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Abstract  

The aim of this PhD thesis was to investigate potential next generation sensor platforms 

for electrochemical biosensor developments, specifically towards health monitoring 

applications. With increasing interest in the integration of miniaturised electrodes with 

minimally invasive and wearable devices, this thesis sought to explore electrodes 

fabricated using three different technologies for the construction of electrochemical 

biosensors: Silicon microfabrication, Laser scribing, and dispense printing.  

The first experimental section aimed to investigate the use of a single ultramicroband 

electrode fabricated on silicon for mediator-free glucose monitoring in bio-fluid 

environments. Six ultramicroband electrodes, a counter electrode and reference electrode 

were fabricated using standard microfabrication methods i.e. lithography and etching 

techniques. Glucose oxidase was selected as a model enzyme to attach onto a platinum- 

modified gold microband electrode by electropolymerisation with an o-

phenylenediamine/ß-cyclodextrin layer. The resulting microband biosensor demonstrated 

on-chip glucose detection in buffer based media. When applied to foetal bovine serum 

the sensor displayed a reduced sensitivity. The second experimental section explores the 

use of laser-scribed graphitic carbon for flexible sensing applications. A facile fabrication 

method was assessed involving electrodeposition of platinum followed by two casting 

steps to functionalise electrodes. This study examined the chronoamperometric response 

of the enzymatic lactate sensor whilst the flexible polyimide substrates were fixed at a 

curvature (K) of 0.14 mm-1. No noticeable change in signal response was observed in 

comparison to calibrations obtained with a flat substrate (K=0 mm-1), suggesting potential 

opportunities for sensor attachment or integration with oral-care products such as mouth 

swabs and mouth guards. Both laser scribed graphitic carbon and Ag/AgCl modified-laser 

scribed graphitic carbon were examined as reference electrodes for chronoamperometric 

lactate measurements. This device was applied for measuring lactate concentrations in 

artificial saliva and diluted sterile human serum. Finally, this study investigates the 

potential for a low cost additive printing tool to enable the fabrication of electrochemical 

sensor devices. To do this, electrodes were designed and printed onto polyimide 

substrates. Reproducibility between electrode dimensions was assessed using 3D 

microscopy. Standard electrochemical characterisation techniques were employed to 

study the reproducibility between electrode electrochemical response. Functionality was 



also assessed whilst electrodes were fixed were fixed at a curvature (K) of 0.14 mm-1. 

Finally, a simple casting approach was applied to the dispense printed working electrode 

to construct a lactate biosensor for a proof of concept electrochemical sensor 

demonstration.
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Enzymatic biosensors are an important diagnostic tool for diabetes management. Perhaps, 

the most famous enzymatic biosensor is the glucose finger prick sensor used for self-

glucose monitoring. Advances in biosensor technology have since seen the glucose 

biosensors move from a single reading in a blood sample to devices that can monitor 

glucose concentrations continuously. The continuous glucose monitoring systems market 

was valued at approximately $8 billion in 2021 and is expected to grow to $15 billion by 

2030.1 Although this is a well-established market, research continues to further advance 

and innovate glucose biosensors, especially since the future of glucose monitors are not 

limited to diabetic patients. Glucose monitoring is also becoming popular with 

athletes.2,3Another enzymatic biosensor desirable for diagnostics in sport science is the 

lactate sensor. L-lactate is a key biomarker used in clinical diagnostics to assess for health 

conditions and diseases such as liver disease, organ failure and sepsis.4–6 Lactate 

concentrations in blood can also be used to evaluate an athlete's lactate threshold which 

can be used as an endurance indicator.7–9  

When developing enzymatic sensors, fast and accurate detection of biomarkers is crucial, 

whether for healthcare or sport science applications. Electrochemical biosensors are an 

attractive alternative to invasive clinical diagnostic methods requiring large equipment, 

trained professionals and lengthy procedures. Electrodes can be fabricated on both rigid 

and flexible materials such as silicon, ceramics and polymers, and can then be modified 

to enable sensing of specific targets. The range of substrates available for electrochemical 

sensors allows them to be adapted towards numerous applications, including point-of-

care (POC) devices.  

This thesis aims to investigate three separate sensor platforms, firstly, an on-chip ultra 

microband electrode is studied and modified for electrochemical glucose sensing and 

tested using foetal bovine serum. Silicon fabrication methods produce robust devices with 

the possibility of multiple small footprint sensors on-chip. Although silicon fabrication is 

an expensive fabrication method its compatibility with mass production is desirable. 

Secondly, larger macro-disc electrodes fabricated on polyimide substrates using direct 

laser scribing methods are assessed for their potential as flexible electrochemical lactate 

sensors. These offer a cost effective alternative to silicon devices. Furthermore, the 

lightweight and flexible nature of thin film polymer substrates such as polyimide makes 

them attractive for wearable sensing applications. The ability to fabricate electrodes on 

bendable substrates using conductive inks has become a topic of interest in recent years. 
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The last chapter of this thesis explores the possibility for using an emerging low cost PCB 

additive printing tool, to fabricate macro disc electrodes for electrochemical sensing 

applications.  

In chapter 1, a framework for the thesis is provided. Firstly electrochemistry fundamentals 

are discussed. This is followed by an overview of electrochemical glucose and lactate 

biosensors. Specific examples of enzymatic glucose biosensors and enzymatic lactate 

biosensors based on platinum electrodeposited materials, o-phenylenediamine and 

chitosan are detailed. Immobilisation techniques to attach glucose oxidase (GOx) or 

lactate oxidase (LOx) to electrodes are also described. Finally, silicon fabrication 

methods, laser scribing, and additive printing technologies are introduced, including 

recent examples of electrochemical sensors constructed from each. 

 Fundamental Concepts of Electrochemistry 

Electrochemistry is the branch of chemistry that is concerned with processes that occur 

at an electrode/electrolyte interface, primarily the transfer of electrons.10 It has proven to 

be an important research field for the development of fuel cells, batteries, and 

electrochemical biosensors.11 Electrochemistry methods have enabled the advancement 

of electroplating technologies for application to electronic devices, commercial 

appliances and car components. In addition, electrochemical techniques can help to 

determine the corrosion resistance properties of materials.12 This thesis is concerned with 

the application of electrochemistry for glucose and lactate sensing applications. Prior to 

introducing the electrochemical biosensor, the first section of the introduction will focus 

on electrochemistry fundamentals.  

 Components of an Electrochemical Cell 

An electrochemical cell can contain a two, three or four-electrode configuration. Most 

commonly, a three-electrode configuration is employed containing a working electrode 

(WE), counter electrode (CE) and reference electrode (RE). These electrodes are 

interfaced with a solution of interest commonly referred to as an electrolyte solution. Each 

of the electrodes are connected to a potentiostat, a device that facilitates the control of the 

applied potential and the measurement of the current generated by electrochemical 

reactions occurring at the electrode/electrolyte interface. An electrochemical cell can be 

placed in a Faraday cage to minimise electromagnetic noise interferences. The 
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potentiostat is connected to a computer to acquire data. Figure 1.1 shows a schematic 

representation of the experimental set-up of an electrochemical cell used to conduct 

electrochemical measurements.  

 Working Electrode  

The WE is the electrode in the electrochemical cell where the measured reaction or 

reactions take place. WE materials must be conductive, hence, the most common 

examples include the noble metals gold and platinum and non-metals such as carbon. The 

surface of the WE should be clean and have a known reproducible surface area. 

Depending on the final application, different WE designs and geometries can be selected. 

 Counter Electrode 

The CE, also referred to as an auxiliary electrode operates to supply or sink electrons for 

the WE. The CE is typically made from conductive inert materials such as platinum, gold 

and carbon and is normally larger than the WE. Current flow between the CE and WE 

prevents current flowing through the reference electrode, which, would polarize the RE 

leading to a shift in potential. The potentiostat adjusts the voltage to maintain a potential 

difference between the WE and the RE, and the current travelling between the WE and 

the CE is measured. 

Figure 1.1: Schematic diagram of a standard three-electrode electrochemical cell 

within a Faraday cage, connected to a potentiostat and to a computer. WE, RE and 

CE are the working, the reference and the counter electrodes, respectively. 
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 Reference Electrode 

The RE enables a steady and accurate measurement of the WE potential. A RE should be 

a non-polarisable electrode, meaning, the potential does not change despite the 

application of current.13 The reaction governing the RE must also be reversible so that the 

potential can be calculated from the Nernst equation.14 The standard hydrogen electrode 

(SHE) also known as the normal hydrogen electrode (NHE) is the conventional reference 

electrode against which standard electrode potentials are measured and has a standard 

potential, E0, of 0 V. The standard cell potential, E0 is the potential of a cell under standard 

conditions. Under standard conditions the concentration of each species in solution is 1 

M and the partial pressure of each species in gaseous form is 1 atm. and the temperature 

is 25 °C.  Other REs have also been developed that do not require the need for constant 

bubbling of hydrogen such as the saturated calomel electrode and the silver/silver chloride 

electrode.15 The calomel electrode contains mercury which can be unsafe if broken. The 

Ag/AgCl RE contains a silver wire, coated with silver chloride that is contained within a 

saturated potassium chloride solution. Ag/AgCl is an inexpensive electrode and does not 

contain toxic components. The controlling redox reaction of the Ag/AgCl, KCL 

(saturated) RE has a standard potential of 0.197 V vs SHE at 25 °C. 

 AgCl + e−   ⇌ Ag +  Cl−, EAg|AgCl
o =  0.197 V vs. SHE (1) 

With E0
Ag|AgCl being the standard potential of the electrode. The potential of the electrode 

under non-standard condition can be calculated using the Nernst equtions: 

𝐸𝐴𝑔|𝐴𝑔𝐶𝑙 = 𝐸𝐴𝑔|𝐴𝑔𝐶𝑙
0 +

𝑅𝑇

𝑛𝐹
ln ([Cl−])            (2) 

One shortcoming of conventional reference electrodes are that they require a specific 

volume of fluid (a few millilitres) during measurements. With the advancement of 

electrochemical sensors for portable, point of care, wearable and in-vivo applications, 

analysis of smaller volumes is desirable. As a result, miniaturised REs have been 

fabricated on-chip or on-device as appropriate.16,17 Ag/AgCl electrodes have been 

produced on-chip; however, to continue to function they require repeated depositions of 

the silver chloride material. Another approach has been the use of a pseudo-reference or 

quasi reference electrode such as platinum and silver or laser scribed graphene. These 

electrodes are not an ideal non-polarisable electrode and are subject to potential drift, 

hence, they require calibration against a conventional RE, whereby the potential of the 
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pseudo-electrode versus that of a reference electrode is measured. A redox couple can 

also be used as a reference to measure and correct for a shift in potential. Quasi-reference 

electrodes can be used as long as they are calibrated within the solution or matrix of 

interest i.e. the solution that the electrochemical measurements will be carried out in. 

 Electron Transfer  

Examples of electrochemical reactions include the electrodeposition of materials onto 

electrodes,18 the formation of oxide layers,19 the removal of materials from electrodes,20 

generation of charged species,21 and the conversion of species from a liquid to a gas.22 

During an electrochemical reaction either the oxidation (loss of electrons) or reduction 

(gain of electrons) occurs. If one segment of an electron transfer reaction is oxidised then 

the other part is reduced. A simplified electrochemical reaction can be described by the 

following equation: 

 O + ne− ⇌ R (3) 

Where O is the oxidised form of a redox species in solution, n is the number of electrons 

(e-) transferred and R is the reduced form of the redox species. The electrode at which the 

reduction reaction occurs, is named the cathode. When an oxidation reaction occurs at the 

electrode, it is called the anode. For the transfer of electrons to occur, the energy level of 

the electrode needs to match the energy level of the species within the electrolyte solution. 

When a negative potential is applied to the cell, the electrode raises the energy of the 

electron. If this is sufficient to reach the lowest unoccupied molecular orbital (LUMO) of 

the electrolyte, then the electron will be transferred to the electrolyte. When a species 

gains an electron this reaction is referred to as a reduction reaction. The electrode can also 

be driven to a positive potential, reducing the energy of the electrode. If the energy of the 

electrode is reduced enough to match the highest occupied molecular orbital (HOMO) of 

the solution species, then an electron can be transferred from the species in solution to the 

electrode surface. The loss of electrons from an electroactive species in solution is 

referred to as an oxidation reaction. Faradaic and Non-faradaic processes 

During electrochemical measurements, the charge transfer occurring at the 

electrode/solution interface generates a Faradaic current. These reactions obey Faraday’s 

law:23 

 Q = nNF (4) 
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Where Q is the electric charge (Coulombs, C), n is the number of electrons involved, N 

is the number of moles (mol) and F is Faraday’s constant (96485 C/mol). Hence, these 

electrochemical reactions are referred to as faradaic processes. However, not all 

measurements obtained using a potentiostat arise from faradaic processes. Adsorption or 

desorption at the electrode surface can result in current contributions attributed to changes 

at the electrode/electrolyte interface. These are referred to as non-faradaic processes since 

they are not governed by Faraday’s law.  

If we consider an electrochemical cell where non-faradaic currents exist, once a potential 

is applied, an electric field is created resulting in a build-up of charge at the electrode-

solution interface. This behaviour obeys the following equation: 

 
Q

E
 = C (5) 

Where Q is charge (Coulombs, C), E is the potential applied (Volts, V) and C is the 

Capacitance (Farads, F). This accumulation of charge results in the formation of an 

interfacial layer known as an electrical double layer consisting of one layer of charge 

from the electrode and an opposing layer of charge from the solution. A number of models 

for the double layer have been described in the literature, the Helmholtz, the Gouy and 

Chapman and the Stern. 24–26 The most common model is the Stern model which combines 

Helmholtz and Gouy-Chapman as displayed in Figure 1.2.10 The first region of the double 

layer known as the Inner Helmholtz plane (IHP), which is made up of specifically 

adsorbed species and solvent molecules. The second region is known as the outer 

Helmholtz plane (OHP), and contains non-specifically adsorbed solvated ions that are 

attracted to the electrode via coulombic forces. Outside the OHP is a layer of non-

specifically adsorbed species making up the outer diffuse layer, which extends into the 

bulk solution. This double layer results in the formation of charging currents, also known 

as capacitive currents, which, during an electrochemical measurement, can form part of 

the background current and is not related to the electrochemical reaction taking place. 

Capacitive currents can be negligible, however, in instances where fast scan rates are 

required and when trying to measure low concentrations (mM-nM), they can have a 

significant impact on measurements and should be accounted for. 
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Figure 1.2: Simplified model of the double-layer region with specifically adsorbed anions and 

solvent molecules in the inner layer, and solvated cations in the diffuse layer. IHP and OHP are 

the inner and outer Helmholtz planes, respectively. 

 What affects a faradaic current response? 

An electrochemical response is predominantly influenced by the kinetics of an 

electrochemical reaction and the mass transport between the bulk solution and the 

interfacial region as shown in Figure 1.3, which also depicts other smaller influencing 

processes such as adsorption and desorption. The slowest process will determine the rate 

of electrochemical reactions. When mass transport effects are insignificant, the Butler-

Volmer equation can be used to determine currents arising from an overpotential.27 An 

overpotential is the difference between the standard potential of the reaction and the 

potential required to initiate a reaction. 

 i = io[e
−αηF

RT − e
(1−α)ηf

RT ] (6) 

where:  

 𝐢𝐨 is the exchange current (A)  

 α is the transfer coefficient, estimated to be 0.5, a dimensionless value between 0 

and 1.  

 η is the overpotential (V)  
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 f = F/RT, where F is Faraday’s constant (C), R is the gas constant (J mol-1 K-1 ) 

and T is temperature (K). 

 Mass Transfer 

Following the oxidation or reduction of a species, additional species need to travel from 

the bulk solution to the interfacial region. Similarly, after an electrochemical reaction has 

occurred, a species needs to move away from the electrode. The rate of mass transfer can 

be slower than the rate of electron transfer; hence, mass transfer influences faradaic 

currents. Mass transport of a species from the bulk solution can occur via convection, 

migration and diffusion. Each transfer type described below: 

Migration 

Migration is the movement of charged species when influenced by an electric field. 

During electrochemistry experiments, the supporting electrolyte compresses the 

potential potential drop at the electrode-solution interface to within a very short distance 

of the electrode surface. Thus the potential gradient throughout the remainder of the 

solution is approximately zero and hence mass transport due to migration can be 

considered negligible. 

  

Figure 1.3: The electron kinetics and mass transfer pathways that can be involved 

in a redox reaction at the electrode surface. 
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Convection 

Convection movement occurs when forces in the bulk solution such as temperature 

changes and mechanical stirring result in the movement of species in the bulk solution.  

Diffusion 

Diffusion is the spontaneous movement of molecules as a result of a concentration 

gradient. During electrochemical reactions, after a species has been consumed at the 

electrode surface, redox molecules then move from the bulk solution (region of high 

concentration) to the electrode surface (region of low concentration).  

The flux of species can be calculated by the Nernst-Planck equation: 

 𝐽𝑖(𝑥) = −𝐷𝑖
𝛿𝐶𝑖(𝑥)

𝛿𝑥
−

𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖𝐶𝑖

𝛿𝜙(𝑥)

𝛿𝑥
 + 𝐶𝑖𝑣(𝑥) (7) 

 

where:  

 𝐽𝑖(𝑥) is the total flux of species i (mol s-1 cm-2) at a distance x from the surface 

 𝐷𝑖 is the diffusion coefficient (cm2 s-1 ) 

 
𝛿𝐶𝑖(𝑥)

𝛿𝑥
 is the concentration gradient at distance 𝑥 

 𝑧𝑖 is the charge 

 𝐶𝑖 is the concentration (mol cm-3 ) of species i  

 𝜈(𝑥) is velocity of a unit volume of solution moving in a one dimensional direction  

 (𝑥) 𝛿 is the potential gradient. 

Each portion of the equation accounts for one of the mass transfer modes mentioned: 

−𝐷𝑖
𝜹𝑪𝒊(𝒙)

𝜹𝒙
 relates to diffusion, 

𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖𝐶𝑖

𝛿𝜙(𝑥)

𝛿𝑥
 relates to migration and 𝐶𝑖𝑣(𝑥) relates to 

convection.  

Excess inert electrolyte can reduce migration effects. Removing mass transport effects 

can be appropriate for experimentation. Natural convection can be eliminated by fixing 

the temperature of a room/experimental set-up. Conducting measurements in static 
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solutions helps to avoid mechanical convection. Without migration and convection mass 

transport is limited by diffusion.  

 Electrochemical Techniques to Study Reactions  

 Voltammetry 

Voltammetric techniques are commonly used to study electrochemical reactions. 

Voltammetry involves applying a potential and monitoring the corresponding current 

over time. During a cyclic voltammetry, the potential is swept at a specific scan speed to 

a fixed potential and is then swept back to the original potential at the same scan speed. 

Figure 1.4 A shows a potential profile and Figure 1.4 B displays a CV in ferrocene 

monocarboxylic acid at 50 mV/s at a macro-band electrode. Another technique that can 

be applied is linear sweep voltammetry, where the potential is not reversed after reaching 

the maximum Emax. 

Cyclic voltammetry (CV) is regularly used to assess oxidation and reduction processes of 

a molecular species. It can be applied to determine if a reaction is reversible based on the 

ratio of the anodic and cathodic peak currents. If a ratio of 1 exists, the reaction is 

reversible. Peak separation values (ΔEp) can also be useful towards understanding the 

reversibility of the reaction using the Nernst Equations. For a one electron transfer 

process, a peak separation of 0.059 V at 25°C (
2.302RT

F
) is indicative of a fully reversible 

reaction. The peak current ip can also be used to determine the concentration of a species. 

Figure 1.4: (A) Schematic of a potential-time wave form for a CV where a potential is swept from 

an initial potential (Ei) to a maximum potential (Emax) (B) the current response observed during 

cyclic voltammetry for a reversible redox couple. 
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Since ip can be related to the concentration of the molecular species present according to 

the Randles-Sevcik equation:28 

 ip = 0.446nFAC(
nFvDo

RT
)1/2 (8) 

Where v is scan rate, C is the concentration of the solution and A is the surface area this 

equation can be used for reversible redox reactions that are limited by diffusional mass 

transport.  

 EIS 

Electrochemical impedance spectroscopy (EIS) can be used to measure the impedance of 

an electrochemical cell. Resistive and capacitive charges in the system can be measured 

from the Nyquist plot, by fitting the data to a Randles equivalent circuit. Ohms law 

describes the resistance R in an electrical circuit  

 𝑅 = 𝐸/𝐼 (9) 

where E is the circuit potential and I is the current. This relationship applies to ideal 

resistors that are (1) circuits that follow ohms law for all currents and voltages, (2) where 

the resistance is independent of frequency and (3) the alternating current and voltage 

signals through a resistor are in phase with each other. Since an electrochemical system 

does not have these characteristics, impedance is used to determine a circuit’s resistance 

to current flow. Impedimetric measurements involve applying a small sinusoidal 

excitation signal to the WE and measuring the response of the system. For the purpose of 

this thesis, EIS was used to assess changes to the electrode surface following surface 

modifications.  

 Chronoamperometry 

Chronoamperometry involves applying a fixed potential to the WE and measuring the 

corresponding current over time. When the potential of the WE is adjusted from a value 

where no faradaic processes occur, to a value where a redox reaction takes place, in an 

unstirred or static solution, the net concentration of electroactive species at the electrode 

surface will decrease close to zero. Electrochemical species are either oxidised or reduced 

causing a flow of current. The reaction results in a concentration gradient initiating the 

diffusion of electrochemical species from the bulk solution to the electrode surface. A 

flow of faradaic current is maintained as species continue to reach the electrode surface. 
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The Cottrell equation can be used to calculate the current associated with a diffusion-

controlled process over time:  

 i(t) = 
nFAD

1
2C∗

π
1
2t

1
2

 (10) 

where: 

 t (s) is the time  

 A (cm2 ) is the area of the electrode 

 C* is the bulk concentration of the solution.  

As a chronoamperometric measurement continues, the depleted species near the electrode 

surface diffuse out from the electrode forming a diffusion layer. This diffusion layer 

expands slowing down the arrival of electrochemical species to the electrode surface. 

Hence, fewer oxidation or reduction reactions take place resulting in decreased currents 

over time. At a planar electrode the current is expected to eventually reach zero over time; 

however, practically this is not the case, as after a period of time (30-100s) natural 

convection effects are observed. At spherical electrodes, radial diffusion contributions 

occur resulting in steady state currents. The time taken to reach steady currents is a 

function of the electrode dimension.29 As electrode size decreases radial diffusion 

dominates. 30 

  Electroanalysis at various electrode sizes  

Electrodes used in electrochemical analysis can be fabricated as macro, micro, ultra-

micro and nano electrodes. In the present work, both macro and ultra-microelectrodes 

were used for the construction of electrochemical biosensors. A macro-electrode has 

dimensions in the millimetre range, a microelectrode has critical dimensions in the 

micrometre range and nano-electrodes refer to electrodes with critical dimensions ≤ 100 

nm.31 Macro electrodes are advantageous when developing biosensors for the first time 

since they are easy to handle, and provide a larger surface area for material and 

biomolecule attachment. In addition to this, macro electrode fabrication is cost effective 

and timely in comparison to microelectrode fabrication methods. However, at macro 

electrodes, diffusion of species in solution to the electrode is limited by mass transport 
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unless low scan speeds such as 10 mV/s are used; this scan speed is not always practical 

for experimentation. Figure 1.5 A displays a schematic representation of the diffusion 

behaviour at a planar macro electrode, a typical CV from a macro electrode is displayed 

in Figure 1.5 B. On the other hand, ultramicroelectrodes (UMEs) demonstrate steady-

state behaviour at higher scan speeds because of enhanced mass transport via radial 

diffusion to the electrode as displayed in Figure 1.5 C. Figure 1.5 D shows a typical CV 

obtained at an ultra-microelectrode. UMEs have been defined as electrodes with at least 

one critical dimension of less than 25 µm.32 Scan speeds do not affect steady state 

currents, however they are affected by electrode geometry. Steady state current iss can be 

determined using the following equation:33 

 iss = nFADomoC (11) 

   

where: 

 mo is the mass transfer coefficient and is dependent on the geometry of the 

electrode.  

Figure 1.5: Schematic representation of (A) a macro electrode whereby planar diffusion of 

analyte to the electrode surface occurs (B) diffusion limited CV response for to a Fc/Fc+ redox 

couple at a macroelectrode (C) a schematic representation of radial diffusion behaviour to an 

ultramicroelectrode and (D) a steady state CV response to a Fc/Fc+ redox couple at an 

ultramicroelectrode. 
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UMEs use less material and power, they exhibit improved detection limits, are less 

affected by capacitance, and require smaller volumes of test solution for analysis. Another 

advantage of microelectrodes is that they produce smaller currents than macro-electrodes 

with a greater signal to noise ratio.  

 Glucose and lactate electrochemical biosensors 

 An overview 

Three separate electrochemical sensor platforms are examined within this study for either 

glucose or lactate sensing applications. This section of the introduction aims to deliver a 

background to enzymatic glucose biosensors and enzymatic lactate biosensors 

constructed from glucose oxidase (GOx) and lactate oxidase (LOx) respectively. A brief 

history of both enzymatic electrochemical biosensors is provided, highlighting key 

achievements and challenges met during their evolution. Electrode modification steps that 

have been applied to construct both biosensor types are described with a specific focus 

on materials relevant to this thesis i.e. platinum, o-phenylenediamine and chitosan.  

