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Abstract

This research has focused on the development of analytical methods for the 

quantification of benzodiazepines and opiates in forensic samples. Both these classes 

of drugs are regularly encountered in forensic toxicology, especially in cases of fatal 

heroin overdose, and thus quantitative methods for their analysis are particularly 

relevant.

Chapter 1 outlines the nature of the heroin problem in Australia and the different 

drug policies currently employed to help reduce the problems associated with heroin 

use and overdose. The involvement of metabolic factors and CNS depressants, such 

as benzodiazepines, in heroin overdose is discussed. An introduction to post-mortem 

drug analysis, as well as a comprehensive review of previously published methods 

for the analysis of heroin, its metabolites and benzodiazepines in biological samples, 

is presented.

Chapter 2 describes procedures for the synthesis of commonly encountered 

morphine and benzodiazepine metabolites as an alternative to purchasing these 

metabolites commercially. Yields of 48, 25, 74 and 70% were obtained for M3G, 

M6G, 7-aminonitrazepam and 7-aminoclonazepam respectively.

Chapter 3 documents the development of a rapid capillary zone electrophoresis 

(CZE) method for the analysis of nine benzodiazepines using dynamically prepared 

doubly-coated capillaries, consisting of a polycation of 

poly(diallyldimethylammonium chloride) (PDDAC) and a polyanion of dextran 

sulfate (DS). The addition of cyclodextrins to the background electrolyte (BGE) was 

also investigated as a means of improving analysis time. The validated method was 

successfully applied to the analysis of spiked beverages, with run times of less than

6.5 minutes.

xiv



Chapter 4 describes the optimisation of a gradient HPLC separation of nine 

benzodiazepines using artificial neural networks (ANNs) in conjunction with 

experimental design. Various outputs and types of training data were investigated to 

yield the most appropriate ANN, which gave predictive errors of less than 5% for six 

of the nine analytes studied. A novel chromatographic function was also developed 

as a means of assessing the quality of chromatographic separations. The optimised 

method was validated for blood and successfully applied to authentic post-mortem 

samples. The limits of detection of the method ranged from 0.0057 to 0.023 pg/mL, 

and recoveries were in the order of 58 - 92%.

Chapter 5 details the development of a simple and rapid HPLC method for the 

simultaneous determination of morphine, M3G, M6G and codeine. Following SPE, 

the analytes were determined in post-mortem blood samples taken from heroin- 

related deaths. Cases involving the use of benzodiazepines in conjunction with 

heroin were found to have lower ratios of M6G/MOR and M3G/MOR, suggesting 

rapid death following heroin administration. M6G/M3G ratios were calculated to 

investigate the possible contribution of M6G towards heroin overdose with respect to 

its potential analgesic activity. M6G/M3G ratios were higher in cases involving the 

use of heroin only.
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Introduction



1 Introduction

1.1 Summary

Heroin (diacetylmorphine) use may be regarded as a significant illicit drug problem 

in Australia. Heroin users are at a greater risk of premature mortality than their non­

heroin-using peers, and although there are a number of factors that may contribute 

towards this excess mortality, overdose remains the leading cause. The repercussions 

of heroin overdose extend far and wide, and are not merely limited to heroin users 

themselves. Public health and economic implications affect the entire community, 

rendering prevention of overdose a concern for the whole of society. In this 

introductory chapter, the nature of the heroin problem in Australia is discussed, as 

are the various drug strategies employed by the Australian government to help 

reduce the problems associated with heroin use and overdose.

While heroin overdose is widely regarded as a cause for concern, the reasons for fatal 

heroin overdoses are frequently unclear from the analysis of opioids present in post­

mortem blood. In a significant number of heroin-related fatalities, the morphine 

concentrations found are no greater than many non-fatal overdoses and, in some 

cases, may even be below toxic levels. In addition, the blood morphine 

concentrations found in heroin overdoses exhibit a large amount of variation between 

cases. One reason for these observations may be the ambiguous reporting of either 

free morphine or total morphine (morphine plus the glucuronide metabolites) 

concentrations, which limits the interpretation of heroin-related fatalities. 

Interpretation is further confounded because morphine-6-glucuronide (M6G) is 

pharmacologically active, while morphine-3-glucuronide (M3G) has been shown to 

antagonise opioid effects. These two metabolites may therefore play a vital role in 

the mechanism of heroin overdose. Numerous methods have been published for the 

simultaneous analysis of these analytes, however there is limited data available 

concerning their concentrations and ratios in the post-mortem blood of heroin-related 

fatalities. A method capable of quantifying morphine, M3G and M6G in post-
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mortem samples may help to establish a relationship between heroin concentration 

and effects, and allow the possible contribution of M3G and M6G to be explored in 

more detail.

Cases in which morphine is the only drug detected at autopsy represent a minority of 

heroin overdoses. Estimates suggest that over a third of injecting drug users currently 

use benzodiazepines and, as a result, they are frequently encountered in addition to 

morphine in heroin-related fatalities. The concomitant use of heroin and 

benzodiazepines has a significant impact on the likelihood of an overdose. Since the 

depressant effects of benzodiazepines and heroin are additive, the co-administration 

of these two drugs may increase the likelihood of a fatal heroin overdose through the 

potentiation of respiratory depression. As a result, less heroin may be needed to 

produce a fatal outcome in the presence of benzodiazepines. Given the importance of 

benzodiazepines and morphine-related analytes in forensic toxicology, there have 

been numerous methods developed for their analysis in biological specimens, and an 

extensive review of these methods is presented in this chapter. While the analysis of 

benzodiazepines has been studied extensively, it has primarily focused on HPLC 

separations, and novel approaches employing emerging analysis and optimisation 

techniques are rarely explored. Further research into these areas could enable 

significant advantages in method development, optimisation and sample throughput 

to be realised.

1.2 Origin of Heroin Production

Opiates are naturally occurring alkaloid analgesics obtained from the opium poppy 

papaver somniferum, and include morphine and codeine [1]. The opium poppy 

flourishes in dry, warm climates and is found in the Middle East, Southeast Asia and 

parts of Central and South America. Morphine, the principal component of opium, 

was the first alkaloid to be isolated in pure form [2], Natural and semisynthetic 

alkaloids prepared from opium are classified as opioids. Also included under this 

classification are synthetic compounds whose pharmacological effects, rather than 

structure, are similar to those of morphine [1]. Many of these semisynthetic opiate
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derivatives are made by relatively simple modifications of morphine. For example, 

heroin can be obtained synthetically by acetylation of the hydroxyl groups of 

morphine at the 3- and 6-positions with acetic anhydride as shown in Figure 1-1.

ChLCOO

ChLCOO
Morphine Heroin

Figure 1-1 Synthesis of heroin from morphine

The first synthesis of heroin was in 1874 by C.R. Wright [3]. Finding that heroin did 

not produce many of the common morphine side effects, it was marketed as an 

analgesic by the Bayer pharmaceutical company in 1898 as a “less addicting 

morphine substitute” [4]. However, while heroin was a more effective analgesic than 

morphine, over time it was found to possess greater toxicity. In particular, heroin was 

found to have a more pronounced respiratory depressant effect, and physical 

dependence and tolerance were produced more rapidly with heroin than with 

morphine [5].

In Australia, the Standard for the Uniform Scheduling of Drugs and Poisons 

classifies drugs and poisons into nine Schedules, with Schedule 1 drugs subjected to 

minimal regulation and control, and the maximum level of control for Schedule 9 

drugs. Heroin is classified as a Schedule 9 drug: “poisons which are drugs of abuse, 

the manufacture, possession, sale or use of which should be prohibited by law” [6]. 

Prior to 1953, heroin was available on prescription in Australia as a treatment for 

pain, until pressure from the World Health Organization resulted in its prohibition 

[7]. Since then, the use of heroin in Australia has been prohibited and confined to the 

domains of the illicit drug user. Overseas, legislation prohibits the use of heroin for
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recreational purposes, however some countries (e.g. Canada and the United 

Kingdom) allow exceptions for its clinical use in the management of chronic pain in 

terminally ill patients [1]. UK legislation also allows for the prescription of heroin to 

treat heroin dependence.

As a result of the manufacturing process, illicit heroin may contain several related 

opium alkaloids and synthetic artefacts, including acetylmorphine, acetylcodeine, 

codeine, papaverine, and morphine [1]. Before being sold on the street, heroin is 

usually “cut” with various diluents, such as sugars, to add bulk. Other additives may 

include caffeine and paracetamol [8]. Illicit heroin is produced in three major 

regions, as shown in Figure 1-2: the Golden Triangle, which encompasses Myanmar, 

Laos and Thailand; the Golden Crescent, which includes Afghanistan, Turkey and 

Pakistan; and Central and South America, of which the two major opium-producing 

countries are Colombia and Mexico. Australia has traditionally been a Golden 

Triangle customer, and Myanmar is the most important source of heroin for the 

Australian drug market. The majority of drugs not consumed within the Golden 

Triangle are transported into Australia through Malaysia, Singapore and Vietnam [9]. 

In 2002, Myanmar produced over 800 tonnes of heroin, and Afghanistan, another 

major supplier of heroin to Australia, produced more than 3000 tonnes [10]. In 

comparison with Afghanistan and Myanmar, Colombia and Mexico are minor 

producers of opium, with average annual productions of about 130 tonnes [10]. Due 

to its close proximity to the United States, drug trafficking routes from this region are 

focused on the North American continent, and very little Central and South 

American heroin reaches Australia.
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1.3 Nature and Extent of the Heroin Problem

There have been estimated to be between 67 000 and 92 000 dependent heroin users 

in Australia, who are typically daily, or near-daily injectors of heroin and of other 

opioid and sedative drugs when heroin is not available [ 11 ]. Heroin users are at a 

greater risk of premature mortality than their non-heroin-using peers, with yearly 

mortality rates estimated at between 1% and 3%. This translates into a rate six to 

twenty times greater than that expected among peers of the same age and gender

[12]. Although there are a number of factors that may contribute towards this excess 

mortality, such as HIV, hepatitis and violence, overdose remains the leading cause of 

death among heroin users.

In the decade to 1999, deaths from heroin overdose increased steadily, from 302 in 

1989 to 960 in 1999, representing a tripling of the overdose rate [13]. Since reaching 

a peak in 1999, there has been a decline in the number of heroin fatalities in Australia 

(refer to Figure 1-3), which may in part be due to a reduction in the availability of 

heroin over this period. This so-called heroin ‘drought’ was thought to be caused by 

failing crops in Asia and Afghanistan, the low value of the Australian dollar, the 

success of policing aimed at reducing local and overseas supply, or the cyclical end 

to the heroin ‘glut’ that was experienced pre-1999 [14]. Official reports, based on 

market indicators and interviews with heroin users, suggest that since 2002, heroin 

consumption has again been on the rise, yet still remaining lower than pre-1999 

levels [15]. In NSW, the price of heroin fell from $320/g in 2001 to $300/g in 2002 

[15], suggesting that the rise in consumption may be the result of an increase in 

supply on the Australian drug market. Along with this escalation in the availability 

and consumption of heroin in Australia, come fears that the number of heroin-related 

fatalities will again increase.
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Figure 1-3 Number of opioid overdose deaths in Australia among 15-44 yr olds, 1996-2001

Source: Special Counterdrug Summary [9]

For every fatal overdose, there are estimated to be another 31 that have a non-fatal 

outcome [16]. Interviews with clients of the Sydney Medically Supervised Injecting 

Centre found that 45% had experienced at least one non-fatal heroin overdose [17]. 

The reason why some overdoses result in death and some do not remains unclear. In 

some instances, an otherwise fatal overdose can be avoided with prompt medical 

treatment and the administration of the antagonist naloxone. Its high lipid solubility 

means it is readily absorbed, allowing it to rapidly enter the CNS and normalise 

respiration within 1 - 2 minutes [4].

The repercussions of heroin use and overdose are not merely limited to the heroin 

users themselves, with public health, crime and economic implications affecting the 

entire community. In the period 1988 to 1992, health service costs rose from $908 

million to $1248 million [18], due to an increase in demand for hospital and 

ambulance services by illicit drug users. Despite a recent reduction in the number of 

heroin-related deaths, health costs still remain high, as the number of non-fatal 

heroin overdoses attended by ambulance continues to greatly outnumber fatalities 

[19]. In addition to economic considerations, the spread of blood-borne viruses, such 

as HIV and hepatitis, is a social concern for the community. Between 60 - 65% of
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heroin-related fatalities test positive for hepatitis C [20, 21], and this figure is 

probably similar for current users. As a consequence of its illicit nature, heroin use is 

invariably associated with crime in society. The total cost of heroin-related crime in 

Australia has been estimated to be between $535 million and $1.6 billion per annum, 

with property crime losses, as a consequence of illicit drugs, accounting for 32% of 

the total cost of law enforcement [22]. A survey of heroin users in Sydney indicated 

that illegal activities, predominantly acquisitive property crime and the sale and 

distribution of illicit drugs, accounted for 82% of the sample’s income [22].

1.4 Drug Policy

Each country is responsible for its own drug policy, which dictates its legal 

standpoint regarding drug use, outlines strategies to achieve its overall goal, and 

provides remedies if the law is contravened. The prohibition model, favoured by 

countries such as the United States and Sweden, regards drug use as a criminal and 

moral issue, rather than one of public health. The strategies implemented under this 

zero-tolerance approach are abstinence-based programs, and the issue of heroin 

overdose is addressed through law enforcement strategies that are directed towards 

influencing the supply of the drug [23]. However, there is little evidence to suggest 

that supply-based law enforcement strategies have any marked difference on the 

availability of heroin [14, 24, 25]. Reducing supply causes an increase in price, 

which may only increase revenue to drug dealers, prompt users to commit crimes to 

fund their addiction, or increase demand for other potentially more harmful drugs 

[26]. At the other end of the spectrum is drug legalisation or decriminalisation. Some 

countries take this approach and legalise or decriminalise certain recreational drugs 

which society consider to be “soft”, such as alcohol, tobacco, and in some instances 

cannabis, whilst continuing to prohibit the “harder” recreational drugs. For example, 

the consumption of small amounts of cannabis is legal in The Netherlands, however 

consumption and possession of heroin is still illegal. Opponents of this approach 

believe that legalisation would lead to increased drug consumption, resulting in 

reduced productivity, and spread of disease. However, supporters believe that drug
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consumption would not increase, since society is tending to move away from the use 

of other harmful but legal drugs such as tobacco.

Somewhere in between these two extremes lies the harm minimisation approach, 

which has been Australia’s official drug policy since 1985. Rather than focusing on 

the elimination of drugs from society, the goal of harm minimisation is to reduce the 

adverse consequences associated with drug use for both the community and the 

individual drug user. Illicit drug use is not encouraged under harm minimisation, 

however governments acknowledge that where drug use is going to occur, they have 

a responsibility to implement public health and legal strategies to minimise the harm 

associated with this practice. For this reason, drug use is viewed as a public health, 

rather than criminal or legal issue.

Strategies aimed at educating the community about the consequences of drug use, in 

an endeavour to deter this practice, are a key component of the government’s harm- 

minimisation approach. Substitution-based programs are another important strategy. 

These programs aim to reduce illicit drug use through the provision of legal 

substitutes, which include the opioid agonist methadone, the partial opioid agonist 

buprenorphine and the opioid antagonist naltrexone. Supervised injecting facilities 

(SIFs) are another strategy aimed at preventing overdose and reducing the risk of 

death or serious injury by allowing drugs to be injected in a supervised environment 

where appropriate medical treatment can be sought in time. As evidence of this, the 

Sydney Medically Supervised Injecting Centre, which ran from May 2001 [17] to 

April 2003, managed 450 heroin overdoses on site with no fatalities [27]. SIFs also 

enable appropriate disposal of needles and syringes, ensuring a safer environment for 

the community, and the provision of clean injecting equipment to reduce the spread 

of blood-borne viruses. Finally, support groups, such as Family Drug Support, may 

assist families isolated by the stigma of drug-related deaths and advocate various 

support and treatment options [28].
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1.5 Contributing Factors in Heroin Overdose

The primary mechanism involved in heroin overdose is opioid-induced depression of 

respiration with resulting hypoxia and death [29]. Although the mechanism of 

overdose is clear, speculation surrounds the exact cause of heroin overdose. An 

overdose is often described as being the result of a quantity or quality (purity) of 

heroin in excess of the person’s current tolerance to the drug [30, 31]. However, 

post-mortem observations suggest that this definition may be over-simplistic. 

Overdose deaths resulting from a large, or highly pure intake of heroin should 

correspond to relatively high blood morphine concentrations at autopsy. Yet, a large 

proportion of overdose cases possess morphine concentrations no greater than those 

found in non-fatal overdoses [32], with some cases even reported to be below toxic 

levels [30, 31], This large variation could be a result of incomplete metabolism of 

morphine due to differing survival times after heroin injection and ambiguous 

reporting of the morphine concentration data. However, it may also be attributed to 

hypersensitivity reactions, heroin contaminates, metabolic variations, drug 

interactions, reduced tolerance and systemic dysfunction.

1.5.1 Hypersensitivity, Contamination and Batches

It is often suggested that death is not a consequence of any pharmacological action of 

heroin, but is due to the presence of toxic contaminants in low purity heroin [30]. 

Heroin users themselves believe that variations in purity are the major cause of non- 

fatal and fatal overdoses [31], however most additives in street-grade heroin are 

relatively harmless, and some even enhance the drug effect [8]. For example, 

caffeine can increase the bioavailability of heroin hydrochloride when smoked. A 

study conducted between 1993 and 1995 [8] found the mean purity of street-grade 

heroin samples to be 66%, with 85% of samples having an average purity of at least 

50%. The main adulterants were pharmacologically inactive diluents to add bulk, or 

pharmacologically active adulterants used enhance drug effect. Similar results were 

found for another study, which found the purity of police heroin seizures to range 

between 62 and 71% [33].
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Similarly, there is little evidence to support the claim that overdoses are caused by 

hypersensitivity reactions. While anaphylaxis may occur in a small number of cases, 

large-scale studies into heroin-related fatalities have shown no evidence of 

anaphylactic shock [20]. There is also little support for the theory that a particular 

batch of heroin may be responsible for overdose deaths. Ambulance officers, 

witnesses and drug and alcohol workers have consistently observed that a batch of 

heroin, which resulted in a fatal outcome for one person, did not do so for another 

[34].

1.5.2 Systemic Dysfunction

A number of systemic diseases may be responsible for an increase in susceptibility to 

heroin overdose. Hepatic disease has been shown to slow the clearance of morphine 

in patients receiving morphine therapy. It is therefore possible that heroin users 

suffering substantial liver damage may experience prolonged periods of heavy 

intoxication, thereby increasing their risk of respiratory depression [13]. Opioid users 

with reduced pulmonary function may be at greater risk of overdose as they are more 

vulnerable to fatal respiratory depression. Heroin users are particularly at risk of 

suffering from impaired pulmonary function as a result of smoking and increased 

susceptibility to infection [l 3].

1.5.3 Reduced Tolerance

Tolerance is an important, but complex factor to consider when examining the cause 

of heroin overdoses. Research has shown that fatal heroin overdoses are more 

prevalent in cases of low tolerance, where considerably less heroin was being used in 

the months preceding death [13]. Tagliaro et al. [35] measured morphine 

concentrations in the hair of heroin overdose victims to determine their degree of 

tolerance. They found that most fatal overdoses had hair morphine contents lower 

than those found in the hair of active consumers, suggesting that a fatal overdose was 

more likely when tolerance was low. Similar findings were also found by Kronstrand 

et al. [36]. This effect is also observed in a clinical setting during chronic pain 

therapy, whereby a patient may require doses of several grams of morphine in
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divided doses each day, which would be a life-threatening dose to an opioid-naive 

subject [37]. Apart from periods of abstinence, there are other situations that may 

cause a reduction in tolerance. Tolerance may be modified by learning or 

conditioning, so that administration of an opioid in an environment not previously 

associated with administration of the drug will be associated with a lower degree of 

tolerance [38-42]. In a study by Gutierrez-Cebollada et al. [32], it was found that 

52% of non-fatal overdose subjects had administered the drug in an unusual setting 

prior to the overdose. The risk of overdose is also higher following transition periods 

when tolerance is low, e.g. starting and temporarily discontinuing methadone 

treatment [43], and release from prison [13].

On the other hand, overdoses have also been shown to occur in older, more 

experienced users who presumably have a high tolerance to the drug [31]. One 

explanation is that tolerance to the respiratory depressive effect of heroin may be 

incomplete and slower to develop than tolerance to the euphoric effects [13, 29]. An 

experienced heroin user, who increases the dose as tolerance develops, may be at a 

higher risk of overdose since the dose sufficient for respiratory depression is less 

than the dose required to achieve the desired effects [13].

1.5.4 Metabolic Variations

Heroin is first metabolised to the pharmacologically active 6-monoacetylmorphine 

(6MAM) and morphine, before uridine diphosphate-glucuronosyltransferase 

(UDPGT) enzymes metabolise it further to the main metabolites, morphine-3- 

glucuronide (M3G) and morphine-6-glucuronide (M6G), of which only M6G is an 

agonist. The pharmacological action of morphine and M6G and their effects are 

discussed in detail in a subsequent section. Since morphine and M6G possess 

analgesic activity, it is possible that high levels of these two metabolites may be 

associated with increased CNS depression and a greater risk of respiratory failure. 

This idea is supported by clinical studies, which attribute inter-patient variations in 

analgesia to wide differences in plasma concentrations of morphine and M6G in 

patients receiving morphine for pain [44-49], To further confound matters, the most
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prevalent metabolite, M3G, may even antagonise the respiratory depressant and 

analgesic effects of M6G and morphine [44, 50, 51]. The combination of several 

active metabolites and one antagonist translates into a considerable potential for 

inter-individual and possibly intra-individual differences in drug effect due to genetic 

variations in the amount of each metabolite produced. The contribution of M3G and 

M6G towards heroin overdose could be explored in greater detail through the post­

mortem analysis of the individual glucuronide metabolites. Unfortunately, in many 

cases the morphine concentration reported is ambiguous, as the concentration may be 

that of total morphine (morphine plus M3G and M6G) or unconjugated free 

morphine only.

1.5.5 Drug Interactions

Cases in which morphine is the only drug detected at autopsy represent a minority of 

heroin fatalities [12], with one Australian study finding drugs in addition to morphine 

in 86% of cases [20]. Of particular concern is the co-administration of other 

depressant drugs, such as benzodiazepines and alcohol, which can increase the 

likelihood of a fatal overdose due to potentiation of the respiratory depressant effects 

of heroin [30]. The mechanism by which this is likely to occur involves the major 

excitory neurotransmitter of respiration, glutamate, and the major inhibitory 

neurotransmitter, gamma (y)-aminobutyric acid (GABA). Benzodiazepines and 

alcohol facilitate the inhibitory effect of GABA, and alcohol decreases the excitory 

effect of glutamate [29].

Benzodiazepines are used clinically in the treatment of anxiety, insomnia, epilepsy, 

and as muscle relaxants [52]. Estimates suggest that greater than one third of 

injecting drug users currently use benzodiazepines [53], with diazepam and 

temazepam being the most common [53, 54]. Since the depressant effects of 

benzodiazepines and heroin are additive, less heroin may be needed to produce a 

fatal outcome in the presence of benzodiazepines. The co-administration of 

benzodiazepines with heroin has a significant effect on the likelihood of an overdose, 

and the following proportions of heroin fatalities that were positive for
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benzodiazepines have been reported: 33% [31], 26% [55], 44% [56], 28% [57], 45% 

[20], and 71% [21]. The most common reason cited for benzodiazepine use by heroin 

users is to enhance the feeling of high from the opiates, while a small proportion use 

benzodiazepines to reduce opiate withdrawal symptoms [58]. Far from being 

obtained illegally, they are often prescribed, with approximately 30% of heroin users 

obtaining benzodiazepines through legal prescriptions [59]. Around 26% of heroin 

users who had ever used benzodiazepines are deemed to be benzodiazepine 

dependent [60], and are therefore at a greater risk of experiencing a fatal heroin 

overdose.

The combination of heroin with alcohol is another common post-mortem 

observation, with the following proportions of heroin fatalities testing positive for 

alcohol being reported: 33% [31], 74% [61], 45% [55], 41% [56], 50% [57], 36% 

[20], 33% [21], and 38% [62]. In combination with alcohol, heroin can cause 

respiration to slow or even cease, and a smaller than usual dose may be required to 

exert a fatal effect [63].

1.6 Post-mortem Drug Analysis

In systematic toxicological analysis (STA), the major task is to detect and identify 

unknown substances in a given biological matrix. Since the number of potentially 

toxic drugs and chemicals exceeds seven million [64], a rational chemical-analytical 

approach is necessary. The drug-screening process can be divided into two stages - 

sample preparation and analysis. In a post-mortem setting, putrefactive compounds 

and the decomposed nature of specimens limit the applicability of clinically validated 

assays [65]. As a result, special consideration must be given to sample preparation 

and analysis when post-mortem specimens are involved.

1.6.1 Specimen Selection

Post-mortem specimens are often selected based upon availability and apparent cause 

of death, and can range from commonly encountered specimens, such as blood, bile 

and liver, to less common specimens, such as bone. While most methods validated
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for plasma, serum or urine are interchangeable, post-mortem blood can present 

problems in most of these methods due to its higher viscosity and often variable 

condition [65]. So, although blood is generally a readily available specimen, it may 

not be the specimen of primary choice. Liver is the specimen most frequently used in 

post-mortem toxicology, and often the drug test results supplement blood toxicology 

data [65]. Urine is often a screening specimen, however bile may be used when urine 

is not available, as it contains high concentrations of a number of drugs, including 

morphine and benzodiazepines [65]. Vitreous humor (VH) is an easily prepared 

sample, as it contains very little protein, and is often analysed to supplement blood 

alcohol concentrations [65], To determine exposure to drugs over a period of weeks 

or months, hair and nail specimens can be collected and analysed, since they offer a 

wider window of detection than other biological specimens.

1.6.2 Extraction

The purpose of an extraction step is to selectively remove the compound of interest 

from the biological matrix and leave behind unwanted materials [66]. Prior to 

chromatographic determination of drugs in blood, cells and proteins have to be 

removed. The traditional method for isolating a range of basic and neutral drugs from 

biological specimens is a single-step liquid-liquid extraction (LLE) extraction from 

basic pH. Protein precipitation, by the use of organic solvents, inorganic salts, 

metallic ions or acids, is also a common method [67]. The relative order of 

effectiveness of organic solvents in precipitating proteins is acetonitrile > acetone > 

ethanol > methanol, which is roughly inversely related to their polarity [66].

Solid-phase extraction (SPE) applications have traditionally been limited to plasma, 

serum and urine, with difficulties arising with the use of SPE for whole or post­

mortem blood since red blood cells tend to clog the column [68]. As many drugs are 

bound to red blood cells, direct application of blood onto the SPE column often 

results in variable recoveries, so pre-treatment (e.g. protein precipitation) is often a 

necessary step to release drugs from the biological matrix [67]. Factors that may 

affect the behaviour of drugs during SPE include sorbent, pH of the sample and
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extraction system, the clean-up step, properties and volume of eluent and flow rate of 

the eluent [67], SPE has a number of advantages over LLE, including higher 

selectivity, cleaner extracts, no emulsions, more reproducible results, reduced solvent 

usage and the ability for automated analysis [67].

1.6.3 Analysis

Immunoassay screening techniques can be used in post-mortem toxicology, however 

where putrefaction has occurred, false negative results may be obtained. False 

positive results for amphetamines may also occur due to the presence of amine 

putrefaction products [65]. Although immunoassays have the advantage of low cost, 

high throughput and simplicity, problems with cross-reactivity restrict their 

application to screening for drugs of abuse.

Confirmation can be achieved by GC with MS or DAD detection, however 

hydrolysis of conjugated metabolites and derivatisation prior to extraction is 

necessary, resulting in a time-consuming analytical procedure. Reversed-phase 

HPLC on octyl- or octadecyl-silica with gradient elution is the most popular 

technique used in STA [64] since it reduces the need for time-consuming sample 

preparation steps, and allows the separation of both hydrophilic and lipophilic 

analytes. MS offers selectivity by the use of selective ionisation techniques. Soft 

ionisation methods, such as electrospray ionisation (ESI) and atmospheric pressure 

chemical ionisation (APCI), as well as tandem MS methods, can enable LOQs in the 

pg - ng/mL range to be achieved [69]. However, the relatively high cost of MS 

means that other detectors, such as UV or DAD, are still widely used.

1.6.4 Post-mortem Considerations

Extended post-mortem periods before specimen collection and/or inadequate or 

prolonged storage before analysis can present problems concerning stability and 

redistribution. Many drugs are known for their unstable nature e.g. 

nitrobenzodiazepines, however, when specimens are stored at -20°C or lower and 

analysed promptly, post-mortem changes of many drugs can be minimised.
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Morphine is relatively stable in unpreserved specimens when frozen, but shows 

significant losses when stored at 4°C or higher for more than a few days [65]. Its 

glucuronides are also relatively stable in blood [70, 71]. Since the extent of chemical 

change in the post-mortem interval, or post-mortem metabolism may affect the 

interpretation of results, it is important to know the stability of drugs in biological 

tissues.

Disruption of cellular membranes following death causes increased drug 

concentrations in blood due to diffusion from other sites. This process of 

redistribution is significant for highly lipid soluble drugs, or drugs with a high tissue 

concentration relative to blood. Cardiac blood is the most affected collection point, 

so to reduce the variability in post-mortem drug concentrations, it has been 

recommended that femoral blood be collected where possible to provide a more 

representative concentration at the time of death [65].

1.7 Drugs of Interest

Benzodiazepines and morphine-related analytes are regularly encountered in forensic 

toxicology, especially in cases of fatal heroin overdose. The involvement of heroin 

metabolites and benzodiazepines in heroin overdose warrants investigation, thus 

analytical methods for their analysis are highly relevant. For this reason, the drugs of 

interest in this research were the metabolites of heroin, specifically M3G and M6G, 

and benzodiazepines.

1.7.1 Heroin and Metabolites

1.7.1.1 Structural Features of Heroin and Related Compounds

Heroin and other structurally related opioids are phenanthrene derivatives, consisting 

of 5 fused ring systems. Cl-4, 11 and 12 form an aromatic ring, with the O bridge 

between C4 and C5 forming a furanoide-type ring. The methylamine chain connects 

C9 and C13 to form an V-methylpiperidine ring across the phenanthrene skeleton [5]. 

Variation of the substituent at the 3- and 6-positions affords a variety of related
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opioids with different receptor binding properties and analgesic activity. Some of 

these structurally related opioids are depicted in Table 1-1. It has been demonstrated 

that the free phenolic hydroxyl group at position 3 is an essential requirement for 

opioid receptor binding [72, 73]. This is supported by studies which have found that 

compounds with a substituent at the 3-position, such as M3G, have little affinity of 

for opioid receptors [73, 74]. However, decreasing the length of the alkyl chain of 

those substituents at position 3 may increase receptor-binding affinity [75, 76]. The 

chemical group at position 6 appears to have little effect on binding [73, 75], but it 

may affect the receptor selectivity [72].

Table 1-1 Structures of some compounds chemically related to heroin

Compound R, (C3) R2(C6)

Heroin OCOCH3 OCOCH;

Morphine OH OH

Morphine-6-glucuronide OH OC6H90;

Morphine-3-glucuronide OC5H9O5 OH

Codeine OCH3 OH

Codeine-6-gIucuronide OCH3 0C6H90;

Dihydrocodeine OCH3 OH

Dihydrocodeine-6-glucuronide OCH3 0C6H90;

Hydrocodone OCH3 =0

Hydromorphone OH =0

The tertiary amino group accounts for the basicity of opioids, with typical pKa values 

ranging between 7.6 and 8.9. This ensures a degree of protonation at physiological 

pH, which is believed to facilitate the interaction with receptors [1].
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1.7.1.2 Pharmacological Action and Effects

Heroin is usually administered as the hydrochloride salt by intravenous or 

subcutaneous injection, or nasal insufflation [3]. The salt is generally not smoked 

since it has a relatively high melting point and tends to decompose, thereby reducing 

its bioavailability. By comparison, the free base form is often smoked since it will 

vaporise readily without decomposition at lower temperatures than heroin 

hydrochloride [8]. A recovery rate of only 17% has been reported when heroin 

hydrochloride was smoked, compared to 62% for heroin base [8].

The analgesic effects of heroin are attributed to the combined effects of 6MAM and 

morphine [1]. Following heroin injection, users often report feeling a “rush” that 

lasts only one or two minutes. This sensation is thought to be caused by the injected 

heroin crossing the blood-brain barrier (BBB) before being distributed by the 

bloodstream and converted into morphine. After the rush, the high lasts for four or 

five hours and is caused by the morphine diffusing from the bloodstream into the 

brain. Heroin and its biotransformation products exhibit their effects as agonists on 

the p, k and 5 receptors in the CNS. Interactions with p receptors cause central 

depression, consisting of supraspinal (pi) and spinal (P2) analgesia, respiratory 

depression, delayed gastrointestinal motility, miosis, euphoria and hypothermia [1]. 

Binding to k receptors produces spinal analgesia, sedation, miosis, diuresis and mild 

respiratory depression. Most endogenous peptides interact with 5 receptors, and it is 

these interactions that produce the effects of spinal analgesia, dysphoria, delusions, 

hallucinations, and respiratory stimulation [1] sometimes associated with heroin use. 

Opioids may also bind to a receptors to produce central excitation, resulting in 

tachycardia, hypertension, tachypnea, mydriasis, and hallucinations [1].

Chronic administration of the drug may cause long-term effects, such as tolerance 

and physical dependence, to develop. Tolerance necessitates the consumption of 

larger quantities of the drug to achieve the desired effect. Opioid tolerance is initiated 

after the first dose, but is not usually significant until several weeks after chronic use

19



[1]. Physical dependence results in severe withdrawal symptoms, such as nausea, 

muscle spasms, cramps, anxiety, fever and diarrhoea if the drug is abruptly ceased. 

These withdrawal symptoms are most likely attributed to chemical imbalance, as 

neurons, which have become inhibited due to long-term drug use, begin producing 

neurotransmitters again. Other complications of chronic IV heroin usage include 

liver disease, pulmonary hypertension and peripheral nerve legions [3].

1.7.1.3 Metabolism and Pharmacokinetics

In trials involving the treatment of chronic pain, doses of 4 - 16 mg of heroin have 

been administered intravenously, however, addicted heroin users frequently consume 

single doses in the range 150 - 200 mg, and commonly require up to 500 mg or more 

per day [77]. Heroin has an analgesic potency two to three times that of morphine 

[78] and, due to the two acetyl groups, has better penetration across the BBB [1], 

crossing it within 15-20 seconds and achieving relatively high brain levels [78].

Following IV administration, heroin is rapidly metabolised via hydrolytic reactions 

to 6MAM, then further to morphine. Since morphine is relatively resistant to 

hydrolytic decomposition, further metabolism to the major metabolites M3G and 

M6G, as well as morphine-3-ethereal sulfate, occurs via synthetic reactions [5]. 

Minor metabolic pathways include formation of normorphine, morphine-3,6- 

diglucuronide and morphine V-oxide. Some of the metabolic pathways associated 

with heroin are illustrated in Figure 1-4. The extent of heroin metabolism is 

somewhat dependent on the route of administration, with routes avoiding first pass 

metabolism (e.g. IV, intramuscular, transdermal) producing fewer metabolites than 

other routes of administration (e.g. oral, sublingual) [79]. After administration of 

heroin in humans, 60 - 80% is excreted as morphine. 90% of this represents 

glucuronide conjugates [80], of which M3G is the most predominant. Extra-hepatic 

metabolism in the brain and kidneys, direct morphine elimination in urine, and 

excretion via other routes, such as faeces and perspiration, also occurs [44]. The 

prolonged effects of heroin are attributed to its active metabolites. The duration of 

action of the drug depends upon the distribution of the active metabolites throughout
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the body, their half-lives. Heroin has a volume of distribution (Vd) of 25 L/kg and a 

short half-life (ti/2) of 3 mins. 6MAM also has a short i\a of around 6-25 mins. The 

Vd of morphine is around 3-5 L/kg, its plasma clearance is 15-20 mL/min/kg, and 

its 11/2 is about 2 - 3 hrs [78].
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CH,COO

CH,COO

Heroin

Morphine-3-ethereal sulfate

Figure 1-4 Some metabolic pathways of heroin

Glucuronidation of morphine involves UDPGT in the liver, however there is 

evidence to suggest that there may be more than one type of UDPGT to catalyse the 

this reaction, which explains the different proportions of the 3- and 6-glucuronide.
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Since the 3-position represents a phenolic hydroxyl group, whilst the 6-position is an 

alcoholic hydroxyl group, it is possible that a different UDPGT catalyses the reaction 

at each position [81]. UDPGT isoenzymes are believed to be subject to genetic 

variation, which may account for the wide inter-patient variation in plasma 

concentrations of morphine, M3G and M6G in patients receiving morphine for pain 

[44], as well as subsequent decreased or increased analgesic effects [82].

Like morphine, M6G has a high binding affinity for the p opioid receptor [29], with 

a number of studies suggesting that it has analgesic activity [50, 83, 84], and some 

even suggesting that it is a more powerful agonist than morphine [72, 84]. While its 

potency has been described as 4 - 200 times greater than that of morphine [49], some 

human clinical data suggest that it has a lesser respiratory depressant effect than an 

equipotent dose of morphine [29]. There is also evidence from other studies that 

suggest M6G has no analgesic activity [85, 86]. Whilst M3G shows a lack of affinity 

for p, k and a opioid receptors [49, 51], it has been shown to antagonise some 

analgesic and respiratory depressive effects of morphine and M6G [44].

1.7.1.4 Analysis of Morphine and Metabolites in Biological 
Samples

The vast majority of published methods report the use of SPE for the extraction of 

morphine and its metabolites from biological samples, including whole blood, serum, 

plasma, cerebrospinal fluid, urine and vitreous humor. Less frequently used 

extraction methods include LLE [87-93], SPME [94] and immobilised antibodies 

[95]. In the past, M3G and M6G have suffered from poor recoveries with traditional 

LLEs from biological matrices, due to their pH-dependent nature and large 

difference in pKa compared with the parent drug morphine. The main reason for the 

prevalence of SPE for the extraction of morphine and its metabolites is its ability to 

recover M6G and M3G. Mixed-mode SPE cartridges, such as Bond Elut Certify, 

have both reversed-phase and cation-exchange mechanisms in operation, enabling 

analytes with a range of polarities and pWfs to be extracted simultaneously. Details
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of the various types of SPE cartridge employed for the extraction of morphine and its 

metabolites are given in Table 1-2.

