrogen blow down evaporator; Dréager Medical
Deutschland GmbH, Liibeck, Germany) to determine the extraction efficiency. Depending
on their polarity, the extracts were used in different antioxidant assays to determine their
total antioxidant capacity [48].

The ABTS [2,2/-azino-nis (3-ethylbenzthiazoline-6-sulfuric acid)] radical cation scav-
enging capacity (TEAC Assay) was determined as described by Kanzler et al. (2017) [49].
The ABTS®** was prepared by mixing an aqueous 10 mM ABTS solution and a 3.5 mM
potassium peroxodisulfate solution in a 1:1 ratio. Before use, the mixture was incubated
overnight at room temperature in the dark and diluted in PBS buffer (4.9 mM phosphate,
150mM NaCl, pH 7.2) to an absorbance of Ayzs ~1. 100 pL ABTS®** solution and the same
volume of the 1:100-prediluted extracts or Trolox calibration standards (0.010—0.100 mM
in either PBS buffer or ethanol) were combined in 96-well plate cavities. The ABTS*®
bleaching was monitored at 734 nm and the decolouration after 30 min was used as the
measure of antioxidant capacity. Intrinsic absorbance of the extracts was also recorded by
measuring the absorption when adding the solvent instead of the ABTS®* radical solution.
According to Apak et al. (2016) [50] radical scavenging capacities were expressed as pmol
of Trolox equivalents (TE) per gram of mealworm.

1,1-diphenyl-2-pircydrazyl (DPPH) radical scavenging assays [51] were carried out in
an experimentally similar way by mixing equivalent volumes of 400 uM DPPH® (made in
methanol, Asjg ~1) and 1:250-prediluted lipophilic larvae extracts and determination of
the absorbance at 519 nm after a 30 min incubation period. «-tocopherol (0.010—0.100 mM;
dissolved from 2.5 mM stock in the respective extraction agent) was used as lipophilic
reference antioxidant to calculate DPPH radical scavenging capacity expressed as umol
a-tocopherol equivalents («xTocE) per gram of mealworm.

The Folin-Ciocalteu antioxidant assay (FCR assay) was performed according to a pro-
tocol published by Ainsworth and Gillespie (2007) [52]. 50 uL of 20% (v/v) Folin—-Ciocalteu
agent was premixed with either 50 pL of 10-fold diluted mealworm extracts or gallic acid
standards (0.010—0.100 mM; dissolved from 1mM stock in the respective extraction agent)
followed by the addition of 150 pL 850 mM NaCOj3. The Aygs values measured after 30 min
incubation were used for calculating the antioxidant capacity expressed as gallus acid
equivalents (GAE) per gram of mealworm.

2.8. Statistical Analysis

Statistical significance of the experimental results was calculated by GraphPad prism
software (version 8.0, GraphPad Software, San Diego, CA, USA). All experiments were
conducted in at least three independent replicates as indicated in the figure legends. Data
are shown as means =+ standard error of mean (SEM). Data were compared between
treatments using one-way ANOVA with Tukey’s multiple comparison test, applying a 95%
confidence level.

3. Results
3.1. Energy Consumption and Efficiency of the Drying Methods

Time and energy consumption are critical factors for selection of suitable drying meth-
ods as they are linked to the cost of drying. The time requirements in this study followed
the order of freeze-drying > rack oven drying > high-frequency drying > microwave drying
= infrared drying (see Table 1). The energy and cost calculation of the different drying
methods values high frequency drying as the most cost-effective method (energy cost
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0.09 EUR /kg larvae material); freeze-drying in comparison consumed about 55 times more
energy (energy cost 4.96 EUR /kg larvae material).

Table 1. Energy demand of the different drying methods.

