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Abstract

Product safety is a major concern when using edible insects and insect-derived products due to insects’ diverse
microbial community. Therefore, development of reliable post-processing treatments are required. Commonly used
thermal treatments are effective against microorganisms but can have negative effects on product quality and
nutritional value. Low-energy electron beam (LEEB) is an emerging non-thermal surface treatment technology for
microbial decontamination of low water activity goods while preserving product quality. However, its potential
application as an insect post-processing treatment has not been explored. To assess the effectiveness of LEEB
treatment (250 keV and 12 kGy), three separate experiments were conducted with dried black soldier fly larvae
(BSFL) and yellow mealworm (YMW). First, to assess LEEB’s potential in inactivating microorganisms in insect
products, LEEB treatment was conducted on dried BSFL inoculated with Escherichia coli K-12. Secondly, the effect
of LEEB treatment on reducing naturally occurring microbial populations after microwave drying was evaluated.
Finally, a six-month controlled shelf-life study (24 °C, 65% RH) was conducted to assess the long-term efficacy
of LEEB treatment by monitoring physical, chemical and microbiological parameters. LEEB achieved a 4-log10
reduction of inoculated E. coli K-12 on dried BSFL and was effective in reducing numbers of all microbiological
parameters (aerobic and anaerobic counts) in YMW. Specifically, in non-inoculated samples, aerobic and anaerobic
total viable counts (TVC) were reduced by approximately 4-log10 colony forming units per gram (cfu/g) in YMW. In
contrast, LEEB treatment moderately reducedmicrobial numbers in BSFL, with aerobic and anaerobic TVC reduced
by approximately 1–2-log10 cfu/g following LEEB treatment. Microbial counts in both BSFL and YMW remained
lower than the control throughout the shelf-life. LEEB treatment did not have an influence on the peroxide value.
Therefore, LEEB can be an effective and gentle processing technique to support safe dried insect products.
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1 Introduction

Edible insects and insect-derived products have gained
increased attention in recent years as potential alterna-
tives to traditional protein sources due to their nutri-
tionally dense profiles and potentially lower environ-
mental impacts (Smetana et al., 2019; Spykman et al.,
2021). Two of the most promising insects for food and
feed are the larvae of the yellow mealworm (YMW),
Tenebrio molitor L., and black soldier fly (BSFL), Her-
metia illucens L. Due to their high protein content of
51-62 % (dry mass, DM) for YMW (Finke, 2002; Zhao
et al., 2016) and 30-50% DM for BSFL (Gold et al.,
2018; Wang and Shelomi, 2017), whole insects or insect-
derived products are a promising protein source for
human food (Bessa et al., 2020; Zhao et al., 2016) or feed
for pets (Bosch and Swanson, 2021), livestock (e.g. poul-
try and pigs) (De Marco et al., 2015; Hong et al., 2020)
and different fish in aquaculture (Gasco et al., 2023).

YMWs and BSFL have a rich and diverse microbial
community including fungi and bacteria. Freshly har-
vested BSFL and YMW can have total viable counts
(TVCs) ranging from 8-10 log10 colony forming unit
(cfu)/gram (Mancini et al., 2019; Raimondi et al., 2020;
Stoops et al., 2016; Wynants et al., 2019; Zhen et al.,
2020). These microbial communities can include heat-
resistant spores and foodborne pathogens, such as
Staphylococcus aureus, Bacillus cereus, Clostridium per-
fringens, Escherichia coli, Salmonella spp., Listeria spp.
and mycotoxin-producing fungi (Kashiri et al., 2018;
Raimondi et al., 2020; Vandeweyer et al., 2020, 2021;
Wynants et al., 2019). Microbial communities in the
intestinal tract of BSFL and YMW are highly variable
depending on the diet they were fed as well as rear-
ing conditions (Bruno et al., 2019; Wynants et al., 2019).
Microbiologically contaminated insects fed to livestock
or consumed directly by humans can lead to foodborne
illnesses (Heredia and García, 2018). Spore-forming bac-
teria, such as B. cereus and C. perfringens are pathogenic
and highly resistant causing foodborne diseases (Del-
brück et al., 2021). For example, globally, B. cereus repre-
sents 1-12% of cases for foodborne illnesses (Grutsch
et al., 2018). To ensure prevention of such outbreaks
from insect-based products, post processing steps are
required.

Blanching, boiling and drying are common thermal
treatments to reduce or stabilise the microbial load of
insects (Saucier et al., 2022; Vandeweyer et al., 2017).
Although thermal treatments are effective in microbial
inactivation, specific pathogens such as Salmonella spp.
and bacterial spores are heat resistant and can remain

in heat treated products (Lang et al., 2016; Zhang et al.,
2018). For instance, Vandeweyer et al. (2017) observed
1.3-1.9 log10 cfu/g aerobic bacterial spores in dried YMW
after blanching (100 °C, 40 s) and microwave drying
(maximum 80 °C, 8-20 min). Multiple studies have
found pathogens such as Salmonella spp., E. coli (Kashiri
et al., 2018), and B. cereus in BSFL and YMW after dry-
ing (Grabowski and Klein, 2017; Wynants et al., 2019).
Microbial inactivation and thereby product safety could
be increased by longer drying times and/or higher dry-
ing temperatures. However, this is typically associated
with reductions in nutritional value, affecting product
quality. Longer drying times can result in discoloration
of the product which can be an indicator for reduc-
tion of vitamin and mineral contents (Ratti, 2001) and
induce lipid oxidation (Larouche et al., 2019). Alter-
native treatments such as high hydrostatic pressures
(Kashiri et al., 2018; Larouche et al., 2019), and cold
plasma (Rumpold et al., 2014) have been investigated
but were not effective in reducing TVCs. Therefore, it
is important to identify effective treatments that can
reduce microbial loads without compromising product
quality (Berk, 2013).

