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Abstract 

 

Biothiols (biological thiols) are sulfur-containing compounds, that are extremely important molecules 

with a large range of diversity in their functions. These molecules are found in all parts of the body and 

are vital for processes such as cell-signaling molecules and (anti)oxidation in the body. Abnormal levels 

of biothios can lead to, or be indictive of, a range of diseases and conditions. These molecules can be 

highly reactive and unstable, as such detection of these molecules has proven to be extremely difficult. 

and there is currently limited methods for their detection and analysis, all of which lack in accuracy, 

selectivity and/or efficiency. The development of a new method for the detection of thiols could prove 

to be a breakthrough in the research and understanding of these critical molecules. The synthesis, 

development and use of an innovative sulfide chemical sensor, that allows for fast, accurate and 

selective detection of biothiols would be a way to address this need.  

The sensor developed and investigated in this work is based on a novel, conducting polymer with the 

detection method relying on the thiol’s formation of a strong disulfide bond between the analyte and the 

conducting polymer sensor which would induce changes in the properties of the conducting polymer. 

In this project, a new novel methoxycarbonylsulfenyl-functionalised EDOT monomer, 1, was made 

through a five-step synthesis, and in the process also led to the synthesis of a range of other 

functionalised EDOT monomers. Polymerisation of the functional monomer resulted in poor 

polymerisation, along with poor detection of thiols, through low electrical activity of the polymer. 

Fortunately, co-polymerisation of EDOT-thioacetate 6 and EDOT to form poly(EDOT-thioacetate-co-

EDOT), followed by deacetylation of the polymer on the electrode was used to successfully form a co-

polymer of PEDOT and PEDOT-thiol, poly(EDOT-thiol-co-EDOT). This co-polymer showed excellent 

electrical activity and when exposed to glutathione, was able to detect it in solution. Various parameters 

of forming the co-polymer were optimised for sensing performance and the optimised co-polymer was 

used to form a calibration curve, with a linear relationship between sensing signal and concentration of 

glutathione for the range of 1 µM and 600 µM, and giving an LOD of 0.32 µM. The sensor and its 

function were explored using a range of characterisation techniques and a series of additional 

experiments showed that the developed sensor was highly recyclable and selective, with regard to 

interfering agents.  

This was an excellent result and meant that all the aims of this project were achieved, in the successful 

development of a conducting-polymer-based sensitive, selective, efficient and recyclable sensor to 

detect biothiols. Future work will be based on the testing of this developed technology for detection of 

other (bio)thiols and the development of this novel technology to become a sensing device for 

monitoring of human health.  

 



IV 
 

Acknowledgments 

 

Firstly, I would like to thank my supervisor, Dr Lisa Pilkington, who has been so amazing through my 

postgraduate. The support, advice, and encouragement that she has provided me throughout has been 

truly incredible, and I could not have asked for better guidance. All the work and late nights she has put 

in I can’t thank her enough for, and I couldn’t have done this with anyone else, I am truly grateful to 

have Lisa as a supervisor.  

I would like to thank Dr Jadranka Travas-Sejdic and Dr Bicheng Zhu, who have been so helpful and 

supportive in teaching me electrochemistry, a field I knew very little about at the start of the this and 

learning from some truly knowledgeable chemists was truly amazing. The support and guidance that 

they gave was so helpful, and they have been a huge help.  

I next would like to thank the level 5 lab group, in particular Dr Natalie, Jen and Gillean, who have been 

truly great to work with. I never could have imagined a more genuine, nice, and helpful group of people, 

who whenever I had a question would help me without question. It’s hard to imagine a better group of 

people to be stuck in lockdown with, as you all made it very fun! I would also like to thank the level’s 6 

and 9 lab groups too, all the enjoyment and laughs that we had, along with all of the help that these 

labs have given me.  

I would also like to thank my level 10 mate’s, Mason, Hayden, Emma and Sahil, for always bringing a 

smile to my face and making me laugh with all their stories, and gossip from their lab.  

I would like to thank my Family, Debbie, Phil, Renee, Mason and Ella, along with Greg, who have put 

up with me this year, I understand I can be difficult and messy at times, in particular these last couple 

of weeks but want to say that I appreciate everything that you have all done for me.  

I would like to thank my girlfriend Rishika, who has been so supportive throughout, and knows exactly 

what I’m going through, and has helped calmed me down when needed, on top of her already busy 

schedule. I appreciate you so much.  

Lastly, I would like to thank my Friends, Todd, Cullen J, Cullen H, Riley, Jeff and Dylan, along with the 

Bhuja boys, who have been like a second family to me, always looking out for me and having some 

amazing and fun times and can’t wait for more.  

 

 

 



V 
 

Declaration  

 

 
Parts of this thesis have been published in scientific literature where the author was joint first 

author:  

 

Zhu, B., Bryant, D. T., Akbarinejad, A., Travas-Sejdic, J., Pilkington, L. I. A novel electrochemical 

conducting polymer sensor for the rapid, selective and sensitive detection of biothiols, Polymer 

Chemistry, 2022,13, 508-516. DOI: 10.1039/D1PY01394G 1 

  



i 
 

Contents 

Abstract ............................................................................................................................................... III 

Acknowledgments ............................................................................................................................ IV 

Declaration ........................................................................................................................................... V 

Abbreviations ..................................................................................................................................... iv 

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

1.1 Biological Thiols ...................................................................................................................... 2 

1.1.1 Thiols, Persulfides and Hydropolysulfides – an Introduction .............................. 2 

1.1.2 Chemistry of (Bio)thiols ................................................................................................. 3 

1.1.3 Importance of Biological Thiols ................................................................................... 5 

1.1.4 Detection of Biothiols ................................................................................................... 16 

1.2 Electrochemical Sensors and Conducting Polymers .................................................. 23 

1.2.1 Electrochemistry and Electrochemical Sensors ................................................... 23 

1.2.2 Conducting Polymers ................................................................................................... 24 

1.2.3 Conducting Polymers as Sensors ............................................................................. 26 

1.2.4 Poly(3,4-ethylenedioxythiophene) (PEDOT) ........................................................... 27 

1.3 Aims of the Project ............................................................................................................... 29 

Chapter 2: Synthesis of Functionalised EDOT Monomers ................................................... 32 

2.1 Planned Synthesis of Targeted Functionalised Monomer ......................................... 33 

2.2 Synthesis of Diol 3 ................................................................................................................ 34 

2.3 Synthesis of 2-Chloromethyl-2,3-dihydrothieno[3,4-b]-1,4-dioxine 5 ...................... 36 

2.4 Synthesis of EDOT-acetate 6.............................................................................................. 40 

2.5 Synthesis of EDOT-thiol 7 ................................................................................................... 42 

2.6 Synthesis of Target Functionalised Monomer 1 ........................................................... 49 

2.7 Summary .................................................................................................................................. 52 

Chapter 3: Development of Biothiol Sensor ............................................................................. 54 

3.1 Electropolymerisation of monomers 1, 6, 7 and EDOT ............................................... 55 

3.2 Synthesis and Sensing Performance of Co-Polymers with 

Methoxycarbonylsulfenyl Moiety, (Poly(EDOT-methoxycarbonylsulfenyl-co-EDOT) 64 

3.3 Synthesis and  Sensing Performance of Co-Polymers with Thiol  Moiety 

(poly(EDOT-thiol-co-EDOT) ....................................................................................................... 69 

3.4 Synthesis, Reaction and Sensing Performance of Co-Polymers with Thioacetate 

Moiety (Poly(EDOT-thioacetate-co-EDOT) ............................................................................ 70 

3.4.1 Synthesis and Electrochemical Analysis of Poly(EDOT-thioacetate-co-EDOT)

 ...................................................................................................................................................... 71 

3.4.2 Sidechain Chemical Transformations of Poly(EDOT-thioacetate-co-EDOT) . 72 



ii 
 

3.4.3 Electrochemical Reduction of Poly(EDOT-thioacetate-co-EDOT) .................... 79 

3.5 Optimisation of (Poly(EDOT-thioacetate-co-EDOT) for Sensing Performance ..... 83 

3.5.1 Investigating the Number of CV Cycles for Electrocopolymerisation to Form 

Poly(EDOT-thioacetate-co-EDOT) ........................................................................................ 83 

3.5.2 Investigating the Ratio of Monomers for Electrocopolymerisation to Form 

Poly(EDOT-thioacetate-co-EDOT) ........................................................................................ 85 

3.6 Characterisation of Copolymers and Sensing of Biothiol .......................................... 86 

3.6.1 Scanning Electron Microscopy (SEM) ...................................................................... 87 

3.6.2 Cyclic Voltammetry (CV) .............................................................................................. 88 

3.6.3 Water Contact Angle (WCA) ........................................................................................ 88 

3.6.4 Spectroscopic Analysis................................................................................................ 89 

3.7 Summary .................................................................................................................................. 92 

Chapter 4: Assessment of Sensor Performance ..................................................................... 93 

4.1 Outline of Sensor Performance ......................................................................................... 94 

4.2 Calibration Construction and Metrics .............................................................................. 94 

4.3 Sensor Performance with Other Biothiols ...................................................................... 98 

4.4 Assessment of Selectivity; Sensor Performance with Interferants ....................... 100 

4.5 Recyclability and Reusability of Sensor ....................................................................... 102 

4.6 Summary ................................................................................................................................ 105 

Chapter 5: Synthesis of Alternative Functionalised Monomers ........................................ 106 

5.1 Introduction and Rationale ............................................................................................... 107 

5.2 Proposed Synthesis of Target Monomers .................................................................... 107 

5.3 Synthesis of Aldehyde 14.................................................................................................. 109 

5.4 Grignard Addition to Aldehyde 14 .................................................................................. 113 

5.5 Trial Grignard Additions to an Alternative Aldehyde, Heptanal ............................. 114 

5.6 Summary ................................................................................................................................ 116 

Chapter 6: Summary and Future Work ..................................................................................... 117 

6.1 Summary ................................................................................................................................ 118 

6.2 Future Work .......................................................................................................................... 121 

Chapter 7: Experimental Details and Procedures ................................................................. 122 

7.1 General Synthetic Details .................................................................................................. 123 

7.2 Synthesis of Compounds .................................................................................................. 124 

7.3 Synthesis of Polymers and Copolymers ....................................................................... 130 

7.3.1 Preparation of Electrode ............................................................................................ 130 

7.3.2 Polymerisation of EDOT and monomers 6, 7 and 1 ............................................ 130 

7.3.3 Co-Polymerisation of Monomers 6, 7 and 1 with EDOT ..................................... 130 



iii 
 

7.3.4 Chemical Deacetylation of Polymers ...................................................................... 132 

7.4 Biothiol Sensing .................................................................................................................. 132 

7.4.1 Incubation of Copolymer and GSH .......................................................................... 132 

7.4.2 Direct Detection using DPV of Poly(EDOT-thiol-co-EDOT) ............................... 132 

7.4.3 Interferants ..................................................................................................................... 133 

7.4.4 Calibration curve .......................................................................................................... 133 

7.4.5 Recyclability .................................................................................................................. 133 

7.5 Co-polymer Characterisation ........................................................................................... 134 

7.5.1 XPS................................................................................................................................... 134 

7.5.2 SEM .................................................................................................................................. 134 

7.5.3 FTIR .................................................................................................................................. 134 

7.5.4 WCA ................................................................................................................................. 134 

References ....................................................................................................................................... 135 

Appendix .......................................................................................................................................... 143 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

Abbreviations 
 

1D One-dimensional 

2D  Two-dimensional 

Abs Absorbance 

AIDS Acquired immunodeficiency syndrome 

AD Alzheimer’s disease 

Aq. Aqueous 

Ar Aromatic 

ATP Adenosine triphosphate 

CAT Catalases 

CDCl3 Deuterated chloroform 

CE Counter electrode 

CFTR Cystic fibrosis transmembrane conductance 

regulator  

Conc. Concentrated 

CPA Propynamide 

CV Cyclic voltammetry  



v 
 

CVD Cardiovascular Disease 

Cys Cysteine 

CysSSH Cysteine persulfide 

d Day(s) 

d Doublet 

DNA Deoxyribonucleic acid 

DCM Dichloromethane 

DMF Dimethylformamide 

DNFB 1-Fluoro-2,4-dinitrobenzene 

DTNB 5,5′-Dithiobis(2-nitrobenzoic acid 

DPV Differential pulse voltammetry 

DIBAL-H Diisobutylaluminium hydride 

EDOT 3,4-Ethylenedioxythiophene 

Et Ethyl 

EtOH Ethanol 

Equiv. Equivalent 



vi 
 

FTIR Fourier transform infrared 

GO Glutathione oxidase 

GS Glutathione synthase 

GSH Glutathione 

GSHNE Glutathionyl 4-hydroxynonanal 

GSSG Glutathione disulfide 

GST Glutathione transferases 

GP Glutathione peroxidase 

GPx Glutathione peroxidase 

H Hour(s) 

HIV Human immunodeficiency virus 

HPLC High performance liquid chromatography 

HMBC Heteronuclear multiple-bond correlation 

HNE 4-Hydroxynonenal 

HOCl Hypochlorous acid 

HRP Horseradish peroxidase 



vii 
 

HSQC Heteronuclear single-quantum correlation 

IR Infrared 

j Coupling constant 

m Multiplet 

mA Milliamps 

MeOH Methanol 

min Minute(s) 

HD Huntington’s disease 

HRMS High Resolution Mass spectrometry 

NaOH Sodium Hydroxide 

NMR Nuclear magnetic resonance 

OLEDs Organic Light Emitting Diodes 

on Overnight 

OS Oxidation state 

OPD 1-Oxo-1H-phenalene-2,3-dicarbonitrile 

Ox-PTM Oxidative post-translational modifications 



viii 
 

quant. Quantitative (yield) 

R Alkyl/organic substituen 

RE Reference electrode 

rf Reflux 

Rf Retardation factor 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

rt  Room temperature 

SD Standard deviation 

SEM Scanning electron microscope 

SM Starting material  

SNO S-Nitroylation 

SOD Superoxide dismutase 

TNB 2-Nitro-5-thiobenzoate 

μM Microamps 

UV Ultraviolet 



ix 
 

V Volts 

VPP Vapor-Phase Polymerisation 

PANI Polyanaline 

PBS Phosphate-buffered saline 

PEDOT 

 

Poly(3,4-ethylenedioxythiophene) 

 

Ppy Polypyrrole 

PSSH Poly(styrenesulfonic acid) 

PT Polythiophene 

WE Working electrode 

XPS X-ray photoelectron spectroscopy 

 

 



1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1: Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

1.1 Biological Thiols  

 

1.1.1 Thiols, Persulfides and Hydropolysulfides – an Introduction 

 

Thiols, with the general formula of R-SH, are a class of organic chemicals that closely resemble alcohols 

and phenols; however, the oxygen is substituted for a sulfur atom. Thiols have a wide range of 

functionality, with some of the most noticeable features being their potent odour and the resulting smell 

they impart to wines and other foodstuffs, however lesser known and understood, yet perhaps even 

more important, are their critical roles in biological functions and cellular processes.2,3 

 

Thiols are any variation of a compound that has the general formula of R-SH, where the sulfur atom is 

bound to an alkyl/organic substituent (R) and a hydrogen, while persulfides are any variation of a 

compound that has the general formula of RSSH,4 where the sulfur atom is bound to a thiol itself. A 

general term for thiols with more than one sulfur atom directly bonded to a thiol group is a 

hydropolysulfide.5  

 

Historically, the thiol (-SH) group was called a mercapto group and many common thiols have trivial 

names reflecting this. This original term was introduced in 1832 by William Christopher Zeise due to the 

very strong bonds that the thiolate formed with mercury.6 Examples include benzylmercaptan and 

methyl mercaptan where R = Bn and Me, respectively.  

 

There are also many important thiols, persulfides and hydropolysulfides (>2 sulfurs) in biological 

systems (termed biothiols), with arguably the most important being those associated with cysteine and 

glutathione (Figure 1). These, along with many others, help regulate and maintain biological systems7,8 

this will be further discussed in the next sections.  
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Figure 1: Structures of biothiols; cysteine and glutathione, their persulfides and hydropolysulfides. 

 

 

1.1.2 Chemistry of (Bio)thiols 

 

Thiols, as sulfur analogues of alcohols, are similar to alcohols in many ways, due to their having similar 

connectivity. The sulfur atom is slightly larger than the oxygen atom and because of this, the sulfur bond 

length is about 40 picometres longer than that of its alcohol counterpart.9 

 

There are many differences, however, between the two. Thiols have a much weaker bond dissociation 

energy of the S-H bond compared to O-H present in alcohols, making thiols more reactive and 

unstable.10,11 Alcohols are also more polar than their corresponding thiols due to the smaller difference 

in electronegativity between the sulfur and hydrogen at 0.38 (compared to the difference between 

oxygen and hydrogen at 1.24).Thiols, along with alcohols are weak acids, however thiols are much 

stronger acids than alcohols, due to the difference in size between the sulfur atom and the oxygen 

atom.8,12 

 

Although oxygen and sulfur are similar, one main difference is the potential variation in oxidation states 

of both of these atoms; oxygen is restricted to divalent chemistry, and thus does not have the range of 

oxidation states that sulfur has.8 Sulfur oxidation states range from (-2) to (+6), where in the -2 state is 

when the molecule is in its sulfide state, and in a sulfate state at +6. 10,13,14 
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One of the most important reactivities of thiols are their ability to take part in redox chemical reactions. 

These reactions rely on the relatively low dissociation energy of the S-H bond. In the case of biothiols, 

the acid dissociation constant values of the biothiols are very close to that of physiological pH, therefore 

the ionisation state of the thiols that are found are highly sensitive to the environment, alternating 

between the protonated thiol state and the deprotonated thiolate state, where the molecule has a 

negative charge.15,16 

 

The anti-oxidation potential that thiols have is due to the redox chemistry that sulfur has, however even 

though it is well known that sulfur molecules are incredibly important in anti-oxidation processes, not a 

lot is known about how these processes occur.2,5,7,17 Biological thiols, can scavage both one and two-

electron oxidants, becoming oxidised in the process (Scheme 1). In the case of one-electron oxidants, 

the thiols form thiyl radicals when interacting with radical oxidant species and with two-electron oxidants 

they form sulfenic acids.10 Both of these resulting species are short-lived due to their high reactivity. 

The former becomes a precursor for short lived radical chain reactions in the biological system, whereas 

sulfenic acid products initiate two-electron reactions. It is also important to note that the reactivity of 

thiols as oxidants changes with the state (thiolate or thiol) that the sulfur atom is in. When the thiol is in 

its deprotonated form, thiolate, the rate of reaction increases with the pKa of the thiol, showing an 

opposite pKa effect. 10,15,16 

 

Scheme 1: General reaction scheme of one and two electron oxidation of thiols. 
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One of the driving forces that makes thiols so important is their role in radical-mediated chain reactions 

(Scheme 2). Free radicals are highly reactive species, and if left unchecked these can cause large 

chemical chain reactions in vitro and in vivo, which can cause significant molecular damage.18–20 This 

type of damage is associated with diseases such as neurodegenerative diseases, atherosclerosis, 

cancer, and aging.18–20 Most radicals first react with thiols to generate the highly reactive thiyl radical, 

and due to the high reactivity of these radicals, they are generally short-lived and ultimately form closed-

shell molecules. The two most favourable reactions of these the thiyl radicals are reacting with 

molecular oxygen, or with another thiol, resulting in a thiyl peroxyl radical and a disulfide radical anion, 

respectively.8  

 

Scheme 2: Radical-mediated chain reactions. 

 

Additionally, reduction of hydroperoxides and other oxidants are increased when thiols are affected by 

the protein environment, increasing the thiol reactivity in specific reactions.21 However, protein factors 

that affect thiol antioxidant activities are only just starting to be uncovered, and there is a lot more to 

understand and learn about how these processes help with redox reactions of thiols.22  

 

Thiols, because of their very weak S-H bond, are highly unstable and thus very reactive, and as such 

they are prone to oxidation, isomerisation, and rearrangement. Because of these molecules being highly 

reactive, this can cause difficulties in their separation, analysis and detection.5,23  

 

 

1.1.3 Importance of Biological Thiols 

 

Biothiols have unique chemical reactivity and are critical for vital physiological functions in living 

organisms.3,5,7 Concentrations of biothiols in cells and bodily fluids are intrinsically linked to the 

functioning of important enzymes, deficiency in which can lead to a wide range of physiological and 
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pathological conditions. Thus, biothiol analysis is essential for monitoring cellular function, health, and 

diseases in humans. Two of the notable biothiols in the human body are cysteine and glutathione 

(Figure 1, further discussed below)  

 

1.1.3.1 Glutathione 

 

Glutathione (GSH) is the most abundant low molecular weight biothiol found in the body. GSH is 

synthesised in cells and plays a critical role in protecting them from damage and toxicity, relying on its 

very good antioxidant activity. In cells, glutathione is synthesised through the sequential addition of 

cysteine to glutamate, followed by the addition of glycine (Scheme 3).5,24 

 

 

Scheme 3: Glutathione synthesis in eukaryotes. 

 

Glutathione is found throughout the body and in a range of cellular and extracellular environments. 

Glutathione is found in the cytosol of cell with a concentration in the range of 1-10 mM.25 Inside most 

cells, the concentration is lower than the cytosol and found at a range of 1-2 mM, whereas in 

hepatocytes, the concentration is found to be up to 10 mM.25 In plasma, the concentrations of 

glutathione are in the micromolar range, and are hard to detect by traditional means, however there are 

some exemptions to this, where some extracellular spaces such as the lining fluid of the lung, high 

concentrations are found secreted by epithelial cells.25,26 

 

The antioxidant capabilities of glutathione means that it plays a major role in the removal of many 

reactive and damaging species within cells that arises from redox cycling, producing superoxide and 

hydrogen peroxide, as well as enzymes that can produce superoxide.3,17 These oxidants are particularly 

dangerous when near a membrane, in which its lipids are available to be oxidised, setting off a chain 

reaction that damages and destroys the membrane.27 Glutathione, therefore, as an antioxidant 

molecule, is very important in a biological systems to protect cells against such damage.8 As seen in 

Scheme 4, glutathione mediates the change of superoxide and hydrogen peroxide into less damaging 

species such as water. Without glutathione, these two oxidants among many others would be left 

unchecked. This is complete by a complex process as seen in Scheme 4. In normal activity superoxide 
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dismutase (SOD), convert’s superoxide radical into hydrogen peroxide and molecular oxygen (O2), 

where catalases (CAT) and glutathione peroxidase (GPx), converts H2O2 into water.28 GPx, which is 

the most prominent out of the three enzymes, needs several secondary enzymes, including that of 

Glutathione reductase (GR) and glucose-6-phosphate dehydrogenase (G-6-PD). On top of these, 

secondary enzymes that are needed, cofactors such as Glutathione which is the most important, 

NADPH and Glucose-6-phosphate are needed if the system is to function with a high efficiency. The 

issue occurs when GR is inhibited, Removal of hydrogen peroxide cannot happen through the use of 

the GPx system, and GSSG levels increase, and if glutathione synthesis is inhibited or decreased, GPx 

cannot removed hydrogen peroxide due to a depleted GSH.28  

 

 

Scheme 4: Antioxidant functioning of glutathione. 

  

Glutathione is important in the elimination of many xenobiotic compounds from inside the cell, via their 

conjugation with GSH, followed by secretion from the cell.25,29 GSH is also used in the elimination of 

electrophiles such as 4-hydroxynonenal (HNE).25,30 Almost all these reactions are catalysed by 

glutathione transferases (GSTs), and there is a specific enzyme in human cells that can facilitate the 

conjugation of GSH to HNE at approximately 100 times faster rate than the non-enzymatic reaction. 

HNE has been designated as the most abundant cytotoxic aldehyde, produced from the peroxidation 

of liver microsomes.25,30 The half-life of HNE, is approximated to be around 2.5 minutes, making this 

potentially dangerous to other areas of the biological system; it has the potential to move around the 

body before exerting oxidant effects, so can cause widespread damage. The primary component in the 

defence against HNE is spontaneous conjugation to GSH. This occurs through a 1,4-addition reaction, 

resulting in glutathionyl 4-hydroxynonanal (GSHNE), where the equilibrium favours the hemiacetal 

structure that is generated (Scheme 5).25 
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Scheme 5: Formation of glutathionyl 4-hydroxynonanal from HNE and glutathione. 

 

 

Compared to the extracellular environment where glutathione primarily acts as an antioxidant, as 

described above, inside of the cell, glutathione plays a major role in the mitochondria, specifically 

regulating apoptosis versus necrosis.31,32 In the nucleus, glutathione is a key regulator of cellular 

division, and while it is cleSarly seen that the lungs (see below) are affected by low levels of intracellular 

and extracellular glutathione, the majority of studies of this molecule have been performed in the liver. 

 

Under normal conditions, cellular glutathione levels are regulated by two major mechanisms, controlling 

the rates of its synthesis and export from cells. Glutathione synthesis is regulated through the enzyme 

of glutathione synthase (GS), where its upregulation leads to increased capacity of a cell to synthesise 

GSH.31–33 The export of glutathione and its oxidised glutathione derivatives allows for direct regulation 

of cellular thiol-redox status, this is done by the multidrug resistance-associated proteins (Mrp/Abcc).34 

Along with this, glutathione levels are affected by the person’s nutritional status and hormonal/stress 

levels, diurnal variations, physiological state, including pregnancy and frequency of exercise.35 In 
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addition to these, GSH levels are also influenced by agents or conditions that alter the thiol redox state, 

that lead to the formation of glutathione S-conjugates or complexes, and/or that disrupt the distribution 

of GSH among various intracellular organelles.2 GSH is synthesised in every cell in eukaryotes, 

however the synthesis and turnover varies for each cell and tissue types.  The first step in the synthesis 

of glutathione, catalysed by glutamate cysteine ligase (GCL) (Scheme 3) is considered to be the rate 

limiting step. The second step in the synthesis, catalysed by GSH synthase, has little known about it 

other than observations showing that overexpression of GSH synthase failed to increase GSH levels, 

unlike in the case of GCL.29 

 

Glutathione disulfide, GSSG, as seen in Scheme 6, is derived from two glutathione molecules, and can 

be reduced back into two glutathione molecules with the help of reducing equivalents of the coenzyme 

NADPH. GSSG, plays a key role in the plasma ratios of glutathione/glutathione disulfide. GSSG is 

important for the transport and protection from oxidative damage, providing a key role in cellular redox 

homeostasis, and maintaining levels of intracellular glutathione, which are important because of 

reasons seen above.  

 

Scheme 6: Formation of GSSG from the oxidation of GSH. 

 

Maintaining “normal” glutathione levels is extremely important for cell functions, and a disruption to 

these levels and related processes can be seen in a number of different human pathologies.36 As such, 

high/low levels of glutathione may be indicative of many diseases and illnesses. Low levels of 

glutathione and glutathione persulfide, results in an increased susceptibility to oxidative stress; this is 

seen to be involved in cancer, Parkinson’s disease, and Alzheimer’s disease.37 Elevated glutathione 

levels are also indicated in cancer cells where higher levels of glutathione are related to increased levels 
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of enzymes and transporters, which can ultimately make cancer cells more resistant to therapeutics, 

limiting drug use and treatment efficacy.37 Due to this, it is increasingly important to be able to detect 

and measure levels of glutathione. Doing so would enable the diagnosis of the (potential) onset of 

cancers, or potentially find high risk areas that are likely to form cancers due to high and low levels of 

biological thiols.  

 

In addition to the aforementioned link between GSH levels and cancer, high/low levels of glutathione 

are also linked with a range of other ailments.  

 

Cystic fibrosis (CF), occurring in people with a dysfunctional cystic fibrosis transmembrane conductance 

regulator (CFTR) protein due to a mutation in a CFTR gene, can have damage to the lungs and other 

organs in the body. Decreased levels of GSH is one of the effects of the dysfunction of this protein.38–

40 Cystic fibrosis patients secrete lower-than-normal levels of GSH which leads to chronic inflammation 

to the surrounding tissues. Glutathione is transported by the CFTR protein, and glutathione in the lungs 

works as an antioxidant in the epithelial lining fluid.38–40 In CF patients, in their inflamed airways, 

neutrophils, are the main source of oxidants, generating both hydrogen peroxide and superoxides, 

along with the conversion of hydrogen peroxide to hypochlorous acid and radicals through the enzyme 

myeloperoxidase.38–40 Glutathione acts as an antioxidant and protects individuals that do not have CF, 

against these species. However, for people with CF, there is decreased concentrations of GSH and 

therefore inadequate quantities to stop these oxidants from doing damage to the airways. Due to the 

generation of hypochloris acid (HOCl) in the surface fluid covering normal epithelial cells which mimic 

the action of stimulated neutrophils in patients with CF, there is a decrease in the electrical resistance 

of that epithelial cell layer. The presence of GSH at a concentration similar to normal in the lining fluid 

would protect against the loss of electrical resistance, where normal activity can resume.38–40 

 

Parkinson’s disease is a common central nervous system disorder, which is caused by nerve cell 

damage that reduces dopamine levels, leading to tremors, slow movements, stiffness, and loss of 

balance. Parkinson’s disease can be seen at early stages through the biochemical change of low levels 

of glutathione, which leads to oxidative stress. Ultimately, this results in an imbalance of the production 

of free radicals and the ability of cells to detoxify them, leading to nerve cell death.41–43 

 

Alzheimer’s Disorder (AD) is a neurological disease that is the most common type of dementia, which 

involves the parts of the brain that control memory and language. In Alzheimer’s patients, brain cell 

connections degenerate and die, eventually destroying important neurological functions.34,44 One of the 

leading causes of AD pathology is oxidative stress, which has been attributed to lower levels of 

glutathione in the brain. It has been shown that patients with mild cognitive impairment, had increased 

protein oxidation and lipid peroxidation than those compared to age-matched individuals.45 The majority 

of post-mortem analyses of brains from AD patients show lower levels of glutathione, as GSH is an 

important role in the detoxification of reactive oxygen species (ROS) and regulating the intracellular 

redox environment. Because of this, it is believed that GSH levels can be used to reflect oxidative stress 
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status, and in turn, be used as a biomarker for the detection of Alzheimer’s; GSH is closely associated 

with the onset and progression of AD.45 

 

Diabetes is a metabolic disease when the body cannot control its blood sugar levels. This disorder is 

quite common - 1 in every 10 people have it. I has been shown that people with Type II diabetes have 

increased plasma GSSG (oxidised glutathione) with decreased erythrocyte GSH, which points towards 

an issue with oxidative processes.46,47 In addition to this, lipid peroxidase is increased, and diabetic 

patients show smaller and more oxidised plasma levels than that of similarly-aged unaffected 

individuals.47 It is not clear how the differences in GSH redox state in diabetic patients mechanistically 

affects them, however it is seen that such changes could occur in part because of decreased synthesis 

of GSH as decreased activity of γ-glutamylcysteine synthetase has been previously found in 

erythrocytes of diabetics. A decrease in GSH could be due to an increase of γ-glutamyltranspeptidase, 

the enzyme responsible for converting GSH to cysteine, or decreased release from tissue.46,47 Similar 

to diabetes, age related diseases, such as aging and age-related macular degeneration can be linked 

to the same processes as above.  

 

Human immunodeficiency virus (HIV) is a virus that attacks the body’s immune system, and eventually 

leads to acquired immunodeficiency syndrome (AIDs), if left untreated.48 GSH, is highly effective in the 

protection against oxidative stress, however in HIV, decreased levels can be seen in the plasma, lung 

epithelial-lining fluid and T lymphocytes. It can be seen that people with HIV have increased plasma 

glutamate concentrations, which inhibit the cystine uptake needed for GSH synthesis.48 

 

Cardiovascular diseases (CVD) are the leading cause of death worldwide. It is estimated that nearly 

32% of deaths in 2019 were due to CVD. It is important to detect cardiovascular diseases as soon as 

possible. The role of GSH in both normal and pathological heart conditions, such as CVD, still remains 

unknown, however the effects of glutathione, the most abundant antioxidant in the heart, suggests that 

glutathione plays an important role in the redox homeostasis between oxidative stress and reductive 

stress.49,50 To avoid negative health problems, this redox homeostasis needs to be preserved. It can be 

seen that the development and progression of CVD can be characterised by changes in glutathione 

concentration and its oxidation state. Generally, GSH synthesis and regulation is very highly regulated 

and is controlled by a negative GSH feedback loop, as the cells’ oxidation state (OS) levels change. 