. Larvae EC/kg Larvae Energy Cost
I\D/Ir}t,ll1n§l D(OTeC“)‘P D(OTeC";P (11\(/[‘/(3) (ltl) (k]\a/f’:h) Material Material (EUR /kg Larvae
etho (kg) (kWh/kg) * Material) #
Infrared dryin, 130 130 22 0.25 55 1 5.5 0.99
rying
Rack oven drying 60 250 0.43 19 1.96 0.4 49 0.88
P : EC larvae EC/kg larvae Energy cost
material material (EUR /kg larvae
W ® (wh) (kg) (kWh/kg) * material) #
Freeze-drying 0.51 27 13.8 0.5 27.5 4.96
Microwave drying 7.2 0.25 1.8 0.15 12.0 2.16
High fre'quency Real-time online measurement of 1 027 0.54 05 0.09
drying energy consumption
* The calculation is based on the assumption that the equipment runs at maximal capacity during drying. # The
calculation of the energy demand is based on the 4th report on energy prices and costs published by the European
Commission in October 2020 [53]. The electricity price for non-households in the EU of EUR 0.18 per kWh
was used.

The moisture content measured for undried larvae was around 59.5% with a water
activity of 0.69 (see Table 2). In any case, drying resulted in lower moisture levels; the rack
oven dried samples had the highest values of 7.87 & 0.03%. Still, all dried samples reached
aw below 0.4, which is sufficient for long term storage. Despite minor variations, protein,
fat and fibre values were highly similar for undried and dried samples (see Table 2) and
within the ranges found in the literature.

Table 2. Nutritional values of fresh and dried mealworm larvae.
Drying Undried High-Frequency Rack Oven Infrared Microwave Freeze-
Method Dried Dried Dried Dried Dried
Water 0.69 +0.00 2 0.30 4 0.00 0.13 4 0.01 ¢ 018 +001¢  0134001° 0.11+0.00¢
activity
1(\;‘/"15535 59.53 + 0.24 2 1.38 4+ 0.01 7.87 +0.03¢ 22340039 26740031 5.47 +0.03¢
Protein 57.57 + 1.09 2 53.00 +£ 1.80° 5577 £0.072> 570740032 5677+ 0072 5550+ 0.152P
(g/100 g DM)
Fat a b a a a a
(g/100 g DM) 26.80 £ 0.45 23.07 £ 1.06 28.83 £ 0.09 27.47 £0.03 27.47 £0.09 28.43 £0.03
Ash a ab a.c b ab b,c
(/100 g DM) 3.90 £ 0.00 3.67 £0.09 3.73 £0.07 3.47 £0.03 3.67 £+ 0.03 3.63 £ 0.03

DM = mass of dried mealworms; Data are shown as means + SEM of three replicates. Significantly different means
within one row do not share the same letters (analysed by one-way ANOVA with Tukey’s multiple comparison
test, p < 0.05).

3.2. Colour Analysis

The body colour parameters of dried mealworms are shown in Table 3. Freeze-dried
samples showed the highest L* values (lightness) with a red/green coordinate (a* value) of
around 12.1 and a blue/yellow colour component (b* value) of around 44.5. Microwave and
infrared dried samples shifted significantly toward lower brightness (p < 0.001 FD vs. MW;
p <0.001 FD vs. IR), increased red values (p < 0.001 FD vs. MD; p < 0.001 FD vs. ID) and
yellowness (p < 0.001 FD vs. MD; p < 0.001 FD vs. ID). Rack oven and high-frequency dried
larvae were profoundly darker (lowest L* values) with less red and yellow components
in their colour. Based on the calculated total colour differences the high-frequency dried
larvae were most different from freeze-dried (AE* value 41.8), next to microwave dried
(AE* value 39.8), infrared dried (AE* value 25.4) and closest to rack oven dried larvae (AE*
value 8.4)
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Table 3. Colour parameters of dried mealworm larvae.

Colour High-Frequency Rack Oven . . . Freeze
Parameters Dried Dried Infrared Dried Microwave Dried Dried
L* 33.00 +0.432 4127 4+ 1.44P 50.27 £0.99 ¢ 60.60 + 0.47 d 66.13 + 0.71 ¢
a* 9.73 +£0.052 11.33 £0.112 17.47 + 0.52b 16.20 £ 0.16 P 12.07 £0.20 €
b* 19.00 +0.19 2 20.13 £0.242 36.00 £ 0.16° 46.93 4 0.29 © 4447 +0.054

Data are shown as means + SEM of three replicates. Significantly different means within one row do not share the
same letters (analysed by one-way ANOVA with Tukey’s multiple comparison test, p < 0.05).

