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Abstract

Background: Entomotoxicology provides an alternative matrix for detecting drugs in decomposed human remains
when conventional specimens are unavailable. This study aimed to develop and validate a quantitative method for de-
tecting methamphetamine (MA) in different developmental stages of the blowfly Lucilia sericata.

Methods: Immature stages of L. sericata (larvae, pupae, empty puparia) were reared on chicken liver spiked with MA
at concentrations of 45, 90 and 180 ng/mg. Samples underwent liquid—liquid extraction, derivatization via acetylation,
and analysis using gas chromatography-mass spectrometry (GC-MS). The method was validated according to interna-
tional guidelines, evaluating limit of detection (LOD), limit of quantification (LOQ), linearity, precision, accuracy and
repeatability.

Results: The method showed strong linearity across the studied concentration range (R2= 0.9817-0.9934). The limit of
detection and LOQ were 15 ng/mg and 45 ng/mg, respectively, with a relative standard deviation (RSD)< 20% at the
LOQ level. Intra- and inter-day precision showed RSD values< 10%, and accuracy ranged from 98.55% to 100.73%.
Methamphetamine was detected in all immature stages and empty puparia. The highest observed concentrations were
detected in third-instar larvae and pupae, whereas no drug residues were detected in adult flies. Methamphetamine re-
tention in empty puparia supports their potential forensic relevance for retrospective drug detection.

Conclusion: This validated method demonstrated acceptable sensitivity, precision, accuracy and repeatability for quan-
titative entomotoxicological analysis. The detection of methamphetamine across insect developmental stages suggests
the suitability of this approach as a supplementary tool for forensic investigations involving decomposed remains.
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Introduction

Determining the cause of death is a crucial for toxicological analysis (2, 3). Entomotoxi-
aspect of forensic investigations, particularly cology, the study of toxins in necrophagous ar-
in cases where bodies are recovered in an ad- thropods, has gained increasing attention after
vanced stage of decomposition (1). Under such it was observed that drugs accumulated in fly
conditions, conventional biological specimens larvae can alter their developmental rates. This
such as tissues, body fluids and internal organs finding is of considerable forensic importance
are often degraded or no longer available, mak- since many fly species are used to estimate the
ing insects the only reliable alternative matrices post-mortem interval (PMI). Any alteration in
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their developmental timing due to drug expo-
sure may thus influence PMI accuracy. Alt-
hough the detection of drugs in necrophagous
insects is generally accepted, the interpretation
of such findings remains controversial. Unre-
liable results often arise from limited entomo-
logical knowledge, such as incomplete under-
standing of insect metabolism and feeding be-
havior, as well as from inadequate sensitivity
of analytical instruments (4). Cases involving
drug abuse, suicide, or delayed recovery of the
body further complicate the scenario (1, 5).

In Entomotoxicological research, larvae are
most frequently sampled because they are abun-
dant and easily collected at the scene. Howev-
er, drug concentration in larvae may vary de-
pending on their developmental stage (first,
second, or third instar) and feeding condition.
After feeding, larvae leave the food source to
pupate, forming puparia enclosed within the
last larval cuticle (6). Once adult emergence
occurs, only empty puparial cases remain near
or on the corpse. These puparia are more dif-
ficult to locate because of their dark colora-
tion and concealed position (2, 3). Neverthe-
less, they possess remarkable resistance to
chemical degradation, microbial activity, and
environmental stressors, and can persist long
after adult emergence (7). Although the quan-
tification of drugs in insect tissues has been
achieved using sensitive analytical instruments
(7-9), the relationship between drug concen-
trations in empty puparia and corresponding
human or animal tissues remains unclear. This
gap poses a major challenge in forensic inter-
pretation. Drug pharmacokinetics in insects de-
pend on several factors, including species, de-
velopmental stage, mode of action, absorption,
redistribution, metabolism and chemical sta-
bility (10, 11).

Current research in this emerging field main-
ly focuses on the use of necrophagous arthro-
pods as alternative toxicological specimens and
on evaluating the effects of toxicants on their
life cycles (12). Various analytical methods
have been applied, including immunoassays,
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gas chromatography (GC) (13), and liquid chro-
matography (LC) (14). The coupling of LC with
tandem mass spectrometry (MS-MS) enhanc-
es both sensitivity and selectivity while reduc-
ing preparation and analysis times (9). These
advances enable the detection and quantifica-
tion of drugs in single insects, improving the
accuracy and precision of PMI estimation (14).
Methamphetamine abuse has emerged as a ma-
jor public health concern in many countries,
particularly among younger populations (15,
16). In forensic toxicology laboratories, analyses
of conventional biological matrices such as
blood, urine and hair are routinely performed to
detect and monitor drug use. However, alterna-
tive matrices, including oral fluid, have gained
attention for their non-invasive collection and
potential for real-time drug monitoring (16).