A biosensor is defined as an analytical device that can convert a biological response into 

a measurable electronic signal. Typically, biosensors are composed of (1) A biomolecule 

that binds or interacts with an analyte of interest (examples of bioreceptors include DNA, 

cells, microorganisms, antibodies and enzymes), (2) A transducer element that converts 

the reaction at the bio-recognition site into a measurable signal and (3) A reader that can 

process the signal into a readable format.34,35 For an electrochemical biosensor, the 

transducer element is a combination of the bio-receptor and the electrode materials at the 

electrode interface. Examples of Bio-receptors and types of electrical interfaces are 

shown in Figure 1.6. 
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Electrochemical biosensors have been popular since the introduction of the first GOx 

based electrode by Clark and Lyons in 1962.36 In that example, GOx was entrapped within 

a semipermeable membrane fabricated on an oxygen electrode. This work was a major 

milestone that led to the commercialisation of the first glucose analyser from yellow 

springs instrument (YSI). In the YSI glucose analyser “23A YSI analyser” GOX was 

entrapped between two different membranes (polycarbonate and cellulose acetate), 

polycarbonate functioned to reduce interference effects by blocking larger molecules such 

as enzymes and proteins present in whole blood from reaching the GOx layer, meaning 

that glucose oxidation could take place. H2O2 produced as a result of glucose oxidation 

could then pass through the cellulose acetate layer facilitating amperometric detection of 

H2O2 at the platinum electrode according to the following reactions: 

 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂2  → 𝐺𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 +  𝐻2𝑂2 

 

(12) 

 𝐻2𝑂2 → 𝑂2 +  2𝐻+ + 2𝑒− (13) 

Figure 1.6: Components of a Biosensor. (Taken from 34) 
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Figure 1.7: Chemical structure of (A) Glucose and (B) Gluconic acid  

At operating potentials required for H2O2 sensing, electroactive species such as 

acetaminophen, uric acid and ascorbic acid can interfere with electrochemical 

measurements. Incorporating permselective membranes such as o-phenylenediamine and 

Nafion is one method employed to prevent this.37,38 Permselective coatings are 

constructed so that The requirement for oxygen is also a challenge since limited dissolved 

oxygen levels in biological fluids can result in inaccurate measurements. The inclusion 

of diffusion limiting membranes has been one approach employed as it can alter the 

diffusion behaviour of both glucose and oxygen at the electrode.39 Challenges associated 

with first generation glucose biosensors led to the use of redox couples or mediators, 

owing to their ability to move electrons from the redox centre of the enzyme to the 

electrode. In 1984, an amperometric glucose sensor was reported by Cass et al., whereby 

mediator molecules alongside GOx were shown to facilitate sensor operation at reduced 

potentials, enhance selectivity and were unaffected by dissolved oxygen levels in the 

solutions of interest. This sensor type became classified as the second generation glucose 

sensor and was the basis for the first commercial miniaturized, screen printed disposable 

test strip.40 

Mediator solubility, toxicity challenges as well as operational constraints with disposable 

test strips limits the potential applications of second-generation biosensors for wearable 

and in-vivo applications. This has led to a third generation of glucose sensor. Third 

generation glucose biosensors operate based on direct electron transfer between the 

enzyme and the electrode. DET based sensors are assembled with a view to decreasing 

the electron transfer distance between the active centre of the enzyme and the electrode 

surface. Although many research articles have claimed to achieve DET between glucose 
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oxidase and the electrode surface this remains a topic of debate with mixed reports. Third 

generation sensors offer a number of potential advantages, firstly, sensor performance is 

not affected by oxygen fluctuations. Furthermore, they can operate at lower oxidation 

potentials. However, they suffer from decreased electron transfer rates by comparison to 

first and second generation sensors. In spite of significant research utilising 

nanostructures for DET based detection, these methods have not yet been realised as part 

of commercial glucose sensors which continue to function from first and second 

generation sensing approaches.41 The thick protein layer covering the active enzyme can 

be a challenge for DET based methods as this can inhibit electron transfer through the 

redox centre of the enzyme to the electrode. Figure 1.8 shows a schematic representation 

of all three generations of glucose sensor.42 

Advances in the development of glucose biosensors has paved the way for other targets 

such as lactate, which has followed a similar research story to the glucose biosensor. L-

lactate biosensors using the enzyme lactate oxidase (LOx) were reported soon after early 

studies on glucose biosensors.43,44 In 1982, Matsunga et al. reported a lactate sensor 

whereby LOx was immobilised on a porous acetyl cellulose membrane and subsequently 

attached to a Pt electrode. In 1984, Clark et al. reported an L-Lactate sensor using the 

Glucose YSI 23 A sensor probe. GOx was replaced by LOx within the cellulose acetate 

and polycarbonate membranes (see Figure 1.10). Hydrogen peroxide sensing took place 

at the Pt WE produced from the oxidation of L-lactate through the reaction listed 

below:45,46 

Figure 1.8: Three generations of amperometric glucose sensors using (A) oxygen as a 

natural co-factor (B) artificial redox mediators and (C) direct electron transfer 

between GOx and electrode. (Taken from 42) 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/alpha-oxidation
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 𝐿 − 𝐿𝑎𝑐𝑡𝑎𝑡𝑒 + 𝐿𝑂𝑥 → 𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 +  𝐿𝑂𝑥𝑟𝑒𝑑 (14) 

 𝐿𝑂𝑥𝑟𝑒𝑑 + 𝑂2 →  𝐿𝑂𝑥𝑜𝑥 + 𝐻2𝑂2 (15) 

 

Figure 1.9: Chemical structure of (A) Lactate and (B) Pyruvate 

This work led to commercial blood lactate analysers such as the YSI 2300, the Biosens 

Analyzer and Abbotts portable i-STAT.47 Similar to first generation GOx based 

biosensors, fluctuating oxygen concentrations in biological media led to variations in 

sensor response. The need for high operating potentials resulted in the oxidation of 

electroactive species that can co-exist in blood.48 Redox molecules and polymer based 

mediators have been incorporated into lactate biosensor construction to alleviate 

challenges associated with the first generation of lactate sensors.44, 46  

Many commercial portable lactate analysers determine lactate concentrations in whole 

blood from an electrochemical lactate-oxidase mediated reaction. The Lactate Pro for 

example, operates with test strips that contain lactate oxidase and ferricyanide.50–54 In the 

Figure 1.10: (A) YSI 23 A,40 (B) The sensor probe with LOx immobilised between a membrane of 

cellulose acetate and polycarbonate for use with the YSI 23A analyser.45 
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last decade, both glucose and lactate biosensor research has shifted from POC 

developments towards in-vivo, minimally invasive and non-invasive applications using 

other bio-fluids such as skin, interstitial fluid, saliva, tears and sweat. Table 1 provides 

typical concentrations ranges of glucose and lactate in various bio-fluids for a healthy 

individual at rest.  

Table 1: Physiological glucose and lactate concentration ranges in various bio-fluids for a 

healthy individual at rest.  

Bio-fluid Lactate (mM) Glucose (mM) Ref. 

Blood 0.5–2 mM 3.6 − 7.5 mM 55,56 

Interstitial fluid 0.5–2 mM 3.9–6.6 47,57 

Saliva 1.9–2.2 mM 0.23 to 0.38 mM 58,59 

Tears 1–5 mM 0.1–0.5 mM 60,61 

Sweat 5–10’s mM 0.02–0.11 mM 62,63 

 

Electrochemical glucose sensors have reached major milestones with the release of 

CGM’s capable of monitoring glucose concentrations in skin interstitial fluid for 7 to 14 

days. As of April 2022, a commercial continuous lactate monitor is not available on the 

market; however, it has featured as a prospective future bio-wearable.64 A number of 

challenges remain for lactate sensor development specifically for wearable and 

monitoring applications. Long-term stability, selectivity, biocompatibility and resilience 

during applied stresses are examples of areas that require improvement for the success of 

flexible sensor platforms. The next section will focus on reports of electrode 

modifications and functionalisation techniques applied to electrode structures for the 

construction of glucose and lactate sensors on both rigid and flexible platforms.  

 Electrode modifications  

 Platinum electrodeposits and their application in glucose and lactate 

biosensors 

Pt microelectrodes, Pt wires, and platinum nanoparticles have been widely used in 

amperometric glucose and lactate sensors as a catalyst for the oxidation of H2O2.
65–67 As 

an alternative to using planar Pt electrodes, Pt nanoparticles can be electrodeposited onto 

electrode surfaces to enhance sensor performance.68 Pt NPs can increase the electrode 

surface area resulting in an increased current. . Gu et al. reported a droplet-based 
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microfluidic electrochemical sensor using platinum black modified Pt micro-electrode. 

The micro-electrode was formed using a single 1 cm Pt wire with a 100 micro-meter 

diameter which are embedded in 100 micro-meter deep electrode channels in the micro-

fluidic device. The platinum-black electrodeposition was carried out at -0.1 V for 10 

minutes. A schematic of the set-up for the microfluidic electrochemical biosensor is 

shown in Figure 1.11 A and B. The current measured at the bare Pt and the Pt-Black 

modified electrode in response to a 5 mM glucose concentration in 1 mg/L GOx acetate 

buffer solution is shown in Figure 1.11 C. A clear increase in signal response is seen at 

the Pt-Black electrodeposition. As the solution was passed through the microfluidic 

channels the current response to ‘flowing droplets’ of the solution was measured (see 

Figure 1.11 D), Pt-Black modified electrodes were found to have a current response 10.2 

times higher than the Pt electrodes.65 

Increasing the conductive surface area with nanoparticles also provides a larger area to 

support enzyme immobilization. Lourenço et al. reported the construction of glucose 

biosensor on carbon fibre electrodes using a platinum electrodeposition step followed by 

GOx enzyme attachment. The authors first studied both galvanostatic and potentiostatic 

Pt electrodeposition methods by measuring the amperometric H2O2 response at various 

depositions. Compared to the unmodified carbon fibres, galvanostatic depositions 
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demonstrated a 30 to 60-fold increase in sensitivity for H2O2 sensing. Potentiostatic 

depositions to the carbon fibres showed a 200-fold increase in sensor sensitivity to H2O2.  

Both Pt modifications were found to display improved analytical performance in 

comparison to the unmodified carbon surface. Potentiostatic depositions proved to be the 

more favourable for H2O2 sensing since this allows high current efficiency, which remains 

constant during the deposition by contrast during the galvantostatic method current 

efficiency decreases over time. A potential of -0.2 V was applied for 10 seconds vs. 

Ag/AgCl RE. GOx was subsequently cross-linked with glutaraldehyde onto the platinised 

surface. To prevent the oxidation of electroactive species m-phenylenediamine (10 mM 

solution) was electrodeposited onto the WE using CV for 20 minutes. The resulting 

biosensor demonstrated in-vitro glucose detection from 0 to 4 mM before being applied 

for ex-vivo analysis in brain slices. Whilst the sensor did not measure exact glucose 

Figure 1.11: (A) Schematic of the microfluidic electrochemical sensor and the 

electrochemical detection mechanism in a droplet containing glucose and GOx (C) i-t 

curve of 10.0 mM glucose solution at bare Pt and Pt-black microelectrode (D) Current 

response of 5 mM glucose on Pt and Pt-black microelectrodes in flowing droplets.65 
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concentrations, the sensor was capable of detecting changes to glucose levels in the 

brain.69 Faruk et al. reported the use of platinum electrodepositions onto a laser scribed 

graphene electrode for the fabrication of both a glucose biosensor and uric acid sensor 

(see Figure 1.12). In that study, platinum NPs were anchored to pyrenebutanoic acid, 

succinimide ester (PBSE) via electrodepositions. PBSE was initially cast on the electrode 

surface to form carboxylic functional groups. Electrochemical platinum depositions were 

performed by cycling the potential from -0.2 V to 0.75 V in a solution containing 0.002 M 

K2PtCl4 and a 0.06 M H2SO4. GOx was immobilised on the electrode surface followed 

by the application of a Nafion membrane. The resulting glucose biosensor demonstrated 

detection over a linear range of 5 µM to 3200 µM and was found to have a sensitivity of 

12.74 µA/mM/cm2.70  

Platinum has also been incorporated as part of a nanocomposite material for the detection 

of lactate. Neampet et al. reported a nanocomposite material composed of platinum, 

polyaniline and Ti3C2 deposited on a carbon screen-printed electrode for H2O2 and lactate 

sensing. MXenes are 2D transition metal carbide and nitride materials that have become 

increasingly popular because of their biocompatibility, chemical stability and electrical 

conductivity.71 The electrode fabrication steps are outlined in the schematic in Figure 

Figure 1.12: Schematic of uric acid and glucose sensor fabrication process, for the uric acid sensor 

PBSE is dropcasted followed by a PtNP electrodeposition, for the glucose sensor, the same process 

is followed with the inclusion of GOx immobilisation and the application of a nafion membrane.70 

https://link.springer.com/article/10.1007/s00604-019-3845-3#auth-Supawat-Neampet
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1.13. It was found that the platinum/polyaniline/MXene modified electrode had a current 

signal 180 times higher than the unmodified carbon screen-printed electrode in response 

to H2O2. The resulting biosensor demonstrated amperometric lactate detection at 0.3 V in 

a linear range of 0.005 mM to 5 mM. The sensor was applied to spiked milk samples 

demonstrating successful lactate detection for four lactate concentrations.72 In another 

report by Anusha et al. the inclusion of a platinum electrodeposition to a ZnO, Chitosan 

(CS) and GOx based biosensor resulted in a sensitivity one order of magnitude higher 

than the ZnO/CS/GOx layer without the Pt electrodeposition. The authors attributed the 

enhanced sensitivity to the increased electro-active surface area and hence the enhanced 

electron transfer properties of the electrode.  

Chen et al. also reported an enhanced sensitivity to H2O2 when Pt microspheres were 

electrodeposited onto a carbon nanotube electrode on a fabric based sensor. The resulting 

biosensor demonstrated a sensitivity of 288.86 μA mM−1 cm−2  for 0 to 5 mM glucose 

concentrations. It is clear that Pt offers benefits for H2O2 sensing and hence glucose 

oxidase or lactate oxidase based sensors. However, we know this is not without challenges 

as indicated in the overview section. Platinum is more costly than carbon based materials 

and is affected by interfering species at oxidising potentials required for both GOx and 

LOx based glucose and lactate sensors. The use of permselective coatings and diffusion 

limiting membranes should be considered when operating at higher potentials for the 

oxidation of H2O2. Whilst Pt offers enhanced sensitivity, this can be reduced when 

applying coatings for interference rejection and diffusion limiting membranes. Whilst 

Figure 1.13: Schematic representation of the fabrication process of the Pt/PANI/MXene 

biosensors on a carbon SPE, inset graph shows an amperometric response in a background 

solution containing 0 mM lactate and a 1 mM lactate solution.72  
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platinum is a costly material by contrast to carbons, it has been widely used in biosensor 

technologies, is biocompatible and can be electrodeposited onto electrodes in a manner 

that will offer a higher surface area for enzyme attachment.73 

 Enzyme attachment techniques for glucose and lactate based biosensors 

Enzyme attachment or immobilisation close to the electrode surface is an important step 

in assembling an electrochemical biosensor. Figure 1.14 shows a simple schematic of 

chemical and physical immobilization methods to attach enzymes to electrodes. A 

number of detailed reviews on enzyme immobilization strategies and their advancement 

can be found elsewhere.74–77 This section of the introduction will give examples of some 

recent studies using either physical adsorption, physical entrapment or chemical linking 

methods for the immobilisation of GOx or LOx enzymes to construct glucose and lactate 

sensors respectively.  

Yu et al. recently reported a flexible glucose and lactate electrochemical sensor whereby 

GOx was cross-linked to WE 1 and LOx was crosslinked to WE 2 using poly (ethylene 

glycol) diglycidyl ether (PEDGE). In brief, two Au WEs were modified with Au 

nanostructures via electrochemical deposition. The modified WEs were placed in 0.1 M 

β-cysteamine solution for 24 h, after cleaning. The glucose sensor was prepared by drop 

casting a solution containing GOx/BSA/PEGDE onto one WE. The second WE was 

modified by casting a LOx/BSA/PEGDE solution. A schematic of the flexible sensor and 

the modification process is displayed in Figure 1.15. The dual biosensor achieved an LOD 

of 7 µM and 54 µM respectively. A linear range of 1 mM to 25 mM and 25 µM to 250 

µM was found for glucose and lactate respectively. The biosensor revealed good stability 

Figure 1.14: Schematic of four commonly used enzyme attachment methods (A) Covalent 

bonding (B) Physical adsorption and (C) Physical encapsulation or entrapment and (D) 

Crosslinking.(adapted from,67,68) 
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with no decrease in sensor sensitivity after 4 weeks of storage. Lastly, the flexible 

biosensor demonstrated good recovery values for both glucose and lactate detection in 

human sweat samples. 

Physical adsorption is a versatile immobilization method achieved via interactions 

between the enzyme and the enzyme carrier material or the electrode surface. Adsorption 

can occur as a result of van der Waals weak electrostatic forces that attract neutral 

molecules to one another, hydrogen bonding and ionic interactions.77 Physical adsorption 

techniques can suffer from the weaker bonds, although, it has been reported that these 

methods do not disturb the enzyme active sites.78 Physical adsorption strategies include 

immersion and drop casting. For drop casting, enzyme solutions are commonly applied 

directly to the WE and allowed to dry at room temperature: alternatively electrodes can 

be immersed in enzyme solutions. In both instances, after a given amount of time, 

electrodes are rinsed to remove any un-adsorbed enzyme.79  

Wang et al. have fabricated a stretchable textile based electrochemical biosensor for 

lactate detection which involves a combination immobilisation strategy involving 

physical adsorption and the use of an approach sometimes referred to as “sandwiching”. 

Prussian blue was electrodeposited onto the stretchable gold fibres followed by drop-

casting LOx onto the surface. After drying at room temperature, a chitosan membrane 

Figure 1.15: Schematic representation of the WE modification process to one 

of the WEs on the flexible polyethylene naphthalate (PEN) substrate  for 

glucose detection, inset photograph shows an image of the sensor being bent 

and a magnified image of the sensor.69 
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was cast onto the fibres again allowing them to dry at room temperature. A schematic of 

the textile material and the layers used to construct the WE are shown in Figure 1.16. A 

and B. The counter and reference electrode modifications can be seen in Figure 1.16 C 

and D. The final biosensor revealed a sensitivity of 19.13 μA/mM/cm2 over a 

concentration range of 0 to 5 mM and 2.9 μA/mM cm2 over a concentration range of 10 

to 30 mM. The textile biosensor was also studied using amperometry in artificial sweat 

revealing a sensitivity of 14.6 μA/mM/cm2 for concentrations between 0 to 5 mM and a 

sensitivity of 2.5 μA/mM/cm2 for the concentration range of 0 to 30 mM. Short term 

stability studies detailed a decrease in signal by 29 % after 6 days of storage at 4 °C.80 

Physical entrapment as the name suggests involves entrapping the enzyme within a solid 

matrix such as a polymeric membrane. Entrapment methods are efficient and can facilitate 

the deposition of a mixture of mediator, enzyme and polymer onto an electrode surface. 

In a recent report by Park et al. a multi-parametric sensor was fabricated to measure 

conductivity, pH, and the concentrations of both lactate and glucose (see Figure 1.17).81 

Figure 1.16: Schematic representation of the textile electrochemical biosensor 

depicting the WE, RE and CE, (B) the layers used to fabricate the lactate sensor 

including mechanism for lactate detection at Prussian blue (C) the gold film 

modified textile (CE) (D) the PVB/Ag/AgCl/Gold film modified textile (RE).71 
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Entrapment methods were used for both LOx and GOx attachment. The lactate sensor 

was assembled via electropolymerisation of LOx with polypyrrole (PPy) onto a prussian 

blue modified Au WE. Polypyrolle was selected for LOx in order to increase the linear 

range for lactate detection. A constant potential of 0.8 V was applied vs. the pseudo 

Ag/AgCl RE in a solution containing 4 mM of the PPy monomer mixed with 600 U/ml 

of enzyme in 0.1 M PBS for 4 minutes. The lactate biosensor demonstrated linear 

detection from 1-5 mM. Poor repeatability was observed when successive calibrations 

were conducted on the same sensor. The authors attributed this to the detachment of LOx 

from the sand-like structure of the PPy layer. For the glucose sensor, 

electropolymerisation of GOx was carried out at a constant potential of +0.55 V vs. the 

pseudo Ag/AgCl RE for 2 minutes in a solution containing 10 mM o-phenylenediamine 

(o-PD), 5 mM sodium sulphate and 1600 U/mL of GOx in a 0.1 M PBS solution. Glucose 

sensing was achieved over a linear range of 0-4 mM. Unlike the lactate sensor, the glucose 

sensor showed no decrease in chronoamperometric current after the third calibration on 

the same biosensor indicating a more robust immobilization of the GOx enzyme. The 

sensors demonstrated functionality in a hydrogel phantom (agarose and PBS) constructed 

with properties similar to a healthy liver in the outer regions of the phantom and with 

properties similar to cancerous liver at the centre of the phantom. 

 O-phenylenediamine and its use in glucose based biosensors 

Anodic depositions of o-Phenylenediamine can form a non-conducting coating at the 

electrode surface.82o-Phenylenediamine (o-PD) was first used as a non-conducting 

Figure 1.17: Schematic representation of a microscale biosensor fabricated on polyimide. A 

number of WEs were fabricated on the polyimide substrate and modified for pH, Glucose and 

Lactate sensing. Electropolymerisation methods were used to entrap GOx at one WE in o-PD 

and LOx at a separate WE in polypyrrole.72 
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polymer for the entrapment of GOx at a Pt transducer in 1990.83 Since then it has been 

been widely studied for the construction of enzymatic biosensors targeting glucose, 

lactate, glutamate and alcohol.84–88 For example in 2014, Turkmen et al. reported the use 

of o-phenylenediamine for GOx entrapment during electropolymerisation. The Pt WE 

was firstly modified with polyvinylferrocenium perchlorate (PVF+ClO4
−) via electro-

precipitation. This was followed by a platinum electrodeposition step. Lastly, a solution 

containing 5 mM o-PD and 1 mg/ml of GOx prepared in an acetate buffer (0.1M, pH 5.4) 

was deposited at a constant potential of +0.7 V for 15 minutes. The resulting biosensor 

had a linear range of 0.06mM to 9.64 mM, an LOD of 0.018 mM and a sensitivity of 

17.40 μA mM−1 cm−2. Sensor stability was found to decrease by 26 % after 30 days of 

storage.89 o-Phenylenediamine has also been used as a final coating layer covering the 

immobilized GOx; for example Li et al. reported a glucose sensor constructed on a Pt-Ir 

wire within tubing made from polyetheretherketone (PEEK). Electrodeposition of GOx 

was carried out at 1.3 V for 1 hour followed by a 15 minute electrodeposition at 0.7 V vs. 

Ag/AgCl in a 50 mM o-PD solution made up in 0.1 M PBS. The ‘fine pointed’ 

electrochemical biosensor demonstrated glucose detection within a linear range of 1.4 

mM to 21 mM, with an LOD of 0.1 mM and a sensitivity of 2.55 μA/cm2/mM.90 One 

drawback of this device was that sensor stability measurements were found to decrease 

by 20 to 30 % during a second week of measurements. In some instances the deposition 

of the o-PD layer is carried out directly to the bare electrode prior to enzyme 

immobilization, here, o-PD is not used to entrap the biomolecule but solely for 

interference rejection at the transducer.87,91  

Whilst o-PD offers a method for physically entrapping glucose oxidase at the electrode 

surface, many reports have detailed reduced signals after 2 weeks of storage. Despite this, 

the material has shown promise during intermittent monitoring measurements described 

by Kim et al. In that study, LOx was entrapped during electropolymerisation in o-PD at 

0.55 V for 1 minute. The final biosensor demonstrated stable currents in response to a 

0.5 mM lactate concentration measurement carried out every 10 minutes for up to 2 hours 

(Figure 1.18).92  
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 Chitosan based glucose and lactate biosensors 

Chitosan (CS), a natural polyaminosacharide, is frequently used in the formation of 

electrochemical biosensors as it provides a healthy microenvironment for biomolecule 

immobilisation. CS has excellent film-forming abilities, good adhesion behaviour, is 

biocompatible and has a high water permeability.93 CS electrodepositions are a rapid 

method of forming stable hydrogel coatings onto the surface of an electrode. Figure 1.19 

shows a schematic of the CS electrodeposition process. Electrodeposition of chitosan 

occurs by application of a reduction potential, which results in a local change in pH. The 

Figure 1.19: Schematic of chitosan electrodeposition. Polarisation of the cathode results in 

a local pH change. Chitosan chains in the vicinity of the cathode electrode become 

insoluble as a result of the higher pH. Nanoparticles present in the CS solution also become 

entrapped during the electrodeposition.83 

Figure 1.18: Photograph of a mouthguard with the three-electrode configuration fabricated on 

PET attached, (B) the layers used to assemble the lactate biosensors and the reaction occurring 

at the electrode (C) i-t curves in a 0.5 mM lactate concentration ran every 10 minutes over a 2 

hour period. 81 
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reduction of H+ to H2 at the electrode surface leads to a change in CS solubility, where 

CS becomes insoluble and coats the electrode surface.94  

Some reports have included an enzyme in the chitosan mixture during electrodeposition. 

