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Abstract 

Simulating human metabolism by electrochemistry (EC) and mass spectrometry (MS) 

provides an alternative approach to the existing in vitro and in vivo methodologies. Herein, 

screen printed electrodes (SPEs) were investigated as potent electrochemical tools with the 

aim of developing a microfluidic device with a SPE. The proposed chip could be used as a 

primary screening tool for phase II glutathione (GSH) adducts. 

The reusability of SPEs was investigated with solvent treatment, mechanical polishing, and 

electrochemical activation. However, damages to the three-electrode configuration and lack 

of reproducibility prevented the effective removal of deposited material. Thus, SPEs were 

used as single-shot sensors for micking phase I and phase II metabolism. 

The electrochemical reactions of dopamine, raloxifene, eugenol, and doxorubicin were 

examined initially on a bare SPE. Similar kinetics and reaction mechanisms were obtained 

as in previous studies with a glassy carbon electrode, confirming that SPEs can be used as 

cheaper alternatives. Controlled potential electrolysis (CPE) at the optimized potential was 

recorded for 30 min, in the presence of GSH, and subsequent offline MS permitted the 

detection of the corresponding GSH adducts of dopamine and raloxifene. 

Dopaminoquinone and raloxifene di-quinone methide were generated via dehydrogenation 

and reacted covalently with GSH. However, the GSH adducts for eugenol and doxorubicin 

were not formed, leading to the generation of unconjugated metabolites. For example, 

eugenol was electrolysed via a single electron transfer with the addition of a proton to the 

corresponding phenoxyl radical. However, the oxidation reaction of GSH to form 

glutathione disulfide (GSSG) prevented further stabilisation to eugenol quinone methide 

and subsequent GSH adduct formation, mimicking only the catalytic pathway and 
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polymerisation process. In the case of doxorubicin, the GSH adducts were probably formed 

at extremely low concentrations that were below the detection limits of the mass 

spectrometer or the expected doxorubicin semiquinone C7 free radical was generated but 

its trapping was unlikely, as proposed in previous in vitro and in vivo studies, owing to its 

quick oxidation back to the parent drug. Also, the possibility of generating non-reactive and 

highly unstable electrochemical products which were not capable of forming GSH adducts 

was considered. Thus, dopamine and raloxifene were selected for experiments in the 

microfluidic device. In addition, as the behaviour of acetaminophen on SPE is well-known, 

it was considered suitable for investigation with the proposed chip. 

A polycarbonate disposable chip was developed, in which a 32 μL SPE- electrochemical 

cell was integrated with a serpentine channel. The chip was coupled online to an 

electrospray mass spectrometer for a semi-automated methodology. At an optimized flow 

rate of 5 μL min
-1

, 2.5x10
-5 

M solutions of dopamine and acetaminophen were allowed to 

electrolyse for 6.4 min in the SPE cell. The electrogenerated toxic intermediates 

dopaminoquinone and N-acetyl-p-benzoquinone imine reacted covalently with 5x10
-5 

M 

GSH and the resulting adducts were detected online by MS. Raloxifene failed to generate 

the GSH adduct in the microfluidic device owing to the requirement for lower flow rates 

that were incompatible with MS. In conclusion, a disposable and cost effective microfluidic 

device was developed for the simulation of phase II metabolism. This microdevice has the 

potential to reduce the expensive and time consuming use of the current in vitro and in vivo 

methodologies, in pharmaceutical industry and medical research.  

  



            

iii | P a g e   

Acknowledgements 

Firstly, I would like to thank my first supervisor Dr Kevin Welham for his support, help 

and continuous guidance during my doctoral studies. Also, I would like to express my 

appreciation to my second supervisor Dr Jay Wadhawan. 

 

I am very grateful to Dr Mohammad-Mehdi Nasr Esfahani for his expert advice and help in 

microfluidics, patience, support and encouragement. 

 

Many thanks to the analytical research group and mass spectrometry lab (C006) at the 

University of Hull for their help. I am blessed to have friends and colleagues, like Nadia, 

Dalila, Pai and Khadijiah who encouraged me in my studies.  

 

Last but not the least, I would like to thank my parents Antreas and Androulla for providing 

me financial and emotional support. I thank my grandfather Christos for funding my studies 

and for giving me valuable advice. I am also grateful to Geronta Athanasio, Geronta 

Nikodemo, Geronta Anthimo, Gerontisa Efraimia, Chrystala and Kaliopi for their 

continuous support, until the last minute of my doctoral studies. 

 

This thesis is dedicated to my wonderful mother, who has always been next to me through 

this journey, giving me support, encouragement, help, and inspiration. Also, I would like to 

thank her for her great patience through the hard times. Without her, I would never have 

made it.  



            

iv | P a g e   

Table of contents 

Abstract .............................................................................................................................. i 

Acknowledgements........................................................................................................... iii 

Table of contents .............................................................................................................. iv 

Abbreviations .................................................................................................................... x 

Chapter 1: Introduction ...................................................................................................... 1 

1.0 Metabolism .................................................................................................................. 2 

1.1 Phase I and phase II metabolic reactionns .................................................................... 3 

1.1.1 Phase I reactions ................................................................................................ 3 

1.1.2 Phase II Reactions .............................................................................................. 5 

1.1.2.1 GSH Conjugation ........................................................................................ 6 

1.1.2.2 Glucuronidation ........................................................................................... 7 

1.1.2.3 Acetylation .................................................................................................. 8 

1.2 Reactive metabolites .................................................................................................... 8 

1.3 Mechanism of toxicity with macromolecules.............................................................. 10 

1.4 Natural detoxification ................................................................................................ 11 

1.5 In vitro and in vivo studies ......................................................................................... 12 

1.5.1 In vitro studies ................................................................................................. 12 

1.5.1.1 Cellular organelles ..................................................................................... 12 

1.5.1.2 Subcellular fractions .................................................................................. 13 

1.5.1.3 Recombinant CYP 450 enzymes ................................................................ 13 

1.5.1.4 Metalloporphyrins ..................................................................................... 13 

1.5.1.5 Fenton reaction .......................................................................................... 14 

1.5.2 In vivo studies .................................................................................................. 15 

1.5.2.1 Small animals and humanised mouse models ............................................. 15 

1.5.2.2 Non-human primates ................................................................................. 15 

1.6 Electrochemical simulation ........................................................................................ 16 

1.7 Electrochemistry ........................................................................................................ 17 

1.7.1 Potentiostat ...................................................................................................... 17 

1.7.2 Electrodes ........................................................................................................ 18 

1.7.3 Screen printed electrodes ................................................................................. 19 

1.7.4 Electrode/solution interface .............................................................................. 21 



            

v | P a g e   

1.7.5 Faradaic and non-faradaic processes................................................................. 22 

1.7.6 Mass transport .................................................................................................. 23 

1.7.7 Voltammetry .................................................................................................... 23 

1.7.7.1 Cyclic voltammetry ....................................................................................... 24 

1.7.7.2 Electron transfer kinetics ........................................................................... 25 

1.7.7.3 Differential pulse voltammetry ...................................................................... 27 

1.7.8 Controlled potential electrolysis ....................................................................... 28 

1.8 Electrospray ionization/ mass spectrometry ................................................................ 28 

1.8.1 Ion trap mass analyser ...................................................................................... 30 

1.8.2 ESI as an interface ........................................................................................... 31 

1.9 Online coupling of EC with MS ................................................................................. 32 

1.9.1 Flow cells ........................................................................................................ 32 

1.9.1.1 Coulometric flow cell ................................................................................ 33 

1.9.1.2 Amperometric flow cell ........................................................................................ 34 

1.9.1.3 In-source cells ........................................................................................... 35 

1.9.2 Instrumental set-ups ......................................................................................... 36 

1.10 Reactions mimicked by the online coupling of EC/MS ............................................. 38 

1.10.1 Dehydrogenation ............................................................................................ 38 

1.10.2 Aromatic hydroxylation ................................................................................. 39 

1.10.3 Heteroatom dealkylation and oxidation .......................................................... 40 

1.11 Reactions simulated by the online coupling of EC/Injection valve/LC-MS ............... 41 

1.12 Reactions simulated by EC/reaction coil/LC-MS ...................................................... 44 

1.13 Offline coupling of EC/MS ...................................................................................... 46 

1.13.1 Conventional electrodes ................................................................................. 46 

1.13.2 Flow cells....................................................................................................... 47 

1.13.3 Sensors .......................................................................................................... 47 

1.14 Microfluidics ........................................................................................................... 48 

1.14.1 Electrochemical cells on-a- chip ..................................................................... 49 

1.15 Aims and objectives ................................................................................................. 54 

Aims ......................................................................................................................... 54 

Objectives ........................................................................................................................ 55 

Chapter 2: Materials and methods .................................................................................... 56 



            

vi | P a g e   

2.1 Instrumentation .......................................................................................................... 57 

2.1.1 Potentiostats ..................................................................................................... 57 

2.1.2 Electrodes ........................................................................................................ 57 

2.1.2.1 Screen printed electrodes ........................................................................... 57 

2.1.2.2 Conventional electrodes ............................................................................. 58 

2.1.2.3 Conventional flow cell ............................................................................... 58 

2.1.3 Mass spectrometers .......................................................................................... 59 

2.1.4 SPEs coupled offline to MS ............................................................................. 59 

2.1.5 Microfluidic device ...................................................................................... 61 

2.1.6 Microfluidic device coupled online to MS ............................................................... 62 

2.2 Reagents .................................................................................................................... 63 

2.2.1 Solutions of exogenous and endogenous solutions............................................ 63 

2.3 Reuse of SPEs ..................................................................................................... 64 

2.3.1 Memory effects of SPEs ................................................................................... 64 

2.3.2 Treatment methods .................................................................................................. 68 

2.3.2.1 Organic Solvent ................................................................................................... 68 

2.3.2.2 Mechanical polishing .................................................................................... 69 

2.3.2.3 Electrochemical treatment ............................................................................. 70 

2.3.2.4 Effect of treatment methods on SPEs............................................................. 71 

2.4 Surface damage to the SPEs ............................................................................ 72 

2.4.1 Solvent treatment .................................................................................................... 73 

2.4.2 Polishing treatments ..................................................................................... 74 

2.4.3 Electrochemical activation methods .............................................................. 75 

2.5 Variation on different batches of SPE......................................................................... 75 

2.6 Conclusion ................................................................................................................. 76 

Chapter 3: Phase I and phase II metabolism of DOPA and RLX on a SPE ....................... 77 

3.0 Introduction ............................................................................................................... 78 

3.2 Results and discussion – DOPA ................................................................................. 82 

3.2.1 Electrochemical behaviour of DOPA ............................................................... 82 

3.2.2 Effect of pH ..................................................................................................... 83 

3.2.2.1 Participation of protons .............................................................................. 83 

3.2.2.2 Stability of the generated product .............................................................. 84 



            

vii | P a g e   

3.2.2.3 Effect of pH on current .............................................................................. 85 

3.2.3 Effect of scan rate in electron kinetics .............................................................. 86 

3.2.4 Mass transport mode ........................................................................................ 89 

3.2.5 Effect of concentration ..................................................................................... 90 

3.2.6 CV in the presence of GSH .............................................................................. 93 

3.2.7 Potential optimization ...................................................................................... 95 

3.2.8 Exhaustive electrolysis and offline MS............................................................. 96 

3.2.9 Proposed reaction mechanism of DOPA ........................................................... 98 

3.3 Conclusion ................................................................................................................102 

3.4 Results and discussion – RLX ...................................................................................103 

3.4.1 Electrochemical behaviour of RLX .................................................................103 

3.4.2 Effect of PH ....................................................................................................104 

3.4.2.1 Participation of protons .............................................................................104 

3.4.2.2 Stability of the generated product .............................................................105 

3.4.2.3 Effect of pH on voltammetric currents ......................................................106 

3.4.3 Effect of scan rate and electron transfer kinetics ..............................................107 

3.4.4 Mass transport .................................................................................................110 

3.4.5 CV in the presence of GSH .............................................................................111 

3.4.6 Potential optimization .....................................................................................113 

3.4.7 Exhaustive electrolysis and offline MS............................................................115 

3.4.8 Exhaustive electrolysis-influence of concentration ..........................................116 

3.4.9 Formation of RLX 6, 7-o-quinone ...................................................................117 

3.4.9.1 Voltammetry in acidic media ....................................................................117 

3.4.9.2 Effect of concentration .............................................................................119 

3.4.9.3 Effect of surface area ................................................................................121 

3.5 Reaction mechanism of RLX ....................................................................................123 

3.6 Conclusion ................................................................................................................125 

Chapter 4: Phase I and phase II metabolism of eugenol and DOXO on a SPE .................127 

4.0 Introduction ..............................................................................................................128 

4.2 Results and discussion – eugenol ..............................................................................131 

4.2.1 Electrochemical behaviour of eugenol ....................................................................132 

4.2.2 Effect of pH ....................................................................................................134 



            

viii | P a g e   

4.2.2.1 Participation of protons .............................................................................134 

4.2.2.2 Effect of pH on current .............................................................................135 

4.2.3 Effect of scan rate in electron transfer kinetics ................................................135 

4.2.4 Effect of transport mode ..................................................................................137 

4.2.5 Effect of concentration ....................................................................................138 

4.2.6 DPV in the presence of GSH ...........................................................................139 

4.2.7 Potential optimization .....................................................................................141 

4.2.8 Exhaustive electrolysis and MS .......................................................................142 

4.2.9 Proposed reaction mechanism of eugenol ........................................................143 

4.3 Conclusion ................................................................................................................146 

4.4 Results and discussion – DOXO................................................................................147 

4.4.1 Electrochemical behaviour ..............................................................................147 

4.4.2 Effect of PH ....................................................................................................148 

5.4.3 Effect of scan rate ...........................................................................................150 

4.4.4 Mass transport mode .......................................................................................154 

4.4.5 Effect of concentration ....................................................................................155 

4.4.6 CV in the presence of GSH .............................................................................156 

4.4.7 Potential optimization .....................................................................................158 

4.4.8 Exhaustive electrolysis and offline MS............................................................159 

4.4.9 Proposed reaction mechanism of DOXO .........................................................160 

4.5 Conclusion ................................................................................................................162 

Chapter 5: Design and development of a microfluidic device containing a SPE ..............164 

5.0 Introduction ..............................................................................................................165 

5.1Working principle of the proposed microfluidic device .......................................168 

5.2 Selection of fabrication material .........................................................................170 

5.3 Reusable polycarbonate chip (1
ST 

generation chip) .............................................171 

5.3.1 Factors affecting the design of reusable chip ..........................................................171 

5.3.1.1 Duration of controlled potential electyrolysis in SPE cell ..........................171 

5.3.1.2 Dimensions of serpetine channel ...............................................................173 

5.3.2 Design and fabrication of reusable chip ..................................................................175 

5.3.3 Challenges and limitations of reusable chip .................................................177 

5.4 Disposable polycarbonate chip (2
nd

 generation chip) ..........................................178 



            

ix | P a g e   

5.4.1 Factors affecting the design ....................................................................................178 

5.4.1.1 Duration of controlled potential electyrolysis in SPE cell ..........................178 

5.4.1.2 Serpetine dimensions ................................................................................179 

5.4.1.3 Design and fabrication of a disposable chip .........................................................180 

5.4.1.4 Leakage test ..............................................................................................181 

5.4.1.5 Chip modifications for reusability .............................................................182 

5.5 Results and discussion ..............................................................................................182 

5.5.1 CV in the microfluidic device .........................................................................183 

5.5.2 Microfluidic device coupled offline with MS ..................................................186 

5.5.3 Optimization of flow rate ................................................................................187 

5.5.4 Potential optimization .....................................................................................188 

5.5.4.1 Acetaminophen .........................................................................................188 

5.5.4.2 Dopamine .................................................................................................191 

5.5.4.3 Raloxifene ................................................................................................193 

5.5.5 Further investigation of RLX ..........................................................................197 

5.5.5.1 Hydrophobic interactions ..........................................................................197 

5.5.5.2 Short half-life of quinone methide and dilution effect ..........................................198 

5.5.5.3 Polymer chip/T-piece/ESI/MS ..................................................................200 

5.6 General considerations for the offline and online approaches ....................................201 

5.7 Advantages of the polycarbonate microfluidic device ................................................202 

5.8 Disadvantages of the polycarbonate microfluidic device ...........................................204 

5.9 Conclusion ................................................................................................................205 

Chapter 6: Conclusion and future work ...........................................................................207 

6.0 Conclusion ................................................................................................................208 

6.1 Future work ..............................................................................................................209 

References ......................................................................................................................210 

Presentations and publications ........................................................................................223 

                

 

 



            

x | P a g e   

Abbreviations 

ADE………………………………………………………………………………………..Adenine 

AcCoA……………………………………………………………….….Acetyl coenzyme A 

APAP………………………………………………………………………..Acetaminophen 

Aux...........................................................................................................Auxiliary electrode 

BAC.......................................................................................Bacterial artificial chromosome 

cDNA....................................................................................................Complementary DNA 

CPE………………………………………………………....Controlled potential electrolysis 

cm..........................................................................................................................Centi meter 

CV………………………………………………………………….……Cyclic voltammetry 

CYP ……………………………………………………………………….…...Cytochrome 

DT..................................................................................Di or triphosphopyridine nucleotide 

DOPA…………………………………………………………………………….Dopamine 

DOXO…………………………………………………………………….…….Doxorubicin 

DPV……………………………………………………….…Differential pulse voltammetry 

EC…………………………………………….……………………………Electrochemistry 

EC′………………………………..………………Electrochemical step-catalytic reaction 

ECE…………………………..….Electrochemical step-chemical step-electrochemical step 

ESI…………………………………………………………………..Electrospray ionization 

GBP........................................................................................................Great Britain pounds 

GUA………………………………………………………………………………Guanine 

GSH………………………………………………………………….………....Glutathione 

GST………………………………………………………..Glutathione sulphur transferases 

GSSG…………………………………………………………….…….Glutathione disulfide 

h............................................................................................................................ ............Hour 

HS-CoA……………………………………………………………………….Co enzyme A 



            

xi | P a g e   

IHP………………………………………………………………….Inner Helmholtz plane 

Intens……………………………………………………………………………….Intensity 

LC……………………………………………………………….….Liquid chromatography 

m...................................................................................................................................Meter 

mA………………………………………………………………………………miliAmpere 

micro TAS............................................................................................ micro Total Analysis 

min...............................................................................................................................Minute 

MS……………………………………………………………………….Mass spectrometry  

m / z……………………………………………………...….............Mass – to- charge ratio 

N-0923……………………………………………………………….……Dopamine agonist 

NADPH………………………………….…Nicotinamide Adenine Dinucleotide Hydrogen 

NAT………………………………………… Acetyl CoA-dependent N-acetyltransferases 

ND: YAG……………………………….……Neodymium-doped yttrium aluminium garnet 

Pd/H2…………………………………………………………………..…Palladium/hydrogen 

pH...........................................................................................................Potential of hydrogen 

R............................................................................................................................ .......Resistor 

Rbrush……………………………………………………………………….…..Rough brush 

Ref.............................................................................................................Reference electrode 

RF……………………………………………………………..…………….Radio frequency 

RLM…………………………………………………………………..Rat liver mitochondria 

RLX……………………………………………………………………………….Raloxifene 

rpm.......................................................................................................Revolutions per minute 

RSD………………………………………………………….…..Relative standard deviation 

s……………………………………………………………………………………….Second 

Sbrush……………………………………………………………………………...Soft brush 

SERM………………………………………………. Selective estrogen receptor modulator 



            

xii | P a g e   

SPEs………………………………………………………...……..Screen printed electrodes 

SQRT…………………………………………………………………………….square root 

S9........................................................................................................Product of organ tissue 

TCC……………………………………………………………………………Triclocarban 

UGTs ………………………………………..Uridine diphosphate glucuronosyltransferases 

UV-Vis......................................................................................................UltraViolet-Visible 

V………………………………………………………………………………………..Volts 

 



                                              

1 | P a g e   

 

 

 

 

 

 

 

  

 

           Chapter 1: Introduction 

 



                                           Chapter 1: Introduction 

2 | P a g e    
 

 

1.0 Metabolism 

Metabolism is a physiological process that occurs mainly within the liver, in slightly 

alkaline conditions (pH 7.4).
1-3

 During this process, exogenous and endogenous compounds 

(Figure 1.1) undergo biochemical modifications and metabolites are formed
4
 which are 

eventually eliminated from the body as urine or via bile, sweat, saliva, air, or faeces.
5, 6

 The 

aim of metabolism is to generate more hydrophilic compounds for excretion
7
. Usually, 

drugs are less active after the metabolic process and their therapeutic action decreases 

considerably. However, this is not always the case; sometimes, the metabolites can be more 

active than the parent drug and the therapeutic action is initiated by the metabolites,
8,  9

 for 

example, prodrugs.      

 

                                      Exogenous or endogenous compound 

     

 Liver 

                                                                  

 

 Metabolites  

                                                                

                                                           

                                                          Excretion   

 

                          Figure 1.1 Metabolism of exogenous or endogenous compounds. 
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1.1 Phase I and phase II metabolic reactionns 

Drugs are metabolised by phase I (functionalization) and phase II (conjugation) metabolic 

reactions. Phase I reactions such as oxidations, reductions, and isomerization, transform 

lipid-soluble drugs into water-soluble substances by incorporating polar moieties into their 

structures. Conjugating groups are then added to the already formed phase I metabolites, 

generating, in this way, adducts that are easily eliminated from the body. Examples of 

phase II reactions include GSH conjugation, glucuronidation, and acetylation.
10

 

1.1.1 Phase I reactions 

Phase I reactions are catalyzed mainly by CYP 450 enzymes, a large family of 

monooxygenases located in the liver. The active site is an iron-containing protoporphyrin 

moiety with a cysteine group and an active binding site, in its sixth coordination site.
11, 12

 

The catalytic cycle of CYP 450 involves a series of events that eventually lead to the 

formation of an oxidised product, described briefly
12-15

 in (Equation 1.1). As shown in 

(Figure 1.2), initially, the substrate (RH) binds to the oxidised form of iron (Fe
III

), and then 

the ferrous state is reduced by CYP450 reductases into Fe
II
. Afterwards, molecular oxygen 

is added to the complex, which is reduced in the next stage to oxygen anion (O2
2-

) by 

cytochrome b or P450-reductases. Subsequently, two protons are gained from the 

surrounding environment followed by the actual oxidation of the substrate. Finally, a 

hydrolysis step releases the oxidised product and iron returns to its initial state (Fe
III

). Phase 

I oxidations are divided into aromatic hydroxylations, heteroatom oxidations, heteroatom 

dealkylations, and dehydrogenations.
16

               

               R-Η+Ο2+Η
+
+ΝΑDPΗ                        R-ΟΗ+ Η2Ο+ΝΑDP 

 
           (Equation 1.1)

11 
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Figure 1.2 Catalytic cycle of CYP 450, reprinted with permission from Shebley et al.
15

 1) 

Substrate binding, 2) Reduction, 3) Oxygen addition, 4) Second electron reduction, 5) 

Protonation 6) Oxidation and 7) Product release 8) Peroxide shunt. 
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Rarely, reduction reactions can be catalyzed by CYP 450, the reduction process is 

described in (Equation 1.2). Potential targets (S=X) for reduction involve quinones, azo-, 

halogenated, nitro-, N-hydroxy-, and hydroperoxide moieties.
17

 Peroxidases can also lead to 

reductive actiovation; however, ongoing research is focused on the catalytic action of CYP 

450. In Particular, peroxidases are haeme-containing enzymes like CYP 450 and are 

composed of four nitrogen pyrroles that are bound to Fe
III

. Their catalytic action is 

mediated through the transfer of a single electron using hydrogen peroxidase.
18 

 

 

                    S=X +NADPH + H
+ 

               S-H + X-H+ NADP
+           

(Equation 1.2)
17 

 

 

 

1.1.2 Phase II Reactions 

Phase II reactions are catalyzed by a wide range of enzymes such as  Glutahtiones-S- 

transferases (GSTs), Uridine diphosphate glucuronosyltransferases (UGTs), and acetyl 

transferases.
19

 Each enzyme transfers a particular conjugating group into a phase I 

metabolite for adduct formation. For instance, GSTs aid the addition of glutathione (GSH) 

molecules, UGTs, the transfer of a glucuronide moiety, and acetyltransferases, the addition 

of an acetyl group. 
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1.1.2.1 GSH Conjugation 

GSTs are an important class of phase II metabolising enzymes, located in subcellular 

compartments such as the cytosol, endoplasmic reticulum, mitochondria, plasma 

membrane, and nucleus.
19, 20

 GSTs are capable of generating excretion products
21

 and 

protecting the organism from reactive metabolites, through their catalytic behaviour.
22

 In 

particular, GSTs catalyze the covalent binding of phase I electrophilic intermediates with 

endogenous reduced GSH,
23

 a tripeptide composed of cysteine, glutamate, and glycine.
24

 

The conjugation reaction occurs on the thiol group of the cysteine amino acid via 

nucleophilic substitution (Scheme 1.1). Consequently, a thioether bond is formed, 

generating, in this way, a GSH adduct.
25-27

  

 

 

 

 

 

 

 

 

 

 

Scheme 1.1 GSH conjugation.
23 

GST mediate the transfer of GSH on the substrate (RX) leading 

to GSH-S-conjugate formation. 
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1.1.2.2 Glucuronidation 

UGTs are membrane-bound enzymes, found in the endoplasmic reticulum and nuclear 

envelope. The particular phase II enzymes, initiate the transfer of the cofactor uridine di 

phosphate-glucuronic acid into endogenous or exogenous compounds.
 28

 The reaction is 

initiated between a nucleophile-containing substrate with uridine diphospho-glucuronic,
23 

resulting in a carbon configuration and the conversion of α glucuronic acid into β-

glucuronide (Scheme 1.2). Depending on the substrate, different types of glucuronide 

adducts can be formed, for example, nucleophile atoms such as nitrogen, sulphur, carbon 

anion, or oxygen, generate N-glucuronides, S-glucuronides, C-glucuronides and O-

glucuronides, respectively. On the other hand, nucleophiles that contains a hydroxyl moiety 

such as phenols, carboxylic acids and alcohols, from ether glucuronides since an ether bond 

is formed between the nucleophile and cofactor.
29

 

 

 

 

 

 

Scheme 1.2 Glucuronidation.
23 

UGTs catalyze the transfer of cofactor uridine diphospho-

glucuronic acid on the nucleopnile substrate. 
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1.1.2.3 Acetylation 

Acetyltransferases are found in the cytosol
30

 and their involvement in endogenous 

metabolism is still unclear. However, in terms of xenobiotic metabolism, they mediate a 

detoxification process like GSH conjugation, by the transfer of an acetyl group on 

electrophilic reactive intermediates.
31

 Acetylation is a two-step ping-pong mechanism,
23, 32, 

33, 34
 involving, initially, the transfer of an acetyl moiety from acetyl co-enzyme A into the 

active cysteine moiety of the acetyltransferases, resulting in the formation of an acetyl 

enzyme intermediate. Subsequently, the conjugating group is transferred from the enzyme 

into the substrate (Scheme 1.3) causing the formation of an acetyl adduct. Potent substrates 

for N-acetylation are aromatic amines and hydrazines
35

. 

 

 

 

 

1.2 Reactive metabolites  

Although metabolism is generally beneficial for humans since it allows exogenous and 

endogenous compounds to be eliminated from the body, reactive metabolites can be formed 

causing toxicity via macromolecule interactions.
36, 37

 The majority of reactive metabolites 

are generated during phase I reactions,
38

 but some types of phase II intermediates are also 

capable of inducing toxicity.
39

 

 

Scheme1.3 Acetylation.
23

 A two step ping-pong mechanism, in which the acetyl moiety is 

transferred initially from co-enzyme A and then from acetyl transferases into the subtrate. 
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Phase I metabolites are usually unstable and highly reactive
38

 with short half-lives.
40

 

Reactive metabolites are classified into electrophiles and free radicals,
41

 with the former 

further subdivided into soft and hard electrophiles,
42

 as shown in (Figure 1.3). 

 In particular, soft electrophiles are large uncharged or partially positively charged 

molecules with low electrophilicity.
41-43

 Characteristic examples involve quinones, quinone 

methides, quinone imines, epoxides, imine methides, α,β-unsaturated carbonyls, isocyanate, 

isothiocyanates, aziridinium, and episulfonium ions.
41, 44, 45

 Soft nucleophiles such as RSH, 

GSH, RS
-
, I

-
, RSe

-
, and alkenes have a high degree of polarizability and, as a consequence, 

react via orbital interactions with soft electrophilic macromolecules and induce toxicity via 

the formation of covalent adducts.
41,  43, 46

 

On the other hand, hard electrophiles such as alkyl carbocation, carbonyl carbocation, and 

nitrenium ion are small, charged molecules with high electrophilicity that interact with hard 

nucleophiles such as R-NH2, R-OH, RO
-
, SO4

2-
, Cl

-
, mainly by electrostatic interactions.

