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Abstract 
Non-invasive diagnostics are gaining prominence due to their ability to seamlessly 

monitor physiological changes over a person's lifetime and positively impact decision-making, 

lifestyle choices, and habits. Contact lenses, being one of the most common wearable devices, 

offer a unique platform for the non-invasive monitoring of analytes in the tear fluid. 

Ophthalmic biomarkers have been identified as a promising route for disease detection. 

However, challenges in developing these complex technologies lie in having to match the strict 

requirements of contact lenses with that of the diagnostic device. Moreover, achieving high 

sensitivity in order to sense analytes in the range of ophthalmic analyte concentrations is of 

upmost importance.   

Ti3C2Tx MXene is a two-dimensional material that has been incorporated in several diagnostic 

technologies with reported enhanced sensitivities and limits of detection. Electrochemical 

sensors typically take advantage of their high conductivity, redox-active surfaces, and easy 

processability. However, only complex composites or electrode coatings have investigated the 

performance of Ti3C2Tx. Therefore, the optimisation of Ti3C2Tx towards electrochemical 

sensing is limited. Moreover, pristine Ti3C2Tx possesses several properties that may result in 

the development of unique sensors which have yet to be explored.   

The objective of this thesis was to showcase the potential of Ti3C2Tx MXene as a pristine 

electrode for the detection of ophthalmic biomarkers. Initially, a fabrication protocol was 

developed for creating pristine Ti3C2Tx electrodes, eliminating the need for current collectors 

or other electroactive materials. The MXene electrode was characterised using ruthenium 

hexamine as the outer sphere standard probe. Electrode optimisation for electron transfer was 

achieved by employing large MXene flakes and thin electrode thickness, resulting in an 

increase in the ratio between faradaic and capacitive currents in cyclic voltammograms. 

Additionally, the successful demonstration of flexible and transparent electrodes without 

compromising the electrochemical signal was achieved for the first time.  
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Subsequently, electrode optimisation for hydrogen peroxide, as a relevant reactive oxygen 

species in the tear fluid, detection was performed. It was observed that smaller flake sizes 

exhibited the highest sensitivity to hydrogen peroxide. The sensitivity to hydrogen peroxide 

was found to be independent of electrode thickness, highlighting the potential of thin MXene 

films for transparent sensors. Furthermore, an investigation into optimising the electrochemical 

parameters revealed that the highest sensitivity for hydrogen peroxide detection was achieved 

at -1050 mV vs Ag|AgCl. Importantly, no interference was observed from other potential 

interferent agents present in tear fluid, underscoring the selectivity of Ti3C2Tx for hydrogen 

peroxide detection at this potential. Finally, the pristine Ti3C2Tx electrode was successfully 

incorporated into a commercially available contact lens as a proof of concept. Contact angle 

measurements confirmed the hydrophilicity of Ti3C2Tx, resulting in increased wettability of the 

lens. The stability of the coating in storage contact lens solution and simulated tear fluid was 

demonstrated. The cytocompatibility of Ti3C2Tx-coated contact lenses was evaluated using a 

human corneal epithelial cell line, showing no significant differences between large and small 

flakes. Ultimately, the successful detection of hydrogen peroxide using a transparent and 

flexible pristine Ti3C2Tx sensor incorporated into the lens was demonstrated.   

Overall, this thesis establishes the potential of Ti3C2Tx MXene as a promising material for 

ophthalmic biomarker detection, showcasing its excellent electrochemical performance, 

selectivity, stability, and compatibility as an electrode incorporated into commercially available 

contact lenses.   
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1.1 Overview 

In this study, the novel application of Ti3C2Tx MXene as a pristine electrode for 

developing tear-fluid diagnostics integrated into contact lenses was explored. Electrochemical 

sensing was chosen as the detection mechanism due to its established sensitivity and fast 

response; surpassing alternative methods such as optical or mechanical sensing(1). The 

properties of Ti3C2Tx MXene establish it as a promising candidate for electrochemical sensing, 

owing to its high conductivity and redox-active surface. Additionally, the optical and 

mechanical characteristics of Ti3C2Tx MXene make it an ideal candidate for applications where 

transparent and flexible electrodes are needed, such as in the field of smart contact lenses (2). 

Previous research has demonstrated Ti3C2Tx biocompatibility and positive wound-healing 

response in several biological systems, including the anterior eye(3,4). Given the unique and 

promising properties of Ti3C2Tx MXene, this investigation extends from its foundational use as 

an electrode to its incorporation and comprehensive characterisation within a commercial 

contact lens as a functional sensor. This research aims to unlock the potential of Ti3C2Tx MXene 

in revolutionising the field of tear-fluid diagnostics, offering innovative solutions for disease 

monitoring and early detection in ophthalmology. 

This chapter begins with an exploration of the role of tear fluid, its composition and the 

presence of biomarkers for potential use in sensor diagnostics. A review of the current state of 

electrochemical sensors incorporated into contact lenses is then conducted, emphasising the 

role of nanomaterials in shaping these technologies. The family of two-dimensional materials 

MXenes is then introduced outlining their relevant properties and applications, leading to an 

investigation of Ti3C2Tx specifically, as a potential candidate for use in an electrochemical 

sensor for monitoring tear fluid biomarkers. 
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1.2 The tear fluid 

1.2.1 Biological role 

The tear fluid is a biological lubricant sitting on the ocular surface corneal epithelial layer. It 

plays various biological roles including lubrication of the eyelids, conjunctiva, and cornea, 

providing nourishment of the cornea, and protection from external irritants, such as dust and 

foreign particles(5). By maintaining a smooth surface on the avascular cornea, the tears also 

provide a light refraction for the visual system. The secretion of tears is complex and involves 

several glands, including the lacrimal glands, accessory lacrimal glands, goblet cells of the 

conjunctiva, and Meibomian glands at the lid margin (Figure 1.1a) (6). 

 

 

Figure 1.1 Schematic of the eye and the tear film. a) Anatomical structure of the eye showing 

the ocular surface and the tear secretory glands. b) The structure and composition of the tear 

film made up of the outer lipid layer, the aqueous layer and the inner mucus layer. (6).  
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As shown in Figure 1.1b, the tear film consists of three distinct layers: a lipid layer, an aqueous 

layer, and an inner layer (6). The inner glycocalyx layer, produced mostly by the conjunctiva 

goblet cells and closest to the eye's epithelia, removes contaminants through the nasolacrimal 

duct, aided by eyelid movement during blinks (7). Moreover, its hydrophilic nature enables the 

aqueous layer, primarily produced by the lacrimal glands and accessory lacrimal glands, to be 

evenly distributed across the eye. In addition to soluble mucins, the aqueous layer is composed 

of numerous constituents including proteins, electrolytes, and water that nourish the avascular 

corneal tissue (8). Finally, the outer tear layer is prominently produced by the Meibomian 

glands and is made up of lipids that support the stability of the tear by avoiding its evaporation 

when the eyelids are open (8). The tear film has been calculated to be approximately 5-10 μm 

in thickness through multiple measurement methods including the glass filament and 

fluorometric methods (9). Its overall rate of production is approximately 1-2 μL per minute 

under normal conditions, but this rate can increase to more than 100 μL per minute when 

stimulated (10). Emotional and reflective tears, which are produced in response to emotions or 

presence of foreign objects in the eye, respectively, are mostly secreted by lacrimal glands 

compared to basal tears whose production has already been discussed (11). Therefore, the 

mechanism of production will vary the composition of the tears. Emotional tears are generally 

produced upon signalling from the brain to the lacrimal glands. Instead, reflective tears are 

generated as a response to changes in the ocular environment through stimulation of corneal 

sensory nerves. 

 

1.2.2 Ophthalmic biomarkers  

According to the National Institute of Health Biomarkers Definitions Working Group, 

a biomarker (or biological marker) is defined as an objectively measured characteristic used to 

indicate normal biological processes, pathological processes, or responses to therapeutic 

interventions (12). The rich composition of the tear fluid has gained increasing interest as an 

accessible body fluid in predictive, preventive, and personalised medicine. Table 1.1 presents 
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the primary constituents of the tear fluid, which are proteins, mucins, lipids, and salts 13. 

Researchers have extensively explored tear fluid and identified biomarkers for ophthalmic and 

systemic diseases including neurological and genetic disorders (13). 

 

Table 1.1. Typical concentrations of predominant components in the tear fluid (13). Reprinted 

under the free to use Creative Commons license (http://creativecommons.org/licenses/by/3.0/). 

 

1.2.2.1 Proteins 

More than 1500 proteins have been identified in tear fluid with an average 

concentration of 5-11 mg mL-1 (14). This is a higher protein concentration than in serum and 

plasma, making tear fluid attractive for its rich proteome(15).  Additionally, it has fewer 

potential interferents than other accessible body fluids such as urine. The tear fluid contains a 

diverse array of proteins, including enzymes, antibodies, and signalling molecules. However, 

lactotransferring, lipocalin-1, serum albumin, lysozyme C and several immunoglobulins are 

among some of the most prominent proteins presents. Various groups have published 

comprehensive studies summarizing protein biomarkers in the tear fluid for both ocular and 

systemic diseases. Among these, conditions like keratoconus(16), diabetic retinopathy (DR), 

multiple sclerosis (MS), Parkinson's disease (PD), and breast cancer have emerged as 

prominent areas of investigation(15).  

Protein biomarkers can also serve to monitor the response to therapeutic treatments or medical 

devices. For instance, a study on the impact of contact lenses on corneal epithelial health 



- 6 - 

 

highlighted the risk of corneal inflammation and infection with a decrease in antimicrobial 

enzyme regulation in contact lens wearers (17). The detection of cytokine release including IL-

1, IL-6, and IL-8, has also been performed to study immune response and inflammation 

mechanisms of human corneal epithelial (HCE) cells following exposure to damaging 

treatments. For example, the monitoring of these cytokines over time was used to investigate 

the regulatory role of IL-1 during Pseudomonas aeruginosa colonisation. The study utilised 

three different bacterial strains; non-infectious strain Paer1 isolated from contact lens-induced 

acute red eye, and infectious strain 6206 and 6294 isolated from microbial keratitis on HCE 

cells (18). Results suggest IL-1 having a regulatory role in the expression of IL-8 and IL-6 

during Pseudomonas aeruginosa colonisation.  The same group a year later demonstrated 

inhibition of cytokine expression after Pseudomonas aeruginosa colonisation upon treatment 

with 1α,25-dihydroxyvitamin D3 (VD3). Their work suggested the use of VD3 as an anti-

inflammatory agent for HCE cells in ocular diseases (19). A similar study on HCE cells was 

performed to determine the anti-inflammatory and anti-oxidation effect of green tea polyphenol 

epigallocatechin gallate(20). The inhibition of the activation of p38 and JNK as well as 

transcription factors demonstrated the anti-inflammatory and anti-oxidation effect of green tea 

after the challenge of HCE cells with IL-1 or hyperosmolarity. Moreover, studies on the tear 

fluid of contact lens wearers, ocular diseases, and microbial infections detected significant 

changes in these cytokines compared to controls (21–23). 

 

1.2.2.2 Lipids 

Over 150 lipids have been identified in the tear fluid, which primarily comprises 

phosphatidylcholines and phosphatidylethanolamine lipids with a smaller contribution from 

non-polar triglycerides, polar sphingomyelins, and ceramides (24). Sampling of lipids in the 

tear fluid demonstrates the potential to understand how disease and extracellular stress affect 

the composition of tear fluid. For example, a dysregulation of tear lipids in graft-versus-host 

disease upon allogeneic hematopoietic stem cell transplantation was highlighted by Ma et 
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al.(25). Their work suggests several lipids and lipid mediators including phosphatidylcholine, 

sphingomyelin, lactosylceramide and docosahexaenoic acid as potential tear biomarkers for 

identifying ocular graft-versus-host disease. The role of sphingolipid metabolism has also been 

studied against exogenous ocular stress in which ultraviolet (UV)-B radiation and 

hyperosmolarity increased the secretion of sphingomyelinase from HCE cells (26). 

Additionally, the downregulation of sphingomyelins in the tears of patients with multiple 

sclerosis was correlated with that in cerebrospinal fluid suggesting a potentially easier sampling 

route for detection of changes in lipid metabolism in these patients. Lipid biomarkers have also 

been linked to numerous different disorders including dry eye syndrome (keratoconjunctivitis 

sicca) and Meibomian gland dysfunction (24,27,28). 

1.2.2.3 Salts 

Tears contain a variety of electrolytes crucial for maintaining optimal corneal epithelial 

health and function and buffering the pH of tears. Osmolality, which measures the 

concentration of dissolved solute particles per kilogram of solvent in a solution, plays a vital 

role. Electrolytes are primary contributors to osmolality, in which sodium (Na+), potassium 

(K+), chloride (Cl−), and bicarbonate (HCO3
−) exhibit the highest concentration in tears, 

whereas proteins and sugars have minimal impact due to their high molecular weight and low 

concentration (29). As a result, the dynamic production of electrolytes by the lacrimal gland, 

the accessory glands of Krause and Wolfring, the cornea, and the conjunctiva significantly 

influences the osmotic balance of tear fluid. 

Abnormal tear osmolality, whether it's too high or too low, can indicate conditions like dry eye 

disease or other ocular surface disorders. The presence and balance of these electrolytes in tear 

fluid are vital for preventing osmotic stress, protecting against microbial infections, and 

facilitating the transport of nutrients and waste products across the ocular surface.  

1.2.2.4 Metabolites 

Metabolites are intermediate molecules or final products of metabolic processes. 

Detecting the abnormal concentrations in the tear fluid can be useful for monitoring disease 
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(30). For example, lower levels of amino acids including alanine, arginine, glutamine/lysine, 

and methionine, and higher homocysteine concentrations were found in tears compared to 

controls (31,32). This work suggests a metabolomic approach to detect early glaucoma before 

the intraocular pressure results in a significant loss of retinal ganglion cells and visual field 

impairment.  Catecholamines including norepinephrine and dopamine have been identified as 

biomarkers in the tear fluid for early diagnosis of Parkinson’s disease (33). A unique signature 

of metabolites was also identified in patients with Sjogren’s syndrome (34), and keratoconus 

patients (35). Glucose is among the most prevalent metabolites used for disease monitoring. 

Correlations between tear glucose concentrations and blood glucose levels have proven 

effective in identifying hyperglycaemic patients (36). 

1.2.3 Tear fluid analysis 

1.2.3.1 Extraction techniques 

Analysis of ophthalmic biomarkers in the tear fluid typically necessitates the extraction 

of tear fluid from the eye. The different approaches to accomplish this can be categorised as 

direct and indirect sampling methods (37). Typically, direct tear fluid sampling from the eye 

has been conducted using microcapillary tubes or micropipettes. The disadvantage of this 

approach is the small amount of tear fluid available in the eye, and the potential contact of the 

pipette with the ocular tissue surface. Especially in patients with dry eye syndrome, where tear 

fluid is naturally diminished due to either reduced production or increased evaporation, this 

presents a significant challenge (38,39). Work to overcome these issues, is either the 

stimulation of reflective tear production (40), or the addition of saline solution to the eye before 

extraction (flushed tears). These approaches have been documented in several prior studies, 

wherein saline solution additions of up to a volume of 60 µL were administered before tear 

sampling (39,41,42). However, studies must consider the fact that reflective tears differ in 

composition from that of basal tears. The different production mechanisms of these tears likely 

contribute to their composition and therefore the location of extraction or its mixture during 

flushing may also disturb the samples.  This was highlighted by A. Rohit et al. (42) in which a 
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significant difference in lipid profile between basal, reflective, and flushed tears was observed. 

Meanwhile, studies led by R. J. Fullard demonstrated that the concentration of only certain 

proteins (lactoferrin, albumin, peroxidase, and lysozyme) and cytokines remained the same 

throughout flushed and basal tear samples (39,43). Their work suggests that while the 

collection of basal tears is more reliable, flushed tears may be a good representation of the tear 

fluid composition for the investigation of specific analytes.  

Indirect tear fluid samples include the use of Schirmer test strips, filter paper disks, cellulose 

sponges, and polyester rods (44). Generally, these tools work by absorbing tear fluid samples 

after placement in the ocular tissue for a determined amount of time, followed by submerging 

in buffers to dilute the collected samples. Key to the indirect sampling approaches is the 

complete elution of the tear fluid sample (and all its components) from the sampling tool. 

Schirmer strips are one of the most common tools to extract tear fluid in human patients (45). 

Contact lenses have also been used to collect tear fluid samples, followed by submersion onto 

buffers for subsequent colourimetric, fluorometric, electrical, and electrochemical analysis 

(46,47). 

Despite the challenges posed by extraction techniques in obtaining reliable, unaltered, and 

reproducible tear fluid samples, they have significantly contributed to the current 

understanding of tear compositions. These techniques, coupled with multiple analysis methods 

including proteomics, lipidomics, metabolomics, and others, have unveiled various biomarkers 

present in tears, as previously discussed. However, limitations persist in studying tear 

composition at singular time points rather than exploring the dynamic changes of biomarkers 

over time. Furthermore, the cumbersome nature of the extraction mechanisms and analysis 

necessitates specialised personnel, rendering tear analysis impractical for routine, day-to-day 

use of basal tears. Current efforts are focused on developing technologies capable of continuous 

monitoring of biomarkers in tear fluid to deepen the understanding of disease, enable early 

disease detection, facilitate non-invasive disease monitoring and analysis of treatment efficacy. 
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1.2.3.2 Overview of contact lenses as platforms for non-invasive monitoring of ophthalmic 

biomarkers 

Contact lenses, introduced in the 1930s, have revolutionised vision correction, with their 

development driven by advances in lens material science(48). The initial scleral lens made of 

glass has evolved into soft polymeric materials, ensuring comfort (49). Current commercially 

available contact lenses provide comfortable vision correction for daily, bi-weekly, and 

monthly wear, accommodating diverse prescriptions while addressing concerns like dryness 

and UV protection. Multiple reviews have comprehensively examined the characteristics of 

contact lens materials (49–51).  

Beyond vision correction, contact lenses are increasingly employed for diagnostic purposes, 

facilitating non-invasive and continuous monitoring of ophthalmic biomarker biomarkers (50). 

Common components integrated into these devices are microfluidic channels (52–55). These 

microfluidic channels are strategically designed to efficiently guide the minute volumes of 

basal tear fluid collected from the eye into a reservoir within the contact lens. Capillary pressure 

enables the tear fluid to enter the system through the inlet opening located on the concave side 

of the lens (Figure 1.2) (53). Another important component, following the microfluidic design 

for tear fluid collection within the lens, is the sensing mechanism which is crucial for biomarker 

detection. The two main transduction mechanisms that have been previously incorporated into 

contact lenses are optical and electrochemical sensors. A change in optical properties as a result 

of the interaction between the analyte and the bioreceptor has been used to measure biomarker 

concentrations in tear fluid including ions, ascorbic acid, and glucose (46,53,56). An advantage 

of optical sensors is that they do not require any power input or complex electronic system to 

output the signal. However, only a few studies have measured in vivo with successful 

correlations between blood and tear glucose concentrations in clinical trials (57,58). Innovative 

studies have utilised smartphones as a cost-effective means to analyse these optical changes, 

enabling convenient and accessible health monitoring for the wearer (59) . Contrastingly, 

electrochemical sensors which rely on an applied voltage for the detection of biomarkers, 
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require power input. Despite this challenge, numerous reports demonstrate working wireless 

electrochemical sensors on contact lenses for the continuous monitoring of biomarkers 

including glucose and cortisol (54,60). Electrochemical sensors stand out as using the most 

promising mechanism for real-time and sensitive detection of ophthalmic biomarkers. Their 

potential lies in their ability to accurately measure and record subtle changes in biomarker 

concentrations, paving the way for precise health monitoring and early disease detection (61–

64). 

 

Figure 1.2 Microfluidic contact lens sensor. a) Contact lens design (i) laser-inscribed 

microfluidic system. (ii) Integrated system with embedded paper microfluidic chip. b) Layers 

of sensor system. Reprinted with permission from Royal Society of Chemistry (53) 

 

1.3 Electrochemical sensors 

1.3.1 Basics of electrochemistry 

Analytical electrochemistry studies the relationship between current, charge, and 

potential to analyse species in a system (65). Electron transfer between the analyte of interest 

and the electrode (or conductor) occurs when the applied potential is sufficient for a redox 

reaction to take place. When the applied potential is sufficiently positive to oxidise a molecule, 

the molecule loses electrons which are transferred to the electrode. Conversely, when the 

applied potential is sufficiently negative to reduce a molecule, it is the electrode that loses 

electrons that are transferred to the molecule. The rate of the redox reaction as well as its 

resulting current are governed by electron transfer and mass transfer (66). Mass transfer is 
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governed by diffusion, convection, and migration. However, in a controlled electrochemical 

experiment, convection and migration can be neglected by the use of a highly concentrated 

supporting electrolyte and the avoidance of stirring (67). The simplest process of electron 

transfer starts with the analyte travelling from the bulk to the interface between electrode and 

electrolyte (mass transfer), followed by the electron transfer between the analyte and the 

electrode (heterogeneous electron transfer), and finalising with the product transfer from the 

electrode surface back to the bulk solution. In more complex systems, other steps such as 

adsorption and crystallisation may occur (Figure 1.3). It is the slowest step of the process that 

determines the overall rate of the reaction.  

 

Figure 1.3. Pathway of a general redox reaction at the electrode surface. Reprinted with 

permission from John Wiley and Sons (66). 

Depending on the electrical parameter explored, electrochemical techniques can be categorised 

into potentiometry, conductometry, and amperometry. Potential-controlled techniques most 

commonly utilised in the fundamental study of electroanalysis, rely on the interrogation of an 

electroactive species using an applied potential to measure the current response.  

1.3.1.1 Electrochemical cell 

The electrode at which the redox reactions occur is known as the working electrode 

(WE) and it makes up to one of the two or three electrodes used in an electrochemical cell. 

Electrodes are simply conductors that enable the flow of charge, and it is the external applied 

potential, commonly from a potentiostat, that dictates the role of each electrode during the 
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experiments. The potential applied flows between the WE and the counter electrode (CE). The 

third electrode, known as the reference electrode (RE) monitors the applied potential at the WE 

and it is why most electrochemical experiments use 3-electrodes in their setup (67). The three 

electrodes are immersed in a solution known as the electrolyte in which the analyte is found. 

This is the last component of a full-working electrochemical cell. Depending on the focus of 

the electrochemical studies, one may choose between simulating, in part, properties of the 

medium in which the analyte will be found in real-life applications such as the use of phosphate 

buffer saline solution (PBS) for biological studies, or isolating the analyte by simply providing 

a medium for diffusion from the bulk environment to the electrode surface.  

1.3.1.2 Factors influencing electron and mass transfer 

The mass transfer and electron transfer mechanism as well as their rate of reaction will be 

influenced by the analyte itself as well as several parameters of an electrode including electrode 

material, surface chemistry, and size. 

a. Electrode size 

The size of the electrode can play an important role regarding the diffusion dynamics and 

as a result current density (66). Radial and planar diffusion are two paths of diffusion that can 

occur at an electrode surface. The critical dimension generally determines whether an electrode 

is considered macro- or micro-electrode and it is defined by the thickness of the diffusion layer. 

If one dimension of the electrode is smaller than the critical dimension, generally below 25 m, 

the electrode is considered a microelectrode (66). For macroelectrodes, where the flux of 

analytes towards the electrode surface is planar diffusion, Cotrell and Randle-Sevcik equations, 

derived from Fick’s law, are used to theoretically calculate the current generated by redox 

reactions. Randles-Sevcik equation (Eq 1.1) is used in voltammetry as it describes the 

relationship between peak current (i, A) with respect to scan rate (υ, V s-1), the diffusion 

coefficient (Do), the electrode surface area (A, cm) and analyte concentration, (c, mol cm-2) 

where n is the number of electrons involved in the redox reaction, t is temperature, T (K), F is 

the Faraday’s constant (96485.3321 C mol-1) and R is the gas constant (8.3145 J k-1 mol-1).  
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Randles Sevcik equation can be used in different circumstances to characterise either the 

surface area of an electrode or estimate the experimental current when all the variables are 

known.   

 

𝐼𝑝 = 0.4463 (
𝑛3𝐹3

𝑅𝑇
)

1/2

𝐴𝐷1/2𝑐𝜐1/2                             Equation 1.1 

 

Instead, the Cotrell equation (Eq 1.2) describes the relationship between current with time (t, 

s) rather than with scan rate, and it is used to estimate currents in amperometry techniques. 

Considering that microelectrodes have an enhanced mass transfer from radial diffusion, 

modifications to the Cottrell equation were reported to take into account the size and geometry 

of microelectrodes (68). 

𝑖 =
nF A C√D

√πt
     Equation 1.2  

Steady-state arises when the rate of the redox reaction at the electrode surface is equal to the 

rate of mass transfer of the analyte to the surface. This can be attained at slow-scan rates in 

microelectrodes and is identified by the s-shape in cyclic voltammograms. Relevant to this 

chapter, a band microelectrode is depicted in Figure 1.4 in which the width of the electrode 

band must measure less than the critical dimension to develop a microelectrode. However, even 

if the mass transfer is dominated by radial diffusion at slow scan rates, true steady-state 

responses are not obtained and instead only a pseudo-steady-state can be achieved.  
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Figure 1.4 Diffusion at a band microelectrode where the length of the electrode is 

significantly larger than the width. Reprinted with permission from John Wiley and Sons 

(66). 

  

b. Electrode material 

The selection of favourable electrode material for tailorable electrochemical behaviour is 

key to enabling specific redox reactions. This includes electron transfer kinetics, adsorption, 

and electrocatalysis which are strongly influenced by the material’s surface chemistry and 

electronic properties (69–71). Carbon electrodes are known for their chemical inertness and 

wide potential window and have applications in the oxidation and reduction of numerous 

analytes (72). There are many types of carbon electrodes including glassy carbon, boron-doped 

diamond, graphite, and carbon nanomaterials providing an extensive selection with further 

tailorable properties (69). The different electrochemical behaviours of these carbon and carbon-

rich materials are typically attributed to the relative density and orientation of edge and basal 

planes at the electrode surface as well as the resulting surface chemistry of the multiple 

synthesis approaches (69),(65). A great example of such, is focused on enhancing the 

adsorption-limited electron transfer of dopamine via surface. This approach has been reported 

to enhance ET of dopamine in several carbon electrodes. Generally, oxygen-containing 

functional groups, including hydroxyl- and carboxyl groups, enhance the mechanism of 

dopamine oxidation and therefore, anodisation and acidic treatments have been utilised 

(73),(74),(75). Despite years of research on this subject, the detailed impact of different oxygen-
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containing groups on dopamine sensitivity and ET kinetics remains a debate in the literature 

(76). Metal electrodes on the other hand are known for their high conductivity and good 

electrocatalysis, providing a surface for fast redox reactions (77,78). Platinum and gold 

electrodes are the most widely used metal electrodes due to their wide anodic potential window, 

specifically, gold is known for being more inert. However, their high cost due to the scarcity of 

noble metals in the Earth’s crust makes their use limited to very specific applications. To 

enhance the performance of traditional electrode materials, nanomaterials have been used to 

increase the current densities, and electrode kinetics, and provide unique characteristics that 

are discussed in a later section (79,80). 

