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Summary

Liquid chromatography — mass spectrometry (LC-MS) is the ultimate combination of
gentle separation and the unrivalled specificity of a mass spectrometer. Finally compounds
not suited to gas chromatography (GC) can be analysed without compromising the
extensive qualitative data the mass spectrometer provides. The aim of this project was to
evaluate the use of LC-MS in the forensic toxicology setting. To investigate if its use
could solve problems encountered while using other instrumentation including downtime,

limits of detection, chromatography and specificity.

Benzodiazepines as a class, are known for their undesirable chromatographic behaviour
when using GC. One way to improve their chromatographic behaviour is to derivatise.
This is not only time consuming but uses harmful chemicals. Even with derivatisation,
these drugs can decompose in the injection port, before they are even applied to the
column. Routinely, diazepam and its metabolites are analysed by high pressure liquid
chromatography (HPLC) with ultraviolet (UV) detection. The chromatography is
improved, but specificity is compromised. The use of LC-MS was investigated as an

alternative to classical HPLC.
Using LC-MS two methods were developed for the analysis of these drugs in whole blood.

Increasing awareness of drug facilitated sexual assault, has led to an increase in the number
of cases to be analysed for drugs such as Rohypnol®. This prompted the development and
validation of a sensitive and specific method for its detection in blood using solid phase

extraction and liquid chromatography — mass spectrometry.

To enhance the qualitative data and cope with degraded samples, the use LC-MS was used
in the analysis of diazepam and its three metabolites. A method was developed and
validated and is now used in the routine analysis of blood samples in the laboratory.

The LC-MS proved invaluable in the analysis of sildenafil, Viagra®, in a post-mortem
blood sample received in the laboratory. A single quadrupole mass spectrometer was used

to develop and validate a method to determine if the dose was therapeutic or toxic.



Summary XV

The use of oral fluid as an alternative specimen to blood or urine was investigated. This
was through the British Roadside Impairment Test Evaluation (BRITE) project, evaluating
the field impairment test (FIT), and the IMMORTAL project, analysing oral fluid from a
random selection of drivers around the city of Glasgow. LC-MS in combination with GC-
MS was used to screen for over 50 licit and illicit drugs in 1mL of oral fluid. LC-MS-MS
was then used to identify and quantitate 21 drugs of abuse and their metabolites using a
similar sample size. The use of one extraction and the reliability of LC-MS proved

invaluable in these projects.

Currently urine is used to assess recent drug use in rehabilitation centres. The use of oral
fluid as an alternative was evaluated. Blood, urine and oral fluid, collected using two
different devices, were volunteered from patients on admission to a residential
rehabilitation centre for 5 consecutive days. Opiates and benzodiazepines were monitored,
to assess the detection window of past heroin use. Oral fluid concentrations were
compared with respective blood samples to give and an indication of levels likely to be

found.
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1 Introduction

The use of LC-MS in all sectors of analytical chemistry has been increasing at an
exponential rate in recent years'. After mastering how to couple liquid chromatography to
mass spectrometry with the development of atmospheric pressure ionisation (API), LC-MS
has revolutionised the way routine forensic toxicology is carried out. Before the advent of
LC-MS the compromise would be the use of UV spectra for drugs not amenable to GC-
MS. Now these drugs can have both the qualitative data of MS with the chromatography
of HPLC. LC-MS is also ideal for developing and validating a method quickly, downtime
is much less compared to GC-MS, and analytes are easily identified initially by their

pseudo-molecular ion.

One class of drugs found to chromatograph well by HPLC are the benzodiazepines. In
forensic toxicology, post-mortem blood is often used for analysis, and since this can be
substantially degraded, the products can cause increased interference in the detector signal.
Diazepam and its metabolites N-desmethyldiazepam, temazepam and oxazepam are
routinely analysed in whole blood. If a mass spectrometer could be used for detection,
specificity would be greater leading to a decrease in the background noise and hence better

detection limits and less interferents to be concerned about.

Flunitrazepam is becoming renowned as a “date rape” drug, and its identification in bodily
fluids increasingly requested. By using LC-MS, flunitrazepam and its metabolite 7-
aminoflunitrazepam can be chromatographed easily and positively identified, to very low
concentrations. This is essential when the memory of the victim may be affected, the

report of a crime may be delayed, and the amount administered may be only 1 or 2 mg.

Oral fluid has gained much interest in recent years. Being an ultrafiltrate of blood, oral
fluid drug concentrations are related to the unbound, pharmacologically active fraction in
blood. This has resulted in its use for therapeutic drug monitoring”’. However, recently its
use as a roadside specimen, to identify impaired drivers, has been of utmost interest.
Projects have been carried out to evaluate the impairment effects of drugs on driving and
their detection and subsequent presentation to the judicial system, such as ROSITA*. The
use of field impairment tests (FIT) have also been of interest to objectively assess the
ability of the driver at the roadside. As part of the evaluation of FIT, oral fluid was taken
when the driver was found not to be impaired by FIT. Only 1 mL of oral fluid was
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obtained and had to be screened for a wide range of drugs of abuse, prescription and over
the counter drugs. The use of GC-MS for its screening ability of unknowns, as well as the
reliability of LC-MS would complement each other, and cover an extensive range of

analytes.