Table 1-2 SPE cartridges used for the extraction of heroin metabolites from biological samples

Cartridge Type Brand Reference

c2 Baker [96-98]

Bond Elut [99-101]

c8 Bond Elut [71, 101-105]

Cl8 Bond Elut [101, 106-112]

Clean Up [113]

Nucleosil ODS-2 [114]

Sep-Pak [85,115-123]

Chromabond [124]

Ion exchange Bond Elut SCX [101]

Bond Elut CBA [125]

Oasis MCX [126-128]

Mixed Mode Bond Elut Certify [36, 63,98, 101, 129-140]

Clean Screen DAU [140, 141]

Isolute Confirm HCX [139]

Chromabond Drug [139]

Bakerbond narc-2 [139]

Polymeric Oasis HLB [142, 143]

A wide variety of techniques have been employed for the analysis of opiates in 

biological samples. The most common non-chromatographic techniques for urine 

and blood/plasma analysis are immunoassay screening methods, such as enzyme 

immunoassay (EIA) [36, 144-148], radioimmunoassay (RIA) [149], enzyme linked 

immunosorbent assay (ELISA) [150-152], radioimmunoassay (RIA) [63, 153, 154], 

radioreceptor assay (RRA) [63], fluorescence polarisation immunoassay (FPIA) 

[147, 155], cloned-enzyme donor immunoassay (CEDIA) [147, 148, 156] and 

fluoroimmunoassay [157]. Although immunoassays have the advantage of low cost, 

high throughput and simplicity, the problem of cross-reactivity among morphine,
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morphine metabolites and their analogues limits them to screening for drugs of 

abuse.

In terms of confirmatory techniques, the analysis of morphine and its metabolites in 

biological matrices is largely performed by HPLC with MS [96, 97, 99, 102, 103, 

107, 108, 111, 115, 116, 126, 141, 158-161] or MS-MS [110, 113, 143, 162] 

detection due to its high levels of sensitivity and specificity. The applications and 

advantages of LC-MS for the determination of heroin and related opioids (including 

morphine, M3G and M6G) was published in a review by Pichini et al. in 1999 [69]. 

Other detection methods include UV [106, 114, 121, 138, 142], fluorescence [71, 85, 

95, 100, 104, 105, 163, 164] and electrochemical detection [100, 117, 122, 139]. A 

handful of hyphenated detection methods (other than MS-MS) have been reported, 

and include ECD-F [112], F-UV [89, 125] and ECD-UV [120], Published HPLC 

methods, including extraction and recovery, chromatographic conditions, run times 

and detection limits for the determination of morphine, selected metabolites and 

related analytes in biological specimens, are presented in Table 1-3.

While there have been reports on the use of GC for the analysis of morphine and its 

metabolites [36, 61, 87, 88, 90-94, 128, 136, 137, 140, 146, 148, 165-172], this 

technique is not used as routinely as HPLC. The main reason for this is that the 

analysis of polar drugs, such as the morphine glucuronides, requires a derivatisation 

step, which can cause the sample preparation process to become lengthy and tedious. 

CE is an emerging technique in toxicology and, as such, its application to the 

detection of morphine and its metabolites in biological samples has been reported 

[101, 129-135, 173-179]. However, as opposed to techniques such as HPLC and GC, 

CE is not used routinely in toxicological analyses due to its inferior sensitivity.
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1.7.1.5 Toxicological Data

There is often great variation in the blood morphine concentrations found in cases of 

fatal heroin overdose, with some fatalities possessing concentrations of as little as 10 

ng/mL, and others with concentrations up to 4000 ng/mL [3, 35]. This large variation 

is most likely attributed to incomplete metabolism of morphine as a result of 

differing survival times after heroin injection, however it may also be due to the 

ambiguous reporting of free morphine or total morphine (the sum of morphine, M3G 

and M6G), which gives limited information. For comparative purposes, Table 1-4 

illustrates the free and total morphine concentrations found in the plasma of fatal 

heroin overdoses, rapid fatal overdoses and non-fatal overdoses. Where available, the 

ratio of free morphine (MORfree) to total morphine (MORtot), which may indicate the 

survival time after exposure to heroin, is also reported. Since the extent of 

metabolism is less following a rapid death compared to a delayed death, higher 

MORfree/MORtot ratios may be indicative of rapid deaths following heroin 

administration.

The ratio between the molar concentration of M6G or M3G to morphine has also 

been suggested as a means of assessing the time elapsed since heroin or morphine 

administration [104, 108, 164], with lower ratios of M6G/MOR or M3G/MOR 

indicative of a shorter survival time after administration. High levels of M6G may be 

associated with chronic exposure to heroin, since M6G may accumulate with 

repeated administration of the drug [181]. Therefore, determination of the individual 

glucuronide metabolites may give a clearer picture as to the cause of heroin 

overdose, since it enables an estimation regarding survival time to be made, and it 

may indicate if death was a result of chronic or first-time administration of heroin. 

Table 1-5 summarises the few studies that have reported molar ratios and 

concentrations of morphine, M3G and M6G in heroin fatalities.

A number of studies have focused on the determination of morphine glucuronide 

concentrations in patients receiving morphine therapy in an attempt to account for

34



variations in analgesia, or to better understand the mechanism of tolerance. As seen 

in Table 1-6, morphine therapy patients can tolerate concentrations that would be 

fatal in some cases of heroin overdose. In addition, the concentrations of M3G and 

M6G are generally higher in these patients compared with heroin fatalities.
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Table 1-5 Concentration ranges and molar ratios for MOR, M3G and M6G in heroin fatalities

Ref. MOR cone.

(ng/mL)

M3G cone.

(ng/mL)

M6G cone.

(ng/mL)

M3G/MOR

molar ratio

M6G/MOR

molar ratio

M3G/M6G

molar ratio

[120] 380

(70-930)

500

(160-1040)

140

(90-290)

n/a n/a n/a

[71] 184

(117-312)

610

(478-775)

59

(50-104)

2.9

(2.02-3.50)

0.33

(0.12-0.46)

n/a

[70] 310 ±220

(60-800)

610 ± 570

(130-2220)

130 ±110

(20-500)

n/a n/a n/a

[108] 265 ± 323 395 ±226 139 ±73 2.8 ±4.0 1.6 ±3.6 3.3 ± 1.7

(8-1539) (111-941) (32-332) (0.30-15.6) (0.06-16.78) (0.70-6.88)

[104] 665 1862 780 2.52 1.2 0.49

(232-1700) (481-5800) (316-2300) (1.11-7.76) (0.34-2.85) (0.23-0.78)

[160] 127

(118-136)

126

(124-127)

30

(28-32)

0.62

(0.58-0.65)

0.15 n/a

[35] 273 ± 189

(60-894)

n/a n/a n/a n/a n/a

Where available, data are presented as mean ± standard deviation (range) 

n/a - not available or not described
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Table 1-6 Concentration

therapy patients

i ranges and molar ratios for MOR, M3G and M6G in morphine

Ref. MOR cone. M3G cone. M6G cone. M3G/MOR M6G/MOR M3G/M6G

(ng/mL) (ng/mL) (ng/mL)

[45] 36 ±53 1075±1352 219 ± 325 39.2 ±24.4 7.2 ±5.0 6.1 ±2.7

(3-320) (54-9640) (9-2287) (7.7-126.3) (0.7-30.8)

[49] 79.8 ±91.0 1625±1495 228 ± 182 34.2 ±28.0 4.5 ±4.0 8.2 ±3.3

(8.5-356) (103-5472) (11.4-570) (4.7-120.1) (0.95-16.2) (3.0-17.0)

[46] 28 ± 17 681± 471 90 ±65 32.9 ±22.3 4.3 ±3.8 7.8 ±2.0

(5-81) (283-2535) (32-350) (8.8-115.3) (0.9-18.1) (2.8-12.3)

[183] 25 896 147 n/a n/a n/a

(0.7-156) (40-7771) (7.5-1477)

[184] 112 ± 50 758± 182 280± 116 31.0 ± 6.0 3.4 ±0.48 55.0 ±47.0

(0.19-92) (0.03-8) (0.18-940)

[185] 51* 1000* 118* 15* 2.3* 5.7*

(0.9-479) (48-18640) (9-4263) (4-111) (1-23) (3-15)

[186] 109 ± 102 3061 ±3515 357 ±261 33.7 ±24.2 5 ±2.7 n/a

[187] 17 694 110 37.4 6.1 6.3

(9-30) (351-914) (53-160) (26.1-50.5) (4.2-8.5) (5.8-6.9)

[48] 22.5 ±6.0 2167 ± 524 335 ± 82.7 150 ± 18 23 ±4 6.5

(15-481) (3-111)

[188] n/a 479 78 n/a n/a n/a

(420-645) (60-94)

[189] 24 700 114 28.5 ± 17.0 4.9 ±3.8 6.4 ± 1.5

(11-47) (214-2072) (30-329)

[190] n/a n/a n/a 12 ±4.5 2.7 ±0.5 n/a

(0.25-116) (0.05-8.0)

[105] (29-2051) (360-32900) (72-4040) (15.5-32.3) (2.2-4.5) n/a

Where available, data are presented as mean ± standard deviation (range) 

n/a - not available or not described 

median values reported
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1.7.2 Benzodiazepines

1.7.2.1 Structural Features of Benzodiazepines

The classical benzodiazepines are based upon a 5-aryl-1,4-benzodiazepine structure, 

which is characterised by a benzene ring fused on the 10- and 11-positions of a 1,4- 

diazepine ring [191]. The structure of these 1,4-benzodiazepines may be modified by 

variation of the substituents at positions 1, 2, 3, 5 and 7, as depicted in Table 1-7. 

Other variations of the benzodiazepine structure include a 1,3-diazole (imidazole) or 

1,2,4-triazole ring at the 1,2-position [191]. Table 1-7 illustrates the structures of 

some of these imidazo- and triazolo-benzodiazepines. For a benzodiazepine 

compound to possess activity, there should be an electron attracting substituent at 

position 7, and positions 6, 8 and 9 should be unsubstituted. Activity can be 

increased with smaller TV-substituents at the 1-position, phenyl substituents at 

position 5, and 5-phenyl groups with substituents at the 2 -position. Since 

benzodiazepines are wide and varied in terms of their structure, it is of no surprise 

that their pATfs show considerable variation as well. Many have low $Ka values, e.g. 

flunitrazepam pKa = 1.8, alprazolam pKa = 2.4; some have both a high and a low acid 

dissociation constant, e.g. clonazepam pKa = 1.5, 10.5, lorazepam pKa - 1.3, 11.5; 

and some have a dissociation constant close to neutral pH, e.g. midazolam pKa = 6.2 

[192].
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Table 1-7 Structures of selected 1,4-benzodiazepines

Compound R. r2 r3 r5 r7
Bromazepam H =0 H 2 -pyridyl Br

Clonazepam H =0 H 2-Cl-phenyl no2

Delorazepam H =0 H 2-Cl-phenyl Cl

Diazepam ch3 =0 H Phenyl Cl

Flunitrazepam ch3 =0 H 2-F-phenyl no2

Flurazepam DEAE =0 H 2-F-phenyl Cl

Halazepam CF3CH2 =0 H Phenyl Cl

Lorazepam H =0 OH 2-Cl-phenyl Cl

Lormetazepam ch3 =0 OH 2-Cl-phenyl Cl

Medazepam ch3 H H Phenyl Cl

Nordiazepam H =0 H Phenyl Cl

Nitrazepam H =o H Phenyl no2

Oxazepam H =o OH Phenyl Cl

Prazepam o

< =o H Phenyl Cl

Temazepam ch3 -0 OH Phenyl Cl

Tetrazepam ch3 =0 H 1,2- Cl

dehydrocyclohexyl
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Table 1-8 Structures of selected imidazo- and triazolo-benzodiazepines

Compound Ri r2 r3
Alprazolam ch3 H Cl

Estazolam H H Cl

Midazolam3 ch3 F Cl

Triazolam ch3 Cl Cl

a diazole ring replaces triazole ring

1.7.2.2 Pharmacological Action and Effects

Benzodiazepines are among the most widely prescribed psychotropic drugs in the 

world, with almost 7 million prescriptions being dispensed through pharmacies in 

Australia alone during 2001 [193]. Alprazolam, clonazepam, diazepam and 

lorazepam are among the top 100 most commonly prescribed medications [194], and 

between 0.5% and 5.8% of the adult population use benzodiazepines on a long-term 

basis of one year or more [195], Benzodiazepines were first synthesised in the mid 

1950s, when chlordiazepoxide was discovered to have sedative, anticonvulsant and 

muscular relaxant effects [196]. It was later marketed in 1960 under the name 

Librium. Diazepam was introduced in 1963 and, since then, many analogues, such as 

clonazepam and lorazepam, have been developed and marketed for use in clinical 

practice.

Benzodiazepines are most commonly used to treat anxiety, insomnia and panic

disorder, but may also be used in the management of agitation in acute alcohol
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withdrawal, and in a number of psychiatric conditions including psychotic and 

agitated states, social phobia, obsessive-compulsive disorder, pain syndromes, 

seizures, drug withdrawal and side-effects generated by antidepressants and 

neuroleptics [193]. The classification of benzodiazepines into ultrashort-, short-, 

medium- and long-acting depends upon their rate of elimination from the blood 

[197]. Long-acting benzodiazepines, such as diazepam, are used to treat anxiety and 

have half-lives exceeding 24 hours due to long-acting pharmacologically active 

metabolites [198]. Short-acting benzodiazepines, such as triazoram, have a half-life 

of less than 14 hours [193] and are often used to treat insomnia. The advantage of 

short-acting benzodiazepines is less daytime residual sleepiness, however they are 

associated with rebound insomnia once treatment is discontinued [197]. The half-life 

of ultrashort-acting benzodiazepines, such as triazolam and midazolam, is less than 5 

hours [198].

The effects of benzodiazepines, which include anticonvulsant, sedative, anaesthetic 

and skeletal muscle relaxant effects, are largely a result of their depressant effect on 

the CNS. Specifically, they interact with binding sites on GABAa receptors, which 

act via the production and inhibition of y-aminobutyric acid (GABA), and comprise 

the brain’s major inhibitory neurotransmitter system [197, 199]. GABAa receptors 

are divided into five subunits, and are classified into three major groups (a, [3 and y) 

and several minor ones [197]. The receptor comprises of a central Cf-selective ion 

channel, around which the five subunits are arranged pseudo-symmetrically [199]. 

GABAa agonists either bind directly to the ion channel of the GABAa receptor, or to 

allosteric sites that include benzodiazepine, neurosteroid and barbiturate sites [197]. 

Benzodiazepines do not have intrinsic activity, however they increase the frequency 

of channel opening and closing by enhancing the action of GABA, and increasing its 

affinity for the binding site [197]. Partial agonists (e.g. bretazenil) can maintain low- 

efficacy anticonvulsant and anxiolytic effects, without inducing the sedation, motor 

impairment, dependence and alcohol potentiation effects often produced by full 

agonists.
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Withdrawal effects, as a result of both physiological and pharmacological 

dependence, may be experienced after discontinuation of normal therapeutic doses of 

benzodiazepines, and include anxiety, insomnia, restlessness, agitation, irritability 

and muscle tension [193]. Down-regulation of GABA, leading to CNS excitation, is 

the most likely cause of withdrawal symptoms [193, 194]. For short-acting 

benzodiazepines, withdrawal symptoms usually begin within 6-12 hours, peak 

within 2-4 days, and subside in 1 - 3 weeks [193]. For long-acting 

benzodiazepines, they typically appear within 24 - 48 hours, peak in 4 - 7 days, and 

subside in 2 - 4 weeks [193]. The incidence of dependence, and therefore the 

potential for withdrawal symptoms, tends to increase in proportion to the period of 

time the drug was taken. Tolerance to the various effects of benzodiazepines 

develops at different rates, with tolerance to the hypnotic and anticonvulsant effects 

developing rapidly, and tolerance to the anxiolytic effects developing more slowly 

[193, 194]. Benzodiazepine overdose can occur, and may cause impaired 

coordination, slurred speech, confusion, coma, diminished reflexes, hypertension, 

seizures and respiratory depression [193].

1.7.2.3 Metabolism and Pharmacokinetics

The majority of benzodiazepines are metabolised by phase I reactions, including 

dealkylation, hydroxylation, reduction and acetylation, to produce metabolites that 

have a degree of biological activity, which may be more or less than that of the 

parent compound [191]. Phase II, or conjugation reactions produce glucuronide 

metabolites, which generally have no significant biological activity [191].

The 1,4-benzodiazepines, including diazepam, nordiazepam, prazepam, halazepam, 

temazepam and oxazepam are all primarily metabolised through nordiazepam and/or 

temazepam to oxazepam and further to glucuronide conjugates, as depicted in Figure 

1-5. Medazepam is also metabolised to oxazepam through diazepam and/or 

normedazepam. This makes oxazepam a common target metabolite for the detection 

of 1,4-benzodiazepines in a toxicological or post-mortem setting [191]. The triazolo-
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benzodiazepines are metabolised slightly differently, with the 1,4-triazolo ring 

preventing the oxidative metabolism exhibited by the 1,4-benzodiazepines, thus 

avoiding the formation of active metabolites with long elimination half-lives [200]. 

The nitrobenzodiazepines, which are characterised by a NO2 substituent at position- 

7, are metabolised to 7-amino metabolites via phase I reactions, involving the 

reduction of the nitro group to an amino group. These 7-amino metabolites are also 

common targets in urine and post-mortem blood specimens [191].
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normedazepam
halazepam

nordiazepamdiazepam prazepam

temazepam
oxazepam

GLUCURONIDES

N-dealkylation

Oxidation

I^> Hydroxylation 

Glucuronidation

Figure 1-5 Metabolic pathways of some 1,4-benzodiazepines
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Since benzodiazepines are classified as either short- or long-acting according to their 

rate of elimination, it is of no surprise that there is a large amount of variation in the 

pharmacokinetic characteristics of this class of drug. Onset of action for orally 

administered benzodiazepines depends on the rate of absorption from the GI tract 

[198, 201], with rapidly absorbed drugs reaching peak effect quicker than drugs that 

are absorbed more slowly. Absorption rates are determined by the physiochemical 

properties of the drug itself, as well as the pharmaceutical characteristics of the 

capsule or tablet preparation [202]. Circumstances of drug administration, such as the 

presence of absence of food in the stomach or the co-administration of other drugs, 

may also affect absorption rates. The distribution of benzodiazepines throughout the 

body, and hence their duration of action, depends on their lipophilicity [198, 201] 

and half-life [201]. Some pharmacokinetic characteristics of selected 

benzodiazepines are illustrated in Table 1-9 [196, 201, 203-205], however it is often 

difficult to assess the duration of action from these parameters alone. For example, 

elimination half-life does not necessarily predict clinical duration of action after a 

single dose, since it is distribution rather than rate of elimination that usually 

determines duration of action [202].
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Table 1-9 Pharmacokinetic parameters of some benzodiazepines

Drug tmaxa tl/2b vDc Protein

bindingd

Active

metabolites

Alprazolam 1-2 6-16 0.72 80 Yes

Clonazepam 1-4 18-50 1.5-6 87 No

Diazepam 1-2 20-70 1.0 96-98 Yes

Lorazepam 1-5 8-25 1.1-1.5 85-94 No

Oxazepam 2-4 4-15 0.6-2 97 No

Midazolam 0.25-0.8 2 1.1 95 Yes

Chlordiazepoxide 1-4 8-28 0.3 89-94 Yes

Temazepam 1-3 5-8 1.3-1.5 76 Yes

Lormetazepam 2 8-12 n/a >85 n/a

Flunitrazepam 1-2 9-25 3.7 80 Yes

Nitrazepam 0.5-2 16-40 2.4-4.8 85-88 No

Triazolam 1-2 3 1.1 90 Yes

a tmax in hours, b t1/2 in hours,c VD in L/kg, d protein binding in per cent

1.7.2.4 Analysis of Benzodiazepines in Biological Samples

A number of different methods have been reported for the LLE of benzodiazepines 

from biological samples, including whole blood, serum, plasma, cerebrospinal fluid, 

urine and vitreous humor. After pH adjustment to slightly alkaline conditions (pH 9­

10) with the use of sodium carbonate, phosphate, borate or tetraborate buffers, 

common extraction solvents include diethyl ether [206-213], butyl chloride [214­

218], ethyl acetate [219], dichloromethane [220-222], chloroform [223, 224], «-butyl 

acetate [225-227], toluene [228, 229], DMSO [230] and benzene [231]. Solvent 

systems comprising of a combination of solvents have also been reported, and 

include hexane/ethyl acetate [232], ammonium carbonate/chloroform [233], 

heptane/ethyl acetate/dichloromethane [234], diethyl ether/dichloromethane [235], 

diethyl ether/chloroform [236], heptane/dichloromethane [226], n- 

hexane/dichloromethane [237, 238], chloroform/IPA [52], diethyl ether/ethyl acetate 

[239], «-hexane/ethyl acetate [240], toluene/dichloromethane [93, 241-244], butyl 

chloride/dichloromethane [245], benzene/isoamyl alcohol [246], chloroform/ethyl
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acetate [247], ether/IPA [248], «-butyl chloride/ethyl acetate [249], methyl isobutyl 

ether/chloroform [250], toluene/hexane/isoamyl alcohol [251], 

dichloromethane/acetone [252] and w-pentane/ethyl acetate [253].

Another commonly employed method for the extraction of benzodiazepines from 

biological matrices is SPE. Details of the various types of SPE cartridges, and 

authors who have utilised them, are presented in Table 1-10. Column-switching 

techniques [254-261], SPME [262-269], SFE [270], LPME [271], Soxhlet extraction 

[272], online dialysis [273, 274] and direct injection [275-278] have also been 

reported.

Table 1-10 SPE cartridges used for the extraction of benzodiazepines from biological samples

Cartridge Type Brand Reference

c, Pre-Sep [279]

c2 Bond Elut [280-283]

C8 Bond Elut [283, 284]

C]8 Bond Elut [52, 226, 283, 285-290]

Clean Up [291]

Empore [292]

Extra-Sep [293]

Sep-Pak [207, 231,283,294-296]

UltraClean [297]

Superclean [298]

Ion exchange Oasis MCX [128]

Mixed mode Bond Elut Certify [68, 137, 226, 299-309]

Isolute Confirm HCX [310,311]

Clean Screen DAU [68, 312,313]

Bakerbond narc-2 [287]

Polymeric Oasis HLB [314]

A wide variety of techniques have been employed for the analysis of

benzodiazepines in biological samples. The most common non-chromatographic

techniques for urine and blood/plasma analysis are immunoassay screening methods,
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such as enzyme immunoassay (EIA) [222, 300, 306, 311, 315-322], radio 

immunoassay (RIA) [317, 319, 321, 323], enzyme linked immunosorbent assay 

(ELISA) [150-152, 324-327], fluorescence polarisation immunoassay (FPIA) [213, 

222, 306, 316-322, 328-332] and cloned enzyme donor immunoassay (CEDIA) [155, 

315, 316, 333]. Radioreceptor assays (RRA) have also been reported in the literature 

[300, 333-337].

In terms of confirmatory techniques, GC, and/or GC-MS, MS, HPLC, LC-MS or LC- 

MS-MS, CE and CE-MS methods have been reported. In 1998, Drummer et al. 

published an excellent review of methods for the determination of benzodiazepines 

in biological matrices [191], which outlined the various extraction and analysis 

methods commonly employed in the measurement of this class of drugs. Due to its 

high level of sensitivity and specificity, especially when coupled with MS detection, 

HPLC is the most frequently employed confirmatory technique for the determination 

of benzodiazepines in biological matrices. Details of previously reported HPLC 

methods, including extraction, analysis, detection techniques and detection limits are 

given in Table 1-11.

The analysis of benzodiazepines in biological matrices by GC has been reported in a 

number of studies [93, 128, 218, 222, 225, 227-230, 238, 241-252, 262, 266, 268, 

269, 271,273, 282, 298, 306-309, 311, 313, 319, 338-343], however lengthy sample 

preparation involving derivatisation with BSTFA/TMCS (A/O-bis- 

(trimethylsilyl)trifluoroacetamine/trimethylchlorosilane) [137, 242, 244, 251, 307, 

339, 342], HFBA (heptafluorobutyric anhydride) [93] or MTBSTFA (A-methyl-A- 

(tert-butyldimethylsilyl)-trifluoroacetamide) [309] is often required following 

extraction. For this reason, HPLC is generally a superior technique, since it enables 

the simultaneous analysis of a number of benzodiazepines, including their 7-amino 

metabolites, without derivatisation.

A handful of emerging techniques have been reported for the analysis of

benzodiazepines in biological samples, including TOF-SIMS [344] and CE. CE is a
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relatively new technique in the area of toxicology, and is rarely used routinely as it 

generally lacks the sensitivity necessary for toxicological analyses. However, 

coupled with MS detection, adequate detection limits can be achieved. In 1998, 

Smyth et al. published a review on the application of CE to the determination of 

benzodiazepines in formulations and biological samples [345] and, in the same year, 

a review was published by Tagliaro et al. on the determination of illicit and abused 

drugs (including benzodiazepines) by CE [346]. The details of the limited number of 

studies focusing on the CE analysis of benzodiazepines in biological samples are 

presented in Table 1-12.
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1.7.2.5 Toxicological Data

Although many of the benzodiazepines are structurally similar, they possess wide 

and varied pharmacokinetic behaviour. Therapeutic dosing regimes therefore 

necessitate that doses be adjusted to consider the pharmacokinetic aspects of the 

particular benzodiazepine in question. A consequence of this is that therapeutic and 

toxic ranges vary from one benzodiazepine to the next. The therapeutic and toxic 

concentration ranges presented in Table 1-13 were first published in German by 

Uges et al. in 1990 [354], and then again in an English review by Schutz in 1997 

[205]. In addition, Baselt and Cravey [3] noted the concentrations of several 

benzodiazepines found in fatal intoxications (Table 1-14). Fatalities involving 

benzodiazepines may either be a result of benzodiazepine intoxication alone, in 

which case the serum benzodiazepine concentration is likely to be in the toxic range; 

or due to the concomitant use of other CNS depressants, in which case the serum 

concentration of benzodiazepines could be within the therapeutic range.
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Table 1-13 Therapeutic and toxic ranges of benzodiazepines in serum

Substance Therapeutic Range (pg/mL) Toxic Range (pg/mL)

Bromazepam 0.08-0.17 >0.25-0.5

Chlordiazepoxide 0.7-2.0 >3.5-10.0

Clonazepam 0.03-0.06 >0.10

Diazepam 0.124-1.5 >1.5 - 3.0

Flunitrazepam 0.005 -0.015 >0.050

Lorazepam 0.02-0.25 >0.03-0.05

Lormetazepam 0.002-0.010

Medazepam 0.01-0.15 >0.06

Midazolam 0.08-0.25

Nitrazepam 0.03-0.12 >0.02-0.05

Nordiazepam 0.2-0.8 >2.0

Oxazepam 1.0-2.0 >3.0-5.0

Prazepam 0.05-0.20 >1.0

Temazepam 0.3-0.8 >1.0

Triazolam 0.002-0.020

Table 1-14 Fatal concentration ranges of selected benzodiazepines in blood

Substance Blood Concentration (ng/mL)

Alprazolam 0.12-0.39

Chlordiazepoxide 20.0-26.0

Diazepam 5.0-19.0

Nitrazepam 1.2-9.0

Temazepam 0.9-14.0

69



1.8 Project Objectives

The drugs of interest in this research were the metabolites of heroin and 

benzodiazepines. Research objectives were divided into these two components 

accordingly.

The analysis of benzodiazepines has been studied extensively, and has primarily 

focused on HPLC separations. However, novel approaches employing emerging 

analysis and optimisation techniques, such as capillary zone electrophoresis (CZE) 

and artificial neural networks (ANNs), are rarely explored. Further research into 

these areas could enable significant advantages in method development, optimisation 

and sample throughput in forensic toxicology to be realised. Therefore, the primary 

objectives of this component of research were to:

i) synthesise the 7-aminobenzodiazepine metabolites, 7-aminoclonazepam and 

7-aminonitrazepam, from the parent drugs as a prelude to further studies 

involving the analysis of these metabolites;

ii) develop a fast CZE separation for the analysis of nine benzodiazepines, 

through the use of a dynamic doubly-coated capillary;

iii) evaluate the suitability of the CZE method for the determination of these 

analytes in forensic samples;

iv) explore the usefulness of ANNs in optimising an HPLC gradient elution 

separation of nine benzodiazepines;

v) assess the suitability of the optimised HPLC method for the analysis of these 

analytes in post-mortem blood samples.

The ambiguous reporting of either free or total morphine concentrations limits the 

interpretation of heroin-related fatalities. Simultaneous determination of morphine, 

M3G and M6G could enable the relationship between heroin concentration and 

effects to be better understood, and allow the possible contribution of M3G and M6G
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to be explored in more detail. Therefore, the primary objectives of the morphine 

component of this research were to:

i) synthesise the major morphine metabolites, M3G and M6G, from morphine 

as a prelude to further studies involving the analysis of these metabolites;

ii) develop a rapid and simple HPLC method for the analysis of morphine and 

related analytes that may be applied to whole post-mortem blood;

iii) evaluate the suitability of the optimised HPLC method for the analysis of 

morphine, M3G and M6G in post-mortem blood samples;

iv) acquire some preliminary data on morphine glucuronide concentrations and 

ratios in heroin-related fatalities.
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Chapter Two
Synthesis of Drug Metabolites



2 Synthesis of Standard Drug Metabolites

2.1 Summary

Synthesis of metabolites from parent drugs can be a relatively inexpensive means of 

overcoming the cost of purchasing metabolites commercially. In this work, standards 

of the two main morphine metabolites, morphine-3-glucuronide (M3G) and 

morphine-6-glucuronide (M6G), and the benzodiazepine metabolites 7- 

aminonitrazepam and 7-aminoclonazepam, were synthesised based on previously 

reported methods as a prelude to further analyses of these metabolites in forensic 

samples. Yields of 48, 25, 74 and 70% were obtained for M3G, M6G, 7- 

aminonitrazepam and 7-aminoclonazepam respectively.

Keywords: synthesis; drug standards; morphine-6-glucuronide; morphine-3-

glucuronide; 7-aminonitrazepam; 7-aminoclonazepam

2.2 Introduction

Drug and metabolite standards are essential in the development and validation of 

analytical methods for toxicological analyses. Whilst parent drugs are usually readily 

available from a number of commercial sources, it is often difficult to obtain samples 

of the corresponding metabolites. Many standards relevant to forensic toxicology are 

classified as S8 or S9 drugs according to the Standard for the Uniform Scheduling of 

Drugs as Poisons. In some cases, it may be difficult to source an Australian supplier 

of some of the more uncommon metabolites, such as M3G and M6G. The 

bureaucratic impediments to importing such drugs, including obtaining the relevant 

licences, can add months or years onto any project. Cost is another important issue to 

consider in forensic toxicology. At $A 101.20 and $A 182.90 for only 1 mL of M3G 

and M6G respectively (1 mg/mL) [355], the importance of performing the analysis of 

these metabolites must be weighed against the cost of purchasing the standards.
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The synthesis of metabolites from parent drugs is a relatively inexpensive approach 

to overcome the inavailability and cost of purchasing metabolites commercially. 

Since the biological processes by which metabolites are formed in vivo are either 

phase I or phase II reactions, many can be synthesised by simple reduction, oxidation 

or dealkylation reactions of the parent drug. Numerous procedures for the most 

common metabolites have been published previously, however, if a particular 

procedure cannot be found, similar methods can be adapted to synthesise the 

metabolite of interest.

2.2.1 Methods for the Synthesis of M3G, M6G, 7-Aminonitrazepam 
and 7-Aminoclonazepam

Published methods for the synthesis of M3G have focused on a relatively simple 

condensation reaction between morphine and the bromo sugar, acetobromo-cc-D- 

glucuronic acid methyl ester (Figure 2-1). The reaction occurs selectively at the 3- 

position since the phenolic group at the 3-position is more reactive than the alcoholic 

group at the 6-position. This method, first reported by Yoshimura et al. [356], 

involves the hydrolysis of morphine with sodium hydroxide-acetone. A yield of only 

27% was obtained and a large amount of the bromo sugar was required to push the 

reaction. Subsequently, an improved method was developed by Berrang et al. [357], 

in which a lithium hydroxide-methanol mixture afforded a yield of 53%. Based on 

these findings in the literature, M3G was prepared according to the schematic 

depicted in Figure 2-2, utilising lithium hydroxide-methanol and the bromo sugar. 

The final product, M3G, was crystallised from the reaction mixture with acetic acid.

/O
CH3COO

COOCH3

Figure 2-1 Structure of acetobromo-a-D-glucuronic acid methyl ester (II)
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HO. CH3COO///
OOCCH3
F H

OH

Li(OH)2

(II) CH.COO

NCH,

CH3COOH

COOH

Figure 2-2 Synthesis of morphine-3-glucuronide (IV)

Previous methods involving the synthesis of M6G have utilised a Koenigs-Knorr 

coupling of a sugar moiety (commonly acetobromo-a-D-glucuronic acid methyl ester 

(Figure 2-1)) to morphine that has been protected at the 3-position (commonly 3- 

acetylmorphine) [356, 358-361]. This coupling procedure is based on the transfer of 

a glycoside group to a nucleophile by the use of glycosyl halides in the presence of 

heavy-metal salts (generally silver salts) [362]. The choice of catalyst has been 

shown to impact on the anomeric configuration of the glycosidic linkage. For 

example, the use of ZnBr2 tends to produce mainly morphine-6a-D-glucuronide 

[358, 359], whilst Ag2CC>3 affords the pharmacologically significant morphine-6[3-D- 

glucuronide [356, 360, 361]. There are, however, a number of disadvantages 

associated with this method, including the expense and toxicity of heavy-metal salts 

and the sensitivity of glycosyl halides to hydrolysis [362].

Other synthetic routes to M6G have involved the imidate coupling method [363]. 

This acid catalysed reaction of O-nucleophiles with O-glycosyl trichloroacetimidates, 

usually with boron trifluoride in dichloromethane as a solvent, affords the formation 

of the [3-product [362]. The synthesis of M6G from morphine-3,6-diglucuronide has 

also been reported [364]. This method involved the selective cleavage of the phenolic 

3-glucuronide group using p-glucuronidase as a catalyst. Selective glucuronidation at 

the 6-position has also been achieved using human liver microsomes [365].
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Based on the available literature, the Koenigs-Knorr coupling method using Ag2CC>3 

was selected for the synthesis of the 6-glucuronide. A schematic outlining the various 

steps in the synthesis of M6G is presented in Figure 2-3. To protect the 3-position 

and allow reaction at the 6-position, 3-monoacetylmorphine was first prepared by the 

reaction of morphine with acetic anhydride in the presence of sodium bicarbonate to 

neutralise the acetic acid formed. The coupling reaction was then performed with 

Ag2C03 as a catalyst, and the resulting product was deprotected stepwise firstly with 

sodium methoxide, then with barium hydroxide and oxalic acid to produce the final 

product, M6G.

NaHC03
OOCCH ■

NaOMe

1. aq Ba(OH)2
2. oxalic acid

COOH

Figure 2-3 Synthesis of morphine-6-glucuronide (VIII)

Nitrobenzodiazepines, which are characterised by a N02 substituent at position-7, are 

metabolised in vivo to 7-amino metabolites via phase I reactions, involving the
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reduction of the nitro group to an amino group. The synthesis of these 7- 

aminobenzodiazepines can therefore be performed with ease using a reducing agent. 

Harsh conditions, such as the use of acid and high temperatures, are not required. 

This method has been successfully employed by Zecca et al. [366], who used tin (II) 

chloride as the reducing agent to produce 7-aminoflunitrazepam in a yield of 78%. 

Feely et al. [367] also successfully employed this method to prepare the 7-amino 

metabolites of both nitrazepam and flunitrazepam. In this study, 7-aminonitrazepam 

and 7-aminoclonazepam were prepared based on these previously reported methods, 

as illustrated in Figure 2-4.

IX

SnCI2

X

Figure 2-4 Synthesis of 7-aminoclonazepam (X) and 7-aminonitrazepam (XII)

2.2.2 Objectives

The objective of this study was to synthesise the two main morphine metabolites, 

morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G), as well as the 

7-amino benzodiazepine metabolites 7-aminoclonazepam and 7-aminonitrazepam 

from the parent drugs. This was performed as a prelude to further studies involving 

the analysis of these metabolites in forensic samples.
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2.3 Experimental

2.3.1 Chemicals

All reagents were of reagent grade, unless stated otherwise. Morphine hydrochloride 

(MOR) was obtained from Glaxo Australia Pty Ltd (Port Fairy, Victoria, Australia). 

Acetobromo-a-D-glucuronic acid methyl ester (CnHnC^Br), lithium hydroxide 

monohydrate (LiOH'PLO), 6-monoacetlymorphine (6MAM), clonazepam (CLO) and 

nitrazepam (NIT) were obtained from Sigma-Aldrich (Sydney, New South Wales, 

Australia). Chloroform, dichloromethane, acetone, ethyl acetate (EtOAc), petroleum 

spirit, ethanol, sodium-dried benzene and sodium were from Crown Scientific 

(Sydney, New South Wales, Australia). Acetic acid (CH3COOH) was from BDH 

HiPerSolv (Sydney, New South Wales, Australia). Acetic anhydride and 

hydrochloric acid (HCl) were from APS Chemicals (Sydney, New South Wales, 

Australia). Sodium bicarbonate, (NaHCCL) anhydrous sodium sulfate (Na2S04) 

barium hydroxide (Ba(OH)2), oxalic acid (H2C2O4), tin (II) chloride (SnCp), 

potassium carbonate (K2CO3), silver nitrate (AgNCL) and sodium carbonate 

(Na2C03) were purchased from Ajax Chemicals (Sydney, New South Wales, 

Australia). For HPLC analysis, formate buffer was prepared from formic acid 

(HCOOH, APS Chemicals, Sydney, New South Wales, Australia) and MilliQ water 

(18 MHcm'1). Ammonia solution (NH4OH, APS Chemicals, Sydney, New South 

Wales, Australia) was used for the pH adjustment of the mobile phase, and the 

organic modifiers were methanol (MeOH, Merck, HPLC Grade) and acetonitrile 

(ACN, Merck, HPLC Grade). CDCI3 and DMSO-dd (99.8% pure) for NMR analysis 

were obtained from Sigma-Aldrich (Sydney, New South Wales, Australia). Certified 

standards of morphine-3p-D-glucuronide (M3G), morphine-6p-D-glucuronide 

(M6G) from Lipomed (Arlesheim, Switzerland) and 7-aminoclonazepam and 7- 

aminonitrazepam from Novachem Pty Ltd (Melbourne, Victoria, Australia) were 

purchased to assist in mass spectra identification and peak allocation.