41, 

46
 The second classification, the free radicals have an unpaired electron capable of inducing 

toxicity via hydrogen abstraction or interaction with other free radicals.
41, 47

 Oxygen free 

radicals are highly reactive and frequently obtained in metabolism studies, categorised 

broadly as reactive oxygen species (ROS).
48

  

In general, phase II metabolism is considered a safe detoxification process; however, toxic 

adducts can still be formed, as an exception to the general rule. In particular, carboxylic 

compounds are capable of forming reactive acyl glucuronides.
49

 The mechanism involves 

the formation of a glycosidic bond via carboxylic deprotonation between the substrate and 

glucuronic acid, catalyzed by the action of UGTs. Subsequently, acyl glucuronides react 

with nucleophilic sites on cellular proteins by transacylation, where the glucuronic group is 
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released, and the remaining structure is composed only of the electrophilic moiety. Acyl 

glucuronides can also be formed by glaciations involving the migration of acyl groups. 

Also, acyl thioester contains an electrophilic carbon that leads to nucleophilic acyl 

substitution with macromolecules.
49, 50

 

 

                                                                       Reactive metabolites 

   

 

  

 

 

 

 

1.3 Mechanism of toxicity with macromolecules 

Electrophilic intermediates modify proteins through covalent binding with the lone pair of 

electrons on nitrogen and sulphur atoms within amino acids.
41, 43

 As a consequence, the 

metabolite-protein adducts lead to toxicity via two mechanisms: 1) direct mechanism and 

2) immune response.
51

 The first mechanism affects the majority of the population and is 

associated with changes in the tertiary structure, gene expression, alterations in protein 

function, and enzyme inactivation. In the second mechanism, an immune response is 

  Phase I metabolites          
          Phase II metabolites          

Electrophiles                                                                                       

 Soft                             Hard         

                        Electrophilic 

                          Conjugates 

     Free radicals                                                                                    

         
Figure 1.3 Classification of reactive metabolites.

41, 42
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triggered since the modified proteins are now recognised as foreign compounds, leading to 

hypersensitivity reactions and generation of immune complexes. This particular mechanism 

is unpredictable using in vivo models and affects a small group of the population; it is also 

known as an idiosyncratic reaction.  

Moreover, nucleic acids also have nucleophilic sites available for covalent bonding similar 

to proteins; this facilitates the alteration of the DNA structure, in particular, the purine and 

pyrimidine bases.
41, 51, 52

 Additional damage involves the breaking of the double helix 

through the loss of bases or even unfolding of the DNA strand, consequently causing 

mutagenicity, carcinogenicity, and teratogenicity.  

In general, free radicals have affinity for nucleophilic compounds and, specifically, carbon 

free radicals are capable of binding covalently with proteins, thereby altering their 

biological function. In addition, free radical metabolites can bind to DNA and cause 

damage to nucleobases.
53 

 

1.4 Natural detoxification  

In normal conditions, reactive intermediates such as electrophiles are trapped during phase 

II reactions, mainly by endogenous GSH and detoxified by the mechanism previously 

described in section 1.1.2.1
54

 However, GSH detoxification pathway is saturable and in 

cases of overdose, the GSH levels are depleted; therefore, reactive metabolites can react 

freely with macromolecules and induce toxicity.
51

 Free radicals are also detoxified by GSH 

through covalent bonding.
55
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1.5 In vitro and in vivo studies  

In order to identify reactive drug metabolites, pharmaceutical companies conduct several in 

vitro and in vivo studies (Figure 1.4) to exclude potential drug candidates, at the earliest 

opportunity.
56-58

 Each year, billions of dollars are spent on these studies, reflecting their 

significance in drug development.
59

 Endogenous metabolism is also investigated in clinical 

research using the same methodologies.
60, 61

  

 

 

1.5.1 In vitro studies 

In vitro models are used prior to in vivo models in order to choose the most appropriate 

animals; usually, this is achieved by comparing human and animal in vitro models.
62

 

However, in vitro studies are characterised by expensive and tedious processes, implying 

the  need of more affordable screening metbods .Herein, the main in vitro techniques are 

described. 

1.5.1.1 Cellular organelles 

Cellular organelles such as the hepatocytes contain all the necessary enzymes and cofactors 

at physiological levels and thus can successfully mimic the human organism.
62

 However, 

hepatocyte preparations are limited to one use, have replicability problems, and cannot be 

obtained from higher animals or humans.
63

  

 

  

Figure 1.4 In vitro and in vivo metabolism. 
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1.5.1.2 Subcellular fractions 

Microsomes are subcellular fractions from either liver or gut tissues.
63

 They are readily 

available from humans, affordable and easy to handle; however, the available enzymes are 

limited to CYP and glucuronyl transferases. On the other hand, S9 fractions are composed 

of both cytosol and microsomes, so all the metabolising enzymes are present. A major 

limitation, in this case, is the lower enzyme activity that can hide the appearance of some 

intermediates.
64

 

1.5.1.3 Recombinant CYP 450 enzymes 

The process of creating recombinant enzymes involves the incorporation of human cDNA 

of a known sequence into a host like E. coli or yeast.
65, 66

 The main advantages include 

simplicity of use and specificity since the metabolic activity of a particular isoform of CYP 

450 can be determined. However, recombinant enzymes are expressed in different 

concentrations, as in the human liver microsomes, so all enzymes do not present the same 

native conditions.
67

 

1.5.1.4 Metalloporphyrins 

Synthetic metalloporphyrins are structural analogs of haeme,
68

 with a catalytic role in the 

mimicry of oxidative metabolism.
69

 An appropriate single oxygen donor such as peroxidase 

is added to initiate a binding with the corresponding metalloporphyrins. As a result, an 

oxoferryl-porphyrin-like radical is formed, as in human metabolism, that permits the 

binding to molecular oxygen.
70

 The particular synthetic method generates relatively pure 

metabolites at a high yield,
71

 but poor regioselectivity is obtained with hydroxylated 

metabolites.
12

 



                                           Chapter 1: Introduction 

14 | P a g e   

1.5.1.5 Fenton reaction 

A Fenton reagent is a mixture containing ferrous salt and hydrogen peroxide. The oxidative 

metabolism is initiated through the transfer of an electron from the ferrous iron into 

hydrogen peroxide, causing the oxidation of ferrous iron to ferric iron and the reduction of 

oxygen to hydroxyl ion and hydroxyl radical release (Scheme 1.4). The oxidation reactions 

are initiated through the electrophilic action of hydroxyl radical with various substrates.
72

 

Fenton reactions are still in the primary stages of investigation; thus, further studies are 

required for a complete view.
12

  

 

 

 

 

 

 
 

 

 

 

 

 

 

Scheme 1.4 Fenton reaction.
72

 One electron is transferred from ferrous 

iron causing the reduction of oxygen to hydroxyl ion and hydroxyl 

radical release. 
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1.5.2 In vivo studies  

Over the years, several animals have been used to provide a model for simulating human 

metabolic process.
73 

However, ethical issues and the long duration reguired for complete 

metabolic profile empasized the need of an alternative system for tracking metabolism. 

Herein, the major animal models are discussed. 

1.5.2.1 Small animals and humanised mouse models 

Small animals such as rats, mice, guinea pigs, rabbits, and dogs are frequently used in 

animal models; however, the differences in expression and catalytic activity of CYP 450 in 

between different species and humans lead to poor conclusions.
73, 74

 A more reliable in vivo 

animal model, known as a humanized mouse model, was developed. It involves the transfer 

of human genes or cDNA into mice.
75, 76

 Several models were proposed involving the 

transplantation in human hepatocytes, 
77

 human receptor cDNA,
78, 79

 peroxisome 

proliferator cDNA,
80

 human BAC, and CYP 450 isomers.
81, 82

 The major disadvantages of 

this model are long duration of time required for the generation of transgenic mice and the 

extremely high costs.
83

 

1.5.2.2 Non-human primates  

Non-human primates such as monkeys are physiologically and genetically closer to 

humans, and thus models using such animals provide more reliable results.
74

 In addition, 

the gray mouse lemur (Microcebus murinus), a small primate, is also capable of generating 

successful metabolic profiles. The major limitation of using the particular species (gray 

mouse lemur) are the seasonal changes in their body weight that require continuous 

monitoring throughout the metabolism research, making the process time consuming and 

tedious.
84
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1.6 Electrochemical simulation  

An alternative to the in vitro approach, in addition to the existing methodologies, is the 

coupling of EC with MS, which provides a pure instrumental method, with a potential to 

reduce the expensive and time consuming use of current in vitro and in vivo models. 

Metabolites are synthesised electrochemically (Figure 1.5) in a few minutes and detected 

by MS, without the involvement of expensive enzymes.
85, 86

 As a consequence a complete 

metabolic profile is obtained quickly in a clean matrix, economically with solvent 

consumption restricted to the μmolar level and more importantly without the unethical use 

of animals.
87

 In contrast, in vitro and in vivo methods are time consuming since the sample 

collection occurs at different time points. Also, suitable extraction processes such liquid-

liquid extraction or solid phase extraction are conducted for removing the interfering 

materials prior to the investigation.
88

 The only limitation of EC/MS is low metabolite yield, 

in the case of some metabolic reactions.
87

 Thus, the possibility of using cheaper electrodes 

with simplier instrumental set ups in miniaturized formats would probably provide an even 

more economical fashion towards the mimicry of human metabolism. 

 

  

Figure 1.5 Electrochemical simulation. 



                                           Chapter 1: Introduction 

17 | P a g e   

1.7 Electrochemistry 

Electrochemistry is a branch of chemistry associated with chemical and electrical 

phenomena.
89

 Electrochemistry plays a dominant role in the simulation of human 

metabolism, and is the heart of the system, since the generation of metabolites is 

determined by a specific analytical method.
90

 In-depth knowledge of electrochemical 

parameters and methodologies can provide valuable information regarding the reaction 

mechanisms and substrate behaviour,
91

 further supporting the detection of data. Herein, the 

basic concepts and principles of electrochemistry are discussed. 

1.7.1 Potentiostat 

A potentiostat is an electrical device connected with an electrochemical cell that controls 

the potentials applied to the working electrode. A diagram is shown in (Figure 1.6); a 

potential is applied to amplifier (A1) and a current (i) is generated, which flows to the 

working electrode (WE) and is recorded by a second amplifier (A2).
92

 

 

 

 

 

 

Figure 1.6 Potentiostat.
92
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1.7.2 Electrodes 

Electrodes play a vital role in electroanalytical measurements.They are classified as 1) 

working, 2) reference, and 3) counter or auxiliary electrodes. Electrodes are placed in 

electrochemical cells with appropriate buffer solutions and analytes (Figure 1.7). Each type 

of electrode serves a specific function for successful measurement. Depending on the 

electrochemical technique, a two-electrode (working and reference electrodes) or three-

electrode configuration (working, reference, and counter electrodes) is required.
93

 Herein, 

the role of a three-electrode configuration is discussed.  

 

 

 

 

 

 Working 

Reference 

 Counter 

Electrolyte 
 

  

  
 

Figure 1.7 Three electrode configuration.
94
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Electrochemical reactions (oxidations or reductions) occur on the surface of the working 

electrode.
95

 When a potential is applied on the working electrode, the analyte is transported 

into the electrode and either it gains or losses an electron, resulting in a generated current. 

Several solid electrodes such as glassy carbon, gold, platinum, carbon fibre, and epoxy-

bonded graphite are extensively used as working electrodes.
96

 Carbon electrodes are widely 

used for both oxidation and reduction process, owing to their wide potential windows.
97, 98

 

Reference electrodes provide a reference point with a stable and reproducible potential for 

the measurement of the working electrode potential. The frequently used electrodes are 

standard hydrogen electrode, silver/silver chloride, and pseudoreference electrodes.
97, 99, 100

 

The counter or auxiliary electrode completes the circuit and allows the charge to pass 

through the electrochemical cell.
101

 Thus, its main role is to supply or remove electrons 

passing through the working electrode.
97

  

1.7.3 Screen printed electrodes 

Advances in electroanalytical chemistry have led to the development of SPEs, which have 

replaced the large conventional cells, with the three electrode configuration in many 

applications.
102

 In detail, SPEs (Figure 1.8) are electrochemical sensors containing the 

necessary electrodes (working, reference, and counter) to drive electrochemical reactions 

and measurements.
103

 They can be commercially obtained from various industrial 

companies such as DROPSENSE and Kanichi
104

 or custom made with the appropriate 

facilities.
105

 Besides the three-electrode configuration, several other types can be found 

including only the working electrode or both the working and reference electrodes.
106-108

 

The major advantages include low cost, disposability, simplicity of use, portability, 

integration in microfluidics, and low volume consumption.
109, 110
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SPEs are fabricated by depositing inks or pastes onto an insulating substrate made from 

glass, alumina, plastic, ceramic, alumina-ceramic composite, polyester foil, polyethylene 

terephthalate, and nylon.
111

 Gold and carbon inks are used as working electrodes with the 

latter applied more frequently owing to its low cost;
108

 on the other hand, the reference 

electrode is usually made from silver inks and the counter electrode, from the same ink as 

the working electrode. The fabrication process is simple: a mesh with the desired pattern is 

placed above the substrate; the ink passes through with the use of a roller, creating a film 

over the surface of the substrate. Different meshes are developed to fabricate all the parts of 

SPEs. The first one involves the deposition of silver paste for the formation of lines that 

separate the electrode area from the wire connection. Then, a second mesh is usually used 

for printing the working and counter parts if they are made from the same material, and a 

third mesh, for the silver ink of the reference electrode.
108, 111

 The inks and pastes need to 

be solidified before the next ink deposition, so they are allowed to dry and cure. Finally, an 

Figure 1.8 SPE, reprinted from Sanllorente-Mendez et al.
103
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insulating material is used to cover the substrates besides the electrodes and wire 

connections.
112 

Over the years SPEs, have been used extensively for detection and kinetic studies in 

microbiology,
113

 immunology,
114

 pharmaceuticals,
109

 drug metabolism,
115

 forensics,
116

 and 

environmental chemistry.
102

 Several parameters have been investigated successfully such as 

effect of scan rate, reversibility, effect of pH, voltammetry, CPE, and detection limits. 

However, the main focus has been environmental chemistry, in particular, the detection of 

heavy metals.
108

 

 

1.7.4 Electrode/solution interface 

When an electrode is immersed into an ionic solution, an interface is created, and in this 

binary phase, the electrochemical reaction occurs.
117

 Over the years, several models have 

been proposed for establishing the electrode/surface interface; however, in this section, the 

modified Stern model is discussed. The Stern theory combines the idea of the Helmholtz 

model and the diffusion layer theory.
118

 

According to this model (Figure 1.9), a double electric layer consisting of the inner (IHP) 

and outer Helmholtz planes (OHP) is formed at a certain distance from the electrode. In the 

case of a negative potential, IHP dipoles such as water molecules and adsorbed anions are 

oriented on the surface of the working electrode. Meanwhile, the cations react with water 

molecules, as solvated cations and oriented in the outer plane. In the diffuse layer, the 

cations and anions are present in different concentrations.
119
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During redox reactions, electrons travel across the binary phase and a current is generated; 

in the case of reduction, electrons from the power pack travel to the electrode, pass through 

the electrode/solution interface, and reach the electroactive analyte in solution. In contrast, 

during oxidation, electrons travel from the solution containing the electroactive analyte, 

pass the electrode/solution interface, and are finally taken up by the electrode.
120

 

 

 

 

1.7.5 Faradaic and non-faradaic processes 

Faradaic and non-faradaic processes occur in parallel during electrode reactions, and as 

result, the generated current is the sum of both faradaic and non-faradaic currents. During 

faradaic processes, when a potential is applied, a charge is transferred between the 

electrode and analyte, leading to oxidation or reduction. On the other hand, in a non-

faradaic process, the charge is not transferred, but a charging current is still generated 

owing to ion rearrangements on the electrode surface.
121

 

 

Figure 1.9 Double layer reprinted with permission from Buitrago et al.
119 

Water 

molecules and specifically absorbed anion are oriented in the IHP, whereas 

solvated cations rely on the OHP. 
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 1.7.6 Mass transport 

The electroactive molecule travels from the bulk solution to the electrode surface via three 

different mechanisms: 1) convection, 2) migration, or 3) diffusion.
122

 In the process of 

convection, two different modes are observed: 1) natural convection and 2) forced 

convection. In natural convection, the material is transported by a physical phenomenon 

such as density difference between the reactant and product. On the other hand, in forced 

convection, a mechanistic force such as stirring is applied, causing movement in the entire 

solution.
123

 Migration refers to the movement of charged species down a potential 

gradient.
124

 For example, if a negative potential is applied on the working electrode, 

electrostatic attraction is seen between the cations and repulsion between the anions in the 

solution. Finally, diffusion involves the movement of the electroactive species down a 

concentration gradient from an area of a higher concentration to an area of a lower 

concentration 
125

. This happens because the concentration of the reactant (electroactive 

species) is reduced during the electrochemical reaction and products are generated 

continuously at the surface of the electrode. As a result, the electroactive species are 

diffused from the bulk solution (higher concentration) towards the electrode surface and the 

products, towards the bulk solution.  

 

1.7.7 Voltammetry 

Voltammetry is an electrochemical technique based on a potential-current relationship with 

a three-electrode configuration. The potential is applied through the potentiostat to the 

working electrode and a current is generated that is recorded in a voltamogram.
122

 Herein, 

CV and DPV are described. 
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1.7.7.1 Cyclic voltammetry 

 A potential is cycled at the working electrode in unstirred solution at a constant scan rate 

and the generated current is measured. The resulting peaks indicate the transfer of electrons 

between the electrode surface and analyte. In the case of oxidation (Figure 1.10), the 

potential is scanned to more positive values during the forward scan. The initial potential is 

not capable of inducing electrolysis, but as the potential is increased, the electroactive 

compound approaches the optimum anode potential, leading to electrolysis and generation 

of anode current. In the reverse scan, the oxidised product is reduced back to the starting 

material. The obtained graph is called as cyclic voltammogram and represents a plot of 

current versus applied potential.
126-128

 Valuable information is acquired from the current-

potentials plots such redox behaviour, kinetics of the electroactive compound, mass 

transfer, and reactivity of generated products.
116, 117

  

During CV, the concentration profiles vary,
127

 as shown in (Figure 1.10). At point (A), the 

dominant mode is the electrode kinetics, where only a small amount of the reactant is 

oxidised, generating small currents. At (B), the maximum current is observed since the 

working electrode is sufficiently positive (high positive potential) to drive the reaction 

(oxidation). Both electron transfer and mass transport are important and compete with each 

other. At point (C), mass transport dominates, and the current is decreased because the 

concentration of the reactants is consumed and the oxidised species are diffused from the 

electrode surface to the bulk solution. From (C) to (F), the reverse process occurs; products 

are reduced back to their original form. At (D), the current is small, and the products start 

to reduce, but the electrode is not sufficiently negative. Herein, the dominant mode is the 

electrode kinetics as in (A). The electrode becomes negative enough at (E); both electrode 
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kinetics and diffusion are important, generating the maximum current. Finally, the oxidised 

product diffuses from the electrodes to the bulk solution (F). 

 

1.7.7.2 Electron transfer kinetics  

Electron transfer kinetics can be reversible, irreversible, and quasi-reversible.
122,127

 When 

the electron transfer rate is faster compared with the mass transfer, then the system is 

characterised as reversible and the Nernestian equilibrium is maintained, (Equation 1.3): 

where E: the applied potential, n: the number of electrons, F: Faraday constant, R: the gas 

rate constant and T: the temperature.   In irreversible systems, the electron transfer rate is 

slower than that in mass transport and the reverse peak is not obtained. Moreover, quasi-

reversible systems are dominated by both reversible and irreversible processes, creating an 

intermediate condition.
127, 129 

 Figure 1.10 Cyclic voltammogram. 
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                    (Equation 1.3)

127 

 

Scan rate plays a critical role in determining the mode of electron transfer. In reversible 

systems, the peak current is proportional to the SQRT of the scan rate, as described by the 

Randles-Sevcik (Equation 1.4). Where ip:peak current, S:surface area, D:diffusion 

coeffician, all other parameters, as stated before. In addition, the peak potential is constant 

and independent of the scan rate 
130

.  While in irreversible and quasi-reversible systems, the 

peak potential is dependent on the scan rate and a linear but not proportional relationship is 

obtained between the peak current and SQRT of the scan rate
131, 132

 (Table 1.1).  

 

                        
  

  
 

 

 
 

         

 

           
       (Equation 1.4)

127 

 

Several other parameters besides the scan rate determine the electron transfer kinetics such 

as the separation potential (Equation 1.5) and peak current ratio (Equation 1.6). For 

example, in reversible systems, the separation peak potential equals 0.057 V and peak 

current ratio equals unity. However, in quasi-reversible systems, larger separation peak 

potentials are obtained, which are varied as a function of scan rate, and the peak current 

ratio is less than unity.
132, 133

 

 

Separation peak potential = Anode potential – cathode potential         (Equation 1.5)
132 

Peak current ratio = anode current/cathode current                              (Equation 1.6)
132 
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In some cases, the described electron kinetics can be coupled with chemical steps known  

as ECE and EC′ mechanisms. In ECE, electrochemical reactions are followed by 

chemical reactions, which generate electroactive products capable of undergoing further 

electrochemical reactions. EC′ is a catalytic system in which the electrogenerated product 

reacts chemically with a substrate in solution, resulting in the formation of a new product 

and the regeneration of the starting material.
122

 

 

 

1.7.7.3 Differential pulse voltammetry 

The potential is applied over a series of pulses; the generated current is measured at two 

points, i.e. prior to and after each pulse. The obtained voltammogram reflects the difference 

in currents for each pulse plotted versus the potential. DPV is an extremely helpful 

electroanalytical method for quantification purposes in the field of pharmaceuticals.
134 

 

Parameter 

 

Reversible 

 

Irreversible 

 

Quasi-reversible 

SQRT scan rate
 

Independent Dependent Dependent 

Peak current Proportional with 

SQRT of scan rate 

Not proportional with 

SQRT of scan rate 

Not proportional with 

SQRT of scan rate 

Separation peak 

potential 
0.057 V - >0.057 V 

 

Peak current ratio 

 

Unity or close to unity 

- >1 

Table 1.1 Electron transfer kinetics. 
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1.7.8 Controlled potential electrolysis 

In CPE, the potential is held constant over a period of time.
135, 136

 The appropriate range of 

potentials is selected by CV; usually, the maximum electrochemical conversion is obtained 

at potentials controlled mainly or solely by mass transfer. CPE synthesises sufficient 

amounts of products usually identified by a suitable analytical method such as MS. Three 

electrodes are used as in CV; however, larger electrodes are required in CPE for total 

conversion of the analyte. During electrolysis, CV can be recorded regularly to study the 

consumption of the analyte.
91, 138-140

 Over time, the current is decreased and at the end of 

the analysis, in an ideal scenario, it should approach zero, implying total analyte 

consumption.
136 

1.8 Electrospray ionization/ mass spectrometry 

ESI/MS was introduced in 1989 by the Fenn research group,
141

 as a revolutionary approach 

suitable for quantitative and qualitative analysis of small molecules such as nucleic 

acids,
142

 peptides,
143

 proteins,
144

 drugs and their metabolites.
145,146

 The main advantages 

include high sensitivity to the fentommolar range, slight fragmentation, suitability for 

thermally liable compounds, hyphenated easily with separation methods, and robust.
147,148

 

In general, the process involves the transformation of the sample into ions within the 

ionisation source and their separation to the mass analyser region, based on their mass to 

charge ratios (m/z). Subsequently, ions strike the detector and an electrical signal is 

generated. The mass spectrum obtained can be represented by a plot of ion abundance 

versus the mass to charge ratio.
149 
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The sample solution is injected directly or as an effluent, using a separation method (liquid 

chromatography or gas chromatography), into the ESI source and, in particular, towards the 

heated capillary. A high potential difference is applied between the capillary and the 

counter electrode, creating, in this way, an electric field. If a positive potential is applied to 

the spraying nozzle, then the generated ions will predominantly be protonated and if a 

negative potential is applied, then the ions will predominantly be deprotonated. For 

example, if a negative potential is applied, negatively charged molecules dominate over the 

positively charged ones and a Taylor cone will be formed by the charged droplets        

(Figure 1.11). Subsequently, charged droplets containing the desired analytes are sprayed 

from the tip of the Taylor cone towards the counter electrode. The solvent evaporates 

continuously, the droplet shrinks, and the Rayleigh limit is reached because the surface 

tension cannot sustain the charge. As a result, the droplet bursts (Coulomb explosion) and 

charged analytes are formed in the gaseous phase. Multiple charged ions are formed and 

are emitted from the droplet as a part of the Coulomb explosion.
150, 151

 

 

 

 

 
Figure 1.11 ESI process.

150, 151
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1.8.1 Ion trap mass analyser 

Ion trap mass analysers are widely used in clinical, biological, and chemical research. 

These are relatively inexpensive as compared to other mass analysers with improved 

sensitivity and capable of scanning high mass ranges. An ion trap has the size of a tennis 

ball and consists of three hyperbolic electrodes (Figure 1.12), two endcap electrodes, and a 

ring electrode.
152, 153

 Ions enter the instrument through a small hole at the centre of end cap 

electrode and become trapped as a result of the application of an RF voltage at the ring 

electrode. Additionally, the kinetic energy of the ions is reduced significantly through their 

collision with argon gas. Ions are selectively ejected by increasing the RF voltage: the 

heavier ions stabilise while the lighter ones destabilize and are ejected towards the detector. 

The RF voltage needs to be increased continuously in order to eject the heavier ions.
153- 156

 

 

Figure 1.12 Ion trap mass analyser, reprinted with permission from Jonscher et al.
152 
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1.8.2 ESI as an interface  

One of the main features that lead to the online coupling of EC with MS is the development 

of the ESI source.
157

 The majority of published data regarding the simulation of drug 

metabolism use this type of ionisation.
158

 In this section, the advantages and limitations of 

ESI as an interface for EC/MS are discussed. 

 ESI is a suitable interface for EC/MS since the majority of xenobiotics are polar, so the 

drugs and their intermediates can be identified quickly and easily.
159- 161

 Additionally, less 

polar drugs with poor ionisation efficiencies and low detection efficiencies in mass spectra 

can also provide a metabolic profile because the resultant electrogenerated metabolites are 

more polar and more easily detected.
162

 Also, ESI is proven to be successful in endogenous 

metabolism for polar compounds.
163

 

 However, ESI has the capacity to act as a controlled–current device, so electrogenerated 

products on their way into ESI/MS can be oxidised or reduced further within the ionisation 

source. This problem can be overcome by increasing the transfer time of the 

electrogenerated product from the flow cell to the ESI source, by incorporating grounded 

metal tubing in between the potentiostat and MS.
164, 165

 However, in drug metabolism, this 

approach creates problems for the identification of unstable and short-lived metabolites. 

Additionally, a limited number of electrolytes such as ammonium formate, ammonium 

acetate, and acetic acid are suitable for EC/MS, since non-volatile buffers such as 

phosphate buffer block the capillary needle.
166 
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1.9 Online coupling of EC with MS 

In the particular, instrumental set up the EC is connected directly to MS. The 

electrochemical products travel at an optimize flow rate via transfer capilarries to the mass 

spectrometer for detection. More than 20 years ago, Getek et al.
167

 proposed first, the 

simulation of APAP metabolism via the online coupling of EC with MS.However, 

extensive work has been done the last decade by Karst and Bruins research groups, through 

the use of commercially available flow cells by Thermo scientific, Biosciences, and Antec. 

