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analogues in mealworms
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ABSTRACT

Juvenile hormone analogues (JHAs) are known to affect insect growth and can potentially be
used in edible insect rearing. In this study, a reversed-phase liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS) method was developed for the detection of five
common juvenile hormone analogues (fenoxycarb, pyriproxyfen, methoprene, kinoprene, and
hydroprene) in mealworms. Sample clean-up was performed using reversed-phase solid-phase
extraction cartridges. To enhance ionisation, methoprene, kinoprene, and hydroprene are
detected as their 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) derivatives. The method was fully
validated according to Commission Implementing Regulation (EU) 2021/808 and is capable of
both quantitative and qualitative confirmation of fenoxycarb, pyriproxyfen, methoprene, and
kinoprene (CCa values of 6.0-29ug kg™'), and qualitative screening of hydroprene (with a CCR
of 7.7ug kg'). Additionally, it was demonstrated that liquid chromatography coupled to
high-resolution mass spectrometry (LC-HRMS) can also be used for the screening of JHA residues
at relevant levels. The LC-MS/MS method was used to demonstrate the presence of methoprene
in an incurred sample of mealworms. Finally, 14 mealworm samples originating from the Dutch
national residue control plan were analysed, and none of the target analytes were found.
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Introduction of insect growth, preventing metamorphosis, and
is practically absent at the point when the larvae
transform into pupae and then into adults. In
short, the presence of JH permits growth but
inhibits metamorphosis, maintaining the larval
stage (Riddiford 1994; Henrick 2007; Li et al.
2019; Riddiford 2020).

The growth-regulating effects of JH have led

Juvenile hormones (JH) are endogenous com-
pounds found in insects that play a role in
growth and metamorphosis (Riddiford 2020).
Among the various types, JH III is one of the
most prevalent (Dhadialla et al. 2005); see Figure
1. Throughout their life cycle, many insects

undergo periodic moulting, during which the
exoskeleton is replaced, a requirement for further
growth and for metamorphosis from larvae to
the next stage. Moulting hormones called ecdys-
teroids regulate this process by initiating moult-
ing and inducing metamorphosis. JH acts together
with ecdysteroids to determine the outcome of
each moult as larval, pupal, or adult. The JH
concentration is relatively high in the early stages

to the use of stable, more potent analogues of
these substances as insecticides, known as juve-
nile hormone analogues (JHA), juvenile hormone
mimics (JHM), or juvenoids. Like natural JH,
JHAs prevent insect larvae from metamorphosing
into adults, thereby halting reproduction
(Williams 1956; Dhadialla et al. 2005; Henrick
2007). While useful for pest control, studies have
demonstrated that this effect can be used to
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Figure 1. Molecular structures of natural juvenile hormone JH Il and the juvenile hormone analogues methoprene, kinoprene,
hydroprene, fenoxycarb, and pyriproxyfen investigated in this study.

cause larval growth beyond the point at which
they would normally metamorphose, creating
abnormally large larvae. For example, the weight
of tobacco budworm (Heliothis virescens) doubled
when fenoxycarb was included in the diet com-
pared to the control group that received no treat-
ment (Mauchamp et al. 1989). Similarly, so-called
‘super larvae’ of the silkworm (Bombyx mori)
were obtained when methoprene was topically
applied at a specific time during larval develop-
ment, resulting in more than a doubling of their
weight compared to the control group
(Kadono-Okuda et al. 1986). Indian meal moth
larvae (Plodia interpunctella) reached three times
their normal size when treated with an ecdys-
teroid analogue and methoprene (Silhacek et al.
1990). Moreover, it has been demonstrated that
JHAs can alter the protein and fat composition
of yellow mealworms (Tenebrio molitor) when
included in the diet (Hill et al. 2024). Considering
the interest in edible insects as alternative pro-
tein sources for food and feed (van Huis 2022)
and the well-known effects of JHAs on insect
growth, as also reported in popular media (Ken
2017; The Thought Emporium 2025), residue
monitoring of these substances in edible insects
is becoming increasingly relevant.

