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Abstract 

Insects have been used for several decades around the world to assist forensic scientists 

and pathologists in determining the time elapsed since death, by analysing their growth. 

Whilst the rate of larval growth is primarily affected by temperature, entomologists soon 

discovered that the presence of certain drugs can also significantly accelerate or 

decelerate larval growth rates. It was from this research that scientists discovered the 

ability of fly larvae to accumulate drugs within their body and toxicologists bec~me 

interested in the possibility of exploiting insects feeding upon the decaying tissues of a 

human body as alternative toxicological specimens. Theoretically, insects offered great 

potential over the 'traditional' specimens (blood, urine, organs), which are degraded by 

the decomposition process and become extremely difficult to analyse. Consequently 

research into the field of entomotoxicology began and soon divided the toxicological 

community. Some academics argued that their results from larval analysis displayed 

enormous variance and bore no relationship to cadaver concentrations whilst others 

maintained that under controlled study correlations between larval and body 

concentrations have been found. 

The primary objective of this research was to determine what effect a variety of variables 

common to cadaver ecology would have on larval drug uptake. While previous studies 

have employed traditional methods of analysis with GC-MS and HPLC, for these 

experiments a new method of analysis was devised with LC-MS-MS which offered vast 

improvements in processing time and adaptability. A suitable method for the 
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preservation of larval samples for the purpose of drug analysis was also devised. Larvae 

samples were exposed to a range of amitriptyline concentrations and then killed and 

preserved either by freezing or storage in a 70% ethanol solution after a brief immersion 

in boiling water. The analysis of amitriptyline concentration in larval samples tested at 

various times over a 12 month period demonstrated that freezing was the superior method 

of larval storage for drug analysis. 

A number of experiments were then designed to determine the effect that variables such 

as temperature, larval activity, larval species, drug dose and the presence of multiple 

substances have on the larval uptake of drugs. These progressively relaxed the controls 

on the feeding environment so that each effect could be determined separately. Thus 

initial experiments compared larval uptake of amitriptyline in three constant 

temperatures. Next the impact of fluctuating temperature and larval species on the uptake 

of amitriptyline was determined. Finally larvae were exposed to amitriptyline and 

caffeine to determine the impact of a second substance (caffeine) on the larval uptake of 

the primary drug ( amitriptyline ). 

These experiments have conclusively shown that larval drug uptake is significantly 

affected by these variables. Decreasing temperature causes a significant decrease in the 

rate and level of larval drug uptake. Fluctuating temperature compared to constant 

temperature has a similar effect. When a second substance was introduced again the 

amitriptyline concentration in the larval samples dropped. Despite this, larval drug 

concentrations were found to correlate linearly with their foodstuff concentrations (i.e. as 
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the drug concentrations in their food increased the drug concentrations in the larval also 

increased in linear proportions). However this was limited to larvae that were actively 

feeding. 

Insects (especially blowfly larvae) that associate with human remains can be a valuable 

resource in forensic toxicology. However the fact that drug concentrations are 

significantly affected by temperature and the nature of the drugs present means that these 

must be considered when attempting to estimate the original cadaver drug concentrations 

from the larval concentrations. 
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1 General Introduction 

1.1 Forensic entomology 

1.1.1 Introduction to forensic entomology 

Determining the time of death is frequently the most difficult aspect of a death-related 

investigation (Sachs, 2001). For decades scientists conducted numerous studies into the 

possibility of exploiting the phenomena of rigor mortis (post mortem muscle stiffening), 

algor mortis (post mortem decrease of body temperature) and livor mortis (gravitational 

redistribution of blood) to estimate the post mortem interval (PMI). Other studies 

researched changes in chemical composition of body fluids (for example, potassium 

levels in the eye) (Sachs, 2001 ). However, they all encountered the same problem; after 

approximately 36 hrs, these phenomena were unpredictable and could not provide an 

accurate estimate of when death occurred (Turner, 2005). 

Eventually some scientists realised that the answer lay with the fly larvae that feed upon 

the decomposing tissues. As the growth rate of any particular species follows a 

reasonably linear pattern dependant upon external (but accountable) conditions, an 

experienced entomologist should be able to estimate the PMI by determining the stage of 

larval growth (Tsokos, 2005). 



For the past 30-40 years, entomologists have been conducting research into variables that 

might affect larval development - and that consequently need to be considered when 

using larval evidence to estimate the PMI (Sachs, 200 I). It was determined that the 

presence of certain drugs in the cadaver may affect larval development and many 

subsequent studies involved exposing larvae to various drugs to investigate this 

possibility. Consequently research into the new field of entomotoxicology began, which 

aimed at determining the value of blowfly larvae (and certain other insects) as alternative 

toxicological specimens to blood (lntrona et al., 200 I), urine and body organs, which 

often prove problematic after advanced decomposition. 

1.1.2 Decomposition of the cadaver 

Upon death, a body immediately begins to decompose as the various bodily functions 

shut down. The cadaver temperature falls to match its surroundings ( algor mortis) and 

muscle fibres stiffen as glycogen breaks down and lactic acid accumulates (rigor mortis) 

(Tsokos, 2005). 

Biochemical fermentation processes ( autolysis) also commence as enzymes including 

lipases, proteases and carhydrases digest the cells of the body. Putrefaction follows as 

invading bacteria continue the breakdown of the cadaver tissues, releasing gases such as 

ammonia, hydrogen sulphide, methane, carbon dioxide and hydrogen (Vass, 200 I; 

Gennard, 2007). 
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Necrophagous insects begin to inhabit a body soon after the onset of autolysis and 

putrefaction, with different insects colonizing the cadaver at successive stages of 

decomposition. However not all insects associate with carrion to feed directly from it. 

Four main categories of invertebrates can be distinguished in the carrion community 

(Smith, 1986; Goff, 1993).] 

1. Necrophagous species 

2. Predators and parasites 

3. Omnivorous species 

4. Adventive species 

Necrophagous insects that feed on the corpse itself, 

predominantly Diptera (flies: especially Calliphoridae 

- bluebottle, Sarcophagidae - flesh flies) and 

Coleoptera (beetles: especially Dermestidae) 

Insects that feed on the former group, predominantly 

Coleoptera (Staphylinidae ). However, some species of 

flies (such as Chrysomya spp.) feed on the cadaver but 

become cannibalistic and predatory on other species. 

Insects that feed on both the corpse and its inhabitants, 

including wasps, ants and some Coleoptera. 

Insects that use the corpse for shelter or warmth i.e. 

use the corpse as an extension of their environment. 
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Megnin ( 1894) determined that the succession of insects onto a corpse occurred in eight 

different waves of insects that each corresponded to a successive stage of decomposition 

(Table 1 ). Subsequent work involving data from both animal and human corpses has 

generally validated Megnin's conclusions (Bomemissza, 1957; Reed, 1957; Payne, 1965; 

Braack, 1981; Anderson, 1996). 
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Table l - Principal insect groups that invade human cadavers, as grouped by Megnin (1894) 

according to the stage of decomposition in which each group arrives. 

State of Corpse Age Insects 

I Fresh Hours Diptera (flies) - Calliporidae (Lucilia, Calliphora) 

and Musicdae 

2 Odour developed Several days Diptera - Sarcophagidae and Calliphoridae 

(Chrysomya) 

3 Fats rancid 1-3 months Coleoptera (beetles) - Dermestidae 

Lepidoptera (moths) - Pyralidae 

4 Butyric 3-6 months Diptera - Piophilidae, Fanniidae, Drosophilidae, 

fermentation Sepsidae, Sphaeroceridare, Syrphidae and 

Ephydridae 

Coleoptera - Cleridae 

5 Ammoniac 4-8 months Diptera - Musicdae, Phoridae, Thyreophoridae 

fermentation Coleoptera - Silpidae, Histeridae 

6 Final desiccation 6-12 months Acari (mites) 

7 Completely dry 1-3 years Coleoptera - Dermestidae 

Lepidoptera - Tineidae 

8 Completely dry Over 3 years Coleoptera - Ptinidae, Tenebrionidae 
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1.1.3 Significant Diptera in forensic entomology 

The most significant families of Diptera encountered on cadavers include Calliphoridae, 

Sarcophagidae and Muscidae. 

Calliphoridae (blowflies) 

Calliphorid flies are cosmopolitan, with 140 species in Australia (Zborowski and Storey, 

1998). Along with the sarcophagid and muscid flies, they are the most important species 

used by forensic entomologists. Some of the very common members of this family 

include the green bottle flies (Chrysomya and Lucilia), blue bottle flies (Calliphora), and 

screwworm flies (Cochliomyia) (Byrd and Castner, 2001). 

Adult calliphorids are usually 6-14 mm in length. Colours range from green, blue, 

bronze, or black; and the majority of species have a metallic appearance. Certain species 

also have a covering of fine powder or dust that masks the bright metallic colouration of 

the fly, presenting as a dull metallic sheen. All adults have three segmented antennae; the 

final segment boasts the arista, which is plumose to the tip. Other features unique to 

Calliphoridae include the absence of the postscutellum and the presence of two 

notopleural bristles (Little, 1957). 

The mature larvae range in length from 8-23 mm. The larvae are generally white/ cream 

coloured. The larval body is segmented. The terminal segment has six or more cone-
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shaped tubercles about its perimeter and contains the posterior spiracles that are the main 

breathing apparatus of the larvae. The apertures within each spiraclar plate slant 

downwards toward the centre of the calliphorid larva (Byrd and Castner, 2001 ). 

Blowflies are extremely important in forensic entomology as they are among the first 

insects to discover and colonise human remains, quite often within minutes of the 

exposure of the corpse. The female lays eggs by extending the segments of its abdomen 

to form an oviopositor, which is used for egg-laying. A typical female can lay 200-300 

eggs two-three times in her lifetime. Eggs are generally placed in any moist body 

openings such as those of the nose, mouth, genitals, anus and wounds, if present. 

Blowflies are diurnal and generally rest at night - thus oviposition may only occur at 

night if the scene is lit (Anderson, 1999). However, blow flies will lay eggs in darkened 

areas during daytime, including under wrappings, inside closets, basements, containers, 

and chimneys (Erzinclioglu, 1989). 

Sarcophagidae (flesh flies) 

Sarcophagidae flies comprise a large family with 67 species in Australia (Zborowski and 

Storey, 1998), most occurring in either tropical or warm temperate regions. The adult 

flies feed on sweet substances including flower nectar, sap and honeydew; whilst many 

sarcophagidae larvae, like Calliphoridae, feed on protein sources such as animal material, 

excrement and exposed meats. Many sarcophagid species are also parasitic on other 

insects, especially bees and wasps (Byrd and Castner, 2001 ). 
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Adult sarcophagids are medium sized, ranging in length from 12-14 mm. They generally 

have grey and black longitudinal stripes on the thorax and a tessellated pattern on the 

abdomen. Flesh flies never have the metallic coloring typical of Calliphoridae. 

Furthermore, the arista of sarcophagids is only plumose at the base, whilst in calliphorids 

it is plumose along its length. The bodies of sarcophagids are bristly and their eyes are 

widely separated in both sexes. Other features unique to the Sarcophagidae include an 

undeveloped postscutellum and the presence of four notopleural bristles (Little, 1957). 

Sarcophagidae larvae are similar in colour to calliphorid larvae, but unlike them, they 

have their posterior spiracles located in a pit or depression at the tip of the abdomen, 

edged with fleshy tubercles. Within the family, the larvae are very similar and are 

difficult to identity to species (Byrd and Castner, 200 l ). 

Flesh flies are useful in forensic entomology as they are associated with cadavers 

throughout the early and late stages of decomposition (Nuorteva, 1977). They are 

attracted to carrion under most conditions: sun or shade; dry or wet; indoors or outdoors. 

Importantly, female Sarcophagidae flies do not lay eggs like the other fly families, but 

deposit first-instar larvae on decomposing matter. Consequently, eggs found on cadavers 

cannot be attributed to Sarcophagidae and the time interval no1mally attributed to egg 

development must be ignored when determining the post-mortem interval with flesh fly 

evidence. Flesh flies normally arrive on human cadavers concurrently or slightly after 

blow flies. 
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Muscidae (domestic flies) 

Muscidae flies are cosmopolitan in distribution and are generally ubiquitous and 

synanthropic (closely associated with humans). There are 180 species in Australia 

(Zborowski and Storey, 1998). Consequently many species have been inadvertently 

transported and introduced to areas outside their natural ranges. Furthermore the 

synanthropic nature of muscid flies has resulted in their medical and forensic importance. 

Common members of the family include the house fly, stable fly, horn fly and latrine fly 

(Byrd and Castner, 2001 ). 

Muscidae vary greatly between species in their biology and habits. Adults of some 

species feed on decaying plant and aPimal material, dung or excrement, pollen, even 

blood; becoming a severe pest for humans and livestock. Others feed and breed on 

garbage, sewage and human waste. Such species are frequently responsible for the 

transmission of human diseases, particularly those that feed by directly regurgitating 

digestive fluid onto food materials. 

Muscidae flies range from 3 to 10 mm in length. They are small to medium sized, 

generally a dull grey colour, although some species have a metallic sheen. Muscidae can 

be distinguished from calliphorid flies by inspection of the taxonomic characters of the 

wings and head. Furthermore adult Muscidae are less bristly than Calliphoridae and 

Sarcophagidae flies. However, the arista of the antennae of muscids is plumose, similar 

to the Calliphoridae. 
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Muscidae larvae range from 5 to 12 mm in length. They are generally white, yellow or 

cream coloured, cylindrically shaped and tapering from the tail end towards the head and 

mouth. In most species the maggot's surface is smooth; one exception is the genus 

Fannia which has flattened body surfaces and many intricate projections (Byrd and 

Castner, 2001 ). 

Muscid flies are important in forensic entomology due to their ubiquity and synanthropic 

nature. They tend to arrive at cadavers after the Calliphoridae and Sarcophagidae. 

Generally, muscids lay their eggs in natural body openings, wound sites or fluid-soaked 

clothing. The larvae feed directly on carrion, but some species become predacious on the 

eggs and larvae of other carrion flies as they mature, thus affecting the faunal 

composition on the cadaver. 
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1.1.4 Life cycle of fly 

As well as the succession of insects to the corpse, it is necessary to understand the life 

cycle of the insects feeding on the corpse. The most prominent and forensically 

significant order is Diptera. 

Egg 

The first stage of Diptera in carrion is the egg (or larvae if the species deposits live 

larvae). The female fly will lay the egg/larvae in the open, moist areas of the body such 

as the nose, mouth, ears and other areas of the body where the mucus membranes 

encounter the outside air. Many species of carrion flies will lay eggs in open wounds if 

present. The eggs are normally whitish, approximately 2 mm in length and generally laid 

in clumps. During the first eight hours the egg remains unchanged, and then it hatches; 

the larvae can be observed through the chorion of the egg towards the end of this stage. 

The egg stage of development normally lasts for 1-2 days (Lowne, 1892; Ezinclioglu, 

1996). 
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Larvae 

The second stage of development of the fly is the larva (Figure 1 ), which hatch from the 

eggs. Once the larvae have hatched they immediately begin feeding on the material 

about them. Larvae feed by using their mouth hooks (Figure 2.a) to attach themselves to 

the food, secrete saliva enzymes and feed through a scraping action with their mouth 

hooks (Fabre, 1913). During feeding the larvae will burrow into the meat, ensuring that 

their posterior spiracles are open to the air for breathing. The larvae move by extending 

and contracting their segmented, legless bodies. 

The cuticle (skin) of the larval body consists of two primary layers, the endocuticle and 

epicuticle. The endocuticle is the main part, mostly consisting of chitin. However in 

many insect forms including fly larvae the outer part of the endocuticle is hardened into 

the exocuticle, which consists of sclerotin. This exocuticle acts as an external skeleton to 

the insect, providing rigidity to the body. The epicuticle is a thin layer on the surface of 

the insect, generally not more than a micron thick. It exudes a crystalline wax that 

waterproofs the cuticle (Wigglesworth, 1966). However many scientists believe that the 

epicuticle of carrion fly larvae also serves to protect the protein-containing endocuticle 

against the digestive enzymes regurgitated by the larvae during their feeding (Dennell, 

1950). 
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During their eating cycle the larvae undergo growth stages or instars in which they shed 

their exoskeleton and grow a larger one to accommodate their growth. Most carrion flies 

have three larvae instars. The exact number of instars and the duration of each is 

dependent upon the species and the availability of food, competition for food and the 

microclimate, i.e. the temperature and humidity. For most blowflies, the first instar is 

approximately 2.5-4 mm long; the second instar is approximately 8 mm long; and the 

third instar is approximately 15-22 mm long (Greenberg and Kunich, 2002). The most 

accurate means of determining the larval instar is to examine the morphology of the 

posterior spiracles (Figure 2.b ), specifically the number of slits in each; normally first 

instars have one, second instars have two and third instars have three. The morphology 

of posterior spiracles and mouthparts can also be useful in determining the species (Byrd 

and Castner, 2001). 
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Figure 1 - Photograph of a Calliphora stygia larva in its third instar. Photograph was taken by 

Daniel Kenny with a high resolution video spectral comparator at magnification 19.83. 

(a) (b) 

Figure 2 - Close-up photographs of a Calliphora stygia larva in its third instar. 

(a) Close-up photograph of the head of a Calliphora stygia larva in its third instar. Photograph was 

taken by Daniel Kenny with a high resolution video spectral comparator at magnification 64.84. 

(b) Close-up photograph of the posterior of a Ca//iphora stygia larva in its third instar. Photograph 

was taken by Daniel Kenny with a high resolution video spectral comparator at magnification 64.84. 
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Pupa 

The third stage of development of fly is the pupa. At the completion of its third instar, 

the post-feeding larva moves away from the carrion and contracts its skin to a capsule 

form, which becomes hard and rigid. During this process the insect will void its stomach 

contents into the hardened shell. Larvae may travel up to 15 m from a cadaver in 

preparation for their pupal stage. In its hardened state the pupa does not move or feed but 

metamorphoses such that legs, wings, antennae, etc, reform from cellular breakdown and 

realignment. In the case of most blowflies, pupae are approximately 9 mm in length 

(Greenberg and Kunich, 2002). Pupae are important in forensic entomology as they are 

the last stage of development to be linked with a cadaver. 

Adult fly 

The fourth and final stage of development of the fly is the adult. Once the fly has 

completed metamorphosis, it emerges through a 'cap lid' on one end of the puparium. A 

newly emerged adult is initially a pale colour with crumpled, unexpanded wings and 

extremely soft body. During the first 1-2 days the adult will not fly very much as its 

body will still be hardening. After this, the adult will mate and be extremely mobile -

they can travel for kilometres, ordinarily to seek a protein source (Greenberg and Kunich, 

2002). 
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1.1.5 Larval development 

The major factors controlling insect ovipostion and development on a corpse are 

temperature and humidity (Smith, 1986). Cold weather and rain will inhibit fly activity, 

whilst in warm temperatures insect succession on a corpse will be rapid. 

Insects such as blowfly larvae are more active in warm weather because larval 

metabolism (and consequently growth) is temperature driven. As the temperature to 

which the larvae are exposed increases, their rate of development will accelerate 

(Andrewartha, 1954; Chapman, 1982). Consequently, a thorough understanding of the 

factors influencing corpse temperature is required to utilise larvae for estimating post-

mortem interval. The primary influence on corpse temperature is the ambient air 

temperature. However, exposure to sunlight and maggot mass will also influence corpse 

temperature (Tsokos, 2005). Studies by Greenberg, 1991; Shean et al. , 1993 and 

Wallman, 1999 determined that sun exposed animal cadavers were significantly warmer 

than those in the shade. Sunlight can also affect fly succession, as some flies (Lucilia and 

Sarcophaga) prefer sunlight whilst others (Calliphora) prefer shade (Smith, 1956). 

The 'maggot mass' effect occurs when large numbers of larvae feed as a churning mass 

that generates heat, raising the temperature of the larval environment above the ambient 

atmosphere. Numerous studies have demonstrated that this significantly increases the 

rate of larval development (Marchenko, 1985; Goodbrod and Goff, 1990; Turner and 

Howard, 1992). 

16 



It is essential that an entomologist record certain temperatures when collecting insect 

evidence from a cadaver. Haskell and Williams, 1994 describe these as: 

• ambient air temperature (take readings at 0.3 m and 1.3 m in close proximity to 

the body) 

• ground surface temperatures (place thermometer on ground surface cover) 

• body surface temperatures (place thermometer on upper body/skin surface) 

• maggot mass temperatures (slide thermometer into centre of maggot mass) 

• soil temperature (taken immediately after the removal of cadaver, from where the 

cadaver lay) 

In cold seasons, many species will enter a larval/pupal diapause (arrested development) 

(Ash and Greenberg, 1975). This can greatly increase the time spent in a particular life 

stage causing further complications in post-mortem estimation. Weather conditions 

affect not only the development of carrion insects, but also the initial attraction of the 

flies . Normally, most flies are unable to fly in inclement conditions, with the exception 

of Sarcophagidae (Byrd and Castner, 2001 ). Consequently, carrion insects do not 

colonise a cadaver until such conditions have relented. Accurate recording of all 

meteorological data relating to the location of the cadaver over the approximate period of 

exposure is essential; and the assessment of insect analysis results should consider any 

inclement conditions (such as rainfall and low temperatures). 
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1.1.6 Larval metabolism 

Insects feed upon virtually all organic substances found in nature. Flies of forensic 

interest such as blowflies are exclusively carnivorous upon carrion in their larval form; 

whilst adults feed primarily upon sugary substances, requiring protein only for 

oviposition. To interpret larval drug concentrations it is essential to understand the 

process of larval metabolism. 

Food is carried directly into the alimentary canal of the insect. This consists of three 

parts: fore-gut, mid-gut and hind-gut (Figure 3, Figure 4). Cuticle lines the fore-gut and 

hind-gut, whilst in the mid-gut cells are freely exposed. Because of this, entomologists 

believe that the secretion of digestive juices occurs at the mid-gut (Wigglesworth, 1966). 

Carrion flies (both larvae and adults) supplement this process by secretion of similar 

digestive juices from the salivary gland, which the insects mix with food before 

swallowing. 

Food is initially carried into the larval fore-gut where is stored in a crop (diverticulum) 

connected to the fore-gut by a narrow duct (Figure 4). From here, food is transferred into 

the mid-gut (where primary digestion occurs) and then into the hind-gut for excretion. 

The mid-gut consists of several segments characterized by differences in the epithelium. 

The anterior segments are concerned with absorption, whilst the posterior deal with 

digestion and absorption (Wigglesworth, 1966). 
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Figure 3 - Diagram of the alimentary (digestive) system shown as it lies in a third instar larva 

(Hewitt, 1929). 
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Figure 4- Photograph of the digestive tract of third instar larva, removed from a dissected Calliphora vicina larva (Greenberg, 2002). 
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Different digestive enzymes are found in different parts of the insect and vary between 

the larval and adult forms. In larvae, the salivary glands primarily contain a weak 

solution of amylase whilst the mid-gut secretes peptidase, collagenase, tryptase and 

lipase. The adults have a strong solution of amylase in the salivary glands; whilst the 

mid-gut secretes amylase, maltase, invertase, peptidase and weak tryptase. The different 

enzymes reflect the different feeding habits between larva and adult. Collagnase is 

particularly important to larvae as it attacks the raw connective tissue of meat - the staple 

diet of blowfly larvae (Hobson, 1931 ). 

As the alimentary canal of Diptera contains digestive enzymes capable of hydrolysing the 

constituents of their food, it follows that their food is absorbed through simple hydrolysis 

(proteins as amino acids, fats as glycerol and fatty acids) (Wigglesworth, 1966). 
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1.2 Drugs 

To improve the accuracy of post-mortem interval estimations from examination of insect 

activity, entomologists and chemists have conducted research into the effects of drugs on 

larvae growth. From this, research chemists also proposed that larvae might serve as 

alternative specimens for toxicological analysis. Subsequent studies into this field, 

termed entomotoxicology, have successfully detected numerous drugs in blowfly larvae, 

including cocaine, opiates, benzodiazepines and a variety of antidepressants, including 

amitripty line (Introna et al. , 2001 ). 

1.2.1 Amitriptyline 

Amitriptyline (Figure 5) is a first generation antidepressant (Levine and Anderson, 1999). 

Despite being in an early class of antidepressants, it is still widely prescribed. 

Amitriptyline has frequently been involved in drug-related deaths (Goel and Shanks, 

1974; Callaham and Kassel, 1985; White, 1988; Montgomery et al., 1989; Yang and 

Dantzker, 1991 ; Prahlow and Landrum, 2005). 
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Amitriptyline is well absorbed, being a lipophilic drug. Thus, it tends to distribute into 

tissue and in particular the liver. It undergoes significant first-pass metabolism; i.e. when 

taken orally, the gastrointestinal tract metabolises large quantities of the drug before 

reaching the bloodstream (Levine and Anderson, 1999). 

:Figure 5- The cbemical structure of amitriptyline (drawn by Daniel Kenny) 

23 



Although the exact mechanism by which tricyclic antidepressants exert an antidepressant 

effect has not been defined, research indicates that the significant action is in the 

inhibition of the reuptake of the neurotransmitters norepinephrine and/or serotonin 

(Figure 6). Research also indicates that the effect of the various tricyclic antidepressants 

is not equal and can have substantial specificity. Amitriptyline is known to have a high 

affinity for and antagonize a particular serotonin receptor (Levine and Anderson, 1999). 
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t> 

neuron 
@ TricycHc antidepressant 

I> Norepiniphrine or serotonin 

Pre.synaptic 
neuron 

Figure 6- Diagram showing the inhibition of the reuptake of the neurotransmitters norepinephrine 

or serotonin by tricyclic antidepressants. Drawing by Dr Costa Conn, University of Technology 

Sydney, unpublished. 
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Amitriptyline has a half-life of 9-46 hours, being extensively metabolized by cytochrome 

P450 enzymes - either by hydroxylation to I 0-hydroxyamitriptyline or by demethylation 

to its active metabolite nortriptyline which is also then hydroxlated to I 0-

hydroxynortriptyline (Levine and Anderson, 1999). These metabolism reactions are 

shown in Figure 7. 

Amitriptyline 

N ortri ptyli n e / 

l 
10-Hydroxyn ortriptyl in e 10-Hydroxyamitri ptyl in e 

HO HO 

Figure 7 - Flow chart showing the metabolic pathways for amitriptyline (Levine and Anderson, 

1999) 
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The toxicity of amitriptyline (and other tricylic antidepressants) in large quantities is 

caused by a combination of anticholinergic effects, central nervous system effects and 

cardiovascular effects. These manifest as flushing, mydriasis, delirum, fever, seizures, 

tachycardia and especially cardiac arrhythmia. Furthermore, the ability of many tricylic 

antidepressants (including amitriptyline) to affect hepatic metabolism has often resulted 

in lethal toxicity at low concentrations, particularly when other substances (such as 

alcohol) are involved (Levine and Anderson, 1999). 

Table 2 summarises data from ten cases in which amitriptyline was believed to be the 

single cause of death. 

Table 2 - Summary of toxicology data in a series of amitriptyline related deaths (Levine and 

Anderson, 1999). 

Amitriptyline N ortriptyline 
--

Specimen Mean Range Mean Range 

Blood (mg/L) 11.5 2.5 - 43.2 2.8 0.6- 7.9 

Liver (mg/kg) 178 42- 358 42 19.5 - 11.2 
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1.3 Toxicology 

1.3.1 Chemical analysis 

Gas chromatography 

Gas chromatography (GC) uses a column stationary phase (involving a thin layer of 

polymer inside glass or metal tubing) and a carrier gas mobile phase. GC separates 

compounds primarily by exploiting differences in volatilities and structures. It is suitable 

for the separation of compounds that have appreciable differences in volatility below 

300 °C. Compounds must be stable at high temperatures and rapidly transformed into the 

vapour state without degradation or reaction with other compounds. 

When a sample is introduced into a GC system, the compounds in the sample partition 

between the gas (mobile phase) and column (stationary phase). As an appropriate inert 

gas is pumped through the column (typically helium or hydrogen), compounds are forced 

through the column by the gas flow. This process is assisted by the oven surrounding the 

column, which can gradually raise the temperature, increasing solubility in the gas. As a 

result compounds will elute at different times depending on the temperature at which they 

vaporize and the interaction of their molecular structure with the stationary phase 

(Tebbett, 1994). 
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GC columns are selected with reference to the polarity of the compounds that need to be 

separated and analysed. Changing the stationary phase has two primary effects: 1) 

selectivity (the order in which compounds are eluted); and 2) the rate of retention 

(dependent on the boiling points of each compound). The other important consideration 

with the stationary phase is length. GC columns range from 12-30 m; an analyst should 

always use the shortest column length that will provide required resolution of samples 

(Tebbett, 1994). 

Applying a single temperature to a column will rarely result in a good separation. Thus a 

temperature program, where the column temperature is ramped from a low to high 

temperature should be applied. For any separation an analyst should determine the 

temperatures required for the first and last elutions (which become the initial and final 

temperatures). A temperature ramp (set at the required rate of °C/min) can then be 

determined to separate the compounds that elute in between. As previously mentioned, 

increasing the temperature will eventually assist the action of the gas flow in forcing all 

compounds through the column. However higher temperatures also result in a lessening 

of the difference between distribution constants for different compounds, causing a 

decrease in the separation (Grob and Barry, 2004). 

GC detectors (Skoog, et al., 1963) involve attracting and converting a compound elution 

into a measurable electrical signal, which is represented as a peak. The intensity of the 

peak is directly related to the amount of compound eluted and can be used (when 

compared to the responses of calibrators of known concentration) to quantify the analyte. 
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Some of the most common detectors include flame ionization (FID), nitrogen-phosphorus 

(NPD), electron capture (ECD), thermal conductivity (TCD), flame photometric (FPD) 

and mass spectrometry. 

High performance liquid chromatography 

High performance liquid chromatography (HPLC) uses a column that holds packing 

material (stationary phase), a pump that moves a liquid mobile phase through the column 

and a detector that shows the retention time of each compound. A small volume of 

analyte is introduced to the mobile phase stream, which is directed into the LC column at 

a flow rate determined by the operator. The analyte molecules partition on the LC 

column until removed from the colunm by the mobile phase. The retention time depends 

on the polarity and mass of the analyte, the type of stationary phase used and the mobile 

phase composition (Skoog, et al. , 1963). 