In general, the sample solutions are infused constantly into the flow cells and various 

potentials applied depending on the electrode material for a predetermined time scale. The 

generated metabolites are then detected by MS via transfer capillaries and a complete 

metabolic profile is obtained.
168

  

1.9.1 Flow cells 

The heart of the particular hyphenated method is the electrochemical flow cell in which the 

electrochemical reactions occur and metabolites are generated. A three-electrode 

configuration is integrated within flow cells composed of a working, reference, and counter 

electrodes.
169

 Two main types have been extensively used for the online methods: 1) 

coloumetric
170

 and 2) amperometric flow cells.
171

 The particular cells are placed prior to the 

ESI source; however, source cells have also been developed for simulating human 

metabolism.
172

 

 

 



                                           Chapter 1: Introduction 

33 | P a g e   

1.9.1.1 Coulometric flow cell 

The main advantage of coulometric flow cells is their large working electrode area, which 

provides higher conversional rates. Thermo Scientific
™

 works extensively with this 

particular type of cell. According to their design, the three-electrode set-up is composed of 

a working porous glassy carbon, a Pd/H2 reference electrode, and a counter palladium 

electrode (Figure 1.13); the flow rate in most published data is 10 μL min
-1

, but higher flow 

rates of up to 1.5 mL min
-1

 can be applied. A major limitation is the inability to polish the 

working electrode after the completion of each electrolysis. This creates adsorption 

phenomena on the working surface, especially in cases of non-polar drugs. The problem 

can be overcome by the use of a highly organic solvent, up to 90%, mixed with a salt 

buffer.
85, 168, 173

  

 

 

 

 

 Figure 1.13 Coulometric flow cell, reprinted with permission from Baumann et al.
168
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1.9.1.2 Amperometric flow cell 

Amperometric cells used for drug metabolism are developed exclusively by ANTEC. The 

working electrode has a small planar area so the conversion efficiencies are affected mainly 

by the flow rate. At higher flow rates of above 10 μL min
-1

, the chemical reactants spent 

less time on the surface, leading to incomplete reactions, and as a consequence, maximum 

conversion is achieved at flow rates of below 10 μL min
-1

. The cell is composed of three 

electrodes as in coulometric cells: an exchangeable working electrode that can be a glassy 

carbon rod, a platinum rod, or diamond rod; a Pd/H2 reference electrode; and titanium 

counter electrode
168, 174

 (Figure 1.14). The exchangeable electrode provides the possibility 

of generating a wide range of electrochemical reactions that are favoured under particular 

electrode materials. In addition, the working electrode (carbon and platinum) can be 

polished manually to reduce adsorption effects.
85, 168

 

 

 

                                 

Figure 1.14 Amperometric flow cell, reprinted with permission from Baumann et al.
168
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1.9.1.3 In-source cells 

Apart from the well-known functionality of ESI source in generating charged droplets, the 

interface can be used as an electrochemical cell with appropriate modifications. In 

particular, the ESI can act as a two-electrode cell composed of a working emitter electrode 

with the actual MS serving as the counter electrode.
175-177

 In the field of metabolism, an 

excellent modification of an ESI source into a two-electrode configuration, was presented 

by the Bratjer-Toth research group (Figure 1.19), illustrating the detoxification of DOPA 

with cysteine. The ionisation interface was modified in such a way that the oxidation of 

DOPA occurred prior to mass spectrometric detection. As seen in (Figure 1.115), the 

homemade cell consisted of two capillaries which were separated by plastic tubing. The 

first cylindrical capillary served as the working electrode and the second as the counter, 

while both of them function as usual, as a capillary needle, the potentials were applied via a 

9V battery. The sample solution was injected into the first tubing and the reactants were 

electrolysed on the surface of the working electrode; then, the obtained products were 

detected online by ESI/MS.
178

 

 

 

               
Figure 1.15 In-source cell, reprinted with permission from 

Mautjana et al.
178
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1.9.2 Instrumental set-ups 

Several instrumental set-ups have been proposed for the generation of a wide range of 

metabolites; depending on the desired application.
168

 The Bruins research group 

investigated extensively the direct online coupling of electrochemical flow cells with ESI-

mass spectrometers via transfer capillaries (Figure 1.20A). It is a simple and quick 

methodology for the identification of the maximum metabolite yield at the optimum 

potential.
179, 180

 More complicated pathways involving multiple metabolic reactions or the 

formation of isomers at a given potential, lead to issues regarding their identification by 

EC/MS. Therefore, a separation column is inserted after the electrochemical cell         

(Figure 1.16B). Usually, a reverse phase hydrophobic column is used owing to the 

hydrophobic nature of the drugs analysed.
181, 182

 

 The insertion of an injection valve between the electrochemical cell and separation column 

(Figure 1.16C) allows the independent optimisation of the electrochemical and separation 

conditions. In this particular instrumental set-up, the effluent from the electrochemical cell 

is discharged into a loop on a switching valve; then, the valve is switched over, and the 

electrochemical solution passes onto the column and then into the mass spectrometers.
183, 

184
  

The last type of instrumental set-up is suitable for the formation of phase II adducts, as seen 

in (Figure 1.16D). The effluent from the electrochemical solution containing the generated 

metabolites is mixed with GSH via a reaction coil and the adducts formed are detected by 

MS. The design is used for trapping highly unstable metabolites. Additionally, biomolecule 

adducts involving DNA and proteins as trapping agents have been reported.
185
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Figure 1.16 Online instrumental set-ups, reprinted with permission from Baumann et al.

168
 



                                           Chapter 1: Introduction 

38 | P a g e   

1.10 Reactions mimicked by the online coupling of EC/MS 

Metabolic reactions involving a single electron transfer have been mimicked successfully 

with the corresponding online systems;
180

 a brief summary is presented in (Table 1.2). An 

extensive investigation was presented by the Bruins research group using various drug 

probes for each metabolic reaction. In their study, a wide range of metabolic reactions have 

been mimicked such as dehydrogenation, aromatic hydroxylation, heteroatom dealkylation, 

and heteroatom oxidation. 

 

 

1.10.1 Dehydrogenation 

In particular, Acetaminophen (APAP) was dehydrogenated to yield the reactive N acetyl p 

benzoquinone imine (NAPQI)
180

 via the initial loss of a single electron and a single proton 

from the hydroxyl moiety, followed by a second loss of a single electron and single proton 

from the amine group (Scheme 1.5). 

 

Compound 

 

 

Reaction 

 

 

Buffer (pH) 

 

 

Potential (V) 

 

 

Reference 

 

APAP 

DOPA 
Dehydrogenation 

7 

6.3 
0.2 

180 

178 

N-0923 
Aromatic 

hydroxylation 
3 0.3 179 

Lidocaine 
Nitrogen 

dealkylation 
7 0.4 180 

Parathion Phosphate oxidation 3 0.6 180 

S methyl thiopurines Sulphur oxidation 3 0.85 180 

 
Table 1.2 Reactions mimicked by EC/MS. 
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Also, the dehydrogenation of DOPA was described by Bratjer-Toth research group
178

 using 

a home-made amperometric cell. The ortho hydroxyl moieties in the aromatic ring were 

dehydrogenated, generating an ortho quinone known as dopaminoquinone. Considering the 

instability of the electrogenerated metabolite subsequent reactions have lead to the 

nucleophilic substitution of ortho quinone with ammonia. 

1.10.2 Aromatic hydroxylation  

Jurva et al.
179

 simulated the aromatic hydroxylation of dopamine (DOPA) agonist N-0923,            

(Scheme 1.6). The hydroxylated product reacted further via dehydrogenation at the 

optimised potential generating a quinone metabolite. As concluded, the substrate requires 

an electron donating group, e.g. a hydroxyl group, to activate the aromatic hydroxylation. 

 

 

 

 

Scheme 1.5 Dehydrogenation.
180

 

Scheme 1.6 Aromatic hydroxylation.
179
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1.10.3 Heteroatom dealkylation and oxidation 

Heteroatom dealkylations and oxidations were also a subject of study for the online 

coupling of EC and MS. A characteristic example is the N-dealkylation of aliphatic amines 

such as lidocaine.
180 

In general, the mechanism was initiated though a single electron 

transfer from the lone pair, generating an aminium radical cation, which was subsequently 

deprotonated and oxidised to an iminium ion and eventually hydrolysed (Scheme 1.7). A 

characteristic observation was the dependence of the applied potential with the length of 

the alkyl chains. As proposed lower oxidation potentials were required for the dealkylation 

of long alkyl chains.
180

 

 

 

 

The heteroatom oxidation of sulphur and phosphorus atoms was achieved at moderate 

potentials (Table1.2). In particular, sulphide-like compounds were oxidised to their 

corresponding sulphoxides via oxygen interaction with the lone pair and the 

phosphorothionate pesticide parathion was oxidised by the replacement of sulphur atom 

with oxygen.
180

 

Scheme 1.7 N-dealkylation.
180
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1.11 Reactions simulated by the online coupling of EC/Injection 

valve/LC-MS 

As expected, the reactions that were simulated in the EC/MS were adapted successfully in 

EC/LC/MS or EC/Injection valve/LC-MS.
183, 186, 187

 Herein, multiple metabolites were 

generated since several metabolic reactions were under investigation or the generated 

metabolite was still active and reacted further; the reactions are summarised in (Table 1.3). 

In addition, in most cases the formation of the multiple metabolites required extremely high 

potentials (> 1V), which were not seen in EC/MS, since the methodology was focused on 

optimum potential rather than the multiple metabolite generanation. 

A characteristic example was presented by Baumann et al., involving the simulation of 

tetrazepam (1, 4 benzodiazepine)
188

 in acidic conditions (10 mM formic acid, pH 3.1) with 

the use of a platinum working electrode at 2 V. The drug gave raise to intermediates via 

dehydrogenation, demethylation, and hydroxylation. Owing to the high potential applied, 

the hydroxylation of alkanes and alkenes was achieved for the first time. In addition, the 

oxygen was inserted in five different positions on the cyclohexenyl ring, a unique 

mechanism which was not observed with the use of glassy carbon electrode. In general, the 

electrogenerated tetrazepam metabolites were in good agreement with microsomal 

incubations, but the demethylation products such as nitrazepam, were formed at very low 

yields because these type of reactions are not favoured electrochemically, so further 

intermediates  from nitrazepam were not observed. 

A series of metabolic reactions on a diamond electrode at 2 V were conducted by Jahn et 

al.
189

 in this study, a wide range of metabolites and their isomers were generated and 

detected for the first time. Verapamil was electrolysed directly into five main intermediates 
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by N-dealkylation, oxygenation and demethylation, in a neutral environment (50% 20 mM 

ammonium formate: 50% acetonitrile, pH 7.4); all of them reacted further and generated 

new intermediates. For example, the N-dealkylated intermediate was either doubly 

oxygenated on the aromatic ring or demethylated. The hydroxylated intermediate formed 

dehydrogenated, oxygenated, and demethylated compounds, and finally the demethylated 

intermediate lost a second methyl group. Isomers were obtained from the direct 

hydroxylation and demethylation of verapamil and from the indirect oxidations initiated by 

the electrogenerated metabolites.  

Another important drug that leaded to three oxidation reactions was alprenolol.
190

 

However, the unique feature of this drug was the mimicry of benzylic hydroxylation rather 

than the separation of the multiple metabolites. In the same study, the metabolism of 

acebutolol was also investigated, leading to the successful simulation of both O-

dealkoxylation and N- dealkylation. 

Platter et al. simulated the interaction of APAPs reactive metabolites with genetic material 

in the same cell.
191

 Five isomeric guanosine adducts were obtained in the potential range of 

1.25 V–1.75 V, with a diamond working electrode. APAP and guanosine were oxidised via 

single electron and single proton transfers and reacted together subsequently. 

Li et al. simulated the reductive metabolism of three nitro aromatic compounds
192

              

3-trifluoromethyl-4-nitrophenol, niclosamide, and nilutamide. The reductive potential was 

held at -2.5 V using a reactor cell assembled with a diamond working electrode. The 

generation of metabolites was favoured in acidic conditions, involving a series of three 

reduction processes leading to a nitroso intermediate, a hydroxylamine, and amine via the 

transfer of two electrons and two protons. 
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Lohmann et al. successfully generated the phase I metabolites of boscalid (m/z 343)
193

 in 

slightly alkaline conditions using a coulometric cell. The main three metabolites were 

obtained at 1.5 V: a hydroxylated metabolite with m/z of 359, a second metabolite with m/z 

of 357 generated after an aromatic hydroxylation and dehydrogenation, and, lastly, a third 

metabolite with a m/z of 323 resulted from a Cl substitution and dehydrogenation. 

Alternations to the above set-up and, in particular, the addition of a second cell in reductive 

conditions (-1 V), between the first cell and switching valve, provided information about 

the quinoid nature of the oxidised metabolites.  
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Compound Reaction Buffer (pH) Potential (V) Reference 

Tetrazepam 

 

Aliphatic hydroxylation 

Dehydrogenation 

Aromatic hydroxylation 

 

3.1 2 188 

Vepamil 

 

N-dealkylation 

Demethylation 

Oxygenation 

Dehydrogenation 

 

7.4 2 189 

Alprenolol Benzylic hydroxylation 7.4 1 190 

Acebutolol 

 

O-dealkoxylation 

N-dealkylation 

 

 

7.4 1 190 

APAP Dehydrogenation 7.3 1.75 191 

 

Trifluoromethyl-4-

Nitrophenol, 

Niclosamide, 

Nilutamide, and 

Boscalid 

 

Reduction       7.4 
-2.5 

-1 
192 

193 

 

1.12 Reactions simulated by EC/reaction coil/LC-MS 

Many of the phase I metabolites generated in sections 1.10 and 1.11 were allowed to react 

with GSH or NAC. The quinone imine NAPQI was trapped with GSH and NAC, 

generating, in this way, APAP-GSH adducts (m/z 457) and APAP-NAC adducts (m/z 

311).
187

 In addition, acebutolol quinone methide formed during O- dealkoxylation bound 

covalently with GSH and generated acebutolol-GSH adducts.
190

 

 Table 1.3 Reactions simulated by EC/Injection valve/LC-MS. 
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Baumann et al.
194

 described the application of both instrumental set-ups (in the presence 

and absence of a reaction coil) and gave a complete view of the metabolic simulation of 

triclocarban (TCC). In the absence of a reaction coil, TCC was electrolysed on boron doped 

diamond at an optimised potential of 2.5 V, in a neutral environment (1 mM ammonium 

acetate pH 7). Ten metabolites have been identified in total: three main monohydroxylated 

products,  which were in agreement with in vivo or in vitro studies, two dihydroxylated 

metabolites observed in RLM studies only, and two dechlorinated metabolites that were in 

very low intensities and have not been detected in in vitro and in vivo studies. Additionally, 

dehydrogenated metabolites were generated from the mono and dihydroxylated products, 

and their obtained m/z probably corresponded to formation of quinine methide. Further 

studies were conducted to investigate their toxicity, at 1.5 V, when the effluent was mixed 

with GSH via a reaction coil and as proven, GSH adducts were formed, suggesting the 

generation of the reactive quinone imines. The particular work strongly supported the great 

advantage of the particular instrumental set-up (EC/reaction coil/LC-MS) over the 

EC/LC/MS for the identification of reactive metabolites.  

The successful generation of GSH adducts led to the simulation of metabolite-protein 

adducts and the simulation of reactive metabolic pathways. In particular, Fiber et al.
195

 

generated adducts with β-lactoglobulin, a milk protein with a thiol group in its T13 peptide, 

which is easily ionised in an ESI source. The drug under investigation was diclofenac (m/z 

294), which was oxidised in a boron doped electrode at 2.4 V. As a result, owing to the 

high potential, hydroxyl radicals were produced, leading to the generation of two catechol 

metabolites (m/z 326, 282) that reacted further at the optimised potential and a 

hydroxylated metabolite (m/z 310) was produced that subsequently reacted with β-



                                           Chapter 1: Introduction 

46 | P a g e   

lactoglobulin. Additionally, in a similar study by Lohmann et al.,
196

 the well-known 

reactive metabolites of NAPQI, amodiaquine, and clozapine nitrenium ions, of APAP  

amodiaquine and clozapine, respectively, were allowed to interact with β-lactoglobulin and 

human serum albumin. The metabolite-protein adducts were identified by time-of-flight 

mass analyser.  

1.13 Offline coupling of EC/MS 

 In Offline coupling, the electrochemical process is not connected to MS and both 

techniques operate independently. The major advantage of the offline approach relies on 

the separate optimization of the two porcesses and the extended reaction times.
166

 

However; limited studies in the literature refer to the offline approach, given the advantages 

of the automated online approaches. Herein, the offline approaches involving conventional 

electrodes, flow cells, and sensors as electrochemical tools are discussed. 

1.13.1 Conventional electrodes  

An offline approach was proposed by De Lima et al.
197

 The aim of their research was to 

electrochemically generate the main metabolite of albendazole, a sulphur oxide 

intermediate known as albendazole sulfoxide, which oxidises further on the sulphur group 

and generates a second metabolite, albendazole sulfone. Albendazole was studied 

extensively both kinetically and in terms of CPE, using conventional electrodes. For the 

kinetic studies, a glassy carbon working electrode was used with a surface area of 0.78 cm
2
, 

a silver reference electrode, and a platinum wire as the counter electrode. According to the 

obtained cyclic voltammograms, an irreversible anode peak appeared at 1 V, indicating the 

irreversible oxidation of albendazole. However, a second oxidative peak did not appear to 

prove the subsequent reaction of generated species into the second intermediate 
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(albendazole sulfone). Albendazole was electrolysed for 30 min at a wide range of 

potentials from 0.8 V to 1.20 V in 1 M HCL; at 0.8 V, a mixture of albendazole and 

albendazole sulfoxide was obtained, at a higher potential of 1 V, both of the metabolites 

were obtained, and at 1.10 V, only albendazole sulfone was obtained. In contrast, when the 

drug was electrolysed in acidic conditions, in trifluoroacetate, pH 3.3 between 0.85 V and 

1.20 V, only albendazole sulfoxide was generated.  

1.13.2 Flow cells  

Limited studies in the literature involve the offline coupling of flow cells with EC or 

EC/LC/MS. In particular, Baumann et al.,
195

 generated protein adducts between the β-

lactoglobulin and triclocarban reactive metabolites. Triclocarban was electrolysed on a 

diamond electrode at 1.5 V and the generated metabolites were then collected in a glass vial 

containing 150 μL of the protein solution. The triclocarban quinone imines reacted non-

covalently with the proteins, and the generated adducts were detected by LC/MS. 

1.13.3 Sensors  

Kauffmann et al. studied the use of SPEs as an inexpensive tool for simulating human drug 

metabolism.
115

 In particular, APAP was electrolysed in the presence of GSH in an attempt 

to mimic the phase II metabolic process and it was demonstrated that the APAP-GSH  

adducts were generated successfully, indicating, in this way, an alternative and cost-

effective approach in both in vitro and in vivo studies and existing flow cells. In particular, 

50 μL of sample solution containing 3x10
-5 

M of APAP and 6x10
-5 

M of GSH in 0.1 M of 

ammonium acetate (pH 7.4) were loaded on the surface of the SPE and electrolysed for 10 

min. Subsequently, at the end of electrolysis, the generated adducts were analysed by 

ESI/LC/MS. The potentials were chosen based on the voltammograms of APAP in the 
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presence of GSH, by increasing the potential, and additional metabolites were obtained 

such as di GSH-APAP adducts. 

1.14 Microfluidics 

Microfluidics (Figure 1.17) are miniaturised devices operating at micro- and nano-scale 

volume.
198-200

 Depending on the required application, fluids can be mixed,
201, 202

 separated, 

203-205
 or detected

206, 207
 through their movement within the microfluidic channels. The 

ultimate aim is the integration of a series of processes on the same microfluidic device for a 

complete on-chip analysis, known as a lab-on-chip or microTAS.
208, 209

 Microfluidics are 

widely used in pharmaceuticals,
210

 forensics, 
211

 genetics, 
212

 and environmental analysis.
213

 

The main advantages include low volume consumption, rapid analysis, portability, mass 

production, and simplicity of use without the need of a highly expert operator.
214- 218

 

Earlier, devices were fabricated from glass and silicon;
219, 220

 however, improvements in the 

field led to the use of polymers,
221-224

 paper,
225, 226

 and fabrics.
227

 Glass is a universal 

material in microfluidics owing to its transparency, chemical and mechanical stability, 

resistant in organic and inorganic solvents and high bonding strength, up to 12MPa.
228, 229

 

Silicon has the same advantages as glass such as surface stability and solvent 

compatibility
230

 and was thus widely used prior to the use of other materials.
231

 On the 

other hand, polymers are inexpensive and are fabricated faster than glass and silicon. 

Additionally, they are robust, optically transparent, biocompatible, and replicated quiet 

easily.
232, 233

 Papers and fabrics are newly emerging materials in microfluidic fabrication, 

offering disposability and cost effectiveness.
227, 234
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1.14.1 Electrochemical cells on-a- chip  

After the big expansion of EC and MS as a mimicry tool for metabolism
168

, in 2009 

Odjinik et al.
236

 developed the first electrochemical cell on-a-chip. In particular a 

miniaturized three electrode structure was transferred into a miniaturized device. The chip 

was designed for cases of limited sample volume and high electrochemical conversions. 

The miniaturised device as shown in (Figure 1.18) was fabricated by two glass (Pyrex
TM

) 

wafers bonded together by press and annealing treatment of 450 
o
C for 1 h.  

 

 

 

 

                 

   

Figure 1.17 Microfluidic device.
235

 

Figure 1.18 Electrochemical cell on-a-chip, reprinted with permission from Odijk et al.
236
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The bottom wafer was etched with four individual wells for the integration of the platinum 

working, palladium pseudoreference, and platinum auxiliary electrodes, which was placed 

in a side channel to prevent the detection of unwanted redox products. Additionally, an 

extra platinum sensor electrode was present for detection purposes and, in particular, for 

the identification of the newly synthesised metabolites. The main channel was etched in the 

top wafer with a volume capacity of 9.6 nL and dimensions of 4 μm × 150 μm × 16 μm 

(height, width, length). Also, a chip holder was developed on the basis of total dimensions 

of the chip for better chip connections. 

The instrumental set-up was similar to the conventional approach, as described first by the 

Karst research group.
183, 184

 Drug solutions were infused into the microfluidic device via 

two syringes pumps and potentials were applied by a potentiostat; then, the 

electrogenerated products were collected in a 10 μL loop owing to differences in the flow 

rates between the chip (1 μL min
-1

) and separation column. By switching the valve, the 

metabolites were directed first to a separation column and then to a mass spectrometer for 

detection (Figure 1.19). Amodiaquine was used as a drug probe by comparing the data with 

the conventional methodology; the particular chip design generated comparable products in 

the limited volume of 9.6 nL. 
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The second aim regarding the high conversion efficiencies was reordered using a chip and 

UV-Vis spectrometer at a constant flow rate of 1 μL min
-1

. Ferrocyanide, with its well-

known absorption in the UV-Vis region, was investigated with CPE in reductive and 

oxidative conditions. The calculated conversion efficiency was 97%, as estimated by the 

absorption bands of ferrocyanide and its products.  

The same research group developed an improved design
237

 for high conventional 

efficiencies, at higher flow rates up to 8 μL min
-1

. The novelty of the design relies on the 

frit channels (9.4 mm length and cross sectional area of 5μm x 100μm) that were placed in 

between the working and counter electrode channels, thereby providing a uniform 

distribution of the current. In detail, the microfluidic devics, as seen in (Figure 1.20), was 

fabricated by Micronit (Netherlands) and composed of two glass wafers; the 

pseudoreference electrode was placed next to the inlet and the flow splits equally between 

the platinum working or platinum counter channels. The outlet of the working electrode 

was coupled externally with a chip ESI source. 

The drug solution was infused constantly into the inlet of the chip, and the outlet of the 

working electrode was coupled with the ESI chip via a grounded metal capillary that 

           
      Figure 1.19 Instrumental set-up, reprinted with permission from Odijk et al.

236
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provided sufficient electrical resistant and the generated ions were detected by MS. The 

products formed from the counter electrode were emptied to a waste container to reduce 

errors from unwanted products. 

 

 

 

 

Recently, the design was slightly modified by the same research group to reduce the 

transfer time between the electrochemical process and MS detection.
238

 This was achieved 

by integrating a commercially available stainless steel needle via a nanoport assembly at 

the end of the working electrode (Figure 1.21). As a result, unstable reactive intermediates 

such as the short-lived chlorpromazine radical cation could be identified. The calculated 

transit time was very fast, between 3 s and 5 s, as compared to that of conventional flow 

cells using conventional capillary tubing that require 1 min. Additionally, the reactivity of 

the generated metabolites towards biomolecules such as endogenous thiols and proteins 

was investigated by a simple modification of the set-up, which involves a second infusing 

pump with GSH and the addition of a reaction coil. 

 

 

   

 

 

            Figure 1.20 Microfluidic device connected to a microchip ESI, reprinted with permission   

            from Odijk et al.
237
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Figure 1.21 Chip/MS, reprinted with permission from Van den Brink et al.

238
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1.15 Aims and objectives 

Aims 

Development of an inexpensive and fast screening methodology for tracking metabolism 

based on a pure instrumental approach. The methodology would involve the hyphenation of 

EC with MS, aiming to reduce the expensive and time consuming use of the current in vitro 

and in vivo studies. In addition, it will address issues related with the unethical use of 

animal models, in pharmaceutical and medical research. SPEs as inexpensive sensors with 

a three electrode configuration can provide an ideal synthesizing tool for the 

electrochemical generation of various reactive intermediates. The overall aim was the 

development of a microfludic device for tracking reactive metabolism. Thus, chips that can 

fasciliate electrochemistry for the generation of reactive metabolites has been the focus of 

the present study rather than the metabolite quantitation. The system would target the 

identification of the frequently observed phase I soft electrophiles such as quinones, 

quinone imines, quinone methides and radicals, which are subsequently trapped by GSH 

during phase II metabolism. In addition, the screening methodology must have a wide 

range of applicability since the selected metabolites are observed in various compounds 

such endogenous neurotransmitters, over the counter formulations, prescribed drugs and 

essential oils such as dopamine (DOPA), acetaminophen (APAP), raloxifene (RLX), 

doxorubicin (DOXO) and eugenol, respectively. 
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  Objectives 

1) Mimicking phase I and phase II metabolic reactions of DOPA, RLX, DOXO and 

eugenol on a bare SPE via CPE and offline MS. 

2) Integration of a SPE into a polycarbonate microfluidic device for the development of 

an inexpensive and reusable platform for monitoring the reactive metabolism of 

DOPA, RLX, DOXO and eugenol. The electrogenerated metabolites would be 

synthesized on the surface of the SPE and subsequently react with GSH within a 

serpentine channel. 

3) The online hyphenation of the microfluidic device with ESI/ MS for the detection of 

the phase II GSH adducts, providing in this way an automated and simple 

methodology. 
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2.1 Instrumentation 

2.1.1 Potentiostats 

Calibration studies of DOPA, RLX, eugenol and DOXO were carried out in bare SPEs 

using an SP-50 potentiostat (Bio-Logic, France) controlled by EC-Lab V10.34 software 

(Bio-Logic, France). Electrochemical studies of APAP, DOPA and RLX were conducted 

within the polycarbonate microfludic device using a PalmSens potentiostat (PalmSens, 

Netherlands) controlled by PSTrace 4.0 software.  

2.1.2 Electrodes 

A three-electrode configuration (working electrode, reference electrode, and counter 

electrode) was used for all the experiments.  

2.1.2.1 Screen printed electrodes 

SPEs were purchased from DROPSENSE (Spain), the three electrodes (working, reference 

and counter) were printed into the ceramic substrate as ink patterns. The conncetions of the 

sensor were fabricated with a silver ink and covered with a blue insulator (Figure 2.1).    

DS-150 (DROPSENSE, Spain) SPEs containing a carbon working electrode of a 4 mm 

diameter, a silver reference electrode, and a platinum counter were used for the 

electrochemical studies involving the simulation of RLX.  APAP, DOPA, eugenol and 

DOXO, were investigated with DS-110 (DROPSENS, Spain) containing a carbon working 

electrode of a 4 mm diameter, a silver reference electrode, and a carbon counter electrode  

An edge connector interface (DROPSENS, Spain) was used to connect the SPEs with the 

potentiostat. 

. 
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 2.1.2.2 Conventional electrodes 

A glassy carbon electrode with a 3 mm diameter was used as the working electrode (BASi, 

USA), a silver/silver chloride, as the reference electrode (BASi, USA) and a platinum wire, 

as the counter electrode. The working electrode was maintained by mechanical polishing 

with a wetted rayon polishing cloth using 0.3 μm alumina slurry (Presi, France).  

2.1.2.3 Conventional flow cell 

The µ-PrepCell (Antec, Netherlands) as shown in (Figure 2.2) was composed of a working 

glassy carbon electrode, a Pd/H2, reference electrode, and a titanium counter electrode. The 

total volume of the cell was 11 µL, using a 50 µm spacer. The cell was controlled by the 

Dialogue software and a coulochem potentiostat, all obtained from Antec (Netherlands). 

 

Figure 2.1 DROPSENS SPE. 
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2.1.3 Mass spectrometers 

An LCQ classic ion trap mass spectrometer (Thermo Scientific, UK) was used that was 

coupled with an ESI and controlled by the Xcalibur 2.0. Alternatively, on a few occasions, 

an Esquire HCT ultra II ion trap was also used, coupled with ESI and controlled by the 

compass 1.4 software.  

2.1.4 SPEs coupled offline to MS 

 In offline coupling, the electrochemical synthesis and detection were optimized indepently 

since the SPEs were not connected directly with the MS. SPEs were used without any 

treatment, and each time (n=3), a new strip was used to avoid memory effects in the carbon 

ink surface. The SPE was connected via an edge conncector interface to the potentiostat 

(Figure 2.3). The sample solution (50 μL) of either 2.5x10 
-5 

M DOPA, RLX, eugenol, 

DOXO in the presence of 5x10
-5 

M of GSH were loaded with a pippet on the three 

electrode configuration and electrolyzed at a specified time, to allow the metabolic 

 
Figure 2.2 µ-PrepCell.