1.3.1.3 Redox probes 

Redox probes are electrochemically active molecules that follow specific electron 

transfer mechanisms allowing material characterisation. Outer-sphere redox probes such as 

ruthenium hexamine, are analytes in which the redox reaction does not involve chemical 

interactions with the electrode surface (69). The lack of adsorption or electrocatalytic steps, 

make these probes surface insensitive and ideal for studying the relative density of states (DOS) 

through electrode kinetics. For example, a comparison between carbon electrodes using 

ruthenium hexamine has been performed in which a higher density of edge planes results in 

faster kinetics attributed to a higher DOS (81,82). Moreover, electroactive surface areas can be 

determined from the current peaks of ruthenium hexamine using the Randles-Sevick equation. 

This has been increasingly relevant with the incorporation of nanomaterials into electrode 

surfaces. Inner-sphere redox probes are surface-sensitive analytes and thus are used for 

investigating the effect of electrode surface chemistry on ET kinetics. Potassium ferrocyanide, 

for example, is used to explore functionalization coverage of specific molecules.   Fe(H2O)6 

3+/2+ is widely used to provide information about oxygen-containing termination groups, in 

which faster kinetics are observed for greater oxygen-containing electrodes. McCreery, R. et 

al. (69) summarised some of the most common redox probes based on the type of ET 

mechanism are summarised in Figure 1.5.  



- 17 - 

 

 

 

Figure 1.5 Classification of redox systems according to their kinetic sensitivity to particular 

surface modification on carbon electrodes. Reprinted with permission from American 

Chemical Society (69). 

 

1.3.2 Analytical electrochemistry 

Electrochemical sensors and biosensors are analytical devices that determine analyte 

concentrations by transforming biological responses to electrical signals through 

electrochemical reactions (83). While the terms “sensors” and “biosensors” can be used 

interchangeably, typically the term “biosensor” is most commonly used when a biorecognition 

molecule is attached to the electrode that serves as the recognition element to either increase 

selectivity and/or to enable the reduction or oxidation of the analyte. This biomolecule can be 

considered as the mediator between the electrode and the analyte of interest. The types of 

electrochemical biosensors may be classified by their biorecognition element which includes 

antibodies, enzymes, microorganisms, DNA, cells, or even a synthetic molecule capable of 

selectively attaching the analyte of interest. Other than this element, electrochemical sensors 

and biosensors both consist of an electrode, which serves as the transducer that converts the 

response of the bioreceptor or redox reaction directly at the electrode surface, into a 

quantifiable signal known as signalization (energy conversion), an electronic component that 
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makes the signal conditioning, such as a signal amplifier, and, finally, the display component, 

outputting the signal to the user through an interpretation system (Fig. 1.6) (84). As shown in 

Figure 1.6, similar components constitute other analytical devices, including optical and 

mechanical sensors.  

  

 

 

 

 

Figure 1.6 Components of a biosensor. Biorecognition element for the detection of an analyte, 

the transducer to translate the biological response into a signal, and the output system to allow 

the user to read the signal. Reprinted under the free to use Creative Commons license 

(http://creativecommons.org/licenses/by/3.0/) (85). 

  

Sensors are used in a range of different applications including pollution monitoring (86), 

pesticide traceability (87), gas leakages (88), and other fields in which determining changes in 

concentration of an analyte is required. Furthermore, the ability of electrochemical sensors to 

measure and monitor analytes in real time has led to the development of point-of-care (POC) 

technologies (61,62). Specifically in the biomedical field, POC technologies have allowed the 

early detection of disease and, as a result, a better understanding of diseases as well as 

improved treatments (13,89). In addition, the development of non-invasive biosensing 

techniques has led to wearable devices that can monitor changes in analyte concentration in 

http://creativecommons.org/licenses/by/3.0/
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available body fluids to also improve real-time monitoring and quality of life. Implantable 

biosensors have gained popularity due to their potential to increase patient comfort and reduce 

medical professional workload while measuring, in real-time, physiological changes (90). The 

content of available body fluids including urine, saliva, and tear fluid, have been investigated 

in search of useful and measurable biomarkers (91). 

For example, secretions located in the back of the nose may be retrieved using a nasopharyngeal 

swab and used for testing upper respiratory tract infections. With the global pandemic Covid19, 

declared by the World Health Organization on the 30th of January 2020, there was an urgent 

need to develop early diagnostics techniques to slow down the spread and provide early care. 

Initial methods for diagnosis of the SARS-CoV-2 virus included the polymerase chain reaction 

(92) and the reverse transcription loop-mediated isothermal amplification (93) assays. Even 

though these techniques were non-invasive since they used nasopharyngeal swabs for sample 

collection and were highly sensitive with LOD of 1.5 x101 copies/mL and 1.0 x 102 copies/mL 

respectively, these techniques were time-consuming (1.5 – 3hrs) and expensive. Alternatively, 

the use of graphene enabled the development of a field effect transistor (FET)- biosensor with 

a reading time of <1 min and comparable LOD of 2.42 x102 copies/mL without the need for 

sample preparation (94). Upon binding of SARS-CoV-2 spike protein antigen to SARS-CoV-2 

spike antibody immobilised onto graphene channel, the silicon substrate was p-doped). The 

resulting changes in current from an applied potential were correlated to the virus 

concentration. Regrettably, these electrochemical sensors were only demonstrated 

experimentally. Commercial availability was likely hindered by existing gaps in cost-effective 

large-scale synthesis, fabrication, and the development of affordable and portable potentiostats. 

  

 

1.3.2.1 The use of nanomaterials for enhancing the performance of sensors and biosensors  

Nanomaterials are currently used in sensors and biosensors to enhance their performance, 

as exemplified by the SARS-CoV-2 FET biosensor. While the chemical composition defines 
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certain properties, the size of nanomaterials compared to their bulk counterparts provides key 

features for their application in biosensing. For example, the nanostructure of zero-dimensional 

(0D) materials, such as nanoparticles (NPs) and quantum dots (QDs), endows the electrode 

surface area allowing more active sites for redox reaction or immobilisation of bioreceptors 

for higher particular affinity(95). One-dimensional (1D) structures, such as nanotubes have been 

used to enhance detection limits to the single molecular level since the diameters of nanotubes 

can be of similar size to biological molecules (96). The planar structure of two-dimensional 

(2D) materials allows the integration of electronics into wearable devices due to their unique 

mechanical properties such as high flexibility and mechanical strength (97).  

2D materials such as MoS2 and graphene have been widely utilised for the development of 

high-performance sensors and biosensors. However, these nanomaterials have some 

drawbacks that may limit the translation of these prototypes to feasible and commercially 

available devices. For example, MoS2 has low electrical conductivity, and high hydrophobicity, 

and the functionalisation of its surface is quite challenging (98). Furthermore, as 

semiconducting channels due to their high band gap, they tend to have high electrical 

resistivity, and as such the signal from MoS2-based biosensors results in high electrical noise. 

Graphene, however, has a small band gap allowing low electrical noise. Despite the unique 

properties of graphene, this 2D material also has some limitations such as multistep processing 

due to its lack of solubility in water and many organic solvents, as well as their low on/off ratio 

as FETs due to graphene’s zero-gap structure (99). Other preparation approaches or further 

modification steps are required to synthesise graphene derivatives, such as graphene oxide 

(GO) and reduced GO (rGO), to ensure good dispersion and storage stability. Even though GO 

and rGO have shown promise in biosensing applications by overcoming some of graphene’s 

limitations, the synthesis of bulk quantities of graphene derivatives with high-quality 

properties remains a challenge.   
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1.3.3 Electrochemical sensors for ophthalmic biomarkers 

The detection of H2O2 as a by-product of the enzymatic oxidation of glucose for its 

monitoring has led to the development of glucose biosensor technologies (13). Electrochemical 

sensors have utilised solely amperometry and potentiometry for in-situ measurements of 

glucose. The designs using these transduction techniques have incorporated the enzyme 

glucose oxidase (GOx) as the biorecognition molecule. However, other enzymes, such as 

hexokinase and dehydrogenase-1-glucose derivatives, have also been explored in non-

ophthalmic biosensing (100). The specificity of enzymes allows these proteins to be used as 

biorecognition elements in biosensors. The binding sites are formed due to a particular 

arrangement of the amino acids. GOx with the cofactor flavin adenine dinucleotide (FAD) 

(GOx-FAD+) is immobilised on the electrode to oxidise β-D-glucose (101). As shown in 

equation 1, once the reduced form of FAD (FADH2) reacts with oxygen, hydrogen peroxide 

(H2O2) is formed (Eq. 2). Amperometry measures the resulting current from the oxidation of 

H2O2 (Eq. 3) at a constant applied potential which can be proportionally correlated with the 

concentration of glucose in the sample (101). Potentiometry, specifically field-effect transistors 

FET biosensors, on the other hand, rely on the gated potential changes from the binding of 

charged biomolecules. Similar to the described mechanism, once glucose is oxidised, H2O2 is 

generated and further decomposed into oxygen, hydrogen ions, and electrons (Eq 1.3, 1.4, and 

1.5) (102). As the charge carriers increase in the underlying semiconductor material with the 

increase of glucose, the FET drain current increases, allowing the quantification of glucose 

concentration.  

𝐺𝑂𝑥−𝐹𝐴𝐷++𝐺𝑙𝑢𝑐𝑜𝑠𝑒→𝐺𝑙𝑢𝑐𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒+𝐺𝑂𝑥−𝐹𝐴𝐷𝐻2                                                        (1.3)  

𝐺𝑂𝑥−𝐹𝐴𝐷𝐻2+𝑂2→𝐺𝑂𝑥−𝐹𝐴𝐷+ 𝐻2𝑂2                                                                          (1.4)  

𝐻2𝑂2→2𝐻++𝑂2+2𝑒                                                                (1.5) 

1.3.3.1 Amperometric biosensors to monitor ophthalmic glucose  

Incorporation of an amperometry biosensor to CLs to continuously monitor glucose in 

tears was first attempted as early as 1995 through the idea of developing flexible electrodes 



- 22 - 

 

(103). Challenged by the brittleness of wafer materials, such as glass or silicone, to develop 

flexible electrodes, Mitsubayashi et al. (103) used polytetrafluoroethylene membrane (PTFE) 

as the electrode membrane. Gold electrodes were deposited onto a hydrophilic-PTFE 

membrane followed by immobilisation of GOx. The non-uniform deposition of the conductive 

material, in this case gold, using a metal mesh with various gauges, was used to increase 

sensitivity. This microfabrication technology introduced surface defects to the electrode, 

allowing the GOx to better access the PTFE membrane, and as a result, higher currents from 

glucose oxidation were detected. However, the overall performance of the amperometric 

biosensor was reduced due to the increase in electrical resistance as a result of the reduced 

thickness of the gold layer from the non-uniform deposition of conductive material.  Further 

work incorporated indium tin oxide (ITO) to produce optically transparent electrodes and avoid 

obstructing the view of the wearer; a key objective in ophthalmic biosensing (104). ITO is up 

to this day, a standard transparent conductive electrode (TCE) material used in many fields due 

to its high electrical conductivity and optical transparency (105). Therefore, an ITO-TCE for 

oxygen sensing was incorporated into a sandwich configuration between a gas-permeable 

membrane with a silver/silver chloride (Ag|AgCl) electrode and a non-permeable membrane. 

By immobilising GOx into the sensing region, the glucose biosensor achieved a linear detection 

of glucose concentration between 0.06 – 1.24 mmol/L.  

The first fully working glucose-sensing CL was developed by Chu et al. and successfully tested 

in vivo on a rabbit in 2011 (Fig. 1.8a and b) (106). A platinum (Pt) electrode was coated onto a 

biocompatible and flexible polymer (PMEH) substrate, followed by immobilisation of GOx. 

This sensor achieved a linear range of 0.03 – 5.0 mM, which is appropriate for tear glucose 

monitoring. Key to the performance of this sensor was preventing enzyme leakage by coating 

the sensing region with PMEH, which also prevented the permeability of other chemicals. 

Alternatively, Parviz et al. (107) used a titania sol-gel membrane followed by a Nafion coating 

to avoid GOx detachment and retain enzyme activity for up to a week maintaining 80% of its 

initial current response after 2 days when stored in buffer at 4 ºC. The non-transparent materials 
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of choice for the electrodes, titanium (Ti), palladium (Pd), or Pt, were strategically located in 

the CLs avoiding the pupil (Figure 1.8c), and achieved an LOD of 0.01 mM which is well 

below the minimum concentration of glucose in tear fluid of a healthy person. 

 

Figure 1.7. Incorporation of electrochemical sensors to contact lenses. a) Flexible electrodes 

were incorporated into the CLs, with GOx immobilised followed by a PMEH membrane to 

prevent enzyme leakage. b) In vivo glucose monitoring using the biosensing CLs. in a mouse 

eye. Reprinted with permission from Elsevier (106). c) Ti/Pd/Pt sensor components, including 

reference, working, and counter electrode. Reprinted with permission from Elsevier (107). 

Similarly, Keum et al. (108) developed a non-transparent three-electrode configuration, using 

Pt and chromium (Cr) for the working electrode (WE), located strategically on CLs that 

achieved a linear range from 5 – 50 mg dl-1
 (Fig. 1.9). Furthermore, it was demonstrated that 

interference of other molecules, including ascorbic acid, lactate, and urea, was negligible. The 

high stability of their Pt/Cr sensor, 63 days with <2% response deviation, was likely due to 

GOx being immobilised using chitosan and PVA, which are known to maintain an ideal 

microenvironment for enzyme activity. The main contribution of their work was incorporating 

a drug delivery system coupled with the glucose sensor as well as a wireless system that could 

remotely power, monitor, and control the smart CLs. 
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Figure 1.8. Glucose oxidase-based electrochemical sensor for the detection of glucose. Three-

electrode (Working electrode (WE), reference electrode (RE), and counter electrode (CE)) 

amperometry biosensor for the ophthalmic detection of glucose. Glucose oxidase (GOx) was 

immobilised onto the WE using bovine serum albumin (BSA), polyvinyl alcohol (PVA), and 

chitosan. Reprinted under the free to use Creative Commons license 

(http://creativecommons.org/licenses/by/3.0/) (108) 

1.3.3.2 Potentiometric biosensors to monitor ophthalmic glucose  

In 2017, Kim et al. (102)  for the first time incorporated a FET biosensor into CLs. 

Instead of using brittle materials, graphene was used due to its flexibility and high conductivity, 

as the channel material while graphene-silver nanowires (AgNWs) for the composite electrode. 

GOx immobilised onto the graphene channel using pyrene linkers allowed the oxidation of 

glucose in its presence (Figure 1.10). The biosensor achieved a LOD of 0.4 μM and a linear 

range of 1 μM – 10 mM, which is appropriate for tear glucose concentrations. An epoxy layer 

(SU8) is commonly used as a diffusive barrier to protect all the components, except for the 

sensing region (graphene channel), from harmful molecules. The sensor was stable for 24 

hours, and in vivo measurements on a rabbit’s eye showed successful measurements for up to 

5 hours. The stability of this biosensor was enhanced to 48 h by the same group in 2018 by 

immobilising catalase (CAT) with GOx. Catalase can decompose H2O2 into water and oxygen 

molecules and as a result, decrease the degradation of GOx(109). Other improvements were 

the replacement of AgNWs with Ag nanofibers (AgNFs) which increased the mechanical 

properties of the material allowing the integration of a light-emitting diode. The light emitting 
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diode would light up if the glucose concentration were higher than 0.9 mM which is indicative 

of hyperglycemia. The LOD of this biosensor was 12.57 μM with a linear range from 0.1 to 0.9 

mM. 

 

Figure 1.9. Principle of glucose detection in GOx functionalised graphene FET sensor. 

Reprinted under the free to use Creative Commons license 

(http://creativecommons.org/licenses/by/3.0/)  (102). 

In fact, Novartis, a pharmaceutical company, entered into a partnership with Google in 2014 to 

create innovative "smart" contact lenses using electrochemical sensors to assist diabetics in 

monitoring their blood glucose level (110). Unfortunately, the project was eventually stopped 

due to the lack of correlation of glucose concentration in tear fluid with blood glucose levels 

(111). Nevertheless, this project marked a significant milestone in the field of medical 

technology.  

1.3.3.3 Electrochemical sensors for other ophthalmic biomarkers 

Despite glucose contact lens sensors leading technological advancements in 

ophthalmic biomarker detection, a few reports have demonstrated their CL sensor potential for 

other biomarkers. Numerous enzyme-based electrochemical sensors utilise similar 

mechanisms, therefore it is expected that other metabolites can be detected using a similar 

approach. For example, by the incorporation of lactate dehydrogenase onto the Ti/Pd/Pt 

electrode using glutaraldehyde, the by-product of H2O2 was quantified and correlated to lactate 

concentrations in the tear fluid (112). The sensor achieved a sensitivity of 53 uA mM-1 cm-2 

with a reliable response with other potential interferents.  In 2020, a graphene field-effect 

transistor sensor enabled the real-time detection of cortisol (54). Cortisol is a hormone 

http://creativecommons.org/licenses/by/3.0/
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produced by the adrenal glands during physiological or physical stress. Beyond monitoring 

cortisol levels, this work suggests an approach to better understanding the relationship between 

cortisol levels in tear fluid with disease. The immunosensor design consisted of the 

immobilisation of the monoclonal antibody through amide bonding on the surface of graphene. 

Combining a near-field communication chip and antenna, wireless charging, and signal to 

transfer to a smartphone was achieved. Another graphene field-effect transistor was developed 

to monitor chronic ocular surface inflammation through the detection of matrix 

metalloproteinase-9 (MMP-9) (113). A fragment of immunoglobin was immobilised onto the 

graphene channel for MMP-9 selective interaction. The source/drain electrodes consisted of a 

graphene/AgNWs structure, while the interconnects and the antenna were made of a network 

of AgNFs spun with AgNWs to provide additional conductive pathways. The NFC chip within 

the lens allowed control and powering from a smartphone.  

Nanomaterials are under development within electrochemical sensors for contact lenses 

through integration into comprehensive systems. Beyond graphene, Ag NWs, and NFs, 

numerous other nanomaterials have potential use for electrochemical sensing applications in 

ophthalmic devices, driven by their combined optoelectronic and mechanical properties. While 

many nanomaterials demonstrate utility in electrochemical sensing, only a select few have been 

incorporated into contact lenses, possibly due to stringent criteria encompassing 

electrochemical performance, mechanical stability, optical transparency, flexibility and 

biological compatibility. Graphene, surpassing these criteria, extends its applications to other 

lens-based technologies, including a piezo-capacitive sensor for intraocular pressure 

monitoring and electroretinogram recordings (114,115). The limited utilisation of 

nanomaterials in contact lenses may stem from strict prerequisites for material and device 

properties. However, the potential use of other nanomaterials for these devices is promising. 
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1.4 MXenes 

In 2011, 2D transition metal carbides and nitrides (MXenes) were first synthesised at 

Drexel University, USA (116). MXenes have a general Mn+1XnTx formula in which M stands 

for a transition metal, X is a carbide or nitride, T represents the surface functional groups (for 

example, -OH, -O or -F) and n = 1- 4 (117). These surface terminations make MXenes 

hydrophilic in nature enabling their dispersion in multiple solvents and allowing their easy 

processing into thin films, coatings, or powders (118). This 2D family has grown rapidly with 

about 30 different MXene compositions experimentally synthesised in less than a decade and 

about 70 theorised to exist (119). The multiple compositions and structures of MXenes, their 

rich surface chemistry as well as the various synthesis and processing methods allow for 

tunability of properties, such as optoelectronic, magnetism, transport, and electronic properties, 

essential for multiple applications (Figure 1.11 a) (120–122). With a significant prominence in 

energy applications, the applications of MXenes keep diversifying and gaining importance 

throughout the fields of research (Figure 1.11a-c) (123). Ti3C2Tx, the first synthesised MXene, 

continues to be the most extensively researched due to its distinctive combination of properties, 

encompassing high conductivity, mechanical robustness, and chemical stability (Figure 1.11d). 

Its versatile characteristics make it a promising candidate for a wide range of applications, 

driving sustained interest and exploration in the scientific community.   
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Figure 1.11 Explored applications and properties of MXenes over time (123). a) Pie chart 

depicting the distribution of publications across various MXene applications relative to the 

total number of MXene publications. A comparison with a similar chart from 2018 is shown 

in b). c) Bar chart illustrating the cumulative number of MXene publications per year. d) 

Comparison of the total publications on different MXenes, emphasising the dominance of 

Ti3C2Tx. Reprinted with permission from Springer Nature. 

1.4.1 Properties and Applications of pristine Ti3C2Tx electrodes  

The rare combination of solution processing, high conductivity, and numerous 

fabrication approaches make MXenes attractive for multiple applications. Beyond the tunable 

electronic properties of the large family of MXenes, the combination of optical, mechanical, 

and biological properties enables MXenes to compete in a wide variety of applications with 

other nanomaterials. This section considers the properties of pristine MXene electrodes, and 

their applications.  

1.4.1.1  Electrical properties 

The high electrical conductivity of Ti3C2Tx  (<20 000 S cm-1) (124)  has led to its use 

in multiple applications with the significant benefit that MXenes can be used without the need 

for conductive additives or current collectors. For example, the use of pristine MXenes 

electrodes for wireless communication was first reported in 2017 (125). A. Sarycheva et 

al.(126) developed three types of devices, a dipole antenna, transmission line, and radio-

frequency identification tags, to study the advantage of the high conductivity of MXenes over 

other nanomaterials. Even the thinnest (114 nm) spray-coated MXene antenna reached 

satisfactory return loss (< -10 dB), calculated by the scattering parameter S11. An 8-m thick 

Ti3C2Tx antenna outperformed (-65 dB) any other reported nanomaterial-based antennas of 

similar thicknesses. While not fully understood, nanomaterials have been shown to overcome 

the depth skin limitation that metal antennas encounter when reducing their thickness. This 
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highlights the potential of MXenes over traditional metals and other nanomaterials to develop 

flexible and transparent high-performing antennas. Transmission lines, which transfer the 

signal and are essential elements for RF devices, made of spray-coated MXenes had 50-fold 

and 300-fold lower losses than that of graphene-based and silver paint-based devices. RFID 

tags using MXene antennas were also demonstrated. Impedance matching was controlled by 

the geometrical design attaining a reaching distance of up to 8 meters. The performance of 

MXene antennas has also been demonstrated for microwave frequencies, which may be 

implemented for 5G networks (127). Another application in which MXenes have overcome the 

skin depth limitation of metals when approaching the nanometre scale and surpassing their 

performance is in electromagnetic interference (EMI) shielding (128). The need for flexible 

microelectronics to have a protection barrier against the multitude of electromagnetic pollutants 

is of greater importance than ever considering the Internet of Things era. A Ti3C2Tx spray 

coating of 40 nm in thickness achieved an electromagnetic interference shielding effectiveness 

(SE) of 21 dB which corresponds to the interception of > 99% interception of electromagnetic 

waves(129). Additionally, other compositions including Ti-, Mo-, and V-based MXenes, have 

also reached an EMI SE above 20 dB at 5 m thicknesses.  

1.4.1.2  Optoelectronic properties  

The optical properties of MXenes have enabled MXenes to be used in optoelectronic 

applications(130). Spectroscopy analysis reveals different optical spectra of MXene 

compositions with absorption peaks varying in wavelength throughout the UV-to-NIR region 

(131). The absorption peak at around 780 nm of Ti3C2Tx is attributed to transverse surface 

plasmon resonance adding plasmonic behaviour to the list of MXenes properties (132,133). 

Moreover, a single layer of Ti3C2Tx only absorbs about 3% of visible light making it possible 

to develop transparent conductive electrodes (TCE) reaching an electrical figure of merit of 

14(134). Pristine Ti3C2Tx TCEs have been successfully used for developing a multitude of 

devices(130) including electrochromic supercapacitors (135), intraocular lenses (4) and light-

emitting diodes (136). 
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1.4.1.3  Electrochemical properties  

Their ability to intercalate a variety of ions including Li+, Na+, K+, and Mg+2 enables 

MXenes to be used as electrodes for energy storage in batteries and supercapacitors (137). A 

study using in situ X-ray absorbance spectroscopy on Ti3C2Tx demonstrated that titanium 

changes its oxidation state during electrochemical cycling suggesting a pseudocapacitive 

storage mechanism (138). Pseudocapacitive behaviour explains the high volumetric and 

gravimetric capacitance that MXenes have attained in aqueous electrolytes (137). Moreover, 

by controlling the chemical composition (X=Ti, Mo, Nb, etc), the number of layers (n), and 

surface terminations it is possible to optimise the capacitance of pristine MXene electrodes to 

tune the capacitance of MXenes. Extended cyclability has been reported for over 500,000 

cycles while maintaining capacitance above 90% (139). Most work on MXenes for energy 

storage uses traditionally glassy carbon as a current collector. It is important to note that due to 

the lack of capacitive behaviour, the use of glassy carbon does not contribute to the excellent 

performance of MXenes as electrode materials for energy storage. However, studies have been 

performed to demonstrate the potential to use pristine MXene electrodes without the need for 

current collectors for energy storage. While the volumetric capacitance of Mxene-coated yarns 

(260 F cm-3 in 1M H2SO4), for example, is lower than that of Ti3C2Tx vacuum-filtered electrodes 

(1500 F cm-3) due to the yarn volume, it still surpasses that reported for carbon-coated yarn 

electrodes demonstrating the potential for wearable energy storage devices (140).  

MXenes have also been used for electrocatalysis in hydrogen evolution reactions, carbon 

dioxide reduction reactions, and nitrogen reduction reactions (141). Density functional theory 

calculations have shown that the most electroactive sites of MXenes are the oxygen termination 

groups (142). Moreover, low adsorption free energy has been reported towards certain 

molecules and tunability in affinity can be achieved by the number of layers (n), surface 

chemistry, and composition of the Mxene(142). Another important advantage of MXenes 

towards industrialisation is that the elements of MXenes are significantly more Earth-abundant 
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compared to traditional electrocatalytic materials such as noble metals and therefore MXene 

electrodes become more cost-effective.  

The combination of rich surface chemistry, electroactive surface area high electrical 

conductivity (up to 20,000 S cm-1) (124) also make Ti3C2Tx promising in analytical 

electrochemistry. For example, the increase in sensitivity to different analytes including redox 

probes (143), neurotransmitters (144) and environmental pollutans (143) has been attributed to 

the increase in electroactive surface area and electrical conductivity of the electrode material 

upon the addition of Ti3C2Tx. Yet, there is a lack of fundamental studies that explore the electron 

transfer kinetics at the pristine MXene surface. Most reported Mxene-based sensors are 

chemically modified electrodes in which MXene is used with varying components such as gold 

nanoparticles (145), silver nanoparticles(146) or other nanomaterials(147) on the surface of 

glassy carbon electrode(147). These constructs of electrochemical sensors make it very difficult 

to fully understand the contribution of MXenes to the faradaic response rising from the 

reduction or oxidation of the analyte of interest at the electrode surface.  