Although many compounds with JH-like effects
are known (Sldma 1999; Henrick 2007; Jindra
and Bittova 2020; Devi et al. 2022; Devi and
Awasthi 2022; Tumova et al. 2022), only a few
have been widely used as insecticides. The fol-
lowing JHAs were included in this study: fenoxy-
carb, pyriproxyfen, methoprene, kinoprene, and
hydroprene (Henrick 2007; Slama 2013; Jindra
and Bittova 2020; Parthasarathy and Palli 2021;
Insecticide Resistance Action Committee 2023).
Multiple analytical approaches have been
described for the detection of individual or sub-
sets of these analytes in various matrices (Aronov
et al. 2005; Paya et al. 2013; He et al. 2020; Wu
et al. 2021; Martin-Pozo et al. 2023; Tang et al.
2024). However, to the best of our knowledge, no
validated method for the simultaneous analysis of
the most relevant JHAs in edible insects has been
described and applied for residue monitoring.

This study describes the development of a sam-
ple pre-treatment procedure for the analysis of five
JHAs in edible mealworms. The extracts are anal-
ysed using both liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS), which
can be applied for routine monitoring, and liquid
chromatography coupled to high-resolution mass
spectrometry (LC-HRMS), which can additionally



be applied for research purposes since it provides
the added benefit of collecting non-targeted data
that can be used for retrospective data analysis
(Jongedijk et al. 2023). Furthermore, the proposed
LC-MS/MS method has been fully validated as a
quantitative, confirmatory method for mealworms
in accordance with Commission Implementing
Regulation (EU) 2021/808 (European Commission
2021), as the JHAs would be applied as pharmaco-
logically active substances in food-producing ani-
mals in the context of this study. The LC-HRMS
screening method was further validated through
the analysis of samples from a single validation
day. Moreover, the proposed LC-MS/MS method
was applied to incurred material consisting of
mealworms exposed to methoprene to demon-
strate its fitness for purpose. Finally, an explor-
atory survey was conducted on mealworm products
originating from the Dutch national residue con-
trol plan.

Material and methods
Chemicals and reagents

LC—MS grade water, acetonitrile (ACN), methanol
(MeOH), ethyl acetate, formic acid, acetic acid
(HAc), and hydrochloric acid (37%) (HCl) were
obtained from Actu-All Chemicals (Oss, the
Netherlands). Methoprene (99.1%), 4-phenyl-1,2,
4-triazoline-3,5-dione (PTAD), and ammonium
formate were obtained from Sigma Aldrich (Saint
Louis, MO, USA). Kinoprene (91.1%), hydroprene
(98.97%), fenoxycarb (99.83%), pyriproxyfen (96%),
methoprene-d7, and fenoxycarb-d3 were obtained
from LGC standards (Wesel, Germany). Deionised
water was used in sample preparation and pro-
duced with a Milli-Q Reference A +system (Merck
KGaA, Darmstadt, Germany). Stock solutions were
prepared taking purity into account in methanol
and stored at -18°C for the duration of the project.

Sample preparation

Mealworm samples were prepared by extracting
0.5g of material using 5mL of acetonitrile:water
70/30 v/v% using a Beadruptor (Omni International
24) (Omni International, Kennesaw, GA) set to a
speed of 5.65m s}, a cycle time of 0.75min, and
a pause dwell time of 0.5min; two cycles were
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used. Next, the samples were centrifuged for
10min at 3500g. The acetonitrile in the extract
was then evaporated at 45°C under a gentle flow
of nitrogen until only the aqueous phase remained,
after which 1.5mL of water was added. Cleanup
was performed using Strata-X  solid-phase
extraction cartridges (200mg) (Phenomenex,
Torrance, CA, USA) that were first conditioned
using 3mL of acetonitrile, followed by 2mL of
water. The cartridges were washed with 2mL of
water, then eluted with 2mL of ethyl acetate, after
which the eluate was evaporated at 45°C under a
gentle flow of nitrogen. Next, 200pL of PTAD
solution (750pug mL™' in acetonitrile) was added,
and the extracts were left for 1h at room tempera-
ture to allow derivatisation of methoprene, kino-
prene, and hydroprene (Aronov et al. 2005).
During method development, Oasis HLB cartridges
(200mg) (Waters Corporation, Milford, MA, USA)
and Bond Elute CI18 cartridges (500mg) (Agilent,
Santa Clara, CA, USA) were tested.