Zeng et al. report an electrodeposition of a chitosan GOx mixture onto an Au NP modified 

electrode at -0.1V for 300 seconds.95 Sensor signal was found to decrease by 5 % after 2 

weeks of storage and 10 % after 30 days. Redox molecules and conductive nanomaterials 

have been integrated in this one-step electrodeposition process to produce bio-

nanocomposite films with improved sensor performance.96,97 For example, Luo et al. 

reported a one-step electrodeposition process in a solution mixture of ferrocene-grafted 

chitosan, single walled CNTs and GOx onto monolithic 3-D graphene, Figure 1.20 shows 

a schematic of the modification process. The resulting biosensor demonstrated a wide 

linear range (5.0 μM–19.8 mM), an LOD of 1.2 μM and excellent reproducibility with an 

RSD of 3.2 %. After storage for 7 days, 91.6 % of the original current response was 

retained.98 One drawback noted with electrodepositions is the use of a high voltage which 

can result in loss of enzyme activity.  

Chitosan can also be used to produce hydrogels which can be drop casted as a coating 

membrane to electrode surfaces.99,100 Work carried out by Payne et al. described drop 

casting methods to apply chitosan onto a transducer surface. Briefly, CS was mixed with 

both CNTs and LOx, the mixture was applied to the WE electrode and was left to dry 

over-night at 35 °C. Chitosan optimisation experiments showed that a low concentration 

of 0.1 % did not enable sufficient enzyme immobilization, at 0.6 % a linear range up to 

20 mM was observed and at a higher concentration of 1 % the sensor sensitivity was 

found to decrease.101 Another report by Silva et al. detailed the use of chitosan for the 

development of an enzymatic lactate sensor. A number of CS concentrations were 

assessed from 0 to 2 %. The inclusion of the CS layer resulted in an increase in current 

response with a 0.6 wt % CS concentration demonstrating optimum sensor performance. 

Figure 1.20: Schematic representation of the fabrication of a glucose sensor on three-dimensional 

graphene by a one-step chitosan electrodeposition process.87 
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This study also investigated three different layering processes. One where CS was drop 

casted on the transducer surface and allowed to dry at room temperature prior to enzyme 

immobilisation, another where CS was cast after enzyme immobilisation, and one where 

CS was applied before and after enzyme immobilisation. In the latter two a reduction in 

current was observed which the authors attributed to the loss of LOx activity as a result 

of the pH of the CS solution. The final biosensor was found to have good reproducibility 

with an RSD of less than 7% and a limit of detection of 0.75 µM. The biosensor also 

demonstrated good repeatability for nine consecutive measurements. After 50 days of 

storage at 4 °C, the biosensor retained its original sensitivity,102 each enzyme attachment 

method comes with advantages and disadvantages. Crosslinking methods are desirable 

due to their strong chemical binding resulting in biosensors with improved operational 

stability. However, crosslinking can lead to a loss in enzyme activity. Adsorption methods 

have been reported to retain enzyme activity, however, they can result in poor stability 

owing to the reversible nature of the bonds. Entrapment techniques are efficient, for 

example electro-polymerisation steps can take just 10 minutes by comparison to 

adsorption and crosslinking techniques where enzyme remains on the electrode surface 

for a number of hours before rinsing. 

 Electrode fabrication 

Various fabrication techniques and processing steps have led to highly innovative 

electrochemical biosensors on microneedles,103 contact lenses,104 point of care flexible 

skin wearables,105 pacifiers,106 and more. The previous section focused on construction 

techniques for the formation of lactate and glucose biosensors specifically using the 

enzymes GOx and LOx. This section aims to present a number of electrode fabrication 

techniques to provide a background to the fabrication of electrodes used within this thesis. 

A description of the fabrication methods along with recent examples of electrochemical 

biosensors assembled on these electrodes will be covered.  

 Silicon microfabrication  

Integrated electronic devices fabricated on silicon were first integrated with membranes 

for electrochemical analysis in the 1970s with the introduction of ion sensitive field effect 

transistors.107 Conventional silicon fabrication methods have since been successful in 

creating micro and nano-electrodes on silicon substrates for various electrochemical 

sensor and biosensor applications.108 Point of care sensors, chips integrated with micro-
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fluidics, neurochemical probes and implantable devices are all examples of 

electrochemical sensor devices realised as a result of silicon micro-fabrication 

technologies.109–114 Silicon fabrication offers benefits such as scalable production, 

reproducibility, customisable structures and multiplexing opportunities. Figure 1.21 (a) 

shows a schematic of the silicon fabrication process. Broadly speaking, the fabrication 

steps include photolithography, deposition and etching. Starting with a silicon wafer that 

has a blanket insulation layer, micro and nano features as small as 100 nm can be achieved 

using UV lithography steps. A photoresist (PR) is deposited on the wafer in order to 

“write” the desired microelectrode pattern. Exposed photoresist is removed, and 

deposition techniques such as sputter coating, electron beam evaporation and chemical 

vapour deposition can be used to deposit the metal.115 This is followed by a lift-off process 

which removes the remaining photoresist and metal. Another adjustment to this 

fabrication process is to deposit the metallic layer prior to the photoresist (see Figure 1.21 

(b)). Electrode gaps can then be patterned using UV lithography. This is followed by an 

etch to remove exposed photoresist.116 Finally, if required, a passivation or insulating 

layer is deposited to expose only the micro or nano electrodes. 

Figure 1.21: Silicon fabrication process for constructing electrodes. (reproduced 

from 106) 
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A recent example of an ultraminiaturised glucose sensor fabricated using 

photolithography and microfabrication methods on a 100 nm thick silicon wafer was 

reported by Ribet et al..117 The microsensor had a three-electrode configuration consisting 

of a platinum WE and CE and an iridium RE. The RE was modified via CV in a 0.1 M 

PBS solution, to produce an oxidised iridium pseudo-reference. The WE was modified 

using a three-step drop-casting process: 1. GOx + BSA + glutaraldehyde 2. Polyurethane 

and 3. Nafion (5 wt %). Polyurethane was used to adjust the diffusion of oxygen and 

glucose to the electrode in order to increase the linear range. Variation in polyurethane 

thickness across sensors led to variations in sensor performance such as linear range and 

sensitivity. In a follow on study, Ribet et al. fabricated a CGM device by combining two 

components: a miniaturised electrochemical sensor on silicon (see Figure 1.22 A) and a 

silicon microneedle (see Figure 1.22 B). Here, the glucose sensor was assembled using a 

high-precision liquid dispenser (Ultimus V, Nordson EFD). The microneedle 

electrochemical sensor device was applied for in-vivo amperometric measurements in a 

human forearm for comparison to blood glucose measurements. The device demonstrated 

in-situ minimally delayed (10-12 minutes) minimally invasive glucose monitoring in 

human skin.118 Silicon fabrication methods are expensive, involve a number of fabrication 

and processing steps and hence can take a number of days to obtain a batch of sensors. 

Alternative fabrication techniques such as laser scribing and additive printing provide a 
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more cost effective means to producing electrochemical sensors and can be used to 

modify other materials particularly polymers such as Polyimide. 

 Flexible electrochemical Biosensors  

1.3.1.2.1 Laser scribed graphene 

Graphene fabrication techniques such as chemical vapour deposition, photolithography 

and laser ablation involve high temperature low-pressure requirements in addition to 

numerous processing steps. 119–121 Laser scribed graphene (LSG) also referred to as laser 

induced graphene, has been reported as an alternative to costly and complex graphene 

fabrication methods offering high-yield, mask-free, precise and cost-effective production. 

LSG has been fabricated on various substrates including polyimide (PI), wood, cloth, 

Figure 1.22: (A) SEM of the T-shaped sensor, a magnified view of the parallel three 

electrode configuration and second version with a type with vertical three-electrode 

configuration (B) The silicon microneedle and an image of the three-electrode sensor 

within the lumen of the microneedle.108 
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potato skin and coconut shells.122 Specifically for PI substrates, the formation of LSG is 

said to result from atomic rearrangements and photodissociative bond breaking caused by 

laser irradiation.123 LSG is composed of a 3-D porous architecture rich in edge planes. 

The conductive and electrocatalyic properties of LSG has led to an interest in the 

materials use in electrochemical biosensors. Marques et al. reported a CO2 laser cutting 

machine used to produce the dual electrode setup with silver conductive ink being applied 

to the connection tracks. One WE was modified for amoxicillin sensing and the second 

was modified for sensing ascorbic acid (see Figure 1.23). The amoxicillin sensor was 

modified via a PEDOT electropolymerisation of Eriochrome Black T. The biosensor 

demonstrated a linear response between 50 nM to 100 µM and an LOD of 11.98 nM. The 

ascorbic acid sensor was constructed by electropolymerisation of pyrrole in the presence 

of ascorbic acid in an electrolyte solution of LiClO4. The resulting sensor displayed a 

linear response from 1.5 mM to 4 mM. Both electrodes demonstrated ascorbic acid and 

amoxicillin detection in water samples obtained from a well.124 

Figure 1.23: Schematic representation of the dual-LIG device and MIPs fabrication workflow: 

(A) AMOX MIP fabrication comprises PEDOT deposition and amination steps followed by 

electropolymerisation around AMOX molecules and template removal. (B) AA MIP fabrication 

comprises the electropolymerisation step around AA molecules and template removal.124 
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Raquel et al. reported another interesting application for LSG as an impedimetric 

immunosensor for the detection of S. enterica in food. A CO2 laser was used to fabricate 

laser induced graphene electrodes onto polyimide films see Figure 1.24. A passivation 

(lacquer) was applied to the connection tracks to ensure that only the WE area was 

exposed. The WE was modified with Salmonella antibodies using EDC/NHS chemistry. 

The immunosensor demonstrated detection of salmonella in chicken broth samples with 

a linear range of 25 CFU mL–1 to 105 CFU mL–1 and an LOD of 13 ± 7 CFU mL–1.125 

Figure 1.25 displays a schematic of the materials involved in the construction of a 

wearable flexible sensor designed and constructed to measure lactate in sweat.126 LSG 

electrodes were fabricated using a CO2 laser (WE, RE and CE) on polyimide. The LSG 

was reinforced with a conductive binder poly (3, 4-ethylenedioxythiophene) (PEDOT). 

Prussian blue was anodically deposited onto the WE for 200 seconds. This was followed 

by drop casting a BSA/LOx mixture onto the WE. The RE was formed by painting 

Ag/AgCl ink onto the RE electrode using a stencil. Lastly, all three electrodes were 

encapsulated with a polycarbonate diffusion membrane. Since lactate levels in sweat can 

go up to 25 mM or higher, the PC layer was applied to increase the linear range for lactate 

detection.127 The non-invasive lactate sensor was studied using amperometry. Lactate 

measurements were demonstrated in artificial sweat over a linear range of 0 to 18 mM. A 

sensitivity of 2.23 μA mM–1 was determined for the flexible lactate biosensor. 

Figure 1.24: Fabrication, biofunctionalization, and sensing scheme for the LIG based 

salmonella immunosensor. 124 
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The three examples provided so far, described LSG electrodes fabricated using a CO2
 

laser, alternative laser cutters such as UV visible and visible lasers have also demonstrated 

scribing of polyimide substrates.128 Visible laser scribing provides a low cost alternative 

to expensive CO2 lasers. Previous work in Tyndall has reported the use of a low cost laser 

for visible laser scribing of LSG electrodes.129 In that study, polyimide was irradiated 

with a 450 nm laser under ambient conditions in a one-step process. The LSG electrodes 

consisted of highly porous 3D structures rich in defects and edge planes. The electrodes 

demonstrated lower ΔEp values 60.7 mV in [Fe (CN) 6]3−/4− in comparison with another 

visible scribed electrode (85.6 mV) and one fabricated by IR illumination (85.6 mV). 

LSG electrode performance was studied using CV and DPV for the detection of ascorbic 

acid, dopamine and uric acid. In this thesis, the low cost laser was used to produce a three-

electrode configuration on PI for electrochemical characterisation and modification 

towards the construction of a flexible enzymatic lactate sensor. The results will be 

presented in chapter 3. 

1.3.1.2.2 Additive manufacturing techniques for electrode fabrication 

As previously mentioned, another low cost fabrication technique of interest to the 

electrochemical sensor field is additive printing. This technology offers alternative 

fabrication and prototyping possibilities to the electrochemical biosensor research field. 

Similar to LSG fabrication, additive printing is an efficient and autonomous method of 

Figure 1.25: Schematic of a flexible lactate sweat sensor fabricated on LSG.125  
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producing electrodes. Additive printing can be used to fabricate electrodes from Au, Pt, 

C and Ag. Some attractive benefits of additive printing methods include the ability to 

customise electrodes, reduce costs owing to the requirement for less equipment and less 

material waste in contrast to typical microfabrication methods.130,131  

In work carried out by Lopez Marzo et al., a 3D-printed graphene/polylactic (PLA) 

electrode was fabricated using a fused deposition modelling (FDM) extrusion printer. 

Figure 1.26 shows a schematic representation of the sensor construction process. After 

printing, the graphene/PLA electrode was activated in dimethylformamide using both 

chemical and electrochemical processes. The electrodes were modified via two 

incubation steps, firstly with AuNPs followed by incubation with horseradish peroxidase 

(HRP). AuNPs improved the heterogeneous electron transfer, whilst HRP enabled an 

efficient DET for H2O2.
132 This report indicates the potential for the application of FDM 

printers to fabricate low cost electrochemical biosensors on demand. 
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3-D printing has also contributed to the fabrication of electrochemical cell holders that 

can be tailored to the sensor depending on the final application.133 An example of a recent 

study reported by Alachkar et al. described the use of a stereolithography 3D printer to 

fabricate a microfluidic device with openings for pencil graphite electrodes. The 

constructed microsyringe sensor device was used for amperometric measurements in 

artificial cerebrospinal fluid for dopamine concentrations.134 The potential for printing of 

both the electrochemical sensor and the packaging or electrochemical cell holder 

component during the same printing process is an exciting possibility for biosensor 

research. Crapnell et al. recently reported an electrochemical cell and electrodes (WE, CE 

and RE) that were printed in a continuous manner removing the need to assemble the 

electrochemical cell and electrodes after printing. A dual extrusion printer (see Figure 

1.27 A) was employed to print the electrochemical cell from PLA filament and each of 

the electrodes were printed using a conductive carbon black/PLA paste.135 Figure 1.27 B-

D shows the 3D printed cell with the carbon electrodes. The WE was electrochemically 

Figure 1.26: Schematic of the fabrication process for the 3D graphene-PLA biosensor  (A) 3D-printer 

construction of the electrode; (B) DMF activation followed by electrochemical activation, (C) HRP 

enzyme modification of 3D-printed electrode and (D) AuNP and HRP enzyme modification of the 3D-

printed electrode. (E) and (F) are corresponding mechanisms of H2O2 detection.130 

https://www.sciencedirect.com/topics/engineering/biosensors
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activated in 50 mM NaOH by applying a potential of +1.4 V for 200 seconds followed by 

a potential of -1 V for 200 seconds. CV was applied to demonstrate the oxidation of both 

ascorbic acid and acetaminophen from solutions containing effervescent tablets. 

In addition to standard printing on substrates, more complex structures have been 

produced for electrochemical sensor based research. A “ConceptLaser” printer was used 

to print metallic helical structures using the selective laser melting (SLM) technique. This 

involved the use of a high-energy laser beam that can fuse the steel particles as they are 

deposited in powder form under the instruction of the design. The helical spirals were 

then electroplated with gold (see Figure 1.28 A) and used in voltammetric studies for the 

detection of ascorbic acid and uric acid (see Figure 1.28 B). Helical sensor performance 

revealed an enhanced electrocatalytic performance when compared to the conventional 

GCE.136 

The benefits of additive printing in the electrochemical sensor field are evident. Additive 

printing offers simplicity as a fabrication process and an ability to produce complex 

electrode designs in an efficient manner. Some limitations exist in this field, the 

compatibility between the selected ink and the printer of choice must be considered since 

printers often have a specification to which they operate. There is a limited number of 

Figure 1.27: (A) Schematic of the FFF printing of the AM all-in-one cell, the dual extruders 1 and 

2 can be seen, one filled with conductive carbon black/PLA and the other loaded with non-

conductive PLA. (B) CAD cut view of the printed cell (C) Top view of the cell showing the three 

electrodes (D) Side view of the cell, the connection points for the electrodes can be seen, designed 

to easily attach to standard crocodile clips.133 
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commercial conductive inks available. When using conductive polymer based inks the 

need for post-cleaning steps should be investigated to ensure that the polymer component 

of conductive inks are not limiting electron transfer. Furthermore, many of the high spec 

printers offering high resolution prints are not feasible for academic research owing to 

costs. 

The field of electrochemical biosensors has seen significant developments over the last 

number of decades; we have observed the construction of electrochemical sensors on low-

cost polymer or paper based sensor devices, wearable technologies for both skin and skin 

interstitial fluid detection and the arrival of the commercial continuous glucose 

monitoring devices. With continuous advances in fabrication techniques, additional 

opportunities exist to explore and attempt to further progress sensor platforms. The focus 

of this PhD work was to develop and study electrochemical sensors constructed on 

electrodes fabricated using three separate electrode fabrication technologies: silicon 

microfabrication, laser scribing polyimide substrates with graphene and additive printing 

of electrodes on polyimide. 

Figure 1.28: (A) Schematic of the metal 3D-printed electrode fabrication and modification and 

(B) DPV profile of different concentration of UA with increasing concentration of AA in 0.1 M 

PBS (pH 7.2) on GCE. (C) DPV profile of 0.1 mM UA with different concentrations of AA in 

0.1 M PBS (pH 7.2) on 3D-printed Au electrode. (D) DPV profile of 0.1 mM AA with different 

concentration of UA in 0.1 M PBS (pH 7.2) on the 3D-printed Au electrode.134 
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 Scope and Organisation of Thesis 

Chapter 2 describes the fabrication, characterisation and modification of gold microband 

electrodes on silicon using standard microfabrication methods, i.e., lithography and 

etching techniques. Understanding the electrochemical behaviour of miniaturized 

electrodes on devices is becoming increasingly important as advances continue towards 

integrating microelectrodes on wearable, surgical, and other medical devices. A two-step 

electrodeposition process was carried out using the on-chip platinum reference and gold 

counter electrodes, entrapping GOx onto a platinum-modified, gold microband electrode 

with an o-phenylenediamine and ß-cyclodextrin mixture. The on-chip single microband 

glucose sensor was examined in buffer and serum solutions using an on-chip CE and RE. 

Chapter 3 describes the fabrication of a flexible lactate sensor using a low cost visible 

laser-scribing fabrication process with a 450 nm laser. The laser-scribed graphite was 

functionalized via electrodeposition of platinum, followed by two drop-casting steps with 

chitosan and LOx. Sensor performance was examined in diluted human serum and 

artificial saliva. The resulting flexible biosensor was ‘bent’ at a curvature, K of 0.14 mm- 1 

to demonstrate aerometric lactate measurements in a ‘bent’ configuration. Chapter 4 

describes the fabrication and characterization of gold electrodes onto flexible polyimide 

films using a low-cost dispense printer and commercial gold polymer inks produced from 

a gold and thermoplastic resin mixture. Polyimide was chosen as the substrate owing to 

the increased interest in flexible, wearable and low cost solutions for electrochemical 

sensor devices. The design selected was chosen on the basis of creating a three electrode 

sensor. A low cost PCB printer was examined as a sensor fabrication tool by assessing 

the reproducibility between fabricated electrodes from a geometrical and electrochemical 

analysis perspective. Finally, Chapter 5 provides a summary of the main results of this 

thesis and explores how the biosensors presented in this study could be further advanced 

for future electrochemical analysis applications.  
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 Introduction 

Electrochemical glucose sensor developments continue to progress in a number of 

application fields including; point-of-care diagnostics,1 both wearable and implantable 

glucose monitoring devices,2,3 animal health diagnostics,4 cell-culture monitoring,5 in 

addition to monitoring within the food and drinks industry. 6,7 While methods such as 

Cyclic Voltammetry,8 Differential Pulse Voltammetry,9 and Square Wave Voltammetry10 

have been used for electrochemical detection of glucose, amperometric electrochemical 

glucose sensors have been extensively studied because of their simple, fast and sensitive 

nature.11–13 Enzymatic detection mechanisms are desirable in electrochemical sensor 

developments as they yield high specificity to the biological recognition element in 

addition to obtaining high sensitivity, good selectivity and low detection limits.14 As 

discussed in the introductory chapter, significant advances in both micro and 

nanofabrication techniques has facilitated the fabrication of structures with controllable 

dimensions in the ultramicro to nanoscale. Miniaturised electrodes can offer a number of 

advantages for electrochemical biosensor developments, such as lower detection limits, 

higher signal to noise ratio as well as their ability to achieve steady-state currents resulting 

from radial diffusion to the electrode surface.15,16 Ultramicroelectrodes (UMEs) have 

been developed for applications such as heavy metal detection,17 glucose,18 DNA,19 

bacteria,20 and virus detection.21 Previous work in our group has demonstrated mediated 

glucose detection on nano-electrodes fabricated on a chip platform similar to that 

described here.22 In that study, unmodified gold electrodes were used to detect increasing 

glucose concentrations in a solution containing an external redox reagent (ferrocene 

monocarboxylic acid) with glucose oxidase (GOx) free in solution to demonstrate 

mediated glucose detection in buffer based solutions. In this chapter*, we eliminate the 

need for the external solution of mediator and enzyme. Removal of redox mediators can 

simplify device fabrication in addition to reducing biosensor fabrication costs.23 We 

exploit the enhanced mass transport to ultra-microelectrodes, i.e. radial diffusion, to 

undertake reagent-less enzymatic-based glucose detection. A two-step electrodeposition 

process at the single band was carried out using the on-chip Pt RE and Au CE to produce 

a nano-dendritic platinum-black (Pt-B) coating followed by an electrodeposition of a 

                                                 

* This work has been published in ‘On-Chip Glucose Detection Based on Glucose Oxidase Immobilized on a Platinum-

Modified, Gold Microband Electrode.’ Biosensors 2021, 11 (8), 249. https://doi.org/10.3390/bios11080249. 
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mixture containing o-PD, β-cyclodextrin and the enzyme GOx. In addition to providing 

an increased surface area for electron transfer, it is well known that Pt-B has a catalytic 

affinity to H2O2,
24,25 which is important as a basis for first generation electrochemical 

glucose sensors such as this one. The use of o-PD has been well documented for the 

immobilization of glucose oxidase onto electrodes.26–28 The permselective o-PD layer has 

been shown to prevent interfering species such as uric acid and ascorbic acid from 

reaching the electrode.29,30 o-PD has previously been used to immobilize GOx on to 

electrodes for diagnostic, wearable, and in vivo-based biosensors.31–33 Here, we 

demonstrate the amperometric deposition of a mixture of both ß-cyclodextrin and o-

phenylenediamine (o-PD) for glucose oxidase immobilization onto an ultramicroband 

electrode. By using the on-chip RE and CE electrodes, lower sample volumes are required 

for depositions and hence a lower number of units of enzyme are required during the 

modification stages in comparison to the volumes needed with an external RE and CE 

set-up. Harley et al. have demonstrated that sulphonated β-cyclodextrin, when 

incorporated with an electro-polymer layer, can mitigate against L-ascorbic acid 

interference, this is said to be a result of 7–11–SO3
− charges on the sulphonated β-

cyclodextrin.34,35 The resulting enzymatic based microband biosensor exhibited a linear 

response to clinically relevant glucose concentrations (2.5-15 mM) using both linear 

sweep voltammetry and chronoamperometric measurements. The device was capable of 

measuring in small sample volumes without the need for external counter and reference 

electrodes. On-chip chronoamperometric detection was carried out in foetal bovine serum 

(FBS) to assess sensor performance in a biological matrix. A reduction in sensitivity was 

evident within 100% of serum samples; nevertheless, the sensor achieved linear glucose 

detection when spiking the solution with 2-12 mM additions. 

 Experimental work 

 Materials  

Phosphate buffered saline (PBS) (140 mM NaCl, 10 mM phosphate buffer, and 3 mM 

KCl), ferrocene monocarboxylic acid (FcCOOH), o-phenylenediamine (o-PD), β-

cyclodextrin sulphated sodium salt, D-(+)-glucose, sodium sulphate, sodium phosphate 

monobasic, sodium phosphate dibasic, chloroplatanic acid hexahydrate, lead acetate 

trihydrate, sulphuric acid, hydrogen peroxide, D-(-)-fructose, D-(+)-mannose, L-ascorbic 

acid, salicylic acid and uric acid were all sourced from Sigma Aldrich. Glucose oxidase 
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(GOx, E.C. 1.1.3.4) from Aspergillus niger was purchased from Sekisui Diagnostics Ltd 

(UK). Foetal bovine serum was purchased from Thermofisher. All solutions were 

prepared with double distilled 18.2 MΩ deionized water which was obtained using an 

ELGA Pure Lab Ultra system. 

