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Abstract

Diabetic ketoacidosis (DKA) is a life-threatening condition that can appear in patients with diabetes. High

ketones in the blood lead to acidity of the blood. For DKA diagnosis and management, ketones such as hydrox-

ybutyrate (HB) can be used to quantify the severity of the disease. The fabrication of electrochemical biosensors

for the detection of HB is attractive since their capability to deliver fast response, high sensitivity, good selectiv-

ity and potential for miniaturisation. In this thesis, an integrated electrode system was prepared for the detection

of HB. Laser-induced graphene (LIG) with a 3D porous structure was used as the flexible platform. Poly (tolu-

idine blue O) (PTB) was electro-deposited on LIG (PTB/LIG) under the optimised conduction (pH of 9.7 and

from 0.4 to an upper cyclic potential of 0.8 V). The single PTB/LIG working electrode demonstrated excellent

performance towards the detection of NADH with a linear range of 6.7 µM to 3 mM using chronoamperome-

try, high sensitivity of detecting NADH and excellent anti-fouling ability (94 % response current retained after

1500 s). Further integration of the 3-electrode system realised the static amperometric detection of NADH over

the range of 78 µM to 10 mM. Based on the excellent performance of PTB/LIG to NADH sensing, hydroxy-

butyrate dehydrogenase was immobilised via encapsulation with chitosan and polyvinyl butyral (PVB) which

was used for HB biosensing over the linear range of 0.5 µM to 1 mM with NAD+ dissolved in solution. In

addition, the co-immobilisation of NAD+ and HBD on PTB/LIG was conducted by optimisation of enzyme

and NAD+ amount per electrode, which shows excellent reproducibility and satisfactory HB biosensing per-

formance. Further experiments to improve the long-term stability of the enzyme electrode is expected in the

future. The proposed integrated electrode system also possesses the potential to extend to a multichannel sensor

array for the detection of multiple biomarkers (e.g. pH and glucose) for diagnosis and management of DKA.
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Abbrevation

AA Ascorbic acid

AP Acetaminophen

Chit Chitosan

CE Counter electrode

CV Cyclic voltammetry

e Electron

FTIR Fourier transform infrared spectroscopy

GCE Glassy carbon electrode

HB Hydroxybutyrate

HBD Hydroxybutyrate dehydrogenase

LIG Laser-induced graphene

LR Linear range

LOD Lowest observable detection

LOQ Lowest observable quantification

Med Mediator

uM Micro molar

NAD+ Nicotinamide adenine dinucleotide, oxidized form

NADH Nicotinamide adenine dinucleotide, reduced form

PBS Phosphate-buffered saline

PTB Poly (toluidine blue O)

RE Reference electrode

SEM Scanning electron microscopy

TB Toluidine blue O

UA Uric acid

WE Working electrode
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Introduction

1 Introduction

In this section, the background and the concept of the project is presented.

1.1 eHealth

eHealth, or known as electronic health, is a cross-border between technology and health care. The purpose

of eHealth is to provide tools from digital technology to facilitate the access and use of electronics, computer

platforms, instruments, and patient data to increase welfare and equity in healthcare. The digitalisation includes

improving the platforms when it comes to patient journals, receipts for medication, analytical device, and so on

[32]. Enhancing quality, efficiency and equity of healthcare are three promises based on the ”10 e’s in health-

care” from Eysenbach [10]. A more efficient healthcare includes less paperwork, less time to search in patient

journals and having algorithms to analyse different correlation in analytical devices for disease diagnosing. En-

hancing quality means providing better care for more patients. Equity means that the quality of care should not

matter where you live. An approach in realising eHealth was brought forward by the The Swedish government

in 2016 together with Swedish Association of Local Authorities and Regions to have the best eHealth in the

world by 2025 [31].

One of the most important promises of eHealth is to achieve high efficiency in health care. With the increased

demand for healthcare service from a sheer number of people, including an ageing population and patients with

chronic disease, digitalised care will be potentially realised by the combination of home-test and self-testing of

different analytes with the internet-of-things (IoT). Sensors of various kinds are tools that are helpful for the

patients to do their own testing. This is called point-of-care (PoC) testing [12, 17].

Point-of-care involves the process of care that is close to the patient, by having the patient doing the care at

home or a smaller care unit near home [17]. These PoC diagnostic tools usually incorporate quick and easy-to-

use protocols, ranging from lateral flow immunoassay for detection of antibodies for infection diagnosis (e.g.

Covid-19) , to enzyme-based electrode for blood biomarkers (e.g. blood glucose meter for diabetes) [3, 17].

Blood glucose monitor is the largest market for PoC [36]. In recent years, more instruments for data have

entered the market, such as smartwatches that can analyse heart rate, oxygen, blood pressure, movement, and

more [21]. These are yet not commonly used in the diagnostic of diseases, but they show the promise of a

more ubiquitous approach to data collecting. With the potential combination with IoT, biosensors can offer

higher precision, specificity, and a more reliable sensor for the healthcare market [36]. The development of

new analytical instruments for diabetes is an important area of improving PoC [4].
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1.2 Diabetes

Diabetes mellitus is a metabolic disorder were the patient has a problem with dysregulation of glycemia. This

is caused by a dysregulation of insulin secretion. Insulin is produced in the pancreas, and the primary purpose

is to store glucose [27]. There are two main types of diabetes, i.e. type one and type two. Type one diabetes is

an autoimmune disorder where the pancreatic island cells get destroyed by the body’s own immune cells. The

lower amount of insulin production leads to a higher amount of blood glucose [2, 27]. Type two diabetes is

mediated by insulin resistance. Insulin resistance is caused by the dysregulation of cells to absorb the glucose

that insulin is carrying. This leads to a relatively lower amount of glucose in the cells and higher levels of blood

glucose. The higher amount of blood sugar then leads to even more secretion of insulin [7]. After a point, the

pancreatic island cells cannot produce enough insulin, leading to an increasingly higher amount of blood sugar,

which causes the disease [2, 7, 27].

No cure for diabetes has been discovered yet. However, exercise and a healthy diet can help with the onset

and the maintaining of it [2, 7]. The symptoms of diabetes, caused by hypo- and hyper- glycemia, is regulated

by eating glucose to raise blood sugar or injecting synthetic insulin to lower it. Failure in regulating the blood

sugar can result in other complications both in the hyper and hypo states, such as metabolic syndrome, which

includes high blood pressure, liver disease, cardiac problems, necrosis of limbs and so on [2, 7, 8].

If the patient fails in regulating the blood sugar by insulin there is a risk that high blood sugar and low insulin

might develop. Low insulin results in a hypoglycemic state, which increases the fatty acid metabolism [2, 7].

Ketones are breakdown products of fatty acid metabolism, including three main metabolites i.e. hydroxybu-

tyrate (HB), acetoacetate (AA) and acetone (AT). HB accounts for 75%, AA around 20% and the rest is AT [18,

35]. Since ketones are acidic, a high concentration in the blood leads to increased blood acidity. This state of

the disease is called diabetic ketoacidosis (DKA) [35, 39]. There are multiple clinical manifestations of DKA.

They generally consist of blood sugar levels above 13 mmol/L, HB levels above 3 mmol/L and a pH below 7.3.

A severe state of DKA is when pH is below 7 [16, 29]. However, the blood glucose does not need to be high for

DKA to occur [16]. Measuring HB and pH might help diabetic patients to track their state before they develop

DKA.

1.3 Biosensors

Biosensors are analytical devices that can measure analytes using a biological component (e.g. antibodies,

proteins, cells, enzymes and more) as sensing elements and a physicochemical detector as a transducer (e.g.

electronic, optical, mechanical and more), as shown in Figure 1 [26]. The receptors are usually specific to the

analyte to be detected. The recognition between the analyte and the receptors can be combined with multiple

types of transduction methods. Based on the principle of recognition, biosensors can be classified into catalytic
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and affinity biosensors. Catalytic biosensors use the concept of catalysing the analyte. Enzymes are specific

at catalysing various substrate. The detection with this type of bioreceptor consists of two central concepts.