Instrumental analysis

Targeted analysis was performed in positive ion
multiple-reaction-monitoring (MRM) mode using
an Acquity Premier UPLC system coupled to a
Xevo TQ Absolute Triple Quadrupole Mass
Spectrometry equipped with an electrospray ioni-
sation source (Waters Corporation, Milford, MA,
USA). See Supplementary Table S1 for MS-related
settings. Analysis was performed using an Acquity
UPLC BEH Cj; column (2.1mm x 100mm,
1.7 um particle size) (Waters Corporation, Milford,
MA, USA). Mobile phase A consisted of water
and mobile phase B of acetonitrile, both includ-
ing 0.1 v/v% formic acid. The gradient started at
60% A for 0.5min, then moved to 100% B at
1.5min, held until 2.5min, and then returned to
60% A at 3min, holding until 4.2min for
re-equilibration, at a flow rate of 0.6mL min™l.
The column temperature was set to 50°C, and an
injection volume of 5pL was used. LC-HRMS
analysis was performed using a Vanquish Horizon
UHPLC system coupled to an Orbitrap IQ-X
Tribrid mass spectrometer equipped with a
Heated Electrospray Ionisation source (Thermo
Scientific, San Jose, CA, USA) in positive mode.
Water was used as mobile phase A and methanol
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as mobile phase B, both including 2mM ammo-
nium formate and 0.1 v/v% formic acid. An
Acquity UPLC BEH Cj; column (2.1mm X
100mm, 1.7 um particle size) (Waters Corporation,
Milford, MA, USA) was used. The gradient con-
sisted of 100% A increasing to 100% B in 15min,
held until 21 min, then returning to 100% A at
22min, and held until 30 min for re-equilibration
at a flow rate of 0.3mL min~'. The column tem-
perature was kept at 50°C, and an injection vol-
ume of 5pL was used. Full-scan data were
acquired at a resolution of 120,000 full width at
half maximum (FWHM) at m/z 200 across a scan
range of 110-1100m/z, followed by both
data-dependent, including dynamic exclusion,
and scheduled MS2 scan events. The collision
energy was set to an absolute value of 20V for all
analytes during scheduled scan events.

Method validation

The proposed method was fully validated as a
quantitative confirmatory method for unautho-
rised substances in mealworms using LC-MS/MS,
in accordance with Commission Implementing
Regulation (EU) 2021/808 (European Commission
2021). To date, no maximum residue limits
(MRLs), minimal method performance require-
ments (MMPRs), or reference points of action
(RPAs) have been established by the European
Union for JHA in edible insects in the context of
pharmacologically active substances in
food-producing animals. MRLs have been set in
Commission Regulation 899/2012 for some JHA
in the context of pesticide residues in the cate-
gory ‘Other terrestrial animal products’ to which
edible insects belong, which are 50pg kg™ for
methoprene and 10ug kg™ for both fenoxycarb
and pyriproxyfen (European Commission 2012).
For the current validation, the lowest calibration
level (LCL) was set at 5.0pug kg™ (1*LCL), and
the validation was performed at three levels:
1*LCL, 2*LCL, and 3*LCL. During the validation
study, the identification criteria, decision limit for
confirmation (CCa), trueness, precision (repeat-
ability and within-laboratory reproducibility),
selectivity/specificity, stability, and ruggedness
were investigated as defined in Table 5 of

