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ABSTRACT 

“Platforms for the development of Electrochemiluminescent 

Biosensors” 

Miren Ruiz de Eguilaz 

 

Electrochemiluminescence (ECL) based biosensors has attracted much attention since 

they provide high selectivity, controllability, and sensitivity. Therefore, the goal of this 

work was to study novel gold-based materials for the development ECL platforms using 

ruthenium based luminophores for future application in bacteria detection. Firstly, 3D Ti 

electrodes, printed using Ti alloy (Ti-6AI-4V) powder were studied and functionalized 

with a thin layer of gold and ECL generation was investigated with [Ru(bpy)3]
2+ and the 

co-reactant tri-propyl amine. Results demonstrated that the presence of gold improved 

the diffusion on the electrode surface as well as ECL intensity, suggesting it can provide 

a unique and optimizable platform for their potential application for biosensors. Gold has 

very interesting electrochemical applications, but it also presents optical properties that 

can be exploited for sensing purpose, such as ECL signal amplification through optically 

driven plasmon excitation. With this purpose, 10 nm gold nanoparticles (AuNPs) were 

investigated in solution with different luminophores of [Ru(bpy)3]
2+, [Ru(bpy)3-NH2]

2+ 

and [Ru(bpy)2(phen)-NH2]
2+ (separately), for the development of a SPR-ECL system. 

According to the fluorescence emission results, [Ru(bpy)3-NH2]
2+  was chosen as the 

most suitable dye to develop an ECL biosensor for the DNA detection UTI causing 

Escherichia coli. For this, gold nanoparticles coated glassy carbon electrodes were 

analyse using impedance and cyclic voltammetry technique in order to investigate the 

suitability of the system for DNA bacterial detection. Finally, Ferromagnetic-Core/Gold-

Shell NPs synthesized by thermal decomposition method were also characterised. Results 

confirmed that the particles were successfully synthesized and covered with gold, 

however, SEM images shown an aggregate size >200nm and a heterogenous shape, 

indicating that the synthesis protocol should be further optimized to achieve better 

particle properties for a magnetic ECL based biosensor. In conclusion. this thesis 

demonstrated the how novel platforms and luminophores could be used in conjunction 

with gold to develop ECL sensing systems. SPR of AuNPs coupled ECL of luminophores 

can be exploited to amplify the ECL signal, and overall, the analytical performance of the 
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sensing platforms and undoubtedly, the development of highly selective and sensitive 

biosensors for correct detection and diagnosis of diseases such as bacterial infections.  
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1. INTRODUCTION 
 

The fast emergence of new pathogens, such as COVID-19 and new antibiotic resistant 

bacteria, has highlighted the need for more sensitive, specific, rapid, and low-cost 

biosensors as a measure to improve disease detection1–4. Besides medical and point of 

care applications, biosensors are playing increasing roles in  the protection of public 

health (e.g., food and water quality control, environment protection), pharmaceutical 

research and forensics5. Traditional, predominantly in-lab, detection methods include cell 

culture techniques, polymerase chain reaction (PCR) for either DNA or RNA detection 

and immunological techniques such as ELISA assay6. While these methods are very 

reliable and selective, they are also time-consuming, expensive and require complicated 

multi-step sample preparation among other disadvantages. Therefore, biosensors are an 

important technology to enable portable, cost-effective, and easy operable alternative to 

laboratory based techniques7.  

Electrochemical biosensors have attracted much attention recently since they combine 

the sensitivity of electroanalytical methods with the intrinsic bio selectivity of the 

biological component8–11. Binding of the target can either generate a “label-free” response 

(e.g., a change in the electrochemical impedance), or involve a redox or 

electrochemiluminescent (ECL) response that generates a quantifiable signal12,13. To date, 

electrochemical biosensors have provided an optimizable and cheap platform that can 

enable rapid and in situ detection on surfaces, multiplex detection as well as wireless 

detection of pathogens11. However, despite many breakthroughs, these sensors are not 

easy to commercialize since their long-term stability, specificity and scalability are still a 

challenge7. Moreover, many of the devices developed have a low technology readiness 

level and require a multidisciplinary approach, including collaborations with industry, if 

they are to be commercialised9. A key emerging development is three-dimensional (3D) 

electrodes enabled by new manufacturing techniques, e.g., selective laser melting, that 

work with a wide range of materials and allow very complex geometries and shapes to 

be produced that can control transport and other properties14,15. Many electrochemical 

biosensors are manufactured manually, which inevitably leads to reproducibility issues, 

however, 3D printing technologies allow to overcome this limitation and improve 

properties such as conductivity and analytical performance of the system for a high-

throughput detection of analytes16. 3D printed electrodes are designed as an alternative 
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to conventional manufactured electrodes (e.g., glassy-carbon, gold or screen-printed 

electrodes) and offer multiple advantages such as stability, simple controllability over the 

entire fabrication process and mass production15. Furthermore, 3D printed electrodes 

show significant improvements in assay performance since different architectures can be 

designed to achieve a larger surface area,  increasing the bio-recognition element 

coverage on the electrode surface which leads to increase the sensitivity of the sensor17. 

3D printing offers a solution for the current problem with fabrication of electrodes with 

different geometries and conductive materials18, therefore one of the objectives of this 

thesis is to address this issue by showing how 3D printed electrodes with a unique 

architecture, can be further optimized with conductive materials such as gold in order to 

be used as an electrochemical and/or ECL biosensing platform.  

Electrochemical biosensing can provide high sensitivity for detection of small 

concentrations of targets, however, they are often very vulnerable to external interference, 

such as an excess of target,  which can directly negatively impact on the signal output 

and processing19. Furthermore, very small concentrations of the target does not produce 

a measurable signal and so signal amplification technology, e.g., through the use of 

advanced electrochemical or optical labels, has become a very popular research topic19–

21. Different labels, such as ruthenium metal complexes, have been used to amplify the 

analyte binding signal in SPR-ECL systems by coupling them with plasmonic materials 

(e.g., AuNPs, QDs and etc)22. Surface plasmon resonance occurs when the electrons at 

the surface of a plasmonic material are excited by incident light, provoking a collective 

oscillation of the electrons, which propagates along the surface of the material23. This 

effect has been further exploited in ECL biosensors, since the light produced through ECL 

reaction can activate the SPR of plasmonic materials and also increase the ECL intensity 

by achieving higher sensitivity24.  However more details of these interaction can be found 

further in this review. Therefore, a second objective of this thesis is to investigate and 

understand the interaction between different ruthenium dyes and AuNPs using 

spectroscopic and electrochemical techniques in order to inform the development of a 

SPR-ECL platform for DNA detection (Figure 1).   

Nanomaterials, such as AuNPs can improve the performance of biosensing platforms. In 

this thesis, AuNPs are used to increase the surface area of glassy carbon electrodes as 

well as exploiting their plasmonic properties to create an ECL sensor for the detection of 

bacterial DNA. The strategy is to use the AuNPs to increase the surface area and  
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effectively improve the  capacity for biomolecular receptors, as well as enhancing the 

mass transport of the target to the surface (radial diffusion) to shorten the response time8. 

Another objective is to improve the separation and pre-concentration of the target from 

complex samples in order to improve the detection limit. This objective is important since 

increasing the background signal, or decreasing the target signal, leads to a poor 

sensitivity of the assay25.  Magnetic beads/particles provide a great approach since they 

can be further modified to conjugate biomolecules such as antibodies, proteins or nucleic 

acid for pathogens detection26. Therefore, in this thesis a novel synthesis of magnetic 

particles is reported for their subsequent functionalization with Au, which could then be 

functionalised with antibodies or DNA for the development of a biosensor for bacteria 

detection. The different approaches and strategies are presented in Figure 1.  

Finally, this Chapter’s objective is to review and explore the state of the art of 

electrochemical biosensors (labelled and label-free) for pathogen detection emphasizing 

the advantages of combining different materials such as luminophores, 3D surfaces, and 

plasmonic materials to enhance the signal and the analytical performance of ECL 

detection systems. Furthermore, other parameters such as biosensor design and 

applicability are critically reviewed for future POC pathogen detection and compared 

with traditional detection techniques.  

 

 



29 

 

 

Figure 1. Overview of the thesis with main issues and challenges studied in every chapter. 

 

2. CLASSIFICATION OF ELECTROCHEMICAL BIOSENSORS 
 

Electrochemical biosensors can be classified according to the signal generation method, 

i.e., labelled or label-free detection, bio recognition element (e.g., DNA, antibodies, 

proteins, cells enzymes etc.,) or type of transducing technique, such as amperometry, 

voltammetry, impedance spectroscopy, conductometry, etc. To build a biosensor, 

numerous factors such as type of target/analyte, experimental set-ups and electrode 

material, including size and shape are important since it can influence many aspects of 
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the performance of the sensor27,28.  For example, label free biosensors have been 

investigated and reported as very promising type of electrochemical biosensors for POC 

applications (Figure 2)29. However, different approaches such as utilisation of labels 

(e.g., enzymes, luminophores, nanomaterials and etc.) can effectively enhance the 

electrochemical response associated with binding of target analyte through the label 

properties11,30,31. Combining electrochemistry with optical detection in 

electrochemiluminescence (ECL), i.e., where light is electrogenerated, represents a 

powerful approach and offers performance advantages over fluorescence or 

chemiluminescence since it combines sensitivity and very low interferences with high 

reliability32,33. ECL-based biosensors are very attractive since they do not require any 

light source, which decreases the background noise from scattered excitation light and 

unwanted luminescence.  Also, the time and the position at which light is generated can 

be precisely controlled since the light emission is regulated by the application of a specific 

potential, giving highly sensitive and reproducible results34. Furthermore, using  

advanced luminophores, e.g., transition metal complexes and/or quantum dots, often with 

surface modifications and incorporation of nanomaterials, have played a significant role 

in the development of ECL based biosensors35. In fact, as reviewed in Yoo et al.36, several 

ECL based kits have been commercialised by companies such as Radiometer, Roche 

Diagnostics, Meso Scale Diagnostics, and Biometro consisting of either on automated 

analyser or well plate kits detecting a wide range of biomarkers for detection of diseases 

ranging from sepsis, myocardial infection, Alzheimer’s disease, cancer and kindey, liver 

and/or bone disorders. 

Moreover, where the aim is to increase the sensitivity of biosensors, ECL has been 

coupled to other techniques such as surface plasmon resonance (SPR) taking advantage 

of the optical properties of materials such as gold to plasmonically enhance the ECL 

signal22. As explained above, SPR consists of the oscillation of free electrons (plasma) at 

materials interfaces provoked by incident light, which could perhaps come from ECL37. 

Plasmonic materials can be in the form of nanoparticles, nanowires, nanopore arrays and 

other micro-nano structures to enhance the sensitivity of ECL sensors by increasing the 

local electric field strength37,38. Moreover, ECL signal can be improved by tunning the 

proximity of luminophores to the plasmonic substrate, to maximise the electric field 

interaction and obtain the greatest enhancement38. The mechanism of local surface 

plasmon resonance (LSPR) of plasmonic particles such as AuNPs for ECL enhancement 
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is similar to the one understood for metal-enhanced fluorescence, where the local 

electromagnetic field of the particles is activated and enhanced by the light emitted by 

the luminophore39. This enhances the excitation rate of the luminophore since in leads to 

a higher population of electrons in excited state which provokes an increase of the 

radiative and non-radiative decays40. This enhancement only can occur when the 

luminophore and the NPs are placed at an appropriate distance since the enhanced 

magnetic field decreases exponentially to the far distances40.  

However, for the development of a high sensitive, fast, accurate and specific biosensing 

platform, the type of target and their properties should be considered for an optimal 

design and avoid non-specific interactions to obtain a distinguishable signal41,42 . In fact, 

of challenges to face in the development of a bioassay regarding the target, which is to 

improve the robustness of the assay to adapt it for applications in situ and/or complex 

biological samples43. In case of pathogens such as bacteria, immunoglobulins (Ig) 

generated after an infection, antigens such as proteins and/or toxins, and DNA from the 

bacterial cells are the most common targets, which also help to differentiate between other 

microorganisms10. Whole-cell bacteria in biological samples can be also detected, 

without the need of extra reagents and processing steps as it is needed or DNA detection, 

however, detection of DNA enables the design of very specific captures for a successful 

and complete hybridization with the target achieving high sensitivity and accuracy while 

preventing non-specific interactions44,45.  

In this literature review, labelled and label-free electrochemical biosensors are discussed 

in terms of their advantages and disadvantages, within the context of the challenges and 

issues mentioned in previous section.  
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Figure 2. Schematic representation of biosensor elements and label-free and labelled biosensors. 

 

2.1. Label based electrochemical biosensors  
 

In the recent years, labels have been combined with electrochemical techniques (e.g., 

voltammetry, amperometry or potentiometry) to create advanced biosensors11,43,46,47. A 

label consists of a tag or “barcode” (e.g. enzymes, luminophores or nanoparticles) that 

can be conjugated to the recognition element such as proteins, nucleic acids, or antibodies 

to detect presence of the target48. In clinical diagnostics, the food industry and water 

treatment multiple components need to be analysed within a single sample which can 

make achieving the required selectivity and sensitivity of the sensor challenging. Using  

discrete labels for each target can help to overcome these difficulties49,50. Signal 

amplification strategies, often involves design of novel labels that generate enhanced 

currents with higher signal-to noise ratios and a boarder target detection by avoiding 

cross-reactions.  These attributes can lead to improved sensitivity48–51. For example, 

utilisation of enzymes, nanoparticles, quantum dots (QDs) or luminophores as labels can 

effectively improve the biosensing response since they increase the magnitude of the 

current generated47,49. While there are many label-free biosensors with simple workflows, 

the utilisation of the appropriate label can also ensure high performance of the assay with 

better sensitivity and selectivity52.  
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2.1.1. Enzyme based labels 

 

Enzyme based labels are known for their excellent catalytic properties, requiring 

extremely small quantities of reactants to carry out the assay making them very efficient 

labels50,53. Furthermore, there are a wide variety of enzymatic labels (e.g. horseradish 

peroxide, glucose oxidase, alkaline phosphatase, β-galactosidase and etc.), enabling 

multiplexed detection on the same platform by using different enzymes each of reacts 

with different target50,54. However, the main drawback of using enzymatic labels is the 

loss of the activity, e.g., when stored, which can compromise the lifetime of the biosensor 

either in use or in storage55. The most efficient enzymes and thus, the most used ones as 

labels, are horseradish peroxidase (HRP) and alkaline phosphatase (ALP),  since they 

react with the substrate at a sufficiently high  reaction rate and exhibit long-term 

stability50,53. A common application of enzymes are the sandwich type immunosensors56,  

such as the one developed for detection of virulence factor p60 secreted by Listeria 

monocytogenes and associated with the bacteria pathogenecity57. This assay uses a carbon 

screen-printed electrode (SPE) modified with monoclonal antibodies that captures p60 

and subsequently, a detection antibody labelled with ALP enzyme is introduced that binds 

to the target. As last step, a mixture of 3-indoxyl phosphate disodium salt and silver 

nitrate, (3-IP/Ag+), is added and, ALP, hydrolyses 3-IP into an unstable indoxyl 

intermediate, that is oxidized by the silver ions, generating an indigo blue colour in this 

process. Subsequently, co-deposited silver particles with indigo blue are re-oxidized, 

generating a stripping peak signal around + 0.2V with cyclic voltammetry. Thus, the 

amount of Ag0 formed at the SPE surface at the end of enzymatic reaction is proportional 

to the concentration of target present in the sample. Similar system using ALP and silver 

has been reported already58,59 as well as the use of 3-IP60 with biosensing purposes. The 

whole assay is performed in less than 3 hours and under optimal conditions, the 

immunosensor showed a limit of detection (LOD) of 1.5 ng mL−1 and a linear range from 

5 and 150 ng mL−1. When the sensor was tested with spiked milk samples, an average of 

recovery rate of 98% of p60 (0, 25, 50 and 100 ng mL−1) was obtained, proving the 

suitability of the sensor for L. monocytogenes detection in food industry. However, after 

15 days of storage (2-8°C), the stability of the sensor is compromised since a 72% 

decrease in the response was observed, possibly reducing affinity of the antibodies for 

the protein. Furthermore, even if the assay is carried out in less time than conventional 
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ELISA test (>3h), other affinity based biosensors can achieve a detection in less than 2 

hours61,62, suggesting that improvements in the detection time are needed. 

Another example of an immunosensor, but using HRP as a label, is the biosensor for 

multiplex detection of influenza H1N1, H5N1, and H7N9 viruses63. As it is shown in 

Figure 3, zinc oxide (ZnO) nanorods were grown on a Poly(dimethylsiloxane) (PDMS) 

sensor to achieve a higher coverage of immobilised primary antibodies on the surface, to 

increase the sensitivity of the platform. When secondary antibodies labelled with HRP 

are introduced, the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) generates a current 

that is proportional to the viral load. In addition, an optical colour change of the TMB 

containing solution occurs as a result of the reaction63. Measurements are performed in 

TMB buffer solution using amperometry as electrochemical technique, applying a 

voltage of + 0.4 V for 80 s. The presence of ZnO nanorods increases the surface area so 

a higher coverage of antibodies is achieved. This was confirmed by coating ZnO nanorods 

with FITC-labelled antibodies and it was observed that the fluorescence intensity of the 

PDMS with ZnO NRs was approximately 6 times higher than that of the PDMS without 

ZnO NRs. The nanostructured ZnO nanorods grown on the upper inner surface of the 

PDMS sensor region provides a relatively stable physiological-like- condition for the 

biomolecules since they show a high isoelectric point (IEP~9.5) that tends to interact 

electrostatically with molecules with lower IEP such as antibodies, thus they are very 

favourable material for biomolecules immobilization63–65. Furthermore, the PDMS 

microfluidic chamber that contains three film gold electrodes, achieves a very small 

volume of sample (nanolitres). On the other hand, the HRP enzyme acts as an electron 

carrier when TMB oxidation is induced by applying an electrical potential. With this 

system, an LOD of 1 pg mL-1 was achieved as well as a good ability to discriminate 

between the individual on a mixture of three different types of antigens (H1N1, H5N1 

and H7N9). However, further testing with real samples is needed to show the potential 

applicability in real world27, since other biosensing platforms are able to detect presence 

of influenza particles in chicken66,67 and human serum68, where no enzymatic labels are 

used. 
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Figure 3. Representation of the PDMS substrate and ZnO nanorods functionalised with the primary capture 

antibody. The secondary antibody is labelled with horseradish peroxidase, HRP, which oxidises, TMB, 

generating a current related the viral load in the sample. 

 

Quantification of genetic material has been also explored since it is a powerful tool for 

the identification of pathogens69. For instance, a screen-printed electrode (SPE) modified 

with polyaniline (PANI), along with a HRP labelled antibody to amplify the signal was 

used to detect a specific region gene of Escherichia coli DNA coding for 16S rRNA70. 

The authors describe a system where biotinylated DNA capture probe is immobilized 

onto the PANI/AuNP/avidin-modified SPE and a digoxigenin label DNA is used as a 

probe. Next, HRP labelled anti-digoxigenin antibody is introduced to recognize the 

capture-target-probe complex and produce a signal when TMB/ H2O2 are injected into 

the solution. The HRP enzyme can electrochemically convert an inactive substrate to an 

electroactive product that can produce an electrochemical signal54,71. Therefore, after the 

addition of TMB/H2O2, HRP oxidises TMB using H2O2 forming TMB2+ which is reduced 

afterwards on the electrode surface generating a current signal. The whole assay only 

takes 70 mins and with this strategy, the authors were able to achieve a very low LOD of 

4 CFU, and a linear range from 4 x 106 to 4 CFU in clean urine samples spiked with 

different number of bacterial cells (from 108 to 102 cells of E. coli). Further experiments 

were performed with real samples from 30 patients with urine tract infections (UTIs), 

where 105 CFU of E. coli were detected, which was in accordance with previous studies.  

This means that the biosensor is effective to detect the presence of E. coli causing UTI in 

ongoing infections. The results obtained in this work show the potential of using the 
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sensor in real world since it also showed a good stability over a 10-week period, however, 

small currents were detected in the presence of Staphylococcus haemolytic and Serratia 

marcescens both known for causing UTIs. Despite the small cross-reactivity with other 

bacteria’s genetic material, this biosensor is a very good candidate for rapid and accurate 

detection of E. coli in patients with UTI  that even if they are faster, the achieved LODs 

are bigger and therefore, less sensitive72,73.  

 

2.1.2. Nanomaterial-based labels 

 

In the recent years, significant progress has been achieved in the development of 

nanomaterials with tailored characteristics such as size, shape, or surface charge, for their 

application in electrochemical biosensors74. Nanomaterials present several advantages 

over traditional enzymes e.g., higher stability, signal amplification capacity and sensitive 

electrochemical response that leads to build more cost-effective biosensors50,74,75. A wide 

range of nanomaterials have been typically used as labels, ranging from gold, silver 

copper and silicon-based nanoparticles76–78 to carbon-based materials such as carbon 

nanotubes or graphene79,80. Among the metallic nanoparticles, gold nanoparticles 

(AuNPs), are very attractive since they show stability against oxidation, a large surface-

to-volume ratio, and good electrocatalytic properties75,81. Carbon-based nanomaterials, 

also show many useful properties such as large surface area, biocompatibility, favourable 

conductivity, ease of manipulation and they can be functionalized with other signal tags 

for signal amplification75. For instance, the immunoassay developed for hepatitis B 

antigen (HBAg) detection, uses multiwall carbon nanotubes (MWCNTs) functionalized 

with molybdenum disulphide (MoS2) crystals and gold-palladium (Au@Pd) NPs, that 

together act as a label of the secondary antibody82 (Figure 4). MWCNTs comprise 

concentric tubes of rolled-up graphene, separated by ≈0.35 nm, and they have gained a 

lot of attention due to their advantageous characteristics for biosensing applications such 

as  high yield after synthesis and low production cost per unit, thermochemical stability, 

and ability to maintain or improve electrical properties even after different 

functionalization processes83. Furthermore, nanoparticle functionalization of MWCNTs 

can improve the analytical performance of the biosensor84. Incorporation of bimetallic 

nanoparticles such as dendritic Au@Pd, can bring benefits compared to their 

monometallic counterparts, since they enhance superior catalytic activity and tolerability 
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to oxygen due to the synergistic effect of the two metals82,85. It has been suggested that 

Au@Pd NPs  accelerate the electron transfer since they present a larger surface area over 

their monometallic counterparts86. Therefore, AuNPs can be exploited in many ways to 

improve their electrochemical properties. These dendritic Au@Pd nanoparticles consists 

on discrete anisotropic Pd nanostructures densely packed on and around the surface of 

Au sphere nanoparticles that acts as core, providing active surface area for 

electrocatalytic activities and/or binding sites87. Therefore, the dendritic shape of Au@Pd 

nanoparticles increases the number of antibodies that can be conjugated through the 

affinity interaction between Pd and amine group of antibodies82. Additionally, 

incorporation of metallic complexes such as MoS2 to carbon-based materials and noble 

metallic materials (e.g., Au, Pt or Pd) have been reported to increase the surface area and 

produce catalysts with excellent conductivity making them very suitable as analytical 

probes88,89. As shown in Figure 4, when the target (HBAg) is captured by the primary 

antibody immobilized on graphene oxide and Au NPs nanocomposite (on the glassy 

carbon electrode surface), the secondary antibody labelled with 

Au@Pd/MoS2@MWCNTs is added, resulting in a typical sandwich like immunoassay. 

The dendrite shape with numerous catalytic sites of Au@Pd NPs and the presence of 

unsaturated sulphur atoms in MoS2 creates a synergistic effect, enhancing the catalysis of 

H2O2 and achieving higher current drop This was demonstrated after investigating the 

currents produces by the bioconjugates of the secondary antibody (Ab2) with MWCNTs-

Ab2, MoS2@MWCNTs-Ab2, Au@Pd/MoS2@MWCNTs-Ab2, showing the last one 

generates the largest currents under the same conditions.  Measurements were performed 

with amperometric i-t curve, applying a potential of - 0.6V, towards electrocatalytic 

reduction of H2O2 on PBS at pH 7.38, which was reported to be the optimal conditions. 

However, the authors do not discuss the impact of water splitting under such conditions. 

The redox potential at which water splitting or electrolysis happens is highly influenced 

by solution pH, electrode potential, temperature, and pressure90. The water splitting can 

be considered in terms of its two half reactions: i) the hydrogen evolution reaction (HER) 

and, ii) the oxygen evolution reaction (OER) and these reactions differ somewhat 

depending on the pH at which the water splitting is carried out (see Equations 1-4 

below)91: 
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Acid conditions 

2H+ + 2e- → H2                             HER (pH=0, E° vs SHE = 0.00 V)                      (1) 

2H2O → O2 + 4H+ + 4e-         OER (pH=0, E° vs SHE = +1.23V)                     (2) 

Alkaline conditions 

2H2O + 2e- → H2 + 2OH-      HER (pH =14, E° vs SHE = -0.823V)                 (3) 

4OH- → O2 + 2H2O + 4e-    OER (pH=14, E° vs SHE = +0.40V)                    (4)       

 

Although the redox potentials (E°) displayed above were originally obtained with SHE 

as reference electrode, other reference electrodes such as SCE and Ag/AgCl also vary the 

reaction potential with the solution pH92. Therefore, the negative potential (-0.6 V) 

applied by the authors at such neutral pH for the amperometric measurements should be 

further investigated, for example by using cyclic voltammetry, to find out if water 

electrolysis is contributing to the signal. Nevertheless, the results reported showed that 

the biosensor has a very narrow linear dynamic range from 0.1 pg mL−1 to 500 pg mL−1, 

LOD of approximately 26 fg mL-1 and good stability after 15 days of storage at 4°C 

(current response maintains to 90.4% of the initial value). However, the platform was 

only tested at antigen concentrations < 500 pg mL-1, therefore, higher concentrations 

should be tested since the larger the dynamic range is, the easier it is to discern the true 

signal from the noise93 and it also could improve the ability to monitor the viral load94. 

Furthermore, no information is provided about the time it takes to run the assay, which is 

a very important feature in biosensors. On the other hand, one of the main disadvantages 

of using carbon-based nanomaterials such as MWCNTs, is the difficulty of controlling 

the manufacturing process, since there is a tendency to form aggregates leading to low 

uniformity of response between individual MWCNTs84. Besides, synthesis of the label 

comprises many steps that are time consuming and very difficult to scale-up for 

commercial purposes.  

Another example of combining AuNPs with other nanomaterials is the immunosensor 

that utilizes a nanostructure of AuNP dopped in a polyaniline (PANI) matrix as an 

electrochemical label for single-cell immunodetection of Escherichia coli O157:H7 in 

buffer95. As it has been mentioned above, AuNPs are good candidates for labelling since 
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they show many properties that can be exploited, such as high conductivity, 

biocompatibility, easy functionalization, simple synthesis, and useful optical 

properties96,97. Other nanomaterials such as PANI also show excellent chemical and 

electrical characteristics (e.g., high conductivity, redox reversibility, long-term 

environmental stability, high solution process ability), being the first conductive polymer 

that has been commercialized98. However, it loses its conductivity above pH 4, therefore, 

in order to address this issue, PANI is usually combined with other conductive materials 

such as polymers, nanoparticles, or carbon nanomaterials  which conductivity is 

conserved at low pH levels99. Forming nanostructures with conductive polymers as PANI 

is an excellent strategy for biosensing, since it combines unique properties of polymers 

with the ones provided by nanomaterials (e.g., large surface area, flexibility for 

biomolecules immobilization and quantum effect) improving the analytical 

sensitivity100,101. In fact, PANI nanostructures show higher sensitivity as well as faster 

time response than its conventional bulk counterpart since it provides a larger active 

surface area (enhanced signal) and shorter penetration depth for molecules (shorter 

sample-to-answer time)100. 

 

 

Figure 4. Schematic illustration of the components of the sandwich type immunosensor and the 

measurement by amperometric i-t curve in H2O2 (applying -0.6V). 
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The advantage of using PANI/AuNPs nanostructures as a label in a immunosensor is that 

PANI acts as a carrier for the AuNPs while providing stability and contributing the 

electrochemical response since it also shows high redox activity95. The sensor for single-

cell immunodetection of Escherichia coli O157:H7 is based on an indium-tin-oxide (ITO) 

electrode, where 3-μL volume of bacterial suspension is dropped and absorbed on the 

surface at room temperature. Subsequently, the electrode is immersed in a previously 

prepared solution containing PANI/AuNPs nanostructures with antibodies immobilised 

on the surface, for 10 min and electrochemical measurements are carried out with Double 

Pulse Voltammetry (DPV) in pH 2.5 phosphate buffer. The study showed that in presence 

of bacteria a strong oxidation peak at + 0.12 V (vs. Ag/AgCl) is generated (when 

compared to other types of bacteria where tested), which strongly depends on the number 

of E. colii O157:H7 bacteria absorbed on the ITO electrode surface and recognized by 

the antibodies conjugated to PANI/AuNPs nanostructure. With this biosensor, the authors 

could detect from single cell to 106 cells under the tested conditions. Furthermore, real 

rotten beef samples were tested containing Aeromonas salmonicida and Serratia 

liquefaciens (at 3.0 × 106 cells mL−1) and no electrochemical response was detected, 

indicating good selectivity of the sensor. On the other hand, there is a strong correlation 

between current density and number of cells on the ITO electrode, establishing an LOD 

of 330 cells mL-1 (cell density) in buffer spiked with E. coli O157:H7. Furthermore, 0.64 

µA cm-2 was achieved at 3.3 × 102 cells mL−1, which corresponds to one attached to the 

electrode, after carrying microscopic observation. However, a better design is needed to 

improve the detection in solution since other sensors showed lower LOD in terms of cell 

density, for E. coli detection in real food samples70,102. In addition, the authors reported 

that several sample purification steps were carried out to record an electrochemical 

response, thus, further platform optimization studies are necessary in order to achieve a 

faster test.  