HPLC uses high pressure to force the eluent through a column packed with micron-sized 

particles in the LC column. This makes HPLC a much more powerful means of 

molecular separation than traditional LC (where the mobile phase was eluted with 

gravity), as the greater linear velocity prevents the components from diffusing in the 

column, allowing vastly improved resolution in the chromatogram (Levine and Anderson, 

1999). 

29 



Normal phase and reversed phase HPLC systems are available, although the latter is far 

more common. Normal phase systems employ a polar stationary phase and a non-polar 

mobile phase. Increased polarity results in stronger interaction between the analyte and 

column, thus longer elution time. Polar solvents can be used to decrease lengthy 

elutions, however solvents which are too polar (particularly water) can deactivate the 

column by occupying the stationary phase surface (irreversible adsorption) (Skoog, et al., 

1963). 

A reversed phase system uses a non-polar stationary phase and an aqueous, relatively 

polar mobile phase. Columns are normally made with packed silica reacted with various 

alkyl groups; C8H17 and C18H37 are among the most common. With a reversed phase 

system the polar compounds elute fastest. Reversed phase columns are much more 

resilient than normal phase and are not deactivated by water or other polar solvents. 

Because of this stability they tend to provide much more reproducible chromatography 

than normal phase columns (Meyer, 2004). 

HPLC mobile phases are a solvent or a mixture of solvents. These need to be free of 

particulate matter, degassed and as pure as possible (typically 99.5-99.9 %). 

Furthermore, they should generally be within a neutral or moderately acidic pH, although 

modem columns can also tolerate basic solvents (Levine and Anderson, 1999). 

Mobile phase composition controls HPLC capacity and selectivity (Levine, 1999). It can 

be isocratic or gradient. An isocratic mobile phase uses aqueous (water based) and 
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organic (methanol, acetonitrile) solvent mixed in a fixed mixture. A gradient system 

increases the strength of the mobile phase by changing the ratio of the aqueous/organic 

mixture over a pre-determined period (with a binary pump system) (Ardrey, 2003). 

Apart from the basic three HPLC solvents (water, methanol and acetonitrile) it is often 

advisable to mix a buffer into the solvent mixture (isocratic with one pump) or the 

aqueous solvent (gradient elution with two pumps). Buffers have several purposes; the 

most important being pH control - which affects the hydrophobicity of the analyte, thus 

the strength of interaction with the column. Other chemicals may be added depending on 

the application. Where mass spectrometry is used, volatile organic acids such as acetic or 

formic acid are often added to assist with ionization. 

Mass spectrometry 

Mass spectrometry identifies the chemical composition of a sample from analysis of the 

mass-to-charge ratio of charged particles, which is determined by passing the ions 

through electric and magnetic fields. Mass spectrometry can be used to identify unknown 

compounds, by determining the structure of compounds from fragmentation and 

quantifying the amount of compounds by comparison with calibration data (Levine and 

Anderson, 1999). 

Although there are different designs, the instrument has three definitive components: 1) 

an ion source that transforms molecules into ionised fragments; 2) a mass analyzer that 
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sorts ions by their masses through application of electric and magnetic fields; and 3) a 

detector that measures the value of an indicator quantity, thus providing data regarding 

abundance of each ion fragment present. 

1.3.2 Sample preparation of biological matrices for chemical analysis 

In post mortem investigations it is often necessary to conduct toxicological tests on a 

variety of body samples including blood, urine, bile, organs (liver, kidney, brain, lung, 

and spleen), tissues (muscle, fat), bone and hair. Without appropriate extraction of 

analytes (drugs and toxins), matrix background interference (e.g. protein hydrocarbons) 

and precipitate clogging of instrumentation would hinder any attempted analysis 

(Bertholf and Winecker, 2007). Subsequent data would be unreliable. 

The following chart (Figure 8) summarises general procedures for extraction of analytes 

from biological matrices: 
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Sam piing I Autopsy 
Sample removed from body 

I 

Liquid aliquot 
Extract specific volume 

Solid weighing 
Extract known mass 

Homogenise in water I buffer 

Isolation 
Protein Precipitation 

Liquid-Liquid Extraction 
Solid-Phase Extraction 

l 
Analysis preparation 

Concentrate sample as necessary 
Aliquot specific volume of sample into 

analysis vial 

l 
Analysis 

Perform analysis on suitable instrumentation 

I 

Figure 8 - Flow chart summarising the general procedures for extraction of analytes from solid and 

liquid biological matrices (Levine and Anderson, 1999). 
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Aliquoting and weighing 

If the sample is liquid (e.g. blood or urine), then the aliquoting step merely involves 

removing a pre-selected volume with a pipetting device. Solid samples should be 

weighed wet (i.e. without removing any internal blood and water) and homogenized to 

fine particle size, usually in water or a buffer. Accurate weighing is essential as the 

analytical results require a denominator of volume or weight to express concentration 

(Levine and Anderson, 1999). 

Protein precipitation 

Human body fluids and tissues contain considerable amounts of protein, which generate 

significant interference signals in instrumental analysis. It is desirable to remove as much 

protein content as possible prior to drug extraction. Proteins are precipitated by mixing 

the sample with a greater amount (2-3 times) of organic solvent (acetone, acetonitrile) or 

acid (sulphosalicylic acid, perchloric acid, trichloroacetic acid). Precipitate can then be 

removed from the sample by either filtration or centrifugation (Levine and Anderson, 

1999). 

Liquid-liquid extraction 

Body fluids and tissues samples that have been homogenized in an aqueous mixture can 

be mixed with an organic solvent to extract any organic substances. The extracting 

solvent should be selected with consideration of its polarity, dielectric constant and 
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hydrogen bonding ability for a given analyte. Prior to extraction, a buffer should be 

mixed with the sample to convert drugs into a nonionic form so they will partition readily 

into the organic solvent. Drugs can be summarized as strong acids (pKa 1 - 5), weak 

acids (pKa 5 - 9), neutrals (no acidic or basic functional groups extraction at any pH), 

weak bases (neutral below pH 5 or 6), strong bases (un-ionized from pH 7 or greater) and 

amphoteric bases which have both amine and phenolic groups. Acidic drugs ( carboxylic 

and phenolic) lose protons in alkaline solution whilst basic drugs (amines) accept protons 

in acidic solution - resulting in an ionized or salt form. For extraction the pH should be 

adjusted either 2 pH units below the pKa (acidic drugs), or 2 pH units above the pKa 

(basic drugs) (Levine and Anderson, 1999). 

The initial extraction requires a large solvent to sample ratio. Therefore, concentration of 

sample analyte is frequently necessary. This can be done either by concentrating the 

organic solvent (by blowing and/or heating), or by back extraction of the drugs into a 

smaller volume of aqueous acid or base. The analyte concentrate can then be analysed; 

however most chromatographic techniques (particularly GC or TLC) require a re-

extraction of the sample into another organic solvent (Mitra, 2003). 

Solid-phase extraction 

Whilst liquid-liquid extraction is still the method most commonly used in toxicological 

analysis, it has many drawbacks (time consuming, poor recovery) (Suzuki et al., 1996). 

Of the other methods for drug extraction developed by toxicologists, solid-phase 
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extraction has emerged as the most successful and common. It uses short absorbent fast-

flow columns that selectively bind drugs from an aqueous matrix whilst allowing 

biological material (such as proteins and fats) to pass through, by multiple washings with 

water if necessary. The drugs can then be eluted from the column with appropriate 

solvents (Mitra, 2003). 

Toxicologists can employ a variety of SPE columns, depending on the drugs they are 

hoping to extract. Columns are produced by bonding chemical groups to purified silica. 

The most commonly used groups include hydrocarbon chains ( C8 or C 18) , pheny 1 groups, 

polar groups, anion exchange (quaternary amines) and cation exchange (benzenesulfonic 

acid groups) (Levine and Anderson, 1999). 

The general procedure with any SPE system of extraction is as follows: 

• Pre-condition column with suitable solvent. 

• Flush column with water or sample buffer. 

• Pour sample mixture onto column; wash 1-2 times with water. 

• Elute drugs from column with small volume of appropriate solvent. If both acidic 

and basic drugs are present, several solvent rinses are necessary. 
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1.3.3 Drug analysis in human matrices (published studies) 

Table 3 below relates to the application of GC and HPLC methods to the analysis of drugs in various human fluids and tissues 

(including blood, urine, liver and hair). Publications have been presented in chronological order. In reviewing drug analysis the 

author concentrated on publications regarding amitriptyline and other tricyclic antidepressants. The method of chemical analysis and 

subsequent results are summarised. 

Table 3 - Summary of literature reviewed by the author pertaining to the analysis of drugs (primarily amitriptyline and other antidepressants) in 

human samples/matrices. 

Author Matrix Drugs Method Result 

Oliver and Blood and urine Amitriptyline Urine (5 mL) made alkaline (pH 10) Method was adequate for the qualitative 
Smith, 1974 obtained from seven Two step liquid-liquid extraction analysis of amitriptyline in both matrices, 

toxicological cases (one Blood (10 mL) and qualitative analysis in urine. 
fatal) involving 3-step liquid-liquid extraction 
amitriptyline Both analysed with UV spectroscopy 

and TLC 

Biggs et al., Urine Amitriptyline (dose to Samples extracted and analysed by Method was adequate for the detection of 
1979 human subjects 25 mg) HP LC-UV amitriptyline and metabolites to I 00 

and metabolites ng/mL. Results from samples taken prior 
to 72 hrs showed only amitriptyline, after 
72 hrs 60 % was metabolites. 
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Table 3 (continued)- Summary of literature reviewed by the author pertaining to the analysis of drugs (primarily amitriptyline and other 

antidepressants) in human samples/matrices. 

Author Matrix Drugs Method Result 

Johnson et al., Blood Tricyclic antidepressants Extraction from blood with hexane Method was successful for the 
1982 (including amitriptyline) containing 0.5 % ethylamine determination of tricyclic antidepressants 

25-400 ng/mL HPLC-UV analysis in blood plasma with detection limit of 5 
ng/mL. 

Eklund et al., Liver 49 basic drugs Simple and versatile liquid-liquid Method successful in quantification of 
1983 (including amitripty line) extraction drugs at 10 and 100 µg/g of wet liver 

Analysis by GC with N-specific tissue. Within day precision of 2 - 5 % and 
detection day to day precision of 5 - 25 %. 

Martinez Ruiz Blood and urine Trace levels of Liquid-liquid extraction into an alkaline Method had sufficient precision and 
et al. , 1988 amitriptyline and cocaine medium then concentration sensitivity for quantification at trace levels. 

Identification: GC-MS with SIM 
Quantification: GC-NPD 

Drouet et al., Blood B enzodiazep in es (seven Liquid-liquid extraction with butyl Detection limit was 1 - 5 ng/mL; linearity 
1989 types) and subsequent acetate (pH 9) was satisfactory up to 1 - 2 µg/mL. 

demethylated/ Hydroxylated compounds silyated Intra-assay precision and accuracy were 
hydroxylated metabolites GC-MS analysis better than 5 - 6 %. Method was deemed 

adequate for clinical patient treatment. 

Marliac et al., Blood Nitrazepam Blood samples were alkalized. Method was linear between 20 - 10,000 
1989 Liquid-liquid extraction with benzene ng/mL. Recovery was above 97 % and 

Evaporation to dryness and precision within 7.65 %. 
reconstitution into benzene 
GC-NPD analysis 
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Table 3 (continued) - Summary of literature reviewed by the author pertaining to the analysis of drugs (primarily amitriptyline and other 

antidepressants) in human samples/matrices. 

Author Matrix Drugs Method Result 

Pounder and Blood Doxepin, amobarbital , All blood samples were prepared by Highest drug levels found in central 
Jones, 1990 comparisons from secobarbital , pentobarbital, suitable liquid-liquid extraction and vessels (pulmonary artery and vein). Data 

various body sites desmethy lei om ipramine, analysed by GC-NPD or GC-UV suggests a post mortem diffusion of drugs 
imiprarnine, desipramine along a concentration gradient, from sites 
and flurazepam of high concentration in solid organs into 

blood, causing artefactual elevation of 
drug levels in blood. 

Matsumoto et Blood Barbiturates Initial injection onto pre-column to Analysis response was linear within I -
al., 1991 (Five types) remove proteins and other impurities. 100 µg/mL for barbiturates and 0.1 - I 0 

benzodiazepines HPLC analysis µg/mL. Recovery was 100 % and 
(10 types) precision within 4 % for both drug groups. 

Tracqui et al., Hair Amitriptyline Hair samples homogenized, extracted Method found to be adequate for the 
1992 and analysed by a GC-MS screening qualitative analysis of amitriptyline in hair. 

Mazhar et al., Blood Benzodiazepines and Sample diluted with water and 30 % Method determined suitable for analysis of 
1992 tricyclic antidepressants acetonitrile drugs in post mortem samples. Detection 

SPE extraction limit was 25 ng/mL, recovery of 
HPLC analysis benzodiazepines 84 - l 06 % and 

antidepressants 62 - 69 %. Precision was 
within 7.2 %. 

Mcintyre et al., Blood and liver Benzodiazepines Two part liquid-iiquid extraction Within-run and day-to-day precision were 
1993 (15 types) (Diethyl ether then acid clean-up) 10 - 15 %. Method determined sensitive 

I HPLC analysis and reproducible for analysis of 

I 
benzodiazepines in post-mortem tissues. 
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Table 3 (continued) - Summary of literature reviewed by the author pertaining to the analysis of drugs (primarily amitriptyline and other 

antidepressants) in human samples/matrices. 

Author Matrix Drugs Method Result 

Yan et al., 1994 Blood Doxepine, imipramine, Diazepam (internal standard) added . Method was linear over I 0 - 600 ng/mL 
amitriptyline and Extraction into anhydrous ether range, with 5 - I 0 ng/mL limit of detection . 
clomipramine Organic phase evaporated to dryness Precision was good with relative standard 

Residue reconstituted in mobile phase - errors of 1.00 - 1.82 %. Method 
methanol-water-TMEDA (70:30: 1) satisfactory for analysis of drug 
Analysis by HPLC concentrations in patient serum. 

Couper et al., Hair Antipsychotics and Hair samples homogenized Method adequate for detection of drugs 
1995 antidepressants (including Liquid-liquid extraction from 1.3 - 242 ng/mg of hair. 

amitripty line) Analysis by GC-MS and HPLC Drug concentrations detected in hair were 
consistent with known dosing regime. 

Costa Querioz Blood Imipramine, desipramine, Internal standard (clomipramine) added Method linear from 20 ng/mL (LLOQ) to 
et al., 1995 amitriptyline and to 1 mL plasma 1500 ng/mL, intra-assay precision 

nortripty line Extraction with hexane: isoamyl 4.5 - 9 .1 % and inter-assay precision 
alcohol (99: 1) in alkaline medium 6.9- 10.7 %. Method adequate for routine 
HPLC analysis analysis of therapeutic control of depressed 

patients. 

Zhang et al., Cunninghamella AmitTipty line Isolation by HPLC Fungus metabolized drug within 72 hrs. 
1995 elegans (a fungus) Identification by UV /MS and NMR Similarities between human, rat and fungal 

analysis metabolism are discussed. 

Ghahramani and Blood and liver An1itriptyline and After extraction analysis by HPLC Method was linear over a wide 
Lennard, 1996 nortriptyline concentration range and detection limit for 

both drugs was 2 ng/mL. Coefficients of 
variation were 7.4 % (within-batch) and 
12.8 % (between-batch). 
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Table 3 (continued)- Summary of literature reviewed by the author pertaining to the analysis of drugs (primarily amitriptyline and other 

antidepressants) in human samples/matrices. 

Author Matrix Drugs Method Result 

Pragst et al., Hair Amitriptyline, Hair sample washed , dried, (7 - 30 mg) Method linear between I 0 ng and 
1997 Removed from clomipramine, doxepine, cut into small sections, digested in 1 M 1 µg/sample for all compounds. Detection 

psychiatric patients imipramine and NaOH (1 mL) at 80 °C for 30 mins limit between 5 and 50 ng/sample. All 
receiving antidepressant maprotiline Internal standard added drugs could be detected in hair at least one 
treatment SPE extraction. year after uptake. 

Solvent evaporated, residue derivatised 
with PFPA 
Sample dissolved in ethyl acetate. 
GC-MS analysis 

Y egles et al., Human hair Benzodiazepines and Hair washed, segmented (3 cm), In most cases, drugs detected in post-
1997 21 cadavers - death antidepressants pulverized and hydrolysed (enzymic) mortem blood and tissues samples could 

result of psychotropic Solid-phase extraction also be detected in post-mortem hair 
drug overdose GC-MS analysis samples. 

De La Torre, et Blood Amitriptyline, Solid-phase extraction Method was linear over 20 - 500 µg/L with 
al., 1998 nortriptyline, imipramine, GC-NPD analysis limit of detection between 1.2 - 5.8 µg/L. 

desipramine, Interassay precision ranged from 
clomipramine and 4.5 - 9.8 %. Method particularly 
demethylclomipramine successful in removing background 

interference. 

Casamenti et Blood Antipsychotics, Solid phase extraction Method was satisfactory for the separation 
al., 2000 antidepressants (including HPLC analysis with mobile phase - and quantitative determination of a mixture 

amitriptyline) and acetonitrile and pH 2.8 of 15 drugs. Quantitation limits ranged 
anti.epileptics tetramethy !ammonium perchlorate from 20 - 500 ng/mL, intraday precision 

from I. I - 8.4 %and interday precision 
from 1.4 - 9.8 %. 

41 



Table 3 (continued)- Summary of literature reviewed by the author pertaining analysis of drugs (primarily amitriptyline and other antidepressants) in 

human samples/matrices. 

Author Matrix Drugs Method Result 

Inoue et al. , I Blood Benzodiazepines SPE extraction Good separation of all but two compounds, 
2000 (19 types) GC-MS analysis and minimal background interference. 

thienodiazepines Good linearity (0.995) over calibration 
(Two types) range (5 - 500 ng/mL blood). 

Detection limits ranged from 0.2 - 20 
ng/mL. 

Nyanda et al., Blood Tricyclic antidepressants Samples homogenised in basic medium Method was sensitive to 15 ng/mL and 
2000 (including amitripty 1 ine) Liquid-liquid extraction into hexane: linear to 400 ng/mL, with day to day 

ethyl acetate precision between 1.1 - 13 %. Method 
HPLC analysis, mobile phase of adequate for therapeutic monitoring of 
acetonitrile, methanol and 0.01 M tricyclic antidepressants. 
phosphate buffer (pH 7.4) 

Drummer et al., Liver, bile, vitreous Range of therapeutic and Liquid-liquid and solid-phase Authors review a large number of 
2002 humour, muscle, fat, I illicit drugs extraction techniques dependant on the publications focusing on analysis of post-

bone, bone marrow, pKa of drug mortem specimens. Effects of putrefaction 
pleural effusion, hair Complex matrices such as liver include instability of matrices (causing 
and nails generally require multiple step massive signal interference), potential 

extractions breakdown of drugs, and drug 
Analysis by GC and HPLC coupled redistribution. 
with UV, DAD, FID, NPD and MS 

Kronstand et Hair Benzodiazepines Hair segmented (2 cm, I 0 - 30 mg) Method deemed adequate for detection of 
al., 2002 Removed from forensic (11 types) Washed once with isopropanol, three benzodiazepines in hair. Method was 

and psychiatric patients times with phosphate buffer, again with linear either between 0.025 - I ng/mg or 
isopropanol, dried, weighed, digested 0.125 - 5 ng/mg depending upon the drug. 
(proteinase K) 
Solid-phase extraction 
Analysed with LC-MS-MS 
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Table 3 (continued)- Summary of literature reviewed by the author pertaining to the analysis of drugs (primarily amitriptyline and other 

antidepressants) in human samples/matrices. 

Author Matrix Drugs Method Result 

Shen et al., Hair Carbamazepine, Hair segmented, 10 - 20 mg digested in All drugs detected by method. Of three 
2002 removed from amitriptyline, doxepin, 0.1 M NaOH at 80 °C for 30 min. sample preparations tested (alkaline 

psychiatric patients trihexyphenidyl, Internal standard added digestion, acid hydrolysis and methanol 
chloroprothixene, pH adjusted to 9.5 - 10 extraction) alkaline digestion gave highest 
trifluoperazine, clozapine Extracted with ether yields. Drugs can be detected in hair for 
and haloperidol. Extracts evaporated up to 16 months after uptake. 

Reconstituted in 25 µI methanol 
GC-MS analysis 

Frahnert et al., Blood Antipsychotics and Solid-phase extraction Method was linear over therapeutic to toxic 
2003 Antidepressants HPLC-UV with mobile phase of ranges. Accuracy was 91 - 118 %, intra-

(including amitriptyline) acetonitrile: potassium assay precision 0. 9 - 10 .2 % and inter-
dihydrogenphosphate buffer assay precision 0.9 - 9.7 % 

Trocewicz et Urine Amitriptyline, opipramol, Urine sample made alkaline Method was adequate for the detection of 
al., 2004 noxiptyline and diethazine SLM extraction antidepressants to concentrations of I 

HPLC-UV analysis ng/mL. 

Cantu et al., Blood Anticonvulsants and SPME extraction with various Method was linear over general range of 2 
2006 antidepressants (including laboratory made fibre coatings - 500 µg/mL, with limits of detection 

amitriptyline) Analysis by LC ranging between 0.5 - 5 µg/mL. Interassay 
precision was below 15 % for all drugs. 

Wenzel et al., Blood and brain Mirtazapine, am itripty 1 ine Liquid-liquid extraction Method sufficiently sensitive to detect all 
2006 and sertraline (ingested in LC-MS-MS analysis three drugs in both blood and tissues . 

a suicide attempt) Levels of amitriptyline and sertraline 
detected were significantly lower than 
typical overdose levels. 
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Table 3 (continued)- Summary of literature reviewed by the author pertaining to the analysis of drugs (primarily amitriptyline and other 

antidepressants) in human samples/matrices. 

Author Matrix Drugs Method Result 

Kirchherr et al., Blood Antipsychotics and Protein precipitation Method was linear over general range of 
2006 antidepressants Analysis by LC-MS-MS 0.5 - 2000 ng/mL. Coefficients of 

(including amitriptyline) variation were 6.1 % for intra-assay and 
7.4 % for inter-assay comparisons. 

Titier et al., Blood Antidepressants Liquid-liquid extraction Method was linear from 5 - l 00 ng/mL, 
2007 (including amitriptyline) Separation by HPLC and detection by with a limit of quantification of 5 ng/mL 

and monoamine oxidase ES I-MS-MS for each compound. lntraday and interday 
inhibitors precisions were all lower than 13 %. 

·' . 

Alves et al., Blood Antidepressants SPME extraction Method was linear over therapeutic range 
2007 (including amitripty line) LC-ES I-MS analysis of fibre and detected as low as 0.1 ng/mL. Method 

determined to be adequate for assay of 
antidepressants in plasma. 

Thieme et al., Hair Amitripty line, Hair samples segmented and extracted. Method had limit of detection (0.5 pg/mg) 
2007 nortripty line, LC-MS-MS analysis and precision adequate for analysis of 

hydroxy-metabolites amitriptyline in hair samples carried out to 
evaluate administration history . 

Samanidou et Blood and urine Alprazolam, Aliquots of sample removed Method was fully validated, detection 
al., 2007 bromazepam, diazepam Solid phase extraction limits ranging from 3.3 - 10.2 ng in blood 

and flunitrazepam Analysis by HPLC and 2.6 - 12.6 ng in urine, precision (RSD 
> 12 %), recoveries ranged from 
81.2 - 115 %. 
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Table 3 (continued)- Summary of literature reviewed by the author pertaining to the analysis of drugs (primarily amitriptyline and other 

antidepressants) in human samples/matrices. 

Author Matrix Drugs Method Result 

Gallardo et al., Alternative samples Various Authors reviewed a series of Advantages and disadvantages of 
2008 saliva, sweat, publications on the use of alternative alternative specimens over traditional 

meconium and hair specimens. sources and the main analytical and 
chromatographic problems are discussed. 

Santos-Neto et Blood, Urine Fluoxetine, imipramine, Samples were incubated at 20 °C and Incubation temperature had no effect on 
al., 2008 desipramine, amitriptyline 37 °C for 30 mins, then either filtered extraction of drug from plasma proteins. 

and nortripty line through a hydrophilic cellulose acetate Centrifugation was determined to be more 
filter or centrifuged efficient than filtration for sample pre-
Analysis by LC-ESI-MS-MS treatment. Linearity range 1 - 250 ng/mL, 

intraday precision below 10 % and interday 
precision below 13 %. 

Cruz-Vera et Urine Fluoxetine, trazodone, Aliquot ofurine removed Method deemed suitable for therapeutic 
al., 2008 desipramine and Solid phase extraction (carbon monitoring of antidepressants in urine 

mianserine nanotubes) samples. Limits of detection 12.3 - 90.1 
HPLC-UV analysis ng/mL, precision 3 .4 - 5 .0 %. 

Anderson et al., Hair (post-mortem) Benzodiazepines Samples washed, and incubated Results from both SPE and MJSPE were in 
2008 Extraction by either solid phase or good quantitative agreement. MJSPE 

molecularly imprinted solid-phase appeared to produce cleaner extractions 
LC-MS-MS analysis than SPE. 
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1.3.4 Drug and insects (published studies) 

Table 4 below relates to the application of GC and HPLC methods to the analysis of drugs in fly larvae and pupae. Publications have 

been presented in chronological order. In reviewing drug analysis the author concentrated on publications involving chemical analysis 

of insect material, although some studies that merely observed effect of drugs on larval growth have also been included. Insect 

species, drugs, method of chemical analysis and subsequent results are summarised. 

Table 4 - Summary of literature reviewed by the author pertaining to experiments with drugs and blowflies 

Author Insect Drugs Method Result 

Beyer et al., Cochliomyia macellaria Barbiturates Larvae pooled and homogenized Larvae were only available samples for 
1980 recovered from cadaver Liquid-liquid extraction analysis due to advanced decomposition of 

of22 year old woman Analysis by TLC and GC body. Drugs successfully detected in 
larval pools. 

Gunatilake et Chrysomya Malathion Larvae pooled (0.28 g) and 2050 µg/g of larvae detected in larval pool. 
al., 1989 megacephala and 17 mg/kg homogenized This level of malathion is substantially 

Chrysomya rufifacies detected in body fat Liquid-liquid extraction higher than established LD50s for adults. 
recovered from male GC-NP analysis 
cadaver 

Kintz et al., Calliphora larvae and a Trazolam, oxazepam, Larval samples homogenized in pools All five drugs quantified in the larvae; no 
1990 variety of body organs phenobarbital, (100 larvae) in 9 % saline solution correlation established between the larval 

from putrefied 49 year alimemazine, HPLC analysis and body organ concentrations. 
old corpse clomipramine 
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Table 4 - Summary of literature reviewed by the author pertaining to experiments with drugs and blowflies 

Author Insect Drugs Method Result 

lntrona et al., Calliphora vicina Opiates 2 g of larvae pooled Concentrations of opiates 5 - 1208 µg/kg in 
1990 reared on livers from Homogenised with 2 mL distilled water larvae and 26 - 1769 µg/kg in liver 

fatal opiate intoxication RIA antibody reagents mixed with samples. A correlation coefficient of0.790 
samples, incubated and centrifuged was determined between the larval and 
Analysis with gamma scintillation liver concentration series. 
counter 

Goff et al., 1991 Boettcherisca peregrina Heroin Larvae pooled in groups of I 0 Heroin and morphine were detected at both 
larvae were reared on Doses of 6, 12, 18, 24 mg Radioimmunoassay method for heroin 24 and 48 hrs in larvae from the higher 
rabbit tissues ( 4 dosed, injected into rabbits (2.47- and metabolites doses and at 48 hrs in larvae from the 
I control). I 0 larvae 3 .18 kg) by cardiac lower doses . Larvae feeding on heroin 
removed at 24 and 48 puncture dosed tissue developed more rapidly than 
hrs for analysis. control larvae. 

Notle et al., Calliphora vicina (dead Cocaine and Larvae pooled (2 g), spiked with 0.5 % Cocaine could be detected but not 
1992 3rd instar) recovered benzoy lecgonine prazepam (internal standard) and quantified in muscle tissue due to 

from skeletal male buffered to pH 9.8 interference from tissue-decomposition 
remains One step liquid-liquid extraction products. Cocaine was quantified in larval 

GC analysis samples. 

Sadler et al., Calliphora vicina Amitriptyline, Larvae were pooled (5 g) All drugs detected in larvae from all 
1994 larvae were reared (in temazepam, trazodone Homogenized in distilled water (20 g) foodstuffs , but much biological variation. 