One of the methods is measuring the concentration of either the reduction of the substrate or the creation of the

product. Both the reactions are facilitated by a mediator or direct electron transfer [26].

Figure 1: Diagram illustrating the concept of a biosensor.

The other type of biosensor is based on affinity. Affinity means that the receptor and the analyte have an

attraction. Enzymes can be classified as affinity in some regard, but the difference with an affinity-based

receptor is that they do not catalyse the reaction [36]. The enzymatic activity is highly based on the affinity

of the substrate for it to be catalysed. An example for affinity-based receptor is antibodies. Antibodies can be

produced to have a high affinity towards a specific substance. The interaction between the antibody and the

analyte is highly dependent on the concentration and Brownian motion [36].

Catalytic and affinity-based bioreceptors require a transducer to convert their specific response and translate

it to a readable response. Some examples of transducers are optical, mechanical, magnetic and electronic

transducers (Figure 1) [36]. Among all the transducers, electrochemical tranducers are attractive in biosensor

technology due to their capability to deliver fast and accurate response.

1.3.1 Electrochemical biosensors

There are three distinct generations of electrochemical biosensors for the determination of analyte concentra-

tion, as shown in Figure 2 [26]. The different generations depend on the actual electron transfer occurs between

the analyte and the transducer surface. The first generation of electrochemical biosensors depends on the ox-

idation and the creation of hydrogen peroxide to facilitate the reaction by oxidase enzymes. The hydrogen

peroxide is reduced/oxidised at the transducer surface with electrons transfer to the electrode surface, which

creates a current that can be measured by signal processing. The biggest downside to the first generation oxi-

dase sensor is that dissolved oxygen needs to be available as a substrate at the enzyme for the reaction to form

hydrogen peroxide [26].

In comparison to the first generation, the second generation uses a mediator between the transducer and the
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enzyme to oxidise the analyte to faciliate the electron transfer [26]. One benefit is that oxygen is no longer

needed as a cofactor for the reaction to occur.

Lastly, the third generation has the electron flow directly at the interface at the sensor surface. It is based on that

the enzyme is coupled directly on the surface via nanotechnology and facilitates the electron transfer directly

at the substrate reaction [26].

Figure 2: Diagram illustrating the concept of the different generation of electrochemical biosensors.

An essential and promising aspect of electrochemical biosensors is that they can be flexible, stretchable,

portable and easy to use [24]. The flexibility can be achieved by using a flexible substrate such as a polymer of

a different kind. Some material examples are polymetric materials such as polyimide (PI), polydimethylsilox-

ane (PDMS), polyethylene (PET) and paper-based materials, i.e. paper-based materials are used in lateral flow

assays. The benefit of having a flexible material is the comfort for the wearer to have the sensor conform to the

body [24].

The conductive leads for the sensor has to be flexible. Conventional methods for conductivity is based on noble

metals such as gold, silver, platinum and palladium. Metals are not very flexible and stretchable, and another

disadvantage is that they are expensive.

For electrochemical experiments, glassy carbon electrodes (GCE) based on pyrolytic carbon are often used.

The material, which is produced in high heat and pressure, offers good conductivity and stability [22]. The

robustness comes from carbon-carbon bonds between the stacking of graphene sheets in the graphite rod, and
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bulk robustness is provided by encapsulation in plastic resin. Another advantage is that they offer a variety of

electrochemical interactions via redox and oxidation effects. One significant advantage is reproducibility and

reuse. It consists of polishing the GCEs with micro-sized alumina powder to a mirror finish, which makes it

an excellent choice to electrochemical reactions [22]. One downside is the larger size, rigidness and the non-

porous structure of the material, which makes it hard to use as a flexible substrate. A new type of carbon was

isolated in 2004, called graphene. Since then, there has been a significant focus on utilising and producing

graphene as a transducer. One version which often is used in biosensor applications are called laser-induced

graphene (LIG) [26, 38].

1.3.2 Laser-induced graphene

Laser-induced graphene (LIG) is a popular material for biosensors and flexible electronics. LIG provides

flexibility and stretchability whilst providing high conductivity and a high porosity [38]. LIG is produced by

laser engraving on different materials. The graphene produced is not pure monolayer graphene but the stacking

of graphene layers to produce a 3d structure. One of the more common types of material for the production

of LIG is polyimide (PI). Except from PI, many other materials have been demonstrated to produce LIG, like

Lignin, a waste product from the paper industry, paper, cloth even on potatoes and many more. The easy

production of LIG by using laser scribing directly on the substrate provides excellent versatility in the types of

structure that can be achieved for biosensing applications [38].

For biosensing applications, LIG provides excellent oxidising and reducing capabilities on its own and have

been shown to detect small analytes such as ascorbic acid, urea, dopamine, hydrogen peroxide, and many

more [38]. LIGs high surface area and the unique property for electrochemical reactions is what offers the

unique characteristic. Modification on the LIG can be made by the addition and polymerisation of different

mediators/catalysation agents such as nobel metal nanoparticles or electroactive monomers or polymers to

improve the electrochemical activity, and potential for specific analytes [38].

1.3.3 Chemically modified electrodes

The bare working electrodes usually suffers from sluggish kinetics. The modification with other functional ma-

terials can facilitate the electrochemical kinetics utilising high surface area, improved conductivity, large active

sites and more. The use of chemically modified electrodes is that modifications can increase the specificity and

electrochemical activity of the surface itself [14, 23]

There are many types of mediator/catalysing agents that help to reduce the oxidation potential as a modification.

One of the groups is called azines, which are a group of organic molecules. This group includes monomers

like methylene blue/green, azur A, thionine, brilliant cresyl blue, meldola blue, natural red, toluidine blue and
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oxazine blue and more. The speciality with azines is that they include nitrogen, oxygen and sulphur in their

chemical structure, which provides unique chemical characteristics [14]. Some monomers like methylene blue,

toluidine blue can be deposited on materials using electrodeposition by physical coating or chemical bonding.

Among them, electrodeposition provides a simple technique for the modification of mediator on the electrode

surface by dynamic potential cyclic (cyclic voltammetry), constant potential (chronoamperometry) or constant

current (potentiometry) [14].

Toluidine blue O’s (TB) chemical structure can be seen in Figure 3. It contains three aromatic rings with

sulphur in the middle ring and amines on the terminated ends. The CV from the polymerisation can be seen

in Figure 4. Three distinct peaks can be observed (A, B and C). The first peak, shown as A in Figure 4 is

only present in the first cycle of the polymerisation and is the characteristic of the monomer redox peak (A).

The second peak, shown as B in Figure 4, is the polymerisation growth of the PTB formation over the number

of cycles. The third peak, shown as C in Figure 4, is the cause of radical cation formation. The delocalised

electron from the cation formation enables the formation of the PTB. One of the proposed mechanism is that the

polymerisation occurs between the amines between the polymer chains due to this reaction [6, 14, 40]. Another

proposed mechanism is that the amine group binds to the methyl group [6]. Regarding polymerisation and pH,

there have been different conclusion based on literature, Karyakin and Cai et al. found that alkaline solution is

better for polymerisation, and Zhou et al. concluded the opposite [6, 14, 40]. So, this needs more conclusive

evidence to be sure. A last interesting effect regarding polymerisation is that when the potential becomes too

high, irreversible oxidation occurs on the monomer, which inhibits the growth of the polymer [14]. These two

crucial parameters are determining factors for the best PTB layer.