78



2.3.2 Instrumentation

GC-MS analysis was performed on a Hewlett-Packard 5890 Gas Chromatograph 

with a 5970 Series Mass Selective Detector. Products that could not be analysed by 

GC-MS were analysed by LC-MS-MS using a Perkin-Elmer SCIEX API 365 LC- 

MS-MS system, with an ElectroSpray Ionisation (ESI) source, a micro PE Series 200 

LC pump and vacuum degasser. Multiple reaction monitoring (MRM) of the 

molecular ions of M3G and M6G and their predominant fragments in positive ion 

mode was employed. The selected MRM transition for M3G and M6G was m/z 462 

-> 286. For 7-aminonitrazepam and 7-aminoclonazepam, only full Q1 scans were 

performed.

The HPLC method used for the analysis of M3G and M6G was one previously 

validated for morphine-related analytes [368]. Briefly, it involved an Alltima Cyano 

100 x 2.1 mm stationary phase (Alltech Associates, Sydney, New South Wales, 

Australia) with a mobile phase comprising of 10 mM HCOOH, pH 2.8:MeOH (98:2) 

at a flow rate of 0.2 mL/min. The HPLC method employed for the analysis of 7- 

aminonitrazepam and 7-aminoclonazepam is presented in Chapter 4. A 1.8 pm 

Zorbax SB-C18 50 x 4.6 mm stationary phase (Agilent Technologies, Sydney, 

Australia) was employed with a mobile phase consisting of 25 mM formate buffer 

(pH 2.8), 10% MeOH, ACN gradient 0 to 15 minutes, 6.5 to 48.5% (linear profile) at 

a flow rate of 1 mL/min and detection at 280 nm. Confirmation of the products was 

based on either the Q1 or product ion fragmentation in addition to the 

chromatographic retention time when compared with pure standards.

H1 NMR spectra were obtained using a Bruker DRX NMR spectrometer operating at 

300.13 MHz. Chemical shifts are quoted on the 6 scale, followed by proton 

integration, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, bs = broad 

singlet, bt = broad triplet, dt = double triplet), coupling in Hertz and proton 

assignment.
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2.3.3 Morphine-3-Glucuronide (M3G)

The procedure for the synthesis of M3G was based on the method previously 

reported by Berrang et al. [357]. To a solution of morphine hydrochloride (100 mg, 

0.3 mmol) and LiOHThO (12.5 mg) in methanol was added II (100 mg, 0.25 mmol) 

as a solid. The reaction mixture was allowed to stand at room temperature for 30 

mins before a solution of LiOHT^O (35 mg) in water (0.5 mL) was added with 

stirring over 30 mins to produce the intermediate product III. After concentrating the 

mixture to a small volume, the pH was adjusted to 8 using acetic acid. At this point, 

unreacted morphine precipitated and was removed. The filtrate was concentrated to a 

syrup and methanol/acetone (50:50, lmL) was added to aid the crystallisation of IV. 

Crystallisation was completed by freezing overnight. After drying, a yield of 69 mg 

(48%) of pure M3G (IV) was obtained as a white powder. LC, MS and NMR data 

are presented below. The spectra were very clean, indicating a highly pure product.

ESI-MS: calculated for C23H27NO9 m/z 461.2, found: [M++l] 462.2, 286.1; LC: 

single peak at tr = 1.88; *H NMR (300 MHz, DMSO-^) 5 6.70 (d J 8, H-2), 6.47 (d J 

8, H-l), 5.57 (d J 10, LI-7), 5.25 (m J 10, H-8), 5.02 (d J 6, H-f), 4.74 (d J 7, H-5), 

4.54 (s, H-6), 4.12 (s, H-9), 3.69 (d J 8, H-5’), 3.38 (dt J 8, H-4’,3), 3.30 (m J 8, H- 

2 ), 3.18 (3H s, H-l7), 3.16-2.58 (4H m, H2-10, 16), 2.59 (tJ 8, H-14).

2.3.4 Morphine-6-Glucuronide (M6G)

2.3.4.1 Protection (I -> V)

V was prepared according to the method of Welsh et al. [369] with some 

modifications. A saturated solution of NaHCCL was prepared and added (40 mL) to a 

100 mL separatory funnel. To this was added a solution of morphine hydrochloride 

(107 mg, 0.3 mmol) in methanol (0.5 mL). At this point, CO2 gas was produced as 

HC1 was removed from the molecule. The separatory funnel was shaken and the gas 

released for approximately 10-15 mins until gas formation had ceased. Acetic 

anhydride (0.5 mL) was added in three approximately equal portions and the mixture 

was allowed to stand for 30 minutes to ensure all effervescence had ceased. The
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compound was then extracted three times with chloroform (45 mL) and the bottom 

organic layer collected. After drying with anhydrous Na2SC)4, the reaction mixture 

was evaporated in vacuo to produce the viscous compound 3-monoacetylmorphine 

(V) in a yield of 102 mg (94%).

MS: calculated for C19H21NO4 m/z 327.2, found: [M+] 327; ESI: found: [M++l] 

328.2; GC: single peak at tr = 12.22 mins. To verify acetylation occurred at the 3- 

position, and not the 6-position, GC-MS analysis of a mixture of the synthesised 

product and 6-monoacetylmorphine was performed: found: tr = 12.22 (3MAM), 

12.31 (6MAM).

2.3.4.2 Condensation (V VI)

The procedure for the synthesis of M6G from 3-monoacetylmorphine was based on 

the method previously reported by Yoshimura et al. [356]. Silver carbonate was 

freshly prepared from sodium carbonate (100 mg, 0.94 mmol) and silver nitrate (300 

mg, 1.8 mmol), and left under vacuum overnight to remove all traces of water. Since 

the reaction is moisture-sensitive, care was taken at each step to ensure all traces of 

moisture were removed from glassware. V (102 mg, 0.31 mmol) and sodium-dried 

benzene (13 mL) were added to a two-neck round-bottom flask. To one of the necks 

on the flask, a condenser with a dried tube was connected. A stopper was place in the 

other neck. The mixture was stirred and heated under reflux at 100°C for 

approximately 6 hours. During this time, II (180 mg, 0.45 mmol) in benzene (2 mL) 

and Ag2C03 (180 mg, 0.65 mmol) were slowly added through the stoppered neck of 

the flask. The solution changed colour from colourless to dark brown as AgBr was 

formed. The reaction was monitored by TLC using a CHC^MeOH (4:1) solvent 

system until it was shown to be complete. At this point, solid AgBr was filtered from 

the reaction mixture and washed with benzene. This was performed several times 

until the filtrate was reasonably clear. The filtrate was then extracted 3 times with 

cold 0.5% HC1 (20 mL). And the aqueous bottom layer was collected. A solution of 

sodium bicarbonate was added to bring the pH of the solution to 8. After extracting 3 

times with chloroform (20 mL), the extract was dried over anhydrous sodium sulfate
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then filtered through filter paper. The extract was then evaporated in vacuo and 

recrystallised from ethanol to produce colourless prisms. The yield of VI was 150 

mg (75%).

ESI-MS: calculated for C32H37NO13 m/z 643.2, found: [M++l] 644.2.

2.3.4.3 Deprotection (VI VIII)

1% NaOMe was freshly prepared by dissolving sodium (100 mg) in methanol (10 

mL). To a suspension of VI (150 mg, 0.23 mmol) in MeOH (1 mL) was added 

NaOMe (0.5 mL) and the mixture was allowed to stand overnight. The reaction 

mixture was then evaporated to dryness in vacuo before reconstitution in Ba(OH)2 (5 

mL, 0.43 N). The pH was adjusted to 6 with oxalic acid (2 N) and the precipitated 

barium oxalate was removed by filtration. After evaporating the filtrate to dryness in 

vacuo the residue was recrystallised from H20-ethanol to the final product M6G 

(VIII) in a yield of 27 mg (25%). Clean MS and NMR spectra indicate the high 

purity of the product. The MS fragmentation and NMR shifts are presented below.

ESI-MS: calculated for C23H27NO9 m/z 461.2, found: [M++l] 462.2, 286.1; LC: 

single peak at U = 2.29; ]H NMR (300 MHz, DMSO-/5) 5 6.67 (d J 8, H-2), 6.46 (d, 

J 8 H-l), 5.75 (d J 10, H-8), 5.28 (d J 10, H-7), 5.09 (d J 7, H-5), 4.72 (d J 7, H-l’), 

4.52 (bs, H-6), 4.10 (bs, H-9), 3.73 (d/8, H-5), 3.45 (dt/8, H-4,3), 3.38 (t/8, H- 

2 ), 3.22 (3H bs, H-17), 3.20-2.56 (4H m, H2-10, 16), 2.60 (t/8, H-14), 2.23 (2H bt, 

H-15).

2.3.5 7-Aminonitrazepam and 7-Aminoclonazepam

Clonazepam (IX) (25.7 mg, 0.0814 mmol) or nitrazepam (XI) (25.3 mg, 0.0899 

mmol) was dissolved in methanol (4 mL) in a round-bottom flask. Anhydrous SnCf 

(350 mg, 1.8 mmol), which had been dried overnight, was added to the reaction 

mixture and stirred for 6 hours. During this time, the mixture changed from yellow to 

brown, and the reaction was monitored by TLC using a solvent system comprising of 

EtOAc/Pet Spirit/EtOH (45:45:10). The reaction mixture was then evaporated in
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vacuo and an aqueous solution of K2CO3 added until the pH was alkaline. After 

extracting three times with dichloromethane, the organic layer was dried over 

Na2SC>4, filtered through fluted filter paper and evaporated in vacuo. The crude 

product was then dissolved in acetone before being subjected to preparative TLC 

with a solvent system comprised of EtOAc/Pet Spirit/EtOH (45:45:10). This afforded 

16.3 mg (70%) of pure yellow solid 7-aminoclonazepam (X) and 16.8 mg (74%) of 

pure yellow solid 7-aminonitrazepam (XII). LC, MS and NMR data for both 

compounds are presented below.

ESI-MS: calculated for C15H12CIN3O (X) m/z 285.73, found: [M++l] 286.7; LC: 

single peak at tT = 4.178; ’fl NMR (300 MHz, CDC13) 6 3.65 (2H s, H-8), 4.30 (2H s, 

H-3), 6.55 (d J 2.6, H-7), 6.81-6.84 (dd J 2.6, H-9), 6.91 (d J 8.6, H-10), 7.34-7.44 

(3H m, H-2,3’, 4 ), 7.55-7.59 (2H m, H-l’, 5’), 8.12 (s, H-l).

ESI-MS: calculated for C15H13N3O (XII) m/z 251.29, found: [M++l] 252.3; LC: 

single peak at tx = 2.189; lH NMR (300 MHz, CDC13) 6 3.61 (2H s, H-8), 4.35 (2H s, 

H-3), 6.32 (d J 2.6, H-7), 6.77-6.81 (dd J 2.6, H-9), 6.89 (d J 8.6, H-10), 7.26-7.37 

(3H m, H-2’, 3’, 4 ), 7.47-7.50 (m, H-5 ), 8.07 (s, H-l).

2.4 Conclusion

M3G, M6G, 7-aminonitrazepam and 7-aminoclonazepam were successfully 

synthesised based on previously reported methods. Although the yields for M3G, 7- 

aminonitrazepam and 7-aminoclonazepam were quite good, that of M6G could be 

improved. Future work in this area could therefore focus on improving the yield of 

M6G through the use of different catalysts to assist the Koenigs-Knorr coupling 

reaction. Another approach may be investigation of the imidate coupling reaction, 

since there have been limited studies on the synthesis of M6G by this method. 

Minimal laboratory facilities were required to synthesise M6G, M3G, 7- 

aminonitrazepam and 7-aminoclonazepam, and while the synthesis of M6G required 

several steps, the remaining metabolites were prepared according to relatively simple 

procedures. The synthesis of drug metabolites therefore provides an alternative to
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purchasing through expensive commercial sources and gives toxicology laboratories 

improved access to these necessary compounds.
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3 Development of a Rapid Method for the Analysis of 
Benzodiazepines by Capillary Zone Electrophoresis (CZE)

3.1 Summary

The number of studies focusing on the analysis of benzodiazepines by capillary zone 

electrophoresis (CZE) has been limited, mainly due to the lengthy analysis times that 

arise as a result of the reduction in the EOF at low pH. In this work, fast CZE 

separations of benzodiazepines at low pH were investigated through the use of 

doubly-coated capillaries and cyclodextrins. A rapid CZE-DAD method for the 

simultaneous determination of nine benzodiazepines was developed using a capillary 

coated with a polycation of poly(diallyldimethylammonium chloride) (PDDAC) and 

a polyanion of dextran sulfate (DS). The selected BGE conditions were 100 mM 

ammonium phosphate buffer, pH 2.5, which gave baseline resolution between each 

analyte and a run time of less than 6.5 minutes. This method offers improvements in 

both resolution and run time, compared to those attained under analogous conditions 

with an uncoated capillary. Cyclodextrins in conjunction with doubly-coated 

capillaries were not successful in further improving the run time or separation of the 

nine benzodiazepines. However, an uncoated capillary with a BGE of 10 mM p- 

cyclodextrin (pCD) in 100 mM phosphate buffer, pH 2.5 improved the resolution 

that could be attained on a bare fused-silica alone. The coated method was validated 

and was successfully applied to the analysis of benzodiazepines in spiked beverages.

Keywords: doubly-coated capillary; dynamic coating; benzodiazepines; capillary 

zone electrophoresis; cyclodextrins; drink spiking

3.2 Introduction

Capillary electrophoresis (CE) is an emerging technique in forensic toxicology and 

the pharmaceutical industry, and is considered to be complementary to HPLC, 

offering advantages such as low solvent and sample requirements, high efficiency 

and rapid analysis times. However, one of the limitations of CE is that it lacks a
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stationary phase interaction as a means to modify separation selectivity [370]. Small 

selectivity changes can be brought about by varying the pH, ionic strength, or using 

an organic modifier in the background electrolyte (BGE), however analytes with 

very similar charge/size ratios are often difficult to separate. The use of additives, 

also referred to as pseudo-stationary phases, to interact with analytes and improve 

separation has been termed electrokinetic chromatography (EKC), since it combines 

the electrophoretic separation of CE with a chromatographic component resulting 

from the addition of the pseudo-stationary phase [371]. In capillary zone 

electrophoresis (CZE), the charged solutes are separated on the basis of their 

effective electrophoretic mobilities, whereas neutral solutes cannot be separated. 

EKC with the use of additives in the BGE overcomes the problem of separating 

neutral compounds by CE. When the additive is comprised of surfactant micelles (the 

most common being SDS), the approach is termed micellar electrokinetic 

chromatography (MEKC). In MEKC, surfactants above their critical micelle 

concentration (CMC) are added to the running buffer. Neutral solutes partition 

between the micellar and aqueous phases, and separate according to their partition 

coefficients [372], Other pseudo-stationary phases may consist of cationic, anionic, 

zwitterionic or neutral species.

Flow through the capillary in CE separations is the result of an applied electric field

and the electro-osmotic flow (EOF). The EOF is created by a double electric layer,

which forms due to pairing between ionised silanol groups on the capillary wall and

cationic species in the buffer. Bulk flow is created by the applied electric field, which

causes the migration of buffer cations towards the cathode. Migration times of

solutes in CE are dependent upon the charge/size ratio of the solute, in addition to the

level of EOF in the capillary [373]. The size of the EOF depends on pH, since this

governs the extent of silanol dissociation. It decreases rapidly below pH 6 and, at pH

2-3, the EOF is almost completely eliminated resulting in increased analysis times

for cationic compounds and loss of the ability to analyse anionic compounds unless

the polarity is reversed [374]. The coating of capillaries in CE is often performed to

stabilise the EOF and eliminate associated peak tailing, poor efficiency [375] and
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peak area variability [373] by reducing adsorption of buffer or sample components to 

the capillary surface. It is especially relevant for the analysis of basic analytes, which 

are positively charged and therefore attracted to the negatively charged capillary 

wall. Capillary coating may also be used to assist in changing the direction and/or 

speed of the EOF.

Capillary coatings can be classified as either static or dynamic. In static or permanent 

coating procedures, the coating material is permanently attached to the capillary wall 

by way of covalent bonds. One of the first static coating techniques utilised 

polyacrylamide as the coating material. This method was developed by Hjerten [376] 

and has since been used for the separation of proteins, DNA and some small 

molecules. In these capillaries, solute adsorption is reduced and the EOF is 

eliminated since the capillary wall is uncharged. This coating method has been 

successfully applied by Jinno et al. [372] for the analysis of toxic drugs including 

barbiturates and benzodiazepines. Variations on this method in which different 

polymers, such as poly(vinylpyrrolidone) [377], polyethylene glycol) and poly(vinyl 

alcohol) [378], are employed as coating materials have also been reported. The main 

drawback with this particular type of coated capillary is that elimination of the EOF 

can result in lengthy analysis times. In addition, the coating procedures are often 

lengthy and require multi-step chemical reactions, which can produce a large 

variance between capillaries.

In contrast to permanent coatings, dynamic coatings are relatively simple to prepare. 

The capillary is rinsed with a solution containing the coating reagent, which becomes 

adsorbed onto the capillary wall through electrostatic interactions with the silanol 

groups. The main drawback with dynamic coatings is the limited pH range in which 

the analyses can be performed. Dynamically coated capillaries also require 

occasional regeneration, and addition of the coating agent into the BGE may be 

necessary [379]. A number of papers detail the use of capillaries coated with a 

monolayer of a positively charged polymer [380-382]. In these cases, the EOF is

reversed and cations migrate slower than the EOF, resulting in long analysis times.
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Alternatively, a second anionic polymer layer can be electrostatically adsorbed onto 

the first cationic polymer layer to create a doubly-coated capillary. This results in a 

pH-independent EOF and allows for very rapid cationic separations. Doubly-coated 

capillaries were first introduced by Katayama et al., who prepared dynamically 

coated capillaries by successive flushing with Polybrene and dextran sulfate (DS) to 

produce a stable coating with pH-independent EOF in the range pH 2 - 11. Since 

then, numerous doubly-coated capillaries have been prepared with the aid of 

different polymers, however they are essentially based on Katayama’s initial coating 

procedure.

The commercially available CEofix® or CElixir® buffer systems comprise of an 

initiator buffer, which contains the polycation, and an accelerator containing the 

polyanion. The accelerator buffer is flushed through the capillary after the initiator 

buffer, and the polyanions adsorb to the first layer of polycations to form a double 

layer. The polyanion layer contains sulfate groups, which are relatively insensitive to 

changes in pH, resulting in a reproducible and large EOF [297, 383]. After each 

analysis, the coating is removed with NaOH and reapplied. This coating procedure 

has been successfully employed in the analysis of basic drugs [373, 383, 384], the 

major opium alkaloids [385] and basic impurities and adulterants in heroin [386]. 

Vanhoenacker et al. [297] also employed this coating procedure for the analysis of 

benzodiazepines.

Other non-commercial dynamic coating methods have been described, including the 

poly(diallyldimethylammonium chloride) (PDDAC)/DS coated capillary utilised by 

Zakaria et al. [371] for the analysis of alkaloids. This PDDAC/DS coating method 

was also successfully applied by Kelly et al. [387] for the chiral separation of 

methadone and its two major metabolites. Polybrene/poly(vinylsulfonate) doubly- 

coated capillaries for the analysis of peptides has been described by Catai et al. 

[388], and a similar coating procedure was reported by Graul and Schlenoff [389], 

whereby alternating layers of PDDAC and sodium poly(styrenesulfonate) enabled

the efficient and reproducible separation of basic proteins.
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Cyclodextrins (CDs) are cyclic oligosaccharides consisting of D-glucose units 

bonded through a-1,4-linkages [390]. They are an example of chiral selectors [391] 

and are often used in enantiomeric separations. Due to the presence of primary and 

secondary hydroxyl groups, the outer surface of the cyclodextrin molecule is 

hydrophilic, while the inner cavity is hydrophobic. Only molecules that can be fitted 

into the cavity of the cyclodextrin can form stable inclusion complexes [390]. 

Separation is achieved as a result of differences in partitioning of the analytes 

between the aqueous BGE and the hydrophobic core of the cyclodextrin [371], in a 

similar manner to micellar separations. The hydrophobic character of the 

cyclodextrin cavity can be increased by replacing the hydroxyl groups on the rim of 

the cavity with methyl, hydroxyethyl, hydroxypropyl, sulfate and acetyl groups 

[390]. Cyclodextrins have been employed to improve separation in a variety of 

studies including the determination of aromatic bases [370], chiral [390, 391] and 

achiral [351] separations of benzodiazepines by HPLC, and the complementary use 

of cyclodextrins with coated capillaries [384].

3.2.1 Previous CE Methods for the Analysis of Benzodiazepines

Benzodiazepines are used in the clinical treatment of anxiety, insomnia and panic 

disorder [193]. Their potential for abuse is large, and they are often used by heroin 

users is to enhance the feeling of high from the opiates or to reduce opiate 

withdrawal symptoms [58]. Considering their abuse-potential, the analysis of 

benzodiazepines is of interest from a forensic and toxicological standpoint. As such, 

a number of reviews focusing on the analysis of benzodiazepines have been 

published [191, 392]. While HPLC remains the most common technique for their 

analysis, CE methods have recently been developed to accommodate both biological 

and aqueous media. Refer to Table 1-12 and Table 3-1 for details of these methods. 

Most analyses are performed with MEKC [192, 231, 253, 277, 296, 302-305, 372, 

393-400], however CZE [272, 297, 397, 398, 401, 402] and CEC have also been 

reported [403-405]. A specific review regarding the application of CE to the analysis 

of benzodiazepines has been published by Smyth and McClean [345]. Note that the
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effective length of the capillary (Leff) refers to the length of the capillary between the 

sample inlet and the detector.
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Analyses of basic compounds are usually performed by CZE at low pH, however the 

low pKa values of benzodiazepines makes them difficult to ionise, and therefore 

difficult to analyse by CZE. In addition, low pHs cause reduction of the EOF, which 

can result in long analysis times and low signal-to-noise ratios. For these reasons, the 

majority of benzodiazepine separations are performed by MEKC at high pH, as 

inspection of Table 1-12 and Table 3-1 will confirm. Despite this, CZE offers 

possible advantages over MEKC including better efficiency and precision, improved 

resolution, BGE simplicity and the possibility of coupling with MS.

In one of the few CZE studies of benzodiazepines, Tagliaro et al. [397] developed a 

CZE method for the analysis of drugs of forensic interest, including diazepam and 

flunitrazepam, on a bare fused-silica capillary at low pH. The method employed 50 

mM phosphate buffer at pH 2.35 and gave good separation for most of the basic 

analytes. The authors compared this CZE method to a MEKC method (25 mM 

borate, pH 9.24/20% MeOH/lOO mM SDS) and found intra-day RSDs of migration 

times to be far superior, ranging from 0.2 to 1.2% for CZE as compared to 2.0 to 

8.6% for MEKC. The analytical sensitivity was also 3-4 times better than in MEKC 

due to higher efficiency.

The CZE analysis of four benzodiazepines at low pH was conducted in a study by 

McGrath et al. [398]. The BGE consisted of 20 mM citric acid + 15% methanol at 

pH 2.5, and the total analysis time was 8 minutes. This method was compared to a 

MEKC method (75 mM SDS/6 mM sodium tetraborate/12 mM disodium hydrogen 

phosphate + 5% MeOH) and the authors found that while CZE gave slightly inferior 

efficiencies to those obtained by MEKC, it was superior in terms of its fast analysis 

time. The same buffer conditions were also applied in two studies by McClean et al. 

[272, 401], both of which involved the analysis of 15 benzodiazepines in under 20 

minutes by CE-MS.

A coated CZE method could allow the EOF to be introduced and permit a fast

cationic separation, thereby overcoming the problem of long run times associated
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with analysis at low pH. To date, the only method published for the analysis of 

benzodiazepines using a doubly-coated capillary was has been by Vanhoenacker et 

al. [297], who employed the CEofix coating system for the analysis of six 

benzodiazepines by CE-DAD, CE-MS and CE-MS-MS in 100 mM formic acid at pH 

2.4. While run times of around 12 minutes were possible using MS-MS detection, 

significantly larger run times of 20 minutes were attained using DAD. MS-MS 

detection enables shorter analysis times to be obtained when the Multiple Reaction 

Monitoring (MRM) mode is utilised. This involves monitoring selected ion 

fragments of each analyte. As a result, analytes do not need to be baseline resolved to 

enable their accurate quantification. Less importance is therefore given to resolution, 

and analysis times can be reduced. Since the coupling of MS to CE remains an 

expensive method of detection, and is generally beyond the financial means of many 

analytical laboratories, it is of interest to develop a rapid CZE method using the more 

readily available DAD for the analysis of benzodiazepines.

3.2.2 Objectives

The main objective of this work was to develop a fast CZE separation for the 

analysis of nine benzodiazepines, primarily through the use of a dynamic doubly- 

coated capillary. The secondary objective of this study was to assess the 

effectiveness of cyclodextrins in enhancing resolution and reducing run time on both 

coated and bare fused-silica capillaries. The application of the method to the analysis 

of spiked beverages was also investigated.

3.3 Experimental

3.3.1 Chemicals

All reagents were of analytical grade unless stated otherwise. Nitrazepam, oxazepam,

alprazolam, flunitrazepam, temazepam and diazepam were obtained from Sigma-

Aldrich (Sydney, New South Wales, Australia). 7-aminoflunitrazepam, 7-

aminonitrazepam and 7-aminoclonazepam were either synthesised in-house (Chapter

2) or purchased from Novachem Pty Ltd (Melbourne, Victoria, Australia). All

buffers were prepared in MilliQ grade (18.2 MQcm'1) water by dilution of stock
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solutions of phosphoric acid (H3PO4) (APS Chemicals, Sydney, New South Wales, 

Australia). Ammonia solution (NH4OH, APS Chemicals, Sydney, New South Wales, 

Australia) was used for pH adjustment. IN NaOH (HPCE grade) was obtained from 

Agilent Technologies (Sydney, New South Wales, Australia).

Poly(diallydimethylammonium chloride) (PDDAC, 20 wt% in water) and dextran 

sulfate (DS) were obtained from Sigma-Aldrich (Sydney, New South Wales, 

Australia). P-cyclodextrin (pCD, 1135 g/mol), heptakis-(2,6-di-0-methyI)-P- 

cyclodextrin (DMpCD, 1331 g/mol) and heptakis-(2,3,6-tri-0-methyl)-P- 

cyclodextrin (TMpCD, 1430 g/mol) were purchased from Sigma-Aldrich (Sydney, 

New South Wales, Australia). Prior to use, all buffers were degassed by sonication 

and filtered using 0.45 pm Nylon syringe filters (Bonnett Equipment, Sydney, New 

South Wales, Australia).

3.3.2 Instrumentation

Separations were performed on an Agilent Chemstation Capillary Electrophoresis 

System (Agilent Technologies, USA), equipped with diode array detector (DAD). 

Uncoated 50pm I.D. fused-silica capillaries of 69 cm total length (60 cm effective 

length) were purchased from Polymicro Technologies (Phoenix, USA). Detection 

windows were made by burning the outer polyimide coating to expose the bare 

capillary. Aqueous standards of each analyte were prepared by dilution of stock 

solutions with MilliQ water. Duplicate injections for each standard were performed 

hydrodynamically at 50.0 mbar for two seconds. Separations were carried out at 

25°C with an applied voltage of +30 kV, and detection at 200 nm. At the beginning 

of each day, the capillary was flushed with 0.1N NaOH for five minutes, MilliQ 

water for five minutes, and running buffer for ten minutes. Prior to each injection, the 

capillary was flushed with the running buffer for three minutes. The position of the 

EOF was verified for each condition by injection of an acetone solution (10% 

acetone in running buffer).
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Coated capillaries were prepared by a method described previously [371, 387]. To 

summarise, the capillary was flushed with IN NaOH for thirty minutes, followed by 

MilliQ water for fifteen minutes, and was then allowed to stand for thirty minutes. A 

solution of 1% v/v PDDAC was flushed through the capillary for fifteen minutes, 

and then left to stand for fifteen minutes. A two minute flush with MilliQ water 

preceded a fifteen minute flush with 1.5% w/v DS solution. After allowing the 

capillary to stand for thirty minutes, MilliQ water was flushed through for five 

minutes.

3.3.3 Calculations

The apparent mobility of each analyte was calculated according to Equation 3-1. The 

resulting value was then substituted into Equation 3-2 for the calculation of effective 

mobility.

Equation 3-1 Calculation of apparent mobility (/4PP)

_ Leff' Etot
A app - t .y lm v

where Leff and Ltot are the effective and total capillary lengths (in cm) respectively, t™ is the migration 

time (in sec), and V is the applied voltage (in V).

Equation 3-2 Calculation of effective mobility {jxen)

A eff — A app A EOF

where ^app is the apparent mobility and ^EOf is the mobility of the EOF.

For each experimental condition, the resolution of each analyte pair was calculated 

using Equation 3-3. The product resolution was calculated by the multiplication of 

each of the individual resolution values, as shown in Equation 3-4.

Equation 3-3 Calculation of resolution (Rj)

o =__________
s 0.5(wq + W2)

where t\ and t2 are the migration times for each peak pair, and w\ and vv2 are the peak widths at

baseline
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Equation 3-4 Calculation of product resolution (PRS)

PRS = PP1 * PP2* PP3 * * PP9
where PP1, PP2, PP3, , PP9 are the resolutions between the 1st peak pair, 2nd peak pair, 3rd peak

pair, ., 9th peak pair

3.3.4 Method Validation

The method was validated for aqueous standards and calibration curves were 

obtained by analysing working standard solutions, diluted to obtain final 

concentrations of 17.0, 22.7, 45.5, 68.2 and 90.9 pig/mL for diazepam, nitrazepam, 

flunitrazepam, temazepam and oxazepam, and 51.1, 68.2, 150.0, 204.5 and 272.7 

pg/mL for alprazolam. Calibration standards were analysed each day, and standard 

curves were constructed using linear regression.

Accuracy and precision were calculated at high and low concentration for each drug, 

with five replicates performed at each concentration. Accuracy was expressed as the 

calculated concentration as a percentage of nominal concentration. Precision (%CV) 

was determined to be the standard deviation in peak area divided by the average of 

the three replicates, expressed as a percentage. The limit of detection (LOD) was 

defined as a signal to noise ratio (S/N) of 3:1 and the limit of quantification (LOQ) as 

aS/N of 10:1.

3.4 Results and Discussion

3.4.1 Preliminary Screening of BGE Parameters

Properties of the BGE, including buffer type, concentration and pH, can greatly

influence the level of EOF and hence the analysis time in CE separations. If the pH

of the BGE is too high, the analytes may be insufficiently ionised to achieve

complete separation. If the pH is too low, the EOF is minimised, resulting in long

analysis times and low signal-to-noise ratios. This is of particular importance in CZE

separations of basic analytes. In addition to pH, the ionic strength of the BGE can

influence the analysis time. High ionic strength BGEs can shield the effective charge
100



of the analytes, thereby reducing mobility and increasing migration times [406]. High 

ionic strength will also decrease the EOF.

With this in mind, a BGE of ammonium phosphate was selected for investigation in 

the range pH 1.9 - 2.5 (constant concentration 100 mM). In this acidic range, the 

positively charged basic analytes had an effective mobility greater than the EOF, 

causing them to migrate ahead of the EOF under the application of a positive 

potential. The effect of the ionic strength of this BGE on the separation was also 

investigated in the range 25-100 mM (constant pH 2.5). Figure 3-1 is an example of 

the separation attained in 100 mM phosphate buffer, pH 2.3 on a bare fused-silica 

capillary. As would be expected at low pH, 7-aminonitrazepam, which can be 

protonated on the -NH2 group (pKa 4.6) and the C=N group (pKa 2.5), migrates 

through the capillary first. It is closely followed by 7-aminoflunitrazepam and 7- 

aminoclonazepam, which can also be protonated at these two positions. The 

remainder of the analytes were separated in line with their pKa values of the 

monoprotonated species; that is diazepam (p/G 3.3), nitrazepam (pKa 3.2), 

alprazolam (pKa 2.4), flunitrazepam (pWfl 1.8), oxazepam (p/G 1.7) then temazepam 

(pKa 1.6).
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24

< 14

a 9

Migration time (mins)

Figure 3-1 Example electropherogram of a standard mixture of nine benzodiazepines on an

uncoated capillary

Conditions: 60 cm x 50 pm bare fused-silica capillary, 100 mM phosphate buffer, pH 2.3, applied 

voltage 28 kV, temperature 25 °C, injection 2s at 50 mbar, detection X 200 nm; Migration order: 1. 

7-NH2-NIT (tm 4.387), 2. 7-NH2-FLU (tm 4.662), 3. 7-NH2-CLO (tm 4.698), 4. DIA (tm 4.858), 5. NIT 

(tm 5.168), 6. ALP (tm 5.672), 7. FLU (tm 6.477), 8. OXA (tm 6.722), 9. TEM (tm 6.866), 10. EOF (tm 

7.183)

The average effective mobilities and resolutions for each analyte with varying 

phosphate buffer concentration (pH 2.5) are illustrated in Figure 3-2. Increasing ionic 

strength of the buffer had little effect on the effective mobilities of the six parent 

benzodiazepines, however a slight increase in effective mobility was observed for the 

7-amino metabolites. This may be because the shielding effect of the BGE was less 

pronounced on the 7-amino metabolites, which have an effective +2 charge, as 

compared to the parent compounds, which only have a +1 charge. As a result, the 

migration times of the 7-aminobenzodiazepines were less affected by the increase in 

ionic strength. This caused their effective mobilities to increase relative to the 

migration time of the EOF and other analytes. Average resolutions between 

consecutive peaks and overall product resolutions (PRS) are presented for each 

condition in Table 3-2. Co-migration of 7-aminoflunitrazepam and 7-
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aminoclonazepam (PP2) at 75 and 100 mM rendered these concentrations ineffective 

for the complete separation of the nine analytes. A BGE concentration of 25 mM was 

also ineffective for the resolution of all analytes, due to co-migration of 7- 

aminonitrazepam and 7-aminoflunitrazepam (PP1). The only condition in which 

separation (PRS > 0) of all nine analytes was possible in phosphate buffer (pH 2.5) 

occurred at a concentration of 50 mM. However, at this concentration, the resolution 

between 7-aminoflunitrazepam and 7-aminoclonazepam (PP2) was <1.5, indicating 

that complete baseline separation was not achieved.
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Figure 3-3 highlights the effect of varying the pH of the BGE (100 mM phosphate 

buffer) on the average effective mobilities and resolutions for each analyte. 

Increasing pH tended to reduce the effective mobility, and hence increase the 

migration time of all analytes. This is because the pKa of benzodiazepines is low, so 

that even at low pH, the species were hardly protonated. As the pH was increased, 

the positive charge on each analyte was reduced even further, causing them to 

become more neutral and migrate closer to the EOF. The effect of pH on resolution 

can also be explained in terms of this observation. The last three peaks, 

flunitrazepam, oxazepam and temazepam (PP7, PP8 and PP9), which have the lowest 

p/Gs, experienced a reduction in resolution since they tended to merge with the EOF 

as the pH was increased. However, the effect on earlier migrating peaks was an 

increase in separation (PP1, PP5 and PP6) due to more interaction with the capillary 

wall. Table 3-3 illustrates the average resolution values for consecutive peaks, as 

well as the product resolution (PRS) for each condition. At pHs 1.9 and 2.0, the peak 

shape of the 7-amino metabolites and alprazolam was poor and the signal-to-noise 

ratio was low. As a result, migration times and peak widths could not be accurately 

obtained for these analytes. For this reason, the resolution values obtained at these 

pH values were not included in Table 3-3. In the case of alprazolam, the poor peak 

shape may have been a result of ring-opening, which is known to occur in acidic 

medium [257]. For the remaining conditions, PRS was >0 at all pHs investigated, 

indicating that no species co-migrated. However, the resolution between 7- 

aminoflunitrazepam and 7-aminoclonazepam was <1.5 for each condition, indicating 

that baseline separation could not be obtained under the conditions investigated.

3.4.2 Coated Capillary Method Development

In order to improve the separation, a dynamic doubly-coated capillary with a cationic 

layer of PDDAC and an anionic layer of DS, as previously described by Zakaria et 

al. [371], was investigated. An ammonium phosphate BGE was studied in the range 

pH 1.9 - 2.5 (constant concentration 100 mM) and ionic strengths of 25 - 100 mM 

(constant pH 2.5) for purposes of direct comparison with the results obtained on the 

uncoated capillary.
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The average effective mobilities and resolutions of the nine benzodiazepines with 

varying phosphate buffer concentration (pH 2.5) on a coated capillary are illustrated 

in Figure 3-4. BGE ionic strength had little effect on the effective mobility of the six 

parent benzodiazepines, however, once again, the mobilities of the three 7-amino 

metabolites increased slightly due to the shielding effect of the BGE being less 

pronounced on these analytes. Table 3-4 presents average resolution values and 

product resolutions (PRS) for the separations at each condition. The effect of BGE 

concentration on average resolution was much more significant. At 25 mM, 7- 

aminonitrazepam and 7-aminoflunitrazepam (PP1) were insufficiently resolved, 

however, since the effective mobility of 7-aminonitrazepam significantly increased 

with increasing BGE concentration, so too did the resolution of PP1. The peak pairs 

most affected by BGE concentration in terms of resolution were PP1 (7- 

aminonitrazepam and 7-aminoflunitrazepam) and PP4 (diazepam and nitrazepam). 

