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Abstract 

There is an increasing use recreational drugs in recent years. Indeed, 

this has become more common place and as such, there is a need for new 

and portable sensors in forensic field illegal drugs. The need for rapid and 

reliable detection and monitoring in forensic science has resulted in the 

development of alternative analytical approaches. Electrochemical sensors 

are strong candidates for detection sensors and currently electrochemical 

sensors have a wide range application in forensic applications. In this 

approach a modified GC electrode with nafion was prepared and 

voltammetry and electrochemiluminescence (ECL) detection were 

investigated for the detection of methamphetamine. Methamphetamine 

(MA) was detected by the modified electrode and the system showed a 

linear working range of lower concentrations of MA compared with that of 

the unmodified electrode system. The ECL intensity was found to be 

concentrations over the range of 5 x 10-8 to 2.5 x 10-4 mol/L. LoD for MA is 

1.94 x 10-10 mol/L. This approach was applied in different medium such as 

saliva and human serum to detect MA and its main metabolites. In addition, 

this approach was shown to detect two of the main metabolites of MA within 

a variety of biological matrices. Also, iridium and osmium complexes were 

used to distungish MA and its metabolites in samples. However, the 

modified electrode systems do not show ECL signal against the analytes. 
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 Introduction 

 Drug abuse 

Drugs are generally defined as chemical components that have 

pharmacological or physiological effect on the body.29 The development of 

new drugs is predominantly for the treatment of diseases. There is an 

increasing use of drugs as recreational item in recent years and the 

recreational using of drugs has become very common case. Generally illicit 

substances are classified within legal systems based upon their effects.29 

This project will focus on synthetic drugs known as amphetamine-type 

stimulants (ATS). ATSs are strong stimulant and hallucinogen and take an 

important part in forensic field. Some of well-known amphetamine-type 

stimulants are amphetamine (AMP), methamphetamine (MA), 3,4- 

methylenedioxymethamphetamine (Ecstasy and known with its chemical 

name MDMA), 3, 4-methylenedioxyamphetamine (MDA), and 3, 4-

methylenedioxyethylamphetamine (MDEA).87 

The use of recreational drugs has expanded beyond national 

boundaries. Illicit chemists are synthesizing new derivatives of drugs like 

different variations of amphetamine-type substances and cannabinoid 

derivatives. The global estimates of users of amphetamine-type drugs are 

0.3 – 1.3 % of the world population ranging 15 to 64 years old. However, 

the use of illicit drugs in England and Wales is higher than that of lots of 

European countries and is 8.8 % of the population between 16 to 59 years 

old.41 According to a 2017 report published by the European Monitoring 

Centre for Drugs and Drugs Addiction (EMCDDA), England, Scotland and 

Ireland are major stopping-off points for gangs seeking to supply the 
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European drugs market. Criminal groups have created routes for the sale 

of methamphetamines (Figure 1.1). 

 

Figure 1.1. Illustration of the number of individual new psychoactive 

substances (ATSs) reported to the World Drug Report 2020. Balloons 

symbolise the amount of ATSs in that location.92 

 

ATS are one of the most common illicit drug classes. According to the 

2020 World Drug Report by The United Nations, the ATS has an increasing 

illegal usage most commonly worldwide last years.92 Also, this report 

emphasises that methamphetamine, in the period 2014–2018, creates 71 

per cent of the total quantity of ATS seized globally, which means that the 

amount of methamphetamine produced in illegal laboratories increased by 

approximately 300 % in a narrow period. In addition, there is a significant 

degree of intraregional methamphetamine trafficking occurring in North 

America, Western and Central Europe and East and South-East Asia.30 

The European “ecstasy” market seems to be expanding and the market for 
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“ecstasy” in Europe is estimated to be worth at least 0.67 billion euros per 

annum. European “ecstasy” seizures increased from 2013 to 2015, 

reaching almost 4 tons, while recent surveys indicate an overall increase 

in the use of “ecstasy” in Europe.30 Methamphetamine has the second 

highest prevalence of drug abuse after cannabis, with estimates of 35 

million users worldwide.1 

In the UK, two main legislations have been used to control on drug abuse 

and they are the Misuse of Drugs Act (1971) and the Misuse of Drugs 

Regulations (2001).42-43 The Misuse of Drugs Regulations (2001) shows 

the conditions about how controlled substances can be used for medical 

and research applications.42 The Misuse of Drugs Act (1971) includes the 

name of substances which are potential for abuse and limitations of use of 

these substances. These substances are divided into three different drug 

classes (A, B and C). This legislation also includes controlled substances’ 

stereoisomers, esters, salts.43 Methamphetamine falls into ‘Class A’ 

controlled substances within the Misuse of Drugs Act (1971). This class 

substance has a restricted use as therapeutic drug and high potential for 

abuse. 

New types of drugs are developed by illegal labs and forensic scientists 

encounter new variation of illicit drugs and sometimes completely new 

metabolites of drugs. For the control of new type and variations of drugs, 

the legislations must be kept up to date. Also, the detection of new types 

and variations of drugs is generally hard to identify because of more 

complex structure or different metabolites of new drugs. In this purpose, 

reliable and rapid analytical techniques are required for identification and 

characterisation of new drugs.60 
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 Amphetamine-type stimulants 

Amphetamine (alpha- methylphenethylamine) is a chemical structure 

that has a phenethylamine (PEA), as a backbone, and a methyl on α 

position of the backbone (Figure 1.2). Amphetamine has two enantiomers 

(racemic mixture 1:1) (L-amphetamine and D-amphetamine). They are 

known as levoamphetamine and dextroamphetamine and generally are in 

the form of solid salts. 

 

Figure 1.2. The backbone of phenethylamine (PEA) and all active 

positions on it 

 

Most known amphetamine type substances fall into stimulants, 

empathogens and hallucinogens. Some of them are central nerves 

stimulants and are used for treatment of some illnesses like obesity and 

hyperactivity at therapeutic doses and they may be used as a drug at higher 

doses than therapeutic doses, as well as doping agents in sports. Some 

the popular analogous of illicit amphetamines-like drugs are 3,4 

methylenedioxymethamphetamine, its known name is “ecstasy”, 

methylenedioxyamphetamine, methamphetamine (ice), 

methylenedioxyethyle-amphetamine (MDEA). The molecular structures of 

these common ATS are shown in Figure 1.3. 
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Figure 1.3. Molecular structures of amphetamine, methamphetamine, 

3,4-methylenedioxy-amphetmaine (MDA), 

methylenedioxyethyleamphetamine (MDEA) and 3,4-methylenedioxy-

methamphetamine (MDMA). 

 

Dextroamphetamine is 'right-handed' enantiomer of the amphetamine 

molecule. Dextroamphetamine is a potent central nervous system (CNS) 

stimulant and amphetamine enantiomer that is prescribed for the treatment 

of attention deficit hyperactivity disorder (ADHD) and narcolepsy.80 It is also 

used as an athletic performance and cognitive enhancer, and recreationally 

as an aphrodisiac and euphoriant.46 

Levoamphetamine, also known as levamfetamine (INN), (R)-

amphetamine, (−)-amphetamine, and L-amphetamine, is a central nervous 

system (CNS) stimulant known to increase wakefulness and concentration 
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in association with decreased appetite and fatigue. Pharmaceuticals that 

contain levoamphetamine are currently indicated and prescribed for the 

treatment of attention deficit hyperactivity disorder (ADHD), obesity, and 

narcolepsy. 

ATS are psychostimulants and generally have different effects on central 

nervous system (CNS) depending on the enantiomeric form of the 

substance.74 They can lead to increased synaptic levels of 

neurotransmitters in the brain such as dopamine and serotonin.12 When 

ATS are taken, dopamine levels in the brain rise quickly and this increase 

causes of a feeling of `euphoria`. This feeling is the main reason for 

recreational abuse of ATS. ATS also show some side-effects such as high 

blood pressure, heart rate and temperature. Therefore, long-term abuse of 

ATS can cause cardiovascular problems.12 

Determination of amphetamines is important within medicine fields due 

to the toxicological and addictive effects of amphetamines. In this respect, 

there are lots of methods used effectively in these fields. Chromatographic 

techniques utilized include gas chromatography- mass spectrometry (GC-

MS), high-performance liquid chromatography with mass spectrometry or 

tandem MS (HPLC-MS or HPLC-MS/MS, respectively), high-performance 

thin-layer chromatography (HPTLC) and capillary electrophoresis (CE). 

Immunoassays are used very effectively to determinate the presence of 

amphetamines in urine, blood, and alternative matrix like hair, sweat and 

saliva in therapeutic and illicit drugs.35 To illustrate, sport anti-doping 

analysis are famous ones in forensic science. 
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 Methamphetamine  

Methamphetamine is a potent central nervous system stimulant and is 

mainly used for recreational drug. There are two enantiomers of 

methamphetamine, and they are levo-methamphetamine and dextro-

methamphetamine. In pure amine forms, these enantiomers are equal in 

the mix and show racemic property. Dextro-methamphetamine is a much 

stronger central nervous system than levo-methamphetamine.21 Dextro-

methamphetamine is generally in the form of a hydrochloride salt and this 

salt is called as ‘ice’ and ‘crystal math’. The crystal math allows users to 

inhale the vapour of methamphetamine. This ability of hydrochloric form of 

methamphetamine enables higher and faster recreational effect.21  

Methamphetamine has the ability of substitute for monoamines at 

membrane-bound transporters due to its structural similarity. This 

substitutional impact effects the mechanism of the re-distribution of 

monoamines and leads to release of dopamine and serotonin in the 

synapses.21 The users rapidly have euphoria as desired by abusers of the 

drug.82 

The chemical and pharmacological characteristics of methamphetamine 

have led to become the second most popular illicit drug worldwide.56 Due 

to its worldwide use, there is a requirement for efficient analytical 

techniques that enable the direct detection of methamphetamine within 

complex sample matrices to enable high-throughput screening. 

The primary metabolites of MA are amphetamine (AMP) and p-

hydroxymethamphetamine. They are formed by N-dealkylation and 

aromatic hydroxylation, respectively (Figure 1.4). 
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Figure 1.4. Metabolism of methamphetamine 

 

 Introduction to Electrochemistry 

The majority of electrochemical detection in forensic electrochemistry is 

grouped in two different methods. Potentiometric methods and 

potentiostatic methods involving the use of a potentiostat and measuring a 

change in voltage by oxidation or reduction reactions in a electrolytic cell.47 

An electrochemical cell consists of a standard 3 electrode set-up including 

a working electrode, a counter electrode and a reference electrode (Figure 

1.5). 
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Figure 1.5. Typical electrochemical cell, WE, working electrode; CE, 

counter electrode; and RE, reference electrode. 

The working electrode measures oxidation and reduction reactions 

occurring at the electrode surface. The counter electrode is used to allow 

current to flow by providing electrons for reaction of oppositely charged 

species. A reference electrode provides a well-defined redox couple with a 

fixed potential. Occurring potential of oxidation and reduction at working 

electrode is compared to the potential at the reference electrode.47 

 Cyclic voltammetry 

Cyclic voltammetry (CV) is a very popular technique because cyclic 

voltammograms show certain well-defined characteristics for an 

electrochemical reaction typical of the redox reductions occurring and CV 

enables multiple detections in one measurement (qualitative), and 

estimation of their concentration in solution (quantitative). CV also involves 

monitoring the current response of a small stationary electrode in an 

unstirred solution which is excited by a triangular potential wave form 

(Figure 1.6). 
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Figure 1.6. Cyclic voltammetric excitation signal used to obtain 

voltammogram. 

The intensity of a redox peak will be dependent upon concentration and 

so can be used to determine the concentration of an electrochemical active 

substance.68 In CV, a fixed potential range is employed, and the voltage is 

scanned from a lower limit to an upper limit and the current (I) is recorded 

as a function of the potential (E). Then, the scan is reversed, and the 

voltage is swept from the upper limit to the lower limit. As the potential is 

swept back and forth, current flows through the electrode that either 

oxidizes/reduces the analyte and the current between the working 

electrode and the counter electrode is measured and plotted against the 

potential. A peak in the I vs. E output denotes a flow of electrons between 

the analyte and the electrode associated with a change in the oxidation 

state of the electroactive analyte. A cyclic voltammogram is produced upon 

plotting both the anodic and cathodic scans on the graph as shown in 

Figure 1.7 and 1.8.68 
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Figure 1.7. Background corrected cyclic voltammogram showing 

theoretical response for an electrochemically reversible couple that is 

confined on the electrode surface.68 
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Figure 1.8.  A typical voltammogram of current versus voltage, Vlower is 

the lower limit of voltage and Vupper is the upper limit if voltage 

 

When a potential is applied to a surface modified electrode the current 

rises from essentially zero to a peak value and then back to zero. For an 

ideal system no peak to peak separation is expected. Under the conditions 

of finite diffusion in which the redox composition of the layer is in 

thermodynamic equilibrium with the electrode potential, (i.e. the Nernst 

condition), it will be observed for all electrochemical reversible reactions at 

sufficiently slow scan rates such that all electroactive centres undergo 

redox transformations on the time-scale considered. 

The model for ideal reversible voltammetric behaviour under such 

conditions has the following features; 

                                 
RT

AFn
i p

4

22 
=       (1.1) 

                                       apcp EE ,, =     (1.2) 



14 
 

                               mV
n

FWHM
6.90

=     (1.3) 

                                             
1

,

,
=

ap

cp

i

i

    (1.4) 

Where FWHM is the full width at half maximum, n is the number of 

electrons passed, F is Faraday constant, Γ the total electroactive coverage, 

A is the electrode area, ν is the scan rate, R the gas constant and T is 

temperature. These are shown in Figure 1.9. 

 

 

 

 Figure 1.9. Cyclic voltammogram of a chemically modified electrode 

with a monolayer of an electrochemically reversible mediator. 
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Under these conditions of exhaustive oxidation/reduction of the 

modifying layer the Faradaic charge, Q, under the current potential curve 

gives the quantity Γ (mol cm-2) according to the expression; 

                                       
nFA

Q
=     (1.5) 

For a polymer or thicker film under these conditions of finite diffusion, a 

plot of scan rate versus peak current will be linear. At higher scan rates 

which provide time only for partial electrolysis of the total number of redox 

sites during each linear scan, a transition to semi-infinite diffusion control 

occurs and a ν1/2 dependence on peak current is observed. Under these 

semi-infinite conditions the following behaviour is observed; 

mV
n

E p

57
=      (1.6) 

In most films, electrochemical charge transport is thought to occur by 

electron self-exchange reactions between neighbouring oxidised and 

reduced sites. This electron hopping process is mathematically 

representable by diffusion laws in which the charge transport diffusion 

coefficient, Dct, is introduced as a measure of its rate. 

The efficiency and performance of the overall CV procedure is largely 

based upon the selection of the working electrode, pH and the solvent. The 

type of working electrode used is based upon the redox behaviour of the 

analyte and the potential range required.83 

A limitation in the use of CV is that the voltammograms obtained can be 

difficult to interpret. Furthermore, the identification of anodic and cathodic 

peaks can be difficult at low analyte concentrations.83 
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  Electrochemiluminescence 

Electrogenerated chemiluminescence (ECL) is the production of light 

from electrochemically produced species form via a high-energy electron 

transfer reaction.31 ECL emission occurs in the visible part of spectrum as 

a consequence of fast and highly exo-energetic electron transfer reactions 

between a strong electron donor and electron acceptor which in turn results 

in the generation of excited states.89 

ECL is a form of luminescence. However, luminescence in CL is initiated 

by the addition of one necessary reagent to the other. Luminescence in 

ECL is initiated and controlled by altering an electrode potential (Figure 

1.10). 

 

Figure 1.10. ECL process. Adapted from Miao (2008).57 

 

ECL has a number of important advantages over more conventional 

chemiluminescence (CL) techniques.  Firstly, no external light source is 

required and therefore instrumentation is simple, background light intensity 
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is minimal and scattered light and interferences from emission by impurities 

is minimised. Secondly, certain reactants can be regenerated at the 

electrode, allowing them to undergo ECL reactions more than once thus 

greatly improving the sensitivity of the technique. This allows the detection 

of analytes at very low concentrations (picomolar). 57 

One of the major advantages of ECL is the greater control over both the 

position and time of ECL reactions.  ECL emission occurs only in the 

immediate vicinity of the electrode, which is beneficial for selectivity, multi-

analyte detection using multiple electrodes, and sensitivity.  Control over 

the timings of the reaction improves reproducibility.57 

These advantages have resulted in the application of ECL across many 

diverse research fields, including food and water testing, clinical 

diagnostics and bio-warfare agent detection. 69, 79 

 Ion annihilation ECL 

Ion annihilation ECL involves the generation of the oxidized and reduced 

forms of a radical ion through the application of a potential.  They can be 

formed sequentially at the same electrode using potential sweep/step 

methods.  Initially, the electrode potential is stepped to produce a radical 

anion, which remains in the diffusion layer surrounding the electrode.  The 

potential is then altered so as to produce the radical cation, which diffuses 

away from the electrode.  At this secondary potential, the radical anion is 

oxidized and thus its concentration at the electrode diminishes.  This results 

in back diffusion of the radical anion in the bulk to the electrode, causing 

the interaction and reaction with the electrogenerated radical cation 

(equations 1.7 to 1.12).57 
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𝐴 → 𝐴.+ +  𝑒−                                                                         (1.7) 

𝐴 →  𝐴.− − 𝑒−                                                               (1.8) 

𝐴.+ +  𝐴.− → 1𝐴∗                                                          (1.9) 

𝐴.+ +  𝐴.− →   𝐴 + 3𝐴∗                                             (1.10) 

2 3𝐴∗ →   𝐴 + 1𝐴∗                                                      (1.11) 

𝐴∗ → 𝐴 + ℎ𝜈                                                                         (1.12) 

The major advantage of the annihilation pathway is that only the ECL 

species, solvent and electrolyte are required to generate light and the 

system is therefore simple and cost-effective. 