3.3. Fatty Acid Analysis

Overall, medium and long chain fatty acids from 12 to 24 C-atoms were found in
the dried larvae (see Table 4). Palmitic acid (16:0) was the major saturated fatty acids
(SFA) followed by stearic acid (18:0) and myristic acid (14:0). Regarding the unsaturated
fatty acids (UFA), dried mealworm larvae had a high amount of mono-UFA oleic acid
(18:1 w-9) and poly-UFA linoleic acid (18:2 w-6). In addition, lauric acid, arachidic acid,
behenic acid, lignoceric acid (SFA), as well as linolenic acid (18:3 w-3 PUFA) were found,
but their percentages were rather low. Other PUFAs, such as eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), were not detected in the T. molitor larvae of this study.
Although the samples differed in the percentage of some fatty acids, they showed an overall
favourable PUFA /SFA balance (PUFA /SFA ratios between 0.78 to 2.3) substantiating the
nutritional value of their lipids (see Table 4). In addition to fatty acid composition, the
peroxide values were determined (see Table 4) to monitor oxidative spoilage, where high
POV values may reflect either increased formation of lipid hydroperoxides or its reduced
decomposition. Peroxide values of undried larvae were 2.02 &= 0.14 mmol O, /kg fat. For
high-frequency, rack oven, infrared and microwave dried larvae, values in the range of
0.6 to 2.0 were measured. The freeze-dried samples are far above this (7.22 = 0.78 mmol
O, /kg fat), indicating increased lipid oxidation during the freeze-drying process.

3.4. Volatile Compounds

A total of 30 volatile compounds were identified from mealworm larvae samples
using three different headspace GC-MS based techniques. These included 12 aldehydes,
2 ketones, 5 acids, 1 alcohol, 5 pyrazines, 2 furans, 2 alkanes and 1 terpene. Most of these
are compounds occurring in above-average amounts in heat-treated foods and are formed
during the Maillard reaction or as secondary and tertiary lipid oxidation products (Figure 1
and Supplementary Tables S1-S3). The Strecker degradation products of the branched-
chain amino acids valin (2-methylpropanal), leucin (3-methylbutanal) and isoleucin (2-
methylbutanal), although slightly variant depending on the HS-GC methods, were already
present in high amounts in the undried larvae. These aldehyde values remained high in
the freeze-dried samples. Rack oven-, dielectric- (high-frequency, microwave) and infrared-
dried larvae showed comparatively lower mean peak area values for these substances.
The headspace GC-MS profiles of the larvae rack oven-dried at 60 °C are rich in Strecker
degradation products such as 2-methylpropanoic acid, 2-/3-methylbutanoic acid and
alkylpyrazines, indicating the progress in Maillard reactions during this drying procedure.
Alkylprazines were also detected in the dielectric heated larvae samples in addition to
lipid oxidation markers. The heat maps of freeze-dried samples are dominated by volatile
compounds formed in the course of lipid oxidation.
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Table 4. Fatty acid composition of dried mealworm larvae.

