
Citation: Vlahova-Vangelova, D.;

Balev, D.; Kolev, N.; Dragoev, S.;

Petkov, E.; Popova, T. Comparison of

the Effect of Drying Treatments on the

Physicochemical Parameters,

Oxidative Stability, and

Microbiological Status of Yellow

Mealworm (Tenebrio molitor L.) Flours

as an Alternative Protein Source.

Agriculture 2024, 14, 436. https://

doi.org/10.3390/agriculture14030436

Academic Editors: Petru

Alexandru Vlaicu, Arabela

Elena Untea and Mihaela Saracila

Received: 11 February 2024

Revised: 5 March 2024

Accepted: 6 March 2024

Published: 7 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Comparison of the Effect of Drying Treatments on the
Physicochemical Parameters, Oxidative Stability, and
Microbiological Status of Yellow Mealworm (Tenebrio molitor L.)
Flours as an Alternative Protein Source
Desislava Vlahova-Vangelova 1,*, Desislav Balev 1, Nikolay Kolev 1 , Stefan Dragoev 1 , Evgeni Petkov 2 and
Teodora Popova 2,*

1 Department of Meat and Fish Technology, University of Food Technologies, 26 Maritsa Blvd,
4002 Plovdiv, Bulgaria; d_balev@uft-plovdiv.bg (D.B.); n_kolev@uft-plovdiv.bg (N.K.);
s_dragoev@uft-plovdiv.bg (S.D.)

2 Agricultural Academy, Institute of Animal Science-Kostinbrod, Pochivka St, 2232 Kostinbrod, Bulgaria;
e_petkov@ias.bg

* Correspondence: d_vangelova@uft-plovdiv.bg (D.V.-V.); t_popova@ias.bg (T.P.)

Abstract: The increasing production of edible insects on an industrial scale makes it crucial to
implement appropriate technologies after harvesting to process safe and high quality insect prod-
ucts. The aim of this work was to compare the impact of different drying treatments used in the
production of flour from Tenebrio molitor larvae. The larvae were subjected to freeze-drying (FD),
conventional drying (CD), microwave drying (MWD), microwave drying without freezing prior
blanching (MWDL), and microwave drying with addition of 0.1% butylated hydroxytoluene (BHT)
during the blanching of the larvae (MWDA). The studied parameters included water activity (aw),
instrumental colour, chemical composition, lipid oxidative processes, antioxidant activity, as well as
microbiological status. The freeze-drying and conventional drying of the larvae reduced the aw of
the derived flours (p < 0.0001); however, their nutritional profile revealed lower protein (p < 0.0001)
and considerably higher fat content (p < 0.0001) compared to the flours after microwave treatments.
The conventional drying and microwave treatment with BHT induced significantly darker colour
(p < 0.0001) in comparison to the other methods. Despite the advantages of the microwave drying as a
fast and energy efficient method, it displayed some negative effects associated with low lipid stability
such as higher acid value (AV) and secondary products of lipid oxidation (TBARS) (p < 0.0001). This
was also observed in the MWDA flour, indicating a certain pro-oxidative effect of the BHT. Regardless
of the drying method, all the flours had a low microbial load.

Keywords: yellow mealworm; drying treatments; flours; nutrients; lipid oxidation; antioxidant
activity; safety

1. Introduction

The agriculture industry is alarmed by a future shortage of food products due to the
increasing global population [1]. In recent decades, there has been a continuous increase in
the demand for proteins worldwide [2]. It is known that insects are a complete source of
proteins, vitamins, and minerals of organic origin. According to Wageningen University,
insect protein can replace 10% of the animal protein in the animal feeds and 20% in human
diets in 2025 [3]. Insects have high reproductive capacity. Furthermore, the low resource
utilization (land and water) and feed for their cultivation makes them a suitable alternative
to meat and dairy products, against the backdrop of growing global needs for nutritious
food [4]. While in many countries in Asia, Africa and Latin America insects are used
as a major protein source, in Western societies people still resist eating them and they
have greater potential as animal feed rather than human [5]. Researchers have studied
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the aversion to insects to find ways to overcome it and have found that the species of
insects chosen for consumption is considered a significant factor [6]. For example, some
species are considered more acceptable and visually appealing than others [7]. Yellow
mealworms (the larvae of Tenebrio molitor) are consumed as a part of a regular diet or for
medicinal purposes in some countries outside the EU. The yellow mealworms were the
first insects approved by EFSA for human consumption [8], considering the consumption
of mealworms as generally safe, as the larvae can be consumed “both as a whole, dried
insect and in powder form” [9]. Consumers in Europe are more inclined to consume insects
when the body parts are not visible [10]. Therefore, the development of new food products
including insects is expected to attract consumer interest. With the increase in production
of edible insects on an industrial scale, it is crucial to implement appropriate technologies
after their harvesting and processing. Thus, the safety, preservation, quality improvement,
fractionation, and storage of the insects and insect products will be guaranteed.