Electron-beam, a non-thermal treatment, could be a
promising technology for the decontamination of edi-
ble insects and insect-based products. The key advan-
tage over thermal treatments is its potential to reduce
microbial numbers without reducing product quality or
addition of chemicals, in addition to potentially further
extending the shelf-life. Electron beam has been used
for various food products such as dry spices and herbs,
meat and seafood or fresh produce to reduce the pres-
ence of pathogens (Clemmons et al., 2015). Similar to
gamma-rays and x-rays, the main inactivation mecha-
nism for electron beam is the damage to the micro-
bial DNA (Hertwig et al., 2018; Moeller et al., 2008).
Inactivation occurs mainly through direct interactions
of electrons with microbial DNA, RNA, enzymes and
membrane molecules (Hertwig et al., 2018) or indirect
interactions due to the formation of free radicals (Taher-
gorabi et al., 2012). The penetration depth of the elec-
tron beam treatment is dependent on the kinetic energy
of the electrons and the density of the treated material
(Helt-Hansen et al., 2010). Electron beam can be clas-
sified into two categories based on the kinetic energy
of electrons. High energy electron beam (HEEB) has a
kinetic energy of >300 kiloelectronvolts (keV) and can
penetrate products up to 8-10 centimetres (i.e. density
1 g/cm3). Low energy electron beam (LEEB) has a kinetic
energy of <300 keV resulting in a lower penetration
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Leeb to support safe whole dried insect products 3

depth of micrometres, leading mainly to surface decon-
tamination of the product (Hertwig et al., 2018).

An advantage of LEEB compared to other ionising
radiation treatments such as HEEB and gamma-ray is
the lower energy. This allows for compact radiation pro-
tection, reduces potential health risks and saves phys-
ical space (Schopf et al., 2022), making it feasible for
use in a continuous process and integration within an
existing production pipeline. Although industrial appli-
cation of LEEB remains relatively new within the food
industry, it has shown potential for treatment of herbs
and spices (Murdoch et al., 2022). Over 50 countries
have approved the use of irradiated foods, particularly in
the United States of America (USA) and certain parts of
Asia (Kume et al., 2009). However, maximum treatment
dose measured in kiloGray (kGy) is country, product,
and region specific. For example, for herbs and spices,
the maximum dose in the USA is 30 kGy vs 10 kGy in
the EuropeanUnion (EU, CFR, 2023; EuropeanCommis-
sion (EC), 2017). In regions of theworld where irradiated
foods are gaining increased acceptance, LEEB could be
a suitable option for ensuring the microbiological safety
of whole dried insect products.

The use of LEEB has yet to be investigated as a poten-
tial post treatment method for insects. Therefore, the
objective of this study was to assess the efficacy of LEEB
for microbial decontamination for whole dried insects,
specifically BSFL and YMW, in an industrial application.
This research aimed to contribute to the understanding
of this technology’s potential use for the insect indus-
try in addition to providing more knowledge on using
an industrial-scale LEEB unit and its effects on poten-
tially extending the shelf-life. Thereby, this research is
working towards improving the food safety of insects
and insect-derived products by LEEB treatment.

2 Materials andmethods

Experimental overview
The microbial treatment efficacy of the industrial LEEB
unit for whole dried insect products was evaluated
in three independent experiments. In experiment 1
(see section “Experiment 1”), the inactivation efficacy
of LEEB treatment was evaluated on decontaminated
dried whole BSFL inoculated with E. coli K-12, a com-
mon non-pathogenic surrogate for foodborne patho-
gens. Following, in experiment 2 (see section “Experi-
ment 2”), the inactivation efficacy of LEEB treatment
was evaluated on naturally contaminated (i.e. non-
inoculated) microwave dried whole BSFL and YMW.

In experiment 3 (see section “Experiment 3”), this was
repeated with oven-dried BSFL and YMW and comple-
mented by a six-month shelf-life test comparing control
(i.e. without LEEB treatment) and LEEB-treated insects.

Source of insects
To mimic real-life conditions, YMW and BSFL were
sourced from commercial European insect producers
(Table 1). The insects were processed before LEEB treat-
ment according to the commercial procedures of the
insect companies (images shown in Supplementary Fig-
ure S1). Processing consisted of blanching and drying
with different temperature and time combinations and
two drying methods (i.e. oven drying and microwave
drying) (Table 1). All insects were stored at 4 °C until
use.

Industrial-scale LEEB unit
Whole dried insects were treated with an industrial
LEEB unit (Laatu™, Bühler AG, Uzwil, Switzerland). The
unit was designed for the treatment of low moisture
foods (i.e. <12% moisture content) and can continu-
ously process up to 1,000 kg/h. However, the process-
ing capacity was not tested in this study as the quan-
tities used in the experiments were significantly below
the commercial throughput. A schematic of the LEEB
is shown in Figure 1 and was previously described in
detail by Murdoch et al. (2022). Briefly, the product to
be treated is placed in a loose form into the inlet hop-
per (Figure 1a). From the inlet hopper, the product to be
treated falls onto shaking feeders, which aim to evenly
distribute the product through the following treatment
zone. The treatment zone contains two electron beam
lamps (Figure 1b) which treats the product within a few
milliseconds as it falls from the feeders to the outlet
beyond the treatment zone, exiting the LEEB.

Dosimetry for LEEB treatment
The LEEB processor was characterized following ISO
(2020) with radiochromic dosimetry film (B3 film, GEX
Corp., PalmCity, FL, USA). During each experiment, rou-
tine dosimetry was performed to ensure that the beam
parameters were within an expected range of perfor-
mance established during beam characterization. The
expected range was set at ± 10%, as the overall uncer-
tainty (k = 2) was determined at 10.6% during B3 system
calibration. To estimate the dose on the whole dried
insects, cylinders (20 mm length, 4 mm width) were
wrapped with B3 film and irradiated at the same beam
parameters. High-speed video recording of the product
flow confirmed that the cylinders and both dried BSFL
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Table 1 Thermal treatment conditions of BSFL and YMWused in experiments 1-3

Experiment Drying
method

BSFL YMW Biological
replicates
used (n =)

Source

1 Oven Blanched:
1-2 min, 95-97 °C

– 3 Hermetia Baruth GmbH,
Germany

Dried: 16 h, 70 °C
2 Microwave Dried: 20 min,

max. 80 °C
Dried: 20 min,
max. 80 °C

2 Inagro, Belgium and
microwave dried by
MEAM, Belgium

3 Oven Blanched: 2 min,
75-85 °C

Blanched: 3 min,
95 °C

3 BSFL: Hermetia Baruth
GmbH, Germany

Dried: 27 h at
80 °C

Dried: 3.5 h at
90 °C

YMW: Essento,
Switzerland

Figure 1 (a) Illustration of industrial scale LEEB unit and (b) schematic of the treatment zone consisting of two electron beam lamps
treating the product with electrons as it passes from the feeders to the outlet (source: Bühler AG, Uzwil, Switzerland).

and YMW had the same velocity within the treatment
zone, resulting in the same treatment time within ±
4%. The difference in velocity was not considered for
measurement uncertainty, as it was less than the overall
uncertainty of the B3 film during calibration. The LEEB
treatment parameters were set at 250 keV at 18 mA with
all other machine parameters (e.g. air flows) kept con-
stant and ran at ambient temperature (approximately
24 °C). The resulting surface dose on the cylinders (Dμ)
was 12 ± 2 kGy for 250 keV and 18 mA. These LEEB treat-
ment parameters were used for all three experiments.

