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Abstract

Screen printed sensors and applications have been developed that utilise car-

bon/graphite working and counter electrodes and silver reference electrodes.

The first sensor produced is a pH sensor where the working electrode has

been functionalised by spin coating a layer of DMSO-melanin which enables

it to become sensitive to changes in pH. This pH sensor was initially tested in

reference buffer solutions where the sensitivity to pH was -49.79mV/pH±8.93

over a range of pH4 to pH10. Further testing showed an improved sensitivity

of -63mV/pH±4.79 over a range of pH5 to pH8 which is a biologically rel-

evant range. The DMSO-melanin pH sensor was tested in culturing media

that had been inoculated and live bacteria were present where it was demon-

strated to maintain sensitivity to pH in the presence of bacteria suggesting

that it is suitable for the use in bacterial culturing applications. It was ob-

served that signal measured depends on the type of culturing media used so

therefore the type of culturing media must be known in advance of testing

and a standard curve for each type of media being tested must be established

before testing. Testing the DMSO-melanin pH sensors with blood samples

in a preclinical model revealed challenges in obtaining repeatable results in

blood samples. Subsequent investigation into this indicated that substances

within the blood interfere with the signal that is measured by the sensor, in

particular NaCl, KCl and MgCl2. This work also produced a nonfunction-

alised carbon/graphite screen printed electrode that was able to accurately

measure the concentration of Lactobacillus casei bacteria in culturing media

solutions using square wave voltammetry. The shape of the voltammograms

measured was different when cultures of Escherichia coli and Saccharomyces



cerevisiae were tested suggesting that there might be potential useful ap-

plications involving this technique to identify characteristics of microbiota

(such as domain, species, Gram type and quantity) based on the measured

voltammograms. However further research on an expanded number of differ-

ent prokaryotic and eukaryotic microorganisms is needed to confirm whether

such applications are possible.
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Chapter 1

Background

1.1 Thesis structure

Chapter 1 provides a general introduction to the thesis covering the

background and motivation for carrying out the work and how the thesis is

going be be structured. An overview of the applications that the sensors

were developed for and their importance is also included here.

Chapter 2 is a literature review that details carbon nanoparticles

and their properties that are relevant to this work. This chapter discusses

screen printed electrodes and the underlying technology that the sensors

rely on.

Chapter 3 describes how the sensors were fabricated and covers what was

done to characterise and assess the quality of the sensors.

Chapter 4 is a theoretical chapter that covers the electrochemical

techniques that have been used throughout this research to characterise and

1



test the sensors.

Chapter 5 details the development and testing of a pH sensor. Can-

didate materials with sensitivity to pH were selected and tested as a

means to functionalise the working electrode of the screen printed electrode

(SPE). The material that performed best was taken forward for further

development where it was characterised and tested in various applications

including monitoring the pH of bacterial culturing media, food spoilage

and medical where it was tested in a preclinical model for lactic acidosis in

Chapter 6 and Chapter 7 respectively.

Chapter 8 covers the establishment of using electrochemical tech-

niques with SPEs that have not been functionalised in order to measure the

quantity of bacteria in a culturing media solution. This chapter also covers

how the same electrochemical technique can be used to differentiate between

different microorganisms.

Chapter 9 provides a conclusion summarising what has been covered

in the thesis and details what future work is necessary to further advance

what has been described in this thesis.

1.2 Background and motivation

This research aims to develop sensors that utilise carbon for a number of

applications such as monitoring conditions within a bioreactor and point of

care diagnostics. Due to its electrical properties, carbon is a suitable material

for sensor development. In addition to developing sensors this research also
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focuses on the investigation of real world applications for these sensors in a

variety of different fields and industries including food production, biotech-

nology and healthcare. This research also investigates how microfluidics can

be used in combination with carbon sensors in order to create a fully inte-

grated and working system.

The types of sensors can be split into two broad categories. The first of these

types being laboratory machines that are sophisticated and are capable of

rapid high throughput measurements of complex biological components and

the second type being portable easy to use devices that are intended to be

used by non specialists outside of a laboratory setting [1]. Electrochemical

sensors have applications in a diverse range of industries [2]. Such appli-

cations include the analysis of food to detect food spoilage, assessment of

drinking water quality and the screening of medical samples in point of care

settings [3].

1.2.1 The importance of pH measurements

The ability to determine the pH of a solution is an important process across

a wide range of various disciplines [4, 5, 6, 7]. This stems from pH being an

essential factor in chemical and biological processes due to reactions being

dependent upon being within a specific local pH range. In biological sys-

tems, molecules such as enzymes are only able to function within a narrow

pH range, this leads to accurate pH measurement being important in the

biological, biomedical and environmental science. In chemistry and biology

laboratories, pH has been measured for decades using the classical glass elec-

trode pH meter system [8]. While this system is accurate provided that good

laboratory procedures are followed, it suffers from the drawbacks of being

fragile, expensive and in need of constant calibration to account for signal
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drift. In medicine blood pH is an important diagnostic biomarker. In cases

of sepsis and stroke the pH of the blood drops resulting in clinical acidosis

[9]. Acidosis is not diagnosed using a glass electrode pH meter, rather it is

determined by running the sample through a blood gas analyser [10] which is

an expensive piece of equipment, it is also large and therefore not portable.

Environmental pH is typically measured using a portable glass electrode sim-

ilar to those that are used in laboratories.

Using a glass electrode to measure pH is not always desirable, for example

in cell culture the pH of the media is monitored colourmetrically where the

media contains a pH sensitive dye. Colour changes in the solution correspond

to changes in pH which are linked to metabolites produced by the cells or

due to the growth of contamination [11]. Glass electrodes are not useful here

due to the need for sterility as well as the cost of the electrodes as typically

many flasks are cultured simultaneously.