However, this system has some limitations, namely, for emissions in the 

visible region (~400-700 nm) and therefore, for annihilation ECL to occur, 

the potential window of the system must be large enough to allow the 

generation of stable radical anions and cations.57 Additionally, quenching 

of excited states by dissolved O2 can significantly affect the annihilation 

ECL response and this must be removed from the system prior to 

analysis.91 

 Co-reactant ECL 

Co-reaction ECL involves the addition of a reagent, often referred to as 

the co-reactant, to the system. A potential is applied at an electrode 

causing the oxidation or reduction of both the luminophore and the co-

reactant to form radicals. The electrogenerated co-reactant species then 

immediately decomposes to form a powerful reducing or oxidizing 
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intermediate.57 This is because electrochemical oxidation involves the loss 

of an electron and as such an electron ‘hole’ exists in the highest occupied 

molecular orbital (HOMO) of the oxidized species, creating a strong 

oxidising agent.  Likewise, the addition of an electron into the lowest 

unoccupied molecular orbital (LUMO) of the reduced species increases the 

reducing power of that species.  These strongly reducing or oxidizing 

intermediates can then react with the oxidized or reduced luminophore to 

produce an excited state. After the light emission has occurred, the 

luminophore can be regenerated, however, the co-reactant is consumed 

during the electrochemical reactions (equations 1.13 to 1.17). 

            𝑇𝑃𝐴 →  𝑇𝑃𝐴∗ + 𝑒−       (1.13) 

𝑇𝑃𝐴∗+ →  𝑇𝑃𝐴∗ + 𝐻+       (1.14) 

𝑅𝑢(𝑏𝑝𝑦)3
   2+ − 𝑒− →  𝑅𝑢(𝑏𝑝𝑦)3

   3+    (1.15) 

𝑅𝑢(𝑏𝑝𝑦)3
   3+ + 𝑇𝑃𝐴∗ → ∗ 𝑅𝑢(𝑏𝑝𝑦)3

   2+ + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠   (1.16) 

∗ 𝑅𝑢(𝑏𝑝𝑦)3
   2+ →  𝑅𝑢(𝑏𝑝𝑦)3

   2+ + ℎʋ    (1.17) 

 

[Ru(bpy)3]2+/tripropylamine (TPA) system, the most common ECL 

system, is currently the basis for the commercial ECL immunoassays and 

DNA analyses.  The ECL intensity of the Ru(bpy)3
2+/TPA system strongly 

depends on the solution pH. A large number of ECL applications in 

biological systems appear in literature, owing to its feature that the 

maximum value of the ECL intensity occurs at around pH 7.5, which is 

exceptionally suitable for applications in biological systems.28 To be a good 

ECL co-reactant, a number of criteria need to be met, which include 
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solubility, stability, electrochemical properties, kinetics, quenching effect, 

ECL background, etc. The most important factor is the electrochemical 

properties of the co-reactant. The co-reactant should be easily oxidized or 

reduced with the luminophore species at or near the electrode and undergo 

a rapid chemical reaction to form an intermediate that has sufficient 

reducing or oxidizing energy to react with the oxidized or reduced 

luminophore to form the excited state.57 

 Detection and Quantitation Limits (LoD and LoQ) 

The quality of an analytical method is depended on purpose, sensitivity, 

analyte stability, simplicity of the analysis, time and cost-effective structure. 

The quality of analytical data is a key factor in the success of an analytical 

method development. In this context, validation procedures are vital in 

development of analytical method and detection of drugs and 

pharmaceuticals. Validation process are indispensable for reliable 

monitoring of integrity, strength, quality and potency of the products. Limit 

of detection (LoD) and limit of quantification (LoQ) are two important 

performance characteristics in method validation. LoD and LoQ 

parameters are related but have distinct definitions and should not be 

confused. 

There are some terms that are used to define LoD and LoQ but simply 

the LoD is known as the lowest concentration of an analyte that can be 

detected in a sample but there is no necessity for quantification of the 

analyte under the test conditions. The LoQ is the lowest concentration of 

an analyte in a sample that can be detected with acceptable precision and 

accuracy under the test condutions.71 
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Also, an assay or an analytical method has a dynamic range that 

extends from some lower limit to some upper limit. Typically, an assay not 

capable of accurately measuring analyte concentrations down to zero. That 

is due to the fact that sufficient analyte concentration must show an 

analytical signal that can be distinguished from analytical noise which is the 

signal observed in the absence of the analyte.78 

However, there are some common estimation methods for LoD and LoQ 

and they are; 

• Visual definition 

• Calculation from the signal to nose ratio 

• Calculation from the standard deviation of the blank 

• Calculation from the calibration line at low concentrations 

𝐷𝐿

𝑄𝐿
=

𝐹×𝑆𝐷

𝑏
                                                   (1.18) 

 

Where 

DL: Detection limit 

QL: quantification limit 

F: Factor of 3.3 and 10 for DL and QL, respectively 

SD: Standard deviation  

b: slope of the regression line 
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The estimated limits should be verified by analysing a suitable number 

of samples which contain the corresponding concentrations of the analyte. 

Also, relevant chromatograms should be reported. In this study, Visual 

definition method was used to estimate LoDs of the present study. 

 Traditional Detection Methods 

There is a wide range of applications within the scope of forensic 

science. By using comprehensive chemical and analytical techniques in 

forensic labs forensic science specialists assess the evidence. In this 

context, scientists need up-to-date and reliable analytical techniques to 

identify and detect the samples swiftly and with great accuracy.75 The need 

for new and more effective systems in forensic field becomes more of an 

issue because unknown derivatives of illegal drugs, which have more 

complex structure and are more hazardous for human health, have come 

to exist over time. Scientists are looking for advanced approaches to solve 

the current problems.75 

In the phase of choosing an appropriate method and technique, there 

are lots of factors which are key to assess which analytical method or 

technique is more suitable. Sensitivity, selectivity, repeatability and cost are 

some of the important factors to determine performance of an analytical 

technique.13 

One of the most common problems in clinical and forensic analysis is 

interferences in complex sample matrix like whole blood and urine. These 

interferences make the analyte harder to analyse due to the fact that the 

interferences in the matrix interact with the system and give false-positive 

response. Generally, urine samples are preferred for analytical practices 
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because urine samples have relatively less interferences in the matrix. 

However, there is another problem in urine samples, and it is because 

target analytes in urine sample are in metabolised form.55 

Seized ‘street’ samples generally contain different type of ATS and some 

agents that have interference effect in analyses. The characterisation of 

potential interferences is very important for reliable response from the 

analytical method.55 Furthermore, it may be a requirement to identify the 

stereoisomeric composition of the ATS. 

 Screening methods  

Detection of illicit drugs are generally costly and there is a tendency to 

use cost effective analysis for detection of drugs. ‘Street’ samples are 

analysed in forensic laboratories by screening methods to determine the 

presence of a drug class and decide a suitable analytical method for further 

analysis.60 

Presumptive drug tests can sometimes be used for ATS because they 

are fast and cost-effective techniques. Presumptive tests are generally 

portative, and they can be used easily in crime scene. In these tests, the 

presence of the ATS can be determined by using a colour change in the 

present of specific reagents.60 Due to non-specific nature of these tests, 

positive and negative controls must be included to ensure the system is 

working correctly. Despite presumptive tests are used in crime scene due 

to portability of them, there are limitations for use of presumptive tests to 

recognize drugs. To illustrate, in the presence of drugs in a sample, a 

colour change is observed. However, presumptive tests cannot distinguish 

between MDA and MDMA. Furthermore, presumptive tests suffer from 
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poor sensitivity and can show a colour change in the presence of 

adulterants, cutting agents and additional drug molecules.19 In the present 

study, it is seen that ECL suffer from relatively low selectivity and the 

present system can not distinguish MA and its main metabolites in aquatic 

medium. Therefore, ECL methods which suffer from selectivity may fall into 

screening methods. When ECL method is very selective and sensitive, then 

that ECL method can be under confirmatory methods. The key factor to 

categorise any ECL system is selectivity. 

 Confirmatory methods 

As it was mentioned previous section, the screening methods cannot 

identify qualitative and quantitative properties of a drug. Also, the samples 

in forensic labs generally have complex matrix. There is a need to 

confirmatory analysis for detection of the analyte selectively and 

characterisation of all components.48 For the identification of an unknown 

sample, it is a UK legislative requirement that identification must be 

achieved by two physio-chemically different analytical.9  

Gas chromatography, high-performance liquid chromatography and 

mass spectrometry (MS) are commonly used for forensic cases. These 

techniques are generally combined with another technique (one 

chromatographic and one spectroscopic) such as gas chromatography and 

mass spectrometry (GC-MS) or high-performance liquid chromatography 

and mass spectrometry (HPLC-MS).33 In addition, their ability to analyse 

multiple analytes in a single analytical run enables higher sample 

throughput and more efficient use of laboratory instrumentation.55 
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1.5.2.1.  Gas Chromatography 

Gas Chromatography is a common type of chromatography used in 

analytical chemistry for separating and analysing compounds that can be 

vaporized without decomposition.  

An optimised method was validated for some ATS, with satisfactory 

linearity and selectivity ranging between 50 and 2000 ng mL -1, and limits 

of detection (LOD) and low limits of quantification (LOQ) ranging between 

(5–25) and (25–100) ng mL-1, respectively.2 In another study, small volume 

liquid extracts of some ATS were prepared from saliva. LODs were less 

than 5 ng/mL in saliva using GC/MS and LOQs were 10 ng/mL.14 The 

analysis of real blood and urine samples examined in 22 forensic 

toxicological cases showed a range of LOD (between 0.09 and 0.81 ng/mL) 

and LOQ (between 0.26 and 2.4 ng/mL) and high selectivity for ATS.94 

Although GC has a wide usage in forensic field, there is a disadvantage 

of GC in the analysis of ATS. There is the requirement of derivatisation 

because ATS show poor resolution and peak tailing.48 

ATS with low thermal stabilities can lead to degradation products which 

may cause interference or the detection of an analyte concentration that is 

lower than present.44 The thermal stability and chromatographic behaviour 

of the ATS can be improved by the addition of a derivatisation step leading 

to a molecular weight increase and derivatisation of the polar hydroxide 

and amino functional groups respectively. The most commonly utilised 

derivatisation reagent in the analysis of the ATS is heptafluorobutyric 

anhydride (HFBA).44 
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1.5.2.2.  Mass Spectrometry  

Mass spectrometry (MS) is an analytical technique that ionizes 

chemicals and sorts their ion forms based on their mass to charge rate 

(m/z) which can result in high sensitivity selectivity in the detection of 

unknows samples. The most commonly utilised detector in confirmatory 

analysis has been mass spectrometry (MS) as a result of its wide dynamic 

range, increased sensitivity and high degree of selectivity in multiple 

analyte analysis. Mass spectrometry generally is combined with gas 

chromatography (GC) or high-performance liquid chromatography (HPLC). 

Gas chromatography - mass spectroscopy (GC-MS) is the most 

frequently used analytical technique for identification of qualitative and 

quantitative properties of organic substances in complex matrices. GC-MS 

is essential in the field of forensics, environmental science and medical 

research.73 

GC-MS is one of the most analytical powerful confirmatory technique in 

forensic science and is called as ‘gold standard’.65 GC-MS is capable of 

multiple degrees of separation and high selectivity and can identify 

analytes in a complex matrix.17 

Despite GC-MS has advantages for forensic science, there are some 

drawbacks such as the requirement of derivatisation of ATS and difficult of 

movement of the ATS analyte ions out of a region of low m/z values.24 

1.5.2.3.  High performance liquid chromatography 

High performance liquid chromatography (HPLC) is very applicable 

alternative tool to GC-MS because HPLC can detect qualification of polar, 

non-volatile and high molecular mass compounds. Also, this technique 
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does not need derivatisation process.59 HPLC allows the direct analysis of 

aqueous samples. Thus, HPLC becomes a cost-effective technique. HPLC 

uses similar principle to that of GC but in HPLC the sample move through 

the column by using a solvent known as the mobile phase.19 

In the literature, there are lots of studies about ATS. To illustrate, in a 

study for development and validation of two LC-MS/MS methods for the 

detection and quantification of amphetamines, the limits of detection and 

quantification for all drugs were less than10ng/mL and less than 25 ng/mL. 

Calibration curves ranged from 25 to 200 ng/mL for amphetamines, 

designer amphetamines, and benzoylecgonine, from 25 to 250 ng/mL for 

benzodiazepines, from 12.5 to 100 ng/mL for morphine, codeine, and 

dihydrocodeine, and from 5 to 50 ng/mL for buprenorphine and 

norbuprenorphine.66 In another study, a liquid chromatography–tandem 

mass spectrometry method has been developed and validated for 

confirmation and quantification of three amphetamine-type stimulants 

(ATS) in oral fluid (OF), namely fenproporex (FEN), diethylpropione (DIE) 

and methylphenidate (MPH). Calibration curves were linear throughout 

the concentration range from 2.5 to 90 ng mL−1. the limits of detection 

were 2.5 and 0.5 ng mL−1, respectively, for all ATS.22 

The major limitation associated with the co-elution of the ATS using 

HPLC-MS is that extensive method development of the chromatographic 

parameters is required to achieve resolution of neighbouring ATS peaks. 

Furthermore, these methods can require long analytical run times in the 

region of ~20 minutes which can have a detrimental effect on sample 

throughput.59 
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It is obvious that the screening methods and the confirmatory methods 

for the analysis of the ATS have some limitations. The screening methods 

have problems about selectivity and sensitivity. On the other hand, the 

confirmatory methods have drawbacks of cost and time. Electrochemical 

methods may be an alternative screening approach to identify qualitative 

and provide semi-quantitative analysis of the ATS within complex matrices 

at the crime scene and without the need to complex sample preparation.  
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 Alternative Detection Methods 

The chemical sensors are basically analysers that give an analytical 

response (electrical signal) to a particular analyte selectively. 

Concentration of a specific chemical in a medium can be detected by a 

biomaterial or a chemical component. Sometimes a combination of them 

are used in a sensor system.95 The international Union of Pure and Applied 

Chemistry (IUPAC) Commission reported that biosensor is a subgroup of 

chemical sensors.39 Biosensors are systems with a bioactive part and have 

ability to convert the interaction between the bioactive component and 

analyte to a meaningful signal. Biosensors arouses attention due to their 

simple and cost-effective characteristic. Biosensor applications are a wide 

range of analyte scale from DNA, protein to ions, drugs, and toxins.51 

 

 

Figure 1.11. Different types of transducers for biosensors 
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Essential biosensor components are a biological recognition element, a 

transducer, an electrical amplifier, and data handling system. Biological 

material in a biosensor may have interest in a group analyte or a specific 

affinity for an analyte. Biosensors are generally classified by their type of 

transducers including electrochemical, optical, thermal, mass-sensitive 

types and in theory a proper biological component is used as an interface 

compound to transducer in order to measure the analyte.70 Despite there 

are lots of sub-class biosensor, main types of biosensors are 

electrochemical, amperometric, potentiometric, conductometric, 

thermometric and optical biosensors, etc. (Figure 1.11). 

 Immunoassays / Aptamers 

Aptamers are in the form of DNA, RNA, proteins or peptides which have 

high affinity for a target analyte in a matrix. Aptamers can be programmed 

for viruses, whole-cell target or drugs.37,96 As a simple explanation of 

aptasensor, an aptamer is immobilized on the surface of an electrode as 

an active sensing element. As a result of the interaction between aptamer 

and analyte, changes in signal are measured, and target analyte is 

determined similar to other biosensors.  

In a lot of ways, aptamers imitate antibodies. Due to their high binding 

affinity for target molecules and specificity, aptamers function in the same 

way as antibodies for sensor.96 Aptamers are chemicals, and this property 

makes them more advantageous than antibodies. Firstly, aptamers are 

chemically synthesized. Synthesis of aptamers is economical and highly 

reproducible, compared to the production of antibodies in animals and 

cultured cells.96 Second, specific modifications in antibodies are difficult. 

Whereas, aptamers are easily modifiable at different function groups. 
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Third, antibodies must be carefully used in biosensor applications to avoid 

irreversible denaturation or loss of activity because antibodies are not 

generally endurable to hash conditions like the presence of acid or base, 

organic solvent (alcohol, chloroform etc.). In addition, the conformational 

flexibility of aptamers makes them reusable, and they can be restored to 

the original structures and after denaturation.96 

Peptide aptamers are artificial proteins that can bind specific target 

molecules. These are isolated by using combinational libraries and 

generally improved by directed mutation or selection. In vivo, peptide 

aptamers bind targets and show biological activity towards the desired 

target.  

A combinational library is used to identify biologically active peptides 

successfully. This combinatorial approach contains three methods, and 

these methods are briefly that; peptide libraries are synthesized and 

cleaved from the solid support to be screened as free compounds. 

Synthetic combinatorial libraries of peptides are assayed on their solid 

support. A phage display, which enables the selection of clones of interest 

rather than screening, is used to make the standard protocol easier.96 

Peptide aptamers show high specificity and low risks of systematic 

toxicity. The advantages of peptomers are high affinity, specificity, 

minimized drug-drug interaction, relatively low cost, easy synthesis and 

suitability for long storage times.8 To illustrate, a label-free peptide 

aptamer-based biosensor for TNT was reported and the peptomer was 

immobilized on a gold electrode by using Au-S interaction. On incubation 

with different concentration of TNT, the peptomer on the electrode bound 
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to TNT and folded, which hindered the electron transfer of the redox 

probe, Fe (CN)6 3-/4-, leading to an increase in the electron transfer 

resistance. the change in electron transfer resistance and the logarithm 

of the TNT concentration from 0.44 to 18.92 pM, with a detection limit of 

0.15 pM, was obtained.96 

Nucleic acid aptamers are a unique class of oligonucleotides because 

they are different from other oligonucleotides and these structures have 

high affinity for specific targets. They are synthetic RNA or DNA which have 

well-defined nanostructures. Unlike antibodies, nucleic acid aptamers are 

more durable against harsh conditions. This characteristic makes nucleic 

acid aptamers very useful biomaterials for unique goals in biosensor 

applications.35 To identify nucleic acid aptamers, SELEX protocol is used. 