Materials and Methods

Fly experiments

Lucilia sericata colonies were maintained
in the Calliphoridae breeding laboratory at the
School of Public Health, Tehran University of
Medical Sciences, under controlled tempera-
ture (28 °C) and relative humidity (50+£10%
RH). Fresh chicken liver served as the larval
feeding substrate, and methamphetamine (98%)
was obtained from the Tehran Province Fo-
rensic Medicine Organization. The rearing and
extraction procedures were adapted from a pre-
vious qualitative study on L. sericata; howev-
er, the present study extends this approach
through the validation of a quantitative ana-
lytical method for m;ethamphetamine deter-
mination in empty puparia.

To prepare the feeding substrate, chicken
liver was homogenized in four separate blend-
ers for 20 minutes to achieve uniform con-
sistency. The resulting mince was divided into
four portions (~1000 g each), and each por-
tion was further subdivided into two 500 g
subgroups, which were re-homogenized for 20
minutes. Methamphetamine, previously dis-
solved in 10 mL of saline, was added to achieve
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concentrations of 45, 90 and 180 ng/ mg. The
control group received saline only (17).

Colonies were maintained in 30x 30x 30 cm
insect cages under controlled environmental
conditions. For oviposition, 150 g of chicken
liver was provided as an oviposition substrate.
Eggs were collected within 3 hours and as-
signed to four experimental conditions (three
methamphetamine concentrations and a con-
trol), each performed in duplicate. Sampling
was performed at regular intervals from each
experimental group: every 6 hours from 12 to
50 hours, and every 12 hours from 50 to 168
hours. At each sampling time point, three in-
dependent biological replicates (~1 g each)
were collected from each developmental stage
(L1-L3 larvae, post-feeding larvae, pupae,
adults and empty puparia) for GC-MS analy-
sis. Each processed extract was injected into
the GC-MS system in triplicate to assess ana-
Iytical repeatability (17).

Samples for GC-MS analysis were stored
at —20 °C until processing. Empty puparia were
used as the primary matrix due to their high
chitin content, persistence after adult emer-
gence, and suitability for forensic toxicologi-
cal studies (2, 18).

Sample preparation for gas chromatography-
mass spectrometry (GC-MS)

Larval, pupal, and empty puparial samples
were initially washed with dichloromethane
(CH2CL2) by gentle inversion for 5 minutes,
after which the solvent was discarded. Sam-
ples were then rapidly frozen in liquid nitro-
gen and individually ground using a glass rod.
Homogenized material (100 mg) was trans-
ferred to fresh 10 mL centrifuge tubes, and 2
mL of distilled water was added.

Samples were maintained at 4 °C for 48
hours before extraction to facilitate tissue sof-
tening and matrix disruption, following labor-
atory practice previously applied for biologi-
cal tissue processing. Sodium chloride (0.5 g)
was then added to induce a salting-out effect,
followed by ultrasonic treatment for 30 minutes
to enhance analyte release (17).
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Liquid-liquid extraction (LLE)

Samples were adjusted to pH 6 using 2 mL
of phosphate buffer and vortexed for 4 minutes,
then gently mixed for another 4 minutes. Af-
ter centrifugation (4000 rpm, 8 min), 50 pL of
amantadine (internal standard, selected ac-
cording to a previously validated laboratory
protocol (17)) was added to 3 mL of the su-
pernatant and vortexed for 4 minutes. The pH
was raised to 14 using 1 mL of 10% NaOH
solution, followed by thorough vortexing for
10 minutes. Ethyl acetate and hexane (1:1, v/
v; 1.4 mL and 1 mL, respectively) were add-
ed, vortexed for 10 minutes, and centrifuged
at 4000 rpm for 8 minutes. The aqueous phase
was re-extracted with 2 mL ethyl acetate: hex-
ane (1:1) to improve recovery. Combined ex-
tracts were dried under nitrogen at 45 °C and
reconstituted in 1 mL of distilled water for
derivatization (17).