Figure 3: Illustration of the chemical structure of Toluidine blue O.
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Figure 4: Graph of the electropolymerisation of 0.5 mM TB in B-R pH 9.7 using CV with a potential scan of

-0.4 to 0.8 V and 10 mV/s scan rate for 30 cycle. First cycle is represented in blue, last cycle is represented in

red and the grey dots represent the polymerisation cycles in between the first and the last cycle.

1.3.4 Enzyme

Enzymes can be put in many different families depending on the activity of the catalysation reaction that the

enzyme facilitates [26]. Two common enzymes for biosensors are oxidases and dehydrogenases [26]. Oxidases

require oxygen in the solution, and the oxidation of the substrate then creates hydrogen peroxide, which can

be reduced/oxidised at the transducer interface. Another common category of enzymes is dehydrogenases.

Oxidases and dehydrogenases require cofactors for the catalysation of the reaction. Different types of cofactors

are nicotinamide adenine dinucleotide (NAD+), flavin adenine dinucleotide (FAD), pyrroloquinoline quinone

(PQQ), nicotinamide adenine dinucleotide phosphate (NADP+) and adenosine triphosphate (ATP) dependent

dehydrogenase. The product of the ”+” type cofactors react with hydrogen, which facilitates the reaction. One

of the more common cofactors is dehydrogenase NAD+ dependent. They require an endogenously supplied

cofactor that functions as the primary electron acceptor with the resulting corresponding product as shown in

equation 1. Then the NADH is oxidised in the mediator reaction by artificial electron mediator back to NAD+,

equation 2. This is followed by the oxidation of the mediator at the electrode surface for the electron transfer,

shown in equation 3 [26].

Substrate+NAD+ → Product+NADH (1)
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NADH +MediatorOx → NAD+ +MediatorRed (2)

MediatorRed → +MediatorOx + e- (3)

A problem with electrochemical biosensors is that the enzyme and any cofactor need to stick to the transducer

surface, even when immersed in different fluids [25]. Another problem is that the cofactor needs to be closely

accessible to the enzyme reaction site for the substrate to react appropriately. A way to handle this is by

immobilising the enzyme in different kinds of materials by creating matrixes or crosslinking the enzyme to

have more resistance to sustained use. Some commonly used materials for crosslinking are glutaraldehyde and

EDC/NHS . Encapsulation agents include chitosan, silica-based gels and capping agents such as PVC, PVB

[25].

Crosslinking agents have an excellent ability to make the enzyme more stable at the surface. However, it can

make it harder for the cofactor to be accessible at the reaction area of the enzyme [25].

1.3.5 Hydroxybutyrate biosensors

As described in the previous sections, one of the byproducts of DKA is HB [35]. HB is a ketone body, which

is indicated by the carbonyl group bonded to a carbon chain, shown in Figure 5. It is a byproduct of fatty acid

metabolism and can be utilised as an energy molecule in the body when glucose is not present. For diabetic

patients, ketones can be used to indicate DKA among others. In short, DKA is developed when both glucose

and ketones become high in the blood due to low insulin. Above 3 mM of HB is clinical evidence for DKA.

Since ketones are acidic, this can result in a pH drop in the body. Detecting HB has therefore been of interest

for the aid in helping diabetic patients manage their disease [35].

Figure 5: Image illustrating the chemical structure of beta-hydroxybutyrate.

The conversion from HB to Acetoacetate (AcAc) is by dehydrogenase enzymatic reaction, and the breakdown

of AcAc to Acetone is via decarboxylation, shown in equation 4. The usage of dehydrogenase enzyme is the
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most prevelent method of detecting HB through electrochemical biosensing for the detection of HB, shown

in Figure 6. One downside of using dehydrogenase is that they require NAD+ as a cofactor to facilitate the

reaction to NADH. The basis of detection is by oxidation of NADH, which is done by amperometry, and the

oxidation potential is reduced by a mediator [35].

Hydroxyburtyrate⇀↽ Acetoacetate→ Acetone + CO2 (4)

Figure 6: Illustrations of a ketone electrochemical biosensor utilising hydroxybutyrate dehydrygenase as en-

zyme.

On the market, there are some different versions of ketone biosensors. Some can detect ketones in the breath

by detecting acetone. While some others measure HB directly in the intracellular fluid (ISF) or blood [5, 13].

However, there are areas of improvement. Among the areas of improvement are less invasiveness by enabling

higher portability and ease of use, and also continuous type sensors would be attractive. In research, there have

been a couple of different electrochemical biosensors based on the NAD+ dependent dehydrogenase reaction

of HB, shown in Table 1. Information of the most state of the art publications got extracted, among it were the

layering, amount of enzyme and cofactor, and the performance in detecting HB, which includes sensitivity and

linear range. As far as we know, there has been no HB detecting sensor that utilises LIG. The performance of

the sensors is very spread. The linear range for some does not meet the physiological levels of ketoacidosis [15,
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20, 37]. The most state of the art technology is from Teymourian et al., where they developed a sensor based

on microneedle technology able to detect both glucose and ketones at the same time with good linear range and

performance [33].

Table 1: Different enzyme electrodes from state of the art publications with their corresponding sensitivity,

LR, HBD units, NAD+ and NAD+/U ratio.

Enzyme electrode Sensitivity (µA)/mM) LR (mM) Units per sensor (U) NAD+ (µg) NAD+/U ratio Ref.

GP-IL-PDa/HBD-NAD+-GA/Chit/PVCb 0.263 0-10 0.133 11.52 86.62 [33]
cSPCE/rGO/THI/3-HBD 0.11 0.003-0.400 0.2 3.58 17.9 [20]

PVC/SPCE/CMCd/Ferrocyanide-HBD-NAD+ 0.011 0.0144–5.3 1.086 18 16.57 [18]

Polyester/Ink-Ir-Carbone/Ink-HBD-NAD+ 0.06882 0-6 N/A N/A 1200 [11]

SPCE/SWCNTf-NAD+/HBD/SWCNT-NAD+ 65.888 0.01 - 0.1 1.2 129 107.5 [15]

Polyester/SPCE-MBg/NAD+/HBD–FSM8.0h 1.436 0.03 - 8 3.29 N/A N/A [30]

SPCE/GO-NAD+/([Ru(bpy)3]2+)i/HBD 22 0.2-2 N/A N/A N/A [37]

aGP-IL-PD:graphite powder-ionic liquid-phenanthroline dione/
bPVC: polyvinyl chloride
cSPCE/rGO/THI: screen printed carbon electrode/reduced graphene oxide/thionine
dCMC: carboxymethyl cellulose
eInk-Ir-Carbon: irridium carbon ink
fSWCNT: single walled carbon nanotube
gMB: meldola blue
hFSM8.0: mesoporous silica
i[Ru(bpy)3]2+: ruthenium(II) complex

1.4 Aim of this thesis

On the market today, there are many options for detecting glucose continuously through sensors such as Dex-

com G6 and Freestyle Libre 2 and more. They help the patients detect whether they are in hypo and hyper

states of glucose in their blood [33]. There are some sensors for detecting ketone levels to detect ketoacido-

sis, but they require a prick in the finger and sample the blood, making it invasive. Therefore, the purpose of

this project is to develop a flexible electrochemical biosensor for the detection of beta-hydroxybutyrate for the

disease management of diabetes patients based on polyimide laser-induced graphene coupled with a toluidine

blue O and beta-hydroxybutyrate dehydrogenase enzyme. The prospect of monitoring ketoacidosis in the body

includes the detection of pH as a dual-channel potentiometry sensor to enhance the diagnosis capabilities.
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2 Method

The method section describes how all the results where achieved in the project.

2.1 Scientific theory

This section discusses the theory regarding electrochemistry including cyclic voltammetry and amperometry.

2.1.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a commonly used potentiodynamic technique in electrochemistry, which measures

the current changes to a linearly cycled potential sweep in an electrochemical cell (Figure 8) [9]. CV is a

powerful tool to investigate the oxidation and reduction process of molecular species at the electrode interface.