Commission Implementing Regulation (EU)
2021/808 (European Commission 2021). The val-
idation study was performed on three separate
days by three different technicians using two dif-
ferent LC-MS/MS instruments. Additionally, the
samples from validation day 1 were analysed
using LC-HRMS. On each validation day, 7 dif-
ferent batches of mealworms were analysed as
blanks, and each batch was also fortified at 1, 2,
and 3*LCL for a total of 28 validation samples
per day. On each validation day, a calibration
curve of 6 matrix fortified samples was included
for quantification (MFS-line), using a different
batch of mealworms each day. Internal standard
correction was used for all samples. The identifi-
cation criteria were assessed by checking if the
analytes could be identified in the fortified sam-
ples according to the criteria for the relative
retention time (within 1% of the relative retention
time of the MFS line) and the mass spectrometric
identification criteria for LC-MS/MS, meaning
that the ratio between the quantifying ion and
the qualifying ion falls within 40% of the average
ion ratio in the MFS samples. The decision limit
for confirmation (CCa) was calculated at the low-
est validation level at which at least 20 of the for-
tified samples met the identification criteria for
unauthorised or prohibited substances, as defined
in method 3 of Commission Implementing
Regulation (EU) 2021/808 (European Commission
2021). Trueness was assessed at all three levels
using the internal standard-corrected MES lines
for quantification of the internal standard-corrected
fortified samples and comparing the calculated
value to the known fortification value; a criterion
of =30 to +20% was used. Repeatability (within-day
precision) was expressed as the relative standard
deviation (RSDr, %) of seven replicate extracts,
each prepared from different batches of sample,
on the same day with the same instruments and
technicians; a criterion of 20% was used.
Within-laboratory reproducibility (between-day
precision) was expressed as the mean repeatability
at each LCL obtained across the three validation
days with different instruments and technicians
(RSDrl, %), and a criterion of 30% was used. To
determine the method’s selectivity/specificity, the
21 unfortified samples were visually assessed for



signals (signal-to-noise ratio > 3) that could affect
data analysis. Stability of the sample extracts was
investigated by storing the extracts from valida-
tion day 1 at —20°C for 10days and re-analysing
the MFS line and the 7 samples fortified at 1*LCL.
Extracts were deemed stable when the criteria for
identification, repeatability and trueness were met
upon re-analysis. Finally, ruggedness was assessed
by including three samples spiked at 2*LCL that
were prepared and analysed as normal and by
using these samples to assess three potential
method deviations, each with three samples pre-
pared and analysed. The final evaporation step
was identified as the most likely source of devia-
tions, so it was selected for the ruggedness study.
For the first deviation, instead of evaporating
until dry after cleanup, evaporation was stopped
prematurely. For the second deviation, evapora-
tion was continued for 15min after the extract
was completely dry, and for the third deviation,
the evaporation temperature was set to 55°C
instead of 45°C. The method was deemed rugged
after the modifications, as trueness and repeat-
ability met the criteria. RESVAL version 4.0
(WFSR EURL) was used for LC-MS/MS valida-
tion data analysis. The LC-HRMS method was
partially validated as a qualitative screening
method by assessing selectivity/specificity, and the
detection capability for screening (CCP) was
determined using method 2  (European
Commission 2021) with 7 fortified blanks, where
the CCP was set at the calibration level at which
< 5% false-compliant results were observed.

Incurred mealworms

Methoprene-incurred mealworms were obtained
from an insect study on the effects of veterinary
drug exposure on mealworms (Tenebrio molitor)
(Rasker et al. 2026). In short, mealworms were
exposed to methoprene for 7days via their sub-
strate, which was fortified with 10mg kg™' metho-
prene. After this period, mealworms were
removed from the fortified substrate and placed
on clean substrate for 48h to allow the fortified
substrate to be excreted from their digestive sys-
tems. A sample from this study was analysed
using the proposed LC-MS/MS method.
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Exploratory survey

The method was used to analyse 14 anonymised
monitoring samples from the Dutch national res-
idue plan. These samples consisted of freeze- or
oven-dried, frozen, or powdered mealworms taken
for official residue monitoring, and they were
analysed using a single standard addition approach
as described in the EURL Guidance Document on
Standard Addition (European Union Reference
Laboratories 2022). Two aliquots of each sample
were analysed, one as such and one fortified at
I*LCL (5pg kg') before sample preparation.
Results were assessed visually; if the analyte in the
fortified sample produced a chromatographic peak
that was not visible in the sample as such and the
corresponding internal standard was visible in
both samples, then the analyte was considered
detectable. This approach was used because
(freeze)-dried and powdered mealworms were not
included in the validation study.