Changes in these levels can increase the amount of radicals and oxidants in the blood, promoting 

atherosclerotic disease by causing oxidative vascular injury.49,51 

 

1.1.3.2 Cysteine 

 

Cysteine, as mentioned above, is another important biological thiol that helps regulate homeostasis 

along with a multitude of other functions, due to the chemistry of the reduced sulfur atom that cysteine 

contains. In cysteine, like GSH, the sulfhydryl group is nucleophilic and easily oxidised, which also 

allows cysteine to conjugate to other groups, helping it to engage in proteolysis in the apoptotic cycle.8,10 

Thus, cysteine is an important and critical biological antioxidant, like GSH. Cysteine is known as a 
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proteinogenic amino acid because it acts as a building block for about 2% of proteins and plays an 

important role in biological processes including, but not limited to, uses as catalyst, importance in 

structures, regulation and the electron transport chain.52 

 

Cysteine is also a precursor to the antioxidant glutathione, which is extremely important to cellular 

signalling and functioning, as mentioned above. GSH is biosynthesised from cysteine, glycine and 

glutamic acid (see Section 1.1.3.1 and Scheme 3).53 Cysteine is also an important precursor for iron-

sulfur clusters, where the sulfide in the iron-sulfur cluster and in nitrogenase is extracted from cysteine, 

with alanine a by-product of the reaction. Iron-sulfur clusters are important in protein structure 

stabilisation, electron transfer, substate binding and activation along with many other functions.54 

 

One of the most important roles that cysteine plays, however, is its role in protein structure, as 

introduced above. Cysteine is a hydrophilic amino acid, however the cysteine side chain has been 

shown to stabilise hydrophobic interactions in micelles to a greater degree than the side chain in the 

nonpolar amino acid glycine and the polar amino acid, serine.2,8,55 Free cysteine residues are unlikely 

to be found in proteins, however they do occur. Instead, they are most likely found covalently bound to 

other cysteine residues through disulfide bonds.55 The advantage of these disulfide bonds in proteins, 

which are formed by oxidation of the sulfhydryl group of cysteine residues, is that they lead to the protein 

being much more stable when folded – disulfide bonds contribute to the tertiary structure of proteins.22 

The other sulfur-containing amino acid, methionine, cannot form disulfide bonds, meaning cysteine is 

unique in this way. In proteins, the thiolate substituent of cysteinyl residues also allows for many metal 

ion binding sites where metal cofactors in enzymes are bound. This can be seen in the binding of zinc 

in zinc fingers and alcohol dehydrogenase, iron in cytochrome P450 enzymes and nickel in the [NiFe]-

hydrogenases.56 

 

Aside from its oxidation and reaction with other cysteine residues, cysteine participates in numerous 

post-translational modifications. Cysteine contains an electron-rich sulfur atom, allowing for multiple 

oxidation states. Thus, enabling a diverse range of oxidative post-translational modifications including 

sulfhydration, S-glutathionylation, sulfenylation, formation of sulfinic acid and sulfonic acid and S-

nitrosylation (Scheme 7).57 Most of these transformations are reversible and are stimulated by diffusible 

small molecules. S-Nitroylation (SNO) for example, has been studied for its role in cardioprotection. 

ROS/RNS can react with a thiol group resulting the formation of a oxidative post-translational 

modifications (Ox-PTM). SNO-modifications of critical thiols during ischemic preconditioning shields 

them from further oxidative stress.57 This leads to less severe damage to the brain due to the lack of 

oxygen, allowing the cell to regain normal function again. 
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Scheme 7: Cysteine’s post-translational modifications. 

 

Cysteine, the primary sulfur-containing amino acid present in the body, can be either obtained from diet 

or from methionine degradation via the transsulfuration pathway (Scheme 8). In human plasma, 

cysteine concentration levels are 240–360 μM. In skeletal muscles, the concentration of cysteine is 

lower than in that of tissues, having a concentration of around 19 μmol/g.58–60 
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Scheme 8: Schematic of the overall transsulfuration pathway. 

 

 

Cysteine plays a vital role in the synthesis of essential fatty acids, and thus, cell membrane and nerve 

myelin sheaths rely on this molecule.61 Myelin sheaths are the insulting layers that are formed around 

the nerves, and they allow for the fast transfer of electrical information throughout the body. If the myelin 

sheath is damaged, these impulses slow down. Through shielding axons from oxidative stress, cysteine 

can prevent major neurodegenerative disorders such as Parkinson's or Alzheimer's and underlying 

stress, by protecting the myelin sheath and stopping the impulses slowing down.61 

 

As mentioned above, cardiovascular diseases (CVD) are the leading cause of death worldwide. In a 

healthy individual, extracellular thiol/disulfide redox environments are tightly regulated, and it is seen 

that oxidation of the cysteine/cystine redox couple serves as a measure of the associated risk factors 

for cardiovascular diseases, being a positive steady-state redox potential.62,63 It has been seen in rodent 

models that the extracellular redox state of cysteine plays a vital role in controlling CVD through 

proinflammatory signals. Age, cigarette smoking, obesity, alcohol abuse along with other known risk 
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factors for CVD increase both endothelial and monocytic cells proinflammatory signalling and increased 

cell adhesion in response to oxidised cysteine. The mechanism by which damage is occurring is not yet 

fully understood, however improving and regulation of the redox state of cysteine/cystine may be 

effective in preventing CVD onset or progression, and hence monitoring of the levels of cysteine could 

be a means to prevent and manage CVD risk (Scheme 9).62,63 

 

 

Scheme 9: Depiction of the cysteine-cystine equilibrium. 

 

Disrupted homeostasis of cysteine plays pivotal roles in disease progression in neurodegenerative 

disorders including, but not limited to, Huntington’s, Alzheimer’s and Parkinson’s diseases.64,65 The two 

major biological antioxidants, cysteine and glutathione are responsible for stopping oxidative damage 

that occurs with aging and neurodegenerative conditions, seen by the oxidation of DNA, proteins, lipids 

and carbohydrates.52 If levels of cysteine and GSH are low, then they cannot sufficiently mitigate the 

effects of these damaging oxidants which damage cells and leads to the onset of these neurogenerative 

disorders. Thus, low levels of these biothiols are linked to occurrence and progression of these 

diseases.52,64,65 As mentioned previously, in addition to the fact that cysteine can act as an antioxidant, 

cysteine is required for glutathione synthesis in the brain, therefore regulated cysteine metabolism is 

central to optimal neuronal function. The extracellular concentration of cysteine is higher than that of 

GSH, at 40-50 µM.  

 

Huntington’s disease (HD) is an autosomal dominant neurodegenerative condition where nerve cells in 

the brain break down over time, caused by polyglutamine repeats in the protein huntingtin. Depletion of 

cysteine causes oxidative stress, which is associated with progression of the disease, along with the 

dysregulation of cysteine transporters.52,66,67 In HD, cysteine levels are depleted, which leads to 

diseases progression and neurotoxicity. This depletion has been observed in post-mortem human 

samples with a profound decrease in cysteine levels in the striatum, the region most affected in HD.66 

The degree of depletion also correlated with the severity of the disease, with the most advanced stages 

of the disease exhibiting the greatest depletion. Because of how metabolically active the brain is, 
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accounting up to 20% of the oxygen used, it makes it much more vulnerable to oxidative stress, with 

more oxidants being created and released into the environment. Compared to the peripheral tissue, the 

brains defence against oxidants is suboptimal due to its lipid-rich composition.67 In HD, cysteines’ 

metabolism is compromised, with the levels of biosynthetic enzyme for cysteine, cystathioneine y-lyase, 

significantly decreased due to the mHtt protein sequestering its transcription factors. 

 

Alzheimer’s disease is the most common neurodegenerative disease reported. The symptoms of AD 

include dementia, impaired spatial memory, deficits in executive functions and cognitive deficits. 

Alzheimer’s disease onset and progression is due to aggregation of β-amyloid peptides and tau protein, 

which forms plaque and neurofibrillary tangles.68,69 These proteins cause oxidative stress and disrupt 

multiple physiological functions. Multiple aspects of disrupted cysteine metabolism are implicated in AD, 

with some studies showing increased levels of cysteine in the plasma of patients with AD.68,69 It is still 

unknown the exact effect this has, however it has been speculated that it reflects in impaired uptake of 

cysteine into the cells, and hence possibly leading to decreased anti-oxidant effects.  

 

 

1.1.3.3 Biothiols as Critical Analytes of Interest 

 

As seen above, biothiols, of which glutathione and cysteine are the most important, play an incredible 

role in the biological system, where their presence and balanced levels are essential for healthy cells 

and therefore for reduction/prevention of certain diseases.2 There is still a lot unknown about biothiols 

and thiols due to their reactivity and instability both inside and outside of these systems, however the 

more studies that are conducted, the more it is seen that these chemicals are vastly important. Studies 

have shown fluctuation of GSH and cysteine levels can have drastic physiological effects, including that 

of onset/progression of cancer, cardiovascular disease, diabetes and protein misfunction along with 

many neurological diseases. It is for this reason that it is so important that the levels of these molecules 

are effectively analysed and monitored.  

 

 

1.1.4 Detection of Biothiols 

 

Biothiols are highly reactive due to the thiol functionality present, and this means that it is a challenging 

process to quantify and detect them in biological systems. Current methods that are available make it 

difficult to determine biothiols accurately and quickly. There are many methods that are predominately 

used over others that are available, dependent on what quantification needs to be made and the 

particular use or system involved, however most methods hold a flaw that results in them being limited 

in their usage and utility.70,71 The three most common types of biothiol detection and analysis methods 

are HPLC, colourimetric/fluorometric and electrochemical methods, described below.  
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1.1.4.1 HPLC Methods to Analyse Biothiols 

 

High performance liquid chromatography (HPLC) is an analytical technique used to quantify, separate 

and identify components of a mixture. HPLC forces a liquid mobile phase through a column under high 

pressures, with the column containing a stationary phase, separating a mixture of components due to 

their different degrees of interaction with the phases.72 HPLC is generally highly reliable, however 

because of the weight and size of the machines, some applications are unable/challenging to be carried 

out. 

This technique, when applied to assessing biothiols, is accurate, however it is slow, costly, requires 

extensive sample preparation, and frequently, derivatisation. HPLC is also difficult to use when 

analysing biothiol concentrations as it requires standards that are challenging to obtain. The other issue 

is that HPLC only generally gives results on the total biothiol concentration content, meaning information 

about the types of thiols is unable to be obtained, making the HPLC lack specificity.   

An example of the use of HPLC to analyse a biothiol, in this case glutathione, was reported by Reed ;et 

al.73 In this assay, thiol compounds were first modified by the addition of iodoacetate (Scheme 10) and 

the resulting S-carboxymethyl species was then reacted with 1-fluoro-2,4-dinitrobenzene (DNFB) to 

provide N-DNP-S-carboxymethyl GSH. This then allowed for the separation of compounds that could 

be identified by their behaviour on HPLC with a Schoeffel 770 detector. This method used a reverse-

phase ion-exchange amino-bonded phase silica column, eluted with sodium or ammonium acetate 

gradient in a water-methanol-acetic acid solvent at pH 4.5. This method aimed to analyse levels of 

GSH/GSSG, along with cysteine-glutathione mixed disulfides, in conjunction with a range of other 

associated compounds. While this methodology enabled the quantification of a range of biothiols, it 

relies on expensive equipment and specific set up, availability of standards and specific equipment 

(such as the column).  Additionally, extensive sample preparation was required, involving a two-step 

derivatisation for samples to be ready for analysis; this is a complicated procedure, and the number and 

complexity of steps could introduce a range of inaccuracies. 
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Scheme 10: Derivatisation process; reaction of glutathione and iodoacetate to form the S-methyl 

carboxy which was then reacted with 1-fluoro-2,4-dinitrobenzene (DNFB) for detection using HPLC. 

 

1.1.4.2 Fluorometric/Colourmetric Methods to Analyse Biothiols 

 

Fluorometric- and colourmetric-based methods are the most commonly-used type of biothiol analytical 

assays.  

In a fluorometric assay, a reagent is added to a sample containing the analyte of interest, where the 

interaction between reagent and analyte results in a measurable change in fluorescence of the 

sample/solution. This change in fluorescence is measured and can be related to the 

amount/concentration of analyte in the original sample. Colourmetric methods are very similar, however 

fluorescent detection is not needed and, in this case, it is a visible colour change that is related to a 

specific reaction. In general, fluorometric methods are more sensitive than colourmetric methods, and 

hence are able to detect analytes present, at lower concentrations. 

ThermoScientific’s Pierce Ellman's reagent (5,5′-dithiobis(2-nitrobenzoic acid), DTNB) is commonly 

used for the detection of thiols and is an example of the use of a colourimetric method to analyse 
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biothiols.74 This method works by the sulfhydryl groups present in the biothiols reacting with the reagent, 

which yields a yellow-coloured product (TNB, 2-nitro-5-thiobenzoate) which is able to be analysed 

through the use of the absorbance in a UV–visible light spectrophotometer. TNB absorbs light at 412 

nm, and thus allows for direct monitoring of the reactivity of the thiols (Scheme 11).75  

 

 

Scheme 11: General reaction of DTNB with a thiol to give TNB. 

 

Glutathione, in particular, is detected through this assay using Ellman’s reagent with the use of a 

spectrophotometer, comparing the concentrations of unknown glutathione samples to that of a derived 

standard curve.74  

The main features of this method are that it allows for quantitative detection as well as it being a well-

proven and frequently-used method. This method’s rate of reaction, however, is dependent on the pH 

of solution, the pKa of the thiols and the steric and electrostatic effects. This technique is not able to 

detect very small concentrations of thiols (i.e. this method has a high limit of detection) and thus relies 

on having a high enough analyte concentration for detection.76 

New strategies for detection of biothiols are commonly-related to the aforementioned DTNB method but 

use fluorescent probes. This technique takes advantage of the unique chemical properties of the 

sulfhydryl group, including nucleophilicity and low redox potentials, by the nucleophilic addition of the 

thiol onto the probe, and thus the change of fluorescence due to a binding event.77,78 There are a few 

disadvantages with these probes however, due to interference that is possible from excess of the 

labelling agent, as well as these fluorescent probes being non-selective among various biothiols.  

The most commonly-used class of these fluorescent probes employs a Michael addition reaction. This 

starts with a 1,4-addition of the biothiols to the α,β-unstaturated ketone in the probe. The example seen 

below in Scheme 12 involves the probe named CPA. In this case, the biothiol (GSH or 

cysteine/homocysteine, acting as a Michael donor) adds to the alkyne of CPA (Michael acceptor), giving 

the corresponding β-sulfido-α,β-unsaturated amides. In the case of the cysteine/homocysteine 

conjugates, an intramolecular S,N rearrangement results in a fluorescent compound.79 This 

fluorescence is a result of the blockage of the donor-excited photoinduced electron transfer process 

within CPA, affording an enhanced fluorescence at 495nm. This sensor is selective to 

cysteine/homocysteine over glutathione due to the sulfhydryl and adjacent amino groups involved in 

the process. 
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Scheme 12: A Michael addition fluorescent probe for the detection of cysteine/homocysteine. 

 

This technique has many upsides, however the probes exert similar enhancements towards Cys and 

Hcy (homocysteine, another major biothiol), so cannot distinguish between these and unfortunately can 

also interact with other nucleophiles such as OH, NH and COOH.  

There has, also recently, been a new breakthrough in the detection of glutathione using a turn on 

fluorescent probe, 1-oxo-1H-phenalene-2,3-dicarbonitrile (OPD). In the probe, a O-NH2, is able to 

selectively sense glutathione over cysteine/homocysteine.80 The probe works by the O-NH2 being 

quenched because of a photoinduced electron transfer, however when in contact with glutathione the 

switch is turned on by a specific recognition reaction between the probe and glutathione. The probe 

however is pH dependent, where it displays significant fluorescence in the pH range between 7-8, a 

biological pH range that is not in the full range of all biological systems.  
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Scheme 13: A turn on fluorescent probe, 1-oxo-1H-phenalene-2,3-dicarbonitrile (OPD), for the 

detection of glutathione (GSH). 

Further to this, a new strategy for the detection of cysteine is one which uses fluorescence and UV-Vis 

absorption spectra to quantify the cysteine in a biological system with the aid of a coumarin–Cu2+ 

species. This species is a coumarin–salicylaldehyde hydrazone fluorescent ligand, that has a high 

affinity towards Cu2+. When the ligand is exposed to cysteine, cysteine displaces the Cu2+, turning “on” 

the fluorescence of the molecule, which can subsequently be detected (Scheme 14). This compound 

shows high selectivity and sensitivity towards cysteine, the detection limit is estimated to be 15 nM.81  

 

Scheme 14: Coumarin–salicylaldehyde hydrazone fluorescent ligand for the detection of cysteine. 

 

1.1.4.3 Electrochemical Methods to Analyse Biothiols 

 

Electrochemical sensors have been used in biothiol analysis with varying success. These methods use 

a system of electrodes which interact with biothiols to induce a change in the system electrochemistry, 

with the magnitude of the change correlating to the concentration of biothiol. Electrochemical methods 

can be very reliable, but the methods developed to date do not easily allow for accurate analysis and 

can be prone to interference by other small molecules, affecting their selectivity. 
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An example of this is a system that uses quinones. Quinones can be oxidised to give an o-quinone 

species that gives a two-electron signal. The o-quinone can then undergo a 1,4 Michael addition with 

glutathione which regenerates a catechol-like entity, which can then be oxidised again to an o-quinone, 

giving a two-electron signal, therefore a net 4-electron process (Scheme 15). This provides an 

enhancement in analytical signal, using carbon based electrodes with an array of modifications, 

detecting the amplitude of the voltametric signal, and is relative to the two electron signal for the 

oxidation in the absence of a 1,4 Michael addition partner, GSH.82 

 

 

Scheme 15: Thiol reactions with o-quinones. 

 

Enzymes are rare to be used in voltametric detection of biothiols such as glutathione, however some 

that have been are glutathione reductase (GR), horseradish peroxidase (HRP), glutathione peroxidase 

(GP) and glutathione oxidase (GO). Horseradish peroxidase catalyses the breakdown of H2O2 (which 

is present in solution) which oxidises catechol to a quinone moiety which reduces the enzyme back to 

its original state. The quinone moiety can undergo a 1,4 Michael addition with glutathione and it is this 

addition that provides a decrease in the peak current proportional to the thio-catechol formation, 

allowing quantification of the thiol present in solution as seen in Scheme 16.82 

 

 

Scheme 16: Representation of the enzyme reaction mechanism, where Q is a catechol-like moiety, 

and P is a quinone-like moiety. 
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1.1.4.4 Review of Current Methods to Analyse Biothiols 

  

The main challenge in the detection of thiols is their ability to form disulfide bonds to form more stable 

molecules that are more easily transported throughout the body, where they are then reduced back into 

their thiol and active from. The ability to effectively quantify the changes in the redox condition in living 

cells is a challenge and to this day cannot be done with great effect. This leaves many questions about 

thiols and disulfides in the body, unanswered. One major problem with the detection systems that exist 

is that they are not selective for specific thiols, where all biothiols that are available in solution will help 

produce an effect in the detection.  

 

The aforementioned (see Sections 1.1.4.1-1.1.4.3) describe and discuss several methods that are 

currently used to detect biological thiols, but all have limitations as outlined above. The aims of this 

project (see Section 1.3) were concerned with addressing this unmet need of selectively and sensitively 

detecting biothiols. The proposed research relies on conducting polymer technology, including the 

development of a new, effective and selective method of detection using electrochemical changes 

induced in a conducting polymer. Section 1.2 provides a brief introduction into conducting polymers. 

 

 

1.2 Electrochemical Sensors and Conducting Polymers 

 

1.2.1 Electrochemistry and Electrochemical Sensors 

 

Electrochemistry is a branch of chemistry that looks at the relationship between electrical potential, as 

a measurable and quantitative phenomenon, and a chemical change.83 The change in electrical 

potential is a direct result of a particular chemical change, or vice versa. Unlike a chemical reaction 

however, in electrochemistry electrons are not transferred directly between ions, but electrons move 

between electrodes via an electronically-conducting phase, separated by an ionically-conducting and 

electronically-insulting electrolyte.83 

An electrochemical biosensor analyses the content of a sample, with the direct conversion of a reaction 

or an event into an electronic signal. The reference electrode in electrochemical sensors is very 

important, as its role is to remain at a constant potential. Thus, this electrode behaves independently 

from the solution that is being measured and also to the working electrode.83 The working electrode is 

where the change in potential is detected, and thus where the chemical changes happen, and this part 

of the sensor serves to transfer the signal to electrical information which is then detected. In an 

electrochemical biosensor, information from the biochemical domain, usually an analyte concentration, 

is transferred into a output signal after signal processing, as seen by Figures 2 and 3.83  
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Figure 2: Basic diagram of an electrochemical sensor.  

 

Figure 3: The setup of a electrochemical sensor with a reference electrode (RE), working electrode 

(WE) and counter electrode (CW).  

 

The main function of electrochemical biosensors are to accurately detect the biological analyte of 

interested with a high degree of selectivity. There is a huge range electrochemical-based biochemical 

sensors, classed depending on what they sense, which include optical biosensors, biological 

biosensors, electronic nose devices, DNA biosensors, graphene-based biosensors.  

There is also a large range of materials that make up the electrochemical biosensor, of which 

conducting polymers are a popular choice.  

 

1.2.2 Conducting Polymers 

 

Organic polymers are insulators by nature. However, there are examples where there is conjugation 

along the backbone of the polymer, or the polymer is composed of organic ring structures, creating an 

intrinsically conducting polymer - organic polymers that conduct electricity rather than insulate it.84 The 

conductivity of these conducting organic polymers are similar to that of metals and other 

semiconductors. 
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The first conducting polymer, with significant conductivity was that of polyacetylene (polyethyne), 

discovered by Hideki Shirakawa, Alan Heeger, and Alan MacDiarmid, in 1974. This was made by the 

preparation of polyacetylene as a silvery film from acetylene, using a Ziegler-Natta catalyst (Figure 4).85  

 

 

Figure 4: Structure of the first conducting polymer, polyethyne. 

 

The first conducting polymer produced, however, was not very conducting, with a conductivity of 103 s 

cm-1. Three years later in 1977, they discovered oxidation of the polymer with halogen vapor produced 

a much more conductive polyacetylene film. This is an example of doping - conducting polymers often 

need doping to increase their electrical activity, where doping is the addition of a charged transfer agent 

either in a gas phase or in solution, that modulates electrical, optical and structural properties. Doping 

increases the conductivity by creating either a positive or negative charge on the polymer backbone by 

oxidation or reduction.85 

 

There are two main types of conducting polymer; intrinsically-conducting polymers and extrinsically-

conducting polymers. Intrinsically-conducting polymers have a solid backbone that contains an 

extensive conjugated system, which its reason for its conductance, whereas extrinsically-conducting 

polymers owe their conductivity to the presence of externally added species.86,87 

 

The common feature of all conducting polymers is that they have a conjugated backbone, which they 

owes their unique chemical properties to.88 There have been many different organic conducting 

polymers that have been discovered since polyacetylene, with polypyrrole (PPy), polyanaline (PANI), 

polythiophene (PTs) and poly(3,4-ethylenedioxythiophene) (PEDOT) and their derivatives being the 

most well-known examples (Figure 5). 

 

Researchers have shown an increased interest in conducting polymers of the years due to the promise 

that these molecules hold. Polypyrrole, polythiophenes, polyaniline and PEDOT, all have demonstrated 

uses as biosensors, antioxidants, drug delivery, bioactuators along with a range of other applications.  
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Figure 5: Backbone structure of the four most common conducting polymers, polypyrrole, polyanaline, 

polythiophene and poly(3,4-ethlenedioxythoiphene) (PEDOT). 

 

 

1.2.3 Conducting Polymers as Sensors 

 

Due to conducting polymers’ unique properties, these molecules have been used for many different 

applications, with sensors being at the forefront of these uses. Conducting polymers have many benefits 

that lead them to be used as biosensors, these benefits include things such as the are able to easily 

synthesised, properties of the conducting polymers can be adapted based on their chemical structures, 

with their main benefit being that of processability, mainly by dispersion. 87,89 

 

In a conducting polymer sensor, concentrations of analytes are transformed into other means of 

detection, such as electrical signals or fluorescence, along with other detectable physical signals like 

currents, absorbance, mass or acoustic variables. This happens whereby, when the analytes react with 

the polymer, its physical properties change and this elicits a measurable change (i.e. fluorescence or 

changes in the electrical activity of the polymer) that can be related to the concentration of the analyte 

of interest.90 

 

In general, these conducting polymers used in sensors, are synthesised through straightforward 

methods. In many instances, through modification, these materials can be made into a fit-for-purpose 

polymer through the addition of various side chains and functionalities; adding changeable side chains 

to these highly sensitive sensors enables selectivity for the analytes of interest.  

 

There are many examples of conducing polymers being used as sensors, in biological systems, as gas 

sensors and analysis of food and products to name a few. The use of conducting polymer sensors is 

an advancing field because of all the advantages that conducing polymers have over other sensors. 

Unlike other sensors such as metal oxide sensors, which are operated at high temperatures, conducting 
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polymers sensors have many improved characteristics, such as higher sensitivity and shorter response 

times, along with the fact that they can be used at room temperature. Conducting polymers are generally 

lighter in weight, consume less energy, are more corrosion resistant and have the potential to be used 

in smart materials, compared to non-conducting polymer sensors, particularly their biggest advantage 

is their processability, due to dispersion.  

 

 

1.2.4 Poly(3,4-ethylenedioxythiophene) (PEDOT) 

 

Poly(3,4-ethylenedioxythiophene) (PEDOT) is made up from 3,4-ethylenedioxythiophene (EDOT) 

monomers and is a conducting polymer (Figure 6).  

 

 

Figure 6: Structure poly(3,4-ethlenedioxythoiphene), PEDOT. 

 

PEDOT is very stable, with a moderate band gap and low redox potential. PEDOT is optically 

transparent, has high stability and a low redox potential; all properties that benefit the polymer and its 

uses in applications as a conducting polymer91,92.  

 

PEDOT is made by oxidation of the monomer of interest, EDOT, through the formation of a radical 

cation of the EDOT monomer, by either an electrochemical or chemical process. The radical attacks a 

neutral EDOT, which is then deprotonated forming the polymer (Scheme 17).93  

 

 

Scheme 17: Mechanism of electropolymerisation for the formation of PEDOT. 
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The applications of PEDOT have become greater with the more research that has been carried out into 

this very versatile and applicable chemical. PEDOT has many advantages including those that 

contribute to is being used in antistatic’s, electrochromic displays, and photovoltaics, bioelectronics, as 

sensors and many others. 

 

The first application for PEDOT was as antistatic layers in photographic film. Due to PEDOT being 

highly efficient, transparent and easily coatable, it was perfect for use in this application -  PEDOT 

coatings have free mobile electric charge carriers.94 Additionally, this polymer does not release any 

particles when stressed, reducing the amount of dust attracted to it due to the normal electric field and 

hence reducing damage to the film.92 Ever since this first application, PEDOT has been extensively 

used in many other antistatic layers, with added components to the PEDOT polymer to increase its 

coating properties.92  

 

An unusual but effective use for PEDOT has been in the use of printing formulations, and more 

specifically, silk screen printings. When PEDOT is re-dispersed in high boiling alcohols, the resulting 

paste has high viscosity and a slow drying behaviour that is needed for using ink in silk printing.92  

 

Organic Light Emitting Diodes (OLEDs) have gathered much attention over the last few years and are 

becoming increasingly more used throughout industries and homes due to their thin and efficient 

properties. PEDOT is now being used in these organic lights and can be either used as the electrode 

in the OLED or the hole injection layer.92 

 

One example where PEDOT:PSS (a co-polymer of PEDOT and polystyrene sulfonate (PSS) has been 

successfully used as a sensor is as a humidity sensor. PEDOT:PSS, shown to be a hygroscopic 

material is able to absorb and desorb water. In high-humidity conditions, the insulating and hydrophilic 

PSS shell absorbs water and swells, resulting in an increase in the distance between adjacent 

conductive and hydrophobic PEDOT cores, which leads to an increase in the resistivity of PEDOT:PSS 

for the resistive type of sensing device.95–97 When there is low humidity, water is desorbed out of the 

sensor, reducing the volume and thereby resistivity.  

Another type of PEDOT:PSS sensor is a temperature sensor. Because of PEDOT:PSS’s high thermal 

response and good flexibility, it allows it to be very sensitive to the environment. Owing to the 

hygroscopicity of PSS, temperature changes affect the water content and volume of the insulating and 

hydrophilic PSS-rich shell. At room temperature, the hydrophilic PSS absorbs moisture from the air by 

forming hydrogen bonds between the sulfonic acid groups of the PSS chains and water molecules.95–

99 The insulating PSS chains, together with non-conductive water, form boundaries to prevent electrons 

hopping between PEDOT:PSS nanoparticles. At high temperatures, water loss from PSS not only 

reduces the total number of particle boundaries but also decreases the effective “size” of these 

boundaries. When the temperature decreases, the electrons may not have enough energy to overcome 

these barriers caused by the particle boundaries, and thus the resistance increases 
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The final example of the use of PEDOT as sensor is a pressure sensor. Pure PEDOT:PSS 

compressibility is limited by its rigid conjugated backbone. However, it can be seen that in for polymers 

with a film thickness of 0.87-1.88 μm, when the film was directly compressed,96,97 it showed a rapid 

decrease in the sensor sensitivity with increasing pressure due to the small compressibility in the 

thickness direction. Therefore, when a compressible elastic structure with PEDOT:PSS as the main 

conductive path is deformed under pressure, its electrical conductivity is changed, which makes it able 

to sense pressure. 

There are many more uses for these increasingly useful polymers, with more being discovered. The 

ease at which the polymer can be made makes this molecule both valuable and useful, and more and 

more uses of these polymers will be found in the future due to their great chemical properties and 

manipulability.  

 

1.3 Aims of the Project 

 

The aim of this project was to develop a new and novel system for the detection and analysis of biothiols. 

The proposed system involved the use of a novel PEDOT-based conducting polymer, that contained 

an added functional group known for its high reactivity towards thiol moieties, the 

methoxycarbonylsulfenyl group (indicated in blue, Scheme 18).  

 

It was proposed that when this novel conducting polymer is exposed to a thiol, they would react and 

this change in composition would result in a measurable change in properties of the conducting polymer 

(Scheme 5). This change in the conducting polymer would be able to be directly linked with 

concentration of the analyte (biothiol) - the magnitude of the response dependent on the concentration 

of the biothiol of interest.  

 

The proposed conducting polymer was predicted to have similar conducting polymer properties to that 

of PEDOT, due to it being a derivative thereof and structurally similar. The use of having the 

methoxycarbonylsulfenyl group that is highly reactive towards thiols, would allow for a highly selective 

sensor which could detect low concentrations of biothiols with high accuracy and selectivity.  
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Scheme 18: General reaction of the proposed polymer with a thiol (RSH). 

 

 

To address the overall aim of developing a novel conducting-polymer based sensor, there were several 

goals that need to be met in the project. The first major goal was the synthesis of the EDOT-based 

monomer with a functional group that will allow for it to be highly reactive to thiols (Figure 7).  

 

  

Figure 7: Structure of proposed functionalised 3,4-ethylenedioxythiophene monomer. 

  

Once the desired monomer was made, it was then thought that this could be polymerised (Scheme 19), 

through either chemical or electrochemical polymerisation. Once made, the polymer would then be 

characterised thoroughly to understand its properties.   
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Scheme 19: Proposed polymerisation of the functionalised monomer. 

 

The next part of the project was to assess the ability of the synthesised conducting polymer to act as a 

biothiol sensor, by exposing the synthesised polymer to biothiols (in this work, glutathione) at various 

concentrations. When exposed, a reaction between the biothiol and the polymer would hopefully result 

in a change of the polymer’s electrochemical properties. The change in the polymer’s electrochemical 

properties would be measured and the relationship between this and the concentration of the thiol could 

be determined. This would assess to see if the developed conducting polymer would be able to act as 

a thiol sensor.  

Once the functioning of the novel polymer was established, the final part of the project was to optimise 

the sensing performance of the polymer through changing a range of properties (for example, co-

polymerisation ratio of functionalised EDOT and EDOT itself, polymerisation cycles etc, Chapter 4). 