Using an LC-MS-MS gives even greater specificity, and can produce mass spectra that
look similar to GC-MS spectra with many qualitative ions.
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2 Liquid Chromatography — Mass Spectrometry

2.1 Introduction

The technique of separating compounds using chromatography has been in practice since
the beginning of the 20™ century. Tswett described the separation of plant pigments by
percolating an extract through a glass column packed with calcium carbonate in 1903°.
Chromatography relies on two phases, a stationary and mobile phase. The stationary phase
can be solid spheres packed into a column or a liquid coated onto a capillary wall. The
mobile phase can be liquid or gas and flows through and around the stationary phase.
When compounds are introduced to this environment, they will behave differently
depending on the types of stationary and mobile phases present. Different analytes are
retained on the stationary phases for varying amounts of time. The two most common
methods used to encourage the elution of all analytes are raising the temperature, as in gas
chromatography, or increasing the percentage of organic solvent as in reverse phase liquid

chromatography.
2.1.1 Gas Chromatography

In Capillary Gas Chromatography (CGC), the stationary phase consists of a liquid coated
onto the inside wall of a silica capillary. The capillary can be up to 30 m in length and as
little as 0.1 mm in internal diameter. The mobile phase is an inert gas such as helium,
which carries the compounds through the column and on to the detector. To separate a
mixture, the temperature of the column is increased over time to an upper limit e.g. 300 °C.
Volatile and inert compounds with few polar functional groups elute first. Compounds
with many functionalities are preferentially attracted to the stationary phase and therefore
require higher temperatures to elute them. They are retained for different lengths of time,
dictated by their structure. Analytes which elute quickly have short retention times and

more complex molecules are retained for longer.

To observe analytes eluting from the column a detector is needed. Typically a flame
ionisation detector (FID) is used for organic compounds. This is a non-specific detector as
it gives quantitative but not qualitative information about the analyte. Other detectors
include nitrogen phosphorous detector (NPD) or electron capture detector (ECD). Neither
of these gives detailed structural information about the analyte. All rely on unique
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retention times as qualitative data. Using mass spectrometry as a detector can give an
enormous amount of structural information making it very specific and almost negating the
need for resolution in the CGC. The gaseous effluent from the gas chromatograph makes it
a relatively simple process to attach the end of the column to a mass spectrometer ion
source. As the gas enters the mass spectrometer, it is bombarded with electrons as with
electron impact ionisation, EI. This ionisation is referred to as “hard ionisation” as it
fragments the analyte into many unique daughter ions. This technique gives immense
structural information and very specific qualitative data. Thus Gas Chromatography —
Mass Spectrometry (GC-MS) has become the standard analytical technique for forensic

toxicology.

Nonetheless, there are some compounds for which GC-MS is not completely satisfactory.
If a compound is thermally labile, it may decompose in the GC injection port e.g.
temazepam. This problem can be overcome by changing the functional groups, making
them more stable and less reactive with the stationary phase. However, derivatisation adds
a step onto the extraction method and the chemicals used can be toxic. It introduces

another source of possible error and consumes more time and reagents.
2.1.2 Liquid Chromatography

In benzodiazepine analysis, reversed phase high pressure liquid chromatography, RP-
HPLC, is commonly used. Liquid chromatography uses columns packed with small
spheres, 3 um in diameter, as the stationary phase, and a composition of aqueous and

organic solvents as the mobile phase.

When using reversed phase liquid chromatography, increasing the organic content of the
mobile phase has the same effect as increasing the temperature in gas chromatography. In
this way even extremely polar drugs are eluted from the column. HPLC is typically
coupled with ultraviolet (UV) detectors, measuring the changes in absorbance at different
wavelengths, as different compounds elute off the column and flow through the detector
cell. This technique relies on compounds being UV absorbent. The UV detector works
well for the benzodiazepines, as they have specific absorbency wavelengths.

In order to use mass spectrometry with liquid chromatography, the mobile phase must be

removed in such a way as to allow the analytes to enter the mass spectrometer which is
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kept under vacuum. This has only become possible in the last two decades therefore

allowing the successful interface of liquid chromatography with mass spectrometry.
2.2 Liquid Chromatography — Mass Spectrometry

2.2.1 The Mobile Phase

The mobile phase in LC-MS is very important for both the separation and ionisation of
analytes. It usually comprises of two parts, the organic phase and the aqueous phase.
Routinely in HPLC the aqueous part is made up of phosphate buffers at varying molarities
and pH’s. Phosphate buffers cannot be used in LC-MS because they are not volatile and
will block the entrance to the source, by crystallising out. The main alternatives are acetate
or formate buffers. Salts present in the mobile phase can affect the spectra by forming
adducts with the analyte. In toxicology, buffers are commonly used to control the pH of a
sample for efficient extraction. It is important to have not only good recovery in the
extraction used, but also a clean extract with no buffer present, to minimise adduct
formation. If adducts are formed then the number of analyte molecules remaining to

produce the pseudo molecular ion, [M+H]", is reduced therefore decreasing sensitivity.