As the BGE concentration was increased, so too did the resolution between these 

peak pairs. Under the conditions studied, the highest PRS occurred at a BGE 

concentration of 100 mM.
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Figure 3-5 illustrates the average resolutions and effective mobilities of the nine 

analytes with varying pH. In general, an increase in pH correlated to a reduction in 

effective mobility for the six parent benzodiazepines. Only the 7-aminobenzodiazepines 

showed an increase in effective mobility. This can be attributed to the low pKa values of 

the parent compounds. Even at pH 1.9, these analytes were hardly protonated, resulting 

in long migration times. As the pH was increased, the effect was even more pronounced 

and they began to migrate with the EOF. Consequently, a decrease in effective mobility 

for the parent analytes was observed with increasing pH. Resolutions between 

consecutive peaks and product resolutions (PRS) for the separation at each condition are 

presented in Table 3-5. Once again, poor peak shape was observed for the 7- 

aminobenzodiazepines and alprazolam at pH 1.9, making it difficult to accurately 

determine the migration times and peak widths, so this condition was omitted from the 

Table. The effect of pH on resolution was variable, with some peak pairs showing 

greater resolution as pH was increased, and others tending to display reduced resolution. 

This was largely a result of the effect of pH on effective mobility discussed above. At 

low pH, the 7-amino metabolites tended to co-migrate as one peak after diazepam, 

nitrazepam and alprazolam. However, as the pH was increased and the effective 

mobilities of the three metabolites increased relative to the six parent compounds, they 

began to migrate first. This change in migration order makes it difficult to assess trends 

in resolution. At pH 2.3 and below, PRS = 0, due to co-migration of the 7-amino 

metabolites. As can be seen in Table 3-5, the maximum PRS, and hence the best 

separation in 100 mM phosphate buffer occurred at pH 2.5.

Considering all the conditions evaluated on the coated capillary (BGE concentration 25 

- 100 mM, pH 1.9 - 2.5), the best separation was found to occur in 100 mM phosphate 

buffer at pH 2.5. Under these conditions, basline separation of all nine analytes was 

possible in a run time of less than 6.5 minutes. An example of an electropherogram 

obtained under these conditions is illustrated in Figure 3-6.
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E 14

Migration time (mins)

Figure 3-6 Example electropherogram of a standard mixture of nine benzodiazepines on a coated

capillary

Conditions: 60 cm x 50 pm PDDAC/DS coated capillary, 100 mM phosphate buffer, pH 2.5, applied 

voltage 28 kV, temperature 25 °C, injection 2s at 50 mbar, detection X 200 nm; Migration order: 1. 7- 

NH2-NIT (tm 3.948), 2. 7-NH2-FLU 4.186), 3. 7-NH2-CLO 4.223), 4. DIA (tm 4.337), 5. NIT (tm 

4.641), 6. ALP (tm 5.022), 7. FLU (tm 5.614), 8. OXA (tm 5.757), 9. TEM (tm 5.834), 10. EOF (tm 6.007)
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Figure 3-7 Influence of a) phosphate buffer concentration and b) pH on average product 

resolution for coated and uncoated capillaries

Compared with an uncoated bare fused-silica capillary, separations performed on the 

coated capillary were superior in terms of resolution, as shown in Figure 3-7. While 

comparable resolutions were obtained in 25 and 50 mM phosphate buffer, the coated 

capillary gave a significantly better separation at 75 and 100 mM. And although 

slightly better separations were obtained on an uncoated capillary below pH 2.4, 

there was a dramatic increase in product resolution at pH 2.5. Both these 

observations were attributable to the baseline separation of 7-aminoflunitrazepam 

and 7-aminoclonazepam on the coated capillary. This was not achievable on an 

uncoated capillary under any of the conditions.
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Figure 3-8 Influence of a) phosphate buffer concentration and b) pH on run time for coated and

uncoated capillaries

In addition to improved resolution, the coated capillary gave a faster run time than 

the bare fused-silica capillary under all BGE concentrations and pHs. This is 

graphically depicted in Figure 3-8. The run time on the uncoated capillary was 

affected by the BGE concentration, showing a steady increase as the BGE 

concentration was increased. In contrast, the run time on the uncoated capillary 

remained relatively constant at around 6 minutes. pH had little effect on the run times 

of either the coated or uncoated capillaries, however the coated capillary improved 

the run time by about one minute, or around 17%. Whilst not a dramatic
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improvement, it would become more significant during routine analysis when there 

is a high sample throughput.

This method compares favourably with the other CZE methods for benzodiazepine 

analysis. The CZE method developed by McGrath et al. [398] for the analysis of 

chlordiazepoxide, diazepam, flurazepam and nitrazepam had a total analysis time of 

8 minutes for the four analytes when employing a 20 mM citric acid + 15% MeOH 

BGE. McClean et al. [272] described a CZE method in which fifteen 

benzodiazepines were analysed in 20 mM citric acid + 15% MeOH at pH 2.5. Under 

these conditions, only twelve analytes could be resolved within 20 minutes using 

DAD, and many of these did not have baseline resolution. Clearly, the current 

method, which is able to baseline resolve nine benzodiazepines, offers considerable 

advantages in terms of analysis time and resolution when compared with previous 

CZE methods. Furthermore, the present method has a shorter run time than many of 

the MEKC methods presented in Table 3-1 and Table 1-12, when consideration is 

given to the number of analytes studied. Compared to these MEKC methods, the 

CZE method presented here offers the advantage of BGE simplicity as well as a 

shorter analysis time.

The analysis of benzodiazepines by CE using doubly-coated capillaries has been 

previously reported [297]. The method, described by Vanhoenacker et al., utilised 

the CEofix buffer system for the preparation of the coated capillaries, and MS 

detection to achieve the separation of six benzodiazepines in a run time of around 12 

minutes. The method presented here for the separation of nine benzodiazepines on a 

PDDAC/DS coated capillary in 100 mM phosphate buffer at pH 2.5 permits the 

separation of a larger number of analytes in half the run time of the previously 

reported method. Whilst MS capabilities allow for better LODs compared with DAD, 

the coupling of CE with MS is not always financially viable, and it is of benefit to 

have a fast CE method that employs the more common DAD.
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3.4.2.1 Stability of the EOF

In contrast to some previous findings [370, 371], the EOF of the doubly-coated 

PDDAC/DS capillary was not reproducible and tended to decrease as more injections 

were performed. This finding was in agreement with Kelly et al. [387], who also 

found a large amount of variation in the EOF. The likely reason for this seems to be 

the gradual removal of DS from the surface of the capillary wall by the running 

buffer during analyses. In an attempt to regenerate the DS coating, the capillary was 

periodically flushed with 1.5% DS solution. While this initially seemed successful in 

restoring the EOF, the improvement was only temporary, and subsequent analyses 

once again saw the EOF steadily decreasing. Kelly et al. suggested that running 

buffer containing a small amount of DS may reduce variation in the EOF by 

preventing the removal of the DS coating during analysis. This approach was 

investigated in the range 0 - 2% DS in 100 mM phosphate buffer at pH 2.5. EOF 

values were determined by an injection of acetone as a neutral marker, with ten 

replicates performed at each concentration, and the coefficient of variation (%CV) of 

the migration time was calculated. As indicated in Figure 3-9, the %CV declined as 

the percentage of DS in the running buffer was increased. A minimum %CV of 

0.029% was obtained at 1.5% DS. At concentrations of DS above 1.5%, the %CV 

began to increase. Thus, it would appear that instability of the EOF on the 

PDDAC/DS coated capillary is largely due to removal of DS from the capillary 

surface, and that the addition of DS to the running buffer can help combat this 

problem.
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Dextran sulfate concentration (%)

Figure 3-9 Effect of DS in running buffer on the coefficient of variation (%) of the EOF

The preliminary testing conditions were then applied to the separation of a standard 

mixture of the nine benzodiazepines. 1.5% DS was added to the running buffer (100 

mM phosphate buffer, pH 2.5) and ten replicate injections were performed. 

Unfortunately, the addition of DS interfered with the separation mechanism, causing 

distorted peak shapes and co-migration of most of the analytes with the EOF. This is 

likely due to the positively charged benzodiazepines interacting with the negatively 

charged DS to form neutral species which, being uncharged, migrate with the EOF. 

As such, the best approach for maintaining a reproducible EOF when analysing 

positively charged species on the PDDAC/DS coated capillary seems to be periodic 

flushing with DS.

3.4.3 Investigation of Cyclodextrins

It has been found that in aqueous media, the cavity size of p-cyclodextrins most 

favourably accommodates the aromatic ring structures of benzodiazepine molecules 

[351]. With this in mind, three cyclodextrins, P-cyclodextrin ((3CD), heptakis-(2,3-di- 

0-methyl)-p-cyclodextrin (DMpCD) and heptakis-(2,3,6-tri-(9-methyl)-p- 

cyclodextrin (TMpCD), were added to the running buffer (100 mM phosphate buffer, 

pH 2.5) and investigated on both a PDDAC/DS coated capillary and a bare fused- 

silica capillary in the range 5-25 mM. The purpose was to determine if the
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combination of a doubly-coated capillary with cyclodextrins offered any advantage 

in the analysis of benzodiazepines as compared with the use of a coated capillary 

alone, and/or if cyclodextrins applied with a bare-fused silica capillary offered any 

resolution or run time improvements as compared to either the coated or uncoated 

capillaries alone.

All cyclodextrins studied on the PDDAC/DS coated capillary had minimal effect on 

the average effective mobilities of each analyte and no effect on the migration order. 

The average resolution values for consecutive peaks at each condition on a coated 

capillary are presented in Table 3-6. Figure 3-10 illustrates the influence of 

cyclodextrin type and concentration on the product resolution (PRS) of the separation. 

For both TMpCD and DMpCD, the maximum PRS was obtained at a CD 

concentration of 5 mM. However, DMpCD at this concentration had limited success 

in resolving all nine analytes, as the separation between oxazepam and temazepam 

(PP8) was incomplete. Increasing the concentration of TMpCD and DMpCD above 5 

mM only served to reduce the PRS, and hence decrease separation. In both cases, the 

reduction in PRS at higher concentrations of CD was a result of decreased resolution 

between oxazepam and temazepam (PP8). This is likely to be due to a greater 

interaction of oxazepam and temazepam with TMpCD and DMpCD occurring at 

higher cyclodextrin concentrations. 10 mM PCD gave the greatest separation on the 

PDDAC/DS coated capillary. A further increase in CD concentration to 25 mM 

however, saw a reduction in the PRS due to decreased resolution between oxazepam 

and temazepam (PP8). pCD is less hydrophobic compared to the other cyclodextrins 

and has greater affinity for the moderately protonated analytes at pH 2.5, which may 

explain its effectives over TMpCD and DMpCD.
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Table 3-6 Average resolutions for consecutive peaks with varying type and concentration of 
cyclodextrin on a coated capillary

Cone

(mM)

PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8 PP9 PRs

(xlO7)

Q
Ucn
H

5 7.267 1.882 5.374 16.781 16.559 18.110 3.426 1.570 3.867 0.7691

10 8.429 1.600 4.465 17.689 17.627 18.756 3.275 1.300 3.390 0.5083

25 9.089 1.717 5.056 17.729 16.477 16.471 3.248 1.133 3.240 0.4527

Q
Ucn.
Q

5 10.092 1.615 9.717 14.917 12.859 21.968 3.432 0.758 2.371 0.4116

10 15.330 3.110 17.85 14.410 9.692 19.521 3.994 0.000 1.944 0.000

25 18.452 3.505 30.11 14.400 5.728 16.143 2.450 0.000 0.063 0.000

Q
Ucn

5 12.454 2.575 5.549 13.558 14.811 19.892 3.736 1.492 2.907 1.152

10 13.004 3.634 5.936 12.959 14.671 20.546 4.799 1.509 2.970 2.357

25 12.902 3.946 7.322 14.169 12.260 18.122 5.443 0.544 2.403 0.8355

Concentration cyclodextrin (mM)

■TMBCD
DMBCD
BCD

Figure 3-10 Influence of cyclodextrin type and concentration on product resolution (PRS) for a

coated capillary
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Table 3-7 Average resolutions for consecutive peaks with varying type and concentration of 

cyclodextrin on an uncoated capillary

Cone

(mM)

PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8 PP9 PRs

(x 107)

TM
pC

D

5 8.098 0.986 4.349 9.049 13.366 15.859 2.101 0.778 2.028 0.0221

10 7.662 0.909 4.217 9.251 10.367 16.209 2.113 0.772 1.998 0.0149

25 8.769 0.000 3.955 10.332 14.505 13.243 2.308 0.666 1.988 0.0000

D
M

pC
D

5 8.696 3.546 14.22 18.808 17.979 25.232 3.068 0.571 2.606 1.709

10 19.375 2.583 23.85 17.620 13.951 30.719 5.766 0.000 2.721 0.000

25 23.463 5.200 28.07 10.346 1.614 19.687 2.267 0.000 1.573 0.000

Q
Uca

5 8.794 1.043 5.708 9.821 13.720 21.507 6.630 3.345 6.971 2.347

10 10.210 1.394 6.839 11.131 24.775 16.963 5.963 1.976 7.558 4.055

25 6.279 2.937 4.836 10.617 11.030 17.115 3.705 0.497 2.905 0.0956

Concentration cyclodextrin (mM)

Figure 3-11 Influence of cyclodextrin type and concentration on product resolution (PRS) for an

uncoated capillary

The average resolution values between consecutive peaks on a bare fused-silica 

capillary with added cyclodextrins are presented in Table 3-7. As with the coated 

capillary, the addition of cyclodextrins to the running buffer had no effect on the 

migration order and minimal effect on the average effective mobilities of each 

analyte. Figure 3-11 highlights the effect of cyclodextrin type and concentration on

the product resolution (PRS) of the separation. TM(3CD was unsuccessful in resolving
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the nine benzodiazepines at any of the concentrations studied, due to insufficient 

separation between 7-aminoflunitrazepam and 7-aminoclonazepam (PP2), and 

oxazepam and temazepam (PP8). DMpCD had limited success at a concentration of 

5 mM, however the resolution between oxazepam and temazepam (PP8) was <1, 

indicating incomplete resolution. pCD at a concentration of 10 mM was effective at 

separating all nine analytes, although the resolution between 7-aminoflunitrazepam 

and 7-aminoclonazepam (PP2) was <1.5, indicating the two analytes were not 

baseline resolved. While the resolution between these two analytes improved as the 

concentration of PCD was increased, the resolution between oxazepam and 

temazepam (PP8) decreased significantly, rendering higher concentrations 

inappropriate.

In order to compare the effectiveness of the investigated cyclodextrins in separating 

the nine benzodiazepines, the maximum product resolution obtained for each 

cyclodextrin on both coated and uncoated capillaries was compared, as illustrated in 

Figure 3-12. For TMpCD and DMpCD, this occurred at a concentration of 5 mM, 

while for PCD, the maximum PRS was at 10 mM. Clearly, the PDDAC/DS coated 

capillary in the absence of any cyclodextrins gave the best separation, with none of 

the cyclodextrins offering any improvement in the resolution that had already been 

obtained. 10 mM PCD with an uncoated capillary gave the next best separation, 

followed by 10 mM PCD in conjunction with the PDDAC/DS coated capillary. 

Although not offering any advantage over the coated capillary alone, 10 mM PCD in 

the running buffer was more successful in resolving the nine analytes than the use of 

a bare fused-silica capillary alone.
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TMBCD DMBCDnone

□ Coated

□ Uncoated

Type of Cyclodextrin

Figure 3-12 Maximum product resolution (PRS) attained for each type of cyclodextrin on coated

and uncoated capillaries

The run times obtained with and without cyclodextrins on both coated and uncoated 

capillaries are compared in Figure 3-13. The coated capillary without the use of 

cyclodextrins gave fastest run time. No advantage in run time was gained with the 

addition of cyclodextrins to the running buffer. The interaction of the 

benzodiazepines with the cyclodextrin cavity is no doubt responsible for the increase 

in analysis time. However, the effect is not great, since at pH 2.5 the analytes are 

mostly protonated and strong interactions with the cyclodextrins would not be 

expected.

TMBCD DMBCDnone

□ Coated

□ Uncoated

Type of Cyclodextrin

Figure 3-13 Run times for each type of cyclodextrin on coated and uncoated capillaries

121



The use of cyclodextrins in conjunction with doubly-coated capillaries for the 

analysis of benzodiazepines has not been reported previously, however Lurie et al. 

[384] detailed the use of a dynamically coated capillary with the addition of 

cyclodextrins in the run buffer at pH 2.5 for the analysis of moderately basic seized 

drugs. They found that the cyclodextrins not only allowed for chiral analysis, but that 

it also enhanced separation for achiral solutes. In another study [386], the same 

authors found that the combination of a dynamically coated capillary with 

cyclodextrin in the running buffer was well suited to the analysis of basic solutes in 

heroin, as it improved selectivity and precision, and reduced analysis time. While 

these studies demonstrate success in resolving basic analytes by using doubly-coated 

capillaries in combination with cyclodextrins, the findings of this study disagree with 

these results. Better separation was attained on the doubly-coated capillary alone, 

than when cyclodextrins were added to the running buffer. On the coated capillary, 

cyclodextrins only served to reduce to resolution between analytes. However, the 

addition of 10 mM |3CD in the running buffer on an uncoated capillary improved the 

separation that had previously been obtained on this type of capillary.

One notable effect was observed with all cyclodextrins; that is, there was splitting of 

the alprazolam peak. Since ring-opening of alprazolam can occur in acidic medium 

[257], it is possible that alprazolam exists in two forms - an opened-ring and a 

closed-ring structure. These two forms are likely to interact differently with the 

added cyclodextrins, thus becoming partially separated and producing the peak­

splitting effect. The partial separation of two chiral forms of alprazolam is another 

possible explanation for this peak-splitting effect. Obviously, this unwanted effect 

should be considered before implementing P-cyclodextrins in separations involving 

alprazolam in acidic medium. However, the addition of [3CD to the running buffer 

still remains a useful alternative for improving the separation of benzodiazepines on 

uncoated capillaries.
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3.4.4 Method Validation

Given that the best separation was attained on a PDDAC/DS coated capillary with 

100 mM phosphate buffer at pH 2.5 as the running buffer, this method was validated 

for aqueous standards, and the calibration data for each analyte is presented in Table

3-8. Calibration curves were linear in the specified concentration ranges and 

correlation coefficients (r2) ranging from 0.9891 - 0.9976 were established.

Accuracy and repeatability of peak areas and migration times were determined by 

analysis of five replicate samples at high and low concentration. As shown in Table

3-9, the peak area repeatability was in the order of 0.9 - 9.7% RSD (relative standard 

deviation) and the migration time repeatability was 0.3 - 0.8% RSD. Accuracies 

were greater than 95%.
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Table 3-8 Calibration and LOD data

Analyte Correlation

coefficient (r2)
Range (pg/mL) LOD (pg/mL) LOQ (pg/mL)

7-aminonitrazepam 0.9972 17.0-90.9 4.0 13.3

7-aminoflunitrazepam 0.9976 17.0-90.9 3.5 11.7

7-aminoclonazepam 0.9933 17.0-90.9 2.7 9.0

Diazepam 0.9976 17.0-90.9 3.0 10.1
Nitrazepam 0.9960 17.0-90.9 3.4 11.4

Alprazolam 0.9891 51.1 -272.7 41.5 138.2

Flunitrazepam 0.9949 17.0-90.9 6.6 21.9

Oxazepam 0.9946 17.0-90.9 4.2 13.9

Temazepam 0.9938 17.0-90.9 4.8 16.1

Table 3-9 Accuracy and precision data

Analyte Concentration

(pg/mL)

Accuracy (%) RSD peak

areas (%)

RSD migration

times (%)

7-aminonitrazepam 90.9 99 0.9 0.5

17.0 97 2.6 0.5

7-aminoflunitrazepam 90.9 101 1.0 0.5

17.0 110 3.2 0.4

7-aminoclonazepam 90.9 100 0.8 0.6
17.0 111 6.1 0.4

Diazepam 90.9 101 0.9 0.6
17.0 112 5.6 0.4

Nitrazepam 90.9 100 2.8 0.6
17.0 108 1.3 0.3

Alprazolam 272.7 95 3.1 0.8
150.0 102 3.9 0.3

Flunitrazepam 90.9 101 3.0 0.8
22.7 105 9.7 0.4

Oxazepam 90.9 97 3.6 0.8
17.0 115 6.7 0.5

Temazepam 90.9 103 2.0 0.8
17.0 119 9.6 0.5
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As shown in Table 3-8, the limit of detection (LOD) for each compound ranged from 

2.7 pg/mL (7-aminoclonazepam) to 41.5 pg/mL (alprazolam), while the limit of 

quanitification (LOQ) was between 9.0 pg/mL (7-aminoclonazepam) and 138.2 

pg/mL (alprazolam). Typical toxic benzodiazepine concentrations are in the order of 

1 to 5 pg/mL, with some (e.g. flunitrazepam) 100-fold lower (Refer to Table 1-13). 

This method, and CE-DAD in general, lacks the sensitivity required for the analysis 

of authentic biological samples. This is mainly due to the small injection volumes 

and small optical path lengths for UV detection. While the method may useful in 

cases of large fatal overdoses where concentrations are in the order of 15 to 30 

pg/mL, it would not be suitable for the analysis of benzodiazepines at therapeutic 

and toxic concentrations.

3.4.5 Application of the Method

Given that the LODs of the method were significantly greater than the concentrations 

one would expect to find in therapeutic or even toxic instances of benzodiazepine 

administration, the method was instead applied to spiked beverages.

The term ‘drink spiking’ refers to drugs or alcohol being added to a drink without the 

consent of the person consuming it [407], The spiking substance, commonly 

benzodiazepines such as flunitrazepam, alprazolam, diazepam, temazepam and 

oxazepam [408, 409], can be added to both alcoholic and non-alcoholic drinks. The 

effects can range from vomiting to loss of consciousness, and can also include poor 

coordination and balance, slurred speech, muscle spasms, respiratory difficulties and 

loss of control. Often the victim will have lasting anterograde amnesia for events that 

occur under the influence of the drug [409]. For an incident to be defined as drink 

spiking, it need not involve further criminal victimisation, although such offences, 

including drug facilitated sexual assault and robbery, can occur [410]. A recent 

report by the Australian Institute of Criminology (AIC) [410] estimated that there 

were between 3000 and 4000 suspected incidents of drink spiking across Australia in 

the 2002/03 financial year, with approximately one third of incidents estimated to

have been associated with sexual assault. Since the AICs report, there has been much
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public attention in Australia surrounding the issue of drink spiking. Previously, there 

was no separate offence category in any Australian jurisdiction for the act of spiking 

someone’s drink, however the AICs report has prompted the NSW Government to 

create a new summary offence of drink spiking, which will attract a maximum 

penalty of two years in jail. The Federal Government is also drafting national laws, 

which are expected to be announced in mid-2005, and are expected to outlaw drink 

spiking throughout the country.

While there have been a number of studies focusing on the analysis of biological 

samples after the administration of spiked beverages, only a handful of studies have 

focused on the analysis of the spiked beverage itself. Bishop et al. [192] applied a 

MEKC method with an analysis time of less than 14 minutes for the analysis of 

benzodiazepines and y-hydroxybutyric acid (GHB) in a number of beverages. The 

main disadvantage of this method is that it requires an ethyl acetate LLE, which is 

quite time consuming and messy. Rao et al. [411] employed a HPLC method for the 

determination of alprazolam, diazepam and chloralhydrate in the alcoholic beverage 

toddy. The analysis time was 15 minutes and the only sample pre-treatment required 

in this instance was filtration through 0.45 pm Nylon membranes.

Given the recent concern regarding drink spiking, the PDDAC/DS coated method 

was applied to the analysis of beverages spiked with diazepam, nitrazepam, 

alprazolam, flunitrazepam, temazepam and oxazepam. A variety of drinks frequently 

consumed at bars and parties, including Bacardi™ rum, Victorian Bitter™ beer, 

Jacob’s Creek™ Semilion Sauvignon Blanc 2003 white wine, Coca-cola™, Jim 

Beam™ bourbon and Just Juice™ orange juice, were chosen for the analysis. 

Beverages were spiked with each drug at a concentration designed to simulate a 

prescription tablet. Information regarding tablet strengths was obtained from the 

manufacturers’ websites and a standard drink was assumed to be 200 mL. Thus, the 

following final concentrations were obtained: diazepam 50 pg/mL, nitrazepam 25 

pg/mL, alprazolam 10 pg/mL, flunitrazepam 25 pg/mL temazepam 150 pg/mL and
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oxazepam 150 pg/mL. Beverages were analysed by direct injection, following 

filtration through 0.45 pm Nylon filters where necessary. Recovery was calculated 

for each analyte as the average peak area in the spiked samples as a percentage of the 

average peak area in aqueous standards. Example electropherograms of each 

beverage, both spiked and blank, are illustrated in Figure 3-14 to Figure 3-19.

In the case of spiked Bacardi (Figure 3-14), the sample matrix was very clean and 

there were no interfering peaks. This was also the case for bourbon (Figure 3-15) and 

Coca-cola (Figure 3-16), which only exhibited one peak corresponding to the EOF. 

In these beverages, there were no difficulties with peak assignment and each analyte 

could be quantified. However, the sample matrices for spiked wine (Figure 3-17), 

beer (Figure 3-18) and orange juice (Figure 3-19) were more complicated. In the case 

of wine, there was a small peak at tm = 4.5 mins in the blank sample, which also 

corresponds to the migration time of nitrazepam. As a result, nitrazepam could not be 

accurately quantified in this sample. While the beer and orange juice also had 

complex electropherograms, there was no peak overlap between any of the matrix 

components and the analyte peaks in either of these cases, thus permitting the 

quantification of each analyte.
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Figure 3-14 Example electropherograms of a) spiked Bacardi and b) blank Bacardi

Conditions: 60 cm x 50 pm PDDAC/DS coated capillary, 100 mM phosphate buffer, pH 2.5, applied 

voltage 28 kV, temperature 25 °C, injection 2s at 50 mbar, detection A, 200 nm; Migration order: 1. 

DIA, 2. NIT, 3. FLU, 4. OXA, 5. TEM.
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Figure 3-15 Example electropherograms of a) spiked bourbon and b) blank bourbon

Conditions: 60 cm x 50 pm PDDAC/DS coated capillary, 100 mM phosphate buffer, pH 2.5, applied 

voltage 28 kV, temperature 25 °C, injection 2s at 50 mbar, detection X 200 nm; Migration order: 1. 

DIA, 2. NIT, 3. FLU, 4. OXA, 5. TEM.
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Figure 3-16 Example electropherograms of a) spiked Coca-cola and b) blank Coca-cola

Conditions: 60 cm x 50 pm PDDAC/DS coated capillary, 100 mM phosphate buffer, pH 2.5, applied

voltage 28 kV, temperature 25 °C, injection 2s at 50 mbar, detection X 200 nm; Migration order: 1.

DIA, 2. NIT, 3. FLU, 4. OXA, 5. TEM.
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Figure 3-17 Example electropherograms of a) spiked wine and b) blank wine

Conditions: 60 cm x 50 pm PDDAC/DS coated capillary, 100 mM phosphate buffer, pH 2.5, applied

voltage 28 kV, temperature 25 °C, injection 2s at 50 mbar, detection X 200 nm; Migration order: 1.

DIA, 2. NIT, 3. FLU, 4. OXA, 5. TEM.
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Figure 3-18 Example electropherograms of a) spiked beer and b) blank beer

Conditions: 60 cm x 50 pm PDDAC/DS coated capillary, 100 mM phosphate buffer, pH 2.5, applied

voltage 28 kV, temperature 25 °C, injection 2s at 50 mbar, detection X 200 nm; Migration order: 1.

DIA, 2. NIT, 3. FLU, 4. OXA, 5. TEM.
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Figure 3-19 Example electropherograms of a) spiked orange juice and b) blank orange juice

Conditions: 60 cm x 50 pm PDDAC/DS coated capillary, 100 mM phosphate buffer, pH 2.5, applied

voltage 28 kV, temperature 25 °C, injection 2s at 50 mbar, detection X 200 nm; Migration order: 1.

DIA, 2. NIT, 3. FLU, 4. OXA, 5. TEM.

133



The recovery data for each analyte is reported in Table 3-10. While the CZE-DAD 

method was capable of quantifying diazepam, nitrazepam, flunitrazepam, temazepam 

and oxazepam, it lacked the sensitivity required to detect alprazolam at a 

concentration designed to simulate a standard drink spiked with a prescription tablet 

of this particular drug.

Recoveries of 79.4 - 135.8% were obtained for Bacardi, 79.4 - 120% for white wine, 

49.8 - 71.8% for bourbon, 75.9 - 110.4% for beer, 51.3 - 96.8% for orange juice and 

65.2 - 101.7% for Coca-cola. The recoveries for bourbon and orange juice are 

somewhat lower than those obtained for the other beverages. In the case of orange 

juice, this may be due to the analytes adhering to particulate material in the juice, 

since the sample was filtered after spiking rather than before. In addition, the 

recovery of nitrazepam from spiked wine cannot be quoted with certainty, given the 

interfering component from the sample matrix. An extraction step could be 

performed to rectify these potential problems.

Table 3-10 Recovery of each drug from spiked beverages

Beverage Compound Concentration Concentration Recovery

added (pg/mL) found (pg/mL)

Bacardi Diazepam 50 46.9 93.8

Nitrazepam 25 25.4 101.6

Alprazolam 10 BLOD n/a

Flunitrazepam 25 34.0 135.8

Temazepam 150 119.2 79.4

Oxazepam 150 158.6 105.8

Wine Diazepam 50 39.7 79.4

Nitrazepam 25 20.7 82.7

Alprazolam 10 BLOD n/a

Flunitrazepam 25 30.0 120.2

Temazepam 150 130.7 87.1

Oxazepam 150 152.3 101.5
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Beverage Compound Concentration

added (pg/mL)

Concentration

found (pg/mL)

Recovery

Bourbon Diazepam 50 28.6 57.2

Nitrazepam 25 17.9 71.8

Alprazolam 10 BLOD n/a

Flunitrazepam 25 13.3 53.3

Temazepam 150 74.7 49.8

Oxazepam 150 88.7 59.1

Beer Diazepam 50 41.9 83.9

Nitrazepam 25 19.0 75.9

Alprazolam 10 BLOD n/a

Flunitrazepam 25 27.6 110.4

Temazepam 150 131.0 87.3

Oxazepam 150 149.4 99.6

Orange juice Diazepam 50 35.4 70.7

Nitrazepam 25 12.8 51.3

Alprazolam 10 BLOD n/a

Flunitrazepam 25 21.9 87.6

Temazepam 150 115.3 76.9

Oxazepam 150 145.2 96.8

Coca-cola Diazepam 50 34.0 68.1

Nitrazepam 25 16.3 65.2

Alprazolam 10 BLOD n/a

Flunitrazepam 25 25.4 101.7

Temazepam 150 130.5 87.0

Oxazepam 150 143.8 95.9

Abbreviations: below limit of detection (BLOD)

Compared to the other published methods for the analysis of spiked beverages [192,

411], the PDDAC/DS coated method offers considerably shorter run times. Another

advantage of this method is that it does not require an extraction step. Direct

injection was sufficient to detect and quantify five of the six benzodiazepines

analysed, however the sensitivity was not adequate for the detection of alprazolam at

10 pg/mL. Given sufficient volume of a beverage, an extraction and concentration

step may enable this drug to be detected and quantified.
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3.5 Conclusions

Following investigation of BGE parameters on a PDDAC/DS dynamic doubly- 

coated capillary, a rapid CZE method for the simultaneous determination of nine 

benzodiazepines was developed. The selected BGE conditions were 100 mM 

ammonium phosphate buffer, pH 2.5, which gave baseline resolution between each 

analyte and a run time of less than 6.5 minutes. This method offers significant 

improvements both in terms of resolution and run time when compared with CZE 

analyses of benzodiazepines on bare fused-silica capillaries. It also represents a more 

rapid coated method for the analysis of benzodiazepines using DAD than has been 

previously reported. The validated method was successfully applied to beverages that 

had been spiked with benzodiazepines at concentrations simulating prescription 

tablets.

Cyclodextrins in conjunction with doubly-coated capillaries were not successful in 

improving the run time or separation of the nine benzodiazepines already obtained on 

the PDDAC/DS coated capillary. However, an uncoated capillary with a BGE of 10 

mM pCD in 100 mM phosphate buffer, pH 2.5 was able to improve the resolution 

that had been obtained on a bare fused-silica capillary alone. While resolution values 

were still inferior to those obtained on the coated capillary, the addition of pCD to 

the running buffer represents a useful alternative to improve the separation of 

benzodiazepines.

3.6 Future Work

Due to small injection volumes and small optical path lengths for UV detection, CE- 

DAD lacks the sensitivity required for authentic biological samples. However, the 

method reported here has potential applications for the quantitation of 

benzodiazepines in biological matrices if sensitivity problems can be overcome. 

Future work should therefore centre on resolving this issue. One possibility for 

improving sensitivity may be the use of “bubble” or Z-shaped cells for detection. 

These cells effectively extend the light path of the detection window and can

improve sensitivity 3- to 5-fold over standard capillaries by increasing the inner
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diameter at the detection window. This permits the sensitivity of a wide inner 

diameter capillary and the low current generation of a narrow one [406], however it 

may also lead to band broadening. In these cases, the High Sensitivity Cell (Agilent 

Technologies) may be more appropriate since it is designed to minimise band 

broadening. Another possibility may be adaptation of the method to enable MS or 

MS-MS detection. In this case, the effects of dextran sulfate and cyclodextrin 

additives on both APCI and ESI interfaces demands further investigation.

It should be noted that the results obtained in the drink spiking study are specific to 

the particular brand of each beverage analysed. It is possible that there may be some 

variation in the matrices of beverages of different brands. Future work should be 

performed to determine if this is the case.
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4 Optimisation of Chromatographic Separations Using 
Artificial Neural Networks (ANNs) and a Novel 

Chromatographic Function: Application to the Gradient 
HPLC Separation of Benzodiazepines

4.1 Summary

Artificial neural networks (ANNs) were used in conjunction with experimental 

design to optimise a gradient HPLC separation of nine benzodiazepines. Using the 

best performing ANN, the optimum conditions predicted were 25 mM formate buffer 

(pH 2.8), 10% MeOH, ACN gradient 0 to 15 minutes, 6.5 to 48.5% (linear profile), 

which gave resolution values greater than 1.3 for each analyte pair and a run time of 

less than 13 minutes. The error associated with the prediction of retention times and 

peak widths under these conditions was less than 5% for six of the nine analytes. A 

novel chromatographic function, the Ideal Separation Function (ISF), was developed 

to incorporate run time, resolution and minimum retention into a single function 

designed to assess the quality of chromatographic separations. The ISF was found to 

offer significant advantages over other optimisation functions, which often fail to 

locate the optimum separation due to an inability to account for run time or detect 

poorly resolved peaks. The optimised method, with LODs in the range of 0.0057 - 

0.023 pg/mL and recoveries between 58 - 92%, was successfully applied to 

authentic post-mortem samples. This method represents a more flexible and 

convenient means for optimising gradient elution separations using ANNs than has 

been previously reported.

Keywords: artificial neural networks (ANNs); gradient elution; optimisation; HPLC; 

benzodiazepines; optimisation functions

4.2 Introduction

As an analytical technique, high-performance liquid chromatography (HPLC) offers 

a number of advantages, including fast analysis times, high reproducibility and low
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detection limits. However, the optimisation of HPLC separations in order to obtain 

satisfactory resolution, sensitivity and analysis times, can be a complicated and time­

consuming process given the large number of parameters that may be varied, and the 

possibility of interactions between variables.

Chemometrics is concerned with optimising conditions in order to achieve the 

resolution of all analytes within a reasonable analysis time [412]. This can be 

achieved using “hard” models to predict retention behaviour, whereby knowledge of 

physico-chemical constants, such as pKa values and pH stability data, is required 

[413]. Alternatively, a “soft” modelling or experimental approach can be employed, 

which does not require the formulation of mathematical models in order to achieve 

high levels of precision [414]. Experimental optimisation strategies can be classified 

as either univariate or multivariate approaches. The most common strategy involves 

a univariate approach in which each experimental parameter is varied in a selected 

range while keeping the other parameters constant. However, this approach has two 

main disadvantages. Firstly, although valuable information can be drawn from 

univariate investigation, the optimum conditions can only be attained by 

investigating all possible combinations of the factors, which can be time-consuming 

and costly. Secondly, interactions between two or more variables cannot be detected. 

If this is the case, the conditions selected may be far from the optimum ones, since 

the influence of any given variable depends on the magnitude of the other variables 

[412],

Experimental designs are methods for making a plan of experiments by providing the

framework for changing all the relevant factors simultaneously within a small

number of experimental runs [415]. They are multivariate approaches that can

overcome the problems associated with univariate techniques by reducing the

number of experiments required and providing information about the most relevant

variables and the possible interactions that exist between them [412]. When defining

the experimental space using experimental designs, the most common approach is to

first select the variables thought to have the largest effect on the system by
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conducting several preliminary univariate experiments. The range for each variable is 

then divided into a number of levels, usually low, medium and high. Experiments are 

then performed at the data points representing all possible combinations of these 

levels. Experimental design encompasses a number of different designs, including 

the full factorial, simplex, central composite (e.g. Box-Behnken), and fractional 

factorial (e.g. Plackett-Burman) designs. The type of design selected is usually based 

upon the complexity of the experiment at hand. Full factorial designs require a large 

number of experiments and are therefore usually used for studying a small number of 

factors at a small number of levels. Fractional factorial designs, used to determine the 

main effects while ignoring interaction effects [416], require fewer experiments to 

enable a larger number of variables to be studied. Central composite designs are the 

most commonly employed optimisation methods since they allow interaction effects 

to be studied with fewer experiments than a full factorial design.

The data obtained from experimental design methods can be used to create models 

which correlate experimental conditions with the measured responses. These 

response surfaces are three-dimensional plots, which aim to describe 

chromatographic behaviour in an experimental space by depicting the relationship 

between the response (often a measure of the separation quality e.g. resolution) and 

several input variables (e.g components of the mobile phase). The response is 

measured at a variety of experimental points, according to an experimental design, 

and the response surface is constructed by plotting the measured response against 

two of the variables, while any remaining variables are kept constant. As 

optimisation strategies, the most important feature of response surfaces is that they 

enable the global optimum, rather than a local optimum, to be located.