Additionally, the optimised polymer would need to be characterised and other features of the sensing 

system measured (i.e. selectivity and sensitivity).  

The implication that this new novel detection system could have on the scientific field is far-reaching. It 

would have very positive impacts on biological and medicinal/health research. The ability of this sensor 

to accurately detect biothiols in biological systems will enable quantification of concentrations of these 

compounds. Greater detection and research could then go into preventing the onset or progression of 

diseases such as hyperhomocysteinemia and as such (coronary artery disease),100 cancer, 

Alzheimer’s, cystic fibrosis, diabetes, cardiovascular diseases along with countless others. 

 

 

 

 

 

Polymerisation 
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2.1 Planned Synthesis of Targeted Functionalised Monomer  

 

The first aspect of the research was to synthesise the monomer of interest, SS-((2,3-dihydrothieno[3,4-

b][1,4]dioxin-2-yl)methyl) O-methyl carbono(dithioperoxoate) 1, using the proposed synthesis detailed 

below (Scheme 20).  

Firstly, starting with epichlorohydrin 2, ring-opening of the epoxide would give diol 3 which would then 

be reacted with 3,4-dimethoxythiophene 4 in an acid-catalysed condensation reaction to give 

chlorinated EDOT 5. To install the thiol, the chloro group could then undergo a substitution reaction with 

thioacetic acid s-potassium salt, to give thioacetate 6. Deacetylation of the thioacetate moiety would be 

performed next, providing the unmasked thiol functional group in 7. Lastly, methoxycarbonyl sulfenyl 

chloride would then be reacted with thiol 7 in a substitution reaction to give the desired functionalised 

monomer, 1. 

 

 

Scheme 20: Proposed synthesis of targeted functionalised EDOT monomer, SS-((2,3-

dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl carbono(dithioperoxoate) 1. 
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2.2 Synthesis of Diol 3 

 

The synthesis began with an epoxide ring opening of epichlorohydrin 2 (Scheme 21). The followed 

procedure was very similar to that reported by Rodriguez-Jimenezet al., whereby epichlorohydrin 2 was 

heated in water at reflux for 3 hours,101 giving the product, 3-chloro-1,2-propanediol 3 in quantitative 

yield following work up procedures. 

 

Scheme 21: Synthesis of diol 3 from epichlorohydrin 2. 

 

The mechanism by which this reaction proceeds is through the attack of water to the least hindered 

carbon on the epoxide ring (Scheme 22). The lone pair of electrons on the oxygen in water attack at 

this more-accessible position, opening the epoxide ring and pushing the negative charge onto the 

oxygen. In the resulting intermediate, the negatively-charged oxygen gains a proton by intermolecular 

proton transfer, providing the desired diol 3.  

 

Scheme 22: Mechanism of the epoxide ring opening to form diol 3 from epichlorohydrin 2. 

 

The ring-opening of the epoxide in 2 was confirmed through IR analysis of the product 3 and the starting 

material 2. It was observed that the product 3 had a strong OH stretching frequency at 3354 cm-1 in the 

IR spectrum. The starting material, epoxide 2, did not have indicative band (Figures 8 and 9). 



35 
 

Figure 8: FTIR spectrum of epichlorohydrin 2. 

 

Figure 9: FTIR spectrum of 3-chloro-1,2-propanediol 3. 

 

The formation of 3-chloro-1,2-propanediol 3 was further confirmed through NMR and MS analysis. The 

obtained 1H and 13C NMR spectra of 3 matched that reported in literature by Hamblyet al.102  

 

 

 

 

cm-1 
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2.3 Synthesis of 2-Chloromethyl-2,3-dihydrothieno[3,4-b]-1,4-dioxine 5 

 

The next step in the synthesis was the preparation of 2-chloromethyl-2,3-dihydrothieno[3,4-b]-1,4-

dioxine 5, through addition of 3,4-dimethoxythiophene 4 to diol 3.  

The mechanism by which this occurs is given in Scheme 23. Firstly, 3,4-dimethoxythiophene 4 is 

protonated (in this case by p-toluene sulfonic acid) to give intermediate 8. The primary alcohol in diol 3 

then acts as a nucleophile, attacking the electron deficient carbon in 8, with this driven by the loss of 

methanol. This then occurs again, intermolecularly between the adjacent position on the thiophene and 

the secondary alcohol moiety, resulting in cyclisation and formation of the benzodioxane ring, followed 

by subsequent deprotonation, resulting in the product 5.  

 

Scheme 23: Mechanism of the formation chloromethyl-EDOT 5. 

When the conditions by Zhang et al. were followed,103 that is diol 3 was reacted with thiophene 4 in 

toluene with p-toluene sulfonic acid at 50 °C for 24 hours, the reaction afforded the desired 2-

chloromethyl-2,3-dihydrothieno[3,4-b]-1,4-dioxine 5 in an acceptable yield of 50% (Scheme 24). 

 

Scheme 24: Synthesis of chloromethyl-EDOT 5 from diol 3. 
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Formation of the product was able to be confirmed through the use of 1H and 13C NMR. There are seven 

hydrogens in 5 and five unique proton environments, which was in accordance with the five signals 

seen in the 1H NMR spectra of the product (Figure 10).  

 

Figure 10:  1H NMR spectrum of chloromethyl-EDOT 5 (400 MHz; CDCl3). 

In the 1H NMR spectrum, the signal found at around 7.26 was due to chloroform and was used to 

calibrate the signals in the spectra as such, setting its ppm value to 7.26. Reading from the left, the next 

signal was a triplet at 6.30 ppm which had an integral corresponding to two protons. In chloride 5, there 

were two aromatic protons, H-1 and H-1′, which are known to give signals in this region of a 1H NMR 

spectra,104 so this signal was attributed to these protons. This signal was a triplet – even though these 

protons have no vicinal hydrogens, this is most likely due to meta coupling in the aromatic ring. The 

aromatic environment in the thiophene in this case dictates the high ppm value of these two protons.  

The next easily identifiable peak was a signal corresponding to CH2Cl (indicated as position 5 in the 

structure in Scheme 24). This peak at 3.69 ppm had an integral correlating to two and was split into a 

multiplet. This signal was at this value due to the lower deshielding effect of the less-electronegative 

chlorine compared to that of the oxygen, which is why the signal of H-5 is lower than that of H-3 and H-

4, which are directly adjacent to the electronegative oxygen. 

The remaining three protons were all present as separate signals, each with an integral of one proton. 

These were attributed to the two protons on carbon 3 (H-3) each having their own signal as a result of 

them being in different environments, fixed in the ring structure, and the proton at the 4-position, H-4. 

H-1, H-1’ 

H-4 

H-5 
H-3b 

H-3a 
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The identification of these last three peaks was made due to their multiplicity, wherein the two signals 

(4.29 ppm and 4.15 ppm) assigned as the H-3 protons having doublet of doublet splitting patterns, due 

to the coupling of the neighbouring hydrogen (H-4), and then again with the other hydrogen on the same 

carbon but different environment. This then left the final signal (4.37 ppm) corresponding to H-4, with 

the multiplicity being a multiplet. This complex splitting pattern was due to having vicinal protons in three 

different environments.  

There were seven carbon signals expected for the 13C NMR of the product, due to the seven unique 

carbon environments in the structure. The 13C NMR spectra of the synthesised product showed seven 

carbon signals (Figure 11).  

 

  

Figure 11: 13C NMR spectrum of chloromethyl-EDOT 5 (100 MHz; CDCl3). 

These signals were identified first by looking at the carbon environment that each specific carbon was 

in, and then correlation to the identified proton peaks using the 2D HSQC spectra (see annotated Figure 

12). The HSQC 2D NMR spectra shows signals for protons and carbons directly bonded to each other.  

The first two peaks that could most easily be identified had signals at 141.1 ppm and 140.7 ppm. These 

signals arose from carbons with a double bond, seen in the thiophene ring, along with two vicinal 

oxygens that increase its ppm value, as seen in carbons C-2 and C-2′. This was confirmed by no 

correlations for these carbons to any hydrogens on the HSQC, with these two carbons being the only 

carbon atoms with no protons attached.  

C-2, C-2’ 

C-1, C-1’ 

C-4 

C-3 

C-5 
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Identification of the next two signals, 100.2 ppm and 100.2 ppm, showed correlation on HSQC to the 

signal at 6.3 ppm on the 1H NMR spectra, therefore C’s C-1 and C-1′ in the aromatic ring, gave the 

signals corresponding to these signals.  

The next signal that was easily determined was at 66.6 ppm. This carbon signal was correlated to the 

signal of H-3 in the HSQC spectra, identifying this peak as that related to C-3. The signal at 72.9 was 

correlated to the proton with the ppm value of 4.37 ppm, therefore the peak at 72.9 ppm corresponds 

to C-4. This left the signal at 41.3 ppm, correlating to one proton signal at 3.69 ppm, with this identifying 

C-5 as its corresponding atom.  

 

Figure 12: HSQC NMR of chloromethyl-EDOT 5. 

Formation of the product was also confirmed by the disappearance of the starting material’s OH 

stretching frequency at 3354 cm-1 in the IR spectrum, when compared to the product 5 (Figure 13). 

 

Figure 13: FTIR spectrum of chloromethyl-EDOT 5. 
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2.4 Synthesis of EDOT-acetate 6 

 

With chloromethyl EDOT 5 in hand, the next step was to add the thioacetate group onto the side chain 

of the EDOT monomer. This was done through the reaction of 5 with s-thioacetate potassium salt, at 

50 °C for 24 h, forming the thioacetate derivative 6 following an aqueous work up (Entry 1, Table 1). 

This procedure was based on that reported by Ali and coworkers.105  

 

Table 1: Summary of conditions used in the synthesis of thioacetate-EDOT 6 chloride 5. 

 

 

 

Entry Solvent Time (hours) Yield 

1 DMF (solvent purifier) 16 87% + impurity 

2 DCM 16 14% 

3 DMF (bottle) 16 39% 

4 DMF (bottle) 24 56% 

 

While the yield of this reaction was acceptable, unfortunately there were impurities in the NMR that 

could not be removed from the product through high vacuum, distillation, or column chromatography. 

After repeated attempts at the reaction with the same occurrence, and seemingly no way to remove the 

impurity, focus then turned to changing the reaction conditions in the hope that altering these would 

lead to no impurity being formed or present.  

Attention first moved to the solvent. The impurity closely resembled features of the solvent, DMF, thus 

the solvent was changed to DCM, in the hopes that if the impurity was degradation of the DMF, it would 

no longer form. Pleasingly, this did result in the impurity not being seen, however the yield was 

significantly lower, at 14% (Entry 2), therefore it was decided to try alternative methods.  

After this, the reaction was repeated in DMF, but this time with a new bottle of R-grade solvent, under 

the same conditions as originally attempted. Fortunately, this yielded a pure product in 39 % yield when 

reacting for 16 hours, with no impurities (Entry 3). It is still unknown to what the impurity was, after 

extensive characterisation attempts, however the formation of the impurity had now been successfully 

eliminated and thus attention turned from discovering its identify, back to the synthetic task at hand. It 
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was also noted that when the reaction was performed for a longer reaction time of 24 hours, significantly 

higher yields up to 56% were able to be achieved (Entry 4).   

The mechanism for this reaction is shown in Scheme 25, where the nucleophilic sulfur attacks the 

electrophilic carbon, expelling the chlorine which is picked up by the positively charged potassium cation 

counterion. 

 

 

Scheme 25: Mechanism of EDOT-thioacetate 6 from EDOT-chloride 5. 

 

The success of the reaction the addition of the thioacetate group was confirmed by 1H NMR and 13C 

NMR. In the 1H NMR of the product 6, there was a new signal at 2.38 ppm, a singlet corresponding to 

the methyl group in the acetate. In the 13C NMR, there were two new signals, one at 194.9 ppm 

corresponding to the carbonyl carbon of the newly-added functionality and another at 29.3 ppm 

corresponding to the methyl group.  

The success of the reaction was also confirmed via IR, where a large peak at 1686 cm-1, corresponding 

to a carbonyl peak, was observed in the spectra of the thioacetate 6, that was not seen in the starting 

material, chloromethyl-EDOT 5 (Figure 14).  

 

Figure 14: FTIR spectrum of EDOT-thioacetate 6. 
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Furthermore, in the HRMS analysisof 6, the molecular ion was found at m/z 252.9965 corresponding to 

[M+Na+] which matched the expected mass of an ion with a formula of C9H10NaO3S2, at m/z 252.9964. 

 

2.5 Synthesis of EDOT-thiol 7 

 

The next step was deacetylation of the thioacetate 6 to give the resulting EDOT-thiol 7. This can be 

done in a number of ways, including use of a reducing agent (e.g. DIBAL) or hydrolysis.  

DIBAL-H, is a very strong, reactive reducing reagent, commonly-used used for various reductions 

including the conversion of carboxylic acids and their derivatives into aldehydes (and alcohols) and, 

analogously, thioacetates into thiols.  

The mechanism for a DIBAL reduction is given below (Scheme 26). First, the nucleophilic carbonyl 

oxygen attacks the electrophilic aluminium atom in DIBAL-H, forming intermediate 9. This is followed 

by a delivery of the hydride by DIBAL which results in formation of a neutral tetrahedral intermediate. 

Quenching of this intermediate in the reaction results in the formation of the thiol and acetaldehyde. 

 

Scheme 26: Mechanism of the formation EDOT-thiol 7 using DIBAL. 

 

It should be noted that DIBAL-H can potentially be a very harsh reagent and means of converting the 

thioacetate to a thiol. Additionally, the method of quenching of this reducing agent using aqueous (2 M) 
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hydrochloric acid, could potentially result in degradation of the resulting thiol. Furthermore, the DIBAL 

salts that are the result of quenching the reaction can make the work up and purification process through 

column chromatography, very difficult – please see more detail below.  

When the reaction between thioacetate 6 and DIBAL was first conducted, it was done so by reacting 6 

in dichloromethane at -78 °C, following the dropwise addition of a large excess (27 equivalents) of 

DIBAL (2 M in toluene) (Table 2, Entry 1). A first TLC analysis was performed after a reaction time of 

45 minutes, where formation of the product 7 was strongly suggested by a new spot forming  above the 

starting material, (Rf = 0.30, 3:1 petroleum ether, dichloromethane)) which was predicted to be higher 

than the starting material (Rf = 0.13, 3:1 petroleum ether, dichloromethane)) due to the presence of a 

more-polar thiol group being present, compared to the thioacetate. The crude material was purified 

through flash chromatography to give the desired thiol with a reasonably good yield of 75%.  

The aforementioned reaction conditions detailed as entry 1 in below, used literature conditions on 

Baloget al,106 and gave reasonably high yields as well as a fast reaction time of 45 mins, however such 

a high molar equivalent of DIBAL using this method resulted in some difficulties in the work up and 

purification procedures. Upon quenching of the reaction and attempted separation of the two phases, 

the large amounts of salts were present in the mixture, likely due to the overabundance of DIBAL-salts, 

resulting in the inability to separate the aqueous and organic layers. Bleach was used to attempt to 

separate the two layers as described by Velazquez, et al,107 to eliminate any additional hydrochloric 

acid that was also complicating the work up procedure. It should be noted that the use of bleach may 

have affected the yield of the resulting thiol due to potential degradation resulting from exposure to the 

bleach. Due to this reason, it was determined that reduced amounts of DIBAL-H would potentially allow 

for simpler reaction work up, in addition to reduced decomposition of the thiol compound. Therefore, it 

was decided to repeat the reaction with different molar equivalents of reagent to identify what molar 

equivalent of DIBAL-H give the greatest yields, i.e. maximum conversion of the thioacetate to thiol, with 

minimal degradation of the product and loss of material on the column.  

Following on from using 27 molar equivalents of DIBAL-H, reduced molar equivalences (21 mol, 20 

mol, 16 mol and 5 mol) were used in the reaction, resulting in easier work up processes - less acid (and 

no addition of bleach) was needed to quench the reaction and less salts were formed (Table 1, Entries 

2, 3, 4 and 6). These reactions led to a reasonable yield’s of 78%, 55%, 53% and the smaller yield of 

35%, respectively.  

In order to ascertain if changing the method of DIBAL-H addition to the reaction, Entry 5 details an 

attempt in which the reducing agent was added at different times during the reaction. Firstly, addition 

of 4 equivalents of DIBAL-H was added at the initiation of the reaction, which was the same as that of 

entry 4. TLC analysis showed that the reaction had not gone to completion, after 45 minutes and an 

additional 4 equivalents of DIBAL-H was added and reacted for another 45 minutes. This method 

ultimately produced the desired product in a (75%) yield similar to the best seen before (74% and 78% 

for Entries 1 and 2, respectively). Lastly, the reaction was attempted with even less molar equivalents 

of DIBAL-H (2.5 mol), which gave the product in a reasonably good, but lower, yield of 53%. 
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Table 2: Deacetylation of EDOT-thioacetate 6 using DIBAL-H. 

 

Entry Molar equivalents of 

DIBAL 

Reaction time (mins) Yield of thiol 9 

1 27 45 74%  

2 21 45 78%  

3 20 45 55% 

4 16 45 53%  

5 8 (4M eq. spilt over 45 

minute intervals) 

90 75%  

6 5 45 35%  

7 2.5 45 53%  

 

The success of the reduction of the thioacetate group was confirmed by 1H NMR and 13C NMR. In the 

1H NMR of the product 7, there was a new signal at 1.63 ppm, a singlet corresponding to the thiol group. 

Additionally, there was the disappearance of the large singlet peak at 2.38 that was present in the 

starting material, attributed to the methyl peak in the acetate functionality. In the 13C NMR, there were 

two signals in the starting material that were no longer present in 7; one at 194.9 ppm, corresponding 

to the carbonyl carbon, and another at 29.3 ppm corresponding to the methyl group. The 1H NMR and 

13C NMR spectra of thiol 7, with assignments, are shown in Figures 15 and 16, respectively.  

Additionally, in the HRMS analysis of 7, the molecular ion was found at m/z 153.0523 corresponding to 

[M+Na+] which matched the expected mass of an ion with a formula of C7H8NaO2S2, at m/z 153.0522. 
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Figure 15: 1H NMR spectrum of thiol 7 (400 MHz; CDCl3).  

 

Figure 16: 13C NMR spectrum of thiol 7 (100 MHz; CDCl3). 
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Confirmation of deacetylation was also confirmed when looking at the FTIR of thiol 7 (Figure 17). It can 

be seen that the large peak at 1686 cm-1 in thioaceate 6 was not present in the thiol 7, confirming the 

successful removal of the carbonyl group. Additionally, a new signal at 2678 cm—1 was observed, 

corresponding to the unmasked thiol group now present in 7. 

 

 

Figure 17: FTIR spectrum of (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanethiol 7. 

 

While the yields obtained with the DIBAL reductions were acceptable, it decided to assess if base-

mediated hydrolysis would be able to affect the required transformation in better yields. The mechanism 

for this process starts off by a by attack of the hydroxide anion to the carbonyl carbon and formation of 

the tetrahedral intermediate (Scheme 27). The electrons on the oxygen then reforming the carbonyl 

resulting in elimination of acetic acid. The negatively charged sulfur atom is then protonated by the 

acetic acid carboxylic acid, forming thiol 7. 
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Scheme 27: Mechanism of the formation thiol-EDOT 7 with base hydrolysis. 

 

Unfortunately, when this reaction on thioacetate 6 was attempted, using sodium hydroxide as the base 

and stirring in ethanol, first at room temperature and with a second attempt at 50 °C, both reactions 

resulted in very poor yields of the product (~5% for reactions at both temperatures, Scheme 28).  

 

Scheme 28: Attempted base-mediated hydrolysis of thioacetate 6. 

 

The reaction was initially believed to have worked, by monitoring with TLC, and examination of the 1H 

and 13C NMR spectra of the obtained crude product did show signals thought to belong to the product 

7, though they were of small intensity. What was seen in the NMR, however, was signals related to the 

starting material.  

Following this unexpected and unsuccessful attempt at using hydrolysis to cleave the acetate from 6, it 

was decided to proceed onwards with the DIBAL-mediated reaction, described earlier.  
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It should be noted that it was also observed through NMR analysis, that when left for periods of time, 

thiol 7 was shown to be unstable. This was identified by the fact that there was a reduction in peak 

intensity of the signal at 2.3 ppm in the 1H NMR spectra, corresponding to the S-H in 7 after leaving the 

material for 7 days. It is postulated that due to the tendency of thiols to form disulfide bonds, a coupling 

reaction between thiol molecules occurred, resulting in the formation of a dimer 10, with a strong 

disulfide linkage (Scheme 29). After finding this out, whenever thiol 7 was made, it was reacted as soon 

as possible.   

 

Scheme 29: Disulfide bond formation between two thiol 7 molecules to form a disulfide-linked dimer 

10. 

 

The mechanism for this dimerisation is given below (Scheme 30). The lone pair of electrons on one of 

the thiols, acts as a nucleophile and attacks another molecule of 7 with the thiol acting as the 

electrophile. The loss of a proton forms a cationic intermediate which is then deprotonated to give the 

dimerised molecule 10. 

 

Scheme 30: Mechanism of disulfide bond formation between two thiols. 
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When the MS of thiol 7 after storage for a week was measured, a signal at m/z 398 was seen which 

was similar to that expected for the dimer [MNa+], indicating that the dimer 10 was forming with 

prolonged storage of thiol 7 (Figure 18). 

 

Figure 18: MS of thiol 7 after storage for several days. 

 

2.6 Synthesis of Target Functionalised Monomer 1  

 

The final reaction for the synthesis of the desired monomer, SS-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-

yl)methyl) O-methyl carbono(dithioperoxoate) 1, was a substitution reaction, reacting thiol 7 with 

methoxycarbonylsulfenyl chloride. The mechanism for this reaction is as shown, where the lone pair of 

electrons on thiol 7, attacks the sulfur atom on the methoxycarbonylsulfenyl chloride and chlorine acts 

as a leaving group. The positively charged sulfur atom is then deporotonated to yield product 1 (Scheme 

31).  

 

Scheme 31: Mechanism of the formation methoxycarbonylsulfenyl 1 from thiol 7. 
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In the first attempt of this reaction, a solution of thiol 7 in dry dioxane was reacted with one equivalent 

of methoxycarbonylsulfenyl chloride at room temperature. Disappointingly, only starting material was 

returned under these conditions (Table 3, Entry 1). This was indicated by analysis of the 1H NMR 

spectra of the crude product which showed no appearance of any signal for the carbonyl group.  

Following this result, it was decided to change a range of different factors in the procedure in turn, 

including (i) changing the solvent system used, (ii) decreasing the temperature, (iii) increasing the 

reaction time, (iv) combinations of all (Table 2 and see further details below).  

The first two attempts (Entries 1 and 2) were both carried out in dioxane following a procedure described 

in the literature,108 however both of these reactions unfortunately showed no resulting product, returning 

the starting material, with increasing the reaction time having no effect.  

 

Table 3: Attempted formation of final monomer 9 under different conditions. 

 

Entry Solvent Temperature (°C) Reaction time 

(hours) 

Yield of 1 

1 Dioxane R.T 24 no product 

formed 

2 Dioxane R.T 48 no product 

formed 

3 Dichloromethane R.T 24 25%  

4 Dichloromethane R.T 48 26%  

5 Dichloromethane 0 24 no product 

formed 

6 Dichloromethane 0 8 no product 

formed 
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As both reactions in dioxane did not work, a change of the solvent system made to dichloromethane. It 

was noted that changing the solvent did increase the solubility of the starting material 7 in solution. After 

a 24-hour reaction, the starting material’s concentration appeared to decrease by TLC monitoring. The 

starting material spot (Rf = 0.3; 3:1 petroleum ether, dichloromethane) decreased in intensity, while a 

new spot (Rf = 0.12; 3:1 petroleum ether, dichloromethane) formed and became more intense as the 

reaction progressed. Following work up of the reaction, the components in the crude product were 

separated through flash chromatography, where the product in the first fraction was found to be the 

starting material, 7, while the desired product 1 was collected in a second fraction in a yield of 25% 

(Entry 3).   

Formation of the targeted compound was indicated by analysis of the 1H and 13C NMR data of the 

product. The signals related to the EDOT core structure were very similar to those seen in EDOT-

chloride 5, EDOT-thioacetate 6 and EDOT-thiol 7, already discussed previously, however a new peak 

was seen at 3.84 ppm in the 1H spectra, indicative of a new methoxy moiety. This signal was directly 

correlated to a new signal in the 13C NMR at 55.9 ppm in the HSQC 2D NMR spectra, indicating that 

these atoms were directly bonded to each other. In addition, a new signal due to the added carbonyl 

carbon was seen at 169.4 ppm, where in the NMR of the starting material, this peak is absent.  

The formation of the desired compound was further confirmed through mass spectrometry, were the 

molecular ion of C9H10O4S3Na, at 300.9633 m/z was found using high-resolution mass-spectrometry 

analysis, which matched the expected value of 300.9644 for 1, confirming the desired compound was 

successfully synthesised. 

The formation of the desired compound was also confirmed with FTIR analysis (Figure 19), where the 

thiol signal in the starting material 7 at 2678 cm-1 was no longer apparent. Additionally, there was a new, 

strong peak at 1763 cm-1, which was attributed to the carbonyl functional group in the newly-installed 

methoxycarbonylsulfenyl moiety.  

 

Figure 19: FTIR spectrum of the synthesised SS-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-

methyl carbono(dithioperoxoate) 1. 
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The promising result of forming the product for the first time was very pleasing, however the yield of the 

product was poor, and so optimisation was attempted in order to increase the yield of this product. This 

was first done by maintaining the successful conditions, but increasing the time to 48 hours (Entry 4). 

While it was hoped that this change would increase the yield, it did not and the increased reaction time 

only resulted in a non-significant change from Entry 3, providing the same yield of product with double 

the time.  

In an attempt to minimise any potential side reactions that might be occurring to cause this low yield 

and increase the yield of the newly formed product, it was speculated that reducing the temperature 

could enable the reaction to get close to completion, due to the high reactivity and strong bonds that 

are formed during the reaction. Entries 5 and 6 represent reactions both done at 0 °C but with different 

reaction times, which unfortunately showed no evidence that lowering the temperature would had any 

positive effect, with no desired product isolated from these reactions. 

As ample quantities of the desired functionalised monomer 1, SS-((2,3-dihydrothieno[3,4-b][1,4]dioxin-

2-yl)methyl) O-methyl carbono(dithioperoxoate), was able to be synthesised through this route, albeit 

with a lower-than-desired yield for the final step, it was decided to turn attention to polymerisation of 

these compounds in the next stage of this investigation. 

 

2.7 Summary 

 

Despite the difficulties with the final step, it was very pleasing that the targeted molecule 1 was able to 

synthesised, for first time, in 5.25 % yield over five steps (Scheme 32).  
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Scheme 32: Overall reaction scheme for the formation of SS-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-

yl)methyl) O-methyl carbono(dithioperoxoate) 1 from epichlorohydrin 2. 

 

With the targeted functionalised EDOT monomer 1 in hand, the first major goal of this project was 

successfully achieved. The next step was to explore polymerisation of this compound, as well as other 

potential monomers synthesised along the synthetic route.   
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3.1 Electropolymerisation of monomers 1, 6, 7 and EDOT  

 

After successful synthesis of the desired monomers, including the targeted functionalised monomer 1, 

the next step in the research was to polymerise this and the other EDOT monomers synthesised in 

Chapter 2 and to test the electrochemical activity of the resulting polymers. Two methods were first 

identified for the polymerisation of the EDOT monomers; electropolymerisation and chemical 

polymerisation. 

Electropolymerisation, first shown in 1988, is the process in which obtention of a polymer takes place 

through the application of a current to an electrode immersed within a solution containing the monomer 

of interest. Electropolymerisation is similar to that of oxidative chemical polymerisation (see below), 

however the major difference is that no oxidants are used. In this technique, the monomer is oxidised 

by a potential that is applied at the electrode, in a three-electrode system (counter electrode, reference 

electrode, and working electrode) in a electrolyte solution (Figure 20).109–111  The electrolyte solution 

usually contains small molecules as electrolytes, and the commonly used electrolytes are lithium 

perchlorate (LiClO4), 1-butyl-3-methylimidazolium hexaphonate (BMIMPF6), and lithium bis 

(trifluoromethosulfonyl) amide (LiTFSI). In the process of electropolymerisation, the anions of the 

electrolyte are doped into the polymer as counterions to stabilise the charge in the polymer. 

Furthermore, anions greatly affect the morphologies, photoelectric properties, and mechanical 

properties of polymeric films.109–111 Therefore, the electrolyte can be changed to introduce different 

counterions, and then the conductivity of the polymer film can be adjusted. 

 

Figure 20: Set up of an electrochemical sensor with the three electrodes in solution. 

 

Polymer formation can also be controlled though the number of cycles run and/or the current/potential 

that is applied to the electrode. The higher the number the cycles and the higher the current, generally 

the higher molecular weight the formed polymer will be. The benefit of using electropolymerisation is 

that it is highly controllable and can be effectuated very precisely.  

The mechanism of polymerisation of EDOT is seen below (Scheme 33), where the electrode removes 

an electron from the EDOT molecule, resulting in a stabilised radical. Two radicals can then each donate 
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an electron to form a covalent bond between monomers and rearomatisation of the thiophene rings 

results in the loss of two protons.  

 

 

 

Scheme 33: Mechanism of electropolymerisation of EDOT to form PEDOT. 

 

It has been shown that electropolymerisation to form PEDOT-based monomer can be done in multiple 

different ways, where in most case, changing of the electrolyte is done to induce different counterions 

into PEDOT. In electropolymerisation, one way for the polymerisation of PEDOT to be done is by cyclic 

voltammetry (CV), in acetonitrile/water, applying poly(styrenesulfonic acid) (PSSH) or its sodium salt 

(PSSNa).112 Another report was using EDOT monomer in the presence of 120 mM of 

tetraethylammonium tetrafluoroborate, with 10 mM of the monomer in solution, in a deionised water 

solution. This solution, was polymerised by applying a current of 6 nA, over 150 seconds to give the 

final polymer.113 

Chemical polymerisation is the process in which a chemical oxidant is used to abstract two hydrogen 

atoms from a monomer, enabling the polymerisation of the monomer (Scheme 34). This process can 

also be described as a polycondensation. The benefits of chemical polymerisation include that it can 

be performed easily on a large scale, although negative aspects are that it is far less controllable than 

electropolymerisation.  
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Scheme 34: Chemical polymerisation of EDOT to form PEDOT. 

Chemical polymerisation is a commonly used method to synthesise PEDOT, and for the most part has 

become the main method of doing so. Oxidative chemical polymerisation has been shown by two 

methods, the first where iron p-toluenesulfonic acid (III) is introduced as the oxidant, resulting in 

insoluble PEDOT powders, that have high conductivity seen in Scheme 35.114 Iron is not the only metal 

ion that has been used for the oxidant, and cerium(IV), manganese(IV) and copper(II)-containing 

species have also been used as the oxidant to synthesise PEDOT.114 

 

Scheme 35: Chemical polymerisation using iron p-toluenesulfonic acid (III) as an oxidant. 

The next type of chemical polymerisation that is possible is in-situ chemical polymerisation, which unlike 

the oxidative chemical polymerisation, allows for the polymerisation directly onto a substate, under film-

forming conditions.114–117 The reaction mechanism is generally parallel to the oxidative polymerisation 

seen in Scheme 34, however is performed with metal ions with high oxidation states such as iron or 

manganese. Alcohol-soluble iron salts of sulfonic acids are ideal oxidants due to the limited solubility of 
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EDOT in water. The simplest method of in-situ polymerisation is solution-cast polymerisation, where 

the EDOT and oxidant are dissolved in alcohol, then the mixture is cast onto the target substrate, 

followed by an annealing treatment to assist polymerisation, as seen in Scheme 36.111 Finally, the 

solution is rinsed to remove the excess reagents. The oxidant plays the most important role in the 

polymerisation, as the rate limiting step is the monomer being oxidised by the oxidant to generate free 

radicals. 

 

Scheme 36: Casting polymerisation for the formation of PEDOT.  

Another common synthesis method for in-situ polymerisation, is Vapor-Phase Polymerisation (VPP). In 

this method, reactants participate in the reaction when in a gaseous state. VPP involves three steps 

(Scheme 37), the first (i) is depositing a solvent containing an oxidant and/or additive on a substrate by 

a solution processing method; the second (ii) is exposing the coated substrate to the EDOT monomer 

vapor in a closed chamber for polymerisation; and lastly, (iii) washing the deposited film to remove 

residual oxidant and adsorbed monomer. Oxidation reaction occurs at the interface between oxidants 

and monomers in gas phase.  