174
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synthesis, at the given potential, by CPE. After the completion of the electrolysis, the 

droplet containg the electogenerated metabolite was collected with a pippet and analysed 

by ESI mass spectrometry for metabolite identification. The mass spectrometric conditions 

are outlined below: 

m/z range: 75-1400, 145-2000, 150-2000 

Spray voltage [KV]: 4:05 or - 4:05 

Spray current [μA]: 0.39 

Sheath gas flow rate: 34.42 

Auxiliary gas flow rate: 9:45 

Capillary voltage: 47.72 

Capillary temperature [
°
C]: 200.30 

Tube lends [U, SP]: 35.00 

Flow rate: 350 μL min
-1 

 

 

 

                      Figure 2.3 Offline electrochemical synthesis. SPE was concected  

                      via an edge connector interface with the potentiostat, permiting 

                      in this way the electrochemical synthesis of the metabolites. 
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2.1.5 Microfluidic device 

A microfluidic device with a SPE (Figure 2.4) was developed and used for the formation of 

phase II GSH adducts. The chip was made of three polycarbonate layers, bonded together 

with a double adhesive tape and silicon rubber.  The fluidic connections, the 32 μL 

chamber and a 24 μL serpentine channel were drilled in the middle layer using a CNC 

machine (Datron, Germany). An O-ring with a 1.2 cm diameter was placed around the SPE 

chamber to prevent leakage.  The general dimensions of the micro-device were 1.8 cm × 

3.3 cm (length x width). The actual electrochemical synthesis of the metabolites occurred 

within the SPE chamber, which served as a miniaturized electrochemical cell and the GSH 

conjugation within the serprtine chamber. 

 

 

 

 Figure 2.4 Polycarbonate microfluidic device. 
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2.1.6 Microfluidic device coupled online to MS 

The microfluidic device was connected directly to the ESI/MS (Figure 2.5) via transfer 

capillaries.In the particular instrumental set up, the electrochemical synthesis and detection 

were optimized together. Solutions of 2.5x10
-5 

M APAP, DOPA, and RLX in 0.1 M 

ammonium acetate (pH 7 or pH 7.4) were infused constantly by an infusion pump into the 

chip, at the optimized flow rate of 5 µLmin
-1 

.GSH solution (5x10
-5 

M). In the same buffer 

was also infused into the chip and directed to serpentine channel for GSH conjugation. 

Potentials were applied through a palm sense potentiostat (Palmsense, Netherlands) via an 

edge connector interface (DROPESENSE, Spain). 

 

 Figure 2.5 Online coupling of chip with MS. Electrochemical synthesis and detection were 

optimized together since the microfluidic device was connected directly with the mass 

spectrometer. 

 

Each time (n=3) a new microfluidic device was used to avoid memory effects.The 

generated GSH-adduct travelled to ESI/MS via transfer capillaries for detection. The mass 

spectrometric conditions are outlined below: 
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m/z range:145-1000, 150-1000 

Spray voltage [KV]: 4:05 

Spray current [μA]: 0.39 

Sheath gas flow rate: 50 

Auxiliary gas flow rate: 0 

Capillary voltage: 47.72 

Capillary temperature [
О
C]: 200.30 

Tube lends [U, SP]: 35.00 

Flow rate: 5 μL min
-1 

 

2.2 Reagents 

All the chemicals were utilised without further purification. The solutions were prepared 

using water that was deionised in the laboratory using the Elgastat prima 3 reverse osmosis 

unit (Elga Ltd., High Wycombe, UK). 

2.2.1 Solutions of exogenous and endogenous solutions 

RLX (>98%) was purchased from Sigma Company (UK). Considering the poor solubility 

of the compound in water, a stock solution of RLX (2.5x10
-3 

M) in methanol was prepared 

and then diluted in aqueous buffers for molar concentrations of 2.5x10
-4

 M and 2.5x10
-5 

M.   

Eugenol (99%) was received from Alfa Aesar (UK) and prepared in the same fashion as 

RLX, with stock solutions in ethanol; On the other hand, water soluble compounds such as 

GSH, DOPA and DOXO were purchased from Sigma (UK) and LC (USA) respectively 

and dissolved directly in aqueous buffers. Phosphate buffers in pH 1, 2, 3, 4, 5, 6, 7, 8 were 

prepared by potassium phosphate monobasic 99% (Sigma, UK) and sodium phosphate 

dibasic 99% (Sigma, UK), adjusted accordingly with phosphoric acid (Fisher, UK) and 

NAOH (Alpha, UK). Ammonium acetate and acetic acid were received from Fisher (UK), 

the former was adjusted to 7.4 with ammonium bicarbonate (Fisher, UK).   
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2.3 Reuse of SPEs 

According to literature
115

, SPEs are used as single shot sensors with reliable data. However 

for the development of a reusable microfluidic device, the multiple use of the same sensor 

is essential. Thus, identification of the memory effects in SPEs and the effective removal of 

the adsorpted materials via the appropriated treatmetment method can provide a reusable 

solution for the microfluidic device. 

2.3.1 Memory effects of SPEs 

Identifying the nature of memory effects provides a tool for comparison of the treatment 

methods. The memory effects were identified by CV (n =10) on the same SPE, without any 

treatment in between the cycles. In this case, 1 mM of APAP was chosen as a model 

compound in 0.1 M phosphate buffer, pH 6.9. The result of this investigation with the 

measured potentials and currents is presented in (Table 2.1). According to the obtained 

potentials and currents, the multiple use of SPE without any treatment, generated non-

reproducible data for the majority of the tested parameters. The general trend regarding the 

cathode potential, involved a significant shift to more negative values, reaching -0.280 V 

on the 10
th
 cycle. Highly reproducible cathode currents were obtained for all the test cycles 

with only a slight increase of 0.001 mA during the last four cycles. 
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Table 2.1 Untreated SPE. 

 

The anode potential showed variation, as seen during the first four cycles – the potential 

increased by 0.057 V. However, after the 4
th

 cycle, the potentials were reduced with a 

decrease of 0.105 V until the 10
th
 cycle. The anode current showed a decrease, with the first 

five cycles generating relatively reproducible data within the range of 0.050–0.045 V; 

however, in the first and last cycles, the currents produced non-reproducible results. The 

greatest variation during the course of 10 cycles was seen in the cathode potential (RSD: 

50.6%) and in anode potential (RSD: 14.6%). In contrast, anode current (RSD: 10.5%) and 

cathode current (RSD: 2.0%) presented a lower variation and thus more stability.

Cycles 

Anode 

potential (V) 

(n = 3) 

Anode  

current (mA) 

(n = 3) 

Cathode 

potential (V) 

(n = 3) 

Cathode 

current (mA) 

(n = 3) 

1
st 

(Single use)
 

0.313 0.050 -0.060 -0.025 

2
nd

 0.342 0.048 -0.070 -0.025 

3
rd

 0.356 0.047 -0.080 -0.025 

4
th

 0.370 0.046 -0.110 -0.025 

5
th

 0.343 0.045 -0.144 -0.025 

6
th

 0.280 0.043 -0.203 -0.025 

7
th

 0.270 0.041 -0.231 -0.026 

8
th

 0.262 0.040 -0.250 -0.026 

9
th

 0.251 0.037 -0.260 -0.026 

10
th

 0.265 0.037 -0.280 -0.026 

- RSD: 14.6% RSD: 10.5% RSD: 50.6% RSD: 2.0 % 
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The memory effects were reflected in the shape of the voltammograms obtained. Repeating 

the experiment on the same electrode caused a peak broadening, in both anode and cathode 

potentials (Figure 2.6). As the numbers of cycles increased, the peak broadening became 

more prominent owing to the continued adsorption of material on the electrode surface.  

 

 
 

 

 

 

 

-0.05 

0 

0.05 

0.1 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 

C
u

rr
e

n
t (

m
A

) 

Potential (V vs Ag/AgCl) 

-0.04 

-0.02 

0 

0.02 

0.04 

0.06 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 

C
u

rr
e

n
t (

m
A

) 

Potential (V vs Ag/AgCl) 

-0.04 
-0.02 

0 
0.02 
0.04 
0.06 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 

C
u

rr
e

n
t (

m
A

) 

Potential (V vs Ag/AgCl) 

6
th

 cycle 

 

6
th

 cycle 

10
th

 cycle 

 

10
th

 cycle 

1
st
 cycle 

 

1
st
 cycle 

Figure 2.6 Peak broadening effect in untreated SPE. As the cycles were increased the anode 

potential shifted to more positive values and the cathode potential to more negative values due to the 

continuous adsorption.  
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In order to compare the reproducibility and memory effects between SPEs and 

conventional electrodes, the same experiment was conducted on a glassy carbon electrode 

since both types of electrodes are made from carbon and thus are more closely related .The 

data are shown in (Table 2.2).  

 

 

The memory effects were more prominent on the SPE than on the solid electrode, implying 

a higher surface fouling tendency. As seen in (Table 2.2), the calculated RSDs in glassy 

carbon presented less variation in the majority of the tested parameters as compared to the 

SPE (Table 2.1). Anode potentials showed a minor shifting towards more positive values 

with a potential difference of 0.044 V between the initial and final cycles. 

 

Cycles 

Anode 

potential (V) 

 (n = 3) 

  Anode 

current (mA) 

 (n = 3) 

Cathode 

potential (V) 

 (n = 3) 

Cathode 

current (mA) 

 (n = 3) 

1
st 

(Single use) 0.516 0.033 0.040 -0.015 

2
nd

 0.520 0.032 0.040 -0.014 

3
rd

 0.530 0.033 0.040 -0.014 

4
th

 0.533 0.032 0.030 -0.014 

5
th

 0.540 0.031 0.040 -0.014 

6
th

 0.540 0.031 0.030 -0.014 

7
th

 0.550 0.030 0.020 -0.014 

8
th

 0.550 0.030 0.020 -0.014 

9
th

 0.560 0.030 0.020 -0.014 

10
th

 0.560 0.030 0.020 -0.014 

- RSD: 2.84 % RSD: 3.94 % RSD: 31.4 % RSD: 2.2 % 

Table 2.2 Glassy carbon electrode. 
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Furthermore, cathode potentials were more reproducible although this parameter in the 

SPEs experienced a significant shift towards to more negative potentials. Stable and 

reproducible anode currents were also obtained, with minor fluctuation between the cycles. 

The RSD for anode current was slightly higher in the glassy carbon electrode than in the 

untreated SPE. 

Fabricating materials was the main reason behind the observed memory effects in SPEs. In 

particular, the organic ink binders covered the active sites of graphite particles, blocking 

the access of the analyte, thereby preventing the electrochemical reactions from occurring. 

As a consequence, a limited number of graphite particles participated in the electron 

transfers, which were eventually blocked by the electrodeposited material. The particle 

coverage by organic binders was reported previously in carbon SPEs by Wei et al.
239

 In 

contrast, the glassy carbon electrode is pure,
240

 resulting in full exposure of the active sites 

to the sample solution. Moreover, the ink layers are very thin and do not provide the 

electrochemical and chemical stability of a glassy carbon electrode. As a result, the 

reproducibility cannot be maintained and the SPEs become restricted to a single use. Thus, 

electrode past history, adsorption, and fabricating materials alter the surface properties of 

the SPEs making them less suitable for multiple use, without any reactivation treatment. 

2.3.2 Treatment methods 

The removal of the adsorbed material was investigated via organic treatment, polishing and 

electrochemical activation 

2.3.2.1 Organic Solvent 

Cyclic voltammetry was conducted in the presence of 1 mM APAP in 0.1 M phosphate 

buffer (pH 6.9). The scan rate was set to 0.1 Vs
-1

 with a potential window range of -0.4 V 
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to 0.8 V. After completion, the sample solution was removed and 50 µL of a highly pure 

organic solvent such as methanol, ethanol, acetone, or acetonitrile were loaded on the three-

electrode configuration for 1 min. The wash solvent was then removed and the SPE was 

allowed to dry. Finally, a new sample solution was loaded and a new voltammogram was 

recorded. The procedure was repeated 10 times using the same SPE. This was carried out 

with three different SPEs. A wide range of solvents were used to investigate their 

destructive behaviour oin disposable SPE. So 

lvent treatments were adapted from previous investigations in a solid glassy carbon 

electrode 
93

 with slight modifications. 

2.3.2.2 Mechanical polishing 

Various materials have been used for the cleaning and regeneration of SPEs. A list with a 

brief description is shown in (Table 2.3). After the polishing procedure, graphite debris was 

removed by rinsing thoroughly with distilled water. Subsequently cyclic voltammograms 

were recorded in 1 mM APAP solution, over the same conditions, as described above. 
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2.3.2.3 Electrochemical treatment 

Potential cycling prior to or after the voltammetric analysis was tested at specified times, 

pH values, and scan rates (Table 2.4). The same sample solution was used as described in 

the previous section. The electrochemical pre activations were adapted from Noel et al.,
241

 

as applied in a solid glassy carbon electrode. 

 

 

 

Material Description 

Polishing pad 
SPEs were polished for 20 s with 0.3 μm of alumina on a 

soft polishing pad. 

Office paper 
Common A4 printing paper, cut into smaller pieces (1cm); 

polished for 20 s. 

Sponge A soft sponge; polished for 20 s. 

Tissue A soft lab tissue; polished for 20 s. 

Soft brush A soft brush; polished for 20 s. 

Rough brush An rough brush that was used for only 8 s. 

Bandage A soft bandage; polished for 20 s. 

Abrasive 

material 

Commonly used for the cleaning of MS parts; as the 

surface of this material was rough, the polishing was done 

for 10 s. 

Table 2.3 Mechanical polishing methods. 
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2.3.2.4 Effect of treatment methods on SPEs 

The investigated treatment methods failed to generate reproducible voltammograms, 

according to the obtained RSD, as shown in (Table 2.5).  The treatments were repeated 10 

times using the same SPE and this was carried out with three different SPEs. However, 

alternations in the functionality of the SPE restricted the polishing with bandage and 

sponge to four trials, while abrasive material and rbrush were used for five and six trials, 

respectively. In addition, potential cycling in phosphate buffer (KH2PO4/Na2HPO4) was 

limited in seven cycles. The most reproducible data for each treatment based on the 

calculated RSDs were obtained with ethanol (Anode potential: 5.3%, anode current: 3.3%, 

cathode potential: 15.0%, cathode current: 4.0%), sbrush (Anode potential: 5.1%, anode 

current: 4.1%, cathode potential:16.8%, cathode current: 3.7%, and potential cycling in 

phosphate buffer (Anode potential: 7.3%, anode current: 4.2%, cathode potential: 23.6%, 

cathode current: 5.5%): however the varations were still high to allow a multiple use. 

Comparing the obtained RSDs of the best treatments with the untreated sensor in (Table 

2.1), some parameters were improved significantly. For example, in all treaments (ethanol, 

Electrolyte Ph 

Potential 

window 

(V) 

Scan 

rate 

(Vs
-1

) 

Time 

(min) 

Number 

of cycles 

Prior or 

after CV 

0.1 M KCL 7 -0.1-0.8 0.02 15 5 Prior 

0.1 M NAOH 12 -0.1-0.8 0.02 15 5 Prior 

0.1 M H2SO4 1 -0.5-1.3 0.02 15 5 Prior 

0.1 M KH2PO4 / 

Na2HPO4 

7 -0.4-0.8 0.02 15 7 After 

Table 2.4 Electrochemical methods. 
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sbrush, phosphate buffer) the anode potential, anode current and cathode potential 

presented lower variations. However the cathode current was the only parameter that 

generated the highest variation. 

 

2.4 Surface damage to the SPEs  

Besides the non-reproducible voltammograms, surface damages altered the functionality of 

the SPE, resulting in a restriction of their usage.  

RSD (%) 

 

Treatment 

Anode 

potential (V)  

(n = 3) 

Anode 

current (mA)  

(n = 3) 

Cathode 

potential (V)  

(n = 3) 

Cathode 

 current (mA)  

(n = 3) 

Methanol 16.8 22.0 66.6 92.9 

Acetonitrile 8.6 18.7 71.4 23.0 

Acetone 11.7 16.7 80.6 30.0 

Ethanol 5.3 3.3 15.0 4.0 

Office paper 8.5 29.5 59.4 26.8 

Sbrush 5.1 4.1 16.8 3.7 

Rbrush 15.0 48.4 80.0 42.4 

Polishing pad 8.7 1.5 19.7 5.0 

Tissue 14.5 6.3 76.5 10.5 

Sponge 18.3 17.3 20.0 42.4 

Bandage 11.7 6.5 33.8 1.5 

Abrasive material 8.5 29.4 59.4 26.8 

0.1 M KCL 16.0 5.2 52.3 13.3 

0.1 M NAOH 21.7 28.0 86.6 1.67 

0.1 M H2SO4 1.5 8.4 17.2 14.3 

0.1 M KH2PO4/ 

Na2HPO4 
7.3 4.2 23.6 5.5 

   Table 2.5 Treatment methods.  



                                       Chapter 2: Materials and methods 

73 | P a g e   

2.4.1 Solvent treatment 

Ethanol had the less destructive effects on the surface of SPEs, since the working, counter, 

and reference electrodes remained relatively intact. However, white layers were clearly 

seen in the entire area of carbon ink (Figure 2.7), implying the formation of cracks in areas 

filled only with organic binders. The same cracks were obtained with the other solvents. 

Moreover, treatment with acetone, methanol, and acetonitrile destroyed the silver reference 

electrode completely. In terms of ethanol, a slight colour change was observed, as 

compared to the other solvents; however, the damage was enough to alter the physical 

properties of the electrode and as a consequence the functionality of the entire SPE. The 

colour changes were possibly due to trace sulphur impurities in organic solvents,
242

 which 

progressively deactivated the sensor through the formation of Ag2S. In methanol, ethanol, 

and acetonitrile, the carbon working ink was not affected, while in acetone treatment, the 

ink was removed progressively in each cycle, leading to its complete removal from the 

ceramic substrate. As a consequence, the working area was reduced progressively and in 

long-term experiments, such as a CPE, this would cause a significant reduction in the 

conversion efficiencies.  

 

 

  

 

 Fig. Solvent damages on surface 

Acetone 

 

Acetone 

Ethanol 

 

Ethanol 

Methanol

ol 

 

Methanol

ol 

Acetonitrile 

 

Acetonitrile  

Figure 2.7 Damages on the SPE surface caused by organic solvent treatments. Ethanol 

caused the less destruction effects, however restrictions on functionality were seen. 
Table 3.1 Polishing treatments. 
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2.4.2 Polishing treatments 

Severe damages were observed in mechanical polishing with office paper, rbrush, and 

sponge, (Figure 2.8). The layers from the working electrode were removed progressively, 

after each polishing trial, thereby reducing the working active area and creating potential 

limitations for CPE experiments. On the other hand, abrasive material caused minor 

removal of the carbon working ink, whereas it remained relatively intact with the sbrush 

bandage, polishing pad and tissue. Restricted functionality with the rbrush, bandage, 

abrasive material, and sponge was probably caused by the breakage of carbon-carbon 

bonds in the graphite microstructure
243, 244

 or the removal of carbon layers, resulting in the 

removal of the available active sites. All the other materials led to a loss in functionality 

after the completion of 10 cycles, probably for similar reasons. White cracks were formed 

in all the polishing treatments, as seen in the organic solvents.   
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Figure 2.8 Polishing-related damages on the SPE surface. Severe damages were seen in 

rbrush, office paper and sponge. 
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2.4.3 Electrochemical activation methods 

Electrochemical treatment with NAOH and HCL caused damage to the reference electrode, 

as seen by the colour change in (Figure 2.9). Similar damages on the reference electrode 

were seen in the case of organic solvent treatment, owing to the gradual deposition of 

sulphur impurities, from the investigated buffers and led to the formation of Ag2S,
242

. On 

the other hand, cleaning with the phosphate electrolyte and activation in H2SO4, kept the 

surface intact; however, again the SPE had limited use, probably because of molecular and 

coulometric adsorption, which led to the attraction of counter ions on the charged 

electrode.
245, 246

, causing alternations on the physical properties of the working 

electrode.The phenomenon was more intense in phosphate buffer, considering that the 

SPEs recorded successfully only seven voltammetric cycles.. White cracks were formed at 

all the electrochemical treatments, as in the previous treatments. 

 

 

2.5 Variation on different batches of SPE 

The reproducibility of SPEs in different batches was investigated using acetonitrile 

treatment. The process was repeated 10 times using the same SPE and this was carried out 

with three different SPEs from three different batches. The obtained RSD were compared 

with the treatment on SPEs from the same batch and as concluded the variation was greater 

NAOH KCL 
Phosphate 

buffer 

 

 

H2SO4 

 Figure 2.9 Electrochemical damages in the surface of SPE. Phosphate buffer caused the less 

destruction among the tested electrochemical methods. 
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among the different batches, implying poor quality control during the fabrication process 

and poor reproducibility. As seen, in (Table 2.6), the variation in anode and cathode 

potentials was found to be 9.5 % and 98.4 %, respectively. Whereas, the anode current and 

cathode current were 23.6 % and 34.9 %, respectively.  

 

2.6 Conclusion 

Memory effects were more prominent on SPEs than on conventional electrodes, owing to 

the fabrication process .Reusability of SPE was not archived via the treatment methods and 

thus the development of a reusable microfluidic device for quantitations purposes was not 

feasible. The kinetics were strongly affected leading to false conclusions regarding the 

optimum potential and as a consequence a decrease in conventional efficiencies. In addition 

the treatment methods altered the functionality of the sensor, restricting their usage in long 

term experiments such as CPE. In contrast acccording to literature, the particular cleaning 

methodologies were successfully applied in conventional electrodes
247-254

, owing to 

fabrication materials.  Considering the application of the chip on tracking the metabolism 

rather than quantitation it was feasible to use untreated SPEs. What is more, for maximum 

metabolite yields, pure kinetics and avoidance of strong adsorption, SPEs were used as 

single shot devices in the following experiments.  In addition, variations were also seen in 

potentials via the single use of SPEs from different batches.

RSD (%) 

 

Acetonitrile 

Treatment 

Anode 

potential (V)  

(n = 3) 

Anode 

current (mA)  

(n = 3) 

Cathode 

potential (V)  

(n = 3) 

Cathode 

 current (mA)  

(n = 3) 

Same batch 8.6 18.7 71.4 23.0 

Different batch 9.5 23.6 98.4 34.9 

Table 2.6. Variation in different batches of SPEs. 



 

77 | P a g e    
 

 

  

 

 

 

 

  

 

Chapter 3: Phase I and phase II 

metabolism of DOPA and RLX on a SPE 

 

 

 

 

 

 

 

 

 

 

 

 



 

78 | P a g e    
 

3.0 Introduction 

Phase I metabolic reactions involving the transfer of two electrons and two protons, usually 

known as dehydrogenations, are frequently observed in metabolic research. DOPA
255

 and 

RLX
256

 are characteristic examples that can lead to toxicity via the particular metabolic 

reaction. 

DOPA is an endogenous neurotransmitter found in dopaminergic neurons, which is 

metabolised to reactive dopaminoquinone via dehydrogenation ,through the catalytic action 

of CYP 450.
255, 257 

 There is evidence that the the reactive electrophile dopaminoquinone is 

the causal agent of Parkinson’s disease. In the presence of GSH, dopaminoquinone is 

detoxified through the formation of DOPA-GSH adducts via Michael addition
258

 (Scheme 

3.1). However, in the absence of GSH, the reactive intermediate acts as a precursor for 

neuromelanin generation. In particular, dopaminoquinone is converted to 

leucodopaminochrome via intramolecular cyclization. Then, leucodopaminochrome is 

oxidised to aminochrome and subsequently polymerised to neuromelanin.
259

 Aminochrome 

quinone is also probably one of the causal agents of Parkinson disease.
258 

 In addition, a second reactive pathway is observed, involving the formation of depurinated 

adducts between dopaminoquinone with N3 adenine (Ade) and N7 guanine (Gua). A 

competition is observed between these two processes (polymerisation and GSH 

conjugation), affected strongly by the pH. In particular, in extremely acidic conditions, the 

amino group of dopaminoquinone is partially protonated, permitting, in this way, the 

dominance of depurinated adduct formation over neuromelanin, while in neutral conditions, 

only the formation of neuromelanin is favoured.
259
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Scheme 3.1 In vitro metabolic pathway of DOPA.

258, 259
 The reactive dopaminoquinone was generated 

via the transfer of two electrons and two protons. Subsequently, the metabolite was covalently bonded 

with GSH or generated depurinated adducts. In addition, in the absence of GSH a polymerisation 

process had occured leading to neuromelanin formation.  
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RLX is a second-generation selective estrogen receptor modulator (SERM). The drug is 

widely used for the treatment of osteoporosis and, currently, showed inhibitory actions in 

mammary tumours during clinical trials. In vitro studies revealed the toxicity of the drug 

via the formation of RLX di-quinone methide and RLX 6,7,-o-quinone intermediates by 

CYP 450 during phase I reactions. The metabolic activation of RLX is shown in    (Scheme 

3.2).
256

 As can be seen, two bioactivation pathways are involved, and the first pathway 

shows the dehydrogenation of RLX via the loss of two electrons and two protons, leading 

to the formation of RLX di-quinone methide.  

 

 

 
Scheme 3.2 In vitro metabolic pathway of RLX.

259  
RLX di-quinone methide was generated via a 

two electron and a two proton transfer. In addition, a second metabolite was formed by 

aromatic hydroxylation. Both metabolites reacted covalently with GSH molecules. 
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Subsequently, the generated intermediate reacts rapidly with GSH and on detoxification, 

forms a RLX-GSH adduct. In the second pathway, RLX is hydroxylated in position C7 and 

then dehydrogenated via the loss of two electrons and two protons into RLX 6,7-o-quinone 

methide, which reacts further with GSH, forming mono- and di-GSH-adducts. 

Kauffmann et al.
115

 successfully simulated the metabolism of APAP in a bare SPE and 

generated electrochemically the corresponding quinone imine (NAPQI) via 

dehydrogenation.  Herein, the possibility of generating electrochemically reactive quinones 

and quinone methides via the transfer of two electrons and two protons was investigated in 

disposable SPEs.  DOPA and RLX were selected as probe compounds considering that 

both compounds are capable to generate the particular metabolites through the transfer of 

two electrons and two protons. 

 

 The objectives of the chapter were: 

 

1) Investigate the reaction mechanisms of DOPA and RLX on SPEs. 

 

2) Simulate the phase I reactions of DOPA and RLX .Particularly, the electrochemical 

generation of the reactive dopaminoquinone and RLX di-quinone methide by CPE.  

3) Simulate the phase II GSH reactions via the covalent conjugation of 

dopaminoquinone and RLX di-quinone methide with GSH and subsequent 

detection by ESI/MS. 

4) In addition, the mimicry of aromatic hydroxylation (two electron-two proton 

transfer) using RLX as probe compound, for the formation of the reactive ortho 

quinone and subsequent covalent reaction with GSH.  
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3.2 Results and discussion – DOPA 

The ability of SPEs to mimick inexpensively the phase I and phase II metabolism of DOPA 

was investigated in detail, aiming the potential of integrating a SPE into a miniaturized 

device and provide an online coupling with MS. 

3.2.1 Electrochemical behaviour of DOPA 

DOPA solution (2.5x10
-5 

M) in 0.1 M phosphate buffer (pH 5) was investigated by CV at 

0.155 Vs
-1

 (Figure 3.1). The neurotransmitter was oxidized at 0.128 V during the forward 

scan and reduced back to its initial form at -0.08 V, during the reverse scan. The calculated 

separation peak potential was found to be 0.208 V and the obtained peak currents were 

0.0012 mA and -0.0011 mA for anode and cathode potentials, respectively. 
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 Figure 3.1 Electrochemical behavior of DOPA on a SPE. A well defined redox pair 

appeared at 0.128 V (anode potential) and at -0.08 V (cathode potential).   

n=3 



     Chapter 3: Phase I and phase II metabolism of DOPA and RLX on a SPE 

83 | P a g e   

3.2.2 Effect of pH 

3.2.2.1 Participation of protons 

DOPA (2.5x10
-5 

M) in 0.1 M of phosphate buffer solutions (pH 1, 2, 3, 4, 5, 6, 7, 8) was 

investigated during CV at 0.1 Vs
-1

 within the potential range of -0.3 V to 0.6 V (Figure 

3.2), to investigate the participation of protons during the electron transfer process. For 

each pH value a new SPE was used and the process was repeated for a total of three trials 

(n=3). A linear relationship was obtained between the anode potential and pH, confirming 

the participation of protons in the system,
 261 

since at higher pH values the availiability of 

protons is reduced and as a consequence the proton competition is also reduced, leading to 

lower potentials. The obtained slope from the equation of the graph was 0.051 VpH
-1

, 

which was very close to the Nernstian slope of 0.057 VpH
-1

, suggesting the participation of 

the same number of protons and electrons.
262
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 Figure 3.2 Participation of protons in DOPA oxidation. A gradual decrease on 

anode potential implied the participation of protons. Also, the obtained slope was 

close to Nernestian slope suggesting the same number of electron and proton 

transfer. 
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3.2.2.2 Stability of the generated product 

The effect of pH in peak current ratios can determine the stability of the generated product. 