 Chip Fabrication 

Single microband working electrodes, interconnection tracks, peripheral contact pads, a 

gold counter electrode and platinum pseudo-reference electrode were all fabricated on-

chip using a combination of electron beam and photolithography processes as reported 

previously.36–38 Fabrication† was carried out on 4-inch silicon wafers bearing a thermally 

grown 300 nm silicon dioxide layer. The chip was designed to fit a microSD port for 

connection with external electronics. Optical lithography and metal evaporations of 

titanium (10 nm) and gold (50 nm) using a Temescal FC-2000 E-beam were used to form 

the single microbands (55 µm x 1 µm x 60 nm). Each chip contained six microband 

electrodes (WE) spaced 940 µm apart. The second stage of fabrication again involved an 

optical lithographic and metal deposition (Ti 10 nm/Au 100 nm) process to create the 

interconnection tracks and the counter (90 µm x 7 mm) electrode. Alignment to the as-

deposited wafer level alignment marks was used to define the MicroSD pinout, 

interconnection tracks and the counter and reference electrodes. The counter and 

reference electrodes were fabricated parallel to the working electrodes, to ensure 

equidistance from each working electrode. A final optical lithography, metal deposition 

and lift-off process was carried out to define the platinum reference electrode. A final 

deposition of 500 nm of silicon nitride (Si3N4) was blanket deposited by plasma-enhanced 

chemical vapour deposition to insulate the interconnection tracks. Photolithography and 

reactive ion etching were utilised to open 45 µm x 100 µm windows in the insulating 

layer directly over the working electrodes, as well as openings for the peripheral contact 

pads and the on-chip counter and reference electrodes. Each 4-inch wafer yields 28 chips 

(9.78 mm x 17.52 mm). An electrochemical cell was machined using a Bridgeport 

Hardinge VMC 480 CNC machine, to allow electrochemical analysis in small sample 

volumes of approximately 50 μl-5 ml (see Figure 2.1 A). The cell consisted of an 

aluminium base that was milled to mount and hold the chip. A PTFE Teflon lid was milled 

                                                 

† Chip fabrication was carried out by Mr. Dan O’Connell of Tyndall’s CFF 
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to contain a well, which was sealed with an O-Ring (Polymax Ltd.). The O-ring prevented 

the solution from contacting the connection pins and contact pads. The O-ring inner 

diameter selected was 7 mm and had a cross section of 1.6 mm to ensure that each of the 

WEs, the CE and RE were exposed (see Figure 2.1 B) to the solution of interest. The lid 

also contained openings for spring-loaded pins (Coda Systems Ltd. PM4J Plain Radius 

Microprobes) which facilitated the connection between the chip and the potentiostat. 

 Characterisation of chip and working microband electrode 

 Electrochemical Analysis at Microband Electrodes 

Electrochemical experiments were carried out using an AutoLab potentionstat 

PGSTAT302N electrochemical workstation (Metrohm Ltd.) controlled by the AutoLab 

NOVA software. All experiments were performed at room temperature using a Faraday 

Cage (Metrohm Ltd.). All electrochemical measurements were conducted with the on-

chip CE and RE unless otherwise stated.  The single microband electrodes were 

characterised using CV and electrochemical impedance spectroscopy (EIS) in a 10 mM 

PBS solution (pH = 7.4) containing 1 mM FcCOOH. CV was performed by cycling the 

potential from -200 mV to 500 mV versus the on-chip platinum pseudo-reference 

electrode at a scan rate of 50 mVs-1. Impedance measurements were conducted at a 

potential of 200 mV over a frequency range of 100 mHz to 100 kHz. The amplitude of 

the alternating voltage was 5 mV. EIS was used to characterise and measure the charge 

transfer processes occurring at the electrode-solution interface. The on-chip counter 

electrode (90 µm x 7 mm) was used as a macro-working electrode to demonstrate the 

Figure 2.1: A: The electrochemical cell comprised of a PTFE Teflon lid with a well, to interface the 

solution with the chip potentiostat, and an aluminium base to house the chip. B: An image of the chip 

with the O-ring positioned over the area of the chip exposed to the solution of interest. 
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diffusion behaviour at a gold macroband electrode in comparison to the single gold 

microband. CV was performed by cycling the potential from 0 mV to 600 mV at a scan 

rate of 50 mVs-1 in 1 mM FcCOOH. Here, an Ag/AgCl (3 M KCl) electrode (Gamry Ltd.) 

and a platinum wire (Gamry Ltd.) were employed as the reference and counter electrodes. 

As this study presents an on-chip first generation electrochemical glucose detection 

approach, the final biosensor surface was also evaluated in the presence of H2O2 (0.5 mM 

to 2.5 mM) using Linear sweep voltammetry (LSV), the chosen LSV potential parameters 

were 0V to 0.4 V at a scan rate of 50 mVs-1. 

 Surface characterisation of electrode materials  

Prior to use, the microband electrodes were optically imaged using an Olympus camera 

and calibrated epifluorescence microscope Model BX51 TRF SN 5M18343. The chip, 

contact pads, and single microbands were examined to ensure that the WEs, the RE and 

CE were exposed in addition to confirming that no visual defects were present on the chip 

prior to measurements. Scanning electron microscopy (SEM) images were obtained using 

Zeiss Supra 40 SEM. Atomic force microscopy images (AFM) were acquired with a 

Veeco Dimension 3100 atomic force microscope, in tapping mode using commercial 

Olympus probes (Oxford Instruments Asylum Research, High Wycombe, UK). An area 

of 5 µm x 5 µm was investigated at a scan rate of 0.7 Hz. Background plane subtraction 

was applied to the images. X-ray photoelectron spectroscopy (XPS) measurements were 

performed at the University of Limerick using a Kratos AXIS ultra spectrometer equipped 

with a mono Al Kα X-ray gun. Survey and high-resolution scans were recorded with a 

1 eV and 0.05 eV resolution, respectively. The geometry of the single microband 

electrodes were not suited to the resolution needed i.e. the electrode area was too small 

for the 50 µm2 spot size (see appendices section A.1). In order to confirm the composition 

of electrodeposited materials, modifications were carried out on the gold counter macro 

electrode (90 µm x 7 mm). Firstly, platinum-black (Pt-B) was electrodeposited using 

amperometry from a solution containing 15 mM hexachloroplatanic acid and 2.1 mM 

lead acetate in deionised water at -0.5 V for 10 seconds. Electro-polymerisation of the o-

PD-β-cyclodextrin-GOx layer was carried out using amperometry at 0.5 V in a mixture 

containing 5 mM o-PD, 2.5 mM sulphonated-β-cyclodextrin, 5 mM sodium sulphate and 

10 mg/ml of GOx in a 50 mM phosphate buffer (PB) solution (pH 7.4) for 1200 seconds.  
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 Microband functionalisation for Glucose detection 

Prior to use, chips were exposed to a mixed solvent clean process (acetone, isopropyl 

alcohol and DI water) for 15 minutes and dried under a stream of nitrogen. On-chip 

electrodepositions were performed using the pre-fabricated chip holder. Pt-B was 

electrodeposited using amperometry from a solution containing 15 mM 

hexachloroplatanic acid and 2.1 mM lead acetate in deionised water at -0.75 V for 

10 seconds. Electro-polymerisation of the o-PD-β-cyclodextrin-GOx layer was carried 

out using amperometry at 0.35 V in a mixture containing 5 mM o-PD, 2.5 mM 

sulphonated-β-cyclodextrin, 5 mM sodium sulphate and 10 mg/ml of GOx in a 50 mM 

phosphate buffer (PB) solution (pH 7.4) for 1200 seconds. The potential for on-chip 

electrodepositions was adjusted owing to the potential shift occurring when moving from 

an Ag/AgCl RE to a Pt pseudo RE. Deposition time and electrolyte concentrations were 

chosen based on previous work within our group.35 Following electrodeposition, the chips 

were rinsed with phosphate buffer (PB) to remove any unbound enzyme and were 

subsequently stored in 50 mM PB solution (pH 7.4) at 4°C when not in use. 

 Glucose detection  

 Glucose detection in phosphate buffers 

Glucose stock solutions were prepared using D-(+)-glucose in 50 mM PB (pH 7.4). Pre-

determined aliquots were employed for chronoamperometric measurements. As-modified 

electrodes were exposed to aliquots of PB containing glucose concentrations  within 

physiologically relevant levels (2.5 mM to 15 mM) by dropping 50 µl aliquots onto the 

chip and allowing 45 seconds prior to running a measurement. Both linear sweep 

voltammetry (LSV) and chronoamperometry were utilised to measure the response of 

glucose additions at the o-PD/β-cyclodextrin/GOx electrode surface in 50 mM PB 

(pH 7.4) against the on chip RE and CE. The LSV potential parameters were 0 V to 0.4 

V (versus Pt) with a 50 mVs-1 scan rate. For chronoamperometry measurements, a voltage 

of 0 V was applied as a conditioning step for 5 seconds followed by application of a 0.25 

V for 45 seconds. Following each measurement, the solution was removed, and the next 

concentration was directly added to the well. All data were background subtracted using 

the values for the phosphate buffer baseline (the blank). After a time of 40 seconds, the 

mean current from 30 data points (obtained over 5 seconds) was measured from 
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background subtracted data for each concentration, this was done for n = 3 bands from 

three separate chips. Interference testing in phosphate buffers  

Interfering species at the upper end of typical physiological concentrations were prepared 

to evaluate the selectivity of the o-PD/β-cyclodextrin/GOx UME to a 2.5 mM glucose 

concentration. Stock solutions of uric acid (UA), L-ascorbic acid (AA), salicylic acid, D-

(-)-fructose and D-(+)-mannose were prepared in 50 mM PB (pH 7.4). As-modified 

electrodes were exposed to aliquots of PB containing only 2.5 mM glucose, as well as 

aliquots containing 2.5 mM glucose spiked with each individual interfering species, by 

dropping 50 µl aliquots onto the chip and allowing 45 seconds prior to running a 

chronoamperometric scan. Chronoamperometry was carried out at an applied voltage of 

0.25 V. The current was sampled by averaging 30 data points after a time of 30 seconds 

(obtained over 5 seconds). 

 Glucose detection in foetal bovine serum spiked with known glucose 

concentrations 

Aliquots of foetal bovine serum were prepared to contain known concentrations of 

glucose (2-12 mM) in order to assess the sensor in a more complex biological fluid at 

physiologically relevant glucose concentrations. Chronoamperometry was applied at 0 V 

for 5 seconds followed by 0.25 V for 70 seconds. The current was sampled by averaging 

30 data points after a time of 50 seconds. A freestyle neo one glucometer and test strips 

(Abbott) were used to confirm the glucose concentrations in un-spiked foetal bovine 

serum.  

 Results and Discussion 

 Device characterisation  

Prior to measurements, as described in the methodology, chips were separated from the 

wafer, cleaned and inspected using optical microscopy. Each chip contains six separate 

working electrodes, a gold counter electrode and a platinum pseudo-reference electrode 

(see Figure 2.3 (A)). Figure 2.3 (B) shows a microscopy image of a fully passivated single 

microband electrode. The passivation window (dark rectangular region) exposed the 

working electrode, which has a length of 45 μm.  
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A CV in 0.1 M H2SO4 (3 scans were obtained the middle scan is presented) can be seen 

in Figure 2.2, an oxidation peak is visible at 0.9 V representing the formation of the gold 

oxide layers (Au2O3). A reduction peak is seen at 0.29 V as a result of the removal of the 

gold oxide layers.39 The microband area was determined using the charge associated with 

the reduction of gold oxide which is proportional to the active surface area. This was 

calculated to be 7.5 × 10−7 cm2. This is higher than the geometric surface area determined 

using the dimensions (5 × 10−7 cm2) This method takes into account the surface roughness 

unlike the use of the dimensional measurements. 

 

Figure 2.3: A: Optical microscopy image showing the on-chip platinum and counter reference 

electrodes as well as the 6 working electrodes (2.5x) B: Zoom on a single microband working 

electrode and the dark passivation window (50x). 

Figure 2.2: Cyclic voltammogram obtained in 0.1 M H2SO4 at a scan rate of 50 mVs−1. 
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CV was also carried out in the electroactive probe FcCOOH at the microband electrode 

(see Figure 2.4). CVs exhibited quasi steady-state behaviour resulting from radial 

diffusion to the microband electrode. The single microband showed excellent intra-chip 

reproducibility with an RSD less than 0.1 % between both the oxidation and reduction 

currents (n = 5). This also demonstrated that the on-chip CE and RE were functional for 

electrochemical measurements. The lower inset graph of Figure 2.4 displays a CV carried 

out on a macro-Au band electrode (dimensions 90 µm × 7 mm) under the same conditions 

(50 mVs−1 scan rate) versus Ag/AgCl. The resulting graph displays a peak shaped CV 

behaviour, depicting planar diffusion to the larger band electrode. Data was normalised 

to current density using the approximate geometric area of both electrodes (macro-

electrode: 6.3 × 10−3 cm2, microelectrode: 5 × 10−7 cm2). Dimensions were confirmed 

using the SEM (see Figure 2.5) AFM (see inset of Figure 2.4), and the fabrication designs. 

(macro-electrode: 90 µm × 7 mm, microband electrode: 90 nm × 1 µm × 45 µm). Higher 

current densities were observed at the microband electrode as a result of radial diffusion.  

Band shaped microelectrodes have the characteristics of macroelectrodes and 

microelectrodes since they are macroscopic in one dimension and microscopic in the 

other, offering higher sensitivity with increased current output. The magnitude of the 

current varies directly with the electrode length. The microband presented in this work is 

Figure 2.4: SEM image showing a width measurement of 1.021 µm. 

Figure 2.5: Cyclic voltammogram obtained in 1 mM FcCOOH for n = 5 electrodes (RSD < 0.1%), 

Bottom inset: voltammogram obtained at a macro-Au band electrode, top inset figure depicts a 3D 

atomic force microscopy image of a 5 µm × 5 µm area at a scan rate of 0.7 Hz (Background plane 

subtraction was applied to the image. 
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not a true microelectrode since one of the dimensions is not microscopic (45 microns in 

length). A quasi-steady-state current is achieved at long times since the current changes 

very slowly with time. 40,41 

𝐼𝑞𝑠𝑠 =
2𝜋𝑛𝐹𝐷𝑜𝐴𝑐∗

𝑤ln(
64𝐷𝑜𝑡

𝑤2 )
  (1) 

Where 𝑛 is the number of electrons transferred, 𝐴 is the geometric area of the electrode, 

𝑐∗ is the bulk concentration and 𝑤 is the width of the band. The electrochemical surface 

area was also measured using the steady state current from Figure 2.4 and inserting into 

the equation above. This was measured to be 4 × 10−7 cm2. This area was lower than that 

measured using the gold oxide reduction peak, this may be attributed to ferrocene reacting 

quickly at the gold microband, in addition it is not taking surface roughness into account. 

 Electrode modifications  

Figure 2.6 shows an image of the chip with a microscopy image of the single microband 

electrode, and a schematic of the deposition process carried out to functionalise the 

microband for glucose sensing. Two primary materials of choice were explored for 

biosensor fabrication: Pt-B and o-PD. The Pt-B electrodeposition results in an enhanced 

surface area for enzyme deposition. Furthermore, as previously mentioned, platinum is 

commonly studied for the oxidation of hydrogen peroxide.42  

A typical amperometric i-t curve for the Pt-B electrodeposition is shown in Figure 2.7 

with the inset showing a microscopy image (100x) of the Pt-B deposition completely 

covering the Au microband.constant potential of 0.35 V was applied for 20 minutes at the 

Pt-B modified surface. Figure 2.8 shows a typical amperometric i-t curve for the o-PD/β-

cyclodextrin/GOx electrodeposition. 
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Figure 2.6: Schematic of electrodeposition process carried out on the microband electrodes. 
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Figure 2.8: Typical electrodeposition chronoamperometric scan carried out at 0.35 V 

for 1200 seconds versus the on-chip platinum electrode. 

Figure 2.7: Typical i-t graph depicting the electrodeposition carried out at -0.75 V versus the on 

chip platinum pseudo-reference in 15 mM H2PtCl6 and 2.5 mM Pb (C6 H6O4), inset image 

showing an optical microscopy image of the Pt-B deposition on the gold microband electrode. 
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 Potentiometric and Impedimetric Characterisation 

Cyclic voltammetry was carried out in a 1 mM FcCOOH redox probe following each 

electrodeposition step in order to electrochemically characterise the modified electrode 

surface. Following the Pt-B deposition, an increased surface area of the Pt-B conductive 

layer was confirmed by the increase in the magnitude of the oxidation current at 0.2V of 

3 nA (see Figure 2.9). Following the o-PD/β-cyclodextrin/GOx deposition, a decrease in 

the magnitude of the current could be seen; the oxidation and reduction of the redox probe 

were no longer visible indicating the successful deposition of a non-conducting semi-

permeable o-PD/β-cyclodextrin/GOx layer.43 

EIS was used to assess the change in the electrode surface behaviour in 1 mM FcCOOH. 

This change is indicated through a measured change in the impedance. Resistive and 

capacitive charges in the system can be measured from the Nyquist plot, by fitting the 

data with a Randles equivalent circuit (discussed in the Introduction chapter). The Rct 

reflects the transfer of electrons during redox reactions and can be used as a method to 

measure changes occurring at the surface of the electrode.44 Nyquist plots can include a 

semi-circular region and a linear part. At higher frequencies, the semi-circular region 

corresponds to the electron transfer limited process, and the diameter is equivalent to the 

Figure 2.9: Comparison of CV in 1 mM FcCOOH in 10 mM PBS, on a bare gold 

(green), platinum-black modified (blue) and o-PD/β-cyclodextrin/GOx modified (red). 
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Rct. The linear part at lower frequencies corresponds to the diffusion process.45 Figure 

2.10 shows the Nyquist plot obtained at each surface modification. For both the fabricated 

gold band and a Pt-B modified band, an electrochemical circle fit was used to determine 

the Rct. The Rct decreased from 217 MΩ at the bare Au surface to 151 MΩ following the 

introduction of an enhanced surface area Pt-B electrodeposition. Following o-PD/β-

cyclodextrin/GOx deposition, under the same parameters, a full semi-circle was not 

visible for an electrochemical circle fit; however, data indicates a clear change in the 

surface behaviour with an increase in Rct between the Pt-B surface layer and the o-PD/β-

cyclodextrin/GOx modification. No diffusion-controlled effect was observed in the EIS 

spectrum. All CV data supported the results of EIS studies.  

 Electroanalysis in H2O2  

In this study, glucose was quantified from enzymatically produced hydrogen peroxide; 

for this reason, LSV was carried out in H2O2 to evaluate the change in signal response 

between the Pt-B modification and the o-PD/ß-cyclodextrin/GOx layer. Figure 2.11 

displays cyclic voltammograms carried out in a 1 mM solution of H2O2 in 0.01 M PBS 

(pH 7.4) at the Pt-B modified surface and the o-PD/β-cyclodextrin/GOx modified surface. 

Figure 2.10: Nyquist plots obtained in 1 mM FcCOOH in 10 mM PBS, on a bare gold 

(green) [Rct 204 MΩ], platinum black modified (blue) and o-PD/β-cyclodextrin/GOx 

modified (red) [unfitted data]. 

https://www.sciencedirect.com/topics/engineering/diffusion-process
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As expected, a decrease in the oxidation current (8 nA) was seen following the o-PD/β-

cyclodextrin/GOx electrodeposition.  

Whilst it is expected that H2O2 can permeate o-PD modification layers, we confirmed this 

utilising LSV in various concentrations of H2O2.
46 An increase in faradaic current was 

observed with increasing concentrations, ranging from 0.5 mM to 2.5 mM of H2O2 (see 

Figure 2.12). Current was converted to current density using an estimated geometric area 

of the microband after sensor preparation (1.35 × 10−6 cm2), which was determined 

using dimensional information (3 µm × 45 µm); (the width after Pt electrodepositions 

was approximated using AFM). These results show that the H2O2 molecule can penetrate 

through the modification layer to reach the underlying Pt-B surface and undergo 

electrochemical oxidation. A plot of peak current density versus H2O2 concentration is 

presented in Figure 2.13, the plot exhibits good linearity (R2=0.99) indicating that the 

sensor response to H2O2 is linear within this concentration range. The oxidation of 

hydrogen peroxide at the o-PD modified platinum electrode can be explained via the 

following reaction: 

 
𝐻2𝑂2 

𝑃𝑡
→  𝑂2 + 2𝐻+ + 2𝑒− 

(2) 

Figure 2.11: CV in 1 mM H2O2 at the Pt-B modified band (green) and at the o-

PD/β-cyclodextrin/GOx modified band (red). 
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The theoretical limit of detection (LOD) was determined to be 17 µM using the blank 

method:  3𝑆𝑏/𝑚, where 𝑆𝑏 is the standard deviation of the blank and m is the slope of the 

line. A sensor sensitivity of 2882 µA mM−1 cm−2 was determined from the slope of the 

line. 

Scanning electron microscopy images confirmed the presence of a nanodentritic Pt-B 

coating on to the 1 µm band electrode with a clear change in surface morphology (see 

Figure 2.15 (1-3).  Following the o-PD/β-cyclodextrin/GOx deposition subtle changes to 

dendrite morphology were visible with SEM (Figure 2.15 (3)), with dendrites appearing 

Figure 2.13: Corresponding calibration obtained from background subtracted data at 

0.25 V. 

Figure 2.12: Cyclic Voltammogram obtained in increasing concentrations of H2O2 at the o-

PD/β-cyclodextrin surface. 



                                                                                                                                          Chapter 2 

 

70 

 

slightly wider than the Pt-B electrodeposited surface. As detailed in the experimental 

section, compositional analysis was conducted on electrode modifications prepared on a 

macro planar band electrode. All XPS measurements were conducted in the absence of 

the GOx enzyme. Figure 2.14 clearly shows the introduction of a platinum peak Pt 4f 

(green) post Pt-B deposition. The Au 4f peak intensity (blue) was no longer visible, as 

XPS probes the upper 10 nm of the surface.  

 

1 2 3 

Figure 2.15: Scanning electron microscopy images taken at (1) clean gold electrode 

surface (2) Pt-B modified electrode surface and (3) o-PD/GOx/β-cyclodextrin 

mixture surface. 

Figure 2.14: XPS survey scan of clean bare gold (blue); as modified platinum-black 

(green); and as modified platinum black and after modification with Pt-B, o-

phenylenediamine and β-cyclodextrin (red). 
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The reduced Pt signal occurs with the introduction of an amine group (C-N) which can 

be seen in the high resolution scan of the N1s peak at 388.6 eV (see Figure 2.16) and at 

286.1 eV in the C1s high resolution spectra. (see Figure 2.17).40 Whilst this is not 

representative of the modifications carried out at an ultramicroelectrode, XPS confirmed 

that electrodeposition was a successful method for modifying evaporated gold electrodes 

fabricated in a similar manner as the single gold bands. XPS probes the upper 10 nm of 

the surface; the decrease in Pt signal intensity occurs relative to the introduction of the C-

N signal from o-phenylenediamine at 286.1 eV in the C1s high-resolution spectra and at 

399.6 eV in the N1s high-resolution spectra (Figure 3C,D), indicating that the o-PD layer 

had successfully electrodeposited. 47 The XPS measurements confirmed the presence of 

both Pt-B and o-PD on a larger gold band electrode (fabricated on the silicon substrate). 

Figure 2.16: High resolution scans of the N1s. 

https://www.mdpi.com/2079-6374/11/8/249/htm#fig_body_display_biosensors-11-00249-f003
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 Glucose detection in phosphate buffers 

 Calibration 

Linear sweep voltammetry and chronoamperometry measurements were carried out for 

on-chip glucose measurements in eight predetermined aliquots of glucose (2.5 mM to 

15 mM) in a 50 mM PB (pH 7.4). Glucose is oxidized by the entrapped GOx enzyme at 

the electrode surface generating H2O2 and gluconic acid according to the following 

reaction: 

𝑂2 + 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 → 𝐺𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝐻2𝑂2 (3) 

The subsequent electro-oxidation of H2O2 generated during the enzymatic reaction can 

be described by the reaction below: 

𝐻2𝑂2 

𝑃𝑡
→  𝑂2 + 2𝐻+ + 2𝑒− (4) 

Figure 2.18 displays linear sweep voltammograms from 0 V to 0.4 V; the current is seen 

to increase with increasing glucose concentrations in the range of 2.5 mM to 15 mM 

Sensitivity was determined to be 103.11 µA mM−1 cm−2. The theoretical LOD observed 

was 1.42 mM. Figure 2.19 displays a plot of current versus glucose concentration where 

a linear increase in current is seen with increasing glucose concentrations 

Figure 2.17: High resolution scans of the C1s peak.  
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Figure 2.20 displays the chronoamperometric response of the microband at 0.25 V to 

increasing glucose concentrations. The measurements were conducted for 45 seconds 

with a quiet time of 10 seconds prior to each scan. A steady-state response was achieved 

within 10 seconds of applying a potential. A plot of current versus glucose concentration 

is presented in Figure 2.21.The current was sampled from 40 seconds to 45 seconds by 

taking an average across 30 data points. This average of the current measured across three 

Figure 2.19: The corresponding calibration obtained at 0.25 V, (Blank background 

subtracted from each concentration). 

Figure 2.18: Linear sweep voltammograms at a scan rate of 50 mVs-1 from 0 V to 0.4 V 

in increasing glucose concentrations in 50 mM PB solution (pH 7.4). 
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sensors was plotted in the calibration curve. A linear increase in current is observed with 

increasing glucose concentrations (R2=0.99). The sensitivity here was determined to be 

111.21 µA mM−1 cm−2 with a theoretical LOD of 0.79 mM. 

 Selectivity and Stability 

Chronoamperometric measurements were carried out to assess the biosensor selectivity 

in a 2.5 mM glucose concentration and that of a 2.5 mM glucose solution containing 

either 0.5 mM L-ascorbic acid, 1 mM fructose, 1 mM maltose, 1 mM uric acid or 0.5 mM 

Figure 2.20: Chronoamperograms obtained for increasing glucose concentrations 

from 2.5 mM up to 17.5 mM in 50 mM PB (pH 7.4). 