In its report, the World Bank announced inflation in domestic food prices ranging from
5 to 30% in the majority of countries worldwide [2]. This, in turn, necessitates the search for
cheaper and more efficient methods for food processing and production. Conventional food
and feed processing may include several individual operations. The pathways for insect
processing may vary depending on the nature of the initial material and the desired end
product. In recent years, new food processing technologies (e.g., high-pressure processing,
ultrasound, or microwave waves) have shown potential as alternatives or synergies to
conventional technologies. The main challenges in insect processing are the development of
efficient, environmentally friendly, and low-cost processing technologies, waste minimiza-
tion, utilization, and incorporation of by-products. Drying is the most common technology
used to extend the shelf life of foods and feeds. Dehydration enhances the microbiological
stability, reduces oxidation, and possibly improves the colour and texture of end products.
From traditional sun drying to innovative technologies such as freeze-drying or microwave
drying, these methods have been studied to increase shelf life and safety. Despite their
effectiveness, some pre-treatments are recommended before drying to eliminate or reduce
the overall microbiological load and to inactivate enzymes, initiators of lipid and protein
oxidation. Blanching is the most commonly used method, both at a traditional and indus-
trial level, as it has safety advantages, reduces lipid oxidation, and inactivates enzymes,
contributing to extending shelf life. Microwave drying, in combination with various types
of freezing, has been studied by Vlahova-Vangelova [11]. Microwave drying takes less
time to dry insects compared to freezing and conventional drying. Finally, drying affects
the final quality of the proteins and lipids and the extraction of other metabolites with
potential health benefits. Despite the research on the methods of processing insects for
their further use in foods and feeds, the information on suitable modes and methods of
drying, as well as the qualities of the derived products, including flours, still remains rather
scarce. This work was designed to compare the impact of different drying treatments
applied in the production of flour from Tenebrio molitor larvae as an alternative protein
source. This will enable the clarification of their advantages or disadvantages in regards
to maximal preservation of the nutritional parameters of the insect flours and selection of
the best method for further processing and implementation in the strategies of animal and
human nutrition.

2. Materials and Methods
2.1. Larvae Rearing

The mealworm larvae were reared in plastic boxes (600 × 400 × 120 mm), at an
insect farm located in Petrich, Bulgaria (Vi Bi Ef PRO Ltd.) in controlled microclimate
(T = 25 ± 2 ◦C, RH = 50–70%). The insects were fed on wheat bran up to day 70. Fruits and
vegetables were also added 2–3 times a week. Three days prior to harvest, the mealworms
were not fed. The proximate composition of the larvae after harvest and before any
treatment is presented in Table 1:
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Table 1. Proximate composition of the larvae after harvesting.

Protein, % Fat, % Ashes, % Moisture, % Carbohydrates, %

14.85 1.20 1.02 77.30 5.63

2.2. Drying Treatments

After harvesting, the larvae were separated into five groups (1 kg each). Four of the
groups were frozen at −18 ◦C and kept at this temperature for 24 h. All the larvae were
blanched (100 ◦C, 45 s) and cooled in cold water prior to drying (Figure 1). For the purpose
of the study, five drying treatments were applied:
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Figure 1. Scheme of the drying treatments applied to Tenebrio molitor larvae.