Buffers or additives can be used but there are conflicting views on how changing the
mobile phase in this way affects the fragmentation patterns. One group showed that
changes in acetonitrile concentration did not cause dramatic variation in spectra, except
that the acetonitrile adduct was more often visible at high concentrations of acetonitrile®.
In an earlier paper, the authors commented that the extent of fragmentation of morphine-3-
glucuronide and morphine-6-glucuronide was greatly dependent on the acetonitrile
concentration, i.e. fragmentation increased with increasing acetonitrile concentration’. A
second group opposed this theory of fragmentation increasing with acetonitrile
concentration. They carried out controlled experiments that showed fragmentation was
stable and independent of the composition of the mobile phase, ranging from 0-90%
acetonitrile’. A third group argued that the different batches of mobile phase used had
varied their fragmentation of LSD’.

Another reason for the use of buffers in the mobile phase is to increase the response of the
analyte. Formic acid is used routinely, with varying concentrations, especially when
analysing basic drugs. One group used both ammonium acetate (SmM) and formic acid
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(0.1%) in the mobile phase for optimal sensitivity and separation of their analytes'’. They
also noted that the addition of formic acid was essential in preventing the hydrolysis of
cocaine. Another group claims that the lowest possible concentration of formic acid was
best for ion production, but too low a concentration would result in insufficient control of
separation pH and thus a less robust method''. With respect to analysing 1,4-
benzodiazepines, one group found the addition of traces of acid e.g. 0.05% trifluoroacetic
acid did not enhance the ion yield". Using trifluoroacetic acid as a buffer is uncommon in

LC-MS and the authors do not comment on any other acids tested.

The addition of a buffer has also been seen to be preferential for more reproducible
retention times'. Another reason for using a buffer in the mobile phase is to ionise the
analytes before they are injected onto the system by reconstituting samples in the mobile
phase. It has been demonstrated that electrospray ionisation is most efficient with
compounds already ionised in solution'. For example using a moderately acidic mobile
phase for basic compounds of interest. The acid mobile phase had an excess of H' ions

encouraging the addition of a proton on to a basic drug.

The many differing opinions on the cause of spectral variation suggest that the reasons for
these variations exist in each system to some extent, and are dependent on the analyte
concerned. System history has its part to play in spectra variation, especially if the

instrument is being used for a variety of analytes and mobile phase systems.

2.2.2 The Column

Columns used in HPLC are between 200 and 300 mm in length with an internal diameter
of 4.6 mm. The flow rate is usually ~1 mL/min. When using LC-MS the interface dictates
that the flow rate must be lower so that there is less mobile phase to evaporate in the
source, but the high pressure must still be present. Smaller columns are therefore used

with a maximum length of 150 mm and an internal diameter of 2.1 mm.

2.2.3 The Interface

In general, LC-MS uses atmospheric pressure ionisation, AP, to interface the liquid
chromatograph with the mass spectrometer. As the LC flow emerges from the column it is
directed through a capillary to the ion source of the mass spectrometer. The interface is
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positioned orthogonally to the source entrance in order to avoid excess contamination of
the source. The source is under vacuum, however the interface is at atmospheric pressure.
As the effluent sprays out of the interface a high percentage of it is lost while the rest is

drawn into the source through the entrance cone.

The probe is set at a high temperature e.g. 300 °C, which is dependent on the flow-rate.
This high temperature and the nitrogen flow helps to desolvate the liquid emerging from
the capillary. Source conditions can be optimised for varying mobile phases, flow-rates

and analytes used.

In LC-MS there are two common interfaces used, atmospheric pressure chemical
ionisation, APCI and electrospray ionisation, ESI. In most instruments the interfaces can

be interchanged easily, allowing the use of either.

Both ESI and APCI use soft ionisation to ionise the analytes as opposed to the hard
ionisation used in GC-EI-MS. By using soft ionisation, the analyte is not exposed to such
forces and often only the pseudo molecular ion is formed. If it is a basic compound then a
proton is added [M+H]", or if an acidic compound a proton is removed [M-H]. When
using buffers in the mobile phase there is an increased chance of adduct formation with the
analyte molecules. Ammonium, sodium and potassium are common adducts resulting in
the analyte molecular weight plus 18, 23, and 39 respectively, these are denoted as
[M+18]"NH,", [M+23]"Na" and [M+39]'K".