In particular, peak current ratios of a unity suggest high stability at the given pH,
90 

since  

the obtained  anode current does not interact further with molecules in solution and as a 

consequence the cathode current on the reverse scan has the same magnitude as the anode, 

leading to unity. A relatively steady state was observed in acidic conditions that was 

slightly reduced in pH 5 and pH 6 (Figure 3.3). In more alkaline conditions, the peak 

current ratios started to increase, leading to a more unstable product. Moreover, the most 

stable product was observed at pH 5 with a peak current ratio of 1.08 and the greatest 

instability was seen at pH 8, where the peak current ratio was close to 3.2. For each pH 

value a new SPE was used and the process was repeated for a total of three trial (n=3). 
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Figure 3.3 Stability of DOPA intermediate. In pH 5 the most stable product 

was obtained since the peak current ratio was close to unity. 
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3.2.2.3 Effect of pH on current 

 Variations in current as a function of pH, imply changes in the concentration of the 

investigated compound
263 

due to te formaton of the electrochemical product. Anode and 

cathode currents presented the same behaviour until pH 4, with maximum signals found at 

pH 1 and 4 (Figure 3.4). In pH 2 and 3, the currents were decreased considering the non 

reproducible nature of SPEs, due to poor quality control, as proved in chapter 2. A current 

decrease was obtained at pH 5 for both, which was maintained at a relatively steady state 

up to pH 8 for the anode current, whereas a significant decrease was seen in cathode 

current. Thus, the highest product generation was found in pH values of 1 and 4.  
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Figure 3.4 Relationship of DOPA currents with pH. A) Cathode current; B) Anode current. 

The highest current signals were found in pH 1 and pH 4. In alkaline conditions the lowest 

product formation was found. Considering the non-reproducible nature of SPE, the pHs 

from 1 to 4 presented instability. 
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3.2.3 Effect of scan rate in electron kinetics 

The electron kinetics are determined by a series of investigations thought the the effect of 

scan rate. Herein, the effect of scan rate on DOPA was studied in the range of 0.02 Vs
-1

 to 

0.155 Vs
-1

 (Figure 3.5) to characterise the elecron trasfer kinetics of the endogenous 

compound on the surface of the SPE.  A new SPE was used and the process was repeated 

for a total of three trial (n=3).   

 

 

 

 

 

 

A linear dependence of anode and cathode currents with the SQRT of scan rate was 

observed (Figure 3.6). The separation peak potentials were higher than those expected for a 

diffusion control system and shifted to more positive values with increasing scan rates, 

suggesting a quasi reversibility
131, 132

 (Figure 3.7). Additionally, the anode potentials 
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 to 0.155 Vs
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were applied for the determination of electron transfer kinetics. 

n=3 



     Chapter 3: Phase I and phase II metabolism of DOPA and RLX on a SPE 

87 | P a g e   

shifted to more positive values and the cathode potentials, to more negative values, as the 

scan rate kept increasing. The same electron transfer behaviour was previously seen in 

conventional modified glassy carbon electrodes,
263, 264

 which indicated the participation of 

two electrons and two protons, leading to the formation of dopaminoquinone.  
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Figure 3.6 Linear dependence of DOPA currents with the SQRT of scan rate. A) Anode 

current; B) Cathode current. The correlation coefficient for anode current was 0.9958 and for 

cathode current was found to be 0.9919. 
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 Figure 3.7 Dependence of DOPA potentials on scan rate. A) Anode potential; B) Cathode potential; C) 
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slow electron kinetics of DOPA on the SPE surface. 

B 

n=3 

  n=3 

  n=3 



     Chapter 3: Phase I and phase II metabolism of DOPA and RLX on a SPE 

89 | P a g e   

3.2.4 Mass transport mode 

The transport mode of the analyte to the electrode is determined by the slope of the log 

(current) vs. log (scan rate). As seen in (Figure 3.8), the obtained slopes of 0.52 for anode 

potential and 0.60 for cathode potential, suggested a mass transport controlled by both 

diffusion and adsorption.  
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 Figure 3.8 Mass transport mode of DOPA. A) Anode current; B) Cathode current. The obtained 

slopes indicated a mixture of both diffusion and adsorption. However, the values were closer to 

0.5 and suggested the dominance of diffusion over adsorption. 
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In particular, slopes near 1 indicate an adsorption control process, whereas those below 0.5, 

a diffusion control system; values between 0.5 and 1.0 indicate a mixture of both diffusion 

and adsorption,
265 

as in the present case. A mixture of mass transport was also seen in a 

modified carbon paste electrode by Manjunatha et al.
266

 However, in the literature, cases 

involving either a total diffusion or a total adsorption
267, 268

 have been reported with the use 

of solid electrodes, probably as an effect of the differences in the modified processes that 

have been followed. 

3.2.5 Effect of concentration 

Various DOPA concentrations, ranging from 2.5x10
-5 

M to 2.5x10
-3 

M, in 0.1 M of 

ammonium acetate (pH 7.4) were investigated by CV (Figure 3.9). For each concetration a 

new SPE was used and the process was repeted for a total of three trials (n=3). In higher 

concentrations from 5x10
-5 

M to 5x10
-3 

M, a second reductive peak was generated, which 

was not formed in lower concentrations of 2.5x10
-5 

M. Repetitive voltammetry (n = 2) 

generated a second redox pair, suggesting the formation of an electroactive intermediate 

from dopaminoquinone. The finding suggested the dependence of concentration on the 

formation of a second metabolite. At 2.5x10
-5 

M, the concentrations were very low to 

permit the further reaction of dopaminoquinone, while at higher concentrations; a sufficient 

quantity of intermediates drove the formation of multiple metabolites. The same 

concentration dependence was observed previously by Gonzalez-Diequez et al.,
269

 

suggesting the formation of a melanin like polymer. The redox pair was the result of the 

oxidation of leucodopaminochrome into dopaminochrome, which subsequently led to 

polymer formation. However, details of the formation and structure of the polymer were 

not provided. 



     Chapter 3: Phase I and phase II metabolism of DOPA and RLX on a SPE 

91 | P a g e   

   

  

 

-0.004 

-0.0035 

-0.003 

-0.0025 

-0.002 

-0.0015 

-0.001 

-0.0005 

0 

0.0005 

0.001 

-1 0 1 

C
u

rr
e

n
t (

m
A

) 

Potential (V vs Ag/AgCl) 

-0.01 

-0.008 

-0.006 

-0.004 

-0.002 

0 

0.002 

0.004 

-1 0 1 

C
u

rr
e

n
t (

m
A

) 

Potential (V vs Ag/AgCl) 

-0.02 

-0.015 

-0.01 

-0.005 

0 

0.005 

-1 0 1 

C
u

rr
en

t (
m

A
) 

Potential (V vs Ag/AgCl) 

-0.04 

-0.03 

-0.02 

-0.01 

0 

0.01 

0.02 

0.03 

0.04 

-1 0 1 

C
u

rr
e

n
t (

m
A

) 

Potential (V vs Ag/AgCl) 

-0.006 

-0.004 

-0.002 

0 

0.002 

0.004 

0.006 

-1 -0.5 0 0.5 1 

C
u

u
re

n
t (

m
A

) 

Potetnial (V vs Ag/AgCl) 

-0.03 

-0.025 

-0.02 

-0.015 

-0.01 

-0.005 

0 

0.005 

0.01 

0.015 

-1 0 1 

C
u

rr
e

n
t (

m
A

) 

Potential (V vs Ag/AgCl) 

 

 

2.5x10
-5 

M 5x10
-5 

M 

2.5x10
-4 

M 5x10
-4 

M 

2.5x10
-3 

M 

Second cycle at 5x10
-5 

M 

 Figure 3.9 Voltammetry in various DOPA concentrations. In higher concentrations of 5x10
-5 

M -

2.5x10
-3 

M a second reductive peak appeared that was not seen during the 2.5x10
-5  

M of DOPA. A 

second cycle at 5x10
-5

 M generated the coresponding anode peak and suggested the oxidation of 

leucodopaminochrome to aminochrome.   
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 On the other hand, a detail mechanistic investigation of DOPA in glassy carbon by Ke et 

al.
270

 showed that DOPA followed an ECE reaction mechanism, leading to the formation of 

melanin-like polymers. As shown in (Scheme 3.3), DOPA is dehydrogenated 

electrochemically (E) to dopaminoquinone, followed by a chemical (C) step, which 

involved the intramolecular cyclization to the corresponding leucodopaminochrome. 

Finally, a second electrochemical (E) step dehydrogenated leucodopaminochrome to 

aminochrome. Subsequently, DOPA molecules reacted with aminochrome leading to 

polymer formation. 

 

 

 

 

 

 

 

 

Scheme 3.3 ECE reaction mechanism in glassy carbon electrode.
269

 1) Electrochemical 

formation of dopaminoquinone. 2) Intramolecular cyclization of Dopaminoquinone to 

leucodopaminochrome. 3) Electrochemical formation of aminochrome via a two electron and 

a two proton transfer. 
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3.2.6 CV in the presence of GSH 

The reactivity of the generated product in various GSH concentrations from 0 M to       

2.5x10
-4

 M was investigated, in the presence of 2.5x10
-5

 M of DOPA, in 0.1 M of 

ammonium acetate (pH 7.4). The addition of GSH caused changes on the voltammograms            

(Figure 3.10): the anode current increased with increasing GSH concentration, up to    

1.24x10
-4 

M and then decreased, owing to GSH depletion at 2.5x10
-4 

M  In particular, the 

current was increased since two products were generated, the reactive phase I quinone and 

the phase II DOPA-GSH adduct. However, the signal was decreased at 2.5x10
-4

 since all of 

the reactive quinones reacted with GSH. Furthermore, the anode potential shifted to more 

positive values, indicating the formation of the GSH adduct that was also electroactive. In 

addition, the cathode potential reduced gradually and disappeared at 2.5x10
-4 

M of GSH, 

implying the depletion of dopaminoquinone through its covalent conjugation with GSH. 

Based on the obtained changes in potentials and currents, it can be concluded that a 

reaction occurred between the generated intermediate and GSH, which implied the possible 

reactivity of the generated intermediate. 
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 Figure 3.10 Effect of various GSH concentrations in 2.5x10
-5 

M of DOPA.  The cathode potential 

disappeared at 2.5x10
-4

 M since the reactive dopaminoquinone was depleted via GSH conjucation. 

The anode current increased until the 1.24x10
-4

 M GSH due to the formation of the GSH adduct that 

was also electrochemically active. However, at 2.5x10
-4 

M the signal was depleted since all the 

dopaminoquinone molecules had reacted with GSH. 
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3.2.7 Potential optimization 

CPE of 2.5x10
-5 

M DOPA in the presence of 5x10
-5 

M GSH, in 0.1 M of ammonium acetate 

(pH 7.4) was investigated for 0.5 min, in a potential range from 0.17 V to 0.52 V, with 

increasing steps of 0.05 V. The range was selected according to previous voltammetry 

studies (Figure 3.10) and recorded over a mass transport rate limit,
 127 

to ensure maximum 

metabolite formation. After the completion of CPE, the electrolysed solution was 

subsequently analysed offline by ESI/MS in positive ion mode. The aim was to determine 

the optimum potential for generating the highetst possible yields of DOPA-GSH adduct. 

The obtained metabolites are outlined in (Figure 3.11). The DOPA-GSH adduct was 

generated in all potentials leading to a DOPA depletion. However, the highest generation of 

DOPA-GSH adducts was observed at 0.27 V and the lowest, at 0.42 V. Thus, 0.27 V was 

chosen as the optimum potential for further investigations.  
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Figure 3.11 Potential optimization of DOPA. The highest intensity for the DOPA-GSH 

adduct was obtained at 0.27 V and the lowest intensity at 0.42 V. 
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3.2.8 Exhaustive electrolysis and offline MS 

Exhaustive electrolysis at the optimized potential of 0.27 V, over the same conditions was 

recorded for 30 min, to obtain maximum adduct generation or formation of additional 

metabolites, as a function of time. A brownish colour change was observed in the 

electrolysed solution after the completion of CPE (Figure 3.12), which was not observed 

during potential optimization.  

 

   

The obtained mass spectrum is shown in (Figure 3.13). It was found that DOPA and GSH 

were depleted completely and the expected metabolite of DOPA-GSH adduct (m/z 459) 

was clearly seen; however, it was not the most abundant ion. A new metabolite was formed 

with a m/z of 301, which belonged to DOPA polymer and it was the most abundant ion. 

Gonzalez-Diequez et al.
269

 observed a similar dark colour change and linked the finding 

with the formation of a polymer, but the metabolite was not identified. GSSG (m/z 612.80) 

was also observed during prolonged electrolysis, which was not seen during the potential 

optimization.The mass spectrum of the DOPA blank solution did not present the DOPA-

GSH adduct, suggesting the effect of pure electrolysis on the surface of the SPE, (Figure 

3.14). 

  

  Figure 3.12 Colour change after CPE. 
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 Figure 3.14 Partial mass spectrum of DOPA blank solution. The DOPA-GSH adduct (m/z 

459) was not obtained, neither the polymeric peak (m/z 301) comfirming the result of pure 

electrolysis. 
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Figure 3.13 Partial mass spectrum of DOPA metabolism at 0.27 V.   The most abundant peak was 

found at 301 m/z, which implied the existence of a parallel metabolic pathway. In addition, a DOPA-

GSH adduct was obtained as expected through GSH conjugation.  
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3.2.9 Proposed reaction mechanism of DOPA 

 The proposed reaction mechanism (Scheme 3.4) involved the electrochemical 

dehydrogenation of DOPA into dopaminoquinone, followed by three parallel metabolic 

pathways.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.4 Proposed reaction mechanism of DOPA based on mass spectra. Three parallel metabolic 

pathways were identified leading to DOPA polymer via a series of electrochemical and chemical steps, a 

DOPA-GSH adduct via covalent conjugation and GSSG via catalysis. 
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The first pathway involved a Michael addition between the electrophilic ortho quinone and 

GSH, which resulted to the formation of DOPA-GSH adduct. In the second pathway, a 

catalytic mechanism had occurred leading to the formation of GSSG and DOPA 

regeneration. Finaly, the third pathway led to the formation of a DOPA polymer with a 

brownish colour. The relative instability of dopaminoquinone in pH 7.4, as indicated during 

the electrochemical studies in section 3.2.2.2 and the prolonged duration of electrolysis (30 

min), permitted the intramolecular cyclization of dopaminoquinone and the subsequent 

generation of leucodopaminochrome, which was dehydrogenated electrochemically into 

aminochrome at the optimized potential of 0.27 V. As a consequence, the resultant 

dopaminochrome reacted with DOPA molecules that were either regenerated through the 

catalytic process or remained unchanged during electrolysis, leading to the formation of a 

DOPA polymer. 

The generated metabolites were in agreement with findings from in vitro studies
258

 , 

suggesting the successful simulation of DOPA metabolism with SPEs. The expected phase 

II GSH adduct was obtained, enabling the indirect detection of the unstable 

dopaminoquinone. Even though the formation of GSSG was not reported 
258

 in the in vitro 

studies, GSSG is also part of the detoxification mechanism of GSH 
271

. GSSG is frequently 

obtained in electrochemical studies involving the mimicry of human metabolism and is 

considered as a possible detoxification metabolite.
91,115

 

The effect of molar concentration, time of electrolysis, and pH determined the generation 

of the DOPA polymer. As shown by voltammetry studies in section 3.2.5, at higher DOPA 

concentrations from of 5x10
-5 

M to 2.5x10
-5 

M, the generation of dopaminoquinone 

increased, permitting the formation of leucodopaminochrome and aminochrome, the 
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building blocks of DOPA polymers. At a concentration of 2.5x10
-5 

M DOPA, only 

dopaminoquinone was obtained since quinone was generated at lower yields, preventing 

the formation of further metabolites.  

With longer durations of CPE (30 min), the generation of dopaminoquinone was increased 

through the continuous oxidation of DOPA. This led to the formation of the DOPA-GSH 

adduct, GSSG and DOPA polymer, with the latter found in a greater abundance, suggesting 

its dominance over the other two metabolic pathways. In contrast, with shorter durations of 

CPE (0.5 min), only the DOPA-GSH adduct was seen because the dopaminoquinone levels 

were low and favoured the formation of GSH adducts only.  

Also, the pH in combination with the time of electrolysis and concentration affected the 

generation of the DOPA polymer. For example, at pH 7.4, the generation of 

dopaminoquinone was expected to be low, as suggested by the effect of pH on the 

generated current (3.2.2.3). Therefore, higher concentrations were required to drive the 

polymerisation process. In addition, as shown in section 3.2.2.2, the stability of 

dopaminoquinone was decreased in alkaline conditions. As a result, at pH 7.4, the reactive 

dopaminoquinone was unstable, favouring the polymerisation process, as seen in the mass 

spectrum obtained after a 30-min CPE. The longer durations of electrolysis generated more 

quinones and thus their preference over polymerisation, owing to instability, was more 

obvious. 

However, in acidic conditions and in particular at pH 5 and pH 6, the highest stability of 

dopaminoquinone was obtained with peak current ratios of 1.08 and 1.1, respectively. 

Thus, the greater availability of protons permitted the protonation of dopaminoquinone, in 

its amine moiety, leading, subsequently, to a more stable product. The same relationship 
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was also found in the in vitro methodology,
258

 suggesting that SPEs were capable of 

mimicking the metabolism of DOPA and providing an alternative approach to in vitro 

studies. 

Moreover, the applied potential of 0.27 V permitted two electrochemical reactions 

(dehydrogenations) to occur during CPE. In addition, the limited surface area of the sensor 

as compared with the conventional flow cells
168

 allowed the generation of various 

metabolites, which was a great advantage, since multiple metabolites can be formed in a 

more economical fashion. Also, the same metabolic pathway was obtained in a glassy 

carbon electrode, in the absence of GSH,
270

 indicating that SPEs can be used as an 

alternative approach, in a more economical and disposable manner, to the traditional glassy 

carbon electrodes. 
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3.3 Conclusion  

Primary voltammetry studies suggested the formation of dopaminoquinone via an ECE 

mechanism and confirmed its electrophilic character towards GSH. The obtained reaction 

mechanisms were in agreement with previous studies in the conventional glassy carbon 

electrode. The metabolism of DOPA was successfully simulated in slightly alkaline 

conditions (pH 7.4) by CPE and offline MS at the optimized potential of 0.27 V. Three 

parallel metabolic pathways were obtained leading to the formation of the DOPA-GSH 

adduct, DOPA polymer, and GSSG. The reactive dopaminoquinone was synthesised 

electrochemically at 0.27 V, by dehydrogenation and reacted covalently and catalytically 

with GSH, leading to the formation of DOPA-GSH adduct and GSSG, respectively. On the 

other hand, the DOPA polymer was synthesised via a series of electrochemical and 

chemical steps such as intramolecular cyclization of dopaminoquinone, electrochemical 

dehydrogenation of leucodopaminochrome to aminochrome, and chemical reaction of 

aminochrome with the parent DOPA molecules. The formation of DOPA polymer was 

favoured in higher DOPA concentrations (5x10
-5 

M to 2.5x10
-3 

M), in slightly alkaline 

conditions and at extended durations of electrolysis (30 min). In contrast, the DOPA-GSH 

was favoured in lower DOPA concentration (2.5x10
-5 

M) and at shorter durations of 

electrolysis (0.5 min). The proposed methodology generated metabolites that were in 

agreement with previous in vitro studies. 
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3.4 Results and discussion – RLX 

The capability of generating the phase I RLX di-quinone methide and the corresponding 

phase II RLX-GSH adduct, via a two electron and a two proton transfer was investigated on 

bare SPEs. In addition, the formation of RLX 6,7,-0-quinone via aromatic hydroxylation 

was  also examined.  

3.4.1 Electrochemical behaviour of RLX 

 A redox couple was obtained after the addition of 2.5x10
-5 

M of RLX in 0.1 M phosphate 

buffer (pH 6), at 0.155 Vs
-1

 (Figure 3.15). The anode potential was generated at 0.26 V and 

the cathode potential, at 0.16 V; the calculated separation peak potential was 0.1 V. 

Additionally, the obtained anode current was 0.004 mA and the cathode current was found 

to be -0.008  mA. The process was repeated in three different SPEs (n=3). 
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 Figure 3.15 Electrochemical behavior of RLX on a SPE. A redox pair appeared 

comfirming the electroactivity of RLX, the obtained anode potential was seen at 0.26 V 

and the cathode potential at 0.16 V. 

n=3 
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3.4.2 Effect of PH 

3.4.2.1 Participation of protons 

The influence of pH on anode potential was investigated in a wide range of pH values. 

Specifically, 2.5x10
-5 

M of RLX in 0.1 M phosphate buffer (pH: 1, 2, 3, 4, 5, 6), 0.1 M 

ammonium acetate (pH: 7.4) and 0.1 M ammonium bicarbonate (pH: 8.8) was studied by 

voltammetry at 0.1 Vs
-1

. The dependence of pH on anode potential was clearly seen in 

(Figure 3.16); the potential was shifted to less positive values as the pH was increased to 

more alkaline values, indicating the participation of protons. The slope was found to be 

0.04 VpH
-1

, from the best line fit (inset in Figure 3.16), which was close to the Nernstian 

slope of 0.057 VpH
-1

, implying the involvement of an equal number of electrons and 

protons. For each pH value a new SPE was used and the process was repeted for a total of 

three trial (n=3).  
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 Figure 3.16 Involvement of protons in RLX oxidation.  The anode potential shifted to less 

positive values implying the involvement of protons during the electron transfer. 
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3.4.2.2 Stability of the generated product 

RLX presented the highest instability in highly acidic conditions and in particular at pH 1 

and pH 2, with peak current ratios of 1.8 (Figure 3.17). However, as the pH increased in 

less acidic conditions, the intermediate gradually became more stable and in particular at 

pH 6 showed the highest stability with a peak current ratio of 1.06. The stability was 

decreased in alkaline conditions of pH 7.4 and 8.8, since the obtained peak current ratios 

were 1.44 and 1.54, respectively. For each pH value a new SPE was used and the process 

was repeted for a total of three trials (n=3). 
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Figure 3.17 Stability of RLX intermediate. The most stable product was in pH 6 with a 

peak current ratio of 1.08. 
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3.4.2.3 Effect of pH on voltammetric currents 

The pH-current plots for anode and cathode potentials presented a relatively steady state at 

low pH values (Figure 3.18). The highest current signal was seen at pH 6, with a decrease 

in more alkaline conditions. The highest product generation was found at pH 6. 
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  Figure 3.18 Effect of pH on RLX currents. A) Anode current; B) Cathode current. The highest 

currents and as a consequence the highest metabolite yields were found for both in pH 6. 
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3.4.3 Effect of scan rate and electron transfer kinetics 

CV of 2.5x10
-5 

M RLX in 0.1 M phosphate buffer (pH 6) at different scan rates from        

0.01 Vs
-1 

- 0.155 Vs
-1

 (Figure 3.19) indicated a quasi-reversible process. The process was 

repeated three times (n=3) on different SPEs.The anode and cathode currents increased 

with the increase in the SQRT of scan rate (Figure 3.20). The separation peak potentials 

were increased at varying scan rates, confirming clearly the slow electron transfer rates. 

The obtained reversibility on the separation peak potentials at 0.01 V and 0.05 V is a 

characteristic behaviour of quasi-reversibility in relatively slow scan rates,
129

 since at 

higher scan rates, the slow electron transfer does not permit the establishment of Nernestian 

equilibrium.  

 

 

 

 

-0.008 

-0.006 

-0.004 

-0.002 

0 

0.002 

0.004 

0.006 

0.008 

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 

C
u

rr
e

n
t (

m
A

) 

Potential (V vs Ag/AgCl) 

0.01 Vs-1 

0.05 Vs-1 

0.075 Vs-1 

0.10 Vs-1 

0.155 Vs-1 
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In addition, the potentials were varied as a function of scan rate, confirming further the 

quasi-reversibility of the system (Figure 3.21). The quasi-reversible kinetics were in 

agreement with the findings of previous studies on RLX with a bare and modified glassy 

carbon electrode,
260, 271

 implying the formation of RLX di-quinone methide via 

dehydrogenation in the hydroxyl moieties. 
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                   Figure 3.20 Linear relationship of RLX currents with the SQRT of scan rate. A) Anode 

                   current; B) Cathode current. The correlation coefficient for the anode current was found 

                    to be 0.997 and for cathode current was 0.996. 
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3.4.4 Mass transport 

The plot of log (current) vs. log of (scan rate) implied a mixture of a diffusion and 

adsorption, as a transport mode (Figure 3.22), since the obtained slopes were 0.76 and 0.74 

for anode and cathode currents, respectively, indicating the strong adsorption properties of 

the drug in the SPE surface. Earlier investigations with bare glassy carbon and graphite 

elecrodes
260, 272

 presented the same transport mode, whereas total adsorption was observed 

with a mercury electrode.
273
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 Figure 3.22 Mass transport mode of RLX. A) Anode current; B) Cathode current. A mixture of 

both adsorption and discussion was found for both anode and cathode currents. 
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3.4.5 CV in the presence of GSH 

CV in the presence of 2.5x10
-5 

M RLX and various GSH concentrations from 0 M to      

2.54x10
-4 

M, in 0.1 M ammonium acetate (pH 7.4) was conducted at a scan rate of 0.1 Vs
-1

          

(Figure 3.23). Changes were observed in the obtained voltammograms, confirming the 

generation of a new product as an effect of increased GSH addition. In particular, the anode 

and cathode potentials were shifted to more positive values with the increase in GSH 

concentrations, suggesting hte formation of GSH adduct that was electroactive and 

oxidized at a new potential. The anode current was also increased as a function of 

concentration and the cathode current presented an increased trend until the 1.24x10
-4 

M, 

whereas at 2.5x10
-4 

M, it deceased significantly, suggesting that only a part of the generated 

products reacted with GSH. A possible explanation for this peculiar behaviour is the 

existence of a parallel catalytic pathway leading to the formation of GSSG, causing GSH 

depletion. In the highest GSH concentration, the cathode current eventually decreased since 

the availability of the trapping agent was increased. 
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Figure 3.23 RLX in the presence of various GSH concentrations. Shifiting in anode and cathode 

potentials confirm the formation of a new metabolite, probably a GSH adduct that was 

electroactive and oxidized at a new potential. Increase in anode current spported further the 

formation of the new metabolite due to the parallel generation of RLX quinone methide and GSH 

adduct. However, at 1.24x10
-4 

M a peculiar behaviour was seen since the cathode current was 

increased suggesting the existing of a parallel catalytic mechanism and in particular the formation 

of GSSG, leading to parent drug regeneration and  subsequent reduction. 
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3.4.6 Potential optimization 

CPE of 2.5x10
-5 

M RLX in the presence of 5x10
-5

M of GSH was conducted for 0.5 min 

from 0.35 V to 0.70 V, with increasing steps of 0.05 V. The process was repeated three 

times (n=3) on different SPEs, for each potemtial. The potentials were chosen by CV, as 

specified in section 3.4.5, operated over a mass transport limit. The electrogenerated 

metabolites were detected by positive ESI/MS. A three-dimensional plot was constructed to 

reflect the oxidation behaviour of RLX in the tested potentials (Figure 3.24).  

 

The RLX-GSH adduct was obtained only at 0.55 V; however, the signal was very poor and 

did not provide clear indications. Additionally, the formation of GSSG confirmed the 

possibility of a parallel catalytic pathway. As concluded, the electrochemical generation of 

RLX di-quinone methide and subsequent conjugation was achieved at extremely low 

yields, which were detectable slightly at 0.55 V. Earlier findings in section 3.4.2.3 

supported the idea, since at pH 7.4, the corresponding oxidative current was one of the 

lowest recorded, in the tested pH range, suggesting low metabolite generation. 
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Figure 3.24 Potential optimization of  RLX. The RLX-adduct was obtained at trace 

levels only at 0.55 V. The catalytic peak of GSSG was also obtained confirming the 

existence of a parallel metabolic pathway. 
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Additionally, the adsorption properties of RLX di-quinone methide might cause a 

significant impact on the decreased signals. The effect of strong adsorption was identified 

in section 3.4.4. Also, the stability of quinone di-methide at pH 7.4 in section 3.4.2.2 was 

found to be 1.44, higher than the expected unity, confirming its possible involvement in the 

obtained low yields.  
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3.4.7 Exhaustive electrolysis and offline MS 

Exhaustive electrolyses (30 min) at various potentials were conducted, considering the 

limited information gained in section, 3.4.6. The chosen potentials were 0.55 V, which 

gave a more clear indication for the formation of the RLX-GSH adduct, and all the 

potentials that presented in their mass spectra the GSSG. A mass spectra at 0.55 V is shown 

in (Figure 3.25) the signal of the RLX–GSH adduct (m/z 778.85) was still very poor, 

without any clear conclusions regarding the formation of the phase II metabolite. The mass 

spectra of the other potentials also presented the same information as in section 3.4.6. 
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Figure 3.25 Partial mass spectrum of 2.5 x10
-5

 M RLX metabolism at 0.55 V. The signal 

of RLX-GSH adduct (m/z 779) was very poor without any clear indications. 
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3.4.8 Exhaustive electrolysis-influence of concentration  

Exhaustive electrolysis of 2.5x10
-4 

M of RLX in the presence of 5x10
-4 

M of GSH was 

investigated for 30 min at 0.55 V. The obtained m/z are seen in (Figure 3.26); at higher 

concentrations and long-term exposure of RLX in the applied potential, the RLX-GSH 

adduct (m/z 779.09) was formed. The fact that GSH was depleted, GSSG (m/z 612.96) was 

formed and RLX was the most dominant ion, confirmed the existence of a parallel catalytic 

pathway. By increasing the concentration, higher yields of the corresponding GSH adducts 

were synthesised, overcoming the limitations of low production in 2.5x10
-5 

M at pH 7.4 and 

the effect adsorption effects. In addition, a di-GSH adduct (m/z 1084) was obtained as a 

result of increased concentration, which was not seen in lower concentrations of 2.5x10
-5 

M. 