A different type of label are the self-sacrificial labels based on magnetic nanoparticle 

(MNPs) and Prussian Blue (PB), such as the one developed for detection of the avian 

influenza virus H5N1, using electrochemical conversion of Fe3O4 MNPs into-an 

electroactive PB analogue103. Conventionally, MNPs have been used in electrochemical 

biosensors to facilitate mass transport to the sensing surface under magnetic control as 

well as to separate the target from the sample104. However, they are biocompatible and 

allow electron transfer between redox systems and bulk-electrode materials and also 
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possess many other advantageous properties for the development of electrochemical 

biosensors (e.g., high surface energy, large surface area and electron-conducting 

materials)105. Moreover, MNPs have been reported as useful interfaces for 

electrocatalysis of molecules such as H2O2 or O2 that are involved in many molecular 

processes103–105. Additionally, they can be used as self-sacrificial labels after applying a 

chemical or physical treatment that leads to dissolution and release of metal ions which 

are further taken by an acceptor to amplify the signal103. Inorganic compounds such as 

PB and analogues are very interesting since they present a cubic lattice shape, with many 

interstitial sites and vacancies where insertion of various ions as counter ions can occur 

during the redox process of the substance106. Compared with platinum, can deliver 1000 

times higher electrochemical rate constant for a redox process, increasing the sensitivity 

of biosensors by generating more current per unit time107–109. PB is also known as an 

artificial peroxidase and very good candidate for the catalysis of H2O2, therefore, 

combination with nanomaterials such as MNP is used as a strategy to increase the 

sensitivity and the analytical performance of biosensors110. The immune sandwich assay 

uses Fe3O4 MNPs as labels, that are decorated with secondary antibodies. As the 

secondary antibodies recognize the virus, the MNPs undergo through an electrochemical 

conversion, by a two-step potentiometric process (cyclic voltammetry), where first metal 

ions are released (Figure 5). When the Au electrode with MNPs anchored to the surface 

(using a magnet), is immersed in 0.4 mM K4Fe(CN)6 and 0.1M K2SO4 solution, a high 

potential (+1.6 V) is applied to electrode solution, splitting H2O to O2 and H+.  

Subsequently, Fe3O4 is dissolved to continuously release Fe3+ and Fe2+ which are 

immediately electrochemically oxidized to Fe3+. The process is followed by the 

application of a low potential (0 V vs Ag/AgCl) where K4Fe(CN)6 is electrochemically 

reduced at the electrode surface and combines with reduced Fe2+ to form ferrous 

ferrocyanide (K2Fe[Fe(CN)6]), also known as Prussian white, PW, analogue of PB. The 

reactions are given in the next Equations 5-7: 

 

2H2O → 4H+  +  O2  +  4e-                                                             (5) 

8H+  +  Fe3O4 → Fe2+  +  2Fe3+  +  4H2O                   (6) 

Fe2+  +  Fe(CN)6
 4-  +  2K+ → K2Fe[Fe(CN)6]           (7) 
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In CV, the reduction peak that occurs between 0 V and +0.2 V was taken as the analytical 

signal and was demonstrated to be proportional to the concentration of H1N5 virus. This 

sensor showed a linear detection range from 0.0025 to 0.16 hemagglutination units 

(HAU, defined as the amount of virus need to cause the agglutination of red blood 

cells)111, an LOD of 0.0022 HAU, which is ~100 times lower than other biosensors112–114. 

Furthermore, these values were obtained by using only 6 µL of sample, therefore very 

little volume is needed, a very advantageous characteristic for POC testing. However, this 

biosensor is a proof-of-concept that still needs to be further investigated to be scalable 

and implemented in the real world.  

 

 

Figure 5. Schematic illustration of the immunosensor using Fe3O4 MNPs as self-sacrificial label. A) 

Electrochemical conversion of Fe3O4 MNPs in two-potentiostatic steps (first potential applied, +1.6 V, 

followed by 0V) for PB analogue production (PW), in a solution containing 0.4 mM K4Fe(CN)6 and 0.1M 

K2SO4. 

 

2.1.3. Electrochemiluminescent labels 

 

Electrochemiluminescence (ECL) can be defined as a process where light is generated 

through a electrochemical reaction115. Luminophores such as Tris(bipyridine) ruthenium 

(II) or quantum dots, ([Ru(bpy)3]
2+ and QDs, respectively) are used as labels that can be 

excited through a reaction involving electrogenerated reactants emitting light as they 

decay to ground state116.  The mechanisms how underpinning this process happens are 

well documented in the literature 117–119, and they are classified in two categories: i) the 

annihilation pathway and ii) the co-reactant pathway. The annihilation pathway involves 

the direct generation of both oxidised and reduced species at an electrode surface, 

normally through two-directional potential stepping (anodic oxidation and cathodic 

reduction) to produce the radical ions120. Between these species electron-transfer reaction 
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occurs, generating an excited form that emits light when it decays to the ground state121, 

as in Figure 6. In contrast, the co-reactant pathway only a single-potential step is needed 

for ECL generation. A co-reactant consists of a chemical species e.g., tri-n-propylamine 

(TrPA), or N-butyldiethanolamine (NBEA)  that is reduced or oxidized at the electrode 

surface, producing intermediates that react with the reduced or oxidized luminophore in 

the solution to generate the excited state which returns to ground state by emitting light116. 

Therefore, only a single-step potential is needed since the co-reactant reduction or 

oxidation takes place first, which reacts afterwards with the luminophore122. The 

utilisation of co-reactant systems dominates over its counterpart, since ECL generation is 

done in single potential step and a wide range of co-reactants are available to choose 

from115. In addition, regeneration of the luminophore allows it to participate in the ECL 

reaction with an excess of co-reactant which results in the production of many photons 

per cycle, enhancing the sensitivity of the technique123. In Figure 6 different co-reactant 

routes are shown for [Ru(bpy)3]
2+ and TrPA. Figure 6B represents the  oxidative-

reductive pathway where both [Ru(bpy)3]
2+ and TrPA are simultaneously oxidised at the 

electrode surface generating  [Ru(bpy)3]
3+ and TrPA•+. This last one is deprotonated 

forming TrPA• which reacts with [Ru(bpy)3]
3+ to form the excited state of the 

luminophore [Ru(bpy)3]*
2+, which rapidly decays to its ground state by emitting light 

throughout the process. In the catalytic pathway (Figure 6C), [Ru(bpy)3]
2+ is oxidised 

first to [Ru(bpy)3]
3+ which reacts with TrPA to generate TrPA•+. For the low-potential 

route (Figure 6D), TrPA is oxidised first at the electrode surface, generating TrPA• (after 

deprotonation) and it reacts with [Ru(bpy)3]
2+, producing [Ru(bpy)3]

+ which it is oxidised 

by TrPA•+ generating the excited [Ru(bpy)3]*
2+. It is still a difficult task to unravel which 

mechanism is taking place, however, for a typical [Ru(bpy)3]
2+/TrPA system, ECL is 

dominated by the oxidative-reductive pathway when the concentration of [Ru(bpy)3]
2+ is 

< 100 µM, but above this concentration, catalytic route starts to govern the ECL light 

generation124.  

As mentioned above, in terms of biosensing, ECL based assays provide a dark 

background with a higher signal-to noise ratio since the energy excitation source 

(electrical) and the detected signal (light) are totally different and separated processes, 

which leads to achieve higher sensitivity than other electrochemical detection 

techniques116. Furthermore, compared to chemiluminescence, ECL gives excellent 

control over the time and position of the light generation since it only occurs in the 
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diffusion layer or the electrode surface if the luminophore is surface confined, providing 

a better selectivity and reproducibility123. Additionally, ECL biosensors also show a broad 

dynamic range, simplicity in analytical procedures, flexibility due to the wide variety of 

luminophores and are easy to combine with biological systems116,125.  Hence, ECL has 

become a very powerful analytical tool for biosensing in clinical diagnostics, 

environmental and food monitoring123. Therefore, as mentioned above, one of the 

objectives of this thesis is to study and exploit Ru based dyes as labels for the 

development of SPR-ECL biosensors.  

  

Figure 6. Schematic illustration of ECL annihilation and co-reactant pathways124.A) Annhilation pathway, 

B) Oxidative-reductive pathway, C) catalytic pathway and D) low oxidation potential pathway. 

 

In the last twenty years there has been a rapid development of nanomaterials based ECL 

biosensors and many sensitive, selective and rapid ECL immunoassays and DNA assays 

have been developed123. An example of this is the Faraday cage-type 

electrochemiluminescence immunosensor based on multi-functionalized graphene oxide 

(GO) for whole-cell ultrasensitive detection of Vibrio vulnificus (marine pathogenic 

bacteria) in seafood and seawater using chronoamperometry126. As opposed to a 

traditional immunosandwich assay, a Faraday-cage-type immunocomplex is based on a 

conductive two-dimensional (2D) nanomaterial, functionalized with signal labels and 

recognition elements, which directly overlaps with the electrode surface and electrons 

can freely flow from the electrode to the nanomaterial, extending the outer Helmholtz 

plane (OHP) and having electrochemically effective signal labels (see Figure 7)127. In 
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electron kinetics, the OHP is the interfacial region where electronic exchange happens 

between redox active, solvated ions and the electrode surface, and only an 

electrochemical reaction occurs if the electrochemical active species are near to the 

OHP128. This region is only a few nanometres or angstroms away from the electrode 

surface  (depending on the ionic concentration) and when a suitable voltage is applied, 

the OHP potential is altered and activates the ECL labels near to the OHP interface 

ensuring the initiation of the electrochemical reaction127. Therefore, the electron transfer 

occurs in a fixed distance between the ECL label and the electrode surface and if this 

distance is increased, the electrochemical reaction cannot take place127,128. However, 

when a label 2D-nanocarrier with a large surface area is introduced in the system, it can 

be overlayed onto the electrode surface and the electrons can freely flow among the 

electrode, the carrier and all the luminophores, which all of them become effective and/or 

available since the OHP has been extended by the presence of functionalized GO layer. 

In a conventional ECL sandwich immunoassay, the immunocomplex is immobilized “on-

electrode”, which restricts the improvement the detection sensitivity, since the distance 

between luminophore and OHP is going to be potentially larger and not tuneable.  The 

authors of this work built an immunosensor that operates in a co-reactant system (TrPA) 

using a magnetic glassy carbon electrode, where MNPs conjugated to capture antibodies 

are deposited after separating the target from liquid samples, and graphene oxide 

nanosheets functionalized with secondary antibodies and (2,2′-bipyridine) (5-

aminophenanthroline) ruthenium (II) ([Ru(bpy)2(phen)-NH2]
2+) create a Faraday-type 

cage ECL model. Ruthenium (II) complexes are among the most studied transition metal-

complexes in photochemistry since they show an outstanding combination of stability, 

redox properties, excited state stability, excited state lifetime and high efficiency in 

aqueous media, very important characteristics that are key for the development of ECL 

based analytical tools129,130. On the other hand, GO presents a high surface area and shows 

excellent conductivity, high mechanical strength and good biocompatibility, ideal 

properties to use it as probe and recognition elements carriers131,132. Therefore, in the 

proposed sensor for V. vulnificus detection, GO acts as nanocarrier of (2,2′-bipyridine)(5-

aminophenanthroline)ruthenium ([Ru(bpy)2(phen)-NH2]
2+) and as nanosemiconductor 

that accelerates efficiently the electron transfer, achieving a more sensitive ECL sensor133. 

When the bacteria (approximately 1 micrometre of diameter) are introduced on the 

system and the cells are covered with the multi-functionalized GO nanosheet and the 

distance between the luminophore and the electrode increases. However, the edge of GO 
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deposits on the electrode surface directly, extending the OHP of the electrode and having 

more “effective” luminophores. The biosensor showed a linear range from 4 CFU mL-1 

to 4 × 108 CFU mL-1 and a LOD of 1 CFU mL-1 under optimal conditions. Comparing 

with conventional ECL immunosandwich assays, the Faraday-cage model increased the 

sensitivity about 50-fold126. A similar model was built for the detection of Vibrio 

parahaemolyticus in seawater, using ([Ru(bpy)2(phen)-NH2]
2+ and AgNPs as labels in 

GO, showing a LOD of 33 CFU mL-1 using anodic stripping voltammetry as 

electrochemical technique134.These results showed that the Faraday cage structure in 

combination with ECL labels, improves the accuracy of the biosensor, thus is a powerful 

tool for pathogen detection127.  

 

 

Figure 7. Diagram of the Faraday-cage like ECL immunosensor for detection of Vibrio vulnificus. 

 

Another example of utilisation of Ru (II) based labels is the recent proof-of concept ECL-

DNA sandwich assay using a gold nanocavity array as sensing platform135. In this work, 

ruthenium (II) (2,2′-bipyridyl)-2(4-carboxy phenyl) imidazo (4,5)(1,10) phenanthroline 

([Ru(bpy)2 PIC]2+) is used as the DNA probe label. As it has been mentioned above, many 

efforts have been done to increase the sensitivity and improve the range of applications 

of ECL labels by combining them with zero-dimensional (0D) nanomaterials, one-

dimensional nanomaterials (1D), two-dimensional (2D) nanomaterials, and three-

dimensional (3D) nanomaterials33,136. Among these materials, 3D metallic nanostructures 

have been widely used in electrochemical biosensors as electrodes, surfaces for 

bioreceptor immobilization and scaffolds101,137–139. Metals such as gold, are used as 
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nanostructures since they enhance biosensing properties (e.g., catalytic behaviour, 

electrochemical and optical properties while increasing the surface area)140. Furthermore, 

different morphologies can be created such as nanocavities, that can provide several 

advantages in plasmonic biosensing such as possibility of multiplex detection and in 

general, they have an improved bulk sensitivity141. Surface plasmon resonance (SPR) is 

an optical property of some materials (e.g., gold, silver, zinc or copper) that when they 

are excited by the incident light, a “cloud” of electrons, also known as plasmon, oscillates 

on the material surface generating a local electromagnetic field142. SPR offers quantitative 

real-time information about the adsorption of molecules at the surface, whereas ECL 

provides high sensitivity and selectivity as well as low detection limits, hence, having 

both systems in the same platform could be very beneficial to track interfacial processes 

and to improve the analytical performance143. Moreover, a  fraction of the light generated 

through ECL can be used to excite the electron oscillation at the nanostructure surface 

when there is a resonant interaction between the plasmon and the excited state of the 

luminophores135,144. Therefore, materials with optical properties such as gold can be used 

to influence the light emission process with coupling SPR and ECL enhancing the final 

light emission143,144. As the authors described, a 3D nanocavity array electrode in 

combination with the label [Ru(bpy)2 PIC]2+ can be used to combine SPR and ECL on a 

wireless bipolar system135. When the DNA probe hybridises to the overhang target DNA 

of methicillin-resistant Staphylococcus aureus on the array surface, [Ru(bpy)2 PIC]2+ 

emits light at around 610 nm exciting the cavity plasmon and enhancing the ECL intensity 

of a fraction of the immobilised luminophores. This system shows a linear dynamic range 

from 10 nM to 30 µM with an LOD of 1 µM and 6 times more analytical sensitivity 

compared to a planar gold surface under the same conditions. However, further 

experiments with real samples are needed to test the performance of the sensor for future 

POC application.  

QDs are also often used as ECL labels, as the availability of different sizes, material 

dependent optical and electrical properties, broad absorption spectra, high quantum yields 

and the narrow emission spectra makes them very interesting for biosensing 

applications34. In addition, compared to conventional molecular ECL luminophores (e.g., 

[Ru(bpy)3]
2+ and luminol) QDs show good stability, flexible functionality and they are a 

very low cost effective alternative145.   Recently, alongside AuNPs, QDs have been 

extensively used in distance-dependence SPR-enhanced luminescence143. An example of 
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this is the distance-dependent plasmon enhanced DNA sandwich assay based ECL 

biosensor developed for hepatitis C virus detection using sulphur doped boron nitrogen 

QDs (S-BN-QDs) and non-metallic plasmonic MoS2 nanosheets146 (Figure 8). Firstly, 

the authors demonstrated that using a glassy carbon electrode and cyclic voltammetry, S-

BN-QDs showed an ECL peak at -1.75 V, emitting light at 535nm. Subsequently, the 

optimal distance between S-BN-QDs and MoS2 nanosheets (on electrode surface) was 

studied using dsDNA as spacers and results showed that at 19 nm, ECL emission 

increased 120% over the ECL intensity achieved when distance was 0 nm. When S-BN-

QDs are too close to the surface (0 nm), an energy resonance transfer (ERT) optical 

process happens147, in which the excess of energy of an excited molecule (S-BN-QDs), 

is transferred to an acceptor (MoS2 nanosheets), quenching the ECL light emitted by S-

BN-QDs. However, as the distance increases, the ERT drops and the surface plasma 

coupling effect is strengthened since MoS2 nanosheets plasmon is excited by the incident 

light emitted by QDs, thus ECL is enhanced146. The constructed sandwich DNA biosensor 

for HCV gene detection is based on the utilization of a mixture of two DNA harpins, one 

fixed on the electrode surface and the second one is conjugated to S-BN-QDs (Figure 8). 

When the target is present, the first harpin opens and hybridizes with the target, exposing 

a new-single stranded region that is complementary to the second harpin, forming an 

dsDNA unit at the end designed to be 19 nm long (optimized distance). The sensor 

displays a linear dynamic range from 0.5 pM to 1 nM with a very good LOD (0.17 pM), 

comparing with other nucleic acid based biosensors for HCV detection148,149.  Despite the 

high sensitivity of the sensor, more experiments are needed with real samples to 

investigate possible interferences and cross-reactivity events.  
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Figure 8.  Schematic representation of HCV-based sensor and distance-dependent plasmon-enhanced 

ECL mediated by non-metallic plasmonic MoS2 nanosheets and QDs. 

 

2.2. Label-free electrochemical biosensors 

 

In label-free electrochemical biosensors, the recognition event is directly transduced to 

an electrical signal and may be preferred over label based since they present several 

advantages43. For instance, they require simpler designs, less processing steps and cost 

due to the absence of complex labels and they are more easily scaled scalability. However, 

they often suffer from a lack of sensitivity, cross-reactivity, and may be more prone to 

non-specific adsorption interference issues50. On the other hand, the presence of labels 

can interfere with kinetics as well as cause nonspecific binding that can lead to systematic 

errors during the measurements150. Furthermore, the sensitivity of label-free biosensors 

can be improved by modifying the electrode surface with high-functionality materials, 

enhancing the adsorption properties, increasing the surface area and achieving good 

biocompatibility151. Therefore, label-free electrochemical biosensors, can serve as a 

powerful POC diagnostic tool,  providing real-time single and/or multi-target analyses, 

with the possibility of development of portable and friendly user devices5,152.  

 

2.2.1. Electrochemical impedance spectroscopy (EIS) 

 

Among all the electrochemical techniques, impedance spectroscopy (EIS) is the most 

used in label-free detection since it possess several advantageous characteristics such as 

being a steady-state technique, small amplitude perturbation of the system and detection 

of signals over a very wide range of applied frequencies, from 1 mHz to 1 MHz153. In 

terms of biosensing, EIS is a very useful technique to study and understand the interfacial 

properties and/or changes (capacitance or resistance) in real-time as consequence of 

selective bio-recognition process27,153. One example of EIS POC immunosensor for 

detection of Zika virus protein is shown in Figure 9. The authors used a gold micro 

electrode (electrode width and electrode gap 10 μm) modified with antibodies that can 

recognize and bind to ZIKV-envelope protein154. After the biorecognition, a decrease in 

electron transfer rate of Fe (II)/(III) couple in solution occurs causing an increase in the 

charge transport resistance measured by EIS. Under optimal conditions, the biosensor 
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showed a linear detection range from 10 pM to 1 nM and a LOD of 10 pM, i.e., it is highly 

sensitive. Furthermore, the self-life of the sensor was studied for clinical application, and 

results demonstrated strong dependence on temperature as it was stable for 30 days only 

when stored at 4°C. One of the main drawbacks of immunosensors is that the sensitivity 

of antibodies fluctuates according to parameters such as pH, exposure to light and 

temperature (typical storage conditions at 4°C), and changes can dramatically affect the 

antibodies ability to bind to specific targets155. Despite the potential of the system for 

POC detection since it can be integrated in a smartphone, only results under optimal 

conditions have been reported, therefore further research is needed with real samples for 

its implementation in clinical diagnostics for ZIKV detection. 

Genosensors, or nucleic acid-based biosensors can also be developed on an EIS platform. 

For instance, the proof-of concept sensor for temperature-enhanced mcr-1 colistin 

resistance gene detection from E. coli using a gold SPE156. This platform is presented as 

a rapid and cost-efficient way of detection, where hybridization of immobilised specific 

peptide nucleic acid (PNA) with bacteria plasmid is temperature controlled and enabled 

by a new flow cell measurement setup. The sensor is highly selective since it allows 

discrimination of targets containing single nucleotide polymorphisms (SNP) based on a 

hybridization/dehybridization test over time. It was found that using a temperature of 55 

°C for hybridization, followed by a washing step with a buffer, increases the 

match/mismatch discrimination ratio to 5.7 in comparison with a temperature at 60°C, 

where the discrimination ratio was 3.4. This behaviour reflects the differences in the 

temperature dependent hybridisation kinetics between the fully complementary and SNP 

containing targets.  This means that 55°C and the washing step, decreases the signal for 

the target with SNP, while keeping the perfect match signal for the target without SNP. 

Further tests were made with heat-denatured mcr-1 E. coli and New Delhi metallo-β-

lactamase-1 (NDM-1) E. coli heat-denaturated plasmids (from bacterial cultures) both at 

a concentration of 4 ng/μL. The results showed that after 30 minutes of hybridization with 

the PNA on the electrode surface, it was possible to detect mcr-1 plasmids as well as to 

discriminate between these different plasmids carrying different resistance genes like 

NDM-1. However, sample preparation (i.e., cell cultivation and plasmid extraction) is a 

time-consuming step which should be addressed when new setups are proposed for 

genosensors development. Furthermore, more data is needed about LOD and dynamic 

range when used to analyse real samples. 



51 

 

 

 

Figure 9. Illustration of fabricated EIS immunosensor via immobilization of ZIKV-envelop protein 

antibody (Zev-Abs) onto self-assembled monolayer (SAM) of dithiobis(succinimidyl propionate) (DTSP) 

deposited on interdigitated micro-electrode of gold (IDE-Au) array of 10µm154. 

 

2.2.2. Detection of enzymes and metabolites released by pathogens 

 

Traditional screening methods, that detect either the whole pathogen, fragments or 

nucleic acids are very useful for pathogen detection and identification as well as diagnosis 

of infections. However, they are often expensive and very time-consuming since several 

sample preparation steps are often needed157.  Recently, label-free biosensors for direct 

detection of molecules released by pathogens such as enzymes and quorum sensing 

molecules (QS molecules), have attracted much attention since their simple design, low 

cost, and ability to discriminate between alive and dead microorganisms69.  Therefore, 

studying and taking advantage of the properties of secreted biomolecules by pathogens 

can offer multiple alternatives for the development of electrochemical biosensors that 

indirectly detect the pathogen, or a component. As an example, the enzyme cytochrome 

c oxidase produced by some bacteria, has been successfully used as a biomarker detection 

of at carbon microelectrodes using impact electrochemistry technique158. Impact or 

collision electrochemistry, is based on the measurement of an electrical signal arising 

from the collision of a single entity (e.g., cell, particle, or molecule) on an electrode 

surface due to its free motion in solution, obtaining a current pulse signal of very short 

duration (µs to s)159,160. With this technique, a label-free approach can be used for bacteria 

detection, since some of them possess enzymes with redox activity that can generate 
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currents in contact with the electrode surface159,161,162. By employing N,N,N′,N′-

tetramethyl-para-phenylene-diamine (TMPD) as redox mediator, the authors were able 

to establish a dependency of TMPD concentration with bacteria impacts on electrode 

surface. In this system, cytochrome c oxidase performs the oxidation of TMPD which is 

regenerated at the electrode surface and a reductive current is generated. Although this 

technique is a valuable proof of concept, selectivity is the main issue that needs to be 

addressed for future applications, which could be solved by introducing labelling 

chemistry159.  

On the other hand, biosensors for QS molecules detection are very interesting and 

promising approach, especially for POC applications163. By exploiting QS molecules 

redox activity, such as 4-hydroxyquinoline (HHQ), Pseudomonas quinolone signal (PQS) 

and pyocyanin (PYO), electrochemical sensors have been used for fast, high-throughput 

detection strategies69,164. A successful multiplex detection method of HHQ, PQS and 

PYO was reported to determine the presence of Pseudomonas aeruginosa using a boron 

diamond dopped electrode165. Each molecule showed different redox peaks in SWV 

suggesting it may be possible to detect QS molecules simultaneously. Further tests 

showed that the LOD of PYO, PQS and HHQ was, 50 nM 250 nM 250 nM, respectively, 

under optimal conditions. Moreover, in vitro experiments with cystic fibrosis sputum 

samples spiked with 1 × 105 cells of P. aeruginosa A14 (PA14) and after 11 days of 

incubation the LODs for PYO, HHQ, and PQS were 2.8 μM, 7.2 μM, and 10.4 μM, 

respectively, using DPV as electrochemical measurement technique. However, no signals 

were detected for HHQ and PQS after 3 days of incubation. Additionally, the optimal 

performance of the biosensor requires pH to be adjusted to 5. Therefore, the suitability of 

the assay is subjected to the access and availability of equipment to carry out the test, 

making more difficult near-to patient testing. Nevertheless, the results are very promising 

and show the potential QS molecules as targets for label-free POC detection in medical 

environments.  

 

3. CONCLUSIONS AND FUTURE PERSPERCTIVES 
 

Enhancement of parameters such as sensitivity, specificity, and LOD is pursed for the 

development of high-performance biosensors. Utilisation of labels for improvement of 



53 

 

these features has proven to be an excellent alternative since they provide good signal 

amplification, a key feature in biosensors to achieve higher sensitivity and lower 

detection limits.  However, they require more preparation steps which leads to a more 

complicated and less cost-effective assays. In the literature, label-free biosensors, are 

presented as low-cost, simple, rapid, and easy to use sensors, where electrochemical 

impedance spectroscopy (EIS) has been the predominant technique. Moreover, 

identification of different targets such as QS molecules and enzymes produced by 

pathogens can be also studied for real-time detection and disease monitorization 

providing more information about the patient prognosis. Despite all the advantages that 

label-free technology offers, they often show interference and specificity issues which 

can negatively affect the final signal readout. Nevertheless, as discussed in this chapter, 

combination of different materials and techniques constitutes a good approach to improve 

the analytical performance of electrochemical biosensors for the detection of pathogens. 

For example, ECL based labels have shown to successfully amplify the signal by keeping 

a low background noise, improving the sensitivity and the selectivity of the assays. In 

fact, different luminophores carrying groups such as carbon nanotubes or NPs, can be 

designed to improve ECL labels efficiency as well as design of SPR-ECL based systems 

for ECL signal enhancement, and overall, the performance of the biosensor. In addition, 

advancements in the manufacturing and utilisation of 3D metallic surfaces as electrodes 

has been shown to provide a larger surface area that can be also further optimized to 

improve the properties of the sensing platform. Hence, informed by this literature review, 

there is a strong need for creating robust, sensitive, and cost-effective pathogen 

biosensors. For this reason, this work focuses on the development of new detection 

platforms based on ECL, using 3D printed electrodes and, SPR-ECL approach with 

different ruthenium complexes for its potential use in biosensors for bacteria detection. 

The objectives of this thesis try to address the issues stated at the beginning of this 

chapter, focusing on the understanding of electrochemical kinetics and dynamics of the 

systems proposed in the following chapters, as well as on the optical properties of the 

materials used in this project. In Chapter 2, a novel 3D printed Ti array electrodes are 

studied and optimised with a thin layer of AuNPs for their utilisation in ECL co-reactant 

systems. The unique architecture of these electrodes provides an enhance diffusion as 

well as a large surface area that can be exploited to immobilise more capture on the 

surface which can potentially increase the sensitivity of the platform. Moreover, the 

electrodes prove to provide a tuneable and optimizable surface with AuNPs that improved 
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the redox properties of the platform, and they can further be functionalized with thiolated 

biomolecules for future application in bacteria detection. 

Separately, in Chapter 3, AuNPs are investigated with spectroscopic and electrochemical 

techniques, alongside different ruthenium complexes in an aqueous system to elucidate 

and understand better their interaction, in terms of light enhancement or quenching for 

application in SPR-ECL sensors. Furthermore, the dye [Ru(bpy)3-NH2]
2+

 characterised in 

Chapter 3 is used for the development of a DNA based ECL assay for UTI causing 

Escherichia coli detection on a GCE coated with a layer of AuNPs. In addition, in Chapter 

4 is shown that NBEA as co-reactant is a more suitable co-reactant when compared to 

TrPA, since higher ECL intensities were which is more advantageous for the development 

of high sensitive ECL biosensors, Finally in Chapter 5 a novel protocol for the synthesis 

of Fe3O4 particles and coating with Au is reported, for their potential used in target 

separation from sample solution and application in DNA biosensors.  
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1. INTRODUCTION 

 
3D printing for the manufacture of novel electrode structures and other electronic devices 

has become very popular in recent years166–169. 3D printing involves a group of techniques 

based on the process of adding successive layers of the material to create a three-

dimensional object that is previously designed in CAD170. These emerging techniques 

serve as powerful tools for new complex designs that cannot be produced using traditional 

“subtractive” approaches, e.g., milling that involve removal of material, as well as 

improve of pre-existing platforms using cheaper materials and simple manufacturing 

techniques171,172. Interest in fabricating 3D printed electrodes is increasing since it 

provides several advantages for electrochemical analysis and development of 

electrochemical sensors. Portability, use of low-cost materials, customized shapes, size, 

conductivity, and precision are some of the characteristics that can be achieved in a very 

few hours170,173. In fact, 3D electrodes have arisen as a potential alternative to overcome 

the limitations of conventional electrodes and improve electrochemical measurements for 

detection of biomolecules and/or biological entities170,174, e.g., by controlling transport 

by diffusion or enabling multiple sensors to be made that are free from cross-talk. As the 

3D architecture directly impacts the device functionality, e.g., multielectrode arrays, and 

mass transport of the analyte, different shapes and structures has been studied. Cylindrical 

electrodes or arrays have attracted much attention due their unique properties i.e., 

increased surface area, radial diffusion to the tip with linear diffusion to the wall of the 

cylinders at accessible timescales175,176. Therefore, they can provide large diffusion layers 

compared to planar electrodes177. However, to elucidate the real potential of 3D printed 

arrays, electrochemical characterization is important to understand their mass, electron 

and ion transport properties for further applications in electrochemical biosensors, 

electrocatalysis or energy storage172,178,179. 