4.2.1 Artificial Neural Networks (ANNs)

An alternative multivariate approach for the optimisation of chromatographic 

separations can be found in artificial neural networks (ANNs). ANNs are predictive 

data-processing programs modelled on the human brain, which have the ability to 

model and solve non-linear problems and discover the approximate rules which
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govern the optimal solution to these problems [417]. Unlike many other data- 

processing systems, which are programmed to arrive at the correct answer, ANNs are 

able to “learn” from a set of training examples that contain both the inputs and the 

desired outputs by plotting mapping functions. The relationships learnt using the 

mapping function from a particular data set can then be applied to new data, and 

predictions or generalisations can be made. The basic processing unit of the ANN is 

the neuron, or node. In the most common type of ANN, the multi-layer perceptron 

(MLP) feed-forward neural network, the network architecture is comprised of three 

layers of neurons; an input layer that receives the data, at least one hidden layer that 

processes the information received at the input, and an output layer, which is the 

observable response. The number of neurons in each layer is adjustable and governed 

by the complexity of the experiment at hand, with more variables requiring a greater 

number of neurons. Each neuron in the input layer is connected to each neuron in the 

hidden layer, and each one in the hidden layer is connected to each neuron in the 

output layer. The connections between the neurons are known as the weights. It is 

these weights that determine the behaviour of the ANN and how its behaviour 

changes over time during the learning process. An example of an ANN with three 

input nodes, four hidden nodes and two output nodes is shown in Figure 4-1.

Input Hidden Output

Figure 4-1 Example of ANN architecture (MLP 3:3-4-2:2)
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The error of a network is defined as the squared difference between the outputs and 

the target output values, summed over the number of output nodes and training 

patterns. The goal of training the network is to adjust the weights between layers in a 

direction so as to minimise the error. The most common type of training algorithm 

used in analytical applications is the back propagation technique [418-421]. 

Backpropagation is a supervised learning method, meaning it requires the targets to 

the inputs to be known prior to training. The training weights are initially given 

arbitrary values and an iterative approach is taken to find their optimal values. Each 

iteration is known as an epoch. Output nodes are informed of the target values and, 

based on the difference between the calculated output and the target output, the node 

determines the direction and the amount by which the weight has to move to 

minimise the error. The output nodes then propagate the amount of their errors to the 

hidden nodes. This error is then used by the hidden nodes to determine in which 

direction, and by how much, their weights should change. The method used to 

calculate these weight changes is the gradient descent method. After an appropriate 

number of iterations, the network will arrive at a minimum error, and training is 

stopped. At this point, the calculated outputs should be as close as possible to the 

experimental output values. Backpropagation has a low memory requirement, 

achieves acceptable error quickly, and is most appropriate for training MLP 

networks. Other training algorithms include Quasi-Newton, Levenberg-Marquardt, 

Quick Propagation, Delta-bar-Delta and the conjugate gradient technique [422].

The biggest problem encountered when training ANNs is the tendency for over­

learning or over-fitting, whereby the ANN does not describe the response adequately, 

despite the fact that the training data may fit well. Continued training causes over­

fitting of the data, resulting in a network that has poor ability to generalise, or low 

predictive power. To prevent over-fitting, the data is split into a training set and a 

verification set. A good indication that over-fitting has occurred is when the 

verification error is significantly larger than the training error [420]. By watching the 

error on the validation set, training can be stopped before over-fitting occurs. Over­
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fitting can also occur when the training data contains noise. If too few data are used, 

the ANN will model the noise instead of the underlying features [418].

Finding the optimal number of hidden nodes also presents a problem in ANN 

training. This is usually determined by trial and error, whereby the user increases the 

number of nodes in the hidden layer until the error starts to increase. At this point, 

the preceding architecture is deemed to have the best performance [420]. Another 

problem that may occur when training an ANN using the gradient descent method is 

that the local minimum of an error surface may be found, rather than the true global 

minimum. However, the probability of the existence of a local minimum goes down 

rapidly as the number of weights in the network is increased [423], so the addition of 

extra hidden nodes generally prevents this problem. Another means of preventing the 

system from getting stuck in a local minimum is to include a momentum term, p. 

The momentum term takes into account the most recent weight corrections, and thus 

prevents sudden fluctuations in the direction of the weight change.

ANNs have been applied to a number of different areas of chemical information 

processing including classification [420, 424-427], calibration [428, 429] and 

optimisation [418, 430, 431]. They have been used to resolve or quantify overlapped 

peaks in chromatograms and electropherograms [415, 432-435], to model 

quantitative structure-retention relationships (QSRR) [436-440] and to estimate post­

mortem intervals [441]. The applications of ANNs in the area of analytical chemistry 

are numerous, with studies of their implementation in CE [413, 414, 419, 429, 431 - 

433, 435, 441-448], HPLC [418, 449-455], ion chromatography [430, 456-459] and 

GC [460] having been reported. Some have compared ANN results with those 

obtained using linear and non-linear regression methods, and found the predictive 

results to be better for ANNs [418, 419, 428, 432, 445, 451,452, 461]. Many authors 

have found that the use of experimental design in conjunction with ANNs results in 

fewer experiments required to search for and find the optimum separation conditions 

[413-415, 431,447, 455, 459, 462].
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4.2.2 Previous Applications of Artificial Neural Networks to 
Gradient Elution Separations

Isocratic elution is the simplest elution method for separating analytes in HPLC, 

however it demands a compromise between the resolution of weakly retained 

analytes and the total analysis time [457]. When isocratic conditions fail to give 

optimal retentions, gradient elution is a useful technique because it can separate both 

weakly retained and strongly retained analytes within the same run [457] without 

compromising analysis time. The main disadvantage associated with gradient elution, 

as compared with isocratic elution, is that optimisation is more difficult to achieve. 

As a result, the vast majority of gradient elution separations are optimised by trial- 

and-error [463]. Despite this, a number of methods for optimising gradient elution 

conditions have been explored, including simplex procedures [464] and linear 

solvent strength models [439, 465]. More recently, ANNs have been employed to 

tackle the problem of optimising gradient elution separations, however the number of 

studies in this area has been limited.

Madden et al. [457] used an ANN to predict anion retention times in ion 

chromatography separations obtained with linear hydroxide gradients. The ANN was 

trained on the retention data obtained using three different gradient slopes. Each 

gradient had the same starting and finishing composition, with the only variable 

being time. This assumes the correct final concentration is selected to ensure that all 

components will elute within the gradient time. In addition, slow gradients can 

produce long analysis times, which render the optimisation process even more time­

consuming. For example, if the initial and final compositions were selected as 10 and 

70% respectively, a gradient with a slope of 3 would take place over 20 minutes, 

however a gradient with a slope of 1 would take place over a much longer time of 60 

minutes. The three training gradients and four additional gradients were used as input 

variables to the selected ANN to predict the retention times for each analyte at the 

seven gradient conditions. The authors found the relative errors between the 

predicted and experimental data averaged 0.29%, indicating good predictive ability
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of the ANN. However, while the ANN was shown to be capable of predicting 

retention times, the optimum separation conditions were selected from only seven 

possible gradient conditions. For the true optimum to be located, retention times 

should be predicted over all possible gradient conditions within an experimental 

space.

ANNs were also employed by Bucinski et al. [454] for the prediction of gradient 

conditions for the HPLC separation of flavonoids. Four different gradient 

experiments were performed and the retention data from each gradient experiment 

comprised the input data for four separate ANNs. From this, the ANN and 

corresponding gradient condition that gave the best separation according to the 

relative error of predicted retention times was selected. So, rather than interpolating 

over a range of gradient conditions to locate the optimum, the method only enabled 

the optimum from a set of four gradient conditions to be established.

In 2003, Shan et al. [466] used an ANN to optimise mobile phase pH and acetonitrile 

gradient steepness in HPLC. Following in the steps of Madden et al., the gradient 

was modelled using constant initial and final concentrations of organic modifier, 

with the only variable being the time over which the gradient was performed. The 

retention time of each analyte was modelled using an individual ANN comprised of 

two inputs (pH and gradient time), a hidden layer and one output (retention time of 

the analyte). So, for the separation of the seventeen amino acids in this study, an 

arduous seventeen individual ANNs were constructed. After the retention times of 

each solute under all possible pH and gradient conditions were predicted, resolution 

function values were calculated and a response surface was generated. This enabled 

the optimum pH and gradient conditions for the separation of all analytes to be 

found.

4.2.3 Defining the Optimum Separation

The response considered in optimisation processes can be one or more individual 

responses, such as resolution and analysis times, or based on multicriteria decision
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making approaches. The latter is an effective alternative that considers all responses 

simultaneously. It combines individual responses, such as resolution and analysis 

time, into one objective function that measures the quality of the separation. This 

enables an optimum value from all of the responses to be achieved.

The product resolution and the normalised product resolution are two of the most 

commonly used optimisation functions. However, neither of these functions 

considers factors such as analysis time and asymmetrical peaks. Since both involve 

multiplication of individual peak pair resolution values, it comes as no surprise that 

the overall term will be greatest when the spread of peak is largest. More often than 

not, this will occur over a long run time, which is generally not ideal from the 

chromatographer’s point of view. A number of authors have attempted to tackle the 

problem of assessing the optimal separation by defining their own optimisation 

functions, some of which are presented in Table 4-1. A review into the various 

functions developed to optimise chromatographic separations was published by 

Siouffi et al. in 2000 [467]. Some of the more popular or recent functions are 

discussed in detail below.

One of the earlier objective functions to be developed, the chromatographic response 

function (CRF) introduced by Berridge [464] considers the resolution between 

consecutive peak pairs, the maximum acceptable analysis time and the minimum 

retention time of the first peak to ensure all analytes are sufficiently retained on the 

column. The CRF optimises to a maximum and includes three weighting parameters, 

giving preference to one of resolution, run time or retention of all analytes on the 

column, which can be varied to suit the needs of the chromatographer. Since it sums 

the resolutions of all peak pairs, unresolved peaks have little effect on the CRF value 

compared to pairs with large resolution, which results in the quality of the 

chromatogram being determined by well resolved peak pairs. In reality, analytical 

problems tend to be caused by poorly resolved peaks.
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The chromatographic resolution statistic (CRS) introduced by Schlabach and 

Excoffier [468] considers the average resolution in addition to the desired optimum 

resolution and the minimum acceptable resolution. It also contains a term which 

takes into account the total analysis time. The optimum separation conditions occur 

when the function value is minimised. The CRS function gives more weight to time 

over resolution, which means that chromatograms with shorter run times, but with 

unresolved peaks, are favoured over chromatograms with longer run times that have 

all peaks resolved.

The chromatographic exponential function (CEF), introduced by Morris et al. [469] 

considers the resolution between consecutive peak pairs, the desired resolution, the 

desired analysis time and the retention time of the final peak in the separation. The 

function optimises to a minimum and the adjustable parameter a permits a choice of 

emphasis on either resolution or run time.

Liu et al. [448] devised a novel criterion Q, which considers the resolution between 

consecutive peak pairs, and the resolution between the first and last peaks. In this 

way, it factors analysis time into the function.
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4.2.4 Objectives

Development of HPLC methods by univariate approaches can be quite time 

consuming, particularly when optimisation of a number of parameters is required to 

obtain satisfactory resolution, sensitivity and analysis time. The main objective of 

this work was to explore the usefulness of ANNs in predicting resolution, retention 

times, and the subsequent optimal separation conditions in a gradient elution 

separation of nine benzodiazepines. A secondary objective of this study was to assess 

the effectiveness and limitations of several objective functions in determining the 

quality of a separation with respect to resolution and run time. Where inadequacies 

were found to occur, the goal was to devise a novel function that could overcome 

these limitations and describe the quality of separation effectively. The application of 

the optimised method to post-mortem blood samples was also investigated.

4.3 Experimental

4.3.1 Chemicals

All reagents were of analytical grade unless stated otherwise. Nitrazepam, oxazepam, 

alprazolam, flunitrazepam, temazepam and diazepam were obtained from Sigma- 

Aldrich (Sydney, New South Wales, Australia). 7-aminoflunitrazepam, 7- 

aminonitrazepam and 7-aminoclonazepam were either synthesised in-house (Chapter 

2) or obtained from Novachem Pty Ltd (Melbourne, Victoria, Australia). Formic acid 

(HCOOH, APS Chemicals Ltd, Sydney, New South Wales, Australia) and ammonia 

solution (NH4OH, APS Chemicals, Sydney, New South Wales, Australia) were used 

in the preparation of mobile phases. Methanol (MeOH, Merck HPLC grade), 

acetonitrile (ACN, Merck HPLC grade), ethyl acetate (EtOAc), butyl chloride and 

diethyl ether were purchased from Crown Scientific (Sydney, New South Wales, 

Australia). MilliQ grade water (18.2 Mf2cm ') was used throughout the experiments. 

Buffers were prepared fresh each day and degassed by sonication prior to use. Whole 

sheep blood (Oxoid Australia Pty Ltd, Theberton, SA, Australia) was used for the 

preparation of spiked calibration standards. Prior to reconstitution, extracted samples
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were evaporated to dryness using a Heto VR Maxi vacuum concentrator (Medos, 

Sydney, New South Wales, Australia).

4.3.2 Instrumentation

Experiments were performed on a Waters Alliance 2690 Separations Module, with 

Waters 996 Photodiode Array Detector (Waters, Sydney, Australia). All data 

manipulation was executed using Waters Millennium Software, Version 3.05. 

Separations were performed at 30 °C on a Zorbax SB-C18 column (50 x 4.6 mm, 

1.8pm) (Agilent Technologies, Sydney, New South Wales, Australia). The mobile 

phase comprised of ammonium formate buffer (pH 2.80), ACN and MeOH at 1 

mL/min. Duplicate 10 pL injections for each standard were performed and detection 

was at 280 nm.

ANN modelling of each experimental space was performed using Trajan Neural 

Network Simulator Version 6.0 (Trajan Software Ltd, Durham, UK). Three­

dimensional response surfaces were generated using Minitab® Release 14 Statistical 

Software.

4.3.3 Calculations

For each experimental condition, the resolution of each analyte pair was calculated 

using Equation 4-1. The product resolution was calculated by the multiplication of 

each of the individual resolution values, as shown in Equation 4-2.

Equation 4-1 Calculation of resolution (Rg)

p =___ (*2 ~ *l)___

s 0.5(vvi + W2)

where tx and t2 are the retention times for each peak pair, and wx and vv2 are the peak widths at baseline

Equation 4-2 Calculation of product resolution (PRS)

PRS = PP1 * PP2* PP3 * * PP9
where PP1, PP2, PP3, , PP9 are the resolutions between the 1st peak pair, 2nd peak pair, 3rd peak

pair, ., 9th peak pair
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The relative error between experimental and predicted resolution values was 

calculated using Equation 4-3. Similarly, the relative error between measured and 

predicted retention times was calculated according to Equation 4-4.

Equation 4-3 Calculation of relative error (%e,) for resolution

%e, = xioo
As exp

where Rs exp and Rs pred are the experimental and predicted resolutions respectively for a particular peak

pair, i.

Equation 4-4 Calculation of relative error (%e,) for retention times

%et = I exP — — Pre<l I x ioo
*x exp

where tx exp and tr pred are the experimental and predicted retention times respectively for a particular

analyte, i.

4.3.4 Sample Preparation

Numerous methods have been published for the extraction of benzodiazepines from 

biological samples, with LLE being the most popular technique (refer to Table 1-11). 

Four LLEs, based on previously reported methods, were therefore evaluated with 

regards to the recovery of each benzodiazepine from spiked whole blood. The 

extraction details for each LLE technique are summarised in Table 4-2.

Table 4-2 Evaluated LLE techniques for benzodiazepine analytes

Extraction name Details Reference

Butyl chloride 25 pL 28% ammonia solution + 5 mL butyl

chloride

[216]

Ethyl Acetate 1 mL 2M ammonia solution + 5 mL ethyl acetate [219]

Diethyl ether/Ethyl acetate

(1:1; v/v)

1 mL 2M ammonia solution + 5 mL diethyl

ether/ethyl acetate (1:1, v/v)

[239]

Diethyl ether 100 pL 1M borate buffer (pH 9) + 1 mL diethyl

ether

[206]
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In each case, a 100 pL aliquot of a mixed aqueous standard at high (3.6 pg/mL 7- 

NH2-CLO, 7-NH2-NIT, 7-NH2-FLU; 4.8 pg/mL NIT, OXA, TEM, DIA, ALP, FLU) 

and low (0.432 pg/mL 7-NH2-CLO, 7-NH2-NIT, 7-NH2-FLU; 0.576 pg/mL NIT, 

OXA, TEM, DIA, ALP, FLU) concentrations was added to 0.5 mL of whole sheep 

blood. The two concentration levels were prepared and analysed in replicate. 

Following addition of the extraction solvent, each sample was vertically agitated for 

2 minutes and centrifuged at 3000 rpm for 15 minutes. The organic layer was then 

transferred to a clean plastic tube, evaporated to dryness using a vacuum centrifuge 

and reconstituted in 100 pL MeOH prior to analysis.

4.3.5 Method Validation

Calibration curves were obtained by analysing drug-free whole blood, spiked with 

working standard solutions to obtain final concentrations of 0.432, 1.08, 1.44, 3.60 

and 6.00 pg/mL for 7-aminonitrazepam, 7-aminoflunitrazepam and 7- 

aminoclonazepam, and 0.576, 1.44, 1.92, 4.80 and 8.00 pg/mL for oxazepam, 

nitrazepam, temazepam, flunitrazepam, diazepam and alprazolam. Calibration 

standards were analysed each day, and a standard curve constructed using linear 

regression.

Accuracy and precision were calculated at high and low concentration for each drug, 

with five replicates at each concentration. Accuracy was expressed as the calculated 

concentration as a percentage of nominal concentration. Precision (%CV) was 

determined to be the percentage of the average divided by the peak area ratio of the 

three replicates. Recovery was calculated as the average peak area of each analyte in 

the spiked samples as a percentage of the average peak area of each analyte in 

aqueous standards.

The limit of detection (LOD) was defined as a signal to noise ratio (S/N) of 3:1, and 

the limit of quantification (LOQ) was defined as a S/N of 10:1.
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4.3.6 Application of the Method

The method was applied to post-mortem blood samples obtained from the Division 

of Analytical Laboratories (DAL) following coronial consent. All samples were 

preserved femoral blood taken as specimens at autopsy. Potential cases were selected 

based on independent quantitative results indicating the presence of benzodiazepines. 

Cases in which an insufficient volume of sample remained for analysis, or in which 

significant sample decomposition had occurred, were rejected. Recent cases, and 

cases requested by the Coroner to be kept beyond the maximum time of 12 months 

for the purposes of further legal proceedings, were also not analysed to preserve the 

integrity of the evidence.

4.4 Results and Discussion

4.4.1 Preliminary Screening of Mobile Phase Parameters

Resolution of ionogenic compounds in HPLC separations can be affected by a 

number of parameters, including solvent composition and pH. With this in mind, 

ammonium formate buffer was selected for investigation in the range pH 2.8 - 4.8 

(constant concentration 25 mM), which is the useful buffering capacity of formate 

(pKa 3.75). A low pH mobile phase was chosen to eliminate ion-exchange 

interactions and improve peak shape of the basic analytes. The StableBond column 

was selected for its stability in the range pH 2 - 4. The effect of buffer ionic strength 

was also investigated in the range 25 - 50 mM (constant pH 2.8). To avoid 

excessively long analysis times, all pH and concentration experiments were 

conducted with the addition of 30% ACN to the mobile phase.

The average retention times and resolutions for each analyte with varying pH 

(constant concentration 25 mM) are illustrated in Figure 4-2. pH had very little effect 

on the retention times of each analyte, with only diazepam exhibiting a slight 

increase in retention as pH was increased. The effect on resolution was accordingly 

minimal. Average resolutions between consecutive peaks and overall product 

resolutions (PRS) are presented for each condition in Table 4-3. The resolution
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between temazepam and diazepam (PP8) showed a slight increase as pH was 

increased, which was attributable to the increased retention time of diazepam that 

was observed. 7-aminonitrazepam and 7-aminoclonazepm (PP1), 7-

aminoflunitrazepam and oxazepam (PP3) and nitrazepam and alprazolam (PP5) 

exhibited a general slight decrease in resolution as pH was increased. This is likely 

due to increased peak widths, which was observed with increasing pH. Since 

temazepam and flunitrazepam (PP7) co-eluted under all pH conditions investigated, 

PRS was equal to zero in each case. However, PRS* was calculated in a similar 

manner to PRS; omitting cases where Rs = 0 (i.e. PP7). From this, a general trend in 

product resolution could be observed while disregarding peaks that completely 

overlapped. The greatest PRS* was obtained at pH 3.8, however the resolution 

between alprazolam and flunitrazepam (PP6) was 1.271 at this pH, indicating that the 

analyte pair was not baseline resolved. Inspection of Table 4-3 reveals that pH 2.8 

was closer to completely resolving all analytes (excluding PP7). This suggests that 

PRS* is not necessarily an adequate indicator of the best separation. The reason for 

this is that, in each instance, there are large gaps between the elution of 7- 

aminoflunitrazepam and oxazepam (PP3), nitrazepam and alprazolam (PP5), and 

temazepam and diazepam (PP8). These large resolution values of PP3, PP5 and PP8 

tend to distort the value of PRS, causing excessive emphasis to be placed on the well- 

resolved analytes, when it is the separation of the partially or incompletely resolved 

analytes of PP1, PP4 and PP6 that should govern the best separation.
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The average retention times and resolutions for each analyte with varying formate 

buffer concentration (constant pH 2.8) are illustrated in Figure 4-3. Concentration 

had very little effect on the retention times of any of the analytes. Accordingly, the 

effect of increasing concentration on the resolution of each analyte pair was minimal. 

Average resolutions between consecutive peaks and overall product resolutions (PRS) 

are presented for each condition in Table 4-4. Again, temazepam and flunitrazepam 

(PP7) co-eluted under all conditions investigated, so PRS* was calculated to give a 

more meaningful representation of the overall separation. A slight decrease in 

resolution between 7-aminoflunitrazepam and oxazepam (PP3) was observed with 

increasing concentration, mainly due to a slight increase in peak widths. This 

translated into an overall decrease in PRS* as concentration was increased, once again 

due to the excessive emphasis PRS places on well-resolved peak pairs such as PP3.

The effect of organic modifier type on the separation was also investigated. Figure

4-4 illustrates the effect of varying %MeOH on the average retention times and 

resolution of each analyte. From these graphs, it can be seen that there is very poor 

resolution between a number of analytes in 60% MeOH. Reducing this to 50% 

MeOH improves the separation slightly, however some analytes remain unresolved. 

In 40% MeOH, the resolution between the early eluting 7-amino metabolites is still 

poor and, in addition, the run time is around 40 minutes. It is apparent from these 

graphs that an isocratic composition of MeOH would be incapable of separating all 

nine analytes within 40 minutes. The effect of varying an isocratic percentage of 

ACN was also investigated, as shown in Figure 4-5. From these graphs it can be seen 

that an isocratic percentage of ACN was also incapable of separating all nine 

analytes. Despite the fact that neither MeOH nor ACN could separate all nine 

analytes isocratically, it was interesting to note that the choice of organic modifier 

greatly affected selectivity, with some analytes displaying a greater affinity for one 

organic modifier over the other. For example, flunitrazepam eluted a lot sooner in 

MeOH than it did in ACN, enabling it to be completely resolved from temazepam in 

MeOH. ACN was ineffective at even partially resolving these analytes. This

difference in elution order is illustrated in Figure 4-6.
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3.00E-03 -

-2.00E-03
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Figure 4-6 Effect on elution order of a) ACN and b) MeOH

a) Conditions: Zorbax SB-C18 column (50 x 4.6 mm, 1.8pm), 25 mM formate buffer:ACN (70:30), 

pH 2.8, temperature 30 °C, 10 pL injection, detection X 280 nm; b) Conditions: Zorbax SB-C18 

column (50 x 4.6 mm, 1.8pm), 25 mM formate buffer:MeOH (50:50), pH 2.8, temperature 30 °C, 10 

pL injection, detection X 280 nm; Elution order: 1. 7-NH2-NIT, 2. 7-NH2-CLO, 3. 7-NH2-FLU, 4. 

NIT, 5. OXA, 6. FLU, 7. ALP, 8. TEM, 9. DIA.
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4.4.2 ANN Modelling of the Experimental Space

One of the initial hurdles encountered when employing ANNs to optimise a 

chromatographic separation is defining the experimental space. The parameters and 

space in which the separation is modelled must be selected carefully. The optimum 

conditions must lie within the chosen experimental space, otherwise the optimal 

separation will not be found. Therefore, the chromatographer must attempt to gauge 

approximately where the optimum conditions lie by conducting preliminary 

experiments.

The preliminary investigation of mobile phase parameters in the previous section 

demonstrated that pH and concentration had little effect on the separation. In 

addition, it was shown that MeOH and ACN were incapable of separating all nine 

analytes under isocratic conditions, however they did affect selectivity. Therefore, 

gradient conditions using methanol alone and acetonitrile alone were investigated as 

preliminary experiments. This included varying the initial composition of the organic 

modifier, the slope of the gradient, and also a number of gradient profiles available 

using the Waters Millennium software. Unfortunately, none of these conditions were 

able to separate all nine analytes, so a ternary mobile phase system, involving buffer, 

ACN and MeOH was investigated. This was found to give improved separation, with 

the most promising results obtained using an isocratic percentage composition of 

MeOH and a gradient with respect to ACN. The reason for this improved separation 

is likely due to the differences in selectivity brought about by MeOH and ACN. 

While ternary systems can be difficult to optimise, especially when elution order is 

complicated due to selectivity changes, complex systems such as this are suited to 

optimisation by ANNs.

The experimental space for ANN training was therefore defined using the variables 

%MeOH and ACN gradient. %MeOH was defined as the isocratic percentage 

composition of methanol in the mobile phase. ACN gradient was defined as the 

percentage increase in acetonitrile composition divided by the duration of the linear
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gradient. The increase in ACN over time was designed to replace the aqueous buffer 

only. This is shown graphically in Figure 4-7, which is an example depicting the 

change in mobile phase composition over 20 minutes given an initial 5% 

composition of ACN, an ACN gradient of 2%/min and an isocratic composition of 

15% MeOH. In contrast to the other studies employing ANNs to model gradient 

separations, whereby the initial and final organic modifier concentrations were fixed, 

the initial composition of ACN (initial %ACN) was introduced as a third factor. This 

was done to give greater flexibility and to avoid the long analysis times required to 

generate slow gradients when initial and final compositions are fixed. Thus, the 

experimental space was as follows: 10 - 30% MeOH; 1 - 3%/min ACN gradient; 5 - 

10% initial %ACN. Formate buffer concentration and pH were kept constant at 25 

mM and pH 2.80 respectively.

60

O 40

Time (mins)

------ %ACN
%MeOH
%Buffer

Figure 4-7 Example of percentage composition of each mobile phase component with varying 

time (15% MeOH, 2%/min ACN, 5% initial ACN)

Fifteen experiments based on a central composite design were performed, of which 

nine were assigned as training points and six as verification (select) points, as 

illustrated in Figure 4-8 and Table 4-7. Each experiment was performed in replicate 

with 10 pL injections of a mixed aqueous standard containing 100 pg/mL each of 

diazepam, nitrazepam, alprazolam, flunitrazepam, oxazepam, temazepam, 7- 

aminonitrazepam, 7-aminoflunitrazepam and 7-aminoclonazepam. ANN
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architectures were constructed using an automated heuristic approach whereby the 

number of nodes in the hidden layer was varied. The most suitable ANNs were 

deemed to be the ones that had a sufficiently low training error with a corresponding 

verification error of the same magnitude, in order to minimise the likelihood of over­

fitting. Data sheets containing a large number of possible points within the 

experimental space (10 - 30% MeOH at increments of 2%, 1 - 3%/min ACN 

gradient at increments of 0.1%/min, 5 - 10% initial ACN at increments of 0.5%) 

were created and the selected ANNs were applied to predict the output at each 

experimental point. In order to find the most appropriate ANN to model the 

chromatographic system, the effect of varying the output used as training data was 

investigated by comparing ANNs trained on resolution outputs to ANNs trained on 

retention time and peak width outputs. In addition, the effect of data quality and 

quantity was investigated by comparing ANNs trained on the data from each 

replicate to ANNs trained on the average data of both replicates.
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ACN gradient

Intial % A C N%MeOH

Type 
• Select 
■ Train

Figure 4-8 Schematic of experimental space 

Table 4-7 Values for each experiment in three factor design

Experiment

No.

ACN grad
(%/min)

%IMeOH

(%)

Initial %ACN

(%)
1 1 20 7.5

2 2 10 7.5

3 3 20 7.5

4 2 30 7.5

5 2 20 10

6 2 20 5

7 2 20 7.5

8 3 30 10

9 3 10 10

10 1 30 10

11 1 10 10

12 3 30 5

13 3 10 5

14 1 30 5

15 1 10 5
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4.4.2.1 Resolutions as the Output

The resolution between various peak pairs is one of the more common outputs used 

when training an ANN to model chromatographic behaviour. The values of the three 

factors, and the corresponding replicate resolution data were used as the inputs and 

outputs respectively to train the ANN, giving a total of eighteen training points and 

twelve verification points.

The ANN selected for the prediction of resolutions had a MLP architecture and 

consisted of 3 input nodes, 12 hidden nodes and 8 output nodes (resolutions for each 

of the 8 peak pairs) (MLP 3:3-12-8:8). The training and verification errors for this 

network were 0.064 and 0.053 respectively. To determine the predictive ability of the 

ANN, the observed resolution values obtained from the fifteen experiments were 

plotted against the resolution values predicted by the ANN. As illustrated in Figure

4-9, good correlation was obtained between the experimentally gathered resolution 

values and predicted resolution values (r2 = 0.9978). The correlation coefficients for 

each individual peak pair, seen in Table 4-8, ranged from 0.9637 for PP8 to 0.9932 

for PP2.
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49

r2 = 0.997:

Experimental Peak Pair Resolutions

Figure 4-9 Overall correlation between experimental and predicted peak pair resolutions for a 

3:3-12-8:8 MLP ANN trained on replicate data

Table 4-8 Correlation equations and correlation coefficients between experimental and 

predicted resolutions for each peak pair trained on replicate data

Peak Pair Correlation Equation Correlation

Coefficient (r2)

PP1 y = 1.002764x- 0.01869 0.9924

PP2 y = 0.937375x + 0.53108 0.9932

PP3 y = 0.928463x + 2.15322 0.9869

PP4 y = 0.939507x + 0.235102 0.9746

PP5 y = 0.953216x + 0.247804 0.9678

PP6 y - 0.978822x + 0.1 16831 0.9781

PP7 y = 1.001838x- 0.00445 0.9819

PP8 y = 0.925115x + 0.670236 0.9637
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49

r2 = 0.996*

Experimental Peak Pair Resolutions

Figure 4-10 Overall correlation between experimental and predicted peak pair resolutions for a 

3:3-12-8:8 MLP ANN trained on average data

Table 4-9 Correlation equations and correlation coefficients between experimental and 

predicted resolutions for each peak pair trained on average data

Peak Pair Correlation Equation Correlation

Coefficient (r2)

PP1 y = 1.043498x- 0.56158 0.9917

PP2 y = 0.972381x + 0.171401 0.9887

PP3 y = 0.935624x + 2.178615 0.9819

PP4 y = 0.920977x + 0.24634 0.9743

PP5 y = 0.960804x + 0.122996 0.9716

PP6 y = 1.000169x- 0.04357 0.9901

PP7 y = 0.970762x + 0.020807 0.9890

PP8 y = 0.943275x + 0.502977 0.9813
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A second ANN was constructed using the average resolution values of each replicate. 

This halved the training and verification data, giving a total of 9 training points and 6 

verification points. Based on this method, the ANN that gave the best performance 

for the prediction of resolution values had a MLP architecture comprising of 3 input 

nodes, 12 hidden nodes and 8 output nodes (MLP 3:3-12-8:8). The ANN had a 

training error of 0.057, which was smaller than that of the network trained on each 

replicate, however it had a similar verification error of 0.051. As before, the observed 

average resolution values obtained for each analyte in the fifteen experiments were 

plotted against the predicted values generated by the ANN. Good overall correlation 

(r2 = 0.9968) was found to exist between average experimentally obtained resolutions 

and predicted resolutions, as shown in Figure 4-10. The correlation coefficients for 

each individual peak pair were between 0.9716 for PP5 and 0.9917 for PP1.

Each ANN was applied to predict the resolution values of each peak pair throughout

the experimental space by inputting a grid pattern of %MeOH in the range 10 - 30%

at increments of 2%, ACN gradient in the range 1 — 3%/min at increments of

0.2%/min, and initial %ACN in the range 5 - 10% at increments of 0.5%. From this

predicted data, three experimental points were selected and run to determine if the

predicted data was consistent with this new experimental data. Both the ANN trained

on replicate data and the ANN trained on average data demonstrated good ability to

predict and learn the training data by virtue of their correlation coefficients, which

were greater than 0.99. However, the predictive ability of both networks diminished

considerably when previously unseen data was presented. Table 4-10 illustrates the

experimental resolution values and the predicted resolution values from the two

separate ANNs for this unseen data. The relative errors of predicted resolution values

to experimental resolution values are displayed in parentheses. The ANN trained on

replicate data gave relative errors between 0.752% and 51.9%. The largest error

occurred in the prediction of the resolution values for PP4 and PP5, which

correspond to the nitrazepam-oxazepam and oxazepam-flunitrazepam peak pairs

respectively. One reason for this large error may be due to the change in selectivity

or ‘peak-swapping’ effect that takes place between these three analytes. In several of
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the experiments used to train the ANNs, flunitrazepam and oxazepam swapped 

elution order. When the peak pair resolution values were calculated, the change in 

elution order was not considered. Consequently, under some conditions PP5 may 

represent the oxazepam-flunitrazepam peak pair, whilst under other conditions PP5 

may represent the nitrazepam-flunitrazepam peak pair. This is likely to confound the 

ANN during training, since the network may not accurately recognise the change in 

elution order. As a result, the ANN cannot accurately predict the resolution values 

between these pairs of peaks. This finding is in disagreement with the results of 

Havel et al. [431] who employed an ANN to model the resolution between several 

metal complexes and found excellent agreement between experimental and predicted 

data, despite a change in selectivity for two of the analytes.

As indicated in Table 4-10, the ANN generated using average resolution values gave 

relative errors between 0.453% and 46.8% for the three experimental conditions 

tested. Again, the largest error occurred in the prediction of the resolution values for 

PP4 and PP5. As discussed above, this is likely due to the network’s inability to 

predict the elution order of nitrazepam, flunitrazepam and oxazepam. While still 

generating a substantial error in its prediction of resolution values, its average error 

and standard deviation were less than that of the ANN trained on replicate data. A 

possible explanation for this is that taking the average resolution from two replicate 

injections may eliminate some noise from the data, thus enabling the ANN to train 

more effectively. The ANN trained on data from both replicates must attempt to 

learn two slightly different resolution values for the same input data point, which 

introduces noise into the training data and produces higher training and verification 

errors.
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4.4.2.2 Retention Times as the Output

Another common method employed when training ANNs to model chromatographic 

separations is to use retention time data as the output variable. This enables the 

retention time of each analyte to be predicted at any point within the experimental 

space and, from this, it is often only a simple matter to convert the predicted 

retention times to resolution values in order to determine the best separation.

For the first ANN, the training data comprised of the values of the three factors as the 

inputs, and the replicate retention time data for each analyte as the outputs, giving a 

total of thirty experimental points, of which twelve were assigned as verification 

points. The network that gave the best performance had a MLP architecture 

consisting of 3 inputs nodes, 20 hidden nodes and 9 output nodes (retention times for 

each analyte) (MLP 3:3-20-9:9), with low training and verification errors of 0.021 

and 0.029 respectively. To determine the predictive ability of the ANN, the observed 

retention data from each of the thirty experiments were plotted against the predicted 

retention data generated by the ANN, as shown in Figure 4-11. Overall, the 

correlation between the experimental and predicted retention times was good (r = 

0.9981) suggesting good predictive ability of the ANN. Correlation coefficients for 

each individual analyte, depicted in Table 4-11, ranged from 0.9862 for 7- 

aminoclonazepam to 0.9991 for nitrazepam. Although the correlation between 

experimental and predicted retention data for 7-aminoclonazepam was slightly less 

than desirable, this analyte was well-resolved under all conditions within the 

experimental space, so any errors in its prediction were of little concern.
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r2 = 0.998'

Experimental Retention Times (mins

Figure 4-11 Overall correlation between experimental and predicted retention times using a 3:3­

20-9:9 MLP ANN trained on replicate data

Table 4-11 Correlation equations and correlation coefficients between experimental and 

predicted retention times for each analyte trained on replicate data

Analyte Correlation Equation Correlation

Coefficient (r2)

7-aminonitrazepam y = 1.010977x-0.00796 0.9948

7-aminoclonazepam y = 0.970867x + 0.043127 0.9862

7-aminoflunitrazepam y = 1.000594x- 0.02537 0.9974

nitrazepam y = 0.998949x +0.022088 0.9991

oxazepam y = 0.991519x + 0.098903 0.9982

flunitrazepam y = 0.995733x + 0.080019 0.9987

alprazolam y = 0.99003x +0.192517 0.9968

temazepam y = 0.984992x + 0.257944 0.9971

diazepam y = 0.979522x + 0.40367 0.9951
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r2 = 0.9988

Experimental Retention Times (mins)

Figure 4-12 Overall correlation between experimental and predicted retention times using a 3:3

12-9:9 MLP ANN trained on average data

Table 4-12 Correlation equations and correlation coefficients between experimental and 

predicted retention times for each analyte trained on average data

Analyte Correlation Equation Correlation

Coefficient (r2)

7-aminonitrazepam y = 0.999635x + 0.002161 0.9987

7-aminoclonazepam y = 0.990025x + 0.19223 0.9941

7-aminoflunitrazepam y = 0.990246x + 0.04997 0.9977

nitrazepam y = 0.990533 + 0.021159 0.9981

oxazepam y = 0.997337x + 0.029419 0.9986

flunitrazepam y = 0.99673x +0.070527 0.9990

alprazolam y = 0.997974x + 0.00615 0.9990

temazepam y = 0.991526x + 0.059858 0.9978

diazepam y = 1.000917x- 0.07015 0.9991
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A second ANN was trained using the same experimental data, however the average 

retention times for each replicate were taken and assigned as outputs for the training 

and verification data, as opposed to considering each replicate individually in the 

manner described previously. This gave a total of fifteen experimental data points, 

including six verification points. The best performing network had low training and 

verification errors of 0.017 and 0.015 respectively, and comprised of 3 input nodes, 

12 hidden nodes and 9 output nodes arranged in a MLP architecture (MLP 3:3-12­

9:9). As before, the predictive ability of the ANN was assessed by plotting the 

observed retention data from the fifteen experiments against the predicted retention 

data. From Figure 4-12, good overall correlation (r2 = 0.9988) between experimental 

and predicted data can be observed. As seen in Table 4-12, the correlation 

coefficients for each individual analyte were all greater than 0.99, indicating strong 

ability of the selected ANN to predict retention times.