1.2.2 Potential advantages of a screen printed sensor

The drawbacks that are associated with the glass electrode may be overcome

by instead using a screen printed pH sensor. Screen printing is an traditional

and simple technique that allows for a large number of sensors to be pro-

duced quickly. The mass production of such sensors should allow them to be

affordable for use in a disposable manner as they already are for blood sugar,

for example [12]. Potential usages for such sensors includes use in culturing,

where incorporating sterile sensors into the structure of the flask would al-

low for the continuous monitoring of the pH levels of the media as well as

allowing for the monitoring to be logged and viewed remotely and developing

alerts that notify staff should the pH level drift outside of a defined range so

that action can be taken against contamination more quickly. Another area
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where a disposable screen printed pH sensor may yield benefits is the field of

medicine. A disposable screen printed pH sensor that is able to accurately

measure the pH of blood may be a useful point of care test, for use in doc-

tors surgeries or carried by paramedics in order to get a rapid indication of

whether a patients pH level has changed therefore informing treatment op-

tions more quickly which preferable especially in the serious conditions that

are associated with acidosis. Such a sensor may also be useful in smart ban-

dages for monitoring how would healing is progressing and alerting hospital

staff to any changes in pH that are associated with infection onset [13].

1.2.3 The importance of microbial quantification

The quantification of microorganisms within a solution is desirable across var-

ious different disciplines [14, 15]. An important example is in antimicrobial

sensitivity testing where microorganisms that have been sampled from pa-

tient swabs are cultured in the presence of various antimicrobial compounds

in order to assess the microbes sensitivity and resistance to these various

compounds. The basic principle of this relies on the fact that the microbes

that are sensitive will grow in the presence of the antimicrobial compound

with little to no inhibition if they are resistant to it and they will fail to

grow if they are sensitive. This is an important clinical diagnostic test that

is routinely carried out especially since the number of antibiotic resistant

species is increasing, the World Health Organisation predicts that antibiotic

resistance will be the leading cause of death by the year 2050 [16]. Currently

the most popular methods for determining antimicrobial sensitivity involve

spreading the cultured microbes across an agar plate and applying discs in-

fused with antibiotics to the plate and measuring the distance at which the

bacterial lawn grows in relation to the disc. This process is laborious and
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requires trained staff to perform the procedure. Electrochemical sensors that

are capable of measuring culture yield could provide a simpler method for

determining the sensitivity profile. Furthermore due to the nature of these

sensors being electronic the signal that they measure could be automatically

saved and processed leading to efficiency improvements in the diagnostic pro-

cess. Staff would also require less training aiding in a reduction in personnel

costs. Another area where a sensor able to quantify microbial yield is within

a bioreactor where the microbial concentration needs to be kept at a level

that is suitable for optimal bioreactor activity.

1.2.4 Microbial identification

There are techniques for identifying the species of microbes such as DNA

sequencing these are dependent on trained staff, a well equipped and suffi-

ciently funded laboratory and laborious time consuming preparation proce-

dures such as overnight culture preparation, DNA extraction and polymerase

chain reaction (PCR). While it is useful to know the exact species and strain

of microorganism present depending on the application it is not always nec-

essary and a sensor that is capable of providing less detailed information at

a more rapid rate may be more appropriate depending on the setting. An

example of where a broader, quicker approach to microbe identification can

be more useful is in a clinical setting with regards to treatment selection. A

classical technique for the broad differentiation of bacteria is the Gram stain.

This is a laborious and complicated technique which relies on human inter-

pretation of microscopic images [17]. Techniques such as the Gram stain are

ideal candidates to be replaced by electrochemical sensors as they are offer

inherent advantages such as being electronic in nature they produce a digital

signal which can be automatically recorded and this also removes the risk of
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human error or the variation associated with how different people interpret

the microscopy. Such a sensor has the potential to increase accuracy and

repeatability while also producing a result more quickly and reducing costs

(staining reagents, need for trained staff).

1.2.5 Point of care testing

Point of care (POC) offers advantages over centralised laboratory based test-

ing such as a shorter turnaround time [18] and a reduced requirement for

sample volume [19]. POC testing is also attractive for use in developing

countries where resource limitations limit access to centralised laboratory

services [20]. Screen printed carbon based sensors such as those developed in

this research are interesting candidates for use in a POC setting as they can

be produced at a high volume with low cost [19]. Furthermore the carbon

electrode has the potential to be functionalised in a variety of ways that cause

it to become sensitive to various different substances meaning that the same

base sensor design has the potential to be used to detect different biomarkers

for a variety of POC applications depending on how the electrode was func-

tionalised [21]. The applications discussed above are potentially useful in a

POC setting particularly in wound infection management as the colonisation

of a wound with infectious microbes leads to changes in pH [22, 23] which

could potentially be monitored using a disposable carbon based pH sensor

could be used to help identify what the infectious agent is.

1.2.6 Summary of importance

This work has highlighted sensors that have potential applications in a vari-

ety of different industries and settings where they may increase production

output for example by being used within a bioreactor or detect food spoilage
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leading to waste reduction. There are also potential applications for such

sensors in healthcare where they may reduce the cost of healthcare while

facilitating near patient point of care testing. These sensors are able to be

used in challenging scenarios where confounding factors prevent traditional

approaches that depend on expensive specialist laboratory equipment from

being used.

The next chapter will present a review of the most relevant literature con-

cerned with design and application of sensors that are relevant to the appli-

cations presented in the preceding sections.
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Chapter 2

Literature review

This chapter is a review of the literature that provides the scientific back-

ground to the work. Carbon in the form of graphite/graphene are an fun-

damental part of this work as carbon paste is used for the fabrication of the

sensors. As such nanoparticles are introduced and their properties that are

relevant to this work are described. Electrochemical senors are introduced

and described along with their underlying principles and applications. The

molecule melanin is covered as melanin plays an important role in how the

pH sensor developed in this project functions, other pH sensors that utilise

different functional materials are also discussed. This chapter also highlights

where there are gaps in the current research that this work is aiming to

address.