Figure 2.21: The corresponding calibration curve, (Calibration plot obtained from 

current sampling time of 30 s at each glucose concentration). 
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salicylic acid (see Figure 2.22). These concentrations are at the upper end of typical 

physiological concentrations. The interference effect was calculated using the following 

equation:[
𝐼𝑔𝑙𝑢𝑐𝑜𝑠𝑒

𝐼𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
] ∗ 100. Where I was sampled at time 30 seconds after the 

measurement had started for 5 seconds. The results are presented in   
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Table 2.1, no obvious change in current was observed (<5 %). These results are attributed 

to the combination of the o-phenylenediamine electrodeposition which has previously 

been shown to reduce interference effects by limiting the ability of analytes from reaching 

the electrode. In addition, the highly charged with 7 – 11 – SO3
- groups from the anionic 

sulphonated cyclodextrin have previously been shown to act as a repellent to the ascorbate 

anion.  The results show that the microband sensors are specific to glucose and are not 

inhibited by the addition of other interfering species which can potentially co-exist within 

blood. The UME presented here demonstrates selectivity levels comparable to those 

reported previously for some enzymatic electrochemical glucose sensors.48,49  

  

Figure 2.22: Chronoamperometric response of the on-chip biosensor at 0.25 V to a blank solution 

(50 mM PB, pH 7.4) to 2.5 mM glucose and to a further separate 5 aliquots of 2.5 mM glucose 

and other potential interfering species. 
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Table 2.1: Table depicting the current change of interfering species. 

Interfering species Concentration (mM) (I/Io * 100)‡ 

Ascorbic Acid 0.5 100.88 % 

Uric Acid 0.5 99.38 % 

Salicyclic Acid 0.5 104.44 % 

Fructose 1 104.85 % 

Mannose 1 104.58 % 

 

After four days of storage in PBS at 4°C, biosensor performance was examined in a 2.5 

mM glucose concentration. The sensor demonstrated a sensor recovery value of 93.22% 

(see Figure 2.23 A), indicating that the enzyme had remained stable over a short time 

period. Figure 2.23 (B) shows a calibration obtained 1 day after sensor preparation and 

again 2 days after sensor preparation. Excellent sensor recovery values were determined 

for three concentrations: 103.4%, 102.0%, and 98.07%, and satisfactory values were 

determined for the remaining three concentrations: 88.7%, 87.2%, and 87%. For both sets 

of preliminary stability data, the biosensor demonstrated good short-term stability; 

however, it must be considered that this is not representative of a comprehensive stability 

study. Further investigation is necessary to understand the sensor behaviour over time and 

to determine the long-term storage capabilities. 

                                                 

‡ Where I is the current response of 2.5 mM Glucose in 50 mM PB and Io is the current response of 2.5 mM Glucose 

and the given concentration of the interferent in 50 mM PB (pH 7.4) 

Figure 2.23: (A) Bar chart depicting the current density measurement for a 2.5 mM concentration 

measured after 1 day of storage and a 2.5 mM concentration measured 4 days after storage and 

(B) Calibration curves obtained at the same sensor at Day 1 and again at Day 2 after sensor 

preparation. 
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 Glucose Detection in foetal bovine serum 

Many studies examine glucose levels in spiked serum samples where serum solutions are 

diluted in PBS.50,5142 43 In this study, the electrode performance was examined in 100 % 

FBS solution to evaluate sensor performance in a more complex biological fluid. A 

chronoamperometric response was measured for 70 seconds at 0.25 V in FBS, this 

measurement was then repeated with FBS spiked with 2mM increments of glucose 

solution (see Figure 2.25). Using standard addition the concentration of the unknown FBS 

sample was approximated. A background subtraction signal could not be obtained for the 

calibration, as we did not have FBS of zero glucose concentration. Using Origin, linear 

regression was applied to determine the x-intercept (-5.49) indicating a glucose 

concentration of 5.49 mM.52 The Abbott freestyle optimum neo glucometer confirmed a 

concentration of 5.07 ± 0.38 mM for n = 10 samples. The increase in concentration 

determined using the standard addition approach could be a result of the background 

signal of the FBS. A clear decrease in measured current density was evident (see Figure 

2.24) in comparison to the calibration obtained in PBS (Figure 2.21). This is likely to 

have been a result of the added complexity of the serum. FBS contains lipids, electrolytes, 

hormones, enzymes, protein and even low levels of antibodies. The reduced sensitivity is 

likely attributed to non-specific adsorption or precipitation of agents present in the serum 

onto electrodes. Similar sensitivity changes owing to a change of matrix have been 

reported by Bollella et al., whereby, a microneedle sensor sensitivity determined in buffer 

was 1473 μA cm−2 mM−1 and analysis in human serum revealed a sensitivity of 

180 ± 9 μA cm−2 mM−1.53 Here, using an integrated on-chip approach, all electrode 

materials in contact with the serum are subject to potential fouling slowing the movement 

of glucose to the immobilised glucose oxidase. Despite the decrease in current, a linear 

response was observed with increasing glucose concentrations up to 17 mM. The results 

clearly demonstrate that the microband sensors are capable of measuring glucose at 

physiologically relevant glucose concentrations in complex media solutions. The findings 
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are of particular significance for point of care applications where specificity, low time-

to-results and minimal sample preparation are required to permit early diagnostics. 

 

 Conclusions and Future Perspectives 

This chapter presents a simple two-step electrochemical modification to a single gold 

microband electrode using the on-chip counter and reference electrodes. The chip used in 

this work was fabricated with a view to functionalising other electrodes in the future for 

Figure 2.25: i-t curves for the chronoamperometric response in 100 % 

FBS spiked with known concentrations of glucose. 

Figure 2.24: Corresponding standard addition for figure 2.24, where 

I was sampled after time 50 seconds. 
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multi-analyte detection. SEM images obtained after each modification confirmed a 

change in surface morphology. EIS measurements carried out in 1 mM FcCOOH 

confirmed a change in the Rct following each electrode modification step. Glucose 

detection from 2.5 mM to 15.5 mM was achieved in buffer-based solutions, 

demonstrating that the electro-polymerisation of the o-PD/β-cyclodextrin/GOx mixture 

was successful in immobilising the enzyme at the surface of the microband. A number of 

examples of glucose sensors developed on microelectrodes are presented in Table 2.2. In 

comparison to many of these, this device offers a lower operating potential owing to the 

use of the pseudo-reference electrode. The linear detection range is wider and applicable 

for sensing in bio-fluids such as blood and interstitial fluid.46 The biosensor reached a 

steady-state response within 10 seconds of applying a potential. The device demonstrates 

the potential for mediator-free, on-device electrochemical glucose sensing at the 

ultramicro scale. Chronoamperometric measurements carried out in 100% FBS confirmed 

a reduction in sensitivity in comparison to measurements in phosphate-based buffers. 

Whilst the linear range does not fulfill the entire range required for blood glucose 

measurements, there is potential for other bio-fluids and diluted media.47 

Table 2.2: A comparison of mediator-free miniaturized enzymatic glucose biosensors constructed towards various 

biomedical sensing applications with the on-chip ultramicroelectrode glucose sensor presented in this work. 

Electrode 
material* 

Linear 
range 

Operating 
potential 

Enzyme 
immobilization 

Sensitivity Samples tested 
 

Ref. 

CFM/Pt-
GOx(0.5%)-GA 

0-4 mM 0.7 V vs. Ag/AgCl 
(external RE) 

Covalent 0.697 nA mM-1 

cm-2 
Brain slices  

CF-PEDOT-GOx 0.5-15 
mM 

−0.65 V vs Ag/AgCl 
(external RE) 

Entrapment 8.5 μA mM−1 
cm−2 

PBS  

Pt/PEDGE/BSA-
GOx 

0-5 mM 0.85 V vs Ag/AgCl 
(external RE) 

Covalent 20.72 pA mM−1 
 

Intracellular 55 

Pt-B electrode 0.2–
43.5 mM 

0.7V vs Ag/AgCl (on-
device) 

Free in solution Not reported Serum samples 56 

Pt/PAA/CS/AuNP
s/GOx 

0.017–
0.81 mM 

-0.4V to 0.4 V to vs. 
Pt (on-device) 

Layer by Layer 
assembly 

61.4 μA mM-1cm-

2 
Saliva 57 

       

Silver/Nafion/GA
-GOx 

0-2 mM 0.05 V vs Ag/AgCl 
(external electrode) 

Covalent 1.73 μA mM−1 PBS 58 

Pt/GA-BSA-
GOx/PU/Nafion 

 

0-11 mM 0.5 V vs. IrOx (on-
device) 

Covalent 1.51 nA mM-1 Intradermal 
 

59 

GOx-β-
cyclodextrin-o-

PD/Pt-B/Au 

2.5-17 
mM 

0.25 V vs. Pt (on-
device) 

Entrapment 111.21 µA mM−1 
cm−2  (Buffer), 15 

µA mM−1 cm−2 
(Serum) 

Fetal bovine 
serum 

This 
work 

* Abbreviations: CFM: carbon fibre microelectrode, Pt: platinum, GOx: glucose oxidase, GA: glutaraldehyde, 
CF: carbon fibre, PEDOT: poly (3, 4-ethylenedioxythiophene), PEDGE: poly (ethylene glycol) diglycidyl ether, 
BSA: bovine serum albumin, PAA: poly (allylamine), CS: chitosan, AuNPs: gold nanoparticles, and PU: 
polyurethane. 
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 Introduction  

Laser scribed graphitic carbon fabrication, first introduced by Lin et al. has been 

demonstrated as a fast, scalable and effective means of constructing electrodes on 

polymer substrates in comparison with techniques such as screen-printing, metallisation, 

inkjet printing or extrusion printing processes.1–3 Laser scribed electrodes have been 

applied in UV photodetectors, microsupercapacitors, immunosensors and both enzymatic 

and non-enzymatic biosensors.4–8 Direct laser scribing can create electrodes and 

interconnection tracks based on a custom-design using either an infrared or visible laser 

source. LSG electrodes previously fabricated in Tyndall using a 450 nm laser confirmed 

improved electrocatalytic performance in comparison to graphite based electrodes 

fabricated using other visible or infrared lasers.9 The enhanced electron transfer behaviour 

is attributed to a highly porous 3D graphitic network containing high surface area edge 

planes.  

This chapter reports on the use of laser scribed graphitic carbon (LSG) electrodes for the 

construction of an enzymatic lactate sensor with a working range of 0.2 mM to 3 mM, 

demonstrating potential for hyperlactatemia indication in saliva. Lactate is an indicator 

of a number of clinical conditions including tissue hypoxia,10 heart failure,11 sepsis,12 and 

ischemia.13 Lactate is also an attractive metabolite for human sports performance 

assessments such as fitness and endurance.14 Current techniques for blood lactate 

monitoring in a hospital setting involve extracting blood intravenously and measuring 

lactate using a blood gas analyser.15 Other commercial laboratory instruments such as 

Biosen analyzers and Yellow Spring Instruments (YSI) can quantify lactate from blood, 

serum and plasma. These bench top approaches are not a straightforward means for 

monitoring lactate levels over time owing to the need for repeated blood extraction and 

sample handling.  

Electrochemical lactate biosensor developments have predominantly focused on either 

enzymatic sensing, using lactate oxidase (LOx) or lactate deyhydrogenase (LDH), or non-

enzymatic approaches using materials such as metal oxides and conducting polymers for 

direct lactate detection.16,17 Non-enzymatic lactate sensing is attractive for low cost and 

simplified fabrication processes, however, many non-enzymatic approaches have 

demonstrated detection in basic solutions such as NaOH which are not biological fluids.18 
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Enzymatic biosensors provide high specificity, high sensitivity, quick response times, and 

direct measurements. Flexible substrates have been used to fabricate a number of lactate 

sensors for lactate analysis in saliva samples. Petropoulos et al. constructed a lactate 

sensor via screen-printing of a graphite based ink and subsequent modification with 

prussian blue and a lactate oxidase-nafion layer.19 Sensor performance studies 

demonstrated lactate detection between 0.025 mM and 0.25 mM. Cited salivary lactate 

concentrations reported are approximately 0.1–0.5 mM in healthy individuals at rest but 

have been reported at higher concentrations of up to 2.5 mM under irregular conditions.20 

Fabrication of working, counter and reference electrodes onto the one platform is pivotal 

towards producing functional flexible diagnostic biosensor devices. Recently, Marques 

et al. demonstrated electrochemical analysis of ascorbic acid and amoxicillin using a four-

electrode configuration, where LSG was used for both the counter and reference 

electrode.21  

In this chapter§, a comparison between the use of a commercial external Ag/AgCl 

reference electrode, an LSG reference electrode and an Ag/AgCl modified LSG reference 

electrode was conducted for chronoamperometric lactate measurements. The use of 

flexible substrates is of interest for the construction of bendable electrodes. Previous 

studies have documented the effect of bending LSG at both concave and convex 

curvatures by cycling the electrodes in [Fe(CN)6]
4−, whereby, the peak current density 

between planar, concave and convex stresses was determined to vary by less than 1 %.3 

We explore the potential for chronoamperometric lactate detection using a three-electrode 

LSG sensor fixed at a bending radius of 7 mm. This work is the first study on scribing a 

three-electrode configuration on polyimide for bendable lactate sensing.  

                                                 

§ This work has been published in ‘Electrochemical Sensor for Enzymatic Lactate Detection Based on Laser-Scribed 

Graphitic Carbon Modified with Platinum, Chitosan and Lactate Oxidase.’ Talanta 2022, 246, 123492. 

https://doi.org/10.1016/j.talanta.2022.123492. 
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 Experimental 

 Materials, Instrumentation and Software 

Polyimide adhesive (0.08 mm) was purchased from Radionics. An Automatic Desktop 

Laser Engraving Machine was purchased from KK moone. Polyethylene terephthalate 

films (0.025 mm) were purchased from Goodfellow. Silver paste was purchased from 

Radionics. Recombinant Lactate Oxidase II from Aerococcus viridans was purchased 

from Sekisui Ltd. (Lyophilized powder, activity 42.8 U/mg) (UK). Acetic acid was 

purchased from Fisher Scientific. Phosphate buffered saline, sodium phosphate 

monobasic, sodium phosphate dibasic, chitosan, potassium ferrocyanide (K4[Fe(CN)6]), 

potassium ferricyanide (K3[Fe(CN)6]), hexachloroplatanic acid, sulfuric acid, l -lactic 

acid, glucose, uric acid, ascorbic acid acetaminophen and sterile human serum were 

purchased from Sigma Aldrich. All solutions were prepared with double deionised water 

with a resistivity of 18.2 MΩ cm. Artificial saliva for medical and dental research was 

purchased from Pickering Laboratories. Measurements with the Lactate Pro 2 were 

conducted in the Human Performance Lab, Department of Sport and Physical activity in 

University College Cork. Unless otherwise stated, electrochemical experiments were 

performed in a 50 mM phosphate buffer solution (sodium phosphate monobasic and 

sodium phosphate dibasic) prepared at a pH of 6.7. All electrochemical measurements 

were carried out with an Autolab electrochemical workstation PGSTAT302N (Metrohm, 

UK) using the control software NOVA 2.1. Measurements were performed at room 

temperature within a Faraday Cage (Metrohm).  Data curation was carried out using 

OriginPro software. An electrochemical cell holder was 3D printed using a Form labs 3-

D printer. O-rings with a diameter of 7 mm were purchased from duratool to create a seal 

between the well within the cell holder and the laser scribed electrodes. Crocodile clips 

and ribbed wires were purchased from Farnell for connection to the potentiostat. A second 

electrochemical cell holder was also 3D printed with a Form labs 3-D printer for 

measurements conducted at a fixed bending radius (7 mm). 
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 Electrode fabrication  

Polyimide (PI) tape was attached to a cover slip and glass slide to ensure that the PI 

remains in a planar and rigid configuration during the laser writing process. A 3 W 450 

nm laser was used to irradiate the polyimide tape at 30 % laser power producing the 

porous graphite electrodes on the region of Polyimide covering the cover slip.** For 

measurements conducted at a bending radius of 7 mm, polyethylene terephthalate (PET) 

films were used in place of the cover slip. Following fabrication, electrodes were rinsed 

with acetone, DI water, isopropanol and DI water to remove any unwanted deposits from 

the process. An acrylic nail varnish was applied to the interconnection tracks connecting 

to the scribed WE, CE and RE to ensure regions exposed within the o-ring were 

passivated. Silver paste was applied to the regions of the interconnect for contact with 

crocodile clips. 

 Sensor preparation and optimisation 

Three Pt deposition times, three chitosan concentrations (wt %) and three enzyme 

concentrations (U) were selected to study potential optimal parameters for the biosensor 

construction process. The Pt electrodeposition was carried out using amperometry in a 

solution containing 5 mM H2PtCl6 and 0.5 M H2SO4 at -0.5 V for 80 seconds against an 

Ag/AgCl (saturated KCL) RE from CH Instruments and a Pt wire was employed as the 

CE. Following the Pt electro-deposition, samples were rinsed with DI water and allowed 

to dry under ambient conditions. A 0.3 wt % chitosan solution was prepared by dissolving 

chitosan in acetic acid solution (1 wt %) under magnetic stirring for 60 minutes. 6 µl of 

the chitosan solution was cast on the surface and allowed to dry at room temperature. 

Aliquots of 2100 U/ml of enzyme were prepared in 50 mM PB solution (pH 6.7) and 

frozen for use. 6 µl of the enzyme stock were mixed with 24 µl of PB (50 mM, pH 6.7) 

and 6 µl of the solution was cast on to the surface of the Pt-Chitosan modified electrode. 

The electrodes were stored overnight at 4 °C in a sealed petri-dish containing lens tissue 

which had been dampened with ultrapure water. The enzyme mixture was rinsed gently 

from the surface using 50 mM PB the following day to remove any unbound enzyme. 

                                                 

** Laser scribing electrode fabrication was carried out by Mr. Eoghan Vaughan (Tyndall, PhD Student, UCC) 
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Electrodes were subsequently stored in the fridge with 50 mM PB (pH 6.7) at 4 °C until 

use. 

 Characterisation 

 SEM-EDX  

Scanning electron microscopy images (SEM) and Energy dispersive X-ray analysis 

(EDX) of the base LSG electrodes, LSG-Pt electrodes and after the chitosan-enzyme 

casting process was completed with a SEM Quanta 650 Field Emission Gun (FEG) 

attached with an EDX unit. An accelerating voltage of 10 kV was used for imaging and 

20 kV was applied for EDX.  

 Cyclic Voltammetry 

The working electrode was characterised using cyclic voltammetry (CV) in a 10 mM PBS 

solution (pH = 7.4) containing 5 mM K4[Fe(CN)6] and 5 mM K3[Fe(CN)6]. CV was 

performed by cycling the potential from –200 mV to +650 mV versus a Ag/AgCl 

reference electrode at scan rates of 10 mV/s, 25 mV/s, 50 mV/s, 75 mV/s and 100 mV/s 

at the bare LSG, Pt modified and CS-LOx modified surface to obtain a plot of peak current 

versus v1/2 for each surface. Nicholsons method was used to determine the heterogeneous 

electron transfer (HET) rate constant 𝑘𝑎𝑝𝑝
0  for each surface where a transfer coefficient 

α = 0.5 and the diffusion coefficients: [Fe(CN)6]
4–/3–, D0 = 7.63 × 10–6 cm2/s and Dr = 6.32 

× 10-6 cm2/s were assumed.22 

 Electrochemical Analysis  

 Chronoamperometric lactate detection in phosphate based buffers 

L-lactic acid stock solution was prepared in 50 mM PB (pH 6.7). Buffers were spiked 

under stirred conditions for chronoamperometric measurements. As-modified electrodes 

were exposed to aliquots of PB containing lactate concentrations within physiologically 

relevant levels by dropping 350 µl aliquots into the well of the 3-D cell holder and 

allowing 30 seconds prior to running a chronoamperometric scan. The solution was 



                                                                                                                                          Chapter 3 

 

91 

 

removed and the next concentration was directly added to the electrodes. All data was 

background subtracted using the values for the phosphate buffer baseline.  

 Reproducibility, Interference, re-usability and storage 

Reproducibility between modified electrodes was determined by measuring a 1 mM 

lactate concentration for n = 5 sensors. The re-usability of the biosensor surface was 

evaluated by measuring 10 subsequent chronoamperometric measurements at 0.4 V for 

n = 3 samples. In each case, a fresh aliquot of a 1 mM lactate solution was applied to the 

sensor, the solution was left for 30 seconds prior to running a chronoamperometric scan 

at 0.4 V for 50 seconds. Five sensors were prepared to assess the storage stability of the 

LSG-Pt-CS-LOx sensor surface. A calibration was obtained at Day 1, Day 7, Day 14, and 

Day 30. The sensors were stored at 4°C when not in use with 50 mM PB (pH 6.7) covering 

the working electrode. The selectivity of the biosensor was studied against a mixture of 

interfering species that can be found in both saliva and blood. 10 µM acetaminophen, 100 

µM Uric acid, 50 µM L-ascorbic acid and 500 µM glucose were assessed with a 0.5 mM 

lactate concentration in 50 mM PB (pH 6.7). As-modified electrodes were exposed to 

aliquots of PB containing 0.5 mM lactate with the interfering species by adding 350 µl 

aliquots onto the chip and allowing 30 seconds prior to running a chronoamperometric 

scan.  

 Three electrode configuration 

CV was performed at the LSG WE at 100 mV/s in a 10 mM PBS solution (pH = 7.4) 

containing 5 mM K4[Fe(CN)6] and 5 mM K3[Fe(CN)6] using a commercial Ag/AgCl RE, 

an LSG RE and an Ag/AgCl paste modified LSG RE. Chronoamperometry was carried 

out at the LSG-Pt-CS-LOx WE (n = 3) using each RE. When conducting 

chronoamperometric measurements with LSG the operating potential was adjusted to 

0.2 V owing to the shift in potential observed when connecting LSG as an RE during 

characterisation. To demonstrate a potential future application, biosensors were prepared 

to carry out measurements in both sterile human serum and artificial saliva samples spiked 

with known concentrations of lactate (0.5 mM and 1 mM). The three-LSG electrode 

configuration was used employing the Ag/AgCl paste modified LSG RE. 



                                                                                                                                          Chapter 3 

 

92 

 

 Flexibility test 

Polyimide adhesive tape was attached to 0.025 mm PET films for measurements carried 

out at a fixed curvature. The 3-D printed holder was designed to fix the sensor at a bending 

radius of 7 mm equivalent to a curvature of 0.14 mm-1 (see Figure 3.1 A). Screws were 

inserted into the holder to fix the substrate in place (see Figure 3.1 B). Modified electrodes 

were exposed to aliquots of 50 mM PB (pH 6.7) containing lactate concentrations within 

physiologically relevant levels by adding 200 µl of solution into the well at the front of 

the holder (see Figure 3.1 B). Figure 3.1 C shows the printed holder with LSG based 

sensor fixed in place. The solution was left for 30 seconds prior to running a 40 second 

chronoamperometric scan at 0.2 V. The solution was removed and the next concentration 

was directly added to the electrodes. All data were background subtracted using PB as 

the blank baseline. 
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Figure 3.1: (A) Drawing of a 3D printed holder indicating the bending radius of the insert for 

the PI-PET film, (B) 3D model of the holder indicating where the screws are inserted to ‘fix’ the 

PI-PET film in place.(C) Picture of 3-D printed holder with the sensor in place. 
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 Results and Discussion  

 Electrochemical set-up 

Figure 3.2 A displays the 3-D printed holder used to facilitate electrochemical 

measurements at the LSG WE using an external commercial Ag/AgCl RE and a Pt wire 

as the CE. A microscopy image of the laser scribed WE,CE and RE are shown in Figure 

3.2 B, acrylic varnish was applied to the interconnection tracks to prevent unwanted 

electrochemical measurements from occurring at regions exposed within the O-ring. For 

measurements using three-LSG electrodes fabricated on polyimide or Ag/AgCl paste 

modified LSG, crocodile clips were used to enable connection as displayed in Figure 3.2 

C. 

 Optimisation and Sensor preparation 

Figure 3.3 displays a schematic of the modification process used during sensor 

preparation. Platinum was chosen owing to its catalytic efficiency towards oxidation of 

H2O2. 
23 Chitosan is biodegradable, permeable to water, biocompatible and cost effective 

all of which are favourable characteristics for biosensor construction.24 

Figure 3.2: (A) 3-D printed electrochemical cell holder to facilitate electrochemical 

measurements, (B) Optical microscopy image of the LSG WE and (C) set-up with three-LSG 

electrode approach. 

CE 

WE 

RE 
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Biosensor response to a 1mM lactate concentration was measured at electrodes modified 

with a Pt electrodeposition time of 40 seconds, 80 seconds and 120 seconds. Chitosan and 

LOx concentrations were maintained at 0.3 wt % and 2.4 U respectively. Whilst it was 

expected that a longer deposition time of 120 seconds would provide a higher 

amperometric response to lactate sensing this was not the case. The increased content of 

Pt may have covered some of the porous regions of the graphite resulting in a lower 

quantity of enzyme adsorbing on the surface. An 80 second deposition time was 

determined to give the optimal response (see Figure 3.4 A). A typical amperometric 

deposition is displayed in Figure 3.5. Three separate chitosan concentrations were also 

assessed, 0.1 wt %, 0.3 wt % and 0.6 wt %. A chitosan concentration of 0.3 wt % showed 

the optimum response to lactate (see Figure 3.4 B). The higher concentration of CS may 

have resulted in reduced electron or mass transfer/transport, or a decrease in exposed 

surface area for electron transfer or perhaps a combination of both. In this instance, Pt 

deposition time was maintained at 80 seconds and the enzyme loading was kept at 2.4 U. 