Estimating LEEB penetration depth of insects
The electron beams were characterized by conducting
depth-dose distributionmeasurements on B3 film strips
(18 μm thick) which were stacked in 30 layers and LEEB-
treated at 250 keV and done according to ISO (2020).
The LEEB depth-dose correlation was then determined
by measuring the dose on each B3 film layer. The depth-

dose was then calculated using the apparent density
(i.e. 1.12 g/cm3) of the B3 film. To roughly estimate
the LEEB penetration depth of the insects, the appar-
ent density (g/cm3) was measured using an envelope
and density analyser (GeoPyc 1360, Micromeritics, Nor-
cross, GA, USA). The density measurement procedure
involved determining theweight of the sample, followed
by placing it in a bed of DryFlo® granularmediumwithin
a cylindrical chamber. The granular medium was then
carefully consolidated around the sample using a pis-
ton, that was gradually pushed into the rotating cylin-
drical chamber until the consolidation force (28 New-
tons) was reached (Siavashani et al., 2020). This method
allows for determining the density of the insect sam-
ples, including the air within the pores of the insects
but excluding the air between insects. Once the insect
density was obtained, a correction factor was calculated
by dividing the density of the B3 film strips by the den-
sity of the insects (equation 1 shown in Supplementary
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Material). The depth at which 50% of the dose pene-
trated the B3 film was 289 μm. To estimate the depth
at which 50% of the LEEB dose could have penetrated
the insects, the correction factor was multiplied by 289
μm (equation 2 shown in Supplementary Material). It
is important to note, these are simplified estimates to
give a general indication of the potential depth-dose
distribution as there is currently no direct way to mea-
sure depth-dose in insects. To give an understanding of
the depth-dose in relation to how deep it could have
penetrated the insects, the thickness (mm) and length
(mm) of 10 insects was measured using a caliper and
ruler, respectively. The thickness and length were both
important physical properties to measure as the beam
could have targeted the insect horizontally or vertically
depending on its position during the fall through the
treatment zone.

Experiment 1: inactivation of a single foodborne
pathogen indicator organism by LEEB
Since LEEB was not yet used for insects, the first
experiment aimed to assess the inactivation efficacy
of LEEB on a single microbial indicator organism on
an insect product. Escherichia coli K-12 strain MG 1655
obtained from DSMZ (German Collection of Microor-
ganisms and Cell Cultures GmbH, Braunschweig, Ger-
many) was chosen as the model organism as it is a non-
pathogenic strain and has a high radiation resistance
making it a suitable surrogate for common foodborne
pathogens such as E. coli O157:H7, L. monocytogenes
and Salmonella spp. (Rodriguez et al., 2006). Whole
dried BSFL were intensely decontaminated by HEEB
treatment (10 MeV with 27 kGy, Leoni AG, Daniken,
Switzerland). Decontamination was confirmed by enu-
meration of TVCs (detection limit: 2-log10 cfu TVC/g
dried BSFL). Decontaminated BSFL were then inocu-
lated with approximately 8-log10 cfu E. coli K-12/g dried
BSFL as described below. The inactivation efficacy was
estimated by enumerating E. coli K-12 on Lysogeny broth
(LB) agar plates (37 °C, 24 h) before and after LEEB
treatment.

Additionally, HEEB treatment was used to determine
the D10 value, an estimate of radiation resistance for
the E. coli K-12 strain, to assess whether it was indeed
a suitable model organism for resident bacteria. The
D10-value is the radiation dose required for one log10
reduction of microorganisms at a given energy level and
is calculated from the negative inverse of the slope of
a semi-logarithmic microbial inactivation curve (Blank
and Corrigan, 1995). Whole dried BSFL were intensely
decontaminated by HEEB treatment and then inocu-

lated with approximately 8-log10 cfu E. coli K-12/g dried
BSFL as described below. The whole dried BSFL were
packaged in heat-sealed sterile plastic bags, which were
then positioned flat on a tray. The insects were spread
out in a single layer within the bags and HEEB treated
at 0, 1, 3, 5 and 10 kGy. Following HEEB treatment, the
number of E. coli K-12 was enumerated.

Escherichia coli K-12 was cultivated from a −80 °C
glycerol stock and first grown in 10 ml of LB-broth
(Sigma-Aldrich, Buch, Switzerland) in an incubating
shaker for 24 hours at 37 °C at 180 revolutions per
minute (rpm). Subsequently, 0.1 ml of the previous cul-
ture was propagated into 10 ml of fresh LB-broth and
again incubated for another 24 hours at 37 °C and
180 rpm. After the second 24 hours, 1 ml of the cul-
ture was propagated into a sterile flask with 500 ml of
LB broth and incubated overnight. To ensure no con-
tamination, a control served alongside with 10 ml of
LB-broth.

Before inoculation, 50 ml of the overnight E. coli K-12
culture (approximately 108 cfu/ml) was aseptically dis-
pensed into ten 50 ml centrifuge tubes and centrifuged
at 7.280 × g for 15minutes at 4 °C. Following this, 49.5ml
of the supernatant was discarded. The remaining 0.5 ml
of the cell suspension was vortexed. Then, 50 droplets of
100 μl of the cell suspension were inoculated onto 100
grams of sterilised whole dried BSFL, which were placed
in a sterile aluminium tray and mixed using a sterile
spoon. The inoculated BSFL was stored to dry under
a biosafety bench at ambient temperature for approxi-
mately six hours, until the initial moisture content was
reached. After inoculation, the dried BSFL had 8-log10
cfu E. coli K-12/g dried BSFL.

Experiment 2: inactivation of naturally contaminated
BSFL andYMWby LEEB
The second experiment assessed the efficacy of LEEB
treatment on naturally contaminated whole dried BSFL
and YMW after gentle microwave drying. 150 grams of
dried insects were either LEEB-treated in duplicates or
handled in parallel as an untreated control (i.e. without
LEEB treatment).