While the redox activity of 3D printed electrodes has been widely studied, their 

application in photonics, has been less explored, e.g., their ability to generate light by an 

electrochemical reaction, or electrochemiluminescence (ECL). In this scenario, as 

mentioned above, the 3D architecture as well as the identity and properties of the metal, 

play  important roles in mass transport and electron transfer, dramatically influencing the 

redox and excited state of the luminophore (e.g. [Ru(bpy)3]
2+) and the production of the 

co-reactant, as well as the overall kinetics and dynamics of the reaction on to the electrode 
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surface175. Understanding how geometry, size and material affect the ECL process, by 

enhancing or quenching the electrogenerated light is essential for future applications. For 

example, the presence of a thick oxide layer on the active electrode surface, can hinder 

the electron transfer, which usually decreases the current achieved180,181. Among all the 

luminophores, such as luminol, tris(2,2-bipyridyl) ruthenium (II) ([Ru(bpy)3]
2+), 

lucigenin or quantum dots (QDs), [Ru(bpy)3]
2+ has attracted more attention because it 

presents several advantages e.g., strong luminescence and good solubility in several 

aqueous and non-aqueous solvents, sensitivity, good ECL efficiency and wide linear 

range182. The most common ECL system where [Ru(bpy)3]
2+ has been used is with a co-

reactant such as tri-n-propylamine (TrPA). As it is shown in Equations 1.1-1.4 

(simplified version), when applying a potential, an oxidation reaction occurs, where 

[Ru(bpy)3]
2+ is oxidized to [Ru(bpy)3]

3+  at the electrode surface. Simultaneously, TrPA is 

also oxidized, and in a second step a TrPA radical (TrPA•)  is generated, which will reduce 

[Ru(bpy)3]
3+ and produce the excited state of ruthenium ([Ru(bpy)3]*

2+ ) which then  

decays to its ground state, emitting  red light around 620 nm183.  

 

[Ru(bpy)3]
2+  – e-   → [Ru(bpy)3]

3+        (1.1) 

TrPA – e-  → TrPA•+  → TrPA• + H+          (1.2) 

[Ru(bpy)3]
3+ + TrPA•  →  [Ru(bpy)3]

2+* + products                 (1.3) 

[Ru(bpy)3]*
2+  
→ [Ru(bpy)3]

2+ + hv        (1.4) 

 

Furthermore, the complex is very stable in both oxidised, [Ru(bpy)3]
3+, and reduced, 

[Ru(bpy)3]
2+ forms175,182. Therefore, a combination of 3D printed materials and ECL can 

provide a high-performance platform for analytical sciences. 

In electrochemistry, Selective Laser Melting (SLM) has been used to create 3D 

electrodes169,170,182,184. This technique uses a high-power laser for the successive addition, 

melting and fusion of thin layers from the chosen metal powder base following a pre-

designed pattern, producing near net-shape parts with close to full density172. Compared 

to other techniques such as lithography, SLM provides a fast, cost-effective, and simple 

manufacture of electrodes with a unique design of micro and macro structures175. 
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Furthermore, SLM generally uses 20–50 µm metal powder particles to print 20–100 µm 

thick metal layers and the minimum feature size that has been reported ranges from 40-

200 µm185. However, this relatively new metal printing technology needs further 

investigation for electrochemical applications, e.g., the fused grain structure can be very 

rough and even porous, complicating the diffusion profiles. Not many metals have been 

reported for SLM printing. However, Ni and Ti alloys as well as stainless steel have been 

successfully used and could be applied in electrochemistry186. Ti6Al4V material is the 

most frequently tested alloy for medical applications because of its biocompatibility with 

human tissue since an oxide layer is rapidly formed on the surface of the material upon 

exposure to air, low weight and corrosion resistance186–189. This material does not 

necessarily support fast heterogeneous electron transfer or have good electrocatalytic 

properties.  However, it has interesting redox properties with a specific geometrical 

structure, and its surface properties can be modified by depositing other materials such 

as gold.  As discussed in the Literature Review, gold has been proven to be useful in the 

field of biosensors and specially in ECL based detection190–193.  

This chapter presents 3D Ti electrodes printed with the SLM technique using Ti alloy (Ti-

6AI-4V) powder, that show a unique architecture and electrochemical properties. 

Different techniques such as SEM, cyclic voltammetry and ECL were used to characterize 

the 3D printed Ti arrays. Furthermore, parameters like surface roughness, diffusion 

coefficient, heterogeneous electron transfer rate constant, resistance and the properties of 

the native oxide layer were analysed to provide more information about the 

characteristics of these novel arrays. The ECL response of the electrodes was analysed 

through a co-reactant system, by using [Ru(bpy)3]
2+ as luminophore and tri-n-

propylamine (TrPA) as co-reactant. Surface functionalization with gold was also study 

for surface optimization and potential application for bacteria detection. 
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2. MATERIALS AND METHODOLOGY  
 

2.1. Manufacture of 3D printed Ti arrays and workflow 
 

By using the modelling program SolidWorks, the electrode was designed, and metal 

printing was performed with a Realizer SLM50 metal printer (Realizer, Germany) using 

Selective-Laser Melting (SLM) technique. The high-energy laser beam fused and linked 

Ti alloy (Ti-6AI-4V) powder, layer by layer creating an array of 25 vertical round 

microcylinders (0.015 cm radius, 0.3 cm high) spaced evenly on a 0.48×0.48 cm square 

base that contained 0.75×0.75 mm holes175,194.  These electrodes were donated by Prof. 

Gordon Wallace of the University of Wollongong, Australia. Figure 1 shows the 

architecture and wiring of the electrodes with copper wire (99,99% and 0.25 mm) and 

protected with Teflon tape (12 mm x 0.075mm), so they could be use in a three-electrode 

electrochemical cell. These electrodes were further modified (mechanically and 

chemically polished) and functionalized (gold electrodeposition) with the intention of 

optimizing the surface for biosensing purposes. The uncoated and coated electrodes with 

gold, they were all wired and protected with Teflon tape as indicated. In order to run the 

electrochemical experiments, the electrodes were immersed in the solution making sure 

that all the area of the electrode was in contact with the electrolyte. However, the 

protected part of the electrode was left outside the solution to avoid corrosion. Figure 

2Figure  shows the workflow followed in this thesis and the characterization of each step.  
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Figure 1. Architecture and wiring of electrodes. A) 3D printed Ti electrode. B) Wired 3D printed Ti 

electrode. C) Mechanically polished 3D printed Ti electrode. 

 

Figure 2. Scheme of Chapter 2 workflow. 

 

2.2. Characterization of 3D printed Ti electrodes 

 

Structural characterization and surface composition analysis was carried out with 

Scanning electron microscopy (SEM) (Hitachi S3400n SEM, Tungsten system). For the 

electrochemical characterization a potentiostat (CH Instrument Model 700E), an 

Ag/AgCl reference and platinum wire were used (IJ Cambria). The 3D printed electrodes 

acted as working electrodes. Ferrocenemethanol (FcnMeOH) was tested as redox probe, 

using lithium perchlorate (LiClO4) as supporting electrolyte. All the reagents were 

purchased from Sigma Aldrich.  

Experiments for electrochemiluminescence detection, were performed using a CH 

Instrument Model 760B workstation, with the 3D printed electrode as working and an 

Oriel 70680 photomultiplier tube (PMT) biased at −850V along with a high-voltage 

power supply (Oriel, Model 70705) and an amplifier/recorder (Oriel, Model 70701) was 

used to collect the light emitted as shown in Figure 3.  In this case, Tris- (2,2′-bipyridyl) 

dichlororuthenium (II) hexahydrate (Ru[bpy]3Cl2·6H2O) (powder, Sigma Aldrich), 

tripropylamine (TrPA) (≥98%, Sigma Aldrich), using LiClO4 as supporting electrolyte 

(powder, Sigma Aldrich). All the ECL measurements were performed with the amplifier 

set at 108. This amplifier allows to tune the amplification of the photons emitted during 

the ECL light generation. This is very important since a high amplification could lead to 

a saturated signal that can potentially damage the potentiostat. Therefore, the appropriate 

amplification setting was selected to avoid this issue. 
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Figure 3. ECL signal recording equipment. A) ECL set up: (1) Potentiostat, (2) power-supply, (3) 

amplifier/recorder, (4) PC desktop for data visualization and (5) dark box. B) Set-up inside dark box: 

photomultiplier (PMT), secondary amplifier, connectors, and fibre optic for light collection. The circle 

indicates where the three-electrodes electrochemical cell is places to record the signal. 

 

 

2.3. Surface treatment and gold electrodeposition 

 

Prior to electrochemical characterization, the electrodes were chemically treated using a 

protocol developed in this work. The 4-step cleaning protocol involves a mild chemical 

treatment aimed to remove the oxide layer formed on the surface of the titanium 

electrodes as well as to remove any other impurities remaining from the printing process. 

Firstly, electrodes were immersed in boiling deionized water for 30 mins. Subsequently, 

they were transferred to isopropanol followed by sonication for 30 mins. For the next 

etching steps, the electrodes were immersed into a boiling solution of 20% v/v HCl, from 

a 37% v/v stock, in H2O (Sigma Aldrich) for 40 minutes and finally transferred to a 

boiling 10% oxalic acid in H2O (≥99%, Sigma Aldrich) solution for 30 mins, rinsed with 

deionized water and dried with a stream of nitrogen. Some electrodes were first 

mechanically cleaned with sandpaper (grit size P1200, 15.3 ±1 µm) and etched afterwards 

with the cleaning protocol described above.  



62 

 

Electrodeposition of gold onto the surface of Ti electrodes was carried out after chemical 

etching, using cyclic voltammetry, for 30 cycles (from -0.5 V to -2 V) with a Gold Tank 

Plating Solution (Spa Plating) using Ag/AgCl as the reference and platinum (Pt) as 

working electrode. After the electrodeposition the electrodes were rinsed with deionized 

water and air dried. Before each use, the electrodes were electrochemically cleaned in an 

aqueous solution 0.1M H2SO4 (Sigma Aldrich) and stored in acid until used.  

 

3. RESULTS AND DISCUSION 
 

3.1. Bare 3D-printed Ti electrodes 

 

3.1.1. Surface characterization  

 

Knowing the structural and/or geometrical features of 3D-printed electrodes is important 

to understand the overall electrochemical properties of the platform. For example, the 

size of the individual pins in the array and their separation will influence the mass 

transport regime and the time/scan rate at which diffusion fields at the individual pins 

will coalesce. Moreover, surface analysis microscopy techniques can be used to provide 

information about surface composition, e.g., the presence of oxide layers. Among these 

techniques, SEM is one of the high-resolution imaging method that helps to monitor size, 

distribution, formation and morphology at the micro and nanoscale195. The images 

obtained with SEM of the 3D-printed Ti electrodes are shown in Figure 4A (not cleaned 

and not used) B (mechanically and chemically polished). These images show that the 

brand-new unmodified electrode have a significant surface-roughness, providing 

irregular edges and a somewhat porous surface (Figure 4A). The SEM micrographs show 

how the SLM produces a rough surface that ranges from the nano to 100 µm scale. In 

SEM, heavier elements produce brighter images since they possess a higher atomic 

number and a larger number of electrons are scattered out of the sample, therefore, bright 

regions can be attributed to Ti and darker regions to other components such as oxides or 

binders from the production process196. It is well known that an amorphous oxide layer 

1.5-10 µm of thickness is spontaneously formed when titanium is exposed to air or 

oxygenated conditions at room temperature197,198. Furthermore, it has been shown that 

the oxide layer protects against corrosion and provides high porosity and roughness199. 
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TiO2 exists in three different crystalline forms: anatase (tetragonal), rutile (tetragonal) and 

brookite (orthorhombic), and among these three rutile is the most stable and therefore the 

most likely phase to find, although their occurrence depends on the material, calcinations 

temperature and deposition method200. In order to acquire a smoother and oxide free 

surface, several methodologies such as mechanical polishing and different 

etching/chemical treatments have been reported201. However, etching often involves the 

utilisation of highly corrosive chemicals (e.g., hydrofluoric acid, nitric acid, etc.) that are 

difficult to handle, and for which waste processing is complicated202. As an alternative, 

different combinations of mechanical polishing and etching with acids such as 

hydrochloric acid (HCl), sulfuric acid (H2SO4) and/or oxalic acid have been successfully 

used at high temperatures (~60-100°C) to remove the native oxide layer203–205. Although 

titanium shows an outstanding resistance to corrosion provided by the native oxide layer, 

this TiO2 film is not stable in reducing acids or high temperatures where Ti can corrode 

significantly206. In Figure 4B, scratches and damage surface are visible after mechanical 

polishing with sandpaper. However, decrease of the surface roughness and porosity is 

observed after mechanical and chemical surface treatment.  

 

 

Figure 4. SEM images of 3D-printed Ti electrodes using an accelerating voltage that ranges from 1 kV to 

2 kV. A) 3D-printed Ti arrays (with cylinders, no etched). Edge, tip of cylinder and base of electrode (from 
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left to right). Scale bars (left to right):  300 µm B) Base of mechanically polished 3D-printed Ti arrays with 

sandpaper (no cylinders). Scale bars (left to right): 400 µm, 50 µm and 400 µm. 

 

3.1.2. Electrochemical characterization of 3D-printed Ti electrodes 

 

The redox properties of the 3D printed Ti electrodes were determined using cyclic 

voltammetry. To study the available potential window of the electrodes (with cylinders), 

a voltammogram was obtained by scanning from -2 V to +2 V in 0.1M LiClO4 as 

supporting electrolyte at a scan rate of 0.1 V s-1 (Figure 5). As it is mentioned in the 

previous section, when titanium is exposed to air, it forms a spontaneous oxide layer, 

however, this oxide layer can also grow on clean, oxide free titanium surfaces when a 

positive potential is applied, around +0.2 V to +0.3 V207.  Figure 5 shows the onset 

potential for the spontaneous oxide layer formation is around -0.95 V. The formation of 

the titanium oxide layer in electrolyte/solution has been often described in acidic 

conditions197,208,209, however, is it well known that passive layer in different metals is 

governed by the diffusion of metal ions to the surface and by successive reactions at the 

interface210. In case of titanium, the formation of oxide requires the oxidation of metallic 

titanium and dissolution of Ti4+ (Equation 2.1).  However, Ti4+ is not stable in water, 

therefore it immediately hydrolyses producing protons and titanium tetra hydroxide 

(Ti(OH)4) which has been observed to be dominant in aqueous solutions at pH 7.3211 (see 

Equations 2.2-2.4). Finally, the dehydration Ti(OH)4 takes place by generating the semi-

conductive layer of  TiO2 at the electrode surface (Equation 2.5).  

 

Ti → Ti4+ + 4e-                                                                     (2.1) 

Ti4+ + 2H2O → Ti(OH)2
2+ +2H+                                                               (2.2) 

Ti(OH)2
2+ + H2O → Ti(OH)3

+ + H+                                     (2.3) 

Ti(OH)3
+ + H2O → Ti(OH)4

+ + H+                                      (2.4) 

Ti(OH)4
+ → TiO2 + H2O                                                      (2.5) 
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Additionally, it has been described that exposing the Ti to anodic potentials (e.g., to 

oxidise ruthenium trisbipyridyl) ionic conduction processes take places that involve the 

inward migration of oxygen ions and outward migration of titanium ions (Ti4+) causing 

the growth of the oxide layer212 (as described above). Another phenomenon can 

simultaneously occur, called electronic conduction, where the oxide already formed at 

the surface produces oxygen evolution at the electrode surface-interface, without 

contributing to the thickening of the oxide layer213. However, the activation of both 

processes has been shown to be responsible of generating gas bubbles, occluding oxygen 

within the oxide layer during the anodization of titanium213 and aluminium-copper 

alloys213,214. Therefore, it could be possible that at more positive potentials (from 0 V to 

+2 V), the 3D Ti electrode is going through these two processes. Thus, for ECL 

measurements involving ruthenium trisbipyridyl, it is likely that the luminophore is 

electrogenerated at an oxide covered electrode surface. 

 

 

Figure 5. Voltammogram of bare 3D printed Ti electrode in 0.1M LiClO4 solution as supporting 

electrolyte. Scan rate at 0.1 V s-1. 

 

Further characterization of the electrodes using ferrocene methanol (FcMeOH) as redox 

probe dissolved in 0.1M LiClO4 provided more information about their behaviour. It is 

important to note that the formal potential of the ferrocene is positive of the oxide 

formation onset and the electrode is likely to be covered by oxide.  As shown in Figure 

6A, no visible cathodic and anodic peaks are detected with FcMeOH at bare titanium 
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electrodes at any of the scan rates used. On the other hand, for the mechanically polished 

electrode (Figure 6B), Ti quickly forms an oxide layer that will continue to form/thicken 

under oxidative conditions or exposure to atmospheric oxygen, blocking the electron 

transfer at the electrode surface, Therefore, the process at approximately +0.25 V and -

0.2 V could be the oxidation and reduction of the redox probe, however is being hindered 

by the presence of the oxide layer(TiO2).   

 

 

Figure 6. Voltammograms in 1 mM FcnMeOH as redox probe and 0.1M LiClO4 as supporting electrolyte 

(degassed). A)   Bare Ti array. Scan rates: 0.05 V s-1, 0.1 V s-1, 0.15 V s-1, 0.2 V s-1, 0.25 V s-1, 0.5 V s-1, 

0.7 V s-1 and 1 V s-1. B) Overlay of bare Ti array and bare polished Ti electrode. Scan rate: 0.1 V s-1. 

Electrodes stored in air.  

 

3.1.3. ECL characterization of 3D printed Ti electrodes in co-reactant system 

 

Here the performance of the electrodes using [Ru(bpy)3]
2+ as redox probe in presence of 

the co-reactant TrPA needed for the electrochemiluminescence generation is reported. In 

brief, TrPA is oxidized at the electrode surface and [Ru(bpy)3]
2+ is oxidized to 

[Ru(bpy)3]
3+. The generated radical cation of TrPA (TrPA•+), is deprotonated and reacts 

with the oxidised ruthenium complex to form the excited state of the ruthenium complex 

[Ru(bpy)3]
*2+ which rapidly decays to its ground state by emitting a photon at  λmax  at 

620 nm117. Although other mechanisms have been reported with TrPA and ruthenium (i.e., 

catalytic route and low potential catalytic route and low potential oxidation route), this 

“oxidative–reduction route” is the most representative and common one with very bright 

ECL generation215.  
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In Figure 7A and B, the different ECL profiles are shown for each electrode. Both 

polished and array electrodes showed a similar ECL response, starting around +0.9 V and 

reaching the maximum light intensity between +1.1 V and +1.2 V. In presence of an oxide 

layer, as described by Bard and et al.216, the direct oxidation of TrPA tends to be inhibited,  

therefore the first oxidation step that might occur is the oxidation of [Ru(bpy)3]
2+ where 

catalytic route dominates (Chapter 1, Figure 6C) for the generation of the ECL signal 

as opposed to the generally most common suggested mechanism, “oxidative-reduction 

route”. Furthermore, due to the fact that the electrode surface is not very conductive, the 

electron transfer for TrPA oxidation can be slow217 so the current response observed is 

likely to be dominated by the direct oxidation of [Ru(bpy)2]
3+. In addition, it has been 

shown that the ECL intensity can increase if the pH is increased from 6.0 to 8.0 since the 

deprotonation of the tertiary amine from in more basic pH can accelerate the oxidation of 

TrPA218. The pH of the solution for these experiments was 6.5-7.0 which could explain 

also the low intensities achieved. 

In any case, the response observed suggests that the limitation factor is not the presence 

or the absence of cylinders, but the generation of a native oxide layer (Figure 7A and B). 

Constant deoxygenation of the solution was not possible for these experiments as 

opposed to the ones presented in the previous section, therefore rapid formation of TiO2 

was expected at the scanned potential window (from 0 V to +1.4 V). However, both 

electrodes showed a steady-state response, weakly dependent on the scan rate. 

Voltammograms shown in Figure 7C, and D suggest that the mechanical polishing of 

the electrodes decreases the capacitive current of the electrode, but still no distinct 

faradaic process is observed.  Nevertheless, the presence of the oxide layer did not 

completely block the electron transfer since a small ECL signal was obtained for both 

polished and unpolished electrodes, showing as well similar intensities across the 

different scan rates. This result arises from the much higher sensitivity of ECL compared 

to current detection due to the dark background in ECL whereas there is significant 

capacitance (5.56±0.88 x 10-4 F cm-2 and 6.90±0.60 x 10-5 F cm-2 for Ti array and Ti 

polished, respectively, using geometric areas) in the CV, making Faradaic currents 

challenging to quantify. 
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Figure 7. ECL response of Ti electrodes using 0.1mM [Ru(bpy]2]
+3

 redox probe, 0.1M TrPA as co-reactant 

and 0.1M LiClO4 as supporting electrolyte. ECL profiles A) Bare Ti array and B) Bare mechanically 

polished electrode. Voltammograms C) Bare Ti array and D) Bare mechanically polished electrode. Scan 

rates: 0.05 V s-1 (black), 0.1 V s-1 (red), 0.15 V s-1 (blue), 0.2 V s-1 (green). 

 

 

3.2. Gold coated Ti electrodes 
 

3.2.1. Gold electrodeposition 

 

As observed in the previous section, 3D printed Ti electrodes do not show suitable 

characteristics for highly sensitive, electrochemiluminescent biosensing applications 

therefore the electrodes were modified to improve the redox properties of the platform. 

In this case, gold was deposited since it displays unique characteristics such as 

biocompatibility for biomolecules immobilization (e.g., antibodies, nucleic acids, 
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proteins, etc.) via a self-assembled monolayer technique, electrocatalytic properties, high 

electroactive surface areas, and improves the electrochemical properties and conductivity 

of the surface219. In this way, the ability of SLM to create complex 3D electrode structures 

is exploited but are combined with the favourable electrochemical and biological 

properties of gold. Traditionally, chronoamperometry, or pulse current techniques have 

been used for the electrodeposition of gold on surfaces175,220. Chronoamperometry is 

often chosen as a technique since it provides information about the transient current 

which allows a higher control of the morphology of the deposits221,222. Therefore, 

chronoamperometry was first attempted to electrodeposit gold and a potential of -0.9 V 

(for 700 s) was selected as the electrodeposition potential since in the literature it has 

been reported as the most used potential using a gold salt bath175,223,224 (Figure 8A). The 

steady-state reduction current observed, -250 µA, at times longer than 50 s, could be 

attributed  to hydrogen evolution (HER), which has been reported when at such negative 

potential225. However, no gold was observed on the electrode surface after the experiment 

with chronoamperometry. As an alternative, cyclic voltammetry was used for 

electrodeposition of gold on the 3D Ti electrodes. In fact, Paradowska et al., 

electrodeposited AuNPs on TiO2 nanotubes using cyclic voltammetry applying a potential 

ranging from  -0.7 V to -1.25 V 223. The potential window selected for the 

electrodeposition was from -0.5 V to -2 V for 28 cycles at 0.1 V s-1 in order to find out 

the if the appropriate potential was within this potential window since the electrode 

presents a large surface area as well as poor conductivity due to the presence of the native 

oxide layer (Figure 8B). Cyclic voltammetry is often preferred since it offers multiple 

benefits such as simplicity, controllability of the electrodeposited layer thickness and 

monitoring of both oxidation and reduction peaks for dissolution and electrodeposition 

processes of metals and metallic ions on the electrode surface219. During the 

electrodeposition process, the metallic ions in the solution are reduced to metallic gold 

nanostructures by accepting the electrons and forming a metallic layer of gold on the 

electrode surface226. Deposition with cyclic voltammetry was successful since the 

electrodes showed a gold-brown finish and its presence was confirmed after SEM and 

electrochemical characterization (see Sections 3.2.2. and 3.2.3., respectively). However, 

no well-defined reductive or oxidation peaks were observed during the electrodeposition. 

The commercial bath used in this study contained gold (I) potassium cyanide 

(KAu(CN)2). In the work reported by Elias and et al., gold electrodeposition was 

monitored using KAu(CN)2 and CV as electrochemical technique, scanning from -0.6 V 
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to -1.2 V. They observed that at potentials -0.6 V to -0.9 V, gold deposits were obtained 

from the reduction of AuCN adsorbed on the cathode surface (see Equation 3.1-3.3), 

however, at more negative potentials (from -0.9 V to -1.3 V, the deposition was governed 

by direct charge transfer reaction (see Equation 3.4), which is also a region governed by 

HER (water reduction). The shoulder observed in the CV (Figure 8B) between -0.9 V 

and -1.3 V could indicate that both HER and direct charge transfer reaction coexist in this 

region225.  

 

Au(CN)solution → (AuCN)ads                                                     (3.1) 

(AuCN)ads + e- → (AuCN-)ads                                                  (3.2) 

(AuCN-)ads + H+ → Au + HCN                                               (3.3) 

AuCN2
- + 2H+ + e- 

→ Au + 2HCN                                          (3.4) 

 

Gold electrodeposition on titanium surfaces through cyclic voltammetry could have been 

enhanced by the previous etching of the electrodes to remove the native oxide layer. 

However, the electrodeposition was performed at very negative potentials where 

reduction of the TiO2 would be expected.  In fact, it has been previously reported that Ti+3 

can be formed at the uppermost monolayer (or multi-layers) of the oxide film (TiO2) when 

scan from 0 V to -1 V 227,228. There are other ways how the native titanium oxide film can 

change under reductive conditions, e.g., various stages of oxide reduction up to its 

dissolution, the adsorption and absorption of hydrogen and etc, however, there is not 

enough knowledge to determine the transformation of the oxide layer under reductive 

conditions206.  
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Figure 8. Electrodeposition of gold on 3D printed Ti electrode. A) Chronoamperometric i-t curve, potential 

applied -0.9 V for 700 s. B) Voltammogram, scanned from -0.5V to -2.0 V at 0.1 V s-1 , first cycle. Inset: 

voltammogram, 28 cycles. 

 

3.2.2. Surface characterization  

 

TiO2 on the surface electrode cannot meet the sensing requirements (e.g., in sensitivity, 

detection range and response time) since it decreases the heterogeneous electron transfer, 

which decreases the analytical sensitivity (less current/light generated per unit time) and 

raises the limit of detection (dictated by the ratio of the capacitance to Faradaic current 

response)229. Thus, etching the surface to remove the native oxide layer could be an 

effective strategy to improve the electrochemical properties of the 3D printed Ti 

electrodes, as well as prior to further modification with deposition of metals such as gold.  

SEM images (Figure 9) show deposits on the electrodes surface after the gold deposition 

experiments. The brightness of the backscattered electrons achieved after 

electrodeposition, suggests that electrodeposition was successful, however, this is not 

enough to conclude that all the deposits are gold. Energy Dispersive X-ray (EDX) 

microanalysis, could help to elucidate the which elements are present on the surface of 

the electrode and if the deposits are mostly gold, forming a thin layer of gold. Recently it 

has been shown that at the gold-rich interface, the gold particles promotes an outward 

diffusion of titanium ions to react the inward-coming oxygen to form thick oxide layer, 

which also provides hardness and robustness to the Au-TiO2 material230.  

However, it is difficult to establish and/or assess the thickness of the layer since as it is 

shown in the SEM images, it does not form a continuous layer and the particles observed 
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are also very heterogeneous. Difference size and shape the gold particles on the electrode 

surface could a consequence of the application of different potentials with cyclic 

voltammetry. It has been shown that the size and morphology of the gold deposits can be 

tuned upon application of different potential windows and more time of 

electrodeposition221,231. 

On the other hand, it can be observed that after the etching and electrodeposition process, 

the electrodes exhibit a very irregular surface compared to the uncoated and untreated Ti 

array electrode (Figure 4). This could be because after characterization of uncoated 

electrodes, they were further chemically treated again. As it has been mentioned before, 

chemical treatment of electrodes can seriously damage the surface, since several studies 

have reported that acid etching of different types of titanium surfaces such as, pure 

titanium and titanium alloy (Ti-6AI-4V) derivatives causes mass or weight-loss by 

dissolving the Ti, impacting the morphology and the topography of the surface232–234. On 

the other hand, is possible that the acids removed the oxide by making visible the scale 

of roughness that it was underneath the native oxide layer. Increasing the roughness of 

the electrodes could be beneficial by increasing the surface area and therefore, the signal 

generated since more capture biomolecules can be immobilized on the surface. 

 

Figure 9. SEM images of gold functionalized 3D-printed Ti electrodes, using 2 kV as accelerating voltage. 

A) Gold functionalized 3D-printed Ti gold arrays (with cylinders, chemically treated). Cylinder, tip of 

cylinder and edge of cylinder (from left to right). Scale bars (left to right): 200 µm, 50 µm and 50 µm.  B) 



73 

 

Mechanically polished gold functionalized 3D-printed Ti arrays with sandpaper (no cylinders, chemically 

treated). Base of electrode. Scale bars (left to right):  500 µm, 100 µm and 10 µm.  