By inputting a grid pattern of %MeOH in the range 10 - 30% at increments of 2%,

ACN gradient in the range 1 - 3%/min at increments of 0.2%/min, and initial %ACN

in the range 5 - 10% at increments of 0.5%, both ANNs were applied to predict the

retention times of each analyte throughout the experimental space. Three

experimental points were then selected and run to determine if the predicted data was

consistent with this new experimental data. By virtue of their correlation coefficients,

which were greater than 0.99, both the ANN trained on replicate data and the ANN

trained on average data demonstrated good ability to predict and learn the training

data. However, each ANN performed differently when this previously unseen data

was presented. Table 4-13 illustrates the experimental and predicted retention times

for each analyte generated by both networks for this new data, with relative errors

given in parentheses. The ANN trained on both replicates gave relative errors in the

range 0.121% to 27.3% when tested on the new data. The largest error occurred in

the prediction of the retention time of 7-aminoclonazepam, although large errors

were also found in the prediction of the remaining two 7-amino metabolites. Despite

this, the selected ANN was able to predict the retention times of the remaining

benzodiazepines with consistently small errors. Since the three 7-amino metabolites
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were well-resolved under all experimental conditions, the error associated with the 

prediction of their retention times was of little bearing. The accurate prediction of the 

retention times of nitrazepam, oxazepam, flunitrazepam, alprazolam and temazepam 

was of more importance, given the difficulties associated with their separation.

The ANN trained on average retention data gave relative errors between 0.787% and 

25.6%. Again, the largest error was associated with the prediction of 7- 

aminoclonazepam, and the 7-amino metabolites in general. Inspection of the relative 

errors for the remaining analytes in Table 4-13 reveals that they are greater than the 

relative errors obtained for the ANN trained on replicate data. This is contrary to the 

previous finding, whereby the ANN trained on average resolution data was 

associated with the smaller average relative error. The reason for this may lie in the 

quality and quantity of data in the training set. Generally, the greater the number of 

cases available for training, the better the predictive ability of the ANN. However, if 

the training data contains noise, this relationship does not hold true. The ANN 

trained on both retention replicates had a training data set comprised of thirty cases, 

while the ANN trained on the average of both replicates had only fifteen training 

points. Since the replicate retention time data was consistent, the training data 

contained very little noise. Consequently, the network trained on this data was better 

able to learn, and hence predict, due to the greater number of training cases available.
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Given the various outputs (resolution vs. retention times) and types of training data 

(replicates vs. averages) that were considered, the best performing ANN was found 

to be the one trained on replicate retention time data. This network gave excellent 

overall correlation between experimental and predicted retention times for the 

training data set and, more importantly, it gave the lowest relative errors when 

presented with new data. Unfortunately, knowledge of analyte retention times does 

not directly indicate the best separation, and resolutions between peak pairs must first 

be determined. Further manipulation of the predicted retention data was therefore 

required in order to ascertain the optimum separation conditions.

In many HPLC gradient separations, peak widths remain more or less constant and 

calculation of resolution becomes a simple matter of calculating the difference in 

retention times between consecutive peaks. However, in this case, the peak widths 

were found to vary considerably with the percentage of organic modifier in the 

mobile phase, with lower percentages associated with increased peak widths. Since 

resolution values could not be calculated simply as the difference in retention time 

between consecutive peaks, Equation 4-1 was instead applied. Consequently, an 

additional ANN was constructed in order to predict the peak widths for each analyte 

throughout the experimental space. For this ANN, the values of each factor were 

again entered as inputs, while the average peak widths for each analyte comprised 

the nine outputs. Average data was used to eliminate the noise produced by slight 

variations in peak width, giving a total of nine training points and six verification 

points.

The best performing ANN had a MLP architecture consisting of 3 input nodes, 12

hidden nodes and 9 output nodes (peak widths for nine analytes) (MLP 3:3-12-9:9),

with a training error of 0.087 and a verification error of 0.085. The average peak

widths obtained at each of the fifteen experiments were plotted against the predicted

peak widths generated by the ANN for the same fifteen experiments. Overall

correlation between experimental and predicted peak widths, as illustrated in Figure

4-13, was satisfactory (r2 = 0.9838). As seen in Table 4-14, the correlation
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coefficients obtained for each individual analyte showed more variation, ranging 

between 0.9023 for 7-aminonitrazepam and 0.9951 for diazepam, which may account 

for the lower than desired overall correlation coefficient. Given 7-aminonitrazepam 

had the least retention on the column and, as a result, the smallest peak width, the 

low correlation coefficient for 7-aminonitrazepam is to be expected. Even slight 

differences between predicted and experimental peak widths for this analyte become 

magnified and cause the data to appear comparatively non-linear. In any case, the 

peak width of 7-aminonitrazepam remained constant throughout the entire 

experimental space, so the low predictive power associated with this analyte was not 

of great concern. More important was the ANNs strong ability to predict the peak 

width of diazepam which, being the strongest retained analyte, varied considerably 

throughout the experimental space according to the percentage of organic modifier in 

the mobile phase.

After considering the ability of the ANN to predict peak widths for the experimental 

data set it was trained on, a grid pattern was again generated and the ANN applied to 

predict the peak widths of each analyte throughout the experimental space. Three 

experimental points were then selected and run to determine if the predicted data was 

consistent with this new experimental data. Table 4-15 contains the experimental 

peak widths for the new data set, the predicted peak widths generated by the ANN 

and the corresponding relative error associated with the prediction. Relative errors 

ranged from 0.282% to 19.1%, with the largest error associated with the prediction of 

the peak width of alprazolam.
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n 0.25
XI 0.20

£ 0.10

Experimental Peak Widths

Figure 4-13 Overall correlation between experimental and predicted peaks widths for a 3:3-12­

9:9 MLP ANN

Table 4-14 Correlation equations and correlation coefficients between experimental and 

predicted peak widths for each analyte

Analyte Correlation Equation Correlation

Coefficient (r2)

7-aminonitrazepam y = 0.924151x + 0.007697 0.9023

7-aminoclonazepam y = 1.026312x- 0.00341 0.9706

7-aminoflunitrazepam y = 0.990677x + 0.001907 0.9759

nitrazepam y = 0.936984x + 0.011939 0.9940

oxazepam y = 0.989787x- 0.00122 0.9509

flunitrazepam y = 0.996042 - 0.00221 0.9738

alprazolam y = 1.008963x- 0.00067 0.9917

temazepam y = 1.024757x- 0.00517 0.9878

diazepam y = 0.974807x- 0.005016 0.9951
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The predicted retention times and peak widths were used to determine the resolution 

between each analyte according to Equation 4-1, and the optimum separation 

conditions were determined according to the product resolution (PRS), which was 

calculated by multiplying peak pair resolutions according to Equation 4-2. The data 

generated was then sorted in order of descending PRS to identify the conditions for 

which PRS was a maximum. To observe the overall trend, three-dimensional 

resolution response surfaces were generated by plotting PRS against two of the 

variables. The third variable remained constant; its value chosen to include the region 

of maximum PRS.

Figure 4-14 illustrates the effect of varying the initial %ACN and ACN gradient on 

PRS. From this response surface, it can be seen that the best separation according to 

PRS occurred at low ACN gradient and low initial %ACN. PRS tended to decrease 

slowly as ACN gradient and initial %ACN were increased. The influence of initial 

%ACN and %MeOH on PRS is highlighted in Figure 4-15, which shows that the 

maximum PRS was at low %MeOH and low initial %ACN. Since the maximum 

occurred at a specific point rather than over a broad region, PRS tended to decrease 

sharply as %MeOH and initial %ACN were increased beyond this point. Finally, the 

influence of %MeOH and ACN gradient on PRS is depicted in Figure 4-16. As is 

evident from this response surface, the maximum PRS occurred at low %MeOFI and 

low ACN gradient. Again, PRS decreased sharply as %MeOH and ACN gradient 

were increased beyond this maximum. To summarise, PRS response surfaces 

predicted the optimum separation to be at low %MeOH, low ACN gradient and low 

initial %ACN.
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Figure 4-14 Influence of initial %ACN and ACN gradient product resolution (at 10% MeOH)
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Figure 4-15 Influence of %MeOH and initial %ACN product resolution (at ACN gradient 1)

185



7500000

ACN gradient

Figure 4-16 Influence of ACN gradient and %MeOH on product resolution (at 5% initial ACN)

Table 4-16 Resolutions between consecutive peaks at the optimum predicted by PRS

PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8

Experimental 20.241 13.474 36.937 3.117 5.551 3.281 0.785 9.881

Predicted 17.812 15.267 43.232 4.293 6.177 3.413 0.738 10.036

7.50E-03

6.50E-03

5.50E-03 -

< 4.50E-03

.o 3.50E-03

2.50E-03 -

1.50E-03

5.00E-04

-5.00E-04

Retention time (mins)

Figure 4-17 Example chromatogram of the separation optimised using product resolution

Conditions: Zorbax SB-C18 column (50 x 4.6 mm, 1.8(.im), temperature 30 °C, 10 pL injection, 

detection X 280 nm, 25 mM formate buffer, pH 2.8, 10% MeOH, ACN gradient 0 to 30 minutes, 5.5 to 

35.5%; Elution order: 1. 7-NH2-NIT, 2. 7-NH2-CLO, 3. 7-NH2-FLU, 4. NIT, 5. OXA, 6. FLU, 7. 

ALP, 8. TEM, 9. DIA.
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Inspection of the response surfaces and data revealed the optimum conditions 

according to PRS to be 10% MeOH, 5.5% initial composition ACN and a gradient of 

1 (0 to 30 mins, 5.5 to 35.5%). To ascertain that these conditions were indeed the 

optimum, they were verified experimentally. An example of the separation attained 

under these conditions is illustrated in Figure 4-17 and the corresponding resolutions 

between consecutive peaks are presented in Table 4-16. Clearly, the optimum 

conditions according to PRS were not ideal, since they produced a run time of more 

than 25 minutes. In addition, the resolution between alprazolam and temazepam 

(PP7) was 0.785, indicating that these analytes were barely resolved. The reason for 

this is that PRS determines the optimum separation to be the one which has the 

greatest spread of peaks. This generally occurs over a long period of time, which 

equates to a long run time. Also, the impact of poorly resolved analytes is 

insignificant compared with the resolution of analytes that are separated by a number 

of minutes, which means that the optimum separation according to PRS may not have 

all peaks resolved. In order to find the optimum separation conditions in this case, 

other optimisation functions need to be considered to ensure that run time and the 

resolution of poorly resolved peaks are taken in account.

4.4.3 Development of a Novel Function

The response values given by many optimisation functions (e.g. product resolution, 

PRS) do not adequately reflect the quality of a chromatogram. In the case of PRS, the 

maximum value represents the largest spread of peaks. However, its value is largely 

influenced by the resolution of the well-resolved peaks, when realistically it is the 

incompletely resolved peaks that present problems in analytical separations. In 

addition, PRS is more likely to favour longer analysis times, since the greatest spread 

of peaks occurs over a longer period of time. In practise, one may be willing to 

sacrifice a small amount of resolution for faster analysis times.

Before the optimum separation conditions can be determined, the optimum 

separation must first be defined. For the purposes of the benzodiazepine analysis
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under investigation, the optimum separation was defined as one in which all peaks 

were baseline resolved (Rs > 1.5) and all analytes eluted within a run time of 10 

minutes. However, since it is of more importance to have acceptable resolution 

between analytes, slightly longer analysis times would be accepted if the resolution 

criterion was close to being satisfied. Given the tendency for 7-aminonitrazepam to 

elute at the void under conditions of high organic modifier composition, the optimum 

separation should also have the first peak sufficiently retained on the column so as 

not elute at the void.

As illustrated in Table 4-1, there are a number of available functions for assessing 

chromatographic separations. To determine if any of these functions were capable of 

accurately assessing separations according to the definition of the optimum 

separation specified above, several of the more common or recent functions were 

tested with regards to the separation of benzodiazepines. Rather than considering all 

fifteen chromatograms from the three factor analysis, the sample size was reduced to 

seven chromatograms, as shown in Table 4-17. These chromatograms were evaluated 

according to the product resolution (PRS), normalised product resolution (NPRS), 

chromatographic resolution statistic (CRS) [468], chromatographic response factor 

(CRF) [464], chromatographic exponential function (CEF) [469] and quality of 

separation function (Q) [448].

Table 4-17 Experiments selected for the comparison of optimisation functions

Experiment No. %MeOH ACN gradient

1 10 1

2 10 3

3 30 1

4 30 3

5 20 2

6 15 2

7 25 2
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The function values calculated for each of the seven separations are presented in 

Table 4-18. Resolution and product resolution were calculated according to Equation 

4-1 and Equation 4-2 respectively. The remaining functions were calculated 

according to the equations listed below. Given that some functions optimise to a 

maximum (PRS, NPRS, CRF and Q) while others optimise to a minimum (CRS and 

CEF), the values cannot be compared directly. Each value was therefore converted 

into a chromatogram ranking, whereby 1 represented the optimum separation 

according to the function value, and 7 represented the worst separation. The 

chromatogram rankings for each function were then compared.

Equation 4-5 Calculation of normalised product resolution

Rs
nprs = n (n- l)'1 ZRS

where Rs = resolution of consecutive solute pairs, n = no. solutes

Equation 4-6 Calculation of CRS

~ Rqv\)
+1;

(Ru+if 1 tf

Ri;i+\(Ri,i+\ - Rmin) J ^(n~\)Rav J tl

where Ri i+\ = consecutive solute pairs resolution, Rav = average resolution of all solute pairs, Ropt 

desired resolution, Rmin = min. resolution, t{ = last solute retention time, n = no. solutes [468]

Equation 4-7 Calculation of CRF

L
CRF = I R, + LWi - w21 Ta - TL| - w3(7, - 7b)

/= 1
where R, = zth and (fH)th peak resolution, L = no. peaks in chromatogram, TA = max. acceptable time, 

Tl = final peak retention time, Tx = first peak retention time, T0 = min. retention time of first peak,

wi, w2, w3 = weighting parameters [464]

Equation 4-8 Calculation of CEF

CEF =
(n~ 1
I

Vj=i
(l-( 1<3(fiopt-^s)\2\2], , 1 + tf

) J+1 _ Fnax _
where ^opt = desired resolution, R, = z'th peak pair resolution, tmax = max. acceptable time, tf = final, 

peak retention time, a = slope adjustment factor, n = no. expected peaks [469]
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Equation 4-9 Calculation of Q

Q=¥n Ri

U W Vi'*,«-! a

where /| = migration time of last peak, RfA = resolution between first and last peaks, n 

in chromatogram, Rt = resolution of z'th peak pair [448]

= no. of peaks
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As can be seen in Table 4-18, all the evaluated functions were able to accurately 

distinguish chromatograms 3, 4 and 7 as being undesirable due to the poor resolution 

of PP5 and PP7 in chromatograms 3 and 4, and PP7 in chromatogram 5. However, 

each differed in their ability to rank the remaining four chromatograms in accordance 

with the optimum separation definition.

As observed in Table 4-18, PRS ranked chromatogram 1 as the optimum separation, 

largely due to the emphasis it places on well-resolved peak pairs. While close to 

baseline resolution is achieved for each analyte in this chromatogram, the separation 

is far from optimal given the extremely long run time. The next best separation 

according to PRS is attained in chromatogram 6, where the minimum resolution is 

close to 1.4 and the run time is significantly shorter. Since a small amount of 

resolution can be sacrificed for a shorter analysis time, chromatogram 6 is closer to 

fitting the definition of the optimum separation and should be given preference over 

chromatogram 1. PRS determines the best separation to be the greatest spread of 

peaks, thus it cannot evaluate chromatograms in accordance with the definition of the 

optimum separation specified here, as it gives preference to long run times.

Chromatogram 6 is ranked highest by the normalised product resolution, NPRS, 

which, as discussed above, has good resolution and run time. However, the next best 

separation according to NPRS is chromatogram 5, which has a pair of analytes (PP7) 

with Rs < 1.2, which is considerably less resolution than desired. The separation 

ranked third was that of chromatogram 1. In this case, the minimum resolution is 

close to 1.5, but the run time of 20 minutes is longer than desired. In reality, neither 

chromatogram 5 nor chromatogram 1 are particularly desirable, however for the 

purposes of assessing the ability of each optimisation function in ranking 

chromatograms, a choice between the two must be made. According to the definition 

outlined previously, a small amount of resolution may be sacrificed for a shorter run 

time. Since an Rs value of 1.2 translates into a substantial loss of resolution, 

preference should be given to chromatogram 1, which is closer to resolving all

analytes, despite the long run time. Therefore, NPRS cannot determine the best
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separation in accordance with the optimum separation definition, since it places too 

much emphasis on run time.

CRS [468] defines chromatograms 2 and 6 as the best separations. In both these 

cases, the resolutions and run times are close to the desired values. Importantly, 

unlike NPRS, CRS ranks chromatogram 1 above chromatogram 5, meaning it can 

sacrifice a small amount of resolution for a shorter run time. The main drawback 

with the CRS function is that it is not useful in separations where two analytes co­

elute (Rs = 0), as seen in chromatogram 4. In such cases, the value of CRS is 

undefined since it renders the denominator of the first term in Equation 4-6 equal to 

zero. So although the CRS can accurately detect optimal separations, it is not useful 

for plotting response surfaces, since there may be regions that are undefined in cases 

where Rs = 0.

Like PRS, CRF [464] favours long analysis times and ranks chromatogram 1 as the 

optimum. Chromatograms 2 and 6, which have acceptable resolution and are more 

ideal due to shorter analysis times, are ranked next. Clearly, the CRF does not have 

the ability to accurately assess the quality of chromatograms within the bounds of the 

criteria specified for the optimum separation, since it is largely influenced by well- 

resolved peak pairs.

Chromatograms 2 and 6 are ranked highest by the CEF [469], which is in agreement 

with the optimum separation definition. However, rather than favouring longer 

analysis times in which the minimum resolution is achieved, the CEF favours short 

analysis times. As a result, chromatogram 5, which has Rs < 1.2 for PP7, is ranked 

higher than chromatogram 1. Since more weight is given to short analysis times than 

resolution, the CEF is not ideal for assessing chromatographic separations in 

accordance with the stipulated definition.

The Q [448] function ranked chromatogram 6 as optimal, which is justified given the

reasonable resolution and run time. Ranked second was chromatogram 5, followed
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by chromatogram 2. As discussed above, chromatogram 5 has one peak pair with Rs 

< 1.2, whereas chromatogram 2 is closer to satisfying both the resolution and run 

time criteria. Consequently, Q is not an appropriate function for determining the 

optimum separation since it does not give enough weight to resolution.

Since none of the available optimisation functions could satisfy the criteria and 

appropriately assess the seven chromatograms, a novel objective function was 

developed. To ensure that the function could assess chromatographic separations in 

accordance with the stipulated criteria for the optimum separation, it was given a 

number of properties. First was its ability to place more weight on unresolved peak 

pairs as opposed to well-resolved peaks, thereby ensuring that resolutions far greater 

than optimal (Rs = 1.5) had minimal effect on the function. The second attribute was 

its capacity to assign more weight to resolution over run time, thereby preventing 

chromatograms with shorter run times and unresolved peaks from being favoured. 

And finally, the function was given the capability to prevent chromatograms with 

short run times, but with the first peak insufficiently retained on the column, from 

being favoured.

The Ideal Separation Function (ISF), as shown in Equation 4-10, was developed to 

incorporate both resolution and run time, and achieve a maximum when both these 

conditions are ideal. It was also designed to recognise separations where the first 

peak elutes at the void as undesirable. Its design was based on a combination of 

previously developed functions, including the CEF and CRS.

Equation 4-10 The Ideal Separation Function (ISF)

where n is the number of peaks in a chromatogram, /?s is the resolution between consecutive peaks, 

Rmm is the minimum acceptable resolution for consecutive peaks, /max is the maximum acceptable run 

time, /fina| is the retention time of the final peak, /first is the retention time of the first peak and /mjn is the 

minimum acceptable retention time for the first peak
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The first term in the ISF considers the resolution of consecutive peaks Rs, and the 

minimum desired resolution for the separation Rmm, which can be varied to suit the 

requirements of the chromatographer. An Rmm of 1.5 is chosen when baseline 

resolution of all components is desired. When the resolution between any peak pair is 

less than Rmm, the term will be negative, and when the resolution is greater than Rmm, 

the term will be positive. The exponential function, also employed by Morris et al. 

[469] in the development of the CEF, prevents excessively large Rs values between 

one pair of analytes from significantly affecting the overall ISF value. This is 

important because it is the incompletely resolved analytes that should govern the best 

separation, rather than peak pairs which exhibit large resolution values. As indicated 

in Figure 4-18, the term approaches 1 as Rs increases, ensuring that no additional 

weight is given to very large resolution values in any separation. The coefficient of 

Rs in the equation is 2 so that the function becomes increasingly negative if the 

minimum resolution of any peak pair is not achieved. The term is summed over each 

peak pair, with any negative values in the separation decreasing its final value. The 

term is then averaged by dividing by the number of peak pairs in the chromatogram. 

If a sufficient number of poorly resolved peaks are present in any separation, the 

value of this first term may be negative.

Figure 4-18 Range and domain for the resolution term of the ISF

Conditions: y = i-e2(/?min_/?s), Rmm = 1.5
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The second term in the ISF relates to the overall run time. The variable /max is the 

maximum acceptable analysis time, and can be given any value, depending on the 

requirements of the separation. If the final peak /fjnai elutes after the maximum 

analysis time, the term will be less than one. If /finai elutes within the specified 

analysis time, then the term will be greater than one. This can be seen graphically in 

Figure 4-19. The term is halved to place less weight on run time and comparatively 

more on resolution.

Figure 4-19 Range and domain for the run time term of the ISF

Conditions: y = tmax/ 2/final, tmax = 10

Unlike many of the other optimisation functions, the ISF includes a term designed to 

reduce the value of the function in chromatograms where peaks elute at the void. The 

variable tmm is the minimum desired retention time of the first peak, and it should be 

given a value slightly greater than that of the void if there are no early-eluting 

endogenous peaks. Since it is of no more benefit to have the first peak, /first, elute 

long after the void, an exponential function was again utilised. When /first elutes after 

txnip, the value of the function is positive and approaches 1. If /f,rst elutes before /min, 

then the term is negative and reduces the overall function value. This can be seen 

graphically in Figure 4-20.
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-0.5

Figure 4-20 Range and domain for the void term of the ISF

Conditions: y = 1 -e/m,n_/first, tmm = 0.8

Finally, rather than multiplying all three terms together, which could result in an 

overall positive value if two of the terms are negative, all three terms are summed so 

that the ISF optimises to a maximum. The ISF’s performance was assessed by 

calculating its value for each of the seven chromatograms, in the manner described 

previously. To allow direct comparison with the other functions, each ISF value was 

again converted into a chromatogram ranking, as shown in Table 4-19.

Table 4-19 Assessment of separations according to the ISF

Exp. ISF Ranking

1 1.319 3

2 1.405 1

3 0.580 5

4 -1.679 7

5 1.224 4

6 1.359 2

7 -0.128 6
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Like CRS and CEF, ISF ranks chromatogram 2 as the optimal, followed closely by 

chromatogram 6. In both these chromatograms, the resolution is ~ 1.4, which is 

acceptable given that both have close to the maximum specified run time of 10 

minutes. Chromatogram 1 is ranked third, which has a similar resolution to that of 

chromatograms 2 and 6, although the run time is double that of the maximum 

specified run time. However, this ranking is justified given that longer analysis times 

are acceptable if the minimum resolution is achieved. The next highest ranked 

chromatogram is 5, which has a good run time of around 10 minutes, however the 

resolution of PP7 is < 1.2. ISF easily distinguishes chromatograms 3, 7 and 4 as 

being unacceptable due to early elution of the first peak and poor resolution values. 

And, unlike CRS, ISF is defined when Rs = 0 so a response surface can be plotted for 

all values of Rs, even when two analytes co-elute.

Considering the various optimisation functions that were assessed in their ability to 

identify the optimum separation, the ISF performed the best. It was able to rank the 

seven chromatograms in accordance with the specified definition of the optimum 

separation by giving appropriate weight to the parameters of resolution, run time and 

minimum retention.

4.4.4 Optimisation of the Separation Using ISF

Given that the ISF performed better than any of the other optimisation functions 

tested, it was applied to the retention time and peak width data predicted by the 

ANNs. The variables Rmm and tmax were assigned the values 1.5 and 10 respectively. 

The void volume was determined to be 0.7 minutes, so tmm was assigned the value 

0.9. From this data, three resolution response surfaces were generated by plotting ISF 

against two of the variables while the third variable was kept constant, as illustrated 

in Figure 4-21. According to these response surfaces, the maximum ISF and hence 

the best separation could be found at low %MeOH, high ACN gradient and low 

initial %ACN. Sorting the data generated in order of descending ISF value gave the 

maximum value of ISF at 10% MeOH, 6.5% initial ACN composition and a gradient 

of 2.8 (0 to 15 mins, 6.5 to 48.5%). The ANN data predicted that these conditions
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would give resolution values > 1.5 and a run time of less than 13 minutes. Although 

this run time was slightly longer than the preferred run time of 10 minutes, it was 

deemed acceptable given that the resolution criterion of Rs > 1.5 was satisfied. The 

conditions producing run times of less than 13 minutes were considered 

inappropriate, since they would have produced unacceptably low resolution values.
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Figure 4-21 ISF response surfaces for varying a) %MeOFI and ACN gradient, b) initial %ACN 

and ACN gradient and c) initial %ACN and %MeOH
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The optimum conditions according to the ISF were run and an example 

chromatogram of the optimised separation in 25 mM formate buffer (pH 2.80), 10% 

MeOH with a gradient of 0 to 15 minutes, 6.5 to 48.5% ACN is illustrated in Figure 

4-22. The predicted and experimental retention times and peak widths, with 

associated relative errors under these conditions are illustrated in Table 4-20. The 

errors concerning the prediction of retention times at the optimum ranged from 0.039 

- 14.39%, with an average of 4.78%. The largest error was associated with the 

prediction of the retention time of 7-aminonitrazepam. Even though the absolute 

difference between the experimental and predicted retention times for this analyte 

was only 0.315 minutes, this equated to a large percentage error since 7- 

aminonitrazepam had the least retention on the column. The errors relating to the 

prediction of peak widths at the optimum ranged from 1.41 - 7.12%, with an average 

of 3.57%. Again, the largest error was associated with the prediction of 7- 

aminonitrazepam. According to Zakaria et al. [476], predictive errors using ANNs, 

or indeed any other model, should be less than 5% for optimisation purposes. The 

results for six of the nine analytes are in agreement with this. While higher than 

desired, the errors associated with the prediction of the 7-amino metabolites had no 

bearing on the final outcome since these analytes were well-resolved under all 

conditions, including the optimum.

Table 4-21 illustrates the predicted and experimental resolution values, calculated 

using retention times and peak widths obtained from predicted and experimental data 

respectively. The error relating to the prediction of resolution values ranged from 

0.771 - 20.4%. This large error results from the addition of small errors in retention 

and peak width data, which must be inputted into the resolution equation. 

Unfortunately, the largest error was associated with the prediction of the resolution 

between alprazolam and temazepam (PP7), which was the most difficult peak pair to 

separate. So while baseline resolution was predicted for PP7 (Rs = 1.63), this was not 

observed when the conditions were run. Experimentally, a resolution value of Rs = 

1.35 was obtained for this peak pair.
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Table 4-20 Predicted and experimental retention times and peak widths with corresponding 

errors for the optimum separation conditions

Analyte Predicted

tT (mins)

Experimental

tr (min)

Error (%) Predicted

width

Experimental

width

Error (%)

7-NH2-NIT 1.874 2.189 14.39 0.122 0.131 7.12

7-NH2-CLO 3.716 4.178 11.06 0.125 0.133 6.22

7-NH2-FLU 5.094 5.515 7.628 0.131 0.138 5.25

NIT 9.404 9.669 2.741 0.142 0.149 4.52

OXA 9.618 9.908 2.927 0.128 0.130 1.89

FLU 10.560 10.757 1.831 0.142 0.145 1.89

ALP 10.890 11.044 1.394 0.140 0.143 2.31

TEM 11.130 11.247 1.040 0.155 0.157 1.41

DIA 12.850 12.845 0.039 0.153 0.155 1.49

1 2 3
1.90E-02

1.70E-02

1.50E-02

1 30E-02

S- 1.10E-02

9.00E-03 -

< 7.00E-03 -

5.00E-03

3.00E-03 -

1.00E-03

-1.00E-03

Retention time (mins)

Figure 4-22 Example chromatogram of the optimised separation of nine benzodiazepines

Conditions: 10% MeOH, ACN gradient 0 to 15 minutes, 6.5 to 48.5%, for remaining conditions and 

elution order refer to Figure 4-17.

Table 4-21 Predicted and experimental resolution values for the optimum separation conditions

PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8

Predicted 14.9 10.8 31.6 1.59 6.98 2.34 1.63 11.2

Experimental 15.1 9.87 29.0 1.71 6.17 1.99 1.35 10.2

Error (%) 0.771 9.35 9.06 7.41 13.1 17.5 20.4 9.22
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Despite the fact that baseline resolution was not achieved between alprazolam and 

temazepam (PP7), and the run time exceeded the stipulated 10 minutes, the ISF was 

still more successful than PRS in locating the best possible separation. The optimum 

conditions predicted using PRS gave the greatest spread of peaks, and the resolution 

of PP7 did not have a significant effect on its value. As a result, the predicted 

resolution of PP7 was only 0.738 (experimental Rs = 0.785) at the optimum and the 

run time was more than 25 minutes. Based on the variables of a maximum run time 

of 10 minutes, a minimum retention time of 0.9 minutes and a desired resolution of 

1.5, the ISF was able to locate the separation conditions that gave a predicted 

resolution of Rs = 1.6 for PP7 within a much shorter run time.

The optimisation of gradient elution separations using ANNs has been previously 

reported, however the method presented here offers a number of advantages. Firstly, 

unlike the methods presented by Madden et al. [457] and Shan et al. [466], the initial 

and final compositions of the organic modifier do not need to be constrained. Instead, 

the initial composition of organic modifier and the slope of the gradient can be used 

as input variables for an ANN, and the final composition can be calculated from the 

gradient slope after substituting in an appropriate time. Not only does this allow for 

greater flexibility because it does not rely on fixed starting and finishing 

compositions, but it also effectively opens up the experimental space and increases 

the possibility of finding the optimum separation conditions. In addition, having 

flexible starting and final concentrations avoids the use of long analysis times that 

are required to implement slow gradients when concentrations are fixed.

In contrast to the work presented here, the majority of studies employing ANNs to

optimise gradient elution separations do not represent true optimisation strategies.

Rather than defining an experimental space and modelling the entire region, these

studies model only a handful of gradient conditions, and the optimum is selected

from this limited study. For example, Madden et al. [457] employed three gradients

to train an ANN, which was then used to predict the retention times at the three

training gradients plus an additional four. The optimum separation conditions were
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then selected as one of these seven gradients. A similar method was employed by 

Bucinski et al. [454] who only established the optimum from a set of four gradients, 

rather than interpolating over a range of gradient conditions to locate the optimum. 

The major fault with these methods is that by limiting the input data, they risk 

missing the optimum completely. Clearly, the method presented here is a more useful 

gradient optimisation method, since it enables retention times to be predicted over a 

wide range of gradients within the experimental space, rather than for just a select 

few conditions. It also offers the possibility of generating response surfaces to 

observe overall trends in resolution, thus enabling the optimum to be easily located.

Finally, in contrast to the study by Shan et al. [466], who modelled the retention of 

seventeen amino acids using seventeen individual ANNs, the current method only 

requires two ANNs (one for retention times and one for peak widths) to determine 

the optimum separation. The only possible disadvantage is that the substitution of 

predicted retention times and peak widths into the resolution equation could cause an 

accumulation of error. However, this risk must be taken in gradient separations 

whereby peak widths can vary from one condition to the next. Using the data 

generated from only two ANNs to model a complex separation, which undergoes 

changes in selectivity as well as peak widths, is a major advantage and a 

simplification of Shan’s method.

4.4.5 Sample Preparation

Given that the HPLC separation of nine benzodiazepines was successfully optimised 

using ANNs, the suitability of the method for the analysis of the analytes in post­

mortem blood was assessed. Prior to this however, an appropriate extraction 

technique had to be developed. Four LLE techniques, including butyl chloride, ethyl 

acetate, diethyl ether and diethyl ether/ethyl acetate (1:1, v/v), were evaluated with 

regards to the recovery of each benzodiazepine from spiked whole blood. Average 

analyte recoveries for these extraction techniques are presented in Figure 4-23.
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a) 60

□ EtOAc

□ Diethyl 
ether/EtOAc

□ Diethyl ether

Figure 4-23 Comparison of average recovery obtained for ethyl acetate, diethyl ether/ethyl

acetate and diethyl ether LLEs

Butyl chloride was the least efficient extraction solvent since, in addition to the 

analytes of interest, it extracted a large number of endogenous blood components that 

produced many interfering peaks in the chromatogram. As such, the recovery data 

for the butyl chloride LLE could not be accurately calculated and was not included in 

Figure 4-23. As a result, butyl chloride was excluded from further consideration as a 

potential LLE solvent.

From the remaining solvents in Figure 4-23, diethyl ether was the least effective 

extraction technique, giving recoveries of only 15 - 30% for each analyte. Despite 

the low recoveries, the diethyl ether extract was very clean, with only one matrix 

peak present at 2.5 mins which did not co-elute with any of the analytes.

Ethyl acetate gave the greatest recoveries, which ranged from 70 - 103%, however 

this solvent also extracted some endogenous blood components, and the resulting 

extract contained several small interfering peaks. This is the likely reason for the 

extraction recoveries of oxazepam and flunitrazepam exceeding 100%.
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Diethyl ether/ethyl acetate successfully removed most matrix components, giving a 

very clean extract with only one small matrix peak at 2.5 mins, as shown in Figure 

4-24. In addition, good recoveries in the range of 56 - 83% were obtained using this 

solvent system. Even though diethyl ether/ethyl acetate did not give the highest 

recoveries, it was deemed to be the most appropriate LLE technique. Unlike ethyl 

acetate alone, it gave clean extracts, resulting in a higher degree of accuracy for the 

method and, unlike diethyl ether alone, it did not compromise recovery to a great 

extent. Diethyl ether/ethyl acetate LLE was therefore employed for the remaining 

method validation and application.
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Figure 4-24 Example chromatograms of a) blank and b) spiked whole blood extracted with

diethyl ether/ethyl acetate (1:1)

Conditions: Zorbax SB-C18 column (50 x 4.6 mm, 1.8pm), temperature 30 °C, 10 pL injection, 

detection X 280 nm, 25 mM formate buffer, pH 2.8, 10% MeOH, ACN gradient 0 to 15 minutes, 6.5 to 

48.5%; Elution order: 1. 7-NH2-NIT, 2. 7-NH2-CLO, 3. 7-NH2-FLU, 4. NIT, 5. OXA, 6. FLU, 7. 

ALP, 8. TEM, 9. DIA.

4.4.6 Method Validation

The optimised method was validated for spiked whole blood samples, and calibration 

data for each analyte is presented in Table 4-22. Calibration curves were linear in the
207



specified concentration ranges and correlation coefficients (r ) ranging from 0.9973 - 

0.9993 were established in these ranges. The limits of detection (LOD) were between 

0.0057 pg/mL (nitrazepam) and 0.023 pg/mL (flunitrazepam).

Intra-assay precision and accuracy were determined by analysis of five replicate 

samples at high and low concentration within the same validation batch. Inter-assay 

precision and accuracy were assessed by analysing five replicate samples at high and 

low concentrations over three validation batches. As shown in Table 4-23, intra­

assay precision was between 0.18 and 3.0%, while inter-assay precision was between 

0.15 and 13%. Accuracies were greater than 97%.

Table 4-22 Calibration and LOD data for benzodiazepine analytes in blood

Analyte Correlation

coefficient (r2)
Range (pg/mL) LOD (pg/mL) LOQ (pg/mL)

7-aminonitrazepam 0.9985 0.43-6.0 0.0063 0.021

7-aminoclonazepam 0.9984 0.43-6.0 0.014 0.046

7-aminoflunitrazepam 0.9987 0.43-6.0 0.012 0.039

Nitrazepam 0.9983 0.58-8.0 0.0057 0.019

Oxazepam 0.9973 0.58-8.0 0.018 0.049

Flunitrazepam 0.9993 0.58-8.0 0.023 0.076

Alprazolam 0.9988 0.58-8.0 0.0084 0.028

Temazepam 0.9981 0.58-8.0 0.020 0.065

Diazepam 0.9980 0.58-8.0 0.017 0.055
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4.4.7 Method Application

Following compilation of a list of potential post-mortem cases for analysis (n = 13), 

five were rejected on the basis that they were recent cases, or cases requested by the 

Coroner to be kept pending further legal proceedings. A further three cases were 

rejected due to insufficient sample volume or decomposition. The remaining five 

samples were analysed and the benzodiazepine concentrations found in each sample 

are reported in Table 4-24. Example HPLC-DAD chromatograms of two post­

mortem samples are illustrated in Figure 4-25.