Finally, three different concentrations of LOx enzyme were examined. The optimum 

concentration of enzyme stock was determined to be 2.4 U (Figure 3.4 C). Higher 

concentrations of enzyme resulted in a lower amperometric response, which could be 

attributed to the enzyme saturating the LSG-Pt-CS electrode materials resulting in a loss 

of catalytic activity.  

Figure 3.3: Schematic of modification process including (A) an amperometric Pt deposition for 

80 seconds, (B) casting chitosan on to the LSG-Pt electrode and finally (C) casting LOx on to the 

LSG-Pt-CS electrode. 
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Figure 3.5: Typical amperometric depsosition carried out at -0.5 V for 80 seconds 

using an external Ag/AgCl RE and a Pt wire. 

Figure 3.4: (A) Current density response measured for a 1 mM lactate concentration at an 

LSG-Pt-CS-LOx electrode whereby amperometric depositions were carried out during 40, 80 

and 120 seconds, (B) Current density response measured for a 1 mM lactate concentration 

at an LSG-Pt-CS-LOx electrode whereby CS loadings were varied by 0.1, 0.3 and 0.6 wt % 

(C) Current density response measured for a 1mM lactate concentration at an LSG-Pt-CS-

LOx electrode whereby the enzyme concentrations studied were 2.4 U, 3.6 U and 4.8 U. 
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The surface morphology of the scribed graphitic surface is displayed in Figure 3.6 A. 

Following electrodeposition SEM images confirmed that Pt particulates are present on 

the 3-D network (Figure 3.6 B and C). Similarly, following the two-step casting process, 

a clear change in surface morphology is visible owing to the introduction of the chitosan-

lactate oxidase organic layer (Figure 3.6 D). The EDX spectra shown in Table 3.1 

confirms that prior to electrodeposition carbon accounts for 100 % of the species. 

Following the amperometric electrodeposition 5.46 wt % of Pt is introduced, following 

casting steps with CS and LOx a further decrease in C is visible with the introduction of 

species present in the buffer solution (Na, P and O) used to prepare stocks of chitosan and 

lactate oxidase. 

 

  

Figure 3.6: Scanning electron micrograph obtained at 10 kV at (A) the LSG surface (5000x) (B) 

after an amperometric platinum electrodeposition at -0.5 V for 80 seconds (5000x)  (C) after an 

amperometric platinum electrodeposition at -0.5 V for 80 seconds (10000x) and (C) after the two 

step casting process with chitosan and lactate oxidase, overnight storage and rinsing (5000x). 
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Table 3.1: Energy dispersive X-ray analysis at each modification step of the biosensor 

construction process. 

Electrode C Pt Na P O 

   (%)   

LSG 100  0 0 0 0 

LSG-Pt 94.54 5.46 0 0 0 

LSG-Pt-CS-LOx 58.79  5.84  5.40  3.92  26.04  

Figure 3.7 displays CVs carried out in 5 mM K4[Fe(CN)6] and 5 mM K3[Fe(CN)6 at 

various scan rates (10 mV/s to 100 mV/s) at the fabricated (A) LSG WE , (B) the Pt 

modified LSG electrode and (C) the CS-LOx modified surface to assess for changes in 

electrochemical behaviour. The electroactive surface area of the LSG and LSG-Pt 

electrodes were determined using Randles-Sevcik equation: 

𝐼𝑝 = 2.69 × 105𝐴𝐷1/2𝑛3/2𝑣1/2𝐶 

Where n is the number of electrons (n = 1), A is the electroactive surface area (cm2), D is 

the diffusion coefficient of the redox probe (6.70 × 10-6 cm2 s−1), C is the concentration 

of the electrolyte solution (10 mM), ʋ is the scan rate (V s−1), Ip is the peak oxidation 

current (mA). The bare LSG electroactive area determined was 0.11 cm2. For the Pt 

modified LSG this was found to be 0.15 ± 0.01 cm2. The platinum modification results in 

a slightly larger surface area for electron transfer. The area measured for the CS-LOx 

modified surface was 0.21 ± 0.04 cm2. 

https://www.sciencedirect.com/topics/chemistry/diffusion-coefficient
https://www.sciencedirect.com/topics/chemistry/electrolyte-solution
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Figure 3.8 A displays a plot of peak separation versus v½. The peak separation was found 

to increase following the chitosan-LOx modification. The 𝑘𝑎𝑝𝑝
0  determined for the CS-

LOx modified surface was 8.9 x 10-4 cm/s, 10 times lower than that of the LSG and LSG-

Pt electrode which were 1.07 x 10-2 cm/s and 1.05 x 10-2 cm/s respectively. This may 

have resulted from higher iR or potentially a lower electroactive area or potentially as a 

result of the slower electron transfer process that exists following the CS-LOx 

modification (see Figure 3.8 B). 

Figure 3.7: Cyclic voltammograms carried out at (A) LSG (B) LSG modified with Pt (C) LSG modified with Pt 

and  CS-LOx in a 5 mM [Fe(CN)6]3−/4− in 0.01M PBS (inset: peak oxidation and reduction values vs square root of 

potential scan rate).  
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An operating potential of 0.4 V was applied at the LSG-Pt-CS-LOx electrodes in various 

L-lactate concentrations. Figure 3.9 displays the typical chronoamperometric 

measurements obtained at each concentration with a 10 second quiet time and a 30 second 

measurement. The mean current response for n = 3 biosensors during the 30 to 40 second 

sampling time (as indicated by the grey region in figure 3.9) was used to plot the 

calibration curve displayed in Figure 3.10 showing a linear region between 0.2 mM and 

3 mM with a correlation coefficient of 0.999. The sensor sensitivity was 

35.8 µA/mM/cm2.  

Figure 3.8: (A) Peak separation and (B) HET rate constant comparison. 
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Figure 3.10: Calibration constructed from the chronoamperometric scans in Lactate 

obtained for n=3 LSG-Pt-CS-LOx biosensors. 

Figure 3.9: Chronoamperometric measurements carried out at 0.4 V at the LSG-Pt-CS-LOx 

electrode. 
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 Reproducibility, stability and selectivity 

The relative standard deviation (RSD) determined between the mean current obtained for 

a 1 mM lactate concentration using n = 5 biosensors was 2.7 % (Figure 3.11 A). The 

stability of the LSG-Pt-CS electrode was measured by conducting repeated 

chronoamperometric measurements using n = 3 electrodes (Figure 3.11 B). Each sensor 

could run up to 10 measurements maintaining an RSD of less than 5 % between each 0.5 

mM lactate concentration. Going beyond 10 measurements resulted in an increased RSD 

(> 10 %) between the mean current response.  

A one month shelf life test was conducted to assess sensor performance after 1 day, 1 

week, 2 weeks and 1 month of storage (Figure 3.11 C) at 4 °C, while the WE was covered 

with 0.05 M PB. No decrease in sensor sensitivity was observed after 30 days of storage. 

The sensitivity changed by 4.9 µA/mM/cm2, 4.2 µA/mM/cm2 and 9.1 µA/mM/cm2 after 

7, 14 and 30 days of storage respectively. The change may be attributed to the removal 

of chitosan from the electrode surface exposing more Pt for H2O2 oxidation. Despite an 

increased RSD between current response at Day 1 and Day 30, the calibration 

demonstrates linear detection for up to 2 mM indicating that the LOx enzyme had 

remained stable in the presence of the LSG-Pt-CS electrode modifications, which can be 

attributed to the biocompatibility of the electrode materials.  

The interference effect of other potential oxidising species that can be present in saliva 

was assessed using chronoamperometry in a 0.25 mM lactate concentration containing 

either 0.05 mM glucose, 0.1 mM uric acid, 0.1 mM paracetamol or 0.05 mM L-ascorbic 

acid. The sensor was selective towards lactate in the presence of glucose and L-ascorbic 

acid with a change in sensor response of 1.4 % and 2.1 % respectively. However, the 

sensor response in the presence of paracetamol and uric acid resulted in change in sensor 

response greater than 20 % (see Figure 3.11 D). Further work on the development of a 

permselective membrane could eliminate the effects of potential oxidising interfering 

species.  
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 Three-electrode configuration 

LSG and LSG modified with Ag/AgCl paste were studied as pseudo-REs. The Ag/AgCl 

paste was painted over the LSG RE carefully with a small paint brush ensuring the whole 

electrode was covered in the paste. Figure 3.12 displays eight CV measurements carried 

out using the LSG RE. Both the anodic and cathodic peak potentials between eight 

consecutive sweeps varied by 1 mV. The average anodic and cathodic peak currents 

determined were 210.6 ± 3.9 μA and −220 ± 2 μA. The inset of Figure 3.12 displays the 

anodic peak potential region of the CV where the shift in peak potential can be observed. 

Figure 3.13 shows eight CV measurements carried out with the Ag/AgCl paste modified 

Figure 3.11: (A) Bar chart depicting the current response of the LSG-Pt-CS-LOx electrode to 1 

mM Lactate concentration for n=5 Biosensors, (B) Scatter plot of 10 amperometric measurements 

obtained at 0.5 mM for n=3 Biosensors, (C) Calibration plots obtained after biosensor storage 

for 1, 7, 14 and 30 days and (D) Bar chart depicting selectivity measurements to a 0.25 mM 

Lactate concentration. 
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LSG RE. The anodic and cathodic peak potentials did not differ between measurements 

(see inset of Figure 3.13). The average anodic and cathodic peak currents were 

197.8 ± 0.6 μA and −203.7 ± 0.2 μA.  

Figure 3.12: CV (8 cycles) at the LSG WE in 0.1 M PBS (pH 7.4) containing 

5 mM K4Fe(CN)6/K3Fe(CN)6) versus an LSG RE, inset displays anodic peak currents 

Figure 3.13: CV (8 cycles) at the LSG WE in 0.1 M PBS (pH 7.4) containing 

5 mM K4Fe(CN)6/K3Fe(CN)6) versus an Ag/AgCl modified LSG RE, inset displays 

anodic peak currents 

https://www.sciencedirect.com/topics/chemistry/cyclic-voltammetry
https://www.sciencedirect.com/topics/chemistry/working-electrode
https://www.sciencedirect.com/topics/chemistry/reference-electrode
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Figure 3.14 shows CV measurements carried out using an external commercial Ag/AgCl 

RE (Blue), the LSG RE (Wine) and the Ag/AgCl paste modified LSG RE (Green). A 

peak potential shift of -0.173 V was observed between the external Ag/AgCl RE and the 

LSG RE. A minor peak potential shift of 6 mV was observed between the Ag/AgCl paste 

modified LSG and the external RE which may result from the chloride ion concentration 

in the phosphate buffered saline. LSG was also investigated as a CE and was found to 

behave similarly to the Pt wire (Figure 3.16). Chronoamperometric measurements were 

carried out using each RE at the LSG-Pt-CS-LOx biosensor. Figure 3.15 displays the 

corresponding calibrations for the three-LSG lactate sensing approach (green) overlaid 

with the calibrations obtained with an Ag/AgCl modified LSG RE (blue) and the use of 

an external RE Ag/AgCl (red). The working linear range was the same for each of the 

calibrations, and all calibrations demonstrated good linearity with a squared correlation 

coefficient, R2 > 0.99. The standard deviation between the sensitivities of each calibration 

was determined to be ±2.3 μA/mM/cm2. 

 

Figure 3.14: Cyclic voltammetry carried out at 100 mV/s at the LSG WE using an external 

Ag/AgCl (Blue), the LSG RE (wine) and the Ag/AgCl paste modified LSG (green). 
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Figure 3.15: Corresponding calibration graphs obtained for chronoamperometric lactate 

measurements employing 1. The external Ag/AgCl RE (0.4V) and Pt wire CE (red), 2. LSG as 

both an RE and CE (green) (0.2V) and 3. Ag/AgCl paste modified on LSG (0.4V) (blue) with the 

LSG CE. 

Figure 3.16: Cyclic voltammetry carried out at 100 mV/s at the LSG WE using a Pt 

wire (green) and LSG as a CE (red) 
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 Bent Configuration 

Chronoamperometry was used to assess the functionality of the LSG-Pt-CS-LOx 

biosensors whilst they were fixed at a curvature of 0.14 mm-1 (an equivalent bending 

radius of 7 mm). Figure 3.17 displays the calibration response obtained for the planar 

polyimide sensor (K = 0 mm-1) attached to a rigid glass substrate overlaid with the 

calibration response obtained when the sensor was fabricated on polyimide attached to 

flexible PET substrates (K = 0.14 mm-1). The calibration obtained whilst the sensor was 

fixed in a bent state showed a sensitivity 2.37 µA/mM/cm2 higher than that of 

measurements obtained at the planar substrate. For concentrations lower than 1.5 mM the 

RSD was less than 5 % and for the 3 mM concentrations the RSD increased to 7.5%. This 

was the case for both planar and bent electrode configurations. These results demonstrate 

the potential for integration or attachment of the LSG flexible PI-PET substrates onto 

devices/components. Similar observations have been reported by Nayak et al. where LSG 

modified with Pt nanoparticles demonstrated stable redox currents during CV 

measurements in 10 mM K3Fe[CN]6 whilst the WE was fixed at a bending radius of 

15 mm, 13 mm and 11 mm.25 

 

Figure 3.17: Corresponding calibration graphs obtained for chronoamperometric lactate 

measurements carried out at K = 0.14 mm-1 and K= 0 mm-1 using LSG as a CE and RE. 
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 Sensor performance in artificial saliva and diluted human serum 

The LSG-Pt-CS-LOx sensor was used to measure lactate levels in artificial saliva and 

sterile human serum samples spiked with known lactate concentrations. Artificial saliva 

samples were spiked with 0.5 mM and 1 mM lactate concentrations. Sterile human serum 

was diluted in 0.05 M PB (1:10) and subsequently spiked with 0.5 mM and 1 mM Lactate 

concentrations. The current response was measured at + 0.4 V vs. Ag/AgCl (paste). The 

corresponding current value was background subtracted using a baseline value for un-

spiked artificial saliva and un-spiked human serum. The current was then substituted into 

the calibration curve to obtain the corresponding concentration i.e. concentration 

measured. This was generated using the ‘find X from Y’ function in Origin. The 

concentration determined by the LSG-Pt-CS-LOx sensor in each sample is tabulated in 

Table 3.2 along with the spiked concentrations and calculated sensor recovery values. A 

calibrated Lactate Pro 2 analyser was used to validate the LSG lactate biosensor. The 

spiked artificial saliva and diluted human serum solutions were added near the window 

of the lactate strip using a micropipette. For each concentration, the Lactate Pro 2 

measured a higher concentration than the known spiked concentration. This increase may 

be attributed to deviations from the device instructions for use (IFU). Firstly, pipetting 

solution to the window entry point may have caused inaccurate measurements as the IFU 

indicated “Accurate test results will not be obtained if you apply your blood to the check 

window directly”. Another challenge was that, typically, for blood lactate measurements, 

a lancet is applied to the skin and blood is tested directly after puncturing the skin, “For 

accurate test results, touch the test strip to your blood immediately after puncturing”. 

Here, both the artificial saliva and diluted human serum test solutions are exposed to air 

for a period of time prior to conducting the measurement. In artificial saliva spiked with 

0.5 mM, the sensor recovery value was 124%. Artificial saliva contains sodium 

carboxymethyl cellulose used to increase the viscosity of the solution. The higher sensor 

recovery observed may be a result of reduced sensor accuracy for lower lactate 

concentrations in this media by comparison to the buffer solutions used to prepare the 

calibration. In the solution spiked with 1 mM lactate the sensor recovery value determined 

was 102%. In diluted human serum, the sensor recovery values determined were between 

94 and 102%. These results indicate that the use of LSG as a CE and Ag/AgCl paste as 

an RE is viable for the measurement of lactate levels in diluted human serum and artificial 

saliva. 
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Table 3.2: Amperometric detection using the three-electrode configuration on polyimide using 

artificial saliva and sterile human serum spiked with 0.5 mM and 1 mM Lactate concentrations. 

Real Sample Spiked 
concentration 

Concentration 
measured 

% 
Sensor 

Recovery 

Lactate Pro 2 
measurement 

Artificial Saliva 
(n=3) 

0.5 mM 0.63 mM ± 0.04 mM 
(n=3) 

124 % 
0.61 ± 0.06 mM (n=5) 

Artificial Saliva 
(n=3) 

1 mM 1.03 ± 0.06 mM (n=3) 102 % 1.56 ± 0.048 mM 
(n=5) 

 

Human serum 
diluted in (10 % 
Buffer (n=3) 

0.5 mM 0.47 ± 0.09 mM (n=3) 94 % 0.72 ±0.074 mM  
(n=5) 

 

Human serum 
diluted in (10 % 
Buffer (n=3) 

1 mM 1.01 ± 0.15 mM (n=3) 101 % 
1.74 ± 0.12 mM (n=5) 

 Comparison of the LSG lactate sensor with other flexible lactate 

biosensors 

Table 3.3 presents the sensor performance of several flexible lactate sensors for 

comparison with the performance of the LSG-Pt-CS-LOx biosensor presented in this 

chapter. In comparison to techniques listed below, LSG on flexible polyimide offers a 

low cost approach to fabricating a flexible lactate sensor. Our working linear range 

exceeds that of a previous lactate sensors reported for saliva analysis on screen printed 

flexible substrates. The sensor sensitivity values are comparable or improved in 

comparison to those presented in Table 3.3. Furthermore, we demonstrated sensor 

functionality in a flexible/bent state whereby the mean current values measured for each 

concentration within the calibration curve varied by less than 8 %. 
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Table 3.3: A comparison of the flexible LSG lactate sensor with other lactate sensors constructed 

on flexible substrates. 

Electrode Linear 
range 

Operating 
technique 

and 
parameters 

Immobilisa
tion strategy 

Sensitivity LOD 

 

Re
f. 

CZO 

film/FePt NPs 

0.2-5 mM ±3 V N/A 25.32 mV/mM 3.1±0.3 

mM 

26 

C/AgNWs/MI

P 

10−3 mM to 

100 mM 

DPV Non-enzymatic - 0.22 μM 

 

27 

GMOC-LOx 0-10 mM 0.1 V (PB) 

0.3 V (Artificial 

Sweat) 

Cast and dried 

under vacuum 

36.2 

µA/cm2/mM 

0.3 mM 28 

C/PB/LOx 

/ETH 500-

PVC-DOS 

1-50 mM 

 

-50 mV Casting -9.4 nA/mM 0.1 mM 29 

Au/PB-

Carbon/PPY/L

Ox 

0-1 mM & 

1-6mM 

−50 mV 

 

Electro-

polymerisation 

−5.70 and −1.78 

nA/mM 

- 30 

Au/ZnO-LOx 0-100 mM 10 mV (EIS) Dithiobis 

succinimidyl 

propionate 

(linker 

chemistry) 

8.3% mM−1 

 

- 31 

Au/PB/LOx/C

S 

0-30 mM −0.1 V Casting 19.13 μA/mM c

m2 14.6 μA/mM 

cm2 (in artificial 

sweat) 

0.137 m

M 

32 

PET/Au/ZnO-

NFs/LOx 

1-20 mM 

 

0.239 V (EIS) Electrostatic 

physical 

adsorption 

11.76 

µA/decade/cm2 

 

1.26 nM 

 

33 

Ag NPs/NiO 

NPs/Polyureth

ane (PU) 

0-3 mM 

 

OCP 

 

Non-enzymatic 

 

8.86 

nA/mM/mm2 

 

0.38 mM 34 

C/PB/LOx/Na

fion 

0.025 mM–

1.5 mM 

 

−50 mV vs. the 

internal Ag 

pseudo 

reference electro

de. 

Casting 

(Adsoption) 

Not reported 0.01 mM 19 

Pt/LOD 0–1.5 mM 

but 

logarithmic 

up to 70 mM 

 

+650 mV Immobilised via 

covalent cross-

linking with 

BSA and GA 

Not reported 0.2 mM 

 

35 

Au/TTF/CNT/

LOx-CS-CNT 

1-24 mM 0 V Casting 68 μA /mM/ 

cm2 

- 36 

LSG/Pt/CS/L

Ox 

0.2-3mM 0.4 V vs. 

Ag/AgCl (0.2 V 

vs. LSG) 

Casting / 

adsorption 

39.3 

µA/mM/cm2  

0.12 mM This 

work 

https://www.sciencedirect.com/topics/chemistry/behavior-as-electrode
https://www.sciencedirect.com/topics/chemistry/behavior-as-electrode
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 Conclusion 

This chapter reports on the use of direct laser scribing as a low cost, precise and 

reproducible method of fabricating bendable enzymatic lactate sensors. A customized 

three-electrode design on polyimide tape was achieved using a 450 nm laser-scribing 

fabrication process. The LSG WE was modified via a Pt electrodeposition followed by 

casting chitosan and lactate oxidase on the surface. Chronoamperometric lactate detection 

was achieved within a working linear range of 0.2 mM to 3 mM, with a limit of detection 

of 0.12 mM.  

The biosensor demonstrated excellent reproducibility with an RSD of less than 5 % for 

n = 5 sensors. Working stability was demonstrated by obtaining 10 successive 

measurements over n = 3 sensors. No decrease in current response was evident when 

calibrating a biosensor that had been stored for up to 30 days.  

To investigate the efficacy of both LSG and Ag/AgCl modified LSG, 

chronoamperometric lactate detection was carried out with both REs for comparison to a 

commercial Ag/AgCl RE. Both LSG and Ag/AgCl paste modified LSG demonstrated 

functionality similar to the external RE.  

No noticeable change in signal response was observed whilst the flexible polyimide 

substrates were fixed at a curvature, K = 0.14 mm-1 in comparison to the calibration 

obtained at a curvature of K = 0 mm-1, signifying opportunities for sensor attachment or 

integration with oral-care products such as mouth swabs and mouth guards.  

Challenges in sensor selectivity were observed for this combination of electrode materials 

in the presence of both acetaminophen and uric acid. For use-case scenarios, involving 

whole biological fluids further work would be required for the integration of an additional 

membrane/perm-selective layer to limit interference effects. For a potential future 

application, sterile human serum spiked with 0.5 mM and 1 mM of lactate were analysed 

with the three-electrode sensor. The biosensor measured 0.47 mM and 1.01 mM 

respectively. In the case of artificial saliva spiked with 0.5 mM and 1 mM of lactate the 

measured concentrations were by 0.63 mM and 1.03 mM respectively. 
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 Introduction  

The use of conventional fabrication techniques is not always feasible or cost-effective for 

the fabrication or integration of electrodes with 3-D devices. Electrode fabrication on 3D 

constructs such as probes, deflated balloons, catheter devices etc. remains an interesting 

manufacturing challenge specifically with respect to fabricating reproducible electrodes 

on devices. One approach towards addressing this is the fabrication of flexible electrodes 

for subsequent integration with devices. An example of this can be seen in Figure 4.1, 

where Park et al. fabricated a flexible three-electrode sensor configuration using 

photolithography, electron beam evaporation and lift-off methods. The electrodes were 

applied to a 1.2 mm diameter biopsy needle to demonstrate conductivity, pH and glucose 

detection.1 

Another approach to consider is the use of autonomous additive printing techniques to 

dispense conductive inks on to flexible substrates for subsequent attachment with 3D 

structures. Additive printing technologies have provided distinct advantages for 

prototyping multidimensional structures for applications such as medical devices, 

aerospace components and electronics.2–4 Typically, a design concept is prepared using a 

Figure 4.1: Fabrication of a biopsy needle integrated with a multi-modal 

physical/chemical sensor array (A) fabrication process of biosensor electrodes for 

multi-modal physical/chemical sensor array and (B) integration process of the multi-

modal physical/chemical sensor array onto the surface of biopsy needle. (Taken from1) 

https://www.sciencedirect.com/topics/engineering/optical-lithography
https://www.sciencedirect.com/topics/engineering/fabrication-process
https://www.sciencedirect.com/topics/engineering/biosensors
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CAD software such as SolidWorks, that is then converted in to an appropriate file format 

compatible with the printer software.5,6 Components are usually manufactured based on 

a defined layering deposition process. Examples of additive printing methods include 

powder-based, lamination, visible or UV polymerisation and extrusion.7,8 Among these, 

extrusion printing has contributed to the fabrication of electrodes for electrochemical 

sensors.9–12 Figure 4.2 A displays a simple representation of a conventional fabrication 

process involving photolithography, electron beam evaporation and lift-off processes for 

comparison to Figure 4.2 B depicting a schematic for an additive printing method, which 

is autonomous, efficient, results in less waste material and requires less equipment.7,13 

Circuit boards can already be printed or rapid prototyping with devices such as the Voltera 

V-One (shown in Figure 4.3 A). This device is an extrusion-printing tool that directly 

writes on to substrates using a simple syringe/plunger set-up. It has been used to print 

radiofrequency electronics and antenna, supercapacitors, nanowire electronics for 

pressure sensing, chemo-resistive patterned electrodes for the detection of volatile 

compounds, FET ionic sensors, digital microfluidic sensors. More recently, it has been 

investigated to fabricate electrodes for electrochemical applications.10,14–19 This chapter 

aims to examine the potential for using a using a low cost resource PCB printer for the 

Figure 4.2: Schematic representing (A) conventional electrode fabrication processes versus (B) 

additive printing methods. (Adapted from 14) 

https://www.sciencedirect.com/topics/engineering/optical-lithography
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additive fabrication of flexible electrodes (Figure 4.3 B and C) with a view to hybrid 

device-sensor applications. The objectives for this chapter are outlined below: 

1. Design and print electrodes using gold-thermoplastic inks onto a low cost flexible 

substrate 

2. Determine the variation in geometrical properties between electrodes printed 

using the same print parameters and curing time 

3. Electrochemically characterise the electrodes  

4. Characterise the electrode morphology and composition  

5. Assess the stability of the flexible electrodes during an electrochemical 

measurement whilst fixed at a specific curvature 

6. Examine the effect of applying a stress on electrodes before conducting an 

electrochemical measurements 

7. Demonstrate sensor performance using lactate oxidase as a model enzyme for 

lactate detection.  