1.4.1.4 Biological properties  

Since 2017, when Ti3C2Tx was shown to be cytocompatible (148), biomedical research 

in MXenes has significantly increased. The cytocompatibility of other MXenes compositions 

including Ti2CTx(149) Mo2CTx (150) Nb2CTx (151) and Ta4C3Tx (152) has been demonstrated 

towards a variety of cell lines. Furthermore, thorough investigations have included in vivo 

studies that have demonstrated the potential to use MXenes in biomedical devices. For 

example, neuronal cells were incubated with a 200 nm-thick Ti3C2Tx electrode used as a high-

resolution neural interface (153). After a 7-day incubation period, the percentage of viable cells 

was the same compared to the polystyrene positive control. Furthermore, the ability of MXenes 

to be functionalised with multiple molecules has enhanced their dispersibility and stability in 

different solvents and allowed for improvement in their biocompatibility. For example, the 

modification of Ti3C2Tx and Ti2CTx with collagen, a positively charged biomolecule, increased 

cell viability and reduced ROS production.  The modification of Ti3C2Tx with soybean 
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phospholipid produced an improvement in colloidal stability in various solvents including 

culture media. Due to the lack of stability in a biological environment, Nb2CTx flakes were 

surface-modified with polyvinylpyrrolidone (151). The steric hindrance of organic chains 

allowed the enhancement of colloidal stability in physiological environments. PVA has also 

been used to improve cytocompatibility. Mo2C-PVA flakes up to a concentration of 400 ug mL-

1 showed no significant cytotoxicity after 48 hr incubation towards breast cancer (4T1) and 

normal fibroblast (L929) cell lines. Moreover, PVA conjugation resulted in a pH-dependent 

biodegradation rate of Mo2C-PVA flakes with an increase stability in acidic conditions 

favouring longer use as photothermal agents in acidic tumour microenvironments. Within an 

in vivo study carried out in 4T1 breast tumour model, the Mo2C-PVA flakes remained in the 

body for 2.15 h before degradation, and even though there was retention of Mo in the liver and 

spleen, the Mo levels in these major organs decreased over time (150).  

The potential of MXenes ©n the bi”medi’al field has been demonstrated by their use in 

diagnostic imaging, photo- and chemo-therapy, biosensing, and antimicrobial applications 

(154). For example, due to the higher photothermal conversion efficiency (30.6%) and higher 

extinction coefficient (25.2 L g-1 cm-1) of Ti3C2Tx compared to that of Au nanorods or graphene, 

Ti3C2Tx flakes were used as photothermal agents for the ablation of tumours (152). 

Furthermore, the ability of MXenes to be conjugated has allowed their applications as drug 

carriers. After modification of the Ti3C2Tx surface with soybean phospholipid, the anti-cancer 

drug doxorubicin was electrostatically adsorbed followed by hyaluronic acid encapsulation 

(155). The electrostatic adsorption of doxorubicin imparted stimuli-responsive drug release 

characteristics, triggered by the acidic microenvironment of tumours and temperature changes 

induced by radiation. MXenes have also been used as contrast agents for enhancing current 

diagnostic imaging. For example, in fluorescence imaging, MXene quantum dots have been 

utilised due to their high photostability and tunable wavelength. Alternatively, due to the high 

photothermal conversion, soybean phospholipid functionalised Ta4C3 flakes were used in 
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photoacoustic imaging for those diseases that do not exhibit photoacoustic contrast at early 

stages.  

 

1.5 Gap in knowledge  

In the realm of ophthalmic diagnostics integrated into contact lenses, the exploration of 

biomarkers has been constrained despite technological advancements. While glucose has been 

a primary focus, its suitability for diabetes monitoring is compromised due to the delayed 

reflection of blood glucose concentrations in real-time. The recent integration of 

electrochemical sensors onto contact lenses owes its progress to the incorporation of 

nanomaterials, particularly harnessing the optoelectronic capabilities of graphene and Ag NWs 

and NFs. These materials excel in transmitting visible light while establishing a conducive 

network for electron pathways. Despite these significant advances, a remarkable gap persists, 

given the multiple nanomaterials employed in electrochemical sensors including graphene 

derivatives, MXenes, and gold and silver nanoparticles. 

The unexploited potential of MXenes represents a noteworthy oversight in electrochemical 

sensing. Despite extensive research on their electrochemical properties and documented 

success in energy storage applications, MXenes have yet to be systematically explored as 

pristine electrodes for electrochemical sensing. Moreover, the optoelectronic and mechanical 

properties of Ti3C2Tx, suggest their viability in developing transparent and flexible sensors for 

ophthalmic diagnostic devices. Preliminary reports indicate MXene’' feasibility for use as a 

transparent conductive electrode within an accommodating intraocular lens design(4).  

Biocompatibility assessment using an in vitro lens epithelial cell model underscores their 

compatibility in an ophthalmic environment associated with the lens. However, their 

assessment for corneal epithelial compatibility has not been established. Considering the 

electrochemical, optoelectronic, mechanical and biological properties of Ti3C2Tx, it was 

hypothesised that pristine Ti3C2Tx can be incorporated as a flexible, transparent conductive 
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electrode onto a contact lens for electrochemical detection of biomarkers in the tear fluid, 

exemplified using hydrogen peroxide. The aim of this research was to demonstrate how the 

properties of Ti3C2Tx can contribute to the development of contact lens diagnostics and Ti3C2Tx 

suitability for these applications. 

1.5.1 Research objectives 

1. To synthesise Ti3C2Tx MXene and fabricate a pristine electrode with a defined area for 

use in electroanalytical measurements. 

2. To investigate the impact of material and electrode parameters in the electrochemical 

performance of pristine Ti3C2Tx electrodes. 

3. To optimise pristine Ti3C2Tx electrode and the experimental parameters for the 

detection of a biomarker, hydrogen peroxide in simulated tear fluid. 

4. To incorporate pristine Ti3C2Tx electrode onto a contact lens without impacting its 

electrochemical performance. 

5. To evaluate the compatibility of the integrated Ti3C2Tx electrode on a contact lens with 

an ophthalmic environment. 
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2 Pristine Ti3C2Tx electrode: synthesis, 

fabrication, and characterisation    
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2.1 Introduction 

This chapter begins with the synthesis and characterisation of Ti3C2Tx which is the 

foundation for a good-performing MXene electrode. The very first reported MXene in 2011 

was developed using a top-down approach for synthesis (116). However, since then, bottom-

up approaches have also been reported for the synthesis of Mo2C and V2C via chemical vapour 

deposition (156),(157). While chemical vapour deposition is an excellent method for producing 

high-quality large crystals of MXenes, this approach is limited to only a few specific MXenes 

and small quantities (158). Top-down approaches involving selective etching continue to be 

the most common in MXene research. In the following sections, MXene top-down synthesis 

approaches with a focus on Ti3C2Tx, solution processing, and characterisation are reviewed. 

2.1.1 MXene synthesis and processing 

2.1.1.1 Synthesis 

MXenes can be synthesised from MAX phases with the formula Mn+1AXn and non-

MAX phases materials (more than one ‘A’ layer) (137). These precursor materials are layered 

MXenes held together by layers of the A elements (11 to 16 group in the periodic table). The 

synthesis of MAX phases and non-MAX phases can take place in a pressureless inert 

atmosphere, by hot pressing, or in an isotactic pressing manner. Their formation mechanism is 

dependent on whether individual elements (M, A, X) or powder mixtures (MX or MA) are used 

(159). Reports suggest that when elemental powders are used,  intermetallic intermediates are 

formed, followed by nucleation of carbon in the interstices. In contrast, the use of powder 

mixtures (carbides and nitrides) results in available C or N vacancies for M or A diffusion for 

the MAX phase formation.  

The ability to selectively etch away the A layer from MAX phases arises from the difference in 

bond strength between the M-A and M-X layers (116). M-A layers are held together by metallic 

bonding, while the M-X layers have ionic/covalent bonding. Theoretical predictions have been 

made to estimate the exfoliation energy based on bond energy (160). Findings show that the 
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exfoliation energy is strongly related to the composition of the MAX phase including M- and 

X-element, and less so on the structure (n) of the MAX phase. The highest difference between 

M-A and M-X bond strength results in a lower exfoliation energy meaning easier exfoliation.  

Ti3C2Tx is typically synthesised from its parent material Ti3AlC2 (Figure 2.1). A common 

approach to chemically exfoliate the Al layers is by the use of hydrofluoric acid (HF) (116).The 

use of such strong acid enables the oxidation of A element in which the proton (H+) is the 

oxidising agent and the F- acts to solubilise the by-product (Al+3). Similar exfoliant mechanisms 

are followed with different proposed methods including in-situ HF, alkali-, halogen- and 

molten-salt-based protocols (159). Once the A layer has been etched and exfoliated, the 

resulting material is multilayer mXene, where layers are held together via van der Waals forces 

arising from the interaction between surface terminating chemical groups  introduced during 

etching. To achieve single to few layers of Ti3C2Tx, intercalation agents are used to delaminate 

multilayer mXene, these agents weaken the interaction between layers and with the help of 

mechanical agitation, separating them. Typical chemical intercalants include cations while 

solvents and organic molecules have been previously used as physical intercalants. 

 

Figure 2.1. MXene synthesis via top-down approach. Ti3AlC2 MAX phase structure and 

Ti3C2Tx MXene structure where A is aluminium (Al), M is titanium (Ti), X is carbon (C) and 

Tx are the hydroxyl, oxygen, and fluorine termination groups (OH, O and F) 

Variation of the synthesis protocol for both the precursor material Ti3AlC2 and Ti3C2Tx itself is 

the most important parameter for the successful synthesis of MXenes and the tailoring of its 
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characteristics. For example, large flake sizes are typically desired for highly conductive 

devices. To develop large MXene flakes, efforts in controlling three different parameters have 

been made over the past few years. (1) The size of the MAX phase crystal determines the largest 

size of MXene flakes that can be obtained. Therefore, the largest Ti3AlC2 MAX phases are 

usually pre-selected via particle sedimentation of sieving (161),(124). (2) The mechanical stress 

applied during delamination is another factor that reduces the size of flakes. Therefore, soft 

delamination methods have been developed to avoid the breakage of flakes obtaining sizes up 

to 40 m (162),(124). (3) Over-etching is another occurrent issue that tends to reduce the size 

of flakes. This has been one of the main focuses of research into MXene synthesis, in which 

synthesis temperature, etchant concentration, and etching time have been optimised through 

experimental and theoretical studies. By controlling the synthesis parameters of the MAX 

phase, the quality of MXenes has also been improved resulting in enhanced oxidation stability. 

In 2021, the current gold-standard synthesis for Ti3AlC2 was proposed by modifying the ratio 

of elemental powder to include excess Al (124). The synthesised Ti3C2Tx had enhanced 

conductivity (<20,000 S cm-1) and enhanced oxidation stability of up to 10 months for Ti3C2Tx 

colloids in water. Moreover, the quality of the carbon for the MAX phase has also been 

demonstrated to influence the quality of MXene and its stability. Finally, surface terminations 

can be controlled by the synthesis protocol of MXene. Typically, HF-containing protocols will 

result in -O, -OH, and -F terminations, in which the ratio will be influenced by the ratio of 

chemicals during etching. 

2.1.1.2 MXene processing 

The hydrophilic nature of MXenes originated from the surface terminations, and the 

high surface charge (-30 mV) make MXene colloids stable in water without any post-

processing steps (137). This is an enormous advantage since as-synthesised MXene can be used 

to fabricate devices in a wide variety of ways. Depending on the application of the MXene 

electrode, a fabrication technique may be selected to attain the desired electrode properties. For 

example, for transparent and conductive electrodes, spin- or spray-coating may be the best 
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approach since these techniques enable sample homogeneity and controlled deposition of a few 

MXene layers (163,164). This is of extreme importance to attain continuous electron pathways 

without losing optical transparency. On the other hand, patterned MXene electrodes may be 

produced through screen-printing using masks or sacrificial layers to obtain microelectrodes 

with high-resolution (165,166). Digital printing including injecting printing and three-

dimensional (3D) printing have been used for developing high surface area MXene structures 

(167,168). For coating 3D structures that act as scaffolds for MXene electrodes, such as for 

pressure sensors or wearable devices, dip-coating has shown to be the most efficient (140,169). 

Vacuum-filtering and blade-coating are methods where self-standing films can be produced 

with controlled thickness and aligned flake structures due to the gravitational force or applied 

shear force during processing, respectively (161). Obtaining highly conductive films largely 

relies on the quality of the MXene flake as well as their lateral size (124). However, it is also 

possible to reduce the weak interflake connection by the shear force applied during blade-

coating to reduce film resistivity and increase film strength (161). 

The range of fabrication techniques that have been used to develop high-quality pristine MXene 

electrodes are in part due to the ease of control of the rheological properties of the MXene 

colloidal solution. A thorough study into the viscous and viscoelastic properties of single- and 

multilayer- Ti3C2Tx solution has provided guidance to tailor MXene ink properties for specific 

manufacturing approaches through the manipulation of flake size and concentration (170). For 

example, when the viscosity modulus dominates the flow properties, observed in dilute 

solutions of single-flake MXenes, manufacturing that involves a high processing rate, such as 

spin- and spray-coating, is favourable. Contrastingly, those manufacturing approaches that 

require high elasticity at low frequencies, such as inkjet printing, may use higher concentrations 

of MXene so that upon printing the higher interaction between particles may be enough for the 

MXene structure to hold itself. Another approach would be to reduce the boiling point of the 

MXene ink so that upon printing the structure can self-sustain. For this reason, solvent 

exchange is another approach to modify the MXene ink formulation and extend the number of 
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processing techniques that can be used to fabricate MXene electrodes. Several solvents 

including ethanol, dimethyl sulfoxide, N,N-dimethylformamide, and propylene carbonate have 

been used to disperse MXenes resulting in high stability colloids (171). It has been 

demonstrated that organic solvents can be used to attain a nematic liquid-crystals of MXenes. 

This is relevant for the development of, for example, MXene fibres in which the formation of 

MXene liquid crystal is critical for wet-spinning aligned structures to attain high conductivity 

(172).   Moreover, the solvent exchange can be performed through simple redispersion of dried 

MXene flakes in the desired solvent.  

Relevant for industrialisation, is the ability to scale the production of MXene electrodes cost-

effectively. To achieve this, the scalable synthesis of MXenes needed to be first addressed. An 

advantage of MXenes over other nanomaterials is that they are commonly produced from a 

top-down approach, as previously discussed. The solution-processing required for MXene 

synthesis can be applied to traditional chemical engineering processes making MXenes 

attractive to industrial companies such as Murata Manufacturing Co. Ltd. (173). In 2020, the 

first large batch (50 g) of Ti3C2Tx was produced maintaining the structure and high-quality 

properties of MXenes synthesised at a lower scale (174). As a result, the bulk production of 

high-quality MXene electrodes for commercialization has become attractive. For example, the 

large-scale fabrication of blade-coated MXene films and MXene-coated yarns was 

demonstrated by producing samples larger than 1 meter long with conductivities exceeding 

15000 S cm-1 and 7500 S cm-1, respectively (161). Moreover, as the world is entering the era 

of the Internet of Things (IoT), wearable and portable devices are in the spotlight of electronics 

research. The good mechanical properties and biocompatibility of MXenes have attracted 

attention for developing flexible and biocompatible electrodes. Additionally, the good adhesion 

of MXenes to fabrics has been shown to withstand washing cycles which is relevant to 

translating wearable electrodes to real-life applications (175).   
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2.1.2 MXene characterisation 

Material characterisation has been crucial for the development of material synthesis 

and processing methods, and their application in various fields. While the chosen 

characterisation techniques should be relevant to analyse specific properties of MXenes, certain 

key techniques are performed as standard routines along their synthesis. In the following 

section, general techniques, as well as relevant techniques for this thesis, will be discussed, 

along with how they characterise M’ene's physical, chemical, optical, and electronic properties. 

2.1.2.1 X-ray diffraction 

Interrogating the MXene and its precursor material with incident X-rays provides 

crystallographic information and confirmation of MXene synthesis. MAX phases have a 

hexagonal crystal structure which they inherit from MXenes. As shown in Figure 2.2, the c-

lattice of Ti3AlC2 accounts for two Ti3C2Tx structures and two layers of Al. In the case of 

MXene, it is the MXene community itself that has adopted a similar terminology in which the 

c-lattice parameter considers also two MXene flakes together with their surface termination 

and intercalated molecules. By determining the c-lattice parameter important information about 

MXene synthesis, intercalation mechanisms, and interlayer spacing can be determined.  

 

Figure 2.2 The crystallographic structure of a) Ti3AlC2 MAX phase and b) Ti3C2tx MXene, with 

relevant labels of XRD terminology including c-lattice parameter, d-spacing, and interlayer 

spacing. Reprinted with permission from Springer Nature (176) . 

Considering the anisotropic structure of MAX and MXene, upon powder texturing or flake 

alignment (via vacuum filtering) the 00l peaks are overemphasised in the scattering spectra. 
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The 00l peaks relate to the c-lattice parameter. A negative shift of the 002 peak between MAX 

and MXene samples, is attributed to an increase in interlayer spacing from the etching of the A 

layer, the gain of the surface terminations, and the intercalated molecules including water. This 

is the standard method to confirm the successful synthesis of delaminated MXene.  The 002 

peak is used to determine the c-lattice parameters using the Miller indices relationship for 

hexagonal crystal shown in equation 2.1. In which the d-spacing (d) is calculated using the 

relationship between scattering angle and wavelength (Bragg’s law) and the location of the 002 

peak. Typically, Cu radiation is used as the source and therefore the wavelength to calculate 

the d-spacing is 1.57 A. Due to the straightforward and non-invasive determination of the c-

lattice parameters of MAX phases and MXenes which enables the confirmation of MXene 

synthesis and delamination, XRD is one of the most common techniques used to monitor step-

by-step MXene synthesis.   

Equation 2.1. Relationship between Miller indices of a hexagonal crystal structure with the d-

spacing, a-, and c-lattice parameters. 

1

𝑑2
=  

4

3
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎2 ) +
𝑙2

𝑐2
 

2.1.2.2 Scanning electron microscopy  

Scanning electron microscopy (SEM) imaging, is a standard characterisation of 

MXene to visualise the material. Considering the numerous studies that present images of the 

material at every stage of its synthesis, it is easy to identify some key characteristics of 

delaminated MXenes that can support material characterisation. An accordion-like structure is 

characteristic of multilayer MXene as the Al layers have been etched away and there is a certain 

degree of increase in interlayer spacing. However, an impactful publication by M. Shekhirev 

et al., highlighted that while it is common to see this structure, a more compact structure can 

also be observed for multilayer MXene. Once MXene is delaminated, the stacking of single 

layers in self-standing films or coatings can be observed at high magnifications, and in certain 

cases, it can resemble closely the MAX phase structure. Moreover, SEM of single flakes is 
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usually performed to accurately determine the flake size, confirm delamination, or observe any 

defect such as breakage or taring usually rising from harsh etching conditions.  

An additional energy-dispersive X-ray spectroscopy (EDS) detector can provide further 

information about the chemical composition of the sample when performing SEM. When a 

secondary electron beam is shone on a sample, electrons in the inner shells are excited leaving 

a hole behind. When valence electrons fill the vacancies in the inner shells, energy in the form 

of x-ray is released. An EDS spectrum is developed by measuring the energy of emitted photons 

by the sample. EDS should only be used as a complementary and qualitative analysis of the 

transition metal and identification of impurities. 

2.1.2.3 Four-Point Probe 

The four-point probe is a non-destructive technique typically used to determine the 

conductivity of thin films when the thickness is known. Four probes are placed in a linear 

arrangement in which a current is passed between the outer two probes while the inner two 

probes measure the change in voltage. Following Eq 2.2, the instrument calculates and provides 

the sheet resistance which then can be converted to conductivity using Eq. 2.3. 

Equation 2.2 Sheet resistance equation, where I is the applied current, V is the voltage 

measured by the inner probes. 

𝑅𝑠 =
𝜋

ln (2)

𝐷𝑉

𝐼
 

Equation 2.3 Conductivity equation where Rs is sheet resistance (ohms) and t is the thickness 

in (m) 

𝜎 = 𝑅𝑠𝑡 

Conductivity values of Ti3C2Tx coatings or films are a good indication of the quality of the 

films as it has been previously highlighted that conductivity is impacted by flake defects. 

Therefore, 4-point probe measurements are typically performed as a quality check after MXene 

synthesis. Especially when Ti3C2Tx is used as a conductive material or electrode, which is the 
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case for this work, reporting their conductivity serves as a confirmation that an adequate 

material has been synthesised.  

2.1.2.4 Dynamic Light Scattering 

Dynamic light scattering (DLS) also known as photon correlator spectroscopy is a 

technique used to measure the hydrodynamic radius of nanoparticles in solution. It illuminates 

the sample and with a photodetector measures the scattering intensity fluctuations to determine 

their Brownian motion using a correlation function. Using the Stokes-Einstein equation (Eq. 

2.4), it correlates the diffusion coefficient (D) of the particles to their radius (r). As shown 

below, D is dependent on the absolute temperature (T) and the dynamic viscosity (Ƞ).  

Equation 2.4 Stokes-Einstein Equation. Relationship between the diffusion coefficient (D), and 

the hydrodynamic radius (r) of colloid particles. 

𝐷 =
𝑘𝐵𝑇

6𝜋Ƞ𝑟
 

While DLS assumes a spherical particle, a study performed by Maleski et al. confirmed that 

the hydrodynamic radius determined using DLS is indicative of the length of MXenes flakes. 

Since then, DLS has been safely used as a good estimation of the flake size distribution in 

MXene colloidal solution.  

2.1.2.5 Ultraviolet-visible spectroscopy 

Ultraviolet-visible (UV-vis) spectroscopy is another optical technique that provides 

meaningful information about a material. It is an absorption or reflectance spectroscopy that 

uses light in the ultraviolet (190-380 nm) and visible (380-750 nm) regions to excite electrons 

to a higher energy state (electronic transitions). The instrument used in this technique is called 

a UV-vis spectrophotometer and it calculates the absorbance by comparing the light transmitted 

through the blank sample to the light transmitted through the analyte-containing sample.  

In the case of MXenes being plasmonic materials with characteristic absorption peaks, UV-vis 

spectroscopy can be used for MXene identification. For Ti3C2Tx, the absorption peak located 
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around 780 nm is attributed to a plasmon resonance. Therefore, after MXene synthesis, 

recording the UV-vis spectra of the sample can serve as a complementary confirmation that 

MXene has been successfully synthesised and delaminated. This characterisation can also be 

useful during processing, to confirm that MXene has been successfully incorporated into a 

substrate.  

Additionally, UV-vis spectroscopy can serve as an analytical technique for the quantification 

of MXene concentration using Beer-Lambert Law (Eq. 2.5). According to Beer-Lambert Law, 

absorption (A, unitless) is proportional to the molar absorptivity of the material (), the 

pathlength of light (l) through the sample and its concentration (C). While the molar 

absorptivity of Ti3C2Tx MXene is reported in the literature, it is recommended to perform a 

standard curve after one synthesizes MXenes. The concentration for the standard curve samples 

can be determined by weighing a vacuum-filtered film and dividing it by the volume of the 

colloid filtered. This allows a better estimation of the molar absorptivity of the following 

batches if the same synthesis method is followed. The ability to determine the concentration 

based on the UV-vis spectra has encouraged research to use UV-vis spectroscopy to monitor 

oxidation and degradation from the material. This is possible considering that when Ti3C2Tx 

degrades it transforms to TiO2 and/or agglomerates and sediments at the bottom of the vial, 

resulting in an overall decrease in MXene concentration. Beyond, colloids, UV-vis 

spectroscopy can also be used to determine the thickness of thin coatings in future work. The 

thickness of the standard curve samples is usually determined using SEM imaging.  

Beer-Lambert Law: 

 𝐴 =  𝜀𝑏𝐶     Equation 2.5 

Most recently, UV-vis spectroscopy has been used in conjunction with electrochemical 

techniques to understand some oxidation mechanisms during the charge and discharge of 

energy storage devices. While MXene research using UV-vis spectroscopy is expanding, their 
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use as MXene identification and concentration determination remains as a standard 

characterisation during synthesis and processing. 

2.1.3 Gap in knowledge  

While Ti3C2Tx synthesis, processing, and characterisation are well established in the 

literature, the selection of protocols for electrode fabrication is application-dependent. Tailored 

to this thesis, the synthesis and characterisation of the Ti3C2Tx electrodes were developed using 

protocols predictive to give the best electrochemical performance for sensing. Moreover, while 

pristine MXene electrodes have been used for a variety of electrochemical applications, they 

have not been explored as electrochemical sensors for analyte quantification. Therefore, it was 

hypothesised that utilizing the high-Al MAX phase for MXene synthesis, would result in 

electrical conductivities appropriate for the development of pristine Ti3C2Tx electrodes for 

analytical electrochemistry. This work aimed to develop a reproducible electrode design that 

would enable a study involving solely the electrochemical activity of MXenes in the following 

chapters. 

2.1.4 Research objectives 

1.  To synthesise single Ti3C2Tx MXene flakes via HF-HCl etching from high-Al MAX 

phase and characterise accordingly. 

2. To design pristine Ti3C2Tx in which parameters can be modified to be studied against 

electrochemical performance in future chapters. 

3. To demonstrate robust fabrication protocol for reproducible electrochemical 

performance throughout electrode batches.  
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2.2 Materials and Methods 

2.2.1 Materials  

- Hydrofluoric acid (HF, 48 wt. % in H2O, ACS reagent, US) 

- Hydrochloric acid (HCl, 12 M, purity ≥ 37%, Sigma-Aldrich, US) 

- Lithium chloride (LiCl, purity ≥  99.9%, Acros Organics, USA) 

- Ti3AlC2 MAX phase  (A.J. Drexel Nanomaterials Institute, Drexel University, USA) 

- Deionised (DI) water 

- Potassium chloride (KCl, 99.0 – 100.5%, ACS reagent, UK) 

- Polystyrene cuvettes, 1 cm, (Sigma-Aldrich, UK) 

- Hexaammineruthenium (III) chloride ((Ru(NH3)6Cl3, 98%, Sigma-Aldrich)  

- Hydrophilic polyvinylidene difluoride (PVDF) membrane (0.22 mm, Merk Chemicals 

LTD) 

- Polyimide electrical tape (PI, RS Components LTD, UK) 

- pH test strips (Merck, US) 

2.2.2 MXene synthesis  

2.2.2.1 Etching  

Ti3C2Tx flakes were synthesised from the high-aluminum Ti3AlC2 MAX phase using 

the HF-HCl etching method. The Al layer was first chemically etched from the MAX phase. 

The etchant consisted of a mixture of 12 M HCl, DI water, and 50 wt% HF in a volume ratio 

of 6:3:1. Once the etchant was prepared, 1 g of MAX phase was added slowly (1 g/5 mins) to 

the etchant in a polyethylene bottle. A magnetic stirrer was added, and the bottle was lightly 

capped to allow gas release. The solution was left to stir for 24 h at 35 degrees Celsius (oC) at 

400 rounds per minute (rpm). The resulting acidic solution was centrifuged for 5 mins at 3,500 

rpm obtaining a clear supernatant which was decanted into a waste container and the sediment 

was redispersed in DI water. This cycle was repeated until the pH, measured with a pH strip, 
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reached 6. After the last centrifugation run, the supernatant was decanted, and the neutralised 

sediment was kept for delamination.  