 

Scheme 37: Vapor-Phase Polymerisation (VPP) to form PEDOT. 
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For this work, electropolymerisation was chosen due to the fact that chemical polymerisation is less-

controllable, could be low yielding and the unknown, but potentially negative, effects that an oxidant 

could have on the side chains of the synthesised monomers.  

The electropolymerisation of four different EDOT-based monomers on a gold electrode were 

investigated, all (except one, EDOT) of which were synthesised earlier in this work. The monomers 

were EDOT-acetate 6, EDOT-SH 7, and SS-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl 

carbono(dithioperoxoate 1, with  EDOT itself for comparison. All four of these monomers were 

polymerised by cyclic voltammetry (CV). 

Cyclic voltammetry (CV) is an electrochemical technique which measures the current that develops in 

an electrochemical cell under conditions where volage is in excess of that predicted by the Nernst 

equation.118 CV is performed by cycling the potential of a working electrode, and measuring the resulting 

current, versus time. The potential of the working electrode is measured against the reference electrode, 

which contains a constant potential. Measuring the current can show the potential resulting from a single 

electron reduction and oxidation. Furthermore, study and inspection of the results CV curves can give 

tremendous insight into the electrochemical processes that are taking place, as well as the electronic 

properties of the material (the formed polymer, in this case).  

The monomers were all polymerised using the same conditions, that is a potential between -0.4 V and 

1.4 V and a scan rate of 50 mV/s for 10 scans/cycles. The resulting CV polymerisation curves are shown 

in Figure 21 below.   
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Figure 21: CV polymerisation curves of (A) EDOT, (B) EDOT-thioacetate 6, (C) EDOT-SH 7 and (D) 

EDOT-methoxycarbonylsulfenyl 1, in PBS solution, using CV cycling at 0.1 V/s with 10 scans, where 

the arrows show the increase in polymerisation. 

 

The first trial polymerisation was performed on EDOT, with the resulting CV seen in Figure 21A. This 

curve shows extremely good polymerisation and successful formation of PEDOT. This can be observed 

by the increasing difference of the currents in the oxidation and reduction parts of the cycle, indicating 

polymer growth on the electrode. This polymerisation was completed as a reference, for a known, 

related and excellent electropolymer with good electrochemical properties. 

The next monomer to be polymerised was EDOT-thioacetate 6, as shown in Figure 21B. The resulting 

CV polymerisation curve shows an increased current of the oxidation peak at ca. 0.2 V and reduction 

peak at ca. 0.1 V after each cycle, indicating that poly(EDOT-thioacetate) poly-6 was being 

successfully electrodeposited onto the gold electrode during the CV scanning. This was a very positive 

result, as it showed the electropolymerisation was very effective for this novel monomer and the polymer 

was being successfully synthesised and produced.  

EDOT-thiol 7 was the next monomer to be trialled for its polymerisation capabilities. As seen in Figure 

21C, this monomer showed significantly reduced polymerisation capability compared to EDOT and 

EDOT-thioacetate 6. The polymerisation process appeared to start off well, with the first cycle indicating 
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a successful formation of the polymer on the electrode, albeit with a much smaller current when 

compared with EDOT (Figure 21C). Unfortunately, as can be seen from the 2nd to the 10th scans, the 

current decreases after each sequential scan. This shows the polymer, poly(EDOT-thiol) poly-7, is no 

longer growing at a consistent rate, and after each sequential scan the amount of polymer that is being 

added is reduced. This indicates that this monomer was not effectively and efficiently converted to its 

desired polymer using this method. This was a disappointing result and could potentially be rationalised 

by the fact that the polymerisation processes were being affected by the free thiols on the appended 

side chain, this being the only difference between 7 and EDOT/ EDOT-thioacetate 6 which were so 

successfully electropolymerised,   

The last trailed polymerisation was that of functionalised monomer 1, SS-((2,3-dihydrothieno[3,4-

b][1,4]dioxin-2-yl)methyl) O-methyl carbono(dithioperoxoate). The results of the electropolymerisation 

are seen in Figure 21D, which, unfortunately, shows the lowest electropolymerisation levels of all the 

monomers investigated in this work. Similar to that seen for poly(EDOT-thiol) poly-7 in Figure 21C, 

the polymerisation process began well, showing potential for good polymerisation with good increase 

in current in the first scans. However, as seen from the 2nd to the 10th scans, the current decreases after 

each sequential scan. When comparing the redox peak currents of the four polymers, poly(SS-((2,3-

dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl carbono(dithioperoxoate) poly-1, gave the 

lowest peak current, indicating the poorest electrochemical activity. Once again, it was theorised that it 

was potentially the sidechain functionality that was negatively impacting the polymerisation of this 

monomer.  These were mixed results, but nevertheless, further investigations were made into the 

resulting polymers.  

In addition to the electropolymerisation activity that was investigated above (i.e. generation of the 

polymers from the monomers), electrochemical activity of each formed polymer was subsequently 

tested by CV in a monomer-free solution (PBS buffer) at different scan rates (Figure 22). This was 

carried out to assess the electrochemical activity of the polymer itself, without influence of and of the 

monomer being in solution.  
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Figure 22: CV measurements in PBS buffer (monomer-free) of (A) PEDOT, (B) poly(EDOT-

thioacetate) poly-6 (C) poly(EDOT-thiol) poly-7 and (D) poly(SS-((2,3-dihydrothieno[3,4-

b][1,4]dioxin-2-yl)methyl) O-methyl carbono(dithioperoxoate) poly-1. 

 

Looking at the CV measurements of these polymers, a number of observations can be made. Firstly, 

PEDOT shows the highest redox current, seen in figure 22A. This was unsurprising and was due to its 

excellent conducing polymer qualities. This CV of PEDOT shows the profile of an optimal polymer and 

what would be desired to be seen for the other polymers in this study. 

The next polymer to have its electrical activity assessed was poly(EDOT-thioacetate) poly-6. As seen 

in Figure 22B, the CV of this polymer showed an oxidation peak at ca. 0.45 V and reduction peak at 0.3 

V. Comparing poly (EDOT-thioacetate) poly-6 to PEDOT, both show very similar electrical activity and 

redox current, enabling the conclusion that poly(EDOT-thioacetate) poly-6 is a very good conducting 

polymer. There was no oxidation or reduction peaks seen in the PEDOT, so it can be assumed that 

these peaks are due to the presence of the CH2-thioaceate sidechain on the core PEDOT structure, 

which is contributing to these redox potentials.  

Electrical activity of the poly(EDOT-thiol) poly-7 was then tested, seen in Figure 22C. Results from 

this showed an oxidation peak at ca. 0.25 V and reduction peak at 0 V. The major difference that can 

very notably seen here is the scale of the detected electrochemical activity, wherein the first two 

polymers had currents into the hundreds of µA, the CV of this material is only showing activity at currents 
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below 10 µA, showing a huge reduction in the electrochemical activity compared to that of the 

poly(EDOT-thioacetate) poly-6 and PEDOT. This indicates that while poly(EDOT-thiol) poly-7 does 

show electrical activity, it is not as active as the other polymers. This is in line with the results observed 

in the electropolymerisation of the monomers, which showed that poly(EDOT-thiol) poly-7, while 

formed, did not show growth with increased scans/cycles, indicating sub-par performance 

Lastly, electrical activity of poly(SS-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl 

carbono(dithioperoxoate) poly-1 was tested, as seen in Figure 22D. Unfortunately, the current of this 

polymer drops significantly compared to the other polymers, to below 0.5 µA, much lower than the 

others. This indicates that there was minimal electrical activity associated with this formed polymer, 

poly-1. Regrettably, no obvious redox peak was observed for this polymer.  

From these results it could be concluded that the electrochemical activity of PEDOT had the greatest 

activity followed closely by that of the poly(EDOT-thioacetate) poly-6. From these two polymers, there 

was a significant drop-in electrochemical activity for the other formed polymers, poly(EDOT-thiol) poly-

7 and poly(SS-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl 

carbono(dithioperoxoate) poly-1 with the latter having the lowest electrochemical activity of the 

generated polymers. This was regrettable; with both poly(EDOT-thiol) poly-7 and poly(SS-((2,3-

dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl carbono(dithioperoxoate) poly-1 having 

very low electrochemical activities and low electrochemical polymerisation, it was not feasible to form 

the polymer of interest through polymerisation of functionalised monomer 1. As such, it was decided to 

change the approach, to instead use the polymer with the thioaceate functionality that was able to 

polymerise very well, poly(EDOT-thioacetate) poly-6, and then convert the sidechain of this polymer, 

first removing the acetate and then adding the methoxycarbonylsulfenyl functionality (Scheme 38).  
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Scheme 38: New proposed method for the formation of poly-1. 

 

3.2 Synthesis and Sensing Performance of Co-Polymers with Methoxycarbonylsulfenyl Moiety, 

(Poly(EDOT-methoxycarbonylsulfenyl-co-EDOT) 

 

Before efforts were made to install methoxycarbonylsulfenyl moieties on the sidechains (see Scheme 

38 for revised strategy), it was decided to make and assess the biothiol sensing performance of a co-

polymer made with functionalised monomer 1 and EDOT, in order to see if it were feasible to use this 

this functional group to detect biothiols.  

It was decided to use glutathione (GSH) as a model thiol, for this testing. This was because it is a 

biologically-important molecule that there is interest in detecting (as outlined in Chapter 1, Section 

1.3.1). Glutathione is also readily available, commercially, so was very convenient to use. The 

glutathione-sensing abilities of the synthesised polymers were assessed by exposing them to a solution 

of glutathione and looking for a change in polymer electrochemical activity. This would indicate 

interaction between the polymer and the glutathione and hence the ability of assessing the presence of 

the thiol using the conducting polymer. The (change in) electrochemical activity was able to be 

measured through CV (looking at the oxidation peaks), differential pulse voltammetry (DPV, graph of 
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differences between measured currents and applied potentials) and/or electrochemical impedance 

spectroscopy (EIS, analysis of the impedance spectrum of the electrode).  

In this system, PEDOT was used as a co-polymer for the functionalised monomer. Co-polymerisations 

are extremely important in electrochemistry as they allow for extended polymers and separation 

between functional groups, without losing the important electrochemical properties that the conducting 

polymer has. In this system, it was decided that PEDOT be used as the copolymer, due to this having 

the same backbone as the functionalised monomer. The benefit of using EDOT monomers would be 

that it would space the functionalised monomers apart, reducing the possibility of interaction between 

the sidechains of the functionalised monomers which could potentially result in sub-optimal sensing 

performance. This is because disulphide bridges between the sidechains of the functionalised 

monomers could form by their reaction with each other if groups were too close together. Additionally, 

it was thought that if the functionalised sidechains were too close together, sensing large analytes such 

as glutathione, at one site could block other nearby sites. This would hinder and limit sensor 

performance.  

Two co-polymers were made using a 20 and 10 second chronoamperometry polymerisations (1.5V, 

0.01s) of EDOT-methoxycarbonylsulfenyl 1 and EDOT in a 50:1 ratio of EDOT to EDOT-

methoxycarbonylsulfenyl 1. Chronoamperometry is the technique in which a potential of the working 

electrode is increased in stages, and the resulting current from faradaic processes occurring at the 

electrode (caused by the potential step) is monitored as a function of time. It can be used to study the 

kinetics of the chemical reaction, as well as polmyerisation, as current is plotted agaisnt time. 119 

An additional (to those stated above) reason why a co-polymer was used instead of a polymer made 

solely of the functionalised monomer, was that it was thought that co-polymerisation of EDOT, with the 

excellent electrochemical properties of its polymer, would give a resulting co-polymer that had very 

good properties. Furthermore, as mentioned above, having the functionalised sidechain on each unit 

would not be useful as steric hinderance would mean that the thiol would not be able to interact with 

each unit – having a co-polymer would allow for the spacing out of these functionalised, reactive side 

chains and a 50:1 ratio was deemed a good starting point to allow for ample spacing of functionalised 

sidechains.  

Once the co-polymers 10s-poly(EDOT-methoxycarbonylsulfenyl-co-EDOT) and 20s-poly(EDOT-

methoxycarbonylsulfenyl-co-EDOT) were formed, detection of glutathione was assessed. The 

concentrations of GSH that were exposed to it were 1 μM and 10 μM in PBS. Figure 23 and 24 shows 

the results of the 10-second co-polymerisation polymer and 20 second co-polymerisation polymer, 

respectively, when incubated with glutathione. Unfortunately, it shows that there was little (some for the 

10s-copolymer, promising but not sufficient to use as a sensor) to no change (for the 20s-copolymer) 

in the Electrochemical Impedance Spectroscopy (EIS) after incubation of these co-polymers with 

glutathione.  
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EIS is an important technique, used for the analysis of interfacial properties related to bio-recognition 

events, occurring at the electrode’s surface. EIS is one of the most complex of electrochemical methods, 

and it can used for analysis such as antibody-antigen recognition, substrate-enzyme interactions, whole 

cell capturing, and in this case polymer-substrate interactions. It uses a sample amplitude, alternating 

current (AC) signal to probe the impedance characteristic of the analyte. The AC signal is scanned over 

a wide range of frequencies to generate an impedance spectrum for the electrochemical cell under test. 

In this investigation of glutathione detection of the co-polymers, a direct detection method was applied, 

where the electrode was oxidised in a solution of the analyte using an electrical current, as seen in 

Figure 23 and 24, wherein, unfortunately, the exposure of 1 μM and 1 mM of glutathione to the co-

polymers showed no significant change in the EIS.  

 

 

Figure 23: EIS of 10s-poly(EDOT-methoxycarbonylsulfenyl-co-EDOT) before and after the 

detection of 1 µM and 10 mM. 
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Figure 24: EIS of 20s-poly(EDOT-methoxycarbonylsulfenyl-co-EDOT) before and after detection of 

1 µM and 10 mM. 

 

To explore CV-copolymerisation to form poly(EDOT-methoxycarbonylsulfenyl-co-EDOT), EDOT-

methoxycarbonylsulfenyl 1 and EDOT in a 1:1 ratio of EDOT to EDOT-methoxycarbonylsulfenyl 1 

co-polymerised using a potential between -0.4 V and 1.4 V and a scan rate of 50 mV/s for 5 

scans/cycles. The resulting CV polymerisation curve is shown in Figure 25, showing successful 

polymerisation, with the current increasing with increasing numbers of cycles. 

  

Figure 25: CV co-polymerisation of EDOT-methoxycarbonylsulfenyl 1 and EDOT (1:1), CV cycling at 

0.1 V/s, for 5 cycles.  

The electrochemical activity of poly(EDOT-methoxycarbonylsulfenyl-co-EDOT) was assessed by 

CV in a monomer-free solution (PBS buffer) at different scan rates (Figure 26). The CV shows that the 

co-polymer has decent electrical activity and redox current. 
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Figure 26: CV measurements in PBS buffer of poly(EDOT-methoxycarbonylsulfenyl-co-EDOT).  

Once the co-polymers was formed, detection of glutathione was assessed. The concentrations of GSH 

that were exposed to it were 1 μM and 1 mM in PBS. Figure 27 shows the results CV-formed poly(EDOT 

methoxycarbonylsulfenyl-co-EDOT), when incubated with glutathione. Unfortunately, it shows that 

there was to no change in the Electrochemical Impedance Spectroscopy (EIS) after incubation of the 

co-polymer with glutathione.  
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Figure 27: EIS of CV polymerised-poly(EDOT methoxycarbonylsulfenyl-co-EDOT) before and after 

the detection of 1 µM and 1 mM.  
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These initial results show that there was no significant change in the EIS of the co-polymers from when 

they were exposed to the glutathione compared to when they were immersed in a non-glutathione 

containing solution. This indicated that there was no evidence of any interaction between the co-

polymers and glutathione, and they were not sensing the biothiol. The reason for this was likely due to 

difficulties with the co-polymerisation, wherein the EDOT has a much higher polymerisation rate than 

that of the functionalised monomer. When polymerisation occurred, it is postulated that little to no target 

monomer 1 would have been added to the co-polymers, leading to the presence of very few of the 

functionalised side chains that would be able to interact with a thiol. Without these sidechains, it is likely 

that very little glutathione reacted with the co-polymers, resulting in negligible change in electrochemical 

activity and poor thiol detection.  

3.3 Synthesis and  Sensing Performance of Co-Polymers with Thiol  Moiety (poly(EDOT-thiol-

co-EDOT) 

 

As the monomer and resulting polymers with a functionalised sidechain with a methoxycarbonyl sulfenyl 

group appeared to not be very useful for polymerisation and thiol sensing, attentions were then turned 

to other potential functional groups that could take part in biothiol sensing. It is known that thiols react 

with other thiols, and it was thought that perhaps a sidechain with a thiol group (i.e. a polymer generated 

from the EDOT-thiol 7 monomer) would be able to be used to detect thiols. 

A new co-polymer was subsequently formed, this time using EDOT and EDOT-thiol 7 as the two 

monomers, under CV polymerisation -0.2-1.4V for 10 cycles, making poly(EDOT-SH-co-EDOT). For 

every 1 unit of the EDOT-SH, there was 1 units of EDOT, for a 1:1 ratio. As can be seen in Figure 28, 

the CV polymerisation looked to be successful, with evidence that the copolymer was being deposited 

on the electrode with increasing CV cycles.  

 

Figure 28: CV co-polymerisation of EDOT-thiol 7 and EDOT (1:1). 
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Unfortunately, however, when GSH sensing performance of the formed poly(EDOT-SH-co-EDOT) was 

assessed through EIS (Figure 29), it was found that there was no evidence of any interaction between 

the copolymer and GSH.  
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Figure 29: EIS of poly(EDOT-SH-co-EDOT) in 1 mM glutathione.  

 

This was a disappointing result, but it was hypothesised that the reason why the poly(EDOT-SH-co-

EDOT) co-polymer was not sensing the presence of glutathione was because of difficulties associated 

with forming the co-polymers with a thiol sidechain and poor polymerisation compatibility of monomer 

EDOT-thiol 7 with EDOT – it is postulated that the formed co-polymer was predominantly (perhaps to a 

very large extent) composed of only the non-functionalised EDOT monomers.  

 

3.4 Synthesis, Reaction and Sensing Performance of Co-Polymers with Thioacetate Moiety 

(Poly(EDOT-thioacetate-co-EDOT) 

 

As seen in Section 3.1, poly(EDOT-thioacetate) poly-6 was able to be successfully polymerised, 

however the formation of poly(EDOT-thiol) poly-7 and poly(SS-((2,3-dihydrothieno[3,4-

b][1,4]dioxin-2-yl)methyl) O-methyl carbono(dithioperoxoate) poly-1 were not as successful. As 

such, it was decided to co-polymerise EDOT-thioacetate 7 with EDOT and then react the sidechains on 

the formed co-polymer. This first reaction it would undergo would be removal of the acetate moiety to 

give the free thiol, which as stated in Section 3.3, could potentially interact with biothiols present.  

 

Two potential methods were trailed to reduce the thioacetate, one chemical and the other 

electrochemical. It was thought that the chemical reduction, could use either base-mediated hydrolysis 
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or reduction with DIBAL-H, and the electrochemical reduction would use changing potentials to cleave 

the thioacetate bond.  

 

3.4.1 Synthesis and Electrochemical Analysis of Poly(EDOT-thioacetate-co-EDOT) 

 

Firstly, the co-polymer made from EDOT and EDOT-thioacetate 6, poly(EDOT-thioacetate-co-EDOT) 

was made. Co-polymerisation was achieved using CV with a ratio of 10:1 (10 mM EDOT and 1 mM 

monomer 7) in the potential range from -0.2-1.4V, at 50 mv/s for 5 cycles (Figure 30A).  

The CV of the polymerisation shows very good polymerisation and successful formation of the co-

polymer, poly(EDOT-thioacetate-co-EDOT). The CV was very similar to that seen for PEDOT (Figure 

21A, Section 3.1), which in unsurprising given EDOT was the predominant monomer. Successful 

generation of the co-polymer can be observed by the increasing difference of the currents in the 

oxidation and reduction parts of the cycle, indicating polymer growth on the electrode.  

Next, the electropolymerisation activity of the co-polymer was investigated. The electrochemical activity 

of the poly(EDOT-thioacetate-co-EDOT) co-polymer was subsequently tested by CV in a monomer-

free solution (PBS buffer) at different scan rates (Figure 30B).It can be seen that the co-polymer had 

very high levels of redox current, which was excellent to observe and indicated that this was a promising 

co-polymer to be working with, having excellent levels of electrochemical activity.  

 

Figure 30: CV polymerisation curves of EDOT-acetate and EDOT (1:50) (A) and CV in monomer-free 

solution poly (EDOT-acetate-co-EDOT) (1:50) (B), using CV cycling at 0.1 V/s with 5 scans, where 

the arrows show the increase in polymerisation. 
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3.4.2 Sidechain Chemical Transformations of Poly(EDOT-thioacetate-co-EDOT) 

 

Once the poly(EDOT-thioacetate-co-EDOT)had been formed on the electrode, the acetate groups 

had to be chemically removed to expose the thiol groups for interaction with thiols that were present.  

 

3.4.2.1 Base-mediated Deacetylation of Poly(EDOT-thioacetate-co-EDOT) 

 

The first attempts were to react the electrode with co-polymer poly(EDOT-thioacetate-co-EDOT) using 

sodium hydroxide in ethanol for 6 hours and also for 24 hours at room temperature (Scheme 39).  

 

Scheme 39: Base-mediated hydrolysis of poly(EDOT-SH-co-EDOT). 

The success of the reaction could not be determined through NMR, so the co-polymer was assessed 

without verification that the deacetylation was successful. Direct detection of glutathione of the polymer 

was assessed using an applied current, with the resulting CV with two different concentrations of 

glutathione (1 μM and 1 mM) - shown in Figures 31 and 32.  

In both CVs it can be seen that there is an oxidation peak just above 0.5 V in the first cycle (circled in 

red), but in repeat cycles there are no oxidation peaks seen for both co-polymers. This was not a good 

result as it indicated no interaction with glutathione present (i.e. no sensing capabilities). This could 

have been due to multiple factors such as the reaction to remove the acetyl group was not very effective, 

leaving most of the acetate groups masking the thiol sidechain, or, instead of interaction with the co-

polymer, the glutathione molecules reacted with each other at the applied potential, resulting in the 

formation of oxidised glutathione. 
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Figure 31: CV of direct detection of 1 µM glutathione solution on poly(EDOT-thiol-co-EDOT) after 

reaction of poly(EDOT-thioacetate-co-EDOT) with NaOH for (A) 6 h and (B) 24 h. 

 

Figure 32: CV of direct detection of 1 mM glutathione solution on poly(EDOT-thiol-co-EDOT) after 

reaction of poly(EDOT-thioacetate-co-EDOT) with NaOH for (A) 6 h and (B) 24 h. 

These reasons were further investigated through additional experiments. Figure 33 shown below, show 

the relationship between the time allowed for the removal of the acetate and the direct detection of 

glutathione (using CV analysis). Between the two figures, there is not a high amount of variability 

between how long the poly(EDOT-thioacetate-co-EDOT) had been left to react with NaOH and the 

detection the thiol, however the higher the concentration of glutathione in solution provided a higher 

current at ca. 0.8 V in the CV scans. This indicated that either the reaction was complete after 6 hours 

(i.e. that an extended deacetylation reaction time of 24 h did not result in greater deacetylation) or that 

the reaction conditions were not inducing loss of an acetyl group. The latter option also seemed 

somewhat likely because of the poor yields when the monomer was reacted in the same conditions 

(see Section 2.1).  
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Figure 33: CV of direct detection of 1 µM and 1 mM glutathione solution on poly(EDOT-thiol-co-EDOT) 

after reaction of poly(EDOT-thioacetate-co-EDOT) with NaOH for (A) 6 h and (B) 24 h. 

Figure 33, with 1 mM of glutathione (red), shows an oxidation peak at 0.8 V. It was thought, that due to 

the current applied to the solution and the high concentration of GSH present, it was possible that this 

signal was due to dimerisation, oxidation of two glutathione molecules. To verify this, a CV of PEDOT 

in PBS (as a blank) and 10 mM of glutathione in PBS (red) was recorded, seen in Figure 34. In the 

glutathione solution, the CV shows this same oxidation signal at 0.8 V indicating that this peak is, in 

fact, due to dimerization of GSH molecules (as PEDOT does not interact with GSH, so this signal was 

not due to interaction of GSH and the polymer).  

 

Figure 34: CV of PEDOT in the solution of (black) PBS buffer and (red) 10 mM glutathione solution. 

To verify the sensing results seen in the CV analysis regarding co-polymers, poly(EDOT-SH-co-EDOT) 

(6h) and poly(EDOT-SH-co-EDOT) (24h), they were assessed for their sensing ability using EIS and 

DPV. The results were as seen in Figures 35 and 36. These Figures depict the EIS and DPV (see 

Section 3.2 for description of DPV) on both the 6 hour and 24 hour co-polymers, before and after 

exposure to GSH (1 µM, 10 μM and 1 mM solutions in 5 mM ferro/ferricyanide, where ferro/ferricyanide 

is used as the redox probe).110 It was found that interaction between GSH and poly(EDOT-SH-co-
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EDOT) co-polymers was not observed, as there was no significant change in the EIS and DPV of the 

co-polymers before and after they were exposed to glutathione (at all concentrations assessed).  

 

Figure 35: (A) EIS and (B) DPV of poly(EDOT-SH-co-EDOT) (6h) before and after exposure to 

glutathione (in 5 mM ferro/ferricyanide). 

 

Figure 36: (A) EIS and (B) DPV of poly(EDOT-SH-co-EDOT) (24h) before and after exposure to 

glutathione (in 5 mM ferro/ferricyanide). 

 

3.4.2.2 DIBAL-Mediated Deacetylation of Poly(EDOT-thioacetate-co-EDOT) 

 

Due to the questioning of the success of the deacetylation of the thioacetate in the poly(EDOT-

thioacetate-co-EDOT) copolymer using sodium hydroxide, the next plan was to try an alternative 

method. It had been shown that using DIBAL for this same reaction on the monomer was very effective 

(see Section 2.1), but this reagent had originally been avoided due to the potential harsh conditions and 

strong reactivity that could have a negative impact on the electrode the co-polymer was on. It is known 

that bubbling in a reaction can open an existing crack in the electrode, destroying or limiting its use. For 

this reason, very small volumes of DIBAL-H, 0.05 mL, in 3 mL of toluene was used for the reaction, and 

it was decided to alter the reaction time rather than increase the concentration of DIBAL-H used, in 

trials of this reaction (Scheme 40).  
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Scheme 40: Deacetylation of poly(EDOT-thioaceate-co-EDOT) using DIBAL-H. 

Once the reactions were carried out for 15 mins, 30 mins, 45 mins and 60 mins, CV measurements 

were carried out on the reacted co-polymers on the electrodes to assess if the reaction appeared to 

work and if there were differences in the co-polymers that were reacted for different times. Figure 37 

shows that a greater current in the conducting polymer was observed with an increase in DIBAL-H 

reaction time. From the result, the hypothesis was that a longer time for reduction in DIBAL-H provided 

a higher conversion of thioacetates on the sidechains to thiols.  

 

Figure 37: CV of poly(EDOT-thiol-co-EDOT) reduced in DIBAL-H for (A) 15 min (B) 30 min (C) 45 

min (D) 60 min in PBS buffer. 
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Fairly confident that the reaction with DIBAL-H of the co-polymer on the electrode to convert 

poly(EDOT-thioaceate-co-EDOT) to poly(EDOT-thiol-co-EDOT) had worked the next step was to 

assess if the poly(EDOT-thiol-co-EDOT) was able to detect glutathione. If this were the case, then it 

was thought that the addition of the methoxycarbonylsulfenyl group would not be necessary and instead 

this polymer would be able to act as a sensor. This would also mean that the difficult reaction to install 

the methoxycarbonylsulfenyl (as seen in Section 2.5 with the monomer) would not be needed for the 

polymer.  

Figure 38 demonstrates the DPV of the direct oxidation of the polymer with glutathione (refer to Section 

4.1), by comparing it with the DPV recorded in PBS in absence of glutathione. Figure 38 A-D shows 

that an oxidation peak is seen at 0.8 V – this is assumed to be when oxidative coupling occurs between 

thiol groups from copolymer and glutathione in the solution. This was excellent to see as it was the first 

time that thiols have been sensed when using a conducting polymer, and demonstrates the feasibility 

of this approach and this system to be used as a biothiol detector. Additionally, to the authors 

knowledge, this was the first time a polymer had been successfully reacted on an electrode with DIBAL. 

 

Figure 38: DPV of direct detection of various concentrations of glutathione in PBS buffer on 

poly(EDOT-thioacetate-co-EDOT) reduced in DIBAL-H for (A) 15 min (B) 30 min (C) 45 min (D) 60 

min. 
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It is interesting to note that all cases except for the co-polymer that was reacted for 45 minutes, that the 

lower concentration of 1 mM had a higher peak intensity than that of 10 mM. It appeared that the 

detection of 10 mM glutathione caused a decrease in DPV current and a positive shift of the peak 

position. The assumption is that with a higher concentration of glutathione present at the 10 mM 

concentrations, oxidation was occurring between GSH and GSH in the solution, in line with the 

observations made previously (see Section 3.4.2.1). 

The sensing performance for detection of glutathione for these reaction times can be summarised by 

the Figure 39, where the higher concentration of the glutathione, the greater the peak current. At 1 mM 

concentration, however, some variability is seen, possibly due to random errors or peak reaction times 

for the reduction being at 30 minutes. 

The results show a gradual increase in the peak current at ca. 0.8 V at 100 μM, between the different 

times of reduction – this means that greater reaction times for the co-polymer at DIBAL-H led to greater 

numbers of thiol sidechain present. It was very good to see that there were significant differences 

between the two concentrations tested for the 45 min and 60 minute-reacted co-polymer. This meant 

that the sensor was able to identify changes in thiol concentration. This further displays the potential 

that this new and novel sensor has in detecting biothiols.  

 

Figure 39: Current change in DPV of direct detection of various concentrations of glutathione in PBS 

buffer on poly(EDOT-thiol-co-EDOT) reduced in DIBAL-H for 15 min, 30 min, 45 min and 60 min. 
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then subjected to DIBAL-H for varying lengths of time (2 hours, 3 hours and overnight) and then exposed 

to varying concentrations (10 µM, 100 µM and 1 mM) of GSH in PBS, in Figure 40. Based on the DPV 

of direct detection, sensing was optimal after a reaction time of 3 hours with the resulting polymer, 

poly(EDOT SH-co-EDOT) (1:10), showing the greatest sensitivity.  

 

Figure 40: DPV of direct detection of various concentrations of glutathione in PBS buffer on poly(EDOT-

thiol-co-EDOT) (1:10) reduced in DIBAL-H for 2h (A), 3h (B) and overnight (C). 

Overall, this was an excellent result and notable advancement in this project. For the first time, it was 

shown that the developed co-polymers were capable of interacting with biothiols, and giving a signal 

when it has done so. This demonstrated, for the first time, that the developed system could be used to 

analyse biothiols, thus this represent the a first-in-class biothiol detector. This chemical reduction on 

the electrode was successful, and thus is a feasible approach and method for future work that requires 

this chemical reduction.  

 

3.4.3 Electrochemical Reduction of Poly(EDOT-thioacetate-co-EDOT) 

 

3.4.3.1 Rationale of Electrochemical Reduction 

 

DIBAL-H is highly reactive and could potentially damage the electrode because of this. Therefore, it 

was decided to trial a less invasive technique to remove the acetate; electrochemical reduction. This 
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process was done by applying a -0.8 V potential to the electrode for 10 seconds before sensing, with 

the idea that this would cleave the thioacetate bond.  

The postulated mechanism as seen in Scheme 41, shows the electrochemical reduction of the 

thioacetate. This starts with the delivery of an electron, resulting in a radical intermediate. This radical 

then forms the negatively charged thiolate and the acetyl radical, with the former subsequently being 

protonated.   

 

 

Scheme 41: Mechanism for the electrochemical reduction of poly(EDOT-thioacetate-co-EDOT). 