23 °C) on leg muscle and trimipramine 4 part liquid-liquid extraction Precipitous decrease in non-feeding larvae; 
from suicides. Concentrations Evaporated to dryness authors recommend only sampling actively 
Triplicate rearings 0.5 -36 µg/g Reconstituted in methanol feeding larvae. 
removed from active HPLC analysis 
feeding, pre-pupal and 
pupal stages 
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Table 4 (continued)- Summary of literature reviewed by the author pertaining to experiments with drugs and blowflies 

Author Insect Drugs Method Result 

Sadler et al., Calliphora vicina Acetylsalicylic acid, Extraction procedures specific to drugs Differences in drug structure resulted in 
1997 larvae were reared (in sodium salicylate, or drug groups significant differences between larval 

varying temperature of paracetamol, sodium Analgesics and amphetamine - LLE concentrations. However authors found 
20-24 °C) on artificial aminohippurate, Barbiturates - SPE predictions of larval concentration from 
foodstuffs amphetamine sulphate, HPLC analysis larval structure impossible. Larval 
Triplicate rearings thiopentone, concentrations were significantly lower 
removed from active phenobarbitone, than in their food source. 
feeding, pre-pupal and amylobarbitone, barbitone 
pupal stages and brallobartone 

Bourel et al., Lucilia sericata Morphine 20 larvae sampled daily for growth Results indicated that the presence of 
1999 400 eggs placed in l control rabbit measurements, 10 for mass increase morphine slows the development of Lucilia 

eyes, nose and mouth of 3 dosed rabbits, (washed, dried and frozen) and 10 for sericata larvae and thus an underestimation 
a number of drug dosed adminis_tered with 12.5, length increase (immersed in boiling of the PMI by up to 24 hrs is possible if the 
rabbit cadavers 25.0 and 50.0 mg/h via water and preserved in 70 % ethanol) presence of the drug is not considered. 

ear infusion over 3 hrs Durations of pupal stage were also 
recorded 

Levine et al., 3-4 mm larvae Secobarbital 2 g larvae homogenized in 8 mL H20 Analysis of calf muscle yielded no positive 
2000 (species unidentified) (empty bottle found near 2 mL phosphate buffer (pH 5) and I 0 results for alcoholic or alkaline drug 

Recovered from cadaver) µg cyclopal (internal standard) added substances. Analysis of larvae indicated 
unidentified white male SPE extraction presence of secobarbital. Use of larval 
cadaver Eluates evaporated, reconstituted in specimens presented no unusual analytical 

500 µL 0.05 M trimethylanilinium difficulties. 
hydroxide in methanol 
GC-MS analysis 

Introna et al., Various Various Review of recent research onto The authors conclude further research is 
2001 entomotoxicology, detailing studies justified, particularly into bioaccumulation, 

regarding insect larvae as toxicological insect metabolism of drugs and correlation 
specimens and effect of drugs on larval of drug concentrations in insect and human 
development tissues . 
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Table 4 (continued) - Summary of literature reviewed by the author pertaining to experiments with drugs and blowflies 

Author Insect Drugs Method Result 

Carvalho et al., Chyrsomya a/biceps Rabbits dosed with Liquid-liquid extraction Larvae reared on drugged tissues 
2001 and Chyrsomya putoria diazepam (50 mg) via ear GC-MS analysis developed more rapidly than larvae from 

larvae exposed to vein infusion the control colony for both species . 
tissues from rabbits Presence of diazepam could be determined 
(3.2-4 kg) in all rabbit samples and almost all insect 

samples 

Musvasva et al., Sarcophaga tibia/is Hydrocortisone and No chemical analysis Presence of either drug retarded larval 
2001 Reared on drug dosed sodium methohexital, 3 development. 

chicken liver (50 g) doses each 
I 0 larvae on each Three replicates of each 
replicate. dose and three replicates 

of two controls (no drug) 

Green et al., Phormia regina larvae Arecoline, caffeine, No chemical analysis All o°fthe alkaloids were found to prevent 
2002 were exposed for 24 hrs nicotine, quinine, and inhibit the growth of the larvae, whilst 

to artificial diets spartiene or strychnine arecoline and nicotine caused significant 
I 00 and 1000 ppm mortality of larvae. 

Wood et al., Calliphora vicina I 0 benzodiazepines in Samples homogenized in water Limits of detection 1.88 - 5.13 pg/mg larva 
2003 larval matrix Acetonitrile precipitation and 6.28 - 19.03 pg/mg puparium. Method 

Larvae reared on LC-MS-MS analysis detected nordiazepine and metabolite 
nordiazepam (l µg/g) oxazepam in larvae and puparia reared on 
spiked media spiked substrate. 

Tracqui et al., Larvae from 29 Benzodiazepines, Various applications of GC and HPLC Inter larval and inter-site variations 
2004 necropsies tested for barbiturates, methods depending upon compound enormous; no correlations found between 

various organic antidepressants, opiates, drug concentrations in larval and human 
compounds detected in cannabinoids, tissues. Authors conclude larvae are 
source cadavers meprobamate, digoxin, unreliable specimens for any kind of 

nefopam toxicological analysis. 
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Table 4 (continued)- Summary of literature reviewed by the author pertaining to experiments with drugs and blowflies 

Author Insect Drugs Method Result 

0 ' Brien et al., Calliphora vicina Paracetamol Each day larvae were removed, Results indicated that presence of 
2004 larvae were exposed to 0, 100, 250, 500, washed, dried, weighed and replaced paracetamol accelerated the growth of the 

liver substrates 1000 mg/kg into food source larvae. 
No chemical analysis 

Campobasso et I Lucilia sericata larvae Opiates, cocaine, Larvae washed, pooled (J g) Results showed a predictable pattern of 
al., 2004 reared on liver samples antidepressants, homogenized (5 mL water) drug distribution, consistent with the 

taken from 18 cadavers benzodiazepines Various sample preparations chemical properties of the various drugs. 
(antidepressants by liquid-liquid) 

I Cal/iphora stygia 

Analysed by GC-MS 

Gunn et al., Morphine Larvae washed, weighed and Limit of detection was approximately 
2006 larvae reared on 6 0, 0.5, 1, 2.5, 5, 10 µg/g homogenized (in pools of 10) 2500 µg/g. No significant statistical 

mince meat substrates Homogenate (0.5 g) protein correlation found between the morphine 
Pre-pupal period precipitated with acetic acid concentrations in rearing substrates and 
50 larvae removed from Analysed by HPLC and larvae. 
each substrate chemiluminescence detection 

Kharbouche et Lucilia sericata larvae Codeine Larvae washed and frozen Codeine detected in all larvae; norcodeine 
al. , 2008 were reared (in 20 °C) 0, 0.05, 0.25, 2, 30 µg/g Homogenized (500 mg) in 9 % NaCl and morphine detected in older larvae 

on minced pig liver sol reared on higher concentration substrates -
l 0 larvae removed from Liquid- liquid extracted evidence of larval metabolism. Statistical 

I each substrate every LC-MS analysis co1Telation between substrate and larval 
112 hrs concentrations; average R=0.9 . 

De finis- I Calliphoridae and Amphetamine Larvae homogenized Amphetamine quantified in tissues and 
Gojanovic et I sarcophagidae larvae (blood cone 0.48 mg/L) Solid phase extraction blood, alcohol quantified in blood. 
al. , 2007 removed from one Alcohol GC-MS analysis Amphetamine detected but not quantified 

month old cadaver (43 (blood cone 0.45 µ/g) in larvae. No correlation found between 
year old male) human material and larval concentrations. 
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1.3.5 Analysis of drugs in biological matrices 

Identifying and quantifying drugs in biological samples is extremely difficult due to the 

complex nature of the matrix, which can cause protein-binding, column clogging and 

background interference. The discussion below relates to the analysis of drugs in human 

fluids and tissues by GC and HPLC methods (Table 3 above) and the application of these 

methods to analysis of fly larvae/pupae (Table 4 above). 

The past thirty years have shown significant progress in the sensitivity of analytical 

methods. Early analysis of drugs in blood and urine (Oliver and Smith, 1974, Biggs et 

al., 1979, Johnson et al., 1982) mostly involved liquid-liquid extraction of a pre-

determined volume of sample followed by GC or HPLC analysis. Solid samples such as 

liver were analysed with similar methods after homogenisation (Eklund et al., 1983). 

Later methods involved gas chromatography coupled with mass spectrometry; this 

allowed greater sensitivity in the detection of drugs in complex matrices. GC-MS 

analysis was applied to difficult post-mortem samples such as liver (Huang, 1996) and 

muscle (Inoue, 1997). Furthermore scientists gained confidence in the use of 

'alternative' specimens (alternatives to the traditional use of blood, urine and body 

organs) such as hair, plurela effusions, fingernails and toenails (Gallardo and Queiroz, 

2008). Hair was particularly popular and chemists developed GC-MS methods for 

quantifying drugs in hair after either liquid-liquid extraction (Tracqui et al., 1992, Couper 

et al., 1995, Shen et al., 2002) or solid-phase extraction (Yegles et al., 1997). 
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HPLC became more sensitive as newer columns were capable of more powerful and 

selective separation, which was particularly useful in removing background interference 

signals from complex matrices. Although gas chromatography is simpler, cheaper and 

provides greater separating power, a much wider variety of compounds may be analysed 

by liquid chromatography. GC separation is limited to compounds that may be 

vapourised below 300 °C and are stable in the vapour phase (Levine, 1999). 

In recent HPLC methods for the analysis of antidepressants and other drugs, samples 

have been prepared by both liquid-liquid and solid phase extraction from blood (Yan et 

al., 1994, Costa Queiroz et al., 1995, Nyanda et al., 2000, Casamenti et al., 2000, 

Frahnert et al., 2003) and body tissues (Drummer and Gerostamoulos, 2002). Solid 

phase extraction is advantageous in toxicology as it is much simpler, faster and yields 

better recoveries than liquid-liquid extraction (Suzuki et al., 1996). 

Entomotoxicologists have attempted to apply these methods for the analysis of blowfly 

larvae. Homogenising larvae material presents no problems and can be easily 

accomplished with a mortar and pestle, or similar grinding procedure. Samples can then 

be prepared either by liquid-liquid extraction (Sadler et al., 1994) or solid phase 

extraction (Campobasso et al., 2004, Definis-Gojanovic et al., 2007). However typical 

GC-MS and HPLC methods are not sensitive enough to be capable of detecting drugs 

present in single larvae. Therefore samples had to be analysed in pools (typically 10-50 

larvae) in order to detect and quantify drugs with GC (Gunatilake and Goff, 1989), 
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GC-MS (Carvalho et al., 2001 ), HPLC (Kintz et al., 1990) and radioimmunoassay (Goff 

eta!., 1991). 

However the relatively recent coupling of HPLC with mass spectrometry and tandem 

mass spectrometry has allowed toxicologists to adopt much simpler methods of sample 

preparation without the need for analyte concentration and re-constitution procedures 

(Thieme and Sachs, 2003). These LC-MS-MS methods have proved extremely sensitive, 

although they only require simple extraction methods. Kirchherr and Kuehn-Velten, 

2006 reported their quantification of amitriptyline in blood down to 0.5 ng/mL, using 

only protein precipitation for the pre-sample treatment. Another study by Thieme et al., 

2007 analysed hair samples for amitriptyline, nortriptyline and their hydroxy metabolites 

and reported detection limits of 0.5 pg/mL after simple segmentation and extraction. 

Wood et al. , 2003 exploited LC-MS-MS for the analysis of benzodiazepines in 

Calliphora vicina larvae and puparia. Again, acetonitrile precipitation was found to be 

satisfactory and even superior to liquid-liquid and solid-phase extraction for extraction of 

analytes from insect material. Most importantly, the method was sufficiently sensitive to 

quantify benzodiazepines in single larva or puparium - thus eliminating the need for 

pooling of larval samples. However, some sample preparation procedures including 

filtration, evaporation to dryness and reconstitution were still required and these hindered 

the overall expediency of the method. 
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1.3.6 Blowfly larvae as alternative toxicological specimens 

Entomotoxicology is one of the latest developments of the exploitation of insects for 

forensic investigation. Insects are already utilized for providing forensic insight into such 

areas as the estimation of minimum time since death, relocation of cadavers after death 

and indication of antemortem injuries. Many studies have investigated the use of insects 

to detect the presence of drugs or toxins (Table 4). 

When toxicological analysis needs to be performed on a cadaver, standard protocol 

involves the removal and analysis of blood and/or body organs (e.g. liver, fat, muscle). 

However, cadavers are frequently not found for some time after death has occurred. 

Consequently, the traditional sources discussed above are either not available as the body 

is in a stage of advanced decomposition or so corrupted by the environmental conditions 

to which they have been exposed that any analysis performed would be futile. To 

determine the presence of drugs in such cadavers, scientists have suggested that 

necrophagous insects such as blowflies (Calliphoridae) present a possible alternative for 

toxicological analysis (Introna et al., 2001 ). Numerous studies over the past twenty years 

have been able to detect a variety of substances in larval and pupal samples, including 

barbiturates, benzodiazepines, cocaine, metals (arsenic, copper, iron, mercury and zinc), 

opiates, organophosphates and antidepressants (Table 4). 

The success of any analysis of insect specimens (particularly larvae, the most common 

specimens) is dependent on two factors, namely: 
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• the detection limit of the equipment/technique must be sufficiently low, and 

• the rate of drug absorption (by the feeding insect) must equal or exceed the rate of 

elimination (Sadler et al., 1995). 

Furthermore, for quantitative analysis it is also important to know if the amounts of drug 

determined in the insects correlate with the concentrations of drug in the feeding tissues -

a problem made particularly complex by post-mortem redistribution of drugs (Pounder 

and Jones, 1990). 

A case study published by Notle et al. , 1992 was among the first to demonstrate the 

potential value of larvae as toxicological specimens. The case involved the skeletal 

remains of a 29-year-old drug user who had been missing for approximately 5 months. 

The head and torso were mostly skeletonised whilst the legs and feet were completely 

fleshed with decomposed and desiccated tissue. Large numbers of dead blowfly larvae 

(exact species not identified) were found on body surfaces and cavities. Initial screening 

with GC-MS confirmed the presence of cocaine in muscle. Both larval and muscle 

samples were removed, homogenised and analysed by gas chromatography. Cocaine was 

quantified in the larvae but not the skeletal muscle due to interference from tissue-

decomposition products. However, the authors stated that the interpretation of any 

quantitative larval data would require a comprehensive understanding of the uptake of the 

drug by the insect; particularly whether drugs are bioaccumulated in the larval tissue or 

efficiently excreted. 
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Whilst early larval drug studies ( 1980-1990) concentrated solely on the effect of drugs on 

larval development, more recent work ( 1990 to present) has focused more on determining 

if any correlation can be found between larval and cadaver concentration - an issue that 

has the entomotoxicology community divided. Kintz and Tracqui, 2004 have repeatedly 

claimed that no correlation exists, whilst an early study by Introna et al., 1990 and more 

recent study by Kharbouche et al., 2008 report consistent statistical correlations. 

Possible reasons for these vastly different conclusions can be found in comparison of the 

approaches taken by these authors in their larval drug uptake studies. Kintz et al., 1990 

analysed blowfly larvae recovered from the corpse of a 49 year old male, discovered in a 

house approximately two months after death. Triazolam, oxazepam, phenobarbital, 

clomipramine and alimemazine were all quantified in body organs and larvae by HPLC; 

however no correlation was found between larval and tissue concentrations. In another 

publication, Tracqui and Kintz, 2004 reported on their analysis of larvae removed from 

29 cadavers where a variety of psychotropic drugs had been detected. Again no 

correlation could be found, which the authors attributed to the large variations in larval 

concentration between individual larvae and also between groups of larvae feeding on 

different body sites. 

The shortcoming of these case studies is that they lack any type of control or 

confirmation of results by replication. The authors have not reported the exact species of 

blowfly investigated (or even if there was any attempt to distinguish between different 

types of blowfly larvae present). Furthermore they have not quoted any temperature data. 
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This makes meaningful interpretation of the latter publication (Tracqui and Kintz, 2004) 

particularly difficult as the cadavers may have all been exposed to different temperatures, 

causing the larvae on each to feed at different rates. Finally, as the authors only used 

larvae from real case cadavers (from drug fatalities) there is no replication of test subjects 

(i.e. no replication of drug dose or larval numbers) and no control results from blank 

larvae (larvae not exposed to drug dosed foodstuffs). 

By contrast, studies where authors reported quantitative data correlation between larval 

and body tissue concentrations have employed controls and replication. Introna et al., 

1990 reared Calliphora vicina larvae on 40 livers from cadavers that tested positive for 

opiates and 10 control livers obtained from cadavers where opiates were not present. 

Analysis of liver and larvae samples by radio immunoassay indicated much higher 

concentrations of opiate in the liver and a correlation coefficient of 0.790 between the 

two series of data, i.e. as the opiate concentration in the liver samples increased, the 

subsequent opiate concentration in the larvae also increased with a linear correlation of 

0. 790. More recently, Kharbouche et al. , 2008 reared Lucilia sericata larvae at 20 °C on 

substrates composed of homogenised pig liver spiked with various concentration of 

codeine (0, 0.05, 0.25, 2.0, and 30 mg/kg). Larvae were collected at several stages during 

their active feeding, pooled and homogenised (500 mg), liquid-liquid extracted and 

analysed by LC-MS. Codeine concentrations were significantly higher in liver samples 

yet a linear correlation was observed between spiked concentration and larval 

concentration for each sampling period (R>0.99). 
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Other studies have indirectly studied the open question of reproducible correlation by 

focusing on the pattern of drug uptake and elimination. Sadler et al., 1997 conducted a 

series of experiments where Calliphora vicina larvae were reared on a number of 

foodstuffs spiked with amitriptyline, nortriptyline and combinations of amitriptyline and 

nortripty line. The authors exposed larvae to very small drug concentrations, ranging 

from 0.1 to 5 µg/g. Triplicate samples were removed for analysis with HPLC at a 

number of successive stages during the active feeding period. Results indicated a 

stepwise increase in larval drug concentrations with increasing drug concentration in the 

foodstuff. However, due to overlap between larval concentrations from different rearing 

concentrations and the large degree of biological variability the authors concluded that 

larvae are unreliable for quantitative toxicological analysis. 

A study by Pien et al., 2004 also focused on drug elimination from blowfly larvae. 

Calliphora vicina larvae were reared on artificial foodstuffs spiked with various 

concentrations of nordiazepam. As with the study by Sadler et al. , 1997, the 

concentrations were very small, including 0, 0.5, 1 and 2 µg/g. Six larvae per day 

(harvested over five consecutive days) and ten empty puparia were collected, individually 

homogenized and prepared with acetonitrile precipitation and analysed by LC-MS-MS 

for nordiazepam and its metabolite oxazepam. Both drugs were detected in all of the 

active feeding larvae, however peak concentrations of oxazepam were observed 1-2 days 

later than peak concentrations of nordiazepam and only oxazepam was detectable in post-

feeding larvae. Whilst drugs were detected in the empty puparial cases, oxazepam was 
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again present in much higher concentrations. The authors concluded that the results 

suggested larval metabolism of nordiazepam rather than direct excretion. 

These more controlled studies by Sadler et al., 1997; Pien et al., 2004 and Kharbouche et 

al., 2008 all demonstrate that blowfly larvae (and possibly puparia) have potential for use 

in toxicological analysis. Although variables (temperature, drug concentration, and larval 

numbers) in these studies were controlled, they were not systematically tested for their 

effect upon larval drug uptake. All of these studies involved rearing larvae over a range 

of doses; however, these doses were generally small and not necessarily representative of 

typical overdose concentrations. Authors who reared larvae under constant temperatures 

have not determined the effect of temperature by a comparison of larval concentrations 

under different temperature conditions (different constant temperatures, fluctuating 

temperature). Specific species have been exposed (in isolation from other species) to 

drug laden material, but authors have not compared drug uptake in different species 

feeding under similar conditions of larval mass and temperature. 
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1.4 Simple and multiple linear regression 

Linear regression analysis may be used to examine the extent to which a dependent 

variable is determined by independent variables. 

Simple linear regression examines the relationship between a dependent variable and one 

independent variable. If every independent variable/dependent variable (x, y) pair in a 

data set is plotted and all the points are on a straight line the relationship between the 

variables would be described by the equation: 

y = /Jo + /31 x 

where /Jo is they axis intercept of the line and /31 is the slope of the line. 

If the plotted points are scattered the regression analysis determines the line of best fit, 

meaning the equation of a straight line for which the sum of squared differences between 

the best fit line and actual values of the dependent variable (for each independent variable 

value) is minimised (Weisberg, 2005; Berk, 2008). 

A significant advantage of the linear regression technique is that it can be extended to 

multiple linear regression, in which the simultaneous effects on a dependent variable of 

an unlimited number of independent variables may be quantified (Weisberg, 2005). The 

best fit function is described by the equation: 

Y =/Jo+ /31 XJ + /J2X2 + - - - - + /JpXp 
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Multiple regression analysis will estimate the values of /Jo to /Jp for a "hyperplane" in 

multi-dimensional space that has the minimum sum of squared differences between the 

best fit line and actual values - the residual sum of squares. The regression sum of 

squares is the sum of differences between the actual values for a dependent variable and 

their mean (Weisberg, 2005). 

The regression sum of squares and the residual sum of squares may be used as follows to 

gauge the effect of the independent variables on the dependent variable. 

regression sum of squares 
regress10n mean square = 

regression degrees of freedom 

residual sum of squares 
residual mean square = 

residual degrees of freedom 

regression mean square 
F= 

residual mean square 

The appropriate F distribution (for the applicable ratio of regression degrees of freedom 

to residual degrees of freedom) shows the probability of a particular F value if there is no 

relationship between the independent variable and the dependent variable. The F value 

tests whether any predictors in the best fit function are significant. 
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The null hypothesis is that there is no relationship between the independent variables and 

the dependent variable - the coefficients of the independent variables are all equal to 

zero. The alternative hypothesis is that the regression relationship is valid - some of the 

co-efficients of the independent variables are not equal to zero. 

If the probability of the calculated F value is small it is evidence against the null 

hypothesis and in favour of the alternative hypothesis. If the cumulative probability of 

the observed F value occurring or being exceeded is small there is stronger evidence 

against the null hypothesis. Conventionally, a regression relationship is regarded as 

significant if its p value is less then 0.05 (Weisberg, 2005). 

In a similar way the t value may be used to test the significance of each independent 

value individually. 

The linear regression technique (simple and multiple) may be used where a significant 

regression relationship cannot be found between the "raw" data for the response and 

predictor( s) but one can be found by transforming (scaling) predictor data, response data, 

or both. Transformation is achieved by applying an algorithm, such as a power, 

logarithm or quadratic function (Weisberg, 2005). 
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1.5 PhD objectives 

The experiments in this PhD research were designed to investigate blowfly larval 

toxicology, particularly the affect of variables that might affect larval drug uptake. The 

objectives of this research were to: 

• develop and validate a simple reproducible method for the analysis of drugs 

(specifically amitriptyline) in larval and pupal material (Chapter 2); it was 

essential the method would be efficient and sufficiently sensitive to allow the 

detection of drug in a single insect 

• compare the larval drug uptake from different drug concentrations in artificial 

foodstuffs (Chapters 3, 4 and 5); the range had to be as substantial as possible and 

representative of typical therapeutic and overdose tissue concentrations, in order 

to investigate possible correlations between larval and drug substrate 

concentrations 

• examine the affect of temperature (both constant and fluctuating) on larval drug 

uptake (Chapters 3 and 4) 

• compare larval drug uptake in different fly species (Chapter 4) 

• examine the effect of multiple drugs on larval drug uptake (Chapter 5), and 
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• examine the effect of common methods of insect preservation on drug 

concentrations in stored insects (Chapter 6). 

Each chapter has been written for the purpose of future submission for academic journal 

publication. For this reason there may be repetition between chapters (especially in 

introductions), except where reference is made to previous identical method procedures, 

that are explained in the chapter where they were first applied. 
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2 A rapid method for the quantification of amitriptyline in 
carrion blowfly 

2.1 Abstract 

The effective use of insects as alternate toxicological specimens requires analysis 

methods that are capable of detecting low drug concentrations. With traditional 

toxicological methods this can only achieved through 'pooling' of insect samples, which 

makes efficient extraction of drugs difficult. This chapter details the development of a 

rapid method to detect and quantify amitripty line in blowfly larvae and pupal cases by 

tandem mass spectrometry. 

Insect samples were homogenized in weak acidic solution, centrifuged, protein 

precipitated with acetonitrile and extracted for analysis with tandem MS. 

The method was linear (R > 0.999) between 0.01 and 1 µg/mL of amitriptyline. 

Precision determined from replicate sample preparations (n = 6) of selected amitriptyline 

concentrations (O.Olµg/mL, 0.05µg/mL, 0.50µg/mL) was 18.72%, 3.82% and 2.58% for 

larval samples and 15.34%, 5.66% and 2.54% for pupal samples respectively. Recovery 

was determined through comparison of samples spiked with amitriptyline before and 

after method preparation and at all concentrations tested was greater than 80%. 

The method was applied to the detection of amitriptyline in Lucilia cuprina larvae that 

had been reared on liver agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g 
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and 0.250 mg/g of amitriptyline. Larvae were harvested every 24 hrs for drug analysis. 

The method was sufficiently senstive to quantify amitriptyline in single larvae and pupae 

over a range of liver agar amitriptyline concentrations. 

2.2 Introduction 

Blowfly larvae are potentially useful for the toxicological investigation of human 

remains, particularly as cadavers are frequently found in advanced stages of 

decomposition. Beyer et al., 1990 described a barbiturate overdose of a 22-year-old 

woman found 14 days after she was last seen alive. Due to the advanced decomposition 

of the body, no organic fluids or body organs could be utilized for toxicological analysis. 

However, the analysis of blowfly larvae recovered from the remains indicated the 

presence of barbiturates. Kintz et al., 1990 performed toxicological analysis by liquid 

chromatography of the heart, lungs liver and kidney and blowfly larvae removed from a 

corpse found approximately two months after death. Whilst the analysis revealed the 

presence of several prescription drugs including benzodiazepines (triazolam, oxazepam), 

barbiturates (phenobarbital) and tricylic antidepressants (alimemazine and clomipramine) 

in both the organs and insects, comparison of the results showed that the exploitation of 

the blowfly larvae was more sensitive than that of the body organs. 

It was evident from these studies that there was the possibility of qualitative and 

quantitative correlations between drug concentrations found in tissues and in developing 

dipteran larvae and in pupal cases (Kintz et al., 1990). 
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Sadler et al., 1995 exposed larvae of Calliphora vicina to liver samples from three 

suicides involving amitriptyline (and several other drugs), ultised a six step liquid-liquid 

extraction of homogenized larval material; evaporated the final extract, resuspended it in 

ethyl acetate and analysed by GC-MS. Campobasso et al., 2004 conducted studies with 

Lucilia sericata fed on liver samples from eighteen drug related deaths. They detected 

and quantified amitriptyline, tioridazine, clomipramine, amitriptyline, nortriptyline, 

levomepromazine and phenobarabital in the larval homogenate. They also used GC-MS, 

following a liquid-liquid extraction. Although liquid-liquid extraction was found to be an 

effective method of sample preparation, it is time consuming and therefore unsuitable for 

large scale sample processing. Although GC-MS methods are reliable for sample 

analysis, they are also more time-consuming than other methods and depend on 

extremely effective analyte extraction, particularly for larval samples that required 

regular column baking to remove neutral matrix compounds. 

Campobasso et al. , 2004 also quantified morphine and benzoylecgonine by GC-MS after 

solid-phase extraction with Bakerbond C 18 columns. The author did not explain why 

solid-phase extraction was not used for the extraction of the entire range of drugs. It is 

certainly a more desirable method, involving fewer complications than liquid-liquid 

techniques. However, solid-phase extraction is still a time consuming method as it 

involves at least two or three column treatments between sample introduction and 

extraction from column. 
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Wood et al., 2003 developed a rapid method for the analysis of drugs by liquid 

chromatograph - tandem mass spectrometry. Three sample preparatory methods were 

tested for recovery: liquid-liquid, solid-phase and protein precipitation with acetonitrile. 

All three methods extracted the sample satisfactorily; however, the acetonitrile 

precipitation yielded the highest recoveries. The acetonitrile precipitation involved only 

one liquid mix, centrifugation and extraction of the supernatant. 

The aims of the experiments described in this chapter were to: 

• develop and validate a simple reproducible method for the analysis of drugs 

amitriptyline in larval and pupal material, and 

• apply it to a series of real samples to test its analytical performance. 

2.3 Method 

2.3.1 Chemicals 

Amitriptyline hydrochloride and internal standard d6-amitriptyline hydrochloride were 

purchased from Sigma (Sydney, Australia). Acetonitile and f01mic acid were obtained as 

HPLC grade from Crown Scientific (Australia). All dilutions and washings of samples 

were conducted using these HPLC grade solvents. 
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2.3.2 Flies 

Eggs of Lucilia cuprina were collected onto fresh liver from adult flies kept in a colony 

by the author at the University of Technology Sydney. When hatched they were 

transferred to a Petri dish containing a 1: 1 mixture of 3% agar and pureed liver (My-Tien 

Tran and Sherman, 1995). The larvae were reared on this food source until they reached 

third instar. These provided the largest amount of blank larvae (matrix) material for the 

matched matrix standards. 

A second batch of eggs was placed onto fresh liver until hatched. These were used for 

exposure to drug-dosed foodstuffs. 

2.3.3 Method validation 

The method was validated for linearity, accuracy, precision and recovery with reference 

to the U.S Food and Drug Administration guidelines for bioanalytical method validation 

(FDA, 2001). The procedures are similar to those applied by Wood et al., 2003 in 

validating their method for the analysis of benzodiazepines in Calliphora vicina larvae 

nd puparia. 

Larval and puparial matrix solutions were made to the following concentrations: blank 

(no analyte, no internal standard), 0.000 µg/mL (no analyte), 0.010 µg/mL, 0.025 µg/mL, 

.050 µg/mL, 0.100 µg/mL, 0.250 µg/mL, 0.500 µg/mL and 1.000 µg/mL (Figure 9). 
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Preliminary testing of larval feeding indicated that amitriptyline larval concentrations 

were likely to be within this range. 

Three third instar larvae were placed into a mortar and ground with 1 % formic acid 

(1.50 mL), 2.80 µg/mL internal standard d6-amitriptyline (0.30 mL) and the relevant 

concentration of precursor analyte (amitriptyline) solution (0.30 mL). The three larvae 

that were to be used as blanks were ground in formic acid (2.10 mL) and the three larvae 

to be used as zero matched matrix standards were ground in formic acid (l.80 mL) and 

2.80 µg/mL internal standard (0.30 mL ), so that the total dilution in all matched matrix 

standards was identical. Three larvae were used for the preparation of each concentration 

so that three replicates of each matched matrix standard could be made as required for 

calibration under the guidelines (FDA, 2001). 