2.1 Carbons

This work makes extensive use of carbon as the sensors described are fabri-

cated using carbon ink for the working and counter electrodes. Carbons such

as graphene have been identified as having many interesting properties that
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relate to potential applications within a wide range of fields. A general intro-

duction of graphene as well as its properties that are relevant to producing

sensors is discussed here.

First identified in 2004 [24, 25] graphene is a carbon allotrope that is com-

posed of a single layer of atoms that are arranged in a hexagonal lattice

structure that resembles a honeycomb (Figure 2.1). Multiple layers of this

structure form graphite which is another carbon allotrope [26].

Each carbon atom within graphene is bonded to three other carbon atoms

via a strong covalent σ bond within a single lattice. These atoms are in a

sp2 hybridised state between two p orbitals and one s orbital which allows

the support of both σ and π bonds [27]. The σ bonds are responsible for the

strong mechanical and thermal properties of graphene which allow it to exist

in a suspended form [28]. The π bonds are formed by the remaining electrons

from each carbon atom in p-orbitals that are perpendicular to the graphene

plane [29]. These π bonds are primarily responsible for providing a weak

bond between multiple graphene sheets and do not provide much structural

support within a single graphene plane as they are weaker than the in plane

σ bonds. This weak π bond allows for the easy separation of graphene sheets

[30].The unit cell (smallest number of atoms necessary to produce the lattice

structure) of graphene consists of two π bands. The bonding π band is in

the lower energy valance band and the anti-bonding π band is in the higher

energy conduction band. These two bands come into contact at the corners

of the Brillouin zone (the area inside the lattice ring) and these are known

as K points or Dirac points [31].
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Figure 2.1: Skeletal diagram representing the structure of a graphene sheet (left)

and graphene oxide (right).

2.2 Carbon sensors

The characteristic properties of carbon in the form of graphite make it suit-

able for use in sensors, this is because the high surface area to volume ratio

and strong electrical conductivity allow for the detection of small changes.

How carbon is used in sensors varies. Carbon can be used in electrochemical

sensors as the working and/or counter electrode as well as being used as the

conductive channel in measurements based on field effect transistor (FET).

2.2.1 Electrochemical sensor

Electrochemical carbon sensors generally function by utilising the carbon as

the working electrode and also sometimes the counter electrode. This ar-

rangement involves a three electrode system where electrons are transferred

between the working electrode and the counter electrode that occurs as a

result of events that take place on the surface of the working electrode [32].

The three electrode system also contains a reference electrode that should

have a constant stable potential that can be used to measure changes in the
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potential of the working and counter electrodes. Electrochemical sensors can

be divided into two categories, these are potentiometric sensors and volta-

metric/amperometric sensors [3]. Potentiometric sensors measure a change

in potential in the sensor which occurs in relation to the concentration of

the analyte [33]. In the case of voltametric or amperometric sensors an

oxidation-reduction reaction occurs at the working electrode that is relative

to the analytes concentration [34]. The material used for the working elec-

trode in electrochemical sensors is diverse with carbon, gold, platinum and

silver electrodes being used for electrochemical sensor fabrication [35]. An

important advantage of carbon over these other materials is cost as they are

inexpensive [3] which makes carbon an attractive choice of material for the

fabrication of disposable electrochemical sensors such as those described in

this work. Electrochemical sensors and biosensors have applications in a di-

verse range of industries [2]. Such applications include the analysis of food to

detect food spoilage, assessment of drinking water quality and the screening

of medical samples in point of care settings [3]. Such applications are enabled

by the sensors being sensitive to bacteria [36, 37] and biomarkers [38].

2.2.2 Biomarker detection and functionalisation

Carbon sensors can be functionalised in order to induce sensitivity to biologi-

cal molecules via chemically modifying the carbon surface with a bioreceptor

[39] . This results in the formation of a biosensor that is able to detect target

molecules with a high degree of specificity so long as the bioreceptor only

binds to the target molecule. Electrochemical oxidation and reduction of the

electrodes can be used to measure analytes by using various techniques such

as electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV),

square wave voltammetry (SWV) and chronoamperometry [40, 41].
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2.3 Principles and applications of biosensors

Biosensors have been developed that are specific for a variety of different

targets for a range of different use cases. Here some existing biosensors and

their applications are described along with biosensor principles. There are

three generations of biosensors. First generation biosensors detect the target

analyte by signals that are generated from biocomponents that are bound to

a membrane. Second generation biosensors utilise biocomponents that are

bound to the surface of the working electrode where these biocomponents

function as mediators and the signal is generated via electron transfer be-

tween these mediators and the working electrode. Having the biocomponents

attached to the working electrode reduces the need for required reagents.

Third generation biosensors function by immobilisation of receptors on the

surface of the sensor and signal is generated by direct electron transfer as

they lack a mediator [42].

2.3.1 Biosensors for pathogen detection

An example of a pathogen is the bacterial species Escherichia coli. It is often

harmless and resides within the digestive system as part of the commensal

flora without causing disease [43]. However there are strains of E. coli that

are virulent pathogens the most notorious being E. coli strain O157 [44]

which produces the Shiga toxin although other strains of Shiga producing E.

coli do exist [45].

The current standard of techniques that are used to determine what a

pathogen is are DNA based assays and immunoassays. The type of test

used is based on factors such as the stage of infection and whether there are

antibodies present at sufficient levels for detection.
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While these techniques are accurate and reliable they have drawbacks as-

sociated with them such as needing to be performed by trained individuals

in an appropriate laboratory setting that involves the use of consumables

and reagents as well as expensive laboratory equipment that must be regu-

larly calibrated and maintained in order to ensure that the results that are

being generated are accurate and precise. These drawbacks create an oppor-

tunity that biosensors are well placed to solve due to their nature of being

inexpensive to produce and that they can be used outside of a laboratory

environment. In order to maximise their usefulness a biosensor should be a

self contained unit that is able to provide quantitative or semi-quantitative

data without prior processing or the need for additional reagents. This has

been achieved and biosensors that are able to detect pathogens in various

different environments have been reported [46, 47, 48, 49, 50].