 

3.4.3.2 Electrochemical Reduction Results and Comparison 

 

For this electrochemical reduction, a -0.8 V was applied onto the poly(EDOT-thioacetate-co-EDOT) 

film on the electrode for 300 s. Following this, DPV of the co-polymer in PBS solution in the presence 

of 100 μM GSH was recorded. Pleasingly, a DPV peak at 0.8 V was observed (Figure 41(c)) and no 

peak was seen for the control of PBS buffer only (Figure 41(a)). This meant the electrochemical 

reduction was successful. Furthermore, when comparing the DPV peak for the electrochemical 
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reduction (Figure 41(c), blue) at 17.3 ± 2 μA compared to the optimised chemically-reduced co-polymer 

(Section 3.4.2.2, Figure 41(b), red) at 13.0 μA, it was seen that the electrochemical method was more 

effective (a greater DPV signal was observed), which is 1.33 times larger than that from chemically-

reduced film. This high sensitivity was shown when reducing the co-polymer for 10 seconds. Longer 

times were not trailed as it was thought that this could induce damage to the conducting polymer, 

breaking critical bonds. 
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Figure 41: DPV peak comparison of the different methods of deacetylation in the detection of 100 μM 

GSH. 

 

Due to the excellent sensing performance of the resulting co-polymer and the significant difference 

between electrochemical reduction and chemical reduction, it was decided to continue forward with 

electrochemical reduction of the co-polymer instead of chemical reduction. The added benefit of this 

method was also the rapidity with which it could be carried out, compared to the lengthy reaction times, 

not to mention as it was found to be much more rapid (300 s vs. 9 h), additionally less chance of damage 

to the electrodes and the polymer due to harsh conditions, allowing them to be used for longer. 

 

3.4.3.3 Investigation of Electrochemical Reduction Mechanism 

 

With the electrochemical reduction being pursued, attentions then turned to further investigation of the 

proposed mechanism by which this transformation took place. As the postulated mechanism for this 

electrochemical reduction involves the generation of a thiolate and its subsequent protonation to the 

thiol (Scheme 41), this would proceed more readily in an acidic environment. It was thought that analysis 
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of the DPV current, which correlates to extent of GSH coupling, i.e. the number of available thiol groups 

for GSH sensing obtained after the reductive deacetylation, would help to confirm this mechanism. 

Thus, the results of 100 µM GSH detection in PBS solutions of various pHs was carried out as seen in 

Figure 42 (below).  
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Figure 42: DPV peak current at 0.8 V for oxidative coupling of 100 µM GSH in different PBS buffers of 

varying pH. n(for pH = 7.4) = 3. 

 

In Figure 42, the DPV peak current was 0.02 mA after detection of 100 µM GSH in a PBS buffer at pH 

5.2, compared with 0.0173 mA in a PBS buffer of pH 7.4, The result confirmed that a more acidic buffer 

environment, which is more readily able to provide protons, facilitates a more efficient deprotection of 

thioacetate to thiol groups. When the pH of the buffer was increased to a basic range (pH = 8.8), the 

DPV peak current at 0.8 V in the 100 µM GSH solution showed a significant decrease to 4.0 µA, due to 

lower availability of protons for formation of the thiol. Although the pH of 5.2 showed somewhat higher 

DPV currents for coupling of GSH than the buffer of pH = 7.4, PBS buffer of pH 7.4 was chosen for 

further investigation considering that neutral pH is the real environment for most of the biothiols. 

This was in agreement with the proposed mechanism for the electrochemical deacetylation of 

poly(EDOT-thioacetate-co-EDOT), seen in Figure 36 and was able to add evidence to support this 

hypothesised mechanism. It was shown that in acid buffers the DPV current is higher than of that in the 

8.8 pH, which can be seen is significantly lower than both the 5.2 and 7.4 pH. Biological pH is 7.4, and 

in which high selectivity for the sensor is exhibited. Due to this reason, a pH of 7.4 was continued to be 

tested as this sensor has been designed for the use of the detection of biothiols for the detection and 

prevention of diseases, in which a neutral buffer will be much closer to that of a real bioanalysis.  
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3.5 Optimisation of (Poly(EDOT-thioacetate-co-EDOT) for Sensing Performance  

 

Now that it had been shown that poly(EDOT-thioacetate-co-EDOT) was able to be converted to 

poly(EDOT-SH-co-EDOT) using electrochemical reduction and, most importantly, this co-polymer was 

able to sense biothiols, attention then turned to optimising the various parameters used to create the 

co-polymer for optimal sensing performance.  

 

3.5.1 Investigating the Number of CV Cycles for Electrocopolymerisation to Form Poly(EDOT-

thioacetate-co-EDOT) 

 

The numbers of cycles for electrocopolymerisation of poly(EDOT-thioacetate-co-EDOT), for 

subsequent detection of GSH were investigated. Firstly, poly(EDOT-thioacetate-co-EDOT) films were 

prepared using CV polymerisation (-0.2 to 1.4V, at 50mV/s, with a 50:1 ratio) with different numbers of 

cycles of electrocopolymerisation, from 1 cycle through to 5 cycles (5 cycles had been used up to this 

point, see Section 3.2).  

Once the co-polymers were formed, they were electrochemically-reduced as per the conditions stated 

previously (see Section 3.4.3.2), and then assessed for their ability to sense GSH (1 mM and 100 µM 

GSH in PBS buffer), with the resulting DPVs shown in Figure 43 (1 mM GSH) and comparison of signal 

for each GSH concentration shown in Figure 44.  

As can be seen, the DPV peak current at 0.8 V increased from 0.01 mA on the two-cycle 

electrocopolymerised poly(EDOT-thioacetate-co-EDOT) to (0.0173 ± 0.002) mA on the four-cycle 

electrocopolymerised poly(EDOT-thioacetate-co-EDOT) after detection of 100 μM GSH, which is a 

significant increase in the detection of the glutathione. It is assumed that when the 

electrocopolymerisation cycles is increased to five, the change of DPV peak current at 0.8 V (0.017 mA) 

was negligible, indicating the optimised number of cycle of eletrocopolymerisation was four in this study, 

which was used in further investigations. This was due to wanting the polymer film to be as thin as 

possible while still having the highest sensitivity as possible, as a film that is too thick can interfere with 

the detection of glutathione.  
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Figure 43: DPV of direct detection of 1 mM glutathione in PBS buffer on poly(EDOT-acetate-co-

EDOT) (1:10) polymerised from 1 cycle (black), 2 cycles (red), 4 cycles (blue) and 5 cycles (green), 

reduction time of 300 s. 
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Figure 44: Sensor response after direct detection of 100 μM and 1 mM glutathione in PBS buffer on 

poly(EDOT-thioacetate-co-EDOT) (1:10) polymerised from 1 cycle, 2 cycles, 4 cycles and 5 cycles 

(reduction time of 300 s). 
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This is confirmed by Figure 44, where the difference in detection of glutathione between four cycles and 

5 cycles at 100 μM was very small, however when detecting higher concentrations of glutathione up to 

1 mM, there was a significant increase in the peak current (mA) for the co-polymer made using  four 

cycles compared to that made with five CV cycles, therefore four cycles was used from this point 

onwards.  

 

3.5.2 Investigating the Ratio of Monomers for Electrocopolymerisation to Form Poly(EDOT-

thioacetate-co-EDOT) 

 

The next optimisation to be done was the optimisation of the ratio of EDOT-thioacetate 6 and the EDOT 

in the formed co-polymer. As stated previously, this ratio was important as it would allow separation of 

the functional monomers, which was important as high selectivity and sensitivity of the sensor was 

desired. If  the thiol groups were too close together, it could result in the formation of disulfide bonds 

between the sidechains attached to the polymer, resulting in low detection. In turn, ratios that were too 

large would result in lower sensitivity as there would not be as many active sites on the polymerised 

polymer for interaction and detection of biothiols.  

The original ratio of EDOT-thioacetate:EDOT used in the earlier co-polymers was 1:10. In this 

investigation, it was decided to additionally explore ratios on either side of this value; 1:2 and 1:25. 

Once the co-polymers were formed (CV polymerisation from -2 to 1.4 V for four cycles), they were 

electrochemically-reduced as per the conditions stated previously (-0.8 V for 300 s), and then assessed 

for their ability to sense GSH (100 µM GSH in PBS buffer), with the current of the resulting DPVs peak 

shown in Figure 45. 

The DPV peak current at 0.8 V increased from 5.0 μA using a ratio of 1:2 (EDOT-thioacetate:EDOT) in 

poly(EDOT-thioacetate-co-EDOT) to (17.3 ± 2) μA for the co-polymer with a ratio of 1:10 (EDOT-

thioacetate:EDOT). The 1:2 (mol:mol) ratio of EDOT-thioacetate:EDOT proved to be too high to provide 

a good sensing response, likely due to highly dense -SH groups on poly(EDOT-SH-co-EDOT) that 

could react with each other, competing with thiols from GSH (Figure 46). When the ratio of EDOT-

thioacetate:EDOT reduced to 1:25, the sensing response decreased slightly to 15.2 μA. Therefore, a 

ratio of 1:10 was used for further studies. 
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Figure 45: Sensor response (DPV peak current at 0.8 V) for direct detection of 100 µM GSH in PBS 

buffer on poly(EDOT-thioacetate-co-EDOT) films prepared by different EDOT-thioacteate:EDOT 

ratios then reduced to poly(EDOT-SH-co-EDOT), reduction time of 300 s. 

 

 

Figure 46: Poly(EDOT-SH-co-EDOT) co-polymer forming intramolecular disulfide bonds.  

 

Now that the optimum-performing polymer was found, with the optimum ratio of 1:10 found, along with 

optimum cyclisation of four cycles that gave the best sensitivity, the next step was characterisation of 

this polymer to further verify that it was successfully detecting glutathione and performing as expected.  

 

3.6 Characterisation of Copolymers and Sensing of Biothiol 

 

Characterisation of the polymer and use of techniques to analyse and understand its ability to detect 

glutathione was carried out through the use of scanning electron microscopy (SEM), x-ray photoelectron 

spectroscopy (XPS), Infra-red spectroscopy (IR) and CV.  
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3.6.1 Scanning Electron Microscopy (SEM) 

 

SEM, scanning electron microscopy, is a powerful analysis tool which directs a focused beam of 

electrons onto the surface of the analyte to produce high magnification images of a sample’s 

topology.120–122 SEM is widely used to investigate the microstructure and chemistry of a range of 

materials. SEM is an extremely important technique because it can provide a large amount of sample 

information, including the composition, crystallography, and topography of the surface. The signals 

generated during SEM analysis produce a two-dimensional image and reveal information about the 

sample, including external morphology (texture) and orientation of materials making up the sample.120–

122 

The SEM images of the bare gold electrode that the co-polymer was deposited on and also that an 

electrode with electrodeposited poly(EDOT-thioacetate-co-EDOT) films are shown in Figure 47. On 

the cleaned gold electrode, in figure 47A, it can be seen that the surface is very smooth with no notable 

features. In figure 47B and 47C however, where the gold electrode is plated with a film of poly(EDOT-

thioacetate-co-EDOT), the surface is notably rougher, supporting that that the surface of the electrode 

is coated with the polymer. It was clear that after polymer deposition, the surface roughness increased, 

which was indicative of successful polymerisation.  

 

Figure 47: SEM images of (A) bare gold electrode; (B and C) poly(EDOT-thioacetate-co-EDOT) 

coated gold electrode, with different magnifications. 
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3.6.2 Cyclic Voltammetry (CV) 

 

The increased surface roughness seen in the SEM images also resulted in an enhanced 

electrochemical activity of the electrode, as measured by cyclic voltammometry in 5 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] with the CVs shown in Figure 48. The oxidation peak current from CV 

measurements significantly increased from (32.9 ± 3.6) mA of the bare Au electrode (black) to 126.1 

mA on the poly(EDOT-thioacetate-co-EDOT)-coated Au electrode (red).  

 

Figure 48: CVs of bare gold (black) and poly(EDOT-thioacetate-co-EDOT) (red) in PBS buffer 

containing 5 mM K₃[Fe(CN)₆]/K₄[Fe(CN)₆]. 

3.6.3 Water Contact Angle (WCA) 

 

The water contact angle (WCA) of a surface is able to classify a surface as either hydrophyllic or 

hydrophobic. WCAs are conventionally measured by a liquid meeting a solid surface and is calculated 

through the equilibrium of the maxima and minima of the advancing and receding of the contact angle, 

where this equilibrium reflects the relative strength of the liquid, solid or vapours molecular 

interactions.123,124  WCAs of smaller than 90 0C  are indicative of hydrophobic surfaces, while WCAs of 

larger than 90 0C define that a surface is hydrophyllic.123,124 The recorded WCA of the copolymer was 

29.7° (Figure 49), which confirmed the hydrophilic nature of poly(EDOT-thioacetate-co-EDOT) 

surface.  

 

Figure 49: Contract angle measurement of poly(EDOT-thioacetate-co-EDOT). 
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3.6.4 Spectroscopic Analysis 

 

XPS and FTIR spectroscopy were performed to investigate the electrochemical reduction of 

poly(EDOT-thioacetate-co-EDOT) and the electrochemical oxidation coupling with GSH.  

XPS, X-ray photoelectron spectroscopy is an analytical technique that uses photoelectron X-rays to 

determine the elemental composition and oxidation states of the elements at the materials surface by 

excitation of inner orbital and bonding electrons by a focussed X-ray beam, along with the thickness of 

the film that is being analysed in the upper portion of the surface.125,126 This process is completed by 

the firing of photons onto the surface of the analyte; the electrons in the sample absorb the energy, and 

once enough is absorbed, they are ejected from the sample with a certain kinetic energy, where these 

energies are analysed. 

The XPS survey spectrum of poly(EDOT-thioacetate-co-EDOT) shows all the expected peaks from C 

1s, O 1s, and S 2p (Figure 50A). The O 1s core level spectrum of the copolymer shows the characteristic 

peak of oxygen in the dioxy-ring of EDOT (C–O–C) at 533.5 eV, a component centred at 532.2 eV 

which corresponds to an overlap of the carbonyl, C=O, group of the thioacetate and ClO4 − counter ion 

which is incorporated into the copolymer structure as the dopant during the electrocopolymerisation 

step, which was carried outin LiClO4 acetonitrile solution (Figure 50B). This confirmed the successful 

functionalisation of EDOT with the thioacetate group. The component at 535.3 eV is attributed to an 

overlap of π to π* shake up line, resulting from PEDOT impurities.  

The survey spectrum of the copolymer post-reduction, poly(EDOT-SH-co-EDOT), showed the 

expected C 1s, O 1s, and S 2p peaks (Figure. 50C). The Cl to S peak ratio, which reflects the doping 

level of conductive polymer, was calculated from the XPS survey spectra and found to decrease from 

18.0% to 1.7% upon reduction of poly(EDOT-thioacetate-co-EDOT) to poly(EDOT-SH-co-EDOT). 

This decrease in doping level shows the release of ClO4 − counter ions during the reduction process. 

The ClO4 − release, in combination with the thioacetate removal, caused a significant change in the O 

1s peak of the of poly(EDOT-SH-co-EDOT), as depicted in Figure 50D.  

The successful oxidative attachment of GSH to poly(EDOT-SH-co-EDOT) copolymer at 0.8 V in PBS 

buffer was confirmed by appearance of a N 1s peak in the XPS survey spectrum, due to no nitrogen 

peak being present in the structure previously before GSH is attached. In addition, the deconvolution 

of the O 1s peak of this copolymer, shows strong components at 531.2 eV and 533.7 eV, which are 

attributed to the C=O and O̲–C=O groups of GSH, respectively (Fig. 50F). The observation of these two 

components further confirms the coupling of GSH to the poly(EDOT-SH-co-EDOT) co-polymer. The Cl 

to S ratio of the poly(EDOT-SH-co-EDOT) co-polymer increased to 35.5% after GSH coupling, which 

confirmed that the oxidative thiol coupling is accompanied with the re-doping of the copolymer by Cl− 

anions from the PBS buffer.  
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Figure 50: XPS survey spectra and O1s core level spectra of poly(EDOT-thioacetate-co-EDOT) (A, 

B), poly(EDOT-SH-co-EDOT) (C, D) and poly(EDOT-CH2-S-GS-co-EDOT) (E, F) copolymers.  

 

In addition to XPS, Fourier-transform infrared (FTIR) spectroscopy was carried out to investigate of the 

electrochemical reduction of poly(EDOT-thioacetate-co-EDOT) and sensing of GSH. FTIR is a 

technique used to obtain a infrared spectrum of absorption or emission of a sample. This process has 

IR radiation passed through the sample, where some of the radiation is absorbed by the sample, with 

some of the radiation passing through and transmitted.127 This transmitted signal results in a molecular 

‘fingerprint’ of the sample, giving a high-resolution spectral data over a wide spectral range. This specific 
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process happens due to covalent bonds of a molecule selectively absorbing the infrared radiation, 

changing the vibrational energy of the bond at specific wavelengths. The two types of vibration, 

stretching and bending, that is induced by the absorption of the radiation, depends on the atoms that 

are involved in the bond, additionally due to the different types of bonding and functional groups, each 

absorbs a specific frequency, where the transmittance of the absorption is different for different 

molecules. For example, an alcohol has a high absorption, and so is seen at a high wavelength, near 

3550-3200 cm-1. The wavelength of the absorption of a signal can be used to identify functional groups 

in the molecule, acting as a “fingerprint’.127  Therefore this technique can be used to identify functional 

groups such as carbonyl, thiols and amines, that are found in the ranges of 1600-1670, 2550-2600, and 

1580-1650 cm-1, respectively. 

The IR spectra of poly(EDOT-thioacetate-co-EDOT, black) and poly(EDOT-SH-co-EDOT, red) are 

shown in Figure 51 . A peak at 1600 cm-1 was observed on the poly(EDOT-thioacetate-co-EDOT) film, 

assigned to symmetric stretching of C=O bond from thioacetate group. Comparing that with the FTIR 

spectra of poly(EDOT-SH-co-EDOT) film, the peak at 1600 cm-1 disappeared and a new weak peak at 

2570 cm-1 was observed, which is attributed to the S–H stretching, representing the appearance of the 

electrochemically reduced –SH groups.  

FTIR was also carried out on the polymer film after applying 0.8 V for 30 s in PBS solution containing 1 

mM GSH (blue line). The new peaks at 3350 cm-1 and 1640 cm-1 appeared, corresponding to O–H and 

N–H stretching, as well as C=O stretching from GSH. These FTIR results further confirmed the GSH 

was bound to poly(EDOT-SH-co-EDOT) film. 
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Figure 51: FTIR spectra of poly(EDOT-thioacetate-co-EDOT) (black), poly(EDOT-SH-co-EDOT) 

(red), and poly(EDOT-SH-co-EDOT) after detection of GSH (blue, poly(EDOT-CH2-S-GS-co-

EDOT)). 
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3.7 Summary  

 

In summary, the work presented in this Chapter has culminated in the detection of GSH with a 

conducting polymer, meaning a working biothiol sensor, the first in its class, has been successfully 

developed.  

This Chapter started with polymerisation of EDOT and a range of monomers synthesised in Chapter 2 

of this work. While polymerisation of the functionalised monomer 1 and EDOT-thiol 7 was completed 

with limited success, it was good to see effective polymerisation of EDOT-acetate 6. When co-polymers 

with functionalised monomer 1 and EDOT-thiol 7 with EDOT appeared to no show effective integration 

of these monomers, a new plan to co-polymerise and then transform EDOT-thioacetate 6 and EDOT 

was devised. 

Fortunately, the targeted co-polymer, poly(EDOT-thioacetate-co-EDOT), was able to be formed 

through CV copolymerisation and showed excellent electrical activity. Removal of the acetate group 

was then explored. The first attempt of reduction of the thioacetate using NaOH was unsuccessful, 

which resulting in using a harsher reagent such as DIBAL-H, which worked successfully. The DIBAL-

reduced co-polymer, poly(EDOT-thiol-co-EDOT) was shown to be able to detect glutathione It was 

also decided to try electrochemical reduction, and comparing the sensing results with  poly(EDOT-

thiol-co-EDOT) created with  chemical reduction of the thioacetate using DIBAL-H, showed that the 

electrochemical reduction resulted in better detection, as well as being faster and more efficient. 

Now that a working sensor had been successfully synthesised, optimisation of the cycles and ratio of 

EDOT-thioacetate to EDOT had to be considered. Upon optimisation, it was found that four cycles and 

a ratio of 1:10 to form copolymer poly(EDOT-thioacetate-co-EDOT) gave the highest sensitivity to the 

detection of glutathione.  

The co-polymers were characterised, and sensing mechanism confirmed through XPS, ,WCA, FTIR, 

SEM and CV. Firstly, the SEM confirmed the formation of the polymer through the increased surface 

roughness after CV polymerisation. CV, showed an increase in electrochemical activity after 

polymerisation, showing that the polymerisation was successful. XPS determined the composition of 

the polymer, where it could be seen that poly(EDOT-thioacetate-co-EDOT) was successfully 

converted to poly(EDOT-thiol-co-EDOT), and then glutathione was chemically-bonded to the sensor. 

FTIR also confirmed these transformations After the successful synthesis of the sensors, the next step 

of the investigation was to determine the sensors’ sensitivity and selectivity, along with other properties 

(Chapter 4).  
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4.1 Outline of Sensor Performance  

 

The important aspect of this conducting polymer is its sensing capability with respect to biothiols. The 

predominant way that this has been assessed is through the use of differential pulse voltammetry 

(DPV).  

Differential pulse voltammetry (DPV) is a technique that involves applying amplitude potential pulses 

on a linear ramp potential. In DPV, a base potential value is chosen at which there is no faradaic reaction 

and is applied to the electrode. The base potential is increased between pulses with equal increments. 

DPV, due to the short pulse times, results in analysis with high sensitivity, along with differential nature, 

where the short pulse times increase the measured currents, and differential measurements 

discriminate against background processes. In a sensor, sensitivity is highly important, particularly 

when accurate results are needed, which results in a higher performance sensor.  

As can be seen from Figure 38, and as noted earlier, in Sections 3.4.2.2, the increase in potential in the 

DPV at 0.8 V indicates that the conducting polymer poly(EDOT-thioacetate-co-EDOT) (after 300s of 

a reductive potential has been applied) is able to detect thiols.  

After verifying that the developed conducting polymer sensor was capable of interacting with and 

detecting glutathione (Section 3.3) and optimising various parameters (monomer ratio, polymerisation 

cycles, etc, Section 3.4), the next stage of the investigation was to analyse the sensing performance of 

the optimised polymer. This involved creating a calibration curve, calculating the metrics associated 

with this calibration, as well as assessing the selectivity and reusability of the sensor.  

 

4.2 Calibration Construction and Metrics 

 
Calibration curves are models used to predict unknown analytes of interest using known standards. It 

is important to build a calibration curve as it allows for the detection of unknown quantities, in which one 

can use the calibration curve to find the unknown value. As this sensor is important for detection of 

biothiols, where concentrations vary significantly, it was important to be able to accurately analyse the 

biothiol concentration in samples.  

After optimisation of the parameters for electrodeposition of poly(EDOT-thioacetate-co-EDOT) and 

electrochemical deacetylation to convert the polymer to poly(EDOT-SH-co-EDOT), carried out in 

Chapter 3, the next step in this investigation was to assess the sensing capabilities of the sensor with 

varying standards to construct a calibration curve for glutathione quantification.   

Detection of GSH was carried out using DPV as electrochemical readout. The figure below displays the 

DPV curves of poly(EDOT-SH-co-EDOT) (generated from electrochemical deacetylation of 

poly(EDOT-thioacetate-co-EDOT) sensing films towards detection of GSH in varying concentrations 

with an increase of current seen as the concentration of GSH was increased. The range of 

concentrations assessed were 1, 10, 50, 100, 200, 400 and 600 μM of glutathione. These solutions 
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were each made up using newly-obtained commercial reduced glutathione (GSH), which was dissolved 

in appropriate quantities in new PBS buffer. Each of the standards were then degassed for 20 minutes 

before being analysed. New standards were analysed each time, so as to reduce the possibility of 

oxidative dimerisation of the GSH molecules to form GSSG (oxidised glutathione), thereby reducing the 

actual quantity of GSH in the standard solution (Scheme 5).  Based on the DPV peak current at 0.8 V, 

a calibration curve for the detection of GSH was constructed (Figure 52). An increase in the peak current 

was observed as the concentration of GSH increased.  
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Figure 52: DPV of direct detection of glutathione standards ((1, 10, 50, 100, 200, 400 and 600 μM) in 

PBS buffer on poly(EDOT-thioacetate-co-EDOT)  6 (1:10) polymerised from 4 cycles and then 

reduced to poly(EDOT-thiol-co-EDOT) 7 reduction time of 300 s). 
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Figure 53: Dose response curve for detection of GSH; DPV peak current vs. concentration of GSH, 

measured in PBS (pH 7.4) buffer. Error bars represent the standard error for each standard (n = 3).  
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There are many important aspects of a calibration curve, Figure 53, including its linear range and 

detection limit. The linear range of a calibration curve is  the portion of a calibration curve that the output 

is direct linear function of the input (concentration). Thus, the linear range is the values of GSH 

concentration that the established (linear) calibration is useful and applicable. The other important 

aspect of a calibration curve is its limit of detection (LOD). The LOD is defined as the lowest 

concentration of an analyte in a sample that can be consistently detected with a stated probability. 

There are multiple ways that the LOD can be calculated, the first is using the equation;  

LOD = 3.3* σ / S, 

where S is the slope of the calibration curve, and  

σ is the standard deviation of the response,128  

Another way that is frequently used to calculate the  LOD is to analyse a large number of replicates 

(minimum of 20) and use the following equation  

LOD = LoD = LOB + 1.645(SD)128 

where LOB is the Limit of the Blank (calculated by the Mean blank, plus 1.645 times the 

standard deviation of the blank ), and is the highest quantity value that is likely to be observed 

for a blank material 

SD is a measurement, which depicts how much the amount of variation or dispersion is from a 

set of values. Where low sets are close to the mean of the set, and high standard devastations 

indicates that the values are spread out over a wider range. It is calculated by working out the 

mean of a data set, subtracting the mean number from each data point, and squaring the result, 

where the mean of sum of the squared differences are found, and then square root of this mean 

gives the standard deviation.  

For the calibration curve above, for this conducting polymer sensor to detect GSH, the linear range was 

observed from 1 μM to 600 μM and the LOD was 0.32 μM (calculated using the first method described 

above).  

With regard to the linear range and the observation that there was a tapering off of the curve at high 

concentrations, this could potentially be due to the oxidisation between two GSH molecules at high 

concentrations, which would be a potentially competitive reaction (Scheme 5)  

This would also be exacerbated by less thiol reactive sites on the conducting polymer being available 

for interaction of the GSH. This can be seen in Figure 54 and 55, where in the first, the number of active 

sites available for detection has not become saturated, in which the detection output will be equal to the 

number of substrates (GSH) that are bound, and with an increased concentration will still be able to be 

detected with active sites still available. In Figure 55, the active sites have now become saturated, with 

no free thiol groups available for the substrate to bind onto, therefore an increase in the concentration 

of the substrate (GSH) will not result in an increase in the detection. 



97 
 

 

Figure 54: Depiction of the developed sensor, poly(EDOT-SH-co-EDOT), that still has thiol 

functionalities available for analysis and is not saturated.  

 

 

 

Figure 55: Depiction of the developed sensor, poly(EDOT-SH-co-EDOT), that has become saturated, 

with all available active sites occupied by glutathione. 
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The detection mechanism of the developed sensor is based on the oxidation between -SH group from 

poly(EDOT-SH-co-EDOT) and -SH from GSH, differing from other GSH electrochemical sensors that 

were based on the oxidation of GSH. Such a detection mechanism could be beneficial for determining 

the lower concentrations of GSH seen in bodily fluids, as this sensor was targeted towards.  

Comparing the results of this novel biothiol sensor with other work on electrochemical detection of 

glutathione using conducting polymers, Rajaram et al. reported an electrochemical sensor using Au 

nanoparticle-decorated PEDOT-modified glassy carbon electrode (GCE). The oxidation of GSH was 

measured by CV and amperometry, with a linear range of 0.5 to 10 µM and a LoD of 0.173 µM obtained. 

While this sensor had a LoD fractionally better than the sensor reported in this work, the developed 

poly(EDOT-SH-co-EDOT) sensor has a ∼60× wider linear range due to the non-linear sensor response 

to the concentration of GSH.  

Pasakon et al. reported a GSH sensor based on inkjet-printed graphene-poly(3,4-

ethylenedioxythiophene) poly(styrene-sulfonate) (GPPEDOT:PSS) modified screen printed carbon 

paste electrode. Linear sweep voltammetry (LSV) was applied as an electrochemical readout, which 

provided a wide detection linear range of 1–3000 µM, although the reported LoD was 1.35 µM, a value 

that is an order of magnitude lower than presented herein. Plasma levels of GSH range from 1–6 μM 

,129–131 thus this system, which is linear across that entire range and has an LOD of of 0.32 μM, would 

be very appropriate to be used to detect plasma glutathione levels. Cellular GSH concentrations range 

from 1-10 mM and thus cellular concentrations of GHS would also be able to be detected using this 

system, following a suitable dilution to be within the detection linear range.129–131   

 

4.3 Sensor Performance with Other Biothiols 

 

Glutathione is the major important biothiol that found in vivo, however there is an abundance of other 

thiols, including cysteine, in the body that play a significant role in homeostasis and other vital functions 

(see Section 1.2). While the calibration curve was established for GSH and the co-polymer poly(EDOT-

SH-co-EDOT) optimised for sensing of this biothiol, this sensor should be capable of analysing other 

biothiols.  

If the sensor was able to detect other biothiols  other than glutathione, this would provide a major benefit 

to the overall applicability of the sensor, capable of detecting multiple biothiols in a single run.  

One potential issue, however, would be if the signal relating to detection of GSH was the same as with 

these other biothiols (like cysteine). If this were the case, then these biothiols would interfere with each 

other. As such, it was decided that the developed sensor would be used to detect cysteine to see if the 

signals related to analysis of this biothiol interfered with those related to GSH.  

In this experiment, the same procedure was followed as that conducted for GSH testing. Detection was 

carried out using DPV as electrochemical readout. The figure below displays the DPV curves of 

poly(EDOT-SH-co-EDOT) sensing films towards detection of cysteine in varying concentrations. The 
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range of concentrations assessed were 100 µM, 500 µM, 1 mM and 5 mM of cysteine. These solutions 

were each made up using newly-obtained commercial cysteine which was dissolved in appropriate 

quantities in new PBS buffer. Each of the standards were then degassed for 20 minutes before being 

analysed. 
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Figure 56: DPV of direct detection of cysteine standards ((100 µM, 500 µM, 1 mM and 5 mM) in PBS 

buffer on poly(EDOT-thioacetate-co-EDOT) (1:10) polymerised from 4 cycles  and then reduced to 

poly(EDOT-thiol-co-EDOT) reduction time of 300 s). 

 

As seen in Figure 56, it was shown that the sensor was able to successfully detect cysteine, with DPV 

signals at 0.95 V.  Pleasingly, this was at a different potential to the signal related to the detection of 

GSH (at 0.8 V) which is excellent news. This result means that this sensor can potentially be used for 

both glutathione and cysteine at the same time without these biothols interfering with each other. One 

aspect to note was the additional signal at 0.85 V for solutions with high concentrations of cysteine 

(most obvious for 5 mM (blue) in Figure 56). This was postulated to be a result of the coupling of cysteine 

molecules to give cystine. Fortunately, this signal was distinct from that seen for the detection of 

cysteine.  

There were a few difficulties when first carrying out this experiment where no signal was produced. This 

was hypothesised to be due to old and decomposed cysteine, wherein a new batch was used, providing 

the results obtained above.  

At this stage, a calibration curve for the detection of cysteine is still to be created and is future work for 

this project. Due to cysteine being an incredibly important biothiol, alongside glutathione, the ability to 
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accurately measure the concentration in unknown samples is needed. Additionally, it would be of 

interest to measure both cysteine and glutathione in the same sample, to accurately determine and 

ascertain whether another biothiols changes the concertation of the other.  