Freeze-drying (FD)—the larvae were freeze-dried (T= −45–−40 ◦C; 0.400 mBar) for
12–18 h using laboratory freeze dryer CRYODOS—50 (Telstar Industrial, S.L., Terrassa,
Spain).

Conventional drying (CD)—the conventional drying was carried out in a hot air rack
oven (KC-100/200, Zalmed, Warsaw, Poland), for 6 h (T = 60 ◦C, RH = 17%, air speed
1 m/s).
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Microwave drying (MWD)—the frozen and blanched larvae were dried in microwave
(MWD307/WH, Whirlpool, Benton Harbor, MI, USA) at 825 W for 7 min.

Microwave drying without freezing (MWDL)—the live directly blanched larvae were
dried in the microwave oven at 825 W for 7 min.

Microwave drying + antioxidant (MWDA)—after freezing, the larvae were blanched
in water containing 0.1% BHT and dried in the microwave at 825 W for 7 min.

After drying, the insect flours were prepared by grinding the larvae using a Nutribullet
blender (NB-WL046A-02, Capital Brands, Los Angeles, CA, USA). Each flour was divided
into three samples of approximately 200 g. The samples were stored in sealed plastic bags
until analysis.

2.3. Water Activity (aw) and Instrumental Colour Measurements

Water activity was determined using an aw meter LabSwift-aw (Novasina AG, Lachen,
Switzerland) at 20 ◦C.

Colour measurements of the flours were conducted using a Konica Minolta CR-400
chromameter (Konica Minolta Holding, Inc., Ewing, NJ, USA) by measuring the lightness
(L*), redness (a*), and yellowness (b*). The chromameter had the following settings:
aperture = 8 mm, standard observer 2◦, and illuminant D65. The instrument was calibrated
using a standard white plate (Y = 94.3, x = 0.3134 and y = 0.3197).

2.4. Proximate Composition

The total nitrogen was determined by the AOAC [12], and the protein content was
calculated by nitrogen-to-protein conversion factor 4.76, as proposed by Janssen et al. [13]
to compensate for the presence of chitin-derived nitrogen.

The fat content was determined after extraction performed by Soxhlet apparatus [14].
Total ash content was measured after incineration of the insect flour [15].
The moisture content of the flours was calculated after drying at 104–105 ◦C using

a KERN MLS 65 3A—moisture analyser (Kern & Sohn Gmbh, Ballingen, Germany) un-
til constant weight [16]. The carbohydrate content was calculated using the following
equation [17]:

Carbohydrates = 100 − Protein − Fat − Ash − Moisture, %.

2.5. Acid Value (AV)

The degree of lipolysis was described by the acid value of the extracted lipids and
measured following the method of Kardash and Tur’yan [18]. The extraction of lipids was
performed according to the method of Bligh and Dyer [19]. After extraction, 1 g of lipid
was dissolved in 20 cm3 neutral alcohol–ether mixture with added phenolphthalein. The
mixture was titrated with 0.01N KOH. The volume of the used KOH was recorded. The
acid value was calculated as AV = (V × F × 5.6104)/m, mg KOH/g, where:

V—volume of KOH used for titration, g.
F—factor of 0.1 nKOH = 0.996.
m—the weight of the sample, g.

2.6. Peroxide Value (PV)

Peroxide value was determined according to Shantha and Decker [20]. Briefly, the
extracted lipid (0.1 g) was mixed in a glass tube with 50 µL iron (II) solution, 50 µL NH4
SCN (300 mg/mL), and CHCl3:CH3OH (3:5, v/v) for a final volume of 10 mL. The samples
were incubated for 5 min at room temperature and the absorbance was determined by
spectrophotometer at 507 nm against a blank, containing all the reagents except the sample.
The PV was calculated through a standard curve set up using Fe3+ chloride standard
solution (10 µg/mL). The results were presented as meqO2/kg lipid.
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2.7. TBARS Content

The content of the thiobarbituric acid reactive substances was determined as described
by Botsoglou et al. [21] with slight modifications. Ten grams of flour were homogenized
with 50 mL NaCl (0.9%), and left for 5 min. Furthermore, 50 mL of trichoroacetic acid
(10%) were added and the samples were filtered through (Filtrax, Grade 391). The filtered
samples (4 mL) were then mixed with 1 mL 2-thiobabituric acid (1%) and were incubated
at 70 ◦C for 30 min. After cooling to room temperature, the absorbance of the samples was
determined at 532 nm against a blank, containing distilled water instead of the sample.
TBARS concentrations were calculated using 1, 1, 3, 3 tetraethoxypropane as standard. The
results were expressed as mg MDA/kg product or TBARS units.