. High-Frequency Rack Oven Infrared Microwave Freeze-
Fatty acid
Dried Dried Dried Dried Dried
La(‘g;;;;‘d 0.31+0.01° 0.34 +0.04 0.30 £ 0.01 2 0.26 + 0.00 @ 0.20 4 0.01
My(r(ljslt;‘fo")‘“d 348 +0.142 44240010 319 40.022 349 +0.02° 288+ 0.05¢
Pal(‘g‘:;f’oe)‘m 20.60 £ 0.142 19.78 +0.15P 10.89 + 0.09 € 17.25 +0.02 4 19.94 + 0.16 >*
Pa}g‘ll;‘_’lli‘;_;f‘d 134+ 0112 1.46 +0.01° 1.77 40012 157 +0.012 147 +0.022
St‘:é’;‘;g)“d 8.00 + 0.38 2 345 +0.01° 339 +0.01° 218+ 0.06 4.48 +0.014
(81‘;; 35‘_‘91) 4073 +0.132 36.78 +0.21° 36.82 +0.12° 43.76 + 0.03 ¢ 32.82 +0.04 ¢
L(‘(‘j‘l";ezlcc;“gfl 2554+ 1.10° 3191 +0.12° 4127 +£0.16°¢ 30.18 +£0.02° 35.89 +0.14 4
Lt‘(‘:‘;g"j;“:)f‘;;d n.d. 11240012 118 +0.03 1.01 +0.01°¢ 1.48 +0.02¢9
Arachidic acid a b c b
(C20:0) n.d. 0.34 +0.01 0.22 +0.01 0.17 £ 0.01 0.23 +0.02
Bel(‘é‘;;o*;“d n.d. 0.33 +0.012 0.22 4 0.012 0.08 + 0.01° 0.35+ 0.04¢
L‘g“(‘gfg)“‘d n.d. 0.21 + 0.01 2P 0.19 +0.012 0.06 + 0.01 © 027 +0.02°
Y'SFA 32.38 £ 0.272 28.74 +0.10P 18.34 4+ 0.07 23.48 +0.07 4 28.35+0.17P
YMUFA 4207 +1.342 38.24 £ 0.20° 38.59 £ 0.14 P 4533 +£0.04 ¢ 34.29 £0.03 4
Y PUFA 2554 +1.102 33.02 +0.13P 4307 +0.17°¢ 31.19 + 0.04° 37.36 +0.15
Y UFA 67.62 +0.28 2 71.26 + 0.09 ° 81.66 + 0.07 © 76.52 + 0.04 4 71.65 + 0.17 P
PUFA/SFA 0.78 4 0.03 1.15 £ 0.01° 2.35 4+ 0.02¢ 1.33 +£0.014 1.2 +0.014
Peroxide value 0.69 + 0.052 1.3140.072 1.28 +0.22°2 1.92+0352 722 +0.78°
Fatty acid composition in percen total fatty acids; n.d. = not detected; SFA = saturated fatty acids;

MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids; UFA = unsaturated fatty acids.
Peroxide values are expressed in mmol O, /kg fat. Data are shown as means + SEM of three replicates. Signifi-
cantly different means within one row do not share the same letters (analyzed by one-way ANOVA with Tukey’s
multiple comparison test, p < 0.05).

3.5. Total Antioxidant Capacity of Mealworm Larvae Extracts

To get an insight into the activity of lipophilic and hydrophilic antioxidant T. molitor
larvae were extracted with either polar or nonpolar solvents and the total antioxidant
capacities of the extracts were evaluated by TEAC, FCR and DPPH assays, respectively
(Figures 2-4).

The various antioxidant tests performed confirm both hydrophilic and lipophilic
antioxidants in fresh mealworm larvae extracts, in accordance with results of previous
studies. However, the extracts were found to have different levels of antioxidative capacity
in the test solvent used. Normalized to the larvae dry weight input, PBS extracts from
undried larvae exhibited a higher ABTS® scavenging capacity (53.7 & 4.6 umol TE/g
larvaepy) than the ethanol extracts (23.5 & 1.7 umol TE/g larvaepyw) (Figure 2A). Folin—
Ciocalteu reducing capacity by dry weight was the highest for the water (6.0 £ 0.3 pmol
GAE/g larvaepw) and PBS crude larvae extracts (6.4 £ 0.4); values of the methanol and
acetonitrile extracts were about 80% lower (Figure 3A). The DPPH® scavenging activity of
methanol or methanol/chloroform fractions from undried larvae varied between 4.5 and
5.1 «-TocE/g larvaepw, acetonitrile extracts were 3.4 £ 0.8 «-TocE/g larvaep,, (Figure 4A).
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Figure 1. Heatmaps of volatile compounds from mealworm larvae detected by (A) static HS (B) HS-
SPME or (C) HS-ITEX GC-MS. Shown are the mean values of the peak area of volatile organic
compounds relative to larval weight. (N > 3); white areas= volatile component was not detectable.