 

4.4 Assessment of Selectivity; Sensor Performance with Interferants 

 

In the body there are many other chemicals other than biothiols, and these could potentially be able to 

react with the developed sensor, which would give incorrect results through interfering with the sensor 

by interacting with the thiol functionalities. There are countless important molecules in vivo that could 

potentially react with the developed sensor, however the four most common interferants found in the 

body were chosen, namely uric acid, glucose, sodium chloride and potassium chloride (Figure 57). It 

was of interest to determine whether these interact with the developed sensor and thus would effect the 

detection of biothiols 

Uric acid is a very common waste product found in the body. Uric acid is dissolved in the blood, in which 

it is processed in the kidneys and leaves the body as urine. As seen in Figure 57, uric acid contains 

both three carbonyl, and four amino groups. Looking at the structure of uric acid, the potential problem 

that could occur is reaction of the carbonyl moiety with the thiol of the polymer, which would result in 

the blockage of the active sidechains as well as giving a false signal.  

Glucose, another very common biochemical, is found in the bloodstream and all around the body and 

is the main source of the body’s energy. Normal levels of blood glucose can be as high as 5.6 mmol/L. 

As seen in Figure 57 the glucose structure contains multiple hydroxyl groups, that could potentially 

interfere with the detection of biothiols.  

Sodium chloride (NaCl), commonly known as salt, is found in large concentrations in the body, where 

it is an extremely important electrolyte in its function, for the equilibrium in the body. NaCl has a blood 

concentration level of around 154 mM, where it is incredibly important in the process of homeostasis 

and the ability to help transport nutrients via diffusion. Because it is so important and therefore very 

common, this too was tested to see if any interference was seen.  

Potassium chloride (KCl), is another common salt found in the body, where normal levels are also very 

important in the maintenance of homeostasis. The same as sodium chloride, KCl is an important nutrient 

for the brain to be able to conduct electrical signals, and transportation of other nutrients, therefore it is 

found most places in the body. 



101 
 

 

Figure 57: Structure of four common interferants, potassium chloride, sodium chloride, glucose and 

uric acid. 

 

In this investigation, the same procedure was followed as that conducted for GSH and cysteine testing. 

Detection was carried out using DPV as electrochemical readout. The figure below displays the peak 

DPV currents of poly(EDOT-SH-co-EDOT) sensing films towards detection of the interferants (100 μM 

in PBS buffer).  

Pleasingly, as displayed in Figure 58, it can be seen that uric acid, glucose, sodium chloride and 

potassium chloride, all elicited no DVP peak (0 mA), thus instigated no change in the sensor signal. 

 

Figure 58: DPV peak currents measured on poly(EDOT-SH-co-EDOT) film modified electrode in the 

PBS solution pH = 7.4, containing 100 µM GSH, uric acid, glucose, NaCl, and KCl. 
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This, therefore, displays the excellent selectivity of the poly(EDOT-SH-co-EDOT) modified Au 

electrode for GSH detection against common metabolites in body fluids. These results are excellent, as 

we can be confident that the sensor is highly selective for biothiols, thus validating the potential to use 

the sensor when other non-thiol compounds are present. 

 

4.5 Recyclability and Reusability of Sensor 

 

From the above results, it can be seen that the developed sensor is capable of sensitively and 

selectively detecting biothiols, specifically GSH, which was a fantastic result.  Lastly, it was decided to 

test the sensors’ recyclability.  

With growing thought to sustainability, it is ever more important that products are environmentally 

friendly along with the traditional features of being efficient and easy to use. Therefore, reusability of a 

technology is an important feature. Biothiol sensing systems are generally not recyclable as they lack 

the ability to be easily reconfigured. This means that these traditional systems are higher in cost and 

produce more waste. An additional major benefit of the technology developed herein over existing 

technology would be for it to be able to be reused.  

Based on the knowledge of the chemical and electrochemical processes in this system and the 

understanding developed in this study, it was proposed that in the same way that a reductive potential 

was able to deacetylate poly(EDOT-thioacetate-co-EDOT)  to form poly(EDOT-SH-co-EDOT), 

attached glutathione (or biothiol) that had been sensed, could be electrochemically cleaved from the 

sensor (Scheme 42). This would theoretically mean that the sensor should be possible to recycle.  
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Scheme 42: Proposed mechanism of the reductive cleavage of poly(EDOT-CH2-S-GS-co-EDOT), to 

poly(EDOT-SH-co-EDOT). 

 

It was thought, that after applying a potential of -0.8 V during a DPV, the electrochemical reductive 

conditions would allow for the cleavage of disulfide bonds between the sensor and detected GSH, 

poly(EDOT-CH2-S-GS-co-EDOT), leaving the original thiol sidechain available again, allowing it to be 

reused. However, it was important to determine if this would work and also whether applying a potential 

like that required for recycling would result in degradation of the polymer after a certain amount of uses.  

Thus, in addition to the aforementioned excellent sensitivity and selectivity displayed by the developed 

sensor, tests were also conducted to assess the re-usability of the poly(EDOT-SH-co-EDOT) sensing 

film for the detection of 100 μM GSH, as an added feature of this platform. This was thought to be 

possible through the cleavage of the disulfide bond between sensor and GSH through electrochemical 

reduction, and then re-exposure of the sensor to GSH and electrochemical oxidative conditions.  
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The test was done by repeatedly running a DPV onto the sensing film of interest for 10 cycles, running 

a potential of -0.8 V for 300 s, each time the test started, to cleave any remaining disulfide bonds from 

the previous detection. It was very pleasing to see that the results showed excellent re-usability and 

repeatability of the detection capability (glutathione at 100 μM) over tested 10 cycles, with no observable 

deterioration of sensor performance (Figure 59 and 60).  

 

Figure 59: DPV current of poly(EDOT-SH-co-EDOT) at 0.8 V (vs. Ag/AgCl) for the detection of 100 

µM GSH over 5 repeated cycles. 
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Figure 60: DPV peak current of poly(EDOT-SH-co-EDOT) at 0.8 V (vs. Ag/AgCl) for the detection of 

100 µM GSH over 10 repeated cycles. 
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Additonally, repeated trails were conducted for the detection of cyteine at 500 μM, over three runs. As 

seen in Figure 61, it can be seen that the detection of cysteine over three successive trials shows also 

showed little to no decomposition, which supports the evidence seen in figure 63, and that this sensor, 

regardless of the biothiol being detected, was capable of be recycled.  
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Figure 61: DPV peak current of poly(EDOT-SH-co-EDOT) at 0.8 V (vs. Ag/AgCl) for the detection of 

500 µM cysteine over three repeated cycles. 

 

 

This was excellent news, as it was now shown that the developed sensor is a selective, sensitive, and 

reusable sensor for biothiols, wherein multiple tests can be done in quick concession using the same 

film.  

 

4.6 Summary 

 

After testing the developed conducting polymer sensor for its reusability, sensitivity and selectivity, the 

conclusion is that a highly selective, sensitive, and recyclable sensor has been created. The sensor can 

detect glutathione with high sensitivity with a limit of detection allowing it to be useful for the analysis of 

biothiols in the body.  

In addition to that, the sensor also displays the ability to detect other biothiols such as cysteine, 

simultaneously but independently to GSH, whilst not detecting interferants commonly found in bodily 

fluids that could have influenced the accuracy of the results and reproducibility of the results.   
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5.1 Introduction and Rationale 

 

Now that a working, optimised sensor had been successfully developed, it was proposed to explore if 

sensors could be made with similar, alternative monomers. It was thought that conducting polymers 

made with monomers with the same core structure as that utilised earlier, but with additional substitution 

could allow for better and/or more selective detection of certain biothiols. Adding substituents near the 

thioacetate would allow for either the thiol group to be more electron rich or deficient, depending on the 

substituent attached. It was also thought that addition of substitution to the core structure would add 

steric bulk, once again potentially resulting in an enhanced sensing performance.  

The general structure of the proposed functionalised monomers is shown in Figure 62, where one has 

the R group attached to the benzodioxane ring (EDOT-11), and the other with the R group attached on 

the CH2 adjacent to the sulfur (EDOT-12).  

 

 

Figure 62: Structure of alternative PEDOT-thioacetate 6 monomers with added substituents at carbon 

3 (EDOT-11) and 5 (EDOT-12).  

 

 

5.2 Proposed Synthesis of Target Monomers 

 

The proposed Scheme to access the first of these alternative monomers, 11 and 12, is shown in 

Scheme 43. The proposed synthesis starts with the (i) oxidation of solketal to form the corresponding 

aldehyde. The next step would be a Grignard reaction of the newly-formed aldehyde, involving addition 

of whichever R group was desired, by choice of the Grignard reagent (ii, in this work, ethyl was chosen 

in the first instance). After successful addition of the Grignard reagent, the next step would be the 

protection of the alcohol group (iii) with a benzyl protecting group, that can withstand the reaction 

conditions used in the following steps. After protection, HCl would be used to deprotect the ketal group 

(iv), providing a diol. The primary alcohol group would then be mesylated (v) to convert it to a leaving 

group capable of being displaced in a reaction with potassium thioacetate to install the thioacetate 

moiety (vi). Finally, benzyl deprotection using hydrogenolysis (vii) would provide the diol capable of 

reacting with dimethoxythiophene (viii) to give the desired monomer EDOT-11.  
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Scheme 43: Proposed synthesis of alternative monomer 11. 

 

The proposed synthesis for the second alternative monomer, EDOT-12, where addition of the R group 

is directly adjacent to the sulfur, onto carbon 5, is shown in Scheme 44. Once again, this synthetic route 

starts with the oxidation (i) of solketal and then a Grignard reaction (ii) to add the desired substituent 

(Et in this case). The next step involves mesylation (iii) of the newly-formed alcohol, allowing for 

thioacetylation (iv) at this position. Lastly, deprotection (v) of the ketal using HCl provides the diol to 

then be reacted with dimethoxythiophene (vi) and form the targeted second alternative, EDOT-12. 
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Scheme 44: Proposed synthesis of second alternative monomer, EDOT-12. 

 

5.3 Synthesis of Aldehyde 14 

 

The first step of both syntheses, as described above, was the oxidation of solketal to the corresponding 

aldehyde 14. It was thought that this could be carried out through the use of a Swern oxidation. 

The mechanism of a Swern oxidation, is seen in Scheme 45, using solketal 13 as the substrate. Firstly, 

DMSO, as its resonance contributor, attacks oxalyl chloride, giving an unstable intermediate which 

quickly decomposes, releasing carbon monoxide and carbon dioxide and giving 

chloro(dimethyl)sulfonium chloride. After attack of lone pair of electrons on the alcohol on the 

electropositive sulfur in chloro(dimethyl)sulfonium chloride, the chloride is expelled and alkoxysulfonium 

ion intermediate is formed. The base present facilitates deprotonation of the alkoxysulfonium ion 

intermediate to give the sulfur ylide. The ylide then decomposes, through a five-membered ring 

transition state, to give the desired aldehyde and dimethyl sulfide.  



110 
 

 

Scheme 45: Mechanism of a Swern oxidation with solketal 13 as the substrate. 

 

The experimental methods reported by Babu et al were followed,132 namely the addition of oxalyl 

chloride to a solution of solketal 13 and DMSO, at -78 oC at which temperature it was left for 15 minutes.  

Triethylamine was then added, and the mixture was subsequently allowed to warm to room temperature 

and stirred for an additional 15 minutes. Following work-up procedures, the desired product was 

obtained in 23% yield following purification (see more details below). 

 

 

Scheme 46: Synthesis of aldehyde 13 from solketal 14. 

 

Formation of the product was confirmed through NMR. In the 1H NMR, a new peak at 9.71 ppm was 

observed, indicative of the new proton related to the aldehyde moiety in 14 (Scheme 46). This was not 

seen in the starting material, solketal 13. The additional peaks that were observed in the 1H NMR of the 

aldehyde were at 1.47 and 1.40 ppm, which correlated to protons H-1 and H-2, identified by the 3-

proton integrals for each signal (Figure 63). The next peak that was be identified, at 4.4 ppm, correlates 
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to proton 5. The mutiplet splitting seen in this signal was due to two vicinal hydrogens in different 

chemical environments. The last two identifiable peaks were at 3.91 and 4.20 ppm, correlating to 

protons H-4 and H-4’. Both of these signals were doublets due to them having a single vicinal hydrogen.  

 

Figure 63: 1H NMR spectrum of solketal 13 (blue) and aldehyde 14 (red) (400 MHz; CDCl3). 

 

The successful formation of aldehyde 14 was additionally confirmed by 13C NMR, seen in Figure 64. 

The most noticeable feature of the spectrum is the new carbonyl peak at 201.8 ppm in Figure 64 that 

was not present in the starting material 13. 

 

Figure 64: 13C NMR spectrum of solketal 13 (blue) and aldehyde 14 (red) (100 MHz; CDCl3). 
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IR analysis of the starting material 13 and product 14, as seen in Figure’s 65 and Figure 66, shows the 

disappearance of the OH peak present in the starting material 3528 cm-1 was no longer observed in 

aldehyde 14, confirming the successful conversion of the starting material. 

 

Figure 65: FTIR spectrum of solketal 13. 

 

 

Figure 66: FTIR spectrum of aldehyde 14. 

 

Unfortunately, there were some difficulties encountered when attempting to purify the crude product. 

When column chromatography was used to purify the crude material, it was discovered that this 

compound was unable to be seen using TLC, being neither UV-active or able to be seen through the 

aid of a stain. This made columning the product difficult, without seeing when it was being eluted. Using 

the preparation of Babu, K. Chandra; et al,132 a distillation was trailed to give the desired product. While 

there were some minor impurities in the resulting product, it was decided to proceed with the next 

reaction.  
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5.4 Grignard Addition to Aldehyde 14 

 

The next step in both syntheses was reaction of aldehyde 14 with a Grignard reagent. As stated earlier, 

it was decided to use the Grignard reagent ethylmagnesium bromide, adding an ethyl group, as it was 

readily available in the laboratory. 

Thus, the aldehyde product 14 of the Swern oxidation was reacted with ethyl magnesium bromide in 

diethyl ether, adding the Grignard reagents at -79 ̊C and the allowing to warm to room temperature, at 

which it was left to react for a further 24 hours (Scheme 47). 

 

Scheme 47: Reaction of aldehyde 11 with ethylmagnesium bromide. 

 

This mechanism for this reaction is as seen in Scheme 48. The first step is the addition of the Grignard 

reagent, where nucleophilic attack onto the electropositive carbonyl carbon results in the tetrahedral 

intermediate 16. Workup using acid then results in the product 15.  

 

Scheme 48: Mechanism of a Grignard addition to aldehyde 14 using ethylmagnesium bromide. 

 

After work up of the reaction and purification of the crude material, the obtained product was analysed 

using NMR and mass spectrometry. The NMR spectrum of the material showed that the aldehyde 

moiety was no longer present, however while there appeared to be signals from the newly-added ethyl 

group (a quartet at 0.85 ppm and triplet at 1.20 ppm), the signals from the ketal methyl groups at 1.47 

and 1.40 ppm were no longer present. Due to the lack of these ketal-related signals, it was assumed 

that the ketal group had been removed in the employed reaction conditions. The ketal methyl signals in 

the 13C NMR (at 26.4 and 25.2 ppm) were also not present in the of the product of the Grignard reaction.  
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Additionally, mass spectrometric analysis of the product also did not reveal a molecular ion at the 

expected m/z of 183.10 for 15, indicating that the reaction was not successful.  

Unfortunately, repeated attempts of this reaction did not yield a different result, despite shortening the 

reaction time to 16 hours in the hope that this shorter reaction time would be less likely to induce removal 

of the ketal group. 

After failure for the addition of the ethylmagnesium bromide, it was decided to change the Grignard 

reagent used to assess if this also occurred with different reagents. Thus, the reaction was repeated 

with phenyl magnesium chloride, as seen in Scheme 49. 

 

Scheme 49: Reaction of aldehyde 14 with phenylmagnesium chloride. 

Once again with the different Grignard reagent, inspection of the NMR of the resulting product revealed 

that the aldehyde moiety was no longer present (no signal at 9.71 ppm in the 1H NMR and 201.9 13C 

NMR), and there was evidence of Grignard addition, with new signals corresponding to the newly-

appended phenyl group at 7.26-7.36 ppm in 17. It was also seen, however, that but no ketal signals at 

1.47 and 1.40 ppm were present, indicating that the ketal was no longer intact.  

The deprotection of the ketal functionality in Grignard addition reactions was unexpected, with extensive 

evidence in the literature that a ketal can withstand these conditions.133  While evidence suggested that 

the Grignard addition was successful, the ketal functionality needed to remain in place until later in the 

planned syntheses. This meant that this reaction Scheme needs to be alternated in order for the 

removal of the ketal not to affect any later reactions. 

 

 

5.5 Trial Grignard Additions to an Alternative Aldehyde, Heptanal 

 

While investigations were being undertaken to identify the products of the Grignard reactions to 

aldehyde 14, it was decided to test the Grignard reagents’ reactivity with other aldehydes. This would 

confirm if these reagents were still active, and if so, indicate that it was aldehyde 14 that was 

incompatible with the reaction.   

The first experiment was to test the reaction of ethylmagnesium bromide with heptanal, using the same 

procedure as above for the previous Grignard reactions. Ethylmagnesium bromide was added to 
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heptanal in diethyl ether, at -79 ̊C and the mixture allowed to warm to room temperature and stirred for 

a further 24 hours (Scheme 50).  

 

Scheme 50: Reaction of ethyl magnesium bromide with heptanal 18. 

  

The crude product was obtained and analysed by NMR and IR spectroscopy. These analyses showed 

that the addition was successful through 1H NMR and 13C NMR analysis, where the spectra matched 

literature values for alcohol 19.134 In the IR spectra of 19, one can see the new OH peak at 3421 cm-1 

that was not present in the starting material and loss of the strong carbonyl signal (3421 cm-1) , further 

confirming the successful conversion of the aldehyde to a substituted alcohol. 

Additionally, the analogous reaction with phenylmagnesium chloride was carried out, following the 

same experimental procedures and reaction times that were used previously (Scheme 51).  

 

Scheme 51: Reaction of phenylmagnesium chloride with heptanal 18. 

 

Once again, it was seen that the product was made, using NMR and IR spectroscopy. These analyses 

showed that the addition was successful; the 1H NMR and 13C NMR spectra matched literature values 

for alcohol 19.135  In the IR spectra of 19, one can see the new OH peak at 3416 cm-1 that was not 

present in the starting material, further confirming the successful conversion of the aldehyde to a 

substituted alcohol. 

The success of these trial reactions with heptanal 18 confirmed that the reagents being used, 

ethylmagnesium bromide and phenylmagnesium chloride, were still active. That, therefore, indicated 

that the starting material 14 was incompatible in reacting with a Grignard reagent. This was a 

disappointing result and meant that a new synthetic plan to access EDOT-11 and EDOT-12 would be 

required to be developed. 
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5.6 Summary 

 

This investigation was to synthesise new, functionalised EDOT monomers with the general structure of 

11 and 12, with the idea that additional substituents could possibly increase the selectivity and 

sensitivity for detecting biothiols in the system developed herein.  

The first step, the Swern reaction of solketal, was successful, but unfortunately, the Grignard reaction 

of the formed aldehyde was unsuccessful due to its incompatibility in a Grignard reaction. Regrettably, 

this meant that the envisioned synthesis for both alternative monomers EDOT-11 and EDOT-12 was 

not possible. Therefore, future work related to this project would be to devise and develop another 

alternative method for the successful synthesis of the two new alternative monomers EDOT-11 and 

EDOT-12.  
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6.1 Summary  

 

The first goal in this project was synthesis of the novel target monomer, SS-((2,3-dihydrothieno[3,4-

b][1,4]dioxin-2-yl)methyl) O-methyl carbono(dithioperoxoate) 1. This was successfully achieved 

(Chapter 2) through the synthetic route shown in Scheme 52. Firstly, an epoxide ring opening of 

epichlorohydrin 2 and reaction with 3,4-dimethoxythiophene 4 led to the formation of 2-chloromethyl-

2,3-dihydrothieno[3,4-b]-1,4-dioxine 5. Addition of a thioacetate group and then deacetylation, yielded 

thiol 7. The next synthetic step, addition of a methoxycarbonylsulfenyl group, was difficult to carry out, 

however changing a range of factors in the reaction, successfully yielded the novel functionalised EDOT 

monomer, compound 1, that previously had not been made before. This resulted in completion of the 

first aim of the project. Yields of all compounds on the way to the final target monomer 1 were 

reasonable to high. While the final step could have undergone further optimisation, including the 

addition of higher molar ratios of the reactant and change in reaction time, as ample amounts of 

functionalised monomer 1 had been synthesised in the method, attention was next turned to its 

subsequent polymerisation.  

 

 

 

 

Scheme 52: Synthesis of SS-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl 

carbono(dithioperoxoate) 1. 
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Polymerisation of the functionalised monomer 1 was hypothesised to proceed well and give a polymer 

with excellent electrochemical activity that was able to interact and consequently detect, thiols. 

Unfortunately, this was not the case where it was found that the polymer of 1, poly(SS-((2,3-

dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl carbono(dithioperoxoate) poly-1 and co-

polymers made using monomer 1 and EDOT using eletrocopolymerisation methods, poly(EDOT-

methoxycarbonylsulfenyl-co-EDOT), were not able to be produced very well and then did not function 

as good conducting polymers or detector of thiols (Chapter 3, Sections 3.1 and 3.2).  

While the polymerisation of 1 and the use of the resulting polymers containing this monomer was not 

successful, it was thought that potentially the sidechain with the free thiol functionality would also be 

able to interact with biothiols. In the polymerisation investigation it was, unfortunately seen, that the 

polymer made with EDOT-thiol, poly(EDOT-thiol) poly-7, was not formed readily. 

Electropolymerisation of EDOT-thioacetate 6 to form poly(EDOT-thioacetate) poly-6 however, was 

much better, as was the electrochemical activity of the polymers.  

Pleasingly a co-polymer of EDOT and EDOT-thioacetate, poly(EDOT-thioacetate-co-EDOT) was 

successfully electrocopolymerised. Following this, a range of methods (chemical and electrochemical) 

were trialed to deacetylate the thioacetate sidechain, where it was found that electrochemical reduction 

at -0.8 V for 300 s effectively unmasked the thiol moieties on the side chains of the co-polymer, forming 

poly(EDOT-SH-co-EDOT) (Section 3.4.1).  

Following this, the ability of the formed poly(EDOT-SH-co-EDOT) to sense thiols (using glutathione as 

the trial thiol molecule) was carried out (Section 3.4.2.2). It was very exciting to discover that 

poly(EDOT-SH-co-EDOT) was able to detect glutathione through DPV, showing for the first time that 

this new material was able to detect biothiols and act as a biothiol sensor.  

Now that a successful sensor had been created, optimisation of the parameters to copolymerise, 

poly(EDOT-thioacetate-co-EDOT) was then carried out, to gain optimal sensing performance of 

poly(EDOT-SH-co-EDOT) following electrochemical deactylation (Section 3.5). This was done by firstly 

optimising the number of cycles that were run for the CV electrocopolymerisation of EDOT-thioacetate 

6 and EDOT to form the co-polymer. Following this, the ratio of monomers in the polymerisation were 

also explored. The optimum number of CV cycles was four and the optimum ratio between EDOT-

thioacetate 6 and EDOT monomers was found to be 1:10. A range of techniques were used to 

characterise the copolymers and verify the transformations taking place before and after sensing, 

including CV, DPV, SEM, FTIR and XPS (Section 3.6). 

This optimisation resulted in a highly sensitive detector for the analysis of glutathione (Chapter 4, 

Section 4.4). A calibration curve was able to be constructed for the detection of glutathione, with the 

linear range observed from 1 μM to 600 μM, with a detection limit of 0.32 μM (S/N = 3.3). This was an 

excellent result, particularly as the LOD was well below the levels found in the body, meaning that this 

sensing platform is appropriate for use as a novel sensor for the detection of glutathione. 

In addition to developing a calibration curve and assessment of the sensitivity of the developed sensor, 

focus then turned to the sensor’s interaction/detection of other molecules, both thiols and non-biothiols 
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(Sections 4.3 and 4.4). It was hoped that non-thiols would not interact with the sensor and other biothiols 

would, but not in such a way as to interfere with the analysis of glutathione. Detection of cysteine as 

another biologically-relevant biothiol, was first trailed. Pleasingly, the sensor was successfully able to 

detect concentrations of cysteine, at a different potential of 1 V, which allowed for the possibility of both 

glutathione and cysteine to be simultaneously and separately detected. The interaction of the developed 

sensor with interferants were trailed as well. It was excellent to see that non-biothiol molecules 

commonly found in bodily fluids did not interact with the sensor. This was another successful trail, 

confirming that the sensor is selective in analysing thiol molecules only.  

The last investigation was to test the sensors’ reusability (Section 4.5). In this, it was shown that the 

sensor could be recycled through the delivery of a reductive potential to cleave off the attached biothiol 

and regenerate the free thiols for subsequent re-sensing. It was very good to see that the sensing 

performance did not decline, even after being after being run for 10 cycles, showing no decomposition 

of the sensor.  

The full process of the developed sensing platform is demonstrated in the figure below, Figure 67. It 

starts by the co-polymerisation of EDOT-thioacetate 6 and EDOT to form poly(EDOT-thioacetate-co-

EDOT) (a), where the thioacetate moieties are then electrochemically reduced to thiols to form 

poly(EDOT-SH-co-EDOT) through the delivery of a reductive potential (b). The sensor is then exposed 

to GSH, whereby electrochemical detection of GSH occurs, with the GSH forming disulfilde bonds with 

the thiol on the co-polymer (c). Finally, DPV measurement can be used to quantify the concentration of 

GSH in the sample (d). 

 

Figure 67: The formation of poly(EDOT-SH-co-EDOT) sensor for detection of GSH, where a is 

electrocopolymerisation of poly(EDOT-thioacetate-co-EDOT); b the electrochemical reduction of 

thioacetate of poly(EDOT-thioacetate-co-EDOT) to poly(EDOT-SH-co-EDOT), c is the 

electrochemical detection of glutathione (GSH) by means of DPV (d). 
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Overall, it was excellent to successfully develop a novel, first in class, sensor that was able to identify 

changes in biothiol concentration and complete all the research aims set out for in this thesis. This work 

has opened a very exciting future for the use and utility of this innovative sensing platform.  

 

6.2 Future Work 

 

Although this project was highly successful, there are future aspirations to further enhance this sensor’s 

ability. The next step in this endeavour would be to successfully make alternative monomers with 

additional substituents on the core structure (see Chapter 5 for preliminary investigations into this), to 

see if improved sensing performance for the detection of biothiols can be attained.  

Additionally, it would be of interest to create calibration curves for many other important biothiols, 

including cysteine which was shown to also be able to be detected by the developed sensor (see 

Section 4.3 and further discussion above). It would also be of interest to test the developed sensor to 

detect and quantify glutathione and other biothiols in model (and then actual) bodily fluids.   

In addition to this, electrodes have been becoming smaller and smaller, and the next major step for the 

future of this project would be to create a portable, handheld device using this sensing platform. This 

would allow and open up a huge number of possibilities that this sensor could then be used for. This 

device could be created to monitor glutathione and cysteine levels, which would allow for the early 

detection or prevention of diseases that these molecules influence, such as Alzheimer’s, Parkinson’s, 

cancer, cardiovascular disease, diabetes, cystic fibrosis, along with many others, that 

glutathione/cysteine levels have shown to be indicators of.  An easy, portable, reusable handheld device 

using this sensing platform, could help the easy monitoring of health and gauging onset and progression 

of diseases such as the ones listed above. This would help to reduce the prevalence and help the 

detection and monitoring of these diseases, which could potentially even be done in a home 

environment, providing greater accessibility for people, to information on their own health. 

Additionally, biothiols are not the only important thiols that need to be quantified. Because thiols are 

unstable, easy, and fast analysis of thiols is extremely important in many fields of research, therefore 

this sensing technology should not only be limited to biothiols, but could also be used, and have impact 

in a wide range of other fields, such as but not limited to, environmental sciences, analytical sciences 

and wine sciences.  
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7.1 General Synthetic Details 

 

All reactions conducted in non-aqueous media were done so under a dry nitrogen atmosphere, unless 

otherwise noted within the experimental procedure for the preparation of a given compound. Solvents 

were dried by using a solvent purifier (LC Technology Solutions Inc. SP‑1 Standalone Solvent Purifier 

System). All other commercial reagents were used as purchased, without further purification unless 

otherwise stated in the text. 

Flash chromatography was carried out using Silica Gel 60 (40 – 63 μm, 230-430 mesh ASTM) with the 

solvents specified in the experimental procedure for each given compound. Thin layer chromatography 

(TLC) was performed using Merck silica gel F254 aluminium plates pre-coated with silica. Compounds 

were identified using ultraviolet fluorescence and/or staining with vanillin in ethanolic sulphuric acid (with 

heating). 

Low-resolution and high-resolution mass spectra were recorded using a MicrOTOF-Q II mass 

spectrometer. For low-resolution mass spectrometry, prominent fragments are quoted in the form a(b) 

where a is the mass to charge ratio of the fragment and b is the percentage abundance relative to the 

base peak. High-resolution mass spectroscopy (HRMS) was carried out by either chemical ionisation 

(CI) or electrospray ionisation (ESI+) at a nominal resolution of 10000. 

Infra red (IR) spectra were recorded using a Perkin-Elmer Spectrum 1000 series Fourier Transform 

Infra Red ATR spectrometer. Absorption maxima are expressed in wave numbers (cm-1). 

NMR spectra were recorded as specified on a Bruker Avance III-400 spectrometer (399.9 MHz for 1H 

nuclei and at 100 MHz for 13C nuclei). All chemical shifts (δ) are reported in parts per million (ppm) 

relative to deuterated chloroform (7.26 ppm) as an internal reference for 1H NMR, and 77.0 ppm for 13C 

NMR. All samples were run in deuterated chloroform unless otherwise stated. 1H NMR data is reported 

as follows: position (δ), relative integral, multiplicity (s, singlet; d, doublet; dd, doublet of doublets; dt, 

doublet of triplets; dq, doublet of quartets; t, triplet; q, quartet; sex. sextet; m, multiplet; br, broad peak), 

coupling constant (J, Hz (accurate to 1 decimal place)), and the assignment of the atom. 13C NMR data 

are reported as position (δ) and assignment of the atom. NMR assignments were determined using 

HSQC and HMBC experiments. 
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7.2 Synthesis of Compounds 

 

 

3-Chloro-1,2-propanediol 3 

  

A stirred solution of epichlorohydrin (6.47 g, 0.07 mol) in H2O (3.78 g, 0.21 mol), was heated at reflux 

at 110 °C under an atmosphere of nitrogen for 3 h, after which it was allowed to warm to room 

temperature. The mixture was then concentrated in vacuo, giving the title product 3 (7.73 g, 100%) as 

a colourless oil. The crude product was reacted on without further purification. 

IR: νmax (ATR)/cm-1: 3354 (O-H alcohol),  713 (C-Cl halogen) 

 

2-Chloromethyl-2,3-dihydrothieno[3,4-b]-1,4-dioxine 5 

 

To a stirred solution of 3,4-dimethoxythiophene (2.0 g, 0.0138 mol) and p-toluene sulfonic acid (0.24 g, 

0.00138 mol) in toluene under an atmosphere of nitrogen, was added 3-chloro-1,2-propanediol 3 (7.74 

g, 0.07 mol). The resulting mixture was stirred at 90 °C for 24 h. After cooling to room temperature, the 

mixture was then washed with dichloromethane (3 x 100 mL), dried (MgSO4) and the solvent was 

removed in vacuo. The crude product was purified by flash chromatography (3:1 petroleum ether, 

dichloromethane) to yield the title product 5 (1.319 g, 50 %) as a colourless oil. 

Rf (2:1 petroleum ether, dichloromethane) 0.75.  

IR: νmax (ATR)/cm-1: 2940 (C-H aromatic), 1580 (C=O alkene), 735 (C-Cl halogen),  

δH (400 MHz; CDCl3; Me4Si) 6.37 (2H, s, 1-H, 1′-H), 4.34–4.39 (1H, m, 4-H), 4.26–4.33 (1H, m, 3-Ha), 

4.13–4.18 (1H, m, 3-Hb), 3.64–3.75 (2H, m, 5-H).  

δC (100 MHz; CDCl3) 141.1 (C-2), 140.7 (C-2′), 100.1 (C-1, C-1′), 72.9 (C-4), 66.6 (C-3), 41.3 (C-5).   