Results and discussion
Method development

Sample pre-treatment

Development of the sample pre-treatment proce-
dure began by investigating multiple extraction
solvents, following a generic protocol for subse-
quent solid-phase extraction with Oasis HLB car-
tridges, which included ethyl acetate as the elution
solvent, as this has been used successfully to elute
JHAs in previous work (Aronov et al. 2005).
Multiple extraction solvents were assessed across
a wide polarity range, with and without the inclu-
sion of acids, see Figure 2A. Optimal perfor-
mance was observed with water/ACN (3:7, v/v) +
1% (v/v) Hac. This extraction solvent was selected
even for the most apolar analyte, hydroprene; see
Supplementary Table S2 for analyte characteris-
tics. Next, multiple SPE cartridges were assessed,
including Oasis HLB, Strata-X, and C,4 cartridges,
using the same conditioning, washing, and elu-
tion procedure (see Figure 2B). Overall, the dif-
ferences between the cartridges appeared to be
minor; methoprene, kinoprene, and hydroprene
showed a slightly higher response when Strata-X
or Cl18 cartridges were used compared to the
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Figure 2. (A) Comparison of different extraction solvents using mealworms fortified with JHAs at 50 ug kg—1. (B) Comparison of
different SPE cartridges using mealworms fortified with JHAs at 50 pug kg—1 extracted using Water/ACN (3:7, v/v) + 1% (v/v HAc).
(C) Effect of addition of acid to the extraction solvent using mealworms fortified with JHAs at 50 ug kg—1. Error bars represent

standard deviation.

Oasis HLB. It was decided to continue with
Strata-X cartridges because of their performance
and increased user-friendliness compared to Cq
cartridges. Finally, the effect of adding acid to the
extraction solvent was investigated, and results
improved slightly when acid was omitted, allow-
ing for further simplification of the method (see
Figure 2C). Except for pyriproxyfen, none of the
included analytes exist in an ionised state at low
pH, see Supplementary Table S2, so any effects
on the response due to the presence of acid can
be attributed to the interaction between the acid-
ity of the extraction solvent and matrix compo-
nents. The optimal initial extraction conditions
found for JHAs are similar to those used in pre-
viously published multi-methods in the residue
analysis field (e.g. Monteiro et al. 2021), suggest-
ing that other compounds can potentially be
included in the future.

Instrumental analysis
The non-polar nature of some JHAs, such as
methoprene, hydroprene, and kinoprene, results

in a poor ionisation efficiency during electrospray
ionisation (ESI) (Aronov et al. 2005). However,
since ESI is the most accessible, widely used, and
therefore preferred interface between liquid chro-
matography and mass spectrometry in residue
analysis laboratories, it was used in this study.
The poor ionisation efficiency of JHAs can be
overcome by derivatising the analytes to intro-
duce proton-accepting amide groups into the
analyte structure via a Diels-Alder cycloaddition
using 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD),
as demonstrated previously by Aronov et al
(2005). This derivatisation procedure can be per-
formed at room temperature and does not affect
fenoxycarb and pyriproxyfen since these do not
contain the diene moiety required for the reac-
tion to occur. The optimal multiple reaction
monitoring (MRM) transitions for LC-MS/MS
analysis were determined for all (derivatised)
analytes and internal standards by infusing stan-
dards; see Table 1. To the best of our knowledge,
no isotope-labelled internal standards are com-
mercially available for kinoprene and hydroprene,



so methoprene-d7 was used for correction. The
exact mass for LC-HRMS analysis was deter-
mined based on the molecular formulae, and
scheduled MS? scans were included in the method

Table 1. Analyte mass spectrometric information.

FOOD ADDITIVES & CONTAMINANTS: PART A e 7

to ensure detection at low levels, likely required
due to co-eluting matrix interferents that increased
total ion abundance and reduced analyte sensitiv-
ity (Kaufmann 2018). For data analysis, the most