Table 4-24 Blood concentrations of benzodiazepines in post-mortem blood samples

Case no. Benzodiazepine

detected

Concentration

(pg/mL)

Additional

drugs detected3

2402494 DIA 1.2

TEM 4.0

OXA BLOQ

2500058 DIA 1.4 CAR (2.8)

TEM 0.12 PAR (<3)

2401190 OXA 4.6

2401509 OXA 1.8

2402756 DIA 0.3 ALC (0.164)

a drugs detected in addition to the nine benzodiazepines, as determined by independent analysis at 

DAL. Where appropriate, concentration values in parentheses are given in pg/mL, except ALC in 

g/lOOmL.

Abbreviations: alcohol (ALC), below limit of quantification (BLOQ), carbamazepine (CAR), 

diazepam (DIA), oxazepam (OXA), paracetamol (PAR), temazepam (TEM).
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Figure 4-25 Example chromatograms for post-mortem blood samples testing positive for 

benzodiazepines a) case 2401190 b) case 2402494

Conditions: Zorbax SB-C18 column (50 x 4.6 mm, 1.8pm), temperature 30 °C, 10 pL injection, 

detection X, 280 nm, 25 mM formate buffer, pH 2.8, 10% MeOH, ACN gradient 0 to 15 minutes, 6.5 to 

48.5%; Elution order: 1. OXA, 2. TEM, 3. DIA.

In case 2402494, diazepam and temazepam were found at concentrations of 1.2 

pg/mL and 4.0 pg/mL respectively. It should be noted that the presence of 

temazepam in blood could have arisen from its administration as a parent drug, or via
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the metabolism of diazepam. In any case, the concentration of temazepam was found 

to be within the fatal range of 4 - 9 pg/mL [78], while diazepam was found to be 

within the therapeutic range of 0.05 - 2 pg/mL [78]. Oxazepam was also detected, 

however its concentration was below the LOQ. Given the sub-therapeutic 

concentration found, its presence could be due to partial metabolism of temazepam.

In case 2500058, diazepam was found at a concentration of 1.4 pg/mL and 

temazepam at a concentration of 0.12 pg/mL. Considering the small concentration of 

temazepam, its presence is likely to be due to metabolism of diazepam, rather than 

consumption of the drug in its parent form. Whilst diazepam can be toxic at 

concentrations above 1.5 pg/mL [78], its fatal range is usually in the order of 5 

pg/mL. When considered in isolation, the diazepam concentration found in this case 

would not be considered fatal, and the presence of other drugs must be taken into 

account. Paracetamol at a concentration of <3 pg/mL, is well within its therapeutic 

ranges and is unlikely to have contributed towards death. Although the concentration 

of carbamazepine was also within its therapeutic range, it is a CNS depressant and, 

as such, its depressive effects are additive to those of diazepam and temazepam. The 

concomitant use of diazepam and carbamazepine may therefore have lowered the 

concentration of both drugs required to produce a toxic or even fatal effect.

4.6 pg/mL of oxazepam was found in case 2401190, which falls within the toxic 

range (>2 pg/mL [78]). No other drugs were detected and, at this concentration, 

benzodiazepine-induced CNS depression resulting in death would be likely. 

Oxazepam was also the only drug found in case 2401509, yet its concentration was at 

the upper limit of the therapeutic range. At a concentration of 1.8 pg/mL, and in the 

absence of any other CNS depressants, toxicity and death would not be expected. 

The presence of systemic disease, which would lower the toxic concentration range, 

may have been a contributing factor in this instance. Another possibility is that death 

was delayed and metabolism of a larger dose of oxazepam to its glucuronide 

conjugates had occurred.
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Diazepam was found to be present in case 2402756 at a concentration of 0.3 pg/mL, 

which is within the therapeutic range. However, a high blood alcohol concentration 

of 0.164 g/lOOmL was found in addition to the benzodiazepine. Since the CNS 

depressant effects of diazepam and alcohol are additive, the combination of these two 

drugs may have produced sufficient respiratory depression to result in death.

Compared to other studies employing UV detection for the determination of 

benzodiazepines (Refer to Table 1-11), the method presented here offers comparable 

run times and detection limits when consideration is given to the number of analytes 

involved. Whilst MS capabilities offer the possibility for lower LODs and shorter run 

times, the coupling of HPLC to DAD is still more widespread, and it is therefore 

beneficial to have a rapid and sensitive HPLC-DAD method capable of quantifying 

benzodiazepines in post-mortem samples. The HPLC-DAD method described here 

was sensitive enough to enable quantification of benzodiazepines found at fatal, toxic 

and even therapeutic concentrations in post-mortem samples. In one case, the 

concentration of oxazepam was BLOQ, however the method was still sensitive 

enough to enable its detection.

4.5 Conclusions

A combination of a three factor experimental design and ANNs was applied to the 

optimisation of a gradient elution HPLC separation of nine benzodiazepines. 

Following investigation of a number of ANNs, the optimum conditions predicted 

were 25 mM formate buffer (pH 2.8), 10% MeOH, ACN gradient 0 to 15 minutes,

6.5 to 48.5%, which gave resolution values greater than 1.3 for each analyte pair and 

a run time of less than 13 minutes. The error associated with the prediction of 

retention times and peak widths under these conditions was less than 5% for six of 

the nine analytes studied. This method represents a more flexible and convenient 

means for optimising gradient separations than has been previously reported. The 

optimised method was validated for blood and successfully applied to authentic post­
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mortem samples. The limits of detection of the method ranged from 0.0057 - 0.023 

pg/mL, and recoveries were in the order of 58 - 92%.

A novel chromatographic function, ISF, was developed to incorporate run time, 

resolution and minimum retention into a single function designed to assess the 

quality of chromatographic separations. ISF was found to offer significant 

advantages over other optimisation functions, such as the product resolution, which 

often fail to locate the optimum separation due to an inability to account for run time 

or detect poorly resolved peaks.

4.6 Future Work

This work has demonstrated the applicability of ANNs to modelling linear gradient 

separations, however their ability to model non-linear gradient profiles should be 

investigated further. One possibility may be to derive the equation for each profile 

and apply appropriate variables that give a unique descriptor of the non-linear 

profile, such as the y-intercept or second derivative, as training inputs. This would 

enable a wide variety of gradients to be investigated and perhaps enable a more 

appropriate optimum to be found.

The optimised method for the analysis of nine benzodiazepines has proven to be 

useful for the quantification of these drugs in authentic post-mortem samples. 

However, considering the low concentrations at which some of these drugs may be 

encountered, particularly when used in conjunction with other CNS depressants or 

when the therapeutic index is low (e.g. flunitrazepam), future work could focus on 

improving the LOQs of this method. Given that the optimised mobile phase is 

volatile, coupling of the HPLC with MS or MS-MS should accomplish this with 

ease.
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5 Simultaneous Quantification of Morphine, Morphine-3- 
Glucuronide, Morphine-6-Glucuronide and Codeine in 

Post-Mortem Blood Samples

5.1 Summary

A simple and rapid HPLC method for the simultaneous determination of morphine, 

M3G, M6G and codeine in post-mortem blood was developed based on fluorescence 

detection. After SPE using Cjg cartridges, the analytes were separated by RP-HPLC 

in a mobile phase consisting of 25 mM ammonium acetate buffer (pH 4.8) and an 

ACN gradient of 0 to 36%, 0 to 6 mins at 1 mL/min, and determined at an excitation 

wavelength of 280 nm and an emission wavelength of 335 nm. This gave baseline 

resolution between each analyte and a run time of less than 5 minutes. The analytes 

were determined in twelve post-mortem blood samples taken from heroin-related 

deaths; six of which involved the concomitant use of benzodiazepines. Cases 

involving the use of benzodiazepines in conjunction with heroin were found to have 

lower ratios of M6G/MOR and M3G/MOR, suggesting that death occurred more 

rapidly in this sample set. This sample set also contained fewer samples with 

quantifiable levels of morphine, which reflects the additive effect of heroin and 

benzodiazepines. Higher average concentrations of M6G and higher M6G/M3G 

ratios were found in cases involving the use of heroin only, which may suggest 

chronic heroin exposure in this sample set. High ratios of M6G/M3G coupled with 

low M6G/MOR ratios may indicate the possible contribution of M6G towards heroin 

overdose, however more cases need to be acquired to verify this.

Keywords: morphine; morphine-3-glucuronide (M3G); morphine-6-glucuronide 

(M6G); heroin overdose; HPLC; fluorescence detection.

5.2 Introduction

Heroin (diacetylmorphine) use may be regarded as a significant illicit drug problem 

in Australia. Heroin users are at a greater risk of premature mortality than their non­
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heroin-using peers, and although there are a number of factors that may contribute 

towards this excess mortality, overdose remains the leading cause. While there has 

been a decline in the number of heroin fatalities in Australia since 1999, in part due 

to a reduction in the availability of heroin over this period, official reports suggest 

that since 2002, heroin consumption has again been on the rise [15]. Increased heroin 

production in Afghanistan, and the corresponding increase in heroin consumption in 

Australia [9], have sparked fears that the overdose rate will again rise.

Heroin overdoses are often described as being the result of a quantity or quality 

(purity) of heroin in excess of the person’s current tolerance to the drug [30, 31]. 

This being the case, overdose deaths resulting from large or highly pure intakes of 

heroin should correspond to high post-mortem blood morphine concentrations. 

However, in a significant number of fatal overdose cases, the morphine 

concentrations found are no greater than many non-fatal overdoses [32] and, in some 

cases, may even be below toxic levels [30, 31]. In addition, a number of studies have 

reported finding large variation in the blood morphine concentrations found in fatal 

heroin overdoses, with some possessing concentrations of only 10 ng/mL, and others 

of up to 4000 ng/mL [3, 35]. This large variation could be attributed to differences in 

tolerance or the incomplete metabolism of morphine as a result of differing survival 

times after heroin injection. It could also be due to the co-administration of other 

depressant drugs, such as benzodiazepines, which can increase the likelihood of a 

fatal overdose due to potentiation of the respiratory depressant effects of heroin [30]. 

In combination with benzodiazepines, heroin can cause respiration to slow or even 

cease, and a smaller than usual dose may be required to exert a fatal effect [63].

The variation in blood morphine concentrations found in heroin-related fatalities may 

also be due to ambiguous reporting of the morphine concentration data. In some 

instances, the morphine concentration reported represents the concentration of free 

morphine only, and in other instances it corresponds to the concentration of free 

morphine plus morphine conjugates (total morphine). This particularly confounds

interpretation in instances where death occurs some time after heroin administration.
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If unconjugated free morphine is reported in such cases, below toxic concentrations 

of morphine may be found due to extensive metabolism.

Another possible explanation for the variable blood morphine concentrations found 

in fatal heroin overdoses may relate to the potential for inter-individual differences in 

drug effect due to genetic variations in the amount of active and inactive metabolites 

produced. Following administration, heroin is first metabolised to the 

pharmacologically active metabolites, 6-monoacetylmorphine (6MAM) and 

morphine, before uridine diphosphate-glucuronosyltransferase (UDPGT) enzymes 

metabolise it further to the main metabolites, morphine-3-glucuronide (M3G) and 

morphine-6-glucuronide (M6G). Like morphine, M6G has a high binding affinity for 

the p opioid receptor [29] and is pharmacologically active [50, 83, 84]. There is even 

some evidence to suggest that M6G is a more powerful agonist than morphine [72, 

84]. On the other hand, the most prevalent metabolite, M3G, shows a lack of affinity 

for p, k and a opioid receptors [49, 51] and may even antagonise the respiratory 

depressant and analgesic effects of M6G and morphine [44, 50, 51]. UDPGT 

isoenzymes are believed to be subject to genetic variation, meaning that the potential 

exists for inter-individual differences in the extent of metabolism to M3G and M6G. 

Since the primary mechanism involved in heroin overdose is opioid-induced 

depression of respiration with resulting hypoxia and death [29], high concentrations 

of active M6G may be associated with increased CNS depression and a greater risk 

of respiratory failure. This idea is supported by some clinical studies, which attribute 

inter-patient variations in analgesia to wide differences in plasma concentrations of 

morphine and M6G in patients receiving morphine for pain [44-49].

Determining morphine and its glucuronide metabolites simultaneously in post­

mortem samples could enable the contribution of M3G and M6G towards heroin 

overdose to be explored in greater detail. However, many laboratories do not 

routinely perform this analysis, and report only free or total morphine. Since M3G is 

the main metabolite, the total morphine concentration is often only indicative of the
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pharmacologically inactive M3G concentration, which does not contribute towards 

respiratory depression, and therefore gives little information regarding the nature of 

the overdose. Reporting of free morphine does not consider the contribution of either 

M3G or M6G.

Measurement of the individual glucuronide concentrations may also give a good 

indication of the post-mortem interval. The ratio between the molar concentration of 

M6G or M3G to morphine has been suggested as a means of assessing the time 

elapsed since heroin administration [104, 108, 164]. The negligible metabolism that 

occurs when death rapidly follows heroin intake may result in low M6G/MOR or 

M3G/MOR ratios, thus suggesting a short survival time. Conversely, high ratios of 

M6G/MOR or M3G/MOR may indicate a delayed death. In addition, determination 

of the individual glucuronide metabolites may indicate if death was a result of 

chronic or first-time administration of heroin. M6G has been shown to accumulate 

with repeated administration of the drug, so high levels of M6G may be associated 

with chronic exposure to heroin [181].

5.2.1 Previous Investigations of M3G and M6G Concentrations and 
Ratios in Heroin Fatalities

A number of reviews on the determination of opiates in biological samples have been 

published [65, 69, 477], and many HPLC methods have been reported in the 

literature for the determination of morphine and metabolites in biological samples, 

including whole blood [89, 95, 102, 103, 106-109, 118, 120, 125, 139, 161, 164], 

plasma [85, 99, 100, 102, 105, 110, 112-114, 117-119, 121, 122, 124, 126, 127, 138, 

143, 158, 162-164], serum [71, 96, 97, 103, 104, 107, 109, 111, 116, 138, 139, 142, 

143, 159], urine [107-109, 115, 118, 125, 141, 159, 161], bile [89], CSF [107-109, 

117, 159, 163], vitreous humor [108, 109] and meconium [98] (Refer to Table 1-3 

for details). Despite the large quantity of literature relating to the analysis of 

morphine and its glucuronides, only a limited number of studies have focused on 

their analysis in post-mortem samples. No studies have compared the concentrations
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of morphine, M3G and M6G in fatalities involving the concomitant use of heroin and 

benzodiazepines to fatalities involving heroin only.

In 1995, Gerostamoulos et al. [120] developed a method for the analysis of M3G, 

M6G, morphine and normorphine in post-mortem blood using a SPE technique 

followed by HPLC with electrochemical and UV detection. Nine post-mortem blood 

samples were analysed and the mean concentrations of M3G, M6G and morphine 

were reported to be 0.5 ± 0.33 pg/mL, 0.14 ± 0.08 pg/mL and 0.38 ± 0.28 pg/mL 

respectively. The method, which had a run time of more than 30 minutes, was 

applied by the same authors in a second study [70] involving the analysis of 

morphine, M3G and M6G in 40 heroin-related deaths. While valuable data regarding 

the post-mortem redistribution of morphine was obtained, the run time was 

exceedingly long and it would be of considerable benefit to have a more rapid 

method for the determination of morphine, M3G and M6G in post-mortem samples.

A fast HPLC method for the determination of morphine, M6G and M3G was 

developed by Aderjan et al. [104] to determine the concentrations of these analytes 

in the serum of twenty heroin consumers and in ten heroin-related deaths. The 

method had a run time of less than 10 minutes, and concentrations of 0.45 ± 0.47 

pg/mL (MOR), 0.68 ± 0.56 pg/mL (M6G), and 1.7 ± 1.9 pg/mL (M3G) were 

reported in the fatalities. The main disadvantage of this method, and another similar 

method reported by the same authors [71], was that it could only be applied to the 

analysis of serum, rather than whole blood. This is a considerable disadvantage in 

post-mortem toxicology, where sample volumes are often limited and direct analysis 

of the sample is preferred.

A few studies have determined M6G/MOR and M3G/MOR ratios in order to 

determine the time elapsed since heroin administration. Previous findings have 

suggested that low ratios of M3G/MOR and M6G/MOR are indicative of short 

survival times following drug intake [95, 104, 108]. In the study by Beike et al. [95],
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all seven post-mortem samples had ratios of M6G/MOR < 1. These deaths were 

interpreted as occurring within an hour of intake. Bogusz et al. [108] found the 

average M6G/MOR ratio (n = 21) to be 1.6 ± 3.6, however, a slightly higher 

M3G/MOR ratio of 2.8 ± 4.0 was observed. Higher ratios again were observed in the 

study by Aderjan et al. [104], who found the average M6G/MOR ratio in ten 

overdose cases to be 2.6 ± 2.2, while the average M3G/MOR ratio was 5.0 ± 6.5. In 

contrast, Skopp et al. [71] measured the ratios of M3G/MOR and M6G/MOR in four 

cases of heroin overdose, and found that a definite relationship could not be 

established.

While some of the studies mentioned above have calculated M6G/M3G in addition 

to M3G/MOR and M6G/MOR, few have attempted to draw conclusions from this 

data. Antonilli et al. [181] conducted a study in which higher ratios of M6G/M3G 

were found in a group comprising of current injecting heroin users as compared with 

a group on non-heroin users treated with morphine. They found the ratio of 

M6G/M3G was > 1 in both the blood and urine of chronic heroin users, and reasoned 

that there was a reduction of M3G in favour of M6G in chronic injecting heroin 

users. They postulated that the significant amounts of cadmium, which can be found 

in heroin, could selectively inhibit the synthesis of M3G. Considering the limited 

data that is available regarding the ratios of M3G/MOR, M6G/MOR and especially 

M6G/M3G, it would be of interest to gather some additional cases to further aid the 

interpretation of heroin toxicity.

5.2.2 Objectives

The ambiguous reporting of either free or total morphine concentrations limits the 

interpretation of heroin-related fatalities. Simultaneous determination of morphine, 

M3G and M6G could enable the relationship between heroin concentration and 

effects to be better understood. The first objective of this work was to develop a fast 

and simple method for the analysis of morphine and its two glucuronide metabolites 

that could be applied to whole blood. Since no studies have compared the 

concentrations of morphine, M3G and M6G in heroin fatalities to those involving the
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concomitant use of heroin and benzodiazepines, the second objective of this study 

was to acquire some preliminary data on morphine glucuronide concentrations and 

ratios in these two types of heroin-related fatalities.

5.3 Experimental

5.3.1 Chemicals

All reagents were of analytical grade, unless stated otherwise. Morphine 

hydrochloride (MOR) and codeine (COD) were obtained from Glaxo Australia Pty 

Ltd (Port Fairy, Victoria, Australia). Morphine-3 [3-D-glucuronide (M3G), morphine- 

6(3-D-glucuronide (M6G) and 6-monoacetlymorphine (6MAM) were either 

synthesised in-house (Chapter 2) or purchased from Novachem (Melbourne, 

Victoria, Australia). Formic acid (F1COOFI), acetic acid (CH3COOH), potassium 

dihydrogen phosphate (KH2PO4), ammonium carbonate (NH4HCO3.NH2COONH4) 

and ammonia solution (all from APS Chemicals Ltd, Sydney, New South Wales, 

Australia) were used in the preparation of mobile phases and buffers. Methanol 

(MeOH, Merck HPLC grade), acetonitrile (ACN, Merck HPLC grade), ethyl acetate 

(EtOAc), butyl chloride, chloroform and diethyl ether were purchased from Crown 

Scientific (Sydney, New South Wales, Australia). MilliQ grade water (18.2 MF2cm‘') 

was used throughout the experiments. Buffers were prepared fresh each day and 

degassed by sonication prior to use. Duplicate 5 pL injections for each standard and 

sample were performed.

Whole sheep blood (Oxoid Australia Pty Ltd, Theberton, SA, Australia) was used for 

the preparation of spiked calibration standards. For solid-phase extraction, Bond Elut 

Ci8 SPE cartridges (500 mg, 6 mL) were purchased from Varian (Melbourne, 

Victoria, Australia) and Xtract SPE cartridges (200 mg, 3 mL) were from PM 

Separations (Brisbane, Queensland, Australia). Prior to reconstitution, extracted 

samples were evaporated to dryness using a Heto VR Maxi vacuum concentrator 

(Medos, Sydney, New South Wales, Australia).
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5.3.2 Instrumentation

Experiments were performed on a Waters Alliance 2690 Separations Module, with 

Waters 996 Photodiode Array Detector and 470 Scanning Fluorescence Detector 

(Waters, Sydney, New South Wales, Australia). All data manipulation was executed 

using Waters Millennium Software, Version 3.05. Separations were performed on 

either Zorbax SB-C18 (50 x 4.6 mm, 1.8pm) (Agilent Technologies, Sydney, New 

South Wales, Australia) or Atlantis dCig (50 x 4.6 mm, 3 pm) (Waters, Sydney, New 

South Wales, Australia) columns.

5.3.3 Calculations

Where applicable, the resolution of each analyte pair was calculated using Equation

5-1.

Equation 5-1 Calculation of resolution (Rj)

(J2 - p)
Rs = 0.5(wi + w2)

where t\ and t2 are the migration times for each peak pair, and W\ and w2 are the peak widths at

baseline

5.3.4 HPLC Method Development

Simplicity was a key requirement for the development of the HPLC method, so UV 

and fluorescence detection methods, which are easily accessible and available to 

most laboratories, were investigated. To ascertain the optimum detection wavelength 

for fluorescence detection, the signal/noise (S/N) ratio of an injection of M6G was 

measured at four different excitation and emission wavelengths. S/N ratios were then 

compared for UV and fluorescence detection to determine the most appropriate 

detection method. The effect of organic modifier type was studied by comparing the 

separation attained using a gradient run of 0 - 15 minutes, 0 - 30% ACN with that 

obtained using a gradient of 0 - 15 minutes, 0 - 30% MeOH (in 25 mM acetate 

buffer, pH 4.7). To investigate the influence of pH on the separation of the five 

analytes, ammonium formate, ammonium acetate and ammonium phosphate buffers 

were chosen to cover a wide pH range. Experiments were conducted at a constant
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concentration of 25 mM in the range pH 2.75 - 4.75 for formate (pKa 3.75), pH 3.8 - 

5.4 for acetate (pKa 4.7) and pH 6.2 - 7.2 for phosphate (pKa 7.2). Buffer 

concentration was investigated in acetate buffer in the range 25 - 50 mM (constant 

pH 3.8) and the effect of temperature on the separation was also studied in the range 

25 - 50 °C (25 mM acetate buffer, pH 4.7). To avoid excessively long analysis times, 

all initial pH, concentration and temperature experiments were conducted with an 

ACN gradient of 0 - 15 minutes, 0 - 15%. Initial experiments were performed on a 

Zorbax SB-C18 column (50 x 4.6 mm, 1.8pm), however pH, concentration and 

temperature experiments were repeated on an Atlantis dCis column (50 x 4.6 mm, 3 

pm) to evaluate the most suitable stationary phase for the separation. It should be 

noted that ANNs were not used in this Chapter, since preliminary experiments 

suggested that the optimum could be found with relative ease.

5.3.5 Sample Preparation

Numerous methods have been published for the extraction of morphine and related 

analytes from biological samples (Refer to Table 1-3). SPE is the most commonly 

employed technique, however LLE and protein precipitation methods have also been 

reported. To determine the best extraction technique, four LLEs (including two 

protein precipitation methods) and two SPEs were evaluated with regards to the 

recovery of each analyte from spiked whole blood.

The extraction details for each LLE technique are summarised in Table 5-1. While 

butyl chloride/chloroform has previously been reported for the extraction of 

morphine from plasma [90], diethyl ether/ethyl acetate has not been reported, and 

was selected based on its successes as an elution solvent in SPE [137] and in 

extracting benzodiazepines (Chapter 4). Protein precipitation using ACN has been 

employed for the extraction of morphine and its glucuronides from plasma [158] and 

serum [180], and recoveries of more than 70% have been reported. MeOH is a less 

commonly used solvent for precipitating plasma proteins, however it has been 

reported for the extraction of morphine and its glucuronides from whole blood [161].
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Table 5-1 Evaluated LLE techniques for the extraction of morphine and related analytes

Extraction name Details Reference

Butyl chloride/chloroform 200 pL 4 M carbonate buffer (pH 9) + 2 mL butyl

chloride/chloroform (5:1)

[90]

Diethyl ether/ethyl acetate 1 mL 2 M ammonia solution + 2 mL diethyl

ether/ethyl acetate (1:1)

[219]

ACN precipitation 2 mL ACN [158]

MeOH precipitation 2 mL MeOH [161]

In each case, a 100 pL aliquot of a mixed aqueous standard at high (4.0 pg/mL M3G, 

M6G, MOR, COD, 6MAM) and low (0.5 pg/mL M3G, M6G, MOR, COD, 6MAM) 

concentrations was added to 0.5 mL of whole sheep blood. The two concentration 

levels were prepared and analysed in replicate. Following addition of the extraction 

solvent, each sample was vertically agitated for 2 minutes and centrifuged at 3000 

rpm for 15 minutes. The organic layer was then transferred to a clean plastic tube, 

evaporated to dryness using a vacuum centrifuge and reconstituted in 100 pL mobile 

phase prior to analysis.

Two SPE cartridge types were investigated with regards to their ability to extract 

morphine and its metabolites from whole blood. Numerous studies have reported the 

use of C18 cartridges for the extraction of morphine, M3G and M6G (refer to Table 

1-2) with recoveries greater than 70% in most cases. Mixed-mode SPE cartridges 

have both reversed-phase and cation-exchange mechanisms in operation, enabling 

analytes with a range of polarities and pKa’s to be extracted simultaneously. 

Although they are often used for the extraction of morphine, mixed-mode cartridges 

have not been reported for the extraction of the glucuronides. Given the widely 

varying pKaS morphine (pKa = 9) and its glucuronides (pKa = 2.8), a mixed-mode 

cartridge was also considered in the evaluation.

All SPE procedures follow a similar pattern of conditioning the cartridge, loading the 

sample, rinsing to remove matrix components, and finally eluting the analytes of
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interest with an appropriate solvent. Variation generally occurs in buffer pH and 

elution solvent selection. Table 5-2 summarises the SPE procedures employed for the 

extraction from blood. The procedure selected for the Cis SPE cartridge was based 

on the method of Dienes-Nagy et al. [103]. A variation on this basic procedure was 

also employed, whereby the elution solvent comprised of MeOH/CHsCOOH, as 

reported by Bogusz et al. [109]. For the mixed-mode cartridge, the procedure 

employed was based on that reported by Chen et al. [68] with some modifications.

Table 5-2 Evaluated SPE methods for the extraction of morphine and related analytes

Extraction name Details Reference

Xtract Mixed-mode Condition: 1.5 mL MeOEl, 1.5 mL acetate buffer (pH 6)

Load sample: 0.5 mL blood + 1 mL acetate buffer

Rinse: 2x1.5 mL acetate buffer, 0.5 mL CH3COOH, 2 x

1.5 mL MeOH

Elute: 2 mL DCM/IPA (9:1) with 2% ammonia solution

[68]

Bond Elut C,8 Condition: 4 mL MeOH, 4 mL H20, 3 mL 10 mM

ammonium carbonate buffer (pH 9.3)

Load sample: 0.5 mL blood + 3 mL carbonate buffer

Rinse: 3x2 mL carbonate buffer

Elute: 2 mL MeOH

[103]

Condition: 4 mL MeOH, 4 mL H20, 3 mL 10 mM

ammonium carbonate buffer (pH 9.3)

Load sample: 0.5 mL blood + 3 mL carbonate buffer

Rinse: 3x2 mL carbonate buffer

Elute: 2 mL MeOH/CH3COOH (9:1, v/v)

[109]

In each case, a 100 pL aliquot of a mixed aqueous standard at high (4.0 pg/mL M3G, 

M6G, MOR, COD, 6MAM) and low (0.5 pg/mL M3G, M6G, MOR, COD, 6MAM) 

concentrations was added to 0.5 mL of whole sheep blood. The two concentration 

levels were prepared and analysed in replicate. Following addition of buffer, each 

sample was vertically agitated for 2 minutes and centrifuged at 3000 rpm for 15 

minutes. The supernatant was then loaded onto the pre-conditioned SPE cartridge
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and, following the elution step, each sample was evaporated to dryness using a 

vacuum centrifuge before reconstitution in 100 pL mobile phase prior to analysis.

Samples containing benzodiazepines in addition to opiates were prepared and 

analysed according to the method described in Chapter 4. Briefly, it involved the 

addition of 1 mL 2 M ammonia solution and 5 mL diethyl ether/ethyl acetate (1:1) to 

0.5 mL blood, followed by vertical agitation for 2 minutes and centrifugation at 3000 

rpm for 15 minutes. The organic layer was then transferred to a clean plastic tube, 

evaporated to dryness using a vacuum centrifuge and reconstituted in 100 pL MeOH 

prior to analysis by HPLC-DAD on a Zorbax SB-Cjg column (50 x 4.6 mm, 1.8 pm) 

at 280 nm. The mobile phase comprised of 25 mM formate buffer (pH 2.8), 10% 

MeOH, ACN gradient 0 to 15 minutes, 6.5 to 48.5% at a flow rate of 1 mL/min.

5.3.6 Method Validation

Calibration curves were obtained by analysing drug-free whole blood, spiked with 

working standard solutions to obtain final concentrations of 0.25, 0.5, 1.0, 2.0 and 

4.0 pg/mL for M3G, M6G, morphine, codeine and 6MAM. Calibration standards 

were analysed each day, and a standard curve constructed using linear regression.

Accuracy and precision were calculated at high and low concentration for each drug, 

with five replicates at each concentration. Accuracy was expressed as the calculated 

concentration as a percentage of nominal concentration. Precision (%CV) was 

determined to be the percentage of the average divided by the peak area ratio of the 

three replicates. Recovery was calculated as the average peak area of each analyte in 

the spiked samples as a percentage of the average peak area of each analyte in 

aqueous standards. To study matrix effects, samples of blood without any additions 

were analysed as blanks.

The limit of detection (LOD) was defined as a signal to noise ratio (S/N) of 3:1, and 

the limit of quantification (LOQ) was defined as a S/N of 10:1.
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5.3.7 Method Application

The method was applied to post-mortem blood samples obtained from the Division 

of Analytical Laboratories (DAL) following coronial consent. All samples were 

preserved femoral blood taken as specimens at autopsy. Heroin use was confirmed 

by the mention of heroin use in the case circumstances. Cases in which it was known 

that death was entirely drug-related were selected based on independent quantitative 

results indicating the presence of opiates arising from suspected heroin use, both with 

and without the presence of benzodiazepines. Cases in which an insufficient volume 

of sample remained for analysis, or in which significant sample decomposition had 

occurred, were rejected. Recent cases, and cases requested by the Coroner to be kept 

beyond the maximum time of 12 months to allow for retesting were rejected to 

preserve the volume of sample.

5.4 Results and Discussion

5.4.1 HPLC Method Development

To ascertain the optimum detection wavelength for fluorescence detection, S/N ratios 

were measured at four different excitation and emission wavelengths. Since M6G 

was associated with the weakest signal, an injection of 25 pg/mL M6G was 

performed at the four detection wavelengths of 280/335, 210/335, 280/355 and 

210/355 nm, and the S/N ratio measured. The various excitation/emission 

wavelengths and corresponding S/N ratios are presented in Figure 5-1. From this 

graph, it is evident that the best S/N ratio for an injection of M6G was obtained with 

detection at 280/335 nm, followed by detection at 280/355 nm. Very poor S/N ratios 

were obtained at excitation/emission wavelengths of 210/335 and 210/355 nm.
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Figure 5-1 Effect of various excitation and emission wavelengths on the signal/noise ratio of
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Figure 5-2 Comparison of signal/noise ratios obtained for each analyte using UV and

fluorescence detection

Signal/noise (S/N) ratios were compared for UV and fluorescence detection to 

determine the most appropriate detection method. The wavelengths selected for 

comparison were 210 nm for UV detection and 280/335 nm for fluorescence 

detection. A number of UV wavelengths were investigated, however all gave 

comparable responses. UV 210 nm was selected for comparison with fluorescence 

detection because it was representative of the best wavelengths investigated. Figure

5-2 shows that fluorescence detection gave superior signal/noise (S/N) ratios for all
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analytes. UV detection was virtually incapable of detecting M3G due to an unstable 

baseline and high levels of noise present at the time corresponding to its retention 

time. Fluorescence detection at 280/335 nm was shown to be the superior mode of 

detection for the analysis, and was therefore the detection method of choice for the 

remaining work.

The influence of organic modifier type on the separation of the five analytes was 

studied by comparing a gradient run of ACN (0 - 30% ACN, 0-15 mins) with a 

similar gradient run of MeOH (0 - 30% MeOH, 0-15 mins). For this investigation, 

the pH and concentration of acetate buffer were kept constant at 4.7 and 25 mM 

respectively. Figure 5-3 illustrates the effect of ACN and MeOH gradients on the 

retention times of each analyte. Compared with MeOH, ACN tended to reduce the 

retention time of all analytes. The effect was more pronounced on the later-eluting 

analytes where the percentage of organic modifier was highest. It can be seen that the 

overall run time was reduced by 3 minutes when ACN was used instead of MeOH. 

This result is to be expected since ACN is a stronger organic solvent than MeOH. No 

changes in selectivity were found to occur between organic modifier types, however 

a large amount of peak-tailing was observed on the codeine peak in MeOH. ACN 

was therefore deemed to be the most appropriate organic modifier since it reduced 

the overall analysis time and improved the peak shape of codeine.

12 -------------------------------------------------------------------
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Figure 5-3 Effect of organic modifier type on retention times of each analyte

<0 ACN 
□ MeOH

M3G M6G MOR COD 6 MAM
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To study the effect of pH on the separation, formate buffer was investigated in the 

range pH 2.7 - 4.7. The average resolutions for each analyte pair with varying 

formate buffer pH (constant concentration 25 mM) are presented in Table 5-3, and 

the effect of varying pH on retention times and resolution is graphically depicted in 

Figure 5-4. From the graph, it can be seen that increasing the pH of formate buffer 

tended to increase the retention times of morphine, codeine and 6MAM by the same 

degree, whilst the retention times of M3G and M6G tended to decrease. The analyte 

pair resolutions over this pH range showed little change for PP1 (M3G and M6G), 

PP3 (morphine and codeine) and PP4 (codeine and 6MAM), however a dramatic 

increase in the resolution of PP2 (M6G and morphine) was observed. While M6G 

and morphine co-eluted at pH 2.65, the analytes were significantly more resolved at 

pH 4 .65. This is attributable to the increasing retention time of morphine and the 

corresponding decrease in retention time for M6G that was observed over this pH 

range. It should also be noted that the peak shapes of M3G and M6G were poor at all 

formate buffer pHs investigated as a result of peak-splitting, which tended improve 

as the pH was increased. A large amount of peak-fronting was also found to occur on 

the M3G peak under these conditions. Given that the p^ffl’s of M3G and M6G are 

both 2.8 [478], these analytes would likely exist simultaneously in a protonated and 

unprotonated form when the pH of the mobile phase is at or around pH 2.8. The 

effect of peak-splitting may be caused by the partial resolution of these two forms. 

As the pH is increased above the pKa of M3G and M6G, the analytes tend to exist in 

only one ionised form, and the peak-splitting effect is less pronounced.

Table 5-4 illustrates the average resolution of each analyte pair with varying acetate

buffer pH. The effect of varying acetate buffer pH on average retention times and

resolution is also graphically presented in Figure 5-5. From the graphs, it can be seen

that increasing acetate buffer pH caused a slight increase in the retention times of

morphine, codeine and 6MAM, whilst the retention times of M3G and M6G

remained relatively constant. A slight general decrease in resolution with increasing

pH was observed for PP1 (M3G and M6G) and PP4 (codeine and 6MAM), due to
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slight increases in retention times of the earlier eluting analyte in each of these pairs. 

Accordingly, the resolutions between PP2 (M6G and morphine) and PP3 (morphine 

and codeine) showed a slight general increase over this pH range. Once again, 

splitting of the M3G and M6G peaks was observed, although the effect was minimal 

above pH 4.8. Fronting of the M3G peak again occurred at all acetate buffer pHs.

Ammonium phosphate buffer was also investigated at pH 6.2 and 7.2. The peak 

shapes of M3G and M6G improved significantly in this buffer, however, the system 

backpressure increased to more than 3500 psi. Compared to the backpressure 

obtained using formate and acetate buffers, this amounted to an increase of around 

1000 psi. Since phosphate buffers tend to be less soluble than formate or acetate 

buffers, it is possible that the formation of a fine precipitate within the column may 

have caused the increase in backpressure. Alternatively, the higher pH, which is 

approaching the upper limit of the column’s tolerance, may have caused the column 

packing material to deteriorate, thereby producing fine particulate matter that could 

block the column. Given the high backpressure that was obtained in this buffer, no 

further testing was performed and it was excluded as a potential mobile phase 

candidate in order to conserve column life. Ammonium acetate was selected as the 

mobile phase for all further method development on this column, since improved 

peak shapes for M3G and M6G were obtained in this buffer.
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The effect of varying buffer concentration on analyte retention times and resolutions 

was investigated in acetate buffer in the range 25 - 50 mM (pH 3.8). The results of 

this investigation are illustrated in Figure 5-6, and the corresponding resolution data 

is presented in Table 5-5. It can be seen that concentration did not have a great effect 

on retention times, with only a very slight decrease observed for each analyte over 

the concentration range investigated. The effect of concentration on resolution was 

accordingly minimal. The peak shape of M3G and M6G was affected by 

concentration, with peak-splitting becoming more significant as the concentration 

was increased, possibly due to increased ion-exchange interactions between one of 

the ionised forms of the glucuronides and the residual silanol groups on the column. 

Given that the peak-splitting of M3G and M6G worsened as the buffer concentration 

was increased, all further experiments were performed at a concentration of 25 mM.

Temperature was investigated in 25 mM acetate buffer (pH 4.7) in the range 25 - 50 

°C. The average resolution of each analyte pair with varying temperature is presented 

in Table 5-6 and illustrated graphically in Figure 5-7. The effect of varying 

temperature on the retention times of each analyte can also be seen in Figure 5-7. 