The 1H and 13C NMR data were in agreement with the literature values.136 
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S-((2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) ethanethioate 6 

 

To a stirred solution of 2-chloromethyl-2,3-dihydrothieno[3,4-b]-1,4-dioxine 5 (0.50 g, 2.62 mmol) in 

DMF (20 mL), was added thioacetic acid s-potassium salt (0.45 g, 3.97 mmol), and the mixture was 

heated at reflux at 50 °C for 24 h. After cooling to room temperature, the mixture was then extracted 

with dichloromethane (3 x 100 mL) and the combined organic extracts were washed with water (3 x 

100mL) dried (MgSO4) and the solvent was removed in vacuo. The resulting mixture was purified by 

flash chromatography (3:1 petroleum ether, dichloromethane) to yield the title product 6 (1.319 g, 56 

%) as a brown oil.  

Rf (3:1 Petroleum ether, dichloromethane) 0.13.  

IR: νmax (ATR)/cm-1: 2995 (C-H aromatic), 1686 (C=C Alkene), 1484 (C=O carbonyl) 

δH (400 MHz; CDCl3; Me4Si) 6.32-6.35 (2H, m, 1-H and 1′-H), 4.18–4.28 (2H, m, 4-H, 3-Ha), 3.94-4.00 

(1H, m, 3-Hb), 3.17–3.19 (2H, m, 5-H), 2.38 (3H, s, 7-H).  

δC (100 MHz; CDCl3) 194.9 (C-6), 141.3 (C-2′), 141.2 (C-2), 100.1 (C-1), 99.9 (C-1′), 72.5 (C-4), 67.0 

(C-3), 30.6 (C-5), 29.3 (C-7).  

m/z (ESI+): 253.29 (MNa+, 100%); HRMS (ESI+): Found (MNa+): 252.9965, C7H7NaO2S1 requires 

252.9964. 

The 1H and 13C NMR data were in agreement with the literature values.106 
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(2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanethiol 7 

 

Method A; using DIBAL-H: To a stirred solution of S-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) 

ethanethioate 7 (0.302 g, 1.3 mmol) in toluene (10 mL) was added diisobutylaluminium hydride (2M in 

toluene, 6 mL), dropwise and the resulting mixture was stirred at -78 °C for 45 minutes. After allowing 

it to warm to room temperature, the solution was quenched with 2 M HCl (5 mL) and extracted with 

dichloromethane (3 x 100 mL). The combined organic extracts were then dried (MgSO4) and the solvent 

was removed in vacuo. The crude product was purified by flash chromatography (3:1 petroleum ether, 

dichloromethane) to yield the title product 7 (0.304 g, 75 %) as a yellow oil.  

Rf (3:1 Petroleum ether, dichloromethane) 0.30.  

IR: νmax (ATR)/cm-1: 2943 (C-H aromatic), 2781 (S-H thiol), 1528 (C=C alkene). 

δH (400 MHz; CDCl3; Me4Si) 6.33 (2H, s, 1-H and 1′-H), 4.18–4.28 (2H, m, 3-Ha), 4.09–4.13 (1H, m, 4-

H), 4.13–4.18 (1H, m, 3-Hb), 2.82–2.89 (1H, m, 5′-H) 2.70–2.77 (1H, m, 5-H), 1.67 (1H, s, S-H).   

δC (100 MHz; CDCl3) 141.3 (C-2), 141.1 (C-2′), 99.8 (C-1), 99.7 (C-1′), 74.5 (C-4), 66.5 (C-3), 24.6 (C-

5).  

The 1H and 13C NMR data were in agreement with the literature values.106 

 

Method B; using sodium hydroxide: To a stirred solution of S-((2,3-dihydrothieno[3,4-b][1,4]dioxin-

2-yl)methyl) ethanethioate 7 (0.066 g, 0.217 mmol) in ethanol (2 mL) was added sodium hydroxide 

(0.017 g, 0.434 mmol) in water (0.25 mL). The resulting mixture was stirred at room temperature for 24 

h. The solution was quenched with 2 M HCl (2 mL) and extracted with dichloromethane (3 x 100 mL). 

The combined organic extracts were then washed with water (50 mL), dried (MgSO4) and the solvent 

was removed in vacuo. The crude product was purified by flash chromatography (3:1 petroleum ether, 

dichloromethane) to yield the title product 9 (0.005 g, 4 %) as a yellow oil. The characterisation data 

was the same as reported above.  
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SS-((2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl carbono(dithioperoxoate) 1 

 

To a stirred solution of 2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanethiol 4 (0.3 g, 0.70 mmol), was 

added methoxycarbonylsulfenyl chloride (0.088 g, 0.70 mmol) in dichloromethane (5 mL), and the 

mixture stirred at room temperature for 24 h. The mixture was then washed with dichloromethane (3 x 

100 mL) and the combined organic extracts were dried (MgSO4) and the solvent was removed in vacuo. 

The crude product was purified by flash chromatography (3:1 petroleum ether, dichloromethane) to 

yield the title product 1 (0.057 g, 25 %) as a light-yellow oil. 

Rf (3:1 Petroleum ether, dichloromethane) 0.13.  

IR: νmax (ATR)/cm-1: 2983 (CH aromatic), 2859 (CH alkane), 1714 (C=O ester), 1495 (C=C aromatic), 

1230 (CH alkane), 1136 (C-O ether).   

δH (400 MHz; CDCl3; Me4Si) 6.34 (2H, s, 5-H), 4.45-4.40 (1H, m, 4-H), 4.30 (1H, m, 3-Ha), 4.18-4.12 

(1H, m, 3-Hb), 3.84 (3H, s, 7-H), 3.14-3.08 (1H, m, 5-Ha), 3.01-2.95 (1H, m, 5-Hb).   

δC (100 MHz; CDCl3) 169.9 (C-6), 141.3 (C-2′), 140.9 (C-2), 100.2 (C-1′), 100.2 (C-1), 72.1 (C-4), 66.5 

(C-3), 55.9 (C-5), 39.1 (C-7).  

m/z (ESI+): 301 (MNa+, 100%); HRMS (ESI+): Found (MNa+): 300.9633, C9H10NaO4S3 requires 

300.9644. 
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2,2-Dimethyl-1,3-dioxolane-4-carbaldehyde 14 

 

 

 

To a stirred solution of DMSO (3.69 g, 49 mmol) in DCM (5 mL) at -78 °C, oxalyl chloride (2.75 g, 21 

mmol, 1 eq) diluted in DCM (30 mL) was added dropwise, during which the solution turned yellow. 

Solketal 13 (2.6 g, 20 mmol, 1 eq) diluted in DCM (15 mL), was added dropwise to the solution and the 

mixture stirred for 15 minutes at -78 °C. Triethylamine (9.95 g, 100 mmol, 5 eq), was added dropwise, 

and the reaction mixture then allowed to warm to room temperature and stirred for 15 minutes. The 

solution was then extracted with dichloromethane (3 x 100 mL). The combined organic extracts were 

then washed with water (50 mL), dried (MgSO4) and the solvent was removed in vacuo. The crude 

product was purified by distillation to yield the title product 14 (0.005 g, 4 %) as a colourless oil. 

IR: νmax (ATR)/cm-1: 1729 (C=O aldehyde), 1211 (C-O ether), 1059 (C-O ether) 

δH (400 MHz; CDCl3; Me4Si): 9.55 (d, J = 1.8 Hz, 1H), 4.4 (1H, m. 2-H), 4.2 (1H, d, 3-H), 3.91 (1H, d, 

3’-H), 1.49 (3H, s, 5-H), 1.44 (3H, s, 4-H). 

δC (100 MHz; CDCl3): 201.4 (C-1), 110.8 (C-5), 79.5 (C-3), 65.1 (C-2), 25.8 (C-6), 24.7 (C-7). 

The 1H and 13C NMR data were in agreement with the literature values.106 
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Nonan-3-ol 19 

 

To a stirred solution of heptanal 18 (0.2 g, 1.75 mmol) in diethyl ether (2 mL) at 0 °C, ethylmagnesium 

bromide (1 M in THF, 0.22 g, 0.23 mL, 1.75 mmol) was added dropwise and the mixture stirred for 10 

minutes. The reaction was the warmed to room temperature and stirred for a further 24 hours after 

which sat. aq. NH4Cl (2 mL) was then added dropwise. The solution was then extracted with 

dichloromethane (3 x 100 mL) and the combined organic extracts were then washed with water (50 

mL), dried (MgSO4) and the solvent was removed in vacuo to give the title product 19 (0.27 g, 79 %) 

that was then analysed without further purification. 

δH (400 MHz; CDCl3; Me4Si): 4.56 (1H, d, O-H), 3.47 (1H, m, 3-H), 1.67-1.42 (4H, m, 2-H, 4-H), 1.37-

1.25 (8H, m, 8-H, 7-H, 6-H, 5-H), 1.20 (3H, t, 1-H), 0.88 (3H, m, 9-H) 

δC (100 MHz; CDCl3): 65.8 (C-3), 43.9 (C-4), 31.5 (C-2), 30.9 (C-5), 28.8 (C-6), 22.5 (C-7), 22.4 (C-8), 

22.0 (C-9), 15.2 (C-1),  

The 1H and 13C NMR data were in agreement with the literature values.134 

 

1-Phenylheptan-1-ol 20 

 

To a stirred solution of heptanal 18 (0.2 g, 1.75 mmol) in diethyl ether (2 mL) at 0 °C, phenylmagnesium 

chloride (2 M in tetrahydrofuran, 0.32 g, 0.28 mL, 1.75 mmol) was added dropwise and the mixture 

stirred for 10 minutes. The reaction was the warmed to room temperature and stirred for a further 24 

hours after which sat. aq. NH4Cl (2 mL) was then added dropwise. The solution was then extracted with 

dichloromethane (3 x 100 mL) and the combined organic extracts were then washed with water (50 

mL), dried (MgSO4) and the solvent was removed in vacuo to give the title product 20 (0.2 g, 64 %) that 

was then analysed without further purification. 

δH (400 MHz; CDCl3; Me4Si): 7.61-7.34 (5H, m. 1-H, 2-H, 2’-H, 3-H, 3’-H), 4.62(1H, d, O-H), 4.21 (1H, 

m, 5-H), 1.35 (2H, m, 6-H), 1.18-1.13 (8H, m, 7-H, 8-H, 9-H, 10-H), 0.80 (3H, m, 11-H) 

δC (100 MHz; CDCl3): 143.8 (C-4), 128.7 (C-3), 127.2 (C-2), 126.1 (C-1), 65.8 (C-5), 30.9 (C-6), 29.8 

(C-7), 29.3 (C-9), 28.7 (C-8), 28.3 (C-10), 14.2 (C-11)  

The 1H and 13C NMR data were in agreement with the literature values.135  
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7.3 Synthesis of Polymers and Copolymers 

 

7.3.1 Preparation of Electrode 

 

1.6 mm diameter gold disk electrodes were used as working electrodes. Firstly, these electrodes were 

polished on alumina polishing pad with polishing alumina slurry followed by rinsing with ethanol and 

deionised water and ultrasonication in ethanol and deionised water to remove the residual alumina 

completely from the electrodes. Chronoamperometry (1.4 V) was then applied to the ultrasonicated 

electrodes to desorb the organic contaminants present on the surface of the electrodes for 30 seconds 

using 0.1 M sodium hydroxide (NaOH) electrolyte solution. Electrodes were washed again with 

deionised water. Lastly, cyclic voltammetry for 10 cycles between -0.2 and 1.6 V, at a scan rate of 100 

mV/s in 0.5 M sulphuric acid solution was performed to remove any other impurities.  

 

7.3.2 Polymerisation of EDOT and monomers 6, 7 and 1  

 

CV polymerisation was carried out in 2 mL acetonitrile containing 100 mM LiClO4 (0.213 g of LiClO4 in 

20 mL of acetonitrile) and 50 mM of the monomer, over the potential range -0.2-1.4 V, at 50 mv/s. The 

polymeristion of each of the four polymers was run for 10 cycles. 

CV characterisation was performed in a PBS (monomer-free) buffer between -0.6 to 0.8 V at different 

100 mV/s. EIS was performed in 5 mM ferro/ferricyanide in PBS buffer. All the electrochemical 

measurements used Ag/AgCl as the reference electrode and Pt as the counter electrode.  

 

7.3.3 Co-Polymerisation of Monomers 6, 7 and 1 with EDOT 

 

7.3.3.1 Initial Co-Polymerisation Procedures 

 

Formation of poly(EDOT-methoxycarbonylsulfenyl-co-EDOT): CV polymerisation was carried out in 

2 mL acetonitrile containing 100 mM LiClO4 (0.213 g of LiClO4 in 20 mL of acetonitrile) and 50 mM 

EDOT and 1 mM of monomer 1, over the potential range from -0.2-1.4V, at 50 mv/s for 5 cycles. 

Formation of poly(EDOT-SH-co-EDOT): Chronoamperometry polymerisation was carried out in 2 mL 

acetonitrile containing 100 mM LiClO4 (0.213 g of LiClO4 in 20 mL of acetonitrile) and 50 mM of EDOT-

SH 7, at 1.5V, at a interval of 0.01s, for 10 and 20 s.  

Formation of poly(EDOT-SH-co-EDOT): CV polymerisation was carried out in 2 mL acetonitrile 

containing 100 mM LiClO4 (0.213 g of LiClO4 in 20 mL of acetonitrile) and 50 mM EDOT and 1 mM of 

EDOT-SH 7, over the potential range from -0.2-1.4V, at 50 mv/s for 5 cycles. 
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Formation of poly(EDOT-thioacetate-co-EDOT): CV polymerisation was carried out in 2 mL 

acetonitrile containing 100 mM LiClO4 (0.213 g of LiClO4 in 20 mL of acetonitrile) and 10 mM EDOT and 

1 mM of EDOT-thioacetate 6, over the potential range from -0.2-1.4V, at 50 mv/s for 5 cycles. 

 

7.3.3.2 CV characterisation of Formed Co-Polymers 

 

CV characterisation of the above copolymers was performed in a PBS (monomer-free) buffer between 

-0.6 to 0.8 V at different 100 mV/s. EIS was performed in 5 mM ferro/ferricyanide in PBS buffer. All the 

electrochemical measurements used Ag/AgCl as the reference electrode and Pt as the counter 

electrode. 

 

7.3.3.3 Optimising CV Cycles to Form Poly(EDOT-thioacetate-co-EDOT) 

 

CV polymerisation was carried out in 2 mL acetonitrile containing 100 mM LiClO4 and 50 mM EDOT 

and 1 mM EDOT-thioacetate 6 (50:1) in the potential range from -0.2-1.4 V, at 50 mv/s for 1, 2, 3, 4 and 

5 cycles.  

Before DPV scanning (assessment of sensing), a preconditioning at -0.8 V for 10 s was applied and 

100 μM GSH was detected by direct oxidation by DPV (see 7.3 for further details). These measurements 

were completed in triplicates, where the most sensitive sensor biased on cycles was chosen and 

continued to be used throughout. 

 

7.3.3.4 Optimising Monomer Ratios to Form Poly(EDOT-thioacetate-co-EDOT) 

 

CV polymerisation carried out in 2 mL acetonitrile containing 100 mM LiClO4 and 50 mM EDOT and 25 

mM EDOT-thioacetate 6 (2:1), or 50 mM EDOT and 5 mM EDOT-thioacetate 6 (10:1), or 50 mM EDOT 

and 2 mM EDOT-thioacetate 6 (25:1), in the potential range from -0.2-1.4 V, at 50 mv/s for 4 cycles.  

Before DPV scanning (assessment of sensing), a preconditioning at -0.8 V for 10 s was applied and 

100 μM GSH was detected by direct oxidation by DPV (see 7.3 for further details). These measurements 

were completed in triplicate, where the most sensitive sensor biased on cycles was chosen and 

continued to be used throughout. 
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7.3.4 Chemical Deacetylation of Polymers 

 

Method A (using DIBAL-H): To polymer-thioacetate poly-6 (on an electrode) in toluene (3 mL) was 

added diisobutylaluminium hydride (0.05 mL), dropwise and the resulting mixture was left for the stated 

time. The resulting electrode was then quenched by dipping the electrode in HCl (2 M, 2 mL), for 60 

seconds. The electrode was then removed and washed with water to remove any acid left on the 

electrode.  

Method B (using base-mediated hydrolysis): To polymer-thioacetate poly-6 in ethanol (2 mL) was 

added sodium hydroxide (0.434 mmol, 0.017 g,), the resulting mixture left to stir overnight. The resulting 

electrode was then quenched by dipping the electrode in HCl (2 M, 2 mL), for 60 seconds. The electrode 

was then removed and washed with water to remove any acid left on the electrode. 

 

7.4 Biothiol Sensing 

 

Polymer sensing was completed in two ways, the first of which was the incubation of the polymer in 

glutathione (GSH), at different concentration and time lengths, followed by assessment of the EIS (see 

details below) and/or CV (see Section 7.2.2.3) of the co-polymer. The second method was direct 

detection of the polymer where current is applied to oxidise the polymer, allowing for the addition of 

glutathione. This was then assessed through DPV of the co-polymer (see below). 

 

7.4.1 Incubation of Copolymer and GSH 

 

In the first trails of detection which assessed co-polymers of monomers 6, 7 or 1 with EDOT, the co-

polymer coated electrode was incubated in 10 mM, 1 mM, 10 μM and 1 μM of glutathione, for 15 

minutes, then characterisation of the polymers were run again to see any changes in electrical activity. 

EIS was then carried out by 10 mV sinusoidal excitation amplitude at a bias potential of 0.23V. The 

frequencies were from 0.1 Hz to 5 kHz using a PalmSens3 potentiostat.  

CV was then carried out according to the methods stated in Section 7.2.2.3 

 

7.4.2 Direct Detection using DPV of Poly(EDOT-thiol-co-EDOT) 

GSH was also detected by direct oxidation by DPV. Before DPV scanning, a preconditioning at -0.8 V 

for 10 s was applied to poly(EDOT-thioacetate-co-EDOT). This deacetylated the sidechains in the 

polymer to form poly(EDOT-thiol-co-EDOT).  

After preconditioning, direct detection was done using DPV from -0.2V to 1V, at a scan rate of 0.01V/s 
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7.4.3 Interferants 

 

Cysteine, NaCl, uric acid, KCl and glucose detection were all also assessed by direct oxidation by DPV 

(see Section 7.3.2 above). Before DPV scanning, a preconditioning at -0.8 V for 10 s was applied. 100 

μM solutions of compound (cysteine, NaCl, uric acid, KCl or glucose) were analysed, by the optimised 

copolymer poly(EDOT-thioacetate-co-EDOT) (10:1 ratio polymerised for 4 cycles, see Section 

7.2.2.4). The sensing experiments were performed in triplicate.   

 

 

7.4.4 Calibration curve 

 

Standard solutions for the calibration curve were made using reduced glutathione (0.0000061 g, 

0.000061 g, 0.00061 g, 0.00123 g, 0.00246 g, 0.00369 g, all in 20 mL of PBS), to make up the following 

concentrations, respectively 1, 10, 50, 100, 200, 400 and 600 μM, in PBS. The standard solution was 

then degassed for 20 minutes.  

The detection of GSH by direct oxidation by DPV. The standards were analysed by the optimised 

copolymer poly(EDOT-thioacetate-co-EDOT) (10:1 ratio polymerised for 4 cycles, see Section 

7.2.2.4). Before DPV scanning, a preconditioning at -0.8 V for 10 s was applied. The sensing 

experiments were performed in triplicate.   

The LoD was calculated by calculation as follows, LOD = 3.3σ / S, where S is the slope of the calibration 

curve and is the σ the standard deviation of the response.  

 

7.4.5 Recyclability 

 

Recyclability of the sensor was carried out by the detection of GSH by direct oxidation by DPV (see 

Section 7.3.2) on the optimised copolymer poly(EDOT-thioacetate-co-EDOT) (10:1 ratio polymerised 

for 4 cycles, see Section 7.2.2.4). Before DPV scanning, a preconditioning at -0.8 V for 10 s was applied. 

GSH (100 μM in PBS) was detected, results were recorded, and a preconditioning at -0.8 V for 10 s 

was applied, before the process was repeated for 10 cycles, with each cycle being recorded.  
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7.5 Co-polymer Characterisation 

 

7.5.1 XPS 

 

XPS data was recorded using an AXIS Ultra DLD XPS from Kratos Analytical and is equipped with a 

hemispherical electron energy analyser, and analysis was formed using CasaXPS software. 

poly(EDOT-thioacetate-co-EDOT), poly(EDOT-thiol-co-EDOT) (formed by electrochemical 

reduction) and poly(EDOT-thiol-GSH-co-EDOT) were analysed using this technique. 

 

7.5.2 SEM 

 

Scanning Electron microscope was performed using an JCM-6000 Versatile Benchtop SEM, JEOL. 

poly(EDOT-thioacetate-co-EDOT) was analysed using this technique.  

 

7.5.3 FTIR 

 

A FTIR Bruker Vertex 70 spectrometer was used for the detection of the FTIR spectra, with wavelength 

scanning from 4000 to 400 cm−1, and absorption maxima expressed in wave numbers (cm-1). 

Poly(EDOT-thioacetate-co-EDOT), poly(EDOT-thiol-co-EDOT) (formed by electrochemical 

reduction) and poly(EDOT-thiol-GS-co-EDOT) were analysed using this technique. 

 

7.5.4 WCA 

 

The Water Contact Angle of poly(EDOT-thioacetate-co-EDOT) was measured by CAM100, KSV 

Instrument Ltd. 

 

 

 

 

 

 

 



135 
 

References  
 

(1)  Zhu, B.; Bryant, D. T.; Akbarinejad, A.; Travas-Sejdic, J.; Pilkington, L. I. A Novel 
Electrochemical Conducting Polymer Sensor for the Rapid, Selective and Sensitive Detection 
of Biothiols. Polym. Chem. 2022, 13 (4), 508–516. https://doi.org/10.1039/D1PY01394G. 

(2)  McBean, G. J. Cysteine, Glutathione, and Thiol Redox Balance in Astrocytes. Antioxidants 
2017, 6 (3). https://doi.org/10.3390/antiox6030062. 

(3)  Trivedi, M. V.; Laurence, J. S.; Siahaan, T. J. The Role of Thiols and Disulfides in Protein 
Chemical and Physical Stability. Curr. Protein Pept. Sci. 2009, 10 (6), 614–625. 

(4)  thiol | chemical compound | Britannica https://www.britannica.com/science/thiol (accessed 
2022 -04 -20). 

(5)  Benchoam, D.; Cuevasanta, E.; Möller, M. N.; Alvarez, B. Hydrogen Sulfide and Persulfides 
Oxidation by Biologically Relevant Oxidizing Species. Antioxidants 2019, 8 (2), 48. 
https://doi.org/10.3390/antiox8020048. 

(6)  Front-Matter. In Fluid Catalytic Cracking Handbook (Third Edition); Sadeghbeigi, R., Ed.; 
Butterworth-Heinemann: Oxford, 2012; pp i–iii. https://doi.org/10.1016/B978-0-12-386965-
4.00039-2. 

(7)  Ulrich, K.; Jakob, U. The Role of Thiols in Antioxidant Systems. Free Radic. Biol. Med. 2019, 
140, 14–27. https://doi.org/10.1016/j.freeradbiomed.2019.05.035. 

(8)  Poole, L. B. The Basics of Thiols and Cysteines in Redox Biology and Chemistry. Free Radic. 
Biol. Med. 2015, 0, 148–157. https://doi.org/10.1016/j.freeradbiomed.2014.11.013. 

(9)  Sakai, N.; Moritaka, K.; Konakahara, T. A Novel Approach to the Practical Synthesis of Sulfides: 
An InBr3–Et3SiH Catalytic System Promoted the Direct Reductive Sulfidation of Acetals with 
Disulfides. Eur. J. Org. Chem. 2009, 2009 (24), 4123–4127. 
https://doi.org/10.1002/ejoc.200900566. 

(10)  Nagy, P.; Winterbourn, C. C. Chapter 6 - Redox Chemistry of Biological Thiols. In Advances in 
Molecular Toxicology; Fishbein, J. C., Ed.; Elsevier, 2010; Vol. 4, pp 183–222. 
https://doi.org/10.1016/S1872-0854(10)04006-3. 

(11)  Chap8 Alcohol Ether.Pdf. 
(12)  Smith, P. W. G.; Tatchell, A. R. XIV - Aliphatic Sulphur-Containing Compounds. In Fundamental 

Aliphatic Chemistry; Smith, P. W. G., Tatchell, A. R., Eds.; Pergamon, 1965; pp 267–273. 
https://doi.org/10.1016/B978-0-08-010746-2.50017-X. 

(13)  Graf, N.; Lippard, S. J. Redox Activation of Metal-Based Prodrugs as a Strategy for Drug 
Delivery. Adv. Drug Deliv. Rev. 2012, 64 (11), 993–1004. 
https://doi.org/10.1016/j.addr.2012.01.007. 

(14)  Kasamatsu, S.; Nishimura, A.; Morita, M.; Matsunaga, T.; Abdul Hamid, H.; Akaike, T. Redox 
Signaling Regulated by Cysteine Persulfide and Protein Polysulfidation. Molecules 2016, 21 
(12). https://doi.org/10.3390/molecules21121721. 

(15)  Rudyk, O.; Eaton, P. Biochemical Methods for Monitoring Protein Thiol Redox States in 
Biological Systems. Redox Biol. 2014, 2, 803–813. 
https://doi.org/10.1016/j.redox.2014.06.005. 

(16)  Fukuto, J. M.; Ignarro, L. J.; Nagy, P.; Wink, D. A.; Kevil, C. G.; Feelisch, M.; Cortese‐Krott, M. 
M.; Bianco, C. L.; Kumagai, Y.; Hobbs, A. J.; Lin, J.; Ida, T.; Akaike, T. Biological 
Hydropersulfides and Related Polysulfides – a New Concept and Perspective in Redox Biology. 
FEBS Lett. 2018, 592 (12), 2140–2152. https://doi.org/10.1002/1873-3468.13090. 

(17)  Antioxidant and Cell-Signaling Functions of Hydrogen Sulfide in the Central Nervous System 
https://www.hindawi.com/journals/omcl/2018/1873962/ (accessed 2020 -10 -05). 

(18)  Lindsay, T.; Romaschin, A.; Walker, P. M. Free Radical Mediated Damage in Skeletal Muscle. 
Microcirc. Endothelium. Lymphatics 1989, 5 (3–5), 157–170. 

(19)  Stadtman, E. R. Free Radical Mediated Oxidation of Proteins. In Free Radicals, Oxidative 
Stress, and Antioxidants: Pathological and Physiological Significance; Özben, T., Ed.; NATO ASI 



136 
 

Series; Springer US: Boston, MA, 1998; pp 51–64. https://doi.org/10.1007/978-1-4757-2907-
8_5. 

(20)  Bailey, D. M.; Roukens, R.; Knauth, M.; Kallenberg, K.; Christ, S.; Mohr, A.; Genius, J.; Storch-
Hagenlocher, B.; Meisel, F.; McEneny, J.; Young, I. S.; Steiner, T.; Hess, K.; Bärtsch, P. Free 
Radical-Mediated Damage to Barrier Function Is Not Associated with Altered Brain 
Morphology in High-Altitude Headache. J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. 
Blood Flow Metab. 2006, 26 (1), 99–111. https://doi.org/10.1038/sj.jcbfm.9600169. 

(21)  Baba, S. P.; Bhatnagar, A. ROLE OF THIOLS IN OXIDATIVE STRESS. Curr. Opin. Toxicol. 2018, 7, 
133–139. https://doi.org/10.1016/j.cotox.2018.03.005. 

(22)  Sawa, T.; Motohashi, H.; Ihara, H.; Akaike, T. Enzymatic Regulation and Biological Functions of 
Reactive Cysteine Persulfides and Polysulfides. Biomolecules 2020, 10 (9). 
https://doi.org/10.3390/biom10091245. 

(23)  The thiol pool in human plasma: The central contribution of albumin to redox processes - 
PMC https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3909715/ (accessed 2022 -04 -20). 

(24)  Benchoam, D.; Cuevasanta, E.; Möller, M. N.; Alvarez, B. Persulfides, at the Crossroads 
between Hydrogen Sulfide and Thiols. Essays Biochem. 2020, 64 (1), 155–168. 
https://doi.org/10.1042/EBC20190049. 

(25)  Forman, H. J.; Zhang, H.; Rinna, A. Glutathione: Overview of Its Protective Roles, 
Measurement, and Biosynthesis. Mol. Aspects Med. 2009, 30 (1–2), 1–12. 
https://doi.org/10.1016/j.mam.2008.08.006. 

(26)  Montero, D.; Tachibana, C.; Rahr Winther, J.; Appenzeller-Herzog, C. Intracellular Glutathione 
Pools Are Heterogeneously Concentrated. Redox Biol. 2013, 1 (1), 508–513. 
https://doi.org/10.1016/j.redox.2013.10.005. 

(27)  Mylonas, C.; Kouretas, D. Lipid Peroxidation and Tissue Damage. Vivo Athens Greece 1999, 13 
(3), 295–309. 

(28)  Weydert, C. J.; Cullen, J. J. Measurement of Superoxide Dismutase, Catalase and Glutathione 
Peroxidase in Cultured Cells and Tissue. Nat. Protoc. 2010, 5 (1), 51–66. 
https://doi.org/10.1038/nprot.2009.197. 

(29)  Glutathione Homeostasis and Functions: Potential Targets for Medical Interventions - PMC 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3303626/ (accessed 2022 -04 -20). 

(30)  Csala, M.; Kardon, T.; Legeza, B.; Lizák, B.; Mandl, J.; Margittai, É.; Puskás, F.; Száraz, P.; 
Szelényi, P.; Bánhegyi, G. On the Role of 4-Hydroxynonenal in Health and Disease. Biochim. 
Biophys. Acta BBA - Mol. Basis Dis. 2015, 1852 (5), 826–838. 
https://doi.org/10.1016/j.bbadis.2015.01.015. 

(31)  Apoptosis and glutathione: beyond an antioxidant | Cell Death & Differentiation 
https://www.nature.com/articles/cdd2009107 (accessed 2022 -04 -20). 

(32)  Glutathione and apoptosis - PMC https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3171829/ 
(accessed 2022 -04 -20). 

(33)  REGULATION OF GLUTATHIONE SYNTHESIS - PMC 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2704241/ (accessed 2022 -04 -20). 

(34)  Plasma membrane glutathione transporters and their roles in cell physiology and 
pathophysiology - PMC https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2716123/ (accessed 
2022 -04 -20). 

(35)  Glutathione dysregulation and the etiology and progression of human diseases - PMC 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2756154/ (accessed 2022 -04 -20). 

(36)  The importance of glutathione in human disease - PMC 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6522248/ (accessed 2022 -04 -20). 

(37)  Ballatori, N.; Krance, S. M.; Notenboom, S.; Shi, S.; Tieu, K.; Hammond, C. L. Glutathione 
Dysregulation and the Etiology and Progression of Human Diseases. Biol. Chem. 2009, 390 (3), 
191–214. https://doi.org/10.1515/BC.2009.033. 



137 
 

(38)  A role for CFTR in the elevation of glutathione levels in the lung by oral glutathione 
administration - PMC https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3983954/ (accessed 
2022 -04 -20). 

(39)  Hudson, V. M. New Insights into the Pathogenesis of Cystic Fibrosis: Pivotal Role of 
Glutathione System Dysfunction and Implications for Therapy. Treat. Respir. Med. 2004, 3 (6), 
353–363. https://doi.org/10.2165/00151829-200403060-00003. 

(40)  Improved glutathione status in young adult patients with cystic fibrosis supplemented with 
whey protein - ScienceDirect 
https://www.sciencedirect.com/science/article/pii/S1569199303000973 (accessed 2022 -04 -
20). 

(41)  Bjørklund, G.; Peana, M.; Maes, M.; Dadar, M.; Severin, B. The Glutathione System in 
Parkinson’s Disease and Its Progression. Neurosci. Biobehav. Rev. 2021, 120, 470–478. 
https://doi.org/10.1016/j.neubiorev.2020.10.004. 

(42)  Wang, H.-L.; Zhang, J.; Li, Y.-P.; Dong, L.; Chen, Y.-Z. Potential Use of Glutathione as a 
Treatment for Parkinson’s Disease. Exp. Ther. Med. 2021, 21 (2), 125. 
https://doi.org/10.3892/etm.2020.9557. 

(43)  Glutathione Metabolism and Parkinson’s Disease - PMC 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3736736/ (accessed 2022 -04 -20). 