Nucleic acid aptamers have some advantages and are synthesized within 

hours with highly purity and display great thermal stability affording long 

self-lives without loss of activity, easy transport and storage and ability to 

return to a native conformation.35 In many types of biosensing platforms, 

nucleic acid aptamers have been employed as affinity receptors in 

combination with various signal transduction strategies including 

colorimetry, chemiluminometry, electrochemistry, fluorometry, and 

fluorescence anisotropy.35 To illustrate, An ECL-AB biosensor for ATP 

detection with high sensitivity and specificity was developed. The ds-DNA 

was labelled with a ruthenium complex at the 3 terminus of cDNA, followed 

by the immobilization of this ds-DNA onto Au electrode surface through the 

5 -HS on the cDNA. In the presence of ATP, due to the ATP binding to the 

aptamer, the aptamer molecules dissociated from the ds-DNA complex, 

which resulted in the formation of stem-loop structure of the single-stranded 
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cDNA and led to the increase of the ECL signal. Also, the ECL-AB 

biosensor was regenerated by immersing the Au electrode into a different 

solution for 60 min. the regenerated electrode became available for another 

assay.88 

 

Figure 1.12. Diagrammatic demonstration of (A) sandwich type 

aptasensor (aptamer 1 is capture probe, aptamer 2 is reporter probe 

modified with ECL label), (B) structure-switching of ECL-labelled aptamer, 

(C) displacement of complementary aptamer 

 

ECL aptamer -based sensors (ECL-AB biosensors) are generally 

categorised by binding sites that have affinity for target molecule. For the 

detection of target molecules which have more than a binding site, 

sandwich-type approach is usually used.35 Single-site assays can also be 

used for detection of a target molecule with a single binding site. This group 

involves two subgroups (labelled and label-free approaches). A label is 

defined as any foreign molecule that is chemically or temporarily attached 
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to the molecule of interest to detect molecular presence or activity. 

Fluorescent, chemiluminescent, and nanoparticle labelling usually involves 

covalent bonding through coupling chemistries, while some of 

electrochemically active probe labelling requires only temporary 

attachment of intermolecular bonding.35 Label-free detection methods 

utilize molecular biophysical properties such as molecular weight and 

molecular charge to monitor molecular presence or activity. Label-free 

approach is practicable for target molecules with low affinity and more 

direct information can be acquired, as the methods use only native 

structures and ligands.35,75,88 Despite the fact that CL aptasensors have a 

respectable success in clinical diagnostics, this approach has not been 

exploited in forensic research. This is due to the limited number of aptamer 

sequences, the need for high investment and limited studies for the usage 

of aptasensors in complex matrix. New developments in aptamer selection 

and sequencing have encouraged scientists to design aptaseonsors for 

forensic applications.75 

 Electrochemical approaches 

 The need for rapid detection and monitoring in clinical, environmental 

and biodefense causes the new ways for development of alternative 

analytical devices based on the molecular recognition properties of 

macromolecular biomolecules and their electrochemical transduction.  This 

type of electrochemical devices includes biosensors based on DNA, 

aptamer and protein. Electrochemical biosensors have a wide range 

application in food, pathogens, forensic applications, drug response 

measurement, cancer diagnosis and environmental issues.50 
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The main idea of electrochemical biosensors is determination of 

electrical properties for information from biological systems and 

electrochemical applications use predominantly enzymes, antibodies, 

nucleic acids, cells and micro-organisms as a biological part.26 An 

electrochemical biosensor can be obtained when the immunorecognition 

element (antibody, antigen, DNA or RNA) is immobilized on the surface of 

the transducer.67 

Typically, in bio-electrochemistry, a reaction will give a measurable 

current (amperometric), a measurable potential or charge accumulation 

(potentiometric) or a measurable alteration in the conductive properties 

(conductometric).16 Also, there are the other type of electrochemical 

detection techniques such as impedimetric in which impedance is 

measured, piezoelectric, and optic.58 This section is for brief information 

about some types of biosensors and their working mechanism. 

1.6.2.1. Amperometric biosensors 

 Amperometric type are a sub-class of electrochemical biosensors, and 

they are the most commonly reported class of biosensor.26 They 

continuously measure current from the oxidation or reduction of 

electroactive components in a medium. The peak of the current measured 

over a linear potential range is proportional to the concentration of the 

analyte. 26 Bioactive materials that have been used in amperimetric 

biosensors are the oxidoreductases, also known as redox enzymes. 

Amperometric biosensors generally have the reactions; 

Substrate + O2 → Product + H2O 

Substrate + O2 → Product + H2O2 
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According to the reactions above, consumption of oxygen can be 

measured by using Ag/AgCl reference electrode and Platine contrary 

electrode. 

O2 + 2H2O +4e- → 4OH- 

H2O2 → O2 + 2H+ + 2e- 

 Amperometric electrodes are generally divided into three types; 

First type of amperometric electrodes, are based on direct measurement 

of product from the reaction. Oxidant agents are not used in this type 

electrodes and electroactive product is measured directly. Second type of 

amperometric electrodes, oxidizing agents are used and allow for lower 

potential and less interference effect. Third type of amperometric 

electrodes, electron transfer is occurred and the main reaction between 

analyte and substrate can be measured directly. This kind of electrodes are 

developed by using conducting salts (see Figure 1.13).16 
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Figure 1.13. Types of amperometric electrodes (MRed and MOxi are 

reduction and oxidation of agent, EOxi and ERed are oxidation and reduction 

form of bioactive material, S and P are substrate and product)  

 

An example of an amperometric device is for the electrochemical 

detection of cocaine using screen-printed cytochrome P450 2B4 based 

biosensors.5 Amperometric measurements were carried out for the 

characterization of the biosensors and limit of detection (LoD) value for the 

study was 0.12 ± 0.01 mM. The linear working range of the system is 

between 0.2 and 1.2 mM. In another study, butyrylcholineesterase was 

immobilized on Prusain Blue and LoD was found as 12 ng/mL(sarin) by 

using amperometric measurements.4 For detection of Amphetamine, 

metamphetamine, 3,4-methylenemetamphetamine, and 3,4-

methylenedioxyamphetamine, urine samples were studied by using 

amperometry and linear working range was between 10-8 and 10-5 M. LoD 

was found as 3.3 × 10-9 M.72 
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1.6.2.2. Potentiometric biosensors 

Potentiometric measurement in this type of biosensors is the potential 

difference between an indicator electrode and a reference electrode. 

Potentiometric type sensors are used by using ion-selective electrodes to 

measure and determine the concentration of an analyte in gas or solution. 

The most common potentiometric devices are pH electrodes and ion-

selective electrodes (F−, I−, CN−, Na+, K+, Ca2
+, NH4

+) (see Figure 1.14). 

According to Nerst-Donnan equation, the potential difference between the 

electrodes is proportional to the logarithm of the ion concentration.76 

 

Figure 1.14. An example of potentiometric type chemical sensor. 

(Adapted from chem.libretexts.org.) 

 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙
0 −

𝑅𝑇

𝑛𝐹
𝑙𝑛𝑄    (1.19) 

According to Nerst-Donnan eqution, Ecell represents the observed cell 

potential at zero current. E0
cell is a constant potential contribution to the cell, 

R is the universal gas constant and T is the absolute temperature in degree 
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Kelvin. n is the charge number of the electrode reaction, F is the Faraday 

constant and Q is the ratio of ion concentrations from anode and cathode.15 

Low detection limits can be obtained with ion selective electrodes (ISE) 

and these limits are generally between 10-8 and 10-11 M. Potentiometric 

sensors are suitable for low concentration of the analyte in a sample.7 In a 

study, Dextromethorphan which is a drug of the morphinan class was 

detected by using potentiometric biosensor. The biosensor was fabricated 

by carbon paste electrode, PVC membrane electrode/ionic liquids. The 

linear working range was found as 10-5 to 10-2 M.72 Also, a biosensor was 

developed for chlorpromazine, which is classified as a low-potency typical 

antipsychotic. The electrode was fabricated with PVC membrane 

electrode/tetrabutylammonium tetraphenylborate, 2-nitrophenyl octyl 

ether. The potentiometric electrode showed the linear working range of 10-

5 to 10-2 M.72 
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 Project Aims 

Statistics have shown that the use of the ATS, particularly 

methamphetamine, have increased in recent years.21 Methamphetamine is 

the second most widely abused drug worldwide and therefore poses not 

only a major health risk to those who use it but also carries multiple social 

and economic burdens such as crime and health care resources.21 In order 

to keep up with the increased workload that has been attributed to the rise 

in methamphetamine, quick, robust analytical techniques have been 

desired. The overall aim of this project is to investigate the possible 

implementation of electrochemical analytical techniques for analysis of 

methamphetamine and compare the results with those of studies in the 

literature. 
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Abstract 

Modified electrodes can increase the rate of reaction over that observed 

at unmodified electrode surfaces. The primary benefit of these systems is 

that they combine the advantages of monolayer derivatised electrodes with 

those homogeneous catalytic systems, a high local concentration of 

catalytic sites despite the total amount of catalyst being small and easy 

separation of the reaction products from the catalyst and a three-

dimensional dispersion of the reacting centres. A three-electrode 

configuration was used. A glassy carbon electrode (GC) was coated with 

[Ru(bpy)3]2+ / Nafion film as working electrode. A platinum wire electrode 

and Ag/AgCl (saturated KCl) were used as counter electrode and reference 

electrode, respectively. The cyclic voltammograms (CVs) and 

electrochemiluminescent (ECL) response before and after the addition of 

MA in PBS were inversiteged on the [Ru(bpy)3]2+ modified electrodes at a 

scan rate of from 100 to 500 mVs-1.  Dct values observed are identical in 

this study (Dct-cathodic and Dct-anodic). The results of Dct are parallel to the 

results in the literature. This data shows that [Ru(bpy)3]2+ centres can 

transport in the solution leading to conversion of the inactive Ru2+ centres 

into the mediating Ru3+ centres. The sensitivity of this sensor will ultimately 

be dictated by the rate at which the Ru3+ sites can be regenerated. Upon 

increasing the scan rate of the CV acquisition, it is typical to observe an 

increase in the anodic and cathodic peak currents. The system is linearly 

proportional to scan rate at 100 to 500 mVs-
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 Introduction 

For cyclic voltammetry, a voltammetric cell is needed which requires the 

presence of an electrolyte in solution primarily to complete the circuit but 

also to enable the migration of charged reactants and products. The time 

taken to complete the forward and reverse potential ramp is controlled by 

the scan rate and the total potential that is traversed. Despite the possibility 

of higher analysis rates, quantitative experiments using CV are restricted 

to 10-10-2 seconds.27 During this ramp, the cell passes through initial 

potentials where no electrode reaction occurs and moving to potentials 

where a redox reaction occurs. Upon reaching the desired maximum 

potential, the scan direction is switched, and the potential is inversely 

ramped to the initial value.27 The current of the working electrode is 

recorded by the potentiostat as a function of its potential measured against 

the reference electrode.27 

The reversible or irreversible behaviour of a CV system is determined 

by two factors known as the standard electrochemical rate constant (k0) 

and the mass transport coefficient (mT).40 The mass transport coefficient 

can be defined as shown in Equation 2.1. 

𝑚𝑇 =  
𝐷

𝛿
      (2.1) 

Where, δ is the diffusion layer thickness and D refers to the diffusion 

coefficient in cm2s-1. The relationship between k0 and mT determines the 

reversibility of the reactions as follows. If k0 >> mT then the redox reaction 

is reversible whereas if k0 << mT, the redox reaction is irreversible.40 
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The peak current (ip) for a reversible process can be defined by the 

Randles-Sevcik equation as shown in Equation 2.2. 

CADni ctp

2/12/351065.2 =                  (2.2) 

Where n is the number of electrons, A is the electrode area (cm2), C is 

the concentration (mol cm-3) and ν is the scan rate (V s-1). Accordingly, the 

current is directly proportional to the concentration and increases with the 

square root of the scan rate. This equation is generally used for evaluation 

of D using cyclic voltammetry at relatively high scan rates (> 50 mV/s).83 

For ideal reversible voltammetric behaviour, ip,c is equal to ip,a. On the 

other hand, a variety of factors can influence the shape of a CV peak. The 

peak shape may differ from the ideal model due to background currents. 

Deviations are attributable to a subsequent chemical reaction that is 

triggered by the electron transfer. Other deviations can be that although the 

peaks may be approximately equal, the oxidation and reduction peaks do 

not centre on a single potential.83 

 Experimental 

 Materials  

[Ru(bpy)3]2+ (Tris (2,2′-bipyridyl) dichlororuthenium (II) hexahydrate) and 

Nafion 117 (per-flourinated ionexchange resin, 5% (w/v) solution in a 

mixture of alcohols) was purchased from Sigma-Aldrich. Phosphate buffer 

(PBS, 0.1 mol/L) was used to control the pH of aqueous solution (+) 

methamphetamine hydrochloride and DL-amphetamine were purchased 

from Sigma-Aldrich. All other reagents were of analytical reagent grade and 

ultra-pure water (Milli-Q plus, Millipore Inc.) was used throughout the 

experiments. 

https://en.wikipedia.org/wiki/Electrochemical_reaction_mechanism
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All electrochemical analysis was performed on a CH instrument (model 

602E) using a standard three-electrode configuration. A glassy carbon 

electrode (GCE) was coated with [Ru(bpy)3]2+ / Nafion film as working 

electrode. A platinum wire electrode and Ag/AgCl (saturated KCl) were 

used as counter electrode and reference electrode, respectively. All the 

potentials were measured and reported according to this reference 

electrode. The ECL experiments were carried using the CH instrument 

model 602E connected to a Hamamatsu H6780-20 PMT. The ECL cell was 

placed directly in front of the photomultiplier tube (PMT) which was 

enclosed in a light-tight box. A full description of the instrumentation 

employment can be found within our prior publications.17,20 

Before modification of GC electrode (d:3 mm), it was polished with 1, 0.3 

and 0.05 µm aluminum solution on a polishing cloth, respectively and 

sonicated in water and washed with water. Then, it was dried.  

 Fabrication of [Ru(bpy)3]2+ / Nafion ECL Sensor        

The [Ru(bpy)3]2+/nafion film modified carbon paste electrode was 

fabricated by the following procedure: A 1 mM [Ru(bpy)3]2+ solution was 

prepared in 50:50 EtOH:H2O. 5 % w/v nafion was diluted to a concentration 

of 0.4 % w/v with 50:50 EtOH:H2O. The final film concentration of 0.5 mM 

[Ru(bpy)3]2+ and 0.2 % nafion was prepared by mixing the above solutions 

in a 1:1 (v/v) ratio. Once prepared the film was stored at 4 0C. The carbon 

working electrode modified with the film and left to air dry for 2 hours under 

darkness. 
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  The detection of methamphetamine using [Ru(bpy)3]2+ film 

The cyclic voltammograms (CVs) and electrochemiluminescent (ECL) 

response before and after the addition of MA in PBS were investigated on 

the [Ru(bpy)3]2+ modified electrodes at a scan rate of 100 mVs-1.  The 

modified electrode allows more [Ru(bpy)3]2+ become [Ru(bpy)3]3+ and an 

increasing ECL intensity can be seen, compared [Ru(bpy)3]2+ solution 

phase works. 

 ECL measurement 

The sensor fabricated was immersed into 0.1 M PBS in the presence of 

methamphetamine. The ECL measurement was performed at a potential 

range from 0.0 V to 1.6 V at scan rate of 100 mVs-1 with a conventional 

three-electrode system. Glassy carbon electrode fabricated with nafion and 

[Ru(bpy)3]2+, a platinum wire and an Ag/AgCl (saturated KCl) electrode 

were used as working electrode, counter electrode, and reference 

electrode, respectively. 
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 Results and Discussion 

 Electrochemical characterisation of ruthenium 

The electrochemical behavior of 2 mM [Ru(bpy)3]2+ was examined in 0.1 

M PBS using a glassy carbon electrode over a potential range 0.00 to 1.40 

V vs Ag/AgCl at varying. Scan rates between 100 ≤ ν ≤ 500 mVs-1 over a 

potential range (Figure 2.1). In aqueous solutions, [Ru(bpy)3]2+ exhibits 

reversible one-electron oxidation (Pastore et al., 2006). The chemical 

reaction in the solution phase is; 

[Ru(bpy)3]2+ ↔ [Ru(bpy)3]3+ + e-    (2.3)  

 

 

Figure 2.1. Typical cyclic voltammogram of 2 mM [Ru(bpy)3]2+ in 0.1 M 

PBS at a scan rate of 100 mVs-1over the potential range of 0 to 1.4 V vs 

Ag/AgCl. 

According to the Figure 2.1, the anodic peak potential at 1.05 V results 

from the oxidation of [Ru(bpy)3]2+ (see Equation 2.3). If a redox process is 
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reversible then the relationship between the anodic and cathodic peak 

currents (ipa/ipc) should equate to 1. This therefore indicated that the redox 

process may have been entirely reversible within this system. 

 Detection of MA via ECL 

Based on the result from CVs, our system is sensitive to [Ru(bpy)3]2+ 

and shows a reversible CV of [Ru(bpy)3]2+. When MA is added into the 

media, an increase in oxidation peak (at about 1.15 V) was seen obviously. 

Our system is sensitive to MA and we can detect the changing in 

concentration of MA in the medium by CV. 

 

Figure 2.2. (A) Typical CVs of [Ru(bpy)3]2+ without MA (blue line) and 

with MA (20 µM) (red line) in 0.1 M PBS scanned over the potential range 

0.0 ≤ E ≤ 1.6 V vs Ag/AgCl at a scan rate of 100 mVs-. PMT was biased at 

650 V. (B) ECL responses for 20 µM MA in 0.1 M PBS at pH 7.0 (blue line) 

and blank (red line) 

Upon assessing the simultaneous ECL responses (see Figure 2.2), it is 

clearly evident that the presence of MA has an effect on the ECL behavior 

of the system which means like the oxalate system.53 [Ru(bpy)3]2+ is 

mediating the oxidation of methamphetamine which is resulting in the 
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formation of a [Ru(bpy)3]*2+ excited state which emits photons of light upon 

relaxation. Based on the ECL results, it is obviously seen that [Ru(bpy)3]2+ 

/ MA mechanism follows the same pathway (co-reactant ECL) (see Chapter 

1.4.2) as [Ru(bpy)3]2+ / TPrA. Here, MA is used as co-reactant. [Ru(bpy)3]2+ 

can be regenerated while MA is consumed during the electrochemical 

reactions (see the equations from 1.13 to 1.17). 

Despite the lack of characterisation of the processes involved in this light 

emission, it is theorised that methamphetamine follows a similar 

mechanism to that of TPA co-reactant. The proposed mechanism for the 

ECL of [Ru(bpy)3]2+ and methamphetamine is highlighted in Equation 3.1 

to 3.4. 