2.8. Antioxidant Activity

The antioxidant activity of the flours was measured through DPPH assay according
to the method of Brand-Williams et al. [22], modified by Dinkova et al. [23]: 250 µL of the
sample extract (in methanol 1/10, w/v) was mixed with 2250 µL of methanolic solution of
DPPH (6 × 10−5 M) in a UV-macro cuvette. The cuvettes were sealed and left in the dark
for 15 min at room temperature. Absorbance was measured at 515 nm against a blank of
pure methanol. The results were expressed as µmol TE (Trolox Eq)/100 g sample.

2.9. Microbiological Assay

All of the preparation and decimal dilutions of sample suspensions were conducted
according to ISO 6887-4:2017 [24]. The microbiological status was presented by the Total
Plate Count (TPC), Coliforms count, and E. coli count, following the procedure of ISO
4833-1:2013/Amd 1:2022 [25].

All of the analyses were performed in triplicates.

2.10. Statistical Evaluation

The statistical evaluation was performed through one way ANOVA procedure and
post-hoc comparisons (Tukey HSD, p < 0.05) using JMP v. 7 statistical software [26].

3. Results
3.1. Water Activity and Instrumental Colour

The drying treatments significantly affected the aw and they differed among all the
flours. The lowest value of this parameters was measured in the CD flour, whereas the
MWDA flour exhibited the highest aw (Table 2). The freezing of the larvae prior to blanching
for the microwave treatment decreased the water activity, and as a result the MWD flour
had lower aw when compared to MWDL flour.

Table 2. Water activity and instrumental colour parameters of the flours derived from Tenebrio molitor
larvae according to the drying treatment.

Treatment aw L* a* b*

FD 0.35 d 52.76 b 6.55 c 11.79 b

CD 0.14 e 49.09 c 6.17 d 9.95 c

MWD 0.50 c 51.74 b 7.29 a 12.94 a

MWDL 0.54 b 54.70 a 6.63 c 13.27 a

MWDA 0.63 a 49.54 c 7.00 b 13.37 a

SEM 0.01 0.44 0.05 0.34
p <0.0001 <0.0001 <0.0001 <0.0001

FD, freeze-drying; CD, conventional drying; MWD, microwave drying; MWDL, microwave drying without
freezing prior blanching; MWDA, microwave drying + 0.1% BHT; SEM, standard error of the mean. The means
connected with different letters in a row are significantly different (p < 0.05).

The drying treatments had a significant effect on the lightness of the flours (Table 2).
The darkest colour was observed in the CD and MWDA flours, whereas the MWDL flour
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was the lightest. The freeze-drying and microwave drying of the insect larvae also resulted
in the lighter colour of the FD and MWD flours, when compared to the oven dried and
MWDA flours. In addition to the lower L*, the CD flour also had lower a* and b*, when
compared to the flours derived after the other studied methods of drying. Higher a* values
were observed in the MWD and MWDA flour. These flours, together with the MWDL flour,
exhibited higher b* values in comparison to the FD and CD samples.

3.2. Proximate Composition

The freeze-drying and conventional drying of the Tenebrio molitor larvae led to lower
protein content of the derived flours (Table 3). The highest protein content was measured in
the MWDL followed by MWD flours. Contrary to protein content, the fat percentage was
significantly higher in FD and CD flours when compared to the rest. FD, CD, and MWDA
flours had ash content within the range of 4.16–4.23%, which was significantly higher than
MWD and MWDL.

Table 3. Proximate composition of the flours derived from Tenebrio molitor larvae according to the
drying treatment.