LEEB-treated samples and controls were immedi-
ately taken to the laboratory for physical, chemical
and microbiological analyses. Physicochemical analyses
included moisture content and water activity of pul-
verised insect samples. Moisture content was calculated
from the difference in weight of three grams of insect
sample after overnight oven drying at 105 °C. Water
activity was determined with a water activity meter at
25 °C (LabMaster aw, Novasina, Lachen, Switzerland).
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Chemical analysis included primary lipid oxidation esti-
mated with the peroxide value by an external laboratory
(Eurofins, Schonenwerd, Switzerland) (AOCS, 2009).

Aerobic and anaerobic microbial numbers were enu-
merated on insect samples by plate counts including
aerobic and anaerobic TVC, aerobic and anaerobic bac-
terial spores as well as yeast and moulds. For all micro-
bial analyses, samples were plated the same day. A 60-
gram insect sample was pulverised in sterilised beakers
with a hand blender for one minute (Stoops et al.,
2016). Then, a five-gram subsample was transferred into
a sterile stomacher bag and mixed with 45 ml of ster-
ile maximum recovery diluent (0.85% (w/v) NaCl, 0.1%
(w/v) peptone; Sigma-Aldrich) and homogenized for
one minute with a stomacher and then ten-fold seri-
ally diluted and plated on agar plates (Stoops et al.,
2016). Aerobic TVC were enumerated on nutrient agar
(30 °C, 48 h), yeasts and moulds on potato glucose
and lactic acid agar (30 °C, 120 h). Aerobic bacterial
spores were enumerated following incubation on nutri-
ent agar (30 °C, 48 h) after heat shocking 2 ml of
the pulverised sample mixed with max recovery dilu-
ent (80 °C, 5 min) in a water bath according to Klun-
der et al. (2012). Anaerobic TVC and anaerobic bacterial
spore count (30 °C, 72 h) was enumerated according to
ISO (2013) in anaerobic conditions at the same external
laboratory (Eurofins, Schonenwerd, Switzerland). The
detection limit for all aerobic microbial counts was 2-
log10 cfu/g dried insect and 1-log10 cfu/g dried insect for
all anaerobic counts. The detailed composition of all
media is included in the Supplementary Table S1.

Experiment 3: shelf-life of LEEB-treated insect products
Experiment 3 was completed in the same manner
as experiment 2 but with 500 g insects and con-
ducted in triplicates. Following LEEB treatment, control
and LEEB-treated samples were analysed for physical,
microbiological, and chemical parameters (as described
above). Control and LEEB-treated samples were pack-
aged in airtight bags and stored in a dark climate-
controlled chamber for a six-month shelf-life test (at
24 °C, relative humidity: 65%). Every month, insects
were sampled by removing three bags from both the
treatment and control. These samples were analysed for
physical, and microbiological parameters as described
above in triplicate. In addition, chemical analyses
included primary and secondary lipid oxidation esti-
mated with the peroxide and p-anisidine value, respec-
tively, by the same external laboratory (Eurofins, Scho-
nenwerd, Switzerland) according to AOCS (2009) and
were performed for BSFL and YMW at the start of the

experiment and after one, three and six months of
storage. Chemical analysis for BSFL was conducted in
triplicate. Since chemical analysis for YMW was only
conducted for one single biological replicate per time
point, the results can be found in the Supplementary
Table S6.

Data analyses
Data was analysed using R in RStudio (R Core Team
2022, version 4.2.0, USA). We abstained from statisti-
cal analyses due to the small sample size (n ≤ 3). The
results were compared using mean and standard devia-
tion (n = 3).

3 Results and discussion

LEEB penetration depth of dried insect products
Based on the measured densities of the dried insect
products (see Supplementary Table S2), it was estimated
that 50% of the LEEB dose could penetrate between
400 (oven dried) and 1,000 μm (microwave) for BSFL
and between 500 (oven dried) and 800 μm (microwave)
for YMW (see Supplementary Table S2). This confirms
that LEEB is mainly a surface decontamination technol-
ogy. Aisala et al. (2021) reported the penetration depth
for pumpkin seeds ranged from 295-340 μm (density
1.06-1.22 g/cm3), while for flax seeds, it was found to be
between 330-360 μm (density 1.0-1.1 g/cm3). Addition-
ally, Gryczka et al. (2021) reported LEEB could penetrate
the outer layer of pepper grains to 160-380 μm (density
0.9 g/cm3). These results align with this study’s find-
ings, considering the product densities and the range
of electron beam energy used (200-300 keV). In gen-
eral, with the increasing density of the material, the
penetration depth decreases (Ghomi et al., 2005). Given
that BSFL and YMW are around 2 mm in length and 2-
4 mm in thickness, the majority of the LEEB dose did
not likely penetrate into the larval digestive tract that
includes most microorganisms (Bruno et al., 2019) but
only penetrated up to a certain layer. Further research
should investigate whether LEEB can penetrate the lar-
val exoskeleton and penetrate the digestive tract to
contribute to a more comprehensive understanding of
the depth-dose distribution of LEEB on edible insects.
A previous study with peppercorns highlighted that the
ability of LEEB to penetrate different materials is highly
variable, with LEEB penetrating the thickness of the
external layer of the white peppercorn but not the black
peppercorn (Gryczka et al., 2021). This may also be the
case for edible insects. Interpretation of the LEEB pen-

Journal of Insects as Food and Feed 0 (2023) 1–17
Downloaded from Brill.com 12/12/2023 01:35:20PM

via Open Access. This is an open access article distributed under the terms
of the CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.6084/m9.figshare.24032067
https://doi.org/10.6084/m9.figshare.24032067
https://doi.org/10.6084/m9.figshare.24032067
https://doi.org/10.6084/m9.figshare.24032067
https://doi.org/10.6084/m9.figshare.24032067
https://creativecommons.org/licenses/by/4.0/


Leeb to support safe whole dried insect products 7

etration depth requires caution due to the many influ-
encing factors, particularly for insects, such as, size,
shape, density and other surface properties (Gryczka
et al., 2021). Further research should explore the best
approach for understanding LEEB dosimetry of differ-
ent products as there are still limitations to LEEB depth-
dose distribution measurements.