2.2.2.2 Delamination  

For delamination, 1 g LiCl was mixed with 50 mL of DI water. The 0.5 M LiCl solution 

was used to redisperse the neutralised sediment. The solution was left stirring for 24 hours at 

400 rpm. The solution was collected and through a series of centrifugation runs at 3500 rpm 

with the first lasting only 5 mins and the following lasting 1 hr, delaminated MXene was 

washed. The supernatant of the last wash containing single-layered Ti3C2Tx was decanted and 

stored in a closed container in the fridge until use.  

2.2.3 Colloidal solution processing and characterization  

2.2.3.1 UV-vis spectroscopy  

The UV-vis spectrum of as-synthesised MXene using recorded with the Evolution 201 

UV-vis spectrophotometer (Thermo Scientific, USA) with a path length of 10mm. This 

technique was also used to develop a calibration curve of MXene colloidal solutions with a 

series of concentrations (10 - 40 g/mL) to determine the extinction coefficient (molar 

absorptivity) for the Ti3C2Tx solution. With a initial MXene solution of known concentration 

(described in Section 2.2.4.1) in DI water, a series of dilutions were performed. Then, 1 mL of 

each sample was pipetted into a quartz cuvette and measured from 200 – 1000 nm. DI water 

was used as a blank for all measurements.  

2.2.3.2 Flake size isolation 

To isolate the different flake sizes contained in the as-synthesised MXene colloidal 

solution, various centrifugation steps were performed. First, the as-synthesised MXene solution 

was split into four 50-mL centrifuged tubes and centrifuged for 30 mins at 4,000 rpm. The 

resulting supernatants were all carefully decanted into the same container and stored in the 

fridge until characterised. Then, the sediments were redispersed in 50 mL of DI water and 

centrifuged for 30 mins at 3,500 rpm. The supernatants were stored and the sediments were 
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redispersed as previously described. Similar steps were taken for consecutive centrifugation 

runs of 2,500 rpm, 1,500 rpm, and 500 rpm. The sediments, containing MAX phase, or 

multilayer MXene, of the last centrifugation run of 500 rpm were discarded. 

2.2.3.3 Flake size reduction 

To reduce the size of Ti3C2Tx flakes, bath sonication and probe sonication (50% 

amplitude, 8:2 sec ON: OFF) were performed for different duration times (detailed in results) 

using an ice bath to avoid heating the MXene colloidal solutions.  

2.2.3.4 Dynamic Light Scattering 

To estimate flake size dimensions and determine the polydispersity index, DLS was 

used with a 90-degree scattering optics spectrometer was utilised (Zetasizer Nano ZS, Malvern 

analytical, UK). The sample of interest was diluted until visually translucent and 1 mL of a 

MXene sample was pipetted into a polystyrene cuvette. Three measurements were averaged 

for each sample. 

2.2.4 MXene film fabrication and characterisation 

2.2.4.1 Vacuum-filtered films  

To fabricate self-standing films, a known volume of solution was vacuum assisted 

filtered using a PVDF membrane. Depending on the volume of the MXene solution filtrated, 

the filtration took from 2 to 6 hours. The resulting film was left in the desiccator overnight to 

further dry before characterization.  

2.2.4.2 Determination of concentration  

The MXene film was removed from its filtration paper, and weighted. The MXene 

colloidal concentration was calculated by dividing the weight of the dried film (mg) by the 

volume of the solution filtered (mL).  

2.2.4.3 Thickness determination 

The thickness of films was measured using a digimatic micrometer (absolute d2, 

Multitoyo). 5 measurements were taken per film and averaged.  
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2.2.4.4 Conductivity  

Sheet resistance was measured using a 4-point probe (Jandel Engineering LTD). These 

parameters were used to calculate the conductivity of each MXene film following Equation 2.2 

and 2.3.  

2.2.4.5 X-Ray Diffraction  

X-ray diffraction (Rigaku Smartlab) was performed in pressed MAX powder as well 

as MXene film for alignment using CuKalpha radiation ( =1.54 A). 

2.2.5 MXene electrode fabrication and material characterisation 

2.2.5.1 Fabrication 

Rectangles of 15 mm in length and varying widths (2, 3, and 4 mm) were cut from the 

Ti3C2Tx self-standing film. Two pieces (6 x 20 mm2 and 6 x 10 mm2) of Kapton tape were used 

to encapsulate the MXene films. To develop one electrode design, named basal-plane-electrode 

(BPE), the smaller piece of Kapton tape (6 x 10 mm2) had been previously hole-punched to 

expose a MXene area of circular geometry with varying diameters of 2, 3, and 4 mm. To 

fabricate the other electrode designed, named edge-plane electrode (EPE), once the MXene 

film was encapsulated by the two pieces of Kapton tape, a cross-sectional area of MXene was 

exposed by performing a cut parallel to the width of the MXene film. Scanning electron 

microscopy measurements 

2.2.5.2 Scanning electron microscopy  

The sample preparation for SEM (Zeiss Supra 50VP) was done by cutting a vacuum-

filtered film and placing it either horizontally or vertically to the bolt sample holder to obtain 

a top or cross-sectional image, respectively. Before measurement, the samples were platinum-

coated. The measurements were performed at an electron height tension of 5 kV in high vacuum 

mode.  
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2.2.5.3 Energy Dispersive X-Ray Spectroscopy  

Chemical compositions of the MXene electrodes were determined using an Oxford 

Instruments Aztec EDS system, equipped with an Oxford Instruments X-Max 80 X-Ray 

detector. For SEM imaging and EDS mapping, the SEM/EDS was operated at 10 kV 

accelerating voltage at high vacuum. 

2.3 Results and Discussion 

2.3.1 MXene synthesis and characterisation 

The successful synthesis and delamination of Ti3C2Tx was confirmed using X-ray 

diffraction (XRD, Figure 2.3). The increase in d-spacing from 9.7 to 12.4 angstroms (A), after 

the removal of the Al layer, calculated from the (002) peak at 9.12o and 7.13o, respectively, is 

attributed to the termination groups (Tx) of delaminated Ti3C2Tx and intercalated water 

molecules. In addition, only (00l) peaks are observed for the film sample, indicating that the 

Ti3C2Tx sheets are all aligned along the basal direction with no residual Ti3AlC2 or other 

impurities present (177). This confirms the removal of the Al layer, delamination of single 

MXene flakes with lithium ions, and suitability of the produced film to study the Ti3C2Tx flake 

orientation.  

Figure 2.3. X-ray Diffraction spectra of Ti3AlC2 and Ti3C2Tx. Reprinted with permission from 

(299). Copyright 2024, American Chemical Society. 
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2.3.2 Optical characterisation  

The optical properties of MXenes are another way to identify the material. As shown 

in Figure 2.4, Ti3C2Tx shows a characteristic peak at 770 nm as well as around 330 nm. J. K. 

El-Demellawi et al. attributed the peak around 770 nm to be due to the plasmon resonance, 

while the peak around 330 nm is from interband transitions using electron energy loss 

spectroscopy (178). The UV-vis spectra of the different concentrations (10, 15, 20, 25, 30, 35, 

and 40 μg/mL) of as-synthesised colloidal solution in DI water are shown in Figure 2.4a. 

 

Figure 2.4. Characterisation of Ti3C2Tx colloids in water using UV-vis spectroscopy. a) UV-vis 

spectra of delaminated Ti3C2Tx in DI water with concentrations ranging from 40 to 10 μg mL-1 

b) Calibration curve of Ti3C2Tx. The absorbance at local maxima (770 nm) is plotted against 

their respective colloidal concentration (μg mL-1). A linear trend line was fitted (R2 = 0.998) 

and its formula is shown. 

The local absorption maxima at 770 nm of the different known concentrations of Ti3C2Tx were 

used to make a calibration curve as shown in Figure 2.4b. Having calculated the extinction 

coefficient to be 37.5 L g-1
 cm-1, which corresponds to the slope of the calibration curve, it is 

possible using Beer-Lambert’s Law (Eq. 2.5) to determine the concentration of other Ti3C2Tx 

colloidal solutions by measuring its maxima local absorbance and knowing the optical path 

length (L).  

2.3.3 Flake size reduction and characterisation 

Difficulties in sorting out different flake sizes limit the investigation of size-dependent 

properties6. The effect of the flake size of Ti3C2Tx on electrochemical and optical properties has 
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been explored by Maleski et al. (179), allowing the enhancement of transparent and conductive 

electrodes, for example. Since part of this study will focus on investigating the properties of 

Ti3C2Tx, once MXene was synthesised and characterised through the UV-vis spectra, the 

isolation of different flake sizes was the next step.  

The first approach considered was taking advantage of the differences in particle sedimentation 

rates due to the different mass and size of individual flakes. The size distributions of the 

supernatants obtained from multiple centrifugation steps are shown in Figure 2.5a. Also shown 

in Figure 2.5b is the resulting z-average (nm), which is the intensity-weighted mean of the 

hydrodynamic radius of the particles in solution, and the polydispersity index (dimensionless). 

 

Figure 2.5. Characterisation of Ti3C2Tx flake size separation using dynamic light scattering. a) 

Flake size distribution of supernatants obtained from centrifugation runs (mean of 3 

measurements, n=1). b) Table providing the processing steps in the centrifuge (4000 – 500 rpm) 

for 30 mins of each supernatant and its respective z-average (nm) and polydispersity index 

(PDI). 

It is worth noting that DLS assumes spherical particles; fortunately, correlations to microscopy-

derived size distributions allow the determination of flake length and width without expensive 

and time-consuming scanning electron imaging. An SEM analysis made by Maleski and 

coworkers determined that Ti3C2Tx flakes have a length-to-width size ratio of 1.6:1 (179,180). 

Furthermore, a comparison between SEM images and DLS measurements of Ti3C2Tx 

determined that the width size is closest to the Z-average. Therefore, thanks to this study, it is 
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possible to use the DLS measurement to closely approximate the MXene flake's true size and 

distribution.  

Results (Figure 2.5b) showed that the higher speed in the centrifuge would separate smaller 

flake sizes and an increase in flake size was observed with decreasing speed, as expected. The 

polydispersity index indicates how broad is the size distribution; a PDI larger than 0.7 indicates 

a very broad distribution and suggests that it is not suitable for DLS measurements (181).The 

relatively high PDI (>0.3) of some of the batches could have been reduced by more 

centrifugation steps for longer periods, since for this study it would be best to have the lowest 

PDI possible for accurate size-dependent properties determination. However, a problem 

encountered with the centrifugation steps approach for isolating flake sizes is the low amount 

of material for each flake size obtained.  

In need of larger and more consistent amounts of material per flake size, a different approach 

was taken. It is possible to break flakes into smaller particles by the introduction of energy into 

a colloidal solution. Furthermore, by varying the amount of energy and the time applied, 

breaking the particles into different sizes can be controlled. The amount of energy can also be 

varied by using different instruments. A high-shear mixer, also known as a homogenizer, uses 

a rotor at various speeds (3,000 – 4,000 feet/min) for flake size reduction. The bath and the 

probe ultrasonicator use power (20-40 and 200-400 kW, respectively) to generate acoustic 

energy to break flakes by cavitation (182) These three instruments were used for breaking the 

flakes into different sizes as described in materials and methods. The resulting colloidal 

solutions were characterised using the DLS. Figure 2.6a shows the size distributions and Figure 

2.6b their respective Z-average (nm) and PDI.  
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Figure 2.6. Characterisation of Ti3C2Tx flake size reduction using dynamic light scattering. a) 

Flake size distribution of the MXene colloidal solutions obtained from the size reduction 

method (mean of 3 measurements, n=1). b) Table providing the processing steps using a 

homogeniser (H), a bath sonicator (BS), and a probe sonicator (PS) and their resulting Z-

average (nm) and polydispersity index (PDI).  

Results (Figure 2.6) showed that with increasing time of the applied energy, the flake size was 

reduced significantly from 1565 nm to 160 nm, as desired. Considering that the resulting 

colloidal solutions of different flake sizes had the same volume and concentration since only 

mechanical or acoustic energy was introduced, this approach was chosen for size reduction and 

isolation of flake sizes for all the experiments. 

2.3.4 Electrode fabrication and characterisation  

The self-stacking of flakes during vacuum-assisted filtration of MXene colloidal 

solution results in a semi-oriented structure of MXene flakes (Figure 2.3). When sufficient 

flakes are stacked on top of each other, self-standing MXene films are produced. The 

conductivity of the vacuum-filtered film resulted to be 14,327 S cm-1
 which is characteristic of 

highly conductive Ti3C2Tx. Here in, a straightforward protocol for the fabrication of bare 

electrode MXenes using self-standing film is proposed (Figure 2.7). Kapton tape is utilised to 

encapsulate the MXene electrode to maintain a constant surface area which is essential for 

reporting in analytical electrochemistry(66). For the first electrode design (Figure 2.7b), the 

desired electrode area is determined by the diameter of the hole punched through the Kapton 

tape. Due to the stacking of flakes during filtration, the basal plane of MXene flakes is 
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predominantly exposed to the environment. Therefore, these electrodes are referred to as BPE. 

Interested in shining light on the differences in electroactivity between basal- and edge-plane, 

as well as flake orientation, the second electrode designed exposes the cross-sectional area of 

the film (Figure 2.7c).  This is achieved by first encapsulating the MXene film with Kapton 

tape, followed by a cut perpendicular to the basal plane. The geometrical surface area is then 

approximated by the length (3 mm) and thickness (5 m) of the MXene electrode. This 

electrode design is then referred to as the EPE. As highlighted in Figure 2.7, these electrode 

designs allow easy control of certain material parameters, including the size of the flakes 

conforming to the electrode, electrode thickness and geometrical surface area (d or l) relevant 

for Chapters 3 and 4.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Fabrication of pristine Ti3C2Tx electrodes. (a) Schematic of fabrication protocol of 

basal-plane electrodes (BPE, b-3) and edge-plane electrodes (EPE, c-3) using vacuum-assisted 

filtration for MXene self-standing films (a-1) and Kapton tape (a-4) for electrode 

encapsulation. 

a) c) b) 
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Moreover, relevant to the thesis was the development of pristine Ti3C2Tx electrodes to 

understand their potential without the contribution of glassy carbon electrodes. As shown in 

Figure 2.7, the fabrication of these electrodes only required Kapton tape and a vacuum-filtered 

film of the electroactive material of interest. Kapton tape was selected as the substrate of choice 

for encapsulation due to its flexible structure, which enabled it to take advantage of the strong 

mechanical properties of MXene vacuum-filtered films. Optical images of the MXene working 

electrode show the flexible electrode structure developed (Figure 2.8).  

 

Figure 2.8. Flexibility visualisation of basal-plane electrode design. a) Schematic of MXene 

working electrode components. b) Photograph of Ti3C2Tx working electrode. Series of 

photographs bending the MXene electrode (c-e) and showing how it recovers to its initial shape 

without any visual damage (f). 

While many processing methods of MXene colloidal solutions may attain an orderly structure 

of MXene flakes, vacuum filtration was selected for simplicity of fabrication, handling, and 

thickness control. Figure 2.9a shows the SEM of the BPE. Due to the resulting arrangement of 

MXene flakes, the electrode is composed of mostly titanium atoms of the outer MXene layers 

represented with EDS mapping (Figure 2.9b). The high carbon content shown in the EDS 

spectra (Figure 2.9c) rises from the Kapton tape encapsulating the MXene electrode (Figure 

2.9b). The stack of flakes can be visualised in an SEM micrograph of the edge-plane electrode, 
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or EPE (Figure 2.9d), in which edges are exposed to the surface. EDS mapping reveals 

prominent sports of C atoms at EPE (Fig 2.9e). The EDS spectra present the content of Ti and 

C atoms of the EPE (Figure 2.9f). Moreover, chlorine, fluorine, and oxygen were identified 

(Figure 2.9c,f) and attributed to the termination groups acquired during wet synthesis. 

Aluminium (Figure 2.9f) is likely a sample holder contaminant as it was not observed on BPE.  

 

Figure 2.9. Material characterisation of pristine Ti3C2Tx electrodes. Scanning electron 

microscopy images of (a) basal-plane electrode (BPE) and (d) edge-plane electrode (EPE). 

Overlapping energy dispersive X-ray spectroscopy EDS) map of C and Ti of the (b) BPE and 

(e) EPE with their respective spectra (c and f). Adapted with permission from (299). Copyright 

2024, American Chemical Society. 

2.3.1 Uniformity of film and electrode reproducibility 

To test the suitability and reproducibility of these electrodes, we studied the uniformity 

of the MXene film from which electrodes were made. The schematic in Figure 2.10 shows the 

location from which the electrodes (optical photograph) were obtained. The representative 

cyclic voltammograms of these electrodes in ruthenium hexamine are shown in Figure 2.10b. 

The characteristic redox peaks of ruthenium hexamine appear around -0.2 V as expected. No 

significant difference (p<0.05, n-6) was observed for the cathodic peak current (Figure 2.10c) 

and ΔE (Figure 2.10d). This suggests that a uniform film was developed when using vacuum-
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assisted filtration. While only a limited number of electrodes can be fabricated from one single 

film, the potential of using other methods of processing should be assessed to develop 

numerous electrodes from the same processing batch. It has been shown that blade coating 

allows the manufacturing of large-area films with a well-defined thickness. 

 

Figure 2.10. Impact of film uniformity on electrode reproducibility. a) Schematic of a film 

indicating electrode location and optical image of the corresponding electrodes. b) 

Representative cyclic voltammograms in 5 mM ruthenium hexamine and 1 M KCl at 20 mV s-

1 of electrodes in different locations. c) Cathodic peak current (Ipc, uA) and d) peak separation 

potential (E, mV). (Mean ± standard error, p<0.05, n=5, one-way ANOVA with Turkey’s 

comparison). Reprinted with permission from (299). Copyright 2024, American Chemical 

Society. 

The variation between different batches of these MXene electrodes was also investigated. 

Figure 2.11 shows that no significant difference in cathodic peak current and ΔE was observed 
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between different batches of MXene electrodes. These findings highlight that MXene 

electrochemical sensors can be made with high reproducibility.   

 

Figure 2.11 Batch reproducibility of Ti3C2Tx electrodes. a) Cyclic voltammograms of 

representative Ti3C2Tx electrodes from 5 fabricated batches. Cyclic voltammetry was run in 5 

mM ruthenium hexamine in 1 M potassium chloride at 20 mV s-1. b) Reduction peak current 

(Ipc, mA) and (c) redox peaks separation (E, mV) of cyclic voltammograms. (Mean ± standard 

error, p<0.05, n=5, one-way ANOVA with Turkey’s comparison). Reprinted with permission 

from (299). Copyright 2024, American Chemical Society. 

2.4 Conclusion 

The importance in understanding the impact of synthesis and processing was emphasised 

as critical aspects for conducting studies and developing MXene-based devices. The selected 

synthesis method, HF-HCl etching and LiCl delamination, was performed successfully to 

produce single Ti3C2Tx flakes with high conductivity (14,327 S cm-1). This was confirmed 

through numerous characterisation methods including XRD, SEM, EDS, DLS, UV-vis 

spectroscopy, and 4-point probe measurements. Additionally, the proposed electrode design for 

Ti3C2Tx enables the manipulation of electrode dimensions, surface area, thickness and flake 

orientation, relevant for future chapters. The successful use of pristine Ti3C2Tx electrode for 

electrochemical measurements was demonstrated by the observed redox peaks of ruthenium 

hexamine. Finally, reproducibility of the electrode fabrication protocol within and between 

electrode batches was confirmed. This will enable the systematic exploration and optimization 
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of both the material and electrode parameters specifically tailored for electrochemical sensing 

applications.  
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3 Pristine Ti3C2Tx Electrodes Enable Flexible 

and Transparent Electrochemical Sensors  
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3.1 Introduction 

The successful incorporation of platform diagnostics into contact lenses relies on the 

introduced technology not hindering the primary design features of the lenses. Contact lenses 

need to be flexible, since ‘soft’ polymers are used in their production, and they need to be 

optically transparent. As demonstrated in Chapter 2 Ti3C2Tx MXene can be used to manufacture 

a flexible electrode, however its electrochemical performance under bending conditions is yet 

to be assessed. Moreover, it is also important to assess if an optically transparent electrode can 

be produced. 

The use of MXenes has contributed significantly to the advancement of wearable and portable 

devices due to their unique properties including high conductivity, tailorable optical properties, 

and high mechanical stability(183–185). This has been key as we enter the era of the Internet 

of Things requiring flexible, transparent, and self-powered technologies for niche applications 

(186,187). Some examples of MXene-based devices include wearable antennas (188), flexible 

sensors (189–191), accommodating intraocular lenses (4), smart windows (192) and 

triboelectric nanogenerators for self-powering devices (193) and human-machine interfaces 

(194,195). Transparent, flexible, and wearable energy storage devices have also been reported 

due to MXene’s excellent capability of ion intercalation and pseudocapacitance properties 

(196–198). Despite the electrochemistry field taking advantage of the optoelectronic and 

mechanical properties of MXenes, these are yet to be fully explored for electrochemical 

sensing.  

3.1.1 Flexible electrochemical sensors 

With the increasing interest in wearable and portable devices, the field of 

electroanalytics has also explored flexible electrochemical sensors (199–202). For example, 

textile and epidermal electrochemical sensors have gained significant attention from the 

biomedical field for the continuous monitoring of diseas (200,203) Multiple bodily fluids can 

be used for non-invasive monitoring of biomarkers for disease, however, this requires 
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electrodes to have different mechanical properties that traditional electrode materials, such as 

metals, do not possess (199). One approach to developing a flexible electrochemical sensor is 

through the incorporation of rigid electrodes into flexible substrates. This is the current 

approach to incorporating electronics into contact lenses as described in Section 1.3.3 (106–

108). However, the use of rigid electrodes in flexible substrates limits their use in certain 

applications such as tattoo-sensors due to the mismatch of mechanical properties of skin and 

rigid electrodes (203). Current strategies for the development of flexible electrodes include the 

use of polymer-nanomaterial composites and layered structures. For example, nanomaterial-

based inks have been used to design electrodes onto flexible substrates such as paper, 

polyethylene terephthalate (PET), PI, PMMA, and polyurethane (204). Another approach is to 

develop conductive fibres by electrospinning or using nanomaterial coatings on natural or 

synthetic fibres to construct flexible networks as working electrodes. Conductive fibres can 

also be spun to form yarns to weave or knit wearable devices (200). Alternatively, it is possible 

to directly dip coat or screen-print onto cloths or fabric using conductive inks (200). While 

generally nanomaterials are used for enhanced electrochemical performance, 1D and 2D 

nanomaterials can also contribute to the mechanical stability (199).  Due to their high aspect 

ratio, these materials have another advantage i.e. a lower percolation threshold than NPs, and 

therefore less material is needed to form conductive networks (199).  In particular, 2D materials 

have been reported to have a low contact resistance between flakes, resulting in highly 

conductive electrodes. This property is, however, highly dependent on fabrication protocol, 

electrode composition, and flake alignment.  

Several flexible electrochemical sensors have been developed by combining the unique 

properties of different nanomaterials. For example, a flexible polyolefin film was modified 

with graphene oxide followed by electrodeposition of Au-NPs for the detection of uric acid 

(UA) and dopamine (DA). The LOD achieved were 10 nM and 1.47 M for DA and UA 

respectively (205) Similar LODs (<1.5 M) were reported for AA, UA, and DA with wide 

linear ranges (10 – 1000 M) using an MXene-MoS2-modified carbon fibre paper (206). These 
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analytes have also been detected by self-reducing Au-Pd NPs onto a previously MXene drop-

casted laser-inscribed porous graphene (LSG). The flexible electrode achieved similar linear 

ranges and low LOD to the previous work (207).  A similar approach utilized a mixture of 

Ti3C2Tx -CuO was deposited onto carbon cloth for the detection of cadmium (Cd+2) and lead 

(Pb+2) ions (208). The wide linear range for Cd+2 (4 – 80, 80 – 800 M) and Pb+2 (4-1200 M) 

was achieved with low LOD, 0.3 and 0.2 M, respectively (208). Other environmental 

pollutants, harmful to human health such as phytoregulator a-naphthalene acetic acid (NAA) 

in a linear range of 0.02 – 40 M and a LOD of 1.6 nM can be electrochemically detected by 

flexible MXene-based electrodes (209). Another sensor for NAA consisted of a hybrid of 

phosphorene and Ti3C2Tx that was deposited onto a laser-induced porous graphene (LIPG) 

structure. While most 2D-based electrochemical sensors were reported to be stable over 

multiple measurements (<10) and reproducible with only <5% change in current response, all 

the aforementioned reports failed to test them against stress, which is key for reliable 

electrochemical measurements of flexible electrodes.  

There are several methods to characterize flexible devices including bending. The main two 

parameters that determine flexibility are the bending angle (theta) and the bending radius of 

curvature (R). G.-F. Li and colleagues demonstrated only a 3% variability in the current 

response of an electrode before and after 100 bends for the non-enzymatic detection of 

glucose(210).  However, they failed to report the bending angle. This study used a layered 

Pt/PVA-Ti3C2Tx/Pt-Ti3C2Tx structure combined with a multifluidic design achieved an 

appropriate linear range of detection (0-8 mM) for glucose in sweat without interference from 

sweat accumulation. Another article reported no significant difference in the oxidation current 

response of rifampicin, an anti-tuberculosis drug, using an MXene-based electrode while bent 

under measurement compared to its natural state (211). This sensor was developed by the 

incorporation of TFA and Nb2C onto carbon cloth, however, the bending angle was not reported 

either. Another study that successfully investigated the impact of bending on electrochemical 

performance was the flexible graphene/Ag NPs for the detection of H2O2 (212). This work 
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showed that the sensitivity decreased after bending the electrode 20 times around a 5 mm in 

diameter cylinder. Only by investigating the impact of bending on the electrochemical 

performance of electrodes, the relevance of work on flexible sensors can be assessed. 

Moreover, considering the difference in stress applied at different bending angles, it is 

important to report either the bending angle or the bending radius of curvature, which is rarely 

presented in the Methods of most published work. In this manner, a straight comparison of 

electrode composition can be performed and optimised for the real-life application of 

electrochemical sensors. 

In summary, the use of nanomaterials has facilitated the creation of high-performing and 

mechanically stable electrochemical sensors. Despite MXenes being employed as coatings or 

additives to enhance electrochemical performance in various flexible sensors, the exploration 

of their application as pristine materials remains unexplored. Utilising pristine Ti3C2Tx sensors 

could unlock a new frontier in sensor technology, offering unprecedented possibilities for 

flexible sensors in niche applications such as contact lens diagnostics. Further research in this 

direction holds great potential for advancing the capabilities of electrochemical sensors in 

diverse applications. 

3.1.2 Transparent electrochemical sensors 

The optoelectronic field of research has led the development of transparent electrodes 

for applications in solar cells, touch screens, smart windows, and light-emitting diodes (213). 