Generally, a characteristic duck shape can be seen as shown in Figure 7. If the molecular species are electro-

chemically active and reversible, in the positive scan from low potential to high potential, the oxidation peak

occurs. Going the opposite direction when cycling the potential, the reduction peak can be observed. The peak

that occurs is unique to the characteristic of the material that is being analysed.

Figure 7: Diagram of the duck shape from an reversible electrochemical reaction utalising cyclic voltammetry

with a GCE in a ferrocyanide solution.

For an electrochemical setup for a CV, three electrodes are generally needed, including a working electrode, a

reference electrode, and a counter electrode, as shown in Figure 8 [9]. The working electrode is the electrode
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that the preferred reaction will occur at. The reference electrode serves as a point owing to its well-defined and

stable equilibrium potentials. Ag/AgCl electrode is usually used as the reference electrode. Lastly, the counter

electrode is used for electron flow by completed circuits, consisting of any stable metal, usually platinum, gold

or steel.

Figure 8: Example of an electrochemical setup with a counter, a reference and a working electrode in a cell.

In addition to the investigation of electron transfer between electrode and the analyte, CV can also be used for

electropolymerisation. Changing the potential range can electrochemically activate the redox potential for the

substance, which will then form polymers of the substance [14]. By varying the number of cycles or time, the

amount of polymerised material can be controlled.

2.1.2 Amperometry

Amperometry is a technique that allows for the detection of current over time when a fixed potential is applied

to the system, illustrated in Figure 9. The response from the system depends on parameters such as time , the

potential amount and the amount of analyte that is desired to be detected. The step potential E2 from E1 in a

step is applied to the system the oxidation of the analyte occurs, shown in Figure 9 [1].
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Figure 9: Illustration of amperometry technique after applied potential (A), and the current response (B).
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2.2 Experimental section

2.2.1 Materials

Table 2: Chemicals used in the project.

Chemicals Provider

Beta-hydroxybutyric acid Sigma Aldrich

Potassium dihydrogen phosphate Alfa Aesar

Sodium phosphate dibasic Sigma Aldrich

Boric acid Sigma Aldrich

Sodium hydroxide VWR chemicals

Phosphoric acid Sigma Aldrich

Acetic acid Sigma Aldrich

Methanol Sigma Aldrich

Toluidine blue Acros Organics

Beta-hydroxybutyrate dehydrogenase (161 U/mg, EC: 1.1.1.30) Toyobo

Nicotinamide adenine dinucleotide VWR chemicals

Alumina micropolish 0.05, 0.1 and 0.3 µm Buehler

Uric acid Sigma Aldrich

Acetaminophen Sigma Aldrich

Ascorbic acid Sigma Aldrich

Polyvinyl butyral Sigma Aldrich

Chitosan Sigma Aldrich

Bovine serum albumin Sigma Aldrich
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Table 3: Instruments used in the project.

Instruments Provider Software

Potentiostat Ivium Technologies 2.554 (3)

CO2 Laser Full Spectrum Hobby Series Desktop CO2 20X12 Laser RetinaEngrave3D (4.407)

Deionised Milli-Q plus185 N/A

FTIR ATR VERTEX spectrometer OPUS

Sputtering Leica EM SCD 500 N/A

SEM LEO 155 Gemini ZeissSmartSEM

EDX Oxford Instruments N/A

pH meter Mettler Toledo N/A

2.2.2 Solutions

Deionised (DI) water was used throughout for the preparation of solutions. The first solution phosphate buffer

(PBS, 0.1 M pH 7.4) was prepared by mixing 5.65 g sodium phosphate dibasic with 1.39 g potassium dihydro-

gen phosphate in 500 mL DI. The pH was measured using a pH meter, and the pH was adjusted by phosphoric

acid.

A stock solution of Britton Robinson buffer (B-R buffer) was prepared by mixing 0.04 M phosphoric acid,

acetic acid and the pH adjusted with 0.2 M sodium hydroxide till pH 2 was reached. The pH of the stocking

solution was then adjusted with 5 M sodium hydroxide to 4, 7 and 9.7. For the TB solution, 0.5 mM of TB

monomer were prepared in B-R buffer with different pH mentioned above.

Chitosan solution (1 %) was prepared in 1 % acetic acid. Polyvinyl butyral solution (10 %) was prepared by

mixing 78.1 mg of polyvinyl butyral in 1 mL methanol.

2.2.3 Optimising of PTB electropolymerisation

Conventional GCE was used as the working electrode to evaluate the electrochemical polymerisation of TB

into PTB. GCE was polished in alumina slurry with the diameter sizes of 3, 1 and 0.05 µm on a diamond paper

in a ”figure 8” movement, followed by the sonication in DI and ethanol for 15 minutes. PTB was polymerised

on GCE by dynamic potential cycling from -0.4 V to 1.4 V with a scan rate of 50 mV s-1 and step rate of 10

mV for 30 cycles, in which the upper bound was varied from 0.6 V to 1.4 V with 0.2 V intervals to evaluate

the influence of potential. All the polymerisations of PTB were performed in a B-R buffer containing 0.5 mM

of TB monomer. Three different pH (4, 7 and 9.7) of B-R buffer were used to evaluate the optimisation of pH.

After polymerisation of PTB, the electrode was rinsed with DI water and denoted as PTB/GCE.
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2.2.4 Preparation of LIG

The LIG 3-electrode system pattern was designed and exported as BMP file format (.bmp) in grey style as

shown in Figure 10 with a working electrode (WE) diameter of 3 mm. LIG on PI film was achived with a

computer-controlled HL40-5g Full Spectrum Laser platform (Full Spectrum Laser LLC, Las Vegas, USA) with

a 40 W CO2 laser operating at 1000 ppi resolution in raster mode under ambient condition. 50 % of laser power

and 40 % of speed were chosen as the optimised condition. The created LIG was then cut out of the PI, and then

Kapton tape (thickness 70 µM, RS component AV, Sweden) was coated onto the LIG to isolate the working,

counter (CE) and reference electrode (RE) from the conductive leads. The layering of the LIG on PI can be

seen in Figure 11.

Figure 10: LIG 3 electrode system in grey scale.

Figure 11: LIG formation on PI.

2.2.5 Polymerisation of PTB on LIG

The PTB was polymerised on LIGs working electrode by dynamic potential cycling under the optimised poten-

tial range from -0.4 to 0.8 V a scan rate of 50 mV s-1 for 30 cycles in B-R buffer at pH 9.7. After polymerisation,

the electrode was cleaned by DI water to remove the residues on the electrode surface and dried with nitrogen

gas. The layering of PTB on LIG was illustrated in the diagram seen in Figure 12.
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Figure 12: PTB polymerisation on LIG.

2.2.6 Integration of LIG 3-electrode system

The LIG 3-electrode system, as illustrated in Figure 13, was prepared by laser as mentioned above, including

a working, a reference and a counter electrode. The contacting track of the 3-electrode system was sealed

with Kapton tape for passivation. The passivation can confine the 3-electrode area for reliable measurement

by exposing onlhy the contact pad for the connection with potentiostat by clips and to avoid electrical contact

with body fluids. The reference electrode surface was coated with Ag/AgCl paste by painting with a brush.

The Ag/AgCl paste was dried on a hotplate at 80 °C for 2 minutes. PTB was then modified on the working

electrode surface area as described above.

Figure 13: Illustration of the LIG 3-electrode system.
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2.2.7 Electrochemical oxidation and sensing of NADH on PTB/LIG

For the electrochemical performance of the sensor, one working electrode of LIG, a glass Ag/AgCl reference

electrode and a platinum wire as a counter electrode was used. The first characterisation consisted of analysing

the performance of the oxidation of NADH for the PTB layer on the LIG to find the best oxidation potential. A

5 mM solution of NADH was dissolved in PBS buffer pH 7.4 in a 5 mL beaker, and then CV was performed,

using a potential range of -0.6 to 0.8 V with a scan rate of 50 mV s-1 and a step rate of 10 mV. It was both

performed with a bare LIG and the PTB/LIG.