 Diffusion Coefficient Investigation  

In a diffusion-controlled system, the observed CV response is 

dependent upon the scan rate of the potential sweep as this determines 

how rapidly [Ru(bpy)3]2+ can be oxidised to [Ru(bpy)3]3+. Diffusion 

coefficient investigation is an important factor in ECL, as detection is based 

upon the production of [Ru(bpy)3]3+ (see the equation 1.2 to 1.7). According 

to the Randles-Sevcik equation (see equation 1.2) 

According to the equation, the current is directly proportional to the 

concentration and increases with the square root of the scan rate in 

diffusion-controlled systems.  It is important to determine the rate of charge 

transport through the solution leading to the conversion of the inactive Ru2+ 

centres into the mediating Ru3+ centres. The rate of charge transport can 

be quantified by measuring the Dct (called the charge transport of apparent 

diffusion coefficient) using CV. This parameter can be obtained from a plot 
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of ip vs. ν1/2 under diffusion-controlled conditions (equation 2.4), usually 

favoured by higher scan rates. The upper scan rate is limited by the rate of 

heterogeneous electron transfer across the electrode layer interface.83 In 

this study, these conditions are met 100500 mVs-1 and plots of peak 

current varied linearly with the square root of scan rate over this range, 

typical cyclic voltammetric scan rate dependency and Randles-Sevcik plots 

are shown in Figure 2.3. 

 

Figure 2.3. Cyclic voltammograms for 2 mM [Ru(bpy)3]2+ in 0.1 M PBS 

at increasing scan rates from 100 to 500 mVs-1 as indicated by the arrow 

 

Upon increasing the scan rate of the CV acquisition, it is typical to 

observe an increase in the anodic and cathodic peak currents (see the 

equation 2.4). This was observed in the [Ru(bpy)3]2+ system and the linear 

relationship between the scan rate and the anodic and the cathodic peak 

current can be highlighted in Figure 2.3. As is typical of ruthenium solution 

phased systems, the system is linearly proportional to scan rate at slow 

scan rates. This proportionality can often be used to determine the system 
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which can generates [Ru(bpy)3]3+. This system showed signs of reversibility 

and the electrode system can be used in 0.1 M PBS media for the further 

studies. 

 

Figure 2.4. Effect of increasing scan rate on anodic and cathodic peak 

current monitored in 1 mM [Ru(bpy)3]2+ in 0.1 M PBS. Several error bars 

are smaller in size than the associated data point. 

Theoretically, diffusion coefficient is a proportionality constant between 

the molar flux due to molecular diffusion and the gradient in the 

concentration of the species. The higher the diffusion coefficient, the faster 

they diffuse into each other. As it can be seen from Figure 2.4 and Table 

2.1, Dct values observed are identical in this study (Dct-cathodic and Dct-anodic). 

The results of Dct are parallel to the results in the literature. This data shows 

that [Ru(bpy)3]2+ centres can transport in the solution leading to conversion 

of the inactive Ru2+ centres into the mediating Ru3+ centres. The sensitivity 

of this sensor will ultimately be dictated by the rate at which the Ru3+ sites 

can be regenerated. 
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Table 2.1. Charge transport diffusion coefficient (Dct) based on the 

results from Figure 2.3. 

Dct(CV) 

Cathodic 

cm2s-1 

E0 V 

Vs 

Ag/AgCl 

Dct(CV) Anodic 

cm2s-1 

7.43 E-09 1.03 3.77 E-09 

 

 Electrochemical characterisation of methamphetamine using 

CV 

Despite the positive indications observed for methamphetamine 

detection using [Ru(bpy)3]2+ in the solution phase, a method developed in 

this format would restrict the use of portable electrochemical instruments. 

An investigation into the potential use of immobilised [Ru(bpy)3]2+ films on 

the working electrode surface was conducted in order to assess the 

possibility of circumventing this issue. Nafion polymers are widely used due 

to their resistance to chemical attack in harsh conditions such as elevated 

temperatures and the presence of strong oxidants. Nafion is favoured over 

alternative films for its high selectivity towards large hydrophobic cations 

such as [Ru(bpy)3]2+.97 This is due to the dissociable proton of the Nafion 

polymer which enables incorporation of electroactive cations from a 

contacting solution phase.97 

Nafion is one of the most commonly used cation exchange polymers. 

The structure of Nafion consists of an electrically neutral fluorocarbon 



53 
 

backbone (polytetrafluoroethylene) and a randomly tethered side‐chain 

with a pendant ionic group, SO3
−.The general chemical structure of Nafion 

is illustrated in Figure 2.7. Nafion has attracted particular attention due to 

its attractive electrochemical and thermal properties such as proton 

transportation, selective ion‐exchange, efficient catalyst support and 

chemical stability.85 Other fluorinated commercial membranes similar to 

Nafion were developed, such as, Hyflon, Flemion, 3P membranes, Gore-

Tex and Gore Select, as well as Nafion-like membranes with –COOH weak 

acid groups instead of –SO3H, like Aciplex.85 These membranes have 

chemical structures similar to that shown in Figure 2.5.  

 

Figure 2.5. Chemical structure of Nafion and other perfluorinated 

sulfonic acid polymers 

Ruthenium film solution was prepared by diluting 1 mM [Ru(bpy)3]2+ in a 

1:1 ratio with a solution of methanolic Nafion 117 (0.4% (w/v)). 5 µL of this 

methanolic solution was then applied to the surface of each GCE. In order 

to dry the solution onto the electrode surface, the electrodes were then 

placed in dark at room temperature for 2 hours. The GCE were then stored 

in the fridge until required for analysis. The voltammograms obtained in 

Figure 2.6.  
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Figure 2.6. Cyclic voltammograms for 0.5 mM [Ru(bpy)3]2+ film over a 

potential range of 0 to 1.2 V at increasing scan rates from 100 to 500 mVs-

1 as indicated by the arrow 

 

Upon increasing the scan rate of the CV acquisition, it is typical to 

observe an increase in the anodic and cathodic peak currents (see the 

equation 2.4). This was observed in the [Ru(bpy)3]2+ system and the linear 

relationship between the scan rate and the anodic and the cathodic peak 

current can be highlighted in Figure 2.7. The system is linearly proportional 

to scan rate at 100 to 500 mVs-1.  
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Figure 2.7. Effect of increasing scan rate on anodic and cathodic peak 

current. Several error bars in anodic peaks are smaller in size than the 

associated data point. 

Table 2.2. Charge transport diffusion coefficient (Dct) based on the 

results from Figure 2.6. 

Dct(CV) 

Cathodic 

cm2s-1 

E0 V 

Vs 

Ag/AgCl 

Dct(CV) Anodic 

cm2s-1 

8.33 E-5 1.091 4.8 E-6 

 

According to the results from Table 2.2, Dct(CA) and Dct(CV) are identical 

in this study suggests that the density of the redox centres is uniform 

throughout the layer thickness. E0 for the surface confined Ru +2/+3 species 

was found as 1.091 V. 

 Conclusion 

Modified electrodes can increase the rate of reaction over that observed 

at unmodified electrode surfaces. The primary benefit of these systems is 

that they combine the advantages of monolayer derivatised electrodes with 
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those homogeneous catalytic systems, a high local concentration of 

catalytic sites despite the total amount of catalyst being small and easy 

separation of the reaction products from the catalyst and a three-

dimensional dispersion of the reacting centres. 

There are less diffusional issues associated the use of films due to the 

immobilisation of [Ru(bpy)3]2+ on the electrode surface and therefore a 

higher concentration of [Ru(bpy)3]2+ molecules to interact with 

methamphetamine. So, the system showed a linear working range of lower 

concentration of methamphetamine compared with that of the unmodified 

electrode system. To sum up, despite of using less [Ru(bpy)3]3+ molecule, 

methamphetamine was detected thanks to the benefits of modified 

electrode mentioned above.  
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Chapter 3- Electrochemiluminescence detection of 

methamphetamine in biological matrices 
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Abstract 

This work presents an electrochemical detection method for the 

stimulants in the forensic samples using electrochemiluminescence (ECL). 

In this context, amphetamine type stimulant (methamphetamine (MA)) has 

been studied as coreactants in the [Ru(bpy)3]2+ (where bpy is 2,2’-

bipyridine) ECL system. This approach is developed based on a glassy 

carbon electrode modified with [Ru(bpy)3]2+ /Nafion composite film. LoD, 

LoQ and linear working range for MA are studied currently. The ECL 

intensity was found to be concentrations over the range of 5 x 10-8 to 2.5 x 

10-4 mol/L. LoD for MA is 1.94 x 10-10 mol/L. The regression coefficient is 

0.9931 for the experiment. Our approach was applied in different medium 

such as saliva and human serum to detect MA This technique is simple, 

rapid, selective and sensitive, and shows potential for the high- throughput 

quantitation of MA. the results show that the present electrochemical 

approach seems to provide a sensitive detection of MA in forensic 

applications.  
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 Introduction 

Amphetamine type substances (ATS) continue to be abused globally.92 

Indeed around 27 million people worldwide are estimated to have used 

ATS, with the use of methamphetamine (MA) increasing in many countries 

including the US, Australia and the UK to name a few.92 Other ATS include 

methylenedioxyamphetamine, and methylenedioxyethyle-amphetamine 

(MDEA) as highlighted in Figure 1.3. MA is a potent central nervous system 

stimulant and is mainly used for recreational drug. There are two 

enantiomers of MA and they are levo-methamphetamine and dextro-

methamphetamine. In pure amine forms, these enantiomers are equal in 

the mix and show racemic property. Dextro-methamphetamine is a much 

stronger central nervous system than levo-methamphetamine.61 Dextro-

methamphetamine is generally in the form of a hydrochloride salt and this 

salt is called as ‘ice’ and ‘crystal math’. The crystal math allows users to 

inhale the vapor of MA. This ability of hydrochloric form of MA enables 

higher and faster recreational effect.61 

The determination of ATS is important within medicine fields due to the 

toxicological and addictive effects of ATS. The standard approach for 

determining the abuse and / or use of MA is usually completed by verifying 

the concentration of MA in biological samples such as urine. This is most 

often completed using immunoassays or chromatographic techniques 

which both require sample preparation before analysis.35,61 Immunoassays, 

in particular, are often the primary approach for the screening of illicit 

substances.35,36 However, specificity can be a challenge especially for 

determining which ATS is present.34,35 The need for rapid detection and 

monitoring in clinical, environmental and forensic fields has seen increased 
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research into this area with an emphasis on low-cost and reusable analytical 

devices. Electrochemical biosensors, including electrochemiluminescence 

(ECL) based sensors, have a wide range application in food, pathogens, 

forensic applications, drug response measurement, cancer diagnosis and 

environmental issues.51, 54, 65 

Electrochemical sensors, including electrochemiluminescence (ECL) 

can offer a viable alternative for applications within the forensic and clinical 

environments. The expansion of current developments within the field has 

seen the introduction of portable sensors which can be controlled via 

commercially available handheld devices or smartphone 

devices.6,23,25,32,54,57,81 One of the major advantages of ECL is the greater 

control over both the position and time of ECL reactions. ECL emission 

occurs only in the immediate vicinity of the electrode, which is beneficial for 

selectivity, multi-analyte detection using multiple electrodes, and 

sensitivity. Control over the timings of the reaction improves 

reproducibility.15 These advantages have resulted in the application of ECL 

across many diverse research fields, including food and water testing, 

clinical diagnostics and bio-warfare agent detection.69,79 There is also an 

increasing interest in oral fluid as alternative to plasma sample or urine in 

clinical and forensic cases because oral fluid can be collected directly and 

there is no need for an additional process when direct observation.36 Based 

on the results in the literature, the samples of oral fluid show similar results 

to those of plasma and drug concentrations in oral fluid reflect concurrent 

plasma concentrations.36,50 Saliva is a mixture of secretions from three 

major and minor accessory salivary glands and commonly is referred to as 

saliva. Bacteria and food debris are also present, but the main and major 
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component is water.65 Oral fluid is hypotonic compared to plasma and there 

is a considerable variety in ionic concentrations of resting and stimulated 

states. pH of oral fluid in healthy individuals is usually between 6.2 and 7.4. 

An adult may produce ~1000 mL/day of oral fluid with typical flows of 0.05 

mL/min.5 The basicity of ATS, with pKa values of ~9.9 for MA62, facilitates 

the opportunity for detection within oral fluid as they are easily transferred 

to the saliva. The typical time frame for the detection of MA in saliva is ~1 

hour following the ingestion of a 10 mg does, highlighting the need for a 

rapid and portable detection approach. The concentrations observed are 

usually in the nM range in comparison to the plasma where typically µM 

concentrations are observed. 

With ECL based sensors growing in popularity as alternatives for 

employment as point-of-care or at-scene devices alongside their proven 

ability to detect MA, further investigation into their viability for detection of 

MA in biological matrices is required. Within this contribution, we report on 

the development of a simple [Ru(bpy)3]2+ ECL sensor for the rapid 

screening of MA within biological fluids including human serum and artificial 

saliva. This will be achieved with minimal sample preparation, providing a 

screening system capable of offering rapid results required by law 

enforcement and / or physicians without access to a dedicated laboratory 

facility. 

  Experimental 

 Materials and Reagents 

Tris (2,2’- bipyridyl) - dichlororuthenium (II) hexahydrate, ([Ru(bpy)3]2+), 

(+) methamphetamine hydrochloride, phosphate buffered saline (PBS) 

tablets, human pooled serum, and 117 Nafion (~5 % (w/v) mixture of lower 
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aliphatic alcohols and water) were purchased from Sigma-Aldrich. 0.1 M 

PBS was used as the electrolyte. All other reagents were of analytical 

reagent grade and ultra-pure water (Milli-Q plus, Millipore Inc.) was used 

throughout the experiments. Artificial saliva (Bioténe® oral balance gel) 

and synthetic skin were commercially purchased and used as received. 

All electrochemical analysis was performed on a CH instrument (model 

602E) using a standard three-electrode configuration. A glassy carbon 

electrode (GCE) was coated with [Ru(bpy)3]2+ / Nafion film as working 

electrode. A platinum wire electrode and Ag/AgCl (saturated KCl) were 

used as counter electrode and reference electrode, respectively. All the 

potentials were measured and reported according to this reference 

electrode. The ECL experiments were carried using the CH instrument 

model 602E connected to a Hamamatsu H6780-20 PMT. The ECL cell was 

placed directly in front of the photomultiplier tube (PMT) which was 

enclosed in a light-tight box. A full description of the instrumentation 

employment can be found within our prior publications.17,20 

 Fabrication of [Ru(bpy)3]2+ / Nafion ECL Sensor 

The ruthenium film was prepared by drop casting 5 µL of a 1:1 1 mM 

[Ru(bpy)3]2+ in 0.2 % Nafion 117/MeOH (1:3 v/v) solution onto the surface 

of a GCE (Figure 3.1). This was then allowed to dry for 2 hours in the dark. 

The GCE were then stored in the fridge until required for analysis. 
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Figure 3.1 Schematic for the production of this sensor. 

 

  ECL measurement 

The sensor fabricated was immersed into 0.1 M PBS in the presence of 

methamphetamine. The ECL measurement was performed at a potential 

range from 0.0 V to 1.6 V at scan rate of 100 mVs-1 with a conventional 

three-electrode system. Glassy carbon electrode fabricated with nafion and 

[Ru(bpy)3]2+, a platinum wire and an Ag/AgCl (saturated KCl) electrode 

were used as working electrode, counter electrode, and reference 

electrode, respectively. 

 Preparation of Biological Samples 

All samples were prepared via spiking of the selected matrix with the 

required volume of ATS to give the desired concentration. Artificial saliva 

was commercially purchased. Due to viscosity of the artificial saliva, it was 
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diluted 5 times to observe optimum results. Results from “raw” artificial 

saliva were also recorded. Human pooled serum samples were stored at -

80 oC and fully defrosted at room temperature prior to spiking and 

measurement. Human serum has strong background signal due to some 

interferences such as amino acids and proteins. To decrease the 

background signal. Dilution ratio of human serum was investigated, and 

optimum results was seen at the ratio of 1:3 (Human serum: PBS). Results 

obtained from non-diluted samples of pooled human serum were also 

recorded. 
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  Results and Discussion 

 Detection of MA via ECL 

Initial investigation of [Ru(bpy)3]2+ was performed in 0.1 M PBS at pH 

7.0 by using glassy carbon electrode. Analysis by CV was performed at the 

scan rate range of 100 mVs- over a potential range of 0.00 to 1.60 V vs 

Ag/AgCl (Figure 3.2). 

 

Figure 3.2 Typical CVs of [Ru(bpy)3]2+ without MA (blue line) and with 

MA (20 µM) (red line) in 0.1 M PBS at pH 7.0 scanned over the potential 

range 0.0 ≤ E ≤ 1.6 V vs Ag/AgCl at a scan rate of 100 mVs-. PMT was 

biased at 650 V. 

 

Based on the result from CVs, our system is sensitive to [Ru(bpy)3]2+ 

and shows a reversible CV of [Ru(bpy)3]2+. When MA is added into the 

media, an increase in oxidation peak (at about 1.15 V) was seen obviously. 

Our system is sensitive to MA and we can detect the changing in 

concentration of MA in the medium by CV. 
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Figure 3.3 ECL responses for 20 µM MA in 0.1 M PBS at pH 7.0 (blue 

line) and blank (red line) 

Upon assessing the simultaneous ECL responses (see Figure 3.3), it is 

clearly evident that the presence of MA has an effect on the ECL behavior 

of the system which means like the oxalate system.53 [Ru(bpy)3]2+ is 

mediating the oxidation of methamphetamine which is resulting in the 

formation of a [Ru(bpy)3]*2+ excited state which emits photons of light upon 

relaxation. 

Despite the lack of characterisation of the processes involved in this light 

emission, it is theorised that methamphetamine follows a similar 

mechanism to that of TPA co-reactant. The proposed mechanism for the 

ECL of [Ru(bpy)3]2+ and methamphetamine is highlighted in Equation 3.1 

to 3.4. 

[Ru(bpy)    [Ru(bpy)3]3+     (3.1) 

    MA – e-                   [MA•]+     MA• + H+                          (3.2) 

    [Ru(bpy)3]3+ + MA•      [Ru(bpy)3]•2+ + products                (3.3) 

 [Ru(bpy)3]•2+ [Ru(bpy)3]2+ + hν650nm                                          (3.4) 
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3.2.2. Analytical Parameters 

To establish the adequacy of this sensor for both qualitative and semi-

qualitative analysis, the analytical parameters were investigated. Previous 

work has shown that MA can be effectively detected in phosphate buffer57 

and that the optimal intensity for ECL production is close to the pKa of any 

amine. However, within this contribution the focus is on the performance at 

physiological pH (~ pH 7.0) reflecting the pH for the biological matrices 

investigated here. As shown in Figure 3.4, the ECL occurs at a potential of 

~ 1.15 V vs Ag/AgCl and increases with increasing [MA] over the 

concentration range 10 µM to 25 mM. The response is linear over this 

range (Figure 3.4) with a LoD of 0.19 nM. Visual detection method was 

used for all LoD estimations during the present study. 