The drying method of the larvae proved to be relevant for the extraction efficiency
outcome (Figures 2B, 3, 4B), which is of importance in terms of quantity and diversity of an-
tioxidants in the polar and nonpolar extracts. Thus, for the aqueous solvents (H,O and PBS)
extraction did work best for rack oven dried and freeze-dried larvae (Figures 2B and 3B).
When calculating the antioxidative capacity relative to the larvae material input, RO aque-
ous extracts scored the highest in TEAC and FCR (Figures 2A and 3A). However, if the
factor extract dry weight was included into the calculation of the antioxidant capacity, the
values of the fresh as well as the HF-, IR- and MW-dried larvae aqueous extracts adjusted
to those of the RO larvae (Figures 2C and 3C). This indicates higher antioxidant quantities
and/or potency in the crude, HF-, IR- and MW-dried larvae extracts compared to the RO
samples. The freeze-dried larvae were the most favourable matrix in extraction yields
for almost all of the solvents used. However, those extracts performed the worst in their
relative antioxidant capacities in all tests (Figures 2C, 3, 4C).
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Figure 2. TEAC antioxidant capacity of T. molitor larvae extracts. Antioxidant capacity of PBS or
ethanol mealworm extracts measured by ABTS®** reduction and normalized to (A) the larval dry
weight or (C) the larval dry weight per extract dry weight. (B) Dry weight of extracts obtained from
0.5 g larval material each as a measure of extraction efficiency. Data are shown as means &+ SEM of

Antioxidative capacity
[umol TE/(g larvaepy * g extractpy)]

three replicates. Significantly different means within one panel do not share the same letters (analysed
by one-way ANOVA with Tukey’s multiple comparison test, p < 0.05). DW = dry weight, TE = Trolox
equivalents. HF = high-frequency dried, RO = rack oven-dried, IR = infrared dried, MW= microwave
dried, FD = freeze-dried.
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Figure 3. Folin-Ciocalteu reducing capacity of T. molitor larvae extracts. Antioxidant capacity of H,O,
PBS, methanol and acetonitrile mealworm extracts measured by reduction of Folin-Ciocalteu reagent
and normalized to (A) the larval dry weight or (C) the larval dry weight per extract dry weight.
(B) Dry weight of extracts obtained from 0.5 g larval material each as a measure of extraction efficiency.
Data are shown as means & SEM of three replicates. Significantly different means within one panel
do not share the same letters (analysed by one-way ANOVA with Tukey’s multiple comparison test,
p < 0.05). DW= dry weight, GAE = Gallic acid equivalent. DW= dry weight, TE = Trolox equivalents.
HF = high-frequency dried, RO = rack oven-dried, IR = infrared dried, MW = microwave dried,
FD = freeze-dried.



Insects 2022, 13, 166

13 of 20

=

B)

C)

Antioxidative capacity
[umol a-TocE/(g larvaepy * g extractpy)]

Antioxidative capacity
[umol a-TocE/g larvaepy]

Extract weight [g]

MeOH

MeOH

MeOH

20— ACN 20 MeOH/CHCI;
21

20 MeOH/CHCI3
31

ab ab

Antioxidative capacity
[umol a-TocE/g larvaepy]
s
1
Antioxidative capacity
[umol a-TocE/g larvaepy]
Antioxidative capacity
[umol a-TocE/g larvaepy]
s
1

o{‘
ACN MeOH/CHCI3 MeOH/CHCI3
0.30 0.30+ 0.30-
E 21 31
E 0.25+ E E’
£ 0207 g £
) £ 0154 g g
g o104 b b b o g &
* x *
W 0.054 ||||.al n] w
a
0.00-!
® FEO SR
0(‘

e = e
el ol el
8 ACN 8 MeOH/CHCI 8 MeOH/CHCI
£ 40 £ 4001 e 3 g 400 3
- 29 350 21 29 350 31
g7 8.7 300 g7
5= gz gz
o o © o 250 © o
o 2 o @ ]
2 s 2 S 2001 2 s
£c 55 s
S = 3= 150 a LK
X2 X2 X2
<e <@ . <5
3 3 0- 3
35 3 ) O & &L 35
£ g R IR 2
= ERRS =

Figure 4. DPPH radical scavenging capacity of T. molitor larvae extracts. Antioxidant capacity of
methanol, acetonitrile and methanol/chloroform mealworm extracts measured by DPPH® scavenging
assay and normalized to (A) the larval dry weight or (C) the larval dry weight per extract dry weight.
(B) Dry weight of extracts obtained from 0.5 g larval material each as a measure of extraction efficiency.
Data are shown as means + SEM of three replicates. Significantly different means within one panel
do not share the same letters (analysed by one-way ANOVA with Tukey’s multiple comparison test,
p < 0.05). DW = dry weight, a-TocE= «-tocopherol equivalent. DW = dry weight, GAE = Gallic
acid equivalent. DW = dry weight, TE = Trolox equivalents. HF = high-frequency dried, RO = rack
oven-dried, IR = infrared dried, MW = microwave dried, FD = freeze-dried.