To characterise the LOD, LOQ and LR, amperometry was performed with stirring with a potential of 0.19 V.

The beaker was filled with 3 mL of the PBS buffer and a small magnet was placed in the beaker. To avoid

interference in the signal, the inducer was placed at a distance with reduced noise, but still moved the magnet

at a speed of 260 rpm.

The performance was then analysed for the integrated system, and the CV was performed the same as the

previous method. However, the integrated system used a method of non-stirring. The electrode was placed

onto a platform with clamps onto each of the WE, CE and RE using a special device. Then 0.2 mL of each

solution was pipetted onto the electrode surfaces, and measurement was made. Compared to the glass Ag/AgCl

reference electrode, the integrated system reference had the best oxidation potential at -0.12 V. The analysis

was made in excel.

For the anti-fouling measurements, the integrated PTB/LIG electrode was used. A volume of 0.1 mL PBS

buffer was pipetted onto the electrode, and an amperometry measurement was set for 30 mins. After 200s,

when steady-state current had been reached, 0.1 mL of 4 mM of NADH solution was pipetted into the PBS

buffer making the new NADH concentration 2 mM. The measurement was then taken over the remaining half

an hour. To compare the drop in current, the average of the signal between 350-400 s and 1400-1450 s was

taken, then the two sample periods were compared to get the percentage drop in current.

2.2.8 Immobilisation of HBD on PTB/LIG and biosensing of HB

The enzyme solution containing 1 U µL-1 HBD and 0.1 % BSA was prepared in 0.1 M PBS (pH 7.4). Then 1 µL

of the enzyme was deposited onto the PTB/LIG working electrode surface and left to dry at room temperature

for 60 minutes. The encapsulation consisted of applying 2 µL of previously prepared chitosan solution and,

after the chitosan had dried, application of 2 µL of PVB and dried for 30 minutes. The performance of the

enzyme was done using stirring amperometry in a 5 mL beaker containing 5 mM of NAD+. Injections of HB

were done every 50 seconds from 0.5 µM to 1 mM using a potential of -0.12 V starting after 200 s till the steady-

state was reached. A calibration graph from the amperometry was done using linear regression modelling from

the extracted data.
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Selectivity was performed in a 5 mL beaker by having the sensor in 3 mL of 0.1 M PBS (pH 7.4) and applying

0.2 µM of AC, AA and AP in that order every 50 second after 200 s had been reached and lastly 5 mM of

HB was added. The concentrations was calculated such that the end concentration was to be reached at 5 mL

volume. The detection was made using a glassy Ag/AgCl reference electrode with a platinum counter electrode

and applying 0.12 V.

2.2.9 Co-immobilisation of HBD and NAD+ on PTB/LIG and HB biosensing

The NAD+ cofactor solution was prepared using the same BSA PBS buffer as the HBD solution but with a

concentration of 20 µg NAD+ µL-1. The HBD and NAD+ solutions were mixed at a ratio of 1:1. For the

immobilisation of HBD, 2 µL of the mixed HBD/NAD+ solution was pipetted onto the sensor surface and left

to dry for 60 minutes. For the encapsulation, 2 µL of the previously prepared chitosan and PVB were pipetted

onto the sensor each after the other had dried. The final layering is shown in Figure 14.

Figure 14: Illustration of the finished layering on the electrode.

The optimisation was first performed on the sensor for the determination of the most optimal amount of HBD

and NAD+ concentration per sensor. The optimisation of NAD+ to unit of HBD was evaluated using 10, 20,

30, 40 and 50 µg NAD+ per unit of the HBD. Three units of the HBD were pipetted onto each sensor, resulting

in 30, 60, 90, 120 and 150 µg NAD+ per sensor. The same encapsulation of chitosan and PVB was used

as previously described. Three electrodes per ratio were performed to avoid measuring error. The test was

performed using a 5 mM solution of HB and evaluated using amperometry using a potential of -0.12 V.

After the optimised ratio had been established, the amount of HBD per sensor was evaluated using 3, 2, 1,

0.5 and 0.1 unit of the HBD with an NAD+ concentration of 20 µg NAD+ per unit of HBD. Then, the same

evaluation procedure using 5 mM HB was performed as the one above.

The optimised levels which consisted of 1 U of enyzme and 20 µg NAD+ was then evaluated using amperometry

with injections ranging from 0.1 mM to 10 mM using -0.12 V.

The stability of the system was evaluated by pipetting 10 repeated measurement of 0.2 mL of 5 mM of HB

mixed with 0.1 M PBS (pH 7.4) using chronoamperometry with -0.12 V with the optimised values of enzymes.

Between each measurment the surface was washed with 0.2 mL of 0.1 M PBS (pH 7.4) to ensure that no leftover
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HB on the surface.

2.2.10 Characterisation

To analyse the morphology and element composition, SEM and EDX were used. The sample was sputtered

with thin layer of platinum to increase the contrast for SEM using Leica EM SCD 500 with a vacuum pressure

of 0.5 µbars. SEM images were recorded using a LEO 155 Gemini (Zeiss, Germany) electron microscope

with the accelerating voltages of 5 kV. SEM images for the samples were recorded in multiple magnifications.

The chemical composition and mapping were evaluated using energy-dispersive X-ray spectroscopy (EDS,

Oxford Instruments, UK). Fourier transform infrared (FTIR) spectroscopy was performed using a VERTEX

spectrometer (Bruker, USA) equipped with an attenuated total reflection (ATR) measuring cell.
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3 Results and discussion

The result of the project is presented in this section. The process involves the optimisation of polymerisation

parameters on GCE, characterisation of PTB polymerisation on flexible porous LIG electrode, electrochemical

oxidation of NADH at PTB/LIG electrode, immobilisation of HBD on PTB/LIG for HB biosensing.

3.1 PTB electropolymerisation

The electrochemical oxidation of NADH at the conventional electrode surface usually need high potential, and

the adsorption of intermediates causes the fouling of electrode surface with decayed response [23]. Herein,

PTB was used as a redox mediator in order to achieve a low oxidation potential. The polymerisation condition

(e.g. pH and potential) of PTB was firstly optimised using GCE as working electrode, and then flexible LIG

was used as an alternative working electrode for the polymerisation of PTB.

3.1.1 PTB electropolymerisation on GCE

The electropolymerisation of PTB on GCE was performed by dynamic potential cycling in B-R buffer solution

containing 0.5 mM TB monomers at a scan rate of 50 mV s-1 and a step rate of 10 mV for 30 cycles. To

optimise the polymerisation condition, the upper threshold potential of the dynamic cycling was changed from

0.6 to 1.4 V with 0.2 V interval, and the three different pH of the B-R solution was evaluated, including acidic

condition (pH 4), neutral condition (pH 7) and alkaline condition (pH 9.7), the 30th cycle of the polymerisation

for the PTB can be seen in Figure 15.

As shown in Figure 15A, at pH 4, all the CV curves display a pair of redox peaks at around -0.05 V, which is

ascribed to the oxidation and reduction of TB monomers [14]. When the upper threshold potential increased

to 1.2 and 1.4 V, another pair of redox peaks appear at around 0.15 V, which are attributed to the polymer-

type redox activities [40]. No apparent redox reactions occurred for the threshold potential from 0.6 to 1 V,

indicating the insufficient potential for the formation of radical cations and thus the formation of polymers. In

addition, the oxidation peak at around 1.1 V for the polymerisation curve at 1.2 and 1.4 V is the irreversible

oxidation of monomer molecules [14].