2.3.2 Biomarker biosensors

Biomarkers refer to molecules or characteristics that are components of a

biological system the presence of which are associated with specific biolog-

ical or clinical features [51]. Biomarkers are molecules of interest and have

been investigated for their association with different prognostic outcomes

in a variety of different and unrelated conditions including ischemic stroke

[52], psychiatric disorders [53] and cancer [54, 55]. These characteristics of

biomarkers make them attractive targets for detection and quantification us-

ing biosensors. Utilising biosensors that target biomarkers could lead to the

generation of low cost devices that are able to be easily used in the diagnostics

or progression monitoring of different disease states [56] that would be useful

in a point of care setting [57]. The pH of biological fluids is a biomarker, for

example blood pH is a biomarker for acidosis [58, 59] and salivary pH is a
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biomarker indicating the seriousness of periodontal disease [60].

2.4 Systems of pH measurement

The determination of a solutions pH is important across many different in-

dustries and fields [61, 62, 63, 64, 65]. There are two methods that are

used for measuring pH, electrochemical and colorimetric. Colorimetric pH

determination relies upon colour changes that correlate with changes in pH

however as they are not related to this work they are not discussed here.

Electrochemical methods for pH measurement relies on electrodes within an

electrochemical cell where the potential of the working electrode changes with

pH and the reference electrode does not. The classic glass electrode used for

pH measurements is composed of a glass bulb that contains a solution where

the pH is constant. The reference electrode is located in this solution. The

glass electrode pH meter contains a pH sensitive tip where H+ ions are ex-

changed leading to a measurable change in voltage due to the positive charge

of the hydrogen.

The glass electrode pH meter has been used in a variety of laboratory and

industrial environments. Limitations associated with it are related to the

fragility of the glass electrode and the size of the electrode. Improvements

on the technology have been developed that use the same principle such as

the blood gas analyser that is used in the routine testing of blood samples in

clinical settings. The blood gas analyser is a large machine that consists of

several different electrodes that are used to measure the various components

of blood including pH. The pH electrode within the blood gas analyser is

essentially the same as the glass electrode pH meter [66].
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2.4.1 Potential for printed implementation of pH mea-

surement

A printed implementation for the electrochemical determination of pH based

on the same principles as the glass electrode pH meter has the potential to

be useful in the production of inexpensive disposable pH sensors that may be

useful in situations where it is not practical to use a glass electrode system.

The underlying principle of determining pH by measuring the difference be-

tween the working and reference electrodes of an electrochemical cell should

translate across to a screen printed sensor with electrodes that have been

fabricated with conductive ink by functionalising the working electrode by

coating it with a substance that is sensitive to pH and then measuring the

difference in voltage between the pH sensitive working electrode and the pH

insensitive reference electrode. This should theoretically produce a system

that is sensitive to pH as it relies upon the same principles as the well estab-

lished glass electrode pH meter.

2.5 pH sensors

pH is measured currently using a variety of different techniques including

the standard glass electrode pH meter, colourimetric systems based on pH

sensitive dyes and systems based on spectrometers such as NMR spectroscopy

[67]. The most frequent applications for pH determination are based on

potentiometry, usually using a glass electrode [68, 69]. Film electrodes and

ion selective membranes are also used to measure pH potentiometrically as

are ion selective field effect transistors [70, 71]. pH may also be measured

using a variety of ductometric [72] and optical [73] methods. This implies

that there should be a wide variety of different commercial applications for
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robust, screen printed pH sensors.

2.6 Materials used in semiconductor pH sen-

sors

Ion sensitive field-effect transistor (ISFET)s are solid state electronic de-

vices that are capable of sensing ion concentrations in a solution, this allows

them to function as pH meters by sensing H+ ions. The ISFET pH sens-

ing mechanism is built on a metal-oxide semiconductor field effect transistor

(MOSFET). Its sensitivity to specific ions within a solution is due to the

replacement of the metallic gate present in a MOSFET with a structure of

membranes. The first material that was used as a pH sensitive membrane

was SiO2.

Silicon nitride Si3N4 is a popular material for producing the membrane as it

is easy to fabricate and is suitable for CMOS integration. However silicon

nitride membranes typically show unstable properties regarding threshhold

voltage due to the conversion of silicon nitride film to a hydrated silicon

dioxide SiO2 or a layer of oxynitride while in contact with an aqueous solution

[74].

In the 1980s an investigation was carried out looking at electronically con-

ducting metal oxides as pH sensors reporting that the following were suitable

for measuring pH: PtO2, IrO2, RuO2, OsO2, Ta2O5 and T1O2 [75].

Iridium oxide has been used to develop a flexible pH sensor, these sensors

have been reported as having repeatable and reversible sensitivity between

-51.1mV/pH and -51.7mV/pH in the range between pH 1.5 and 12 at 25 oC

and a drift of 3-10mV over 300 seconds. The fabrication processes involved

in producing this sensor are sol-gel deposition, thermal oxidation and AgCl
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electro-plating on polymeric substrates [76].

An EIS device with a samarium oxide SM2O3 sensing membrane was

developed for pH sensing. The sensing membrane was fabricated by reactive

sputtering and post deposition annealing treatment was performed at 700oC.

This device had a detection sensitivity of 56.2mV/pH and a drift rate of

1.29mV/h [74].

An array of pH sensors fabricated on a polymer-coated paper was de-

veloped with the intention of measuring the pH of chronic wound sites.

The sensor is composed of two screen printed electrodes, a carbon electrode

that has been coated with conductive proton selective polymeric membrane

(polyalinine, PANI) and a Ag/AgCl reference electrode. This sensor is

reported as having a sensitivity averaging at -50mV/pH and a drift of

0.5mV/h operating between a range of pH4 and pH10 [77].