4. Discussion

Feeding a world population of 11 billion people by 2100 in the face of climate change
requires the establishment of food production systems that are sustainable, efficient, nutri-
tious and healthy. More than 2000 insect species are documented as edible worldwide [54];
T. molitor is one of the most promising for large-scale industrial production [15,16,18,19] and
commercial applications [55,56]. Drying as part of the industrial processing chain is crucial
to ensure high quality insect raw material, ingredients or derived products for food and
feed [31,32]. The results of the present study confirmed the efficiency of freeze-drying, oven
drying, microwave drying and, infrared drying and high-frequency drying in reducing
the mealworm larvae moisture content (residual moisture content between 1.38-7.87%)
and water activity (final a,, 0.11-0.3), which is sufficient for long term storage [57]. Similar
drying efficiencies were already reported for mealworm larvae in our recent studies [24,37]
and also by others [15,16,38,44,58]. High-frequency heating has been studied to control
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insect pests in agricultural products for many years [59]; during insect processing it is not
yet established. However, the recent research report of the EU-funded SUStainable INsect
CHAIN project (SUSINCHAIN) highlights the potential and usability of this emerging tech-
nology for insect larvae processing [60]. The drying data for T. molitor L. also recommend
this method.

The proximate composition for any dried mealworm larvae in this study is comparable
to other raw or processed insects [7,8,24,37-39,61]. The same applies to the fatty acid
pattern, which is similar to what has already been reported for raw or dried T. molitor
larvae [7,8,38,62]. Their high content of linolenic acid and beneficial PUFA /SFA ratio
is favorable with regard to current dietary recommendations for fats [63]. Yet, the FD
larvae were the highest in peroxide levels, indicating pronounced lipid oxidation during
freeze- drying. The lipid oxidation tendency of mealworm larvae during freeze-drying
was also noted in the studies published by Lenarts et al. (POV evaluation) [38] and
Kroncke et al. (4-HNE quantification) [24]. The EFSA assessment of thermally dried
mealworm larvae quotes POVs between 0.7-16.3 meq O, / kg fat for different T. molitor L.
batches [15]. Freeze-dried larvae had POVs between 1.0-3.2 meq O, /kg fat [16]. However,
it is unsubstantiated to compare these data with regard to the underlying drying technology,
as these data were submitted by two different applicants to EFSA and therefore differences
due to T. molitor strain specificities, feeding or rearing cannot be excluded. Another
indication of the oxidative milieu during freeze-drying is given by this study’s headspace
volatile compound screen. The GC-MS profiles of the freeze-dried mealworm larvae
were far more enriched in aldehydes (secondary lipid degradation products) as well as
2-alkylfurans and methyl ketones (tertiary lipid degradation products) [29,64]. The Strecker
aldehydes 2-methylpropanal, 3-methylbutanal and 2-methylbutanal were already detected
in raw larvae, similar to the results of other studies [37,65]. These very likely emanate
the enzymatic degradation of branched chain amino acids leucin/isoleucin/valin (Ehrlich
pathway) during mealworm larvae rearing [66,67]. The increase in 2-methylpropanal,
3-methylbutanal and 2-methylbutanal in freeze dried larvae is consistent with the role
of lipid oxidation-derived carbonyls in the Strecker-like degradation of amino acids and
the importance of such amine-carbonyl reactions for food flavors [30,68]. The volatile
screen from rack oven dried, high-frequency dried larvae, and to some extent also IR and
microwave dried larvae, covers Maillard intermediates; shifting Strecker aldehydes toward
subsequent Maillard products, such as 2-methylpropanoic acid, 2-/3-methylbutanoic acid
and alkylpyrazines [25,69,70]. It is quite likely that the high temperatures in the rack oven
or the high frequency drying system accelerated non-enzymatic Maillard browning. At
least this is reflected in the colour evaluation of this study, which shows that the rack
oven- and high-frequency dried larvae were the darkest samples. In addition to free amino
acids, amino sugars (e.g., D-glucosamine (chitosan monomer) or N-Acetyl-D-glucosamine
(chitin monomer)) [23,56] or proteins typically found in the larvae/insects [71] might
contribute to non-enzymatic browning reactions during drying. The aforementioned
study from Grossmann et al. [71] reveals alterations of partially proteolyzed mealworm
extracts under Maillard conditions toward more complexity, both in gas-chromatography-
olfactometry and in sensory evaluation. Raw mealworms reared on wheat bran until late
instar were described as having strong, wet, earthy and less intense, oily, shrimp and
sweet corn-like attributes [72,73]. Convection oven treatment (180°C, 5min) led to roasted
shrimp-like odour characteristics attributed to intermediates of both Maillard reaction
and lipid oxidation, such as pyrazines, ketones, alcohols and aldehydes [73]. Likewise,
Zokierczyk et al. (2021) [74] reported increased pyrazine levels in larvae baked between
160-200 °C. In sensory analysis, these larvae were evaluated as having burnt, toasted bacon
and bread-like flavours. These observations highlight how industrial processes involved in
the production of mealworm products may affect the volatile quality of the final product. In
view of the development of consumer-oriented products, especially in the western world,
where insects and insect-based products are increasing as novel foods, it would be desirable
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to integrate volatile analytics and sensory evaluation into the qualitative assessment of
samples from the drying stage onwards.