For the polymerisation of PTB at pH 7, as shown in Figure 15B, the same redox monomer peaks can be seen

but at -0.2 V for the upper potential range of 0.6 and 0.8 V. For the potential range of -0.4 to 1 V, two pairs of

peaks can be seen at -0.25 V and the second at 0.1 V. The first is indicative of the monomer, and the second is

polymerisation peak [40]. The potential to 1.2 V has the same peaks as 1 V but lower in amplitude. For the

highest potential 1.4 V, no peaks can be seen between -0.4 - 0.6 V. One peak can be seen at 1 V and the current

increases significantly when going towards 1.4 V. No obvious oxidation peak can be observed at 0.1 V for PTB

under 1.4 V polymerisation at pH 7, which is attributed to irreversible oxidation of the TB monomer [14].
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When the pH increased to 9.7 as shown in Figure 15C, the monomer redox peaks appear at around -0.3 V. Clear

indication of polymerisation can be seen for the upper potential of 0.8 V and 1 V, where the highest response

was from 0.8 V, these peaks was at 0.1 V, with 0.8 being at a slightly shifted lower potential compared to 1 V.

The peaks significantly reduced for potential 1.2 and 1.4 V which most likely could be attributed to irreversible

oxidation.

From the graphs in Figure 15, the oxidation peak current of PTB that polymerised under different pH and

potential was summarised in Table 4, in which the current marked as ”N/A” had no apparent polymerisation.

For pH 4, the maximum oxidation peak current of PTB is 8.615 µA for the upper potential at 1.2 V. When

the pH is changed to 7, the maximum current is 11.336 µA at an upper potential of 1 V. For pH 9.7, high

upper potential range does not facilitate the polymerisation of PTB with the optimised upper potential of 0.8 V

(16.742 µA oxidation current. Among all of the PTB, the one polymerised under pH of 9.7 with upper potential

of 0.8 V possesses the highest oxidation peak current. Therefore, pH of 9.7 with upper potential of 0.8 V was

chosen as the optimised condition for PTB polymerisation on electrode surface.
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Figure 15: Cyclic voltammograms (30th cycle) for PTB polymerisation on GCE at different pH 4 (A), 7 (B)

and 9.7 (C) with different potential range in B-R buffer containing 0.5 mM TB.

Table 4: Summary of the polymer-type oxidation peak current at different pH and potential range.

Oxidation current (µA)

pH\V 0.6 0.8 1 1.2 1.4

4 N/A N/A 6.117 8.615 2.82

7 N/A N/A 11.336 7.986 2.451

9.7 6.115 16.742 13.916 5.699 2.468
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3.1.2 PTB electropolymerisation on LIG

Based on the optimised condition for PTB polymerisation, PTB was further polymerised on flexible LIG elec-

trode surface (diameter 3 mm) by dynamic cycling between -0.4 to 0.8 V in B-R solution (pH 9.7) containing

0.5 mM TB monomers. Figure 16 shows the 30th cycle of cyclic voltammogram for the polymerisation. The

oxidation current for the polymer-type of PTB on LIG was 51.623 µA, which is 3 times higher than that of

GCE as working electrode. This indicates that the LIG provides some characteristics for the polymerisation

of PTB compared to GCE. The higher current might be due to the larger surface area originating from the 3D

porous structure.

Figure 16: Cyclic voltammogram of the electropolymerisation of PTB 0.5 mM in B-R pH 9.7 using a potential

range of -0.4 to 0.8 V, 10 mV s-1 and 30 cycles on LIG.
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3.1.3 SEM and EDX of PTB/LIG

The morphology and elements composition of LIG and PTB/LIG electrode were analysed using SEM and EDS.

Figure 17 displays the SEM images of LIG and PTB/LIG electrode in different magnifications.

The lowest magnification, 1 kX (A and C), was used to analyse the general morphology of the LIG. The LIG

can be observed to be porous both on the LIG and the PTB/LIG, which is one of the properties that provide

the high surface area of the material. From the SEM image with high magnifications, 50 kX (B and D), the

PTB particles can be seen on the outer-layer of graphene (D). What is to be noted is that the polymerisation of

PTB do not block the porous structure of 3D graphene network, which is favourable for the mass transfer and

immobilisation of enzyme.

Figure 17: SEM images taken at 5 kV of LIG (left) and PTB/LIG (right) shown in 1 kx at the and 50 kx in the

middle.

The chemical makeup of the LIG and LIG/PTB was analysed using EDX, Table 5. The constitution of the

material can be seen for the bare LIG to mainly consist of carbon (98.88 %) and oxygen (1.12 %). The

PTB/LIG can be seen to contain carbon (97.06 %), oxygen (2.26 %), nitrogen (0.19 %), sodium (0.2 %) and

lastly sulphur (0.29 %). The difference between the LIG and the PTB/LIG is by the elemental difference of

sulphur, nitrogen and sodium. The sulphur and nitrogen can be attributed to the chemical structure of TB

(Figure 3). This indicates the successful polymerisation of PTB on LIG electrode.
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Table 5: Weight precent of element composition from EDS analysis for LIG and PTB/LIG.

Element Bare LIG (%) PTB/LIG (%)

Carbon 98.88 97.06

Nitrogen 0 0.19

Oxygen 1.12 2.26

Sodium 0 0.20

Sulphur 0 0.29

Total: 100 100

3.2 NADH oxidation

In this section, the electrochemical oxidation of NADH is evaluated at the PTB/LIG electrode by cyclic voltam-

metry and amperometry. Single PTB/LIG working electrode with external reference and counter electrode,

as well as the integrated 3-electrode system were used for the measurement. In addition, the fouling of the

PTB/LIG electrode surface was also evaluated.

3.2.1 PTB/LIG working electrode

The electrochemical oxidation of NADH at PTB/LIG electrode was evaluated by CV in 0.1 M PBS (pH 7.4)

without and with 5 mM NADH as seen in Figure 18A. For PBS, two pair of redox peaks can be seen from

the CV curve, which can be ascribed to the redox reactions of TB monomer residues (in the range of -0.4 ∼

-0.2 V) and the redox reactions of PTB (in the range of -0.1 ∼ 0.1 V), respectively. The oxidation peak of

the polymer-type PTB appears at 0.11 V with the peak current of 70.548 µA. For the CV in PBS with 5 mM

NADH, the oxidation peak current increased to 81.289 µA with the peak potential slightly shift to 0.13 V. The

current-time response of NADH at PTB/LIG electrode was measured at 0.12 V with successive addition of

NADH from 6.7 µM to 6 mM under stirring. As shown in Figure 18B, the PTB/LIG electrode demonstrated a

fast response to each addition of NADH by reaching the 95 % of steady-state current within 5 s. The current

response for NADH at PTB/LIG electrode surface is linearly proportional to NADH concentration over the

range of 6.7 µM to 3 mM, as shown in the calibration curve in Figure 18C. The corresponding regression

equation of the calibration curve is Y(µA) = 0.0072 X (µM) + 0.5355 (µM) (R2=0.991). The sensitivity of the

calibration was 0.0072 µA/µM, and the LOD and LOQ were calculated to be 1.85 µM (3σ/sensitivity) and 6.16

µM (10σ/sensitivity), respectively.
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Figure 18: Electrochemical oxidation of NADH at PTB/LIG working electrode. (A) Cyclic voltammogram

of single PTB/LIG working electrode in 0.1 M PBS (pH 7.4) without/with 5 mM NADH; (B) current-time

response curve with injections from 6.7 µM to 6 mM; (C) corresponding calibration curve (n=3).