Derivatization with acetic anhydride

A derivatization buffer was prepared by mix-
ing 10 M KOH with saturated NaHCO: solu-
tion. For each sample, 500 pL derivatization
buffer, 100 pL acetic anhydride and 1500 pL
dichloromethane were added. Samples were vor-
texed for 10 minutes, centrifuged (3000 rpm, 10
min) and the lower organic layer was collect-
ed and dried at room temperature for 24 hours.
Residues were reconstituted in 50 pL metha-
nol, and 1 pL was injected into the GC-MS
system (Agilent 5975 MS coupled to Agilent
6850 GC) using an HP-5MS column (30 mx
0.25 mmx 0.25 pum). Injection was splitless (1
pL), inlet temperature 250 °C, helium carrier
gas (1.5 mL/min), oven program: 90 °C (1
min) — 280°C at 20 °C/min (hold 5 min).
Both the prepared samples and a methamphet-
amine standard reference compound were an-
alyzed under identical GC-MS conditions. The
MS was operated in both full scan (m/z 40—
500) and selected ion monitoring (SIM) modes.
For identification and confirmation, character-
istic methamphetamine ions (m/z 58 and 100)
were monitored (Fig. 1) (16).
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Calibration curve

Calibration standards were prepared in emp-
ty puparia spiked with methamphetamine at 0,
45, 67.5, 90, 135, 180 and 360 ng/mg. Inter-
mediate calibration levels (67.5 and 135 ng/
mg) were included between the nominal ex-
posure concentrations (45, 90 and 180 ng/mg)
to improve curve fitting across the analytical
range.

Method validation

The LLE method was validated according
to FDA bioanalytical guidelines and recent lit-
erature (18, 22, 23), evaluating LOD, LOQ,
linearity, precision, accuracy and repeatabil-
ity. The limit of detection (LOD) was defined
as a signal-to-noise ratio (S/N) of 3, whereas
LOQ was defined as the lowest spiked con-
centration meeting an RSD< 10-25% at S/N=
10. All analytical concentrations, including LOD
and LOQ, were expressed on a matrix basis
(ng/mg of sample). Linearity was assessed across
the calibration range in the larval feeding sub-
strate, whereas calibration standards were pre-
pared in methamphetamine-spiked empty pu-
paria to reflect the analytical matrix used for
quantitative detection. Regression equations,
R2 and CV% were calculated. Inter- and intra-
day precision and repeatability were determined
using QC samples at multiple concentration
levels over three consecutive days. Recovery
experiments were performed using quality-con-
trol samples at multiple concentration levels to
evaluate extraction efficiency and analytical
performance.

Results

Analysis of empty puparial cases of L. seri-
cata using liquid-liquid extraction followed
by acetylation derivatization and GC-MS con-
firmed the presence of methamphetamine. Rep-
resentative chromatograms from treatment group
2 (90 ng/mg) showed retention times of 8.1
minutes for methamphetamine and 8.5 minutes
for the internal standard, amantadine (Fig. 2).
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Linearity of mthamphetamine quantification
in empty puparia

Linearity of methamphetamine quantifica-
tion in empty puparia was evaluated using trip-
licate analyses across the calibration range,
and three independent calibration curves were
constructed for Days 1-3. The regression equa-
tions and correlation coefficients demonstrat-
ed excellent linearity between methampheta-
mine concentration and GC-MS response. The
coefficient of determination (R2) values were
0.9891, 0.9934 and 0.9817 for Days 1, 2 and
3, respectively (Figs. 3-5). These results indi-
cate consistent analytical performance across
independent calibration sets.

Limit of detection (LOD) and limit of
guantification (LOQ)

The limit of detection (LOD) and limit of
quantification (LOQ) for methamphetamine in
empty puparial cases were determined to be
15 ng/mg and 45 ng/mg, respectively. At the
LOQ level, the relative standard deviation (RSD)
was 8.75%, which was within the predefined
acceptance criteria (RSD< 20%), indicating
adequate sensitivity and reliable quantifica-
tion performance of the method for this bio-
logical matrix.

Accuracy and precision in empty puparia

Accuracy and precision were evaluated us-
ing QC samples in intra-day and inter-day anal-
yses. Results are summarized in Table 1.