(44)  McBean, G. J.; Aslan, M.; Griffiths, H. R.; Torrão, R. C. Thiol Redox Homeostasis in 
Neurodegenerative Disease. Redox Biol. 2015, 5, 186–194. 
https://doi.org/10.1016/j.redox.2015.04.004. 

(45)  Saharan, S.; Mandal, P. K. The Emerging Role of Glutathione in Alzheimer’s Disease. J. 
Alzheimers Dis. JAD 2014, 40 (3), 519–529. https://doi.org/10.3233/JAD-132483. 

(46)  Lutchmansingh, F. K.; Hsu, J. W.; Bennett, F. I.; Badaloo, A. V.; McFarlane-Anderson, N.; 
Gordon-Strachan, G. M.; Wright-Pascoe, R. A.; Jahoor, F.; Boyne, M. S. Glutathione 
Metabolism in Type 2 Diabetes and Its Relationship with Microvascular Complications and 
Glycemia. PLoS ONE 2018, 13 (6), e0198626. https://doi.org/10.1371/journal.pone.0198626. 

(47)  Hakki Kalkan, I.; Suher, M. The Relationship between the Level of Glutathione, Impairment of 
Glucose Metabolism and Complications of Diabetes Mellitus. Pak. J. Med. Sci. 2013, 29 (4), 
938–942. 

(48)  Coco-Bassey, S. B.; Asemota, E. A.; Okoroiwu, H. U.; Etura, J. E.; Efiong, E. E.; Inyang, I. J.; Uko, 
E. K. Glutathione, Glutathione Peroxidase and Some Hematological Parameters of HIV-
Seropositive Subjects Attending Clinic in University of Calabar Teaching Hospital, Calabar, 
Nigeria. BMC Infect. Dis. 2019, 19 (1), 944. https://doi.org/10.1186/s12879-019-4562-6. 

(49)  Shimizu, H.; Kiyohara, Y.; Kato, I.; Kitazono, T.; Tanizaki, Y.; Kubo, M.; Ueno, H.; Ibayashi, S.; 
Fujishima, M.; Iida, M. Relationship between Plasma Glutathione Levels and Cardiovascular 
Disease in a Defined Population: The Hisayama Study. Stroke 2004, 35 (9), 2072–2077. 
https://doi.org/10.1161/01.STR.0000138022.86509.2d. 

(50)  Bajic, V. P.; Van Neste, C.; Obradovic, M.; Zafirovic, S.; Radak, D.; Bajic, V. B.; Essack, M.; 
Isenovic, E. R. Glutathione “Redox Homeostasis” and Its Relation to Cardiovascular Disease. 
Oxid. Med. Cell. Longev. 2019, 2019, e5028181. https://doi.org/10.1155/2019/5028181. 

(51)  Glutathione Participation in the Prevention of Cardiovascular Diseases - PMC 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8389000/ (accessed 2022 -04 -20). 

(52)  Rehman, T.; Shabbir, M. A.; Inam‐Ur‐Raheem, M.; Manzoor, M. F.; Ahmad, N.; Liu, Z.; Ahmad, 
M. H.; Siddeeg, A.; Abid, M.; Aadil, R. M. Cysteine and Homocysteine as Biomarker of Various 
Diseases. Food Sci. Nutr. 2020, 8 (9), 4696–4707. https://doi.org/10.1002/fsn3.1818. 

(53)  GLUTATHIONE SYNTHESIS - PMC https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3549305/ 
(accessed 2022 -04 -20). 

(54)  Frontiers | Biogenesis of Iron–Sulfur Clusters and Their Role in DNA Metabolism | Cell and 
Developmental Biology https://www.frontiersin.org/articles/10.3389/fcell.2021.735678/full 
(accessed 2022 -04 -20). 



138 
 

(55)  Yadav, P. K.; Martinov, M.; Vitvitsky, V.; Seravalli, J.; Wedmann, R.; Filipovic, M. R.; Banerjee, 
R. Biosynthesis and Reactivity of Cysteine Persulfides in Signaling https://pubs-acs-
org.ezproxy.auckland.ac.nz/doi/full/10.1021/jacs.5b10494 (accessed 2020 -10 -05). 
https://doi.org/10.1021/jacs.5b10494. 

(56)  The Biologically Relevant Coordination Chemistry of Iron and Nitric Oxide: Electronic 
Structure and Reactivity | Chemical Reviews 
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00253 (accessed 2022 -04 -20). 

(57)  Chung, H. S.; Wang, S.-B.; Venkatraman, V.; Murray, C. I.; Van Eyk, J. E. Cysteine Oxidative 
Post-Translational Modifications: Emerging Regulation in the Cardiovascular System. Circ. Res. 
2013, 112 (2), 382–392. https://doi.org/10.1161/CIRCRESAHA.112.268680. 

(58)  Tjalkens, R. B.; Cook, L. W.; Petersen, D. R. Formation and Export of the Glutathione 
Conjugate of 4-Hydroxy-2, 3-E-Nonenal (4-HNE) in Hepatoma Cells. Arch. Biochem. Biophys. 
1999, 361 (1), 113–119. https://doi.org/10.1006/abbi.1998.0946. 

(59)  Go, Y.-M.; Jones, D. P. Cysteine/Cystine Redox Signaling in Cardiovascular Disease. Free Radic. 
Biol. Med. 2011, 50 (4), 495–509. https://doi.org/10.1016/j.freeradbiomed.2010.11.029. 

(60)  Rehman, T.; Shabbir, M. A.; Inam‐Ur‐Raheem, M.; Manzoor, M. F.; Ahmad, N.; Liu, Z.; Ahmad, 
M. H.; Siddeeg, A.; Abid, M.; Aadil, R. M. Cysteine and Homocysteine as Biomarker of Various 
Diseases. Food Sci. Nutr. 2020, 8 (9), 4696–4707. https://doi.org/10.1002/fsn3.1818. 

(61)  Nagy, P. Chapter One - Mechanistic Chemical Perspective of Hydrogen Sulfide Signaling. In 
Methods in Enzymology; Cadenas, E., Packer, L., Eds.; Hydrogen Sulfide in Redox Biology, Part 
A; Academic Press, 2015; Vol. 554, pp 3–29. https://doi.org/10.1016/bs.mie.2014.11.036. 

(62)  De Chiara, B.; Sedda, V.; Parolini, M.; Campolo, J.; De Maria, R.; Caruso, R.; Pizzi, G.; Disoteo, 
O.; Dellanoce, C.; Corno, A. R.; Cighetti, G.; Parodi, O. Plasma Total Cysteine and 
Cardiovascular Risk Burden: Action and Interaction. Sci. World J. 2012, 2012, 303654. 
https://doi.org/10.1100/2012/303654. 

(63)  Jacob, N.; Bruckert, E.; Giral, P.; Foglietti, M. J.; Turpin, G. Cysteine Is a Cardiovascular Risk 
Factor in Hyperlipidemic Patients. Atherosclerosis 1999, 146 (1), 53–59. 
https://doi.org/10.1016/s0021-9150(99)00128-8. 

(64)  Ou, G.; Lin, W.; Zhao, W. Neuregulins in Neurodegenerative Diseases. Front. Aging Neurosci. 
2021, 13. 

(65)  Paul, B. D.; Sbodio, J. I.; Snyder, S. H. Cysteine Metabolism in Neuronal Redox Homeostasis. 
Trends Pharmacol. Sci. 2018, 39 (5), 513–524. https://doi.org/10.1016/j.tips.2018.02.007. 

(66)  Sbodio, J. I.; Snyder, S. H.; Paul, B. D. Golgi Stress Response Reprograms Cysteine Metabolism 
to Confer Cytoprotection in Huntington’s Disease. Proc. Natl. Acad. Sci. U. S. A. 2018, 115 (4), 
780–785. https://doi.org/10.1073/pnas.1717877115. 

(67)  Frontiers | Impaired Redox Signaling in Huntington’s Disease: Therapeutic Implications | 
Molecular Neuroscience https://www.frontiersin.org/articles/10.3389/fnmol.2019.00068/full 
(accessed 2022 -04 -20). 

(68)  Hara, Y.; McKeehan, N.; Dacks, P. A.; Fillit, H. M. Evaluation of the Neuroprotective Potential 
of N-Acetylcysteine for Prevention and Treatment of Cognitive Aging and Dementia. J. Prev. 
Alzheimers Dis. 2017, 4 (3), 201–206. https://doi.org/10.14283/jpad.2017.22. 

(69)  Tardiolo, G.; Bramanti, P.; Mazzon, E. Overview on the Effects of N-Acetylcysteine in 
Neurodegenerative Diseases. Molecules 2018, 23 (12), 3305. 
https://doi.org/10.3390/molecules23123305. 

(70)  Winther, J. R.; Thorpe, C. Quantification of Thiols and Disulfides. Biochim. Biophys. Acta 2014, 
1840 (2). https://doi.org/10.1016/j.bbagen.2013.03.031. 

(71)  Peng, H.; Chen, W.; Cheng, Y.; Hakuna, L.; Strongin, R.; Wang, B. Thiol Reactive Probes and 
Chemosensors. Sensors 2012, 12 (11), 15907–15946. https://doi.org/10.3390/s121115907. 

(72)  McDonald, J. G.; Ivanova, P. T.; Brown, H. A. Chapter 2 - Approaches to Lipid Analysis. In 
Biochemistry of Lipids, Lipoproteins and Membranes (Sixth Edition); Ridgway, N. D., McLeod, 



139 
 

R. S., Eds.; Elsevier: Boston, 2016; pp 41–72. https://doi.org/10.1016/B978-0-444-63438-
2.00002-X. 

(73)  Reed, D. J.; Babson, J. R.; Beatty, P. W.; Brodie, A. E.; Ellis, W. W.; Potter, D. W. High-
Performance Liquid Chromatography Analysis of Nanomole Levels of Glutathione, 
Glutathione Disulfide, and Related Thiols and Disulfides. Anal. Biochem. 1980, 106 (1), 55–62. 
https://doi.org/10.1016/0003-2697(80)90118-9. 

(74)  Güçlü, K.; Ozyürek, M.; Güngör, N.; Baki, S.; Apak, R. Selective Optical Sensing of Biothiols 
with Ellman’s Reagent: 5,5’-Dithio-Bis(2-Nitrobenzoic Acid)-Modified Gold Nanoparticles. 
Anal. Chim. Acta 2013, 794, 90–98. https://doi.org/10.1016/j.aca.2013.07.041. 

(75)  Landino, L. M.; Mall, C. B.; Nicklay, J. J.; Dutcher, S. K.; Moynihan, K. L. Oxidation of 5-Thio-2-
Nitrobenzoic Acid, by the Biologically-Relevant Oxidants Peroxynitrite Anion, Hydrogen 
Peroxide and Hypochlorous Acid. Nitric Oxide Biol. Chem. Off. J. Nitric Oxide Soc. 2008, 18 (1), 
11–18. https://doi.org/10.1016/j.niox.2007.09.087. 

(76)  Adams, J. D.; Røise, J. J.; Lee, D. S.; Murthy, N. The Methionase Chain Reaction: An Enzyme-
Based Autocatalytic Amplification System for the Detection of Thiols. Chem. Commun. 2020, 
56 (21), 3175–3178. https://doi.org/10.1039/C9CC09136J. 

(77)  Chen, X.; Zhou, Y.; Peng, X.; Yoon, J. Fluorescent and Colorimetric Probes for Detection of 
Thiols. Chem. Soc. Rev. 2010, 39 (6), 2120–2135. https://doi.org/10.1039/B925092A. 

(78)  Jun, M. E.; Roy, B.; Ahn, K. H. “Turn-on” Fluorescent Sensing with “Reactive” Probes. Chem. 
Commun. 2011, 47 (27), 7583–7601. https://doi.org/10.1039/C1CC00014D. 

(79)  Cheng, T.; Huang, W.; Gao, D.; Yang, Z.; Zhang, C.; Zhang, H.; Zhang, J.; Li, H.; Yang, X.-F. 
Michael Addition/S,N-Intramolecular Rearrangement Sequence Enables Selective 
Fluorescence Detection of Cysteine and Homocysteine. Anal. Chem. 2019, 91 (16), 10894–
10900. https://doi.org/10.1021/acs.analchem.9b02814. 

(80)  Zhang, X.; Wang, Z.; Guo, Z.; He, N.; Liu, P.; Xia, D.; Yan, X.; Zhang, Z. A Novel Turn-on 
Fluorescent Probe for Selective Sensing and Imaging of Glutathione in Live Cells and 
Organisms. Analyst 2019, 144 (10), 3260–3266. https://doi.org/10.1039/C9AN00115H. 

(81)  Wang, Y.; Meng, Q.; Han, Q.; He, G.; Hu, Y.; Feng, H.; Jia, H.; Zhang, R.; Zhang, Z. Selective and 
Sensitive Detection of Cysteine in Water and Live Cells Using a Coumarin–Cu2+ Fluorescent 
Ensemble. New J. Chem. 2018, 42 (19), 15839–15846. https://doi.org/10.1039/C8NJ03809K. 

(82)  Harfield, J. C.; Batchelor-McAuley, C.; Compton, R. G. Electrochemical Determination of 
Glutathione: A Review. The Analyst 2012, 137 (10), 2285. 
https://doi.org/10.1039/c2an35090d. 

(83)  Patel, B. A. Chapter 1 - Introduction to Electrochemistry for Bioanalysis. In Electrochemistry 
for Bioanalysis; Patel, B., Ed.; Elsevier, 2020; pp 1–8. https://doi.org/10.1016/B978-0-12-
821203-5.00006-3. 

(84)  Conductive Polymers: Opportunities and Challenges in Biomedical Applications | Chemical 
Reviews https://pubs.acs.org/doi/10.1021/acs.chemrev.6b00275 (accessed 2020 -12 -11). 

(85)  Twenty-Five Years of Conducting Polymers. Chem. Commun. 2003, 0 (1), 1–4. 
https://doi.org/10.1039/B210718J. 

(86)  Borole, D. D.; Kapadi, U. R.; Mahulikar, P. P.; Hundiwale, D. G. Conducting Polymers: An 
Emerging Field of Biosensors. Des. Monomers Polym. 2006, 9 (1), 1–11. 
https://doi.org/10.1163/156855506775526205. 

(87)  Ziadan, K. M. Conducting Polymers Application. New Polym. Spec. Appl. 2012. 
https://doi.org/10.5772/48316. 

(88)  (PDF) Conducting Polymers and their Applications 
https://www.researchgate.net/publication/231285488_Conducting_Polymers_and_their_Ap
plications (accessed 2020 -09 -29). https://doi.org/10.4028/www.scientific.net/MSF.42.207. 

(89)  Conducting Polymers in Sensor Design | IntechOpen 
https://www.intechopen.com/books/conducting-polymers/conducting-polymers-in-sensor-
design (accessed 2020 -12 -11). 



140 
 

(90)  Bai, H.; Shi, G. Gas Sensors Based on Conducting Polymers. Sensors 2007, 7 (3), 267–307. 
(91)  Ko, E. J.; Hong, J.; Park, C. E.; Moon, D. K. Enhanced Chemical and Physical Properties of 

PEDOT Doped with Anionic Polyelectrolytes Prepared from Acrylic Derivatives and Application 
to Nanogenerators. Nanoscale Adv. 2019, 1 (11), 4384–4392. 
https://doi.org/10.1039/C9NA00314B. 

(92)  Lövenich, W. PEDOT-Properties and Applications. Polym. Sci. Ser. C 2014, 56. 
https://doi.org/10.1134/S1811238214010068. 

(93)  Wu, B.; Cao, B.; Taylor, I. M.; Woeppel, K.; Cui, X. T. Facile Synthesis of a 3,4-Ethylene-
Dioxythiophene (EDOT) Derivative for Ease of Bio-Functionalization of the Conducting 
Polymer PEDOT. Front. Chem. 2019, 7. https://doi.org/10.3389/fchem.2019.00178. 

(94)  Gueye, M. N.; Carella, A.; Faure-Vincent, J.; Demadrille, R.; Simonato, J.-P. Progress in 
Understanding Structure and Transport Properties of PEDOT-Based Materials: A Critical 
Review. Prog. Mater. Sci. 2020, 108, 100616. https://doi.org/10.1016/j.pmatsci.2019.100616. 

(95)  Yao, X.; Cui, Y. A PEDOT:PSS Functionalized Capacitive Sensor for Humidity. Measurement 
2020, 160, 107782. https://doi.org/10.1016/j.measurement.2020.107782. 

(96)  Zhang, X.; Yang, W.; Zhang, H.; Xie, M.; Duan, X. PEDOT:PSS: From Conductive Polymers to 
Sensors. Nanotechnol. Precis. Eng. 2021, 4 (4), 045004. https://doi.org/10.1063/10.0006866. 

(97)  Tseghai, G. B.; Mengistie, D. A.; Malengier, B.; Fante, K. A.; Van Langenhove, L. PEDOT:PSS-
Based Conductive Textiles and Their Applications. Sensors 2020, 20 (7), 1881. 
https://doi.org/10.3390/s20071881. 

(98)  Quirós-Solano, W. F.; Gaio, N.; Silvestri, C.; Pandraud, G.; Sarro, P. M. PEDOT:PSS: A 
Conductive and Flexible Polymer for Sensor Integration in Organ-on-Chip Platforms. Procedia 
Eng. 2016, 168, 1184–1187. https://doi.org/10.1016/j.proeng.2016.11.401. 

(99)  Application of PEDOT | Encyclopedia MDPI https://encyclopedia.pub/entry/8974 (accessed 
2022 -04 -24). 

(100)  Altıparmak, I. H.; Erkuş, M. E.; Sezen, H.; Demirbag, R.; Gunebakmaz, O.; Kaya, Z.; Sezen, Y.; 
Asoglu, R.; Dedeoglu, I. H.; Neselioglu, S.; Erel, O. The Relation of Serum Thiol Levels and 
Thiol/Disulphide Homeostasis with the Severity of Coronary Artery Disease. Kardiol. Pol. 2016, 
74 (11), 1346–1353. https://doi.org/10.5603/KP.a2016.0085. 

(101)  Rodríguez-Jiménez, S.; Bennington, M. S.; Akbarinejad, A.; Tay, E. J.; Chan, E. W. C.; Wan, Z.; 
Abudayyeh, A. M.; Baek, P.; Feltham, H. L. C.; Barker, D.; Gordon, K. C.; Travas-Sejdic, J.; 
Brooker, S. Electroactive Metal Complexes Covalently Attached to Conductive PEDOT Films: A 
Spectroelectrochemical Study. ACS Appl. Mater. Interfaces 2021, 13 (1), 1301–1313. 
https://doi.org/10.1021/acsami.0c16317. 

(102)  Hambly, B.; Guzinski, M.; Perez, F.; Pendley, B.; Lindner, E. Deposition of EDOT-Decorated 
Hollow Nanocapsules into PEDOT Films for Optical and Electrochemical Sensing. ACS Appl. 
Nano Mater. 2020, 3 (7), 6328–6335. https://doi.org/10.1021/acsanm.0c00572. 

(103)  Zhang, S.; Xu, J.; Lu, B.; Qin, L.; Zhang, L.; Zhen, S.; Mo, D. Electrochromic Enhancement of 
Poly(3,4-Ethylenedioxythiophene) Films Functionalized with Hydroxymethyl and Ethylene 
Oxide. J. Polym. Sci. Part Polym. Chem. 2014, 52 (14), 1989–1999. 
https://doi.org/10.1002/pola.27206. 

(104)  Zhang, S.; Xu, J.; Lu, B.; Qin, L.; Zhang, L.; Zhen, S.; Mo, D. Electrochromic Enhancement of 
Poly(3,4-Ethylenedioxythiophene) Films Functionalized with Hydroxymethyl and Ethylene 
Oxide. J. Polym. Sci. Part Polym. Chem. 2014, 52 (14), 1989–1999. 
https://doi.org/10.1002/pola.27206. 

(105)  Balog, M.; Rayah, H.; Derf, F. L.; Sallé, M. A Versatile Building Block for EDOT or PEDOT 
Functionalization. New J. Chem. 2008, 32 (7), 1183–1188. https://doi.org/10.1039/B715568A. 

(106)  Balog, M.; Rayah, H.; Derf, F. L.; Sallé, M. A Versatile Building Block for EDOT or PEDOT 
Functionalization. New J. Chem. 2008, 32 (7), 1183–1188. https://doi.org/10.1039/B715568A. 



141 
 

(107)  Velazquez, M.; Feirtag, J. M. Quenching and Enhancement Effects of ATP Extractants, 
Cleansers, and Sanitizers on the Detection of the ATP Bioluminescence Signal †. J. Food Prot. 
1997, 60 (7), 799–803. https://doi.org/10.4315/0362-028X-60.7.799. 

(108)  Pilkington, L. I.; Deed, R. C.; Parish-Virtue, K.; Huang, C.-W.; Walker, M. E.; Jiranek, V.; Barker, 
D.; Fedrizzi, B. Iterative Synthetic Strategies and Gene Deletant Experiments Enable the First 
Identification of Polysulfides in Saccharomyces Cerevisiae. Chem. Commun. 2019, 55 (60), 
8868–8871. https://doi.org/10.1039/C9CC03020D. 

(109)  Quijada, C. Special Issue: Conductive Polymers: Materials and Applications. Materials 2020, 
13 (10), 2344. https://doi.org/10.3390/ma13102344. 

(110)  Nishihara, H.; Noguchi, M.; Aramaki, K. Synthesis of Ferrocene and Cobaltocene Electrode 
Films by Electropolymerization and Their Spectral and Electrochemical Properties. Inorg. 
Chem. 1987, 26 (17), 2862–2867. https://doi.org/10.1021/ic00264a029. 

(111)  Nie, S.; Li, Z.; Yao, Y.; Jin, Y. Progress in Synthesis of Conductive Polymer Poly(3,4-
Ethylenedioxythiophene). Front. Chem. 2021, 9. 

(112)  Zotti, G.; Zecchin, S.; Schiavon, G.; Louwet, F.; Groenendaal, L.; Crispin, X.; Osikowicz, W.; 
Salaneck, W.; Fahlman, M. Electrochemical and XPS Studies toward the Role of Monomeric 
and Polymeric Sulfonate Counterions in the Synthesis, Composition, and Properties of 
Poly(3,4-Ethylenedioxythiophene). Macromolecules 2003, 36 (9), 3337–3344. 
https://doi.org/10.1021/ma021715k. 

(113)  Bodart, C.; Rossetti, N.; Hagler, J.; Chevreau, P.; Chhin, D.; Soavi, F.; Schougaard, S. B.; Amzica, 
F.; Cicoira, F. Electropolymerized Poly(3,4-Ethylenedioxythiophene) (PEDOT) Coatings for 
Implantable Deep-Brain-Stimulating Microelectrodes. ACS Appl. Mater. Interfaces 2019, 11 
(19), 17226–17233. https://doi.org/10.1021/acsami.9b03088. 

(114)  Nie, S.; Li, Z.; Yao, Y.; Jin, Y. Progress in Synthesis of Conductive Polymer Poly(3,4-
Ethylenedioxythiophene). Front. Chem. 2021, 9. 

(115)  Abu-Thabit, N. Y. Chemical Oxidative Polymerization of Polyaniline: A Practical Approach for 
Preparation of Smart Conductive Textiles. J. Chem. Educ. 2016, 93 (9), 1606–1611. 
https://doi.org/10.1021/acs.jchemed.6b00060. 

(116)  Zheng, E.; Jain, P.; Dong, H.; Niu, Z.; Chen, S.; Zhong, S.; Yu, Q. Chemical Polymerization of 
Hydroxymethyl and Chloromethyl Functionalized PEDOT:PSS. ACS Appl. Polym. Mater. 2019, 1 
(11), 3103–3114. https://doi.org/10.1021/acsapm.9b00757. 

(117)  Zhao, Q.; Jamal, R.; Zhang, L.; Wang, M.; Abdiryim, T. The Structure and Properties of PEDOT 
Synthesized by Template-Free Solution Method. Nanoscale Res. Lett. 2014, 9 (1), 557. 
https://doi.org/10.1186/1556-276X-9-557. 

(118)  Elgrishi, N.; Rountree, K. J.; McCarthy, B. D.; Rountree, E. S.; Eisenhart, T. T.; Dempsey, J. L. A 
Practical Beginner’s Guide to Cyclic Voltammetry. J. Chem. Educ. 2018, 95 (2), 197–206. 
https://doi.org/10.1021/acs.jchemed.7b00361. 

(119)  Borland, L. M.; Michael, A. C. An Introduction to Electrochemical Methods in Neuroscience. In 
Electrochemical Methods for Neuroscience; Michael, A. C., Borland, L. M., Eds.; Frontiers in 
Neuroengineering; CRC Press/Taylor & Francis: Boca Raton (FL), 2007. 

(120)  Koga, D.; Kusumi, S.; Shibata, M.; Watanabe, T. Applications of Scanning Electron Microscopy 
Using Secondary and Backscattered Electron Signals in Neural Structure. Front. Neuroanat. 
2021, 15. 

(121)  Fischer, E. R.; Hansen, B. T.; Nair, V.; Hoyt, F. H.; Dorward, D. W. Scanning Electron 
Microscopy. Curr. Protoc. Microbiol. 2012, Chapter 2, Unit 2B.2. 
https://doi.org/10.1002/9780471729259.mc02b02s25. 

(122)  Golding, C. G.; Lamboo, L. L.; Beniac, D. R.; Booth, T. F. The Scanning Electron Microscope in 
Microbiology and Diagnosis of Infectious Disease. Sci. Rep. 2016, 6 (1), 26516. 
https://doi.org/10.1038/srep26516. 



142 
 

(123)  ZISMAN, W. A. Relation of the Equilibrium Contact Angle to Liquid and Solid Constitution. In 
Contact Angle, Wettability, and Adhesion; Advances in Chemistry; AMERICAN CHEMICAL 
SOCIETY, 1964; Vol. 43, pp 1–51. https://doi.org/10.1021/ba-1964-0043.ch001. 

(124)  Shi, Z.; Zhang, Y.; Liu, M.; Hanaor, D. A. H.; Gan, Y. Dynamic Contact Angle Hysteresis in Liquid 
Bridges. Colloids Surf. Physicochem. Eng. Asp. 2018, 555, 365–371. 
https://doi.org/10.1016/j.colsurfa.2018.07.004. 

(125)  Yun, D.-J.; Lee, S.; Kim, S. H.; Jung, C.; Kim, Y. S.; Chung, J. G.; Heo, S.; Kwon, Y.-N.; Lee, E.; Kim, 
J.-S.; Ko, D.-S.; Kim, S. Y. Bevel Structure Based XPS Analysis as a Non-Destructive Chemical 
Probe for Complex Interfacial Structures of Organic Semiconductors. Small Methods 2021, 5 
(5), e2001264. https://doi.org/10.1002/smtd.202001264. 

(126)  Baer, D. R.; Artyushkova, K.; Brundle, C. R.; Castle, J. E.; Engelhard, M. H.; Gaskell, K. J.; Grant, 
J. T.; Haasch, R. T.; Linford, M. R.; Powell, C. J.; Shard, A. G.; Sherwood, P. M. A.; Smentkowski, 
V. S. Practical Guides for X-Ray Photoelectron Spectroscopy (XPS): First Steps in Planning, 
Conducting and Reporting XPS Measurements. J. Vac. Sci. Technol. Vac. Surf. Films Off. J. Am. 
Vac. Soc. 2019, 37, 10.1116/1.5065501. https://doi.org/10.1116/1.5065501. 

(127)  Berthomieu, C.; Hienerwadel, R. Fourier Transform Infrared (FTIR) Spectroscopy. Photosynth. 
Res. 2009, 101 (2–3), 157–170. https://doi.org/10.1007/s11120-009-9439-x. 

(128)  Armbruster, D. A.; Pry, T. Limit of Blank, Limit of Detection and Limit of Quantitation. Clin. 
Biochem. Rev. 2008, 29 (Suppl 1), S49–S52. 

(129)  Anderson, M. E.; Meister, A. Dynamic State of Glutathione in Blood Plasma. J. Biol. Chem. 
1980, 255 (20), 9530–9533. 

(130)  Forman, H. J.; Zhang, H.; Rinna, A. Glutathione: Overview of Its Protective Roles, 
Measurement, and Biosynthesis. Mol. Aspects Med. 2009, 30 (1–2), 1–12. 
https://doi.org/10.1016/j.mam.2008.08.006. 

(131)  Kerksick, C.; Willoughby, D. The Antioxidant Role of Glutathione and N-Acetyl-Cysteine 
Supplements and Exercise-Induced Oxidative Stress. J. Int. Soc. Sports Nutr. 2005, 2 (2), 38. 
https://doi.org/10.1186/1550-2783-2-2-38. 

(132)  Babu, K. C.; Ramadasu, G.; Gangaiah, L.; Madhusudhan, G.; Mukkanti, K. A New Route for the 
Synthesis of (R)- Glyceraldehyde Acetonide: A Key Chiral Building Block. 4. 

(133)  Chou, S.-Y.; Tseng, C.-L.; Chen, S.-F. The Formal Synthesis of Chiral Etodolac Using Chiral 
1,2Di(Alkylcarbonyl)Oxypentan-3-One as Chiral Building Block. Heterocycles 1999, 51. 
https://doi.org/10.3987/COM-98-8456. 

(134)  Singer, R. D.; Oehlschlager, A. C. The Composition and Chemistry of the Mixed Higher-Order 
Cuprates (PhMe2Si)m(CH3)NCu(CN)Li(M+n). J. Org. Chem. 1991, 56 (11), 3510–3514. 
https://doi.org/10.1021/jo00011a013. 

(135)  Ley, S. V.; Ramarao, C.; Lee, A.-L.; Østergaard, N.; Smith, S. C.; Shirley, I. M. 
Microencapsulation of Osmium Tetroxide in Polyurea. Org. Lett. 2003, 5 (2), 185–187. 
https://doi.org/10.1021/ol020225+. 

(136)  Zhang, S.; Xu, J.; Lu, B.; Qin, L.; Zhang, L.; Zhen, S.; Mo, D. Electrochromic Enhancement of 
Poly(3,4-Ethylenedioxythiophene) Films Functionalized with Hydroxymethyl and Ethylene 
Oxide. J. Polym. Sci. Part Polym. Chem. 2014, 52 (14), 1989–1999. 
https://doi.org/10.1002/pola.27206. 

 

 



143 
 

 

 

 

 

 

Appendix 
 

 

 

 

 

 



144 
 

 

Figure 68: 1H NMR spectrum of solketal 13 (400 MHz; CDCl3). 

 

Figure 68: 13C NMR spectrum of Solketal 13 (100 MHz; CD3Cl) 
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Figure 69: 1H NMR spectrum of 2,2-Dimethyl-1,3-dioxolane-4-carbaldehyde 14 (400 MHz; CD3Cl). 

 

Figure 70: 13C NMR spectrum of 2,2-Dimethyl-1,3-dioxolane-4-carbaldehyde 14 (100 MHz; CD3Cl) 
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Figure 71: 1H NMR spectrum of SS-((2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl 

carbono(dithioperoxoate) 1 (400 MHz; CD3Cl). 

 

Figure 72: 13C NMR spectrum of SS-((2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl 

carbono(dithioperoxoate) 1 (100 MHz; CD3Cl) 
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Figure 73: 1H NMR spectrum of S-((2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) ethanethioate 

6 (400 MHz; CD3Cl). 

 

Figure 74: 13C NMR spectrum of S-((2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) 

ethanethioate 6 (100 MHz; CD3Cl) 
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Figure 75: 1H NMR spectrum of Nonan-3-ol 19 (400 MHz; CD3Cl). 

 

Figure 76: 13C NMR spectrum of Nonan-3-ol 19 (100 MHz; CD3Cl) 
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Figure 77: 1H NMR spectrum 1-Phenylheptan-1-ol 20 (400 MHz; CD3Cl). 

 

 

Figure 78: 13C NMR spectrum of 1-Phenylheptan-1-ol 20 (100 MHz; CD3Cl) 
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Figure 79: FTIR of Nonan-3-ol 19 

 

Figure 80: FTIR of 1-Phenylheptan-1-ol 20 
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Figure 81: HRMS spectrum of (2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanethiol 7 

 

Figure 82: HRMS spectrum of SS-((2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl) O-methyl 

carbono(dithioperoxoate) 1. 

 

 