In addition to volatile compounds, the Maillard and lipid oxidation cascades gener-
ate a variety of redox-active molecules contributing to the pro/antioxidants balance in
complex food/feed matrices such as processed insect larvae. The various antioxidant tests
performed in the present study confirmed the presence of both hydrophilic and lipophilic
antioxidants in wheat bran reared mealworm larvae, as already shown by others [75]. The
drying method proved to be decisive for the yield of polar and nonpolar extractables.
This led to considerable differences when calculating the antioxidant capacities solely
referred to the mealworm dry weight or when including the extract weight in addition. The
freeze-dried larvae were the most favourable matrix in terms of extraction yield, but these
extracts were significantly lower in antioxidant content and/or potency, which is another
indication of the pro-oxidant milieu of freeze-drying. Heat-dried larvae were in-between
fresh and freeze-dried larvae in their double-normalized antioxidant values, suggesting
that endogenous antioxidants are degraded during drying but also new ones are generated.
It is conceivable that high temperatures during drying accelerate non-enzymatic browning,
whereby the formation of antioxidative Maillard products inhibits lipid oxidation [30].
This would be a plausible explanation for the increased lipid oxidation tendency of the
freeze-dried larvae, which needs to be proven in future experiments. Extraction efficiency
has so far been barely considered in antioxidant-related insect processing studies. Most
often, the antioxidant capacity is given by the weight of the insect sample, ignoring the
actual extraction yield. However, when it comes to evaluating insect larvae of different
rearing [76], processing status [77,78] or when comparing them with other food matri-
ces [79], knowledge and consideration of extraction efficiency is indispensable. In fact,
the recovery of antioxidants or bioactive molecules from insects—including mealworm
larvae—requires the use of specific extraction conditions in terms of the type of solvent and
extraction method [56,80]. In the future, it would be worthwhile to investigate the effects
of drying processes on the structure of T. molitor L., e.g., by means of scanning electron
microscopy or X-ray tomography with synchrotron radiation [61], always with the ulterior
motive of improving the extraction yield of bioactive substances. Furthermore, it would
be of great interest to specify the enzymatic and non-enzymatic antioxidants, especially
for those insects intended for food and feed. This study’s antioxidant capacity values
determined by TEAC (25-75 HmOl TE/ Blarvae pw), DPPH (5-10 pmol oTocE/ Blarvae pw)
and FCR assay (4-12 pmol GAE/glarvae Dw) €Xceeds the mealworm larvae classical antioxi-
dants Vitamin E/total tocopherol (1.9-55 nmol/g) [76,81] or ascorbic acid content (170-2000
nmol/g) [7,81] by orders of magnitude. Due to their simplicity, TEAC, DPPH and FCR
are often used to determine the overall antioxidant status of biological samples. However,
in multi-throughput, these methods are not suitable for quality assessment of individual
antioxidants in complex food/feed samples [50]. The variety of molecules reactive towards
ABTS®, DPPH?* or the FCR ranges from polyphenols, thiols (GSH), vitamin derivatives
(L-ascorbic acid, NADH, retinoic acid, tocopherols/trolox), proteins and amino acids (tyro-
sine, tryptophan, cysteine), nucleotide bases (guanine), aldehydes from lipid oxidation to
reductones, heterocycles and melanoidins from the Maillard reaction cascade [26,82-84].
Instrumental setups such as online couplings of liquid chromatography and post-column
derivatization with either ABTS®** or DPPH* (online HPLC-UV/Vis TEAC or DPPH meth-
ods) combined with HPLC-ESI-ToF-MS [85,86] offer the possibility to unravel the molecular
identity of potent mealworm larvae antioxidants and furthermore to assess changes in
their specific antioxidant activity as a result of drying, which is of utmost importance from
both insect processing as well as nutritive perspective. Recent studies showed the benefits
of implementing food industry by-products into mealworm larvae rearing in terms of
improved larval growth, diminished microbial load, antioxidants status and w—3 fatty acid
enrichment. The question, which technologies are most suitable to protect polyunsaturated
fatty acid-enriched larvae for storage and in subsequent processing steps has not yet been
answered. Protection against oxidation of the w—3 fatty acids could possibly be achieved
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by enriching the mealworm larvae with antioxidants. Knowing the molecular identity of
the mealworm’s endogenous antioxidants and increasing them by means of biofortification
would be of immense advantage. Such fortified mealworm larvae can be classified as
extraordinarily valuable but require correct processing for the benefit of the consumers.