 

Figure 3.4 (A) Typical ECL response for increasing [MA] (0 to 250 µM) 

in 0.1 M PBS at pH 7.0. (B) Limit of detection for MA in 0.1 M PBS at pH 
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7.0 scanned over the potential range 0.8 ≤ E ≤ 1.6 V vs Ag/AgCl at a scan 

rate of 100 mVs-. PMT was biased at 650 V. 

This shows a slight improvement on previous ECL based sensors for 

MA detection. 6,25,81 It is also possible that the detection limits achieved 

here could be improved further through the employment of a conducting 

polymer 63 rather than nafion to modify the electrode. ECL responses can 

also be obtained for other ATS57, although these can often produce ECL 

signals of varying intensities and so it should be noted that this approach 

will not differentiate between the different ATS but can be utilised rather as 

a screening method for their presence.  

Under the condition, ECL intensity of the developed ECL sensor was 

examined. ECL signals of MA were shown in Figure 3.4. The ECL intensity 

is linear with the concentration of MA in the range of 5 x 10-8 to 2.5 x 10-4 

mol/L with the detection of limit of 1.94 x 10-10 mol/L. The regression 

coefficient is 0.9931 for the experiment. In the literature6,18, most ECL 

sensors have LoD of 10-9 to 10-8. Our system has very low detection limit 

and easy fabrication process. These features can make our system 

suitable for detection of real samples in forensic cases. 

3.2.3. Biological fluid analysis 

The biological fluid analysis for human serum and saliva were carried 

out under the same condition. Due to some amino acids and proteins in 

serum, high background signal was observed. a dilution step was used to 

find optimum dilution rate. The serum and saliva were diluted with 0.1 M 

PBS at pH 7.0. After the dilution process, three different concentrations of 
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MA were examined (100, 150 and 200 µM). % Recovery of saliva and 

human serum and standard deviations are shown in Table 3.1. 

 

 

Table 3.1 % recovery of MA in diluted saliva and diluted human serum 

[MA] µM Saliva % Recovery Human Serum % Recovery 

100 97.91 ± 6.53 103.58 ± 9.33 

150 98.88 ± 8.34 101.91 ± 8.30 

200 100.04 ± 8.49 95.71 ± 6.74 

 

Compared with the results from the literature above, our study has very 

easy process and easy application and is time saving. There is no need for 

extraction and pre-treatment of sample. we used a basic dilution just to 

decrease the background signal. Average of % recovery of our study in 

serum as well in saliva was very similar to that of PBS study. % Recovery 

studies show that our study is suitable for real samples when compared 

with the results in the literature. 

3.3. Conclusion 

Direct detection of amphetamine type stimulants (ATS) including 

methylamphetamine (MA) in biological matrices without the need for pre-

treatment or extraction is a great challenge for forensic drug analysis. 

Electrochemical techniques, such as electrochemiluminescence (ECL), are 

promising tools for this area of analysis. This contribution focuses on the 

electrochemical and photochemical properties of [Ru(bpy)3]2+ nafion 
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composite films and their subsequent use for the detection of ATS. The 

modified films were formed by direct interaction with the electrode surface 

without the need for surface modification or chain linkers. This is a major 

advantage for the fabrication of any sensor as it reduces the synthesis 

times resulting in more economically and cheaper production costs. This 

technique is simple, rapid, selective, and sensitive, and shows potential for 

the high-throughput quantitation of MA. 

In conclusion, the present work shows voltammetric and the ECL 

behaviours of MA in [Ru(bpy)3]2+ /nafion film system and this system has 

high LoD and % recovery rate in body fluids. The results show that our 

system can be used for real samples in forensic field. Also, the system can 

meet the need for fast and cost-effective detection of samples with high 

sensitivity in forensic field. 
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Chapter 4- Electrochemiluminescent Screening for 

Methamphetamine Metabolites 
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Abstract 

The abuse of methamphetamine (MA) is to date detected and 

subsequently verified through the monitoring of MA and its metabolites 

within biological specimens. Current approaches require complex sample 

purification strategies alongside significant analysis time.  Given the high 

prevalence of MA within the global drug market, there remains a need for 

rapid, portable and alternative screening approaches appropriate for direct 

detection within biological matrices for employment across the forensic and 

clinical environments. This contribution illustrates the use of an 

electrochemiluminescence (ECL) strategy for the screening of MA, 

amphetamine (AMP) and para hydroxy-methamphetamine (pOH-MA) for 

such applications. The sensing system showed ideal analytical 

performance with linear ranges at forensically relevant concentrations of 

0.1 µM to 0.5 mM for MA, 10 µM to 1 mM AMP and 10 µM to 5 mM for 

pOH-MA, and superb detection limits of 74.6 nM, 6 µM and 82. µM for MA, 

AMP and pOH-MA respectively. Furthermore, the sensor was successful 

in the detection of MA, AMP and pOH-AMP within human pooled serum, 

artificial urine and saliva, without any prior purification strategies. Here a 

portable ECL sensor is detailed for the successful employment of the direct 

screening of these amphetamine type substances and their corresponding 

metabolites at clinically and forensically relevant concentrations within a 

range of biological matrices. This approach successfully represents a 

strong proof-of-concept, for a novel, simple and rapid screening method 

with significant potential for high-throughput screening of biological 

samples for drug metabolites, widening the avenues where ECL sensors 

could be employed. 
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 Introduction  

Methamphetamine (MA) remains amongst the highest abused illicit 

drugs within the world, with an estimated 29 million users globally.1 MA 

belongs to a group of amphetamine type stimulants (ATS) which also 

includes amphetamine (AMP) and methylenedioxymethamphetamine 

(MDMA). ATS are now primarily considered a party drug, likely accounting 

for their widespread use. Yet frequent abuse of ATS is linked to an 

increased display of impulsive, violent and even homicidal behaviour and 

as such are still considered to present a significant threat to public safety.2,3 

As evident by their continued prevalence amongst drug users there still 

remains the requirement for appropriate screening methodologies to 

identify the abuse of ATS and allow law enforcement or physicians to 

rapidly determine the substance which has led to the consumers erratic, 

violent or life-threatening behaviour. A key focus of any screening 

strategies for employment within such environments, must place emphasis 

upon the application of the methodology toward a number of complex 

matrices including biological fluids; a common requirement faced within 

forensic and clinical practices. Biological fluid analysis presents its own 

unique complications, where accurate determination of a drug of abuse is 

necessary, despite the high number of metabolites present, which are often 

considered to be target analytes themselves.2-5  

Immunoassays, which use antibodies for the targeted detection of a 

specific drug or metabolite, have seen wide employment across a number 

of fields including forensic practices and clinical toxicological screening.5-7 

They are often the primary method employed for the screening of 
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substances of abuse, which can be attributed to their intrinsic advantages 

including, large scale screening facilitated through automation and rapid 

substance identification.4,5 What’s more a number of commercial kits are 

available which currently offer home-testing or point-of-care analysis. 

However, immunoassays notably suffer from “false-positives” or “false-

negatives” when drugs within the same class require identification, 

particularly within biological fluid anlaysis.4-9 Although these screening 

methods are the primary method employed for the detection of ATS, they 

fail to offer low-cost systems. 

Electrochemical sensors, including electrochemiluminescence (ECL) 

based sensors, have become a viable alternative for applications within the 

forensic and clinical arenas. The growth in technology has facilitated the 

development of portable sensors which can be performed through 

commercially available handheld systems or even smartphone devices.10-

16 Electrochemical sensors are primed to address the limitations faced by 

current immunoassay screening methodologies, with a reduction in cost, 

increased reusability, reduced instrument costs and minimal reagent 

consumption. Furthered though the proven ability of ECL sensors to offer 

direct drug detection within range of complex matrices, including biological 

fluids, without the requirement of any separation or purification 

strategies.16-27  

The detection of MA within biological fluids adopts a two-pronged 

approach, whereby identification of MA abuse is paired with detection of 

AMP as one of its primary metabolites.8, 28-30 Following ingestion, MA is 

readily absorbed into the blood stream, with excretion primarily though the 

renal system following hepatic metabolism, resulting in the primary 
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metabolites; AMP following the N-demethylation process and para-

hydroxymethamphetamine (p-OHMA) following para-hydroxylation.30 With 

typically, between 37-54 % of a MA dosage excreted via the renal system, 

urinary analysis is the primary biological fluid investigated for the 

identification of MA abuse.3 However, the basicity of ATS, with pKa values 

of 9.929 for MA and AMP, lends thems well for detection within oral fluid, 

were they are observed to easily transfer from the blood stream to saliva 

of the consumer.29 Typical concentration values reported for MA and AMP 

within urine, oral fluid and plasma range from as low as 0.12 µM to 20 µM 

for MA and 48 nM to 2.6 µM for AMP recorded across time intervals of ~ 5 

to 16 hours.8, 28, 29 As such, any sensing system developed must operate 

within these µM concentration regions within a range of biological fluids. 

To date there is limited literature available on the electrochemical 

detection of ATS substances, despite the amine moiety previously 

demonstrating good electroactivity facilitating the electrochemical detection 

of a number of fellow amine containing compounds.17-20, 31-34 This limited 

investigation may be attributed to the high potential values required to 

initiate their oxidation, restricting the selectivity of voltammetric based 

detection, particularly within aqueous matrices. Previous studies have 

focus upon electrode modification to overcome the high oxidative potentials 

required. Of the ATS substances, MDMA, whose electroactivity is greater 

than its other ATS counterparts, is by far the most studied species to 

date.24,35 MA has seen significantly less investigation in comparison. 2016 

marked the first use of a disposable electrode for the detection of MA, 

within undiluted saliva samples, through utilisation of N,N’-(1,4-phenylene)-

dibenzenesulfoamide as a mediator.25 Although this work was promising 
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for the detection of MA via portable electrochemical methodologies within 

biological matrices, the detection limits achieved lay outwith the clinically 

relevant range. Detection limits for MA have been improved via utilisation 

of ECL sensors, through employment of the traditional [Ru(bpy)3]2+, 

facilitating mediated oxidation of the amine moiety within the species. Such 

employment achieved detection down to 4.0 fM.20,21 However, despite their 

promise these methodologies have displayed, to date, no electrochemical 

sensing system able to identify MA alongside its primary metabolites, AMP 

and p-OHMA, via a singular and direct detection strategy.  

With ECL based sensors growing in popularity as viable alternatives for 

employment as point-of-care or at-scene devices, alongside their proven 

ability to detect MA and AMP, further investigation into their ability to 

simultaneously detect a drug of abuse alongside its metabolites within 

complex matrices will only stand to further their employment across a 

number of fields. Within this contribution we report the development of a 

basic [Ru(bpy)3]2+ ECL sensor for the rapid screening of MA alongside its 

primary metabolites AMP and p-OHMA, within a variety of biological fluids, 

including human serum, artificial saliva and sweat. What’s more we 

demonstrate the potential of the developed methodology for at-scene or 

point-of-care analysis through the negation of any sample purification 

procedures prior to analysis, providing a sensing system capable of offering 

the rapid answers required by law enforcement and physicians without 

access to a dedicated laboratory facility.  
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4.1. Experimental  

4.1.1. Materials and Reagents 

Tris (2,2’- bipyridyl) - dichlororuthenium (II) hexahydrate, ([Ru(bpy)3]2+), 

(+) methamphetamine hydrochloride, DL-amphetamine, phosphate 

buffered saline (PBS) tablets, human pooled serum, and 117 Nafion (~5 % 

(w/v) mixture of lower aliphatic alcohols and water) were purchased from 

Sigma-Aldrich. 0.1 M PBS was used as the electrolyte. p-hydroxy 

methamphetamine was purchased from Carbosynth Limited. All other 

reagents were of analytical grade and ultra-pure water (Milli-Q plus, 

Millipore Inc.) was used throughout the experiments. Artificial saliva 

(Bioténe® oral balance gel) was commercially purchased and used as 

received. 

4.1.2. Instrumentation  

All electrochemical analysis was performed on a CH instrument (model 

602E) using a standard three-electrode configuration. A glassy carbon 

electrode (GCE) was coated with [Ru(bpy)3]2+ / Nafion film as the working 

electrode. A platinum wire electrode and Ag/AgCl (saturated KCl) were 

used as counter electrode and reference electrode, respectively. All the 

potentials were measured and reported according to this reference 

electrode. The ECL experiments were carried using the CH instrument 

model 602E connected to a Hamamatsu H6780-20 PMT. The ECL cell was 

placed directly in front of the photomultiplier tube (PMT) which was 

enclosed in a light-tight box. A full description of the instrumentation 

employment can be found within our prior publications.17-20, 37  
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4.1.3. Fabrication of [Ru(bpy)3]2+ / Nafion ECL Sensor  

The ruthenium film was prepared by drop casting 5 µL of a 1:1 1 mM 

[Ru(bpy)3]2+ in 0.2 % Nafion 117/MeOH (1:3 v/v) solution onto the surface 

of a GCE. This was then allowed to dry for 2 hours in the dark. The GCE 

were then stored in the fridge until required for analysis as outlined in 

scheme 1. 

4.1.4. Preparation of Biological Samples  

All samples were prepared via spiking of the selected matrix with the 

required volume of ATS to give the desired concentration. Artificial saliva 

was commercially purchased. Due to viscosity of the artificial saliva, it was 

diluted 5 times to observe optimum results. Results from “raw” artificial 

saliva were also recorded. Human pooled serum samples were stored at -

80 oC and fully defrosted at room temperature prior to spiking and 

measurement. Human serum has strong background signal due to some 

interferences such as amino acids and proteins. To decrease the 

background signal dilution ratio of human serum was investigated and 

optimum results seen at a ratio of 1:3 (Human serum: PBS). Results 

obtained from non-diluted samples of pooled human serum were also 

recorded. 
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Figure 4.1. Schematic for biological sample analysis.  

4.2. Results and Discussion 

4.2.1. Detection of ATS via ECL  

The approach utilised within this study was based upon the interaction 

of pOH-MA with a [Ru(bpy)3]2+ complex which had been surface confined 

with a Nafion film on a GC electrode as previously reported.17-20 The sensor 

was characterised and the same electrochemical behaviour as previously 

reported was observed. Amphetamine type substances (ATS) including 

methamphetamine and amphetamine, have been shown to produce an 

ECL signal upon interaction with a ruthenium (II) complex through the 

oxidative-reduction pathway.16,17  
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Figure 4.2. (a) Typical ECL response and (b) typical CV for 500 µM 

pOH-MA (blue), 500 µM AMP (green) and 500 µM MA (red) in 0.1 M PBS, 

pH 9. scanned over the potential range 0.8 ≤ E ≤ 1.6 V vs Ag/AgCl at a 

scan rate of 100 mVs-1. PMT was biased at 650 V. 

 

Figure 4.2(a) shows the ECL response for the interaction of the surface 

confined ruthenium with MA, AMP and pOH-MA. Similar to the reaction of 

electrogenerated [Ru(bpy)3]3+ with amino acids and structurally similar 

compounds, the reaction between pOH-MA and the Ru3+ undergoes a 

similar reaction process being sufficiently energetic to produce an ECL 

response.31 Direct electrochemical oxidation of pOH-MA was not observed 

over the concentrations examined within this study, as shown in Figure 4.3 

and consistent with previous studies.20 
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Figure 4.3. Typical CV for 150 mM MA (red line), AMP (green line) and 

pOH (blue dashed line) in 0.1 M PBS at pH 7.0 scanned over the potential 

range 0.0 ≤ E ≤ 1.6 V vs Ag/AgCl at a scan rate of 100 mVs-1. 

 

 In the presence of [Ru(bpy)3]2+, mediated oxidation of pOH-MA via the 

electrogenerated [Ru(bpy)3]3+ species facilitated the production of an ECL 

emission through the mediated oxidative-reduction co-reactant ECL 

pathway with a maximum ECL intensity observed at ~1.15 V vs Ag/AgCl 

as shown in Figure 4.2(a). The ECL mechanism for pOH-MA is thought to 

follow a similar reaction process as that previously described for MA, 

amphetamine and other amino acids, as described.37 When an anodic 

potential is applied on the system, [Ru(bpy)3]2+ is oxidised at the electrode 

surface becoming [Ru(bpy)3]3+ (Equation 4.1). This Ru (III) species then 

facilitates the oxidation of the pOH-MA via the mediated oxidation process, 

reported for a number of fellow amine spices, which do not undergo direct 

oxidation at the electrodes surface. This process generates the unstable 
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radical cation, pOHMA·+ (Equation 4.2), which rapidly decomposes to form 

the highly reducing radical species pOH-MA• (Equation 4.3). This free 

radical then undergoes an oxidation via the transfer an electron to 

[Ru(bpy)3]3+, forming the excited state ([Ru(bpy)3]2+ *) (Equation 4.4), 

where excess energy is given off in the form of light (Equation 4.5). 

 

 [𝑅𝑢[(𝑏𝑝𝑦)3]2+ − 𝑒− ⟷ [𝑅𝑢(𝑏𝑝𝑦)3]3+                                                                           (4.1) 

[𝑅𝑢(𝑏𝑝𝑦)3]3+ + 𝑝𝑂𝐻 − 𝑀𝐴 → [𝑅𝑢(𝑏𝑝𝑦)3]2+ + 𝑝𝑂𝐻 − 𝑀𝐴•+                                 (4.2) 

𝑝𝑂𝐻 − 𝑀𝐴•+ → 𝑝𝑂𝐻 − 𝑀𝐴•                                                                                               (4.3) 

[𝑅𝑢(𝑏𝑝𝑦)3]3+ + 𝑝𝑂𝐻 − 𝑀𝐴• +  𝐻2𝑂 → [𝑅𝑢(𝑏𝑝𝑦)3]2+∗ + 𝐶9𝐻13𝑁𝑂 + 2𝐻+ + 𝐻𝐶𝐻𝑂       (4.4) 

[𝑅𝑢(𝑏𝑝𝑦)3]2+∗ ↔  [𝑅𝑢(𝑏𝑝𝑦)3]2+ + ℎ𝜈                                                                             (4.5) 

 

Similarly, to other ATS, in the presence of pOH-MA, the onset of an ECL 

emission closely corresponds with the onset of oxidative current where the 

potential of Ru3+ is generated. Although no ECL emission is observed when 

pOH-MA is absent, a typical voltammetric response for the Ru2+/3+ redox 

couple is observed. ECL production for AMP, also a metabolite of MA, was 

examined and the ECL response is shown in Figure 4.2(b). This follows the 

same reaction mechanism and is consistent with previous investigations 

into the ECL co-reactant generation from ruthenium complexes with other 

ATS and amino acids.31 Direct electrochemical oxidation of AMP or pOH-

MA, was not observed over the concentrations examined within this study, 

as shown in Figure S1. In the presence of [Ru(bpy)3]2+, mediated oxidation 

of both metabolites alongside the electrogenerated [Ru(bpy)3]3+ species 
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facilitates the production of an ECL emission through the oxidative-

reduction co-reactant pathway. ECL mechanism with a maximum ECL 

intensity observed at ~1.15 V vs Ag/AgCl is observed for both metabolites. 