  

 

    GSSG 

        

            RLX 

        

RlX-GSH 

 

  Di -GSH adduct 

        

  Figure 3.26 Partial mass spectrum of 2.5 X10
-4 

M RLX metabolism at 0.55 V. The sensitivity of 

RLX-GSH adduct was improved at higher concentrations. 
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3.4.9 Formation of RLX 6, 7-o-quinone 

In previous studies by Jurva et al., aromatic hydroxylation was successfully simulated in 

acidic media (pH = 3)
179

 by the online coupling of EC and MS. However, the generated 

catechol was unstable and oxidised further into quinone. The methodology involved the use 

of commercially available flow cells with large surface areas and the working electrode 

was made of graphite. The metabolic reactions were simulated at 0.2 V, relying in the 

potential limits of the carbon SPE.  

3.4.9.1 Voltammetry in acidic media 

CV of 2.5.x10
-5 

M RLX was conducted in 1 mM of acetic acid (pH 3) at a scan rate range 

of 0.002–0.124 Vs
-1

. Voltammograms with two oxidative and two reductive peaks were 

expected. The first peak would represent the aromatic hydroxylation and the second, the 

dehydrogenation process, considering the fact that hydroxyl moieties in aromatic rings, 

exhibit strong electroactive properties.
115, 260, 272, 273

 However, according to the obtained 

voltammograms in (Figure 3.27), a well-defined redox pair appeared at all scan rates, as in 

the case of pH 7.4. A low-magnitude reduction peak appeared owing to adsorption rather 

than the result of kinetics since repetitive voltammetry did not generate a second redox 

pair. As concluded, in the present conditions, the formation of the second metabolite was 

not feasible.The process was repeated three times (n=3). 
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Figure 3.27 Effect of scan rate of RLX in acidic media. At all scan rate a second 

redox pair was not seen that might suggest the formation of the second reactive 

metabolite. 
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3.4.9.2 Effect of concentration 

Various concentrations of RLX from 2.5x10
-5 

M to 2.5x10
-3 

M, in 1 mM acetic acid (pH 3) 

were subjected to voltammetry at 0.1 Vs
-1

. The expected redox pair was obtained with a 

significant increase in the current magnitudes, owing to the increased concentrations 

(Figure 4.33). A low-magnitude cathode peak appeared at 0.12 V, but a second cycle did 

not generate the expected anode potential in the reverse scan in all of the selected 

concentrations, suggesting the effect of an impurity or strong adsorption. A representative 

voltammogram of a second cycle at 2.5x10
-3 

M is shown in (Figure 3.28).  The process was 

repeated three times (n=3). Thus, as concluded, higher concentrations of RLX failed to 

mimic aromatic hydroxylation. 
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3.4.9.3 Effect of surface area 

Jurva et al.
174

 simulated the particular reactions in a coulometric cell in acidic conditions   

(1 mM acetic acid, pH 3). In an attempt to investigate the effect of surface area on the 

formation of RLX 6,7,-o-quinone metabolite; 2.5x10
-5 

M of the drug, in 1 mM acetic acid 

was electrolysed for 2 min, in a μ-prep cell (Antec, Netherlands) with a surface area of 1.9 

cm
2
,
179

 equipped with a glassy carbon working electrode. The RLX 6,7-o-quinone (m/z 

488.17) was formed at all potentials in the range of 0.2 V to 0.8 V, with increasing steps of 

0.2 V. A representative mass spectrum at 0.6 V is shown in (Figure 3.29). The process was 

repeated three times (n=3). 

 

CPE in acidic conditions (1 mM acetic acid) was conducted on SPEs with a calculated  
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        Figure 3.29 Partial mass spectrum for the generation of RLX 6,7-o-quionone at 0.60 V in a 

        μ-prep cell. The orho quinone (488 m/z) was clearly seen in the obtained spectrum. 
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surface area of 0.126 cm
2
. However, herein, higher concentrations of 2.5x10

-4 
M and 

duration of 30 min of electrolysis were applied, considering the findings in section 4.4.7. 

However, RLX 6,7-o-quinone was not formed on the surface of the SPE. Thus, as 

concluded, aromatic hydroxylation requires a higher surface area and in particular, a greater 

number of active sites in the working electrode. A representative mass spectrum is shown 

in    (Figure 3.30). 
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Figure 3.30 Partial mass spectrum for the generation of RLX 6,7-o-quionone at 0.62 V on 

SPE. The reactive metabolite was not formed suggesting limitations with the restricted 

surface area. 
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3.5 Reaction mechanism of RLX 

Considering the individual electrochemical studies and offline mass spectra analysis, the 

electrochemical oxidation of RLX in the presence of GSH is described in (Sheme 3.5). The 

proposed reaction mechanism involved the initial dehydrogenation of RLX via a 

twoelectron and two proton transfer, into the RLX di-quinone methide, which followed two 

main pathways: 1) conjugation and 2) catalysis. In conjugation, the reactive intermediate 

covalently bonded with the thiol group of GSH forming mono- and di-GSH adducts. In 

catalysis, the GSSG metabolites were formed and the parent drug was regenerated. 

 

 

 

 

 

 

 

 

 Scheme 3.5 Proposed reaction mechanism of RLX according to the obtained mass spectra. RLX di- quinone in the 

presence of GSH followed two main pathways conjugation and catalysis. 
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SPEs mimicked successfully the dehydrogenation of RLX into the short-lived RLX di- 

quinone methide
274 

at pH 7.4. The obtained data were in good agreement with previously 

published in vitro data.
259, 274- 276

 The formation of di-GSH adducts in RLX metabolism is 

frequently observed in in vitro metabolism studies. The present mass spectrometry data 

supported the formation of a di-GSH adduct; however, the particular di-GSH adduct was 

not reported in existing literature. Similar di-GSH adducts were obtained in the 

electrochemical bioactivation of APAP by Kauffmann et al.,
115

 suggesting the existence of 

a unique electrochemical mechanism. However, the generation of a second reactive 

metabolite, RLX 6,7,-o-quionone was not achieved owing to the limited surface area of the 

sensor. As proven, the large surface area of the conventional flow cells permit the 

simulation of aromatic hydroxylation and subsequent dehydrogenation, since they provide 

multiple active sites, as compared to SPEs. In addition, as proven in Chapter 3, owing to 

the fabrication process, some of the active sites of the particular sensors might be covered 

with binders, thus limiting their availability. As a consequence, probably, the metabolite 

was formed at very low yields below the detection limits of a mass spectrometer. The 

reaction mechanism and kinetics were in agreement with those in previous studies on RLX 

with glassy carbon electrodes, involving the transfer of two electrons and two protons from 

the hydroxyl moieties, confirming the rebalance of carbon SPEs with glassy carbon 

electrodes. The possibility of generating a phenoxyl radical via single electron and a single 

proton transfer, as proposed by Li et al.,
277

 in carbon tubes was rejected, since the expected 

dimmers were not detected in MS. 

 

 



     Chapter 3: Phase I and phase II metabolism of DOPA and RLX on a SPE 

125 | P a g e   

During potential optimization, the dominance of the catalytic pathway was reflected on the 

obtained mass spectra. The GSSG metabolites were in greater abundance than the GSH 

adducts. Thus, as concluded a competition for RLX di-quinone methide was established 

between the two metabolic pathways. The dominance of the catalytic pathway was also 

reflected in CV studies, in the presence of various GSH concentrations. According to the 

obtained results, the formation of GSSG had cause a GSH depletion, leading to increased 

cathode currents.The generation of GSSG metabolite as a part of RLX bioactivation was 

reported by Liu et al .
278

 

3.6 Conclusion 

 The RLX-GSH was generated successfully on the surface of the SPE at the optimized 

potential, confirming the ability of the sensor to mimick inexpensively both the phase I and 

phase II metabolism of RLX.  The proposed mechanism was in agreement with already 

published in vitro data, involving the formation of highly unstable and short-lived RLX di- 

quinone methide that was trapped with GSH. In lower concentrations of 2.5x10
-5 

M, the 

RLX-GSH adduct was not obtained owing to adsorption effects, relative metabolite 

instability, and low metabolite yields at pH 7.4. On increasing the time of electrolysis to 30 

min and the concentration to 2.5x10
- 4 

M, the RLX-GSH adduct was detected. In addition, a 

di-GSH adduct was obtained, as part of the detoxification mechanism, which was detected 

only at the RLX concentration of 2.5x10
-4 

M. A parallel catalytic mechanism was identified 

in the early stages of electrochemical investigation. Voltammetry in the presence of 

increased GSH concetrations showed an increase in cathode current, suggesting GSH 

depletion due to GSSG formation. The second metabolite RLX 6,7-o-quinone was not 

generated on the surface of the SPE, probably due to the small area of the working 
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electrode and the limited availability in active sites. The required metabolic reactions of 

aromatic hydroxylation and dehydrogenation were mimicked successfully by Jurva et al. 

through the use of conventional flow cells with large surface areas. Herein, the same 

conditions were set in a μ-prep cell, confirming the relationship between a large surface 

area and aromatic hydroxylation. The observed kinetics and reaction mechanisms were in 

agreement with those recorded in glassy carbon electrode. In conclusion, a novel 

electrochemical methodology was developed using disposable and inexpensive SPEs for 

tracking the metabolism of DOPA and RLX, through the transfer of two electrons and two 

protons. 
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4.0 Introduction 

Phase I metabolic reactions involving the transfer of one electron and one proton, can lead 

to toxicity via interactions with macromolecules such as DNA and proteins. Eugenol
279

 and 

DOXO
280

 are two examples, as proved by the in vitro methodologies that lead to toxicity 

via the particular metabolic reaction. 

Eugenol is an essential oil with a wide range of applications in dental practice, food 

industry, and cosmetics.
279

 However, toxic effects such skin sensitisation,
281

 have been 

reported that are associated with the metabolic process of eugenol. Over the years, in vitro 

and in vivo methodologies
282, 283

 proposed different metabolic pathways of eugenol, 

catalyzed either by CYP 450 or peroxidase. However, a significant part of published data 

points out that both enzymes may lead to the formation of a toxic quinone methide via a 

single electron and a single proton transfer.
284

 According to Thomson et al.,
282

 the reaction 

mechanism, as shown in (Scheme 4.1), involved a single electron and a single proton 

transfer from the phenol moiety, leading to the formation of a phenoxyl radical. In the 

presence of GSH, the phenoxyl radical generated a GSSG metabolite via a catalytic 

mechanism and caused the regeneration of eugenol. In addition, the phenoxyl radical was 

also polymerised or stabilised to the corresponding eugenol quinone methide, that either 

formed a GSH adduct or underwent polymerisation.  
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DOXO is an anthracycline chemotherapeutic agent used for the treatment of solid tumours. 

However, the particular drug has limited use, since at high cumulative doses, there is a risk 

of cardiomyopathy.
284

 The cardiotoxicity is believed to be induced though the reductive 

bioactivation of DOXO into the corresponding metabolites DOXO C7 free radical and 

DOXO quinone methide, catalysed mainly by CYP 450 reductases.
285

 In vitro and in vivo 

studies suggested that the above intermediates are capable of inducing toxicity via DNA 

and protein alkylation.
285, 286, 287

 As shown in (Scheme 4.2), the proposed reaction 

mechanism involves a single electron reduction in the quinone moiety, leading to the 

generation of DOXO semiquinone, which can be rearranged into the corresponding DOXO 

C7 free radical via a hydrolytic cleavage or oxidised back to the parent drug and generate 

oxygen radicals or follow a second electron reduction by DT-diaphorase enzymes, leading 

 

Scheme 4.1  In vitro metabolic pathway of eugenol.
281

 The eugenol phenoxyl radical was 

formed via the transfer of one electron and one proton. In the presence of GSH, the 

reactive metabolite follows a catalytic pathway and conjugation. 
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to DOXO quinone methide. In addition, a direct two-electron reduction and a hydrolytic 

cleavage on the quinone moiety can also lead to the formation of the corresponding DOXO 

quinone methide. 

 

 

 

 

 

Scheme 4.2 In vitro metabolic pathway of DOXO.
285   

DOXO semiquinone was generated via a 

single electron and a single proton transfer. Subsequently, the DOXO C7 free radical was 

formed via rearegement and hydrolytic cleavage. In addition, an additional electron-proton 

transfer leaded to DOXO quinone methide. 
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In Chapter 3, the metabolism of DOPA and RLX was simulated successfully by SPEs. The 

metabolic reactions involved the transfer of two electrons and two protons via 

dehydrogenation. This indicated the possible mimicry of single electron-proton transfers, as 

in the case of eugenol quinone methide and DOXO semiquinone.  

The objectives of the experiment detailed in this chapter were: 

1) Investigate the reaction mechanisms of DOXO and eugenol on SPEs. 

 

2) Simulate the phase I reactions of DOXO and eugenol. Particularly, the 

electrochemical generation of the reactive DOXO semiquinone, DOXO C7 free 

radical, DOXO quinone methide and eugenol quinone methide by CPE.  

3) Simulate the phase II GSH reactions via the covalent conjugation of DOXO 

semiquinone, DOXO free radical and eugenol quinone methide with GSH and 

subsequent detection by ESI/MS. 

  

4.2 Results and discussion – eugenol 

The electrochemical generation of eugenol quinone methide and GSH adduct via a single 

electron -proton treansfer and conjugations respectively was examined on the surface of the 

inexpensive sensor. 
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4.2.1 Electrochemical behaviour of eugenol  

Eugenol (2.5x10
-5

M) in ammonium acetate (pH 7.4) at 0.1 Vs
-1

, generated a well-defined 

anode potential at 0.210 V (A1) with a peak current of 0.002 mA (Figure 3.1). Also, two 

low-magnitude cathode potentials appeared at 0.120 V (B1) and at -0.120 V (C1). The 

application of a second cycle generated the corresponding anode potentials at -0.150 V 

(B2) and -0.050 V (C2). The process was repeated three times (n=3).  
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Figure 4.1 Electrochemical behavior of eugenol. A) First cycle; B) Second cycle. A 

second reversible pair was generated during the conducting of a second cycle. 
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Mono-phenols behave irreversibly in solid electrodes, but very often cathode potentials can 

be obtained during the reverse scan, as a result of product electrodeposition.
289

 Thus, 

eugenol as a mono-phenol compound generated the electrodeposited cathode potentials at 

the surface of the SPE. As a consequence, according to the general rule of phenol oxidation 

on solid electrodes, it was concluded that A1 was a totally irreversible peak and involved 

the oxidation of phenol moiety into the corresponding phenoxyl radical. The redox pairs 

B1/B2 and C1/C2 implied the occurrence of a reversible process of the electrodepositede 

catechol and hydorquinone, respectively (Scheme 4.3). However, further studies were 

conducted to confirm the irreversibility of A1 and phenoxyl radical formation. Thus, the 

following experiments focused on A1 and were mainly recorded by DPV, unless otherwise 

stated. 

 

 

 

 

Scheme 4.3 Reaction mechanism of mono phenol moiety,
288  

The reasonance form of the 

phenoxyl radical reacts further with water leading to catechol and hydroquinone. 
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4.2.2 Effect of pH 

4.2.2.1 Participation of protons 

The influence of pH on 2.5x10
-5 

M of eugenol was investigated by CV over a wide range of 

pH values (2, 4, 6, 7.4, 9, 10.5, 12). The buffer solutions were prepared in 0.1 M 

ammonium acetate and 0.1 M sodium hydroxide. The potential range was -0.4 V to 0.5 V 

and the scan rate was set at 0.1 Vs
-1

. The process was repeated three times (n=3), in 

different. A linear relationship was obtained as shown in (Figure 4..2), implying the 

participation of protons during the oxidation process. Additionally, the slope was found to 

be 0.41 VpH
-1

, which was close to the Nernstian slope, suggesting the participation of an 

equal number of protons and electrons. 
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Figure 4.2 Participation of protons in eugenol oxidation. The anode potential 

shifted gradually to more negatives values due to proton  participation. 
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4.2.2.2 Effect of pH on current 

The effect of pH on anode current was investigated over the same conditions, as in section 

4.2.2.1. Highly alkaline conditions generated lower currents than highly acidic pH,          

(Figure 4.3). The highest current was obtained at pH 6, which indicated the maximum 

generation of the product. The lowest current and minimum metabolite formation was 

observed at pH 10.5. 

 

 

 

4.2.3 Effect of scan rate in electron transfer kinetics 

Eugenol (2.5x10
-5

M ) was investigated by DPV, at a wide range of scan rates from 0.015 

Vs
-1

 to 0.155 Vs
-1

 (Figure 5.7). The aim was to confirm the irreversibility of the system. 

Considering that the highest anode potential was obtained at pH 6, all solutions were 

prepared in the particular pH value. The irreversibility of eugenol was confirmed by the 

linear dependence of anode peak current with the SQRT of scan rate and the variation of 

anode potential with the scan rate
131,132

 (Figure 4.5). The obtained kinetics were in 

agreement with those observed in previous studies on glassy carbon electrodes.
290
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Figure 4.3 Relationship of eugenol anode current with pH. The highest current was 

obtained at pH s 1 and 4 suggesting the highest metabolite yields. 
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  Figure 4.4 DPV of eugenol in various scan rates. A wide range of scan rates was 

applied from 0.015 Vs
-1

 to 0.155 Vs
-1

 to dermine the electron transfer kinetics. 
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4.2.4 Effect of transport mode 

The obtained slope for the log (anode current) vs. log (scan rate) was 1.17, suggesting 

strong adsorption (Figure 4.6). Investigation in a glassy carbon electrode
291

 suggested a 

mixture of both diffusion and adsorption; but adsorption was the dominant mode. 
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Figure 4.5 Irreversibility of eugenol. A) Anode current dependence with SQRT of scan 

rate; B) Variation of anode potential with scan rate. 

Figure 4.6 The transport mode of eugenol was controlled by strong adsorption. 

The calculated slope was found to be 1.27, implying an ideal adsorption. 
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4.2.5 Effect of concentration 

As shown in (Figure 4.7), voltammograms of various eugenol concentrations from     

2.5x10
-5 

M to 2.5x10
-3 

M at 0.1 Vs
-1

 suggested the independence of concentration with the 

formation of new metabolites. However, the electrodeposition of catechol and 

hydroquinone reduced progressively at 2.5x10
-4 

M and stopped completely from 5x10
-4 

M 

to 2.5x10
-3 

M, probably due to saturation.  
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Figure 4.7 Voltammetry at various eugenol concentrations. Additional metabolites were not 

observed with the increase of eugenol concentration. Saturation effects were seen in higest 

concetration of 5x10
-4 

M and 2.5x10
-3 

M. 
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4.2.6 DPV in the presence of GSH 

DPV was recorded in 2.5x10
-5 

M eugenol, in ammonium acetate (pH 7.4). The scan rate 

was 0.1 Vs
-1

, the potential range was set from -0.1 V to 0.5 V, the pulse amplitude was 

0.010 V, and the voltage step was 0.010 V. Each time, increasing GSH concentrations from 

0 M to 2.5x10
-4 

M were added to examine changes in currents and potentials (Figure 4.8). 

As proven, the generated anode current depended strongly on GSH concentration, since it 

increased with an increase in GSH, suggesting the formation of a new metabolite and its 

subsequent reaction with GSH, probably leading to the formation of a GSH adducts. 

Changes were also observed in anode potential causing a significant shift to more positive 

values indicating the oxidiation of the generated metabolite at a new potential. Thus, the 

generated intermediate was reactive towards the thiol moiety of GSH. 
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Figure 4.8 Eugenol in the presence of various GSH concentrations.  The addition of  

various GSH caused shiftings in potentials and increase in current suggesting  the 

formation of a  new metabolite. Probably a GSH adduct was formed that was oxidized 

at a new potential.  In addition the currents were increased since two metabolites were 

formed, as compared with the voltammogram in the absence of GSH. 
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4.2.7 Potential optimization 

 Eugenol (2.5x10
-5

M) in 0.1 M ammonium acetate (pH 7.4) was electrolysed over a wide a 

range of potentials from 0.30 V to 0.65 V, in the presence of 5x10
-5 

M GSH. The potential 

range was determined by the oxidative peak in DPV, in section 4.2.5 and operated in a 

mass transport rate limit, with increasing steps of 0.050 V. The metabolites were detected 

by negative ESI/MS. The expected eugenol-GSH adduct was not formed in any of the 

applied potentials, whereas the catalytic GSSG was obtained at all potentials (Figure 4.9). 

At 0.45 V, GSH was depleted and a new metabolite (m/z 325) had emerged, which 

probably corresponded to the formation of a eugenol dimer, known as bis-eugenol.
292

 The 

regeneration of the parent compound was seen only at 0.45 V, probably owing to the strong 

adsorption, preventing its detection at the other potentials. According to previously 

published in vitro data,
281

 the presence of polymers in eugenol metabolism was a strong 

indication of the formation of either a eugenol phenoxyl radical or a eugenol quinone 

methide. Thus, 0.45 V was chosen as the optimum potential for the exhaustive electrolysis.
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4.2.8 Exhaustive electrolysis and MS 

 Eugenol was electrolysed for 30 min at the optimized potential of 0.45 V, over the same 

conditions as specified in section 4.2.6. As seen in (Figure 4.10), the eugenol-GSH adduct 

was not formed and only the GSSG (m/z 610.80) and bis-eugenol (m/z 325.20) which was 

the most abundant ion, were obtained in the mass spectrum. Electrolyses (30 min) were 

carried out in acidic (pH 4) and in alkaline conditions (pH 9) to examine the possibility of 

generating either a more stable intermediate or higher intermediate yields, based on  earlier 

observations in section 4.2.2.2. However, again, the phase II GSH adducts were not 

formed. As concluded, the dimer was probably the result of the polymeric reaction of the 

eugenol phenoxyl radical and not of eugenol quinone methide, since a route like this would 

have resulted to the formation of the corresponding eugenol-GSH adduct, according to 

Thomson et al.
281

 

 
     

Bis-eugenol 

     

 

    GSSG 

    

 

Figure 4.10 Partial mass spectrum of eugenol metabolism at 0.45 V. The bis-eugenol 

dimer (m/z 325.25) and GSSG (m/z 610.80) were obtained after 30 min of electrolysis. 
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4.2.9 Proposed reaction mechanism of eugenol 

The proposed reaction mechanism as shown in (Figure 4.4), involved the formation of a 

eugenol phenoxyl radical via the loss of one electron and one proton. Then, the eugenol 

phenoxyl radical was detoxified through a catalytic reaction with GSH, leading to the 

formation of GSSG and parent compound regeneration. Also, a second pathway was 

observed which corresponded to the polymerisation of the phenoxyl radical and subsequent 

generation to bis-eugenol.  

 

 
                

Scheme 4.4 Proposed reaction mechanism of eugenol based on mass spectra. The 

phenoxyl radical was generated electrochemically and followed a polymerisation 

process and a catalysis pathway. 
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The parent compound was not obtained in the mass spectrum (Figure 4.10) owing to its 

depletion, since it was participating in two parallel pathways simultaneously. In addition, 

the strong adsorption properties of eugenol, as shown in section 4.2.4, might have had an 

impact on eugenol detection. 

The proposed reaction mechanism was in good agreement with the findings of Thomson et 

al.
281

 (Sheme 4.1), suggesting the mimicry of peroxidase rather than CYP 450. A strong 

indication was the dimer formation, which was seen exclusively in peroxidase metabolism. 

Also, in the same study, it was proposed that GSH had an inhibitory effect on the formation 

of eugenol quinone methide, and lower yields of eugenol–GSH adducts were obtained. In 

particular, a proportion of the eugenol phenoxyl radicals was depleted through the catalytic 

process and never stabilised to the corresponding quinone methide. Herein, the possibility 

of generating the eugenol quinone methide was rejected since this would have led to the 

formation of both polymers and eugenol-GSH adducts.  Thus as concluded the electro-

generated eugenol phenoxyl radicals were depleted completely through the catalytic 

pathway. SPEs successfully mimicked a significant part of eugenol metabolism involving 

both phase I and phase II reactions. The main reactive metabolite (eugenol phenoxyl 

radical) was formed and detected indirectly via the formation of GSSG and the phase I 

polymer bis-eugenol.  

The electrochemical metabolism of eugenol was investigated previously by the Karst 

research group
293

 using a conventional amperometric flow cell coupled online with LC/MS. 

The cell was equipped with a boron-diamond working electrode, a Pd/H2 reference 

electrode, and a Teflon block as the counter electrode. In the conventional method, 

different metabolic reactions and intermediates were obtained than with the use of SPEs, 
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owing to differences in electrode properties and the available working area. In particular, 

the diamond electrode permitted the application of a wide potential window (0 V - 2.5 V) 

and, as a consequence, the mimicry of various metabolic reactions such O-demethylation, 

dehydrogenation and oxygen addition that eventually led to the formation of quinones and 

quinone methides, at the optimised potential of 2 V (Scheme 4.5). On the other hand, 

carbon ink provided a limited potential range (less than 1 V) and such diversity in 

metabolic reactions was not obtained by the SPEs.   

 

Scheme 4.5 Eugenol metabolism in a diamond, reprinted with permission from Melles et al.
293

 

Conventional electrode leaded to generation of different metabolites compared to SPEs due to  

the applications of high potentials and larger working diameter. 

 

O-demethylation was the main reaction that occurred even at low potentials, so it was 

expected to occur in SPEs. However, the smaller surface area of the SPE (12.5 mm
2
) than 

that of the diamond electrode (50.24 mm
2
)

294
 probably generated the particular metabolite 
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at insufficient yields for detection or the particular reaction was not favoured in SPEs. The 

single electron and single proton transfer that was seen in SPEs was not mimicked in the 

diamond electrode. Probably, the formation of the particular intermediate was not favoured 

in the applied conditions. 

The proposed metabolic pathway for the flow cell was in agreement with animal studies 

and mimicked the catalytic action of CYP 450, while SPE provided similar results with in 

vitro peroxidase experiments. As concluded, different electrode materials and geometries 

were capable of mimicking certain types of enzymes such as CYP 450 and peroxidases 

with a potential to replace the expensive use of the particular enzymes at some extent in 

pharmaceutical research. 

4.3 Conclusion 

The possibility of mimicking the reactive pathway of eugenol into eugenol quinone 

methide was investigated with disposable SPEs. Primary electrochemical investigations on 

SPEs presented a similar behaviour with the glassy carbon electrode. In both solid 

electrodes and SPEs, eugenol was oxidised irreversibly via a single electron and a single 

proton transfer. At the optimized potential of 0.45 V, the corresponding eugenol-GSH 

adduct was not formed, but the GSSG metabolite and bis eugenol dimer were formed. The 

proposed reaction mechanism suggested the oxidation of eugenol into the corresponding 

eugenol phenoxyl radical, which led to radical polymerisation and catalytic process. The 

formation of eugenol-GSH adduct was prevented by the catalytic process since the electro-

generated eugenol phenoxyl radical was depleted and never stabilised to the corresponding 

quinone methide. The electrochemical method was in good agreement with the catalytic 

activity of peroxidase. Previous electrochemical studies in flow cells simulated the 
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metabolic process of eugenol by CYP 450 and generated completely different metabolites, 

compared to SPEs, owing to differences in electrode material and geometry. Thus, the 

limited available area of the SPE was proven to be beneficial, since it permitted the 

mimicry of a particular reaction (single electron and single proton transfer) which was not 

seen in flow cells. Thus, different electrodes with different configurations could mimic the 

catalytic action of various phase I enzymes.  

4.4 Results and discussion – DOXO 

The simulation of phase I reductions on the SPE was studied using DOXO as a model 

comopound. Both the reactive DOXO quinone methide and DOXO C7 radical formation 

were aimed for generation through an initial single electron and single proton reduction and 

their subsequent trapping with GSH. 