Experiment 1: inactivation of single foodborne
pathogen indicator organism by LEEB
This is the first study to assess the efficacy of non-
thermal LEEB treatment on inactivatingmicrobial num-
bers in whole insect products. Our first experiment
assessed the efficacy of LEEB treatment on a single bac-
terium, E. coli K-12. Before LEEB treatment, the radiation
resistance of E. coli K-12 was quantified by an inactiva-
tion curve from HEEB treatment (shown in Supplemen-
tary Figure S2). Based on the inactivation curve, the D10
of E. coli K-12 was 0.90 kGy (r2 = 0.99), which is con-
sistent with the previously reported value of 0.88 kGy
by Rodriguez et al. (2006). These findings are also sim-
ilar to the reported D10 of E. coli K-12 for mung bean,
clover, and fenugreek seeds, which were 1.11, 1.21, 1.4
kGy, respectively (Fan et al., 2017). In contrast, on fresh-
cut cabbage, the D10 value was calculated at 0.56 kGy
(Grasso et al., 2011), while on blueberries it was even
lower at 0.37 kGy (Kong et al., 2014). This difference
in D10 value highlights how different materials, such as
fresh produce versus low water activity goods, can influ-
ence the radiation resistance of the microorganisms.
This suggests, that dried BSFL may have a more similar
radiation resistance to low water activity goods, such as
seeds, herbs and spices. Given the high radiation resis-
tance of E. coli K-12 inoculated on dried BSFL, this strain
was used in the following LEEB inactivation trial as a
good surrogate for common foodborne pathogens, such
as Salmonella or E. coli.

LEEB (250 keV, 12 ± 2 kGy) treatment of E. coli K-12
inoculated at a concentration of approximately 8-log10
cfu/g whole dried BSFL led to a 4-log10 reduction (shown
in Supplementary Figure S3). The initial high level of
E. coli K-12 inoculated on the dried BSFL, suggests that
dried BSFL have a rough surface similar to red clover and
fenugreek seeds (Fan et al., 2017). Surface morphology
and size of the material can influence initial inoculation
levels, as seeds of mung beans had lower inoculated E.
coli K-12 concentrations of around 6-log10 cfu/g due to
their smooth surface and larger size (Fan et al., 2017).
Although a high reduction of E. coli K-12 was observed
on inoculated dried BSFL, complete inactivation was
not achieved. These findings are similar to Fan et al.

(2017) who reported complete inactivation of E. coli K-
12 was not achieved at doses of 4-12 kGy and 200 keV for
fenugreek, mung bean and red clovers seeds. The author
attributed this to a potential tailing effect, where bac-
terial inactivation does not follow a linear pattern but
levels off at higher doses. The tailing effect has been
observed for E. coli O157:H7 subjected to HEEB on lower
water activity foods (Black and Jaczynski, 2008). How-
ever, LEEB is not intended as a sterilization technology,
but rather a surface decontamination technology.

Therefore, given the effectiveness of LEEB treatment
in reducing E. coli K-12, this suggests LEEB could be an
effective method in reducing bacterial contamination
on BSFL. Previous studies have shown that dried BSFL
could still have E. coli concentrations ranging from 3-
6-log10 (Kashiri et al., 2018; Saucier et al., 2022), while
Kashiri et al. (2018) found Salmonella at 6-log10. Regula-
tions on microbiological safety of insect-based products
intended for animal feed state that Salmonella should
be absent in 25 grams in the final product (European
Commission (EC), 2011). Additionally, IPIFF (2019) rec-
ommends 1-log10 cfu/g of E. coli as the targeted limit.
Therefore, LEEB could be effective in achieving the reg-
ulations and targeted limit for Salmonella, and E. coli,
because of their lower radiation resistance compared to
E. coli K-12. However, to confirm this, additional LEEB
tests should be conducted with the pathogen inocu-
lated at similar concentrations that have been previ-
ously identified in BSFL (Kashiri et al., 2018; Saucier et
al., 2022). Based on the results, the same LEEB process
parameters were used for experiments two and three.

Experiment 2: inactivation of naturally contaminated
BSFL andYMWby LEEB
BSFL
Initial microwave dried BSFL had a moisture content of
6% and water activity below 0.6 (see Supplementary
Table S3) and therefore microbial growth was unlikely
to occur (Bonazzi and Dumoulin, 2011). As expected,
LEEB treatment had no influence on the water activ-
ity and moisture content, as all trials were conducted
at ambient temperature. Microwave dried BSFL had no
detectable anaerobic TVC, anaerobic bacterial spores,
and yeast and moulds. These results are to be expected,
as the heat generated from microwave drying primarily
achieves microbial inactivation by protein denaturation
within the cells, independent of the cell wall structure
(Alp and Bulantekin, 2021; Woo et al., 2000). However,
aerobic TVC and bacterial spores were 5.5 and 5 log10
cfu/g dried BSFL, respectively, suggesting that a large
portion of TVC were bacterial spores (Table 2). TVC
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were consistent with previous studies that reported con-
centrations ranging from 5-5.5 log10 cfu/g after boiling
and drying (Campbell et al., 2020; Saucier et al., 2022)
but lower than the 7-log10 cfu/g dried BSFL reported by
Kashiri et al. (2018). Such findings are to be expected
as bacterial spores exhibit high heat resistance. Several
bacteria belonging to the orders Bacillales and Clostridi-
ales can survive adverse environmental conditions by
forming spores (Delbrück et al., 2021). Within this range
(5-8 log10 cfu/g) foodborne diseases can be caused by B.
cereus (EFSA, 2005), thus indicating the need to ensure
these concentrations are reduced.

LEEB treatment reduced aerobic TVC and bacterial
spores by 2-log10 (Table 4). This demonstrates the effi-
cacy of LEEB treatment in reducing microbial numbers
in low water activity materials. However, the treatment
was unable to reduce microbial numbers below the
detection limit. Because LEEB treatment is likely most
effective on or just below the surface, this could be due
to the microorganisms in the larval digestive tract that
were not affected by LEEB due to the limited penetra-
tion depth of the treatment. Additionally, different bac-
terial spores have varying levels of resistance to irradia-
tion (Zhang et al., 2018). For example, the spore-forming
pathogen B. cereus was found to be more resistant than
B. subtilis (De Lara et al., 2002). Although the bacte-
rial spores were not identified in this study, B. cereus
was previously detected in BSFL and could have been
present (Wynants et al., 2019). Further research should
investigate whether varying LEEB process parameters
can lead to complete inactivation of bacteria in BSFL.