Figure 4.3: (A) Image of the Voltera printer and a close up image of the dispenser nozzle nozzle 

tip after completion of a print, (B) Electrodes printed on to polyimide substrates attached to the 

PCB FR1 boards (C) Image of printed electrodes. 
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 Experimental 

 Materials and Apparatus 

Polyimide (Kapton) films (50µm thickness) and silver paste were procured from 

Radionics RS (Dublin, Ireland). Gold polymer paste ink (C2041206P2) and platinum 

polymer paste ink (C2050804P9) were purchased from Sun chemical (New Jersey, US). 

A stretchable encapsulant PE773 stretchable was purchased from DuPont™. The Voltera 

V-one dispense printer, FR1 substrates (Printed circuit board substrate) and 150-micron 

nozzles were obtained from Voltera (Kitchener, ON, Canada). An electrochemical cell 

holder was 3D printed using a Formlabs 3-D printer with standard white resin, also 

purchased from Formlabs (Massachusetts, United States). O-rings with a diameter of 7 

mm were acquired from Radionics to create a seal between the well within the 

electrochemical cell holder and the dispense printed electrodes (DPE). Screen-printed 

gold electrodes were purchased from DropSens Asturias, Spain. Acetic acid was 

purchased from Fisher Scientific (Massachusetts, United States). Phosphate buffered 

saline tablets (PBS 10 mM, pH 7.4), sodium phosphate monobasic, sodium phosphate 

dibasic, chitosan, potassium ferrocyanide (K4[Fe(CN)6]), potassium ferricyanide 

(K3[Fe(CN)6]), hexamineruthenium (III) chloride (Ru(NH3)6)
3+, chloroplatanic acid, 

sulfuric acid and L-lactic acid were acquired from Sigma Aldrich (Arklow, Ireland). 

Recombinant lactate oxidase II from Aerococcus viridans (lyophilized powder, activity 

42.8 U/mg) was obtained from Sekisui Ltd, (Maidstone, United Kingdom). Crocodile 

clips and ribbed wires were obtained from Farnell (Dublin, Ireland). All solutions were 

prepared using deionised water with a resistivity of 18.2 MΩ cm-1. Data was plotted and 

analysed using Origin 2016 Pro software. 

 Electrode fabrication 

A Voltera V-one dispense printer was used to fabricate gold disc WEs with a specified 

diameter of 2.5 mm, an Au CE and a Pt RE with a specified width of 0.25 mm in addition 

to interconnection tracks and contact pads by direct extrusion printing on to 50 µm 

thickness polyimide films. The electrode design (see Figure 4.4 (a)) was prepared in 

Altium designer software and exported as a Gerber file (GTL). The Voltera V-one 

software was used to drive the print by following a series of steps:  

https://www.google.com/search?rlz=1C1CHBF_enIE886IE887&q=Somerville,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LWz9U3MDRMNisrNFTiAHFK4s0NtVSzk63084vSE_MyqxJLMvPzUDhWafmleSmpKYtYJYPzc1OLyjJzclJ1FHwTi4sTkzNKi1NLSop3sDICAIzXObpfAAAA&sa=X&sqi=2&ved=2ahUKEwjq1c6-68LzAhU9RPEDHdmTAkcQmxMoAXoECFkQAw
https://www.google.com/search?rlz=1C1CHBF_enIE886IE887&q=Waltham&stick=H4sIAAAAAAAAAONgVuLQz9U3yKgyNn3EaMwt8PLHPWEprUlrTl5jVOHiCs7IL3fNK8ksqRQS42KDsnikuLjgmngWsbKHJ-aUZCTmAgDLoZJyTAAAAA
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1. In the Voltera software ink list, the conductor ink with properties close to that of 

the gold polymer paste was selected (Figure 4.4 (b)), which determines the 

printing parameters (see Table 4.1).  

2. The Gerber file was loaded into the Voltera V-one software.  

3. Alignment holes were drilled into the FR1 PCB board using the two circles within 

the Gerber file at either side of the three electrodes.  

4. Polyimide was attached within the alignment markers using kapton tape. Figure 

4.4 (c) shows the board clamped to the printer, with polyimide attached within the 

alignment markers. 

5. Probing and alignment was then carried out; the probe (see Figure 4.4 (d)) created 

an outline of the print to confirm that the design is within the polyimide substrate 

boundaries. The alignment markers can be seen in the image to the right of the 

probe as the smaller blue circles. The probe creates a height map of the substrate 

by probing at each of the regions on the substrate marked with the larger blue 

circles. If the surface height across the substrate has varied the print will not 

proceed.  

6. After the probing step, the ink cartridge within the dispense holder was mounted 

on to the V-one printer. Prior to proceeding with a print, both a priming step and 

a qualitative calibration step are required. The priming step involved turning a 

gear on the dispense holder until the ink flows from the nozzle. Once ink flow is 

successful, the gear is turned back ¼ of a step to prevent flow until the ink 

cartridge is set up and the print is initiated. If the priming step is not carried out 

correctly, i.e. if the gear on the nozzle is not turned back, once a print is initiated, 

the piston will exert a larger amount of pressure on the ink. Another issue can be 

the height of the nozzle from the board, if the probing step is not carried out 

correctly, and the nozzle is too close to the substrate larger traces such as the 

example shown in Figure 4.4 e with the red x. Prior to each print, a visual 

inspection is carried out. If larger quantities of ink are dispensed, the print can be 

cleaned with acetone and the priming step is repeated by turning the gear of the 

dispenser back to ensure that ink is not flowing from the nozzle. If no 

improvements are observed, increasing the height of the nozzle from the substrate 

can help to achieve a print similar to that with the green tick in figure 4.4 e. If both 

the priming step and adjusting the height did not result in improvements the print 

is cleaned and the probing and alignment steps were repeated. 
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7. Once the calibration step was complete, the print was initiated. The Voltera used 

a 3-axis motion control system and a positioning resolution of 1 μm; the inks were 

printed using a dispenser tip with a 150-μm inner nozzle diameter.  

Once the prints were complete (Figure 4.4 (f)) the electrodes were cured for 30 

minutes at 80 °C as indicated in the instructions for the polymer paste inks. 

 

The WE interconnection tracks were passivated using a stretchable encapsulant that was 

cured for 10 minutes at 100 °C to prevent electrochemical reactions from occurring at the 

WE connection track exposed within the diameter of the o-ring. Silver paste was applied 

to the contact pads using a paintbrush to prevent scratching/contact pad removal during 

connection with the crocodile clips for electrochemical measurements. 

Figure 4.4: Voltera V-one aligned printing process for the preparation of dispense printed gold 

electrodes, interconnection tracks and contact pads. 
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Table 4.1: Table of print parameters, their description as defined by Voltera and the settings used 

during the print. 

Parameter Description Setting 

Pass spacing The minimum center-to-center distance between two adjacent printed lines 0.15 mm 

Dispensing Height Distance between the nozzle tip and the substrate 0.10 mm 

Feedrate Speed of dispenser during printing 500 mm/min 

Kick Stroke Length of the piston within the dispenser (how much pressure is applied) 0.35 mm 

Trim Length The maximum distance the dispenser will travel before initiating a ‘kick’ 50 mm 

Trace penetration Distance a trace travels in to a feature (contact pad/electrode) 0.15 mm 

Anti-stringing distance Distance travelled during print before travelling backwards to break any potential 

‘stringing’ effects 

0.1 mm 

Soft start ratio/soft 

stop ratio 

These parameters are use to compensate for the delay between when pressurisation 

begins and when the flow rate reaches the correct level to initiate printing 

0.1 mm/0.15 mm 

Rheological set point How the printer compensates for the flow rate over time. For high-viscosity compressible 

fluids (like the conductive ink or solder paste), this parameter is increased if the flow rate 

is decreasing over time. 

0.16 mm 

 

 Characterisation  

3D microscopy images were obtained using a Keyence VHX2000 system that can cover 

magnification ranges of x1 and x1000. The Quanta 650 Scanning electron microscope 

(SEM) was used to obtain images and energy dispersive X-ray analysis (EDX) mapping 

of the printed electrodes.  XPS measurements were carried out in the University of 

Limerick using the Kratos AXIS ULTRA spectrometer for the quantification of elements 

present in the printed electrode. The detection limit of the XPS is < 0.1 atomic %, any 

elements not detected may be absent or below the detection limit of the XPS. The analysis 

area is approximately 1 mm2 and the depth of analysis is approximately 10 nm. The 

parameters used were as follows: Sample Temperature: 20-30 oC, X-Ray Gun: mono Al 

Ka 1486.58 eV; 150 W (10 mA, 15kV), Pass Energy: 160 eV for survey spectra and 20 eV 

for narrow regions, Step: 1.0 eV (survey), 0.05 eV (regions), Dwell: 50ms (survey), 100 

ms (regions), Sweeps: survey (~3), narrow regions (2-10), Calibration:  the C 1s line at 

284.8 eV was used as charge reference. Spectra were collected in the direction normal to 

the surface.  
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 Electrochemical Analysis 

 Electrochemical characterisation 

All electrochemical measurements were carried out using an Autolab potentionstat 

PGSTAT302N electrochemical workstation (Metrohm Ltd, Utrecht, The Netherlands) 

controlled by the Autolab NOVA software. All experiments were performed at room 

temperature using a Faraday Cage (Metrohm, Cheshire, UK). A three-electrode cell was 

used for electrochemical characterisation, the printed Au disc electrode was used as a WE 

versus an Ag/AgCl RE (saturated KCL) and an external Pt CE. Potentiodynamic cycling 

in 0.5 M H2SO4 from -200 mV to 1600 mV at 100 mVs-1 was performed for up to 18 

cycles to clean the electrodes. The electrochemical behaviour of the Au polymer ink WE 

was studied using two different redox probes. Cyclic voltammetry (CV) was carried out 

in 5 mM [Fe(CN)6]
4-/3-  in a 10 mM PBS solution (pH, 7.4). This process was repeated in 

5 mM [Ru(NH3)6]
3+ in a 10 mM PBS solution (pH, 7.4). An external Ag/AgCl RE and a 

Pt wire CE were used for this. Cyclic voltammetry (CV) was also carried out at various 

scan rates (10, 25, 50, 75 and 100 mV s-1) on a commercial screen printed electrode in a 

10 mM PBS solution (pH, 7.4) containing 5 mM [Fe(CN)6]
4-/3- at a potential window of -

300 mV to 500 mV for comparison to the dispense printed WEs at -400 mV to 800 mV. 

For experiments using the three-electrode configuration, the cell consisted of a 2.5 mm 

diameter dispense printed Au WE, a dispense printed Au CE electrode and a dispense 

printed Pt electrode as the pseudo-reference. Electrodes were characterised in 5 mM 

[Fe(CN)6]
4-/3 prepared in 10 mM PBS (pH 7.4) using CV performed at a potential window 

of -600 mV to 600 mV at 100 mVs-1 versus the Pt printed pseudo-reference electrode. 

 Electrode stability  

Electrode stability was assessed by bending the sensor at a bending radius of 

approximately 4 mm in one direction (convex) and then in the other direction (concave). 

After every 10 bending cycles (where one cycle refers to bending in one direction) a CV 

was measured in 10 mM PBS solution (pH, 7.4) containing 5 mM [Fe(CN)6]
4-/3-. This was 

repeated for up to 200 cycles. Electrodes were also fixed at a bending radius of 7 mm for 

comparison to electrodes in a planar configuration (curvature = 0 mm bending radius). 

Both configurations were also assessed using CV in 5 mM [Fe(CN)6]
4-/3- in a 10 mM PBS 

solution (pH, 7.4) at 100 mV/s.  



                                                                                                                                          Chapter 4 

 

124 

 

 Feasibility for lactate detection at dispense printed electrodes  

Pt electrodepositions were carried out using amperometry in a solution containing 5 mM 

H2PtCl6 and 0.5 M H2SO4 at -0.5 V for 300 seconds against an Ag/AgCl RE (CH 

instruments), and a Pt wire (CH instruments) was used as the CE. Following the Pt 

electrodeposition, the sample was rinsed with DI water and allowed to dry under ambient 

conditions. A 0.3 wt. % chitosan solution was prepared by dissolving chitosan in acetic 

acid solution (1 wt. %) under magnetic stirring for 1 hour.  The chitosan solution was cast 

onto the electrodes and allowed to dry under ambient conditions. 24 µl of a BSA stock 

solution (10 mg/ml) prepared in 10 mM PBS (pH 7.4) was mixed with 6 µl from the 

enzyme stock solution (2000 U/ml). 6µl of the final solution was cast on to the surface of 

the CS-Pt modified DPE, and allowed to dry under ambient conditions before being stored 

overnight at 4 °C. Electrodes were rinsed gently with 50 mM PB solution to remove any 

unadsorbed enzyme and were stored in the fridge with 50 mM PB (pH 6.7) at 4°C when 

not in use.  L-lactic acid stock solution was prepared in 50 mM PB (pH 6.7). Buffer was 

spiked under stirred conditions for chronoamperometric measurements. As-modified 

electrodes were exposed to aliquots of PB containing titrated lactate concentrations within 

physiologically relevant levels by dropping 350 µl aliquots into the well of the 3-D cell 

holder and allowing 30 seconds prior to running a chronoamperometric scan. The solution 

was then removed, and the next concentration was directly added to the electrodes. All 

data were background subtracted using the phosphate buffer baseline measurements. 
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 Results  

 Characterisation – 3D microscopy and SEM 

4.3.1.1 Reproducibility of dispense printing  

The weight of the polyimide strips attached to the FR1 substrate was measured before 

and after dispensing. The weight of dispensed ink measured for n = 8 working electrodes 

was 8.1 mg ± 1.3 mg (RSD = 16%). The diameter of the WE was determined using 3-D 

microscopy dimensional measurements (see Figure 4.5 A) This was used to obtain an 

approximate surface area of 0.059 cm2 ± 0.003 cm2 (RSD 5%). The printed WE diameter 

was approximately 0.2 mm larger than the diameter specified in the design file imported 

into the Voltera software (2.5 mm). This increase was attributable to the ink spreading 

during the 30 minutes curing process. The width of the interconnection track was also 

measured across three points on the track for n = 8 samples as displayed in Figure 4.5 A, 

the average width measured was 0.43 mm ± 0.07 mm (RSD = 15.6 %). Since the Voltera 

V-one does not control the height of the extruded material, DPEs were cross-sectioned 

by cutting them with a scissors at a distance from the region of interest. They were then 

positioned in a cylindrical mould such that the region of interest could be reached through 

the bottom face of the cylindrical mould. The samples were held in position in the mould 

using a specimen mounting clip which is purpose-designed for this task. The mould was 

then filled with a standard mounting resin used for the metallographic preparation of 

samples. This is a two-part resin (resin & hardener) which is transparent and cures in 8 

hours at ambient temperature. The cured sample was then de-mounted from the mould 

and ground & polished (using progressively finer grades of paper / polish) until the region 

of interest was reached. The final polishing stage was done with a 1µm diamond grit 

suspension. The cross sections were then used to obtain dimensional measurements with 

the SEM. A coating thickness of 0.10 mm ± 0.01 mm (RSD = 13.1%) was measured. (see 

Figure 4.5 B).  
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 Electrochemical analysis 

CV in 0.5 M H2SO4 was carried out to clean the electrode surface (see Figure 4.6) for a 

sample CV). In this example, gold oxide was formed at 1.20 V (vs. Ag/AgCl). On the 

reverse sweep, a reduction peak can be seen at 0.83 V resulting from the gold oxide 

removal. This behaviour was not consistent from sample to sample.20  During the cleaning 

Figure 4.5: (A) 3D- microscopy image of Au WE with diameter and interconnection track width 

measurements (B) SEM cross section analysis displaying a width measurement. 

Figure 4.6: Sample potentiodynamic cycling in 0.1 M H2SO4 from -0.2 V to 

1.6 V at 100 mV/s. 
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step in H2SO4 a decrease of charge was observed between scan 1 and that of scan 18. 

Electrodes produced using the same fabrication process exhibited variations in both 

oxidation and reduction behaviour during potentiodynamic cycling in 0.5 M H2SO4. As 

can be seen in Figure 4.7, for sensor 1 (S1) (blue), a broad oxidation peak was observed 

at 1.12V, while two reduction peaks can be seen at 0.91 V and 0.64 V. This reduction 

behaviour is not indicative of the typical behaviour of gold in H2SO4.
21 For S2 (red), a 

broad oxidation peak was present at 1.20 V and again two reduction peaks were noted at 

0.90 V and 0.70 V. Finally, for S3 two oxidation peaks were present at 1.12 V and 1.20 

V and two reduction peaks were visible at 0.91 V and 0.76 V. Clear variations in 

electrochemical behaviour existed between electrodes fabricated using the same printing 

fabrication process and parameters. The presence of additional peaks may be attributed 

to the thermoplastic resin mixture, or perhaps the presence of oxygen. Different Au crystal 

faces exposed could also result in additional peaks being present, however, confirmation 

would require further investigation. 

 

 

To further examine the electrochemical performance of dispense printed electrodes, CV 

was carried out in two redox mediators: 5 mM [Ru(NH3)6]
3+ (outer sphere redox 

mediator) and 5 mM [Fe(CN)6]
4−/3− (inner sphere redox mediator). Figure 4.8 A displays 

the CV plots measured in [Ru(NH3)6]
3+ at scan rates of 10 mV/s to 1000 mV/s. A linear 

Figure 4.7: Potentiodynamic cycling in 0.5 M H2SO4 from -0.2 V to 1.6 V at 

100 mV/s at n =3 WE (CE: Pt wire). 
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relationship between the peak current and the square root of the scan rate was observed 

with correlation coefficients of 0.97 and 0.98 for the peak oxidation and reduction 

reactions respectively (Figure 4.8 B). An overlay of n = 3 CVs obtained at 100 mV/s is 

exhibited in Figure 4.9. At 100 mV/s, the average peak separation determined for the bare 

dispense printed electrode was 92.0 mV ± 4.2 mV above the theoretical ΔEp (59 mV) for 

a one-electron reversible reaction. This is attributed to both IR drop and slower kinetics 

occurring at the conductive ink electrode. Peak anodic currents had a relative standard 

deviation of 6.2 %. 

 

Figure 4.8: (A) CVs on a dispense printed Au electrode at increasing scan rates (10 mV/s up to 1000 

mV/s) in 5 mM [Ru(NH3)6]
3+ (B) Corresponding plot of peak current vs. ν1/2. 

Figure 4.9: CVs measured on three dispense printed Au electrodes at 100 mV/s in 5 

mM [Ru(NH3)6]
3+ made up in 10 mM PBS (pH 7.4). 
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Figure 4.10 A displays the CV plots measured in [Fe(CN)6]
4−/3− at scan rates of 10 mV/s 

to 1000 mV/s. Again, a linear relationship exists between the peak oxidation and 

reduction currents and the square root of the scan rate (Figure 4.10 B). These results 

indicate that fast electron transfer can occur at the printed electrode structures; however, 

a larger variation in ΔEp was observed at 100 mV/s with an average ΔEp of 163 mV ± 

38 mV. Figure 4.11 illustrates a clear difference between CV measurements carried out 

at n = 3 DPEs as peak currents had a relative standard deviations of 26.8%. The 

ferro/ferricyanide redox probe has however been described as a non-ideal system due to 

challenges with decomposition and adsorption which may be contributing to these 

variations. 22  

 

Figure 4.11: CVs measured on three dispense printed Au electrodes at 100 

mV/s in 5 mM [Fe(CN)6]
4−/3− made up in 10 mM PBS (pH 7.4). 

Figure 4.10: (A) CVs measured on a dispense printed Au electrode at increasing scan rates (10 mV/s up 

to 1000 mV/s) in 5 mM [Fe(CN)6]
4−/3− (B) Corresponding plot of peak current vs. ν1/2. 
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Au screen printed electrode (1.6 mm diameter) was assessed in 5 mM [Fe(CN)6]
4-/3- for 

comparison to a dispense printed Au electrode. The electrochemical behaviour of a 

commercial Au screen printed electrode was assessed in 5 mM [Fe(CN)6]
4-/3- for 

comparison to a dispense printed Au electrode. Figure 4.12 A displays CVs at various 

scan rates at the Au SPE. The CVs exhibit reversible behaviour, which results in 

increasing peak currents with increasing scan rates. For the dispense printed electrodes, 

the redox behaviour is quasi-reversible, again, resulting in increasing anodic peak 

currents with increasing scan rates (see Figure 4.12 B). At 100 mV/s, the peak current for 

the dispense printed electrode is 4.61 µA in comparison to the Au SPE, which, at 

Figure 4.12: A CVs obtained at various scan rates (10 mV/s, 25 mV/s, 50 mV/s, 75 mV/s and 100 mV/s) in a 

5 mM (K4[Fe(CN)6]) and 5 mM K3[Fe(CN)6] made up in 10 mM PBS (pH 7.4) using a commercial Au 

screen printed electrode (1.6 mm diameter), B CVs obtained at various scan rates at a dispense printed Au 

electrode (1.4 mm diameter) C Over lay of anodic peak currents for the Au SPE (black) and Au DPE (red). 
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100 mV/s has a peak current of 12.72 µA. Figure 4.12 C shows a plot of peak current 

versus the square root of the scan rate for both electrodes. It is evident that the currents 

are higher for the commercial SPE. Although the geometric area is similar, the measured 

electroactive area of exposed metallic gold structures present on the dispense printed 

electrode is lower than that of the commercial SPE. Based on issues seen with the inner-

sphere redox probe this experiment could be repeated with ruthenium to assess if kinetics 

are having an effect. 

 Three-electrode configuration 

Au polymer paste ink and Pt polymer paste ink were also dispense printed onto the 

polyimide substrate to fabricate a CE and RE respectively. Figure 4.13 displays an Au 

WE and CE dispense printed on to the polyimide sheet. The CE had an increase in track 

width at the point where the nozzle finished dispensing. Excluding this region, the average 

width measured over multiple electrodes (n = 6) across the connection track was 

480.0 ± 29.5 µm.  

Figure 4.13:3D- microscopy image of dispense printed electrodes (Au WE and CE) 

including the WE diameter, and interconnection track width measurements and CE 

width measurements.  
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Figure 4. 14 displays dispense printed 3 electrode. The Pt polymer paste RE after 

dispensing and curing was determined to have a width of 593.8 ± 83.4 µm 

 

 

  

 

Figure 4.15 displays eight CVs recorded at 100 mV/s using the three dispense printed 

electrode set-up. An Ip potential shift of –27mV was observed between scan 1 and scan 

8. CVs recorded at 100 mV/s at “three-electrode” dispense printed electrodes Figure 4.16 

displayed similar variations to measurements carried out with a conventional RE and CE 

Figure 4. 14: 3D- microscopy image of dispense printed electrodes (Au WE and CE, 

Pt RE) including the WE diameter and CE and RE width measurements. 
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Figure 4.15: Eight CV scans measured using three-dispense printed electrodes (WE & 

RE – Au polymer paste, RE – Pt polymer paste) at 100 mV/s in 5 mM [Fe(CN)6]
4−/3− made 

up in 10 mM PBS (pH 7.4). 

Figure 4.16: CVs measured using three-dispense printed electrodes (WE & RE – Au 

polymer paste, RE – Pt polymer paste) at 100 mV/s in 5 mM [Fe(CN)6]
4−/3− made up in 

10 mM PBS (pH 7.4) (figure shows scan 2). 
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 Morphology and compositional analysis – SEM, EDX mapping, and XPS 

The surface morphology of the dispense printed WEs were studied using SEM. Figure 

4.17 shows a SEM image of the Au WE (10000x) obtained after curing. Au particles can 

be seen across the WE surface. Upon closer inspection, it is clear that the distribution of 

the Au particles is not uniform across the electrode. Increasing the magnification to 

40,000x displays what appears to be partially exposed regions of Au particles and regions 

that look to be covered/entrapped (see Figure 4.18). This material is likely the 

thermoplastic component of the gold polymer paste ink.  

 

 

Figure 4.17: SEM image (10000x) depicting surface morphology of 

the Au printed particles after curing. 
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The Voltera V-one dispensed Au ink in a circular motion starting from the edge of the 

WE diameter until it reached the centre. Figure 4.19 A shows a low magnification SEM 

image on which the spiral path taken by the printing nozzle is visible. EDX mapping was 

carried out to assess for changes in Au content between a region at the centre of a printed 

spiral (Figure 4.19 B) and a region at the edge of a spiral line print (Figure 4.19 C). The 

weights % of Au is found to decrease in the region at the edge of a spiral line. XPS 

analysis was carried out for spectroscopic surface characterisation of the ink. Figure 4.20 

displays the measured XPS survey scan of the dispense printed electrode surface 

confirming the presence of gold, carbon and oxygen. Surprisingly only 3.26 at.% Au was 

determined. Converting this to weight % gives 33 wt. % which is lower than what was 

observed with EDX, however, as mentioned in chapter 2 XPS analyses the upper 

nanometre layers. The conductive ink is cured over a 30 minute period whereby the gold 

ink may be settling. If this is the case, the upper surface layer would have more 

thermoplastic resin.  