3.2.2 Integrated PTB/LIG 3-electrode system

The LIG integrated 3-electrode system was used for electrochemical oxidation and sensing of NADH, con-

taining PTB/LIG as working electrode, internal Ag/AgCl paste on LIG as reference electrode and bare LIG as

counter electrode. The electrochemical oxidation of NADH using the 3-electrode system was performed by

cyclic voltammetry in 0.1 M PBS (pH 7.4) without and with 5 mM NADH. As shown in Figure 19A, the cyclic

voltammogram shows the oxidation peak of PTB at -0.16 V with the peak current of 94.274 µA in 0.1 M PBS.

The negative shift of the oxidation peak compared to the external commercial Ag/AgCl reference electrode

(containing 3 M KCl solution) can be attributed to pseudo-reference of Ag/AgCl paste, which is also proofed

by the other reports [28]. When it is performed in 0.1 M PBS containing 5 mM NADH, the oxidation peak

potential changed to -0.11 V (from 0.12 V with the non-integrated system) with a potential current of 109.155
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µA.

The sensing of NADH using the 3-electrode system was conducted by static amperometry at -0.12 V. The

amperometry curve in Figure 19B shows the increased current with the increased concentration of NADH over

the range of s 10 µM to 10 mM. Figure 19C displays the current response taken at 100 s intervals as a function

of NADH concentration. The corresponding regression equation of the calibration curve is Y (µA) = 0.0021 X

(µM) + 0.1711 (µM) (R2 = 0.998). The linear range is over 78 µM to 10 mM with the sensitivity of 0.0021

µA/µM. In comparison to the single working electrode system, the non-stirring 3-electrode system allows for

the sensing of NADH with higher concentration for the linear range. It can also be noted is that the sensitivity for

3-electrode system (0.0021 µA/µM) is lower compared stirring system with single working electrode (0.0072

µA/µM), which is ascribed to the diffusion characteristics of the stirring vs non-stirring amperometry. This

is due to diffusion, convection and migration in solution and the diffusion of the bulk analyte to the interface

electrode [19]. The main effect of stirring is the creation of convection. Convection helps to clear the product

of the analyte at the interface which allows more analyte to be present at the interface, which in turn allows for

a smaller concentration detection.
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Figure 19: Electrochemical oxidation of NADH using the integrated 3-electrode system. (A) Cyclic voltam-

mogram of the integrated 3-electrode system in 0.1 M PBS (pH 7.4) without/with 5 mM NADH in blue; (B)

amperometry curve of the integrated 3-electrode system to NADH from 10 µM to 10 mM at -0.12 V; (C)

corresponding calibration curve NADH oxidation performance (n=3).

3.3 Anti-fouling ability of PTB/LIG

The anti-fouling property for the PTB/LIG towards NADH oxidation was evaluated by the amperometry in 0.1

M PBS (pH 7.4) with 2 mM NADH for 1500 s. As shown in Figure 20, 94 % of the current retained for the

PTB/LIG electrode, indicating a good stability and anti-fouling ability of the PTB/LIG electrode.
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Figure 20: Anti-fouling test for PTB/LIG for long-term amperometry in 0.1 M PBS (pH 7.4) containing 2 mM

NADH.

3.4 Immobilisation of dehydrogenase enzyme for HB biosensing

This section covers the optimisation of NAD+/U ratio, enzyme amount of each sensor and the performance

of the sensors in detecting HB. The encapsulation result is not presented in the report, two different methods

were investigated, including cross-linking by GA (1 %) and encapsulation with chitosan and PVB. However,

the result from the GA removed all response from the HB detection. The speculation that it did not allow

diffusion for HBD to access NAD+ is thought to be the reason. Therefore, the immobilisation of HBD/NAD+

by encapsulation with chitosan with capping of PVB which showed good response of HB after encapsulation

however had some stability issues which is covered in the last part.

3.4.1 HB calibration curve with NAD+ in solution

Based on the good performance of PTB/LIG towards NADH sensing, HBD was immobilised on PTB/LIG for

HB biosensing. The immobilisation was achieved by Chitosan and PVB encapsualtion. Chitosan provides

a semi-permeable matrix to encapsulate the NAD+/HBD without covalently linking them together. It also

provides some stability by electrostatic force. PVB provides a selective permeable membrane and anti-fouling

resistance [34]. The biosensing of HB at the integrated system was evaluated by amperometry in 0.1 M PBS

(pH 7.4) containing 5 mM of NAD+. As shown in Figure 21. HB injections was made from a concentration

of 0.5 µM to an accumulated concentration of 1 mM of HB as shown in Figure 21A. Over the tested spectra,

the signal to noise ratio was 30 nA peak to peak. The calibration curve was calculated to be Y (µA) = 0.0012

X (µM) + 0.0523 (µM) (R2 = 0.9923).The sensitivity was calculated to be 0.0012 µA/µM, as shown in Figure

21B.
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Figure 21: HB biosensing at working electrode in 0.1 M PBS (pH 7.4) containing 5 mM NAD+.

3.4.2 Selectivity

To analyse the selectivity and cross-reactivity of the finished electrode. A selectivity test was performed using

200 µM of AA, AP and UA with 5 mM of HB with NAD+ supplemented in the solution with a glass Ag/AgCl

electrode and platinum counter electrode. It can be seen in Figure 22, that the response of AA, AP and UA

had no obvious effect in increasing the current while an addition of 5 mM of HB had a response of 1.2 uA.

Therefore the selectivity of the sensor can be drawn to have no oxidation of these three molecules.
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Figure 22: Interference with AA, AP and AA with 5 mM of HB added.
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3.4.3 Co-immobilisation of HBD and NAD+ for HB biosensing

The effect of different ratio of NAD+/U was optimised to see the effect of the ratio on the response as shown in

Figure 23. The concentration of 10-50 µg NAD+/U was chosen due to the variation of concentration of NAD+

in Table 1. The most optimum concentration was determined to be 20 NAD+/U of HBD. The assumption that

the curve would be ”S” shape was thought to be the case first. However after the experiment the response shows

more of a peak. This might be due to NAD+ blocking the active site of the enzyme for concentration 40 and 50

NAD+/U. But for 10 NAD+/U the concentration was not sufficient in providing enough NAD+ for the enzyme.

Figure 23: 10 to 50 µg NAD+ per unit HBD optimisation. The amount of enzyme per each test was 3 units

and three experiments were carried out for each measurement for standard error. The response where measured

from 5 mM HB.

3.4.4 Enzyme optimisation

The amount of HBD per sensor got optimised after the ratio was determined to be 20 µg NAD+/U. The result

from the enzyme optimisation is shown in Figure 24. The response from 3 to 1 unit of enzyme per sensor was

not significantly different. A decline in response can be observed at 0.5 and 0.1 units of enzyme per sensor.

Therefore, the conclusion can be drawn that 1 unit of enzyme is good as to also preserve resources.
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Figure 24: HBD amount optimisation per sensor from 3 to 0.1 unit of enzyme with 20 µg NAD+ per unit of

HBD. Three measurements were made for standard error. The response is from 5 mM of HB.