Thick film pH sensors intended for use in water pollution monitoring

have been developed based upon the nanostructured RuO2−SnO2 system

and analysed using potentiometric and electrochemical impedance spectro-

scopic methods. The authors report that this sensor has a sensitivity of

56.5mV/pH in the range of pH2 to pH12 [78]. The authors claim that this

sensor does not have any drift in potential however the timespan of the

measurements that they report is short - between 2 and 4 minutes at each

pH level.

An investigation was carried out into the suitability of different metal

oxides(MOx) coating SUS304 electrodes (SUS). ( M =Sc, Ti, V, Cr, Mn, Fe,

Co, Ni, Cu, and Zn) for their pH sensing capabilities. The authors report
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that all of the MOx/SUS electrodes showed a more rapid initial response

time when measuring pH compared to a commercial glass electrode. They

note that in particular, Co3O4/SUS and CuO/SUS electrodes had favourable

pH activity and were considered candidates for needle type pH electrodes,

disposable pH electrodes and pH microelectrodes [79].

2.7 Graphene based pH sensors

A pH sensor using graphene oxide (GO) as the pH sensitive layer has been

reported in 2016. The pH sensitive layer is described as have being obtained

via a 5µl drop casting of GO onto the working electrode of a screen printed

sensor. The reported sensitivity was 31.8mV/pH with an accuracy of 0.3

unit of pH. The reliability of the sensor was tested via comparison to a

traditional glass pH electrode where the greatest differences between the two

were below 0.09 pH. Measurements were performed over a four day period

[80].

A nanohybrid pH sensor composed of iridium oxide and reduced graphene

oxide (rGO) has been produced on a thin film. Graphene oxide was reduced

via repetitive cathodic potential cycling which can completely remove elec-

trochemically unstable oxygenated groups while generating a homogenous

film of graphene that is without defects. The sensor was reported as having

slightly super Nernstian responses from pH 2-12 with good linearity and

reproducibility. The authors also report that the results generated with this

sensor were consistent with those that were produced with a commercially

available glass electrode pH meter [61].
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A pH sensor has been developed using three dimensional liquid gated

graphene transistors. The sensor was composed of a suspended network of

graphene that had been coated with a thin layer of hafnium oxide (HfO2).

This sensor is described by the authors as being highly sensitive being

capable of sensing beyond the Debye screening limit. The sensitivity of the

sensor is reported as being 71 ± 7mV/pH in high ionic strength media where

molarities are as high as 289 ± 1mM. The high sensitivity of the device is

attributed to the three dimensional structure of graphene and electrolyte

allowing an all round liquid gating of the graphene resulting in a higher

electrostatic coupling efficiency of the electrolyte to the channel as well as

increased gating control of the transistor channel by ions present in the

electrolyte. The HfO2 film that coats the graphene provides binding sites

for H+, which also increases the sensitivity [81].

The development of a temperature and pH sensor has been reported,

the temperature sensor was based on a layer of rGO, the electrical resistivity

of this layer changed with temperature. The pH sensor was based on GO

and had a sensitivity of 40 ± 4mM/pH in the range between pH 4 and pH

10 [82].

2.8 Additional studies investigating

graphene and pH

Beyond the above there are some addition studies that do not fall naturally

into the previous sections and these are mentioned here for completeness.

A study investigating the optical response of GO to pH reported that the

visible and near-infrared fluorescence of GO nanosheets showed a sensitive
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but reversible response to pH and ionic strength [83].

A composite hydrogel containing GO and poly vinyl alcohol has been

developed. This hydrogel has pH sensitive properties, forming a gel while

under acidic conditions and undergoing a gel-sol transition in alkaline

conditions [84].

Solution gated epitaxal graphene has been reported as having pH sensing

properties [85]. Triple layer graphene sheets were used in solution gate FETs

using Ag/AgCl as the gate electrode [85, 86]. When the pH value of the

buffer solution increased from 2 to 12, a positive shift of the transfer curve

was found (drain to source current vs solution-gate potential) [86]. The

sensing mechanism is based on the change of OH– and H3O
+ ions adsorbed

on the surface of the graphene at a different pH value, which changes the

electrochemical double layer at the graphene solution interface.

Electrolyte-gate graphene field effect transistors (GFETs) were investi-

gated and found to be highly sensitive electrical sensors for detecting pH

and determining concentrations of biomolecules [87]. There has been a large

variation in the reported sensitivities of GFETS, low values of 12mv/pH

have been reported as well as a high value of 99 mV/pH. Some of the high

values reported exceed the Nernst value of 60mV/pH which is the maximal

shift that is thermodynamically allowed [88]. The reason behind this

variation was investigated in 2011, where the authors found that the transfer

characteristic of monolayer graphene shifts weakly (6±mV/pH) when the

buffer pH changed [88]. When a thin layer of aluminium oxide was added

to the graphene the pH induced gate shift is reported to increase to 17±2
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mv/pH [88]. The authors suggest that the clean graphene does not expose

terminal OH groups to the electrolyte and is therefore unable to sense the

chemical potential of the protons, instead sensing the solutions electrostatic

potential [88]. The authors continue by suggesting that the wide range of

pH gate shifts involving graphene sensors reported in the literature reflects

the quality of the graphene used. Where low quality graphene exhibits a

large shift in response to pH due to the free bonds that are present on the

surface, whereas high quality graphene does not have such bonds and shows

no shift to pH [88].

An investigation into combining Graphene and poly(N -isopropylacrylamide)

(PNIPAM) hydrogel was conducted in 2011. Graphene oxide covalently

bonded to PNIPAM-co-AA microgels were shown to exhibit a reversible

dual thermal and pH response [89].