Most recently, the development of transparent electrochemical sensors has begun to gain 

momentum in new fields due to the exciting opportunities that these can provide. For example, 

in biological research, the ability to simultaneously track biochemical fluctuations in cells 

while observing their morphological changes enables a better understanding of cell behaviour 

(214). In wearable devices, one application is a seamless electrochemical sensor that can 

monitor glucose in sweat, which would add to the development of skin electronics (215). The 

growing interest in imperceptive electronics underscores the significance of unobtrusive and 

visually discreet wearable devices, particularly in enhancing the user experience, comfort, and 
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societal integration of assistive technologies (216). In neuroscience, the use of transparent 

electrodes has enabled synergistic therapeutic and diagnostic methods which could be extended 

to electrochemical detection of neurotransmitters with the appropriate material selection (217). 

Integrating transparent electrochemical sensors into windows, glasses, or contact lenses could 

allow for the detection of environmental or physiological changes without compromising the 

user’s vision. These are a few examples that demonstrate the desire to develop transparent 

electrochemical sensors as the next generation of analytical detection. 

Transparent or semi-transparent electrochemical sensors are typically fabricated using one or 

more of the following components: typical transparent conductive oxides (TCOs) such as Sn-

doped In2O3 (ITO), conductive polymers such as polydimethylsiloxane (PDMS), or 

nanomaterials, most commonly CNTs. For example, a transparent sensor for the detection of  

the oxidative stress biomarker 8-hydroxydeoxyguanosine was achieved by deposition of Au 

nanotriangles and Pt NPs onto ITOs (218). While TCOs have demonstrated potential for 

transparent electrochemical sensing, their relatively high cost limits their use in several 

applications. Instead, the combination of nanomaterials with polymers is more commonly 

reported. For example, a transparent sensor for the detection of hydrogen peroxide was 

developed by transferring CNTs onto PDMS before complete polymerization followed by an 

electrodeposition of Au NPs (214). Depending on the amount of CNTs deposited, the 

transmittance of the electrode varied between 90 % to 50 %. This allowed direct visualization 

of the cells and monitoring of morphological changes during stretching. A similar approach 

was performed to detect hydrogen sulphide by using Au nanowires instead of NPs to increase 

the mechanical and optical properties of the sensor. Other polymers such as poly-(3,4-

ethylenedioxythiophene) (PEDOT) and poly(ethylene terephthalate) (PET) have been used as 

substrates for CNT-based transparent sensors for hydrogen peroxide and dopamine 

(219),(220),(221).   

Electrospun fibres and metal meshes have also been used to develop transparent sensors.  To 

monitor glucose in sweat non-invasively, an electrode was made of electrospun nanofibers 
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made with polyvinyl alcohol (PVA), -cyclic oligomer (CO), 1,2,3,4-butanetetracarboxilic-

acid (BTCA) and Au NPs with a coating of glucose oxidase (GOx) immobilised with -CO.  

The resulting sensor achieved a linear range between 0.1 – 0.5 mM with a sensitivity of 47.2 

A mM and LOD of 0.01 mM. Au-mesh network has also been used as a substrate for the 

immobilisation of nickel alkylthiolate (Ni(SR)2) for the non-enzymatic detection of 

glucose(222). This transparent network achieved a sensitivity of 675.97 A mM-1 cm-1 and a 

LOD of 2.2 M. Furthermore, a comparison was conducted between Au-mesh and FTO, and it 

was found that Au-mesh performed significantly better. When using Au-mesh, the detection of 

human blood glucose levels fell within a wide linear range, indicating superior electrocatalytic 

performance compared to FTO. Another metallic network consisting of Ni-mesh, was 

decorated with Au NPs and PEDOT:poly(styrene sulfonate) (PSS) for dopamine detection with 

85% optical transmittance (223). This work highlighted the importance of monitoring 

neurotransmitter release upon neuron activation which can be achieved using transparent 

sensors.   

While there is still a limited number of publications reporting on transparent electrochemical 

sensors, the evident benefits and the pressing need for their development become apparent as 

interdisciplinary technological innovations advance at a rapid pace. The use of zero- and one-

dimensional nanomaterials such as metal NPs and CNTs, have been key for achieving high 

sensitivity and low LOD while maintaining high optical transmittance. However, 2D materials, 

specifically MXenes, have yet to be explored for transparent electrochemical sensors, 

considering these have achieved reasonable figures of merit in optoelectronics and 

demonstrated excellent electrochemical properties. It is essential to highlight that these 

distinctive properties have been utilised in various applications, including energy storage and 

electrochromic devices, which further supports their potential use in transparent 

electrochemical sensors. 
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3.1.3 Gap in knowledge  

Despite progress in the field of transparent and flexible electrochemical sensors, only 

a few reports have focused on incorporating these into contact lenses. Notably, only graphene, 

Ag NWs and NFs have been used in these attempts lacking an evaluation of sensor performance 

under bending conditions and without an assessment of the impact of transparency on 

electrochemical performance (Section 1.3.3). Whilst MXenes have shown great potential as 

transparent and electrochemical electrodes for numerous applications, their use as 

electrochemical sensors has yet to be investigated. Numerous studies on MXene-based 

electrochemical sensors have reported high sensitivity to various analytes including redox 

probes, neurotransmitters, and environmental pollutants (143,144) Current approaches in their 

development involve either drop-casting a MXene composite containing other nanomaterials 

such as Au and Pt nanoparticles or employing a layer-by-layer deposition onto current 

collectors (146,147,224) However, conventional current collectors, like screen-printed 

electrodes (225,226) and glassy carbon (227,228) are bulky and rigid, limiting their use as 

flexible sensors.  Alternatively, using soft and conductive substrates like carbon cloth, 

hydrogels or graphene electrodes enables the development of flexible sensors and their 

incorporation onto wearable devices (189,190,210,229) This has been demonstrated for skin 

patches allowing non-invasive sweat analysis (210) However, these sensor designs lack 

transparency due to opaque components within the electrodes constraining MXene-based 

electrochemical sensors in niche applications such as optoelectronics, specifically contact lens 

diagnostics. To overcome this limitation, it was hypothesised that pristine Ti3C2Tx electrodes, 

known for their stacked layers with high mechanical properties (161) remarkable conductivity 

(230) and optically transparency (231) could be employed.  This study aimed to explore the 

mechanical stability and optoelectronic properties of pristine Ti3C2Tx MXene as an electrode 

for analytical electrochemistry using an outer-sphere redox probe. Building from Chapter 2, 

the study began with the BPE and evolved to the development of transparent electrodes.  
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3.1.4 Research objectives 

1. To investigate the influence of material parameters (flake size and orientation) and 

electrode parameters (electrode thickness and size) of pristine Ti3C2Tx on the 

electrochemical behaviour  

2. examine the electrochemical performance of pristine Ti3C2Tx electrodes under bending 

conditions. 

3. To develop transparent pristine Ti3C2Tx electrodes and investigate its impact on 

electrochemical performance. 

3.2 Materials and Methods 

3.2.1  Materials 

- Pristine Ti3C2Tx BPE and EPE (Section 2.2.5) 

- Potassium chloride (KCl, 99.0 – 100.5%, ACS reagent, Sigma-Aldrich)  

- Hexaammineruthenium (III) chloride ((Ru(NH3)6Cl3, 98%, Sigma-Aldrich)  

- Glass slides (Leika biosystems) 

- Double-sided tape (3M, UK) 

- Borosilicate glass rod (4 mm, Goodfellow Cambridge Ltd.) 

3.2.2 Flake size reduction and physical characterisation 

To reduce the size of Ti3C2Tx flakes obtained from the synthesis protocol described in 

Section 2.2.2, probe sonication was selected based on concluding remarks of Section 2.3.3.  

Probe sonication (50% amplitude, 8:2 sec ON: OFF) was performed over 20 mins using an ice 

bath to avoid heating the MXene colloidal solutions. To estimate flake size dimensions and 

determine the polydispersity index, DLS was used with a 90-degree scattering optics 

spectrometer was utilised (Zetasizer Nano ZS, Malvern Panalytical, UK). The sample of 

interest was diluted until visually translucent and 1 mL of a MXene sample was pipetted into a 
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polystyrene cuvette. Three measurements were averaged for each sample. To confirm the flake 

size, scanning electron microscopy (Zeiss Supra 50VP scanning electron microscope) images 

were recorded of single flakes drop-casted on a porous anodic alumina membrane. 

3.2.3 Preparation of transparent electrodes by spray-coating 

To fabricate transparent electrodes, thin Ti3C2Tx films were deposited onto a glass 

substrate.  As-synthesised MXene colloidal solution (5 mg mL-1) was spray-coated over 40 

mins. To achieve electrodes with varying thicknesses, the lower section of the substrate 

(working electrode) was masked at specific time intervals (5, 10, 15, 20, and 25 minutes) during 

the deposition process. Meanwhile, the deposition of Ti3C2Tx over the higher section of the 

substrates continued uninterrupted throughout the entire deposition period. 

3.2.4 UV-vis spectroscopy measurements 

To characterise the transparency of spray-coated electrodes, their UV-vis spectra were 

recorded using the Evolution 201 UV-vis spectrophotometer (Thermo Scientific, USA) 

scanning from 200-1000 nm. An uncoated glass substrate was utilised as the blank sample. 

3.2.5 Electrochemical measurements 

Electrochemical studies were performed using a CH 760E potentiostat (CH 

instruments, Texas). The three-electrode system used consisted of an Ag|AgCl (3 M KCl) 

reference electrode, a platinum wire auxiliary electrode, and pristine Ti3C2Tx as the working 

electrode. Electrodes were characterised using 5 mM ruthenium hexamine in 1 M KCl using 

cyclic voltammetry. Cyclic voltammograms were recorded in potential windows between +200 

and -700 mV at a scan rate of 5 or 20 mV s-1. Measurements of the capacitance were measured 

in 1 M KCl with the same electrochemical parameters.  

3.2.6 Flexibility test  

To assess the electrochemical performance of pristine Ti3C2Tx electrodes 3 conditions were 

considered. The first one was the control, which consisted of the pristine electrode in its natural 

form (straight) during measurement. To consider a bending state during measurement, the 
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electrode was wrapped around a 4 mm in diameter glass rod using a double-sided tape to 

immobilise the electrode (Condition A). Finally, the to consider them impact of bending cycles, 

the electrode was manually bent along its diameter 100 times 180 degrees (50 times inwards 

and 50 time outwards). Upon the electrode returning to its natural form after the bending cycles, 

the electrochemical measurement was recorded. 

3.2.7 Electrochemical set up for transparent electrodes testing 

The thicker section of the Ti3C2Tx coating on a glass substrate was initially secured to 

the potentiostat using the alligator clip. Subsequently, the transparent/thinner Ti3C2Tx sections 

of the coating were immersed into the electrolyte at a depth of approximately 5 mm. To 

guarantee exclusive contact of the electrolyte to the transparent segment of the coating, the 

alligator clip was fixed to the electrochemical beaker's wall before the electrochemical 

measurement. 

 

3.2.7.1 Determination of working electrode surface area 

The free software Image J (Wayne Rasband) developed in the Research Services 

Branch of the National Institute of Mental Health was utilised to determine the geometrical 

surface area of the transparent electrodes. 

After conducting the electrochemical test, the electrode was extracted from the electrolyte, and 

photographs were captured alongside a ruler to establish scale. Subsequently, the photographs 

were uploaded to Image J to determine the electrode surface area. Through visual observation 

and manual determination, the area was precisely delineated.  This was facilitated by the 

observable darkening of the electrode's colour, indicating its wet condition after exposure to 

the electrolyte. 
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3.2.8 Data analysis  

The cyclic voltammograms were recorded using CHI 700 potentiostat. The 

anodic/cathodic peak potential and the current were obtained from the voltammograms using 

CHI 760E software. The geometric surface area (A, cm2) of the film electrodes was calculated 

using the diameter or the length (Section 2.2.5.1) and thickness (Section 2.2.4.3) of the 

electrodes. All statistical analyses were performed using GraphPad Prism 7, a statistical 

software. The data underwent analysis using either a one-way ANOVA with Tukey's post hoc 

or an unpaired t-test for comparison of two data sets, with a significance level set at p > 0.05. 

Data was expressed as the mean plus or minus the standard error of the mean. 

3.3 Results and Discussion 

3.3.1 Impact of MXene flake size оn electrode electroactivity  

To investigate the impact of flake size on the electrochemical activity of pristine 

MXene, BPEs containing different flake sizes were fabricated as described in Section 2.3.4. 

The starting flake size distributions were measured via DLS and are shown in Figure 3.1a 

(methods detailed in Section 2.2.3.1), where the as-synthesised Ti3C2Tx colloidal solution is 

referred to as “large flakes” (L-flakes) with an average hydrodynamic diameter of 1750 nm ± 

65 nm and a PDI of 0.542. The flake size is typically inherited from the precursor Ti3AlC2 

phase crystal size and the high polydispersity is attributed to the synthesis conditions whereby 

flakes are broken into smaller sizes (232). Probe sonication reduced the flake (S-flakes) as 

shown in their DLS distribution (Figure 3.4a) to an average size of 270 nm ± 2 nm with a PDI 

of 0.219 (methods detailed in Section 2.2.3.3) The inset of Figure 3.1a shows SEM images of 

the flakes deposited on a porous alumina substrate, clearly illustrating the difference in size 

between L- and S-flakes (methods detailed in Section 2.2.5.2).  
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Figure 3.1. Effect of Ti3C2Tx flake size on electrochemical behaviour of electrodes. a) Size 

distribution of as-synthesised (L-flakes, d=1750 nm) and probe-sonicated (S-flakes, d=270 nm) 

MXene colloidal solutions. Inset: Scanning electron microscopy images of large (top) and 

small (bottom) flakes of colloidal solution.  b) Cyclic voltammograms of Ti3C2Tx pristine 

electrodes fabricated with MXene colloids with large (L-) and small (S-) flakes in 5 mM 

ruthenium hexamine and 1 M KCl at a scan rate of 5 mV s-1. c) Peak separation potential (E, 

mV, mean ± standard error, p<0.001, n=5) and (d) reduction peak current (Ipc, A, n=5, mean 

± standard error of the mean, p<0.0001, unpaired t-test with Turkey’s comparison) of L- and 

S-flake electrodes. Reprinted with permission from (299). Copyright 2024, American Chemical 

Society. 
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L- and S-flake electrodes were investigated using the outer sphere redox probe, and ruthenium 

hexamine using cyclic voltammetry (Figure 3.1b). The combination of a capacitive window 

with the faradaic peaks observed for ruthenium hexamine shows the pseudocapacitive 

behaviour of pristine Ti3C2Tx electrodes(196). The S-flake electrode cyclic voltammogram 

shows a wider capacitive box which is likely due to greater ion diffusion as previously reported 

for small Ti3C2Tx flakes (179). A slanted voltammogram for the S-flake electrodes was 

observed which combined with the significant increase in the difference between the cathodic 

and anodic peak potentials (ΔE) in S-flake electrodes when compared to L-flake electrodes 

(p<0.0001, n=5, Figure 3.1c), suggests higher resistivity for S-flake electrodes (233). The small 

flakes within the S-flake electrodes likely cause an increase in flake-to-flake contact resistance 

as previously reported (179) The cathodic current peak for L-flake electrodes was significantly 

higher than that and S-flake electrodes (p<0.001, n=5, Figure 3.1d) dropping from -46.7  A to 

-30.7 . The smaller peak current observed for the S-flake electrode is likely due to the 

increase in capacitance obscuring the faradaic current and making its determination less 

accurate. In summary, L-flake electrodes showing a higher peak current are more sensitive due 

to using outer-sphere redox probes in addition to their better kinetics.  

3.3.2 Impact of geometrical size and thickness of the electrode 

Figure 3.2a shows cyclic voltammograms of BPEs with varying thicknesses (2, 4, and 

8 m) developed with the L-flake colloidal solution. There was a significant increase in ΔE (63 

± 3 mV for 2 µm, 76 ± 8 mV for 4 µm, and 88 ± 6 mV for 8 µm; p<0.05, n=6) with increased 

electrode thickness. This suggests an increase in resistivity and slower kinetics of the MXene 

film with increased thickness. Moreover, from the cyclic voltammograms of ruthenium 

hexamine, the capacitive box increased with increasing thickness, but no noticeable difference 

was observed in the faradaic current (Figure 3.2a). The faradaic current was then divided by 

the capacitive current to understand the impact of electrode thickness on the Faradaic signal. 

Figure 3.2b shows that with increased electrode thickness, the ratio of faradaic-to-capacitive 
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current decreased. This is most likely due to the increased thickness of the electrode providing 

more pathways for positively charged potassium ions from the electrolyte to penetrate the 

electrode structure and occupy electroactive surface sites of MXene flakes within the electrode, 

thus enhancing the capacitive current, while the redox probe only accesses the electrode 

surface.  

Figure 3.2c shows voltammograms of electrodes made with varying diameters (2, 3, and 4 mm) 

with constant thickness (4 m).  There was no significant difference in ΔE (59.2 ± 4 mV for 2 

mm, 56.2 ± 8 mV for 3 mm, and 63 ± 4 mV for 4 mm) with increased electrode diameter when 

performing a one-way ANOVA analysis.  Furthermore, Figure 3.2d shows that the ratio of 

faradaic-to-capacitive current increases with an increase in surface area. This most likely is due 

to increased surface roughness when increasing the geometrical surface area of the electrode. 

MXene electrochemical sensors of any diameter and with minimal thickness would provide the 

greatest faradaic-to-capacitive current ratio. 

 

Figure 3.2 Effect of electrode thickness (m, a-b) or diameter (mm, c-d) of pristine Ti3C2Tx 

electrodes on their electrochemical behaviour. Cyclic voltammograms (a, c) of 5 mM 

ruthenium hexamine in 1 M KCl at 5 mV s-1. Corresponding ratios of faradaic (If) to capacitive 



- 77 - 

 

(Ic) currents (b,d). (n=5, Mean ± standard error of the mean). Reprinted with permission from 

(299). Copyright 2024, American Chemical Society. 

 

3.3.3 Impact of Flake Orientation 

Due to the 2D structure of MXenes, the sites exposed at the electrode surface will vary 

by chemical structure. The outer layers of Ti3C2Tx MXene comprise titanium atoms terminated 

by oxide, hydroxide, and fluoride groups on the basal plane, while little is known about the 

termination groups at the edge plane in which carbide layers are found between the titanium 

layers (Figure 3.3a). To investigate the differences in electroactivity of flake orientation, two 

electrode designs were prepared taking advantage of the organised structure (XRD, Section 

2.3.1) of vacuum-filtered Ti3C2Tx films. The SEM image of the top section of the film (Figure 

3.3b) shows wrinkles of the overlapping layers while the cross-sectional SEM image of the 

film (Figure 3.3c) shows the stack of layers exposing the edges of the Ti3C2Tx flakes. The inset 

of Figure 3.3b and c present optical images of the electrodes fabricated, predominantly 

exposing the basal plane of Ti3C2Tx flakes (BPE) or the edge-plane of Ti3C2Tx flakes (EPE). 

This further confirms the suitability of the electrode designs to investigate flake orientation. 

 

Figure 3.3. Ti3C2Tx flake orientation within electrode. A) Schematic of Ti3C2Tx structure 

highlighting its basal and edge planes. Scanning electron microscopy (SEM) micrographs of 

b) horizontal and c) cross-sectional plane of vacuum filtered films. The insets show optical 

images of their respective electrodes. Adapted with permission from (299). Copyright 2024, 

American Chemical Society. 
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Cyclic voltammograms of BPEs and EPEs were obtained in ruthenium hexamine (Figure 3.4d) 

and the current response was normalised by the electrode geometrical area. The normalised 

cathodic peak current of the EPE was significantly higher than that of the BPE (p<0.0001, n=6, 

Figure 3.6e). This is most likely due to two factors. First, the EPE being an ultra microband 

electrode, with thickness (or width) below 25 m, resulted in a 2D diffusion system different 

from that of BPE, which is a macroelectrode(66). Second, the nonuniformity of the edges 

exposing variations in surface area between the Ti3C2Tx flakes, as seen in the SEM image of 

Figure 3.4c, likely leads to a poor representation of the electroactive surface area, resulting in 

a larger experimental current observed for EPE. The ΔE of BPEs was significantly smaller 

(p<0.0001, n=6) than that of EPE (Figure 3.4f). This contradicts the initial assumption that 

transversal electron pathways in BPE would be less favourable compared to the electron 

pathway along the direction of Ti3C2Tx layers in EPE. Hence, the variation in ΔE between the 

two electrode designs may be attributed to the double layer formation at the electrode surface. 

However, additional studies are necessary for a comprehensive understanding of these 

differences. While BPEs showed better kinetics than EPEs, the high current density of EPEs 

highlights their potential to be used as sensors with high sensitivity. Future work on single-

flake analysis would contribute to the understanding of how exposed carbon layers at the edge 

of MXene flakes impact electrochemical properties. 

 

Figure 3.4 Effect of Ti3C2Tx flake orientation on electrochemical behaviour of electrodes.  a) 

Cyclic voltammograms of Ti3C2Tx basal-plane electrodes (BPE) and edge-plane electrodes 

(EPE) in 5 mM ruthenium hexamine and 1 M KCl at a scan rate of 5 mV s-1. B) Reduction peak 
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current (Ipc) and (c) peak separation potential (E, mV) of BPEs and EPEs. (n=6, mean ± 

standard error of the mean, p<0.0001, unpaired t-test with Turkey’s comparison) 

 

3.3.4 Flexible Ti3C2Tx Electrodes 

To test the potential of pristine Ti3C2Tx electrodes as flexible sensors, measurement 

under different conditions (described in detail in Section 3.2.6) were recorded in ruthenium 

hexamine. Figure 3.5b shows representative cyclic voltammograms of ruthenium hexamine 

under the two conditions and control electrode, where no particular differences were observed. 

There was no significant difference in the cathodic peak current (Figure 3.5c) and ΔE (Figure 

3.5d) when the electrode was measured during flexible conditions when compared to control 

BPE electrodes. These findings are consistent with previous work in which micro-

supercapacitors utilizing pristine MXene demonstrated remarkable flexibility, retaining 85% 

of their capacitance even after undergoing 1600 bends(234). These results highlight the ability 

of pristine MXene electrochemical sensors to provide reproducible responses even when 

flexed, making them well-suited for sensing applications requiring functional stability under 

motion (235,236).  
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Figure 3.5.  Impact of mechanical stress on electrochemical behaviour of Ti3C2Tx electrodes. 

a) Schematic showing the difference between the control electrode, (Configuration A) the bent 

electrode during measurement, and (Configuration B) an outward bend out of 100 bends (50 

inwards and 50 outwards) along the electrode diameter before measurement. b) Cyclic 

voltammograms of electrodes in 5 mM ruthenium hexamine in 1 M potassium chloride at 20 

mV s-1. c) Reduction peak current (Ipc, mA) and (d) redox peaks separation (mV) of cyclic 

voltammograms. (n=6, p<0.001, mean ± standard error of the mean, one-way ANOVA). 

Reprinted with permission from (299). Copyright 2024, American Chemical Society. 

 

3.3.5 Transparent Ti3C2Tx electrode 

To explore the potential of Ti3C2Tx as transparent electrochemical sensors, thin-film 

electrodes were developed by spray-coating MXene onto glass substrates. Increasing 

deposition times resulted in decreasing optical transparency (Figure 3.6a, section 3.2.3). The 

thickness of the top section of the electrodes was deliberately increased to ensure a good 

electrical connection. The transmittance spectra of the resulting electrodes indicate an 
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absorption peak at around 780 nm (Figure 3.6b), which is consistent with the plasmonic 

absorption peak characteristic of Ti3C2Tx (237). The transmittance is also reduced at lower 

wavelengths due to inter-band transitions (238). Nonetheless, the visible transparency of each 

electrode was evaluated at the standard reference point of 550 nm, resulting in decreasing 

values of  97.9 % (a), 73.8 % (b), 57.4 % (c), 44.3 % (d), and 32.6 % (e) with increasing MXene 

deposition time.  Based on the previously reported relationship between the absorbance and 

thickness of Ti3C2Tx coatings, the spin-coated MXene electrodes were estimated to have 

thicknesses of 1.8 nm, 26.4 nm, 48.2 nm, 70.8 nm, and 97.6 nm, respectively, with increasing 

deposition time (239). 
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Figure 3.6. Impact of optical transmittance on electrochemical behaviour of Ti3C2Tx electrodes.  

a) Spray-coated Ti3C2Tx  electrodes on top of paper-printed logos. b) Transmittance (%) spectra 

in the UV-visible region. c) Cyclic voltammogram of 5 mM ruthenium hexamine in 1 M 

potassium chloride at 20 mV s-1. d) Reduction peak current (mA cm-2) and peak separation 

potential (V) of corresponding Cyclic voltammograms (n=4, p<0.001, mean ± standard error, 

one-way ANOVA). 

Figure 3.6c shows the cyclic voltammograms of ruthenium hexamine. For comparison between 

the impact of degrees of transparency of the electrodes in electrochemical behaviour, the 

current was normalised by the electrode surface area that was in contact with the electrolyte. 
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The redox peaks observed at around -0.2 V confirmed that Ti3C2Tx can be used as a transparent 

electrode for the electrochemical reduction and oxidation of electroactive species, suggesting 

their use for transparent sensors. These cyclic voltammograms also demonstrate the ideal 

faradaic-to-capacitive current ratio previously discussed, in which faradaic current dominates 

the response. Figure 3.6d shows that the reduction peak current (mA cm-2) of the transparent 

electrodes remained stable (p<0.0001, n=4) at a transmittance of 73.8% and below (electrodes 

E2-5). These findings suggest that comparable sensitivities can be attained at a relatively high 

transmittance of 73.8%. The decrease in electrochemical performance of the thinnest electrode 

studied (E1) is probably due to a non-uniform coverage considering the estimated thickness of 

1.8 nm is close to monolayer coverage. A similar conclusion is obtained from Figure 3.6e in 

which the separation peak potential (V) is not significantly decreased beyond an electrode 

transmittance of 73.8%. There is a slight trend of decreasing E with increasing thickness 

which is attributed to an increase in electron pathways within the coating. This work 

demonstrates the potential of Ti3C2Tx to be utilised as transparent sensors without 

compromising electrode performance.  

3.4 Conclusion 

The findings of this chapter highlight key parameters to consider in the development and 

optimization of Ti3C2Tx that can provide enhanced performance. For example, larger flakes and 

thin film electrochemical sensors provided the greatest faradaic signal on top of the capacitive 

current. Moreover, the initial difference with flake orientation encourages further investigation 

on basal vs. edge-plane. This work demonstrated that pristine Ti3C2Tx films can be made into 

transparent and flexible electrochemical sensors while maintaining their excellent 

electrochemical activity. Results support the initial hypothesis that Ti3C2Tx is a promising 

material for contact lens diagnosis due to its excellent stability under bending and transparent 

conditions. This research lays the foundation for continued investigation into pristine Ti3C2Tx 

electrodes for advancing ophthalmic diagnostic technologies. 
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4 Assessment of pristine Ti3C2Tx electrodes 

for detection of H2O2 
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4.1 Introduction 

In the preceding chapter, the electrochemical characterisation of pristine Ti3C2Tx 

electrodes highlighted their exceptional mechanical and optoelectronic properties which 

suggest suitability towards lens-based diagnostics. The comprehensive understanding gained 

from the exploration has paved the way for the current investigation, where the focus is shift 

towards the specific application of these electrodes in the electrochemical detection of H2O2 

within the complex matrix of tear fluid. Having provided an insightful overview of tear fluid 

composition and various ophthalmic biomarkers, the attention in narrowed to the critical role 

of H2O2 in tear fluid.  