Treatment Protein, % Fat, % Ash, % Moisture, % Carbohydrate, %

FD 41.21 d 20.82 a 4.17 a 6.07 27.73 c

CD 41.42 d 21.11 a 4.23 a 5.62 27.62 c

MWD 47.14 b 12.71 b 2.87 c 5.71 31.57 ab

MWDL 49.99 a 11.35 b 3.83 b 5.18 29.65 bc

MWDA 44.97 c 11.42 b 4.17 a 6.29 33.15 a

SEM 0.75 0.55 0.10 0.46 0.97
p <0.0001 <0.0001 <0.0001 0.1034 0.0001

FD, freeze-drying; CD, conventional drying; MWD, microwave drying; MWDL, microwave drying without
freezing prior blanching; MWDA, microwave drying + 0.1% BHT; SEM, standard error of the mean. The means
connected with different letters in a row are significantly different (p < 0.05).

The latter differed in regard to the ash content as MWD displayed lower values of
this parameter in comparison to MWDL flour. With regard to the carbohydrates, their
percentage was lower in the FD and CD than in MWD and MWDA flours, while the
carbohydrate content of the MWDL flour had an intermediate position.

3.3. Lipid Stability

The hydrolysis in lipids of the derived flours were presented through the acid value
(Table 4).

Table 4. Acid value (AV), peroxide value (PV), and TBARS value in the lipids of flours derived from
Tenebrio molitor larvae according to the drying treatment.

Treatment AV, mgKOH/g PV, meqO2/kg TBARS, mgMDA/kg

FD 1.94 c 1.27 a 0.05 c

CD 1.69 d 1.22 ab 0.06 c

MWD 2.58 b 0.97 bc 0.12 a

MWDL 2.55 b 0.91 c 0.10 b

MWDA 3.10 a 1.16 abc 0.10 b

SEM 0.04 0.10 0.005
p <0.0001 0.0080 <0.0001

FD, freeze-drying; CD, conventional drying; MWD, microwave drying; MWDL, microwave drying without
freezing prior blanching; MWDA, microwave drying + 0.1% BHT; SEM, standard error of the mean. The means
connected with different letters in a row are significantly different (p < 0.05).

Lower AV was found in the FD and CD flours, while the microwave drying in all three
modes stimulated the lipid hydrolysis.
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The content of the primary products of lipid oxidation also depended on the drying
treatment. The highest levels of peroxides were measured in the flours derived after freeze-
drying and conventional drying of the Tenebrio molitor larvae. Microwave drying; however,
was associated with lower content of peroxides, except for the MWDA flour.

The analysis of the secondary products of lipid oxidation showed that FD and CD
flours had significantly lower TBARS levels when compared to all the flours derived from
microwave dried insects.

3.4. Antioxidant Activity

Not surprisingly, MWDA displayed the highest radical scavenging activity (Figure 2).
It was followed by the MWDL and MWD flours. The lowest radical scavenging activity
was observed in the FD and CD samples.
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Figure 2. Antioxidant activity of the flours derived from Tenebrio molitor larvae according
to the drying treatment. FD, CD, MWD, MWDL, and MWDA represent freeze-drying, con-
ventional drying, microwave drying, microwave drying without freezing prior blanching, and
microwave drying + 0.1% BHT, respectively. The means connected with different letters in a row are
significantly different (p < 0.05).

3.5. Microbiological Status

The total plate count was higher in the FD flours in comparison to all the other flours
in this study; however, the differences were not significant (Table 5).

Table 5. Microbiological status of the flours derived from Tenebrio molitor larvae according to the
drying treatments.

Treatment TPC, log10
CFU/g

Coliforms, log10
CFU/g

Yeasts Moulds,
log10 CFU/g

E. coli, log10
CFU/g

FD 4.52 2.93 N.D. N.D.
CD 3.91 3.19 N.D. N.D.

MWD 3.93 2.97 N.D. N.D.
MWDL 3.97 2.87 N.D. N.D.
MWDA 3.99 2.90 N.D. N.D.

SEM 0.62 0.50
p 0.7279 0.9411

FD, freeze-drying; CD, conventional drying; MWD, microwave drying; MWDL, microwave drying without
freezing prior blanching; MWDA, microwave drying + 0.1% BHT; SEM, standard error of the mean; TPC, total
plate count; N.D.—not detected.