In 2011 a study was conducted investigating the pH dependent be-

haviour of GO in aqueous solutions. The authors report that at a low pH,

carboxyl groups are protonated causing the GO sheets to less hydrophillic

leading them to form aggregates. These aggregates were reported as

being surface active and not exhibiting characteristic features of surfactant

micelles. Based on MD simulations, it was suggested that the aggregates

form a sandwich structure with water which prevents them from forming

precipitate. At a pH the carboxyl groups are deprotonated and hydrophillic

causing the GO sheets to disperse in water. The authors conclude by stating

that GO does not behave like conventional surfactants in pH 1 and pH 14

aqueous solutions [90].
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2.9 Materials considered for pH sensitivity

element

As graphene is not sensitive to changes in pH alone, the working electrode

of the sensor must be functionalised in order to gain pH sensitivity. Three

materials were considered for this role. These included dimethyl sulphoxide

(DMSO)-melanin - a derivative of standard melanin which is a well known

naturally occurring biological pigment. A conductive polymer polyaniline

(PANI), and Al2O3 a ceramic semiconductor.

2.9.1 DMSO-melanin

Melanin will be discussed more fully in Section 2.11. The structure of melanin

is believed to be composed of macromolecules of 5,6-dihydroxyindol-

quinone (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA)

[91, 92, 93, 94, 95]. This structure features properties that may be useful as

a pH sensitive layer. The hydroxyl groups of the quinone imine, the aromatic

ring and the hydroxyl group of DHICA contain a large number of potential

binding sites for H+ ions [96]. Melanin films have been demonstrated to

have semiconductor properties that are dependent on water content [97].

DMSO is used to dissolve the melanin [98].

The use of melanin films in as the active layer in a pH sensing extended gate

field effect transistor (EGFET) has been investigated. The melanin was de-

scribed as having good sensitivity, with higher surface roughness providing

larger effective sensing areas. The substrate used contributed to the sensi-

tivity of the melanin, with a gold substrate producing a higher sensitivity to

pH than indium tin oxide [91].
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This study will explore the possibility of using melanin as the pH sensi-

tive medium funcionalising the carbon/graphene working electrode of SPEs.

Melanins are a class of conjugated biomacromolecule. In nature melanin has

many biological functions including photoprotection and photosensitisation,

neuroprotection, metal ion chelation, free radical scavenging and structural

colouration, [99, 100, 101, 102, 103, 104]. They are commonly present in bi-

ological systems and they can also be produced synthetically [91, 92]. Both

naturally occurring and synthetic melanins have recently been receiving at-

tention as versatile biomolecules with the potential for various biomedical

applications [105, 106, 107].

2.9.2 Polyalanine

A promising candidate for further development is the pH sensor that was

developed for wound monitoring using PANI coated carbon [77]. Their sen-

sor was designed as a 3 × 3 array of pH sensors on a paper substrate. Each

pH sensor was composed of a reference electrode of AG/AgCl and a carbon

electrode that had been coated with polyalinine (PANI), a conductive proton

selective polymer. The pH sensors were based on the protonation and depro-

tonation of nitrogen atoms in PANI. While PANI is under acidic conditions

it is doped with H+ ions creating the emeraldine salt form of PANI which

has a high electrical conductivity. This results in an increase in the electri-

cal potential of the sensing electrode relative to the reference electrode [77].

While under alkaline conditions the PANI enters its emeraldine base form,

the captured H+ ions are neutralised which decreases the surface charge and

potential of the PANI, rendering it not electronically conductive.

The electrochemical equilibrium between the emeraldine salt and emeraldine

base forms of PANI is pH dependent and results in an inverse relationship
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between the electrochemical potential of the sensing electrode and the envi-

ronmental pH [77]. Measurements were performed by immersing the sensor

for two minutes, and recording the potential between the reference and work-

ing electrodes.

2.9.3 Aluminium oxide

Aluminium oxide (Al2O3) is an ion sensitive metal oxide that is sensitive to

changes in pH [108]. As such Al2O3 has been reported as having being used

successfully as the pH sensitive part of a FET based biosensor however it has

not been reported as having been used in any pH sensitive device that relies

on open circuit potentiometry (OCP) as the sensing mechanism. The low

cost and easily available nature of Al2O3 make it an interesting candidate

for a pH sensitive medium. The pH sensitive properties of Al2O3 are likely

to be a result of the three hydrogen acceptor sites that are present on each

molecule of Al2O3. The hydrogen acceptor sites allow for the molecule to

form hydrogen bonds with hydroxide and hydronium which are responsible

for the pH level of the solution.

2.9.4 Screen printing and pH sensors

Screen printing is an attractive technique for the production of such sensors

because the technology is well established and allows for the rapid production

of sensors. Screen printing is often used for the fabrication of electrodes due

to the low cost and simplicity of the technique [109, 110]. Screen printing is

also scalable and compatible with low temperature processing and the fast

high throughput fabrication of printed electronics suitable for manufacturing

[111, 112]. Materials based on carbon have been extensively studied and are
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often used in electrochemistry due to their electrical conductivity properties,

as well as low density and low thermal expansion [113].

2.10 Biomaterials

As the research and development of new electrical based pharmaceutical de-

vices such as sensors increases in order to meet the requirements of advanced

health informatics - one of the grand challenges that has been issued by the

United States Academy of Engineering [114] where concern has been raised

with regards to an increased generation of potentially harmful electronic

waste [115]. The incorporation of biomaterials as functional components

of such electronic pharmaceutical devices as an alternative to metals is an

attractive potential solution in the attempt to mitigate some of the environ-

mental pollution that occurs as a result of this industry. There are materials

that exist within nature that have the potential to be applied in such uses

[116].

2.11 Melanin

Melanin is a naturally occurring biological pigment molecule that is a species

of the polyindolequinone class of molecules. As a natural biological molecule

with conductive properties melanin is a potentially interesting material to in-

corporate into the development of biosensors. Melanin pigments are present

in many different organisms including humans as well as more ancient and

lower order species [117]. Melanin pigments are diverse in structure and are

divided into three primary groups. These include eumelanins which are a

black to brown insoluble subgroup that are derived from L-dopa oxidative
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polymerisation via 5,6-dihydroxyindole (DHI) intermediates [117]. Pheome-

lanin pigments are yellow to reddish brown and soluble in alkalis. They con-

tain sulphur and are derived from the oxidation of cysteinyldopa precursors

via intermediates of benzothiazole and benzothiazine [117]. Neuromelanins

are dark pigments that are produced as a result of dopamine oxidation and

other cateocholamine precursors within neurons [117], they contain a mixture

of eumelanin and pheomelanin [118].