All matched matrix standard solutions were transferred into centrifuge tubes and 

centrifuged at 3000 rpm for 15 mins. Three aliquots of 0.50 mL were removed from each 

supernatant and placed into separate centrifuge tubes. Acetonitrile ( 1.50 mL) was added 

to each and the mixture vortexed for 3 0 seconds. The matched matrix standards were 

centrifuged at 3000 rpm for 15 mins and then a single aliquot of 1.50 mL was removed 

from each supernatant and placed in an LC vial prior to analysis. 
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Three Larvae 
(~ 0.150 g) 

1 % Formic Acid 
(1.50 mL) 

I 

Centrifugation 
3 000 rpm, 15 mins 

~·---_j_··-------. 
1.50 mL aliquot 

removed 

Mixture homogenized 

Centrifugation 
3 000 rpm, 15 mins 

Three 0.50 mL 
aliquots removed 

,., 
Centrifugation 

3 000 rpm, 15 mins 

1.50 mL aliquot 
removed 

Amitriptyline standard 
(0.30 mL) 

2.80 µg/mL d6-amitriptyline 
(internal standard) (0.30 mL) 

1.50 mL 
Acetonitrile 

Centrifugation 
3 000 rpm, 15 mins 

1.50 mL aliquot 
removed 

Figure 9 - Flow diagram showing preparation of amitriptyline matched matrix standards 
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The accuracy and precision of larval and puparial matched matrix standards were 

determined at the following concentrations: 0.010 µg/mL (lowest), 0.050 µg/mL 

(medium) and 0.500 µg/mL (high). 

Six third instar larvae were placed into a mortar and ground with 1 % formic acid (3.00 

mL), 2.80 µg/mL internal standard (0.60 mL) and the relevant concentration of precursor 

analyte solution (0.60 mL). Six larvae were used in the preparation of the accuracy 

precision matched matrix standards so that six replicates of each matched matrix standard 

could be made as required for accuracy and precision validation under the guidelines 

(FDA, 2001). 

All matched matrix standards were transferred into centrifuge tubes and centrifuged at 

3000 rpm for 15 mins. Six aliquots of 0.50 mL were removed from each supernatant and 

placed into separate centrifuge tubes. Acetonitrile (1.50 mL) was added to each and the 

mixture vortexed for 30 seconds. The matched matrix standards were centrifuged at 

3000 rpm for 15 mins and then a single aliquot of 1.50 mL was removed from each 

supernatant and placed in an LC vial prior to analysis. 

The recovery of amitripty line from larval and puparial samples was determined at the 

following concentrations: 0.010 µg/mL (lowest), 0.050 µg/mL (medium) and 0.500 

µg/mL (high). 
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Three third instar larvae were placed into a mortar and ground with 1 % formic acid ( 1.80 

mL) and 3.00 µg/mL internal standard (0.30 mL). Three larvae were used in the 

preparation of the recovery standards so that three replicates of each recovery standard 

could be made, as required for recovery validation under the guidelines (FDA, 2001 ). All 

recovery solutions were transferred into centrifuge tubes and centrifuged at 3000 rpm for 

15 mins. Three aliquots of 0.50 mL were removed from each supernatant and placed into 

separate centrifuge tubes. Acetonitrile (1.50 mL) was added to each and the mixture 

vortexed for 30 seconds. The recovery samples were centrifuged at 3000 rpm for 

15 mins and then a single aliquot of 1.40 mL was removed from each recovery 

supernatant. To this 0 .10 mL of the relevant concentration of precursor analyte solution 

was added. The concentration of these precursor solutions was altered from those of the 

precursors used for the linearity, accuracy and precision testing such that the different 

dilution steps gave the same final concentration for each group of calibrators. 

2.3.4 Larval and pupal sample experiment 

Four liver/agar cubes were prepared by mixing 20 g of blended liver with a 20.00 mL 

agar mixture. The first cube served as a blank (no drug present) while the remaining 

three were spiked with 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. Cubes 

were placed in refrigeration ( 5 °C) to solidify prior to use. 

This artificial foodstuff preparation was adapted from a procedure described by My-Tien 

Tran and Sherman, 1995. The use of artificial foodstuffs was selected over drug-dosed 
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animals to limit variables that might influence larval concentrations of drugs, particularly 

animal metabolism. Numerous published entomotoxicological studies have used 

artificial foodstuffs to introduce drugs to larvae (Sadler et al., 1997; Green et al., 2002; 

Gunn et al., 2006; Kharbouche et al., 2008). 

Fifty newly hatched Lucilia cuprina larvae were placed onto each cube and maintained in 

a 25 °C environment in a temperature cabinet (Hotpack, Model No. 435314, error +/-1 

°C) for the duration of the experiment. 

Triplicate sampling was used to maintain the minimum replication required for statistical 

analysis and contain the sample quantity so that sample preparation and analysis could be 

completed within a satisfactory period of preservation. Three larvae were removed from 

each cube during the active feeding period. A further three pre-pupal larvae were 

removed and three empty puparial cases. All larval and puparial samples were frozen 

(-20 °C) prior to sample preparation. 

All samples were washed with HPLC grade H20 then dried on paper towelling. 

Samples were then ground in 1 % formic acid (0.60 mL). After grinding each sample was 

transferred into a centrifuge tube and centrifuged for 10 mins at 3000 rpm. Supernatant 

(0.50 mL) was transferred to a second centrifuge tube. Acetonitrile (1.50 mL) was added 

and mixture vortexed for 30 sand then centrifuged for 10 mins at 3000 rpm. An extract 

(1 .50 mL) was transferred to LC vial for analysis. 
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2.3.S MS-MS analysis 

Two Perkin Elmer Series 200 Micro Pumps were used for sample infusion. The MS-MS 

analysis was performed with a Perkin Elmer API 300 Triple Quadrupole Tandem Mass 

Spectrometer. 

A 10 µL quantity of each sample was infused into the electrospray at a flow-rate of 

200 µUmin with a 90:10 mixture ofO.l % formic acid and acetonitrile for 2 mins. The 

system was then flushed with acetonitrile for 0.5 mins prior to next injection. 

All samples were analysed by a positive ion MS-MS scan. The target precursor and 

product ions were 278 and 233 for amitriptyline (Figure 10, Figure 12) and 284 and 233 

for ~-amitriptyline (Figure 11, Figure 13). 

Electronic conditions used for the positive ion scan of amitriptyline and ~-amitriptyline 

are summarised in Table 5. 
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Table 5 - Electrospray MS-MS conditions 

Parameter Setting 

Nebulizer gas (N2) 10 Umin 

Curtain gas (N2) 10 Umin 

Collision gas (N2) 3 Umin 

Ion spray voltage 5000 v 

Orifice 16 v 

Focus ring IOOV 

Second quadrupole entrance lens 30V 

Second quadrupole exit lens 61 v 
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Precursor I on 

rn/z = 278 

Figure 10 - Amitriptyline MS-MS fragmentation 

Precu rsor Ion 

rn/z = 284 

Figure 11 - d6-Amitriptyline MS-MS fragmentation 
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Product I on 

rn/z = 233 

Produ ct Ion 233 

mlz = 233 



278.3 

20 40 60 80 100 120 140 160 180 200 220 240 260 
m/z, amu 

Figure 12 - MS-MS spectrum of amitriptyline. The last peak (278.3) is the precursor ion; all other peaks are resulting product ions. 
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Figure 13 - MS-MS spectrum of d6-amitriptyline. The last peak (284.2) is the precursor ion; all other peaks are resulting product ions. 
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2.4 Results 

2.4.1 Calibration 

Matched matrix curves were constructed for amitriptyline in each matrix (larval and 

puparial) by plotting the average product MS peak area ratios (amitriptyline/intemal 

standard) for each concentration. The limit of quantification (LOQ) of amitripty line in 

larval and pupal matrices was determined by confirming signal to noise ratio was greater 

than five. The LOQs, equations of the linear regression lines applied to eacli matrix 

curve, their respective correlation coefficients and the uncertainties in the slopes and 

intercepts are shown in Table 6: 

Table 6 - Calibration curve equations, correlation coefficients and uncertainty values in slope and 

intercept for water standards and larval and pupal matrix matched standards. 

Water Larval Pupal 

LOQ 0.010 µg/mL 0.010 µg/mL 0.010 µg/mL 

Number of Standards n = 7 n = 8 n = 7 

Calibration curve y = 10.638x -0.0342 y = 1l.793x + 0.0119 y = I 0.791x + 0.0037 

Correlation coefficient 0.9992 0.9996 0.9996 

Uncertainty in slope 0.0529 0.0759 0.0480 

95% confidence interval 

·-
Uncertainty in intercept 0.0587 0.0829 0.0537 

95% confidence interval 
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2.4.2 Accuracy, precision and recovery 

The accuracy and precision was determined at 0.010 µg/mL (LOQ), 0.050 µg/mL and 

0.500 µg/mL for larvae, and empty pupae. Accuracy was determined by comparing the 

response of the matched matrix standards (the response generated by the drug 

concentrations and matrix) with the response of the water standards (the response 

generated by the drug alone). Accuracy values were expressed as the percentage 

difference between the matched matrix standard average (n = 6) and the standard average 

(n = 6). The precision values were determined by comparing the responses of six 

separate preparations of the 0.010 µg/mL (LOQ), 0.050 µg/mL and 0.500 µg/mL 

matched matrix standards. Precision values were expressed as the relative standard error 

between the matched matrix standards (n = 6). Method recovery was determined by 

comparison of the responses obtained when amitriptyline was added before the extraction 

(matched matrix average) with those obtained when amitriptyline was added after the 

extraction step (recovery samples). Recovery values were expressed as the percentage 

difference between the recovery sample average (n = 3) and the matched matrix average 

(n = 6). Accuracy, precision and recovery values are shown in Table 7. 
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Table 7 - Accuracy, precision and recovery va lues at 0.010 µg/mL, 0.050 µg/mL and 0.500 µg/mL in 

larval and pupal matrices. 

Larval Pupal 

0.010 µg/mL 0.050 µg/mL 0.500 µg/mL 0.010 µg/mL 0.050 µg/mL 0.500 µg/mL 

Accuracy 9 % 13 % -2 % 5% 0 % 2% 

Precision 18 % 3% 2% 15 % 5 % 2% 

Recovery 74% 92 % 86% 115 % 99 % 87 % 

2.4.3 Larval and pupal sample experiment 

The method was applied to a number of larval and puparial samples reared on artificial 

foodstuffs spiked with 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline, and a 

blank artificial foodstuff. Concentrations determined in the homogenized sample 

mixtures from the calibration formula (µg/mL) are shown in Table 8. The larval 

concentrations (Table 9) were then determined as a ratio of the exact larval mass (ng/mg). 

The drug concentrations were higher in larva reared on foodstuffs spiked with larger 

concentrations of amitripty line. 
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Table 8 - Concentrations of amitriptyline per mL of sample homogenate after progressive feeding 

intervals on liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of 

amitriptyline. 

Dose 0.000 mg/g 0.025 mg/g 0.125 mg/g 0.250 mg/g 

Time (hrs) lAmi] (µg/mL) !Amil (µg/mL) !Ami] (µg/mL) !Ami] (µg/mL) 

24 n.d n.d n.d n.d 

48 n.d 0.13 0.43 2.75 

72 n.d 0.03 0.21 0.53 

96 n.d 0.01 0.03 0.07 

Pre pupal n.d 0.01 0.01 0.04 

Pupal n.d n.d 0.01 0.01 

Table 9 - Concentrations of amitriptyline per mg of larvae after progressive feeding intervals on 

liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g/g of 

amitriptyline. 

0.000 mg/g 0.025 mg/g 0.125 mg/g 0.250 mg/g 

Time Larva [Ami] Larva I (Ami] Larva IAmij Larva [Ami] 
I 

(hrs) (mg) (ng/mg) (mg) (ng/mg) (mg) (ng/mg) (mg) (ng/mg) 

24 1.5 n.d 2.0 n.d 1.0 n.d 1.6 n.d 

48 10.6 n.d 12.1 0.50 10.8 2.40 13.3 6.64 

72 41.9 n.d 44.1 0.54 29.1 4.80 47.0 7.90 

96 33.0 n.d 50.7 0.13 45.2 0.45 47.4 1.01 

Pre pupal 38.6 n.d 48.4 0.21 50.8 0.07 45.4 0.73 

Pupal 2.9 n.d 3.4 0.40 3.1 1.11 2.1 1.96 
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The calibration range of the method proved adequate for the analysis of larvae on the 

range of food source concentrations of amitriptyline tested, because the calibration curve 

constructed from the matched matrix standards encompassed all concentrations detected 

in the larvae. 

2.5 Discussion 

Based on the analytical performance, the method was deemed suitable for the detection 

and quantification of amitriptyline in insect samples. The tandem MS analysis was able 

to separate and identify analyte and internal standard within a rapid run time. 

The calibration curves for both matrices tested were sufficiently linear (R > 0.999) over 

the required range of amitriptyline concentration (FDA, 2001). It should be noted that 

the dosages of amitriptyline that were tested in the experiment (0.01 µg/mL - 1 µg/mL) 

proved to be an appropriate range for the larvae, whilst 0.01 µg/mL - 0.5 µg/mL was 

adequate for the puparia. Accuracy and precision were also within acceptable limits for 

this type of bioanalytical assay (FDA, 200 I); usually within 15 %, except at the LLOQ 

which were mostly between 15 and 20 %. 

All three matrices were validated to LLOQ of 0.01 µg/mL, with the accuracy and 

precision at this level being within 20 %. This LLOQ was comparable with previous 

published work (Sadler et al., 1995) regarding amitriptyline uptake by fly larvae and is 
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adequate to accurately quantify amitriptyline in larvae exposed to a range of food source 

concentrations. 

The linearity of the matched matrix standards indicated that the protein precipitation was 

able to remove sufficient impurities from the samples for quantitative analysis with 

tandem MS. By directly infusing samples into the tandem MS the separation run time 

was kept under 2 min. 

2.6 Conclusion 

To assist in determining the usefulness of blowfly larvae in toxicological investigations a 

method was developed for the analysis of amitriptyline in feeding larvae and empty pupal 

cases. The method produced linear responses over the range of concentrations 

investigated, with a limit of quantification (0.01 µg/mL) comparable with previous 

studies. Accuracy and precision were all within 15 % except at the limit of 

quantification, where they were within 20 %. The procedure proved simple, repeatable 

and amenable to application in experiments and case studies where potentially hundreds 

of larval samples need to be processed. The non-specific, simple sample preparation 

procedure could easily be adapted for use with other drugs. 
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The utility of the method was confirmed through its application to the analysis of larvae 

and pupal cases reared on liver-agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 

0.125 mg/g and 0.250 mg/g of amitriptyline. Although the sample pre-treatment was 

simple it still enabled the detection of very low levels of amitriptyline in a single insect. 
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3 Preservation of blowfly larval sam pies for toxicological 
analysis 

3.1 Abstract 

The potential use of fly larvae as alternative toxicological specimens requires appropriate 

storage of samples to ensure their integrity for drug analysis. Freezing is the method 

preferred by chemists but entomologists are trained to immerse immature samples in a 

preservative solution, frequently after a brief immersion in boiling water. Whilst the 

boiling/preservative method is undoubtedly the most suitable means of immature insect 

preservation it has not been proven reliable for preserving biological samples for 

toxicological analysis. This chapter describes a comparison of the drug concentrations in 

larvae reared on amitripty line dosed foodstuffs and preserved by the freezing and 

immersion methods. 

Lucilia cuprina were exposed shortly after hatching to 0.000 mglg, 0.025 mg/g and 0.250 

mg/g of amitriptyline. Thirty larvae were removed after approximately 48 and 96 hrs of 

exposure. Half were killed and preserved by freezing, whilst the other half were killed by 

brief immersion in boiling water, then preserved by complete submersion in 75 % ethanol 

and kept in storage at room temperature. Three frozen larvae and three boiled larvae 

from each sampling period were removed from storage after 0.25, 1, 3, 6 and 12 months 

of storage and analysed for drug content. 

87 



The results showed a significant decline of amitripty line concentration in larvae stored by 

boiling/ethanol treatment, whilst larvae stored by freezing showed stable amitriptyline 

levels over the twelve month experiment. 

3.2 Introduction 

Larvae are amongst the most sensitive of insect samples. As they are extremely 

vulnerable to bacterial attack, it is imperative that they be stored in an environment that 

will reduce breakdown and bacterial decay as much as possible to avoid compromising 

the integrity of any drug residues present. 

It is important to know how long samples may be kept in storage as they must be 

transferred from a crime scene to proper testing facilities and may need to be kept in 

storage for a long period. It is also desirable to determine which method of storage is 

best suited for drug analysis. 

Although most chemists prefer to freeze larval samples prior to analysis (Goff et al., 

1992; Sadler et al., 1997; Wood et al., 2003), standard entomology procedures involve 

immersing the insect into a fixing solution, such as 70-80% ethanol or 10% 

formaldehyde, often after a brief immersion in boiling water (Grassberger and Reiter, 

2001; Wallman, 2001; Roeterdink et al., 2004). Various studies including Tantawi and 

Greenberg, 1993; Adams and Hall, 2003; Day and Wallman, 2008 have investigated 

common solutions for the killing and preservation of blowfly larvae. All concluded that 
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brief immersion in boiling water followed by immersion in 70-80% ethanol was the most 

suitable means of ensuring long term preservation of blowfly larvae for species 

identification and accurate estimation of growth. 

Consequently when handling insect evidence from a real crime scene or autopsy a 

chemist would frequently analyse larval material preserved by the boiling/fixing solution 

method. The following experiment was designed to compare the effectiveness of both 

methods (freezing and boiling/fixing) for the long term preservation of larval samples to 

be analysed for drug content. 

The aims of the work described in this chapter were to: 

• determine the effects of immersion in boiling water and preservation in ethanol on 

larval drug concentrations over time and hence the suitability of the 

boiling/ethanol treatment as a short and long term storage method for larval 

samples prior to toxicological analysis, and 

• determine the effect of freezing on larval drug concentrations over time and hence 

the suitability of the freezing treatment as a short and long term storage method 

for larval samples prior to toxicological analysis. 
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3.3 Method 

3.3.1 Chemicals 

Amitriptyline hydrochloride and internal standard d6-amitriptyline hydrochloride were 

purchased from Sigma (Sydney, Australia). Acetonitile, ethanol and formic acid were 

obtained as HPLC grade from Crown Scientific (Australia). All dilutions and washings 

of samples were conducted using these HPLC grade solvents. 

3.3.2 Flies 

Eggs of Lucilia cuprina were collected from adult flies kept in a colony by the author at 

the University of Technology Sydney. Eggs were placed onto fresh liver until hatched. 

3.3.3 Preparation of liver/agar 

Liver was homogenised into a puree. Agar (0.6 g) was weighed into a 50 mL beaker. 

Required quantities of 0.5 mg/mL amitriptyline solution (see Table 10 for amounts) and 

HPLC grade water (making total liquid quantity 20 mL) were added to the beaker and 

heated until boiling. 
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Table l 0 - Quantity of amitriptyline mixed into agar suspension prior to boiling and approximate 

concentrations of amitriptyline that should result in subsequently produced liver/agar cubes. 

Mass of Quantity of amitriptyline Approximate concentration of 
amitriptyline (mg) (0.5 mg/mL) solution (mL) amitriptyline in cube (µg/g) 

0 0 0 
1 2 25 

10 20 250 

Once the agar was thoroughly dissolved the solution was poured into a cube container. 

Liver (approx 20 g) was then added to each of the cubes (whilst still in liquid form) and 

thoroughly mixed. 

This process was repeated with each cube being made separately, independent of the 

remainder. Nine cubes were made in total, as each concentration of amitriptyline was 

prepared in triplicate. The cubes were refrigerated ( 5 °C) for 30 mins to allow the agar to 

solidify . 

This artificial foodstuff preparation was adapted from a procedure outlined by My-Tien 

Tran and Sherman, 1995. The use of artificial foodstuffs was selected over drug-dosed 

animals to limit variables that might influence larval concentrations of drugs, particularly 

animal metabolism. Numerous published entomotoxicological studies also used a form 

of artificial foodstuffs to introduce drugs to larvae (Sadler et al., 1997; Green et al., 2002; 

Gunn et al., 2006; Kharbouche et al., 2008). 
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3.3.4 Introduction of Lucilia cuprina 

Newly hatched Lucilia cuprina larvae were placed onto the solid liver/ agar cubes - 100 

larvae per cube. These were placed into a temperature controlled room, where the 

environment was maintained at 23 °C (+/-2 °C). 

3.3.5 Sample collection and preservation 

15 larvae were removed from each liver/ agar dish in two samplings as summarised in 

Figure 14. Larval samples were treated as follows: 

I . All frozen larval samples were left in frozen storage prior to analysis. All boiled 

larval samples were completely submerged in 75 % ethanol and kept in storage at 

room temperature (general laboratory' 18 - 21 °C). 

2. Three frozen larvae and three boiled larvae (from both Day 2 and Day 4) were 

removed from storage and analysed at time intervals of: 

• 1 week after storage 

• 1 month after storage 

• 3 months after storage 

• 6 months after storage 

• 12 months after storage 
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Triplicate sampling was used to maintain the minimum replication required for statistical 

analysis and contain the sample quantity so that sample preparation and analysis could be 

completed within a satisfactory period of preservation. In this experiment 15 larvae were 

removed in each sampling so that at the end of each of the five storage periods three 

larvae could be analysed and their amitriptyline concentrations compared. 

Day 1 
Experiment Begins 

15 Larvae removed, Day2 15 Larvae removed, 
killed by freezing Larval Mass killed in hot H20 

(-20 °C) (5-25 mg) (90 °C) 

15 Larvae removed, Day4 15 Larvae removed, 
killed by freezing Larval Mass killed in hot H20 

(-20 °C) (35-60 mg) (90 °C) 

Figure 14 - Diagram showing larval sampling from amitriptyline doses liver/agar cubes 
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3.3.6 Sample preparation 

All samples were washed with HPLC grade H20 and then dried on paper toweling. 

Samples were ground in 1 % formic acid (0.6 mL). After grinding, the samples were 

transferred into a centrifuge tube and centrifuged for 10 mins at 3000 rpm. Supernatant 

(0.5 mL) was then transferred to a second centrifuge tube. Acetonitrile (1.5 mL) was 

then added and the mixture was vortexed for 30 s, and centrifuged for 10 mins at 3000 

rpm. An extract ( 1.5 mL) of each sample was then transferred to LC vial for analysis. 

3.3. 7 MS-MS analysis 

See section 2.3.5 (p 75-79). 

3.3.8 Statistical analysis 

Larval concentrations were compared between rearing concentrations and preservation 

methods over their respective sampling periods. Multiple linear regression methods were 

used for data analysis because they permitted simultaneous comparison of numerous 

factors - amitriptyline concentration, storage time and storage method. Quadratic time 

transformation models were fitted for the larval concentrations resulting from each 

amitriptyline concentration. 

94 



3.4 Results 

3.4.1 Larval sampling 1 (larval mass: 5.0 - 25.0 mg), boiling/ ethanol storage 

The following tables (Table 11, Table 12, Table 13) and graph (Figure 15) relate to larvae 

reared for two days on liver/agar cubes spiked with 0.000 mg/g, 0.025 mg/g and 0.250 

mg/g of amitriptyline and preserved by storage in 70 % ethanol after immersion in 

boiling water. They show the mean amitriptyline concentrations in larvae over 

successive months of preservation. 

Table 11 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (boiling ethanol treatment); larvae removed after two 

days of feeding from three replicates of liver/agar foodstuffs spiked with 0.000 mg/g of amitriptyline. 

0.000 mg/g wt replicate) 0.000 mg/g (2"d replicate) 0.000 mg/g (3rd replicate) 

Time !Ami] [Ami] [Ami] 

(month) (ng/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 0.07 0.01 0.10 0.03 0.07 0.02 

1 n.d n.a n.d n.a n.d n.a 

3 n.d n.a n.d n.a n.d n.a 

6 n.d n.a n.d n.a n.d n.a 

12 n.d n.a n.d n.a n.d n.a 

95 

·-



Table 12 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (boiling ethanol treatment); larvae removed after two 

days of feeding from three replicates of liver/agar foodstuffs spiked with 0.025mg/g of amitriptyline. 

0.025 mg/g (1st replicate) 0.025 mg/g (2"d replicate) 0.025 mg/g (3rd replicate) 

Time !Ami] !Ami) !Ami] 

(month) (ng/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 0.25 0.07 0.19 0.03 0.06 0.01 

l 0.18 0.03 0.15 0.12 n.d n.a 

3 0.05 0.01 0.05 0.01 n.d n.a 

6 0.05 0.03 0.09 0.08 n.d n.a 

12 0.03 0.0 1 0.04 0.04 n.d n.a 

Table 13 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (boiling ethanol treatment); larvae removed after two 

days of feeding from three replicates of liver/agar foodstuffs spiked with 0.250 mg/g of amitriptyline. 

0.250 mg/g (ls1 replicate) 0.250 mg/g (2"d replicate) 0.250 mg/g (3rd replicate) 

Time (Ami] [Ami] (Ami] 

(month) (ng/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 1.28 0.40 2.34 0.42 1.62 0.45 

l 1.29 0.31 1.05 0.26 0.65 0.14 

3 1.04 0.45 1.23 0.16 0.47 0.19 

6 0.40 0.55 0.66 0.26 0.27 0.09 

12 0.15 0.10 0.52 0.31 0.34 0.23 
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Figure 15- Concentrations of amitriptyline per mg of Lucilia cuprina larvae (mean and standard error of three samples) after progressive storage 

intervals (boiling ethanol treatment); larvae removed after two days of feeding from three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 

0.025 mg/g and 0.250 mg/g of amitriptyline. 
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3.4.2 Larval sampling 1 (larval mass: 5.0 - 25.0 mg), freezing storage 

The following tables (Table 14, Table 15, Table 16) and graph (Figure 16) relate to larvae 

reared for two days on liver/agar cubes spiked with 0.000 mg/g, 0.025 mg/g and 0.250 

mg/g of amitriptyline and preserved by freezing (-20 °C). They show the mean 

amitriptyline concentrations in larvae over successive months of preservation. 

Table 14- Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (freezing treatment); larvae removed after two days of 

feeding from three replicates of liver/agar foodstuffs spiked with 0.000 mg/g of amitriptyline. 

0.000 mg/g OS' replicate) 0.000 mg/g (2"d replicate) 0.000 mg/g (3rd replicate) 

Time [Ami] [Amij [Ami) 

(month) (ng/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 0.12 0.02 0.11 0.01 0.08 0.02 

1 0.09 0.13 n.d n.a n.d n.a 

3 0.03 0.06 0.01 0.02 0.10 0.06 

6 n.d n.a n.d n.a n.d n.a 

12 n.d n.a 0.02 0.01 0.02 0.02 

98 



Table 15 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (freezing treatment); larvae removed after two days of 

feeding from three replicates of liver/agar foodstuffs spiked with 0.025 mg/g of amitriptyline. 

0.025 mg/g (151 replicate) 0.025 mg/g (2"d replicate) 0.025 mg/g (3rd replicate) 

Time !Ami] I Ami] I Ami] 

(month) (ng/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 0.85 0.23 0.86 0.10 0.19 0.02 

l 0.47 0.15 0.91 0.35 0.03 0.06 

3 0.63 0.25 0.47 0.21 n.d n.a 

6 0.46 0.09 0.79 0.34 n.d n.a 

12 1.27 0.57 1.38 0.35 n.d n.a 

Table 16- Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (freezing treatment); larvae removed after two days of 

feeding from three replicates of liver/agar foodstuffs spiked with 0.250 mg/g of amitriptyline. 

0.250 mg/g (151 replicate) 0.250 mg/g (2"d replicate) 0.250 mg/g (3rd replicate) 

Time [Ami] fAmi] [Ami) 

(month) (ng/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 5.60 1.34 6.66 1.06 3.14 1.08 

l 5.58 0.79 5.91 1.45 4.26 1.52 

3 3.66 1.03 6.22 2.54 6.23 0.93 

6 2.84 0.82 8.93 2.11 3.47 0.60 

12 5.56 3.72 9.84 1.34 3.02 0.86 
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Figure 16 - Concentrations of amitriptyline per mg of Lucilia cuprina larvae (mean and standard error of three samples) after progressive storage 

intervals (freezing treatment); larvae removed after two days offeeding from three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 

mg/g and 0.250 mg/g of amitriptyline. 
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Amitriptyline concentrations in first larval sampling (larval mass: 5.0 - 25.0 mg) 

Larvae removed from amitripty line doses foodstuff in the first sampling were between 

5.0 and 25.0 mg in mass. 

In larvae stored by the boiling/ethanol treatment the following amitriptyline 

concentrations were detected: 0.06 - 0.25 ng/mg (0.025 mg/g) and 1.28 - 2.34 ng/mg 

(0.250 mg/g) at 0.25 months; then 0.00 - 0.18 ng/mg (0.025 mg/g) and 0.47- 1.29 ng/mg 

(0.250 mg/g) between 1 and 3 months; then 0.00 - 0.09 mg/mg (0.025 mg/g) and 0.15-

0.66 ng/mg (0.250 mg/g) between 6 and 12 months. 

In larvae stored by the freezing treatment the following amitripty line concentrations were 

detected: 0.19 - 0.86 ng/mg (0.025 mg/g) and 3.14 - 6.66 ng/mg (0.250 mg/g) at 0.25 

months; then 0.00 - 0.71 ng/mg (0.025 mg/g) and 3.66 - 6.23 ng/mg (0.250 mg/g) 

between 1 and 3 months; then 0.00 - 1.38 (0.025 mg/g) and 2.84 - 9.84 ng/mg (0.250 

mg/ g) between 6 and 12 months. 
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3.4.3 Larval sampling 2 (larval mass: 35.0 - 60.0 mg), boiling/ ethanol storage 

The following tables (Table 17, Table 18, Table 19) and graphs (Figure 17) relate to 

larvae reared for four days on liver/agar cubes spiked with 0.000 mg/g, 0.025 mg/g and 

0.250 mg/g of amitriptyline and preserved by storage in 70 % ethanol after immersion in 

boiling water. They show the mean amitriptyline concentrations in larvae over 

successive months of preservation. 

Table 17 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (boiling ethanol treatment); larvae removed after four 

days of feeding from three replicates of liver/agar foodstuffs spiked with 0.000 mg/g of amitriptyline. 

0.000 mg/g (lst replicate) 0.000 mg/g (2nd replicate) 0.000 mg/g (3rd replicate) 

Time [Ami] [Ami] [Ami] 

(month) (ng/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 0.07 0.01 0.02 0.01 0.01 0.00 

---· 
l 0.07 0.01 0.03 0.01 0.03 0.01 

3 n.d n.a n.d n.a n.d n.a 

6 n.d n.a n.d n.a n.d n.a 

12 0.01 O.ol n.d n.a n.d n.a 
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Table 18 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (boiling ethanol treatment); larvae removed after four 

days of feeding from three replicates of liver/agar food stuffs spiked with 0.025 mg/g of amitriptyline. 