 

3.2.3. Electrochemical characterization of gold coated electrodes 

 

To confirm the presence and determine the electroactive area of the gold on Ti electrodes, 

cyclic voltammetry measurements were performed in 0.1M of H2SO4. As shown in 

Figure 10 it can be observed a gold oxidation peak around +1.3V (oxide formation 

mostly on Au 110 face) and a reduction peak at +0.75V, indicating the reduction of the 

gold oxide layer235. The electroactive area (A) was calculated using the theoretical charge 

(Qtheo) associated with gold (390 µC cm-2) and the experimental charge (Qexp) obtained 

from the voltammograms of the reduction peak observed in Figure 10 as well as the 

roughness factor with the geometrical area236 (see Equations 4.1-4.2): 

 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 =  
𝑄𝑒𝑥𝑝

𝑄𝑡ℎ𝑒𝑜
                                    (4.1) 

                                         𝑅𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 =  
𝐴𝑒𝑥𝑝

𝐴𝑔𝑒𝑜
                                     (4.2)      

                                           

 

 

 

 

 

 

 

 

Figure 10. Voltammograms of gold coated 3D-printed Ti electrodes in 0.1M H2SO4 as supporting 

electrolyte. Scan rate: 0.2 V s-1. 
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The electroactive area obtained for gold modified Ti arrays and gold modified and 

polished electrodes (no cylinders) were 3.2 and 3.0 cm2 respectively, which is higher than 

the geometrical area, and the roughness factor for each electrode was 2.4 and 5.1.  

However, these values are not as high as expected and it could be due to several factors 

such as the gold layer is not continuous or that the deposited gold is not all electroactive.  

Additionally, further characterization experiments were performed using 1mM FcMeOH 

as redox probe. Scan rate is a very useful parameter to differentiate if the redox process 

is diffusion-controlled or if the species is being adsorbed237. As it is observed in Figure 

11A and B, well defined and separated peaks were obtained, where the ΔEp value is 

larger than 57 mV and increases with the scan rates, indicating a quasi-reversible process 

as well as characteristics of mass transport controlled by semi-infinite linear diffusion.  

Additionally, the Randles-Sevcik plot (ip versus v1/2)  (Figure 12) shows the scan rate 

dependency since the current increases linearly as a function of the square root of the 

scan rate, suggesting that is a diffusion-controlled process238. Moreover, at fast scan rates, 

a peak-to-peak separation occurs, where the reaction starts becomes more irreversible, 

resulting in a trumpet style graph and the peak potentials change linearly with the 

logarithm of the scan rate239,240  (Figure 13). The reason behind the increase in peak-to-

peak separation is possibly due to the ohmic drop which is defined as “the resistance of 

the solution during the flow of electrical current through the cell” 241 and the faster the 

scan rate, the larger is the drop238. This impacts the electrochemical response, by owning 

higher faradaic currents flowing in the system at fast scan rates242. Furthermore, the 

ohmic-drop is also influenced by the distance between the working and the reference 

electrode243, which was difficult to maintain the same across the experiments to record 

the triplicates and this might have caused the large standard deviations observed in Figure 

12. Designing a cell where the distance between the Ti array and the reference electrode 

could be fixed might help to achieve more reproducible results.  
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Figure 11. Voltammograms in 1 mM FcnMeOH as redox probe and 0.1M LiClO4 as supporting electrolyte 

(deaerated). A) Gold coated Ti array. Scan rates: 0.05 V s-1, 0.1 V s-1, 0.15 V s-1, 0.2 V s-1, 0.25 V s-1, 0.5 

V s-1, 0.7 V s-1 and 1 V s-1. B) Overlay of gold coated Ti array and gold coated polished Ti electrode. Scan 

rate 0.1 V s-1. 

  

Figure 12. Randles-Sevcik plots using 1mM FcnMeOH as redox probe and 0.1M LiClO4 as supporting 

electrolyte. Anodic peak current (ipa) and cathodic peak current (ipc). A) Gold coated array and B) gold 

coated polished electrode. The error bar represents the standard deviation from three independent 

measurements (same electrode, three independent measurements of same electrode after surface cleaning 

treatment).  

 



76 

 

 

Figure 13. Plots of anodic peak potential and cathodic peak potential vs. the logarithm of scan rate.  A) 

Gold coated Ti array. B) Gold coated polished Ti electrode. 

 

In addition, the heterogenous electron transfer rate constant (k0) was calculated for 0.1 V 

s-1 following the Kochi and Kingler method for a quasi-reversible reaction, which 

depends on peak to peak separation244, and it requires the calculation of transfer 

coefficient (α)245. For both equations, n is the number of electrons, v the scan rate, D is 

the diffusion reported in the literature for ferrocene methanol in solution (7.0 x 10-6 cm2 

s-1)246,247 and other symbols i.e., R, T and F, have their usual values (see Equation 5.1-

5.2):  

 

       𝐸𝑝 − 𝐸𝑝/2 =
48 𝑚𝑉

𝛼𝑛
              (Ep and Ep/2 measured in mV)                     (5.1)   

𝑘0 = 2.18 (
𝛼𝐷𝑛𝐹𝑣

𝑅𝑇
)

1/2
 exp (

−𝛼2𝑛𝐹(𝐸𝑝𝑎−𝐸𝑝𝑐)

𝑅𝑇
)                                       (5.2) 

 

The values obtained 2.2 ± 0.01 x 10-2 cm s-1 (gold coated arrays) and 1.42 ± 0.01 x 10-2 

cm s-1 (gold coated Ti polished electrodes) are very similar and they are both close the 

range values for a quasi-reversible reaction (10-2 > k0 > 10-4 cm s-1)248. On the other hand, 

the fitting of the voltammograms run in the CH Software using a voltammogram recorded 

at 0.1 V s-1 and considering the concentration (1 mM) and the diffusion coefficient ( 7.0 

x 10-6 cm2 s-1) of the redox probe. The best fit was found at k0 =2.6 x 10-3 cm s-1 and 2.0 
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x 10-3 cm s-1 (gold coated array and gold coated electrode, respectively), indicating as 

well that the reaction is quasi-reversible reaction. However, they are an order of 

magnitude bigger than the values obtained with Kingler and Kochi method. The k0, gives 

valuable information about the speed of electron transfer between an electroactive species 

and the electrode surface as well as whether the electrode material determines the overall 

electrochemical reaction249. However, it has been reported by other researchers245,250 that 

the Kohci and Kingler method gives different values obtained by other methods (e.g., 

Nicholson and Shain or Gileadi) as well as the ones obtained digitally, however, with 

both methods the values obtained indicate a quasi-reversible reaction. Other tools for the 

digital simulation of cyclic voltammetry that has gained a lot of attention in the last years 

is the software COMSOL251,252. Although is widely applied in electrochemistry for the 

theoretical calculation of several parameters in a fast way, undesired errors in the 

predictions can occur if the electrochemical system is not deeply understood leading to 

unreliable conclusions253.  

In any case, the results suggest that following gold deposition, Faradaic currents are 

achieved for ferrocene methanol and the k0 values, fit with a semi-infinite linear diffusion 

model. Parallelly, the diffusion layer thickness (δ) (Equation 6) was calculated for the 

gold coated arrays at 0.1 V s-1 (10 s), (δ =0.011 cm) showing to be smaller than the radius 

of the cylinder (approximately 0.015 cm), confirming that semi-infinite linear diffusion 

dominates over radial diffusion254. However, at 0.05 V s-1, the δ calculated equals 0.016 

cm, which is larger than the radius of the cylinder, therefore, radial diffusion could be 

expected at timescales slower than 0.05 V s-1.  

 

𝛿 = (2𝐷𝑡)1/2                                                           (6) 

 

As it is discussed in the literature175,255,256, given the dimensions of the cylinders, the 

contribution of linear diffusion attributed to the main body is expected to be larger than 

the radial diffusion provided by the tip175. In fact, by applying the Equations 7.1 and 7.2 

is possible to calculate the steady state current generated by the cylinder and the tip 

(respectively)256 under radial diffusion conditions, respectively, using the cylinder 

dimensions, the diffusion coefficient, α and δ: 
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                                    𝑖𝑠𝑠 =
𝑛𝐹𝐴𝐷𝐶

𝛼ln (1+𝛿 𝛼)⁄
                                                       (7.1) 

                                   𝑖𝑠𝑠 =
𝑛𝐹𝐴𝐷𝐶

𝛿
                                                                 (7.2) 

 

Using the equations from above and the obtained experimental parameters, it was found 

that the cylinder’s wall current (5.41 x 10-5 A) was ~13 times higher than the tip (4.29 x 

10-6 A), therefore, theoretically, linear diffusion from the walls predominates over the 

radial diffusion from the tip, which fits with what has been observed experimentally, a 

semi-infinite linear diffusion model. Furthermore, recently it has been shown that the 

larger length of the cylinders have a significant impact on the diffusion mechanisms, 

where the mass electron transport tends to follow linear diffusion as the length of the 

cylinder increases255. Even though the diffusion layers of each cylinder do not coalesce, 

the cylinders are large enough, so the system shows a semi-infinite linear diffusion model 

at the investigated timescale (Figure 15). Furthermore, the obtained value for δ is smaller 

than the separation of the cylinders (0.1 cm) (Figure 14B), therefore the diffusion layers 

of each cylinder do not overlap or coalesce under these relatively short timescale 

conditions, therefore, the diffusion model depends on the experimental timescale. 

However, it is highly possible that the side of the electrode that does not contain any 

cylinders (flat with holes), could be also contributing the semi-infinite linear diffusion 

since this part of the electrode was not insulated. Overall, this set of experiments shows 

that the thin layer of gold improved the issue of native oxide layer by keeping the 

structural advantages of the 3D printed electrodes.  
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Figure 14. Schematic representation of diffusion model of 3D-Printed Ti electrodes. A) Radial diffusion at 

the tip of cylinders (blue arrows) and linear diffusion (black arrows) at the wall of the cylinders. B) 

Structural representation of a section of the electrode., d (distance between cylinders), L (cylinder length) 

and r (cylinder radius). 

 

Figure 15. Time dependence of the thickness of the diffusion layer (δ) in dimensional variables for 

diffusion coefficient (D= 7.0 x 10-6 cm2 s-1). 

 

3.2.4. ECL characterization in co-reactant system 

 

As discussed before, since gold enhances the electrochemical properties of the electrode 

surface, a bigger ECL response could be expected for the gold coated electrodes. 

Significantly, the achieved intensities are improved when a thin layer of gold was 

deposited. As shown in Figure 16A and B, an increase of ~90 and ~40 at 0.1 V s-1 (gold 
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coated array and gold polished, respectively) in the observed intensities occurs in 

presence of gold. On the other hand, an oxidation process can be observed at range +0.8 

V and +1.0 V for both gold coated electrodes and a reductive reaction between + 0.1 V 

and + 0.2 V (Figure 16C and D) which has been observed before in [Ru(bpy)3
2+]/TrPA 

systems with gold electrodes257,258.  The difference in the ECL intensity relies on the 

material, reflecting the growth of the gold oxide layer, with better catalytical properties.  

217. It is possible as well that the ECL signal is enhanced by through the plasmonic effects 

of the gold nanostructures since it has been demonstrated that they can act as signal 

boosting antennas as long as there is an spectral overlap between the nanostructures and 

the luminophore259. However it has been reported that electrodeposited AuNPs  showed 

a narrower ECL intensity distribution compared to pre-synthesised AuNPs260. 

Additionally, it has been seen that the anodic currents for the oxidation of TrPA gold can 

be dissolve gold deposited on the electrode surface216. Thus, surface characterisation 

before and after oxidation of TrPA would be very valuable to elucidate how the surface 

changes after this process as well as to assess the reproducibility of the platform.  

Moreover, an interesting and very defined hysteresis process is noted (Figure 16A and 

B), between the back and forward scan, specifically at the slowest scan-rate (0.05 V s-1). 

The return scan crosses over the positive going wave before the intensity rapidly 

decreases. This is a very complex phenomenon since the electrochemiluminescence 

reaction  can be influenced by many factors (e.g., electron transfer, mass transport the 

luminophore and the co-reactant, excited state dynamics and etc.,) and any changes of 

the parameters individually and/or simultaneously can have an impact on the response 

observed261,262. 
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Figure 16. ECL response of gold coated Ti electrodes using 0.1mM [Ru(bpy)2]+3 redox probe, 0.1M TrPA 

as co-reactant and 0.1M LiClO4 as supporting electrolyte. ECL profiles A) Gold coated Ti array. Inset: ECL 

response at 0.1 V s-1 over 3 cycles. B) mechanically polished and gold coated electrode. Inset: ECL 

response at 0.1 V s-1 in 3 cycles. Voltammograms C) Gold coated Ti array and E) Gold coated and 

mechanically polished electrode. Scan rates: 0.05 V s-1 (black), 0.1 V s-1 (red), 0.15 mV s-1 (blue), 0.2 mV 

s-1 (green). 

 

The reproducibility of a gold functionalized 3D Ti printed electrode surface and ECL 

signal regeneration was investigated under in order to assess its suitability as a biosensing 

platform. As displayed in the insets of Figure 16A  and B, the ECL intensity decreased 

upon the 3 electrochemical cycles, probably due to the depletion of the co-reactant at the 

electrode surface135, supported by the RSD values from Table 1. Separately, as it is shown 

in Figure 17, different light intensities are achieved for each scan-rate, being 0.1 V s-1 

the scan rate at which more intensity is recorded for the gold coated Ti arrays and 0.05 V 

s-1 for the gold coated and polished Ti electrodes . It could be possible that as the scan 

rate increases, the concentration of the intermediate and/or reduced species increases, due 

to the electrochemical oxidation of the luminophore provoking and increase of the ECL 

intensities263–265. However, at faster scan rates, regeneration of those species does not 
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occur since diffusion of the co-reactant from the bulk solution does not take place fast 

enough to the electrode interface, therefore, a decrease in the ECL intensities is observed 

upon repeated cycling266. Additionally, the difference between the arrays and the polished 

electrode regarding the optimal scan rate, could be due to the presence of the cylinders 

on the electrode surface, which might be impacting the diffusion of the species. However, 

scanning at lower scan rate would be needed in order to elucidate and understand better 

the nature of this difference. Nevertheless, as mentioned earlier, gold on the surface of 

the electrode can be dissolved upon oxidation of TrPA, which can lead to changes on the 

surface and irreproducible results.  

 

Table 1. Relative standard deviation (RSD) of 3 consecutives cycles (ECL intensity). Gold coated Ti arrays and gold 

and polished Ti electrodes. 

 
RSD (%) 

Scan rate (V s-1) Gold coated Ti arrays Gold coated and polished Ti electrodes 

0.05 24 25 

0.1 32 16 

0.15 31 21 

0.2 24 24  

 

 

Figure 17. Plot of ECL intensity over the scan rate. A) Gold modified Ti array. B) Gold modified and 

polished Ti electrode. The error bar represents the standard deviation from three independent 

measurements of one array (n=3). 
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Moreover, the standard deviation values indicate that there is a large variance around the 

mean, highlighting the irreproducibility issues of the platform (Figure 17). The 

variability of the solid electrodes presented in here, is highly influenced by the activity, 

stability, and reproducibility on the electrode surface267. For instance, the adsorb 

impurities on the surface can hinder the electrochemical response of the electrodes268. 

The co-reactant used in this study, TrPA, is an organic compound that can be easily 

adsorbed on surfaces and form a film; therefore, its removal is essential to obtain a clean 

electrode and reproducible results. This can be achieved by polishing the electrodes 

mechanically as well as by electrochemical cleaning with H2SO4 to smooth and provide 

an active surface area267,269
.  However, mechanical polishing of the electrodes was not 

possible since it would have removed the thin layer of gold previously deposited. Thus, 

electrochemical cleaning was performed with 0.5 M H2SO4 cycling the electrodes from 

0 V to +1.6 V until CV became more stable (approximately 20 cycles) to degrade and 

remove adsorbed impurities by forming a hydrophilic layer of gold oxides on the 

surface268,269. By cycling the electrodes, gold is dissolved as impurities that are stripped 

during the oxidation process and a partial re-deposition of dissolved gold species happens 

that leads to the formation of a stable “clean” surface270. However, there is a large 

variability on the stable state of a polished/cleaned gold surface which can impact the 

electrochemical response and by extension, the ECL response of the electrodes. The 

variability in the intensities indicates that after every cleaning process, the electrode 

surface changes, which might be linked to the reactivity of gold and formation of no 

stable surface states after the electrochemical cleaning of the electrodes270. Additionally, 

as mentioned before, limitations on applying cleaning techniques such as mechanical 

polishing, also contributes to variability of the surface leading to irreproducible results. 

Hence, further attempts with other surface treatment strategies would be needed in order 

to address the irreproducibility issues and optimize the electrode surface for biosensing 

purposes.  

 

4. CONCLUSION 
 

This chapter describes the electrochemical properties of 3D printed titanium electrodes 

as well as their performance in an electrochemiluminescent system. SEM shows that the 

array surface has significant roughness reflecting the titanium particles used in the 
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Selective Laser Sintering process.  This is potentially an advantage for assay development 

since a larger area can increase the antibody/DNA capture strand surface coverage 

increasing the dynamic range and perhaps increasing sensitivity. On the other hand, the 

aging and growth of oxide on the surface is a challenge for electrochemical and ECL 

biosensors.  However, as it was shown, the redox properties of the electrodes can be 

significantly improved, especially with respect to k0, through functionalization of the 

surface by electrodeposition of gold. The performance of the electrodes under the co-

reactant system with [Ru(bpy)3]
2+ and TrPA was significantly improved in presence of a 

thin layer of gold compared to the uncoated electrodes, enhancing ECL signal. 

Furthermore, the electrochemical characterization of gold coated electrodes with 

FcnMeOH showed that the reaction is dominated by semi-infinite linear diffusion rather 

than radial diffusion at scant rates > 0.1 V s-1. This suggests that the contribution of the 

linear diffusion of the cylinders’ walls predominate over the radial diffusion provided by 

the tips. Overall, these results show that the 3D printed Ti arrays can serve as optimizable 

platform through modification of materials such as gold that can enhance ECL properties 

for their potential application in ECL based biosensors. In the future, further 

modifications of gold-functionalized 3D printed Ti electrodes can be studied for antibody 

or DNA binding for pathogens and/or biofilms detection. Furthermore, optical properties 

of [Ru(bpy)3]
2+ and gold can also be explored to develop plasmonically enhanced ECL 

sensors. 
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Chapter 3:  

Spectroscopic and electrochemical 

characterization of Ru complexes for 

SPR-ECL biosensing applications 
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1. INTRODUCTION 
 

In the last decades, electrochemiluminescence (ECL) has arisen as a powerful analytical 

technique for biosensing applications271,272. Electrochemiluminescence (ECL) is defined 

as the process where light is emitted by an excited luminophore generated by reactive 

intermediates at the interface of the electrode and the supporting electrolyte273. As 

explained in Chapter 1, signal amplification has been pursued to develop more sensitive 

platforms. For that, ECL labels coupled to plasmonic materials (e.g., AuNPs, QDs and 

etc.), have been investigated to develop advanced SPR-ECL systems37,143. However, it is 

fundamental to understand the interaction between luminophores (e.g., ruthenium 

complexes) and plasmonic materials in order to greatly enhance the signal and reduce the 

background, especially for their application in solid-surface assays274. For that, it is 

essential to know how each phenomenon, ECL and SPR occurs so they can be 

implemented in the same system. In the ECL signal generation three steps are involved, 

starting from a voltage step that produces the reactive intermediate/species of the 

luminophore. Secondly, an electron transfer occurs between the intermediates leading to 

the generation of an excited state (S1) of the luminophore. Finally, light is emitted by the 

luminophore during its relaxation process, decaying to its ground state273 (S0), where the 

electrons fill the atomic orbitals with the lowest energy (orbitals are occupied by electron 

pairs in ground state)275. Generally, the energetically-lowest electronic transition happens 

between the HOMO (highest occupied molecular orbital) and the LUMO (lower 

unoccupied molecular orbital) and the energy difference between these orbitals is called 

HOMO-LUMO gap275. Note that ECL is a different luminescent process, since as 

mentioned before, ECL requires a chemical reaction step, e.g., oxidised luminophore and 

TrPA radical, to create the excited state of the luminophore whereas fluorescence or 

phosphorescence involves absorption of a photon (Figure 1A). In the figure shown in 

here (Figure 1B) an example of ECL generation under a co-reactant system with TrPA 

and tris(2,2′-bipyridine)ruthenium (II) is displayed, when a positive potential is applied 

(oxidative-reduction route)124.  

Since Bard’s group276 reported in 1972 the ECL emission of the luminophore tris(2,2′-

bipyridine)ruthenium (II), [Ru(bpy)3]
2+, this technique has attracted a lot of attention and 

now is widely used in chemical and biochemical analysis277–279.  In 

photoelectrochemistry, ruthenium based bipyridyl  complexes are extensively 
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investigated due to their unique combination of stability, redox properties, excited state 

reactivity, light emission, and excited state lifetime129. [Ru(bpy)3]
2+ is used in a wide 

range of applications such as optoelectronic devices, bio-imaging, bio-analysis, catalysis 

and nano sciences among others280. 

 

Figure 1. Schematic representation of luminescent processes. A) Photoluminescence275. B) 

Electrochemiluminescence generation through oxidative-reductive co-reactant pathway with [Ru(bpy)3]2+ 

as luminophore 2f60.  

 

ECL a great tool to investigate the photelectric properties of functional materials and 

more importantly, is very sensitive to near-field interaction such as localized surface 

plasmon resonance (LSPR) generated by gold nanoparticles (AuNPs), which can be 

exploited to tune and optimise the sensitivity of assays259,281. AuNPs have been widely 

investigated due to their unique optical and electronic properties that can be exploited in 

nanomedicine, biosensing and spectroscopy282. Moreover, AuNPs present high chemical 

and physical stability as well as intrinsic biocompatibility properties that allows them to 

be used in biological systems, and they can be easily functionalised with biomolecules 

(e.g., DNA, proteins, antibodies and etc)283. Furthermore, their optical characteristics can 

be strongly enhanced by combining them with different luminophores such as ruthenium 

complexes280,284. As mentioned earlier, for metallic structures such as AuNPs, when the 

electric field of light at an appropriate wavelength  is incident on the material, it can 

polarize the “plasmon” (collective oscillations of free electrons in metals), provoking the 
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phenomenon called (LSPR)285. As shown in Figure 2, the free electrons clouds are 

dislocated by light (electromagnetic field) by producing uncompensated charges near the 

particle surface which generates corresponding opposite forces286. Several factors can 

influence the LSPR such as the dielectric environment, temperature, particle size, 

interparticle distance, particle shape, surface chemical interactions etc285,286.  

 

 

Figure 2. Schematic representation of oscillation of collective plasmons (electron cloud) due to applied 

electric field (incident light)283.  

 

Attachment and/or grafting luminophores to nanoparticles such as gold, has recently 

attracted significant attention280. Even though AuNPs labelled with luminophores has 

been reported, a limitation regarding the luminophore-particle distance exists that can 

provoke the quenching of the light emitted by the luminophore287. According to the 

literature, the luminophore must be placed at a distance around 10 nm to experience the 

greatest enhancement, however, at distances shorter than 10 nm, quenching of ECL has 

been reported due to the energy transfer of the excited state of the luminophore to the 

metal surface38. Therefore, distance of the luminophore to the gold surface as well as the 

attachment method are key factors that it should be considered when building SPR-ECL 

platforms using nanoparticles287. Ruthenium complexes exhibit excellent redox and 

luminescent characteristics, therefore, building SPR-ECL units with AuNPs is of great 

interest for fundamental research but also for potential applications on a wide range of 

areas such as biosensing and clinical detection of pathogens38,280,288.  In this sense, DNA 

can be utilized as an analyte since oligonucleotides can serve as templates than can be 
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modified with spectroscopically and/or photochemically active metal-centres (i.e., 

ruthenium complexes)  at specific locations289. In fact, ruthenium (e.g., 1,10-

phenanthroline (phen) or 2,2’-bipyridine (bpy)) labelled DNA show good stability in 

terms of chemistry, electrochemistry and photophysical behaviour, which make them 

very suitable for their application in biosensors290.  

In this chapter, three different ruthenium complexes alongside 10 nm size AuNPs are 

investigated in aqueous solution to provide a deeper understanding of their interaction 

and address issues such as quenching and/or enhancement for future application in a SPR-

ECL biosensing platform. A tris(2,2′-bipyridine)ruthenium (II) holding an amino group, 

([Ru(bpy)3
 -NH2]

2+) already published291 is characterized by spectroscopic techniques 

(fluorimetry, UV-Vis) and electrochemical techniques such as Cyclic Voltammetry (CV), 

and compared to two commercially available dyes, tris(2,2′-bipyridine)ruthenium (II) 

([Ru(bpy)3]
2+) and bis(2,2'-bipyridine)-(5-aminophenanthroline)ruthenium 

bis(hexafluorophosphate) ([Ru(bpy)2(phen)-NH2]
2+)) to elucidate the suitability of the 

dye for use in an ECL assay. Separately, a single-stranded DNA (ssDNA) probe was 

developed and characterised using [Ru(bpy)3-NH2]
2+ 

 and [Ru(bpy)2(phen)-NH2]
2+ 

  for 

their potential use and/or application on a ECL assay based on DNA detection. Dyes with 

an amino group were chosen over a carboxyl group for this study since its affinity for 

gold allows the metal complexes to be in close contact with the gold surfaces providing 

control over the distance between the two components. Furthermore, it can be 

successfully used for functionalization of biomolecules avoiding extra steps and/or 

reagents for their coupling as it would be needed for COOH group (e.g., N-

Hydroxysuccinimide/ 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide)135,292. 

Therefore, the objective of this chapter is to investigate the influence of the plasmon band 

energy of AuNP and understand how it affects to the metal-to-ligand charge transfer 

(MLCT) of ruthenium dyes. Finally, the interaction between the luminophores and the 

conjugated DNA is discussed to elucidate how its presence can alter the optical properties 

of the dyes. 
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2. MATERIALS AND METHODOLOGY 
 

2.1. Chemicals 

 

The AuNPs (NanoXact Gold Nanospheres – Bare (Citrate), size 10 nm) were purchased 

from nanoComposix (distributed by Generon Ltd, Ireland). Both tris(2,2′-bipyridine) 

ruthenium (II) (Ru(bpy)3
2+) and bis(2,2'-bipyridine)-(5-aminophenanthroline) ruthenium 

bis(hexafluorophosphate) (Ru(bpy)2
2+-2PF6) were purchased in from Merck (powder) as 

well as tri-n-propylamine TrPA) (≥98%) and lithium perchlorate (LiClO4) (powder). The 

reagents for dye-DNA conjugation, N, N-Dimethylformamide (DMF), sodium chloride 

(NaCl), borate buffer saline (powder) and PBS buffer tablets were also purchased from 

Merck. Nuclease-free dH2O was purchased from IDT. See ruthenium complexes 

structures in Figure 3. 

 

 

Figure 3. Molecular structure of ruthenium complexes studied. A) Ru(bpy)3 (2Cl-) 6H2O, B) 

Ru(bpy)2(phen-5-NH2)(PF6)2 and C) Ru(bpy)3-NH2. 
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2.2. DNA-dye conjugation and purification protocol 
 

The dye-DNA conjugation was carried out using a 30 nucleotides long sequence 

(purchased from IDT), from Escherichia coli (5’-AGACCAACAA CTATAACAGC 

GATGATTTCC -3’), with a thiol group at 3’ and azide ester group (NHS ester) at the 5’ 

end. The conjugation and purification protocol presented in here is based on the work 

published by Zhou et al.293, however, some steps were modified. The [Ru(bpy)3-NH2]
2+ 

was chosen as label to develop the DNA probe. 50 µL from 1 mM stock solution of 

[Ru(bpy)3-NH2]
2+ and 50 µL from 100 mM DNA stock solution were mixed in 100 µL 

of 0.1M borate buffer pH 8.5 with 20mM of DMF. The conjugation reaction was 

continuously mixed for 12 hours in the dark at room temperature. Subsequently, 20 µL 

of 2 M NaCl and 500 µL of cold absolute ethanol were added to the mixture, which was 

place at -20°C for 45 minutes. In order to purify the sample, and separate the unbound 

dye from the DNA, the solution was centrifuged at 14000 rpm for 30 mins. The 

supernatant was carefully removed, and the pellet was rinse with 1 mL of cold 70% 

ethanol. After repeating this step three times the pellet was partially air-dried (not to 

complete dryness) and was then re-dissolved in nuclease free dH2O. The purified sample 

was mixed well and stored at -20°C.  

 

2.3. Spectroscopic characterization 
 

UV-Vis measurements in aqueous solutions were carried out in Shimadzu UV-2600 UV-

VIS Spectrometer with UVProbe LabSolutions Software, using 1×1 cm2 rectangular 

quartz cells from Merck. Serial dilutions of samples were carried out to build a 

concentration curve and subsequently calculate the extinction coefficient (ɛ). Fluorimetry 

studies were performed using a PerkinElmer LS50B Luminescence Spectrometer and FL 

WinLab software. Fluorescent lifetimes were recorded in Photoluminescence 

Spectrometer FLS 1000 (Edinburgh Instruments).  Zeta-potential and Dynamic Light 

Scattering (DLS) measurements of the nanoparticles were measured in Malvern Zetasizer 

Ultra, using the folded capillary zeta potential cells.  
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2.4. Electrochemiluminescence characterization 

 

Experiments for electrochemiluminescence detection, were carried out CH Instrument 

Model 760B workstation, an Oriel 70680 photomultiplier tube (PMT) biased at −850 V 

along with a high-voltage power supply (Oriel, Model 70705) and an amplifier/recorder 

(Oriel, Model 70701) as shown in Chapter 2. An Ag/AgCl and a platinum wire (IJ 

Cambria) were used as reference and counter electrodes and a glassy-carbon electrode (IJ 

Cambria) acted as the working electrode. Aqueous 0.1 M LiClO4 was used as supporting 

electrolyte and scanning from 0 V to +1.6 V, using 0.1 mM of the ruthenium 

dye/luminophore (described above) and 0.1 M of TrPA as the co-reactant. A separate 

experiment was performed with 0.0254 mM of 10 nm diameter AuNPs using the same 

concentrations of luminophore and co-reactant.  