Pre-cursor ion Declustering Product ion Collision energy
Compound Molecular formula Adduct (m/2) potential (V) (m/2) (V)
Fenoxycarb C;;H,oNO, [M+H]* 302 66 88* 29
116
17
Pyriproxyfen CyH1oNO;4 [M+H]* 322 81 96* 23
78
81
Methoprene-PTAD CyeH3sN;0,%* [M+H]* 454 m 242*% 31
328
17
Kinoprene-PTAD C6H33N50, [M+H]* 452 86 242% 27
368
19
Hydroprene-PTAD CysH3sN50, [M+H]* 442 121 242* 29
368
21
Fenoxycarb-d3 C,,H,,D;NO, [M+H]* 305 66 119 17
Pyriproxyfen-d4 CyoH,sD,NO,4 [M+H]* 326 81 100 23
Methoprene-d7-PTAD H6H25D;N50,** [M+H]* 461 1M1 242 27
*Product ion used for quantification.
**Corresponds to the in-source fragment where CH,O is lost.
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Figure 3. Representative example LC-MS/MS extracted ion chromatograms of mealworm fortified with JHA at 1*LCL (5 pg kg™),
only relevant signal based on retention time range displayed for clarity (a.u. = arbitrary units).

intense production was used; see Supplementary
Table S3.

After confirming that all analytes could be
detected using both tandem and high-resolution
mass spectrometry, the separation was investi-
gated. For LC-MS/MS analysis, a short gradient
using a C,; column was sufficient to elute all
analytes, and it was decided to prioritise rapid
analysis over baseline separation, see Figure 3.

For LC-HRMS analysis, a generic, longer

gradient was used to facilitate separation of
potential unknowns, see Supplementary Figure
S1 for an example LC-HRMS chromatogram. It
is worth noting that when the LC-HRMS method
is applied for target or suspect screening of
compounds other than the JHAs described in
this work, the possibility of PTAD-derivatization
of residues should be considered, for example, by
including the m/z of potential PTAD-conjugates
in the suspect list.
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Table 2. Performance characteristics of the developed LC-MS/MS method per analyte in mealworms (n=21).

Concentration Repeatability Reproducibility CCa (ug
Compound (ug kg™ Trueness (%) (RSDr, %) (RSDrl, %) Confirmed Classification* kg™
Fenoxycarb 5 98 9 9 2121 Quantitative 6.0
10 97 6 6 2121 confirmatory
15 96 7 7 2121
Pyriproxyfen 5 91 23 24 2121 Qualitative 7.5
10 93 23 23 21/21 confirmatory
15 96 21 21 21/21
Methoprene 5 105 4 1 2121 Quantitative 6.3
10 102 1" 14 2121 confirmatory
15 100 1 12 20/21
Kinoprene 5 118 32 65 19/21 Qualitative 29
10 120 39 68 21/21 confirmatory
15 115 35 63 20/21
Hydroprene 5 87 25 38 17/21 Qualitative screening 7.7%%
10 88 21 33 21/21
15 86 19 35 18/21

* Analytical method classification according to EU (2021/808) (European Commission 2021).
** CCP detection capability for screening according to EU (2021/808) (European Commission 2021) method 3.

Method validation

Table 2 presents the results of the method valida-
tion for the determination of JHA in mealworms.
In the case of mealworms, only the yellow meal-
worm (Tenebrio molitor) and the lesser mealworm
(Alphitobius diaperinus) are currently approved
for human consumption within the European
Union (European Commission 2022, 2023); how-
ever, the latter is often labelled as the buffalo
worm (Alphitobius laevigatus) (Marien et al.
2022). The samples used for the validation study
were obtained from different online vendors, and
the labelling often did not include the exact spe-
cies of insect; therefore, no distinction between
species was made for this validation study.

The results for pyriproxyfen from validation
days 1 and 2 were corrected using fenoxycarb-d3.
Pyriproxyfen-d4 was only included during the
final validation day, resulting in an improvement
in repeatability (at 1*LCL, day 1 and 2 average of
26% and day 3 12%). However, since the overall
repeatability criterion of < 20% was not met at
any level for pyriproxyfen, it was classified as a
qualitative analyte. The CCa for kinoprene was
calculated at the 2*LCL validation level since two
fortified samples did not meet the identification
criteria at the 1*LCL level. For hydroprene, mul-
tiple samples did not meet the identification cri-
teria for ion ratio at multiple levels; therefore,
this analyte was classified as a qualitative screen-
ing analyte. Visual inspection of the chromato-
grams revealed signals in all fortified samples.
Although the identification criterion for ion ratio