0.025 mg/g (1 st replicate) 0.025 mg/g (2"d replicate) 0.025 mg/g (3rd replicate) 

Time !Ami] !Ami] (Ami] 

(month) (ng/mg) St Er r (ng/mg) St Er r (ng/mg) St E r r 

0.25 0.89 0.07 0.76 0.05 0.08 0.01 

l 0.32 0.09 0.38 0.09 n.d n.a 

3 0.14 0.01 0.16 0.01 n.d n.a 

6 0.15 0.04 0.08 0.02 0.18 0.19 

12 0.09 0.03 0.10 0.03 n.d n.a 

Table 19 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (boiling ethanol treatment); larvae removed after four 

days of feeding from three replicates of liver/agar foodstuffs spiked with 0.250 mg/g of amitriptyline. 

0.250 mg/g w· replicate) 0.250 mg/g (2"d replicate) 0.250 mg/g (3rd replicate) 

Time [Ami] [Ami] [Ami] 

(month) (og/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 9.14 3.40 8.68 1.61 8.90 1.12 

l 4.06 0.65 4.50 1.45 2.88 0.73 

3 1.12 0.19 1.51 0.27 1.19 0.07 

6 1.13 0.42 1.33 0.22 0.94 0.07 

12 0.58 0.19 0.92 0.22 0.63 0.13 
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Figure 17 - Concentrations of amitriptyline per mg of Lucilia cuprina larvae (mean and standard error of three samples) after progressive storage 

intervals (boiling ethanol treatment); larvae removed after four days of feeding from three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 

0.025 mg/g and 0.250 mg/g of amitriptyline. 
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3.4.4 Larval sampling 2 (larval mass: 35.0 - 60.0 mg), freezing storage 

The following tables (Table 20, Table 21, Table 22) and graph (Figure 18) relate to larvae 

reared for four days on liver/agar cubes spiked with 0.000 mg/g, 0.025 mg/g and 0.250 

mg/g of amitriptyline and preserved by freezing (-20 °C). They show the mean 

amitriptyline concentrations in larvae over successive months of preservation. 

Table 20 - Concentra~ions of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (freezing treatment); larvae removed after four days of 

feeding from three replicates of liver/agar foodstuffs spiked with 0.000 mg/g of amitriptyline. 

0.000 mg/g (1st replicate) 0.000 mg/g (2"d replicate) 0.000 mg/g (3rd replicate) 

Time [Ami] (Ami) (Ami] 

(month) (ng/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 0.17 0.12 0.03 0.01 0.02 0.01 

1 0.06 0.01 0.02 0.01 0.01 0.00 

3 0.07 0.02 0.07 0.01 0.04 0.02 

6 0.01 0.00 n.d n.a n.d n.a 

12 0.02 0.01 0.01 0.01 0.01 0.01 
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Table 21 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (freezing treatment); larvae removed after four days of 

feeding from three replicates of liver/agar foodstuffs spiked with 0.025 mg/g of amitriptyline. 

0.025 mg/g wt replicate) 0.025 mg/g (2"d replicate) 0.025 mg/g (3rd replicate) 

Time [Ami) [Amil [Ami) 

(month) (ng/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 0.60 0.18 0.84 0.25 0.12 0.06 

l 0.43 0.06 0.02 0.01 0.02 0.01 

3 0.70 0.14 0.64 0.04 0.02 0.01 

6 0.55 0. 13 0.50 0.07 n.d n.a 

12 0.88 0.13 0.57 0.12 0.02 0.00 

Table 22 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three 

samples) after progressive storage intervals (freezing treatment); larvae removed after four days of 

feeding from three replicates of liver/agar foodstuffs spiked with 0.250 mg/g of arnitriptyline. 

0.250 mg/g wt replicate) 0.250 mg/g (2"d replicate) 0.250 mg/g (3rd replicate) 

Time (Arni] [Ami] (Ami] 

(month) (ng/mg) St Err (ng/mg) St Err (ng/mg) St Err 

0.25 6.83 1.09 11 .27 0.88 7.88 1.19 

1 6.28 2.00 7.03 1.46 7.93 0.33 

3 8.13 1.23 8.56 1.02 7.60 2.27 

6 5.99 1.11 4.97 0.62 8.33 1.03 

12 4.70 1.73 7.81 1.28 6.30 0.25 
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Figure 18 - Concentrations of amitriptyline per mg of Lucilia cuprina larvae (mean and standard error of three samples) after progressive storage 

intervals (freezing treatment); larvae removed after fou r days of feeding from three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 

mg/g and 0.250 mg/g of amitriptyline. 
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Amitriptyline concentrations in second larval sampling (larval mass: 35.0 - 60.0 mg) 

Larvae removed from amitriptyline doses foodstuff in the first sampling were between 35 

and 60 mg in mass. 

In larvae stored by the boiling/ethanol treatment the following amitriptyline 

concentrations were detected: 0.08 - 0.89 ng/mg (0.025 mg/g) and 8.68 - 9.14 ng/mg 

(0.250 mg/g) at 0.25 months; then 0.00 - 0.38 ng/mg (0.025 mg/g) and 1.12 - 4.50 ng/mg 

(0.250 mg/g) between 1 and 3 months; then 0.00 - 0.15 mg/mg (0.025 mg/g) and 0.63 -

1.33 ng/mg (0.250 mg/g) between 6 and 12 months. 

In larvae stored by the freezing treatment the following amitriptyline concentrations were 

detected: 0.12 - 0.84 ng/mg (0.025 mg/g) and 6.83 - 11.27 ng/mg (0.250 mg/g) at 0.25 

months; then 0.02 - 0.70 ng/mg (0.025 mg/g) and 6.28 - 8.56 ng/mg (0.250 mg/g) 

between 1 and 3 months; then 0.00 - 1.88 (0.025 mg/g) and 4.70 - 8.33 ng/mg (0.250 

mg/ g) between 6 and 12 months. 

3.4.5 Statistical Analysis 

Larval drug concentrations were compared between preservation/storage methods. This 

comparision demonstrated significant differences between the larval concentrations in 

larvae preserved by the two storage methods over the twelve month period (p = 0.000). 
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3.5 Discussion 

The results clearly show that freezing is the superior method of preserving larval samples 

for drug analysis. In the first sampling, higher concentrations of amitriptyline were 

detected in larvae stored by the freezing treatment initially (i.e. in the first week of 

storage) than in larvae stored by the boiling/ethanol method. Furthermore, amitriptyline 

concentrations in frozen larvae remained relatively stable over subsequent months of 

storage, whilst larvae stored by the boiling ethanol method demonstrated a significant 

decline in amitriptyline concentration over the twelve months of storage. In the second 

sampling, larvae from both preservation methods showed similar amitriptyline levels in 

the first week. However analysis of samples over subsequent months again demonstrated 

a significant decline of amitriptyline concentration in larvae stored by boiling/ethanol 

treatment, whilst larvae stored by freezing showed stable amitriptyline levels over the 

twelve month experiment. These observations were confirmed by the statistical 

comparison, which demonstrated significant differences between the larval 

concentrations in larvae preserved by the two storage methods over the twelve month 

period. 

Consequently the use of the boiling water/ethanol treatment for storing larval samples 

would adversely affect any attempt to use larval evidence for toxicological analysis, 

particularly ifthe source (cadaver) concentrations were low. 
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This result was not unexpected, as boiling is known to denature proteins, which would 

have adverse effects on any drugs present. In addition the 70 % ethanol used for 

preservation may have extracted drugs from the larval tissues into aqueous/organic 

solution. Further studies in this area should include testing of the preservative solution 

for drugs as well as the larvae. 

3.6 Conclusion 

Lucilia cuprina were exposed shortly after hatching to 0.000 mg/g, 0.025 mg/g and 0.250 

mg/g of amitriptyline. Thirty larvae were removed after approximately 48 and 96 hrs of 

exposure. Half were killed and preserved by freezing, while the other half were killed by 

brief immersion in boiling water then preserved by complete submersion in 75 % ethanol 

and kept in storage at room temperature. Three frozen larvae and three boiled larvae 

from each sampling period were removed from storage after 0.25, 1, 3, 6 and 12 months 

of storage and analysed for drug content. 

Analysis of preserved samples demonstrated a significant decline of amitriptyline 

concentration in larvae stored by boiling/ethanol treatment, whilst larvae stored by 

freezing showed stable amitriptyline levels over the twelve month experiment. These 

results suggest that in fatalities where the involvement of drugs or poisons is suspected it 

would be advisable to freeze any insect samples to facilitate viable toxicological analysis. 
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4 Analysis of blowfly larvae exposed to different 
concentrations of amitriptyline at three controlled 
temperatures 

4.1 Abstract 

The purpose of the research described in this chapter was to determine the effect of 

temperature on the uptake of drug by blowfly larvae. As temperature has a profound 

effect on larval growth it was theorised that it might also affect larval feeding, however 

this had not been specifically investigated in earlier published studies. 

Larvae of Lucilia cuprina were exposed shortly after hatching to 0.000 mg/g, 0.025 mg/g, 

0.125 mg/g and 0.250 mg/g of amitriptyline in constant temperatures of 15 °C, 20 °C and 

25 °C. Larvae were harvested every twenty-four hours until they entered their post 

feeding stage in preparation for pupation. 

Insect samples were homogenized in weak acidic solution, centrifuged, protein 

precipitated with acetonitrile and extracted for analysis with tandem MS analysis. 

No concentration of amitriptyline had any apparent effect on the larval growth at any 

temperature. Drug analysis showed similar patterns of drug uptake at all three 

temperatures, but average larval concentrations were significantly smaller at the lower 

temperature and drug elimination occurred at must faster rates at the higher temperatures. 
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At all three temperatures the statistical comparison oflarval amitriptyline concentrations 

demonstrated significant differences between larvae reared on different source 

concentrations, suggesting direct influence of feeding concentrations on larval 

concentration (drug concentration in individual larvae). There was a linear correlation 

(average~ 0.9) between the amitriptyline concentrations measured in the artificial 

foodstuffs and the larval concentrations in actively feeding larvae at all temperatures. 

4.2 Introduction 

Extraction of drugs from a cadaver that has undergone advanced decomposition is often a 

difficult process. In such cases, necrophagous insects such as blowflies are a possible 

alternative for toxicological analysis (lntrona et al., 2001 ). Beyer et al., 1980 described 

a case of suicidal poisoning with barbiturates of a 22-year-old woman found 14 days after 

she was last seen alive. Due to the advanced decomposition of the body, the use of 

organic fluids or body organs for toxicological analysis was not possible. GC (gas 

chromatography) and TLC (thin layer chromatography) analysis of the blowfly, 

Cochliomyia macellaria larvae feeding on the body successfully detected the presence of 

phenobarbital. Kintz et al., 1990 performed toxicological analysis by liquid 

chromatography of certain organs (heart, lungs liver and kidney) and of blowfly larvae 

removed from a corpse found approximately two months after death. Whilst the analysis 

revealed the presence of several prescription drugs including benzodiazepines (triazolam, 

oxazepam), barbiturates (phenobarbital) and tricylic antidepressants (alimemazine and 

clomipramine) in both the organs and insects, comparison of the results from each 
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showed a greater concentration of the drugs in the larvae. In another study by Kintz et 

al., 1990) detection of bromazepam and levopromazine was possible in the larvae of 

Piophila casei as well as in the cerebral and clavicle material from a completely decayed 

human cadaver. Introna et al. , 1990 used RIA (radioimmunoassay) to determine the 

presence of morphine in larvae feeding on liver samples removed from cadavers in which 

death was due to opiate intoxication. 

Other studies have shown that insects provide not only an alternative means of 

toxicological analysis, but possibly a superior method even where body organs remain. 

Cocaine and its major metabolite benzoylecgonine were detected in both decomposing 

muscle tissue and larvae collected from the almost completely skeletonised cadaver of a 

29-year-old intravenous drug user (whose corpse was found five months after he was last 

seen alive), using GC and GC-MS. Although the concentration levels of the analytes 

were successfully determined in the larval samples with both techniques, quantification 

by GC was not possible in the muscle samples due to the interference from the products 

of the decomposition of the tissue (Notle et al., 1992). 

Whilst many authors agree on the qualitative value of Diptera larvae as alternative 

toxicological specimens, argument over their merit for quantitative analysis continues. 

Authors of some studies claim that no correlation existed between the larval and cadaver 

drug concentrations; notable examples include Pounder, 1991 and Tracqui et al., 2004. 

However others, such as Introna et al. , 1990 and Kharbouche et al., 2008 have reported 
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average correlations of 0. 79 and 0.99 respectively between larval and body tissue 

concentrations. 

Gunn et al., 2006 published the first data regarding the use of Australian blowfly larvae 

as alternative toxicological specimens. The authors reared larvae on artificial foodstuffs 

dosed with 0, 500, 100, 2500, 5000 and 1-0,000 ng/g of morphine. Following maturity to 

prepupal stage, the authors removed all larvae from their food source and homogenized 

them in groups often. The authors combined 0.5 g of homogenate with 5 mL acetic acid 

to extract morphine, then sonicated and centrifuged samples to liberate the analyte. The 

study analyzed all larval samples for morphine with HPLC separation and 

chemiluminescence detection. Although no statistical correlation was established 

between morphine concentrations in larvae and their rearing substrates, the results clearly 

showed that concentrations determined in the larvae increased with substrate 

concentration. 

A literature search did not reveal any study to date in which the effect of temperature on 

the uptake of drugs by larvae was analysed specifically. The most significant factor 

affecting larval growth is temperature; larvae grow faster in warmer environments. 

O'Flynn, 1983 investigated the effect of temperature on various Australian blowflies, by 

rearing a number of species common in eastern Australia at constant temperatures and 

recording the duration of each stage of larval and pupal development. For all species 

examined, lower temperatures resulted in significantly longer development times. As the 

growth (and consequently the metabolism) of blowflies is profoundly affected by 
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temperature, it is logical that temperature may also influence the amount of drug uptake 

in blowfly larvae. 

Another factor that may significantly affect larval growth is the presence of certain drugs 

in the larvae food source. It has been shown that any effect exerted is often dependent on 

the particular drug and exposure concentration. Cocaine (Goff et al., 1989), heroin (Golf 

et al., 1991), methamphetamine (Goff et al., 1992) and diazepam (Carvalho et al., 2001) 

all significantly accelerate the growth of active feeding larvae, whilst morphine (Bourel et 

al., 1999) significantly decelerates larval growth. Amitriptyline (Goff et al., 1993) does 

not appear to affect the growth of active feeding larvae, but does prolong the post-feeding 

period. Phencyclidine (Goff et al., 1994) also has no effect on the growth of active 

feeding larvae but shortens the post-feeding period. 

The aims of the experiments described in this chapter were: 

• to determine if the exposure temperature has any effect on larval uptake of 

amitriptyline, and what impact any such effect would have on the correlation 

between larval and food source drug concentrations, and 

• to determine if the presence of different concentrations of amitriptyline has any 

effect on the growth of larvae feeding at different temperatures. 
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4.3 Method 

4.3.1 Chemicals and Flies 

See section 2.3 .1 (p 68). 

4.3.2 Flies 

See section 3.3.2 (p 90). 

4.3.3 Preparation of liver/agar 

Liver was homogenised into a puree. Agar (0.60 g) was weighed into a 50.0 mL beaker. 

The required quantity of 0.5 mg/mL amitriptyline solution (see Table 23 for amounts) 

and HPLC grade water (making total liquid quantity 20.0 rnL) were added to the beaker 

and heated until boiling. 

Table 23 - Quantity of amitriptyline mixed into agar suspension pr ior to boiling and approximate 

concentrations of amitriptyline that should result in subsequently produced liver/agar cubes. 

Mass of Quantity of amitriptyline Approximate concentration of 
amitriptyline (mg) (0.5 mg/mL) solution (mL) amitriptyline in cube (µg/g) 

0.0 0.0 0 
1.0 2.0 25 
5.0 10.0 125 
10.0 20.0 250 
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Once the agar was thoroughly dissolved the solution was poured into a cube container. 

Liver (approx 20 g) was then added to each of the cubes (whilst still in liquid form) and 

thoroughly mixed. 

This process was repeated with each cube being made separately, independent of the 

remainder. Twelve cubes were made in total , as each concentration of amitriptyline was 

prepared in triplicate. The cubes were refrigerated (5 °C) for 30 mins to allow the agar to 

solidify. Prior to larval exposure, a small sample (0.01 g) was removed and analysed to 

determine the exact concentration of amitripty line. 

This artificial foodstuff preparation was adapted from a procedure outlined by My-Tien 

Tran and Sherman, 1995. The use of artificial foodstuffs was selected over drug-dosed 

animals to limit variables that might influence larval concentrations of drugs, particularly 

animal metabolism. Numerous published entomotoxicological studies also used a form 

of artificial foodstuffs to introduce drugs to larvae (Sadler et al., 1997; Green et al., 2002; 

Gunn et al., 2006; Kharbouche et al. , 2008). 

4.3.4 Introduction of Lucilia cuprina 

Fifty newly hatched Lucilia cuprina larvae were placed onto each of the solid liver/ agar 

cubes. These were then placed in a temperature cabinet (Hotpack, Model No. 435314, 

error +/-1 °C) and the temperature was set to the requirements for the experiment (15 °C, 

20 °C and 25 °C). Each temperature was kept constant for the duration of the experiment. 
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4.3.5 Sample collection 

Triplicate sampling was used to maintain the minimum replication required for statistical 

analysis and contain the sample quantity so that sample preparation and analysis could be 

completed within a satisfactory period of preservation. 

Three larvae were removed from each cube during the active feeding period. A further 

three pre-pupal larvae were removed. All larval and puparial samples were frozen 

(-20 °C) prior to sample preparation. 

4.3.6 Sample preparation 

See sections 3.3 .6 (p 94). 

4.3. 7 MS-MS analysis 

See section 2.3.5 (p 75-79). 

4.3.8 Statistical analysis 

Larval masses and concentrations were compared between rearing concentrations and 

between temperatures over their respective sampling periods. Multiple linear regression 

methods were used for data analysis because they permitted simultaneous comparison of 
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numerous factors - drug concentration, temperature, time. Quadratic time transformation 

models were fitted for the larval concentrations resulting from each drug concentration. 

4.4 Results 

4.4.1 15 °C environment 

The following tables (Table 24, Table 25, Table 26, Table 27) and graphs (Figure 19, 

Figure 20) relate to larvae reared in the 15 °C environment. They show the mean larval 

growth and amitriptyline concentrations in larvae over successive sampling periods. 
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Table 24 - Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in l 5°C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.000 mg/g of amitriptyline. 

0.000 mg/g (151 replicate) 0.000 mg/g (2"d replicate) 0.000 mg/g (3rd replicate) 

Time Larva I Ami] Larva !Ami] Larva !Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 0.7 0.1 n.d n.a 1.7 0.6 n.d n.a 0.6 0.0 n.d n.a 

48 3.0 0.9 n.d n.a 3.6 0.4 n.d n.a 2.7 0.7 n.d n.a 

72 9.2 0.3 n.d n.a 5.7 0.6 n.d n.a 4.4 0.7 n.d n.a 

96 16.2 1.1 n.d n.a 11..2 0.5 0.05 0.05 8.9 1.0 n.d n.a 

120 18.8 2.0 n.d n.a 18.4 2.1 n.d n.a 10.9 0.8 n.d n.a 

144 25.9 2.9 n.d n.a 27.6 2.4 n.d n.a 24.4 3.7 n.d n.a 

168 33.0 1.9 n.d n.a 31.0 3.4 n.d n.a 26.7 1.5 n.d n.a 

192 40.9 4.1 n.d n.a 41.4 0.5 0.01 0.00 41.5 3.1 0.01 O.oI 

216 44.5 2.5 0.02 0.04 47.6 2.0 0.03 0.02 44.9 3.0 0.02 0.02 

240 42.3 3.2 0.09 0.01 49.3 4.4 n.d n.a 48.1 2.7 0.01 0.01 

264 48.5 2.4 0.02 0.02 46.7 2.6 0.05 0.03 45.6 3.0 0.01 0.00 

288 42.5 5.6 0.03 0.00 46.6 0.7 0.01 0.00 41.0 5.1 n.d n.a 

312 43.6 4.8 n.d n.a 45.4 1.9 n.d n.a 41.1 2.3 n.d n.a 
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Table 25 - Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in I 5 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.025 mg/g of amitriptyline. 

0.025 mg/g (1st replicate) 0.025 mg/g (2"d replicate) 0.025 mg/g (3rd replicate) 

Time Larva !Ami] Larva IAmij Larva !Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 1.1 0.2 n.d n.a 1.1 0.3 n.d n.a 0.7 0.1 n.d n.a 

48 1.4 0.2 n.d n.a 1.8 0.5 n.d n.a 3.8 0.6 n.d n.a 

72 4.4 0.1 n.d n.a 2.7 1.2 n.d n.a 4.6 0.4 n.d n.a 

96 11.2 1.5 0.35 0.24 14.3 1.1 0.l9 0.07 13.8 2.1 0.18 0.08 

120 14.3 1.9 0.19 0.11 22.8 2.7 0.20 0.05 20.5 1.4 0.21 0.10 

144 25.9 0.3 0.3 0.10 36.4 3.7 0.34 0.14 28.5 4.5 0.38 0.15 

>--· 

168 33.3 3.8 0.57 0.07 45.9 0.8 0.47 0.21 35.5 1.9 0.40 0.12 

192 43.2 4.5 0.64 0.11 46.1 2.8 0.19 0.12 42.3 1.1 0.37 0.06 

216 51.2 3.2 0.36 0.11 51.5 3.5 0.38 0.15 48.0 2.3 0.11 0.06 

240 45.4 2.7 0.11 0.09 54.0 2.5 0.07 0.03 55.0 2.3 0.05 0.04 

264 51.5 2.6 0.07 0.05 42.6 2.1 0.12 0.04 39.8 1.2 0.05 0.04 

288 41.9 2.7 0.02 0.01 39.6 3.3 n.d n.a 56.8 2.9 0.04 0.02 

312 48.0 1.5 n.d n.a 44.3 3.8 n.d n.a 44.2 1.2 n.d n.a 
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Table 26 - Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in 15 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.125 mg/g of amitriptyline. 

0.125 mg/g (1 st replicate) 0.125 mg/g (2"d replicate) 0.125 mg/g (3,-d replicate) 

Time Larva I Ami] Larva !Ami] Larva I Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 2.5 0.6 0.05 0.29 1.4 0.0 n.d n.a 1.5 0.6 n.d n.a 

48 3.7 0.3 0.31 0.30 2.7 0.1 0.09 0.22 1.7 0.4 0.34 0.20 

72 4.1 1.4 0.76 0.32 3.4 0.7 0.58 0.54 3.5 0.7 1.35 0.76 

96 13.1 1.9 0.79 0.18 11.3 0.5 0.82 0.30 10.4 0.8 0.66 0.09 

120 14.7 1.8 0.28 0.09 15.9 2.1 1.05 0.13 17.0 0.4 0.60 0.04 

144 22.7 3.8 1.53 0.39 25.0 2.2 0.70 0.12 21.9 2.6 3.20 2.07 

168 23.2 2.0 1.75 0.46 30.6 2.7 1.70 0.05 28.0 1.1 0.73 0.13 

192 34.7 2.7 2.43 0.43 33.0 1.9 2.09 0.60 34.8 0.9 1.46 0.10 

216 38.2 0.6 1.62 0.31 40.4 0.5 2.37 0.24 49.6 0.8 2.01 0.40 

240 43.4 0.7 1.08 0.35 47.6 3.3 1.78 0.10 49.2 1.7 1.14 0.31 

264 47.2 1.8 1.85 0.59 45.l 0.6 1.04 0.29 47.4 2.5 0.74 0.39 

288 45.9 2.9 0.18 0.11 47.5 1.0 1.15 0.57 49.7 2.4 0.21 0.09 

312 38.8 1.5 0.02 0.02 48.8 4.0 0.15 0.15 40.8 2.8 0.30 0.23 
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Table 27 - Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in 15 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.250 mg/g/g of amitriptyline. 

0.250 mg/g (1 st replicate) 0.250 mg/g (2"d replicate) 0.250 mg/g (3rd replicate) 

Time Larva I Amil Larva [Ami) Larva I Ami) 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 1.1 0.4 n .d n .a 1.2 0.3 0.75 0.27 0.8 0.1 1.11 0.49 

48 3.0 1.0 1.62 0. 82 2.9 0.5 0.69 0.43 2.4 0.6 0.60 0.19 

72 3.9 0.9 0.41 0 .1 3 2 .8 0.4 0.86 0.06 4 .9 0.9 1.03 0.19 

96 11.4 1.5 2 .58 0.3 8 11.9 2.0 0.86 0.24 12.9 0.3 3.00 0.45 

120 14. 8 1.9 5.14 1.44 18.2 1.2 4.62 0.75 24.9 1.8 4 .29 0.73 

144 24.6 2.3 3.02 0.64 28.7 0.3 2.99 1.04 30.0 0.5 2.33 0.52 

168 30.9 1.0 3.97 0.75 32.3 1.5 5.50 0.36 4 1.0 1.7 5.78 0.90 

192 38.7 3.0 5.06 1.36 46.1 0.8 4.90 0.21 39.5 3.9 3.87 0.75 

216 44.5 3.8 3.52 1.67 44.7 0.9 5.55 1.29 51.6 2.7 2.70 0.27 

240 51.0 3.6 1.64 1.00 49.5 3.9 3.82 1.24 47.3 1.1 4.30 1.90 

264 47.2 3.7 2.50 0.81 48.3 2.4 3.43 1.24 45 .5 3.1 2.77 0.38 

288 47.0 3.6 2.81 1.31 42.l 1.5 0.62 0.29 53.1 3.7 0.83 0.61 

·-
312 42.5 3.3 0.07 0.02 41.3 0.8 0.03 0.00 40.1 0.8 0.03 0.02 
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Figure 19- Mass of Lucilia cuprina larvae (mean and standard error of three samples) after progressive feeding intervals (at 15 °C) on the three 

replicates ofliver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. 
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Figure 20 - Concentrations of amitriptyline per mg of Lucilia cuprina larvae (mean and standard error of three samples) after progressive feeding 

intervals (at 15 °C) on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. 
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Larval growth at 15 °C 

Larvae reared in the 15 °C environment took thirteen days to reach their post feeding 

stage. Larval growth increased steadily from 1.0-3.0 mg at 0 hrs to 40.0-50.0 mg at 216 

hrs. Larval mass remained mostly between 40.0-50.0 mg from 240 - 312 hrs. 

Larval concentration of amitripty line at 15 °C 

During the active feeding stage, absorption of amitripty line appeared to occur at a faster 

rate than the elimination. The amitriptyline response in control larval samples (0.000 

mg/g) remained mostly between 0.00-0.03 ng/mg throughout the experimental period. 

Amitriptyline concentrations in larvae reared on the three doses of amitriptyline increased 

from 0.00 ng/mg (0.025 mg/g), 0.00-0.05 ng/mg (0.125 ng/g) and 0.00-1 .00 ng/mg (0.250 

mg/g) at 0 hrs to 0.30-0.57 ng/mg (0.025 mg/g), 0.70-3 .20 ng/mg (0.125 mg/g) and 2.33-

5.78 ng/mg (0.250 mg/g) at 144-168 hrs. Larval concentrations peaked and remained 

around these levels until 216 hrs, then began to decline at 240 hrs to very low levels by 

288 hrs. 
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4.4.2 20 °C Environment 

The following tables (Table 28, Table 29, Table 30, Table 31) and graphs (Figure 21, 

Figure 22) relate to larvae reared in the 20 °C environment. They show the mean larval 

growth and amitriptyline concentrations in larvae over successive sampling periods. 

Table 28- Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in 20 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.000 mg/g of amitriptyline. 

0.000 mg/g (1 5
' replicate) 0.000 mg/g (2"d replicate) 0.000 mg/g (3rd replicate) 

Time Larva (Ami] Larva (Ami] Larva (Ami) 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 1.0 0.2 n.d n.a 0.9 0.2 n.d n.a 1.1 0.2 n.d n.a 

48 3.4 0.9 n.d n.a 3.0 1.6 n.d n.a 4.2 0.5 n.d n.a 

72 9.3 0.5 n.d n.a 1.0.3 1.0 n.d n.a 9.0 0.3 n.d n.a 

96 20.0 1.3 n.d n.a 20.6 0.7 0.01 0.01 16.0 2.9 n.d n.a 
I 

120 34.5 4.6 0.03 0.01 41.9 1.6 0.03 0.01 36.0 1.5 0.01 0.01 

144 49.4 2.6 0.03 0.01 49.8 1.4 0.01 0.02 45 .8 0.4 n.d n.a 

168 43.2 2.4 0.03 0.02 47.3 4.3 0.01 0.00 52.2 0.2 0.02 0.00 

192 52.4 1.4 0.03 0.02 46.2 1.4 n.d n.a 44.5 4.3 0.01 0 .. 01 

216 37.4 1.7 n.d n.a 41.5 1.9 n.d n.a 46.3 2.7 n.d n.a 
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Table 29- Mass of larvae and concentrations of amitriptyline per mg oflarvae (mean and standard 

error of three samples) after progressive feeding intervals (in 20 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.025 mg/g of amitriptyline. 

0.025 mg/g (1st replicate) 0.025 mg/g (2"d replicate) 0.025 mg/g (3rd replicate) 

Time Larva !Ami] Larva !Ami] Larva !Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 1.4 0.2 n.d n.a 1.4 0.3 n.d n.a 1.5 0.5 0.18 0.18 

48 4.1 0.4 0.05 0.11 4.8 0.2 0.07 0.14 4.4 0.7 n.d n.a 

72 9.5 1.3 0.63 0.48 10.7 0.4 1.11 0.18 12.3 0.7 0.62 0.20 

96 23.1 4.3 0.92 0.06 19.5 1.4 0.76 0.23 20.0 1.0 0.58 0.12 

120 35.9 2.8 0.67 0.14 36.7 2.8 0.99 0.06 36.3 3.4 1.0 I 0.07 

144 50.1 4.5 0.69 0.1 1 42.4 1.9 0.68 0.16 40.8 1.3 0.65 0.05 

168 53 .6 4.3 0.17 0.10 43 .9 3.3 0.27 0.14 52.2 2.8 0.30 0.04 

192 46.9 3.1 0.01 0.01 40.5 2.1 0.45 O.oJ 42.0 1.7 0.05 0.02 

216 40.4 2.1 n.d n.a 52.1 0.8 0.01 0.01 48.1 2.3 0.03 0.01 
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Table 30 - Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in 20 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.125 mg/g of amitriptyline. 