One study showed that in APCI mode, using a single quadrupole mass spectrometer,
spectra are dependent on the system history. A 6-MAM standard was analysed and four
adducts were found, when analysed eight months later there were no adducts. The authors
suggest that the heated vaporiser used in the APCI interface is a possible source of
variability in fragmentation and adduct formation. They found that ESI showed better
long-term reproducibility?®.

2.2.3.1 Atmospheric Pressure Chemical lonisation

When using APCI, the probe is inserted into a heated nebulizer. The capillary, which
carries the liquid from the HPLC column and into the probe, is situated in a second
cylinder. Nitrogen gas is passed between the cylinders to aid the conversion of liquid out
of the capillary end into a stream of droplets. The mobile phase is evaporated quickly and
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the analytes are charged while in the gaseous state. This process is shown in Figure 2-1. A
corona discharge pin is located just at the opening of the probe. A potential is applied to
this, aiding ionisation of the buffer molecules present in the mobile phase. These ionised
buffer molecules collide with the analyte molecules and protons are transferred. As high
temperatures are involved, APCI is not suitable for compounds that are thermally labile as

there may be thermal degradation.

Aerosol containing
analyte molecules

‘ Charge
ﬂHeat ' transfer to

analyte

‘ ‘ ‘ harged ‘ .
‘ ‘ ‘ reagent gas . ‘

 ——

Corona ‘: O formed ot &

pin Analyte ions
formed

Figure 2-1 : Atmospheric pressure chemical ionisation process

2.2.3.2 Electrospray lonisation

Electrospray ionisation has been used more frequently than APCI, probably because of its

ability to ionise larger molecules, such as proteins and more polar molecules. The ESI

15:16512,13 17,18 19, 0’1

interface has been used to analyse benzodiazepines , cannabinoids'""®, cocaine

»14_and opiates”'"*. One group, using ESI, has developed a

lysergic acid diethylamide
broad drug screening method which can be used to identify seventeen basic drugs from a

variety of classes™.

In contrast to the APCI interface, ESI ionises the analytes in the effluent as they spray out
of the interface followed by the evaporation of the solvent. Since the analytes are ionised
in solution and then desolvated, thermally labile molecules can be ionised without
degradation*. The ESI probe has a voltage applied, which charges the molecules as they
exit the probe. This probe voltage can be varied from 0 to 5 kV.
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As droplets flow out of the ESI probe they are full of charged ions. As the solvent
evaporates the droplets become smaller and the charges are brought closer together. When
the repulsive forces of the charged species on the surface of the droplet are sufficient to
overcome the cohesive forces of surface tension, columbic explosions occur which split the
droplets into smaller droplets. This cycle continues until the analyte ion is sufficiently

desolvated to enter the source, refer to Figure 2-2.

@ Basic analyte
@ Solvent molecules

Charged
droplets

Evaporation

Solvent ion

A
h /1 cluster
o

Rayleigh /. = ®
Limit A
reached V Analyte ion

\j Coulombic explosions

Figure 2-2 : Electrospray ionisation process

2.2.4 The lon Source

On leaving the probe the analytes will be charged but will not necessarily have formed the
pseudo molecular ion. The charged molecules enter the source via the skimmer or
entrance cone, shown in Figure 2-3. In-source fragmentation can be achieved by applying
a voltage to the skimmer cone. It can be varied from 0 to 100 V. The aim of this voltage is
to fragment the analyte further, to obtain more qualitative information or to knock off any
adducts from the molecular ion. Increasing the voltage applied to the skimmer cone will
increase fragmentation. In the ThermoFinnigan AQA instrument, this voltage can be
changed rapidly between scans, providing the ability to monitor a drug eluting from the
column, at different voltages showing the pseudo molecular ion and a qualitative ion.

Applying a voltage to the skimmer cone to induce fragmentation is also known as “cone
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voltage” fragmentation. From the skimmer cone the ions are directed into the mass

analyser. In the ThermoFinnigan AQA instrument this is a single quadrupole.
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®/ <«
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o Atmospheric
Probe from HPLC, perpendicular to Pressure

skimmer cone

Figure 2-3 : Diagram of ion source in Finnigan AQA

The ion source in the LCQ instrument is very similar to the AQA. “In-source”
fragmentation can be performed, but with the use of the ion trap to fragment ions further, it
is not essential. As the charged analyte molecules leave the probe they enter the source

through the skimmer cone and down a long transfer line to the ion trap.