 

3. RESULTS AND DISCUSSION  
 

3.1. Dyes and AuNPs 
 

 

3.1.1. UV-Vis, Zeta-potential and DLS 

 

As mentioned earlier, one of the objectives of this chapter is to investigate the interaction 

between the AuNPs and the ruthenium complexes and their effect on the stability, 

electrochemical, physicochemical and optical properties to inform the development of 

SPR-ECL platforms. Therefore, UV-Vis and fluorescence spectroscopic techniques were 

used to get a better insight of AuNPs and dyes interactions in water. Ru(bpy)3 (2Cl-) 6H2O 

dissolved in water will be referred to as [Ru(bpy)3]
2+, Ru(bpy)2(phen-5-NH2)(PF6)2 as 

Ru(bpy)2(phen)-NH2] 
2+ and Ru(bpy)3-NH2 as [Ru(bpy)3-NH2]

2+.  

Absorption spectra were recorded of the ruthenium dyes and AuNPs separately, and each 

of the dyes in the presence of suspended AuNPs. Different concentrations were tested to 

build a concentration curve and extract the extinction coefficient (ɛ) (applying the Beer-

Lambert equation where A represents absorbance, ɛ the extinction coefficient, c the 

concentration of the sample and 𝑙 the pathlength of the cuvette (Equation 1): 



93 

 

 

𝐴 =  𝜀𝑐𝑙    (1) 

 

In Figure 4 the absorption spectra of each dye are presented. It is observed that the three 

dyes absorb approximately at the same wavelength (λ ~455 nm) due to the metal to ligand 

charge transfer (MLCT) transition (see absorbance values in Table 1). This process 

happens when a photon of light is absorbed by the metal centre of a coordination complex 

and excites an electron from the metal-based orbital (d) to a ligand-based orbital (π) (i.e., 

ligand), generating an excited state of the complex where the metal has lost an electron 

and the ligand has gained one (π*). After this, the excited state relaxes and it decays to 

its ground state 294,295.Furthermore, intense bands are observed for the novel dye 

[Ru(bpy)3-NH2]
2+, very similar to the ones of the conventional ruthenium dye 

([Ru(bpy)3]
2+) around the wavelength 200–300 nm, which has been previously attributed 

to π→π* intraligand transitions from the bipyridine groups280. However, for 

[Ru(bpy)2(phen)-NH2]
2+

 , different bands were observed at the same wavelength that 

might be attributed to π→π* intraligand transitions from bipyridine groups to 

aminophenanthroline ligand. In addition, [Ru(bpy)3-NH2]
2+

 and [Ru(bpy)2(phen)-NH2]
2+ 

present a ɛ value 6.98 ± 0.0623 x 103 and 7.42 ± 0.0320 x 103 (respectively) close to the 

conventional ruthenium dye (Table 1) which has been previously reported to be of the 

order of 104 range when dissolved in water296.  

 

 

Figure 4. Absorption spectra of luminophores (20 µM) in water. A) [Ru(bpy)3]2+ (black) and [Ru(bpy)3-

NH2]2+ (red). B) [Ru(bpy)2 (phen)-NH2]2+. 
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The UV-Vis spectra obtained for the commercial AuNPs (see DLS values in Table 2) is 

shown in Figure 5, where the surface plasmon band (SPR band) of the AuNPs is observed 

at 518 nm which is in agreement with the data reported for 10 nm size of AuNPs297. 

However, AuNPs SPR band is shifted band shifted > 80 nm towards blue light region, 

when mixed with the dyes (Figure 6), although the extinction coefficient values of 

AuNPs fall in the same range as when no combined with dyes (Table 1). On the other 

hand,  DLS values from Table 2 suggest that the shift in the AuNPs band could be due to 

self-aggregation promoted by the addition of the dyes288. When luminophores are mixed 

with AuNPs, the absorption overlap is relatively limited, therefore, this provides the 

opportunity to excite each component separately. On the other hand, differences in the 

zeta-potential values also suggest that the dyes with amino group (-NH2) show a 

significant affinity for gold, with [Ru(bpy)3-NH2]
2+

 causing the larger change in the zeta-

potential value of the particles (from negative to positive). In fact, compounds such as 

amino acids, with an amino group or a thiol group (-SH) have been extensively exploited 

for AuNPs functionalization298,299. Therefore, the dyes with the amino moiety studied in 

this chapter could be exploited for functionalization of gold surfaces, that can potentially 

use for the development of biosensors.  

 

Figure 5. Absorption spectrum of 10nm size commercial AuNPs capped with citrate. Solvent: dH2O. 
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Figure 6. Absorption spectra of Ru dyes (20 µM) mixed with AuNPs (25.4 µM). A) [Ru(bpy)3]2+
 , B) 

[Ru(bpy)3-NH2]2+ and AuNPs, C) [Ru(bpy)2(phen)-NH2]2+ and AuNPs. Solvent: dH2O. 

Table 1. Absorption and extinction coefficient values extracted from concentration curves from MLCT 

of dyes and SPR bands of AuNPs.  

             Absorbance (nm) Extinction coefficient (ɛ) 

AuNPs 518 2 ± 0.00 x 108 

[Ru(bpy)3]2+
 453 1.03 ± 0.0004 x 104  

[Ru(bpy)3-NH2]2+ 456 6.98 ± 0.0623 x 103 

[Ru(bpy)2(phen)-NH2]2+ 454 7.42 ± 0.0320 x 103 

   

[Ru(bpy)3]2++ AuNPs 453 and 626 1.74 ± 0.21 x 104  and 2 ± 0.00 x 108 

[Ru(bpy)3-NH2]2++ AuNPs 453 and 603 1.63 ± 0.035 x 104 and 1 ± 0.00 x 108 

[Ru(bpy)2(phen)-NH2]2++ AuNPs 454 and 633 1.64 ± 0.021 x 104 and 7 ± 0.00 x 107 

 

Table 2. Zeta potential and DLS values of AuNPs in water and mixed with dyes. 

 Zeta-potential (mV) DLS (nm) 

AuNPs -42.82 ± 0.31 16.84 ± 0.15 

[Ru(bpy)3]2++ AuNPs -26.63 ± 2.34 470.9 ± 5.53 

[Ru(bpy)3-NH2]2++ AuNPs 6.16 ± 2.25 765.37 ± 55.89 

[Ru(bpy)2(phen)-NH2]2++ AuNPs -5.07 ± 0.30 773.23 ± 35.81 
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3.1.2. Fluorescence: steady state and time-resolved spectroscopy  
 

The fluorescence of dissolved luminophores in water with and without AuNPs was 

studied. The emission and excitation spectra are shown in Figure 7 for the three 

ruthenium complexes. Differences are observed in the emission wavelengths (λemission), 

especially for the dye [Ru(bpy)3-NH2]
2+, which emission is slightly shifted (λemission= 628 

nm) compared to commercial dyes (Table 3). Furthermore, it also emits less fluorescence 

than the commercial dyes, being 53% less intense than the standard ruthenium complex 

(i.e., [Ru(bpy)3]
2+) at the same concentration. On the other hand, [Ru(bpy)2(phen)-NH2]

2+  

show only 6% less intensity than standard ruthenium complex. Many factors can 

influence the fluorescence intensity of a luminophore, such as fluorophore/luminophore 

concentration or photobleaching300. As the emission intensity depends on the extinction 

coefficient, it was expected that [Ru(bpy)3-NH2]
2+ showed a similar emission intensity to 

standard ruthenium.  However, as it is not a commercial luminophore, it could be possible 

that the complex is less stable, especially during the excited lifetime and therefore, more 

vulnerable to degradation. This can happen due to photon-induced modifications that turn 

to be permanent, losing their ability to emit fluorescent light (i.e., photobleaching)301,302. 

As the emission experiments were run first this could explain why the excitation spectrum 

also showed low absorbance. In addition, decomposition of the luminophore can be 

possible if oxygen is present in the system, specifically caused by a very reactive product 

called, singlet oxygen (1O2), which can cause the photooxidation of the ground-state 

complex303. However, the emission properties can also vary depending on the coordinated 

ligands and the local environments. Therefore, it could be expected to see some 

differences in the emission intensities among the ruthenium complexes since they 

different ligands that can influence the electron donating properties304. 

On the other hand, the excited state lifetime values were obtained for a better 

understanding of the dyes. The lifetime values shown in Table 3, were obtained by fitting 

the experimental data  The lifetime value obtained for [Ru(bpy)3-NH2]
2+

 (τ0 = 639 ns) is 

slightly shorter than the one obtained for the standard ruthenium, τ0 = 660 ns (see Table 

3). Excited state lifetimes have been reported to be very sensitive to factors such as 

temperature, solvent pH, concentration, presence of oxygen, binding to macromolecules 

ion concentration, impurities and etc., thus, changes in the environment can strongly 

influence the values obtained300,305. It was also found that  OH vibrations of water have 
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an impact on energy acceptors by enhancing non-radiative decay for ruthenium 

bipyridine complexes280. That could explain why [Ru(bpy)2(phen)-NH2]
2+  show a longer 

lifetime decay (τ0 = 716 ns), since it only possesses two bipyridine groups and a 

phenanthroline group, therefore, the way how water impacts on [Ru(bpy)2(phen)-NH2]
2+ 

lifetime could be different due to the differences in the structural composition of the 

luminophore. Furthermore, more information about the luminescence of each complex is 

provided in the next section (see section 3.1.4) in terms of ECL emissions. 

 

 

 

Figure 7. Fluorescence spectra (excitation and emission) of luminophores without AuNPs. A) [Ru(bpy)3]2+, 

B) [Ru(bpy)3-NH2]2+
 and C) [Ru(bpy)2(phen)-NH2]2+. Excitation wavelength (λ=455 nm).  
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Table 3. Fluorescence data of free ruthenium, life-time values with and without AuNPs and quenching 

constant (Kq) extracted from Stern-Volmer plots. The luminescent lifetimes were fitted with a χ2 between 

1.0 and 1.6.  

 λexcitation 

(nm) 

λemission (nm) τ0 (ns) τ1 and τ2 (ns) 

with  AuNPs 

1010 Kq  (L mol-1 

s-1)  

[Ru(bpy)3]2+ 460 610 660 263 and 608 2.54 ± 0.01 

[Ru(bpy)3-NH2]2+ 460 628 639 270 and 577 2.21 ± 0.05 

[Ru(bpy)2(phen)-

NH2]2+ 

463 611 716 303 and 612 2.3 ± 0.03  

 

In parallel, experiments with AuNPs were also performed to investigate in depth the 

influence of AuNPs on the luminescence properties of dyes by measuring the lifetime 

decays when both are present in the sample. The lifetime decays semi-log plots of the 

luminophores mixed with AuNPs are presented in (Figure 8), where differences can be 

observed.  The luminescent lifetimes were achieved fitting the decays with a χ2 between 

1.0 and 1.6 in the fluorimeter software. The fitting shown in the insets of Figure 8 show 

R2=0.99 and it was achieved by fitting the data in OriginLab Software.  As it is show in 

Table 3, all the luminophores two lifetimes were achieve when AuNPs were present in 

the solution, a long one (τ1 ~ 570 and 600 ns) and a shorter one (τ2 ~ 260 and 303 ns) 

(attributed to the intensity signal). The short-lived component for the three samples 

compromises a lower percentage of the signal, 9.22% for [Ru(bpy)3]
2+, 33.82% for 

[Ru(bpy)3-NH2]
2+ and 19.62% [Ru(bpy)2(phen)-NH2]

2+ . Pramod and et al., using AuNPs 

functionalised with [Ru(bpy)3]
2+ dissolved in acetonitrile also obtained a long live 

component and short-lived component (80% and 20% of the signal, respectively). In their 

study was suggested that the long-lived component could be attributed to the unquenched 

luminophore bound to the nanoparticle surface, whereas the short component constitutes 

the quenched excited state of the luminophore by the AuNP either through an energy or 

electron transfer process306. In another study where different sizes of AuNPs (20 nm to 

100 nm diameter) films tested alongside [Ru(bpy)3]
2+, it was observed that at the closest 

separation between luminophore and particle (2 nm spacer) , a significantly shortened 

lifetime as well as stronger quenching occurred, energy transfer to the NPs, and possibly 

charge-transfer between the NPs and luminophore was suggested as the cause of 

obtaining short-lived components307 agreeing with what reported by Pramod and et al. 

However, another study using ruthenium metal complexes with different ligands to tune 

between luminophore and AuNPs, after direct binding onto citrate stabilised AuNPs (>15 
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nm) observed that the excited state lifetime became longer (e.g., 420 ns to 470 ns), 

nevertheless, in presence of the AuNPs a short-lived component was also observed (5-20 

%) which was attributed to scattering effect308.  An study investigating transition metal 

complexes such as ruthenium or iridium bound to macroscopic gold showed that the 

excited state lifetime value of the ruthenium complex changed upon immobilisation of 

the complexes onto a gold surface (τ=130 ns to 210 ns)309, promoting a longer lifetime in 

contrast to what has been reported to smaller surfaces. Therefore, it is plausible that given 

the results presented in here, and what has been reported in the literature, that the short-

lived component is the consequence of the quenching mediated by small AuNPs. In fact, 

the percentage (%) of the signal could suggest the type or quenching or interaction that 

occurred between AuNPs and the different luminophores 
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Figure 8. Fluorescence life- time decay curves of luminophores (orange) and with AuNPs (blue). A and 

B) [Ru(bpy)3]2+, C and D) [Ru(bpy)3-NH2]2+ and E and F) [Ru(bpy)2(phen)-NH2]2+. Logarithmic Y-axis 

vs. time linear. Each decay was normalised to the maximum number of photons obtained for that recording. 

Inset: Normalised decay experimental curves (green) and fitted curve (black), linear Y-axis vs. time linear. 

Excitation wavelength of the laser (λ=375 nm). Solvent: dH2O. 

 

Quenching is a phenomenon that happens when a molecule or nanoparticle (quencher) 

interacts with a fluorophore and the result of that interaction leads to reduce the lifetime 

or the quantum yield (i.e., fluorescence intensity) of the fluorophore/luminophore310,311. 

Therefore, in this system, AuNPs might be acting as quenchers. It is important to note 

that as discussed previously, the distance separating the excited state luminophore and 

the NP will significantly affect this process and this distance is not controlled in 

suspension.  Two main types of quenching exist: static quenching and dynamic/collisional 

quenching. Static quenching occurs when the quencher and the fluorophore/luminophore 

form a complex in the ground state that does not emit312, whereas in dynamic quenching, 

the quencher diffuses to the fluorophore during the lifetime of the excited state and upon 

contact, the fluorophore decays to ground state without emitting a photon311. As explained 

by Alexiev and Farrens310, dynamic quenching has an impact on the lifetime fluorescence 

decay by depopulating the excited state of the fluorophore and as a result, the decay is 

shorter. However, in static quenching, although it decreases the fluorescence intensity, it 

has no effect on lifetime fluorescence decay. By observing the lifetime fluorescence 

decays when AuNPs are added to each ruthenium luminophore, it could be possible to 

identify the type of quenching that occurs in this system. For the standard ruthenium 

complex (Figure 8A), as discussed earlier, the lifetime decay profile could reveal that the 

quenching process is predominantly dynamic, whereas for the dye [Ru(bpy)3-NH2]
2+

 , the 
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difference in the decay profile is very small compared to the decay observed without 

AuNPs, suggesting that AuNPs act as static quenchers. Additionally, the signal 

percentage of the short-lived component attributed to the quenching of the luminophores 

by AuNPs, is larger for [Ru(bpy)3-NH2]
2+

 than for standard ruthenium (33.82% and 

9.22%, respectively) indicating that more [Ru(bpy)3-NH2]
2+is quenched suggesting that 

static interaction occurs, in contrast to standard ruthenium, which quenching is more 

likely to be dynamic.  This is in agreement with the zeta-potential values obtained for 

AuNPs since when [Ru(bpy)3-NH2]
2+is added, the zeta-potential of the AuNPs changes 

significantly (from negative to positive), probably due to [Ru(bpy)3-NH2]
2+ binding 

(covalently or electrostatically) to the nanoparticle surface mediated by the -NH2 group, 

so AuNPs no longer stay separated in suspension. Similar results were reported  when a 

ruthenium (II) complex holding a -SH group was added in solution with 13 nm diameter 

AuNPs313.  In this study it was suggested that the positive charge of bound ruthenium 

attracted the negatively charged surfaces of partially coated AuNPs leading to 

flocculation and posterior aggregation in solution. Other studies also describe the 

aggregation of AuNPs in solution influenced by the addition of cationic species such as 

ruthenium complexes314,315.  

For [Ru(bpy)2(phen)-NH2]
2+  when AuNPs are present, (Table 3), and by the non-linear 

profile of the fluorescence lifetime, both static and dynamic quenching might had 

occurred. As it also possesses an -NH2, it has the ability to bind to AuNPs surface and 

therefore change the zeta-potential of the nanoparticles (see Table 2). However, the 

change in AuNPs zeta-potential is not as big as when [Ru(bpy)3-NH2]
2+. It is possible that 

less luminophores are bound to the surface and therefore both quenching processes are 

contributing. Even if quenching processes entail simple reactions which are easy to 

monitor, their quantitative treatment and data interpretation is not an easy task312. For 

example, sometimes, apparent quenching can happen due to the optical properties of the 

sample, since high optical densities can increase the turbidity of the sample (as described 

in the previous section) causing the decrease on the fluorescence intensity311.  
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Figure 9. Fluorescence emission spectra (corrected for the “inner filter” effect) and corresponding Stern-

Volmer plots of luminophores (20µM) with different concentrations of AuNPs (76.2 µM, 127 µM and 178 

µM). A to B) [Ru(bpy)3]2+, C to D) [Ru(bpy)3-NH2]2+ and E to F) [Ru(bpy)2(phen)-NH2]2+. (The standard 

deviations are similar to, or smaller than, the size of the symbols). Excitation wavelength (λ=455 nm). 

Solvent: dH2O.  
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However, to better elucidate the quenching phenomenon in the system, steady state 

fluorescence experiments were carried out at different ruthenium:AuNPs molar ratios . A 

titration experiment was performed, by keeping the same concentration of the 

luminophore (20 µM) and changing the concentration of the nanoparticles (0 µM, 76.2 

µM, 127 µM and 178 µM). Figure 9 shows that the emission intensity of all the systems 

decreases with increasing mole ratio of AuNPs. This is also illustrated and quantified as 

quenching percentage (%) in Figure 10. However, the emission intensities shown in 

Figure 9 were corrected for the “inner filter” effect that results from the plasmon 

absorption and emission absorbance. The equation (Equation 3) given be Albilson et 

al.,316 was applied for the correction of this effect, where Fcorr stands for the fluorescence 

after the correction, Fobs is the measured maximum fluorescence intensity, Aex and Aem 

represents the absorbance at the excitation wavelength (λex) and maximum emission 

wavelength (λem), respectively.  

 

𝐹𝑐𝑜𝑟𝑟 = 𝐹𝑜𝑏𝑠 × 10(𝐴𝑒𝑥+ 𝐴𝑒𝑚)/2                                  (3) 

 

On the other hand, the Stern-Volmer plots (Figure 9) suggest that quenching increases 

proportionally to the AuNPs concentration. The Stern-Volmer approach is used as 

powerful tool to elucidate the quenching phenomenon since it links the steady-state 

irradiation with the dynamical properties of the excited fluorophore as well as with its 

diffusional motion and interaction with the quencher molecule317. Moreover, the rate of 

quenching mediated by the quencher, as function of its concentration in competition with 

its radiative decay or fluorescence intensity decrease can be studied318. The linearity of 

the plot provides information about the type of quenching that might be taken place. 

Deviations from linearity indicates a combination between dynamic and static quenching, 

therefore it can be a useful tool to get a better insight of the quenching process319. 

Applying the Equations (2.1.-2.2.) the Stern-Volmer quenching constant (KSV) and the 

quenching rate constant (Kq) can be calculated, between the relative fluorescence 

intensity (I0/I) with low light excitation and quencher concentration. The fluorescence 

lifetime of the fluorophore/luminophore (τ0), Kq can be calculated as shown below: 
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𝐼0

𝐼
= 1 +  𝐾𝑆𝑉[𝑄]                                                 2.1 

𝐾𝑆𝑉 =  τ0𝐾𝑞                                                2.2      

                                   

The values of Kq calculated for each luminophore in presence of different concentrations 

are presented in Table 3. The Kq obtained for the quenching experiments with the 

luminophores and AuNPs are very similar, however, the best linear relationship was 

found with the standard ruthenium complex (R2=0.99), suggesting that dynamic 

quenching had occurred311. The other two luminophores, [Ru(bpy)3-NH2]
2+and 

[Ru(bpy)3(phen)-NH2]
2+, showed an inferior linear relationship (R2=0.98 and R2=0.97, 

respectively), and deviations from the linearity suggested that static quenching is more 

likely to be occurring . Stern-Volmer approach is used to fit dynamic quenching, since it 

assumes that the excited state life-time of the luminophore does not change upon the 

presence of the quencher320.  In fact, when static quenching occurs, and the relative 

lifetime (τ0/ τ) is plotted against the quencher concentration, the relative lifetime value 

stays the same as the quencher concentration increases, whereas for dynamic quenching, 

this value linearly increases with the quencher concentration (Figure 11C and D)310. 

There have been many attempts have been done to fit static quenching with however 

during static quenching stoichiometries of the adduct that can be formed which adds a 

degree of complexity which might be considered to apply a model that considers all the 

conditions and parameters of the system312. In any case,  further time-resolved 

fluorescence experiments testing different absolute concentrations of AuNPs would be 

needed to determine the type of quenching process occurs in the system. Nevertheless, 

this set of experiments successfully show the quenching effect of AuNPs in presence of 

the three luminophores. 
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Figure 10. Quenching percentage of luminophores according to different concentrations of AuNPs (76.2 

µM, 127 µM and 178 µM).  

 

Figure 11. Illustration of differences of static and dynamic/collisional quenching by A) steady-state, B) 

time-resolved fluorescence spectroscopy. C) Stern-Volmer plot for static quenching. D) Stern-Volmer plot 

for dynamic quenching310. 

 

 

 

0

20

40

60

80

100

Q
u

en
ch

in
g
 p

er
ce

n
ta

g
e 

(%
)

 76.2 µM AuNPs

 127 µM AuNPs

 178 µM AuNPs

Ru(bpy)3
2+

+ AuNPs

Ru(bpy)3
2+-NH2

+ AuNPs

Ru(bpy)2
2+-2PF6

+ AuNPs



106 

 

3.1.3. ECL characterization 

 

In this section, the ECL characterization of the luminophores is presented and discussed 

as well as how the AuNPs impact the response for the three ruthenium complexes. As 

described in Chapter 2, in order to generate an ECL signal, tripropylamine (TrPA) was 

used as a co-reactant. Glassy-carbon electrodes (GCE) were also chosen over other 

electrode materials since it shows low reactivity, good electrical conductivity and 

impermeability, characteristics that makes the very suitable for electroanalysis 

purposes321. In addition, lithium perchlorate (LiClO4) was chosen as the supporting 

electrolyte since other supporting electrolytes such as phosphate buffers (PBS) due to 

their ability to regulate the pH of the system can interfere with the co-reactants 

protonation and deprotonation process which have been reported to have an impact on 

the ECL intensities achieve322–324. In Figure 12 it is shown the electrochemical and ECL 

characterization of the luminophores (scan-rate 0.1 V s-1) in the absence and presence of 

the AuNPs. A significant anodic peak is observed at approximately +0.6 V and +0.8 V, 

which can be attributed to the oxidation of TrPA on the electrode interface. However, for 

both standard ruthenium ([Ru(bpy)3]
2+) and the ([Ru(bpy)3-NH2]

2+) dye, two small 

anodic and cathodic peaks are observed around +1.0 V and +1.2V (respectively), which 

most likely correspond to the oxidation and reduction of the luminophores The highest 

ECL light emission peaks were obtained for both complexes (see Figure 12B and D), 

where they also occurred around +1.0V and +1.3V. Although no redox process is 

observed for [Ru(bpy)3(phen)-NH2]
2+in the voltammogram (Figure 12F), similar ECL 

was observed. The ECL emission produced in the systems using ruthenium complexes 

with TrPA as co-reactant, after applying an oxidative potential, deprotonates TrPA which  

reacts with e.g., [Ru(bpy)3]
2+ or additional [Ru(bpy)3]

3+ to form excited-state 

[Ru(bpy)3]
2+* (S1)  which immediately decays to their ground state (S0) by emitting light 

throughout the process218,325,326. In addition, a hysteresis process is observed for all the 

three dyes, where the light emitted in the backward scan is more intense than that emitted 

at the forward scan. As explained in the previous chapter, hysteresis is a phenomenon that 

is influenced by many factors (e.g., scan-rate, type of co-reactant, electron transfer and 

etc), therefore is very difficult to elucidate the cause192,262. However, TrPA is not very 

soluble in LiClO4, forming a separate organic layer on top the solution, which might had 

hindered the ECL signal. For that, addition of phosphoric acid could improve the 
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solubility of the co-reactant327. Furthermore, as mentioned in the previous chapter. pH 

also plays an important role in the ECL signal enhancement therefore pH could be 

adjusted to more optimal conditions (pH=7.0-7.4) in order to achieve a higher signal218. 

In addition, the TrPA concentrations should also be considered since different pH levels 

would be needed to achieve a high a ECL intensity, however as shown by Parveen and et 

al., that upon high concentrations of TrPA (~0.1 M) side reactions could interfere with 

the ECL signal following a decrease in the intensity observed218,327. Therefore, several 

factors are influencing the ECL signal under the tested conditions.  
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Figure 12. ECL characterization of 0.1mM luminophores without (black) and with 0.0254mM AuNPs (red) 

and 50mM of TrPA in 0.1M LiClO4 as supporting electrolyte. A to B) [Ru(bpy)3]2+, C to D) [Ru(bpy)3-

NH2]2+and E to F) [Ru(bpy)3(phen)-NH2]2+
. Solvent: dH2O. 

 

Table 4. ECL data of luminophores, relative ECL efficiency and calculated quenching percentage of 

AuNPs. 

 Relative ECL efficiency* 

(%) 

Quenching percentage with AuNPs (%) 

[Ru(bpy)3]2+ - 55.56 

[Ru(bpy)3-NH2]2+ 163.2% 93.29 

[Ru(bpy)2 (phen)-NH2]2+ 16.59% 7.5 
*Relative ECL efficiencies were calculated taking [Ru(bpy)3]2+ as the standard or reference.  

 

It is important to know the ECL efficiency of each molecule in order to assess which of 

them is more suitable for the development of an ECL biosensor. Currently, ECL quantum 

efficiency (ɸECL) is usually reported relative to emissions obtained with [Ru(bpy)3]
2+, 

where ECL intensity is integrated as the current (Equation 3)328,329: 

 

ɸ𝐸𝐶𝐿 𝑥 =  ɸ𝐸𝐶𝐿 𝑠𝑡 

(
∫ 𝐸𝐶𝐿 𝑑𝑡

∫ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑡
)

𝑠𝑡

(
∫ 𝐸𝐶𝐿 𝑑𝑡

∫ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑡
)

𝑥

                    (3)         

                                    

Bard et al., published in 1973 an absolute efficiency for [Ru(bpy)3]
2+, 5-6%, in the 

annihilation pathway330, which has been accepted by the scientific community as a useful 

reference value. However, no absolute efficiency has ever been reported for an ECL 

system where a co-reactant was used329. In fact, [Ru(bpy)3]
2+ efficiency values are often 
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used regardless the concentration, type of supporting electrolyte, solution polarity or 

differences in testing conditions328,329. In the study conducted by Bard et al., acetonitrile 

was used as supporting electrolyte and a rotating ring-disk electrode (RRDE) of 1 mM 

[Ru(bpy)3]
2+, which only had led to poor comparisons and errors in efficiency 

calculations due to the lack of standardization between relative measurements328. 

Therefore, in this thesis, the results obtained with [Ru(bpy)3]
2+ and TrPA as co-reactant 

are used as reference/standard for the calculation of the ECL efficiencies of the novel dye 

[Ru(bpy)3-NH2]
2+ and the commercial dye [Ru(bpy)2(phen)-NH2]

2+, since the 

experiments were carried out under the same conditions (i.e., same type of electrode, 

redox probe concentrations, supporting electrolyte and equipment.). However, due to the 

absence of redox peaks in the experiment perform with [Ru(bpy)2(phen)-NH2]
2+, 

calculations were carried out only considering the integrated ECL intensities of the 

luminophores relative to [Ru(bpy)3]
2+. The relative efficiencies calculated for each the 

two of the luminophores are shown Table 4. These values revealed that the novel 

[Ru(bpy)3-NH2]
2+is 63% more efficient than the standard ruthenium complex, whereas 

[Ru(bpy)2 (phen)-NH2]
2+ is 83% less efficient, as it also comes apparent Figure 12F,  

showing a very low ECL intensity comparing with the other two complexes (Figure 12B 

and D). There are conflicting reports about the role of phenanthroline group in ruthenium 

complex ECL emission331. A study reported that the ECL efficiencies of [Ru(bpy)3]
2+ with 

a wide range of co-reactants (N-methylpyridinium, aromatic amine, and quinone 

compounds) in acetonitrile were greater than for [Ru(phen)3]
2+ complex332. However, in 

the study conducted by Kim and et al.,333, they attributed the intensity increase with the 

increase number of 1,10-phenanthroline ligands, suggesting that it shows slightly lower 

donor ability compared to 2,2′-bipyridine, causing the increase in the energy of the MLCT 

band, thus, reducing the efficiency of radiationless deexcitation processes331. Michael and 

et al., also reported that the ECL intensities of [Ru(bpy)2(phen)]2+ and [Ru(phen)3]
2+ were 

253% and 85% of that observed for [Ru(bpy)3]
2+ using codeine as co-reactant in acetate 

buffer (pH=4)334. Despite there are a large number of studies that report the high ECL 

emission of [Ru(phen)3]
2+ and its derivates for detection of a wide range of analytes335–

338, they did not report a direct comparison with [Ru(bpy)3]
2+ under the same conditions. 