This is slightly shifted compared to that of MA, which shows an ECL 

maximum of ~ 1.10 V vs Ag/AgCl. However, for all the onset of the ECL 

response can be seen at ~1.00 V vs Ag/AgCl and therefore this difference 

in ECL maximum output cannot be utilised for discriminating between the 

different ATS compounds. The ECL signals obtained for these ATS clearly 

varies, each producing varying ECL intensities as well as slight differences 

in the ECL maximum potentials. This has been observed previously and is 

related to the R group attached to the amino group, with ECL intensity 

being highest for R groups with poor electron withdrawing characteristics.31 

This also influences the pH behaviour observed within this contribution. 

Given the similarities of the ECL observed for these ATS, it would not be 

possible to distinguish between them solely from their resultant ECL 

response. However, for a screening method, the detection of either MA and 

/ or its metabolites would be sufficient. For both clinical and toxicological 

interpretation, an easily obtained and rapid “yes or no” would be greatly 

beneficial to either direct treatment or what and if further toxicological 

analysis is required. Therefore, despite the current inability to discriminate 

between these three ATS, this approach still meets the criterion of a 

screening method. For use within this field, analysis in biological matrices 

is key. The pH of these matrices can be quite different and so an 

understanding of the impact of pH on the ECL response is needed. 
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4.2.2. Evaluating the impact of pH on ECL analysis 

As with previous studies on other structurally similar compounds, the 

ECL intensity observed is strongly dependent on pH.19 – 20, 31 The ECL 

intensity for ATS complexes is maximised at pH values near the pKa of the 

N-terminal amine site. Indeed, experimental evidence has illustrated that 

the overall reaction efficiency is strongly influenced by the pH at which the 

analysis is undertaken in addition to the electron donating/withdrawing 

behaviour of the functional groups attached to the α-carbon of the amino 

acid moiety within the ATS structure. This is primarily due to the fact that 

the pH influences the dominant form of the molecule under different pH 

conditions as influenced by the molecules’ dissociation mechanism. The 

ECL responses for MA at different pH values is shown in Figure 4.4. 

 

Figure 4.4. ECL response for 200 µM MA in 0.1 M PBS at pH 7.0 (purple 

line), pH 8.0 (green line), pH 9.0 (red line), pH 10 (blue line) and a blank 

(black line) scanned over the potential range 0.8 ≤ E ≤ 1.6 V vs Ag/AgCl at 

a scan rate of 100 mVs-1. PMT was biased at 650 V. 
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A similar trend was observed within this study for pOH-MA with the 

maximum ECL intensity obtained at values close to its pKa.38 As shown in 

Figure 4.4, the ECL intensity increases as the pH increases from 7, 

reaching a maximum intensity at ~pH 9. When the pH range was increased 

to values higher than pH 10, a significant background signal was observed. 

This is due to formation of the excited state from a secondary reaction 

between [Ru(bpy)3]3+ and OH-. The normalised ECL intensity is defined as 

the ratio of signal intensity (IpOH-MA) to background intensity (IBKG). ECL 

signals were clearly observed across the entire pH range evaluated to 

varying degrees. This is extremely relevant when considering analysis in a 

variety of biological matrices where the samples will have different pH 

values. In this context, MA and AMP were also studied to interrogate their 

pH dependence for ECL production. 

 

Figure 4.5. Typical trend for the dependence of the ECL intensity on pH 

of the electrolyte for pOH-MA (blue triangles), AMP (green circles) and MA 

(red squares). The ECL intensity was background corrected and 

normalised based on the maximum ECL response for each ATS for clarity 

(Error bars represent standard deviation obtained from triplicate results). 
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The highest ECL intensity of MA, AMP and pOH-MA were observed at 

pH 9.0 (pKa of MA: 10.1, pKa of AMP: 10.5, pKa of pOH-MA: 9.8). (Figure 

4.5) These results are supported by previous work which illustrate the 

increased difficulty to oxidise amine species at low pH values, where their 

protonated and hence not electrochemically active form is 

dominant.17,18,19,20,39 

4.2.3. Analytical Parameters  

To ensure sensor performance was adequate for both qualitative and 

semi-quantitative analysis, the analytical parameters for this ECL based 

sensor were evaluated. As mentioned, while pH 10 may provide the 

greatest ECL response, pH 9 represents a much greater signal to noise 

(S/N) ratio and is therefore more discriminating. However, to evaluate the 

response over different pH values, reflecting the range of pHs observed for 

biological matrices investigated within this study, calibrations were 

conducted at pH 7 and 10. 



87 
 

 

Figure 4.6. (a) ECL response for increasing [MA] in 0.1 M PBS at pH 

7.0. (b) ECL response for increasing [AMP] in 0.1 M PBS at pH 7.0 scanned 

over the potential range 0.8 ≤ E ≤ 1.6 V vs Ag/AgCl at a scan rate of 100 

mVs-1. PMT was biased at 650 V. 

 

Linear coefficients (R2) of 0.9971, 0.9967 and 0.9977 were obtained for 

the pH values investigated as shown in Table 4.1 and Figure 4.8(a). The 

limit of detection (LOD) at each of the pH values was also calculated based 
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upon the lowest concentration were an observable signal was still 

distinguishable at a signal to noise ratio of 3, summarised in Table 4.1.  

The influence of pOH-MA, AMP and MA concentrations on ECL intensity 

was evaluated over the concentration range 0.1 µM and 0.5 mM, consistent 

with the expected values that would be observed within biological fluids 

after ingesting MA8 and comparable to previous studies in optimised 

sample matrices, as shown in Figure 4.8(a)9 – 11. Figure 4.8(b) illustrates 

the increase in the ECL response, taken at the peak maximum for each 

analyte, as the concentration of pOH-MA increases. This trend is similar 

for both MA and AMP (see Figures 4.6) at pH 10 as well as at pH 7 (see 

Figure 4.7), as well as other compounds with comparable amine functional 

groups. LOD for the biological samples are slightly higher, as shown in 

Table 4.1, due to the interference effects of natural amino acids. Despite 

this, they are still within the forensic and toxicologically relevant range. The 

forensically relevant ranges for MA and AMP are 0.12 to 20 µM and 48 to 

2.6 µM respectively. The range for MA is therefore appropriate for relevant 

forensic samples, however, improvements are needed for AMP and pOH.  
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Table 4.1.  Analytical results of this study under ideal conditions of pH 9 

0.1 M PBS and the results from the literature 

 

ECL Approach 

for ATS 

LoD LoD in Biological 

Matrix 

Linear range 

 

MA - this Study 

 

 

74.6 nM 

0.2 uM serum 

0.5 µM urine 

10 uM saliva 

 

0.1 µM to 0.5 mM 

 

AMP – this Study 

 

 

1 µM 

6 µM serum 

2 µM urine 

10 µM saliva 

 

10 µM to 1 mM 

 

pOH-MA – this Study 

 

 

82.8 nM 

4 µM serum 

4 µM urine 

10 µM saliva 

 

0.1 mM to 5 mM 

MA - Multiwall carbon 

nanotube/ionic liquid 

composite electrode 9 

 

 

8.0 nM 

 

  

10 nM to 80 µM 

MA - Glassy carbon 

electrode modified 

with [Ru(bpy)3]2+ - 

doped silica 

nanoparticles/ Nafion 

composite film 10 

 

 

 

26.0 nM 

  

 

0.1 µM to 10 µM 

MA - ECL sensor 

organically modified 

with silica film 11 

 

 

 

0.2 µM 

 

  

 

0.5 µM to 1 mM 
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Figure 4.7. (a) Typical trend of maximum ECL signal against [ATS] at 

pH 7.0 for MA (red squares), AMP (green circles) and pOH-MA (blue 

triangles). 
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Figure 4.8. (a) Typical trend of maximum ECL signal against [ATS] at 

pH 9.0 for MA (red squares), AMP (green circles) and pOH-MA (blue 

triangles). (b) Typically, ECL response for increasing [pOH-MA] in 0.1 M 

PBS at pH 9.0 scanned over the potential range 0.8 ≤ E ≤ 1.6 V vs Ag/AgCl 

at a scan rate of 100 mVs-1. PMT was biased at 650 V (Error bars represent 

standard deviation obtained from triplicate results). 
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4.2.4. Biological Fluid Analysis  

To evaluate the capacity of our approach for toxicological analysis, a 

range of biological fluids typically used for ATS analysis were examined. 

The biological matrices chosen included artificial saliva and pooled human 

serum. These samples are utilised to illustrate the feasibility of this 

approach for screening within complex biological matrices which will have 

numerous interferences. We report here for the first time, a method for 

screening of ATS in biological samples. In the literature, there is very 

limited study about pOH-MA in body fluids by ECL and electrochemical 

methods. Therefore, the results of this study were compared to 

standardised laboratory methods for ATS analysis, namely, LC-MS and 

GC-MS.36 

 Artificial Saliva  

To determine the practicality of our ECL method, we first used saliva as 

biological sample analysis. Saliva is a practical alternative to blood samples 

for forensic analysis. The clear advantage for portable analysis, is that 

unlike blood samples, saliva samples are much easier to obtain and does 

not require the degree of sample preparation often required for blood or 

serum samples. In the initial analysis, the direct detection of the ATS within 

artificial saliva was evaluated.  

Previous studies using screen-printed electrodes illustrated that an ECL 

response can be obtained from directly in saliva, although it is 

advantageous to dilute it due to the issues surrounding its viscosity.42 

However, when using conventional GC electrodes, the issue of viscosity 

was more pronounced and an ECL response could not be obtained, despite 

the fact that no ECL response was obtained from the blank artificial saliva 
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sample before spiking. Indeed, after dilution, as seen in Figure 4.9(a) the 

blank response is so low as to be indistinguishable from the baseline. Upon 

dilution with 0.1 M PBS (pH = 9.0) in a ratio 1:5 (v/v), an ECL response 

from the spiked artificial saliva is clearly visible as shown in Figure 4. The 

concentration of the ATS reported is that prior to dilution. This figure also 

highlights that the response from control or blank artificial saliva alone does 

not produce any significant interferent. The rational for achieving an 

increased response after dilution is attributed to the lowering of the 

viscosity of the sample therefore allowing sufficient kinetics to take place 

facilitating the production of the ECL response and to a lesser extent, to 

the shift in pH from ~7.4 to the optimal pH for ECL detection of pOH-MA at 

~ pH 9.0. 
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Figure 4.9. (a)ECL of 200 µM MA (red), 200 µM AMP (green), 200 µM 

pOH-MA (blue) and a blank (black) in saliva after a 1:5 dilution (v/v) with 

0.1 M PBS (pH = 9.0). (b) ECL of 10 µM MA (red), 10 µM AMP (green) and 

10 µM pOH-MA in saliva after a 1:5 dilution (v/v) with 0.1 M PBS (pH = 9.0) 

scanned over the potential range 0 ≤ E ≤ 1.6 V vs Ag/AgCl at a scan rate 

of 100 mVs-1. PMT was biased at 650 V. 

 

As evident from Figure 4.9(a), at high concentration of drug, a secondary 

peak is observed. This is likely due to diffusional issues within this quite 

viscose sample matrix. However, this is not an issue at the concentrations 

expected to be obtained from saliva samples (Figure 4.9(b)). 

 Serum Analysis  

The experiment for human serum was carried out under the same 

condition. When ECL intensity of human serum was studied, very high 

background signal was observed (see Figure 4.10 and 4.11) due to the 
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presence of some amino acids and proteins in human serum which was 

expected.17 

 

Figure 4.10. Background signals of serum neat blank and blanks after 

dilution (v/v). Green line is neat serum signal, black line is 2 times dilution 

(1:1), red line is 3 times dilution (1:2) and blue line is 4 times dilution (1:3) 

with 0.1 M PBS (pH = 9.0) scanned over the potential range 0 ≤ E ≤ 1.6 V 

vs Ag/AgCl at a scan rate of 100 mVs-1. PMT was biased at 650 V. Signal 

to noise improved with reduced viscosity.  
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Figure 4.11. Background signal of neat serum (black line) and ECL 

signal of 200 µM p-OH-MA in neat serum (red line) over the potential range 

0 ≤ E ≤ 1.6 V vs Ag/AgCl at a scan rate of 100 mVs-1. PMT was biased at 

650 V.  

 

  To find the optimum ECL intensity for human serum, a dilution step 

was applied (see Figure 4.12). The serum was therefore diluted in a 1:3 

ratio 0.1 M PBS (pH 9). 
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Figure 4.12. (a) ECL of 200 µM MA (red), 200 µM AMP (green), 200 µM 

pOH-MA and a blank (black) in human serum after a 1:3 dilution (v/v) with 

0.1 M PBS (pH = 9.0) scanned over the potential range 0 ≤ E ≤ 1.6 V vs 

Ag/AgCl at a scan rate of 100 mVs-1. PMT was biased at 650 V. (b) ECL of 

0.2 µM MA (red), 6 µM AMP (green) and 4 µM pOH-MA in human serum 

after a 1:3 dilution (v/v) with 0.1 M PBS (pH = 9.0) scanned over the 

potential range 0 ≤ E ≤ 1.6 V vs Ag/AgCl at a scan rate of 100 mVs-1. PMT 

was biased at 650 V. 

 

Chromatographic analysis of p-OH-MA by LC-MS-MS achieved 

recovery rates of between 85 – 90 % for spiked blood / serum samples in 

the µM range.31,32 The % recovery rates achieved here are consistent with 

these previous reports, however the approach described here would be 

effective as a portable, rapid screening method at crime scenes or as a 

point-of-care device. This is primarily due to the simple process, particularly 

for saliva and urine samples, which negates the need for sample 

preparation. Indeed, if needed this approach could be implemented without 

any pre-treatment, although lower recovery rates would be achieved. 
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According to the results from the experiments, we report pH effect is very 

important in ECL intensity and ECL detection of MA and its main metabolite 

by a modified electrode system with [Ru(bpy)3]2+ and nafion film can be 

done in body fluids. 

 Urine Analysis  

The experiment for artificial urine was carried out under the same 

condition. When ECL intensity of the urine was studied, very high 

background signal was observed and similarly to the process applied for 

human serum was employed, a dilution step was incorporated. Urine 

samples were therefore diluted with 0.1 M PBS in a 1:4 v/v ratio (see Figure 

4.13).   

% Recovery of pOH-MA, MA and AMP in diluted human serum (1:3), 

artificial saliva (1:5) and urine (1:4) was investigated and the maximum ECL 

intensities compared to that of the ATS in 0.1 M PBS. In the experiment, 

three different concentrations were used (150, 200 and 250 µM). % 

Recovery ratio of each body fluid was shown in Table 4.2. Based on the 

results, our system is working in body fluids and has high recovery ratio. 
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Figure 4.13. (a) ECL of 200 µM MA (red), 200 µM AMP (green), 200 µM 

pOH-MA (blue) and a blank (black) in urine after a 1:4 dilution (v/v) with 0.1 

M PBS (pH = 9.0) scanned over the potential range 0 ≤ E ≤ 1.6 V vs 

Ag/AgCl at a scan rate of 100 mVs-1. PMT was biased at 650 V. (b) ECL of 

0.5 µM MA (red), 2 µM AMP (green) and 4 µM pOH-MA in urine after a 1:4 

dilution (v/v) with 0.1 M PBS (pH = 9.0) scanned over the potential range 0 

≤ E ≤ 1.6 V vs Ag/AgCl at a scan rate of 100 mVs-1. PMT was biased at 

650 V. 

 

In the literature, some previously reported voltammetric sensors with no 

modification to the working electrode have approximately LoD of 10-6 and 

generally working range is from 10-6 to 10-3 .43-46 Some voltammetric 

sensors with modified working electrode show lower LoDs.47,48 A screen-

printed electrode was modified with gold nanoparticles and that system has 

LoD of 6.0 nM.47 However, these systems are optimised for a single matrix 

and cannot be used in the same format for other biological matrices. 

Therefore, although the LoD for this study does need to be improved 
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further, its applicability to use in portable devices where the sample matrix 

may not be known prior to attending a crime scene or arriving in an 

emergency room is a significant advantage. In addition, the ability to detect 

not just one ATS but AMP, MA and pOH-MA is also advantageous for 

portable screening. Future work examining the potential of a ratiometric 

approach19 to improve selectivity and investigation of alternative supports 

or the inclusion of nanoparticles to enhance the ECL response,49-52 thereby 

increasing the sensitivity are underway. 
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Table 4.2. % recovery of different concentrations of MA, AMP and p-

OH-MA in body fluids 

 

 

[ATS] µM 

 

Neat 

% recovery 

 

Saliva  

% recovery 

(±4.68) 

 

Human Serum 

% recovery 

(±6.22) 

 

Urine 

% recovery 

(±4.45) 

[MA] 150  76.73 76.70 88.90 

[MA] 200 41.31 (Urine) 

3.18 (Serum) 

91.27 89.73 89.29 

[MA] 250  87.31 91.45 87.71 

[AMP] 150  85.57 91.56 88.49 

[AMP] 200 22.29 (Urine) 

11.43 (Serum) 

90.41 94.63 91.72 

[AMP] 250  94.22 92.88 96.12 

[pOH-MA] 150  92.77 86.44 94.48 

[pOH-MA] 200 40.62 (Urine) 

5.80 (Serum) 

97.55 81.73 92.54 

[pOH-MA] 250  89.6 88.57 91.24 

 

When the results from HPLC, MA in human serum was detected by ECL 

method and a simple liquid-liquid extraction was performed to decrease the 

background signal from the interference. LoD was found as 0.5 µM (signal 

to noise, 1:3) and % recovery ratio was ~94%.38 Also, HPLC-MS method 

was studied for detection of some of amphetamine-type stimulants in 

human urine. LoD for MA was 1 nM and linear working range was 36.1 nM 

to 0.38 mM. In this method, there was a solid phase extraction step to 
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decrease the effect of interferences in human urine.21 GS-FID (flame 

ionization detector) was used to detect AMP in urine. LoD for AMP was 2 

nM and linear working range was 7.4 nM to 14.8 µM.40 pOH-MA in urine 

was analysed by HPLC and % recovery was seen as % 86.5 and linear 

working range was 27.8 µM to 418 µM and LoD was 5.2 µM.41 Given that 

the studies in the literature, LoDs for MA, AMP and pOH-MA by our ECL 

system are low enough to meet to the requirements in real urine samples 

without the necessity of an extraction phase. This work illustrates a proof 

of concept for the screening of ATS in biological matrices, current work is 

underway to further improve both the sensitivities as well as approaches to 

provide more selectivity, although in initial triage / screening this is not 

needed.  