2.2.5 The Analyser

There are many analysers available for LC-MS, the quadrupole, ion trap, time of flight and
magnetic sector, not to mention hybrids of these. For this project two different instruments
were used, the ThermoFinnigan AQA, a single quadrupole mass analyser, and the

ThermoFinnigan LCQ Advantage, an ion trap analyser.
2.2.5.1 Single Quadrupole, ThermoFinnigan AQA

The quadrupole is the most common of analysers and can be used singularly as in the

ThermoFinnigan AQA or in tandem (triple quadrupole) to give greater sensitivity and more
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spectral information. Its function is to filter the ions produced in the source into their
mass/charge ratios. The quadrupole is made up of four rods parallel to each other making

up four vertices of a cuboid. Figure 2-4 shows the view an ion would have travelling into
the quadrupole.

O ©®
® ©

Figure 2-4 : End-on view of quadrupole

The voltages applied consist of both RF and DC components'. Each voltage has a
mass/charge ratio associated with it. If the mass/charge ratio does not match the voltage
applied the ion spirals out of control and hits one of the rods, thus allowing only ions of a
certain mass/charge ratio to pass through onto the detector. When using full scan analysis
the quadrupoles scan through a range of mass/charge ratios. If Single Ion Monitoring
(SIM) is used the quadrupoles identify specific ions determined by the user.

2.2.5.2 lon Trap, ThermoFinnigan LCQ Advantage

The ion trap analyser is formed out of three stainless steel electrodes. The ring electrode,
which looks like a doughnut, and two endcaps which sit on either side forming a cavity
within. The endcaps have small holes in the centre of them to allow ions to enter and exit
the trap. It is sometimes described as a three-dimensional quadrupole®. Instead of an ion
having a stable trajectory following through the analyser and onto the detector, it is
trapped. Figure 2-5 shows a cross section of the trap.
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Figure 2-5 : Cross section of ion trap

Helium is present within the ion trap cavity at a partial pressure of ~0.1 Pa. Helium is an
important part of the trap as it greatly enhances sensitivity. When ions enter the cavity
they collide with the helium atoms, thus reducing their kinetic energy and the amplitude of
their oscillations. This results in the ions being focused into the centre of the cavity instead
of being allowed to spread out. The helium atoms are also used in tandem mass
spectrometry (MS-MS) to collide with the parent ion with sufficient energy to dissociate it

into one or more daughter ions.

When all the ions above a specified mass/charge ratio are trapped, a voltage is applied to
the endcap electrodes and the voltage on the ring electrode is increased to eject all the ions
sequentially as in Full MS mode. For MS-MS analyses an RF voltage is applied to the
endcap electrodes to cause collision induced dissociation. The trap now contains the
product ions of the pseudo-molecular ion. As before, these ions are scanned out by
increasing the ring electrode voltage while simultaneously applying a voltage to the endcap
electrode to facilitate ejection of the ions. lons of increasing mass/charge ratio become

unstable and are ejected from the trap to go on to the detector®.

2.2.6 The Detector

Once an ion has successfully made it through the analyser it reaches the detector. The
main component in the detector is the photomultiplier tube. The ion strikes a conversion
dynode that emits electrons. These electrons hit a phosphor screen that emits photons.

The photons go on to the photocathode in front of the photomultiplier where an electron
cascade is created. The cascade magnifies the original signal by ~1,000,000 times and it is
this signal that is then converted into a voltage that can be analysed and processed by the
computer on board the instrument®.



Chapter 2: Liquid Chromatography-Mass Spectrometry Page 13

An example of a mass spectra produced using an ion trap to obtain MS-MS data is shown
in Figure 2-6. This shows the number of specific daughter ions produced which can all be
used are further qualitative data. The chromatogram is produced by plotting each ion in
the spectra over time. The area under the peak is related to the relative abundance of each

ion in the spectra.
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Figure 2-6 : Typical extracted chromatogram and MS-MS mass spectra obtained using an
ion trap analyser.

2.2.7 Matrix Effect

Matrix effects from biological samples, e.g. blood, urine and oral fluid, play an important
role in LC-MS. They can be described as a change in the ionisation process of an analyte,
due to a co-eluting compound from the matrix. Ionisation of the analyte molecule occurs
at the interface of the LC-MS. A complex series of charge-transfer and ion-transfer
reactions occur to ionise the analyte molecule®. It is clear that the matrix constituents
present in the eluent will affect the efficiency of ionisation resulting in ion suppression or
enhancement. ESI has been found to be more susceptible to matrix effects than APCI due

to the different processes used to ionise analyte molecules®.

As ionisation of analytes is dependent on the matrix constituents present, problems arise
when the matrix is not consistent between individuals, affecting reproducibility, precision
and accuracy. Ways to reduce the impact of the matrix effects include extraction

techniques, such as solid phase extraction to minimise the amount of matrix injected into
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the system, and the use of deuterated internal standards, as these elute at the same time as

the analyte and are therefore affected in the same way by any matrix components present.

Matrix effects highlight the importance of robust and suitably validated methods with the

use of deuterated internal standards where possible.