Agriculture 2024, 14, 436 8 of 12

The coliform content varied within 2.87–3.19 log10CFU/g, with no statistical difference
among the drying treatments. Yeasts, moulds, and E. coli were not detected.

4. Discussion

Drying of the larvae is of crucial importance for the further processing of the insects so
that the nutritional quality and safety are guaranteed. Some studies have already reported
changes in the quality characteristics of edible insects or insect flours due to different drying
methods [11,15,27–29]. The results of this study confirmed the effect of freeze-drying, oven
drying, and microwave drying of the larvae on the water activity of the flours that was
observed by Krönke et al. [28] and Vlahova-Vangelova et al. [11]. The freeze-drying and
conventional drying considerably reduced the water activity of the flours, while it was
higher after microwave drying. Substances with higher water activity tend to support
microbial growth; most bacteria usually require aw at least 0.91 [30], while some moulds
and yeasts need aw in the range of 0.61–0.65 [31]. Colour is one of the most important
quality attributes. It is a crucial factor influencing the consumer’s decision when buying a
new product, but also can indicate chemical changes that occur in food [32]. Colour can
change during drying due to chemical and biochemical reactions [33]. In our study, the
lowest L* were observed for the flours derived after conventional drying and microwave
drying of the larvae blanched in the presence of BHT. The other microwave treatments
led to a lighter colour, compared to conventional drying and freeze-drying. In their study,
Trukhanova et al. [34] observed lighter colour of the microwave dried larvae of Tenebrio
molitor, when compared to the larvae dried through convection, which is in line with our
results. The lower L* values observed in the CD flour can be attributed to Maillard reaction,
due to the longer drying process (6 h). Usually, this type of browning occurs in foods
that have high lipid content and where reactions between products of lipid oxidation with
amino acids, amines, and proteins occur [32]. Maillard reaction and lipid oxidation are
interrelated and should be considered simultaneously in regard to colour changes [35]. The
microwave treated flours also exhibited elevated content of secondary products of lipid
oxidation, which was considerably higher in comparison to FD and CD flour. Furthermore,
the significantly darker colour of the MWDA flour suggests a certain pro-oxidative effect of
the BHT in the amount used to treat the larvae for the present experiment. Some phenolic
compounds might act as pro-oxidants depending on the conditions of the environment
(such as high pH, presence of oxygen molecules, and high concentration of transition
metals) [36].

There was considerable variation in the chemical components of the flours according
to the drying treatment. Generally, the flours derived from microwave dried larvae had
higher protein content when compared to the FD and CD flours. Additionally, the flours
derived from larvae that were not frozen prior to blanching exhibited the highest protein
content of all the flours. This indicates the negative effect of freezing, most likely associated
with the denaturation of proteins in the other flours in the study [37]. The higher protein
content in the MWD, MWDL, and MWDA flours corresponded to their lower fat percentage
when compared to the FD and CD flours. The latter did not differ in regard to the protein
and fat content. Our results coincided with those of Selaledi and Mabelele [1], who did not
observe any differences in the protein content of Tenebrio molitor larvae when freeze-dried
and oven dried. In contrast to our data, Krönke et al. [38] found that rack oven dried
mealworm larvae had higher protein and fat content than freeze-dried larvae. The authors
also reported dramatic increase in moisture after freeze-drying, whereas in our study, we
failed to observe any significant difference in the moisture content among the flours. The
moisture content only tended to be higher in the MWDA flour and corresponded to its
highest aw.