4.1.1 Reactive oxygen species in the eye 

Reactive oxygen species (ROS) are generated as natural by products of various biological 

processes including mitochondrial metabolism and can be found in different parts of the body. 

These ROS encompass free radicals such as superoxide anion (Ox-) and hydroxyl radical (HO) 

as well as nonradicals such as H2O2 (240). ROS are important species that participate in cellular 

signalling, immune response, and redox regulation. The production of ROS is counterbalanced 

by an antioxidant defence system based on enzymatic components including superoxide 

dismutase (DOS), peroxidases (GPXs) and ascorbic acid. When this antioxidant system fails to 

control ROS levels, oxidative stress occurs which can cause tremendous biological damage 

(240). Oxidative damage has been associated with chronic and degenerative diseases, with 

acute pathologies and aging (241). 

Beyond the natural production of ROS in the eye, external stimuli also contribute to ROS 

production. UV-radiation is one of the main factors that generate exogenous ROS via 

photochemical reactions (242) However, ionizing radiation, cigarette smoke (243), and other 

pollutants also influence the imbalance of ROS in the eye (241). The excessive ROS production 

in the eye, has been associated with numerous interior eye pathologies in the conjunctiva, 

cornea, iris, retina and lens (244) While the pathogenesis of keratoconus, for example, is not 
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fully understood, studies have found elevated levels of ROS in the cornea (245,246). 

Additionally, the thinning and deformation of cornea is thought to be due several genetic and 

other environmental factors (247). An elevated ROS concentration in the aqueous humour has 

also been demonstrated to trigger several mechanism resulting in abnormal trabecular 

meshwork behaviour and increased intraocular pressure (248). Uveitis, dry eye, and 

conjunctiva disorder are other examples in which oxidative stress has played a major role in 

the development of the eye pathologies (244). 

From the different ROS, the relevance of monitoring H2O2 in tear fluid has been highlighted in 

several publications. For example, to monitor the efficiency of nano-SOD1 in catalysing the 

dismutation of the superoxide radical, H2O2 was measured in the tear fluid (249). In this work, 

the nano-SOD1 served as a ROS scavenger to reduce the inflammation of inner vascular tract 

of the eye of rabbits with an immunogenic uveitis model. The determination of H2O2 

concentration in tear fluid and corneal epithelial cells has also yielded insights into the impact 

of sleep deprivation on oxidative stress (250). The results showed that in sleep-deprived mice, 

H2O2 increased threefold by day 5 in tear fluid, while no significant changes were observed in 

corneal epithelial cells. These findings were further supported by the observed decrease in 

antioxidant capacity in tear fluid. Monitoring H2O2 has also served to determine glucose levels 

in the tear fluid as H2O2 is a by-product of the enzymatic oxidation of glucose (251). In vitro 

investigations have also emphasised the potential significance of monitoring H2O2 levels in tear 

fluid for 1) assessing cell treatments for the reduction of ROS species (252), 2) external 

mechanical and optical stimuli on ROS species (214,253) and 3) the impact of ROS species in 

the cell developmental process (254).  

 

4.1.2 Electrochemical sensors for H2O2 

H2O2 is an electroactive molecule capable of being electrochemically reduced 

(Equation 4.1) or oxidised (Equation 4.2) for its detection and quantification (255,256). 
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Numerous electrocatalytic materials and proteins have been used to develop electrochemical 

sensors for the detection of H2O2 (257). Protein-based biosensors typically have a 

biorecognition elements immobilised at the electrode surface, such as peroxidase, catalase and 

haemoglobin, that contain hemoproteins(258). Hemoproteins are a class of metalloproteins 

with iron-containing redox centres capable of oxidizing H2O2. The challenge in designing these 

sensors, is the electron transfer (ET) between the electrode and the active site, redox centre, 

that is deeply buried within the polypeptides. Moreover, the stability of these sensor is limited 

due to the strict storage requirements that some proteins like enzymes need. To overcome these 

challenges, direct ET has been achieved using materials such as iron-based metal 

hexacyanoferrate (Prussian blue), metals, metals oxides and nanomaterials (77,259). Their 

ability to electrochemically oxidise or reduce H2O2 lie in the high electrocatalytic activity of 

the material. 

H2O2 + 2e- → 2OH-     Equation 4.1(256) 

H2O2 → O2 + 2H+ +2e-            Equation 4.2(255) 

In 2017, the first Ti3C2Tx-glassy carbon sensor for H2O2 was reported, showcasing the potential 

of Ti3C2Tx -coated glassy carbon in reducing H2O2 (260). This initial work suggested a limit of 

detection (LOD) of 3.5 nM and a sensitivity of 596 mA cm-2 nM-1. Since then, various 

composite materials utilizing Ti3C2Tx have been developed to enhance the sensitivity of H2O2 

sensors. For instance, S. Neampet et al. (261) utilised a mixture of platinum (Pt) nanoparticles 

(NPs), polyaniline (PANI), and Ti3C2Tx drop-casted onto a screen-printed electrode to monitor 

H2O2
24. The resulting composite exhibited a lower LOD of 1 M compared to other 

counterparts, attributed to the increased surface area from the multilayer Ti3C2Tx, enhanced 

conductivity from PANI, and improved electron transfer facilitated by Pt NPs. Additionally, the 

incorporation of lactate oxidase allowed for the detection of lactate by quantifying the 

generated H2O2 during lactate oxidation. Enzyme-based sensors have also been developed for 

H2O2 detection, such as the flavin adenine dinucleotide/Ti3C2Tx coating on glassy carbon. This 

composite enhanced redox transfer and electrocatalytic reduction of both H2O2 and FAD(262).  



- 89 - 

 

In addition to enzyme-based sensors, Ti3C2Tx has also been employed in composites with other 

materials to expand the range of applications for H2O2 detection. For instance, F. Zhu et al 

(263). developed a composite sensor by electro-depositing Prussian Blue onto glassy carbon, 

followed by a layer of chitosan and, finally, the addition of Ti3C2Tx
26. This sensor offered the 

advantage of performing amperometric measurements at a fixed potential of 0.0 V vs Ag|AgCl, 

effectively minimizing potential interference from other molecules. Furthermore, 

nanomaterials such as iron oxide (Fe2O3) nanoparticles (264), copper oxide (Cu2O) 

nanoparticles (265), cobalt oxide (Co3O4) nanoparticles (266), molybdenum disulfide (MoS2) 

(267), graphene (267), and silver (Ag) nanoparticles (268) have been effectively utilised in 

conjunction with Ti3C2Tx to develop H2O2 sensors with improved performance characteristics. 

The practical applicability of Ti3C2Tx-based sensors has been extensively validated through 

testing in diverse real samples, encompassing biological and food matrices. For instance, the 

lactate oxidase-based sensor effectively identified H2O2 in milk samples, presenting a valuable 

tool for quality control in the dairy industry (261). Likewise, the flavin adenine dinucleotide 

(FAD)-based sensor with Ti3C2Tx coatings demonstrated its efficiency in detecting H2O2 in 

ovarian cell lines, showcasing potential applications in biomedical research and diagnostics 

(262). 

Furthermore, the development of affordable electrochemical sensors targeting H2O2 remains a 

challenge, primarily influenced by the cost of electrode material and sensor fabrication. 

Addressing this, the substitution of noble metals like platinum by the utilization of 

nanomaterials composed of Earth-abundant elements emerges as a viable strategy. This 

rationale supports the reported cost-effectiveness and affordability of the Ti3C2Tx /Co4O3-based 

electrochemical sensor (266). Its performance in quantifying H2O2 released by cancerous and 

normal cell lines, along with their overall reactive oxygen species (ROS) production was 

demonstrated using a portable potentiostat. The compactness and portability of such sensors is 

crucial for widespread availability in point-of-care settings, aligning with the objectives of 

predictive, preventive, and personalised medicine. These ongoing advancements and versatile 



- 90 - 

 

applications of Ti3C2Tx-based sensors for H2O2 detection continue to propel advances in 

analytical chemistry, fostering breakthroughs across numerous fields. 

4.1.3 Gap in knowledge  

While monitoring H2O2 in tears is recognised as important, there remains a significant 

gap in the development of lens-based diagnostics for H2O2. Despite the development of 

numerous H2O2 electrochemical sensors, their incorporation to lenses has not been explored. 

Ti3C2Tx has been integrated into composite electrodes or chemically modified layers of glassy 

carbon electrodes for H2O2 quantification. However, the specific contribution of Ti3C2Tx in 

sensing H2O2 remains unclear due to the presence of different electroactive components in the 

electrode. Despite Ti3C2Tx use to enhance conductivity in electrochemical sensors, the lack of 

comprehensive studies on pristine Ti3C2Tx has impeded the optimization of MXene electrodes. 

Given the successful demonstration of Ti3C2Tx as a redox-active material with terminated 

titanium outer layers, it is hypothesised that pristine Ti3C2Tx electrodes is an attractive 

candidate for electrocatalytic activity towards H2O2. The relevance of investigating electrode 

parameters of Ti3C2Tx pristine electrode, highlighted in Chapter 3, encourages a similar 

approach for the optimisation of pristine Ti3C2Tx. This study aims to showcase the utility of 

pristine Ti3C2Tx electrodes for the electrochemical detection of H2O2 and optimize their 

performance in tear fluid.  

4.1.4 Research objectives 

1. To optimize pristine Ti3C2Tx electrodes by adjusting material, electrode, and 

experimental electrochemical parameters for the detection of H2O2. 

2. To investigate the impact of typical sterilization methods for biomedical devices on 

electrochemical performance. 

3. To evaluate electrode performance in simulated tear fluid, considering potential 

interferent agents and electrode fouling. 
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4.2 Materials and Methods 

4.2.1 Materials 

- Hydrogen peroxide (H2O2, 30% w/w, contains stabilizer, Sigma-Aldrich) 

- Sodium chloride (NaCl, 99+%, ACS reagent, Thermo Scientific Chemicals) 

- Potassium chloride (KCl, 99.0 – 100.5%, ACS reagent) 

- Sodium citrate (Na3C6H5O7, >99%, Sigma-Aldrich) 

- D-Glucose (C6H12O6, >99.5%, Sigma-Aldrich) 

- Urea ((NH2)2CO, 99.0 – 100.5%, ACS reagent, Sigma-Aldrich) 

- Calcium chloride (CaCl2, 93%, Thermo Scientific Chemicals) 

- Sodium carbonate (Na2CO3, 99.95%, Thermo Scientific Chemicals)  

- Potassium hydrogen carbonate (KHCO3, >99.5%, Merck) 

- Sodium phosphate dibasic (Na2HPO4, 98+%, Thermo Scientific Chemicals) 

- Potassium phosphate monobasic (KH2PO4, 99.5 – 100.5%, ACS reagent, Sigma-

Aldrich)  

- Hydrochloric acid (HCl, 37%, ACS reagent, Sigma-Aldrich) 

- Sodium hydroxide (NaOH, Fischer Scientific Chemicals) 

- Bovine serum albumin (BSA, >98%, pH 7, Sigma-Aldrich) 

4.2.2 Electrolyte preparation  

PBS with a concentration of 0.1 M was prepared by making up concentrations of 137 

mM NaCl, 2.7 mM KCl, 8mM Na2HPO4 and 2 mM KH2PO4 DI water. The pH was then 

adjusted to 7.4 using NaOH (10 M). 

Complex salt solution (CSS) was developed by making up concentrations of 90 mM NaCl, 16 

mM KCl, 1.5 Na3C6H5O7, 0.2 mM C6H12O6, 1.2 mM (NH2)2CO, 0.5 mM CaCl2, 12 mM 

Na2CO3, 3 mM KHCO3, 24 mM Na2HPO4 in DI water. The pH was then adjusted to 7.4 using 

HCl (10 M).  
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Simulated tear fluid (STF) was prepared by using CSS to dilute BSA with a final protein 

concentration of 10 mg mL-1. 

4.2.3 Electrochemical measurements 

Electrochemical measurements were recorded using a CHI1021 potentiostat at 100 mV 

s-1. Cyclic voltammetry was performed at 100 mV s-1 or 20 mV s-1. Amperometry was 

performed by applied a constant potential at -250, -450, -650, -850, -1050 or -1250 V vs 

Ag|AgCl.  

4.2.4 Data analysis 

Amperometry recordings were smoothed using the CHI software. Background currents 

were subtracted using Igor software. Capacitances were calculated as follows mF= 2 

current/scan rate. One way-ANOVA or two-way ANOVA were the statistical studies performed 

and used as stated in the text. A p-value <0.05 was considered significant.  

4.3 Results and Discussion 

4.3.1 Potential window 

Understanding the potential window in which pristine Ti3C2Tx electrode does not 

oxidises nor reduces the electrolyte components is essential to conduct experiments. Phosphate 

buffer saline (PBS) solution was selected as it is a common electrolyte containing an osmolarity 

and salt concentration similar to that of biological fluids. Figure 4.1a shows a cyclic 

voltammogram of a pristine Ti3C2Tx electrode cycled between 1 and -2 V (vs Ag|AgCl) at 100 

mV s-1. It can be observed that around -1.3 V, the current takes off which can be attributed to 

the reduction of water to hydrogen gas and hydroxide ions. This is also known as hydrogen 

evolution, which is the limiting border of the stable negative potential window. When the 

electrode is scanned positively, a small peak is first observed at around 0.15 V followed by a 

larger peak around 0.45 V. These two peaks are attributed to the opening of MXene layers 

conforming the electrode by the intercalation of ions. Additionally, it is at this range that the 
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irreversible oxidation of titanium from Ti3C2Tx occurs. Right after these two peaks are 

observed, overpotential is observed. This attributed to the oxidation of water into oxygen, also 

known as oxygen evolution. Considering the relevance of retaining an unmodified electrode 

for current studies, the limit of the positive potential window is determined by the irreversible 

oxidation of titanium rather than by the overpotential of the oxygen evolution at + 0.2 V. 

 

Figure 4.1. Cyclic voltammograms of Ti3C2Tx electrodes in 0.1M PBS with and without H2O2. 

a) Determination of negative stable potential window of pristine Ti3C2Tx electrode in 0.1 M 

PBS at 100 mV s-1. b) Cyclic voltammograms of pristine Ti3C2Tx electrode in 0.1 M PBS with 

additions of H2O2 (0 – 100 mM). 

Having determined the potential window of pristine Ti3C2Tx electrode in this electrochemical 

configuration, cyclic voltammetry was selected as the technique to visualize the oxidation or 

reduction of H2O2 at the electrode surface. As shown in Figure 4.1b, the addition of different 

concentrations (0.1, 1, 10 and 100 mM) of H2O2 alters the cyclic voltammogram. No particular 

peaks are observed for reduction nor oxidation of H2O2. However, at around -0.5 V, an increase 

in current occurs with the increase of H2O2 concentration. This suggests that faradaic current 

raises from the reduction of H2O2 at the electrode surface. Moving forward, amperometry is 

selected as the electrochemical technique to investigate the reduction of H2O2 considering its 

ability to discriminate faradaic currents from capacitive currents. The initial constant applied 

potential, to investigate material parameters, was selected to be -0.65 V vs Ag|AgCl as it is at 

this potential that an increase in current is identified with 1 mM addition of H2O2. 
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4.3.2 Material and electrode parameters 

Considering the impact of flake size and electrode thickness observed on the reduction 

of ruthenium hexamine in Chapter 3, a similar study is performed for H2O2. It is important to 

note, that these two molecules follow different electron transfer mechanisms and therefore it is 

not possible to extrapolate previous conclusions. Electrodes of 4 and 8 m thickness were used 

to quantify the amperometric response of pristine Ti3C2Tx electrode to an in-situ addition of 1 

mM H2O2 at -0.65 V vs Ag|AgCl in 0.1 M PBS. There was no significant difference between 

electrode thickness for large flake electrodes demonstrating that the current response to H2O2 

is independent of thickness (Figure 4.2a). The performance of electrodes composed of small 

(260 nm) and large (>1 ) flakes with a thickness of 4 m was also compared. As shown in 

Figure 4.2b, an increase in current response is observed for the electrode composed of small 

flakes. shows no significant different in current response to the addition of 1 mM of H2O2. This 

suggests that electrodes with smaller flakes can achieve higher sensitivities towards H2O2. 

Further investigation on the mechanism of detection may unravel more understanding on the 

impact of edge effects on the reduction of H2O2.  

The flake size-dependent electrochemical behaviour of Ti3C2Tx electrodes towards H2O2 and 

ruthenium hexamine may be attributed to differences in molecular size and electron transfer 

mechanisms between these molecules and the electrode. The smaller size of H2O2 is likely to 

access a higher surface area, given the 3D structure of the electrodes. Consequently, an increase 

in surface roughness resulting from a decrease in flake size is expected to provide a larger 

surface area for H2O2 reduction. In contrast, ruthenium hexamine, being a larger molecule and 

following outer-sphere electron transfer, may not be impacted by a slight increase in surface 

area due with a decrease in Ti3C2Tx flake size. Instead, the increase in resistance and 

capacitance resulting from smaller flake sizes, as discussed in Section 3.3.1 (Figure 3.1), may 

overshadow the current response. Additionally, it is important to note that two different 

electrochemical techniques, amperometry and voltammetry, were employed for reduction of 

H2O2 and ruthenium hexamine, respectively, therefore preventing a direct comparison. 
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However, this underscores the significance of systematically characterizing material 

parameters for the detection of different analytes of interest.  

 

Figure 4.2. Impact of material parameters in electrochemical response of Ti3C2Tx to 1 mM of 

H2O2. a) Current response to 1 mM of H2O2 at -650 mV vs Ag|AgCl of electrodes of (a) 4 m 

or 8 m thickness and b) electrode made of large or small flakes. (n=6, p<0.0001, data shown 

as mean ± standard error of the mean, unpaired t-test) 

Figure 4.3 depicts the optical images illustrating discernible distinctions in vacuum-filtered 

films composed of flakes with different sizes. Specifically, films comprised of large flakes 

(Figure 4.3a) exhibit a uniform appearance, while films composed of small flakes (Figure 4.3b) 

exhibit noticeable macroscale cracks on the surface. Consequently, extra caution was necessary 

when handling small-flake films during the electrode fabrication process to prevent their 

breakage. It is well-known that large flakes tend to produce mechanically more stable films 

compared to small flakes. 

Considering the requirement of developing highly mechanically stable electrodes capable of 

bending without breaking, the study proceeded with large flakes as the primary focus. However, 

it was also acknowledged that the design of the electrochemical sensor may necessitate higher 

sensitivity. To address this consideration, a mixture of large and small flakes could be 

contemplated, as it could offer the benefits of a highly stable electrode derived from large 

flakes, along with the larger sensitivity towards H2O2 provided by small flakes. Small flakes 
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are also considered in the following chapter in which a different substrate is considered for the 

development of this electrode.  

 

 

 

 

 

 

Figure 4.3. Images using an optical microscopy of vacuum-filtered films of (a) large and (b) 

small Ti3C2Tx flakes. 

 

 

4.3.3 Electrochemical parameters 

To optimise the electrochemical parameters of the experiment, amperometric curves 

were obtained at various applied voltages (-250, -450, -650, -850, -1050, and -1250 mV), as 

shown in Figure 4.4a. Notably, a negative jump in current was observed every 50 seconds, 

starting at t=100 seconds, corresponding to the increase in H2O2 concentration from 0 to 1 mM. 

Figure 4.4b displays the corresponding calibration curves (n=5).  
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Figure 4.4. Calibration curves of H2O2 at different applied potential using Ti3C2Tx electrodes. 

a) Amperometric responses to changes in H2O2 concentration (20, 50, 100, 200, 500 1000 M) 

every 50 s starting at t=100 s at different applied potentials (250 – 1250 mV). b) Corresponding 

calibration curves of H2O2 at different applied potentials. c) Sensitivity (A M-1) towards 

H2O2 at different applied potentials. (n=5, p<0.001, data shown as mean ± SD, one-way 

ANOVA with Tukey’s post-test) 

Linear regression analysis was performed for each calibration curve, revealing strong 

correlations for all curves, with coefficients of determination (R2) as shown in Table 4.1. The 

slopes of the linear regressions were determine and are indicative of the sensitivity of the 

electrode towards the reduction of H2O2 (Table 4.1). These slopes were expressed in units of 

μA μM-1, signifying the sensitivity of the electrode (Figure 4.4c). Given that the highest 

sensitivity was achieved at a voltage of 1050 mV, further experiments were conducted using 

this optimised parameter. 

Table 4.1. Impact of applied potential in the sensitivity of pristine Ti3C2Tx towards the 

electrochemical reduction of H2O2. 

Applied 

potential 

(mV) 

Sensitivity                        

(x104 A M-1) 

R2 

-250 1.377 0.907 

-450 6.612 0.905 

-650 59.76 0.980 

-850 279.8 0.995 

-1050 473.7 0.962 

-1250 371.4 0.850 

 

 

4.3.4 Impact of sterilization  

The next aim was to investigate the impact of common sterilization methods for 

biomedical devices on the electrochemical performance of the pristine Ti3C2Tx sensor. 
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Considering the impending cytocompatibility assessment of pristine Ti3C2Tx electrodes in the 

following chapter (Chapter 5), the impact of UV-sterilization, a standard sterilization method 

in cell culture, was investigated. The effect of UV-sterilization on the electrochemical detection 

of H2O2 was examined by subjecting the fabricated electrodes to a 1-hour UV-sterilization 

process. A comparative analysis was then conducted between the UV-sterilised electrodes and 

a control group consisting of non-sterilised electrodes. The amperometric response to an in-

situ addition of 500 M of H2O2 with an applied voltage of -1050 mV (vs Ag|AgCl) was 

recorded (Figure 4.5a). Evaluation of the results, as depicted in Figure 4.5b, revealed no 

statistically significant difference between the UV-sterilised group and the control group. In 

accordance with literature, exposure of 1 hr to UV radiation is not enough time to degrade 

Ti3C2Tx. This was demonstrated in a study where the photocatalytic degradation of Ti3C2Tx was 

induced only after 3 hours of UV radiation (269). Moreover, it is likely that the potential 

degradation of pristine Ti3C2Tx electrodes, is further decrease from that reported in literature 

considering that in this work, Ti3C2Tx is in its dried state, as opposed to being suspended in 

water. The dissolve oxygen in Ti3C2Tx colloids tend to accelerate Ti3C2Tx oxidation (270).     

In the context of exploring the potential application of pristine Ti3C2Tx in contact lens 

diagnostics, the impact of autoclave sterilization, a standard procedure for contact lenses, was 

assessed (271). The electrodes were subjected to autoclaving for a duration of 20 minutes. 

Similarly, the autoclaved electrodes were compared with the control group of non-sterilised 

electrodes in terms of their amperometric response to H2O2 detection. Amperometric response 

was measured at a constant applied potential of -1050 mV (vs Ag|AgCl), with an in-situ 

addition of H2O2 (500 M) at t=50 seconds (Figure 4.5ac). The resulting data, depicted in 

Figure 4.5d, indicated no significant disparity between the autoclaved group and the control 

group. The lack of impact on the electrochemical properties of Ti3C2Tx MXene aligns with  

previous work (272). A study investigating the impact of several sterilization methods 

demonstrated no impact on electrical conductivity, electrochemical impedance nor surface 

morphology after autoclave sterilization of Ti3C2Tx electrodes (272). Moreover, their work 
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suggests that the pre-intercalated water molecules from environmental humidity were likely 

evaporated during autoclave sterilization. Finally, the successful removal of pathogens of 

contaminated Ti3C2Tx samples with Escherichia coli was confirmed through bacterial count. 

These parallel outcomes from the autoclave study reinforce the conclusion that autoclave 

sterilization, like UV-sterilization, does not compromise the electrochemical performance of 

the Ti3C2Tx sensor, affirming its suitability for biomedical device sterilization in various 

industries. 

 

Figure 4.5. Impact of typical sterilization methods on the electrochemical performance of 

pristine Ti3C2Tx as a sensor for H2O2 a) Amperometric response to addition to H2O2 (500 M) 

at t=100 seconds in 0.1 M PBS between UV-sterilised (1 hr) and non-sterilised (0 hrs) 

electrodes. Applied voltage of 1.05 V (vs Ag|AgCl). b) Corresponding current response to 500 

M H2O2. c) Amperometric responses of autoclaved (20 mins) and non-autoclaved (0 mins) 

Ti3C2Tx electrodes to an addition of 500 M H2O2 at time 50s. d) Comparison between current 

response. (n=6, p<0.0001, data shown as mean ± standard error of the mean, unpaired t-test) 



- 100 - 

 

 

4.3.5 Electrode Fouling 

Investigating electrode fouling during electrochemical measurements is very important 

in order to ensure accurate and reliable results. Electrode fouling can arise from various factors, 

including the presence of proteins in the electrolyte, which can interfere with the signal and 

compromise the detection of target analytes. This becomes particularly significant when 

studying electrochemical processes in physiological environments, such as the eye, where tear 

fluid acts as the electrolyte. 

In this study, the effects of electrode fouling and protein interference on the electrochemical 

detection of H2O2 were explored. The focus was on assessing the capacitance and faradaic 

currents as well as signal stability of pristine Ti3C2Tx electrodes in different electrolytes, 

including 0.1 M phosphate-buffered saline (PBS), simulated tear fluid (STF) with and without 

(complex salt solution (CSS)) protein. Figure 4.6a illustrates representative cyclic 

voltammograms of the electrodes in 0.1 M phosphate-buffered saline (PBS), complex salt 

solution (CSS), and simulated tear fluid (STF). A subtle decrease in the capacitive box can be 

observed for the electrodes immersed in CSS and STF compared to those in PBS. This 

observation was further supported by Figure 4.6b, where a significant reduction in capacitance 

(measured in millifarads, mF) was evident for CSS (p< 0.05) and STF (p<0.05). Remarkably, 

no notable disparity in capacitance was observed between CSS and STF, suggesting that the 

presence of protein (10 mg/mL) neither interferes with nor contributes to the intercalation of 

ions between the layers of the MXene electrodes. 
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Figure 4.6. Electrochemical fouling of Ti3C2Tx electrodes in simulated tear fluid. a) Cyclic 

voltammograms of pristine Ti3C2Tx electrodes in 0.1 M phosphate buffer saline (PBS), complex 

salt solution (CSS) and CSS containing BSA (10 mg mL) named simulated tear fluid (STF). b) 

Capacitance (mF) at -525 mV (vs Ag|AgCl) (n=5, p<0.05, data shown as mean ± SD, one-way 

ANOVA). c) Amperometric response to 500 M of H2O2 at t=100 s (-1050 mV). d) Signal 

stability (%) from initial response (t=1 min) to H2O2 at 10, 20 and 30 mins. (n=5, data shown 

as mean ± SD, two-way ANOVA) 

A similar investigation was conducted to examine the impact of electrolyte composition, with 

or without proteins, on the detection of H2O2. The amperometric response to an in-situ addition 

of H2O2 (500 μM) was compared among the three electrolytes. The faradaic response, resulting 

from the reduction of H2O2, was recorded over a 30-minute duration, as displayed in Figure 

4.6c. The current values were normalised based on the initial response and analysed at 10-

minute intervals (Figure 4.6d). Notably, no significant difference (p<0.05) was observed 

between electrolytes, suggesting the absence of electrode fouling during the measurements 
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despite the presence of proteins. However, an increase in signal response (p=0.02)  after the 

30-minute period for all three electrolytes was observed. This is likely due to a better 

penetration of the electrolyte through the electrode. Therefore, if H2O2 measurements were to 

be recorded over time, a fitting curve to take into account the swelling of the electrode over 

time would ensure an accurate reading of H2O. 