The most well researched form of melanin is eumelanin. Eumelanin is syn-

thesised from the 5,6-dihydroxindole (DHI) and dihydroxyindole-2-carboxylic

acid (DHICA) monomers and their redox forms. The redox properties of eu-

melanins monomer units cause eumelanin to be able to oxidise or reduce

other molecules. Another feature that is characteristic to eumelanins is their

ability to bind to various metal ions [119]. Melanin is one of the few biological

macromolecules that displays conductive properties [120].

2.11.1 Natural sources of melanin

Due to its abundance in nature there exist natural sources from which

melanin can be extracted from and purified. A widely researched and accessi-

ble eumelanin source is the ink from cephalopods such as cuttlefish and squid.

Melanin from cephalopod ink is a copolymer of tyrosine derived DHI and 5,6-

dihodroxyindole-2-carboxylic acid (DHICA) moieties [121]. Cephalopods are

an environmentally interesting source of melanin since they are frequently

harvested for food however their ink sacs are rarely used despite being edi-

ble and generally discarded so utilising cephalopod melanin reduces resource

waste while being readily available and inexpensive [122]. Due to the in-

solubility of melanin in water that is only able to be dissolved in alkaline

solutions [123] it may be extracted from the ink using methods such as water
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extraction or acidolysis and enzymolysis. Of these methods water extraction

is the most capable of preserving the complete melanin structure whereas

acidolysis and enzymolysis have a destructive effect [122]. Another natural

source of melanin is hair. Melanin from hair should be extracted from fresh

samples as structural modifications to the melanin takes place as the hair un-

dergoes photoaging [117]. The melanin can be extracted by using a sequence

of enzymes to degrade external proteins while preserving the melanosome

[124, 125]. Other reported examples of melanin being extracted successfully

from natural sources include mouse melanoma [126], feathers [127] and mi-

crobes [128].

2.11.2 Microbiological melanin

As well as animals, birds, reptiles and plants melanin pigments are also

present in bacteria and fungi. In the case of fungi melanins are common how-

ever melanogenesis only occurs in specific developmental stages of mycelium

or reactions to wounding or sporulation. Fungal melanin is primarily lo-

cated within the cell wall. Fungi generally produce melanin via the secre-

tion of precursors that are oxidised outside the cell wall [129]. Melanin is

also commonly found in bacteria. Some bacterial species such as Bacillus

thuringiensis and Marinomonas mediterranea [130, 131] contain active ty-

rosinase enzymes which oxidise the melanin precursor tyrosine causing them

to become heavily pigmented in tyrosine rich environments [118].

2.11.3 Melanin precursors

Eumelanin and phomelanin are both derived from dopaquinone - a common

precursor which is formed via the oxidation of either dopa or tyrosine. Eume-

lanin is subsequently formed by the cyclisation of dopaquinone to cyclodopa
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which is in turn oxidised to dopachrome. Dopachrome is then converted

into both DHI and DHICA. These units undergo oxidative polymerisation

which results in the formation of eumelanin. Dopaquinone is converted into

2-S-cysteinyldopa and 5-S-cysteinyldopa ch are oxidised into 2-S and 5-S-

cysteinyldopaquinone respectively.

2.11.4 Chemical synthesis of melanin

In addition to extracting melanin from a wide range of natural sources it

is also possible to synthesise melanin in a laboratory setting. The most fre-

quently synthesised melanins are dopamine-melanin and dopa-melanin which

are produced via the chemical oxidation of dopa or dopamine. This can be

achieved by using hydrogen peroxide in an alkali solution or atmospheric

oxygen [132, 133]. An advantage to producing synthetic melanin is that they

will not contain any protein or carryover cellular component from the extrac-

tion process which may occur when extracting melanin from natural sources.

Synthetic melanin polymers that have been formed using the precursor DHI

or dopa are similar to the black naturally occurring eumelanin whereas using

dopamine produces polydopamine [105].

2.11.5 Synthesising melanin using DMSO

The insolubility of melanin in water causes problems in the synthesis of

melanin by causing the reaction to be uncontrollably interrupted which leads

to the material obtained being highly inhomogeneous [134]. Melanin synthe-

sis can be improved by using a good solvent throughout the synthesis process

[134]. DMSO is a well established solvent that is liquid over a wide range of

temperatures [135]. The utilisation of DMSO in the synthesis of synthetic

melanin was pioneered in 2004 [136]. Initial characterisation of melanin syn-
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thesised using DMSO revealed that it was similar to melanin made using

water with increased thermal stability. DMSO-melanin has improved solu-

bility in DMSO which is relevant for processing purposes [137] Further re-

search into DMSO-melanin suggest that sulphonate groups are incorporated

into melanin from the oxidation of DMSO. These groups protect the phenolic

hydroxyl group within its structure and are responsible for the solubility of

DMSO-melanin in DMSO [138].

2.12 The potential useful application involv-

ing a pH sensor in a lactic acid bioreac-

tor

An example of a potentially useful application for a pH sensor is in a biore-

actor containing lactic acid bacteria because these bacteria are sensitive to

pH with optimal levels required for growth [139, 140]. This section describes

their importance by providing background on lactic acid bacteria and their

industrial uses. The various applications and products that lactic acid bac-

teria are used for are listed on Table 2.1.
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Table 2.1: Commonly used applications and products that are produced using

lactic acid bacteria.