Repeatability and method reliability

Repeatability was assessed using QC sam-
ples analyzed in triplicate over three consecu-
tive days (n= 27). Relative standard deviation
values were consistently low, indicating accepta-
ble precision. Accuracy ranged from 98.55%
to 100.73%, supporting the suitability of the
method for quantitative analysis of metham-
phetamine in empty puparial cases of L. seri-
cata.
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Table 1. Intra-day and inter-day accuracy and precision of methamphetamine quantification in the empty puparia of
Lucilia sericata over three consecutive days

MA Conc. Day 1 Day 2 Day 3
(ng/mg, SD RSD Accuracy SD RSD Accuracy SD RSD Accuracy
Nominal) (%) (%) (%) (%) (%) (%)
45 1.3638 3.0 100.44 0.6236 1.37 100.73 0.894 2.0 98.97
90 0.8165 1.04 99.11 0.4082 0.51 100.38 0.4836 0.62 98.55
180 0.5715 0.51 99.11 1.2356 1.09 100.62 0.8165 0.72 99.55
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Fig. 1. Reference EI mass spectrum of derivatized methamphetamine standard obtained by GC-MS analysis. The char-
acteristic fragment ions at m/z 58 and 100 were selected for methamphetamine identification and selected ion monitor-
ing (SIM) in the analyzed samples

......

Tmme

Fig. 2. Methamphetamine and amantadin chromatograms generated by GS-MS. Retention time (minutes) of each peak
is marked below the chromatogram. Chromatograms derived from Lucilia sericata empty pupa samples that were fed
on chicken liver mince treated with 90 ng/mg MA
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Fig. 3. Calibration curve of methamphetamine in the empty puparia of Lucilia sericata on Day 1 showing linear regres-
sion between concentration (ng/mg) and GC-MS response, with correlation coefficient (R2= 0.9891)

. ¥=0.0061x - 0.0117
R* = 0.9934

0
0 0 a0 50 80 100 120 140 160 180 200

Fig. 4. Calibration curve of methamphetamine in the empty puparia of Lucilia sericata on Day 2 showing linear regres-
sion between concentration (ng/mg) and GC-MS response, with correlation coefficient (R2= 0.9934)
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Fig. 5. Calibration curve of methamphetamine in the empty puparia of Lucilia sericata on Day 3 showing linear regres-
sion between concentration (hg/mg) and GC—MS response, with correlation coefficient (R2=0.9817)
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Discussion

Entomotoxicology evaluates the effects of
drugs on insects and also employs insects as
an alternative biological matrix for toxicolog-
ical analysis (8, 19). Compared to traditional
matrices such as blood or urine, the toxicolog-
ical analysis of highly decomposed bodies is
more practical using insects, as interference from
decomposition is considerably reduced (20, 21).

In entomotoxicology studies, the use of drug-
treated meat presents an operational advantage
over methamphetamine-treated animal models.
This approach enables precise control of drug
concentration in the meat before larval feed-
ing. In contrast, in live animals such as drug-
injected rats or rabbits, the amount of drug ac-
cessible to larvae is highly unpredictable, var-
ying with factors including the animal’s meta-
bolic processes, other physiological variables,
and environmental conditions (20).

Using drug-prepared meat ensures a fixed in-
itial concentration, thereby allowing accurate
quantitative comparison of pre- and post-feed-
ing results across an adequate number of rep-
licates. Although live animals may provide more
realistic models that closely simulate forensic
conditions, previous studies have shown that
establishing a clear correlation between drug
concentrations in human or animal tissues and
the levels detected in feeding larvae remains
challenging due to the complexity and varia-
bility of multiple influencing factors (2, 20).

Gosselin et al. (2) reported that larvae ex-
hibited fewer matrix effects compared to pu-
trefied human tissues when analyzing the opi-
oid methadone. Similarly, other studies have
noted that the analysis of insect samples may
provide more sensitive results with reduced in-
terference from decomposition by-products. Col-
lectively, these and other investigations high-
light the potential of larval analysis as a com-
plementary tool for detecting a range of chem-
icals ingested by the deceased, particularly in
situations where human remains are scarce,
severely decomposed, or both (22, 23).
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The detectability of chemicals within larvae
is influenced by multiple factors. Foremost, the
larval feeding site determines the specific com-
pounds to which the larvae are exposed and sub-
sequently ingest. In addition, the developmen-
tal stage of the larvae influences the extent of
chemical accumulation, as metabolic activity
and tissue composition change throughout lar-
val growth. Together, these variables shape both
the types and concentrations of chemicals that
can be reliably detected in larval specimens
(24, 25). Furthermore, it is essential to consid-
er the physicochemical characteristics and phar-
macokinetic properties of the drug in both hu-
mans and larvae.