4.3.6 Electrode selectivity   

Considering the complexity of tear fluid, which comprises various ions, proteins, and 

biomolecules, it is crucial to assess the selectivity of the pristine Ti3C2Tx electrode in 

electrochemical detection of H2O2 by examining potential interferent agents. To evaluate 

selectivity, dopamine, glucose, potassium chloride (KCl), ascorbic acid (AA), and urea were 

added at the same concentration as H2O2 (500 μM) during a constant potential of -1050 mV vs 

Ag|AgCl. 

Figure 4.7a demonstrates that only the addition of H2O2 at t = 50 s and t = 225 s resulted in an 

increase in faradaic current. Statistical analysis revealed significant differences (p < 0.0001) 

between the addition of 500 μM of H2O2 and the addition of 500 μM of any other molecule 

(Figure 4.7b). Conversely, no significant differences were observed between the addition of 

any of the other molecules, indicating that none of the analytes were reduced at this potential. 

This outcome is expected since most of these molecules can only be oxidised at positive 

potentials. Consequently, none of these molecules present a challenge for the selective 

detection of H2O2. By assessing the response of the pristine Ti3C2Tx electrode to various 

interferent agents, it is evident that the electrode exhibits excellent selectivity for H2O2 

detection. This selectivity is essential in accurately measuring H2O2 levels in tear fluid, as 

interferent molecules commonly present in tear fluid do not interfere with the electrochemical 

detection of H2O2 using the Ti3C2Tx electrode. 
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Figure 4.7. Selectivity of Ti3C2Tx electrodes towards the electrochemical detection of H2O2. a) 

Amperometric responses to 500 M additions to (50 s) hydrogen peroxide (H2O2), (100 s) 

dopamine, (125 s) glucose, (150 s) potassium chloride (KCl), (175 s) ascorbic acid (AA), (200 

s) urea, and (225 s) H2O2. Constant applied potential -1050 vs Ag|AgCl.  b) Quantified current 

to the additions to different analytes. (n=6, p<0.05, data shown as mean ± SD, one-way 

ANOVA) 

4.3.7 Stability of electrode in stimulated tear fluid  

Finally, the effect of electrode incubation in simulated tear fluid for 24 hours in its 

electrochemical performance towards H2O2 detection was investigated. As shown in Figure 

4.8a, the section of the working electrode was submerged into simulated tear fluid containing 

10 mg mL-1 of BSA in an Eppendorf tube. Considering the electrode would be reutilised, to 

avoid the impact of any potential puncturing from the alligator clip on the second measurement, 

aluminium foil was utilised to protect the electrode. The aluminium foil covering the area in 

which the potentiostat is clipped, can be observed in Figure 5.8a. Amperometry responses to 

500 M of H2O2 in simulated tear fluid were recorded at -1050 mV vs Ag|AgCl. Representative 

traces of measurements of the same electrode before (t=0 hrs) and after (t=24 hrs) are shown 

in Figure 5.8b. The current responses were quantified and plotted for comparison (Figure 5.8c). 

A paired t-test statistical analysis showed no significant differences on the current responses 
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before and after incubation. These results suggest the electrode stability without protein fouling 

the electrode. Moreover, this highlights the potential of pristine Ti3C2Tx electrode for 

electrochemical measurements in biological fluids such as tear fluid which contains one of the 

highest concentrations of protein in the body.  

 

Figure 4.8. Ti3C2Tx electrode stability over 24 hrs. a) Optical photograph of working electrode 

being incubated in simulated tear fluid for 24 hrs in an Eppendorf tube. b) Amperometric 

responses to 500 M additions to (50 s) H2O2 in simulated tear fluid at -1050 V vs Ag|AgCl at 

t = 0 hrs and at t = 24 hrs.  c) Quantified current response to the additions of H2O2. (n=5, p<0.05, 

data shown as mean ± standard error of the mean, paired t-test). 
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4.4 Conclusion 

In this chapter, a pristine Ti3C2Tx electrode was for the first time used to 

electrochemically detect H2O2. The potential window in 0.1 M PBS was determined, revealing 

the sensor’s operating window in biologically relevant ion concentrations. The experiment 

results demonstrate the capability to use pristine Ti3C2Tx without any other electroactive 

material for the detection of H2O2. The current response to additions of H2O2 was independent 

of thickness, suggesting that the sensor performance is not affected by this parameter. However, 

by reducing the flake size of the electrode, the sensitivity of the sensor could be improved. 

Unfortunately, electrodes made with large flake Ti3C2Tx resulted in the most stable film, while 

small-flake electrodes crumble and needed more care when handling. For this reason, studies 

were performed in large-flake electrodes.  

To improve the sensitivity, different applied voltages were tested using amperometry. An 

applied voltage of -1050 mV vs Ag|AgCl was found to achieve the highest sensitivity for H2O2 

detection. At this specific potential, the sensor demonstrated excellent selectivity by not 

responding to additions of other analytes at the same concentration, confirming its specificity 

for H2O2. To assess the sensor performance for a real-life application in tear fluid, tests were 

carried out in simulated tear fluid containing biologically relevant concentrations of protein. 

Results revealed that the presence of protein did not interfere with the accurate detection of 

H2O2 which is crucial for the translation of this application. Additionally, its performance over 

a period of 30 minutes was demonstrated. Moreover, after a 24-hr incubation in simulated tear 

fluid, the sensor’s response was successfully maintained. These results highlight the robustness 

and suitability of pristine Ti3C2Tx electrode for the detection of H2O2 in tear fluid.  
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5 Incorporation and characterization of 

pristine Ti3C2Tx electrode on a contact lens 

hydrogel 
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5.1 Introduction 

Building on the findings presented in Chapter 4, where pristine Ti3C2Tx demonstrated 

successful electrochemical detection of H2O2 in simulated tear fluid, the current chapter delves 

into a more extensive exploration. The focus now shifts towards investigating the feasibility of 

incorporating Ti3C2Tx electrodes onto contact lenses, aiming for a comprehensive evaluation 

encompassing both electrochemical and biological aspects. While Chapter 4 addressed a 

critical knowledge gap concerning the potential of Ti3C2Tx in detecting H2O2 in simulated tear 

fluid, further endeavours are essential to optimize the sensor for practical application in lens-

based sensor diagnostics for the anterior eye. This chapter commences with a review of the 

development of transparent and flexible electrochemical sensors specifically designed for H2O2 

detection. 

5.1.1 Transparent and flexible electrochemical sensors for the detection of 

H2O2 

A limited number of studies have reported the successful fabrication of transparent and 

flexible electrochemical sensors to detect H2O2 (214,220,273). However, none have been 

incorporated into a lens design., The first transparent and flexible electrochemical sensor for 

H2O2, developed in 20161consisted of AgNW films formed by mixing cellulose ester (273). 

67% transparency was achieved by heat treatment with an optimised resistivity of 13 ohm sq-

1. Mechanical stability was demonstrated through consistent resistance levels even after 

subjecting the sensor to 50 bending cycles. The robustness of the sensor was further evidenced 

by the absence of resistance changes during exposure to increased temperatures (>85°C) or a 

concentrated salt solution (NaCl, >2 M), showcasing its resilience to diverse environmental 

conditions. Finally, photolithography was employed to pattern the working electrodes for the 

electrocatalytic reduction of H2O2. 

In 2021, a stretchable and transparent electrode was developed by electrodeposition of Au NPs 

onto vacuum-filtered CNTs previously transferred to a PDMS substrate (214). Similar to the 
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aforementioned work, the flexibility test confirmed good mechanical stability with slight 

changes in relative resistance after bending cycles. Moreover, they also tested the 

electrochemical performance after the flexibility test with no changes in peak current or peak 

separation of ferricyanide. A positive conclusion was also obtained from the stretching test with 

a relative resistance increase to 131% after 100 stretching cycles suggesting robust mechanical 

stability of the electrodes. The sensor was successfully used to monitor changes in H2O2 

released by cells upon treatment of PMA or 20% stretching considering the mechanical strain 

on the cells. While the figure of merit reported was good (2.68, lambda = 550 nm), the final 

electrode transparency was not reported and therefore a direct comparison with the previous 

work was not determined. In the most recent report from 2023, platinum NPs were 

electrodeposited onto SWCNT spin-coated PET film previously patterned using 

photolithography (220). The Pt NPs improved the redox kinetics of ferricyanide and increased 

the hydrophilicity of the electrode surface with a decrease in contact angle from 97° to 82°. The 

electrode with about 75% transparency was used to oxidise H2O2 at 0.6 V vs Ag|AgCl and 

showed good reproducibility (5% RSD), and response under different bending angles (15° - 

90°, 1.3%). Furthermore, the PtNPs/SWCNTs/PET sensor was used to monitor H2O2 release 

from HeLa cells upon treatment with PMA.  

While the three transparent sensors demonstrated a desirable LOD, a broad linear range, and 

robust mechanical stability, their translation into contact lenses devices could be challenging. 

For instance, incorporating an AgNWs-MCE membrane may present biocompatibility issues, 

as the exposure of the contact lens hydrogel to acetone vapor at 75 °C could potentially result 

in the retention of harmful toxin (273) Similar concerns arise during the electrode patterning 

process, where the use of toxic chemicals in the etching process of photolithography poses a 

risk(220,273) . Moreover, when contemplating the mass production of these technologies, 

electrodeposition emerges as a limiting step(214,273). 

Despite potential solutions to overcome these limitations, the search for cost-effective materials 

for the fabrication of affordable contact lens diagnostics on a global scale remains a challenge. 



- 109 - 

 

Currently, all electrodes employed in the construction of transparent and flexible 

electrochemical sensors for H2O2 detection include rare and less abundant elements such as Ag, 

Pt, and Au(214,220,273). Hence, it is imperative to explore more readily available raw 

materials for the advancement of these technologies that meet the discussed properties such as 

optical transparency, high conductivity, and ophthalmic biocompatibility. 

5.1.2 MXenes in the ophthalmic environment 

While various in vitro and in vivo studies have consistently demonstrated the overall 

biocompatibility of MXenes with diverse cell lines and animal models (as discussed in Section 

1.4.1.4), their evaluation within the ophthalmic environment is still in its infancy4,5. The first 

study assessing Ti3C2Tx with ophthalmic cell lines, published in 2020, was tailored for an 

intraocular lens with an accommodative function(4). Their work demonstrated 

cytocompatibility, no inflammatory response, and positive resolution of wound-healing of 

human lens epithelial cells towards Ti3C2Tx coated lenses(3,4). While this work suggests the 

potential to use MXenes in ocular lens- based devices, the cytocompatibility using human 

cornea epithelial cells has yet to be investigated.  

5.1.3 Gap in knowledge  

Although transparent and flexible electrochemical sensors for H2O2 have been 

reported, significant challenges remain in the development of this technology within a contact 

lens- based sensor as an ophthalmic diagnostics tool. It is crucial to select appropriate materials 

that meet the stringent requirements of contact lenses, including flexibility, optical transparency 

and ophthalmic biocompatibility, whilst also having the capability to perform as an 

electrochemical sensor for ophthalmic diagnostics. Yet, current publications incorporating 

electrochemical sensors to contact lenses for glucose, fail to assess the device biocompatibility. 

 In Chapter 3, the electrochemical performance of flexible and transparent Ti3C2Tx electrodes 

was demonstrated using ruthenium hexamine. In Chapter 4, Ti3C2Tx electrodes for the detection 

of H2O2 in simulated tear fluid were optimised which shows potential for ophthalmic diagnosis. 
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The simple processing of Ti3C2Tx due to their ready dispersibility in water upon synthesis, 

suggests straightforward incorporation onto polymer substrates without the need for harmful 

chemicals. Additionally, their elemental chemistry where both Ti and C are within the most 

abundant elements on Earth, suggest a cost-effective approach to overcome pricy materials 

such as noble metals including Pt and Au. Therefore, it is hypothesised that Ti3C2Tx can be used 

as a pristine electrode incorporated into a contact lens for the electrochemical detection of H2O2 

while matching the strict requirements of ophthalmic diagnostics. This chapter centres on the 

integration of a Ti3C2Tx electrode into commercially available contact lenses and evaluates their 

performance in electrochemical detection of H2O2, along with assessing biological 

compatibility. 

5.1.4 Research objectives 

1. To incorporate and characterise pristine Ti3C2Tx electrode onto a commercially 

available contact lens. 

2. To study the interaction between the Ti3C2Tx-coated contact lens and human corneal 

epithelial cells. 

3. To demonstrate the Ti3C2Tx-coated lens utility as a transparent and flexible electrode 

for the detection of H2O2. 

5.2 Materials and Methods 

5.2.1 Materials 

- MyDay daily disposable lenses (Stenfilcon A / 54%, Cooper vision)(274) 

- Complex salt solution (CSS, Section 4.2) 

- Simulated tear fluid (STF, Section 4.2)  

- Human Corneal Epithelial (HCE) cell lines (B-3, LGC Standards ATCC) 

- Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, UK) 

- Fetal bovine serum (FBS, Sigma Aldrich, UK) 
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- Non-essential amino acids (NEAA, Gibco, UK) 

- Phosphate buffered saline (PBS, Oxoid, UK) 

- Trypsin-EDTA (0.25%, Gibco, UK) 

- Trypan Blue Stain (0.4%, Gibco, UK) 

- CellTier 96 Aqueous One Solution Cell Proliferation Assay kit (Promega Corporation, 

UK) 

- Dibutyltin maleate (Hydro Polymers Ltd, UK) 

- CytoTox 96 Non-Reactive Cells Proliferation Assay kit (Promega Corporation, UK) 

- Hydrogen Peroxide (30%, Fisher Scientific, UK) 

- IL-6 and IL-8 Enzyme-linked immunosorbent assay (ELISA, BD Biosciences, UK) 

- High affinity binding 96-well plate for ELISA (Fisher Scientific, UK) 

- Polyethylene (PET) sheets (200 m in thickness, Express Polyethylene, UK) 

- Bradford protein assay kit (Bio-Rad) 

5.2.2 Immobilization techniques 

Circular or rectangular samples of the contact lens were obtained by cutting the lens 

using a hole punch (diameter = 0.6 mm) or a surgical blade. The samples were then placed 

between two thin PET layers. Subsequently, these samples were sandwiched between two glass 

slides and secured with clips to ensure even pressure was applied to maintain a flat surface. 

The assembled samples were left to dry for 24 hours. After drying, the glass slides were 

removed by unclipping them, and one of the two thin plastic layers was carefully peeled off. 

5.2.2.1 Drop-casting 

A drop of 2.5 μL of a concentrated Ti3C2Tx colloidal solution (20 mg mL-1) was placed 

in the middle of the circular sample using a mechanical pipette. The MXene colloidal solution 

was gently spread along the sample using the side of a plastic pipette tip and avoiding contact 

with the hydrogel substrate. The samples were then left to dry for 24 hours before further use. 
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Figure 5.1. Schematic of incorporation of the pristine Ti3C2Tx electrode onto a sample of a 

commercially available contact lens by drop casting. 

 

5.2.2.2 Spray-coating 

A colloidal solution of Ti3C2Tx MXene at a concentration of 5 mg mL-1 was prepared. 

The rectangular contact lens samples were coated with the MXene solution using a spray gun. 

A total of 10 mL of the colloidal solution was sprayed over eight samples simultaneously for a 

duration of 15 minutes. The spray gun was positioned approximately 25 cm away from the 

samples, and spraying was interspersed with air drying using a hairdryer positioned at a 

distance of 50 cm.  

 

Figure 5.2 Steps followed to obtain a Ti3C2Tx-coated lens sample. (1-2) Cutting of the lens 

sample using a surgical blade, (3) followed by drying in the sample in a planar surface, (4) 

finally spray-coating Ti3C2Tx colloidal solution and (5) allowing it to return to its normal 

spherical shape.  
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5.2.3 Contact Angle  

Contact angle measurements were conducted using the SCA 20 software (OCA 15EC, 

DataPhysics Instruments GmbH, Germany). A dosage of 5 µL of DI water was dropped using 

the sessile drop method. To determine contact angle measurements, the baseline and ecliptic 

outline tools were utilised in the SCA 20 software. 

5.2.4 Electrode stability 

The CL solution in which the CL was packed, was stored before disposing the 

packaging. Circular hydrogel LF- and SF-coated and uncoated samples (n=5) were placed in a 

48-well plate and incubated in CL storage solution (250 uL) at 21 oC  for 1 week. Supernatants 

were combined and centrifuged at 10,000 rpm for 10 mins to collect potential leached MXene. 

Precipitations were redispersed in 1 mL of DI water and analysed by UV-vis spectroscopy at a 

wavelength of 780 nm.  

5.2.5 Protein absorption 

Supernatants from circularly coated and uncoated samples, incubated in either CSS or 

STF containing 10 mg mL-1 of bovine serum albumin, were analysed using the Bradford assay. 

After the 24 h incubation period, the samples underwent three washes in DI water and were 

subsequently immersed in a 3% SDS solution for 1 hour at 21 oC in a shaking incubator. 

Following the established manufacturing protocol, 5 L of each sample was combined with 

250 L of the Bradford reagent. Unknown protein concentration was calculated using, a 

calibration curve with BSA in a concentration range of 0 to 1 mg mL-1 in CSS adding 5 uL of 

each concentration added to 250 uL of the Bradford reagent. Sample absorbance was recorded 

using UV-Vis spectrophotometry at a wavelength of 490 nm.  

5.2.6 Cell culture conditions 

The HLE cells were cultured in a complete medium of Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 20% (v/v) fetal bovine serum (FBS) and 1% non-
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essential amino acids (NEAA) in flasks of 80 cm2 surface area and incubated at 37 C and 5% 

CO2. Upon 75% confluence, cells were passaged by standard trypsinization using 2 mL of 

trypsin and 2 minutes incubation. Trypsin was diluted in 2 mL media and cell suspension was 

centrifuged for 5 min at 125 g. The supernatant was aspirated, and the pellet was redispersed 

in MEM from which 10 uL of the solution was used for cell counting and the remainder for 

reseeding 

5.2.7 Cell viability assays  

In a 48-well plate HLE cells were seeded at a density of 2 x 104 cells/well. For the 

standard curve, a top concentration of 4x104
 cells/well in RPMI media was prepared with 

subsequent serial in well trituration and dilution  down to 0 cells/well in 8 steps  in triplicate. 

After a 24 hr incubation, the media was removed and 100 uL of fresh media was added followed 

by the MXene-coated or uncoated lenses and finally another 150 uL of fresh media was added. 

The treatment lasted 12 hrs during which the 48-well plate was left incubating at 37 oC with 

5% CO2. MTS assay  

For the MTS assay (CellTiter 96® Aqueous, One Solution, Cell Proliferation Assay, Promgega, 

UK) dibutyltin maleate leachate was selected as the positive control due to its known 

cytotoxicity and its common use (275). Dibutyltin Maleate leachate was prepared by incubating 

with dibutyltin maleate in RPMI (0.1 mg mL-1).  The polymer was then removed and dibutyltin 

maleate leachate was filtered and added to cell-containing predetermined wells at the time 

when treatments (contact lenses) were added (t=24 hrs). The negative control was cells without 

contact lens incubation. Moreover, to consider possible interference between the contact lens 

and Ti3C2Tx MXene with the MTS reagent, conditions without cells were prepared with contact 

lens with and without Ti3C2Tx coatings. These enable obtaining backgrounds to individual 

conditions that could be subtracted to avoid interference. After the 12 hr incubation period, the 

media of all wells including negative and positive controls was transferred to a different plate 

and the contact lens samples were removed by aspiration. Following the supplier’s protocol, 

100 μL of MTS reagent were added to each well and the plate was incubated for 2 hr at 37 oC. 
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Following incubation, the solutions were carefully transferred to a new 96-well plate and 

absorbance readings were taken using an ELx800 Universal Microplate reader (Biotek, UK) at 

a wavelength of 492 nm(276). Each experiment consisted of triplicate wells per condition, and 

the experiment was repeated 3 times with different cell populations. To determine cell viability 

(%), raw values of no cell-containing samples were subtracted to their corresponding cell-

containing condition. This was with the aim of remove potential background absorbance. Then, 

cell viability was determined utilising the negative control as 100%.  

5.2.7.1 LDH release  

For the negative control of the LDH assay (CytoTox 96® Non-Radioactive 

Cytotoxicity Assay, Promega, UK), 45 mins before the completion of the 12 hr incubation, 25 

uL of 10X lysis solution provided by the supplied was added per well and the plates were 

returned to incubation (37 oC with 5% CO2)(277). Once the 12 hr incubation was completed, 

the media was transferred to Eppendorf tubes from which 50 uL per sample were transferred 

to a 96-well plate. The samples were left to cool to room temperature before adding 50 μL of 

the reagent solution to each well. The plates were cover in foil and incubated for 30 mins at 

room temperature. Then, 50 uL of the stop solution and the absorbance readings were taken 

within an hour using the microplate reader at a wavelength of 492 nm.  Each experimental 

condition included triplicate wells, and the entire experiment was replicated three times using 

distinct cell populations. Lysed cells were use as 100% to determine cell cytotoxicity (%) of 

samples after removing the background absorbance. 

 

5.2.8 Electrochemical measurements 

Amperometry was the technique used to electrochemical detect H2O2 using the 

Ti3C2Tx-coated contact lens samples. An applied potential of -1050 mV vs Ag|AgCl was utilised 

in a three electrode system with a platinum wire as the CE. Simulated fluid with a BSA protein 

content of 10 mg mL-1 was chosen as the electrolyte.  
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To test the performance of the transparent electrode in bending state, three conditions were 

considered: A. straight form, which was achieved by having a glass substrate in the back of the 

lens samples, B. the natural curved shaped of the contact lens, and C. the electrode was bent 

100 times (50 inward and 50 outward bends) and the electrochemical measurement was 

recorded in its natural curved shaped as condition B. To avoid tearing of the contact lens or the 

disruption of the MXene coating, aluminum was used at the alligator clip to protect the sample. 

5.2.9 Statistical analysis 

Data analysis was performed using GraphPad Prism 5 (GraphPad Software Inc., USA). 

The data was expressed as mean ± SD, with n > 3, specified in each study. Statistical analysis 

involved either a one-way ANOVA with Turkey’s comparison where applicable. Significance 

levels were determined with a p-value less than 0.05. 
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5.3 Results and Discussion 

5.3.1 Characterization of Ti3C2Tx electrode onto hydrogel 

To confirm the successful incorporation of thin Ti3C2Tx coatings onto the contact lens 

samples, transmittance was recorded using UV-vis spectroscopy. As shown in Figure 5.3, the 

characteristic UV-vis spectra of Ti3C2Tx was observed from which an absorption peak at 780 

nm corresponds to the plasmonic peak characteristic of Ti3C2Tx. The transmittance of the 

coating was determined to be 94.1 % (± 0.8) at the standard wavelength of 550nm, which is 

typical for optically transparent devices. 

 

Figure 5.3 UV-visible spectroscopy of Ti3C2Tx coated hydrogel 

 

5.3.2 Impact of Ti3C2Tx in hydrophilicity of lens 

Contact angle measurements were taken to assess the effect of Ti3C2Tx coatings on 

contact lens wettability. Representative optical images were captured, using 5 uL drops on an 

uncoated-lens (Figure 5.4a), a lens coated with large flake Ti3C2Tx - (Figure 5.4b) and a lens 

coated with small flake Ti3C2Tx (Figure 5.4c). It is evident that the droplet on the uncoated lens 

maintained a more rounded shape, indicative of a comparatively hydrophobic surface to that of 

the MXene-coated lenses. This observation was further supported by statistical analysis of the 

inner contact angle measurements of the test, MXene coated and uncoated, control samples 
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(Figure 5.4d). A significant reduction in contact angle measurement (p<0.05) was observed for 

both the large and small flake samples compared to the uncoated samples indicating that 

MXene creates a more hydrophilic surface than that of the uncoated lens. The inner contact 

angle significantly decreased from 88.8 (± 1.8) degrees for the uncoated samples to 61.4 (± 

8.1) degrees and 58.5 (± 2.9) degrees for the large- and small-flake coated samples, 

respectively. This decrease aligns with the high hydrophilicity of Ti3C2Tx flakes from the 

current understanding of MXene wettability(278). Theoretical and experimental studies have 

demonstrated hydrophilic interaction is enhanced predominantly by oxygen-containing 

terminations of Ti3C2Tx. For example, using molecular dynamics simulations, Ti3C2Tx was 

alkalised replacing the -F termination by -OH termination, and as a result, the inner contact 

angle decreased by 19 degrees (278,279). Moreover, a comprehensive review of reported 

contact angle revealed a decrease in contact angle with an increase in surface roughness, 

explained by the Wenzel model, which assumes grooves between the solid material, in this case 

between MXene flakes, for liquid to penetrate. Consequently, the increase in an interfacial area 

between water and Ti3C2Tx surface, due to an increase in surface roughness, results in 

energetically favourable. 

Additionally, a negative correlation between the flake size of pristine Ti3C2Tx and wettability 

has been reported(278,280). However, no significant difference (Figure 5.4d) was observed for 

the Ti3C2Tx -coated samples despite the decrease in flake size from >1000 nm to 270 nm (Figure 

3.1). This is likely due to a unique nano-macrostructure formed within the coating considering 

the non-uniform substrate (hydrogel). Unique nano-macrostructures have been theorised to 

explain the observation of both positive and negative correlations between surface roughness 

and contact angle with various flake size distributions. However, it is not feasible to consider 

these trends, as further imaging would be required to determine the organization of Ti3C2Tx 

flakes deposited on top of the non-uniform hydrogel sample. 
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Figure 5.4. Optical images of 5 uL deionised water onto a) uncoated contact lenses (control), 

and contact lenses coated with b) large-flakes (LF) and c) small-flakes (SF) Ti3C2Tx. Inner 

contact angle measurements (n=6, p<0.05, data shown as mean ± SD, one-way ANOVA with 

Turkey’s comparison).  