The fat-rich BSFL (15-39% DM) (Gold et al., 2018)
were also evaluated for primary lipid oxidation (Table
2). This is because lipid oxidation can reduce nutritional
value, cause rancidity, and potentially pose human
health risks, and is a crucial parameter when evaluat-
ing product quality (Johnson and Decker, 2015). Before
LEEB treatment, BSFL had approximately 8 milliequiva-
lents of active oxygen/kg fat (meq./kg fat), which is con-
sistent with previous studies reporting peroxide values
between 3-11 meq./kg fat (Hurtado-Ribeira et al., 2023;
Kathumbi et al., 2022; Tome et al., 2021). Interestingly,
LEEB treatment did not appear to influence peroxide
value, which could be attributed to the short treatment
time. LEEB treatment has the potential to promote lipid
oxidation through production of free radicals and/or
reactive oxygen species reacting with unsaturated fatty
acids (Barden and Decker, 2016). However, no lipid oxi-
dation in BSFL after LEEB treatment may be due to the
higher concentration of saturated fatty acids compared
to unsaturated fatty acids in BSFL. The fatty acid profile

of BSFL is highly variable but typically has 45-75% satu-
rated fatty acids and 7-32%mono- and polyunsaturated
fatty acids (Ewald et al., 2020; Hurtado-Ribeira et al.,
2023; Kroeckel et al., 2012), with the latter being more
susceptible to oxidation. In case of edible oils, the fatty
acid composition is considered a strong predictor of oxi-
dation stability, particularly at the early oxidation stage
(Yun and Surh, 2012). The fatty acid profiles of BSFL
can differ depending on the rearing substrate used, thus
potentially influencing the oxidation stability (Ewald et
al., 2020). Therefore, the effect of LEEB treatment on
lipid oxidation needs to be further evaluated individ-
ually for different rearing substrates as various factors
such as, fatty acid profile, the product type, presence of
antioxidants and storage conditions can affect it (Aisala
et al., 2021). Overall, the peroxide value for BSFL was
below a threshold peroxide value established for animal
fats (max 10meq/kg) for human consumption (FAO and
WHO, 2001) but was above the threshold peroxide value
for fish oils (5 meq./kg fat) (FAO andWHO, 2017). How-
ever, since the microwave dried BSFL had a peroxide
value on the higher end compared to previous stud-
ies, this could mean the product would oxidize more
quickly. As the peroxide value is affected by various fac-
tors it could be further reduced by optimizing killing
and BSFL post-processing as well as defatting methods
(Hurtado-Ribeira et al., 2023; Larouche et al., 2019; Zhen
et al., 2020).

YMW
Similar to BSFL, YMW had a moisture content of 6%
and water activity below 0.6 (see Supplementary Table
S3) which saw no effect from LEEB treatment. Before
LEEB treatment, aerobic and anaerobic bacterial spores,
and yeast and moulds were not detected in dried YMW.
YMW had 4-log10 aerobic TVC and 3-log10 anaerobic
TVC cfu/g dried YMW (Table 2). Aerobic TVC were four-
fold higher compared to those reported by Vandeweyer
et al. (2017) who reported 1-log10 cfu/g blanched and
microwave dried YMW (20 min). The difference may
be attributed to the effect of blanching, which has been
shown to reduce microbial counts compared to process-
ing without blanching. Interestingly, aerobic and anaer-
obic TVCwere similar to one another in this studywhich
is consistent with a previous study by Vandeweyer et al.
(2020), where aerobic and anaerobic TVC for YMWwere
found to be comparable. This suggests that a substantial
portion of TVC in YMW consists of facultative species,
which are capable of thriving under both aerobic and
anaerobic conditions. More specifically, Bacillus spp. are
known to be facultatively anaerobic (Sperber and Doyle,
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2009). While bacterial spores were not detected in this
study, this could be a result of the relatively high detec-
tion limit (i.e. 2-log10 cfu/g dried YMW). For example,
Vandeweyer et al. (2017) reported bacterial spore counts
ranging from 1.3-1.9 log10 cfu/g dried YMW which are
below the detection limit of this study. Additionally
bacterial spores can be quite variable between rearing
batches. LEEB treatment reduced aerobic and anaero-
bic TVC below the detection limit (Table 2) indicating
that LEEB treatment led to a 2-log10 reduction for aero-
bic and anaerobic TVC in low water activity YMW after
drying (Table 4).

Similar to BSFL, YMW are typically rich in fat (30-
40 % DM) and were analysed for their peroxide value
before and after LEEB treatment (Dreassi et al., 2017;
Ravzanaadii et al., 2012; Son et al., 2020). Similar to
BSFL, LEEB appeared not to affect the peroxide value for
YMW.The peroxide value of YMWbefore and after LEEB
treatment was 2.2 and 2.6 meq./kg fat (Table 2), respec-
tively. This is similar to 1.6-3.5 meq./kg fat reported pre-
viously (Lenaerts et al., 2018; Son et al., 2020). In gen-
eral, the high unsaturated fatty acid content of YMW
(e.g. 66-77%) could increase susceptibility of fat oxida-
tion. Additionally, the treatment process can have a high
influence on the oxidative stability of the product, with
freeze-dried YMW having higher peroxide values of 19-
125 meq./kg fat (Jeon et al., 2016; Lenaerts et al., 2018).
However, fat oxidation may also be partially inhibited
by natural antioxidants such as vitamin E. YMW con-
tain approximately 144 mg/kg fat of tocopherol, a form
of vitamin E (Son et al., 2020). Such antioxidants can
prevent free radicals from attacking fatty acids causing
oxidation (Barden andDecker, 2016). Further studies are
required to fully understand the effect of LEEB treat-
ment on fatty acid composition, antioxidant profiles
and sensory attributes since YMW are often intended
for human consumption. Overall the peroxide values
for YMW in this study fell well below the limits estab-
lished for animals fats (10 meq./kg fat) as well as fish oils
(5 meq./kg fat) (FAO andWHO, 2017).

Experiment 3: shelf-life of LEEB-treated insect products
BSFL
Initial water activity before and after LEEB treatment
was around 0.3 and moisture content was below 3%
(see Supplementary Table S4). Similar to experiment 2,
LEEB treatment did not influence these physicochemi-
cal parameters.

Initial microbial counts were above the detection
limit for all parameters except for yeast and moulds
(Figure 2). In comparison to experiment 2, which only

detected aerobic TVC and bacterial spore counts, in
experiment 3, aerobic and anaerobic TVC and aero-
bic and anaerobic bacterial spore count were detected.
The initial aerobic TVC (i.e. 4-log10 cfu/g dried BSFL)
was slightly lower than in previous studies, where TVC
ranged between 5-5.5 log10 cfu/g dried BSFL (Camp-
bell et al., 2020; Saucier et al., 2022). Additionally, aer-
obic TVC was lower (i.e. 4-log10 cfu/g dried BSFL) com-
pared to the results of experiment 2. However, over-
all results in experiment 3 had more microbiological
parameters detected than in experiment 2.This could
be due to many factors including different BSFL rear-
ing conditions (e.g. substrate, duration, larval densities,
product cleaning) resulting in a higher initial microbial
load before post-processing, in addition to the different
drying methods (microwave vs oven) and thermal con-
ditions (Table 1), as well as potentially different prod-
uct storage between experiment 2 and 3. However, sys-
tematic information on these factors was not recorded.
In accordance with EU regulations for BSFL intended
as animal feed, there is not a limit for aerobic TVC
but it is required that producers ensure the absence of
Salmonella, with amaximum allowable limit of 2.5-log10
cfu/g for Enterobacteriaceae (EC, 2005). A limitation to
this study, is that these specific microorganisms were
not identified.