From the graphs, increasing temperature tended to decrease the retention time of 

each analyte. This is expected; since higher temperatures increase the interaction rate 

between each analyte and the stationary phase, which in turn causes the retention 

time for most analytes to decrease. As a result of the reduced retention times at 

higher temperatures, there was a general decrease in resolution for most analyte 

pairs. Splitting of the M3G and M6G peaks was once again evident; this time as the 

temperature was increased. This may have been due to increased interactions 

between the stationary phase and one ionised form of the glucuronides at higher 

temperatures. Peak-fronting of M3G was observed at all temperatures, although the 

effect was minimised as the temperature was increased.
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Since the peak-fronting of M3G could not be resolved under any of the mobile phase 

and temperature conditions investigated, the Atlantis dCi8 column was evaluated as 

an alternative stationary phase. For all pH, concentration and temperature 

experiments on this column, it was found that an ACN gradient of 0 - 36% ACN, 0 - 

6 minutes offered a considerable reduction in run time, while still ensuring 

satisfactory resolution between all analytes. All further method development was 

therefore conducted with this gradient.

The resolutions of each analyte pair with varying formate buffer pH (constant 

concentration 25 mM) on the Atlantis dCis stationary phase are depicted in Table

5-7. The influence of pH on retention time and resolution can be seen graphically in 

Figure 5-8. From these graphs, it is evident that increasing pH tended to increase the 

retention times of morphine, codeine and 6MAM, while the retention times of M3G 

and M6G tended to decrease. This had the effect of increasing the resolution of PP2 

(M6G and morphine) which, at pH 2.8 was completely unresolved, and also PP1 

(M3G and M6G) and PP3 (morphine and codeine). The resolution of PP4 (codeine 

and 6MAM) remained consistent over the entire pH range since the retention times 

of codeine and 6MAM increased by an approximately equal amount. While peak­

splitting of the M3G and M6G peaks was again present at low pH, fronting of the 

M3G was not observed.

Acetate buffer pH was varied in the range pH 3.8 - 5.8 (constant concentration 25

mM) on the Atlantis stationary phase and the resulting resolutions of each analyte

pair are presented in Table 5-8. Figure 5-9 graphically illustrates the influence of

acetate buffer pH on the retention times and resolutions of each analyte. It can be

seen that increasing the pH tended to increase the retention times of all analytes. This

had the effect of increasing the resolution between PP1 (M3G and M6G), PP2 (M6G

and morphine) and PP3 (morphine and codeine), however there was a reduction in

resolution between PP4 (codeine and 6MAM) due to a marked increase in the peak

width of 6MAM. Once again, the M3G peak did not front, however peak-splitting of

M3G and M6G occurred below pH 4.8. Acetate buffer at pH 4.8 was therefore
238



chosen for the remaining method development on this column, since peak-splitting 

was eliminated in this mobile phase.
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Figure 5-10 illustrates the effect of varying the concentration of acetate buffer (pH 

4.8) on the retention times and resolution of each analyte. Average resolutions for 

each analyte pair at each of the concentrations studied are presented in Table 5-9. 

From this data and the accompanying graphs, it can be seen that varying the buffer 

concentration had little effect on the retention times of the five analytes. The effect 

on resolution was accordingly very small. However, once again high buffer 

concentrations were shown to cause peak-splitting of the M3G and M6G peaks. The 

optimum buffer concentration was therefore determined to be 25 mM.

The influence of temperature on the separation of morphine, M3G, M6G, 6MAM 

and codeine was investigated in the range 25 - 40 °C. Resolution data for each 

analyte at the various temperatures are presented in Table 5-10, while Figure 5-11 is 

a graphical representation of the effect of temperature on analyte retention times and 

resolution. The data shows that analyte retention times tended to decrease with 

increasing temperature. At temperatures above 30 °C, analyte pair resolutions 

showed very little change with increasing temperature, with only PP1 and PP4 

exhibiting a slight decrease. The greatest effect on resolution occurred between 25 

and 30 °C for most of the analyte pairs and was characterised by a decrease in 

resolution between PP2 (M6G and morphine), PP3 (morphine and codeine) and PP4 

(codeine and 6MAM), while the resolution between PP1 (M3G and M6G) increased. 

The reduction in resolution can be reasoned in terms of the increase in the peak 

widths of M6G, morphine, codeine and 6MAM that was found to occur as the 

temperature was increased. However, increasing temperature had the effect of 

reducing the peak width of M3G initially, causing a corresponding increase in 

resolution. As the temperature was further increased, the peak width increased, thus 

causing the reduction in resolution. Higher temperatures caused peak-splitting of the 

M6G and M3G peaks, again possibly due to higher temperatures increasing 

interactions between the stationary phase of the column and an ionised form of both 

M3G and M6G. This may have contributed to the increased peak width of M3G at
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higher temperatures. Thus, to eliminate peak-splitting, the optimum temperature was 

determined to be 25 °C.

Retention time (mins)

Figure 5-12 Example chromatogram of the separation of M3G, M6G, morphine, codeine and

6MAM

Conditions: Atlantis dC18 column (50 x 4.6 mm, 3 pm), 5 pL injection, temperature 25 °C, detection 

X 280/335 nm, 25 mM acetate buffer, pH 4.8, ACN gradient 0 to 6 minutes, 0 to 36%, flow rate 1 

mL/min; Elution order: 1. M3G, 2. M6G, 3. MOR, 4. COD, 5. 6MAM

After consideration of the results of the mobile phase and stationary phase 

investigation, the optimum separation conditions were selected. From the results of 

the stationary phase evaluation, the Atlantis dCjg was chosen in favour of the Zorbax 

SB-Cig, since it improved the peak shape of M3G by eliminating peak-fronting. On 

this stationary phase, acetate buffer at pH 4.8 was shown to reduce splitting of the 

M3G and M6G peaks, which occurred in formate buffer at low pH, while still giving 

short analysis times. Since high buffer concentration was found to have a detrimental 

effect on the peak shape of M3G and M6G, the optimum concentration was found to 

be 25 mM. High temperatures were also found to have an adverse effect on peak 

shape, so an optimum temperature of 25 °C was chosen. An ACN gradient of 0 - 

36% ACN, 0-6 minutes at a flow rate of 1 mL/min was found to reduce the run 

time to 5 minutes, while still permitting baseline resolution between all analytes.
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Fluorescence detection at 280/335 nm offered the best S/N ratios when compared 

with UV detection at 210 nm. An example of the separation attained under these 

optimum separation conditions is illustrated in Figure 5-12.

5.4.2 Sample Preparation

The results of the evaluation of four LLEs are presented in Table 5-11 and Figure 

5-13. From the graph, it can be seen that varying degrees of success were had with 

each extraction method, however no method was able to recover all five analytes.

In terms of the protein precipitation methods, ACN precipitation gave recoveries 

ranging from 16 - 44% for M6G, morphine and codeine, however M3G and 6MAM 

were unable to be recovered. MeOH proved to be a much more efficient extraction 

method, with recoveries between 39 - 70% for four of the five analytes. Compared to 

ACN, MeOH gave comparable recoveries for codeine and three- to four-times 

greater recoveries for M6G and morphine. In addition, MeOH was successful in 

recovering M3G, however once again 6MAM could not be recovered.

The LLEs using butyl chloride/chloroform and diethyl ether/EtOAc were even less 

successful than the protein precipitation methods. While butyl chloride/chloroform 

gave good recoveries for codeine and was the only solvent to recover 6MAM, it gave 

the lowest recovery for morphine and could not recover either of the glucuronide 

metabolites. Diethyl ether/ethyl acetate gave low recoveries of around 20% for 

morphine and codeine, and was additionally ineffective at extracting either the 

glucuronide metabolites or 6MAM. The inability of either butyl chloride/chloroform 

or diethyl ether/ethyl acetate to extract M3G and M6G can be explained in terms of 

the buffer pH and the pTG’s of the glucuronide metabolites. Both extractions were 

performed at basic pH where morphine, codeine and, to a lesser extent, 6MAM are 

neutral and can therefore be extracted into the organic layer. On the other hand, the 

glucuronide metabolites, with pTG’s of 2.8, are salts at this basic pH. This causes 

M3G and M6G to remain in the aqueous layer, rather than be extracted into the 

organic layer. LLEs at pH 2 were attempted in order to improve the recovery of M3G
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and M6G. However, this tended to extract acidic blood components, which caused 

the accumulation particulate matter in the sample. Filtration through 0.22 pm Nylon 

syringe filters was attempted, but the samples were still insufficiently clean for 

analysis. Additionally, even if the samples could have been adequately cleaned up, it 

is unlikely that morphine, codeine and 6MAM would have been recovered since 

these analytes would have been ionised at pH 2.
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80

6MAM

□ ACN precipitation

□ MeOH precipitation

□ Diethyl ether/BOAC

□ Butyl chloride/chloroform

Figure 5-13 Comparison of recoveries of each analyte using precipitation and LLE techniques 

Table 5-11 Recoveries of each analyte using precipitation and LLE techniques

Extraction Method Analyte Recovery

(%)
ACN precipitation M3G 0.00

M6G 16.3

MOR 20.4

COD 44.4

6MAM 0.00

MeOH precipitation M3G 50.2

M6G 70.1

MOR 56.7

COD 39.3

6MAM 0.00

Diethyl ether/ethyl acetate M3G 0.00

M6G 0.00

MOR 22.2

COD 21.9

6MAM 0.00

Butyl chloride/chloroform M3G 0.00

M6G 0.00

MOR 4.16

COD 66.0

6MAM 45.1

248



Figure 5-14 Comparison of recoveries of each analyte using SPE techniques 

Table 5-12 Recoveries of each analyte using SPE techniques

Extraction cartridge Analyte Recovery

(%)
Xtract Mixed-mode M3G 0.00

M6G 0.00

MOR 101

COD 43.2

6MAM 39.8

Bond Elut C|8 —

MeOH elution

M3G 73.1

M6G 65.2

MOR 49.8

COD 58.6

6MAM 0.00

Bond Elut C)8 —

MeOH/CH3COOH elution

M3G 66.2

M6G 26.2

MOR 28.6

COD 65.3

6MAM 0.00

The results of the SPE evaluation are presented in Figure 5-14 and Table 5-12. The 

Xtract mixed-mode cartridge gave relatively clean extracts and good extraction
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recoveries for morphine, codeine and 6MAM. However, the main analytes of 

interest, M3G and M6G, were not recovered in the DCM/IPA fraction. The 

CHsCOOH/MeOH wash step, where acidic drugs can be recovered on mixed-mode 

cartridges, was also analysed and did not yield the glucuronide metabolites. One 

possible explanation for this is that the buffer added to the sample initially was at pH 

6 and, given the low pXfs of M3G and M6G, the analytes would be negatively 

charged and would not adhere to the SPE sorbent. As a result, they would pass 

through the cartridge in the rinse step. Even the addition of CH3COOH, which 

acidifies the sample and causes acidic drugs to elute from the cartridge, would be too 

late to recover the glucuronides. An attempt was made to recover glucuronides by 

adjusting the buffer to pH 2 with ammonium phosphate. It was thought that this pH 

would be sufficient to protonate all analytes of interest, including the glucuronides, 

and cause them to adhere to the SPE packing material. The same procedure was 

followed, using phosphate buffer (pH 2) instead of acetate buffer (pH 6). The acidic 

fraction was collected after the addition of CH3COOH and the basic fraction after the 

addition of DCM/IPA. Upon analysis of the two fractions, it was found that neither 

fraction contained any of the analytes of interest. Possibly, the extreme pH of the 

buffer had a detrimental effect on the solid-phase packing material, preventing any 

interaction with the analytes, and causing them to pass straight through the cartridge.

The Bond Elut C is SPE gave good recoveries for four of the five analytes. Again, 

6MAM was not extracted, possibly due to greater retention on the cartridge. A 

stronger elution solvent, such as ACN, could be investigated in order to recover this 

analyte. The recoveries obtained using MeOH/CH3COOH as the elution solvent were 

less than those obtained using MeOH alone. On the other hand, MeOH/C^COOH 

gave a cleaner chromatogram and removed or reduced a number of matrix peaks. In 

this case, a decision regarding the importance of recovery versus extract purity was 

made and, based on the results of the sample preparation method development, SPE 

with the Bond Elut Cis cartridge and MeOH elution solvent was selected for all 

further sample preparation. Since the focus of this study was on the analysis of M3G

and M6G, the inability to extract 6MAM was deemed to be of little importance. Its
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selection was based on the fact that it gave the optimum recoveries of M3G and 

M6G, which was deemed to be the most important factor for consideration. An 

example chromatogram of spiked whole blood that was extracted by SPE with the 

Bond Elut Ci8 cartridge and MeOH elution solvent is presented in Figure 5-15.

6.5

4.5 -

2.5 -

Retention time (mins)

Figure 5-15 Example chromatogram of spiked whole blood extracted using Bond Elut C18 SPE

Conditions: Atlantis dC]8 column (50 x 4.6 mm, 3 pm), 5 pL injection, temperature 25 °C, detection 

X 280/335 nm, 25 mM acetate buffer, pH 4.8, ACN gradient 0 to 6 minutes, 0 to 36%; Elution order: 

1. M3G, 2. M6G, 3. MOR, 4. COD.

5.4.3 Method Validation

The optimised method was validated for spiked whole blood samples, and calibration 

data for each analyte is presented in Table 5-13. Calibration curves were linear in the 

specified concentration ranges, and correlation coefficients (r ) ranging from 0.9929 

- 0.9997 were established.

Intra-assay precision and accuracy were determined by analysis of five replicate 

samples at high and low concentration within the same validation batch. Inter-assay 

precision and accuracy were assessed by analysing five replicate samples at high and 

low concentrations over three validation batches. The intra- and inter-assay 

precision, accuracy and recovery data for morphine, M3G, M6G and codeine in
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blood are given in Table 5-14. The limits of detection (LOD) were between 0.015 

pg/mL (morphine) and 0.045 pg/mL (M6G).

The method validation results show inter- and intra-assay accuracy to be satisfactory 

for all four analytes. Intra-assay precision was satisfactory for three of the analytes, 

however it was outside generally accepted guidelines (%CV < 20% [479]) for 

codeine. Inter-assay precision was also slightly outside the accepted guidelines for 

codeine and M6G. The recovery data for M3G, M6G and morphine was acceptable, 

however the recovery of codeine was slightly low. Furthermore, the error associated 

with the recovery of codeine was quite high. SPE has traditionally suffered from 

variable recoveries between batches of cartridges, and even within the same batch. 

This may explain the source of error in the recovery of codeine, as well as the 

imprecision in the inter- and intra-assay precision data. However, further 

investigation is required to ascertain if this is indeed the cause.
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5.4.4 Method Application

A list of fifteen potential post-mortem cases involving heroin only was compiled, 

however seven were rejected on the basis that they were recent cases, or cases 

requested by the Coroner to be kept for the possibility of retesting. A further two 

cases were rejected due to insufficient sample volume or decomposition. The 

remaining six samples were analysed and the concentrations of morphine, M3G, 

M6G and codeine found in each sample are reported in Table 5-15. An initial list of 

twenty post-mortem cases involving the combined use of heroin with 

benzodiazepines was compiled. Unfortunately, only six cases could be analysed after 

consideration was given to the cases that had to be kept, were decomposed or 

contained insufficient sample volume for analysis. The concentrations of morphine, 

M3G, M6G and codeine found in these cases are presented in Table 5-16. Also 

shown are the concentrations of benzodiazepines found, as determined by the method 

presented in Chapter 4.

In each Table, ratios of M3G/MOR, M6G/MOR and M6G/M3G are calculated where 

possible. Where the concentration found was below the LOQ but above the LOD, the 

LOD value was assigned. A concentration of 0 pg/mL was assigned to analytes 

whose concentrations were below the LOD. Therefore, ratios in which the numerator 

was below the LOD were equated to zero. Ratios in which the denominator was 

below the LOD were undefined.
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From Table 5-15, it can be seen that morphine was detected in five of the six cases 

involving heroin only, however two of these cases had concentrations below the 

LOQ. For the purposes of estimating the morphine concentrations and ratios in these 

cases, the morphine concentration was assigned the value of the LOD (0.015 pg/mL). 

M3G and M6G were quantified in four of the six opiate cases. One of the six cases 

had concentrations of M3G and M6G below the LOQ, yet greater than the LOD 

(0.021 pg/mL for M3G and 0.045 pg/mL for M6G). In this case, the LOD values for 

M3G and M6G are reported as estimates and to assist in the calculation of ratios. In 

only one case were the concentrations of M3G and M6G below the LOD. Codeine 

was below the LOQ in all but one of the heroin cases. Codeine in the urine or blood 

of heroin users is usually attributable to the metabolism of small amounts of 

acetylcodeine that sometimes exists as an impurity in heroin [477], so only small 

amounts would be expected.

The concentrations of morphine, M3G, M6G, codeine and benzodiazepines found in 

the heroin/benzodiazepine cases are presented in Table 5-16. Morphine could only be 

quantified in two of these cases and was not detected in another two samples. A 

further two cases had morphine concentrations above the LOD (0.015 pg/mL) but 

below the LOQ. The lower frequency of cases containing quantifiable concentrations 

of morphine in this sample set, as compared with the sample set containing only 

heroin cases, may reflect the lower levels of morphine that are required to exert a 

fatal effect when heroin is used in conjunction with other CNS depressants such as 

benzodiazepines. M6G could only be detected in two of the heroin/benzodiazepine 

cases, and quantified in only one of these. Slightly better results were obtained for 

M3G, which could be quantified in three cases. This may indicate higher levels of 

M3G relative to M6G in these cases, or it may be a result of the lower LOD for 

M3G. The concentrations of benzodiazepines in this sample set were found to be 

within therapeutic ranges (DIA 0.05 - 2 pg/mL, OXA 0.5 - 2 pg/mL, 7-NH2-CLO 

0.03 - 0.15 pg/mL [78]) for all but one of the samples. In this case, alprazolam was 

found at a concentration of 0.3 pg/mL, which is within its toxic range of 0.2 - 0.4
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pg/mL [78]. Less heroin would have been required to exert a fatal effect in this case, 

which may account for the lower levels of morphine found.

Mean, range and median concentrations for M3G, M6G and morphine in heroin and 

heroin/benzodiazepine cases are presented at the bottom of Table 5-15 and Table 

5-16 respectively. The range of morphine concentrations in the two sample sets was 

similar, however, since the highest level of M6G was found in a case of intoxication 

by heroin only, a greater range of M6G concentrations was found for the heroin 

cases. In contrast, a greater range of M3G concentrations was found for the 

heroin/benzodiazepine cases, since the highest level of M3G was found in a case 

involving both heroin and benzodiazepines. The median concentrations of all three 

analytes were higher in the heroin cases than in the heroin/benzodiazepine cases. The 

greater frequency of heroin cases with analyte concentrations above the LOD, as 

compared with the heroin/benzodiazepine cases, is the likely reason for this.

As is evident from the large standard deviation and range for each analyte, the 

concentrations in both sample sets were scattered. This finding is concordant with 

other studies [61, 104, 108, 120], and can reflect different survival times, individual 

susceptibility to heroin, co-administration of other CNS depressants or the presence 

of systemic disease. The large standard deviation is further accentuated by the small 

data set and the number of cases that had analyte concentrations below the LOD. 

While the two sample sets had similar mean concentrations of M3G and morphine, 

the heroin cases had a much higher mean concentration of M6G, compared with that 

of the heroin/benzodiazepine cases. One explanation for this is that these cases may 

have been chronic heroin users, since M6G may accumulate with repeated 

administration of the drug [181]. Another possible explanation may be that the 

majority of the heroin cases were delayed deaths, while the heroin/benzodiazepine 

cases occurred more rapidly. Since glucuronidation of morphine proceeds rapidly, 

and levels of M3G and M6G may exceed that of free morphine 30 mins after IV 

injection of heroin [480], high levels of M6G would suggest a delayed death.
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However, an accompanying higher average M3G level would also be expected, and 

this is not the case.

Examination of the ratios of M3G/MOR and M6G/MOR, as opposed to individual 

M3G or M6G concentrations, can give a clearer indication as to whether a death 

occurred rapidly or some time after heroin administration. The molar ratio between 

the concentration of M6G or M3G to morphine may assist in determining the time 

elapsed since heroin administration [104, 108, 164]. Low M6G/MOR or M3G/MOR 

ratios indicate negligible metabolism of morphine to its glucuronides, thus 

suggesting a short survival time. Conversely, high ratios of M6G/MOR or 

M3G/MOR may indicate a delayed death. M3G/MOR and M6G/MOR ratios for 

heroin and heroin/benzodiazepine cases are presented in Table 5-15 and Table 5-16 

respectively. It can be seen that the highest M6G/MOR and M3G/MOR ratios were 

associated with heroin use only, while heroin use in conjunction with 

benzodiazepines tended to produce lower average ratios of M6G/MOR and 

M3G/MOR. The comparatively lower ratios of M3G/MOR and M6G/MOR for the 

heroin/benzodiazepine group suggest more rapid deaths. This finding is supported by 

the concomitant use of benzodiazepines and heroin which can potentiate the 

respiratory depressant effects and induce them more rapidly. The possibility of a 

rapid death could also be confirmed by the absence of morphine in urine and/or the 

presence of 6MAM.

Figure 5-16a) and Figure 5-16b) illustrate the relationship between morphine 

concentration and the M3G/MOR and M6G/MOR ratios in both sample sets. From 

Figure 5-16a), it can be seen that the two cases with very high morphine 

concentrations (Cases 2400980 and 2402272) had M6G/MOR ratios less than 2, 

indicating incomplete distribution of heroin and likely rapid deaths. At the other end 

of the scale, cases with very low levels of morphine (e.g. Cases 2402384, 2400547 

and 2402273) had high ratios of M6G/MOR; a likely indication of a delayed death. A 

similar pattern was observed for the M3G/MOR ratio in Figure 5-16b).

259



a) 20

18

16

14

12

10

8

0.5 0.6

♦ Heroin only 

■ Heroin + benzos

Morphine concentration (pg/mL)

b)

Morphine concentration (pg/mL)

♦ Heroin only 

■ Heroin + benzos

Figure 5-16 Relationship between the free morphine concentration and the ratio of a) 

M6G/MOR b) M3G/MOR in heroin and heroin/benzodiazepine fatalities

Since M6G may be a more powerful agonist than morphine [72, 84], while M3G 

may antagonise the respiratory depressant and analgesic effects of M6G and 

morphine [44, 50, 51], the ratio of M6G/M3G may indicate the potential for 

respiratory depression. Higher ratios suggest comparatively greater concentrations of 

the agonist and the possibility of greater respiratory depression. Lower ratios would 

suggest lower concentrations of the agonist, comparatively higher concentrations of 

the antagonist, and a lower potential for respiratory depression. High ratios of 

M6G/M3G may be particularly significant in cases where the M6G/MOR or 

M3G/MOR ratio is low. This is because the considerable levels of unmetabolised
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morphine in such cases would add to the respiratory depressive effect of M6G, while 

low levels of M3G would have little antagonistic effect. M6G/M3G ratios for heroin 

and heroin/benzodiazepine cases are presented in Table 5-15 and Table 5-16 

respectively. Figure 5-17 illustrates the relationship between M6G/MOR and 

M6G/M3G in heroin and heroin/benzodiazepine fatalities. Unfortunately, the 

M6G/M3G ratio could not be calculated for three of the heroin/benzodiazepine cases 

and one of the heroin cases, since M3G was below the LOD. More cases, particularly 

heroin/benzodiazepine cases, should be acquired to add to the value of these results. 

However, from the data, two distinct separate regions can be seen on the graph, with 

the heroin only cases lying in the upper region of the graph, and the 

heroin/benzodiazepine cases lying in the lower region. In all heroin/benzodiazepine 

cases for which ratios could be calculated, the ratio of M6G/M3G was less than 0.5, 

indicating considerably higher concentrations of M3G as compared with M6G. This 

is generally expected, since M3G is the major metabolite. In contrast, all of the 

heroin only cases had ratios of M6G/M3G greater than 0.5, and three of these cases 

had a M6G/M3G ratio greater than 1, indicating comparatively higher concentrations 

of M6G relative to M3G. The reason for this is unclear, however it is possible that 

M6G forms preferentially over M3G in cases of chronic heroin use [181].

In two cases with high M6G/M3G ratios (Cases 2402603 and 2400535), low ratios of 

M6G/MOR were also found, indicating that death occurred rapidly following heroin 

administration, and that relatively high levels of morphine were still present. In these 

cases, a more potent respiratory depressive effect might be expected, due to the 

higher levels of M6G relative to M3G, coupled with the high levels of morphine. 

While this may indicate the potential of M6G to contribute towards heroin overdose, 

given the limited data set, more cases should be acquired before definitive 

conclusions are made.
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Figure 5-17 Relationship between M6G/MOR and M6G/M3G in heroin and 

heroin/benzodiazepine fatalities

The analysis of morphine and its glucuronide metabolites in post-mortem samples by 

HPLC with fluorescence detection has been previously reported [71, 95, 104], 

however it should be noted that, unlike some of the other studies [71, 95], 

interference from endogenous peaks in the extracts of post-mortem blood was found 

to occur in some cases, as seen in Figure 5-18. This may in part be due to 

inefficiency of the extraction method which, despite giving good recoveries, 

extracted endogenous blood components and did not selectively extract the analytes 

of interest. It may also be a result of the low specificity of fluorescence detection. 

The use of other detection techniques, such as MS or MS-MS, particularly in selected 

ion monitoring (SIM) mode, would overcome the issue of specificity.
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Retention time (mins)

Figure 5-18 Example chromatogram of a post-mortem blood sample from a heroin-related

death (Case 2402603)

Conditions: Atlantis dC18 column (50 x 4.6 mm, 3 pm), 5 pL injection, temperature 25 °C, detection 

X 280/335 nm, 25 mM acetate buffer, pH 4.8, ACN gradient 0 to 6 minutes, 0 to 36%; Elution order: 

1. M3G,2. M6G, 3. MOR.

Despite this, the method presented here offers a number of advantages. Firstly, unlike 

the methods presented by Aderjan et al. [104] and Skopp et al. [71], this method can 

be applied to the analysis of whole blood, rather than serum only. This is of 

considerable advantage in post-mortem toxicology, where sample volumes are often 

limited and direct analysis of the sample is preferred. Compared with other HPLC 

methods employing fluorescence detection, the method presented here is also 

advantageous in terms of run time, which is less than those of Aderjan et al. (6.5 

mins) [104], Beike et al. (10 mins) [95], Huwyler et al. (10 mins) [163] and 

Rotshteyn et al. (15 mins) [100], and includes two additional analytes. It is also more 

rapid than many of the HPLC methods employing MS detection, as is evident by 

inspection of Table 1-3. Unfortunately, the sensitivity of the method was not as high 

as many of the previously reported methods. This is to be expected when more 

sophisticated and sensitive detection techniques are employed, such as MS and MS- 

MS, however the sensitivity was approximately 10-fold lower than other
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fluorescence detection methods, which have LODs in the range of 0.005 - 0.01 

pg/mL [104].

There is limited available data concerning the concentrations of morphine, M3G and 

M6G in heroin fatalities, and no studies concerning these concentrations in the 

presence of benzodiazepines. Compared to the study by Gerostamoulos et al. [120], 

who found concentrations of M3G, M6G and morphine in nine heroin fatalities to be 

0.5 ± 0.33 pg/mL, 0.14 ± 0.08 pg/mL and 0.38 ± 0.28 pg/mL respectively, similar 

concentrations of M6G, but lower concentrations of M3G and morphine were found. 

Similarly, compared with the concentrations found by Dienes-Nagy et al. [103] of 

0.50 pg/mL (M3G), 0.094 pg/mL (M6G) and 0.32 pg/mL (MOR), lower 

concentrations of M3G and morphine, but higher concentrations of M6G were found 

here. Aderjan et al. [104] found all three analytes at even higher concentrations of 

0.45 ± 0.47 pg/mL (MOR), 0.68 ± 0.56 pg/mL (M6G), and 1.7 ± 1.9 pg/mL (M3G).

A few studies have determined ratios of M3G/MOR and M6G/MOR to determine the 

time elapsed since heroin administration. The results of this study are in agreement 

with previous findings that suggest low ratios of M3G/MOR and M6G/MOR are 

indicative of short survival times following drug intake [95, 104, 108], In the study 

by Beike et al. [95], all seven samples had M6G/MOR < 1. The findings of the 

present study are in agreement with this, since six of the nine cases had M3G/MOR 

and M6G/MOR < 2. A similar finding was observed in the study by Bogusz et al. 

[108], who found the average M6G/MOR ratio (n = 21) to be 1.6 ± 3.6. However, a 

slightly higher M3G/MOR ratio of 2.8 ± 4.0 was observed. Higher ratios again were 

observed in the study by Aderjan et al. [104], who found the average M6G/MOR 

ratio in ten overdose cases to be 2.6 ± 2.2, while the average M3G/MOR ratio was 

5.0 ±6.5.

In a study by Antonilli et al. [181], a group comprising of current injecting heroin 

users had higher ratios of M6G/M3G, as compared with a group of non-heroin users
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treated with morphine. They found the ratio of M6G/M3G was > 1 in both the blood 

and urine of chronic heroin users, and reasoned that there was a reduction of M3G in 

favour of M6G in chronic injecting heroin users. Aderjan et al. [104] found the 

concentration of M6G to be higher in cases of death than in living addicts. However, 

the average ratio of M6G/M3G in this study was < 1 at 0.76 ±0.71, while Bogusz et 

al. [108] found M6G/M3G ratio to be 0.303 ± 0.16. In a similar vein to Antonilli’s 

study, the present investigation found the average M6G/M3G ratio to be > 1 for cases 

involving heroin only. In the cases involving the concomitant use of heroin and 

benzodiazepines, the ratio was < 1. This may suggest that the deaths involving heroin 

only were all chronic heroin users. It is unclear why chronic heroin exposure alters 

morphine glucuronidation, however it has been postulated that heroin contains 

significant amounts of cadmium, which could selectively inhibit the synthesis of 

M3G [181], The current study was a preliminary study, performed on a small sample 

of subjects. More data should be acquired before definitive conclusions are made.

5.5 Conclusions

A simple and rapid HPLC method for the simultaneous determination of morphine, 

M3G, M6G, 6MAM and codeine was developed based on fluorescence detection. 

The analytes were isolated from 0.5 mL of whole post-mortem blood using Cis SPE 

cartridges. While satisfactory recoveries were obtained for morphine, M3G, M6G 

and codeine, 6MAM could not be recovered. After separation employing a mobile 

phase of 25 mM ammonium acetate buffer (pH 4.8) and an ACN gradient of 0 to 

36%, 0 to 6 mins at 1 mL/min, the analytes were determined at an excitation 

wavelength of 280 nm and an emission wavelength of 335 nm. Under these 

conditions, baseline resolution was obtained between each analyte pair and the run 

time was less than 5 minutes.

The analytes were determined in twelve post-mortem blood samples taken from 

heroin-related deaths. Six of these cases involved the concomitant use of 

benzodiazepines, which were quantified according to a HPLC-DAD method. High 

concentrations of free morphine were associated with low ratios of M3G/MOR and
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M6G/M0R, and were indicative of rapid deaths related to the incomplete distribution 

of heroin. Cases involving the use of benzodiazepines in conjunction with heroin 

were found to have lower ratios of M6G/MOR and M3G/MOR, suggesting that death 

occurred more rapidly in this sample set. This sample set also contained fewer 

samples with quantifiable levels of morphine, which reflects the additive effect of 

heroin and benzodiazepines. Higher average concentrations of M6G and higher 

M6G/M3G ratios were found in cases involving the use of heroin only, which may 

suggest chronic heroin exposure in this sample set. High ratios of M6G/M3G 

coupled with low M6G/MOR ratios may indicate the possible contribution of M6G 

towards heroin overdose, or a protective effect due to antagonism by M3G, however 

more cases need to be acquired to verify this.

5.6 Future Work

Due to the low sensitivity of fluorescence detection, the quantification of all analytes 

was not possible in some of the post-mortem samples analysed in this work. The low 

specificity of fluorescence detection also presented problems in the form of 

endogenous matrix peaks attributed to the post-mortem nature of samples. To 

improve the sensitivity and specificity of the method, MS or MS-MS detection 

should replace fluorescence detection. Given the volatile nature of the mobile phase 

described in this work, direct transfer of the HPLC method to another detector should 

not present any problems. An improved extraction method that selectively removes 

the analytes of interest from the sample matrix would also help eliminate the problem 

of interfering matrix peaks. The application of an additional wash step, to remove 

matrix components from the SPE cartridge without severely impacting on analyte 

recoveries, should be investigated.

The concentrations and ratios of M3G, M6G and morphine in heroin-related deaths 

were investigated in this work, however more samples should be acquired to enhance 

the value of the results and enable more meaningful conclusions to be made 

regarding the contribution of M3G and M6G towards heroin overdose. Future work 

should also consider the analysis of M3G, M6G and morphine in cases of non-fatal
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heroin overdose. This would serve as a comparative tool to enable any differences in 

the glucuronide levels or ratios between fatal and non-fatal cases to be determined. 

The addition of two control groups comprising of patients undergoing short- and 

long-term treatment with morphine may help ascertain the role of M3G and M6G in 

the formation of tolerance.
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6 Overall Conclusions

This research has focused on the development of analytical methods for the 

quantitation of benzodiazepines and opiates in forensic samples. Both these classes 

of drugs are regularly encountered in forensic toxicology, especially in cases of fatal 

heroin overdose, and thus quantitative methods for their analysis are particularly 

relevant.

Drug and metabolite standards are essential in the development and validation of 

analytical methods for toxicological analyses. Whilst parent drugs are usually readily 

available from a number of commercial sources, it is often difficult or expensive to 

obtain standards of the corresponding metabolites. M3G, M6G, 7-aminonitrazepam 

and 7-aminoclonazepam were therefore synthesised based on previously reported 

methods in yields of 48, 25, 74 and 70% respectively. Minimal laboratory facilities 

were required, and while the synthesis of M6G required several steps, the remaining 

metabolites were prepared with relative ease. This work demonstrated that the 

synthesis of drug metabolites can be a viable alternative to purchasing through 

expensive commercial sources.

The number of studies focusing on the analysis of benzodiazepines by capillary zone 

electrophoresis (CZE) has been limited, mainly due to the lengthy analysis times that 

arise as a result of the reduction in the EOF at low pEL Fast CZE separations of 

benzodiazepines at low pH were therefore investigated, and a rapid CZE-DAD 

method for the simultaneous determination of nine benzodiazepines was developed 

using a capillary coated with a polycation of poly(diallyldimethylammonium 

chloride) (PDDAC) and a polyanion of dextran sulfate (DS). Under the selected BGE 

conditions of 100 mM ammonium phosphate buffer (pH 2.5), baseline resolution was 

obtained betweeb each analyte within a run time of 6.5 minutes. When compared 

with CZE analyses of benzodiazepines on bare fused-silica capillaries, the method 

was found to offer significant improvements in terms of resolution and run time. The
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run time was also significantly shorter than previously reported coated methods for 

the analysis of benzodiazepines by CZE with DAD detection. While the inferior 

detection limits of CZE-DAD did not enable the method to be applied to biological 

samples, it was successfully applied to the analysis of some beverages that had been 

spiked with benzodiazepines at concentrations simulating prescription tablets.

Since the CZE-DAD method did not have sufficiently low detection limits for the 

quantification of benzodiazepines in post-mortem samples, attention was turned to 

the development of a HPLC method. While ANNs have been employed to optimise 

isocratic HPLC separations, their usefulness in optimising gradient elution 

separations has not been studied extensively. Thus, a three factor experimental 

design and ANNs were applied to the optimisation of a gradient elution HPLC 

separation of nine benzodiazepines. The best performing ANN was found to be the 

one trained on replicate retention time data. The optimum conditions were selected 

by way of a novel chromatographic function, ISF, which was developed to 

incorporate run time, resolution and minimum retention into a single function 

designed to assess the quality of chromatographic separations. ISF was found to offer 

significant advantages over other optimisation functions, such as the product 

resolution, which often fail to locate the optimum separation due to an inability to 

account for run time or detect poorly resolved peaks. Under the optimum conditions 

of 25 mM formate buffer (pH 2.8), 10% MeOH, ACN gradient 0 to 15 minutes, 6.5 

to 48.5%, the error associated with the prediction of retention times and peak widths 

was less than 5% for six of the nine analytes studied. The method was shown to be a 

more flexible and convenient means for optimising gradient separations than has 

been previously reported. Detection limits of the method were sufficient to enable its 

application to authentic post-mortem samples.

The ambiguous reporting of either free or total morphine concentrations limits the

interpretation of heroin-related fatalities. Therefore, a simple and rapid HPLC

method for the simultaneous determination of morphine, M3G, M6G, 6MAM and

codeine was developed. Baseline resolution and a run time of under 5 minutes was
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possible in a mobile phase of 25 mM ammonium acetate buffer (pH 4.8) and an ACN 

gradient of 0 to 36%, 0 to 6 mins, with fluorescence detection at 280/335. The 

analytes were determined in twelve post-mortem blood samples taken from heroin- 

related deaths; six of which involved the concomitant use of benzodiazepines. 

Unfortunately, the low sensitivity of the method did not enable the quantification of 

all analytes in the samples. However, preliminary data concerning the concentrations 

and ratios of morphine, M3G and M6G in these two groups of heroin-related 

fatalities was gathered. High concentrations of free morphine were associated with 

low ratios of M3G/MOR and M6G/MOR, and were indicative of rapid deaths related 

to the incomplete distribution of heroin. Cases involving the use of benzodiazepines 

in conjunction with heroin were found to have lower ratios of M6G/MOR and 

M3G/MOR, suggesting that death occurred more rapidly in this sample set. This 

sample set also contained fewer samples with quantifiable levels of morphine, which 

reflects the additive effect of heroin and benzodiazepines. Higher average 

concentrations of M6G and higher M6G/M3G ratios were found in cases involving 

the use of heroin only, which may suggest chronic heroin exposure in this sample set. 

High ratios of M6G/M3G coupled with low M6G/MOR ratios may indicate the 

possible contribution of M6G towards heroin overdose, however more cases need to 

be acquired to verify this.
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