It is important to note that the samples were tested in their dried state, as the high hydrophilicity 

of wet samples would immediately absorb the 5 µL droplet, making it difficult to capture 

images and measure the contact angle upon contact. To explore the impact of Ti3C2Tx coatings 

on the swollen state of the lenses, a captive bubble method should be performed(281). 

 

5.3.3 Stability of Ti3C2Tx coating  

The stability of the coatings was investigated in saline storage solution. To consider 

the lens in its packaging state, coated and uncoated samples were incubated in contact lens 

storage solution for 1 week. As shown in Figure 5.4, the characteristic peak of Ti3C2Tx at around 

780 nm was not identified for any of the samples. It is important to note that the sensitivity of 
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UV-vis spectroscopy is relatively low compared to other techniques. The lowest concentration 

of MXene that may be detected is about 10 ug mL-1, estimated from the calibration curve of 

Ti3C2Tx colloidal solution in DI water shown in Chapter 2, Figure 2.6. Therefore, these results 

only confirm that if there had been any leaching of Ti3C2Tx from the coating to the solution it 

was below 2 g, considering all the samples (n=5) for each condition were combined into one 

cuvette. Moreover, the current coating samples assume the electrode would have a large surface 

area (0.28 mm2), which is typically beyond what seems to be suggested in the illustration 

designs by reports developing contact lens diagnosis(110,113). Therefore, it is likely that if 

there was any leaching of MXene during storage, it would be below 2 g relative to the size of 

the electrode. Moreover, a cytocompatibility assessment of MXene-coated lenses in Section 

5.3.5, considers the potential impact of MXene leachate in media which is commonly 

performed in literature(282). Future studies should consider the stability of the coating under 

mechanical stress and strain, such as scratching and stretching, which can easily occur during 

the handling of contact lenses.  

 

 

Figure 5.5. Stability assessment of Ti3C2Tx-coatings after one week of storage. UV-vis spectra 

of contact lens storage solution incubated for 7 days in large flake (LF) and small flake (SF) 

Ti3C2Tx coated and uncoated contact lens samples. 
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5.3.4 Protein adsorption  

To investigate the impact of Ti3C2Tx coatings on protein adsorption, the Bradford assay 

was used. Figure 5.5a shows the standard curve to validate the assay using BSA at a 

concentration range of 0-1 mg mL-1 in 0.1M PBS solvent. In accordance with the assay’s 

protocol, a linear relationship (R2=0.936) was observed at an absorbance at 490 nm and protein 

concentration in a range between 0 and 1 mg mL-1 BSA in PBS (0.01 M) indicating assay 

suitability for measurement of unknown protein concentration in this concentration range 

(Figure 5.6a). Following a 24-hr incubation period in simulated tear fluid with (10 mg mL-1) 

and without (CSS) BSA, samples were washed and SDS (3%) was used to detached absorbed 

BSA from the lenses. As shown in Figure 5.5b, no significance difference was observed for the 

contact lenses with and without coatings suggesting that Ti3C2Tx does not promote protein 

absorption when used as a coating to contact lenses regardless of flake size. It is important to 

note that the sensitivity of this assay may not be appropriate for the potential absorption of 

protein by the samples and therefore only qualitative conclusions can be drawn.  

 

 

Figure 5.6 Comparison in protein absorption of Ti3C2Tx-coated and uncoated contact lens 

samples. a) Bovine serum albumin (BSA) in sodium dodecyl sulphate (SDS) standard curve 

using Bradford assay. b) Calculated total concentration of protein (mg mL-1) upon SDS wash 



- 122 - 

 

after a 24 hr incubation simulated tear fluid (10 mg mL-1 BSA). (n=3, p<0.05, mean ± SD, one-

way ANOVA with Turkey’s comparison) 

 

5.3.5 Biological assessment of Ti3C2Tx-coated contact lenses 

The utilization of the MTS and LDH assays provided valuable insights into the 

viability of human epithelial cells (Figure 5.7) subsequent to a 12-hr incubation with uncoated 

and Ti3C2Tx -coated contact lens samples. These assays, widely recognised for their role in 

assessing cell viability and cytotoxicity, respectively, serve as an indicator of potential toxicity 

in cell cultures. First, optimisation of cell seeding was performed through a standard curve 

(R2=0.996) as shown in Figure 5.7a using the MTS reagent. The chosen cell seeding density 

was 2 x 104 cells mL-1 for the following experiments.  As shown Figure 5.7b there was a 

significant decrease in cell viability when cells were treated with positive cytotoxic control tin 

maleate. No significant difference was observed between the coated and uncoated CL samples 

(p<0.001) suggesting cytocompatibility of the Ti3C2Tx coatings for corneal lens epithelial cells. 

Moreover, results suggest that cell-viability was flake size-independent which is a parameter 

that has been known to vary interaction between different nanomaterials and cell lines.  A slight 

decrease in cell viability was observed between the negative control (cell only) and cells treated 

with contact lenses irrespective of their coatings. It is assumed that this is due to a slight 

physical disruption when removing the sample before addition of the MTS reagent, as previous 

reports following different protocol report good cell viability of HCECs treated with CLs.  
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Figure 5.7.  Impact of large flake (LF) and small flake (SF) Ti3C2Tx coatings of contact lenses 

on human corneal epithelial cell cytocompatibility. a) Standard curve using MTS of different 

seeding cell concentration in a 48-well plate. b) Cell viability and c) cell cytotoxicity of 

different treatments upon a 12-hr incubation utilizing MTS and LDH assays, respectively, with 

a seeding density of 2 x 104 cells per well. (n=3, p<0.001, data shown as mean ± SD, one-way 

ANOVA with Turkey’s comparison) 

 

Cell cytotoxicity was determined using the LDH assay in which the positive control was a lysed 

cell solution (10X) using cell lysis buffer from the LDH assay kit (CytoTox 96® Non-

Radioactive Cytotoxicity Assay, Promega). Results (Figure 5.87) are in agreement with the 

previous conclusion using the MTS assay in which no significant difference was observed 

between coated and uncoated samples nor between flake size-coatings. Moreover, there were 

no differences between cell only control and lens-treated cells. This suggests that potentially 

the physical disruption of cells was not damaging enough to break the cell membrane and 

therefore no LDH release, indicative of cell lysis, was detected. 

5.3.6 Immune response of Ti3C2Tx-coated contact lenses 

To assess the immune response of Ti3C2Tx coatings, ELISA assay was performed to 

quantify the release of pro-inflammatory cytokine markers IL-6 and -8. The first step was the 

optimisation of the cell supernatant dilution for the positive control (Lipopolysaccharide (LPS) 

sample) using a series of dilutions consisting of 1 (supernatant) to 10, 20, 50 and 100 (0.1 M 
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PBS) (0.1, 0.05, 0.02 and 0.01). The LPS-treated sample was chosen, as these samples tended 

to have the highest secreted cytokine concentration and the use of the resultant optimal dilution 

factor from these samples would ensure that unknown sample values fitted within the range of 

the standard curve. As shown in Figure 5.8a, the linear range of curve occurred from 0 up to 

the 1:20 dilution point and began to plateau beyond this concentration. Therefore, the chosen 

supernatant dilution for the IL-6 assay was 1 in 25 ensuring the sample is within the linear 

range. For the IL-8, the concentration selected was 1:200 in order to fit within the linear range.  

The increase in IL-8 expression compared to IL-6 expression in HCECs matches the expression 

profile seen in other ocular cell lines such as lens epithelial cells (3,4,23). 

 

Figure 5.8. Determination of supernatant dilution required for ELISA assays. Absorbance 

values corresponding to a) IL-6 and b) IL-8 release found in cell supernatant diluted in 0.01 M 

PBS. 

The standard curves for IL-6 and IL-8 are presented in Figure 5.9a and b, respectively. The 

analysis revealed no substantial upregulation of IL-6 (Figure 5.9c) or IL-8 (Figure 5.9d) in the 

lens-treated samples compared to the cell-only control. This suggests that the Ti3C2Tx -coated 

lenses did not induce a significant pro-inflammatory response measured through upregulation 

of key inflammatory cytokines IL6 and IL8. These cytokines are involved in the regulation of 

multiple processes in corneal inflammation and wound healing, including neovascularization 

and stimulation of immune cells(283,284). As anticipated, the positive LPS treated control, 
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exhibited a considerable upregulation of both IL-6 and IL-8, validating the sensitivity of the 

assay and confirming the expected response to a potent immune stimulant.  

 

Figure 5.9 Impact of Ti3C2Tx-coatings on cytokine release by HCE cells. Standard curves of a) 

human interlukin-6 ELISA kit, and b) human interlukin-8 ELISA kit. Quantification of c) IL-6 

and d) IL-8 release from HCE cells treated with uncoated and Ti3C2Tx-coated contact lenses 

(CL). Negative control refers to untreated cells and LPS is the positive control. (n=2, p<0.05, 

data shown as mean ± SD, one-way ANOVA with Turkey’s comparison) 

 

5.3.7 Demonstration of electrochemical performance of Ti3C2Tx-coated 

contact lenses 

To demonstrate the electrochemical performance of Ti3C2Tx-coated hydrogels as 

working electrodes, amperometry was applied for the detection of H2O2. Three different 

configurations were considered as shown in Figure 5.9a; Configuration A – Ti3C2Tx electrode 

as a coating of the lens in a glass substrate to maintain a straight structure, Configuration B – 
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Ti3C2Tx electrode as a coating of the lens without a substrate resulting in a natural concave 

structure during measurement, Configuration C – 100 bends prior to electrochemical 

measurement following Configuration B. Figure 5.9b shows representative amperometric 

responses to the addition of 500 M of H2O2 in simulated tear fluid at t=50 s with an applied 

potential of -1050 mV (vs Ag|AgCl) indicating successful electrochemical detection using a 

Ti3C2Tx coated contact lens electrode. There was no significant difference between the faradaic 

response to H2O2 following flexing cycles (Figure 5C) suggesting that the Ti3C2Tx coating can 

be used as a flexible and transparent electrode without compromising the performance of the 

sensor.  

The visible transmittance value of these electrodes (94.5%, Figure 5.3) is above the required 

transmittance of commercially available contact lenses (>90%)(281). This confirms the 

suitability of Ti3C2Tx thin film coatings for practical application in wearable ophthalmic 

devices. Moreover, tinted contact lenses for UV protection and several eye conditions 

management, have been reported with transmittance values >50%(285–287). Therefore, having 

confirmed that electrode thickness does not impact the electrochemical performance of pristine 

Ti3C2Tx electrode (Figure 4.2a), future studies could consider different MXene coatings and 

thicknesses to tailor light transmittance (%) for ocular disease management.  

 

Figure 5.10.  Impact of flexibility in electrochemical performance of transparent Ti3C2Tx-

coated contact lenses. a) Schematics of electrode conditions (A, straight form, B natural form, 

and C electrode after 100 bends, 50 inward and 50 outwards). b) Amperometric responses to 

an addition of 500 M H2O2 at t=50 s in tear simulated fluid at -1050 V vs Ag|AgCl. c) 
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Comparison of normalised current by surface area (mA cm-2) between electrode configurations. 

(n=6, p<0.05, data shown as mean ± SD, one-way ANOVA with Turkey’s comparison) 

 

5.4 Conclusion 

In summary, this chapter successfully incorporated a pristine Ti3C2Tx electrode onto a 

commercially available contact lens, and UV-vis spectroscopy was employed to confirm the 

successful integration of MXene onto the hydrogel. The stability study demonstrated that 

MXene did not leach from the contact lens over a one-week period when incubated in contact 

lens storage solution. This conclusion was drawn by analysing the incubated solution using 

UV-vis spectroscopy, which did not exhibit any identifiable MXene spectra. Contact angle 

measurements revealed an increase in wettability of the lens upon incorporation of Ti3C2Tx 

coatings, and this difference was independent of flake size. Moreover, results from the Bradford 

assay indicated no specific increase in protein adsorption on Ti3C2Tx-coated contact lenses 

compared to uncoated controls, suggesting no protein fouling. Cytocompatibility studies using 

a human corneal epithelial cell line demonstrated good cell viability for the coated-contact 

lenses compared to non-coated ones, indicating their biocompatibility in an ophthalmic 

environment. Electrochemical studies showcased the transparent pristine Ti3C2Tx coating on a 

contact lens as a sensor for H2O2, demonstrating that repeated cycles of mechanical stress did 

not impact sensor detection capacity. These findings highlight the suitability of the coating for 

wearable devices that may experience mechanical stress during use. These findings have 

significant implications for the development of contact lens-based sensor technology, wearable 

devices and biosensors. 
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6 Conclusions and Future work 
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In this concluding chapter, a summary of findings derived from the investigation of a 

pristine Ti3C2Tx MXene electrode for the electrochemical detection of the biomarker H2O2 in 

tear fluid is presented (Section 6.1), aiming to address the objectives outlined at the onset of 

this study while highlighting the broader impact of the work. Then, Section 6.2 focuses on 

assessing the hypotheses with the results presented, guided by the objectives of each chapter. 

Finally, Section 6.3 presents avenues for future work that can build upon the current study and 

advance the field of ophthalmic diagnostics with the use of Ti3C2Tx MXene. 

6.1 Comprehensive analysis and implications of research findings 

6.1.1 Processing of pristine Ti3C2Tx electrochemical sensors 

The fabrication protocol of pristine Ti3C2Tx electrodes, as illustrated in Figure 1.3, 

along with the successful development of thin coatings through spray coating (Figure 2.7 and 

Figure 5.1) and drop-casting (Figure 5.1), highlights the   ease of processing Ti3C2Tx colloidal 

solution onto electrochemical sensors. Moreover, the incorporation of pristine Ti3C2Tx 

electrodes onto different substrates, such as Kapton tape (Chapter 2-4), glass (Chapter 2 and 

3), and hydrogels (Chapter 5), demonstrates their integration onto diverse surfaces without the 

need of complex processing techniques or treatments. Notably, these electrodes consistently 

exhibit excellent electrochemical performance regardless of the fabrication method or substrate 

used, emphasizing their potential for developing sensors tailored to unique applications. 

For instance, the incorporation of pristine Ti3C2Tx electrodes onto Kapton tape enables the 

creation of flexible and wearable sensors for on-body monitoring(288), which may have 

applications in healthcare settings to track physiologically important molecules. Conversely, 

the integration of pristine Ti3C2Tx electrodes onto glass substrates allows for the fabrication of 

transparent and robust sensors suitable for environmental monitoring applications, including 

the detection of pollutants in water samples or the monitoring of air quality. Additionally, the 

incorporation of pristine Ti3C2Tx electrodes into hydrogel matrices opens up possibilities for 
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bioanalytical applications, such as biosensing and drug delivery systems, where the 

biocompatibility and biofunctionality of hydrogels are crucial(289). 

The versatility of pristine Ti3C2Tx electrodes, as evident from their successful integration onto 

various substrates and electrochemical performance, underscores their potential to address 

specific needs and challenges across diverse application areas. Ongoing research and 

exploration of this material, coupled with tailored fabrication techniques, hold significant 

promise for the development of innovative sensors with enhanced performance and 

functionality. Such advancements will have far-reaching implications in healthcare, 

environmental monitoring, biotechnology, and beyond, contributing to advancements in 

various fields and improving our understanding of the world around us. 

6.1.2 Optimisation of pristine Ti3C2Tx electrochemical sensors 

By systematically investigating individual parameters (Chapter 3-4), this study 

demonstrated that pristine Ti3C2Tx could be optimised for specific analytes. The study revealed 

that larger flakes facilitated outer-sphere electron transfer between ruthenium hexamine and 

Ti3C2Tx (Figure 3.1). In contrast, smaller flakes exhibited higher sensitivity towards hydrogen 

peroxide (Figure 4.2). Exploring electrode thickness enhanced the faradaic responses compared 

to the capacitive current (Figure 3.2). An investigation into flake orientation demonstrated 

increased current density for vertically aligned flakes, while horizontally aligned flakes showed 

improved electron transfer kinetics (Figure 3.3). Further research on single-flake Ti3C2Tx could 

provide insights into the role of Ti3C2Tx edges in electrochemical sensing, including their 

surface chemistry for redox reactions or edge effects. this work emphasises the imperative 

nature of comprehensive parametric studies. Notably, the often-overlooked factors such as 

flake size emerges as a critical parameter with the potential to yield diverse outcomes(179,290). 

Recognizing the significance of material parameters in MXene applications is pivotal for 

advancing our understanding and optimizing the performance of materials in various 

technological domains. As research continues, such considerations will undoubtedly contribute 
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to the refinement and enhancement of MXene-based technologies, paving the way for 

innovative applications in diverse fields. 

Future investigations should also consider the customization of surface terminations to enhance 

electrochemical sensing. Various approaches exist for controlling surface terminations during 

synthesis and functionalization(291,292). For instance, analytes that undergo adsorption-based 

electron transfer mechanisms may benefit from O-rich surface terminations instead of F-rich 

surface terminations. Additionally, expanding this research to other MXenes presents an 

exciting opportunity for the detection of multiple analytes with enhanced sensitivity by 

tailoring the outer transition metals in MXene structures. For example, vanadium carbide (V2C) 

has shown enzyme-like properties, making it an excellent electrocatalyst for potential 

applications. 

In conclusion, the systematic exploration of pristine Ti3C2Tx parameters, as outlined in this 

study, offers valuable insights for optimizing sensor performance. Further research should 

focus on understanding the influence of single-flake Ti3C2Tx and tailoring surface terminations 

to unlock the full potential of this material in electrochemical sensing. Expanding the 

investigation to other MXenes will enable the development of sensors with enhanced 

capabilities and broaden the scope of applications in various fields. 

6.1.3 Pristine Ti3C2Tx electrochemical sensor for H2O2 

While the focus of this work was inspired by the role of H2O2 in the tear fluid, H2O2 

also holds significant importance across various other domains. In environmental science, for 

example, the detection of high levels of hydrogen peroxide in water samples is crucial due to 

its potential detrimental effects on aquatic life and ecosystems, emphasizing the relevance of 

its detection for environmental monitoring(293). In chemical engineering, H2O2 is commonly 

utilised in large-scale industrial processes, such as the production of sodium perborate, sodium 

percarbonate, and percarboxylic acid (294). These compounds find wide-ranging applications 

in detergent formulations and bleaching agents. Therefore, the impact of the successful 
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optimisation of pristine Ti3C2Tx electrodes for the detection of H2O2 definitely expands beyond 

the ophthalmic diagnostics to numerous fields. 

Moreover, it's crucial to underscore that many electrochemical biosensors operate by 

monitoring H2O2 as a byproduct of various reactions. This fundamental concept was 

exemplified in the first invented glucose sensor, where the enzymatic oxidation of glucose by 

glucose oxidase involves oxygen consumption and production of H2O2(295). Expanding 

beyond enzymatic biosensors, the utility of H2O2 extends to immunosensors and DNA 

sensors(296,297). These sensors use H2O2 as an intermediate molecule for the detection of a 

wide range of analytes. In light of this, the work presented in this thesis promotes the 

exploration of anchoring biorecognition elements onto the surface of pristine Ti3C2Tx 

electrodes. This approach aims to establish a correlation between H2O2 detection and the 

concentrations of numerous analytes, thereby broadening the applicability of Ti3C2Tx 

electrochemical biosensing technologies. 

6.1.4 Potential window of pristine Ti3C2Tx electrode 

As shown in Chapter 4, the potential window established in aqueous electrolytes, such 

as the biologically relevant 0.1 M PBS, was confined in the positive potential range, reaching 

only up to 0.2 V vs Ag|AgCl. This restriction poses challenges for the detection of numerous 

biomolecules that typically undergo oxidation beyond this potential threshold, including 

substances like ascorbic acid, uric acid, dopamine, serotonin, among others. While this 

limitation narrows the focus to molecules that can be electrochemically reduced or oxidised at 

negative potentials, it also suggests that potential interference from other elements may not be 

as prominent. Chapter 4 of this work substantiates this observation, demonstrating that the 

selected interferent molecules including dopamine, ascorbic acid, and urea, which typically 

pose challenges for electrochemical sensors oxidizing H2O2 at positive potentials, did not 

significantly impact the results. 
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To address these limitations, future investigations should delve into the exploration of 

composite electrodes incorporating other MXenes beyond Ti3C2Tx. This strategy aims to 

leverage the high conductivity of Ti3C2Tx while potentially expanding the achievable potential 

window through the integration of another member from the family of MXenes. This approach 

could enhance the versatility and broaden the range of analytes detectable by electrochemical 

sensors, paving the way for more comprehensive and robust biosensing platforms. 

 

6.1.5 Transparent and flexible pristine Ti3C2Tx electrodes as a current 

collector 

In this study, transparent and flexible sensors were successfully developed by depositing 

thin films of Ti3C2Tx. While these sensors were demonstrated for ruthenium hexamine and 

hydrogen peroxide detection, it is anticipated that pristine Ti3C2Tx can also catalyse the 

reduction or oxidation of other molecules on its surface. In addition, Ti3C2Tx electrode may 

also be used as transparent and flexible current collector for other sensors. Future investigations 

should explore the potential of depositing other nanomaterials such as graphene or metal NPs, 

onto pristine Ti3C2Tx electrodes. This approach would enable the development of transparent 

and flexible electrodes with tailored functionalities. The fabrication of transparent electrodes 

holds promise for optically monitoring biological processes occurring at the electrode surface 

during measurements. Furthermore, the demonstrated biocompatibility of Ti3C2Tx electrodes 

suggests their potential application in environments where traditional indium tin oxide 

electrodes, the standard TCE, may pose environmental toxicity concerns. 

 

6.2 Closing remarks of fundamental study  

The overarching hypothesis (Chapter 1) that pristine Ti3C2Tx can be incorporated as a 

flexible, transparent conductive electrode onto a contact lens for electrochemical detection of 
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biomarkers in the tear fluid, exemplified using hydrogen peroxide, was supported by tackling 

the aims and research objectives in individual chapters.  

 

 

Research objective 1, “To synthesise Ti3C2Tx MXene and fabricate a pristine electrode with a 

defined area for use in electroanalytical measurements” was tackled in Chapter 2. Starting with 

the synthesis of pristine Ti3C2Tx flakes utilizing high-Al MAX phase followed by the 

assessment of material quality and suitability for electrochemical studies using characterisation 

techniques including XRD, SEM, DLS and 4-point probe. Moreover, the electrode design 

enabled the fabrication of reproducible electrodes with ease tailorability of material (flake and 

orientation) and electrode (surface area and thickness) parameters. The reproducible cyclic 

voltammograms recorded in pristine Ti3C2Tx electrodes supported the hypothesis of Chapter 2, 

that utilizing high-Al MAX phase for MXene synthesis, would result in electrical 

conductivities appropriate for the development of pristine Ti3C2Tx electrodes for analytical 

electrochemistry. 

Research objective 2 “To investigate the impact of material and electrode parameters in the 

electrochemical performance of pristine Ti3C2Tx electrodes” was addressed in Chapter 3. A 

parametric study focused on the electrochemical activity of pristine Ti3C2Tx was performed in 

Chapter 3. Using ruthenium hexamine, as a standard redox probe, insights into the impact of 

flake size, orientation and thickness on current densities and kinetics was obtained. The 

research expanded to examine the electrochemical performance of these electrodes under 

bending conditions (100 bends and bending during measurement (d=4 mm), crucial for 

applications requiring flexibility such as contact lenses. Finally, it was demonstrated that the 

electrochemical performance of transparent pristine Ti3C2Tx electrodes was not impact by high 

optical transmittance. Therefore, the study not only advanced the understanding of parameters 
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of Ti3C2Tx for analytical electrochemistry but also opened the avenues for the development of 

transparent and flexible electrodes relevant for contact lenses. 

Research objective 3 “To optimise pristine Ti3C2Tx electrode and the experimental parameters 

for the detection of a biomarker in simulated tear fluid” was achieved in Chapter 4. Pristine 

Ti3C2Tx electrode was characterised for the electrochemical detection of H2O2. The experiment 

revealed the sensor's operating window in biologically relevant ion concentrations and 

demonstrated its capability to detect H2O2 independently of thickness. While sensitivity could 

be improved by reducing flake size, large-flake electrodes provided the most stable film. The 

highest sensitivity was achieved at -1050 mV vs Ag|AgCl, with excellent selectivity for H2O2 

confirmed. Tests in simulated tear fluid, including protein, showed no interference with 

accurate detection, highlighting the sensor's robustness. Stability over a 30 minutes 

measurement and after a 24 hours storage incubation, further underscored its suitability for tear 

fluid analysis and potential applications beyond ophthalmic diagnostics. With the hypothesis 

that pristine Ti3C2Tx electrodes is an attractive material for electrocatalytic activity towards 

H2O2 was supported. 

Research objectives 4 “To incorporate pristine Ti3C2Tx electrode onto a contact lens without 

impacting its electrochemical performance” and 5 “To evaluate the compatibility of the 

integrated Ti3C2Tx electrode on a contact lens with an ophthalmic environment” were addressed 

in Chapter 5. The successful incorporation of pristine Ti3C2Tx electrodes onto commercially 

available contact lenses was achieved through drop-casting and spray-coating techniques. 

Positive characterizations, including evaluations of wettability, protein adsorption, and 

cytocompatibility with a human corneal epithelial cell line, demonstrated the suitability of 

pristine Ti3C2Tx-based diagnostics using contact lenses as a platform. The consistent 

electrochemical performance observed across different sensor configurations underscores the 

robustness of these flexible and transparent sensors. 

In summary, this study marks a significant milestone by presenting, for the first time, an 

electrochemical sensor utilizing pristine Ti3C2Tx MXene. Beyond the novelty of this 
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achievement, the research underscores the practical advantages inherent in employing Ti3C2Tx 

in such applications. Taking advantage of its optoelectronic and mechanical properties, along 

with their positive biocompatibility on contact with corneal epithelial cell monolayers and 

consistent electrochemical performance, the study showcases the efficacy of electrochemical 

sensors for a specific and critical application – ophthalmic diagnostics. The suitability of 

Ti3C2Tx for corneal lens-based applications, supporting previous work on intraocular lens 

devices and suggesting potential advancements in ophthalmic technologies. By enabling non-

invasive diagnostics, materials like Ti3C2Tx can significantly contribute to the understanding of 

diseases from their early stages to their resolution, allowing for personalised therapies.  

 

6.3 Future work 

These encouraging results pave the way for further advancements in the field, with the 

ultimate goal of developing a complete prototype incorporating a comprehensive powering and 

communication system. Ti3C2Tx has already demonstrated its potential for energy storage and 

wireless communication in wearable devices. Using these capabilities, Ti3C2Tx stands poised 

to become the primary material for the development of miniaturised systems, thereby enabling 

the creation of electrochemical sensors with wireless power and communication capabilities. 

However, to progress towards this goal, it is imperative to embark on a deeper investigation 

into the performance of the electrochemical sensor in vitro. This would involve developing a 

biological model of the anterior eye, in which the release of H2O2 by cells is chemically induced 

or naturally occurring, facilitating a more comprehensive understanding of the sensor's 

behaviour in realistic physiological conditions. Such in-depth investigations are essential for 

refining sensor design, optimizing performance, and ultimately realizing the full potential of 

Ti3C2Tx-based sensors in advancing diagnostic and monitoring capabilities in ophthalmic and 

other relevant fields.   
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