0.125 mg/g (1 51 replicate) 0.125 mg/g (2"d replicate) 0.125 mg/g (3rd replicate) 

Time Larva (Ami] Larva (Amil Larva (Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 1.3 0.1 1.03 0.50 1.6 0.1 1.15 0.41 1.3 0.2 0.64 0.48 

48 3.9 0.2 0.83 0.24 4.6 0.2 0.86 0.24 4.1 0.3 0.54 0.17 

72 9.6 1.4 2.72 0.63 7.0 0.7 3.42 1.13 6.6 2.3 4.58 1.98 

96 24.9 2.5 3.97 1.00 17.3 3.2 3.62 0.51 26.7 1.3 2.21 0.73 

120 38.6 1.8 4.19 0.35 42.3 3.8 4.90 1.50 38.9 1.3 5.08 0.73 

144 54.0 1.3 3.90 1.84 50.2 3.2 3.52 0.22 48.8 1.4 4.12 0.59 

168 52.4 5.7 2.01 0.61 49.5 2.9 1.69 0.80 48.4 0.8 1.61 0.65 

192 46.8 0.5 0.16 0.08 49.3 2.4 0.58 0.28 53 .1 2.4 0.16 0.01 

216 47.7 0.1 n.d n.a 47.7 1.6 0.05 0.02 43 .8 2.4 0.09 0.04 
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Table 31 - Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in 20 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.250 mg/g of amitriptyline. 

0.250 mg/g (1st replicate) 0.250 mg/g (2"d replicate) 0.250 mg/g (3rd replicate) 

Time Larva !Ami] Larva !Ami] Larva !Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 1.0 0.1 1.68 0.75 1.13 0.0 0.51 0.36 1.5 0.1 2.30 0.89 

48 4.2 0.7 1.13 0.50 3.6 1.1 3.66 1.35 4.7 0.4 2.74 0.72 

72 10.7 1. 1 4.71 1.02 9.2 0.7 8.03 2.52 10.0 09 3.22 0.62 

96 24.0 3.6 10.98 1.69 22.3 3.8 8.82 2.27 25.8 1.2 11.10 0.82 

120 36.8 2.3 6.97 0.83 46.1 4.4 7.28 1.46 40.5 1.6 6.57 0.76 

144 46.2 0.8 7.1 8 0.78 45.1 2.3 6.88 0.81 50.2 1.7 7.68 1.34 

168 5 l.4 1.6 5.79 2.37 49.0 2.0 4.49 1.27 50.4 3.1 1.65 0.51 

192 41.5 3.8 1.92 0.75 47.1 3.0 0.60 0.24 51.9 2.5 1.38 0.34 

216 53.0 2.4 0.20 0 .06 47.5 2.9 0.10 0.06 48.5 1.1 0.3 1 0.19 
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Figure 21 - Mass of Lucilia cuprina larvae (mean and standard error of three samples) after progressive feeding intervals (at 20 °C) on the three 

replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. 
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Figure 22 - Concentrations of amitriptyline per mg of Lucilia cuprina larvae (mean and standard error of three samples) after progressive feeding 

intervals (at 20 °C) on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. 
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Larval growth at 20 °C 

Larvae reared in a 20 °C environment took nine days to reach their post feeding stage. 

Larval growth steadily increased from 1-3 mg at 0 hrs to 40.0-50.0 mg at 144 hrs. Larval 

mass remained mostly between 40.0-50.0 mg from 144 - 216 hrs. 

Larval concentrations of amitripty line at 20 °C 

The amitriptyline response in control larval samples (0.000 mg/g) remained mostly 

between 0.00-0.03 ng/mg throughout the experimental period. Amitriptyline 

concentrations in larvae reared on the three doses of amitriptyline increased from 0.00-

0.18 ng/mg (0.025 mg/g), 0.64-1.15 ng/mg (0.125 ng/g) and 0.51-2.30 ng/mg (0.250 

mg/g) at 24 hrs to 0.58-0.92 ng/mg (0.025 mg/g), 2.21-3.97 ng/mg (0.125mg/g) and 8.82-

11.10 ng/mg (0.250 mg/g) at 96 hrs. Larval concentrations peaked and remained around 

these levels until 144 hrs (except for larvae reared on the 0.5 mg/g foodstuff; larval 

concentrations dropped to 6.57-7.28 ng/mg and remained around that level until 144 hrs). 

Larval concentrations then declined at 168 hrs to very low levels by 216 hrs. 
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4.4.3 25 °C Environment 

The following tables (Table 32, Table 33, Table 34, Table 35) and graphs (Figure 23, 

Figure 24) relate to larvae reared in the 25 °C environment. They show the mean larval 

growth and amitriptyline concentrations in larvae over successive sampling periods. 

Table 32 - Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in 25 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.000 mg/g of amitriptyline. 

0.000 mg/g (1st replicate) 0.000 mg/g (2°d replicate) 0.000 mg/g (3rd replicate) 

Time Larva (Ami] Larva !Ami] Larva !Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 1.6 0.4 n.d n.a 1.7 0.4 n.d n.a l.5 0.2 n.d n.a 

48 12.7 0.7 n.d n.a 11.8 1.7 n.d n.a 10.6 2.0 n.d n.a 

72 45.6 1.9 0.06 O.oI 44.5 1.4 0.06 0.02 41.9 0.8 0.07 0.00 

·- ~ 
96 51.8 5.] 0.08 0.01 48.6 3.4 0.06 0.01 38.0 2.9 0.08 0.01 

120 48.4 0.3 0.04 0.03 39.9 1.4 0.02 0.03 38.6 2.0 O.oI 0.01 
~. 
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Table 33 - Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in 25 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.025 mg/g of amitriptyline. 

0.025 mg/g (1st replicate) 0.025 mg/g (2"d replicate) 0.025 mg/g (3rd replicate) 

Time Larva !Ami] Larva I Ami] Larva I Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 1.6 0.1 0.07 0.23 1.0 0.1 n.d n.a 2.0 0.4 0.21 0.29 

48 12.9 1.3 0.70 0.06 11.8 0.0 0.65 0.02 12.1 0.9 0.50 0.07 

72 46.1 4.5 0.80 0.09 51.6 2.4 0.58 0.20 44.1 2.8 0.54 0.04 

96 48.3 4.2 0.15 0.08 51.6 1.4 0.25 0.14 50.7 2.8 0.13 0.05 

120 44.5 0.9 0.33 0.08 45.5 1.9 0.26 0.06 48.4 0.3 0.21 0.02 

Table 34 - Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in 25 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.125 mg/g of amitriptyline. 

0.125 mg/g w1 replicate) 0.125 mg/g (2"d replicate) 0.125 mg/g (3rd replicate) 

Time Larva [Ami] Larva (Ami] Larva [Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 1.1 0.1 1.80 0.16 1.5 0.1 2.28 0.67 1 0.3 1.60 0.54 

48 13.5 1.2 2.23 0.23 10.7 0.7 3.55 0.58 10.8 0.8 2.40 1.26 

72 43.1 1.1 5.07 0.89 45.2 0.2 5.20 2.99 29.1 3.4 4.80 1.55 

96 44.7 2.1 0.57 0.07 51.9 2.7 0.66 0.44 42.2 2.4 0.45 0.20 

120 44.3 1.3 0.06 0.04 47.0 0.8 0.04 0.03 50.8 0.6 0.07 0.04 
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Table 35 - Mass of larvae and concentrations of amitriptyline per mg of larvae (mean and standard 

error of three samples) after progressive feeding intervals (in 25 °C environment) on the three 

replicates of liver/agar foodstuffs spiked with 0.250 mg/g of amitriptyline. 

0.250 mg/g (1st replicate) 0.250 mg/g (2"d replicate) 0.250 mg/g (3rd replicate) 

Time Larva (Ami] Larva (Ami) Larva (Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 1.5 0.3 2.76 1.05 0.9 0.1 2.94 0.27 1.6 0.1 1.97 0.32 

48 11.9 2.3 5.62 0.13 12. l 1.1 6.35 1.82 13.3 1.4 6.64 1.27 

72 38.7 1.3 5.2 l . 0.46 46.4 3.3 7.04 2.50 47.0 2.0 7.90 1.86 

96 53.1 1.4 1.71 0.24 45.2 2.4 5.41 1.22 47.4 4.7 1.01 0.49 

120 47.0 0.8 0.11 0.06 44.7 3.2 0.13 0.04 45.4 3.2 0.73 0.40 
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Figure 23 - Mass of Lucilia cuprina larvae (mean and standard error of three samples) after progressive feeding intervals (at 25 °C) on the three 

replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. 
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Figure 24 - Concentrations of amitriptyline per mg of Lucilia cuprina larvae (mean and standard error of three samples) after progressive feeding 

intervals (at 25 °C) on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. 
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Larval growth at 25 °C 

Larvae reared in the 25 °C environment took four to five days to reach their post feeding 

stage. Larval growth increased steadily from 1.0-3.0 mg at 0 hrs to 35.0-50.0 mg at 72 

hrs. Larval mass remained mostly between 40.0-50.0 mg from 96 - 120 hrs. 

Larval concentrations of amitriptyline at 25 °C 

The amitriptyline response in control larval samples (0.000 mg/g) remained mostly 

between 0.00-0.06 ng/mg throughout the experimental period. Amitriptyline 

concentrations in larvae reared on the three doses of amitriptyline increased from 0.00-

0.21 ng/mg (0.025 mg/g), 1.60-2.28 ng/mg (0.125 ng/g) and 1.97-2.94 ng/mg 

(0.250 mg/g) at 24 hrs to 0.54-0.80 ng/mg (0.025 mg/g), 4.80-5 .20 ng/mg (0.125 mg/g) 

and 5.21-7.90 ng/mg (0.250 mg/g) at 96 hrs. Larval concentrations peaked at 72 hrs then 

declined rapidly by 96 hrs to very low levels by 120 hrs. 
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4.4.4 Foodstuff concentrations, correlation data and the effect of temperature 

The following tables (Table 36, Table 37) show the concentrations of amitriptyline 

detected in the artificially prepared rearing media and subsequent correlations between 

foodstuff and larval concentrations over successive periods. 

Table 36 - Target and measured concentrations (in three replicates for each temperature) of 

amitriptyline in artificially produced foodstuffs for the rearing of larvae. 

Target Measured concentration 

concentration (mg/g) 

(mg/g) 

15 °C replicates 20 °C replicates 25 °C replicates 

l 2 3 I 2 3 I 2 3 

0 0 0 0 0.0002 0.0001 0 0.0002 0.0001 0 

0.025 0.0233 0.0242 0.0276 0.0248 0.0211 0.0274 0.0193 0.0237 0.0237 

0.125 0.1146 0.1053 0.1129 0.1124 0.1256 0.1211 0.0542 0.0582 0.0464 

0.25 0.2433 0.2366 0.0202 0.2481 0.1979 0.2542 0.2110 0.2103 0.2330 
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Table 37 - Correlation between the measured concentrations in the amitriptyline spiked foodstuffs 

and larval concentrations at each sampling period. 

Time (hrs) Correlation between foodstuff and mean larval concentrations 

15 °C replicates 20 °C replicates 25 °C replicates 

1 2 3 l 2 3 l 2 3 

24 0.393 0.974 0.936 0.961 0.760 0.978 0.902 0.851 0.796 

48 0.982 0.956 0.993 0.954 0.934 0.961 0.990 0.951 0.982 

72 0.649 0.961 0.830 0.992 0.972 0.730 0.758 0.877 0.899 

96 0.978 0.882 0.943 0.996 0.972 0.959 0.997 0.988 0.971 

120 0.910 0.976 0.911 0.987 0.999 0.956 0.150 0.087 0.966 

144 0.999 0.972 0.800 0.995 0.992 0.997 

168 0.997 0.990 0.900 0.993 0.964 0.890 

192 0.999 0.998 0982 0.930 0.954 0.930 

216 0.996 0.999 0.974 0.919 0.990 0.981 

240 0.975 0.996 0.953 

264 0.957 0.988 0.955 

288 0.9 18 0.597 0.949 

312 0.983 0.362 0.317 

·--· 

Comparison of the measured concentrations of amitriptyline in the liver/agar cubes with 

the larval concentrations for each sampling period in the active feeding stage 

demonstrated a linear correlation (average~ 0.9). Figure 20 shows graphically an 

example of this near linear correlation between food concentrations of amitripty line and 

the subsequent larval concentrations during a period of active larval feeding, specifically 

for larvae feeding on second foodstuff replicates for 120 hrs in the 20 °C environment -

see Table 37 for data. However no correlations were observed in either the early larval 
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stages (particularly at the lower temperatures when the larvae feed very slowly) or in the 

post-feeding stages. 
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Figure 25 - Correlation between food concentrations of amitriptyline (second replicates from 20 °C 
experiment) and subsequent larval concentrations (example taken from Table 24). 

Temperature exerted an obvious effect on larval concentrations, as temperature increased 

the rise and fall of drug concentrations in larvae samples became more rapid. The 

following graph shows the effect of increasing temperature on the drug concentrations in 

larvae reared on the artifical foodstuffs dosed with 0.250 mg/g of amitriptyline. 
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Figure 26 - Concentrations of amitriptyline per mg of Lucilia cuprina larvae (mean of nine samples) after progressive feeding intervals in 15 °C, 20 °C 
and 25 °C on liver/agar foodstuffs spiked with 0.250 mg/g of amitriptyline. 
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4.4.5 Statisitical Analysis 

Both larval growth and larval drug concentrations were compared between rearing 

concentrations and rearing temperatures. 

Statistical comparison of larvae reared on different concentrations of amitriptyline 

showed no significant differences between their mass at any time (p = 0.940). However 

comparison of larvae reared in different temperatures showed significant differences 

between the overall growth of larvae reared at different temperatures (p = 0.000). 

A statistical comparison of the overall larval drug uptake from all rearing concentrations 

showed significant differences between both rearing concentrations (p = 0.020) and 

temperatures (p = 0.002). 

4.5 Discussion 

Larval growth did not appear to be affected by amitriptyline concentration at any 

temperature, as statistical comparison of larval wet weight showed no significant 

differences between their mass at any time. However temperature exerted an obvious 

effect on the overall growth of the larvae, which became more rapid with increasing 

temperature. 
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The pattern oflarval drug concentrations as described in the results gives an idea of the 

kinetics of larval drug uptake. Initially drug concentrations increased with increasing 

mass, indicating a faster rate of amitriptyline absorption than elimination. Once larvae 

have reached a particular mass, (approximately 35.0 - 40.0 mg) the rate of absorption 

stabilises and occurs at a similar rate to the elimination, thus the drug concentration 

remains constant. This is particularly evident in the larvae reared at 20 °C where several 

larval samplings from similar rearing concentrations (i.e. taken at consecutive time 

periods) of similar mass show very average larval concentrations. Finally as larvae begin 

to wander in preparation for their pupation, the rate of elimination exceeds the absorption, 

and there is a gradual decrease of amitriptyline concentration, particularly in the larvae 

from higher rearing concentrations. This gradual decline in larval concentration that 

occurs consistently at all three temperatures (albeit with greater speed at higher 

temperatures) has been observed in other studies (Miller et al., 1994, Pien et al., 2004) 

and is evidence of drug elimination by metabolism rather than direct excretion. In a 

study by Sadler et al., 1997 the ratio of parent drug (amitriptyline) to metabolite 

(nortriptyline) in larvae fed solely on amitriptyline in most cases exceeded 5:1, a ratio 

typically seen in the blood and tissues of known cases of acute human amitriptyline 

poisoning. Miller et al., 1994 results also indicated that a significant quantity of the drug 

was stored in the larval crop rather than in the actual larval tissues. This would further 

explain the apparent bioacculumation of drug in the larvae and the gradual decline of 

drug concentration in the larvae. 
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Whilst the overall sequence of drug uptake follows the same pattern of increase, peak and 

decline there are differences between the temperatures. The initial increase of larval 

concentration obviously occurs more rapidly at higher temperatures (where the larval 

mass increases more rapidly in the warmer conditions). However, the decline of larval 

concentrations also occurs much more rapidly at higher temperatures; at 25 °C there is a 

precipitous fall of amitriptyline concentrations over 24 - 48 hrs, at 20 °C a decline over 

72 hrs and at 15 °C a slower decline over 96 hrs. Larval mass is relatively constant 

during the post feeding stage and therefore cannot be the cause of these differences. The 

most likely reason is that as temperature decreases the rate of larval metabolism and/or 

excretion also decreases, thereby slowing the decline of amitriptyline concentration in the 

lower temperatures. 

Another important difference was that larvae reared at 15 °C showed peak larval 

concentrations that were considerably and consistently smaller ( < 50 % ) than 

concentrations detected in larvae of equivalent mass from the higher temperature 

experiments. This apparent plateau of drug uptake is most likely due to the decreased 

activity of larvae at such a low temperature. Although larvae are able to grow at lower 

temperatures it takes much longer and the chances of larvae maturing to the adult fly are 

greatly decreased. It is likely that although the larvae survive, their feeding (and 

subsequent drug uptake) is reduced (Ames and Turner, 2003). 

These differences between temperatures may be observed by a visual comparison of the 

graphs showing the larval concentrations of amitriptyline from each rearing 
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concentrations over time at each temperature (Figure 20, Figure 22 and Figure 24). From 

this and the significant differences shown in the comparision of larval drug uptake 

between the three temperatures it is clear that the rearing temperature has a direct effect 

on the larval drug concentration and must be considered if larvae are to be exploited for 

toxicological purposes. 

Having a clear understanding of the kinetics of drug uptake by larvae is important in 

determining the potential value of larvae as alternative toxicological specimens. The 

results show patterns of drug uptake involving efficient absorption and elimination of 

amitriptyline in a manner consistent with its chemical properties. 

Some of the control samples (larvae reared on the 0 mg/g foodstuffs) gave positive results 

for amitripty line. However as the amounts found were very small these are most likely to 

be the result of larval matrix interference (when calibrating the method a very small 

amitriptyline signal was observed from blank samples). 

There were significant differences between the larval concentrations (drug concentration 

in individual larvae) in larvae reared on different food source concentrations over the 

sampling periods. Despite the variance between individual larvae (seen in the large 

standard error values) consistent correlations were shown between measured 

concentrations in the amitriptyline spiked foodstuffs and larval concentrations at each 

sampling period. This is of particular importance in determining the use of larval 

samples as alternative toxicological specimens. However there are certain limitations to 
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the application of these results to real life cases. The range of concentrations to which the 

larvae were exposed in the liver/agar cubes were designed to be representative of 

toxicological data taken from a series of drug related necropsies, where amitriptyline was 

believed to have been the single cause of death (Levine and Anderson, 1999). However 

in real cases drugs are rarely encountered in isolation (i.e. multiple drugs present) (Sadler 

et al, 1997); consequently concentrations are likely to be much lower and the presence of 

multiple drugs may significantly impair correlation of larval and foodstuff concentration. 

Further experimentation with lower concentrations of amitriptyline (and perhaps other 

drugs) needs to be conducted to determine if larval concentrations correlate with the 

lower concentrations typical with deaths caused by drugs. 

4.6 Conclusion 

Larvae of Lucilia cuprina were exposed shortly after hatching to 0.000 mg/g, 0.025 rng/g, 

0.125 mg/g and 0.250 mg/g of amitriptyline in constant temperatures of 15 °C, 20 °C and 

25 °C. Larvae were harvested every twenty-four hours until the larvae entered their post 

feeding stage in preparation for pupation. 

Larval mass (mg) comparison showed no significant differences between larvae exposed 

to different amitriptyline concentrations. Chemical analysis showed similar patterns of 

drug uptake at all three temperatures. Furthermore drug concentration in larvae appeared 

to be directly influenced by the rearing concentration of amitriptyline. 
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The results suggest that larval drug concentration is effected by the drug concentrations 

that the larvae feed on, which confirms the value of blowfly larvae for toxicological 

analysis. However the usefulness of larval samples is limited by two factors, larval 

activity and temperature. Only actively feeding larvae showed significant levels of 

amitriptyline and a correlation with food source concentrations. Consequently when 

larvae begin to wander in preparation for their pupation, they could not be considered 

reliable samples for drug analysis. Temperature also has a significant effect on larval 

drug concentration. Average larval concentrations were significantly smaller at the lower 

temperature and drug elimination occurred at much faster rates at the higher 

temperatures. Both larval activity and temperature would have to be considered when 

interpreting any chemical analysis of larvae. 
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5 Analysis of blowfly larvae exposed to different 
concentrations of arnitriptyline in an uncontrolled natural 
environment 

5.1 Abstract 

Regardless of the cause of death a cadaver will generally be exposed to a range of 

temperatures that fluctuate between warm maxima during the day and cold minima at 

night. From this perspective, investigation of drug uptake by larvae reared in constant 

laboratory temperatures alone is insufficient; larval drug uptake should also be examined 

in larvae exposed to drug dosed foodstuffs under natural fluctuating temperatures. 

Larvae of Lucilia cuprina and Calliphora stygia were exposed shortly after hatching to 

0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline in the natural 

environment of a suburban garden in Sydney, Australia. This provided a temperature 

fluctuation from 17 to 30 °C each day. Larvae were harvested every twenty-four hours 

until the larvae entered their post feeding stage in preparation for pupation. Minimum 

and maximum temperatures were recorded every twenty-four hours during this period. 

Insect samples were homogenized in weak acidic solution, centrifuged, protein 

precipitated with acetonitrile and extracted for analysis with tandem MS analysis. 

The presence of amitripty line had no apparent effect on larval growth. Results of the 

chemical analysis demonstrated a similar pattern of larval drug uptake in both species; 
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amitripty line concentrations initially increased, then peaked, and then declined to low 

levels as the larvae entered their post feeding stage. 

Larval concentrations of amitriptyline were determined to be significantly different 

between larvae of both species reared on different source concentrations. Comparison of 

the amitriptyline concentrations measured in the artificial foodstuffs against the larval 

concentrations in actively feeding larvae demonstrated a linear correlation (average~ 0.9) 

in both species. However comparison with an earlier study by the author (Chapter 3) 

demonstrated a significant reduction in larval amitriptyline concentration when larvae 

feed in fluctuating temperatures instead of a constant temperature. 

5.2 Introduction 

Cadavers frequently remain undiscovered until a considerable time after death. This can 

complicate toxicological analysis, which becomes increasing difficult with advancing 

decomposition. The problem relates particularly to cadavers found in outdoor 

environments, where increased exposure to weather, necrophagous insects and 

scavengers can speed the decomposition process considerably. Under these 

circumstances, scientists have proposed the employment of certain insects such as 

blowfly larvae as alternatives to blood and body organs for toxicological analysis. 

To date the majority of research into this field has involved analysing larvae reared under 

controlled and constant conditions on suitable drug-dosed substrates either artificially 
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produced (Carvalho et al., 2001; Goff et al., 1991) or taken from actual case cadavers 

where the cause of death was drug related (Bourel et al., 2001 ). However there are some 

recent studies where the authors have deliberately allowed for variance in certain 

conditions as part of their experiments. Kharbouche et al., 2008 applied a cyclical 

lighting system in their experiments rearing Lucilia sericata on drug-dosed substrates at a 

constant temperature of 20 °C. Approximately 400 eggs were deposited on homogensied 

pig liver substrates (250 g), spiked with 0, 0.05, 0.25, 2 and 30 mg/kg of codeine. 

Throughout the experiment the larvae were submitted to an artificial day /night rhythm of 

7-22 hrs and 22-7 hrs, to match the estimated natural rhythm. Between 24 and 96 hrs ten 

larvae were removed every 12 hrs, frozen and analysed for drug content. The authors 

detected codeine in all larvae and larval concentrations correlated with levels of codeine 

in liver substrates (0.99). 

Other studies have taken this process further, varying light, temperature and humidity. 

Sadler et al., 1997 reared Calliphora vicina larvae on drug dosed substrates (spiked with 

amitriptyline and nortriptyline) in a Gallenkamp incubator at 20-24 °C and 70-90 %, with 

cyclical lighting simulating 16 hrs daylight and 8 hrs darkness. Larvae (an unspecified 

number) were reared on muscle/agar substrates spiked with 100, 300, 500, and 5000 ng/g 

of amitriptyline or nortriptyline. Larval samples were homogenized in batches of 5 g, 

prepared by a 4-part liquid-liquid extraction and analysed with HPLC. Both amitriptyline 

and nortriptyline were quantified in all larval samples. However, the author deemed the 

biological variability in larval concentrations too high to allow quantitative extrapolation 

back to foodstuff concentration. Pi en et al., 2004 also reared Calliphora vicina larvae; in 
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an environmental chamber at 18-24 °C and 60-70 % humidity with cyclical lighting again 

simulating 16 hrs daylight and 8 hrs darkness. The authors reared larvae (unspecified 

number) on beef heart spiked with 0, 0.5, 1 and 2 µg/g of nortriptyline. From days 4-8 of 

feeding sixty larvae were removed each day . Thirty larvae were boiled and immersed in 

75:25 ethanol/acetic acid for length measurement, the other 30 frozen for drug analysis. 

Toxicological analysis was performed by LC-MS-MS after sample preparation by protein 

precipitation. Both nordiazepam and its metabolite oxazepam were detected in all larvae 

on days 4, 5 and 6, but only oxazepam was detected on days 7 and 8. 

The ranges of temperature applied in these studies by Sadler et al., 1997 and Pien et al., 

2004 provided a reasonable simulation of conditions that larvae feeding on cadavers 

would likely encounter in realistic scenarios. However, neither author made any 

comment on the possible effect of fluctuating temperature on the larval drug uptake. 

Larvae reared under fluctuating temperature conditions generally take somewhat longer 

to develop than larvae reared at constant temperature (Greenberg, 1991; Ames and 

Turner, 2003) even if the mean temperatures are the same (Ahmad, 1936). However, 

there has been no specific investigation into the effect of fluctuating temperature on drug 

uptake in blowfly larvae and none of the studies mentioned has compared drug uptake 

between larvae reared in constant and fluctuating temperatures. 
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The aims of the research described in this chapter were: 

• to determine if fluctuating temperature has any effect on larval uptake of 

amitriptyline and what impact any such affect would have on the difference 

between larval and food source drug concentrations 

• to determine if different fly species demonstrate different larval uptake of 

amitriptyline in fluctuating temperatures, and 

• to determine if the presence of different concentrations of amitriptyline had any 

effect on the growth of larvae feeding in fluctuating temperatures. 

5.3 Method 

5.3.1 Chemicals 

See section 2.3 .1 (p 68). 

5.3.2 Flies 

As the effect of temperature had been confirmed with one species (Lucilia cuprina) 

through completely controlled studies, a second species (Calliphora stygia) was used in 

this work to compare the larval drug uptake between two different families. 
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Eggs of Lucilia cuprina and Calliphora stygia were collected from adult flies kept in a 

colony by the author at the University of Technology Sydney. Eggs were placed onto 

fresh liver until hatched. 

5.3.3 Preparation of liver/agar 

Twelve cubes (for each species) were made in total. See section 4.3 .2 (p 116-117) for 

procedure. 

5.3.4 Introduction of Lucilia cuprina and Calliphora stygia 

Fifty newly hatched Lucilia cuprina and Calliphora stygia larvae were placed onto each 

of the solid liver/ agar cubes (separate cubes for each species). Cubes were placed in 

rearing containers which were suspended in mid-air in an ordinary garden in Homebush, 

Sydney, Australia (Figure 27, Figure 28.a). Temperatures were recorded every twenty-

four hours with a minimum/maximum thermometer (Figure 27, Figure 28.b). 
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Figure 27 - Photograph of the experimental set-up for the garden exposure of larvae feeding on the amitriptyline dosed liver agar cubes. Front row 

containers contained Lucilia cuprina; back row containers contained Ca/liphora stygia. The minimum/maximum thermometer is in the centre. 
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(a) (b) 

Figure 28 - Close-up photographs of the experimental set-up for the garden exposure of larvae feeding on amitriptyline dosed liver agar cubes. 

(a) Close-up photograph of rearing container 

(b) Close-up photograph of minimum/maximum thermometer 
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5.3.5 Sample collection 

See section 4.3 .5 (p 118) 

5.3.6 Sample preparation 

See section 3.3.6 (p 94). 

5.3. 7 MS-MS analysis 

See section 2.3 .5 (p 75-79). 

5.3.8 Statistical analysis 

Larval masses and concentrations were compared between rearing concentrations and 

between species over their respective sampling periods. Multiple linear regression 

methods were used for data analysis because they permitted simultaneous comparison of 

numerous factors - drug concentration, time, species. Quadratic time transformation 

models were fitted for the larval concentrations resulting from each drug concentration. 
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5.4 Results 

5.4.1 Temperature range 

During the sampling period, temperatures ranged from average minium of 17-19 °C to 

average maximum of 29-30 °C, thus exposing the larvae to a satisfactory temperature 

range for the purposes of this experiment (Table 38). 

Table 38 - Minimum and maximum temperature recorded every 24 hrs during the various stages of 

the outdoor experiment. 

Day Minimum temperature Maximum temperature Life stage 

0 28 Larval 

1 17 29 Larval 
__ ,____ 

2 20 29 Larval 

3 19 29 Larval 

4 17 29 Larval/Pre-pupal 

5 16.5 30 Pre-pupal 
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5.4.2 Lucilia cuprina 

The following tables (Table 39, Table 40, Table 41, Table 42) and graphs (Figure 29, 

Figure 30) relate to Lucilia cuprina larvae reared in fluctuating temperatures on liver/agar 

cubes dosed with 0, 0.025, 0.125 and 0.250 mg/gig amitriptyline. They show the mean 

larval growth and amitriptyline concentrations in larvae over successive sampling 

periods. 