When comparing the different drying treatments applied in this study, we can conclude
that the conventional drying is associated with lowest degree of free fatty acid accumulation,
whereas the microwave drying stimulated the hydrolytic changes in the lipid fraction of
the insect flours. Other studies also reported a similar effect of the microwave treatment on
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the lipid stability in foods, associated with a considerable degree of hydrolysis [39,40]. The
freezing prior to blanching of the Tenebrio molitor larvae did not affect the lipid hydrolysis in
the flours derived from the microwave treated larvae. The comparison of the flours derived
after the different microwave treatments showed that in the BHT addition there was a 20%
increase in the free fatty acid content, again indicating the potential pro-oxidative effect of
BHT. According to Pérez-Torres et al. [41], the high concentrations of strong antioxidants
such as BHT in the food matrices exert a pro-oxidative effect. Hence, the higher degree
of hydrolysis of the lipids in the MWDA flour might be due to the higher dose of BHT.
The elevated AV of the flours derived after microwave treatment corresponded to their
higher TBARS values. Usually, with advancing of lipid oxidation, triacylglycerols are
converted into fatty acids and glycerol thus increasing the acid value, which is in line with
our results. On the other hand, we observed a decrease in the PV of the MWD and MWDL
flours, corresponding to the elevated levels of TBARS in these flours. The lipid peroxides
are unstable and susceptible to decomposition [42] and formation of other products, such
as alcohols, ketones, and aldehydes. The freeze-drying and conventional drying were
associated with a significant increase in the peroxide content in the insect flours and the
same was observed in the MWDA samples. In all the samples regardless of the drying
treatment, PV remained below 2 meq/O2, which is considered as a threshold recommended
by EFSA [43].

Despite the higher degree of lipid oxidation, the flours derived of microwave dried
larvae displayed higher antioxidant activity in comparison to the FD and CD flours. Not
surprisingly, the MDWA flour exhibited the highest antioxidant activity. As reported in
previous studies, the antioxidant content correlates positively with the radical scavenging
activity [44]. On the other hand, the higher antioxidant activity measured in the MWD,
MWDL and MWDA flours contradicts to the higher degree of lipid oxidation. It can be
suggested that the products from lipid oxidation have reacted with DPPH, presenting
falsely increased antioxidant activity [45].

Microbiological status is crucial for the safety of the foods. In our study, we observed a
low microbial load of the flours. In their study, Bußler et al. [46] observed a high microbial
contamination in Tenebrio molitor larvae before processing (8.1 log CFU/g) that reduced
to 4.3 log CFU in the high protein fraction. Kluder et al. [47] found a low microbial load
in whole Tenebrio molitor larvae after boiling and roasting (<1.7 log CFU/g); however,
after crushing, the TVC was considerably augmented (2.5–4.8 log CFU/g). The analysis
of the results showed that the total plate count measured in the FD flours was higher
than the CD, MWD, MWDL, and MWDA flours. Caparros Megido et al. [48] reported
data about different treatments on the microbial load in edible insects. Similar to our
results, the authors measured the total aerobic count in freeze-dried mealworm and house
crickets as 4.47 and 4.05 log CFU/g, respectively, significantly higher than the microbial
load in the sterilized insects. Messina et al. [49] presented a microbiological profile of
powders prepared using mealworm and house crickets after prolonged storage. They
identified seven microbial populations in the Tenebrio molitor powder, consisting of LAB
cocci, enterococci, pseudomonads, CPS, and members of the Bacillaceae family, while yeasts
and moulds were not detected. The flours presented in this study showed insignificant
differences in regard to the coliforms. Yeast, moulds, and E. coli were not detected, showing
the high level of microbial safety of the applied drying treatments.

5. Conclusions

The drying treatments caused considerable changes in the qualities of the flours pre-
pared from Tenebrio molitor larvae. The flours obtained by freeze-dried and conventionally
dried larvae had lower water activity and showed considerably higher fat content than the
microwave treated flours; however, their nutritional profile was less favourable with lower
protein. The conventionally dried flour, as well as the flour derived from microwave treated
insects with addition of BHT, exhibited a darker colour that can probably be attributed to
the Maillard reaction and lipid oxidation. Although known as a fast and energy efficient
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method, in this study, the microwave drying displayed some negative effects associated
with a higher degree of lipid oxidation in the flours. Increased oxidation was also observed
after BHT treatment, indicating that the dose of the antioxidant used in the study (0.1%)
is not recommended for obtaining a good quality in the flours treated with microwaves.
Showing both positive and negative effects of the applied treatments, this study contributes
to the development of optimal drying modes for preparation of insect flours. However, fur-
ther experiments are needed to determine the most appropriate drying technique that will
help to preserve the best nutritional qualities of the flours while restricting the processes
that will deteriorate them.
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