4.4.1 Electrochemical behaviour  

Investigations regarding the reduction of 2.5x10
-5 

M DOXO in 1 mM acetic acid (pH 3) at 

0.155 Vs
-1

 generated a well-defined redox pair (Figure 4.11). The cathode potential was 

obtained at -0.680V with a current of -0.069 mA, whereas the anode potential appeared at    

-0.63 V with a 0.036 mA current. The separation peak potential was 0.05 V, which 

suggested a reversible system, but the peak current ratio was found to be 1.9, larger than 

the expected value of unity.   
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4.4.2 Effect of PH 

Herein, 2.5x10
-5 

M DOXO was studied at a wide range of pH values, in 0.1 M ammonium 

acetate (pH 2, 3, 4, 6, 7.4, 9, 10.5) and in 1 mM acetic acid (pH 3), at 0.155 Vs
-1

. A 

reversible pair was only seen at pH 3, as shown in (Figure 4.11), whereas the 

electrochemical signal disappeared at the other pH values, (Figure 4.12). Investigations of 

DOXO in a carbon paste electrode
295

 showed strong adsorption phenomena at pH 4.5 and 

desorption effects at higher pH values, leading to decreased electrochemical signals. 

Herein, a similar desorption process had probably caused the disappearance of the 

electrochemical signals. Also, the participation of protons through the effect of pH was not 

feasible, so no indications regarding the formation of the required metabolites were 

observed. The process was repeated three times (n=3), in different SPE. 
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Figure 4.11 Electrochemical behavior of DOXO. A pair of a reversible redox peaks 

were obtained at -0.680V and at -0.63 V. 

n=3 



   Chapter 4: Phase I and phase II metabolism of eugenol and DOXO on a SPE 

149 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

-0.06 

-0.05 

-0.04 

-0.03 

-0.02 

-0.01 

0 

-1 0 

C
u

rr
e

n
t (

m
A

) 

Potetial (V vs Ag/AgCl 

-0.06 

-0.05 

-0.04 

-0.03 

-0.02 

-0.01 

0 

-1 0 

C
u

rr
e

n
t (

m
A

) 

Potetial (V vs Ag/AgCl) 

-0.06 

-0.05 

-0.04 

-0.03 

-0.02 

-0.01 

0 

-1 0 

C
u

rr
e

n
t (

m
A

) 

Potetial (V vs Ag/AgCl) 

-0.06 

-0.05 

-0.04 

-0.03 

-0.02 

-0.01 

0 

-1 0 

C
u

rr
en

t (
m

A
) 

Potetial (V vs Ag/AgCl) 

-0.06 

-0.05 

-0.04 

-0.03 

-0.02 

-0.01 

0 

-1 0 

C
u

rr
e

n
t (

m
A

) 

Potetial (V vs Ag/AgCl) 

-0.06 

-0.05 

-0.04 

-0.03 

-0.02 

-0.01 

0 

-1 0 
C

u
rr

en
t (

m
A

) 
Potetial (V vs Ag/AgCl) 

pH 2 pH 4 
pH 6 

pH 9 
pH 10.5 

pH 7.4 

Figure 4.12 Voltammograms of DOXO at various pH values. Strong desorption effects 

had probably caused the disappearance of the electrochemical signal. 
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4.4.3 Effect of scan rate 

DOXO (2.5x10
-5 

M) in acidic conditions (pH 3) was investigated at the scan rate range of 

0.015 Vs
-1 

– 0.20 Vs
-1

 (Figure 4.13). The process was repeated three times (n=3). The aim 

was to determine the kinetics of DOXO in SPE. A linear dependence of the anode and 

cathode currents with the SQRT of scan rate was observed (Figure 4.14).   

 

 

 

-0.15 

-0.1 

-0.05 

0 

0.05 

0.1 

0.15 

-1.1 -0.9 -0.7 -0.5 -0.3 

C
u

rr
en

t (
m

A
) 

Potential (V vs Ag/AgCl) 

0.015 Vs-1 

0.05 Vs-1 

0.10 Vs-1 

0.155 Vs-1 

0.20 Vs-1 

Figure 4.13 Voltammograms of DOXO in various scan rates. The scan rate range was 
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Additionally, the anode and cathode potentials were independent of the increasing scan 

rate. The separation peak potentials showed an increasing trend with the increasing scan 

rate. However, the values were in the acceptable range of reversible kinetics
130

           

(Figure 4.15). Thus, as concluded, the reduction of DOXO on SPE was reversible.  
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Figure 4.14 Linear relationship of DOXO currents with SQRT of scan rate. A) Anode 

current; B) Cathode current. 
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Figure 4.15 Dependence of  DOXO potentials with scan rate. A) Anode potential; B) 

Cathode potential; C) Separation peak potential. 
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Thus, the kinetics were reversible and in good agreement with voltammograms obtained 

with glassy carbon electrodes.
296, 297

 In their study, the reversible pair represented the 

reduction of DOXO to DOXO dianion via a two-electron transfer and without the 

participation of protons (Scheme  4.6). 

 

 

 

In both cases, the electrochemical reduction was followed by a chemical step, leading to the 

formation of a DOXO semiquinone radical. Subsequently, the generated DOXO dianion 

reacted chemically with the parent DOXO and formed the reactive semiquinone radical that 

was subsequently trapped with DNA.  

Moreover, reversible pairs of DOXO were also obtained with mercury
298, 299

 and graphite 

electrodes.
300

 However, in these cases, a hydroxyl DOXO product was formed via a two-

electron reduction. Thus, the possibility of generating either the dianion or the hydroxyl 

DOXO or the required metabolites such as DOXO C7 free radical and DOXO quinone 

methide were all considered, since the participation of protons was not confirmed, owing to 

the dependence of DOXO on pH at pH 3.  

 

. 

    Scheme 4.6 Dianion formation. DOXO was reduced via the transfer of two electrons into the 

corresponding DOXO dianion, which subsequently reacted with DOXO, leading to DOXO 

semiquinone radical. 
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4.4.4 Mass transport mode 

The transport mode was controlled by strong absorption. The calculated slopes           

(Figure 4.16) were found to be 1.20 and 1.18 for anode and cathode potentials, respectively. 

A strong adsorption was reported in previous electrochemical investigations with solid 

electrodes.
295, 298- 300

 The findings supported the earlier pH dependence of the drug at pH 3 

and were in good agreement with electrochemical investigations with carbon paste 

electrodes,
295

 which supported the fact that in acidic conditions, the strong adsorption 

generated high currents, whereas in alkaline media, the drug was gradually desorbed 

leading to decreased and lower-magnitude currents. Herein, the DOXO was completely 

desorbed at the pH values of 2, 4, 6, 7.4, 9, 10.5 and as a consequence, the lack of the 

transport mode on the SPE surface prevented the formation of the electrochemical signal.  
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Figure 4.16 Mass transport mode of DOXO. A) Anode current; B) Cathode current. Strong 

adsorption properties of DOXO on the surface of the SPE, the obtained slopes were higher 

than unity. 
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4.4.5 Effect of concentration  

Various concentrations of DOXO in the range of 2.5x10
-5 

M to 2.5x10
-3 

M, in 1 mM acetic 

acid (pH 3) were investigated in terms of CV (Figure 4.17). In the obtained 

voltammograms, additional peaks or changes corresponding to the formation of additional 

metabolites were not seen. For example, the appearance of a second reduction peak would 

have corresponded to the formation of DOXO quinone methide via the reduction of DOXO 

semiquinone. 
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Figure 4.17 Voltammetry at various DOXO concentrations. In the range of 2.5x10
-5 

M to 2.5x10
-3 

M 

the same reversible peak was seen without any indications regarding the formation ofnew metabolites 

as a function of concentration. 
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4.4.6 CV in the presence of GSH 

The reactivity of the generated product was investigating voltammetrically in the presence 

of increasing GSH concentrations, at the range of 0 M to 2.5x10
-4 

M. Changes have been 

observed on the cathode and anode potentials and, in particular, a shift to more positive 

values was observed, suggesting the formation of a new product, (Figure 4.18). However, 

the obtained currents were maintained at the same values, as obtained in the voltammetry 

without the addition of GSH, even at the highest GSH concentration of 2.5x10
-4 

M. Thus, 

inconclusive results were obtained since the potential shifting might provide an indication 

of the formation of a reactive metabolite such as the DOXO semiquinone, DOXO C7 free 

radical, or DOXO quinone methide. However, the maintenance of the generated currents 

indicated the probable formation of non-reactive products such as DOXO dianion or 

hydroxyl DOXO. 
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Figure 4.18  DOXO in the presence of various GSH concentrations. Incoclusive results regarding the formation 

of a DOXO- GSH adduct were obtained since the current were maintained at the same levels, at all the 

investigated GSH concentrations. The anode potential shifted to new potentials after the addition of increased 

GSH concentration, suggesting the possible formation of an electroactive.  
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4.4.7 Potential optimization 

Herein, 2.5x10
-5 

M of DOXO in the presence of 5x10
-5 

M GSH was electrolysed for 0.5 

min, over a wide range of potentials from -0.058 V to -0.93 V with increasing steps of 0.05 

V, in the optimized buffer of pH 3. In (Figure 4.19), the GSH adduct or the catalytic 

metabolite of GSSG was not formed at any of the applied potentials. This indicates the 

possibility of generating the non-reactive products of hydroxyl DOXO or DOXO dianion 

that were unstable and oxidised immediately back to DOXO. However, considering the in 

vitro and in vivo studies, the DOXO semiquinone, as a reactive and short-lived 

intermediate, could have probably oxidised immediately back to the parent drug or formed 

at insufficient yields, preventing its subsequent formation to DOXO C7 free radical or 

DOXO quinone methide. In addition, the direct formation of DOXO quinone methide as an 

electropositive intermediate was expected to give some indications in the obtained mass 

spectrum, as seen in the previous cases in Chapter 3. 
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Figure 4.19 Potential optimization of DOXO. Only the parent drug and 

GSH were obtained leading to inconclusive results. 
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4.4.8 Exhaustive electrolysis and offline MS 

Exhaustive electrolysis (30 min) was conducted at all potentials, as seen in section 4.4.7. 

However, a longer duration of electrolysis failed to generate the DOXO-GSH adducts or 

GSSG. A representative mass spectrum at -0.73 V is shown in (Figure 4.20): only DOXO 

(m/z 544.2) and GSH (m/z 308) were obtained. In addition, mass spectrometric detection in 

the negative ion mode was conducted for investigating the possibility of detecting the 

negatively charged dianion; however, the product was not obtained. The experiment was 

conducted at higher concentrations of 2.5x10
-4 

M DOXO in the presence of 5x10
-4 

M GSH 

but again only the parent drug and GSH were obtained 

. 

 

 

       GSH 

      
 

       DOXO 

      
 

m/z 

Figure 4.20 Partial mass spectrum of DOXO metabolism at -0.73 V. GSH adducts were not 

detected even at exhaustive electrolysis. 
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4.4.9 Proposed reaction mechanism of DOXO 

The lack of product signals in the obtained mass spectra and the unclear indications 

regarding the reactivity of the generated product with GSH, in section 4.4.6, indicated three 

possible reaction mechanisms. According to the first pathway (Scheme 4.7), DOXO 

semiquinone was generated successfully at low concentrations, and in combination with the 

strong adsorption, it led to the insufficient yields of DOXO C7 free radical or DOXO 

quinone methide. As a consequence, the generation of GSH adducts was below the 

detection limit of the mass spectrometer. In addition, considering the calculated peak 

current ratio of 1.9, in section 4.4.1, the possibility of generating an unstable semiquinone 

that was oxidised quickly to DOXO was also likely, preventing its further reaction to 

DOXO C7 free radical or DOXO quinone methide. The possibility of a parallel route 

between oxidation and GSH conjugation can be also considered. The particular pathway is 

in agreement with the metabolic pathway proposed in in vitro and in vivo studies.
285
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However, the stability in currents that were observed in section 4.4.6, in combination with 

the same kinetics observed in conventional solid electrodes, suggested the possible 

formation of the negatively charged DOXO dianion via a two-electron reduction         

(Figure 4.8). The possibility of a chemical reaction between the dianion and DOXO was 

rejected considering the instability of the electrogenerated product at pH 3, as obtained by 

the calculated peak current ratio of 1.9.  

 
Scheme 4.7 First proposed pathway of DOXO. The expected GSH addcuts were formed 

as a consequence of GSH conjugation with DOXO C7 free radical and DOXO quinone 

methide. 
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The third pathway refers to the formation of a hydroxyl DOXO via the reduction of two 

electrons and two protons (Scheme 4.9). Both DOXO dianion and hydroxyl DOXO are not 

reactive with GSH and characterised by instability, permitting their immediate oxidation 

back to DOXO. 

 

 

 

4.5 Conclusion 

The behaviour of DOXO presented similarities in kinetics and mass transport with previous 

investigations in solid electrodes. DOXO was reduced reversibly with strong adsorption at 

pH 3. However, a lack of signal was observed, in the other pH values, owing to desorption 

phenomenon. A similar behaviour was seen in a carbon paste electrode, but here, the effect 

was more intense leading to a complete disappearance of currents. The obtained mass 

spectra presented only the parent drug and GSH, leading to the proposal of three pathways. 

 

 

Scheme 4.8 Second proposed pathway of DOXO. According to this pathway the transfer of two 

electrons leaded to the formation of the negatively charged DOXO dianion, which is not capable 

to form GSH adducts due to its charge. 

Scheme 4.9 Third proposed pathway of DOXO. In this case the investigated compound was 

reduced to hydroxyl DOXO, which is not capable to form GSH adducts. 
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The first pathway suggested the formation of the DOXO semiquinone in low molar 

concentrations, leading to the generation of DOXO-GSH adducts that were below the 

detection limits of the mass spectrometer. Also, it was also likely that the DOXO 

semiquinone was unstable and oxidised very quickly back to DOXO, as seen in the in vitro 

and in vivo studies, preventing further reactions resulting in reactive DOXO C7 free radical 

and DOXO quinone methide. 

However, the possibility of generating non-reactive products towards GSH was also 

considered since primary electrochemical investigations in various GSH concentrations 

generated inconclusive data, regarding the reactivity of the generated products towards 

GSH. Thus, the second pathway suggested the generation of a negatively charged DOXO 

dianion via a two-electron reduction and the third pathway, the formation of a hydroxyl 

DOXO via the reduction of two electrons and two protons in the quinone moiety. The 

possibility of generating the DOXO quinone methide via a direct two-electron reduction 

was rejected since electropositive compounds like this are easily detected in concentrations 

up to 2.5 x10
-4

 M and in extensive electrolysis. Inability to investigate DOXO in various 

pH values was a major limitation since more stable products might be generated permitting 

their detection. 

In conclusion, investigations on bare SPEs proved the novelty of the particular sensors in 

tracking the metabolism over a wide range of phase I reactive metabolites (quinones, 

quionone methides and radicals) through the transfer of a single electron- proton transfer or 

the transfer of two electrons-protons. As a consequence, it provided valuable application 

for later experiments in chips.  
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5.0 Introduction 

SPEs have a potential for integration into a microfluidic device owing to their miniature 

size and portability.
108, 109

 However, in the field of electrochemical metabolism only two 

microfluidic devices have been developed by the Rusling research group,
301, 302

 for the 

early screening of genotoxic metabolites. The first chip
301

 involved an array of eight carbon 

SPEs coated with rat liver microsomes, ruthenium–polyvinylpyridine, and DNA, 

incorporated into a 63 μL PDMS channel with a long silver/silver chloride reference 

electrode and a platinum wire as the counter electrode (Figure 5.1). Then, 50 μL min
-1

 of 

the oxygenated sample solution was infused into the chip; the enzymatic reactions were 

initiated first by CPE, which involved the donation of electrons to CYP 450, causing 

enzyme activation and subsequent reaction with the exogenous pollutants. 

 

 

 

 
 

 

Figure 5.1 SPEs into a microfluidic device.
301 

An array of eight SPEs was developed for the generation 

of reactive phase I epoxides that were covalently bonded with DNA. SPEs supplied CYP 450 with the 

required electrons to drive the metabolic reaction and replaced the expensive use of NADPH. 
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The reactive metabolites reacted covalently with DNA and a catalytic square wave 

voltammogram was recorded, in the presence of ruthenium–polyvinylpyridine polymer for 

detection purposes. The reactive pathways of well-known pollutants such as styrene, N-

nitrosopyrrolidine (NPYR), 46N-(9H-fluoren-2-yl)acetamide(2-AAF), and benzo[a]pyrene 

(B[a]P) that are metabolised by aromatic hydroxylation and epoxidation were mimicked 

successfully by replacing the expensive use of NADPH with electrode.  

 

The same research group modified the above design by connecting four microfluidic 

channels in parallel,
302

 for the simulation of multi-enzyme pathways found in arylamine 

and benzo[a]pyrene. Each channel contained an eight-electrode SPE array coated with the 

ruthenium–polyvinylpyridine catalyst, DNA, and multiple enzyme sources involving 

human liver microsomes, CYP 450, 1B1 supersomes, human S9 liver fractions, N-

acetyltransferase, and microsomal epoxide hydrolase; each time, the solution was driven to 

the desired channel via a switching valve (Figure 5.2). The obtained voltammograms 

confirmed damages on the DNA structure through the formation of aryl nitrenium ion and 

benzo[a]pyrene epoxides. 

 

 

Figure 5.2 Multiplex SPE microfluidic device.
302 

Multiple sources were coated into the 

SPEs permitting in parallel the conduction of multiple metabolic pathways. 
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The development of a microfluidic device involving the integration of a bare SPE without 

the involvement of expensive enzymes would provide a more economical approach and a 

faster screening methodology, over the current in vivo and in vivo methodologies for 

monitoring reactive metabolites. In earlier chapters, SPEs mimicked successfully the 

metabolites of various compounds both endogenous and exogenous in 30 min, while in 

vitro and in vivo methodologies require months of extensive work.Thus the possibility of 

integrating a SPE into a microfluidic device would permit the electrochemical synthesis of 

the metabolties over flow conditions and thus reduce furher the time scale. Also, the 

disposable nature of the SPE does not require any tedious cleaning procuderes saving time 

and providing simplicity of use and minium reagent consumption.  

 

 The objectives of the chapter were: 

 

1)  Design and development of an inexpensive microfluidic device involving the 

integration of a bare SPE with a serpentine channel for tracking phase II 

metabolism.  

2) The online coupling of the integrated microfluidic device with ESI/MS for an 

automated approach and simplicity of use.       

3) Mimicking the phase II GSH metabolism of RLX, DOPA and APAP within the 

microfluidic device.Determination of the optimum potential by CV and actual 

electrochemical synthesis by CPE. 
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5.1Working principle of the proposed microfluidic device 

The proposed chip aimed to follow the same working principle as commercially available 

flow cells. However, herein, the SPE would be integrated with a serpentine channel in the 

same microfluidic device. The particular type of reactor was selected to keep the chip 

compact and small. The metabolites would be generated on the surface of the SPE and 

subsequently driven to the serpentine channel for continuous mixing with GSH. The GSH 

adducts would then travel via the outlet into the ESI source for detection in MS (Figure 

5.3). 

 

 

 Fig. Instrumental set up. 

 

              Figure 5.3 Working principle of the microfluidic device. 
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In particular, the three-electrode configuration of the SPE would form the electrochemical 

cell. In order for the electrochemical synthesis to occur, it is essential that all electrodes are 

covered with a sufficient sample solution. Offline experiments have shown that partial 

coverage of only 20 µL generated noisy voltammograms or, as expected, the currents were 

not produced at all. Thus, all geometrical dimensions involved in the development of an 

SPE cell-on-chip must be carefully considered for full electrode coverage. Offline 

experiments provided reliable data and full coverage when 50 μL of the solution was 

loaded onto the three-electrode configuration. A chamber or a well around the three-

electrode configuration would form the electrochemical cell. However, in constant flow 

conditions and in a well-defined miniaturised electrochemical cell, lower volumes can be 

used for full electrode coverage. Thus, the application of even lower volumes than the ones 

used traditionally can further reduce the cost. Considering the fact that the auxiliary 

electrode has a smaller surface area than the working electrode, it was not isolated from the 

rest of the electrodes. 

.             
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5.2 Selection of fabrication material  

The development of a cost effective microfluidic device requires affordable materials for 

mass production. The disposable and inexpensive SPEs
109, 110

 are a favourable option for 

the development of an economical chip. Therefore, polycarbonate was chosen for the 

fabrication of the microfluidic devices. The compatibility of polycarbonate with the tested 

exogenous and endogenous compounds was investigated by loading 50 μL of the 

investigated solutions onto a polycarbonate strip. In particular, 2x10
-5 

M of APAP, DOPA, 

and RLX in 0.1 M ammonium acetate buffer (pH 7.4) were loaded onto the strip and left 

overnight for 24 h. The polymer strip did not present any changes, indicating its 

compatibility with the investigated compounds (Figure 5.4).  

 

        

 

 

 

 

 

 

 

 

 
 

Figure 5.4 Resistance of tested compounds loaded onto polycarbonate. A) Sample loading; B) After 24 

h. Alternations on the polycarbonate wafer were not seen after the removal of the tested solution 

implying the compatability of the material with the reagents used. 
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5.3 Reusable polycarbonate chip (1
ST 

generation chip) 

The concept was the development of a microfluidic device with an exchangeable SPE that 

would permit the multiple use of the chip and SPEs would maintain their disposable nature. 

As a consequence the replacement of the SPE would prevent unwanted memory or fouling 

effects. 

5.3.1 Factors affecting the design of reusable chip 

Several factors affected the design of chip such the flow rate, duration of electrolysis, 

dimensions of serpentine chnanel and time of diffusion between the electrogenerated 

metabolites and GSH Herein, the above factors and analysed and presented in detail. 

5.3.1.1 Duration of controlled potential electyrolysis in SPE cell 

The duration of electrolysis was determined by the residential time of the compound within 

the 50 μL electrochemical cell, which in turn is affected by the applied flow rate. The 

selection of the flow rate depended on two main factors: 1) compatibility with MS and 2) 

compatibility with the chip. Mass spectrometers like Thermo Scientific are developed to 

operate at relatively high flow rates (up to 1000 μL min
-1

) while the lowest flow rate that 

can be applied is 2.5 μL min
-1

. Lower flow rates can cause poor ionisation and the products 

may not be detectable. Regarding the chip, low flow rates were required, considering its 

delicate microstructure and need for maximum metabolite synthesis. As a consequence, the 

highest flow rate that could be applied was 50 μL min
-1

. As concluded, the acceptable flow 

rates for both the chip and MS were in the range of 2.5 μL min
-1

 to 50 μL min
-1

. As seen in 

(Equation 5.1) the time of electrolysis as a function of the applied flow rate was determined 

by dividing the volume of the channel with the applied flow rate. The residential times and 
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as a consequence the relative duration for electrolysis, depending on the applied flow rate, 

are shown in (Table 5.1). 

 

 

 

 

                     
                      

                     
      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Flow rate (μL min
-1

) Electrolysis (min)  

2.5 20 

5 10 

10 5 

20 2.5 

30 1.66 

50 1 

Table 5.1 Duration of electrolysis for reusable chip. 

(Equation 5.1) 
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5.3.1.2 Dimensions of serpetine channel 

The fluid flow within the microfluidic devices is described by the number of reynold 

number, Re (Equation 5.2).Where: ρ is the density of solution, d is the diameter of channel; 

v is the average velocity of moving liquid and η viscosity of liquid. An Re value < 2000 

represents a laminar flow, whereas an Re value of > 2300 a turbulence flow
303

.  

   
   

 
 

 

Thus, considering the laminar flow the two investigated compound solutions (GSH and 

endogenous/exogenous compounds) need to diffuse in each other faster than the reaction 

time. Widths that lead to higher diffusion times were rejected. Thus, a longer diffusion time 

would not permit the covalent interactions to occur because the compounds would not be 

completely mixed. The combined flow rates for the metabolite and GSH were considered 

for the estimation of the metabolite-GSH reaction time in a 40 μL serpentine channel by 

dividing the volume of channel with the flow rate (Equation 5.3), whereas the length was 

100 mm. As expected, the reaction time decreased significantly with the increase in flow 

rate  (Table 5.3).   

                          
                      

                            
 

 

 

 

(Equation 5.2)
303

 

(Equation 5.3) 
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According to the calculated reaction times in (Table 5.2) and calculated diffusion time in 

(Equation 5.4), the width of the serpentine channel (X) was found to be 0.01 cm, with a 

known diffusion constant of 2x10
-6

.
304

 Thus, the reactive metabolites would diffuse with 

GSH in 0.28 min, permitting the application of the required flow rate range. 

 

               
    

                      
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Combined flow rate (μL min
-1

) Covalent reaction (min)  

5 8 

10 4 

20 2 

40 1 

60 0.7 

100 0.4 

(Equation 5.4) 

Table 5.2 Time of covalent reaction in reusable chip. 
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5.3.2 Design and fabrication of reusable chip 

The microfluidic device was composed of two polycarbonate wafers with dimensions of 5 

cm x 5cm (length and width), as shown in (Figure 5.5). The design was drawn by 

solidwork software considering the calculated dimensions in section 5.3.1. In the top 

waffer, the microfluidic channels, 40 µL-serpentine channel, inlets, outlet, fluid 

connections and 50 µL- SPE cell were drilled by CNC machine based on the electronic 

design from solidwork. Whereas, the bottom waffer served as a base for the chip without 

any drawn features. The two polycarbonate wafers (top and bottom) were bonded together 

with an adhesive double side tape and subsequently placed in press machine for a complete 

sealing. In total ten microfluidic devices were developed with the particular methodology.  

 

 

 

 

 

Figure 5.5 Schematic diagram of the top and bottom wafers. A) Top polycarbonate wafer 

with the drilled 40 μL serpentine channel and 50 μL SPE electrochemical cell. B) A 

bottom wafer that served as a base for the microfluidic device. 
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The full chip design of the two bonded waffers is shown in (Figure 5.6). The silver 

connections of the sensor relied outside the microfluidic device for the coupling of the SPE  

with the potentiostat via an edge connector interface.  

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 5.6 Reusable chip with dimensions of 5 cm x 5 cm (lenght x width). 
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5.3.3 Challenges and limitations of reusable chip                     

The functionality of the chip was tested by infusing food dyes at a constant flow rate of 5 

μL min
-1

. The main objectives were to test the fluid directions from the inlets\outlets and 

mixing behaviour in the serpentine channel. The blue dye represented the fluid direction of 

the test sample and the red dye, the direction of GSH. Two limitations were encountered 

that altered the proper function of the chip and did not allow its further use. A leaking 

problem was encountered at the insertion point of the electrochemical cell, suggesting 

problems with the sealing method. In particular, the difference in height between the sensor 

and insertion point created the leakage problem. Additionally, back pressure problems had 

arisen from the GSH inlet, leading to changes in its direction, i.e. directed towards the 

miniaturised electrochemical cell. As a consequence, the particular behaviour aggravated 

the leakage problem at the insertion point. Thus, a new design was required to prevent the 

said problems when using the reusable microfluidic device. 

  

Limitations/challenges Description 

Leakage and sealing  The SPE cell encountered leakage problems 

due sealing limitations.  

Backpressure 
The flow of GSH inlet was directed towards 

the SPE chamber instead of serptetine 

channel. 

 

 

 

 

Table 5.3 Limitations and challenges in reusable chip. 
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5.4 Disposable polycarbonate chip (2
nd

 generation chip) 

Herein, the concept was the permanent bonding of the sensor into the microfluidic device 

for preventing the leakage problems that were encountered with the reusable microfluidic 

device. However, considering the disposable nature of the SPE, the permanent bonding 

would permit only the disposable use of the microfluidic device.  

5.4.1 Factors affecting the design 

The same factors as in section 5.3.1 were considered for the designing a disposable 

microfluidic device towards the mimicry of phase II metabolism. 

5.4.1.1 Duration of controlled potential electyrolysis in SPE cell 

The calculated durations of electrolysis depending on the applied flow rate in the 32-μL 

chamber are shown in (Table 5.4). 

 

 

 

 

 

 

 

 

 

 

Flow rate (μL min
-1

) Electrolysis (min)  

2.5 12.8 

5 6.4 

10 3.2 

20 1.6 

30 1.1 

50 0.6 

 

 

Table 5.4 Duration of electrolysis for disposable chip. 
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5.4.1.2 Serpetine dimensions 

The time for the covalent interaction of the reactive metabolite with GSH in a 24-μL 

serpentine channel is shown in (Table 5.5). 

 

 

 

 

 

 

 

 

Depending on the obtained reaction times, the width of the serpentine channel was found to 

be 0.01 cm, using the formula of diffusion time (Equation 5.4). The particular width allows 

the diffusion of the metabolite with GSH at a faster rate, at 0.28 min, prior the covalent 

conjugation, which was found to be very close even at the highest flow rate of 5 μL min
-1

. 