In this study, larval samples were extracted
using a liquid-liquid extraction method, and
derivatization was applied to these samples via
an acetylation-based approach. This method ap-
pears practical and may represent an improve-
ment over the previous technique. A rapid, cost-
effective and efficient protocol was developed
for the extraction and preparation of samples
for the analysis of amantadine-related com-
pounds, particularly methamphetamine, using
derivatization with acetic anhydride. Moreover,
quantitative analysis based on this derivatiza-
tion method was performed in larval matrices.

To date, four studies in entomotoxicology
have examined the effects of methampheta-
mine (MA) on necrophagous flies; however,
no previous research has specifically investi-
gated the presence or effects of MA in L. seri-
cata (17, 26-28). The effects of metham-
phetamine (MA) on the development rate of
Phormia ruficornis larvae were investigated
by Lee Goff et al. (26) employing radioim-
munoassay (RI1A). Because Mullany et al. (28)
did not include quantitative data for Callipho-
ra stygia reared on MA-spiked sheep liver,
the study by Magni et al. (27) may be useful
for comparison of MA concentrations in blow-
flies. Larvae of Calliphora vomitoria fed ho-
mogenized liver containing the drug showed
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MA levels of 5 and 10 ng/mg, according to
Magni et al. (27).

The procedure was validated in accordance
with international recommendations (29), and
in the current work, MA was identified using
GC-MS following liquid—liquid extraction
(LLE). In line with Wang et al. (17), MA was
detected in all juvenile stages and empty pu-
paria of L. sericata, but not in adults. Upon
emergence, adult flies rapidly eliminate drug
residues acquired during immature stages (30).
All treatments showed peak methamphetamine
concentrations in third-instar (L3) larvae, like-
ly due to physiological characteristics of this
stage, such as the crop, a laterally diverging
and enlarged diverticulum of the esophagus
(31). A substantial portion of the drug was pri-
marily localized within the puparial cuticle,
which may explain the detection of metham-
phetamine in EP, with concentrations compa-
rable to the pupal stage (P) (32).

The present validation was performed ex-
clusively on EP, based on both analytical and
forensic considerations. The chitinous pupari-
al structure is chemically stable and resistant to
enzymatic or microbial degradation, providing
a reproducible, interference-free matrix for GC-
MS analysis. In forensic scenarios, EPs are of-
ten the only entomological evidence recovered
from decomposed remains, as adult flies have
dispersed and soft tissues have disintegrated.
Previous studies demonstrated that a significant
portion of methamphetamine and other xeno-
biotics remains trapped within the puparial cu-
ticle even after adult emergence (32, 33). Our
previous qualitative study reported the detec-
tion of methamphetamine residues in puparial
exuviae of L. sericata. Building upon that work,
the present research quantitatively validated the
analytical method using EP, demonstrating
methodological robustness and highlighting
the forensic relevance of puparial remains for
retrospective drug detection (33).

The development of specific and validated
analytical methods for detecting drugs and tox-
ins in necrophagous samples underscores the
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importance of selecting analytical techniques
appropriate for the physicochemical proper-
ties of the substances and the required levels
of sensitivity and selectivity. Moreover, the
choice of sample preparation and extraction
methods critically influences detection relia-
bility. To date, entomological samples have
been either processed using protocols adapted
from conventional toxicological matrices (for
example, visceral tissues and fluids) or sub-
jected to extraction methods similar to those
applied to hard tissues, such as nails (34, 35).

Reliability, and overall robustness. Since
necrophagous insects differ substantially in com-
position and morphology from typical toxico-
logical samples, applying methods developed
for human or animal tissues may lead to less
accurate interpretations. Given the importance
of entomological evidence in criminal inves-
tigations (36), the use of inappropriate ana-
Iytical methods may raise concerns regarding
the validity of findings, potentially affecting
the admissibility of evidence in court (37).
The validated method presented in this study
provides supportive entomotoxicological evi-
dence, contributing to the assessment of meth-
amphetamine exposure.

Conclusions

Insects can provide valuable insights into a
person’s drug use before death, as drugs in-
gested by the deceased may be detected in
arthropods feeding on the body. The validated
method developed in this study demonstrates
potential applicability in entomotoxicology,
providing supportive evidence for the assess-
ment of methamphetamine exposure. It showed
acceptable sensitivity, precision, accuracy and
repeatability according to international valida-
tion standards. The detection of methamphet-
amine across different insect developmental
stages suggests the suitability of the method
for forensic applications. Overall, this approach
may serve as a supplementary tool in entomo-
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toxicology, improving the detection of drugs
in decomposed remains and supporting foren-
sic investigations.
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