As evident, natural amino acids from the biological samples do produce 

a signal (see Figures 4.9, 4.12 and 4.13). To further assess the specificity 

of this approach, an interferent study was performed with other compounds 

including cocaine and diamorphine as well as nicotine. These interferences 

were assessed against the response of MA and can be found in Figure 

4.14. As shown both cocaine and diamorphine at similar concentrations 

produce comparable ECL responses. Previous aptamer-based sensors 

also saw responses from cocaine.53 Other non-illicit substances were also 

assessed, namely nicotine and paracetamol. These do produce responses 

in the same range as the blank or neat biological samples themselves. This 

does represent a limitation of the current of the proposed approach, this is 

outweighed by the potential screening ability of this portable ECL approach 

and the rapid results that can be obtained. Despite these interference 
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effects, we are confident in the identification of the presence of illicit drugs 

including ATS from this screening approach. 

 

Figure 4.14. (a) ECL of 150 µM MA (black), 150 µM cocaine (red), 150 

µM diamorphine (blue), 150 µM nicotine (green) and 150 µM paracetamol 

(purple) in 0.1 M PBS (pH = 9.0) scanned over the potential range 0 ≤ E ≤ 

1.6 V vs Ag/AgCl at a scan rate of 100 mVs-1. PMT was biased at 650 V.  

 

4.3. Conclusion  

In this work we demonstrated the ability of a simple nafion-[Ru(bpy)3]2+ 

film modified electrode to detect MA alongside two of its metabolites within 

a variety of biological matrices. Unfortunately, the current approach does 

not provide the ability to discriminate between the different ATS present, 

although it is possible to confidently determine that at least one of these 

ATS is present. Determining the presence of an ATS is still extremely 
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useful for screening or triage purposes for portable detection. Future work 

into gaining this ability to discriminate between structurally similar 

complexes is currently underway. This approach highlights the ability of this 

ECL based sensor to be applied to non-ideal biological matrices with little 

to no sample preparation and no extraction required, thereby being ideally 

suited for implementation within portable and on-site screening. This 

showcases the potential of ECL sensors for portable detection.  
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Chapter 5- ECL efficiency of Iridium and Osmium 

complexes to detect methamphetamine and its 

main metabolites 
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Abstract 

The majority of ECL sensors rely on the generation of ECL from 

reactions with ruthenium, this has limited the application of ECL sensors to 

the detection of one analyte. This presents challenges for selectivity and 

multiplexed detection particularly for analysis within biological matrices. 

This is due to the high number of natural amines, reactive oxygen species, 

as well as other common small molecules present within biological matrices 

which all react with [Ru(bpy)3]2+ to produce an ECL signal. This means that 

control samples can often have ECL signals, limiting the sensitivity of the 

sensor. The aim of the work is to detect and distinguish MA, AMP, and p-

OH-MA by using different Ir (III) complexes and osmium complexes on the 

modified electrode system. ECL of two iridium (III) complexes 

(ppy2Ir(bpy)]+, (pq)Ir(acac) (ppy = 2-phenylpyridine anion, pq = 2- 

phenylquinoline anion, pby =2,2’-bipyridine and acac = acetylacetonate 

anion) and three osmium complexes ([Os(dmpb)2(diarsp)]2+, 

[Os(bthp)2(dmpe)]2+, [Os(diars)2(bthp)]2+ (diars: 1,2-

bis(dimethylarseno)benzene, dmpb: 1,2- bis(dimethylphosphino)ethane, 

bthp: 4,7-diphenyl-1,10-phenanthroline, dmpe: 1,2- 

bis(dimethylphosphino)ethane) in nafion film was investigated at a GC 

electrode. The experimental condutions, such as potential, pH, 

concentrations were investigated. However, the modified electrode 

systems do not show ECL signal against MA and its metabolites under the 

experiment condutions. 
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 Introduction  

Since the 1970s, when first electrogenerated chemiluminescence 

reaction (ECL) was observed between [Ru(bpy)3]3+ (“bpy” is 2,2-bipyridine) 

and tripropylamine (TPA)31, ECL methods are used in a wide range of 

analytical applications like immuno assays, detection of infectious 

diseases, tests for cancer, cardiac, diabetes, as well as environmental 

monitoring including analysing food and water samples.109-111 ECL has 

absence of a background optical signal and the ability for controlling 

reaction kinetics by adjusting applied potential, capability with solution-

phase and thin film modifications. 

The majority of ECL sensors rely on the generation of ECL from 

reactions with ruthenium, this has limited the application of ECL sensors to 

the detection of one analyte and also presented challenges for selectivity 

and multiplexed detection particularly for analysis within biological 

matrices. This is due to the high number of natural amines, reactive oxygen 

species, as well as other common small molecules present within biological 

matrices which all react with [Ru(bpy)3]2+ to produce an ECL signal. This 

means that control samples can often have ECL signals, limiting the 

sensitivity of the sensor. In addition, if discrimination between two 

structurally similar analytes is needed and both react with ruthenium, this 

cannot be achieved thereby limiting the selectivity of the sensor design. To 

illustrate this challengers, cyclometalated iridium complexes 

(ppy2Ir(bpy)]+, [ppy2Ir- (phen)]+, (pq)2Ir(acac), and (pq)2Ir(tmd)) were 

studied and the ECL results showed that (pq)2Ir(acac) and (pq)2Ir(tmd) 

gave 77 and 49 times higher ECL signal compared to [Ru(bpy)3]2+ / TprA 

system.120 Extremely high ECL has been obtained because Ir(III) complex  
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is a strong emitter due to a neutral 2-phenylquinoline group, TPA+* can be 

generated effectively and Ir(III) complex accepts electrons more efficiently 

from TPA*. (see Equition 5.1-5.5) 

M – e-    M+        (5.1) 

TPrA – e-   TPrA+*     (5.2) 

M+ + TPrA            M + TPrA+*     (5.3) 

TPrA+*            TPrA* + H+      (5.4) 

M+ + TPrA*             M* + other products    (5.5) 

M + TPrA*              M- + other products    (5.6) 

M+ + M-             M* + M       (5.7) 

M- + TPrA+*            M* + TPrA      (5.8) 

M*         M + hʋ       (5.9) 

 

An ECL system using Ir(III) complexes was fabricated.105 F(Ir)pic 

(bis(3,5-difluoro-2-(2-pyridyl)phenyl-(2-carboxypyridyl))- iridium III) and 

(btp)2Ir(acac) (bis[2,(2′-benzothienyl)- pyridinato-

N,C3′](acetlyacetonate)Ir(III) was investigated in acetonitrile (MeCN), 

mixed MeCN/H2O (50:50, v/v), and aqueous solutions using the oxidative 

reductive coreactant tri-n-propylamine. The ECL emission spectrum of 

F(Ir)pic can be distinguished from [Ru(bpy)3]2+ when both are present in 

the same solution. ECL of F(Ir)pic showed higher intensity when compared 

with [Ru(bpy)3]2+ and ECL peak of F(Ir)pic was distinguished from that of 

[Ru(bpy)3]2+.105 
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ECL reaction pathway is identified for [Ru(bpy)3] 2+ and TPrA co-reactant 

(see chapter 1.4). However, novel electrochemiluminophores cannot follow 

the same pathway always and that is an important point for intended 

applications. For example, in an ECL system where metalo-luminophores 

(Ir (III) complexes) are immobilized on an electrode surface.116 There, ECL 

is due to diffusion of oxidised TPrA to electrochemiluminophores. It was 

seen that the reaction (5.6) and (5.8) are not feasible for most of iridium 

complexes. 116 Another iridium complex work showed that the reactions 

from (5.1) to (5.5) became very important to see ECL intensity.109,119 

In recent years, new ECL systems using iridium and osmium complexes 

were published.105,108 These iridium and osmium complexes showed high 

and reproducible ECL signal in the presence of TPA. In the literature, there 

are studies to develop novel monomeric or multicentre metal 

complexes.98,99 ECL luminophores are created by adding functional groups 

to one or two pyridine rings of a single ligand. Those modifications cause 

of enhanced electrochemical and photophysical properties of the 

luminophore.112 Excited-state location within the complexes, luminescence 

lifetime, ground and excited state potentials can be adjusted for special 

purpose and all these features directly affect the performance of an ECL 

system.98,99 For example, a newly designed luminophore, can show longer 

excited-state lifetime and this makes the ECL system more sensitive 

because longer lifetimes cause brighter ECL response. Some examples 

from the literature is seen in Figure 5.1. 

Researchers published some dimeric metal complexes because this 

type of luminophores generally produce two or three-fold more intense 

emission in aqueous and nonaqueous medium.31 However, there is an 
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upper limit of intensity when more complex luminophores are used due to 

problem of diffusion rate and heterogeneous electron transfer.31   

 

Figure 5.1 Some iridium complexes used in electrochemiluminescence 

studies.105,106 

 

Cyclometallated iridium (III) complexes have been used as a new 

generation of ECL labels.113,115 When compared with [Ru(bpy)3] +2, Iridium 

complexes show enhanced analytical performance.116 Those 

electrochemical properties of Ir (III) bipyridine complexes made 

researchers began to examine new type of cyclometalated iridium 

complexes which have high ECL efficiencies, a wide range of emission 
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wavelengths and high selectivity106 and multi-colour detection systems 

(multiplexed systems).108 

In the literature, the structure of ruthenium, iridium and osmium 

polypyridine type complexes are generally used (Figure 5.2). These 

structures have almost ideal reversible voltammetry and effective 

photophysical properties.40 

Osmium complexes are another important ECL luminophores. 

Generally, they have shorter excited-state lifetimes and weaker emission 

when compared with iridium complexes. That is due to the fact that osmium 

complexes have larger spin-orbit coupling and that is a limitation for ECL 

production.107 However, osmium complexes may have advantage because 

they are more photostable than ruthenium complexes and are oxidised at 

less anodic potentials. For example, [Os(phen)2(dppene)]2+ was used as 

luminophore with TPA in aqueous medium. ECL efficiency was recorded 

as two-fold higher than that of [Ru(bpy)3]2+.108 
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Figure 5.2 Examples of ECL luminophores are 1-Ru(bpy)3
2+, 2-

(pq)2Ir(acac) and 3-[Os(phen)2(dppene)]2+ 

 

Development of portable and highly sensitive ECL devices such as 

biomedical and environmental research have more attention these days. 

Due to high sensitivity and selectivity of ECL systems, more applications in 

different fields come up.31 Also, sensitivity and selectivity of ECL systems 

can be enhanced by advanced materials like interfacial films, 

nanoparticles, and new complexes. 

The aim of the project is to detect and distinguish MA, AMP, and p-OH-

MA by using different Ir (III) complexes and osmium complexes on the 

modified electrode system. A mixed metal system such as ruthenium, 
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iridium and osmium complex can be created and the individual 

luminophores work for the individual ATS for multi-analyte sensing. That 

modified electrode system can be used for body fluids and the 

concentration of MA, AMP and p-OH MA can be calculated separately by 

using only one electrode system. 

 Experimental 

 Materials 

[Ru(bpy)3]2+ (Tris (2,2′-bipyridyl) dichlororuthenium (II) hexahydrate), 

Ir(ppy)3 (Tris2-phenylpyridinato-C2N iridium (III)), Ir(pq)2(acac) ((2,4-

Pentanedionat) bis2-(2-quinolinyl) phenyliridium (III)) (see Figure 5.3) 

Nafion 117 (per-flourinated ionexchange resin, 5% (w/v) solution in a 

mixture of alcohols) , acetonitrile was purchased from Sigma-Aldrich. 

Phosphate buffer (PBS, 0.1 mol/L) was used to control the pH of aquous 

solution (+) methamphetamine hydrochloride and DL-amphetamine were 

purchased from Sigma-Aldrich. 3 of Osmium complexes synthesized by 

Australian working group were used (see Figure 5.4). All other reagents 

were of analytical reagent grade and ultra-pure water (Milli-Q plus, Millipore 

Inc.) was used throughout the experiments. 
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Figure 5.3 Iridium comlexes used in the study. A is [ppy2Ir(bpy)]+ and B 

is (pq)Ir(acac). (ppy = 2-phenylpyridine anion, pq = 2- phenylquinoline 

anion, pby =2,2’-bipyridine and acac = acetylacetonate anion).       

 

A three-electrode configuration was used. A glassy carbon electrode 

(GC) was coated with Iridium and osmium complexes / Nafion film as 

working electrode. A platinum wire electrode and Ag/AgCl (saturated KCl) 

were used as counter electrode and reference electrode, respectively. All 

the potentials were measured and reported according to this reference 

electrode. The ECL experiments were carried out by a chemiluminescence 

analyser (CH instrument model 602E connected to a Hamamatsu H6780-

20 PMT). The ECL cell was placed directly in front of the photomultiplier 

plier tube (PMT) and enclosed in a light -tight box. 
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Before modification of GC electrode (d:3 mm), it was polished with 1, 0.3 

and 0.05 µm aluminum solution on a polishing cloth, respectively and 

sonicated in water and washed with water. Then, it was dried.  
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Figure 5.4 Osmium complexes used in the study. A: 

[Os(dmpb)2(diarsp)]2+, B: [Os(bthp)2(dmpe)]2+, C:[Os(diars)2(bthp)]2+(diars: 

1,2-bis(dimethylarseno)benzene, dmpb: 1,2- 

bis(dimethylphosphino)ethane, bthp: 4,7-diphenyl-1,10-phenanthroline, 

dmpe: 1,2- bis(dimethylphosphino)ethane) 
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 Results and Discussion 

 Detection of ATS via ECL 

The approach utilised within this study was based on the interaction of 

ATS with Iridium and osmium complexes, which are mentioned in the 

experimental section (see Figure 5.3 and Figure 5.4). The aim was to see 

ECL signal upon interaction with iridium and osmium complexes through 

the oxidative-reductive pathway. MA, AMP, and p-OH-MA were studied as 

analyte. By using the interaction between different ATS and different metal 

complexes, we are aiming to distinguish each ATS in samples and we can 

have more specific ECL system for each ATS. 

5.2.2. Ir(pq)2(acac) / nafion modified GC electrode 

The Ir(pq)2(acac) /nafion film modified glassy carbon electrode was 

fabricated by the following procedure: A 1 mM Ir(pq)2(acac) solution was 

prepared in 50:50 EtOH:H2O. 5 % w/v nafion was diluted to a concentration 

of 0.4 % w/v with 50:50 EtOH:H2O. The final film concentration of 0.5 mM 

Ir(pq)2(acac) and 0.2 % nafion was prepared by mixing the above solutions 

in a 1:1 (v/v) ratio. Once prepared the film was stored at 4 0C. The carbon 

working electrode modified with the film and left to air dry for 2 hours under 

darkness. 

The modified sensor was immersed into 0.1 M PBS in the presence of 

MA, AMP, and p-OH MA. The ECL measurement was performed at a 

potential range from 0.0 V to 1.6 V vs reference electrode (Ag/AgCl 

saturated with KCl) at scan rate of 100 mVs- with a conventional three-

electrode system. The GC electrode modified with [ppy2Ir(bpy)]+ / nafion 

was used as working electrode.  
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Experimental parameters and conditions directly effect ECL intensity. 

Some studies reported experimental intensities for new complexes under 

chemical conditions where the reference luminophore ([Ru(bpy)3]2+) has 

disadvantages.106, 117, 118 In this context, a range of pH from 7 to 11 was 

studied to check pH effect on ECL intensity. Background signals of the 

modified electrode were shown in Figure 5.5. 

 

 

Figure 5.5 (a) is ECL signals of blanks of the modified GC electrode with 

(pq)2Ir(acac), (b) is CVs of blanks of the modified GC electrode with 

(pq)2Ir(acac) at a range of from pH 7 to pH 11 in 0.1 M PBS at a scan rate 

of 100 mVs-1over the potential range of 0 to 1.6 V vs Ag/AgCl. 

 

MA, AMP and p-OH-MA were studied under the same conditition by the 

GC electrode modified with (pq)2Ir(acac) / Nafion. The ECL responses were 

shown in Figure 5.6. 

Based on the results from Figure 5.5 and 5.6, ECL signal of the blank 

samples and in the presence of 100 µM of the ATSs are the same. Also, at 

higher pH values, there is an increasing background ECL signal and that 
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may be since effect of OH- at higher pH levels.120,121 That effect was also 

mentioned in the previous chapters (see Chapter 2 and 3). On the other 

hand, in the CVs of the blank and the ATSs responses at higher pH levels, 

there are very similar oxidation peak at about 0.7 V. Again, that oxidation 

peak is most probably due to OH- groups and Ir(pq)2(acac) complex.121  

Figure 5.6 shows that, in the presence of MA and the main metabolites, 

the system shows very similar ECL intensity as the background signal in 

the blank. Obviously, the modified electrode system has no meaning ECL 

signal for MA, AMP, and pOH-MA. 
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Figure 5.6 (a) ECL responses of 100 µM MA, (b) CVs of 100 µM MA, 

(c) ECL responses of 100 µM AMP, (d) CVs of 100 µM AMP, (e) ECL 

responses of 100 µM p-OH, (f) CVs of 100 µM p-OH in a range of pH of 0.1 

M PBS (pH 7 to pH 11) at a scan rate of 100 mVs- over the potential range 

of 0 to 1.6 V vs Ag/AgCl. 
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5.2.3. Ir(ppy)3 / nafion modified GC electrode 

The sensor fabricated was immersed into 0.1 M PBS in the presence of 

MA, AMP, and p-OH MA. The ECL measurement was performed at a 

potential range from 0.0 V to 1.6 V at scan rate of 100 mVs- with a 

conventional three-electrode system. Glassy carbon electrode fabricated 

with Ir(ppy)3 / nafion was used as working electrode. Background signals 

of the modified electrode were shown in Figure 5.7. 