5. Conclusions

The larvae of the yellow mealworm (Ienebrio molitor L., Coleoptera: Tenebrionidae),
the first insect to be approved by EFSA as a novel food in 2021, is being promoted as
a promising environmentally sustainable food source with a significantly lower carbon
footprint compared to other animal sources. Summarizing this study’s results, it can be
concluded that any of the drying technologies (freeze-drying, oven drying, microwave
drying, infrared drying or high frequency drying) were efficient in reducing the larvae
moisture without affecting them in proximate composition and fatty acid composition.
Freeze-drying made mealworm larvae susceptible toward lipid oxidation, which is re-
flected by increased peroxide values, diminished antioxidative capacity and a volatility
profile enriched in lipid oxidation products. Rack oven-, dielectric- (high-frequency dried,
microwave dried) and infrared-dried larvae were much more Maillard-imprinted in the
headspace GC-MS volatile screens and darker in body colouring. In terms of energy and
time consumption, freeze-drying was the least economical method in our study design,
with a drying time of 27 h and an energy consumption of 4.69 EUR/kg mealworm larvae.
In terms of energy costs, the other drying techniques followed the order microwave drying
(2.16 EUR/kg mealworm larvae) > infrared drying (0.99 EUR/kg mealworm larvae) >
rack oven drying (0.88 EUR/kg mealworm larvae) > high frequency drying (0.09 EUR/kg
mealworm larvae). With the future goal of making the insect production value chain more
sustainable, cost-efficient and less labour-intensive, it would be of great interest to evaluate
the drying methods used here and other variants currently under development (e.g., low-
energy electron beam drying in the SUSINCHAIN project) under large-scale production
conditions with regard to economics, food safety and nutritional quality. The findings of
this study on drying-induced changes in mealworm larvae will contribute to developing
strategies to optimally process the insects from nutritive, safety and economic perspectives.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/insects13020166/s1, Figure S1: Real-time monitoring of T. molitor
larvae high-frequency drying, Table S1: Tabular representation of the static headspace GC-MS
analysis of T. molitor larvae, Table S2: Tabular representation of the SPME headspace GC-MS analysis
of T. molitor larvae, Table S3: Tabular representation of the ITEX headspace GC-MS analysis of
T. molitor larvae.
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