Therefore, more comparative studies are needed to understand how the incorporation of 

phenanthroline groups affect the ECL emission under different system, since other 

parameters such as supporting electrolyte, pH of the solution and type of co-reactant play 

also an important role in the ECL process. Finally, experiments carried out in presence of 
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AuNPs revealed that ECL intensity emitted by the luminophores decreases as it can be 

observed in Figure 12 as well as in the quenching percentage values reported in Table 4. 

It is noticeable that the [Ru(bpy)3-NH2]
2+ complex showed the largest quenching degree 

(93.26%) followed by [Ru(bpy)3]
2+ (55.56%) The distance between luminophore and the 

plasmonic material strongly influences the quenching process in the ECL system. In fact, 

when the ECL emission sites are physically very close to the surface plasmons, these 

plasmons can quench the excited state but when somewhat further away (i.e.,  10-15 nm) 

the ECL emission could be enhanced by the plasmonic effect of the AuNPs258,259,339. 

When the distance between an electron donor fluorophore/luminophore and an acceptor 

plasmonic material is less than 10 nm, a phenomenon called Förster Resonance Energy 

Transfer (FRET) can occur which can lead to non-radiative energy transfer between an 

electronically excited donor a ground state acceptor molecule339,340. This energy transfer 

can cause quenching since the excited electron is donated to AuNP287. The rate energy 

transfer is influenced by the spectral overlap of the emission of the donor with the 

absorption of the acceptor. For example, in this case, ruthenium complexes (λemission ~ 610 

nm) and AuNPs (λmax=518 nm), have a very well defined spectral overlap, which could 

explain the quenching effect of AuNPs on the luminophores341,342. However, as 

mentioned above, factors such as distance between the two components also have an 

impact on the rate energy transfer, which can explain the quenching effect observed342. 

Research carried out with metallopolymer [Ru(bpy)2PVP10]
2+ and 4-(N, N’-

Dimethylamino) pyridine (DMAP) protected AuNPs showed that the ECL emission was 

not affected by the presence of AuNPs, however at high concentrations of AuNPs, the 

ECL light was quenched342. In that study it was suggested that the presence of DMAP 

coated AuNPs provides higher conductivity overcoming the quenching effect mediated 

by the particles, specifically at low AuNPs:Ru molar ratio (< 6.0 х 10-3), for particles with 

a diameter smaller than 12.5 nm. In the study published by Tejeda et al., the ECL 

quenching effect of tiopronin stabilized AuNPs on [Ru(bpy)3]
2+ was also investigated. 

The atomic force microscopy (AFM) results revealed that upon [Ru(bpy)3]
2+ addition in 

solution, AuNPs aggregates were formed, increasing the turbidity of the sample, 

suggesting that it could also hinder the ECL light collection.  Additionally, both static and 

dynamic quenching were also reported as one of the sources of ECL light quenching, 

however, it is not fully determined at which level both sources might be impacting on the 

quenching phenomena. Nevertheless the study observed that diluting the concentration 

of AuNPs (> 5 x 10-8 M), ECL intensity of the luminophore increased while decreasing 
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the number of aggregates (8.6 ± 0.9 nm and 3.7 ± 0.6 nm of diameter for 8.0 x 10-8 M 

and 1.0 x 10-8 M, respectively)339. 

The aggregation of AuNPs in presence of the dyes might explain why [Ru(bpy)3]
2+ shows 

less quenching degree upon the AuNPs addition, when compared to [Ru(bpy)3-NH2]
2+, 

since [Ru(bpy)3-NH2]
2+ seems to show high affinity for gold, forming more 

complexes/aggregates (see DLS values in Table 2), resulting in static quenching. On the 

other hand, [Ru(bpy)2(phen)-NH2]
2showed only a 7.5% of quenching, however, as it was 

mentioned above, the ECL intensity achieved with the dye was significantly smaller than 

the other two luminophores therefore, the results obtained were expected. In conclusion, 

the results obtained in this section agree with what have been previously reported under 

a ECL different system, and ruthenium (II) complexes, where it have been observed a 

similar quenching effect mediated by the AuNPs in proximity with the 

luminophores287,288,343. However, further research is needed to understand better the 

quenching phenomenon (both static and dynamic) on a ECL system in order to design 

highly sensitive biosensing platforms.  

 

3.2. DNA probe conjugation:  [Ru(bpy)3 -NH2]2+ and [Ru(bpy)2 (phen)-

NH2]2+  
 

3.2.1. UV-Vis and fluorescence characterization 

 

One of the objectives of this thesis is to develop a DNA probe labelled with a ruthenium 

dye and both [Ru(bpy)3-NH2]
2+

 and [Ru(bpy)2(phen)-NH2]
2++ were investigated, by 

exploiting the amino group for biomolecule conjugation. The luminophores were 

conjugated according to the protocol explained above and UV-Vis, steady-state and time-

resolved emission spectroscopy were performed. First, the UV-Vis results (Figure 13) 

showed that DNA was effectively conjugated to the luminophores, leading to an 

absorbance peak at 460 nm and 451 nm associated with the binding of [Ru(bpy)3-NH2]
2+ 

and [Ru(bpy)2(phen)-NH2]
2+, respectively. These values are slightly shifted compared to 

the values obtained for the unconjugated luminophores (see Figure 14). The emission of 

the conjugated dyes was also shifted compared to the free dyes (see Table 3 and Table 

5). This shift in excitation and emission (~8 and 10 nm), is not significant considering the 

peak shapes and most likely reflects changes in the local microenvironment of the metal 



112 

 

complex as well as changes in its electron density. Moreover, it is well known that 

[Ru(bpy)3]
2+ as a cation, can electrostatically interact and associate with the negatively 

charged backbone of double-stranded (dsDNA) and single-stranded DNA (dsDNA and 

ssDNA, respectively) however less efficiently to this last one129,344. Therefore, it is  

possible that the covalently linked metal complex may also interact electrostatically with 

the negative 345.  

 

Figure 13. Absorbance spectra of Ru luminophores conjugated to DNA (purified samples). A) [Ru(bpy)3-

NH2]2+ and B) [Ru(bpy)3(phen)-NH2]2+. Insets represents a close-up from 300 nm to 600 nm. Solvent: 

dH2O. 

 

Attempts were made to measure the excited lifetimes of the conjugated luminophores but 

due to the low optical density of the samples (~0.01 a.u. at λmax ~450 nm) this proved 

impossible. Instead, the crude material (nucleic acid: ruthenium ratio 100:1) prior to 

purification was used directly without purification and Figure 15 shows the results 

obtained. The excited lifetime measure for the conjugated [Ru(bpy)3-NH2]
2+is shorter (τ1 

= 509 ns) than the one obtained for the no conjugated luminophore (τ0 = 639 ns) (see 

Table 3 and Table 5) (fitting of the data was performed as described in the previous 

section, showing a good fit, R2=0.99). Same occurs with the excited lifetime value for 

conjugated [Ru(bpy)2(phen)-NH2]
2+, since it was shorter than the one recorded for the 

luminophore alone (τ1 = 622 ns and τ0 = 716 ns, respectively (Figure 15).  The changes 

in the optical properties of the luminophores could be explained by the conjugation to 

ssDNA if all ruthenium molecules where successfully conjugated since DNA was in 

excess. Nevertheless, a long-lived component was obtained for both conjugated dyes, τ2 
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=1460 ([Ru(bpy)3-NH2]
2+) and τ2 =1073 ([Ru(bpy)2(phen)-NH2]

2+), being the 13.88% 

and the 10.55% of the signal.  The appearance of two separate lifetimes (longer and 

shorter-lived components) suggest that there’s an interaction between the luminophores 

and the DNA that has been previously attributed to non-covalent binding, i.e., 

electrostatic interactions and/or intercalation of free luminophore with DNA in case of 

phenanthroline containing ruthenium (II) complexes129. This could suggest that some 

ruthenium remained “free” in the solution, which could possibly electrostatically interact 

with the negative backbone of the ssDNA. For example, in the study conducted by 

Kobayashi and et al., two forms of [Ru(phen)3]
2+ were tested with dsDNA, and the long-

lived component (τ = 1520 ns and 1620 ns) was observed to be > 70% of the signal which 

was attributed to intercalation of the luminophores in the dsDNA. Therefore, it is possible 

that a small fraction of unconjugated fraction of ruthenium might have interacted with 

the ssDNA in solution. It is known that phenathroline and bypiridine ligands have 

significantly less intercalation depth than the classic dipyridophenazine (dppz) ligand 

used in ruthenium (II) complexes as an intercalating agent in dsDNA289,346–348, therefore 

cause of the appearance of a longer second lifetime could be attributed to an electrostatic 

interaction of “free” [Ru(bpy)3-NH2]
2+

 and [Ru(bpy)2(phen)-NH2]
2+ with the negative 

backbone of ssDNA.  Even if and -NH2 provides the advantage of reducing the number 

of reagents/steps during the labelling process, the conjugation efficiency and the 

purification of the probe remains a challenge since high control of the pH solution is 

required. Groups such as -COOH, provide a higher efficiency while preventing the 

electrostatic interactions between the luminophore and the DNA probe, which would lead 

to an easier purification of the sample.  
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Figure 14. Emission spectra of purified and no purified Ru-DNA conjugated probes. A) No purified 

sample and B) purified sample. Excitation wavelength (λ=455 nm). Solvent: dH2O. 

 

 

Figure 15. Semi-log plots vs. time of the fluorescence life- time of DNA conjugated to [Ru(bpy)3-NH2]2+ 

not purified (A) and DNA conjugated to [Ru(bpy)3(phen)-NH2]2+ (B). Logarithmic Y-axis vs. time linear. 

Each decay was normalised to the maximum number of photons obtained for that recording. Excitation of 

the laser wavelength (λ=375 nm). Solvent: dH2O.  Inset: Normalised decay experimental curves (green) 

and fitted curve (black), linear Y-axis vs. time linear.  

 

Table 5. Fluorescence data (steady-state and time-resolved spectroscopy) of DNA conjugated 

luminophores. The luminescent lifetimes were fitted with a χ2 between 1.0 and 1.6. 

 λexcitation (nm) λemission (nm) τ1 and τ2 (ns)* 

[Ru(bpy)3-NH2]2+ 468 636 509 and 1406 

[Ru(bpy)2(phen)-NH]2+ 473 623 622 and 1073 

*Excited state lifetime of non-purified samples. 

 

4. CONCLUSIONS 
 

In this chapter, three ruthenium (II) complexes were investigated to understand their 

photophysical properties and to gain insights into their applicability for use in an SPR-

ECL biosensing system. Three of the luminophores were optically and electrochemically 

characterised in AuNPs containing aqueous systems in order to understand more about 

their interaction and impact on fluorescence and ECL intensities as well as excited state 

lifetimes. The data suggest that different quenching process (static or dynamic) may 

predominate depending on the luminophore. According to the zeta-potential values, 
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luminophores containing an amino moiety ([Ru(bpy)3-NH2]
2+and [Ru(bpy)2(phen)-

NH2]
2+ induce a higher AuNPs aggregation, due to its ability to bind to the gold surface. 

Steady-state fluorescence results, the Stern-Volmer plots and the ECL characterization 

confirm the effective quenching mediated by the addition of AuNP. This results alongside 

excited state lifetime values suggest that static quenching is more likely to happen when 

luminophores containing amino group are used, whereas dynamic quenching is 

predominant for Ru(bpy)3
2+. However, as it was mentioned above, interpretation of 

quenching data is difficult and more experiments would be needed (i.e., measurement of 

lifetimes upon different concentrations of AuNP) to fully understand the source of the 

quenching effect in each system. On the other hand, ECL experiments show that the novel 

dye, [Ru(bpy)3-NH2]
2+, is more efficient than the commercial dye [Ru(bpy)2(phen)-

NH2]
2+, which makes it a potential and suitable candidate for the development SPR-ECL 

biosensor. In fact, both luminophores were effectively conjugated to ssDNA, 

demonstrating that both could be used as a label. Both dyes emission shifted after 

conjugation, which suggests that not only covalent binding to NHS-ester terminated DNA 

occurred, but also possible electrostatic interaction with the negative backbone of the 

strand might had taken place. Finally, given the obtained results, [Ru(bpy)3-NH2]
2+ seems 

to display the most optimal properties for the development of a SPR-ECL assay for 

bacterial DNA as will be shown in the following chapter. 
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Chapter 4:  

ECL detection of bacterial DNA from 

UTI causing Escherichia coli using 

AuNPs deposited on glassy carbon 

electrodes 
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1. INTRODUCTION 
 

Urinary tract infections (UTIs) are common infections with approximately 400 million 

cases world-wide annually (2019)349, with high social costs and in some cases, they can 

be life threatening by resulting in acute renal failure in healthy individuals as well as in 

renal transplant patients350,351. Furthermore, it is estimated that 40% of women develop 

at least one UTI in their lifetime and 11% of women over 18 years old have one infection 

per year352. It has been recently reported that over the 50% of the antibiotics are either 

incorrectly prescribed or not necessary, which is increasing the incidence of antibiotic 

resistant  bacteria and leading to persistent infections353,354. In fact, the wide range of 

virulence factors present in multi-antibiotic resistant strains provokes the strong 

pathogenicity and resistance of UTI causing pathogens355. This is very concerning, 

especially in healthcare environments (i.e., hospitals and nursing homes) since catheter-

caused UTIs are leading to serious complications such as sepsis, bladder stones and 

endotoxic shock356. In fact, in only 2019, UTIs caused around a quarter of a million 

deaths, and contributed to 5.2 million disability-adjusted life years worldwide349. 

Therefore, there is a strong motivation to develop systems capable of early detection that 

can help to control and prevent life-threating complications caused by UTIs. 

Commonly, UTIs are caused by Escherichia coli (E. coli), which are a group of bacteria 

commonly found in human and animal microbiota, especially located in digestive 

tracts357. Ureopathogenic E. coli (UPEC) are responsible of more than 80% of the UTIs, 

since they rapidly adapt to the urinary tract and their concentration can reach more than 

100,000 CFU/mL353. These bacteria’s genomes contain a wide range of genes that code 

for virulence factors that provide pathogenic traits and promote the growth of biofilms 

causing an infection that is challenging to treat358. In the case of a UTI, bacterial 

attachment to the epithelial cells in the urinary tract is mediated by proteins called 

adhesins, which bind to host cell receptors353,359. This attachment provides mechanical 

resistance to bacterial cells against the elimination by the flow of urine and bladder 

emptying, increasing the persistence of the E. coli.   Among all the adhesins that UPEC 

strains produce, type 1 fimbriae (FimH protein, encoded by fimH gene), is determinant 

for the tropism for the urinary tract receptors, which are essential for recognition and 

attachment to urinary tract receptors and allow the biofilm to grow360 . It has been recently 

shown that the FimH protein also mediates the adhesion to immune system’s predators 
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such as macrophages, which hampers the elimination of UPEC since they can replicate 

within the predator and grow a biofilm361,362 (see Figure 1). Type 1 fimbriae accounts for 

more than 95% of the total E. coli virulence factor causing UTIs and is highly conserved 

in UPEC363. Therefore, considering the critical role of fimH gene, it could be a useful 

biomarker for rapid-detection based of UPEC bacteria360,364. 

The current procedure for the diagnosis of UTIs is based on isolation and quantification 

of bacteria strains on agar plates followed by their microbial identification, taking 

between 18 and 30 hours to perform the whole process365. Other techniques such as PCR, 

have also been successfully used, but it requires very expensive equipment and high-

qualified personnel which increases the cost significantly366. Furthermore, point of care 

diagnosis could reduce the incidence of antibiotic resistant UTI causing pathogens and 

rapidly improve the efficacy of the treatments prescribed367. Therefore, there is a high a 

demand for the development of cost-effective detection methods to target pathogens in a 

selective and sensitive way368.  

 

Figure 1. Overview of UPEC infection in the urinary tract system. Modified from Lo et al362.  

 

Electrochemical biosensors, as reviewed in Chapter 1, have become very popular in 

point of care detection of pathogens since they provide faster detection, low-cost 
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platforms, they require small sample volumes and minimal pre-treatment11,368. Among 

the different type of biosensors, DNA based electrochemical biosensors are an attractive 

choice for pathogen detection because of their low detection limits, wide linear dynamic 

ranges and high reproducibility369. Furthermore, nanomaterials such as gold 

nanoparticles (AuNPs) can be used as a supporting matrix to enhance the signal-to-noise 

ratio and carry out high-performance electrochemical detection/analysis8. Moreover, 

using gold nanostructures increases the surface area, biocompatibility and stability of the 

platform370 and can enhance the analytical performance. AuNPs can be used to optimize 

platforms such us glassy carbon electrodes (GCE) for biosensing purposes218. GC is a 

sp2-hybridized carbon material that has been widely used in in electrochemistry as an 

electrode material371. GC meets all the requirements for electrode materials which include 

favourable redox response to the analyte, fast and reversible electron transport with little 

fouling, it provides a wide potential window and it’s easy to clean among other 

properties372. However, the  surface of GCEs needs to be activated/modified if 

functionalization with biomolecules is required373. In this case, AuNPs can act as anchor 

points for thiolated DNA capture strands and the nanostructures can enhance 

electrochemical and electrochemiluminescence responses compared to both unmodified 

GC or Au electrodes.  For example, each deposited Au particle can act as a small 

electrode, which improves transport of the target to the electrode surface by radial 

diffusion374. Furthermore, as discussed in Chapter 3, their unique optical properties make 

them ideal for the development of electrochemiluminescent (ECL) biosensor375. In recent 

years, the combination of surface plasmon resonance (SPR) and ECL in a single 

instrument has been investigated, which had shown good properties for the improvement 

of the performance of the biosensors22,259. Moreover, AuNPs have been successfully 

implemented in such systems since their plasmon can be activated by the incident light 

emitted by luminophores which can enhance the ECL emission, and overall improve the 

performance of the assay259,376.  

Here, a AuNPs coated GCEs for ECL fimH sequence detection of UTI causing E. coli are 

investigated using the amino modified ruthenium complex ([Ru(bpy)3-NH2]
2+) for a DNA 

sandwich assay (capture, target, and probe sequences).  A particular focus is on the SPR-

ECL effect as a proof-of-concept (Figure 2). Also, two different co-reactants are assessed 

(tri-n-propylamine and N-butyldiethanolamine) to optimise the performance of the 

bioassay. Cyclic voltammetry (CV) is used as technique for electrodeposition of AuNPs 
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and both CV and electrochemical impedance spectroscopy (EIS) are used for the 

characterization of the platform.  

 

 

Figure 2. Schematic and simplified illustration of the SPR-ECL based biosensor developed for the 

detection of fimH gene of ureopathogenic E.coli. 

 

2. MATERIALS AND METHODOLOGY 
 

2.1. Chemical reagents 
 

The electrochemical characterization was performed using two different supporting 

electrolytes, lithium perchlorate (LiClO4) and phosphate buffered saline (PBS). Two 

redox probes were used, ferrocenemethanol (FcnMeOH) and the redox couple composed 

of potassium ferricyanide (K3Fe(CN)6) and potassium ferrocyanide (K4Fe(CN)6)·3H2O), 

tri-n-propylamine (TrPA) (≥98%) and N-butyldiethanolamine (NBEA) (≥98.6%) were 

used for electrochemiluminescent characterization. For the electrodeposition of gold 

nanoparticles, tetrachloroauric(III) acid (HAuCl4·3H2O) (≥99.9%) was used with sodium 

nitrate (NaNO3) as supporting electrolyte. All the reagents mentioned above were 

purchased from Merck. The DNA sequences, the TE buffer and the nuclease free 

deionized water (dH2O) were purchased from Integrated DNA Technologies (IDT). The 

6-Mercapto-1-hexanol (MCH) for DNA co-immobilization was purchased from Merck. 

The amino modified ruthenium (II) complex291, [Ru(bpy)3-NH2]
2+ was provided by Dr. 

Yann Pellegrin of the University of Nantes.  
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2.2. Electrochemical and electrochemiluminescent (ECL) experiments 
 

Glassy-carbon disk electrodes (GCE) and gold disk electrodes were used as working 

electrodes (3 mm and 2 mm diameter, respectively), Ag/AgCl as reference and platinum 

wire as counter electrode (all purchased from IJ Cambria). For electrochemical 

characterization both Cyclic Voltammetry (CV) and Electrochemical Impedance 

Spectroscopy (EIS) were performed using CH Instrument Model 760E workstation. 

Separately, experiments for electrochemiluminescence detection, were carried out in CH 

Instrument Model 760B workstation, an Oriel 70680 photomultiplier tube (PMT) biased 

at −850V along with a high-voltage power supply (Oriel, Model 70705) and an 

amplifier/recorder (Oriel, Model 70701) as it was shown in previous chapters. PMT gain 

was set at 109 for the experiments performed with TrPA and at 108 for the experiments 

with NBEA.  

 

2.3. Sequence selection  
 

As mentioned previously, the gene fimH was selected as candidate for detection of 

urepathogenic E. coli. The fimH gene sequence from Escherichia coli strain ATCC 35218 

was downloaded from Nucleotide RefSeq database377 in order to choose the target 

sequence.   From a 903 bp coding sequence, 30 bp sequence with a length of  ̴ 10 nm 

(each nucleotide has a length of 0.34) was randomly selected. This sequence was plotted 

in BLAST (a wide genome database where the introduced sequence can be compared 

with other sequences in the database) and analysed for possible similarities and presence 

of the same sequence in different bacteria. The output was satisfactory since this sequence 

was only found in strains of E. coli, all ureopathogenic strains. This shows that the gene, 

and selected sequence are very specific for UTI causing E. coli.  

 

2.4. Electrode preparation and modification steps 
 

The electrodes were prepared by polishing using 0.05 μm alumina with Milli-Q water on 

a polishing microcloth (IJ Cambria). The electrodes were rinsed with water and sonicated 

in 70% ethanol solution for 10 min to remove any impurities and residual alumina. The 
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electrodes were rinsed again with Milli-Q and dried under nitrogen at low stream. For 

AuNPs electrodeposition, the GCE were immersed in a 3 mM HAuCl4 and 0.1M NaNO3 

solution and cycled for 12 scans (6 cycles) at 0.05 V s-1 from 0V to +0.9V. The surface 

activation of the AuNPs on the electrode surface was performed by immersing the 

electrodes in 0.5 M H2SO4 solution and scanning from 0 V to +1.6 V at 0.1V s-1 to form, 

and subsequently remove, an oxide monolayer on the surface of the gold nanoparticles. 

Then the AuNPs coated electrodes were rinsed with Milli-Q and dried again under 

nitrogen at low stream.  

The capture ssDNA and MCH were co-immobilized on the AuNPs coated GCE.  First, 1 

µL of 10 mM TCEP stock solution was mixed with 99 µL of 100 µM of capture DNA 

(Table 1) (for SH- activation) and incubated at room temperature (25°C) for 2 hours. For 

co-immobilization, 10 µL of previous solution were taken and mixed with 5 µL of 10 

mM MCH stock solution and 85 µL of TE buffer to achieve 1:5 of DNA/MCH ratio (10 

µM and 50 µM, respectively). 10 µL of the DNA/MCH solution was placed as a single 

drop on the electrode surface and it was incubated for 1 hour and 30 mins at room 

temperature (25°C). After incubation the electrodes were washed with TE buffer and 

dried under the nitrogen stream. For the sandwich assay and target sequence 

electrochemical detection, a 10 µL drop containing 25 µM of ssDNA target (Table 1) was 

place on top of the electrodes and incubated at 37°C for 2 hours. After, the electrodes 

were wash with buffer and dried again. The ssDNA probe labelled with [Ru(bpy)3-NH2]
2+ 

was used for ECL detection of the target. For the development of the probe a shorter 

sequence (see Table 1) was used than the one from the previous chapter, although the 

labelling protocol was the same (see Chapter 3). Purification of the probe was not 

possible due to the low molecular weight of the DNA sequence and the lack of access to 

a temperature-controlled centrifuge. As before, 10 µL of the ssDNA probe containing 

sequence was drop cast on the electrodes and incubated at 37°C for 2 hours, washed with 

buffer to remove any free ruthenium and unhybridized DNA, and dried under nitrogen 

stream. The result of each modification step was characterized by CV, EIS and ECL.  
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Table 1. Sequences of single-stranded DNA used in the bioassay for detection of gene fimH.  

Type Sequence 

Capture ssDNA 5’-TATAGTTGTTGGTCT-SH-3’ 

Target ssDNA 5’AGACCAACAACTATAACAGCGATGATTTCC-3’ 

Probe ssDNA 5’-Azide-GGAAATCATCGCTGT-3’ 

 

3. RESULTS AND DISCUSSION 
 

3.1. Electrodeposition of AuNPs and electrochemical characterization 
 

Surface modification with metallic particles can bring several benefits such as an 

increased surface area (larger signal and greater dynamic range), better catalytic and 

conductive properties, and mass transport enhancement, leading to improved 

performance for electro and bioanalysis221. In Figure 3A the voltammogram for the 

AuNPs electrodeposition on GCE is shown. In the first forward scan (Figure 3B), when 

the  cell is switch on at 0.0 V, a large reduction current is observed, which is  associated 

with the reduction of Au (III) to Au (0) (see Equation 1)374, followed by an oxidation 

current around +0.7 V  which is likely to be oxide formation on the electrodeposited gold. 

For the backward scan, the reduction current around +0.6 V was observed to be higher 

than the forward one.  Following the thermodynamics principles, this suggest an easier 

growth of AuNPs is taking place due to the already existent AuNPs on GCE, since AuNPs 

nucleation on a bare GC surface requires more energy than on gold378,379.   In the 

following cycles, this peak is shifted to slightly more positive potentials, which reinforces 

the hypothesis that AuNPs electrodeposition is occurring on top of the already existing  

AuNPs221.   

 

AuCl4
- (aq) + 3e-  → Au(s) + 4Cl-      (1) 

 

The protocol for the electrodeposition followed was the same as the one used by Zakaria 

and et al.,374. In their study, different supporting electrolytes were compared to investigate 

their effect on the morphology and size of the AuNPs deposited via cyclic voltammetry. 

The study reported that using NaNO3, smaller AuNPs (~ 60 nm) are achieved. This is 
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highly desirable for a NPs based biosensor, since the smaller the size of the particle, the 

larger is the surface area for a fixed quantity of gold deposited, meaning that more capture 

biomolecules can be immobilized, and enhance the sensitivity of the platform380. 

Furthermore, it has been previously reported that the presence of NaNO3, create a more 

homogeneous AuNPs films favouring their nucleation and growth, since the presence 

NO3
- avoids the coalescence (aggregation) of particles221,381. SEM characterization of the 

AuNPs coated GCE was attempted, however, due to the small size of the particles no 

successful images were achieved. This means that the particles were probably smaller 

than the ones achieved by Zakaria and et al, probably due to the fact that the scan rate use 

for the electrodeposition of AuNPs on GCE in this thesis was 0.05 Vs-1 while in their 

study 0.025 V s-1 was used. It has been shown that the parameters such as scan rate and 

number of cycles have an effect on the size and thickness of the AuNPs layer 

deposited382,383. 

 

 

Figure 3. Voltammograms of AuNPs electrodeposition using 3 mM HAuCl4 and 0.1 M NaNO3 as 

supporting electrolyte (pH solution ~ 3) using GCE area 0.071 cm2. A) Scanning from 0 V to +0.9 V for 6 

cycles, scan rate 0.05 V s-1. B) First cycle of the electrodeposition process (forward and backward scan). 

 

As a first characterization step, the AuNPs modified GCEs were cycled for surface 

activation in 0.5 M H2SO4 aqueous solution, scanning from +0 V to +1.6 V at 0.1 V s-1. 

As it can be observed in the voltammogram with 0.1M H2SO4 (Figure 4), the modified 

electrodes show a very similar redox behaviour to a conventional gold disk electrode (2 

mm diameter). The several oxidation peaks observed from +1.1 V to +1.3V, when 

compared to Au electrode (+1.3 V), probably are caused by the presence of different 
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crystallographic faces221 and different Au “oxides” due to the complicated sorption 

process of OH- ions onto different. However, the reduction peaks occur at the same 

potential (+0.82 V), which correspond to the reduction of the oxides formed in previous 

anodic scan. The electroactive area (A) was calculated using the theoretical charge (Qtheo) 

associated with gold (390 µC cm-2) and the experimental charge (Qexp) obtained from the 

voltammograms following the equations from Chapter 2 (see Equations 4.1-4.2). The 

average electroactive area achieved for AuNPs modified GCE was 0.21±0.02 cm2 , which 

is nearly 3 times bigger than the electroactive area of polished Au disk electrodes 

(0.07±0.1 cm2). The percentage of electroactive area was also calculated (%R = A∕Ageo 

× 100)384, and for AuNPs modified GCE was 70% and for Au electrode 35%.  

Furthermore, the electroactive area is bigger than the one achieved in Zakaria and et al., 

(~0.09 cm2) which is probably due to variations in the experimental parameters as 

mentioned earlier (e.g., speed of the scan rate and the number of cycles). Activation 

and/or cleaning of the surface also could have an impact, however, even if some 

concentration of H2SO4 was used (0.5 M), Zakaria and et al., do not report the number 

of cycles applied. 