2.3 Conclusions

Liquid Chromatography — Mass Spectrometry is a valuable technique for the analysis of
drugs of abuse in biological matrices. It is a much softer option to Gas Chromatography —
Mass Spectrometry, so can be used for thermally labile molecules such as benzodiazepines
and amphetamines. The use of soft ionisation allows the pseudo molecular ion to be
monitored routinely with the option of further fragmentation for qualitative ions. Unlike
GC-MS, derivatisation of polar functional groups is not required, therefore shortening
sample preparation time. Although matrix effects are present with LC-MS these can be
minimised with suitable extraction techniques and the use of deuterated internal standards.
With the use of LC-MS-MS, more complex spectra can be produced, akin to GC-MS.
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3 Flunitrazepam in Whole Blood

3.1 Introduction

Flunitrazepam (Rohypnol®) is used for its sedative and
anaesthetic properties. Its alleged use in connection with drug
facilitated sexual assault has gained wide publicity.

Consequently the manufacturers, Roche Products Limited, altered

the drug formulation making it harder to dissolve the drug in
drinks and added a blue dye, making it more easily detectable”. With the increased public
awareness of the drug, there has been an increase in the number of requests for
flunitrazepam analysis, however there are several problems to overcome. The drug
belongs to a potent group of hypnotic benzodiazepines that are therapeutically effective at
low doses. A 2 mg tablet can cause sedation after 20-30 minutes which can last several
hours™. A further delay in sample collection can occur as victims of drug facilitated sexual
assault can be reluctant to report a crime and are sometimes even unaware that a crime has
taken place due to drug induced amnesia. This delay in sample collection results in a
significant clearance in the amount of drug present in the blood or urine. One group found
that 24 hours after the administration of a 2 mg dose of Rohypnol®, free 7-
aminoflunitrazepam levels in serum varied from 3.7-5.3 ng/mL*. To be able to detect such
low levels of the drug, the method of analysis must be specific (to minimise the
signal/noise ratio) and have good recovery from the matrix to allow very low detection

limits.
3.2 Chemistry

Flunitrazepam or 5-(2-Fluorophenyl)-1,3-dihydro-1-methyl-7-nitro-2H-1,4-benzodiazepin-
2-one is a hypnotic benzodiazepine. When using liquid chromatography — mass
spectrometry the pseudo-molecular ion is typically formed. Flunitrazepam forms a
positive ion in the mass spectrometer. This is achieved by the addition of a proton to the
structure thereby giving the analyte a positive charge and an increase in molecular weight
of 1 amu. The most likely place for protonation to occur is at the cyclic ketone
(highlighted in green in Figure 3-1). Flunitrazepam’s metabolite 7-aminoflunitrazepam

can also be protonated at this site. 7-Aminoflunitrazepam is similar in structure to
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flunitrazepam except that it has a primary amine instead of a nitro group; this is shown in

Figure 3-1 (highlighted in yellow).

Flunitrazepam 7-Aminoflunitrazepam

Figure 3-1 : Structure of flunitrazepam and 7-aminoflunitrazepam

This amine group is the likely primary site of protonation, but as the ketone group is still
available, there are two potential sites to produce the pseudo-molecular ion. In both the
single quadrupole instrument and the ion trap, 7-aminoflunitrazepam gives a higher
response than flunitrazepam at the same concentration. Steric hindrance of the cyclic

ketone may account for this.

3.3 Metabolism and Excretion

Flunitrazepam is metabolised to its major metabolite 7-aminoflunitrazepam by reduction of
the nitro group to an amine. 7-aminoflunitrazepam is present in the plasma at

concentrations of 2-4 ng/mL up to 24 hours after a single dose (2 mg) of flunitrazepam®

3.4 Pharmacokinetics

After a 2 mg dose of flunitrazepam, administered orally, peak blood concentrations of 6
ng/mL occur after 2 hours”. Pharmacokinetic data for flunitrazepam is summarized in
Table 3-1."
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Table 3-1 : Pharmacokinetic and physiochemical data for flunitrazepam

Flunitrazepam
Half Life (hours) 9-25
Vd (L/Kg) 3.4-5.5
Protein Binding (%) 78
pKa 1.8

3.5 Toxicity

A flunitrazepam overdose can result in ataxia, drowsiness, hypotension, respiratory
depression and coma.’ 28 mg of flunitrazepam has resulted in death, with kidney levels of
0.5 mg/kg for both the parent drug and its metabolite. Flunitrazepam’s potency at low
concentrations and its rapid half-life make it a likely drug for drug facilitated sexual

assault.

3.6 Previous Work

Analysis of Flunitrazepam has been largely done by GC-MS3*33:34353637.3839 gnd
HPLC*0A414243:4445:46474849 - Qwing to its rapid metabolism and the low doses of
flunitrazepam administered, it is essential to have as low detection limits as possible.
Using GC-MS, detection limits of between 10 ng/mL* to 100 ng/mL in blood* for
flunitrazepam have been achieved. Using HPLC, detection limits for flunitrazepam range
from 3.5 ng/mL¥ to 20 ng/mL* in blood. As LC-MS is a relatively new technique there
are fewer reports on the analysis of flunitrazepam in blood'****!, Using the technique,
detection limits varying from 0.025 ng/mL* to 0.5 ng/mL'® have been achieved.