LEEB treatment decreased all microbiological param-
eters below the detection limit, except for TVC (3-log10
cfu/g dried BSFL) (Figure 2). Specifically, there were
reductions of at least 1-log10 for aerobic and anaerobic
TVC, and 1-log10 for anaerobic bacterial spore counts
(Table 4). The largest reduction was observed in aerobic
bacterial spore counts by 2-log10 (Table 4). Surprisingly,
LEEB was able to reduce aerobic bacterial spore counts
to the detection limit, but aerobic TVC still remained
around 3-log10 cfu/g dried BSFL. As mentioned in exper-
iment 2, it is important that aerobic bacterial spore
counts remain below the 5-8 log10 cfu/g, as this is
the concentration responsible for foodborne diseases
(EFSA, 2005). LEEB treatment had a higher log10 reduc-
tion of aerobic TVC in experiment 2 compared to exper-
iment 3 (2-log10 vs 1-log10) (Table 4). Trinetta et al. (2011)
found that LEEB treatment of different seeds resulted
in different levels of microbial inactivation efficiency of
Salmonella. These findings suggested that the treated
surface morphology influenced the inactivation effi-
ciency, demonstrating that a complex surface structure
can reduce the antimicrobial effectiveness of LEEB. The
difference in reduction of TVC in experiment 2 com-
pared to 3 could be due to the surface structure differ-
ences between microwave-dried BSFL and oven-dried.
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Table 2 Microbial counts and primary oxidation (peroxide value) of microwave dried whole BSFL and YMWbefore and after LEEB
treatment. Data displayed are mean values and range (n = 2)

Insect Treatment Primary lipid oxidation Microbial counts (log10 cfu/g dried insect)
Peroxide value meq./kg Aerobic Anaer. Bacterial Anaer. bacterial Yeast and
fat TVC TVC Spores spores moulds

MWdried Control 8.1 ± 0.2 5.5 ± 0.6 <1 4.8 ± 0.2 <1 <2
BSFL LEEB-treated 8.8 ± 1.7 3.5 ± 0.1 <1 3.2 ± 0.2 <1 <2

MWdried Control 2.2 ± 0.3 3.7 ± 0.1 2.8 ± 0.5 <2 <1 <2
YMW LEEB-treated 2.6 ± 0.2 <2 <1 <2 <1 <2

1 MW = microwave dried; BSFL = black soldier fly larvae; YMW = yellow mealworm; LEEB = Low energy electron beam; TVC = Total viable
counts; Anaer. = anaerobic.

Upon visual inspection, the oven-dried BSFL appeared
more shrivelled with more crevices (see images in Sup-
plementary Material) in addition to having a higher
density compared to the microwave dried BSFL, which
lowers the LEEB penetration depth. Furthermore, the
low reduction of aerobic TVC could be due to the ini-
tial intense (80 °C, 27 h) thermal treatment before LEEB
treatment resulting in low initial microbial counts and a
lowwater activity of 0.3. Vegetative cells in a dehydrated
state can become more resistant to ionising radiation,
comparable to that of spores (Barkai-Golan and Follett,
2017). This is because when cells are in a dehydrated
state, the water within the cells becomes immobilized
and the cellular metabolism is slowed down, thus limit-
ing the movement of the cells and potentially reducing
overall damage caused by radiation (Barkai-Golan and
Follett, 2017). Overall LEEB treatment was effective in
reducing initial microbial counts compared to the con-
trol. However, further research should investigate the
impact of LEEB treatment on dried BSFL using a lower
drying temperature (e.g. 60 °C) and shorter treatment
time.

Throughout the entire shelf-life study, microbial
counts were lower in LEEB-treated BSFL than in the
non-LEEB-treated control (Figure 2). LEEB-treated ana-
erobic microbial counts remained at or below the detec-
tion limit (1-log10 cfu/g dried BSFL). Yeast and mould
which typically indicate spoilage was only detected in
low counts (3-log10 cfu/g dried BSFL) in the control
after five months of storage, whereas for LEEB-treated
samples they remained at or below the detection limit
throughout the shelf-life study. Currently the EU regu-
lation does not limit yeast and moulds but to obtain a
high-quality certification of BSF as animal feed <6-log10
cfu/g of yeast and moulds is required (GMP + Inter-
national, 2020) which was achieved with and without
LEEB treatment. Overall, the findings suggest that LEEB

treatment improved the shelf-life of BSFL as microbial
counts remained at or below the detection limit.

Peroxide value in experiment 3 (2 meq./kg fat, Table
3) were lower than in experiment 2 (8 meq./kg fat, Table
2) and below the limit for animals fats (10 meq./kg fat)
and fish oils (5 meq./kg fat) (FAO andWHO, 2017). LEEB
treatment increased the peroxide value by 2 meq./kg
fat, compared to the control. One possible explana-
tion for the observed difference compared to experi-
ment 2 could be the variation in the initial unsaturated
fatty acid profile, which is influenced by factors such as
the larvae’s feed composition. However, since the fatty
acid profile was not measured, it is difficult to draw a
definitive conclusion. The p-anisidine value remained
lower than the peroxide value.Within the first month of
the shelf-life study, the initial peroxide and p-anisidine
value in the LEEB-treated BSFL did not change. In con-
trast, the control peroxide value appeared to increase
(Table 3). After three months of storage, the perox-
ide and p-anisidine value increased in both the control
and LEEB-treated BSFL, exceeding the limit for animal-
based fats (10 meq./kg fat). The similar results between
control and LEEB-treated BSFL suggest that LEEB treat-
ment has little influence on long-term lipid oxidation.

YMW
The initial water activity of dried YMW before LEEB
treatment was 0.4 and the moisture content was below
6% (see Supplementary Table S5). While water activ-
ity remained below 0.6, it did increase to 0.5 after four
months of storage in both the control and LEEB-treated
YMW (see Supplementary Table S5).