was not always met, this performance is sufficient
for screening, after which confirmatory analysis
can be conducted using multi-level standard
addition (European Union Reference Laboratories
2022). Therefore, the CCP detection capability for
screening was calculated, setting the 1*LCL vali-
dation level as the screening target concentration.
For selectivity, all blank chromatograms were
inspected visually, revealing no signals that could
interfere with analyte detection. The robustness
study revealed that methoprene, kinoprene, and
hydroprene are sensitive to residual water if the
extracts are not completely evaporated before
starting the derivatisation procedure, highlighting
this as a critical step. None of the other investi-
gated deviations had significant effects. The sta-
bility study showed that derivatized methoprene,
kinoprene, and hydroprene in the final extracts
were unstable when stored in the freezer for
10days. Therefore, sample extracts should be
analysed immediately after derivatisation.

The partial validation of the LC-HRMS method
as a qualitative screening method showed that all
compounds could be reliably detected using
scheduled MS? scans at the lowest calibration
level of 5ug kg™! with a false compliant rate of <
5%, thus the CCpP detection capability for screen-
ing was set at this level according to method 2 in
(EU) 2021/808 (European Commission 2021).

Incurred mealworm analysis

The validated LC-MS/MS method was used to
analyse an incurred sample from a trial in which
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Figure 4. LC-MS/MS chromatogram overlay of methoprene incurred mealworms (a.u.= arbitrary units).

mealworms were exposed to methoprene via their
substrate (10mg kg™') (Rasker et al. 2026); see
Figure 4. Analysis of this incurred material
demonstrates that the proposed method can read-
ily detect methoprene in mealworms; a level of
26ug kg was found in this sample, exceeding
the CCa of 6.3 pug kg™'. In addition to the valida-
tion study, the successful detection of methoprene
in an incurred sample provides additional assur-
ance that the method can be used for residue
detection in real samples, since incurred samples
capture variations not captured by fortified sam-
ples (McCracken et al. 2000; Lehotay and
Cook 2015).

Exploratory survey

To investigate the occurrence of JHA residues in
edible insects, 14 anonymised samples from the
Dutch national residue control plan were anal-
ysed using the proposed method. These samples
included mealworm products such as freeze-dried
or oven-dried and powdered mealworms and
were therefore analysed in two aliquots, one as
such and one fortified at 1*LCL. None of the
JHA included in the study were detected in these
samples. In 43% of the samples, the fortified
sample revealed that hydroprene and kinoprene
were not detectable, while methoprene and its
corresponding internal standard were not detect-
able in 14% of the samples. Fenoxycarb, pyriproxy-
fen and their corresponding internal standards
were detectable in all samples. These results show

that matrix suppression or matrix-mediated

effects on the recovery differ between
non-processed and processed mealworms and
that further method optimisation is required reli-
ably to detect JHA in processed insect products.
For example, the procedure could potentially
benefit from a hydration step before extraction
for (freeze)-dried mealworms as is commonly
employed in pesticide residue analysis in dry
plant-based matrices (e.g. Pszczolinska and
Kociotek 2022). Additionally, the difference in
detectability for the PTAD derivates can be
explained by differences in ionisation efficiency
gain between methoprene (factor 1310), kino-
prene (factor 102) and hydroprene (factor 91) as
demonstrated by Aronov et al. (2005).

Conclusions

Juvenile hormone analogues (JHAs) can be used
in insect rearing to enhance growth and are
therefore relevant to food-safety residue monitor-
ing. In this work, an LC-MS/MS method is pre-
sented that can detect the five most common
JHAs at relevant levels in mealworms. Additionally,
it was demonstrated that LC-HRMS, including
targeted scans, can detect JHAs at relevant levels.
The fitness for purpose of the LC-MS/MS and
LC-HRMS methods was demonstrated in accor-
dance with the validation criteria described in
Commission Implementing Regulation (EU)
2021/808, and the LC-MS/MS method was applied
to an incurred mealworm sample. Finally, meal-
worm samples from the Dutch national residue
control plan were analysed, and no JHA residues
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were detected. The proposed LC-MS/MS method
can be used for routine monitoring, including
screening and confirmation, while the LC-HRMS
method can be used to additionally collect data
for retrospective analysis for research purposes.
Continued regulatory monitoring is recom-
mended, given the widespread knowledge of
JHAS effects on insects.
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