Most LC-MS instruments have the ability to change between an APCI and ESI probe with
ease. Different groups have reported the use of both APCI and ESI probes with similar
results. A variety of mobile phase buffers have also been employed from 0.03 %
ammonium hydroxide to 50 mM ammonium formate producing comparable data. These
reports would suggest that there are no set rules for the choice of probe and mobile phase

in relation to the analyte.
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LC-MS-MS has also been used for flunitrazepam analysis; one group® used a
ThermoFinnigan LCQ ion trap and achieved a detection limit of, 0.25ng/mL, similar to that
using a single quadrupole.

3.7 Aim

The aim of the following project was to develop a reliable and sensitive method for the
detection of flunitrazepam and its major metabolite 7-aminoflunitrazepam in blood, using

Liquid Chromatography — Mass Spectrometry (LC-MS).
3.8 Method Development

The ThermoFinnigan AQA single quadrupole LC-MS was used for this project equipped
with a P4000 quaternary pump, and AS3000 autosampler. For the development of this LC-
MS method a Phenomenex Luna Cg column, 150 x 2.0 mm, with 3 um packing material
was used. A C18 column was chosen as this is the most commonly used stationary phase
for flunitrazepam analysis'*****2, Initially the mobile phase comprised of 60 % methanol
and 40 % deionised water, pumped isocratically, with a flow rate of 0.15 mL/min. These
conditions were found to resolve the two analytes from each other and the solvent front.
During the method development, the use of buffers in the mobile phase and the effect of

changing the probe would be investigated.

3.8.1 Chemicals

Methanol, acetonitrile and hexane were HPLC grade obtained from VWR International
(UK). Analytical grade potassium dihydrogen phosphate and ammonium acetate were
supplied by BDH laboratory supplies (Poole, England). Analytical grade concentrated
ammonia, glacial acetic acid and concentrated formic acid were purchased from Sigma®
Chemicals Co. (UK).

3.8.2 Standards

Stock standards of flunitrazepam, 7-aminoflunitrazepam, flunitrazepam-d; and 7-
aminoflunitrazepam-d; were purchased from Promochem as 100 pg/mL methanolic
solutions. A working drug solution of 1 pg/mL, for spiking blank blood, was prepared by
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taking 50 pL of each standard (flunitrazepam and 7-aminoflunitrazepam) and adding 4900

uL of methanol. A working internal standard solution was similarly prepared using the
deuterated standards.

3.8.3 Blank Blood

Time expired packed red blood cells were provided from the blood bank for blank blood.
These were suspended in a ratio of 1:1 with isotonic saline solution which was made by

dissolving 9.5 g of sodium chloride in 1 L of deionised water.

3.8.4 Solutions

3.8.4.1 Preparation of 5, 7.5 and 10mM Ammonium Acetate Solutions

A 1 M solution of ammonium acetate was prepared first by adding 38.54 g of ammonium
acetate to a 500 mL volumetric flask and making up to volume with deionised water. 5,
7.5 and 10 mL of this solution was added to 3 x 1 L volumetric flasks and made up to

volume with deionised water resulting in 5, 7.5 and 10 mM solutions.

3.8.4.2 Preparation of 0.002, 0.004, 0.01, 0.05 and 0.1 % Formic Acid
Solutions

20, 40, 100, 500, and 1000 pL of concentrated formic acid was added to 5 x 1 L volumetric
flasks, which were made up to volume with deionised water to produce 0.002, 0.004, 0.01,
0.05 and 0.1 % solutions.

3.8.4.3 Preparation of 0.1 M, pH 6.0 Phosphate Buffer

6.81 g of potassium dihydrogen phosphate was weighed out into a 500 mL volumetric
flask and 450 mL of deionised water was added. The pH was adjusted to 6.0 with 1 M
potassium hydroxide solution, then made to 500 mL with deionised water.

3.8.5 Optimisatlon of Skimmer Cone Voltage

An unextracted standard was prepared by adding 100 pL of working drug solution and 100
pL of working internal standard solution to a vial and blowing down under nitrogen at
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35°C. This was reconstituted in 100 puL of mobile phase (60:40 methanol:deionised water).
20 pL of the standard was injected twice varying the skimmer cone voltage from 20-45 V
for one injection and from 45-60 V for a second injection. The pseudo molecular ions

were monitored in SIM mode. Table 3-2 shows the pseudo molecular ions monitored.