Table 39 - Mass of Lucilia cuprina larvae and concentrations of amitriptyline per mg of larvae (mean 

and standard error of three samples) after progressive feeding intervals (in fluctuating temperature) 

on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g of amitriptyline. 

0.000 mg/g (1st replicate) 0.000 mg/g (2"d replicate) 0.000 mg/g (3rd replicate) 

Time Larva (Amil Larva [Ami] Larva (Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 9.8 0.7 n.d n.a 4.6 2.1 n.d n.a 11.5 0.6 n.d n.a 

48 32.1 1.2 n.d n.a 21.4 4.4 0.02 0.02 24.6 1.7 0.02 0.02 

72 35.2 1.8 n.d n.a 34.7 4.1 n.d n.a 35.7 1.8 n.d n.a 

96 46.6 1.3 0.02 0.01 46.1 0.9 n.d n.a 38.2 1.1 n.d n.a 

120 39.6 4.2 0.02 0.02 37.0 1.4 n.d n.a 39.7 3.5 n.d n.a 
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Table 40 - Mass of Lucilia cuprina larvae and croncentrations of amitriptyline per mg of larvae (mean 

and standard error of three samples) after progiressivte feeding intervals (in fluctuating temperature) 

on the three replicates of liver/agar foodstuffs sp;>iked with 0.025 mg/g of amitriptyline. 

0.025 mg/g (I st replicate) 0.0255 mg/g (2"d replicate) 0.025 mg/g (3rd replicate) 

Time Larva !Ami] Lanva !Amil Larva !Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) ~ St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 8.3 1.1 n.d n.a 7.2 0.8 n.d n.a 9.5 1.4 n.d n.a 

48 25.1 3.5 0.09 0.06 23.4 1.9 0.06 0.05 16.7 3.4 0.07 0.06 

72 39.6 1.7 0.15 0.03 37.1 1.6 0.07 0.02 32.7 2.1 0.13 0.04 

96 42.2 3.1 0.10 0.06 40.2 3.5 0.07 0.03 38.7 0.3 0.18 0.00 

120 39.6 2.7 0.04 0.02 39.1 0.4 0.02 0.01 33.3 1.9 0.06 0.03 

Table 41 - Mass of Lucilia cuprina larvae and coi>ncentrations of amitriptyline per mg of larvae (mean 

and standard error of three samples) after progrressivc feeding intervals (in fluctuating temperature) 

on the three replicates of liver/agar foodstuffs sp>iked with 0.125 mg/g of amitriptyline . 
.--

0.125 mg/g (1st replicate) 0.125 · mg/g (2"d replicate) 0.125 mg/g (3rd replicate) 

Time Larva fAmi] Larvva (AmiJ Larva (Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) SSt Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 10.1 1.6 0.08 0.04 11.7 0.8 0.05 0.03 13.4 0.7 0.15 0.10 

48 28.2 0.6 0.67 0.44 33.4 0.6 0.88 0.24 25.2 1.3 0.42 0.16 

72 33.6 2.4 0.38 0.31 35.0 1.2 1.57 0.24 36.5 5.6 0.28 0.1 6 

96 43.2 1.7 0.98 0.42 37.2 2.8 1.02 0.22 43.3 1.1 0.65 0.42 

120 33.3 2.0 0.10 0.03 30.9 4.1 0.22 0.06 41.8 3.0 0.10 0.09 
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Table 42 - Mass of Lucilia cuprina larvae and concentrations of amitriptyline per mg of larvae (mean 

and standard error of three samples) after progressive feeding intervals (in fluctuating temperature) 

on the three replicates of liver/agar foodstuffs spiked with 0.250 mg/g of amitriptyline. 

0.250 mg/g (1st replicate) 0.250 mg/g (2"d replicate) 0.250 mg/g (3rd replicate) 

Time Larva I Ami] Larva I Amil Larva !Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 8.6 2.3 0.87 0.55 10.7 1.7 0.36 0.14 9.9 0.8 n.d n.a 

48 29.6 0.3 1.61 0.69 30.2 2.5 0.77 0.30 32.7 0.8 1.74 0.62 

72 38.9 2.8 2.76 1.60 35.8 4.1 1.20 0.35 40.3 4.0 3.20 1.59 

96 38.2 1.7 3.88 0.72 41.8 0.9 4.92 0.73 40.9 1.4 4.93 2.28 

120 37.5 1.8 0.05 0.05 32.3 0.8 0.09 0.03 41.2 1.3 0.08 0.02 
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Figure 29 - Mass of Lucilia cuprina larvae (mean and standard error of three samples) after progressive feeding intervals (in fluctuating temperature) 

on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. 
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Figure 30 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three samples) after progressive feeding intervals (in 

fluctuating temperature) on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g ofamitriptyline. 
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Lucilia cuprina larval growth 

Larvae reared in the fluctuating temperature environment took five days to reach their 

post feeding stage. Larval growth steadily increased from 5.0 - 12.0 mg at 0 hrs to 37.0-

45.0 mg at 96 hrs. Larval mass remained mostly hetween 35.0- 40.0 mg from 96 - 120 

hrs. 

Lucilia cuprina larval concentrations 

During the active feeding stage, absorption of amitriptyline appeared to occur at a faster 

rate than the elimination. The amitriptyline resporuse of the control larval samples (0.000 

mg/g) remained mostly between 0.00 and 0.02 ng/nng throughout the experimental 

period. Average amitriptyline concentrations in lairvae reared on the three doses of 

amitriptyline increased from 0.00 ng/mg (0.025 mg/g), 0.05 - 0.15 ng/mg (0.125 ng/g) 

and 0.00 - 0.87 ng/mg (0.250 mg/g) at 0 hrs to 0.077 - 0.18 ng/mg (0.025 mg/g), 0.28 -

1.57 ng/mg (0.125 mg/g) and 1.20 - 4.93 ng/mg (0 .. 250 mg/g) at 72 - 96 hrs. Larval 

concentrations then declined rapidly to low levels by 120 hrs. 
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5.4.3 Calliplwra stygia 

The following tables (Table 43, Table 44, Table 45, Table 46) and graphs (Figure 31, 

Figure 32) relate to Calliphora stygia larvae reared in fluctuating temperatures on 

liver/agar cubes dosed with 0, 0.025, 0.125 and 0.250 mg/g amitriptyline. They show the 

mean larval growth and amitriptyline concentrations in larvae over successive sampling 

periods. 

Table 43 - Mass of Calliphora stygia larvae and concentrations of amitriptyline per mg of larvae 

(mean and standard error of three samples) after progressive feeding intervals (in fluctuating 

temperature) on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g of amitriptyline. 

0.000 mg/g (1st replicate) 0.000 mg/g (2"d replicate) 0.000 mg/g (3rd replicate) 

Time Larva [Ami] Larva !Ami] Larva [Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 32.6 5.0 n.d n.a 33 .2 4.1 n.d n.a 39.8 4.1 n.d n.a 
----·-- · 

48 81.3 16.4 n.d n.a 70.5 13.6 0.01 0.00 90.4 1.8 n.d n.a 

72 125.7 8.2 0.01 0.01 122.3 6.4 n.d n.a 117.6 5.2 n.d n.a 

96 80.7 10.3 0.02 0.01 92.4 2.4 0.02 0.01 94.5 3.5 0.01 0.01 

120 85.6 4.3 0.04 0.02 89.1 1.5 0.03 0.01 83.2 1.7 0.02 0.0 1 
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Table 44 - Mass of Calliphora stygia larvae and concentrations of amitriptyline per mg of larvae 

(mean and standard error of three samples) after progressive feeding intervals (in fluctuating 

temperature) on the three replicates of liver/agar foodstuffs spiked with 0.025 mg/g of amitriptyline. 

0.025 mg/g (lst replicate) 0.025 mg/g (2"d replicate) 0.025 mg/g (3rd replicate) 

Time Larva !Ami] Larva I Ami] Larva !Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 23.9 1.2 n.d n.a 32.5 4.3 0.02 0.01 24.3 4.8 n.d n.a 

48 89.9 3.7 0.22 0.10 88.3 9.1 0.26 0.10 73.9 4.6 0.34 0.08 

72 113 .0 1.7 n.d n.a 97.0 3.4 1.96 0.80 108.3 10.0 0.63 0.22 

96 111.9 9.9 0.05 0.05 120.0 9.9 0.07 0.03 114.4 2.0 0.07 0.01 

120 105.1 1.9 n.d n.a 94.9 l.5 0.01 0.01 95.4 3.6 0.01 0.00 

Table 45 - Mass of Cal/iphora stygia larvae and concentrations of amitriptyline per mg of larvae 

(mean and standard error of three samples) after progressive feeding intervals (in fluctuating 

temperature) on the three replicates of liver/agar foodstuffs spiked with 0.125 mg/g of amitriptyline. 

0.125 mg/g (lst replicate) 0.125 mg/g (2"d replicate) 0.125 mg/g (3rd replicate) 

Time Larva (Ami] Larva (Ami] Larva [Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Er r (ng/mg) St Err 

24 22.1 2.7 0.07 0.05 23.0 4.2 . 0.09 0.01 20.6 0.9 0.38 0.17 

48 80.9 7.2 1.12 0.12 79.8 2.4 l.46 0.29 96.5 8.1 1.06 0.37 

72 81.9 8.1 3.54 1.24 97.l 10.7 1.28 1.24 76.7 19.3 2.27 1.57 

96 120.4 0.2 0.12 0.06 111.7 0.4 0.26 0.10 109.6 4.3 0.13 0.06 

120 94.7 1.5 n.d n.a 95.5 0.4 0.01 0.01 82.9 7.0 0.01 0.00 
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Table 46 - Mass of Calliphora stygia larvae and concentrations of amitriptyline per mg of larvae 

(mean and standard error of three samples) after progressive feeding intervals (in fluctuating 

temperature) on the three replicates of liver/agar foodstuffs spiked with 0.250 mg/g of amitriptyline. 

0.250 mg/g (1st replicate) 0.250 mg/g (2"d replicate) 0.250 mg/g (3rd replicate) 

Time Larva !Ami] Larva !Amil Larva (Ami] 

(hrs) (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err (mg) St Err (ng/mg) St Err 

24 27.6 0.7 1.08 0.16 29.2 4.9 0.39 0.26 29.9 3.4 1.44 0.76 

48 78.9 1.1 2.71 0.33 83 .5 0.6 2.93 0.37 95.1 3.8 3.03 0.57 

72 88.2 2.8 5.89 4.20 97.1 8.0 10.4 2.87 109.0 2.6 0.10 0.05 

96 115.1 7.2 0.48 0.31 85.4 7.6 0.39 0.12 113 .0 3.1 0.51 0.17 

120 86. 1 4.4 0.01 0.01 92.3 2.3 0.01 0.01 105.3 2.1 0.01 0.01 
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Figure 31 - Mass of Calliphora stygia larvae (mean and standard error of three samples) after progressive feeding intervals (in fluctuating temperature) 

on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. 
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Figure 32 - Concentrations of amitriptyline per mg of larvae (mean and standard error of three samples) after progressive feeding intervals (in 

fluctuating temperature) on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. 
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Calliphora stygia larval growth 

Larvae reared in the fluctuating temperature environment took five days to reach their 

post-feeding stage. Larval growth steadily increased from 20.0 - 35.0 mg at 0 hrs to 75.0 

- 120.0 mg at 72 hrs. Larval mass remained mostly between 80.0-120.0 mg from 96.0 -

120.0 hrs. 

Calliphora stygia larval concentrations 

During the active feeding stage, absorption of amitriptyline appeared to occur at a faster 

rate than the elimination. The amitriptyline response of the control larval samples (0.000 

mg/g) remained mostly between 0.00 and 0.04 ng/mg throughout the experimental 

period. Average amitriptyline concentrations in larvae reared on the three doses of 

amitriptyline increased from 0.00 - 0.02 ng/mg (0.025 mg/g), 0.07 - 0.38 ng/mg (0.125 

ng/g) and 0.39 - 1.44 ng/mg (0.250 mg/g) at 0 hrs to 0.00 - 1.96 ng/mg (0.025 mg/g), 

1.28-3.54 ng/mg (0.125 mg/g) and 0.10-10.4 ng/mg (0.250 mg/g) at 72 hrs. Larval 

concentrations then declined rapidly to low levels by 96 - 120 hrs. 
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5.4.4 Foodstuff concentrations and correlation data 

The following tables (Table 47, Table 48) show the concentrations of amitriptyline 

detected in the artificially prepared rearing media, and subsequent correlations between 

foodstuff and larval concentrations over successive periods. 

Table 47 - Target and measured concentrations (in three replicates for each species) of amitriptyline 

in artificially produced foodstuffs for the rearing of Lucilia cuprina and Calliphora stygia larvae. 

Target concentration (mg/g) Measure~ concentrations (mg/g) 

Lucilia cuprina replicates Calliphora stygia replicates 

I 2 3 I 2 3 

0 0 0 0 0.0002 0.0003 0.0003 

0.025 0.0266 0.0222 0.0236 0.0210 0.0291 0.0292 

0.125 0.0745 0.0700 0.1 096 0.0758 0.0597 0.0709 

0.25 0.2492 0.2094 0.1 958 0.2567 0.2553 0.2365 
~. --~· 
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Table 48 - Correlation data between the measured concentrations in the amitriptyline spiked 

foodstuffs and larval concentrations at each sampling period. 

Time (hrs) Correlation between foodstuff and mean larval concentrations 

Lucilia cuprina replicates Calliphora stygia replicates 

l 2 3 l 2 3 

24 0.989 0.976 0.399 0.976 0.998 0.993 

48 0.988 0.729 0.946 0.991 0.935 0.998 

72 0.988 0.667 0.884 0.937 0.986 0.146 

96 0.996 0.991 0.906 0.996 0.895 0.997 

120 0.1 79 0.324 0.671 0.271 0.453 0.670 

Comparison of these measured concentrations against the larval concentrations for each 

sampling period in the active feeding stages demonstrated a linear correlation (average ~ 

0.9). However this correlation was not seen in the post-feeding stage, when the larvae 

begin to wander from food source in preparation for pupation. 

5.4.5 Statisitical Analysis 

Both larval growth and larval drug concentrations were compared between rearing 

concentrations and species. 

Statistical comparison of larvae reared on different concentrations of amitriptyline 

showed no significant differences between their mass at any time period 

(p = 0.327). However significant differences were determined between the overall 

growth of the two species (p = 0.000). 
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A statistical comparison of the overall larval drug uptake from all rearing concentrations 

showed significant differences between rearing concentrations (p = 0.020). However 

statistical comparison found no significant differences in the larval drug uptake between 

the two species (p = 0.265). 

5.5 Discussion 

The garden exposure of larvae employed in this experiment proved extremely successful 

in both rearing larvae under uncontrolled, fluctuating conditions and preventing inference 

from external scavengers (both insect and animal). The use of a minimum/maximum 

thermometer was also successful in demonstrating the temperature fluctuations that the 

field site experienced, although it could not be claimed that a single thermometer could 

give the exact temperature of a particular exposure container. However for the purposes 

of this study, it was only necessary to establish that fluctuations were occurring and their 

range within the field site. 

Larval growth did not appear to be affected by amitriptyline concentration in eiher 

species, as statistical comparison of larval wet weight showed no significant differences 

between their mass at any time. However their were obvious differences between the 

growth of the two species, as expected given the differences in there initial size (the 

Calliphora stygia are much larger than Lucilia cuprina even as newly hatched first instar 

larvae). 
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Comparison of the amitriptyline concentrations quantified in larvae of Lucilia cuprina 

and Calliphora stygia reared under the same conditions showed similar patterns of drug 

uptake. Amitriptyline concentrations in larvae initially increased, peaked, and then 

declined to low levels when the larvae entered their post feeding stage. Furthermore 

there were no significant differences in the larval drug uptake between the two species. 

The only difference was in timing; amitriptyline concentrations in the Lucilia cuprina 

peaked about 96 hrs, whilst concentrations in Calliphora stygia peaked earlier at 72 hrs. 

Amitriptyline concentrations fell at 96 hrs in Calliphora stygia, and then at 120 hrs in 

Lucilia cuprina. The differences between the drug uptake of the two species could be the 

result of competition for food between the Calliphora stygia larvae, which are much 

larger and may have exhausted their food. However this seems unlikely as both species 

appeared to reach their maximum growth and all of the rearing containers had portions of 

the liver/agar mixture remaining when the larvae began to pupate. Thus these results 

indicated that only actively feeding larvae would be useful as toxicological specimens, 

and that the period of larval feeding may vary between species. 

Some of the control samples (larvae reared on the Omg/g foodstuffs) gave positive results 

for amitriptyline. However as the amounts found were very small these are most likely to 

be the result of larval matrix interference (when calibrating the method a very small 

amitripty line signal was observed from some blank samples). 

Although no comparable data from controlled studies are available for Calliphora stygia, 

the previous chapter details experiments with Lucilia cuprina in which larvae were 
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exposed in controlled temperatures of 15 °C, 20 °C and 25 °C to a similar range of 

amitriptyline concentrations in the same liver/agar foodstuffs as used in this experiment. 

The general pattern of drug uptake was similar to that displayed in this study: larval 

concentrations increased in early concentrations, peaked and remained constant for a 

certain number of consecutive sampling periods, and finally declined (more rapidly at 

higher temperatures). The concentrations of amitriptyline detected in the Lucilia cuprina 

larvae reared under fluctuating temperatures were reduced in comparison with 

concentrations in larvae reared at controlled temperatures (20 °C and 25 °C) equivalent to 

the temperature range of this experiment. This result is hardly surprising as it is well 

documented that fluctuating temperatures can slow larval development in comparison 

with larvae reared under a constant temperature average of the fluctuations (Ahmad, 

1936, Greenberg, 1991). 

In both species there were significant differences between larval uptake of amitriptyline 

over time in larvae reared on different food source concentrations. A comparison of 

measured food stuff amitriptyline concentrations against the larval concentrations for 

each sampling period in the active feeding stage demonstrated a linear correlation 

(average~ 0.9) in both species. These data suggest that larval concentrations are directly 

influenced by the drug concentration to which the larvae are exposed, reinforcing their 

potential as alternative toxicological specimens. 

As this evidence was obtained from larvae exposed to naturally fluctuating temperatures 

it is directly relevant to the potential use of larvae from real cases for use as alternative 
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toxicological specimens. In reality, larvae would be exposed to fluctuating temperatures 

similar to those exploited in this experiment. However further testing into other 

significant variables needs to be performed in this area, particularly in light of the studies 

that have not shown any correlation existing between rearing media and larval 

concentrations. 

A paper by Tracqui et al., 2004 describes a study of 29 necropsies (PMI ranging from 5 -

15 days), all of which were drug related and had larvae present. The study found no 

correlations between larval and cadaver concentrations and made particular mention of 

variations of drug concentrations in larvae from different anatomic sites. Possible 

explanations for these variations were indirectly examined in a study by Kaneshrajah and 

Turner, 2004, which determined that Calliphora vicina larvae developed at a significantly 

slower rate on pig liver than on lung, kidney, heart or brain from the same source. 

Similar results were obtained by Day and Wallman, 2006, who determined that the 

development of larvae fed on sheep' s liver was adversely affected in comparsion with 

larvae fed meat and brain. If larvae grow at different rates on different body tissues then 

it may follow that they absorb drugs more effectively from certain body organs. Further 

testing could use agar substrates prepared from different body organs and animal 

cadavers dosed with single and multiple drugs (at various concentrations) to investigate 

these variables. 

The other avenue for further experiments is exposing several species to the same drug 

dosed food source. This was excluded from this study due to the inherent difficulties in 
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identifying species in the larval stage (even for experienced entomologists), which would 

have made it impossible to determine the effect and uptake of amitriptyline in each 

particular species if an experiment had been conducted where any insect was allowed to 

oviposit on the food source. Wallman and Adams, 2001 have developed methods for the 

identification of larval species through genetic analysis. If such methods could be 

adapted to be used in conjunction with a method of toxicological analysis such as the one 

used in this study, then forensic entomologists would have a powerful means by which to 

quantify drugs in larvae and also examine further similarities and differences in uptake 

between species. 

5.6 Conclusion 

Larvae of Lucilia cuprina and Calliphora stygia were exposed shortly after hatching to 

0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline in the natural 

environment of a suburban garden in Sydney, Australia. Larvae were harvested every 

twenty-four hours until the larvae entered their post feeding stage in preparation for 

pupation. 

Temperature fluctuations between 17 and 30 °C were recorded during the active feeding 

of the larvae. Larval mass comparison showed no significant differences between larvae 

exposed to different amitriptyline concentrations. Chemical analysis showed similar 

patterns of drug uptake between the two species. Larval concentrations of amitriptyline 

were determined to be significantly different between larvae reared on different source 
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concentrations, in both species. Furthermore each species only showed consistent 

positive results for amitriptyline in actively feeding larvae and the period of this activity 

was different between the two species. Comparison of the amitriptyline concentrations 

measured in the artificial foodstuffs against the larval concentrations in actively feeding 

larvae demonstrated a linear correlation (average ~ 0.9) in both species. However 

comparison with an earlier study by the author (Chapter 3) demonstrates a significant 

reduction in larval amitriptyline concentration when larvae feed in fluctuating 

temperatures instead of a constant temperature. 

The results suggest that larval concentrations are directly influenced by the drug 

concentration to which the larvae are exposed - which confirms their potential as 

alternative toxicological specimens. However the results also demonstrate that larval 

concentrations are adversely effected by fluctuating temperatures and limited by larval 

activity, which varied between species. Consequently temperature fluctuations, larval 

activity and larval species must all be considered when attempting to exploit larvae for 

quantitative purposes. 
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6 Analysis of blowfly larvae exposed to a stimulant and 
antidepressant 

6.1 Abstract 

As drug related deaths rarely involve a single drug it is important to know what effect the 

presence of multiple drugs will have on the overall larval drug uptake. 

Lucilia cuprina larvae were exposed to 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 

mg/g of amitriptyline (antidepressant) and caffeine (stimulant). Larvae were harvested 

every twenty-four hours until the larvae entered their post feeding stage. Insect samples 

were ground to a smooth paste under weak acidic conditions. Samples were 

homogenized in weak acidic solution, centrifuged, protein precipitated with acetonitrile 

and extracted for analysis with tandem MS analysis. 

Both amitriptyline and caffeine were detected by the LC-MS-MS method, with 

quantification limits of 0.0 I µg/g amitriptyline and 0.025 µg/g caffeine. 

Amitriptyline and caffeine demonstrated very different patterns of larval drug uptake. 

Larval concentrations of caffeine were significantly higher than amitriptyline 

concentrations. The results demonstrate that larval concentrations are affected by the 

molecular size and structure of drugs and this must be considered if larval concentrations 

are to be evaluated for quantitative purposes. 

180 



6.2 Introduction 

Forensic toxicology cases frequently involve mixed drug overdoses. In suicidal and 

accidental overdoses a person will often use several drugs that may cause death jointly or 

by augmenting the effect of a single substance. 

Scientists have suggested that multiple drugs may complicate toxicological analysis of 

blowflies. Sadler et al., 1997 exposed Calliphora vicina larvae to artificial foodstuffs 

spiked with therapeutic (100 ng/g), toxic (300 ng/g) and lethal (500 ng/g and 5000 ng/g) 

concentrations of amitriptyline and nortriptyline, both separately and in combination. 

The authors reported that drug accumulation became unpredictable in larvae reared on 

foodstuffs containing more than one drug. Tracqui et al., 2004 reported their analysis of 

larval specimens from drug related necropsies. A variety of drugs including 

benzodiazepines ( 11 cases), barbiturates ( 4 cases), antidepressants ( 5 cases), and opiates 

(8 cases) were detected during autopsy and the authors subsequently analysed blowfly 

larvae from each cadaver. They concluded that fly larvae were unreliable specimens for 

toxicological analysis due to the large variations in inter-larval and inter-site larval 

concentrations. Although larval position in the corpse and larval variability were cited as 

the primary reasons for these variations, the authors also suggested post-mortem drug 

interactions in cases of multiple drug fatality as a possible cause, although it is unclear 

how many of the cases they examined involved multiple drugs. 
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Other studies have compared differences between larval uptake of different drugs. 

Campobasso et al., 2004 compared results from analysis of blood, tissue and larval 

samples from 18 cases where toxicological screens indicated the presence of drugs. The 

authors found significant differences in larval concentrations, depending on the drugs 

present. Larval concentrations of phenobarbital were significantly higher than larval 

concentrations of nortripty line, despite similar source liver concentrations. Furthermore, 

larval concentrations of phenobarbital were higher in post-feeding larvae than active 

feeding larvae, suggesting bioaccumulation. The authors suggested that this was 

probably due to the adipose tissues of larvae retaining the extremely lipophilic pyrimidine 

ring of phenobarbital. Clearly the compound structure of a drug greatly influences larval 

drug uptake. 

In this study blowfly larvae were exposed under stable conditions to equal concentrations 

of amitriptyline (an antidepressant) and caffeine (a stimulant). Both drugs have been 

involved in overdose fatalities (Oliver and Smith, 1974; McGee, 1980). Several studies 

examined the detection of amitriptyline in larvae exposed to post-mortem tissues from 

overdose suicides (Wilson et al., 1993; Sadler et al., 1995), whilst another addressed the 

behavioural effects on blowfly larvae resulting from exposure to a variety of alkaloids 

including caffeine (Green et al., 2002). Although it is unlikely that both drugs would be 

ingested simultaneously to deliberately cause a suicide, amitriptyline is frequently used in 

suicides and caffeine is frequently used in general society in a variety of caffeinated 

beverages. Furthermore caffeine is very similar in structure to barbiturates and may serve 

as a model drug in this study. 
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The aims of the work described in this chapter were: 

• to determine if the presence of multiple substances had an affect on larval uptake 

of drugs, and what impact any such effect would have on the ratio between larval 

and food source drug concentrations, and 

• to determine if the presence of amitriptyline and caffeine (in different 

concentrations) had an effect on the growth of larvae feeding at different 

temperatures. 

6.3 Method 

6.3.1 Chemicals 

Amitriptyline hydrochloride, caffeine and internal standards d6-amitriptyline 

hydrochloride and diphenylamine were purchased from Sigma (Sydney, Australia). 

Acetonitile and formic acid were obtained as HPLC grade from Crown Scientific 

(Australia). All dilutions and washings of samples were conducted using these HPLC 

grade solvents. 
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6.3.2 Flies 

Eggs of Lucilia cuprina were collected from adult flies kept in a colony by the author at 

the University of Technology Sydney. Eggs were placed onto fresh liver until hatched. 

These were used for exposure to drug-dosed foodstuffs. 

A second batch of eggs of Lucilia cuprina was transferred to a Petri dish containing a 1 : 1 

mixture of 3 % agar and pureed liver. The larvae were reared on this food source until 

they reached their third and final instar. These were exploited for the preparation of the 

amitriptyline/caffeine larval matrix matched standards. 

6.3.3 Preparation of matched matrix standard solutions 

To ensure accurate calibration of the method for the analysis of amitripty line in larval and 

pupal samples the folJowing procedures were devised with reference to the U.S food and 

drug administration guidelines for bioanalytical method validation (FDA, 2001 ). 

Amitriptyline/caffeine larval matrix solutions were made to the following concentrations: 

blank (no analyte, no internal standard), 0 µg/mL (no analyte), 0.010 µg/mL, 

0.025µg/mL, 0.050 µg/mL, 0.100 µg/mL, 0.250 µg/mL, 0.500 µg/mL, 1.000 µg/mL, 

2.500 µg/mL and 5.000 µg/mL. Preliminary testing indicated that amitriptyline and 

caffeine larval concentrations were likely to be within these respective ranges. 
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Three third instar larvae were placed into a mortar and ground with I % formic acid ( 1.50 

mL), 2.800 µg/mL internal standard (0.30 mL) and the relevant concentration of 

precursor analyte (amitriptyline) solution (0.30 mL). The three larvae that were to be 

used as blanks were ground in formic acid (2.10 mL) and the three larvae to be used as 

zero matched matrix standards were ground in formic acid (1.80 mL) and 2.80 µg/mL 

internal standard (0.30 mL), so that the total dilutions in all matched matrix standards 

were identical. Three larvae were used for the preparation of each concentration so that 

three replicates of each matched matrix standard could be made, as required for 

calibration under the guidelines (FDA, 200 I). 

All matched matrix standard solutions were transferred into centrifuge tubes and 

centrifuged at 3000 rpm for 15 mins. Three aliquots of 0.50 mL were removed from each 

supernatant and placed into separate centrifuge tubes. Acetonitrile (1.50 mL) was added 

to each and the mixture vortexed for 3 0 seconds. The matched matrix standards were 

centrifuged at 3000 rpm for 15 mins and then a single aliquot of 1.50 mL was removed 

from each supernatant and placed in an LC vial prior to analysis. 

6.3.4 Preparation of liver/agar 

Liver was homogenised into a puree. Agar (0.6 g) was weighed into a 50.0 mL beaker. 

The required quantities of 0.50 mg/mL amitriptyline/caffeine I: I solution (see Table 49 

for amounts) and HPLC grade water (making total liquid quantity 20.0 mL) were added 
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to the beaker and heated until boiling. Equal quantities of the two drugs were used so 

that the effect of each drug would not be influenced by variance in the quanity. 

Table 49 - Quantity of amitriptyline/caffeine mixed into agar suspension prior to boiling and 

approximate concentrations of amitriptyline that should result in subsequently produced liver/agar 

cubes. 

Mass of Quantity of drugs (O.Smg/mL) Approximate concentration of 
drugs (mg) solution (mL) drugs in cube (µg/i?:) 

0.0 0.0 0 
1.0 2.0 25 
5.0 10.0 125 
10.0 20.0 250 

Once the agar was thoroughly dissolved the solution was poured into a cube container. 

Liver (approx 20 g) was then added to each of the cubes (whilst still in liquid form) and 

thoroughly mixed. 

This process was repeated with each cube being made separately, independent of the 

remainder. Twelve cubes were made in total, as each concentration of amitriptyline was 

prepared in triplicate . 

The cubes were refrigerated (5 °C) for 30 mins to allow the agar to solidify. 