Aerobic TVC in YMW were approximately 6-log10
cfu/g dried YMW (Figure 3). This is high relative to pre-
viously reported results after a thermal treatment (e.g.
1–4 log10 cfu/g dried YMW) (Mancini et al., 2019; Van-
deweyer et al., 2017) and were higher than what was
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Figure 2 Microbial counts of control (i.e. oven-dried) and
LEEB-treated BSFL samples over 6 months storage
time. Control is blanched followed by drying without
LEEB treatment. BSC: bacterial spore count, Anaer.
TVC: anaerobic total viable count, and Anaer. BSC:
anaerobic bacterial spore count. Data displayed are
mean values and standard deviations shown as error
bars (n = 3). Samples where colonies were not
observed are graphed as the detection limit (shown as
red dashed line). For aerobic microorganisms,
detection limit was 2-log10 cfu/g dried insect and for
anaerobic was 1-log10 cfu/g dried insects. Results in
month two are not displayed due to sampling error.

observed in experiment 2 (e.g. 4 log10 cfu/g dried YMW,
Table 2). However, TVCs were slightly lower than what
is typically observed in fresh YMWs at harvest (8-9 log10
cfu/g fresh YMW) (Caparros Megido et al., 2017; Stoops
et al., 2016; Wynants et al., 2017). Anaerobic TVC were
in a similar range to aerobic TVC, indicating facultative

Table 3 Primary (peroxide value) and secondary (p-anisidine
value) lipid oxidation were monitored during the
oven-dried BSFL shelf-life at four different time points.
Data displayed are mean values and standard
deviation (n = 3)

Storage Time Treatment Peroxide value p-Anisidine
(months) (meq./kg fat) value (–)
0 Control 2.2 ± 0.5 1.5 ± 0.1

LEEB 3.9 ± 1.0 2.3 ± 0.7
1 Control 6.0 ± 2.5 1.9 ± 0.1

LEEB 3.5 ± 1.3 2.1 ± 1.2
3 Control 12.0 ± 0.0 3.8 ± 1.0

LEEB 11.7 ± 0.6 4.2 ± 0.2
6 Control 15.0 ± 0.0 6.8 ± 1.0

LEEB 14.3 ± 0.6 6.6 ± 0.6

Table 4 Comparison of microwave average (experiment 2, n =
2) and oven dried average (experiment 3, n = 3) log10
reduction of initial microbial load after LEEB
treatment for both BSFL and YMW

.
Experiment BSFL YMW

2 3 2 3
TVC 2.0 0.96 1.7 4.1
Bacterial spore count 1.6 1.7 0.0 0.82
Yeast & moulds 0.0 0.0 0.0 0.0
Anaerobic TVC 0.0 1.0 1.7 3.9
Anaerobic bacterial spore count 0.0 0.6 0.0 0.86

anaerobes as discussed in experiment 2 (Table 2). Aer-
obic bacterial spore counts were around 3-log10 cfu/g
dried YMW (Figure 3).

Similar to experiment 2 with microwave dried YMW,
LEEB treatment decreased all microbiological parame-
ters to at or below the detection limit, except anaero-
bic TVC which was reduced to 2-log10 cfu/g dried YMW
(Table 4, Figure 3). The largest decrease was observed for
aerobic and anaerobic TVC, both resulting in a 4-log10
reduction (Table 4). Because of the naturally higher ini-
tial microbial load in experiment 3, LEEB was overall
more effective in reducing microbial numbers in the
oven dried YMW compared to microwave dried YMW
used in experiment 2 (Table 4). Contrary to BSFL, dry-
ing method does not seem to heavily impact the surface
morphology YMW, which could be why LEEB treatment
was similar within experiment 2 and 3. When intended
for human consumption, IPIFF (2019) recommends less
than 3-log10 cfu/g of aerobic TVC. Therefore, LEEB was
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Figure 3 Microbial counts of control (i.e. oven dried) and
LEEB-treated YMW samples over 6 months storage
time. Control is blanched followed by drying without
LEEB treatment. BSC: bacterial spore count, Anaer.
TVC: anaerobic total viable count, and Anaer. BSC:
anaerobic bacterial spore count. Data are displayed
with mean values and standard deviations shown as
error bars (n = 3). Samples where colonies were not
observed are graphed as the detection limit (shown as
red dashed line). For aerobic microorganisms,
detection limit was 2-log10 cfu/g dried insect and for
anaerobic was 1-log10 cfu/g dried insects.

effective in both experiments in reducing aerobic TVC
to below the acceptable limit.

Throughout the six-months shelf-life study, LEEB
treated YMW had lower counts in all microbiological
parameters than the untreated control. Within the first
two months of storage, aerobic TVC and bacterial spore
counts for LEEB-treated YMWs remained at or below

the detection limit, with anaerobic bacterial spore
counts remaining at or below for the first three months.
After two months of product storage, higher numbers
were observed for aerobic TVC for LEEB-treated sam-
ples and remained around 3-log10 cfu/g dried YMW
for the entire shelf life. This could be explained by
a potential slight recovery of survived microbial cells,
which were not culturable shortly after LEEB treatment.
Further studies on such cell fractions are needed to
verify this hypothesis. All microbial counts of the con-
trol remained stable throughout the 6-months shelf-life
study with aerobic and anaerobic TVC ranging from
4–6 log10 cfu/g dried YMW. Yeast and mould counts
was detected at 5-log10 cfu/g dried YMW in the control
after two months of storage indicating some spoilage,
as its close the limit set for animal feed of 6-log10 cfu/g
(GMP + International, 2020). In contrast, LEEB-treated
yeast and moulds remained at or below the detection
limit throughout the shelf-life study.

4 Conclusion

LEEB treatment was effective in reducing microbial
numbers in BSFL and YMW following thermal treat-
ment, leading to an improved shelf-life. Further research
should investigate the effect of LEEB treatment on BSFL
with a higher initial microbial load. Despite a slight
increase in lipid oxidation after LEEB treatment, the
initial peroxide value for BSFL and YMW was still con-
sidered relatively low, meeting the target suitable for
animal-based fat oils. Nevertheless, further research is
necessary to investigate the shelf-life of microwave dried
insect products, particularly in terms of lipid oxidation
as this has yet to be conducted. Overall, these find-
ings suggest that LEEB could be a complementary post-
processing step to a gentler and more efficient thermal
step, especially among regions of the world where irra-
diation is gaining increased interest.

Supplementary Material

Supplementary material is available online at:
https://doi.org/10.6084/m9.figshare.24032067
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