Table 3-2 : Molecular weight and pseudo molecular ions for flunitrazepam and 7-
aminoflunitrazepam

Molecular weight | [M+H]"
Analyte
(amu) (m/z)
Flunitrazepam 313 314
Flunitrazepam-d; 320 321
7-Aminoflunitrazepam 283 284
7-Aminoflunitrazepam-d- 290 291

The areas produced for the pseudo molecular ion at each skimmer cone value were plotted
and an optimum found. After 45 V the pseudo-molecular had fragmented and was no
longer detectable. Figure 3-2 shows graphically how the peak areas changed for each ion

as the skimmer cone voltage was varied.
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Figure 3-2 : Optimisation of skimmer cone voltage for flunitrazepam and 7-
aminoflunitrazepam and their deuterated standards.
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It is expected that the analyte and its deuterated standard produce the same curve on the

graph as they have a common structure, and will therefore fragment similarly.

A qualifier ion for both analytes was found by increasing the skimmer cone voltage and
fragmenting the pseudo molecular ion. In a SIM experiment both the pseudo molecular
ion and qualifier ion can be monitored by alternating between each voltage. Table 3-3
shows the Skimmer cone values used for the rest of the method development. It was
decided unnecessary to fragment the deuterated standards, as only the pseudo-molecular

ion was needed for quantitation.

Table 3-3 : Pseudo molecular ions, qualifier ions and skimmer cone voltages used for
analysis

Pseudo molecular ion Qualifier ion
Analyte (Skimmer cone (Skimmer cone
voltage) voltage)
Flunitrazepam 31435 V) 268 (45V)
Flunitrazepam-d; 321(35V) N/A
7-Aminoflunitrazepam 284 (30 V) 226 (55V)
7-Aminoflunitrazepam-d; 291 (30 V) N/A

3.8.6 Investigation into Ammonium Acetate and Formic Acid as
Additives in the Mobile Phase

3.8.6.1 ESI Probe with Ammonium Acetate in the Mobile Phase

An unextracted standard was prepared by adding 100 pL of working drug solution and 100
uL of internal standard solution to a vial and blowing down under nitrogen at 35°C. This
was reconstituted in 200 pL of mobile phase and 10 pL was injected 6 times. An average
peak area was calculated for each ion under each condition. The mobile phase
composition was kept at 40 % aqueous and 60 % methanol run isocratically at 0.15
mL/min. The first condition used deionised water as the aqueous part of the mobile phase.
Ammonium acetate was then used instead of deionised water at concentrations of 5 mM,
7.5 mM and 10 mM. The results of the experiment are shown in Figure 3-3.
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Figure 3-3 : Effect of ammonium acetate concentration on response using an ESI probe

3.8.6.2 APCI Probe with Ammonium Acetate

An unextracted standard was prepared as before in 3.8.6.1 and injected 6 times for each
condition. An average peak area was calculated for each ion under each condition. The
same ammonium acetate concentrations were used as before, changing only the probe to

APCI. The graph in Figure 3-4 shows the result.
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Figure 3-4 : Effect of ammonium acetate concentration on response using an APCI probe
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3.8.6.3 ESI Probe with Formic Acid

The same procedure was carried out as in 3.8.6.1 although formic acid was used instead of
ammonium formate with the ESI probe. Formic acid was used in concentrations of 0.002

%, 0.004 %, 0.01 % and 0.05 %. Figure 3-5 shows the result.
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Figure 3-5 : Effect of formic acid concentrations on response using an ESI probe

3.8.6.4 APCI Probe with Formic Acid

The same procedure was carried out as in 3.8.6.3 using the APCI probe. The formic acid
concentrations were slightly different than before, they were 0.004 %, 0.01 %, 0.05 %, and

0.1 %. The results are shown in Figure 3-6.
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Figure 3-6 : Effect of formic acid concentration on response using an APCI probe

3.8.6.5 Conclusions

The graphs show that at the higher concentrations of both additives the response of both
analytes is either unchanged or decreased. By comparing the maximum responses
achieved with each combination of probe and additive an optimum can be found. In Table

3-4 the maximum responses are displayed.

Table 3-4 : Maximum responses (7-aminoflunitrazepam-d;) found for each combination of
additive and probe

Atmospheric Pressure
Electrospray Ionisation
Chemical Ionisation

Additive Formic Acid Ammonium Formic Acid Ammonium

(amount) (0.004 %) Acetate (0) (0) Acetate (0)

Maximum Response

45,000,000 25,000,000 4,000,000 5,000,000
(Arb. Units)

From the above table it is clear that electrospray ionisation gives a higher response than
atmospheric pressure chemical ionisation for flunitrazepam and its metabolite without any
additives present. Also when any ammonium acetate was added to the mobile phase the

response decreased with both probes. The optimum mobile phase and probe was found to
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be 60 : 40, methanol : 0.004 % formic acid in deionised water, using electrospray

ionisation.

3.9 Development of Extraction Method

To analyse flunitrazepam in blood, the analyte first needs to be extracted from the matrix
and concentrated. The method needs to be able 