On the other hand, the charge obtained for the reduction of the AuNPs film in the first 

scan was 26.5 ± 8.2 µC, which is very similar to the charge consume in the 

electroreduction step HAuCl4 during the first scan (22.8 ± 3.3 µC, Figure 3B), it could 

be conclude that Au atoms layer at the AuNPs-solution interface is close to exhaustively 

oxidized221. These results show the benefits of electrodeposition of AuNPs on a platform 

such as GCE, where large surface electroactive areas can be achieved for subsequent 

functionalization with thiolated biomolecules. 
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Figure 4. Electrochemical characterization. A) Voltammogram of electrodes in 0.1M H2SO4 scanning from 

0 V to +1.6V at 0.1 V s-1: AuNPs modified GCE (red), conventional Au disk electrode (black). B) 

Voltammogram of AuNPs modified GCE, bare GCE (blue) and bare Au (black) in 1mM FcnMeOH and 

0.1M LiClO4 as supporting electrolyte at 0.1 M. 

 

The electrochemical characterization of the modified electrode with 1 mM FcnMeOH in 

0.1 M LiClO4 as well as the results for the scan rate study are shown in both Figure 

4Figure  and Figure 5. The reaction is a quasi-reversible both AuNPs coated and bare 

GCE, since the peak-to-peak separation is > 57 mV. In addition, the Randles-Sevcik plot 

(Figure 5B), shows that the current increases linearly as a function of the square root of 

the scan rate, suggesting that is a semi-infinite linear diffusion-controlled process238. At 

short time, radial diffusion at the level of single particle could be expected due to them 

acting like nanoelectrodes due to the small size of the particles (nanoscale level). In this 

case, each particle would show a three dimensional diffusion field producing a steady-

state voltammogram with a very pronounced sigmoidal shape385. However, when the 

distance (r) between the electroactive nanostructures is smaller than the thickness of the 

diffusion layer (δ) (see Equation 2), the diffusion layer of each structure converges and 

mass transport approaches the semi-infinite linear diffusion model386 as depicted in 

Figure 6. Therefore, according to voltammogram shape and the electroactive area 

obtained for AuNPs coated GCE, is very likely that the particle density in the surface is 

high, having a small interparticle distance, leading to the coalescence of the radial 

diffusion layer of each particle, acting like a flat surface with a semi-infinite linear 

diffusion model. 
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𝛿 = (2𝐷𝑡)1/2 ≫ 𝑟      (2) 

 

Separately, in order to understand better how the presence of AuNPs affects to the kinetics 

of the system, the heterogenous electron transfer rate constant (k0) was calculated using 

the diffusion coefficient value reported in the literature for FcnMeOH (7.0 x 

10−6 cm2 s−1)247, by performing a digital simulation in the CH Software. For this purpose, 

a voltammogram recorded at 0.1 V s-1 was used and the k0 values obtained for bare and 

AuNPs coated GCE were 3.2 x 10-2 cm s-1 and 3.7 x 10-3 cm s-1 (respectively). Although 

the values for bare GCE are higher by an order of magnitude, the difference is not very 

significant since it lies in the quasi-reversible (10-2 > k0 > 10-4 cm s-1)248 as well as the 

value obtained for AuNPs coated GCE. Thus, these results indicates that the presence of 

AuNPs decreases the electrode kinetics of system, but it still allows quasi-reversible 

voltammetric responses to be observed at reasonable scan rates.  Moreover, as shown in 

the following sections, the AuNPs allow the biofunctionalization of the surface for the 

development of a DNA sensing platform.  

 

  

Figure 5. Scan rate study of AuNPs modified GCE with 1 mM FcnMeOH in 0.1 M LiClO4. A) 

Voltammogram from 0.01 to 1 V s-1. B) Randles-Sevcik plot (the standard deviations are similar to, or 

smaller than, the size of the symbols). 

 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

-0.04

-0.02

0.00

0.02

0.04

i/
m

A

E/V (Ag/AgCl)

Scan rate study in 1mM FcMeOH+ 0.1M LiClO4

A

1 V s-1

0.01 V s-1

0.0 0.2 0.4 0.6 0.8 1.0

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

 ipa

 ipc

i/
m

A

v1/2/ V s-1

Equation y = a + b*x

Plot Mean

Weight No Weighting

Intercept -4.74732E-7 ± 1.45958E-7

Slope 3.09954E-5 ± 2.67151E-7

Residual Sum of Squares 4.55788E-13

Pearson's r 0.9997

R-Square (COD) 0.99941

Adj. R-Square 0.99933

Equation y = a + b*x

Plot Mean

Weight No Weighting

Intercept -1.57258E-7 ± 4.21781E-8

Slope -2.95546E-5 ± 7.71996E-8

Residual Sum of Squares 3.80611E-14

Pearson's r -0.99997

R-Square (COD) 0.99995

Adj. R-Square 0.99994

R2= 0.99

R2= -0.99

B



128 

 

 

Figure 6. Illustration of convergent diffusion resulting in semi-infinite linear diffusion, when the 

nanostructure size and interspacing are much smaller than the root mean square of the diffusion length386.  

 

3.2. ECL characterization and co-reactant study 

 

As mentioned above, one objective of this thesis is to develop an ECL assay for the 

detection of DNA from UTI causing E. coli using AuNPs coated GCE as the platform.  

ECL has arisen as a powerful analytical technique in clinical diagnostics, material 

science, and environmental monitoring as it combines both electrochemistry and 

spectroscopy387,388. The most common ECL probe used is [Ru(bpy)3]
2+ which have been 

successfully applied for drug analysis, nucleic acids and immunoassays due to its easy 

preparation, low-cost and well-developed technology389. Usually, the most common co-

reactant used to trigger the ECL reaction is tri-n-propylamine (TrPA) alongside 

ruthenium(II) complexes, however, oxalate, quantum dots, n-butyldiethanolamine 

(NBEA) have been also reported to increase the ECL signal387,389,390. In this chapter, the 

two tertiary amines co-reactants, TrPA and NBEA (see chemical structure in Figure 7), 

were investigated with the dye [Ru(bpy)3-NH2]
2+, comparing the ECL intensities and 

determine the suitability of each compound for its application in DNA biosensor and an 

enhanced bioanalytical performance.  

 

 

Figure 7. Chemical structure of co-reactants tested in this study. A) Tri-n-propylamine (TrPA) and B) N-

butyldiethanolamine (NBEA). 
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The experiments were performed using AuNPs coated GCE as working electrode, in 0.1 

mM of [Ru(bpy)3-NH2]
2+, 0.1 M of co-reactant and 0.1 M of LiClO4 as supporting 

electrolyte. Results of the co-reactant study are shown in Figure 8. For the experiments 

with TrPA, the voltammogram reveals that TrPA oxidation happens around +0.75 V 391 

and this peak is slightly shifted and it becomes less sharp as the scan rate speed increases 

(Figure 8A). Additionally, from a scan rate of 0.05 V s-1 and higher, an oxidation peak 

between +1.0 V and +1.2 V appears, which has been attributed in the literature to 

[Ru(bpy)3]
2+ oxidation391,392. On the other hand, NBEA shows two oxidation peaks 

(+0.75 V and +1.1 V) when a scan rate of 0.01 V s-1 is used.  However, at faster scan 

rates, a single peak is observed that ranges from +1.0 V to +1.3 V (Figure 8C). It has 

been previously reported that direct oxidation of NBEA occurs  between +0.9 V and +1.2 

V393,394. Therefore, the observed process is likely to be the deprotonation of the amine 

group. The higher intensity achieved with NBEA could due to the two -OH groups that 

have negative partial charge that the co-reactant carries and this might enable the 

approach of the positively charged [Ru(bpy)3-NH2]
2+ in close proximity at electrode 

surface, enhancing the ECL light production393. However, the radical cation lifetime of 

the co-reactants constitutes one of the limiting factors for the ECL signal generation395. 

For example, it has been reported that Di-butyl ethanolamine (DBEA) has a shorter 

radical lifetime of TrPA which and this could be linked to the differences in ECL intensity. 

Therefore, it is possible that NBEA as it also shows a shorter radical lifetime promoting 

a higher intensity396 . 
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Figure 8. Scan rate studies of co-reactants with 0.1mM [Ru(bpy)3-NH2]2+ in 0.1M LiClO4. A) 

Voltammogram of 50 mM TrPA and B) ECL characterization of 50mM of TrPA. C) Voltammogram of 10 

mM NBEA and D) ECL characterization of 10mM NBEA. Scan rates: 0.01 V s-1 (black), 0.025 V s-1 (red), 

0.05 V s-1 (blue), 0.1 V s-1 (green), 0.15 V s-1 (purple) and 0.20 V s-1 (golden). ECL intensity of NBEA was 

multiplied by a factor of 10 since the gain was changed from 109 to 108.  

 

The reproducibility of the ECL signal across 3 cycles was calculated as the relative 

standard deviation (RSD), which it is shown in Table 2. The RSD values for TrPA 

decreased with faster scan rates, as opposed to the values for NBEA. This is since TrPA 

generates lower intensities and at faster scan rates, the ECL values get close to the 

baseline values, therefore low RSD was expected when the speed of the scans was 

incremented. On the other hand, for NBEA, RSD values increase as with the increase of 

speed of the scans. It is possible that at slow scan rates, there is enough time to increase 

the concentration of the co-reactant intermediate and/or reduced species and diffuse, 

which enables to achieve higher ECL intensities, however, at fast scan rates, as it occurs 

for TrPA, is not possible to replenish and diffuse the co-reactant from the bulk solution 

to the interface of the electrode, causing a decrease on the consecutive cycles264,397.  This 

scan rate dependency is portrayed in Figure 9, where is shown how the ECL intensity 

drops as it is scanned faster. For both co-reactants the highest intensity is achieved when 

scanned at 0.01 V s-1 and the lowest at the last scan rate applied 0.2 V s-1. Furthermore, a 

difference in the trend is observed between the two co-reactants, where the intensity 

decreases more linearly for NBEA, whereas for TrPA the decay seems exponential. 

However, as it was mentioned above, the low intensities achieved at slow scan rates when 

TrPA was tested, are very close to the baseline values, therefore, no significant changes 

were expected. On the other hand, as mentioned above, it is likely that the negative charge 
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of NBEA keeps the positively charged luminophore in proximity, favouring the electron 

transfer to the tertiary amine390,393, but also the radical lifetime, which might explain why 

the reaction with NBEA is less affected by the speed of the scan rate compared to TrPA.  

Finally, the utilization of the same solution for the scan-rate study for three consecutive 

electrodes could also lead to co-reactant depletion, provoking the high standard 

deviations in ECL intensities achieved for each electrode which could be improved by 

constant stirring of the solution. Therefore, given the results achieved with the two 

different co-reactants, NBEA seems to generate higher ECL intensities, being a better 

alternative as co-reactant for an ECL based assay.  

 

Table 2. Relative standard deviation (RSD) of 3 consecutive ECL cycles using TrPA and NBEA as co-reactants. 

 RSD (%)  

Scan rate (V s-1) With TrPA With NBEA 

0.01 17 5 

0.025 8 10 

0.05 3.5 12.5 

0.1 2 18.5 

0.15 0 20.5 

0.2 0 22 

 

  

Figure 9. Plot of ECL intensity over the scan rate. A) TrPA as co-reactant. B) NBEA as co-reactant. The 

error bar represents the standard deviation (n=3).  

 

3.3. Assay development  

 

3.3.1. Surface modification and characterization 
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For the assay development, every step of AuNPs coated GC electrode modification was 

characterized using two electrochemical techniques, Cyclic Voltammetry (CV) and 

Electrochemical Impedance Spectroscopy (EIS), with the redox couple Fe(CN)6)⁴⁻/³⁻ in 

0.1 M PBS buffer as supporting electrolyte. Both capture and probe DNA strands used 

were 15 nucleotides long (30 nucleotides in total), which both hybridize with a 30 

nucleotides long target DNA strand. The length of the strands was chosen to be short 

since it has been shown that short capture sequences (15-30 nucleotides) are optimal, 

allowing the hybridisation to occur rapidly. This is recommended since short capture and 

probes are more effective in fast and stable hybridisation at higher rates than longer 

sequences, optimising the sensitivity of the platform398. On the other hand, co-

immobilisation was chosen over a following modification step with MCH. Co-

immobilisation of DNA/MCH has been shown to be a better method to control the density 

of DNA on the surface by having the adequate DNA/MCH ratio, allowing to have 

sufficient DNA for sensitive detection but also enough space for the correct distribution 

of the capture strands to avoid steric hindrance399,400. As opposed to sequential backfilling 

with MCH, co-immobilisation provides high control over the spacing among the DNA 

strands allowing to increase the hybridisation efficiency with the target strand. With 

sequential blocking, short incubation times are required which often lead to very variable 

DNA densities on the electrode surface as well as not completely effective removing the 

non-specifically adsorbed on gold surfaces401.  

The characterization was first performed by CV and Figure 10A shows that at every 

modification step the current associated with the ferro/ferri cyanide redox reaction drops 

significantly, especially, when the capture DNA strand and the MCH are covalently co-

immobilized on the surface. This occurs because electron transfer is hindered by the 

negatively charged phosphoric acid groups of the ssDNA backbone as well as by the 

presence of MCH since it is a non-conductive molecule79,402. Furthermore, the peak-to-

peak separation (ΔEp) for the unmodified AuNPs coated GCE is 0.217 V whereas, when 

DNA/MCH are added, ΔEp 0.322 V and in presence of 25 µM of target, the separation 

becomes bigger (ΔEp= 0.405 V). This is a result of the redox peaks shifting due to slower 

rates of heterogeneous electron transfer when the surface is modified (Table 3), and the 

reaction becoming more irreversible, probably due to the ohmic drop that is influence by 

the speed of the scan rate242. The current also slightly dropped in presence of the target, 

due to the electrostatic repulsion of dsDNA, which further impairs the diffusion of 



133 

 

Fe(CN)6)⁴⁻/³⁻ onto the electrode interface79. CV results were further verified by using EIS 

as a second characterization technique, and results are shown in Figure 10B. All the 

curves were recorded applying a DC potential of +0.2 V, an AC amplitude of 0.025 V 

over a frequency range of 0.1 Hz-100 Hz. The EIS were fitted with a simplified Randles 

equivalent circuit using ZView 4 software. The model for the fitting consists of the 

resistance solution (Rs), the constant phase element (CPE), which represents the 

capacitance of the electrode interface, the charge transfer rate of the redox probe at the 

interface of the electrode (Rct) and the Warburg element (W) that represents the diffusion 

process in dielectric spectrocopy403. CPE was chosen over a capacitor, since 

experimentally, the perfect capacitor does not exist, and the application of CPE helps to 

model the behaviour of a non-ideal capacitance. The surface roughness, surface 

heterogeneity and porosity are the main reasons why this can occur153. In fact, several 

studies used CPE to model the capacitance of DNA modified electrodes, since it showed 

to improve the goodness of the fit404–407. 

 Bare unmodified AuNPs coated GCE showed a Rct value of 77.96 Ω, and CPE of 16.23 

µFΩ-1 cm-2 sn. Values on the same order of magnitude have been reported for a 

conventional and clean gold disk electrode using the same redox probe408–410.. On the 

other hand, when capture DNA/MCH were immobilised, Rct values dramatically changed 

as well as after the addition of the target sequence (Rct=2120 Ω) (Table 3). This suggests 

the correct modification of the electrodes and successful hybridisation of the target after 

its incubation (for 2 hours). The gradual increase in the Rct values obtained, as the 

modification steps proceed, indicate that the electron transfer is hindered due to the 

formation of a thick layer that impairs the electron transfer at the electrode surface, 

especially when dsDNA is present. As expected, the impedance results are in agreement 

with the results obtained with CV technique, showing the successful modification of the 

electrode surface. 
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Figure 10. The voltammogram at 0.1 V s-1 (A) and EIS curves (B) of GCE-Au bare (black), modified GCE-

Au with capture DNA/MCH (blue) and modified GCE-Au with capture DNA/MCH hybridized with 25 

µM of DNA target after incubation. Work solution: Work solution: 0.01 M phosphate buffer (pH 7.4) 

containing 5 mM Fe(CN)6)⁴⁻/³⁻. Inset: simplified Randles equivalent circuit.  

 

Table 3. The values from the redox probe oxidation (Epa) and reduction (Epc), separation peak (ΔEp), 

constant phase element (CPE) and charge transfer resistance (Rct). 

 Epa (V) Epc (V) ΔEp (V) Rct (Ω) CPE (µFΩ-1 cm-2 

sn) 

AuNPs coated GCE 0.3 0.083 0.217 77.96 16.23 
AuNPs/Capture/MCH 0.314 0.019 0.322 962.80 5.02 
AuNPs/Capture/MCH/Target 0.378 -0.027 0.405 2120.0 3.56 

 

 

3.3.2. ECL detection of gene fimH from UTI causing E.coli 

 

As mentioned before, the objective of this chapter is to develop and ECL based biosensor 

for DNA detection of UTI causing E. coli. As a proof-of-concept, an assay was developed 

for detection of fimH gene using the ruthenium (II) complex, [Ru(bpy)3-NH2]
2+, as a label 

for the ssDNA probe. In the Figure 11A, it is shown the results obtained for the ECL 

characterization of the assay at every step of modification. The unmodified AuNPs coated 

electrode produced a small signal in the presence of 0.1 M of NBEA, which was observed 

across all the independent measurements. Nevertheless, this background signal is very 

weak, and so the level of interference with the results achieved for the next steps is very 

small. On the other hand, characterization of the electrodes coated with the capture 

ssDNA/MCH monolayer show very low ECL signal (Figure 11B) (close to the baseline 

values) preventing the electron transfer and therefore, the strong oxidation of the co-
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reactant that might had led to low ECL background generation as for previously 

mentioned unmodified electrodes.  

To further evaluate the performance of the sensor, 25 µM probe Ru-labelled probe ssDNA 

was incubated to test non-specific interactions/binding of the probe. Separately, 25 µM 

of target ssDNA complementary to the ssDNA capture were incubated, followed by the 

addition and the incubation of Ru-labelled probe ssDNA in order to investigate if 

detection was possible under the developed ECL system. As  shown Figure 11A, in both 

scenarios, the ECL emission begins around +0.75 V, reaching it maximum emission 

around +1.3 V, which is consistent with the emission by generated by [Ru(bpy)3-NH2]
3+. 

Additionally, a hysteresis process is observed, which as shown in this thesis, is a common 

phenomenon for ruthenium (II) based complexes. The highest intensities achieved are in 

presence of the target, which indicates the successful hybridisation with the capture and 

probe strands. However, a high ECL background was observed when capture/MCH 

monolayers were incubated with Ru-labelled probe. This suggests that non-specific 

interactions/binding events occurred. In fact, as mentioned above, the probe utilized was 

not purified, due to the low molecular weight of the strand. As described in Chapter 3, 

the positively charged [Ru(bpy)3-NH2]
2+can interact electrostatically with the negative 

backbone of the ssDNA and dsDNA, which might had cause the high ECL background 

shown in Figure 11. This is not ideal since this has a direct negative effect on the 

sensitivity of the sensor. On the other hand, purification of the labelled probe with 

techniques such as HPLC, could help to remove any unreacted ruthenium from the 

sample and therefore, minimize the non-specific interactions by achieving a lower 

background signal.  
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Figure 11. ECL characterization of the assay at every step of modification. A) Plot of ECL characterization 

at 0.01 V s-1 and 0.1 M of NBEA in 0.1M of LiClO4 as supporting electrolyte.  B) Quantification of ECL 

emission intensity for independent measurements. Standard deviation is represented as error bars.  

 

Despite non-specific interactions of the Ru label, the target was successfully detected. A 

second objective for the AuNPs, beyond increasing the electrode area and acting as 

anchor points for the capture DNA, was to investigate the possibility of the ECL 

enhancement based on localized surface plasmon resonance (LSPR). LSPR refers to the 

collective oscillation of the electrons on the NPs surface that have been excited by 

incident light, in this case, the ECL light emitted by the luminophore triggered by the 

presence of the co-reactant259. This feature can be tuned by controlling key parameters 

such as the distance between the luminophore and the plasmonic particle to achieve an 

enhanced performance of the assay411. For example, in this study, the chosen assay length 

(capture, target and probe DNA) is 10 nm long, which has been previously reported to be 

the optimal distance to achieve the greatest LSPR-ECL enhancement, on the order to 3-

to-6 fold using plasmonic materials such as AuNPs39,271,412. However, at distances shorter 

than 10 nm, quenching of ECL has been observed due to energy transfer from the excited 

state of the luminophore into the surface of the plasmonic material22. However, LSPR-

ECL phenomenon of Au particles is not only sensitive to the distance between the 

luminophore and the metal surface, it also sensitive to size and shape of particles, 

interparticle distance, type of luminophore and the surrounding solvent which can 

contribute to quenching or enhancement of the luminophore259,413–415. Therefore, in order 

to elucidate which is the optimal distance to achieve the higher ECL enhancement on the 

electrodeposited AuNPs, future experiments would be needed using different lengths of 

DNA. However, for the building of a DNA assay, the steric hindrance mediated by the 

formation of dsDNA after hybridisation of capture, target and probe are key, since it can 

inhibit further hybridisation of target molecules, leading to poor sensitivity39. Thus, 

testing different concentrations of DNA capture molecules in order to avoid steric 

hindrance and optimize the assay are required. Additionally, for real samples testing, the 

steps for bacterial DNA retrieving should be optimised. In this sense, urine samples from 

patients with a potential UTI would be taken and bacterial DNA extraction would be 

performed by utilisation of kit intended for urine, such as the Genomic DNA Extraction 

Kit from Cephan Life Sciences or AMPIXTRACT® Urine DNA Isolation Kit from Enzo 
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Life Sciences.  After this extraction, the obtained DNA could be incubated with the 

already modified electrode and perform the detection of the target after addition and 

incubation with the ruthenium labelled probe.  

 

4. CONCLUSIONS 
 

In summary, a SPR-ECL biosensor for fimH gene detection was designed as a proof of 

concept utilising a novel ruthenium complex as a label and AuNPs as plasmonic material. 

AuNPs were successfully electrodeposited on the GCEs using CV, achieving a large 

surface area and slightly improved diffusion when compared to bare GCE. The presence 

of AuNPs on the electrode surface also facilitated the immobilisation of capture ssDNA 

which was confirmed with CV and EIS as well as the hybridisation of target ssDNA with 

the capture strand, resulting in a drop of the current (voltammogram) and an increase of 

Rct values (EIS). On the other hand, the ruthenium label was characterised with two 

different co-reactants, TrPA and NBEA in order to determine their suitability for an ECL 

assay. Results showed that NBEA alongside [Ru(bpy)3-NH2]
2+ is more effective than the 

conventional TrPA as co-reactant, probably due to the direct and fast oxidation of the two 

hydroxyethyl groups of the NBEA, increments significantly the ECL intensities. 

Therefore, NBEA was determine as the most optimal co-reactant for the development of 

the ECL based DNA assay. ECL characterisation of the DNA assay, showed that the target 

could be detected at a concentration of 25 µM, however, it also revealed a strong 

background when ssDNA capture was incubated with the [Ru(bpy)3-NH2]
2+ labelled 

ssDNA probe. These results indicate that non-specific interactions occurred due the high 

affinity of free [Ru(bpy)3-NH2]
2+ for gold surfaces and the negative backbone of both 

dsDNA and ssDNA, impacting significantly on the sensitivity of the assay. Therefore, 

further experiments are needed by testing better purification methods such as HPLC to 

reduce the background noise. In addition, testing different lengths of DNA also could 

help to elucidate the optimal distance between the electrodeposited AuNPs and the 

[Ru(bpy)3-NH2]
2+ label and understand better the characteristics of the platform, and 

overall, improve the performance of the assay. Nevertheless, this work showed that the 

designed DNA sandwich assay can be utilized for the detection of the presence of the 

fimH gene, which codifies a virulence factor that is key for the growth of biofilms of 

ureopathogenic E. coli in the urinary tract of humans. 
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Chapter 5:  

Synthesis and characterization of Fe3O4 

core/Au shell particles using the thermal 

decomposition method 

 

 

 

 

 

 

1. INTRODUCTION 
 

Nanoscience is one of the most important and impactful research fields of modern science 

and many researchers are achieving important developments in healthcare such as disease 

diagnosis by the utilisation of nanotechnology416. The interest in magnetic nanoparticles 

(MNPs) is growing rapidly since they possess excellent performance and unique 

properties, e.g., the ability to preconcentrate biomarkers, high surface area, 

paramagnetism, ferromagnetism, electromagnetism, coercivity, and etc104,417. 

Additionally, MNPs can be functionalized with biomolecules (e.g., antibodies, nucleic 

acid, proteins), e.g., by first coating with other materials such as gold, thus allowing 

advanced diagnostic biosensors to be developed418. Magnetic particles has been the focus 

of many researchers since the efficiency of separation directly impacts on the amount of 

sample extracted419. Magnetic beads are available commercially and their size can range 

from 0.02–350 μm diameter depending on their application420. Larger particles (micron 
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range) are meant for cell isolation while diameters in the nano range are used for smaller 

biomolecules such antibodies or nucleic acid. However, larger particles provide a faster 

separation time than smaller sizes421, therefore, the right diameter has to be chosen 

considering both target molecule and the desired time separation.  

Superparamagnetic magnetite (Fe3O4) is the most commonly used iron oxide NP since it 

displays high biocompatibility and low toxicity, a characteristic that makes them very 

suitable for biosensing applications422. Moreover, due to their ferromagnetic properties 

they facilitate sample preconcentration and washing steps of biomolecules or cells, 

essential for sample purification by preventing any cross reactions during the detection 

process423. Numerous techniques have been used for the synthesis of Fe3O4 NPs such as 

electrodeposition, microemulsion, coprecipitation, hydrothermal and etc424. Among these 

methods, thermal decomposition is one of the most innovative physical methods to 

synthesize MNPs since it is less polluting, less time-consuming, with less likelihood of 

aggregates and agglomeration of particles compared to other methods and it tends to form 

monodispersed and stable particles425. For all these reasons, this method has become 

popular.  

The synthesis of the MNPs typically involves two steps: first the synthesis of the metallic 

core itself, and secondly, the modification/stabilization of the surface426. Utilization of 

organometallic compounds (precursors) and  surfactants (capping agents) is very 

common in order to produce monodispersed and highly crystalline particles427. Oleic acid 

(Figure 1A) has been widely used as a long-chain fatty acid modifier of Fe3O4 NPs by 

generating a protective and waterproof shield around the particles by binding to the 

surface through its carboxyl group426,428–430. Additionally, oleyl amine (an unsaturated 

fatty amine acid) (Figure 1B) also has been successfully used as a capping agent of iron 

based nanoparticles, which interaction is based on the presence of its amine groups, -NH2 

which has a strong affinity for metallic surfaces431–433. Furthermore, both oleyl amine and 

oleic acid have been reported as a versatile ligand pair in the synthesis of metallic 

nanoparticles to obtain more monodisperse particles during the synthesis and post-

synthesis processess434.  

However, despite the enormous potential of MNPs, these materials are not ideal as active 

elements for sensing applications due to their low electrical conductivity and limited 

optical properties435. One approach to address this is issue is to coat MNPs with gold 
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since it provides higher conductivity, enhanced optical properties such as localized 

surface plasmon resonance, the possibility of biofunctionalization through amine/thiol 

terminal groups as well as protection of the MNPs from corrosion and oxidation435–437. 

Coating MNPs with a noble metal also provides other advantages such as higher stability, 

which allows their utilization under conditions where MNPs with no shell would degrade 

rapidly438.  

 

 

Figure 1. Chemical structure of (A) oleic acid and (B) oleyl amine. 

 

This chapter describes the synthesis of Fe3O4 core-Au shell particles through a novel 

thermal decomposition method using the oleyl amine/oleic acid ligand pair as capping 

agents. Additionally, phase transfer of the particles to aqueous suspension was performed 

by exchanging the pair of capping agents by citrate, which will potentially allow the 

biofunctionalization of the particles with thiolated DNA. This work was performed in 

collaboration with the group of Prof. Carmen Blanco from the University of Oviedo 

(Spain) as a proof-of concept for the application of the synthesized particles on a 

biosensing platform for bacterial DNA detection. This collaboration arose withing the 

Break Biofilms Training Network (H2020-MSCA-ITN), with the aim to develop 

platforms/biosensors for the detection of biofilm-forming bacteria. The academic 

secondment length was 1 month in the hosting university (University of Oviedo), where 

the magnetic particles were synthesized and coated with gold. The characterisation (UV-

Vis, FT-IR, SEM and TEM) of the samples was performed in Dublin City University with 

the goal to investigate the application of Fe3O4/Au particles on a SPR-ECL DNA 

sandwich assay for target separation and DNA preconcentration.  
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2. MATERIALS AND METHODOLOGY 
 

2.1. Chemical reagents 

 

The following chemicals were used for the synthesis and gold coating of particles: Iron 

(III) acetylacetonate ([Fe(acac)], 99%), hydrogen tetrachloroaurate(III) trihydrate 

(HAuCl4·3H2O, ≥99.9%, Au 48.5–50.25%), oleylamine (80%)(ACROS), 1-

hexadecanol (96%) (ACROS), oleic acid (90%), 1-methyl- 2-pyrrolidinone (NMP, 

≥99.0%) (Alfa Aesar) and anhydrous toluene (99.8%) (Sigma Aldrich). For phase 

exchange, Tetramethylammonium hydroxide (TMAOH) (Sigma Aldrich) tri-Sodium 

citrate dihydrate (Sigma Aldrich) were used.  

 

2.2. Synthesis of Fe3O4 core/Au shell particles 

 

2.2.1. Synthesis Fe3O4 core via the thermal decomposition method 

 

Two solutions were prepared, solution (A) and solution B. For solution (A) 2.652g of 1-

hexadecanol was added to a three-neck round-bottom flask, 3RB, (100 mL) followed by 

35 ml of deoxygenated N-Methyl-2-pyrrolidone, NMP.   Then 3.71 mL of oleic acid was 

injected, and the solution was ultrasonicated for 1 minute. Finally, 4.318 mL of oleyl 

amine were added. Separately, solution (B) was prepared by weighing 535.1 mg of 

[Fe(acac)3] (precursor) in 10 mL of deoxygenated NMP.  