This artificial foodstuff preparation was adapted from a procedure outlined by My-Tien 

Tran and Sherman, 1995. The use of artificial foodstuffs was selected over drug-dosed 

animals to limit variables that might influence larval concentrations of drugs, particularly 

animal metabolism. Numerous published entomotoxicological studies also used a form 
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of artificial foodstuffs to introduce drugs to larvae (Sadler et al., 1997; Green et al., 2002; 

Gunn et al. , 2006; Kharbouche et al., 2008). 

6.3.5 Introduction of Lucilia cuprina 

Fifty newly hatched Lucilia cuprina larvae were placed onto each of the solid liver/ agar 

cubes. These were placed into a temperature controlled room, where the environment 

was maintained at 23 °C (+/-2 °C). 

6.3.6 Sample collection 

See section 4.3.5 (p 118). 

6.3. 7 Sample preparation 

See section 3.3.6 (p 94). 

6.3.8 LC-MS-MS analysis 

A 1 OµL quantity of each sample was injected at a flow-rate of 400 µL/min with a binary 

mobile phase consisting of H20/ 0.1 formic acid (A) and acetonitrile (B). A step gradient 

profile was applied such that each sample was injected at 90 % A for 0.5 mins, decreased 

to 30 % A over 10 mins, and then up to 90 % A in 5.0min prior to the next injection. 
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All samples were analysed by a positive MS-MS scan. The following precursor and 

product ions were targeted (Table 50). 

Table 50 - Precursor and product ions. 

Compound Retention time (min) Precursor ion Product ion 

Dipheny lamine 2.46 170 93 

Caffeine 2.11 195 138 

Amitri pty line 1.93 278 233 

d6-Amitriptyline 1.93 284 233 

Table 51 below summarises the electronic conditions used for the positive ion scan of 

amitriptyline, d6-amitriptyline, caffeine and diphenylamine. 

Table 51 - Electrospray MS-MS conditions 

Parameter Setting 

Nebulizer gas (N2) 10 L/min 

Curtain gas (N2) 10 L/min 

Collision gas (N2) 3 L/min 

Ion spray voltage 5000V 

Orifice 16 v 
Focus ring lOOV 

Second quadrupole entrance lens 30V 

Second quadrupole exit lens 61 v 
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Figure 33 shows the MRM chromatogram resulting from the LC separation. Figure 34, 

Figure 35, Figure 36 and Figure 37 show the molecular fragmentation of each precursor 

ion into the primary product ion. Figure 38, Figure 39, Figure 40 and Figure 41 show the 

MS-MS spectrums of precursor to product ion for each drug. 
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Figure 33 - MRM. chromatogram for analysis of amitriptyline (l.93), d6-amitriptyline (1.93), caffeine (2.14) and diphenylamine (2.46) in a larval extract. 
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Figure 34 - Diphenylamine MS-MS fragmentation 
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Figure 35 - Caffeine MS-MS fragmentation 

191 

Product Ion 

m/z = 93 

Product Ion 

mfz = 138 

H 



Pre cu rs or I on 

rn/z = 278 

Figure 36 - Amitriptyline MS-MS fragmentation 
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Figure 37 - d6-Amitriptyline MS-MS fragmentation 
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Figure 38 - MS-MS spectrum of diphenylamine. The last peak (170.2) is the precursor ion; all other peaks are resulting product ions. 
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Figure 39- MS-MS spectrum of caffeine. The last peak (195.1) is the precursor ion; all other peaks are resulting product ions. 

194 



278.3 

20 40 60 80 100 120 140 160 180 200 220 240 260 
m/z, amu 

Figure 40 - MS-MS spectrum of amitriptyline. The last peak (278.3) is the precursor ion; all other peaks are resulting product ions. 
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Figure 41 - MS-MS spectrum of d6-amitriptyline. The last peak (284.2) is the precursor ion; all other peaks are resulting product ions. 
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6.3.9 Statistical analysis 

Larval concentrations were compared between rearing concentrations and drugs over 

their respective sampling periods. Multiple linear regression methods were used for data 

analysis because they permitted simultaneous comparison of numerous factors - drug 

type, drug concentration and time. Quadratic time transformation models were fitted for 

the larval concentrations resulting from each drug concentration. 

6.4 Results 

6.4.1 Calibration 

Matched matrix curves were constructed for amitriptyline and caffeine by plotting the 

average product MS peak area ratios (drug/ internal standard) of the three calibrators for 

each concentration. The limit of quantification (LOQ) of amitripty line and caffeine was 

determined by confirming that the signal to noise ratio was greater than five. The LOQs, 

equations of each drug curve, respective correlation coefficients and the uncertainties in 

the slopes and intercepts are shown in Table 52. 
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Table 52 - Calibration curve equations, correlation coefficients and uncertainty values in slope and 

intercept for larval and pupal matrix matched standards. 

Am itripty line Caffeine 

LOQ 0.01 µg/mL 0.025 µg/mL 

Calibration curve y = 15.318x + 0.0595 y = l.9 l 9x - 0.0368 

Correlation coefficient 0.9984 0.9996 

Uncertainty in slope 0.4522 0.0579 

95% confidence interval 

Uncertainty in intercept 0.4862 0.0623 

95% confidence interval 

6.4.2 Larval gr owth analysis 

The following tables (Table 53, Table 54, Table 55, Table 56) and graph (Figure 42) 

show the mean larval growth over successive periods. 
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Table 53 - Mass of larvae (mean and standard error of three samples) after progressive feeding 

intervals on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g of amitriptyline and 

caffeine. 

Time 0.000 mg/g (1st replicate) 0.000 mg/g (2"d replicate) 0.000 mg/g (3rd replicate) 

hrs mg St Err mg St Err mg St Err 

24 5.7 1.2 6.5 0.9 6.6 0.4 

48 26.4 0.4 19.6 l.1 18.5 1.8 

72 41.1 1.4 43.2 4.8 46.0 2.9 

96 47.3 2.5 42.5 2.3 40.1 1.3 

120 41.2 4.7 37.2 2.5 41.2 3.5 

144 32.8 1.0 40.3 4.1 40.1 2.1 

Table 54 - Mass of larvae (mean and standard error of three samples) after progressive feeding 

intervals on the three replicates of liver/agar foodstuffs spiked with 0.025 mg/g of amitriptyline and 

caffeine. 

Time 0.025 mg/g (1st replicate) 0.025 mg/g (2"d replicate) 0.025 mg/g (3rd replicate) 

hrs mg St Err mg St Err mg St Err 

24 6.5 2.0 7.4 1.1 7.1 1.4 

48 23.5 1.8 18.1 2.4 26.1 2.8 

72 45.2 3.7 45.5 2.2 48.2 1.9 

96 42.6 1.5 46.3 2.2 44.3 1.9 

120 45.7 4.2 42.4 1.5 42.1 2.2 

144 46.9 0.7 38.3 2.0 32.3 1.0 

199 



Table 55 - Mass of larvae (mean and standard error of three samples) after progressive feeding 

intervals on the three replicates of liver/agar foodstuffs spiked with 0.125 mg/g of amitriptyline and 

caffeine. 

Time 0.125 mg/g (1st replicate) 0.125 mg/g (2"d replicate) 0.125 mg/g (3rd replicate) 

hrs mg St Err mg St Err mg St Err 

24 8.9 l.3 6.4 2.3 7.2 1.5 

48 25.9 2.4 17.3 1.0 19.6 2.7 

72 47.2 2.2 48.8 4.8 45.1 3.2 

96 43 .5 0.9 39.2 1.7 41.4 4.1 

120 42.1 0.9 36.9 0.6 45.4 1.0 

144 42.6 4.6 35.8 1.3 41.2 2.2 

Table 56 - Mass of larvae (mean and standard error of three samples) after progressive feeding 

intervals on the three replicates of liver/agar foodstuffs spiked with 0.250 mg/g of amitriptyline and 

caffeine. 

Time 0.250 mg/g (1st replicate) 0.250 mg/g (2"d replicate) 0.250 mg/g (3rd replicate) 

hrs mg St Err mg St Err mg St Err 

24 7.1 2.6 7.3 1.5 6.1 0.4 

48 18.5 1.4 20.5 2.6 16.8 1.8 

72 38.1 1.3 30.0 0.7 36.2 1.1 

96 43.0 2.5 33.8 2.7 37.5 1.2 

120 41.7 1.8 36.3 3.5 40.5 2.4 

144 36.4 2.7 39.7 2.9 30.4 2.1 
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Figure 42 - Mass of Lucilia cuprina larvae (mean and standard error of three samples) after progressive feeding intervals at 23°C on the three replicates 

of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline/caffeine. 
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Larval growth 

Larvae reared on all doses of amitriptyline and caffeine took six days to reach their post 

feeding stage. Larval growth steadily increased from 6.0 - 11.0 mg at 0 hrs to 35.0 - 45.0 

mg at 72 hrs. Larval mass remained mostly between 32.0 - 45.0 mg from 96-120 hrs. 

6.4.3 Drug analysis 

The following tables (Table 57, Table 58, Table 59, Table 60) and graphs (Figure 43, 

Figure 44) show the mean amitriptyline and caffeine concentrations in larvae over 

successive periods. Concentrations determined in the homogenized sample mixtures 

from the relevant calibration formula (µg/mL) were then calculated as a ratio of the exact 

larval mass (ng/mg). 
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Table 57 - Concentrations of amitriptyline and caffeine per mg of larvae (mean and standard error 

of three samples) after progressive feeding intervals on the three replicates of liver/agar foodstuffs 

spiked with 0.000 mg/g of amitriptyline/caffeine. 

0.000 mg/g (1st replicate) 0.000 mg/g (2"d replicate) 0.000 mg/g (3rd replicate) 

Time !Ami) !Caffl !Ami] ICafll I Ami) ICaff] 

hrs ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err 

24 n.d n.a 3.07 0.51 n.d n.a 2.26 0.43 n.d n.a 2.10 0.13 

48 n.d n.a 0.34 0.18 n.d n.a 0.73 0.42 n.d n.a 0.49 0.28 

72 n.d n.a 0.36 0.01 n.d n.a 0.33 0.05 n.d n.a 0.30 0.03 

96 n.d n.a 0.39 0.09 n.d n.a 0.33 0.02 n.d n.a 0.35 0.01 

120 n.d n.a 0.35 0.04 n.d n.a 0.38 0.03 n.d n.a 0.34 0.03 

144 n.d n.a 0.42 0.02 n.d n.a 0.35 0.04 n.d n.a 0.35 0.02 
---· 

Table 58 - Concentrations of amitriptyline and caffeine per mg of larvae (mean and standard error 

of three samples) after progressiYe feeding intervals on the three replicates of liver/agar foodstuffs 

spiked wit h 0.025mg/g of amitriptyline/caffeine. 

0.025 mg/g (is• replicate) 0.025 rng/g (2"d replicate) 0.025 mg/g (3rd replicate) 

Time [Ami] [Caff] [Ami) [Caft] [Ami] (Caff] 

hrs ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err 

24 n.d n.a 39.67 16.29 n.d n.a 35.82 15.13 n.d n.a 43 .95 8.64 

48 0.14 0.07 13.23 6.75 0.26 0.14 21.12 8.91 0.20 0.15 17.31 8.33 

72 0.03 0.01 0.31 0.03 0.36 0.18 9.76 2.92 0.38 0.21 7.34 1.11 

96 0.04 0.03 1.29 0.40 0.01 0.03 1.64 0.84 n.d n.a 1.13 0.52 

120 0.01 0.06 0.31 0.04 n.d n.a 0.33 0.01 n.d n.a 0.33 0.02 

144 n.d n.a 0.29 0.01 n.d n.a 0.36 0.02 n.d n.a 0.43 0.02 
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Table 59 - Concentrations of amitriptyline and caffeine per mg of larvae (mean and standard error 

of three samples) after progressive feeding intervals on the three replicates of liver/agar foodstuffs 

spiked with 0.125 mg/g of amitriptyline/caffeine. 

0.125 mg/g (1 51 replicate) 0.125 mg/g (2nd replicate) 0.125 mg/g (3rd replicate) 

Time I Ami] [Caffj !Ami] IC aft] !Ami] (Caffj 

hrs ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err 

24 0.34 0.11 455.48 216.71 0.01 0.25 249.92 40.19 0.32 0.28 245.77 64.86 

48 0.88 0.07 105.92 49.76 1.19 0.24 69.45 34.31 2.23 1.39 67.55 25.52 

72 0.68 0.14 63.7J- ·•. 10.08 0.47 0.21 98.12 40.80 0.48 0.26 71.62 16.76 

96 n.d n.a 12.50 12.12 1.13 0.19 55.30 7.38 0.02 0.02 7.06 2.72 

120 0.02 0.03 1.48 1.00 0.12 0.15 4.66 4.21 n.d n.a 0.48 0.18 

144 n.d n.a 0.34 0.05 n.d n.a 0.39 0.02 n.d n.a 0.42 0.02 

Table 60 - Concentrations of amitriptyline and caffeine per mg oflarvae (mean and standard error 

of three samples) after progressive feeding intervals on the three replicates of liver/agar foodstuffs 

spiked with 0.250 mg/g of amitriptyline/caffeine. 

·--· 
0.250 mg/g w· replicate) 0.250 mg/g (2nd replicate) 0.250 mg/g (3rd replicate) 

T ime [Ami] [Caff] [Ami] (Caff] (Ami] [Caff] 

hrs ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err ng/mg St Err 

24 1.63 0.92 172.49 25.45 1.18 0.19 458.26 64.46 1.07 0.39 786.65 16.10 

48 4.21 0.37 162.97 69.52 1.33 0.49 81.32 45.47 1.48 0.36 121.04 64.23 

72 1.56 0.21 274.77 54.43 1.59 0.58 158.73 28.92 1.39 0.43 103.13 15.22 

96 0.54 0.42 80.80 64.63 1.88 1.32 185.43 111.15 1.76 0.80 126.71 29.51 

120 0.81 0.71 4.38 2.61 0.36 0.16 12.62 2.56 0.63 0.54 20.47 15.31 

144 n.d n.a 0.39 0.03 0.09 0.09 5.84 5.52 0.06 0.08 0.46 0.04 
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Figure 43-Concentrations of amitriptyline per mg of Lucilia cuprina larvae (mean and standard error of three samples) after progressive feeding 

intervals on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline and caffeine. 
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Figure 44 - Concentrations of caffeine per mg of Lucilia cuprina larvae (mean and standard error of three samples) after progressive feeding intervals 

on the three replicates of liver/agar foodstuffs spiked with 0.000 mg/g, 0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline and caffeine. 
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Larval concentrations of amitriptyline and caffeine 

The amitriptyline response of the control larval samples (0.000 mg/g) remained at 0.00 

ng/mg throughout the experimental period. Average amitriptyline concentrations in 

larvae reared on the three doses of amitriptyline/caffeine increased from 0.00 ng/mg 

(0.025 mg/g), 0.01 - 0.34 ng/mg (0.125 ng/g) and 1.07 - 1.63 ng/mg (0.250 mg/g) at 24 

hrs to 0.03 - 0.38 ng/mg (0.025 mg/g), 0.47 - 2.23 ng/mg (0.125 mg/g) and 1.33 - 4.21 

ng/mg (0.250 mg/g) at 48 - 72 hrs. Larval concentrations then declined at 96 hrs to very 

low levels by 144 hrs. 

The caffeine response of the control larval samples (0.000 mg/g) remained between 0.30 

and 3.07 ng/mg throughout the experimental period. Average caffeine concentrations in 

larvae reared on the three doses of amitriptyline/caffeine were initially very high; 35.82 -

43.95 ng/mg (0.025 mg/g), 245.77 - 455.48 ng/mg (0.125 ng/g) and 172.49 - 786.65 

ng/mg (0.250 mg/g) at 24 hrs. These fell to 13.23 - 21.12 ng/mg (0.025 mg/g), 67.55 -1 

05.92 ng/mg (0.125 mg/g) and 81.32 - 162.97 ng/mg (0.250 mg/g) at 48 hrs; 0.31 - 9.76 

ng/mg (0.025 mg/g), 63 .71 - 98.12 ng/mg (0.125 mg/g) and 103.13 - 274.77 ng/mg 

(0.250 mg/g) at 72 hrs. Larval concentrations then declined rapidly after 96 hrs to very 

low levels by 144 hrs. 
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6.4.4 Statistical analysis 

Both larval growth and larval drug concentrations were compared between rearing 

concentrations and drugs. 

Statistical comparison of larvae reared on different concentrations of 

amitriptyline/caffeine showed no significant differences between their mass at any time 

(p = 0.164). 

Comparision of larval uptake showed siginaifcant differences between larvae reared on 

different food source concentrations (amitriptyline: p = 0.000, caffeine: p = 0.012). 

Comparision of the larval uptake between the two drugs demonstrated significant 

differences in larvae reared on all amitriptyline/caffeine doses (p = 0.007). 

6.5 Discussion 

The adapted method for analysis of amitriptyline in insects proved adequate for 

determining both amitriptyline and caffeine concentrations in blowfly larvae. The 

original process (Chapter 2) relied solely upon tandem MS with limited sample 

separation for analysis. This was considered inadequate for analyzing multiple drugs and 

consequently a liquid chromatography separation was added to the procedure. The 

mobile phase composition was deliberately kept as simple as possible with the intention 

of designing a generic process for larval analysis that might be applied to other 
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combinations of drugs in future studies. Calibration demonstrated adequate linearity for 

quantification of both drugs. Amitriptyline was quantified to 0.01 µg/mL but this was not 

possible with caffeine because the response from that concentration was not as far above 

(five times) the background noise, as is required for an analytical procedure (FDA, 2001). 

The limit of quantification for caffeine was 0.025µg/mL, the concentration at which the 

response was five times greater than the noise level. 

Larval growth did not appear to be affected by any concentration of the two drugs. 

Statistical comparison of larvae reared on different concentrations of 

amitriptyline/caffeine showed no significant differences between their mass at any time. 

The results of this study confirmed that both amitripty line and caffeine can be detected in 

larvae. However comparison between their overall uptake demonstrated significant 

differences. Amitripty line concentrations in larvae initially increased, then peaked, and 

then declined (more slowly at higher concentrations). The uptake of caffeine followed a 

different pattern: larval caffeine concentrations are initially very high after which levels 

drop through subsequent rearings, eventually falling to zero as larvae enter the pre-pupal 

stage. These differences between the larval uptake of the two drugs were confirmed by 

the statistical comparison, which demonstrated significant differences in larvae reared on 

all amitriptyline/caffeine doses. 

The other major difference between the larval uptake of amitriptyline and caffeine was 

that the caffeine levels were significantly and consistently higher (over 100 times) than 
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those of amitriptyline. This was most likely due to the smaller, more lipophilic structure 

of caffeine; particularly its derivative pyrimidine ring which could bind much more 

strongly to the protein dense larval tissues than amitripty line. Similar results were 

obtained in a study by Campobasso et al., 2004, where larval concentrations of 

phenobarbital were significantly higher than those of nortriptyline, another tricyclic 

antidepressant. Phenobarbital has a central pyrimidine derivative ring very similar to the 

central caffeine ring. 

Some of the control samples (larvae reared on the Omg/g foodstuffs) gave positive results 

for caffeine. However as the amounts found were very small these are most likely to be 

the result of larval matrix interference (when calibrating the method a very small caffeine 

signal was observed from some blank samples). 

Significant differences were determined between the larval uptake over time in larvae 

reared on different food source concentrations of both drugs. Clearly the results 

demonstrated that the larval concentration of amitriptyline and caffeine was directly 

influenced by the drug concentration to which the larvae were exposed. This supports the 

potential use of larvae as alternative toxicological specimens. 

However the results also present problems with the larval uptake of multiple drugs, 

particularly in comparison with comparable amitriptyline results from previous studies 

(Chapter 3, 20°C and 25°C data). Although the uptake of amitriptyline is similar to that 

of previous studies, the amitriptyline concentrations detected in larvae also exposed to 
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caffeine are all significantly smaller than the concentrations detected in larvae reared on 

amitriptyline alone (particularly in larvae exposed to higher concentrations). Clearly the 

presence of multiple substances has an effect on overall larval drug uptake; the logical 

conclusion from the results is that the caffeine was absorbed much more effectively into 

the larval tissues and therefore less amitriptyline was retained. 

6.6 Conclusion 

Larvae of the Lucilia cuprina fly were exposed shortly after hatching to 0.000 mg/g, 

0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline/caffeine in liver/agar cubes. 

Larvae were harvested every twenty-four hours until the larvae entered their post feeding 

stage in preparation for pupation. Insect samples were ground to a smooth paste under 

weak acidic conditions. Samples were prepared by acetontrile protein precipitation and 

centrifugation. Extracts were analysed by LC-MS-MS with a positive ion scan. 

The results confirmed the potential value of blowfly larvae for toxicological analysis as 

both amitriptyline and caffeine were successfully detected. However the drugs 

demonstrated very different patterns of drug uptake and reduced amitriptyline 

concentrations (in comparison with isolated amitriptyline studies). Larval concentrations 

of caffeine were much higher than amitripty line concentrations, which is consistent with 

the differences in size and structure between the two drugs. Consequently any 

toxicological investigation exploiting cadaverous insects must consider the effect of 

molecular structure on larval concentrations. 

211 



As many cases in forensic toxicology will involve more than one drug it is vital for a 

toxicologist wishing to employ cadaverous insects as alternative toxicological specimens 

to be aware of the effect a combination of compounds may have upon the uptake of each 

drug. 

Further research in this area should investigate larvae reared on the most common 

combinations of drugs encountered in accidental and deliberate overdoses. 

Furthermore, future studies need to thoroughly compare larval exposure to single and 

multiple drugs to determine the significance of exposure to multiple substances on the 

larval concentrations of each drug. 
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7 Conclusions and Future Work 

In this PhD research the toxicological exploitation of necrophagous insects was 

investigated. This involved devising suitable methods of chemical analysis and applying 

these to a number of studies designed to determine the effect of variables commonly 

affecting cadavers. 

As insects are biological specimens, their exploitation required replicated sampling to 

minimise errors and allow for appropriate statistical analysis. Consequently, their 

chemical analysis required a method capable of efficiently processing a potentially large 

quantity of samples. 

A method was developed for the analysis of amitripty line in feeding larvae and empty 

pupal cases. The method was linear over the range of concentrations investigated, with a 

limit of quantification for amitriptyline of 0.01 µg/mL and accuracy and precision were 

all within 15 % (20 % at the limit of quantification). With a sample run time less than 

two mins, the procedure proved simple, repeatable and amenable to application in 

experiments and case studies where potentially hundreds of larval samples need to be 

processed. The utility of the method was confirmed through its application to the 

analysis of larvae and pupal cases reared on liver-agar foodstuffs spiked with 0.000 mg/g, 

0.025 mg/g, 0.125 mg/g and 0.250 mg/g of amitriptyline. 
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The single drug method was later developed for multiple drug analysis. Because of its 

simple and non-specific design, it was possible to apply the sample preparation 

procedures to a vastly different drug (caffeine). However, an LC column separation was 

added to the tandem MS analysis to reduce interference between drug signals. Again, the 

method proved linear for both drugs, amitriptyline quantified to 0.01 µg/mL and caffeine 

to 0.025 µg/mL. 

The generic sample preparation applied in both methods (direct infusion and LC 

separation) allows samples to be processed for both screening and analysis and could 

easily be adapted for use on a range of drugs. Larval evidence could be collected, 

prepared with this method and analysed after direct infusion into the MS with a general 

scan. Once the drugs present are identified, the necessary column separation can be 

developed and applied in conjunction with a more sensitive tandem MS scan for specific 

ions. Future experiments should test this process on combinations of drugs to develop 

procedures that could be applied to real life samples. 

Following experiments assessed the effectiveness of two insect storage methods 

(boiling/preservative solution and freezing) for preservation of larval samples for 

toxicological analysis. The analysis of preserved samples demonstrated a significant 

decline of amitriptyline concentration in larvae stored by boiling/ethanol treatment, 

whilst larvae stored by freezing showed stable amitriptyline levels over the twelve month 

experiment. Freezing was clearly the superior method to preserve larvae for 

toxicological analysis and should be used wherever possible. 
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Having determined the suitable chemical and biological procedures these methods were 

applied to investigate factors of cadaver decomposition that might affect larval uptake of 

drugs. Particular variables of interest included drug dose, temperature, fly species and 

multiple drugs. 

Larval growth did not appear to be effected by any drug used in these experiments. 

Despite the wide range of drug doses applied, larval mass (mg) appeared unaffected by 

any concentration of amitriptyline (Chapter 3 and 4) or any concentration of the 

amitriptyline/caffeine mixture (Chapter 5). 

Chemical analysis showed similar patterns of drug uptake of amitripty line between drug 

doses and across a range of temperatures. Amitriptyline concentrations in larvae initially 

increased, then peaked, and then declined to low levels when the larvae entered their post 

feeding stage. However, average larval concentrations were significantly smaller and 

drug elimination slower at lower temperature (15 °C) than at higher temperatures (20 °C, 

25 °C). Fluctuating temperature also adversely affected larval drug uptake; comparison 

of larvae exposed to fluctuating (Chapter 4) and the equivalent range of constant 

temperatures (Chapter 3) showed much smaller average concentrations of amitriptyline in 

the insects reared under fluctuating temperature. 

Larval concentrations of amitriptyline were determined to be significantly different 

between larvae reared on different source concentrations. This occurred consistently at 

all three constant temperatures and at fluctuating temperatures. Furthermore, comparison 
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of the amitriptyline concentrations measured in the artificial foodstuffs against the larval 

concentrations in actively feeding larvae demonstrated a linear correlation (average~ 0.9) 

in both experiments. 

The results suggest that larval concentration is affected by the drug concentrations that 

the larvae feed on, which confirms the value of blowfly larvae for toxicological analysis. 

However temperature also appears to have a significant effect on larval concentration and 

would need to be considered in any interpretation of the toxicological analysis of larval 

samples. Larval activity also limits the usefulness of blowly larvae, as only actively 

feeding larvae showed drug concentrations that correlated with source concentrations. 

By the prepupal stage, drug concentrations precipitiously fell. Thus a clear understanding 

of the larval activity at the time of collection would also be required for interpretation of 

larval drug concentrations. 

In the multiple drug experiment, both amitripty line and caffeine were successfully 

detected. However the drugs demonstrated very different patterns of drug uptake and 

reduced amitriptyline concentrations (in comparison with isolated amitriptyline studies). 

Larval concentrations of caffeine were much higher than amitriptyline concentrations, 

demonstrating that the smaller more lipophilic caffeine structure bound more readily to 

the larval tissues than amitriptyline. This potential of some chemical structures to bind 

more readily to larval tissues must also be considered in interpreting results of larval 

analysis, as larger larval concentrations may not necessarily indicate larger cadaver 

concentrations. 
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Furthermore, as many cases in forensic toxicology may involve more than one drug it is 

vital for a toxicologist wishing to employ cadaverous insects as alternative toxicological 

specimens to be aware of the effect a combination of compounds may have upon the 

uptake of each drug. Further research in this area should investigate larvae reared on the 

most common combinations of drugs encountered in accidental and deliberate overdoses; 

thoroughly comparing larval exposure to single and multiple drugs to determine how 

significantly exposure to multiple substances affects the larval concentration of a single 

drug. 

Further work should also attempt to emulate real life scenarios, particularly in the method 

of larval exposure to the drugs. In these experiments, an artifical foodstuff (liver/agar) 

was made and dosed with particular concentrations of amitriptyline and 

amitriptyline/caffeine. Although this was useful in these experiments - as it allowed 

strict control over variables - it meant that the results could not be directly applied to 

actual case work, where larvae are feeding on both the parent drug and a series of 

metabolites and where post-mortem redistribution of drugs may have occured. 

Experiments continuing on from this work would need to replicate this combination of 

drug and metabolites, preferably through animal studies or tissue samples taken from 

addict cadavers. In this way the larval uptake will be assessed on substances that have 

been homogenised and metabolised by a living system. If a large animal (such as a pig) 

was used or a variety of human organs were compared, the effect of post-mortem 

redistribution on larval uptake could also be investigated. 
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The use of insects as alternative toxicological specimens appears to have potential but has 

to be applied with caution. The results of these experiments show that the larval 

concentration was affected by the cadaver (food) concentration and that this result was 

obtained consistently when feeding conditions were varied. However the results also 

demonstrated that variables such as temperature and presence of multiple drugs will also 

significantly affect larval concentrations. Although the influence of these variables on 

larval drug uptake may be considered when analysing larval concentrations, it would be 

impractical to predict their interactions because of the large number of permutations that 

occur in reality with exposed cadavers. 

The results of this study substantiate the use of blowfly larvae for a qualitative study of 

drugs present in a cadaver, but they also show that quantitative extrapolation of drug 

concentrations in a cadaver from larval concentrations would be complex because the 

relationship between larval and cadaver concentrations is significantly affected by the 

conditions to which the necrophagous ecology is exposed. This was particularly evident 

in the variance of results from the laboratory and field experiments. Clearly it is 

inadvisable and potentially misleading to make any estimation of drug concentration in 

exposed human remains from larval concentrations if that estimate is based on the 

comparision with laboratory results. 

A more direct and practical way to estimate the concentration of drug in a corpse from 

larval concentration would be to match it with the larval concentration from a similar 

drug-dosed cadaver exposed in comparable conditions. Such experiments have already 
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been conducted by forensic entomologists to assist in estimating post-mortem intervals in 

their casework (Sachs, 200 I). An animal cadaver was placed as near as possible to the 

location where a cadaver was found and the entomologist recorded data of the subsequent 

necrophagous insect activity. These data were then compared with the available insect 

data from the crime scene and a more accurate estimation of insect growth (and thus 

PMI) was deduced. It should be possible to use a similar approach for toxicological 

investigations where it is vital to accurately determine drug concentrations in a cadaver. 

Once the drug or drugs are identified from the crime scene insects, several pigs/rats could 

be dosed with a range of concentrations of these drug/drugs and then the cadavers 

exposed to similar conditions as those experienced by the crime scene cadaver. A 

toxicologist could then compare larval concentrations from the crime scene insects to 

those determined in the experiment insects. A reasonable estimate of the crime scene 

cadaver concentration could be made by determining which experiment cadaver 

concentration produced the most similar insect concentrations. This should be the 

emphasis of future experiments into the application of fly larvae for quantitative 

toxicological analysis. 
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