 

Figure 5.7 (a) is ECL signals of blanks of the modified GC electrode with 

Ir(ppy)3, (b) is CVs of blanks of the modified GC electrode with Ir(ppy)3 at 

a range of from pH 7 to pH 11 in 0.1 M PBS at a scan rate of 100 mVs-1 

over the potential range of 0 to 1.6 V vs Ag/AgCl. 

 

MA, AMP and p-OH-MA were studied under the same conditition by the 

GC electrode modified with Ir(ppy)3 / Nafion.  

An increasing background signal was seen in the blank at higher pH 

levels. Here, that backgorund signal is due to interaction between Ir(ppy)3 
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and OH- ions.120,121 The ECL responses in the presence of the ATS were 

shown in Figure 5.8. Very similar results were observed in Figure 5.8. there 

is an incerasing ECL signal depending the pH level. Based on the results 

from Figure 5.7 and 5.8, it clearly can be said that ECL signal of the blank 

samples and in the presence of 100 µM of the ATSs are indistinguishable. 
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Figure 5.8 (a) ECL responses of 100 µM MA, (b) CVs of 100 µM MA,  

(c)  ECL responses of 100 µM AMP, (d) CVs of 100 µM AMP, (e) ECL 

responses of 100 µM p-OH, (f) CVs of 100 µM p-OH in a range of pH of 0.1 

M PBS (pH 7 to pH 11) at a scan rate of 100 mVs-1 over the potential range 

of 0 to 1.6 V vs Ag/AgCl.  
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5.2.4. [Os(dmpb)2(diarsp)]2+ / nafion modified GC electrode 

The [Os(dmpb)2(diarsp)]2+ /nafion film modified glassy carbon electrode 

was fabricated by the following procedure: A 1 mM osmium complex 

solution was prepared in 50:50 ACN: H2O. 5 % w/v nafion was diluted to a 

concentration of 0.4 % w/v with 50:50 ACN: H2O. The final film 

concentration of 0.5 mM [Os(dmpb)2(diarsp)]2+ and 0.2 % nafion was 

prepared by mixing the above solutions in a 1:1 (v/v) ratio. Once prepared 

the film was stored at 4 0C. The carbon working electrode modified with the 

film and left to air dry for 2 hours under darkness. 

The osmium complexes were immersed into 0.1 M PBS but PBS showed 

very intense ECL signal in blanks and NaCI was used as electrolyte to get 

rid of unwanted ECL peak. So, the modified sensor was immersed into 1 

M NaCl in the presence of MA, AMP, and p-OH MA. The osmium 

complexes are all made up to a 1 mM concentration in 50:50 ACN: H2O 

solvent system, this is the solvent system to make them up in to get them 

to dissolve, any more water causes of crashing out them. 

  The ECL measurement was performed at a potential range from 0.0 V 

to 1.6 V vs Ag/AgCl (saturated with KCl) at scan rate of 100 mVs- with a 

conventional three-electrode system. Glassy carbon electrode fabricated 

with osmium complex / nafion was used as working electrode. Background 

signals were shown in Figure 5.9. 

In the CVs of the blank at higher pH levels, there is an oxidation peak. 

Oxidation and reduction peaks are most probably due to nonhomogeneous 

electron transfer between the subgroups of osmium complex at higher pH. 

That means subgroups lose electron at higher pH levels and that causes 
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of an oxidation peak in the CVs. Similar results were seen for the other 

metal complexes in the study. 

 

Figure 5.9 (a) is ECL signals of blanks of the modified GC electrode with 

[Os(dmpb)2(diarsp)]2+, (b) is CVs of blanks of the modified GC electrode 

with [Os(dmpb)2(diarsp)]2+ at a range of from pH 7 to pH 11 in 1 M NaCl at 

a scan rate of 100 mVs- over the potential range of 0 to 1.6 V vs Ag/AgCl. 
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Figure 5.10 (a) ECL responses of 100 µM MA, (b) CVs of 100 µM MA, 

(c) ECL responses of 100 µM AMP, (d) CVs of 100 µM AMP, (e) ECL 

responses of 100 µM p-OH-, (f) CVs of 100 µM p-OH- in a range of pH 7 to 

pH 11 in 1 M NaCl at a scan rate of 100 mVs- over the potential range of 0 

to 1.6 V vs Ag/AgCl. 
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5.2.5. [Os(bthp)2(dmpe)]2+ / nafion modified GC electrode 

The [Os(bthp)2(dmpe)]2+ /nafion film modified glassy carbon electrode 

was fabricated by the following procedure: A 1 mM osmium complex 

solution was prepared in 50:50 ACN: H2O. 5 % w/v nafion was diluted to a 

concentration of 0.4 % w/v with 50:50 ACN: H2O. The final film 

concentration of 0.5 mM [Os(bthp)2(dmpe)]2+ and 0.2 % nafion was 

prepared by mixing the above solutions in a 1:1 (v/v) ratio. Once prepared 

the film was stored at 4 0C. The carbon working electrode modified with the 

film and left to air dry for 2 hours under darkness. 

The ECL measurement was performed at a potential range from 0.0 V to 

1.6 V vs Ag/AgCl (saturated with KCl) at scan rate of 0.1 Vs- with a 

conventional three-electrode system. Glassy carbon electrode fabricated 

with osmium complex / nafion was used as working electrode. Background 

signals were shown in Figure 5.11. In the CVs of the blank at higher pH 

levels, there is an oxidation and reduction peak. That oxidation peak is 

most probably due to nonhomogeneous electron transfer between the 

subgroups of iridium complex at higher pH. That means subgroups lose 

electron at higher pH levels and that causes of an oxidation peak in the 

CVs. Similar results were seen for the other metal complexes in the study. 
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Figure 5.11 (a) is ECL signals of blanks of the modified GC electrode 

with [Os(bthp)2(dmpe)]2+, (b) is CVs of blanks of the modified GC electrode 

with [Os(bthp)2(dmpe)]2+ at a range of from pH 7 to pH 11 in 1 M NaCl at a 

scan rate of 100 mVs-  over the potential range of 0 to 1.6 V vs Ag/AgCl. 
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Figure 5.12 (a) ECL responses of 100 µM MA, (b) CVs of 100 µM MA, 

(c) ECL responses of 100 µM AMP, (d) CVs of 100 µM AMP, (e) ECL 

responses of 100 µM p-OH-, (f) CVs of 100 µM p-OH- in a range of pH 7 to 

pH 11 in 1 M NaCl at a scan rate of 100 mVs- over the potential range of 0 

to 1.6 V vs Ag/AgCl. 
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5.2.6. [Os(diars)2(bthp)]2+ / nafion modified GC electrode 

The [Os(diars)2(bthp)]2+ /nafion film modified glassy carbon electrode 

was fabricated by the following procedure: A 1 mM [Os(diars)2(bthp)]2+ 

solution was prepared in 50:50 ACN: H2O. 5 % w/v nafion was diluted to a 

concentration of 0.4 % w/v with 50:50 ACN: H2O. The final film 

concentration of 0.5 mM [Os(diars)2(bthp)]2+ and 0.2 % nafion was 

prepared by mixing the above solutions in a 1:1 (v/v) ratio. Once prepared 

the film was stored at 4 0C. The carbon working electrode modified with the 

film and left to air dry for 2 hours under darkness. 

The ECL measurement was performed at a potential range from 0.0 V to 

1.6 V vs Ag/AgCl (saturated with KCl) at scan rate of 0.1 Vs- with a 

conventional three-electrode system. Glassy carbon electrode fabricated 

with osmium complex / nafion was used as working electrode. Background 

signals were shown in Figure 5.13. In this complex, there is no oxidation 

and reduction peak in the CVs. That means that the osmium complex do 

not show nonhomogeneous electron transfer. 
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Figure 5.13 (a) is ECL signals of blanks of the modified GC electrode 

with [Os(diars)2(bthp)]2+, (b) is CVs of blanks of the modified GC electrode 

with [Os(diars)2(bthp)]2+ at a range of from pH 7 to pH 11 in 1 M NaCl at a 

scan rate of 100 mVs-  over the potential range of 0 to 1.6 V vs Ag/AgCl. 
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Figure 5.14 (a) ECL responses of 100 µM MA, (b) CVs of 100 µM MA, 

(c) ECL responses of 100 µM AMP, (d) CVs of 100 µM AMP, (e) ECL 

responses of 100 µM p-OH-, (f) CVs of 100 µM p-OH- in a range of pH 7 to 

pH 11 in 1 M NaCl at a scan rate of 100 mVs- over the potential range of 0 

to 1.6 V vs Ag/AgCl. 
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5.3. Conclusion 

The aim was to see ECL signal upon interaction with iridium and osmium 

complexes through the oxidative-reductive pathway. MA, AMP, and p-OH-

MA were studied as analyte. Unfortunately, MA, AMP and p-OH-MA 

showed no ECL signal against the electrode systems.  

To conclude, iridium and osmium complexes were used to distungish 

MA and its metabolites in samples. However, the modified electrode 

systems do not show ECL signal against the analytes. Obviously, these 

metal complexes can not  be utilised for distunguishing MA and its main 

metabolites within this current system but the metal complexes can be 

applied for  detection of the ATS in different conditions or electrode systems 

in the future. 
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 Conclusion and Future Work 

There is an increasing using drugs as recreational item in recent 

years and the recreational using of drugs has become very common case. 

The use of recreational drugs has expanded beyond national boundaries. 

The global estimates of users of amphetamine-type drugs are 0.3 – 1.3 % 

of the world population ranging 15 to 64 years old. However, the use of 

illicit drugs in England and Wales is higher than that of lots of European 

countries and is 8.8 % of the population between 16 to 59 years old. 

According to a 2020 report published by the World Drug Report 2020, 

England, Scotland and Ireland are major stopping-off points for gangs 

seeking to supply the European drugs market. Criminal groups have 

created routes for the sale of methamphetamines (see Figure 1.1). 

Because of the reasons above, this project focused on synthetic drugs 

known as ATS. 

Traditional methods such as confirmatory methods (HPLC, GC and 

GC/MS) or some screening methods have a wide range of applications 

within the scope of forensic science. By using comprehensive chemical and 

analytical techniques in forensic labs forensic science specialists assess 

the evidence. In this context, scientists need up-to-date and reliable 

analytical techniques in order to identify and detect the samples swiftly and 

with great accuracy. The need for new and more effective systems in 

forensic field becomes more of an issue because unknown derivatives of 

illegal drugs, which have more complex structure and are more hazardous 

for human health, have come to exist over time. Scientists are looking for 

advanced approaches to solve the current problems. The need for rapid 

and reliable detection and monitoring in clinical, environmental and 



135 
 

biodefense causes the new ways for development of alternative analytical 

devices. Electrochemical sensors are strong alternative detection devices 

and currently electrochemical sensors have a wide range application in 

food, pathogens, forensic applications, drug response measurement, 

cancer diagnosis and environmental issues. In this context, we prepared a 

modified GC electrode with nafion and voltammetry and ECL detection 

were studied because ECL has a number of important advantages over 

more conventional chemiluminescence (CL) techniques.  Firstly, no 

external light source is required and therefore instrumentation is simple, 

background light intensity is minimal and scattered light and interferences 

from emission by impurities is minimised. Secondly, certain reactants can 

be regenerated at the electrode, allowing them to undergo ECL reactions 

more than once thus greatly improving the sensitivity of the technique. This 

allows the detection of analytes at very low concentrations (picomolar). 

According to the CV results (Figure 2.1), the anodic peak potential at 

1.05 V results from the oxidation of [Ru(bpy)3]2+ (see Equation 2.3). If a 

redox process is reversible then the relationship between the anodic and 

cathodic peak currents (ipa/ipc) should equate to 1. This therefore indicated 

that the redox process may have been entirely reversible within this 

system.  

In a diffusion-controlled system, the observed CV response is 

dependent upon the scan rate of the potential sweep as this determines 

how rapidly [Ru(bpy)3]2+ can be oxidised to [Ru(bpy)3]3+. In this study, these 

conditions are met 100500 mVs-1 and plots of peak current varied 

linearly with the square root of scan rate over this range, typical cyclic 

voltammetric scan rate dependency and Randles-Sevcik plots are shown 
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in Figure 2.3. The system is linearly proportional to scan rate at slow scan 

rates. This proportionality can often be used to determine the system which 

can generates [Ru(bpy)3]3+. This system showed signs of reversibility and 

the electrode system can be used in 0.1 M PBS media. In this study, 

aquatic medium was used throughout all the works. Non-aquatic or a 

mixture of aquatic and non-aquatic solutions can be studied to have more 

effective and usable analytical and ECL results by compared with the 

current results. 

There are less diffusional issues associated the use of films due to the 

immobilisation of [Ru(bpy)3]2+ on the electrode surface and therefore a 

higher concentration of [Ru(bpy)3]2+ molecules to interact with 

methamphetamine. So, the system modified with nafion showed a linear 

working range of lower concentration of methamphetamine compared with 

that of the unmodified electrode system. LoD, LoQ and linear working range 

for MA are studied currently. Most ECL sensors have LoD of 10-9 to 10-8 

(see Chapter3). the ECL intensity was found to be concentrations over the 

range of 5 x 10-8 to 2.5 x 10-4 mol/L. LoD for MA is 1.94 x 10-10 mol/L. The 

regression coefficient is 0.9931 for the experiment. Our system has very 

low detection limit and easy fabrication process. Our approach was applied 

in different medium such as saliva and human serum to detect MA. This 

technique is simple, rapid, selective and sensitive, and shows potential for 

the high- throughput quantitation of MA. The results show that the present 

electrochemical approach seems to provide a sensitive detection of MA in 

forensic applications. As future works, different films can be worked, and 

analytical parameters can be compared with our results. In this way, lower 

concentrations can be detected. Also, screen printed electrodes can be 
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used to have more portable device and analytical parameters can be 

compared with this study. More portable electrode system makes this study 

more suitable for commercial usage. 

The biological fluid analysis for human serum and saliva and urine were 

carried out under the same condition. Due to some amino acids and 

proteins in serum, high background signal was observed. A dilution step 

was used to find optimum dilution rate. The serum and saliva were diluted 

with 0.1 M PBS. After the dilution process, three different concentration of 

MA were examined (100, 150 and 200 µM). % recovery of saliva and 

human serum were higher than %95 (see Tablo 3.1). Our study has very 

easy process and easy application and is time saving. There is no need for 

extraction and pre-treatment of sample. we used a basic dilution just to 

decrease the background signal. Average of % recovery of our study in 

serum as well in saliva was very similar to that of PBS study. % Recovery 

studies show that our study is suitable for real samples when compared 

with the results in the literature. 

As a next step, we studied the ability of a simple nafion-[Ru(bpy)3]2+ film 

modified electrode to detect MA alongside two of its metabolites (AMP and 

pOH-MA) within a variety of biological matrices. In this context, impact of 

pH on ECL analysis was examined and an optimum pH for analysis was 

observed as pH 9.0. There is a need for dilution of the body fluids because 

saliva is very viscose. Diffusion of the analytes is problem. A dilution phase 

was applied in this step to get rid of viscosity problem (see Chapter 4.4). 

Biological matrixes were diluted with 0.1 M PBS and it can be said that 

LoDs for MA and its metabolites are very sensitive, compared with the 

literature (see Tablo 4.1). At pH 9 LoDs for MA, AMP and pOH-MA in 0.1 
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M PBS are 74.6 nM, 1 µM and 82.8 nM, respectively. When our analytical 

results with the literature, our modified ECL system can be used for real 

samples. Also, % recovery of MA, AMP and pOH-MA in body fluids are so 

high. Throughout the study, artificial body samples were used, and real 

street samples can be collected, and the samples are applied for the 

current modified electrode system and the results from artificial and real 

street samples can be compared. 

To extend the working range of the current electrode system, different 

body samples can be examined such as hair, sweat. For hair samples, 

there must be a extraction phase to take liquid sample. That may a 

difference between both detection process. However, the results from both 

can be compared and usage of the current electrode system can be 

discussed. 

Moreover, some interferences were worked and cocaine, diamorphine 

(blue) showed very high ECL intensity and those ECL signals are very 

similar to that of MA. nicotine (green) and paracetamol showed so low ECL 

intensity and that means that our system can detect MA in a street sample 

in which MA mixed with nicotine. That is important because most of street 

samples (MA) are generally diluted with nicotine. This interferences section 

can be extended and different components that are generally in real street 

samples can be worked, and selectivity of our modified system can be seen 

more obviously. 

Unfortunately, the current approach (simple nafion-[Ru(bpy)3]2+ film 

modified electrode) does not provide the ability to discriminate between the 

different ATS present, although it is possible to confidently determine that 
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at least one of these ATS is present. Determining the presence of an ATS 

is still extremely useful for screening or triage purposes for portable 

detection. This approach highlights the ability of this ECL based sensor to 

be applied to non-ideal biological matrices with little to no sample 

preparation and no extraction required, thereby being ideally suited for 

implementation within portable and on-site screening. This showcases the 

potential of ECL sensors for portable detection. 

Next step was discrimination of structurally similar complexes. The aim 

of the work was to detect and distinguish MA, AMP, and p-OH-MA by using 

different Ir (III) complexes and osmium complexes on the modified 

electrode system. A mixed metal system such as ruthenium, iridium and 

osmium complex can be created and the individual luminophores work for 

the individual ATS for multi-analyte sensing. That modified electrode 

system can be used for body fluids and the concentration of MA, AMP and 

p-OH MA can be calculated separately by using only one electrode system.  

Iridium and osmium complexes were used to distungish MA and its 

metabolites in samples. However, the modified electrode systems do not 

show ECL signal against the analytes. Different pH levels were worked to 

check impact of pH on ECL intensity. Obviously, It can be said that these 

metal complexes can not  be utilised for distunguishing MA and its main 

metabolites within this current system but the metal complexes can be 

applied for  detection of the ATS in different conditions or electrode systems 

in the future. Also, different novel luminophores can be synthesised and 

those nec metal complexes can be examined for distinguishing MA and its 

main metabolites. 
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Overall, the system modified with [Ru(bpy)3]2+ is working for MA, AMP, 

and pOH-MA in aquatic medium and can detect those ATSs in body fluids 

with very low LoDs. The current system have high potential to be used for 

real samples and for commertial purpose. Iridium and osmium complexes 

used in the study do not show any ECL effect in our system but this section 

can be extended and more metal complex can be studied to distinguish the 

ATS. 
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