Afterwards, the set up for the synthesis of particles was prepared (see Figure 2). A silicon 

bath was prepared were the 3-RB flask was placed to maintain the desired temperature 

during the synthesis. When the temperature of the bath reached 50°C, the 3-RB flask was 

introduced, and argon gas was bubbled through the solution for 15 minutes via a syringe 

to remove oxygen. Then the temperature was slowly increased until it reached the desired 

temperature, 190°C. At this point, a turn valve was place at the top of the condenser and 

a balloon filled with argon connected, then the second solution (B) was injected quickly 

and stirred for 1 h. Afterwards, to speed up the cooling process, the solution was cooled 
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down by using a hair dryer in cool mode. Finally, the solution was left stirring overnight 

under low oxygen conditions. The argon is denser than air and it displaced any oxygen.  

 

Figure 2. Schematic representation of set-up for synthesis of magnetic particles by thermal 

decomposition method439.   

 

2.2.2. Washing of synthesized Fe3O4 particles  

 

After synthesis, the product was washed using 50 mL of ethanol that were added to the 

solution in the 3-RB flask and stirred for 1 h. The solution was then transferred to another 

flask, and particles were collected by placing a magnet under the flask and decanting the 

solution. After the supernatant was removed, another 50 ml of ethanol was added, and the 

mixture was stirred with a glass stirrer. Washing with ethanol was performed another two 

times until the colour of the supernatant was clear. After each washing step, the particles 

were isolated using a magnet and finally transferred to 5 ml of anhydrous toluene.  
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2.2.3. Au coating of Fe3O4 particles 

 

For Au coating of the particles, two solutions were prepared, solution (A) and solution 

(B). For solution (A), 1.25 mL of Fe3O4 MNPs was placed in a 3-RB flask (250 mL) and 

20 mL of anhydrous toluene added followed by stirring for 5 minutes. Separately in a 

different flask, solution (B) was prepared by adding 0.34232 g of HAuCl4·3H2O (a ratio 

1:7 of Fe3O4: Au to produce a thickness of gold ~70-80 nm). Secondly, 7.07 mL of oleyl 

amine (capping agent) were injected. Then, a similar set-up to the one previously 

described was prepared for the coating of MNPs. First, the silicon bath was heated up 80 

°C, and the 3-RB flask containing the solution (A) was placed in the bath.  When the 

temperature of bath reached 100 °C, solution (B) was added slowly (35 mL) over 35 

minutes (drop by drop) by utilising a glass syringe in order to avoid any reaction of 

toluene with plastic and to prevent contamination.  After finishing the injection of 

solution (B), the whole the system was covered with aluminium foil and stirred for 1 h at 

100 °C. During this time a colour change was observed from dark brown to dark red/wine 

colour after adding solution (B), suggesting a successful coating of the MNPs with gold. 

 

2.2.4. Washing step and phase transfer 

 

After cooling the system to room temperature, 85 mL of ethanol were added in order to 

precipitate the resulting Au coated MNPs. For the first washing step, the solution was 

transferred to a beaker and a magnet was placed under the flask in order to collect the 

particles (Figure 3). Then, in single step, the supernatant was carefully removed, and 5 

mL of ethanol was added for a second washing round. After 3x washing, the ethanol was 

removed, and 10 mL of anhydrous toluene was added to disperse the particles.  The colour 

of the solution changed back to red dark wine. This solution was then transferred to 

another beaker for further washing.  

Subsequently, in order to have the particles in an aqueous phase, which is more suitable 

for biofunctionalization, the protocol published by Robinson et al.440 was followed. A 

two-step phase transfer of Fe3O4 core/Au shell particles was used, using TMAOH and 

citrate for functionalization. As a first step, the particles in ethanol were collected using 
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a magnet and redispersed in 1 M TMAOH solution, followed by the addition of 0.04 g of 

sodium citrate. Then the pH was adjusted to pH ~ 6.5 and the solution was sonicated for 

15 minutes and collected again with a magnet and finally dispersed in 5 ml of deionized 

water.  

 

 

Figure 3. Synthesized Fe3O4 core/Au shell particles. A) Particles in anhydrous toluene, collected 

using a magnet. B) Isolated particles (without solvent). 

 

2.3. Characterization of Fe3O4 core/Au shell particles  

 

Surface characterization of synthesized particles was done using Transmission Electron 

Microscopy (TEM) and Scanning Electron Microscopy (SEM) modes of the Electron 

Microscopy Labs Hitachi S5500 Field Emission. Spectroscopic characterization of the 

particles, such as UV-Vis measurements, was performed in Shimadzu UV-2600 UV-VIS 

Spectrometer with UVProbe LabSolutions Software, using 1 cm quartz cells from Merck. 

FT-IR measurements were carried in the using a PerkinElmer Spectrum Two FT-IR 

spectrometer and zeta-potential was measured Malvern Zetasizer Ultra using Universal 

Dip Cell and a quartz cuvette.  
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3. RESULTS AND DISCUSSION 
 

3.1. Fe3O4 core/Au shell particles characterization 
 

3.1.1. SEM and TEM images  

 

The product, ideally, Fe3O4 core/Au shell particles, was first characterized using SEM. 

Figure 4 shows SEM images that show very large sized particles, with very heterogenous 

shapes. TEM (Figure 5) indicates that the intrinsic particle size is around 200 nm in 

diameter, but these are highly aggregated. Furthermore, Figure 5 also shows smaller 

particles (magnetic cores) within a matrix which is most likely to be gold, forming a 

cluster or aggregates of Fe3O4 cores/Au shell instead of individual magnetic particles 

coated with gold, as it was intended.  

 

 

Figure 4. SEM images of Fe3O4 core/Au shell synthesised particles. A) Image taken using an acceleration 

voltage of 20.0kV. Scale bar 10µm. b) Image taken using an acceleration voltage of 1.0 kV. Scale bar 5µm. 
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Figure 5. TEM image of a single Fe3O4 core/Au shell particle using 20 kV acceleration voltage. Scale bar 

200nm. 

Both SEM and TEM images were analysed using the software ImageJ in order to 

calculate the average diameter of the particles (D, nm). The particles/aggregates from 

Figure 4, show an average diameter of 900 nm. However, analysis of the particles under 

the TEM (Figure 5), revealed that, the magnetic cores show an approximate diameter of 

8 nm (as expected), but they seem to be in aggregated and entrapped within a matrix of 

gold.  The coating method used in this study is based on a direct coating with gold, where 

the oleic acid and the oleyl amine (capping agents of  bare MNPs) are intended to be 

desorbed due to thermal activation and the gold reduced directly onto  the surface of 

individual particles441. After this step, the gold coated MNPs are then intended to be re-

encapsulated with oleyl amine/oleic acid. The main advantage of this method is that the 

production of a gold shell can be controlled through the capping agents. Despite this, 

ensuring the magnetic cores are individually coated remains a challenge of this coating 

method427. Normally, aggregation is prevented by tuning the mole ratio of magnetic cores 

to Au3+ in solution, or the ratio of gold precursor to reducing and capping agents (i.e., 

oleyl amine and oleic acid), however, very often many experimental attempts are required 

to find the optimal parameters427. Finally, characterization of the particles as synthesised 

and subsequently coated may also constitute a challenge, since they tend to form 

aggregates during sample preparation, which leads to very unclear results when TEM and 

SEM techniques are used427.  

 

 

3.1.2. UV-Vis measurements  
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Further characterization experiments were carried out using UV-Vis in order to confirm 

the presence of gold. Figure 6 shows a peak absorbance around λmax = 530 nm, which 

suggests that the particles are in fact coated with gold. For gold nanoparticles synthesized 

in toluene and with oleyl amine as capping agent, it has been shown that when absorbance 

λmax = 535 nm is recorded, the gold thickness is ≥80 nm of diameter442.  It is possible that 

in this solvent, the particles are more disperse, but remain in clusters of gold of a size of  

≥80 nm. Therefore, is still very difficult elucidate the real size of the particles.  However, 

given the results achieved with UV-Vis spectroscopy and considering what has been 

reported in the literature in regards the absorbance of Au particles442–444, the Fe3O4 

core/Au shell particles synthesized with the method presented in this study show a small 

core (8 nm diameter) that embedded/aggregated in thick shell of Au reaching a thickness 

around ~80 nm in the organic solvent. Therefore, further efforts would be needed to 

achieve monodisperse, individually coated magnetic cores that are stable towards 

aggregation by optimising the parameters of the coating step such as magnetic core to 

gold ratio as well as the gold to capping agent’s ratio.  

 

   

Figure 6. UV-Vis spectroscopy results. A) Absorbance spectra of serial dilutions of Fe3O4 core/Au shell 

particles, using toluene as solvent. B) Beer’s law calibration curve.  

 

Nevertheless, these results could be used to estimate the number of particles per mL 

(Nseed), following the Equation 1 presented by Leng et al., (2015)445, assuming a  

spherical shape of the aggregates, and a diameter of 80 nm (d), where ρ is the density for 

gold (19.3 g/cm3),  M stands for atomic weight of gold (197 g/mol) and known initial 
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concentration of gold (CAu) added to the solution assuming a reaction yield of 100%.  On 

the other hand, to calculate the extinction coefficient, molar the molar concentration of 

particles needs to be calculated. For that, first, the average number of gold atoms (N) 

must be calculates using the Equation 2446, where ρ, d and M have the same values as 

for the previous equation.  

 

𝑁𝑠𝑒𝑒𝑑 =
6 𝑥 1021𝐶𝐴𝑢 𝑀

𝜋𝜌𝐴𝑢 𝑑3     (1) 

𝑁 =
𝜋

6

𝜌𝑑3

𝑀
                               (2) 

 

As described by Liu et al., (2006)446, this information can further be used to determine 

the molar concentration of the particles in solution. This can be done by using the 

Equation 3, where the total number of gold atoms (Ntotal), equivalent to the initial amount 

of gold salt added to the solution) is divided by the average number of gold atoms per 

sphere (N), where V represents volume of the solution in litre, NA represents Avogadro’s 

constant and C, the concentration of particles in solution. It is assumed that all the gold 

salt added to the solution reacted 100%.  

 

𝐶 =
𝑁𝑡𝑜𝑡𝑎𝑙

𝑁𝑉𝑁𝐴
     (3) 

 

According to the equations above, a concentration of 3.81 x 1013 particles/mL was 

achieved or an initial molar concentration of 6.46 x 10-11 M. As mentioned above, this 

data was used to calculate the extinction coefficient, according to Lambert-Beer law (see 

Equation 4). The absorbance recorded at 530 nm was plotted against the concentration 

of the solution and the extinction coefficient was obtained from the slope of the linear 

region of the absorbance–concentration curve446. The extinction coefficient value 

achieved was 4.33 x 1010 M-1 cm-1. In Figure 6B the linear fitting of the curve 

absorbance-concentration of the sample shows a good correlation coefficient. The 
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theoretical value achieved for the extinction coefficient of the Fe3O4 core/Au shell 

particles assuming a size of 80 nm agrees with the values reported in the literature for 

spheric particles with a diameter between 60 and 80 nm for absorbances observed at 530-

550 nm447–449, although those measurements were performed in water. 

 

𝐴 = 𝜀 × 𝑙 × 𝐶      (4) 

 

3.2. Citrate capped Fe3O4 core/Au shell particles characterization: FT-

IR and UV-Vis 

 

As the goal is to use these particles in biosensing platforms by immobilising thiolated 

DNA capture on their surface, the synthesized Fe3O4 core/Au shell particles were 

transferred from toluene to water following a protocol described in Section 2, using 

citrate as capping agent. Sodium citrate is a very common chemical used for capping of 

AuNPs since is cheap, nontoxic and its negatively charged carboxylate groups  are 

responsible for the charge stabilization of the particles450.  FT-IR results of citrate capped 

Fe3O4 core/Au shell particles are shown in Figure 7, using water as solvent. The broad 

band observed between 3500 and 3000 cm-1 is attributed is C-OH stretching vibration, 

but the peaks observed from 1400 to 1300 cm-1 are related to the asymmetric stretching 

vibration of carboxylate groups (COO-), thus, this could indicate the 

anchoring/adsorption of citrate on the surface of the Au shell451,452.  
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Figure 7. FT-IR spectra of citrate capped Fe3O4/Au shell aggregates in water. 

 

Further characterization of the particles was performed using UV-Vis spectroscopy. 

Figure  8 shows that after the phase transfer and capping with citrate, two absorption 

peaks were achieved, at λmax = 580 nm and λmax = 697 nm. The observation of these two 

peaks indicates aggregation of the Fe3O4/Au shell aggregates 
453,454. As particles could 

not remain dispersed in the solution, the interparticle distance becomes shorter causing 

aggregation, which enables plasmon coupling that leads to absorption at longer 

wavelengths442. It could be possible that citrate to particles ratio was very low, which can 

lead to poor capping and therefore, poor stability of the particles. Thus, further 

experiments are needed to optimize the citrate capping protocol in order to prevent 

aggregation and achieve high stability of the particles for posterior modification with 

thiolated DNA and utilisation in the development of a biosensor.  
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Figure 8. Absorbance spectra of citrate capped Fe3O4 core/Au shell aggregates (in water) and Fe3O4 

core/Au shell particles (in toluene). 

 

3.3. Theoretical DNA loading on Fe3O4/Au shell particles 
 

As mentioned above, the objective of this chapter was to synthesize Fe3O4 core/Au shell 

particles that could be used to develop a biosensor for bacterial DNA detection by 

exploiting the high affinity of the thiol groups for gold surfaces to modify citrate 

stabilized Au particles with thiolated DNA molecules.  Figure 9 shows an example of a 

possible applications of gold coated Fe3O4 particles for single stranded DNA (ssDNA) 

detection on a ECL system. The gold coated electrodes could be further functionalized 

with capture ssDNA and incubated with target DNA for magnetic separation. 

Subsequently, the collected particles with hybridized target can be incubated with the 

DNA probe labelled with a ruthenium complex and a second magnetic separation step 

would remove all the not unhybridized probe strands. The last step would be to deposit 

the particles onto the electrode surface with the help of a magnet and ECL detection 

would then be performed.  
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Figure 9. Schematic representation of the application of Fe3O4 core/Au shell particles on a ECL platform 

for nucleic acids detection. Created in BioRender.com. 

 

The aim of this section is to elucidate the optimal parameters according to size of Au 

particles for DNA immobilisation and potential application is biosensors. There are 

several parameters that need to be considered since they have significant influence on 

Au-DNA conjugates, that will directly impact on the hybridisation efficiency of the target 

DNA, such as surface coverage on the particle which affects the configuration of the 

attached capture strands, as well as nonspecific binding455,456. In order to develop an 

assay, is very important to obtain the optimal coverage of the particles. For that, 

calculating the possible maximum number of double stranded DNA molecules (dsDNA) 

on a particle surface can be useful. In this case, dsDNA is considered instead of single 

stranded DNA (ssDNA) since capture-target hybridisation must occurred for the 

detection. Thus, the total area occupied by dsDNA can be calculated by modelling the 

nucleic acid molecules as spheres, considering that the diameter of the double helix 

ranges from 2.6-2.9 nm457,458. Assuming, the packing density of the DNA molecules is 

0.907, the average diameter of dsDNA molecule is 2.75, and the diameter of the particles, 

the Equation 5457 can be used to calculate the maximum number of dsDNA molecules 

can be immobilised on a gold particle.  
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𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑠𝐷𝑁𝐴 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 = 0.907 𝑥 
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑏𝑦 𝑑𝑠𝐷𝑁𝐴 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
   (5) 

 

In Figure 10 a model of DNA loading as a function of nanoparticle size is presented. As 

it can be observed, as the nanoparticle size increases (from 10 nm to 100 nm) the number 

of dsDNA molecules increases by two orders of magnitude. The estimated number of 

dsDNA molecules for maximum coverage of 80 nm diameter spherical particles (such as 

the ones presented in this chapter) is 768 per particle. The number of target molecules 

hybridising with the capture also can be calculated by assuming that on average, two 

target molecules out of four bind to the specific capture459,460. Considering also the 

previously calculated concentration of Fe3O4 core/Au shell particles is 3.81 x 1013 

particles/mL, the estimated hybridised number of target molecules is 1.6 x 1016 per mL 

(384 molecules per particle). All these calculations assume that there is an excess of both 

capture and target added to the sample, since the values showed in here can only be 

achieved under those specific conditions. On the other hand, curvature of sphere is 

another factor that could be considered since it has been shown that for nanoparticles with 

diameter > 60 nm , the nucleic acid coverage values are closer to the ones obtained for a 

flat gold surface, and smaller diameters are desirable since they present a larger surface 

curvature that promotes a better molecule spacing by preventing steric interactions461. 

However, as mentioned earlier, for the calculations presented above, the packing density 

of DNA molecules was considered according to the circle density limit462, where DNA 

molecules are modelled as spheres and their arrangement on given surface occurs without 

any overlap457. Therefore, different factors can be considered in order to build 

mathematical models for a better understanding and optimization of the experimental 

parameters with the aim to improve the analytical performance of systems/platforms.   
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Figure 10. Model of dsDNA loading as a function of nanoparticle (from 1 nm to 100 nm diameter). 

 

4. CONCLUSIONS 
 

In this Chapter, a new thermal decomposition method using both oleyl amine and oleic 

acid as capping agents for synthesis the synthesis Fe3O4 particles as well as subsequent 

coating with gold, was described. Successful coating of the particles with gold would 

provide the possibility of functionalization with biomolecules such as DNA and develop 

a platform for bacteria detection. The results obtained under the SEM and TEM were 

unclear regarding to the size of the particles, however, the diameter of the magnetic core 

seemed to be approximately 8 nm, as expected.  However, the particles are not size 

monodisperse and appear to be agglomerated and subsequently coated by gold.  The 

spectroscopic analysis with UV-Vis suggests that the average diameter of the gold 

particles (possibly containing several magnetic cores), could be around 80 nm. Therefore, 

optimisation of the magnetic core to gold ratio could be key to achieve individually coated 

particles in future experiments. In addition, sample preparation of the particles for 

characterization under both SEM and TEM, requires drying steps which can compromise 

the sample and lead to more aggregation. This could be prevented by optimising the 

protocol for a better coverage of the particles with the capping agents. Furthermore, the 

phase transfer to aqueous solvent through exchanging the oleyl amine/oleic acid for 

citrate also revealed that optimisation of gold coated particle and capping agent ratio 

remains a challenge for a full coverage of the particles and avoid aggregates formation. 
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Thus, further experiments are needed to improve their stability and solubility for future 

application in biosensing platforms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



157 

 

 

 

 

 

 

 

 

 

Chapter 6: 

Final remarks and future research work 
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1. FINAL REMARKS 
 

In this chapter, a brief overview of the main conclusions is provided as well as an outline 

of the future research opportunities for improving ECL systems and their application in 

biosensors. The research carried out for this project, has examined, and addressed a wide 

range of gold-based 2D and 3D platforms for ECL. This effort has focused on the 

understanding of the electrochemical properties of novel systems. as well as on the optical 

properties of the materials.  

Firstly, the thesis presented a novel 3D printed Ti electrode array and explored its possible 

use as an ECL biosensing platform.  The SEM characterization revealed a high roughness 

of the surface, and alongside their unique design (25 microcylinders on a porous square 

base), this provides a large surface area that could potentially increase the dynamic range 

and perhaps sensitivity of the platform by immobilising a larger number of capture 

molecules. Electrochemical characterization of the bare 3D printed Ti electrode array 

show that a thick layer of oxide forms spontaneously when titanium is exposed to air 

which inhibits electron transfer at the electrode surface.  Therefore, is not possible to 

observe a well-defined faradaic process for a solution phase redox probe such as 

ferrocene methanol. In order to improve this situation, a thin layer of gold was 

electrodeposited using cyclic voltammetry. Successful electrodeposition was proven by 

SEM micrographs, which revealed the presence of deposited gold, as well as by 

characterization of the electrodes in 0.1M H2SO4 showing the formation and reduction of 

gold oxide +1.4 V and +0.8 V, respectively. The electrochemical and ECL properties of 

the modified electrodes were further investigated. As opposed to bare 3D Ti electrodes, a 

faradaic process was observed when the FcnMeOH was tested as redox probe, and the 

current increased linearly with increasing scan rate. Significantly, ECL results showed 

that the performance of the gold coated arrays was superior to the bare 3D Ti electrodes 

in the co-reactant ECL system of [Ru(bpy)3]
2+ and TrPA. Therefore, gold coated 3D Ti 

electrodes could perhaps be further optimized to improve their catalytic and optical 

properties to maximise the benefits of their unique architecture for better analytical 

performance.  

Secondly, due to the optical properties of AuNPs and their potential to be implemented 

in ECL systems, gold nanoparticles, 10 nm diameter AuNP, were analysed 

spectroscopically and electrochemically alongside different ruthenium (II) complexes to 
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better understand their interaction and elucidate key processes such as quenching and/or 

enhancement for future application in a SPR-ECL biosensing platforms. Two commercial 

ruthenium dyes ([Ru(bpy)3]
2+ and [Ru(bpy)2(phen)-NH2]

2+) were compared to a novel 

dye ([Ru(bpy)3-NH2]
2+). Both ECL and fluorescence results showed that upon addition 

of AuNPs quenching of the ruthenium-based emission occurs. Significantly, the zeta-

potential values of AuNPs changed in the presence of the dyes that have an -NH2 

functionality, ([Ru(bpy)3-NH2]
2+ and [Ru(bpy)2-2PF6]2+).  This arises because of the high 

affinity of the amine groups for gold suggesting that the possible mechanism of 

quenching for these dyes is predominantly static, rather than dynamic, quenching. 

Additionally, it was observed that the dye [Ru(bpy)3-NH2]
2+shows higher ECL intensity 

as well as the highest ECL efficiency, compared to the commercial dyes, which makes it 

more suitable for ECL based biosensors. Therefore, [Ru(bpy)3-NH2]
2+was used to label 

ssDNA probe strands and then used for the detection of fimH gene of urepathogenic 

Eschericha coli. Here, the first proof-of- concept ECL biosensor detecting fimH gene was 

reported, using glassy carbon electrodes coated with gold nanoparticles electrodeposited 

using cyclic voltammetry. Additionally, two co-reactants TrPA and NBEA were compared 

and ECL results show that NBEA gives a substantial increase in the ECL signal of 

[Ru(bpy)3-NH2]
2+ compared to the traditional TPrA, therefore, it was chosen as the 

optimal co-reactant for the development of the ECL biosensor. Cyclic voltammetry and 

electrochemical impedance spectroscopy (EIS) showed the successful co-immobilisation 

of ssDNA capture/MCH as well as hybridisation with the target. The developed biosensor 

could effectively detect the target, however, a high ECL background was observed when 

the probe was incubated with the capture strand.  This probably arises because the Ru-

labelled probe ssDNA could not be sufficiently purified due to the lack of sufficiently 

high G, temperature-controlled centrifuge.  

Finally, as the focus of the thesis was to develop gold-based systems for their application 

in ECL biosensors and detection of bacteria, gold coated magnetic particles were 

investigated for the extraction and preconcentration of DNA based biomarkers. Thus, in 

the last chapter, a novel thermal decomposition method for the synthesis and of Fe3O4 

particles followed by the coating with a shell of gold was investigated, using oleyl amine 

and oleic acid as capping and/or stabilizing agents. The SEM and TEM revealed that 8 

nm diameter magnetic cores were effectively synthesized, however, heterogeneous, and 

collective gold coating of magnetic particles was observed, indicating that aggregation 
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had occurred during the gold coating process. The plasmon peak observed with UV-Vis 

suggests that in solution (toluene), showed the presence of gold, however, it is belief that 

aggregation was still present. Therefore, further attempts are needed to find the best 

magnetic core to gold ratio as well as to achieve the optimal resistance to aggregation by 

tunning the concentration of the capping agents.  

 

2. FUTURE RESEARCH WORK 
 

In this thesis gold was investigated as suitable material for developing novel ECL based 

biosensors/platforms. In this regard, novel 3D Ti printed electrodes functionalised with a 

thin layer of gold served to improve the redox and ECL properties of the electrodes 

surface. Furthermore, this leads to the possibility of further functionalization through self-

assembled monolayer (SAMs) of biomolecules such as antibodies which could be used 

for the detection of protein-based biomarkers or detection of whole-cell bacteria. In 

addition, as mentioned earlier, the unique architecture of the electrodes provides a larger 

surface area and therefore, a larger number of capture biomolecules can be immobilised 

improving the sensitivity of the assay. However, there are still some challenges to 

overcome such as generation of a homogeneous and identical layer of gold at every 

electrode, to achieve the highest reproducibility in the signal. Developing the optimal 

surface treatment before (to effectively remove the passive layer) and after 

electrodeposition of gold (to remove any residual impurities and activate the gold layer) 

is essential to achieve this goal.  

Due to the excellent optical properties of AuNPs further experiments can be performed 

to understand better the quenching/enhancement mechanisms upon the interaction 

between the particles and the novel ruthenium dye, [Ru(bpy)3-NH2]
2+

.  For that, dsDNA 

can be used as spacer, and different lengths could be tested to control the distance between 

luminophore and particle. In addition, these experiments could help to find the optimal 

distance to achieve the highest ECL signal enhancement which can be useful for the 

development of an SPR-ECL sensor for bacterial DNA detection. These studies could be 

performed in solution or a platform like the one presented in Chapter 4, however, as 

mentioned above, optimisation of the purification protocol for the Ru labelled DNA 

probes is needed to achieve the best results. This could also help to improve the assay 
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presented in this thesis for the detection of fimH gene from ureopathogenic Escherichia 

coli detection. Additionally, the same system could be transferred to different platforms 

containing Au particles, with the goal of point-of-care detection and diagnosis of bacterial 

infections. In this sense, the biodegradable and carbon-based screen-printed electrodes 

(SPCE) containing gold particles (such as the ones developed in our research group) 

could be potentially used for this purpose. The gold particles from the surface could serve 

as islands for immobilisation of biomolecules such as DNA capture strands. Here, the 

preliminary data obtained after the electrochemical and ECL characterization of SPCE 

electrodes containing gold spheres is presented (Figure 1), to demonstrate their potential 

as platforms for sensing applications. This SPCE are made of carbon-based inks, 

consisting of carbon particles with polymer binders, solvents and additives463. For the 

working electrode (3 mm diameter), this ink was mixed with 500 nm Au particles powder. 

Separately, a carbon counter and pseudo Ag/AgCl reference were manufacture in house 

on a single substrate. The electrodes were screen-printed using a DEK-248 semi-

automatic screen-printer.  

 

Figure 1. A) Schematic illustration of SPCE containing gold spheres. B) Voltammogram of SPCE 

containing gold spheres in 0.1M H2SO6 (6 cycles). C) ECL intensities achieved with the electrodes in 0.1 

mM [Ru(bpy)3]2+ and 0.1 M TrPA using PBS as supporting electrolyte (scan rate study). 

 

Further experiments could be carried out using different sizes of gold particles within the 

ink in order to in a ECL system in order to develop a SPR-ECL sensor with an amplified 
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signal. In addition to the advantages of ECL detection, it is scalable and it could be easily 

combine with SPEs  in a cost-effective way for their application in POC systems for real 

on-site an real-time detection of diseases. On the other hand, 3D printing arises as a 

potential technology to develop platforms with unique and complex geometries with the 

aim of improving the mechanical and electrochemical properties of electrodes. In this 

sense, further shapes and structures could be investigated for their potential application 

in the biosensing field.  

 

 

3. APPLICATIONS OUTSIDE SENSORS 
 

As mentioned earlier, the focus of this thesis was to investigate different platforms and 

materials for their potential application in the biosensing field. However, the results 

obtained suggest that some of these platforms could have other applications outside the 

sensing area. For example, the 3D printed Ti electrodes presented in this work, showed 

to have a thick and semiconductive TiO2 layer that could be exploited to develop systems 

for carbon dioxide (CO2) reduction through photocatalytic water splitting reaction464. 

CO2 is one of the most produced greenhouse gases by the usage of the fossil fuel and its 

excessive emission to the atmosphere has been responsible of the global warming465. 

Therefore, many efforts have been put in the development of systems for the capture CO2 

from the atmosphere and produce hydrocarbons which can be used as a non-fossil energy 

source. In this sense, TiO2 could be an excellent material since it  is cheap, non-toxic, 

inert, highly stable, active and proven to be not very sensitive to extreme pH, which are 

desirable properties for photocatalytic applications466,467. Very little research has been 

done with 3D structures, however the data reported shown that 3D ordered nanostructures 

of TiO2 enhanced the photocatalytic activity for the reduction of CO2 with H2O
468–471. 

Another application of 3D structure TiO2 materials to solve environmental issues is the 

photoelectrochemical and photocatalytic production of hydrogen as clean-burning fuel 

since it combustion generates almost zero carbon emission with water and heat being the 

major combustion by-products. In fact, several studies have been recently publish using 

3D printed TiO2 microelectrodes for the production of hydrogen through water 

splitting472–474. Overall, synthesis and printing of 3D structures provides a promising 
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outlook by taking advantage of customisable designs that aim to develop systems with 

improved the photocatalytic and photoelectrochemical properties 475
.  

In the field of photocatalysis, other types of materials/sensitisers can be investigated such 

as ruthenium (II) based complexes due to their unique photochemical properties. 

Ruthenium (II) and nanostructures TiO2 has been shown to be an excellent combination 

for photocatalytic hydrogen evolution from water splitting476–479 as well as 

photosensitizers for the development and application in dye-sensitized solar cells, for 

light harvesting and solar energy conversion480–483. In this sense, 3D printed TiO2 

platforms could be studied for their application in dye-sensitized solar cells alongside 

ruthenium dyes to improve the characteristics of this system. In conclusion, the materials 

investigated in this thesis could be applied in the biosensing field with aim of a fast 

detection of diseases, however, they are also transferrable to other fields. In this case, the 

photocatalytic and photoelectrochemical properties of ruthenium (II) complexes and TiO2 

can be exploited to develop systems that allows the production of clean/green energy in 

order to replace fossil fuels.  
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