3.4.5 HB calibration curve with NAD+ encapsulated

The HB detecting performance was analysed using the optimised NAD+ and HBD unit amounts from previous

sections, as shown in Figure 25. The amperometry curve showed differentiation over ever amount of tested

HB concentration (A). However, the linear range only showed good linearity from 1 mM to 8 mM of HB

concentration, above which the linearity dropped off significantly. The sensitivity was determined to be 0.0878

µA/mM (R2 = 0.946). The nature of the different methods of stirring (Figure 21) and non-stirring (Figure

25), makes it hard to compare the effects to each other since it could be both due to the diffusion and also

the encapsulation effect itself. The sensitivity and LR that the sensor provided is sufficient in characterising

ketoacidosis. However, the R2-value brings some uncertainty to the measurement itself and it is only linear

above 1 mM which creates a problem in detecting the ketoacidosis at early stages. The issue of encapsulation

might bring some instability of the sensor surface with either decay of NAD+ and HBD or leakage. This could

have created problems when increasing the injections from lower to higher concentration since if the NAD+ is

leaked, the response will become less sensitive over time to more injections. Therefore, the next logical step is

to investigate the stability of the sensor.
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Figure 25: HB calibration over the range of 1-10 mM with 1 U of enzyme and 20 µg NAD+
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3.4.6 Repeated measurement of HB

The repeatability was investigated using 5 different sensors with chitosan and PVB encapsulation to verify

the batch to batch variation of the produced sensors. Looking at the graph in Figure 26 the sensors have a

mean value of 0.81 µA with a max value of 0.91 µA and the lowest response of 0.61 µA. This indicates that

the sensor provides repeatability as a single-use sensor since the stability between each batch could provide a

relatively low variation. However, stability aspects could be improved even more since the aspects of production

could become more refined and doing them by hand could have been affected by human error. The stabiliy of

the enzyme is a factor of the current response. Therefore, stability aspects in regards to enzyme quality are

something that needs to be considered in the future.

Figure 26: Repeatability of sensors using 5 mM concentration of HB on 5 different integrated HBD-

NAD+/PTB/LIG 3-electode integrated sensors.

The stability of the sensor for multiple uses is shown in Figure 27. Here we can see that the drop off in

current over the number of repeated measurements on the same sensor with a linear decrease. The drop in

current between the measurement indicates that the encapsulation is not suitable for repeated measurement,

which likely could be attributed to leakage of the immobilised molecules on the sensor itself. Therefore the

calibration curve for HB with encapsulation (Figure 25) could be improved if the leaked was improved. This

also indicates that the hypothesis that the R2-value of the calibration curve could be attributed to the problem

of leakage between adding a new concentration for calibration purpose. One solution to this problem could be

to make lots of sensors and perform a measurement of each concentration at a fresh sensor; this requires lots of

time which for this project was not available. However, this is something to be analysed in future projects.

36



Results and discussion

Figure 27: Repeatability of multiuse on a single sensor over 10 measurements using 5 mM of HB with amper-

ometry at -0.12 V.

3.5 Social and Ethical Aspects

In this project, no harm was done to any animal or human. The chemical waste was handled with appropriate

methods using Linköping University’s guidelines for handling chemical waste products, which included sepa-

rating all the chemicals that negatively impact the environment or human health into separated waste disposal

cans.

The social implications regarding the project are significant for the future treatment of less invasive care of

diabetic patients. The project achieves this social aspect by investigating further the viability of using LIG as

a substrate for the promises of disease monitoring. Another aspect in healthcare is cost; traditional methods

of sensors use noble metals. The extraction of noble metals are generally toxic and complex and comes at a

high price. Changing the substrate to use LIG reduces cost and has less impact on human health since carbon

is non-toxic.

The developed sensor allows diabetic patients to live by providing a PoC that provides less invasiveness for the

patients. Using cost-efficient materials could give rise to cheaper care for diabetic patients, which allows for

more access to better care.
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4 Conclusion

The project successfully achieved the aim with a flexible electrochemical biosensor that could detect HB using

LIG with PTB as a mediator. However, the flexibility aspect was never analysed for the project due to time

restrictions but is left to be analysed in the future.

The project consisted of two major parts; the first consisted of evaluating the oxidation performance of NADH

using PTB coupled with LIG. The second part consisted of immobilising NAD+ and HBD enzyme with encap-

sulation on the PTB/LIG surface.

The NADH oxidation performance of the PTB/LIG system showed good results regarding the parameters of

linear range, anti-fouling properties and LOD. The LOQ was comparable to that of relevant literature with a

linear detection of up to 10 mM of NADH.

Two methods of detecting HB was evaluated; using NAD+ in solution with HBD immobilised and the second of

encapsulating NAD+ together with HBD on the sensor. For NAD+ in solution, the sensor showed great promise

for detection of HB with a high R2-value, linear range between 0.5 µM and 1 mM and good selectivity. The

immobilisation of NAD+ and HBD using chitosan and PVB showed a linear range between 1 - 8 mM of HB.

However, no perfect R2-value. The sensor was also insufficient for multi-use due to leakage of inadequate

encapsulation method, but the sensor can detect HB using single-use methods.

Concluding, the system showed promise at detecting HB in conjunction with LIG and TB.

For future development, the improvement of the encapsulation, proof of flexibility and the prospect of using it

in multi-use. Also, the sensor needs to be calibrated for artificial ISF detection.
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6 Appendix

6.1 FTIR

Figure 1: FTIR image of LIG and PTB LIG.

6.2 Process

The projects workflow consisted of totally of 800 hours (20 weeks) of work. The first phase consisted of doing

preparation. The preparation involved writing the project plan, getting to know the lab, researching the project

and getting the material.

The second phase of the project consisted of developing the HB electrochemical biosensor, which was the most

time-consuming part of the project.

First, the best mediator to be used for the project was evaluated on GCE. This included mediators such as

EDOT, TB and more. It was determined that TB was to be used since it had the best performance for NADH

oxidation. Then the best electrodeposition parameters for PTB was determined by optimisation.

The optimised PTB parameters were then transferred to LIG, which was the material to be used for the devel-

opment of the finished sensor. For the characterisation of the sensor, different methods were used to evaluate

the surface. Among them (excluding electrochemical) included SEM, FTIR and EDX.

After this, the halftime report where done.

The fourth phase consisted of finalising the sensor by immobilising and quantifying the effect of hydroxybu-

tyrate dehydrogenase on the sensor. The most time-consuming part was to determine the encapsulation method

by doing lots of literature research. This included calibration, selectivity and using NAD+ in solution or encap-
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sulated it on the sensor.

The only part in phase five that was done was the stability aspect. The flexibility had no time to be analysed.

The last phases (six and seven) consisted of finalising the writing and presenting the work. Which was not done

at the proposed week, 24, but done after the summer at the end of August.

The gantchart for the project is presented in Figure S2.

45



Appendix

Fi
gu

re
2:

G
an

tc
ha

rt
fo

rt
he

di
pl

om
a

pr
oj

ec
t.

46



Appendix

6.3 Process analysis

Basically, no timeline from the start was kept since the process evolved throughout the project. The first outline

of the project consisted of a dual-channel sensor that could detect pH and HB simultaneously. This was after a

while removed and changed to only detecting HB using a single channel method. Another aspect that was not

kept was the flexibility part, which was a central aspect. This is kept in discussion but was not analysed. This

is something that was kept for future analysing.

One of the things that took more time than realised was determining how everything worked in developing a

sensor. Lots of research were done to find out what method to be used and how they worked. This also included,

preperation of what solutions what nessecary at what concentraion, pH and to measure and dissolve everything.

The feedback and support from my supervisor simplified the process by a lot.

Another thing which took more time than expected was to order the enzyme. The first enzyme order was

delayed, making the project 2-3 weeks more than first wanted. Instead of starting the enzyme work on week

13, it was delayed until week 16. Then the ordered enzyme was not enough, and more had to be ordered again,

which took even more time.

A time-consuming part were the number of tests that needed to be made due to repeated measurement for

standard error. Even more tests could have been made to make the work have even more scientific value, but

time and resources were cut short to the lowest amount of test need for significance was done.

The analysis of the flexability and the determination of ISF HB levels where not analysed due to time reasons,

this is something which could be looked at more and is necessary if the sensor is to be used on humans. Since

the encapsulation method was not super good, it could have been improved in this project but due to time

reasons again this was not looked at.

Generally over the project more time was spent on it then was scheduled for it based on the 800 hours. Mainly

because I was interested in working with the project and also because it needed to be done for the timeline to

be followed. At the end of the project even more time could have been spent for the project but I decided to

cut it short since the project should also reflect how the process of work should be in real life and working way

more on a project is not an ideal working situation.
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