 

 

Figure 4.18: SEM image (40000x) depicting regions of exposed Au and 

regions covered in organic/polymer paste. 
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High resolution spectra were also acquired, Figure 4.21 A displays two distinguishing 

peaks at 84.7 eV for Au 4f (7/2) and at 87.4 eV for Au 4f (5/2) confirming the presence 

of Au structures. The C1s spectrum was de-convoluted into three main peaks at binding 

Figure 4.19: (A) Electron microscopy image of the Au electrode (B) EDX mapping spectra 

obtained at the centre of a print spiral (C) EDX mapping spectra obtained at the edge of a print 

spiral. 

Figure 4.20: XPS spectrum of dispense printed Au electrode. 
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energies of 284.8 eV, which was assigned to C=C, 286.1 eV for C-O and 288.0 eV which 

was assigned to O-C=O (Figure 4.22 B). High resolution spectra of the O1s peak revealed 

three main peaks at 531.9 eV, 533.4 eV and 535.2 eV which were assigned to C=O, O-

C=O and adsorbed H2O respectively (Figure 4.21 C). The XPS results corroborate the 

SEM and EDX data, as images had revealed that many Au particles were covered or 

partially exposed. Both SEM and XPS results reveal that the electrode surface is not rich 

in clean exposed gold metallic structures, which we believe results in variable 

electrochemical measurements during standard characterization. That being said the peak 

anodic currents for the measurements in ruthenium had showed a good relative standard 

deviation of 6.2 % between electrodes. 

 

Figure 4.21: High-resolution XPS spectra for (A) Au 4f spectra of Au polymer paste, (B) C1s spectra of 

Au polymer paste and (C) O1s spectra of Au polymer paste. 
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 Electrode stability  

Figure 4.22 A exhibits CVs recorded in [Fe(CN)6]
4−/3− prepared in 10 mM PBS (pH 7.4) 

prior to and after bending the substrate. Polyimide substrates were bent at an approximate 

bending radius of 4-5 mm forwards (concave) and again at the same bending radius 

backwards (convex) 10 times (10 cycles) before conducting another measurement.  This 

process was repeated for 200 bending cycles. Figure 4.22 B displays an overlay of CVs 

measured in 5 mM [Fe(CN)6]
4−/3−  prepared in 10 mM PBS (pH 7.4) at the three-electrode 

configuration whilst fixed at a bending radius of 7 mm (red) and in a planar (unbent) 

configuration (black) (owing to challenges observed with reproducibility this was 

demonstrated using the same electrode). 

4.3.2.3.1 Lactate sensor demonstration 

The surface morphology of the working electrode preparation steps was examined using 

SEM. Figure 4.23 A displays the printed Au working electrode and Figure 4.23 B shows 

the surface morphology after a 300 second platinum electrodeposition, showing complete 

coverage of the printed ink. Figure 4.23 C shows the electrode following casting with 

chitosan where the platinum particles were no longer clearly visible, and Figure 4.23 D 

presents an SEM obtained after casting the BSA-LOx mixture where an amorphous layer 

of BSA is clearly visible on the surface.  

Figure 4.22: (A) CVs measured at dispense printed Au electrodes at 100 mV/s in 5 mM [Fe(CN)6]
4−/3− 

made up in 10 mM PBS (pH 7.4) before and after bending the electrode at an approximate bending radius 

of  4mm-5mm (B) CVs measured at dispense printed Au electrodes at 100 mV/s in 5 mM [Fe(CN)6]
4−/3− 

made up in 10 mM PBS (pH 7.4) versus the Pt printed pseudo RE and the Au printed CE.  
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Figure 4.24 displays the chronoamperometric response to lactate at + 0.4 V. The 

chronoamperometric measurements were studied in response to increasing concentrations 

of lactate in 50 mM PB (pH 7.4) in an unstirred environment.  The Au/Pt/CS/LOx-BSA 

electrodes reached relatively stable currents 10 seconds after the measurement started. 

The current measured after 30 seconds was used to prepare the calibration curve. Figure 

4.25 shows the corresponding calibrations obtained for n = 3 biosensors for lactate 

sensing. A linear range is visible between 0.2 mM and 1.0 mM for all sensors, however 

clear variation exists between the currents measured for n = 3 samples with an RSD of 

>25% for each of the concentrations measured. 

 

 

Figure 4.23:SEM images of (A) Au DPE (B) Pt modified DPE (C) Pt/CS modified DPE (D) BSA-

LOx/CS/Pt modified DPE. 
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Figure 4.24: Chronoamperometric responses of increasing concentrations of lactate 

from 0 to 3 mM Eapplied = + 0.4V (vs. Ag/AgCl). 

Figure 4.25: Calibration plot for n = 3 samples, based on sampling the current at 

30 seconds. 
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Using the diameter measurement obtained with the 3D microscope to measure an 

approximate geometric area for each of the samples, a plot of current density versus 

lactate concentration (for concentrations within the linear range) is displayed in Figure 

4.26. A sensitivity value of 19.5 µA/mM/cm2 was determined for sensor 1, 43.4 

µA/mM/cm2 for sensor 2 and 29.5 µA/mM/cm2 for sensor 3. Indeed variations in exposed 

gold can result in variable platinum electrodepositions. However, further analysis on 

electrodes in H2O2 would help to confirm if the variation is a result of electrode area 

variations or kinetics. 

  

Figure 4.26: Plot of current density (J) versus Lactate concentration (mM) for 

concentrations within the linear range of the calibration. 
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 Discussion  

Additive printing methods have introduced many opportunities for researchers to develop 

customisable electrochemical sensing devices without the need for multiple processing 

steps and unnecessary waste material. However, each technique is not without challenges. 

Table 4.2 details examples of additive printing tools used to fabricate electrodes for 

electrochemical sensor applications. To date, many publications of 3-D printed 

electrochemical sensor platforms have focused on printing carbon-based electrodes using 

fused deposition modelling (FDM). Like the Voltera V-one, FDM is an extrusion-based 

printer used to deposit thermoplastic inks. Differing from the Voltera V-one FDM 

dispenses material in a semi molten state through a heated nozzle. Once a layer is printed, 

the material solidifies on the printer bed via an air cooler attached to the extruder. 

Subsequently, the next layer is deposited by lowering the printer stage.23 Similar to the 

Voltera V-one, FDM print resolution depends on the nozzle diameter. Nassar et al. 

reported an FDM print with a trace width of 230 µm when printing with a 250 µm 

nozzle.24 In this work, using a 150 µm nozzle, the trace width of the gold polymer paste 

interconnects was 430 µm ± 70 µm (RSD = 15.6 %), approximately 200 µm larger than 

the Altrium design. However, since the minimum trace width for the Voltera V-one is 

claimed to be 200 µm, optimising parameters (e.g. curing time and temperature, ink 

composition) may be one approach to obtaining dimensions closer to that of the Altrium 

design (within the limits of the printer specification). Despite this, the WE diameter 

measurements were reproducible with an average diameter of 2.74 mm ± 0.07 mm. By 

contrast to extrusion based printing, the inkjet printer can achieve feature sizes of less 

than 50 µm.25 The average coating thickness of the Voltera printed electrodes was 0.101 

mm ± 0.013 mm while Inkjet can facilitate a coating thickness of less than 1 µm. In this 

work, we examined the potential for fabricating flexible electrodes from gold polymer 

paste inks using the Voltera-V one extrusion printer. Another printing tool creating 

interest is the Aerosol Jet Printer. This is a non-contact direct printing tool that uses a 

pneumatic or ultrasonic atomizer to generate an aerosol from liquid inks. One of the major 

opportunities with Aerosol jet printing is the ability to print electrodes directly onto 3-D 

surfaces, while Inkjet, FDM and the Voltera V-one are limited to printing on flat surfaces. 

Like inkjet and extrusion printing, aerosol jet printers offer mask-less fabrication and less 

material waste during printing. While aerosol jet printers offer higher resolution prints 

with feature sizes as low as 10 µm they are more costly than the Voltera V-one. Whilst 
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we are seeing the use of AJPs in research, the number of reports of electrochemical 

biosensors constructed from aerosol jet printed electrodes are limited.‡‡ 

In this work, we examined the electrochemical behaviour between dispense printed 

electrodes after conducting an electrochemical clean in 0.5 M H2SO4. Unmodified 

electrode performance varied from sensor to sensor in a common redox probe 

(5 mM [Fe(CN)6]
4−/3−) as seen in Figure 4.11. The flexible electrodes remained attached 

to the polyimide substrates after repeated bending, in addition they continued to operate 

during electrochemical characterisation measurements. Similar behaviour was observed 

between CVs carried out on a single sensor in a planar/flat configuration and in a fixed 

bent configuration as was shown in Figure 4.22 B. These results indicate good electrode 

stability. Electrodes modified with Pt/CS/BSA and LOx showed good linear behaviour 

within a lactate concentration range of 0.2 mM to 1 mM lactate. Despite this, the 

reproducibility between the sensors was poor. This is likely a result of inhomogeneous 

exposure of gold from electrode to electrode. Starting with a reproducible electrode 

surface is a key factor to building a successful biosensor. Alternative cleaning or 

activation steps have been reported as a means of improving the electrode performance 

by removal of the thermoplastic material at the electrode surface.26 Richter et al. for 

example have reported an improvement in current response and peak separation after 

chemical and electro-chemical activation with 0.5 M NaOH.9 Another approach reported 

by Pereira et al. involved the use of O2 plasma to activate the 3D-printed carbon-black-

polylactic acid electrode. This activation step resulted in an increase in both electroactive 

area and sensor sensitivity.27 Immersion in dimethylformamide (DMF) for 10 minutes has 

also been shown to enhance the electrochemical response of 3D printed 

graphene/polylactic acid electrodes. DMF dissolves the upper polymer layer exposing 

graphene flakes in the composite matrix.28 Additional reports on electrochemical 

activation steps can be found in a review article by Cardoso et al.7  

  

                                                 

‡‡ A web of science search result for aerosol jet printed electrochemical biosensors yielded 7 results. 
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Table 4.2: Examples of additive printer tools used to fabricate electrodes for electrochemical 

sensor applications. 

Printing 

technique 

Printer tool Material printed Electrochemical 

technique 

WE 

dimensi

ons 

Target Ref 

Extrusion  Voltera V-one (Ag) conductive 

ink 

CV - Urea 19 

Extrusion FDM TRIBLAB 

printer 

carbon-loaded 

polylactic acid 

(PLA) 

LSV & 

Chronoamperometry 

<8 mm Caffeine 

& Glucose 

29 

Extrusion 3D pen Carbon back-PLA SWV and DPV - Dopamine 27 

Ink-jet Fujifilm 

DIMATIX 

Materials Printer 

Dmp-283 

Enzyme layer (Ink 

1), GLA layer 

(Ink 2) and nafion 

layer (Ink 3)  

Chronoamperometry N/A Phosphate 30 

Aerosol Jet 

printing 

AJ 300, Optomec 

Inc. 

Nanoparticle Ag 

ink and Loctite 

3105 

Chronoamperometry 30 µM H2O2 and 

Glucose 

31 

Extrusion Voltera V-one Gold polymer 

paste ink 

Chronoamperometry 2.5 mm Lactate This 

work  

  

https://www.sciencedirect.com/topics/engineering/enzyme-layer
https://www.sciencedirect.com/topics/chemistry/chronoamperometry
https://www.sciencedirect.com/topics/chemistry/chronoamperometry
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 Conclusions  

In summary, this chapter has investigated a 3-D extrusion printing tool for the fabrication 

of electrodes for electrochemical analysis applications. The Voltera V-one system was 

used to construct flexible conductive electrodes using gold-thermoplastic inks. The 

geometrical reproducibility of the printed electrodes was assessed using 3-D microscopy 

and SEM. Dimensional measurements determined an average WE area of 0.06 cm2 ± 

0.003 cm2 (RSD 5%). Cross sectional SEM analysis determined an electrode height 0.1 

mm ± 0.013 mm (RSD=13.1%).  

Potentiodynamic cycling in 0.5 M H2SO4 revealed variable behaviour between electrodes 

during acid cleans. Electrochemical characterisation in two common redox probes 

[Ru(NH3)6]
3+  and [Fe(CN)6]

4−/3− demonstrated fast electron transfer behaviour, CVs in 

[Ru(NH3)6]
3+  demonstrated good reproducibility with an average Ipa of 0.44 ± 0.027 µA 

and an average peak separation of 92 eV ± 4.2eV at 100 mV/s. On the other hand, large 

variability was observed between CVs obtained with n = 3 electrodes in 

[Fe(CN)6]
4−/3−,the average Ipa current was 0.72 ± 0.19 µA and the average ΔEp was 163 

mV ± 38 mV. This probe is more useful if you want to measure analytes that undergo 

slow (inner-sphere) electron transfer.Inconsistencies during standard electrochemical 

characterisation procedures indicated poor reproducibility between electrodes fabricated 

using the same printing and curing steps. 

A commercial screen-printed electrode was assessed for comparison to a dispense printed 

electrode in 5 mM [Fe(CN)6]
4-/3-. Fully reversible behaviour was revealed for the 

commercial dropsens electrode in comparison to dispense printed electrodes, which 

demonstrated quasi-reversible behaviour. Higher anodic and cathodic peak currents were 

observed at commercial SPEs. The reduced peak currents are likely a result of the smaller 

surface area of metallic gold structures present on the DPE.  

Owing to variations observed during routine electrochemical characterisation, further 

analysis was carried out to better understand the surface morphology and composition of 

the DPEs. SEM revealed that the electrode surface consisted of portions of Au particles 

above the thermoplastic material and other Au particles appeared entrapped underneath 

it. EDX mapping recognised variations in Au surface coverage at different locations of 

the electrode. XPS results confirmed 73.0 at.% of Carbon was present at the electrode 

surface and just 3.3 at.% of Au was present. These results support the SEM images, 
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indicating that a large portion of the outer electrode surface (upper 10 nm) was the 

thermoplastic material.  

The variability observed between electrodes is likely attributed to variations in the 

quantity of gold ink dispensed between prints and to differences in ‘exposed metallic 

regions’ between the electrodes. The volume of dispensed ink during each print could not 

be controlled using this printer; furthermore, the calibration step did not enable precision 

between prints. As a low cost PCB printer, precision will not match that of high cost, 

more complex equipment such as the LPKF multi-layer PCB manufacturing platform or 

the Optomec aerosol jet printer. Despite this, further work could be conducted to better 

understand the optimum dispense printer parameters while taking ink properties into 

consideration. Studying varied ink formulations, curing times and temperatures in 

addition to chemical and/or electrochemical cleaning procedures could help to identify 

conditions that may improve both reproducibility between prints and the electrode 

performance. Despite challenges observed, a number of clear achievements were met. 

The thermoplastic resin adhered well to the polyimide (as material remained attached 

during bending measurements) and electrochemical characterisation in 

[Fe(CN)6]
4−/3− was demonstrated for both a planar and “flexed/bent” arrangement. 

Furthermore, a dispense printed electrode was modified to demonstrate lactate detection 

as a potential proof of concept sensor. 
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 Summary 

The work described within this thesis involved the characterisation and development of 

three separate platforms for electrochemical sensor applications. This section aims to 

provide a combined summary of each chapter in addition to proposing future directions 

for each body of work. 

 

In chapter 2 the fabrication and characterisation of gold ultramicroband electrodes 

fabricated on silicon substrates was described. CVs obtained at the bare gold electrodes 

in 1 mM FcCOOH demonstrated steady state behaviour with the on-chip Pt RE and Au 

CE. The electrode was modified via two electrodeposition steps, firstly to coat the 

electrode with platinum black followed by the electropolymerization of glucose oxidase 

as a model enzyme within a mixture of an o-phenylenediamine and ß-cyclodextrin. Both 

modifications were carried out with the on-chip CE and RE requiring low volumes of 

solution during biosensor construction. The enzymatic-based ultramicroband biosensor 

demonstrated a linear response to glucose from 2.5–15 mM, using both linear sweep 

voltammetry and chronoamperometric measurements in buffer-based solutions. The 

biosensor performance was examined in 30 µl volumes of fetal bovine serum. Whilst a 

reduction in the sensor sensitivity was evident within 100% serum samples (compared to 

buffer media), the UME demonstrated linear glucose detection with increasing glucose 

additions, from approximately 5 mM to 17 mM,  showing their potential for analysis in 

more complex media environments. Although the linear dynamic range does not fulfil the 

entire physiological range required for blood glucose measurements, there is clear 

potential for analysis in bio-fluids and diluted bio-fluids. 

Chapter 3 focused on the use of laser scribed graphite electrodes for enzymatic lactate 

detection on a flexible platform. LSG fabrication is a cost effective means of producing 

flexible electrodes in a timely manner. Flexible electrodes are valuable to the future of 

electrochemical sensing owing to their potential to be integrated with arbitrary surfaces 

such as wearable platforms and probes. Three-LSG electrodes were fabricated onto 

polyimide substrates using a 450 nm laser. Functionalisation of the LSG WE was carried 

out via an electrodeposition and two casting steps. The resulting biosensor demonstrated 

chronoamperometric lactate detection within a linear range of 0.2 mM to 3 mM, with a 

limit of detection of 0.11 mM. The biosensor revealed a sensitivity of 35.8 µA/mM/cm2 
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and excellent reproducibility (RSD <5 %, n = 5), comparable to that of commercial 

biosensors and exceeding that of recently reported flexible lactate sensors. The working 

stability was demonstrated by obtaining 10 successive measurements over n = 3 sensors, 

which had RSD values of 2.9 % 4.9 % and 5.1 %. Both LSG and Ag/AgCl paste modified 

LSG demonstrated functionality similar to an external Ag/AgCl RE for 

chronoamperometric lactate measurements, furthermore, substrates bent at a fixed 

curvature K = 0.14 mm-1 displayed similar functionality to measurements carried out with 

a flat sensor. We propose that this platform could be advanced for applications requiring 

bent or flexible packaging of biosensors for example application onto a curved section of 

a mouthguard. This flexible sensor has also demonstrated potential as a low-cost 

diagnostic platform for saliva or diluted serum analysis. Sterile human serum spiked with 

lactate at concentrations of 0.5 mM and 1 mM was measured and determined to be 0.47 

mM and 1.01 mM respectively. Similarly spiked lactate concentrations of 0.5 mM and 1 

mM in artificial saliva were determined to be 0.63 mM and 1.03 mM.  

 

Chapter 4 explored the potential for utilising a low-cost PCB printer to fabricate flexible 

electrodes for electrochemical sensor applications. Electrodes were dispense printed from 

a thermoplastic gold resin for the WE and CE and a thermoplastic platinum mixture for 

the RE. Dimensional measurements revealed an average WE area of 0.06 cm2 ± 0.003 

cm2 (RSD = 5 %) and an electrode height of 0.1 mm ± 0.013 mm (RSD = 13.1 %). 

Electrochemical characterisation of the dispense printed electrodes revealed 

inconsistencies in electrochemical performance between sensors fabricated under the 

same set of conditions. SEM and XPS data revealed that the electrode surface was 

partially covered with the thermoplastic resin. Poor reproducibility is likely attributed to 

variations in the quantity of polymer covering the gold surface, in addition to the 

heterogeneity of the gold particles dispersed in the ink. The flexible gold electrodes were 

modified with platinum, chitosan, BSA and lactate oxidase for the chronoamperometric 

measurement of lactate.  Each calibration curve showed a linear region in the range of 

0.2 mM to 1 mM, however, poor reproducibility was observed between calibrations. 
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 Future Perspectives  

 Silicon Platform 

To determine the viability of the ultramicroband glucose sensor, future experiments 

would be needed to assess the long-term storage stability in addition to conducting 

measurements over longer periods of time. Preliminary storage results revealed that after 

two days of storage in PBS, the sensor recovery decreased to approximately 87 % for 

three out of six concentrations measured. A sensor applied to measure one concentration, 

when re-measured after four days of storage at 4°C was found to have a sensor recovery 

of 93 %. SEM imaging could be used to determine the effects of repeated electrochemical 

measurements on electrode stability. The resulting calibration obtained from 

chronoamperometric measurements carried out in foetal bovine serum showed a decrease 

in sensor sensitivity. To realise the use of this single UME on-chip, glucose sensor 

assessment of diluted real samples could be a next step towards validating the sensor 

performance. The end goal for this platform is a multi-parametric sensing device capable 

of measuring biomarker levels in bio-fluids.  

As detailed in chapter 2, the silicon chip platform consists of 6 WEs and the on-chip CE 

and RE. One challenge faced by this device during experimentation was the ability to 

functionalise each electrode on the one device in the same manner. While 

electrodepositing the o-PD/β-cyclodextrin/GOx layer at WE 1 for 20 minutes, WE 2 to 

WE 6, the CE and RE remain in contact with the solution. Adsorption of species from 

solutions on to electrodes during experimental procedures can lead to partial passivation. 

Micro-fluidic developments would help to facilitate functionalisation of electrodes 

without potential adsorption or fouling of species from solutions onto the remaining WEs. 

Furthermore, incorporating microfluidics with six separate channels could allow for 

electrochemical analysis at each WE. The Pt pseudo RE should be characterised within 

the matrix of interest i.e. PBS and Foetal bovine serum. 

 LSG platform 

Future work on the LSG platform should focus on improving the robustness of LSG 

electrodes and investigating their biocompatibility. Laser scribed graphite can be easily 

removed from the substrate upon mechanical scraping, which is not desirable for either 
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wearable or in-vivo applications. This challenge could be addressed by coating the 

electrodes with a protective layer. Comparative studies on the application of membranes 

such as polyurethane, PVC, PEDOT, hydrogels etc. could be helpful towards identifying 

suitable materials to improve the robustness of LSG sensors.  

Since LSG is of growing interest for wearable sensors, assessing biocompatibility, skin 

irritation and toxicity is essential. Preliminary studies, conducted by collaborators, using 

normal human dermal fibroblast cells growing in contact with the LSG electrodes showed 

good cell viability after 72 hours. Additional biocompatibility studies should be carried 

out to identify potential adverse effects of LSG when in contact with biological tissues.  

Advanced instrumentation is another interesting avenue to consider, specifically for 

wearable platforms since they require compact electronics. Whilst the majority of lab 

based research is conducted with a bench top potentiostat, a faraday cage and a computer, 

handheld devices are being built and configured to conduct specific electrochemical 

techniques. Figure 5.1 shows an image of the LSG sensor connected to a compact 

potentiostat built in-house in Tyndall which can conduct both CV and 

Chronoamperometry. Assessing the electrochemical performance of LSG sensors using 

compact potentiostats is an essential next step for the development of these devices as 

wearables or portable sensors. 

Specific to the study outlined in chapter 3, sensor selectivity was challenged when 

assessing the use of the LSG-Pt-CS-LOx biosensor in buffer based media spiked with 

Figure 5.1: Picture of a miniaturised potentiostat connected to the LSG electrodes. 
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interfering species. Including an additional membrane layer such as PVC could be 

examined. Whilst membranes have been shown to reduce sensor sensitivity, additional 

coating layers can offer a mechanism to prevent oxidation of electroactive species.  

Finally, the fabrication of the reference electrode was not ideal. Indeed the Ag/AgCl paste 

was applied manually to the LSG RE electrode with a paint brush which is not a scalable 

fabrication method. Alternative fabrication methods, such as screen printing or dispense 

printing the Ag/AgCl RE could be explored. Finally the LSG quasi-RE should be 

characterised within each matric of interest i.e. PBS, Saliva and Human male serum. 

 Dispense printed electrodes 

PCB printing offers a cost effective method of fabricating electrodes at the lab scale, 

however, since the Voltera V-one software parameters are limited, a number of alternative 

approaches could be assessed to improve the reproducibility between prints. Curing 

temperature, curing time and the application of an activation clean using NaOH and/or 

DMF are some examples of potential strategies to investigate with the commercial gold 

polymer paste inks. The dispense printed pseudo-RE requires further testing to assess its 

stability. Printing Ag/AgCl in place of Pt is another potential approach to consider. 

Fabrication of varied electrode dimensions, dual electrodes and printing onto alternative 

substrates are also potential avenues to explore. Figure 5.2 A shows the electrode design 

that was used in chapter 4 (number 1), examples of alternative designs are also shown 

(number 2, 3 and 4). Number 2 is a dual electrode design, number 3 is a WE with a 

diameter of 1000 microns and number 4 is a WE with a diameter of 500 microns. Figure 

5.2 B shows the design of electrode number 1, but printed on PET instead of polyimide. 

From a broader perspective, with improvements to the base electrode layers, the 

application of flexible electrodes onto 3-D devices such as a probe to assess 

electrochemical performance would be an interesting next step. Again the quasi-reference 

electrode should be characterised in each matrix of interest. 
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Figure 5.2: (A) Pictures of test prints, from left to right: a WE diameter 2500 µm, a dual WE 

configuration, a WE diameter 1000 µm and a WE diameter of 500 µm and (B) a test print of gold 

polymer paste ink as a WE and CE and Pt polymer paste ink as the pseudo-RE on PET material. 

1 2 3 4 
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