 

 

 

Combined flow rate ( μL min
-1

) Covalent reaction (min)  

5 4.8 

10 2.4 

20 1.2 

40 0.6 

60 0.4 

100 0.2 

 

 
Table 5.5 Time for covalent reaction in disposable chip. 
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5.4.1.3 Design and fabrication of a disposable chip 

In the particular design (Figure 5.7), the working principle was maintained, but the 

chamber containing the SPE had a circular shape and was fitted exactly with the circular 

area of the SPE. This resulted in the isolation of the electrodes and formation of a proper 

electrochemical cell, allowing the direct contact of the tested solution with the electrodes 

only and not with the entire sensor as in the reusable design. In particular, three 

polycarbonate wafers were bonded together with silicone and double adhesive tape. First, 

the bottom waffer was bonded with the middle waffer containing the SPE and allowed to 

dry for an overnight. Subsequently; the top waffer was bonded and dried again for an 

onvernigh. In the middle wafer, the microfluidic channels, serpentine channel, inlet, outlet, 

and SPE chamber were drilled by CNC machine. Whereas the bottom wafer served as a 

base for the microfluidic device. In total 30 microfluidic devices have been developed with 

the particular methodology. 

 

 

 

Figure 5.7 Schematic diagram of the three polycarbonate wafers. A) The top wafer containing 

the outles of the wafer. B) The middle wafer with the 32 μL SPE cell and 20 μL serpentine 

channel. C) The base wafer that completes the microfluidic device.  
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In addition, an O-ring was place around the chamber to prevent leakages. The dimensions 

of the new design were reduced significantly, aiming for the lowest possible reagent 

consumption. The volume of the chamber containing the SPE was reduced to 32 μL and the 

general dimensions for the disposable microfluidic device were reduced to 3.3 cm ×1.7 cm 

(length x width).The full design of the chip is shown in (Figure 5.8). 

 

 

 

5.4.1.4 Leakage test 

The functionality was tested with blue food dyes at a constant flow rate of 5 μL min
-1

 and 

as proved the microfluidic device was leakage free. Thus, it was selected for further studies 

with exogenous and endogenous compounds. 

 

 

Figure 5.8 Full design of the disposable microfluidic device with dimensions of 3.3 m x 1.7 cm 

(length x width).  
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5.4.1.5 Chip modifications for reusability 

The base wafer was replaced by silicone, which is easily removed, allowing the 

replacement of SPE for a multiple use (Figure 5.9). 

 

 

 

After 2 min of good functionality the continuous flow damaged the silicone layer due 

backpressure problems from both inlets, causing the leaking of food dye from the O-ring. 

Therefore, only the disposable microfluidic device was selected for further studies, 

considering the leaking problems encountered with the reusable designs. 

5.5 Results and discussion 

The metabolism of APAP, DOPA, and RLX was investigated, and their selection was 

based on offline experiments that were conducted in previous sections. DOPA and RLX 

generated successfully the desired GSH adducts and APAP was already investigated on a 

bare SPE, by Kauffmann et al.
115

  

 

 

Figure 5.9 Modifications for multiple use. The middle wafer 

covered with silicone glue only, permitting its easy removal for       

re-use. 
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5.5.1 CV in the microfluidic device 

Performing voltammetry studies in the microfluidic device is an essential parameter for 

identifying the required potential range and subsequent synthesis of reactive metabolites, 

providing both an automated methodology and a complete functional cell, like the 

conventional ones. As a consequence, CV, in the presence of 1 mM APAP in 0.1 M 

ammonium acetate (pH 7.4), was conducted in both stop flow conditions (CPE  over steady 

conditions) and continuous flow conditions from 2.5 μL min
-1

 to 50 μL min
-1

. Additionally, 

voltammetry on bare SPE was conducted for comparison reasons; all voltammograms are 

shown in (Figure 5.10). Each time (n=3) a new polycarbonate chip was used to avoid 

memory effects.  CV within the chip generated a well-defined redox pair, like the 

investigation on a bare SPE. In terms of kinetics as seen in (Table 5.6), the currents were 

maintained at relatively similar values without any significant changes. However, the anode 

and cathode potentials were shifted to more positive and more negative values, 

respectively. This happened because the applied constant flow permitted the continued 

adsorption of material on the SPE surface. The low magnitude peak that appeared at -0.8, 

over flow condition was also the result of adsorption. A peak was also seen at 0 μL min
-1

 

since the microfluidic device was initially filled with solution at 50 μL min
-1

, prior 

voltammetry, to ensure full electrode coverage. As concluded, a potential range can be 

determined by voltammetry since the shift was in an acceptable level 

. 
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-1

 

 

20 μL min
-1

 

 

50 μL min
-1

 

 

 

 

Figure 5.10 CV in the microfluidic device. The applied constant flow (2.5 μl min
-1

- 50μL min
-1

) 

permitted the continuous adsorption of material on the SPE surface causing shifts in the 

obtained potentials. However, a potential range can be determined by voltammetry since the 

shift was in an acceptable level. 

 

n=3 n=3 

n=3 n=3 

n=3 
n=3 
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However, the potential shift needs to be carefully considered for accurate results. This can 

be achieved by subtracting the calculated potential difference, which it was observed 

between the SPE and voltammetry within the microfluidic device. The difference for the 

anode potential was found to be in the range of 0.13 V to 0.21 V and that for the cathode 

potential, in the range of -0.13 V to 0.17 V. Thus, it was advisable to subtract 0.2 V from 

the obtained redox peaks for the determination of the investigated potential range. 

 

 

Flow rate  (μL min
-1

) 
Anode 

potential (V) 

(n=3) 

Anode 

current (mA) 

(n=3) 

Cathode 

potential (V) 

(n=3) 

Cathode 

current (mA) 

(n=3) 

0-SPE 0.190 0.015 -0.080 -0.008 

0 0.350 0.011 -0.240 -0.007 

2.5 0.320 0.011 -0.250 -0.006 

5 0.390 0.012 -0.210 -0.006 

20 0.400 0.012 -0.240 0.006 

50 0.370 0.012 -0.250 0.005 

 

 

    

 

Table 5.6 Obtained potentials and currents. 
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 5.5.2 Microfluidic device coupled offline with MS 

The functionality of the chip on mimicking metabolism was investigated by infusing 

2.5x10
-5 

M APAP and 5x10
-5 

M GSH into the chip, at a constant flow rate of 5 μL min
-1

 

(without optimization). Each time (n=3) a new polycarbonate chip was used to avoid 

memory effects.  The effluent was collected via the outlet and injected subsequently with a 

syringe into ESI/MS. The obtained mass spectrum, as shown in (Figure 5.11), confirmed 

the formation of the APAP-GSH adduct (m/z 456.84), indicating the successful synthesis of 

NAPQI and its subsequent reaction with GSH in the serpentine channel. The catalytic peak 

GSSG (m/z 612.84) was also formed, as seen in offline experiments
115

. The parent drug 

was depleted, suggesting an exhaustive electrolysis at the applied potential of 0.5 V. The 

potential was not optimized at the current stage but it was dominated by mass transport 

since the obtained oxidative potential from CV was set 0.15 V higher. 
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Figure 5.11 Partial mass spectrum of the Offline detection of APAP-GSH adducts. The chip 

synthesized electrochemically the NAPQI within the SPE cell, over a constant flow rate (5 μL min
-1

) 

and permitted the subsequent reaction of the metabolites with GSH in the 20 μl serpentine channel.
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5.5.3 Optimization of flow rate 

Early calculations in section 5.3.1.2 suggested that the microfluidic device would be 

capable of synthesising phase II adducts at a flow rate range of 2.5 μL min
-1

 to 50 μL min
-1

.  

Each time (n=3) a new polycarbonate chip was used to avoid memory effects. n order to 

determine the optimum flow rate, 2.5x10
-5 

M APAP and 5x10
-5 

M GSH in 0.1 M 

ammonium acetate (pH 7.4) were investigated by on-chip CPE at 0.5 V, in the above flow 

conditions. At flow rates of 2.5 μL min
-1

 and 5 μL min
-1

, the APAP-GSH adduct             

(m/z 456.93) showed the highest peak in the mass spectra, as shown in (Figure 5.12). 

However, at higher flow rates such as 10, 20, 30 and 50 μL min
-1

, the APAP-GSH adduct 

was found at the baseline region, suggesting lower conversion rates. The effect of flow rate 

is strongly related with the available surface area. Amperometric flow cells
168

 and 

microfluidic cells
236

 with small planar working areas can achieve high conversion rates, 

only at low flow rates. Herein, the SPEs also had small planar area and as proven by the 

present data, the conversion rates were affected by the applied flow rate over the electrode. 
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Figure 5.12 Partial mass spectrum of APAP-GSH at the optimized flow rate of 5 μL min
-1

.  The 

particular flow rate enabled the online coupling of the chip with ESI-MS and the generation of the 

GSH adduct with the highest possible intensity. 

 APAP-GSH 
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5.5.4 Potential optimization  

Optimum potentials generate higher yields of products, so potential optimization is a key 

parameter for electrochemical metabolism.
192, 193

 Offline experiments with SPEs, 

successfully optimized the applied potentials. However, under flow conditions, the 

potentials needed to be re-optimized to produce the best quality signals. Herein, the 

potentials for APAP, DOPA, and RLX were optimized on the disposable polymer chip. The 

potentials were controlled by a mass transport limit and were applied for 6.4 min to ensure 

that the cell was filled and provided a constant residence time for the analytes. Owing to 

the disposable nature of SPEs and the issues created around SPE re-use, always a new 

microfluidic device was used for each potetnial optimization.  

5.5.4.1 Acetaminophen 

Solutions of 2.5x10
-5 

M APAP and 5x10
-5 

M GSH in the presence of 0.1 M ammonium 

acetate (pH 7.4) were loaded onto the chip at a constant flow rate of 5 μL min
-1

. Each time 

(n=3) a new polycabornate microflidic device was used to avoid memory effects. A series 

of potentials from 0.4 V to 0.75 V were applied in 0.05 V steps (Figure 5.13) to determine 

the optimum potential for maximum production of electrolysis products under CPE 

conditions. The oxidative anode potential was determined to be 0.35 V by CV. As 

expected, the   APAP-GSH adduct (m/z 456.96) was generated at all the applied potentials 

since the process was controlled by mass transport. At the optimized potential of 0.5 V, 

increased intensities were obtained, and the metabolite was found to be the most dominant 

ion in the mass spectrum (Figure 5.12). The ion intensities were maintained at high levels 

up to 0.6 V, whereas at higher potentials from 0.65 V to 0.75 V, the metabolite generation 

was reduced significantly. The catalytic metabolite GSSG was also obtained, 
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 as observed in the offline experiments by Kauffmann et al.
115

 This confirmed the 

successful mimicking of the parallel metabolic pathway within the microfluidic device. The 

formation of GSSG was seen from 0.45 V to 0.60 V and then decreased significantly up to 

0.7 V.  The highest intensity of GSSG was obtained at 0.75 V, suggesting a dominance of 

the catalytic pathway over conjugation at the highest applied potential. 
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Figure 5.13 Potential optimization of APAP.The APAP-GSH adduct was obtained at all potentials 

with the highest intensity at 0.5 V. In addition the catalytic metabolite GSSG was generated from 0.45 

V to 0.75 V. 

n=3 
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The parent drug was depleted at all potentials, proving the occurrence of exhaustive 

electrolysis in the specified time. When the cell was off, only the parent drug and GSH 

were obtained (Figure 5.14), confirming that the APAP-GSH adducts were generated 

electrochemically on the surface of SPE. 
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Figure 5.14 Partial mass spectrum for APAP metabolism at off cell. Only the parent drug 

and GSH were obtained confirming that the process of GSH formation was purely 

electrochemically driven.  
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5.5.4.2 Dopamine 

The oxidative potential for solutions of 2.5x10
-5 

M DOPA in the presence of 0.1 M 

ammonium acetate (pH 7) and 5x10
-5

 M GSH in the same buffer was optimized in the 

range of 0.17 V-0.52 V.  Each time (n=3) a new polycarbonate chip was used to avoid 

mempry effect. Considering the instability of dopaminoquinone in alkaline conditions, 

which resulted in the formation of phase I DOPA polymer in off-chip investigations, the 

pH value was adjusted to seven to increase the formation of the GSH adduct and reduce the 

generation of the phase I polymer. As shown in the graph (Figure 5.15), the DOPA-GSH 

adduct (m/z 458.87) and GSSG (m/z 612.81) were obtained at all tested potentials with 

depletion of the parent drug, but as expected, the phase I polumer was not formed owing to 

the neutral pH buffer conditions and shorter time of electrolysis (6.4 min). The highest 

intensities of DOPA-GSH adduct were obtained at 0.37 V (Figure 5.16).Both GSSG and 

DOPA-GSH adduct decreased at higher potentials, from 0.42 V -0.52 V. When the cell was 

off, only DOPA (m/z 153.89) and GSH (m/z 307.92) were obtained (Figure 5.17).  
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Figure 5.15 Potential optimization of DOPA. The expected DOPA-GSH adduct and 

GSSG were obtained at all potentials, suggesting the succesfull simulation of GSH 

conjugation and catalysis within the chip. 

Figure 5.16 Partial mass spectrum for the on-chip DOPA metabolism at 0.37 V. The 

DOPA-GSH adduct was the most abundant peak in the whole spectrum. In addition the 

catalytic metabolite (GSSG) was also seen, whereas the parent drug was depleted. 
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M GSH, to examine the possibility of generating the RLX-GSH adduct through 
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Figure 5.17 Partial mass spectrum for the on-chip DOPA metabolism at off cell. The DOPA-

GSH and GSSG metabolties were absent confirming the electrochemical capabilities of the 

system. 
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V to 0.70 V, the intensities for both RLX and GSH were reduced significantly, indicating 

the possibility of generating the RLX-GSH adduct at non-detectable yields. 

 

 

 

Probably the continuous mixing in the serpentine channel from the two laminar flows of 

RLX di-quinone methide and GSH, had caused the dilution of the GSH adducts. The 

dilution effect was possibly enhanced by the strong adsorption of RLX on the SPE and the 

lower molar concentration that was used, so the quantity of the generated RLX-GSH was 

below the detection limits of the mass spectrometer. Thus, the mixing in the serpentine 

channel at the given molar concentration was not beneficial but probably led to even lower 

yields. However, other reasons can be considered such as the possible hydrophobic 

interaction of RLX with the polycarbonate chip or the extreme short half-life of RLX di-

quinone methide that was reported in in vitro studies
259
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Figure 5.18 Potential optimization of 2.5x10
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 M RLX. Only the parent drug and GSH 

were seen in the obtained mass spectra. The expected metabolites such as the GSH 

adduct and GSSG were not seen in any of the applied potentials. 
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electro-generated intermediate. A representative mass spectrum at 0.50 V is shown in 

(Figure 5.19). When the cell was off, only RLX and GSH were obtained (Figure 5.20). 
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5.5.5 Further investigation of RLX 

5.5.5.1 Hydrophobic interactions 

In section 5.5.4.3, several issues had been addressed regarding the non-detection of the 

RLX-GSH adduct. One possibility was the hydrophobic interaction of RLX with 

polycarbonate, leading to RLX or RLX-GSH adduct trappingwithin the microfluidic 

device. Thus, 50 μL of 2.5x10
-4 

M drug in 0.1 M ammonium acetate (pH 7.4) was loaded 

onto the polymeric surface  (n=3) and left for 10 min since it is the expected time that the 

solution spends on the chip. On comparing the obtained intensities in the MS of the blank 

solution (RLX solution not applied to the polymeric surface) with that of the RLX solution 

loaded onto the polycarbonate surface (Figure 5.21), it was concluded that hydrophobic 

reactions between RLX and polycarbonate material did not occur since the obtained 

intensities were similar. Thus, the possibility of RLX adsorption on the polycarbonate was 

unlikely. 
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Figure 5.21 RLX on polycarbonate. 
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5.5.5.2 Short half-life of quinone methide and dilution effect 

The extreme short half-life (t = 1s) of RlX di-quinone methide that was reported in the in 

vitro
259

 investigations and the possibility of the continuous dilution of the RLX-GSH 

adduct in the serpentine channel, as proposed in section 5.5.4.3, might be the reasons 

behind the unsuccessful generation and detection of the RLX-GSH adduct. RLX di-quinone 

methide was possibly formed on the chamber but owing to its short half-life, it never 

reached the serpentine channel for covalent interaction, since the certain distance that it had 

to travel was 0.8 min. As a consequence, slight changes were made to the chip for 

permitting the direct contact of RLX with GSH, as in chapter three. As seen in (Figure 

5.22), RLX and GSH were infused together from the same syringe into the SPE cell, and 

the second inlet was blocked with a connector. In addition, higher molar concentrations of 

RLX (2.5x10
-4 

M) and GSH (5x10
-4

 M) were used to increase the yields of the 

electrogenerated metabolite. The process was repeated for a total of three trials  

 
Figure 5.22 Instrumental set-up of RLX and GSH on the same chamber. Both RLX and 

GSH solutions were infused together from the same syringe into the SPE chamber, at a 

constant flow rate of 5 μL min
-1

. The electrochemical synthesis was conducted in the 

direct presence of GSH as previously in chapter 3. 
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The particular instrumental set-up allowed the direct interaction of the short-living 

metabolite RLX di-quinone methide with GSH on the same chamber and prevented 

possible metabolite dilution, which resulted from the two laminar flows of the metabolite 

and GSH in the serpentine channel. The potential range was applied from 0.42V to 0.82, as 

determined by CV at the increased molar concentrations of RLX and GSH. However, the 

RLX-GSH adduct was not obtained. On the other hand, the GSSG was generated 

successfully (Figure 5.23) at all potentials, with the highest ion intensity obtained at 0.42 V.  
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Figure 5.23 Potential optimization for RLX in the direct presence of GSH. Only the GSSG 

was generated with the highest intensity obtained at 0.42 V. The RLX-GSH adduct was not 

formed over the particular experimental conditions.  

n=3 
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5.5.5.3 Polymer chip/T-piece/ESI/MS 

The possibility of dilution towards the GSH adduct formation probably did not have a 

significant effect since the proposed chip modification in section 5.2.5.2 prevented any 

dilution effects. As concluded, during flow conditions, the corresponding RLX-GSH 

adduct was not formed since the duration of electrolysis was reduced significantly to 6.4 

min. In off-chip experiments, the GSH adduct was obtained after 30 min of electrolysis 

over steady-state conditions. However, longer residential duration and, consequently, 

longer duration for on-chip electrolysis, require low flow rates of 1 μL min
-1

, that were not 

compatible with MS. For this reason, a T-piece was added in between the chip and mass 

spectrometer, as shown in (Figure 5.24), to enable the microfluidic device to operate at 1 

μL min
-1

. A combined flow from the T-piece and chip would allow a total flow rate of 5 μL 

min
-1

 for the mass spectrometric detection. However, backpressure problems did not permit 

the successful application of the particular instrumental set-up, so the investigation of RLX 

metabolism within the chip was not feasible. 

 Figure 5.24 Addition of a T-piece for longer duration of electrolysis. The microfluidic device 

operated at the flow rate of 1μL min
-1

 and the combined flow from T –piece and chip at 5 μL 

min
-1

. 
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5.6 General considerations for the offline and online approaches 

The offline approach played a supporting role and provided an optimized parameter for the 

successful generation of GSH adducts during the microfluidic investigations. Valuable 

information was obtained regarding the behaviour of tested compounds with their 

corresponding metabolites and this improved the conditions for generating purely phase II 

adducts, as seen in the case of DOPA. However, some parameters in the offline approach 

were significantly better than the online approach.  

In particular, offline experiments presented improved sensitivities of the obtained ion 

intensities. A combination of factors had probably resulted in lower ion intensities for the 

experiments in the microfluidic device. For example, over steady-state conditions, solutions 

were not mixed and thus not diluted, whereas experiments in the microfluidic and in 

particular within the serpentine channel, compounds were continuously diluted through the 

mixing of the two laminar flows of the sample solution and GSH. In addition, the 

continuous flow over the SPE surface possibly created strong adsorption effects, leading to 

lower sensitivities. Also, the poor quality control and the consequent lack of reproducibility 

during the manufacture of the SPEs probably caused the intensity and optimum potential 

difference among the offline and online methods. The same reasons could have led to 

intensity differences between the APAP and DOPA during on-chip electrolysis. On the 

other hand, the formation of RLX-GSH was favoured by the offline approach since a 

longer duration of electrolysis was required. In constrast, the backpressure problems arise 

via the T-piece addition prevented the mimicry of RLX metabolism. 
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5.7 Advantages of the polycarbonate microfluidic device 

The developed chip has potential for future application in pharmaceutical industry and 

medical research, as a primary screening method, which can be used during the early stages 

of drug development and minimise the expensive use of current in vitro and in vivo studies. 

The integrated chip targeted specific categories of soft reactive electrophiles such as 

quinones, quinone imines and quinone methides, which are frequently observed in 

toxicology and can lead to the formation of further toxic metabolites, such as DOPA.
257

 In 

addition, the online coupling with ESI/MS provided a semi-automated methodology in 

which phase II metabolites were formed and detected in a few minutes. 

The disposable nature of the integrated chip offers simplicity of use, mass production, and 

cost-effectiveness. Also, contamination or memory effects were minimised and tedious 

polishing or activation methods were avoided, making the device approchable even to the 

non highly expert operators. In contrast, current reusable chips
236-238

 contain metal rods as 

electrodes that require frequent activation for reproducible and reliable data. However, the 

permanent bonding of electrodes into glass wafers makes the polishing method impossible 

and surface regeneration can be achieved only by solvent cleaning and electrochemical 

activation. However, as proven, in solid electrodes, solvent cleaning did not completely 

prevent the adsorption effects
248

 and the same disadvantage is seen with the microfluidic 

devices. As a consequence, the lack of polishing eventually would lead to electrode 

deactivation or to non-reliable data and the chip would need to be replaced. This means 

glass chips with metal rods do not provide long-term reusability and the cost of mass 

manufacturing a glass chip is higher than that for a polymeric chip. 
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On the other hand, microfluidic devices proposed by Rusling et al.
301, 302

 did not generate 

pure electrochemical data, since a wide range of expensive enzyme sources were still 

added. The great benefit from the above studies was the replacement of NADPH by carbon 

SPE, but the generation of epoxides was still enzymatically driven and not the result of 

direct electrochemistry. As a consequence, devices like this cannot be used as totally 

inexpensive primary screening tools. In the present microfluidic device, SPEs were used 

without any enzyme modification on their surface, thereby reducing the cost and providing 

an alternative in vitro approach.  

In addition, more efficient results were obtained compared to existing microfluidic 

devices
236-238,301, 302

 since voltammetry within the microfluidic device, provided a reference 

point for determining the appropriate potential range. The potentials were applied over a 

mass transport limit, ensuring the generation of products seen during CV and the depletion 

of the parent compound, as proven in most cases. Thus, the use of several potentials that 

either does not lead to metabolite generation or facilitates limited metabolite formation and 

irrelevant data were avoided. Furthermore, the selection of the mass-controlled potential 

range allowed the use of fewer chips, since the desired metabolites were obtained in the 

particular range, further reducing the costs. In contrast, traditional flow cells
188-190

 and 

microfluidic devices
236- 238

 usually cover a wider range of potentials without voltammetry 

studies as a guidance.  
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5.8 Disadvantages of the polycarbonate microfluidic device 

In conventional flow cells, adsorption can be prevented by preparing the solutions in 

relatively high percentages of organic solvent.
85, 168, 173

 However, in the present 

polycarbonate chip, the adsorption phenomenona cannot be prevented, since organic 

solvents caused severe damages and altered the functionalities of the SPEs. As a result, the 

obtained intensities of generated metabolites in the mass spectra were affected by 

metabolite or parent compound adsorption. 

The application of higher potentials (>1 V) was not feasible since non-reliable results were 

obtained and carbon ink removal was seen, probably owing to the electrochemical 

instability of the SPE and delicate surface. Thus, the electrochemical generation of multiple 

metabolites that are frequently seen at higher potentials, in conventional methods
188-190

  was 

not achievable with the SPEs. Therefore, the usability of the microfluidic device is meant 

exclusively for the generation soft electrophiles like quinone, quinone methide, and 

quinone imine that rely on potentials below the 1 V. 

The small surface area of the sensor did not favour the formation of the second RLX 

metabolite (RLX 6,-7-o-quinone), which involved a direct aromatic hydroxylation. 

Conventional methods in conventional flow cells generated the desired metabolite with a 

great success since the available working area was larger (1.2 cm
2
)

179
. Thus, 

electrochemical reactions that require larger surface areas and more active sites for 

generating detectable metabolite yields in MS cannot be simulated with the particular 

microfluidic device. 
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5.9 Conclusion 

A novel polycarbonate microfluidic device containing a SPE was developed successfully 

for monitoring phase II GSH adducts.  The integrated microfluidic device provided 

simplicity of use, avoidance of cleaning methods, reliability, and disposability. .It was 

found to be a cheaper alternative to conventional flow cells and current in vitro and in vivo 

methodologies, since the cost of each microfluidic device was only 5 GBP.  The simple 

design and inexpensive fabrication  materials such as the polycarbonate waffers and SPEs 

contributed to  the low cost.The proposed chip has the potential to be used as a primary 

screening tool for the generation of soft phase I electrophiles. 

In particular, a 32-μL chamber with a SPE, served as miniaturised electrochemical cell in 

which the investigated compound was electrolysed, on the selected potential range. The 

electrogenerated metabolites reacted subsequently with GSH in the serpentine channel and 

the corresponding GSH adducts were detected online by ESI/MS.  

In addition, the developed microfluidic device, offered the possibility of recording 

voltammograms for the determination of the potential range. However, for accurate 

determination, a subtraction of 0.2 V in the obtained potentials was essential, since the 

continuous flow favoured material deposition and led to shifts in potentials. The proposed 

chip successfully generated the GSH adducts for APAP and DOPA. In the case of DOPA, 

the generation of the phase I DOPA polymer that was seen during the experiments in 

chapter three was prevented by slight changes in the working solution. For example, the pH 

was reduced to pH 7, leading to a more stable dopaminoquinone, and the shorter duration 

of electrolysis (6.4 min) generated only the DOPA-GSH. 
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Moreover, the obtained intensities for the GSH adducts were lower than those obtained 

with the offline methodology. This happened because of adsorption effects, which were 

created via the continuous flow. Also, as a consequence of the continued dilution in the 

serpentine channel, the generated GSH adducts were also diluted, resulting in lower 

intensities. 

In the case of RLX, lower flow rates of 1 μL min
-1

 were required that were not compatible 

with ESI/MS. A T-piece was added to the instrumental set-up, to enable the chip to operate 

at 1 μL min
-1

; then, a coupled flow of 5 μL min
-1

 from the chip and T-piece drove the 

electrolysed solution into ESI/MS. However, backpressure limitations prevented the proper 

functioning of the particular instrumental set-up. Thus, mimicry of RLX metabolism within 

the chip was not feasible. 

.



 

207 | P a g e  
 

 

 

 

 

 

 

 

 

         

   

Chapter 6: Conclusion and future work 

  



                                Chapter 6: Conclusion and future work 

208 | P a g e  
  

6.0 Conclusion  

The overall aim of the thesis was the development of a simple, inexpensive and a fast 

screening system for monitoring the metabolism in pharmaceutical and medical 

research.The hyphenation of EC with MS can reduce the expensive and time consuming 

use of the current in vitro and in vivo methodologies. SPEs were selected as synthesing 

tools considering their low cost, minuaturized format and possibility of integration into 

microfluidic devices. The disposable nature of SPEs was confirmed in chapter 2, since the 

applied treatment methods (solvent, polishing and electrochemical activation), did not 

provide any significant improvements towards their reusability.  Chapters 3 and 4 proved 

the suitability of SPEs on tracking the metabolism over a wide a wide range of compounds 

such DOPA, RLX, eugenol and DOXO via two electron-two proton transfers and single 

electron –proton transfers.  In chapter 5, the aim was fulfilled, a bare SPE and a serpentine 

channel were integrated into a disposable polycarbonate microfluidic device and a platform 

was developed for monitoring phase II metabolism. The novel chip generated successfully 

the corresponding phase II GSH adducts of the investigated compounds with minimum 

reagent consumption. The simple chip design and inxexpensive materials that were used 

during the fabrication leaded to the development of an inexpensive screening method of 

only 5 GBP. In addition, the generated metabolites were detected in 9.6 min, whereas the 

current in vitro and in vivo methodologies require months of extensive research.The chip 

was coupled directly to MS providing an automated methodology and simplicity of use, 

easily conducted even by non-expert individuals. 
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6.1 Future work 

Future studies can lead to the development of SPEs with various configurations, since the 

simulation of further metabolic reactions such as aromatic hydroxylation, was proven to be 

affected by the surface area. Isolation of counter electrode from the working electrode is 

essential in configurations with larger surface areas since currents from the counter might 

interfere with the generated metabolites on the working electrode. In addition, further 

studies could look at other sub-categories of soft electrophiles such as a, b unsaturated 

carbonyls, isocyanate, isothiocyanates, aziridinium, and episulfonium. The possibility of 

investigating hard electrophiles can also be considered with the proposed screening 

method.Finally, the formation of protein or DNA adducts would result in a true mimicry of  

the reactive metabolic pathways. 
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