Product/application Reference

Bacteriocin production [141, 142]

Probiotics in livestock production [143]

Control of pathogenic biofilms [144]

Reduce exposure to food contaminants [145]

Reduction of bioaccessibilty of mercury [146]

Treatment of gastrointestinal inflammation [147]

Food production [148, 149, 150]

Reduction of methane production in ruminants [151]

Lactic acid production [152]

2.12.1 Proposed mechanism of action for DMSO-

melanin pH sensitivity

As an Arrhenius acid dissolves in H2O, a H+ ion is transferred from the

Arrhenius acid to the surrounding H2O molecules forming hydronium cations

(H3O
+). The pH of a solution is determined by the ratio of hydronium to

hydroxide ions. The molecules in H2O disassociate into OH- and H3O
+ in

the following equilibrium:

2H2O ⇌ OH− +H3O
+

Melanin contains structural features that make it a possible candidate for

application in a pH sensing semiconductor. These features consist of a large

number of potential proton binding sites: the two hydroxyl groups in the
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aromatic ring, the hydroxyl group of the carboxylic acid and the quinone

imine (Figure 2.2).

A B

Figure 2.2: Hydrogen acceptor sites on the DMSO-melanin molecule allow in-

teractions to take place between the DMSO-melanin and the charged hydronium

(H3O
+) and hydroxyl (OH−) molecules. Image produced using MarvinJS.

The following describes the potential mechanism that underpins the opera-

tion of the DMSO-melanin based pH sensor. The recorded sensitivity is con-

sistent with previously published data regarding standard melanin [153, 91].

Such an observation is initially surprising as DMSO-melanin contains addi-

tional sulphonated moieties that are not present in standard melanin. How-

ever recent research [154] has indicated that the pH sensitive properties

are caused by the reduction potentials of the one electron redox reactions

that yield the comproportionation reactions for the quinone/semiquinone

semiquinone/hydro quinone pairs. These reactions produce a theoretical pH

sensitivity of approximately 60mV/pH which is consistent with the sensitiv-

ity reported here.
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2.12.2 Overview of lactic acid bacteria

The taxonomic classification of microbes into the genera lactic acid bacteria

(LAB) is based upon mechanisms of glucose fermentation, morphology, sugar

utilisation and optimal growth temperatures [155]. LAB share similarities in

these properties as well as phylogenetic similarities. LAB generally have

the following attributes; Gram positive cocci or bacilli that are non spore

forming and non respiring, they produce lactic acid via the fermentation of

carbohydrates. The bacterial genera that compose the LAB group are shown

in Table 2.2.

Table 2.2: Genera of lactic acid bacteria.

Genus name Reference

Abiotrophia [156]

Aerococcus [157]

Carnobacterium [158]

Enterococcus [159]

Lactobacillus [160]

Lactococcus [161]

Leuconostoc [162]

Oenococcus [163]

Pediococcus [164]

Streptococcus [165]

Tetragenococcus [166]

Vagococcus [167]

Weissella [168]
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2.12.3 Industrial uses

2.12.3.1 Food production

LAB have a beneficial influence on the shelf life, nutritional and organoleptic

characteristics of fermented foods [169, 170]. This is due to their ability to

cause the rapid acidification of the environment which occurs predominantly

as a result of lactic acid production. Traditional methods of food fermen-

tation using LAB are reliant on spontaneous fermentation whereas modern

industrial methods rely upon the deliberate addition of LAB starter culture

to the raw material which has allowed the final products to become stan-

dardised due to an increased control over the fermentation process [171]. The

use of starter cultures has also led to the development of new generations of

starter cultures that confer benefits to the food production process other than

acidification [170, 172, 173]. These benefits include antimicrobial properties

that increase food preservation. In addition to lactic acid, some LAB strains

are known to also produce acetic acid, formic acid, reutericyclin, hydrogen

peroxide, ethanol, reuterin and fatty acids [174, 175, 176, 177, 178, 179, 174].

2.12.3.2 Antimicrobial products

Many LAB strains produce bacteriocins which have antimicrobial activity

[180]. Lactococcus plantarum produces organic acids that have antifungal

properties. In the modern age where the prevalence of resistance to an-

timicrobial products including both antibiotics and commercially available

chemical biocides is both high and increasing, the potential to identify and

produce new products which is extremely important.
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2.12.3.3 Lactic acid production

Lactic acid (2-hydroxypropionic acid) is an organic compound that is char-

acterised by containing both carboxylic acid and hydroxyl groups [181]. This

compound has been used within industry for a long period of time, having

been first isolated in 1780 from sour milk and first commercially produced in

1881 [182, 183].

2.12.4 The importance of pH in healthcare

There are potential applications for a pH sensor in healthcare as pH is an

important factor in different health situations including dental where changes

in pH are associated with the formation of dental plaque and the development

of caries [184]. pH is also important in skincare as healthy skin has a lower pH

and increased skin pH is associated with infection and chronic skin disorders

[185]. As part of homeostasis blood pH is tightly regulated and is slightly

alkaline and deviating outside a narrow window between pH7.35 and pH7.45

results in the onset of acidosis or alkaosis [186, 187]. Cellular organelles and

enzymes need to be at optimal pH levels in order to function as such changes

in pH result in the disruption of cellular processes leading to cellular death

[188].

2.13 Current gaps in research

While the production and properties of DMSO-melanin have been thoroughly

documented [189, 136, 190, 138, 98, 134], prior to this work there has been

no reports of this molecule being utilised and tested in an application in a

real world setting. Prior to this work there have been no reports of a screen

printed pH sensor being successfully tested in applications where there are
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live bacterial cultures where there is a potential application for monitoring

the pH of culturing media in order to ensure optimal growth or detect possible

contamination.

This work also aims to test whether a DMSO-melanin pH sensor is suitable

for use in a disposable point of care platform that could be used as a test for

lactic acidosis. While there have been reports of biosensors that are able to

detect lactic acid for example in breath [191] there have been no reports of

a working screen printed pH sensor that is able to aid in the diagnosis lactic

acidosis by measuring the pH of blood samples that may be useful in a point

of care setting.

There have been reports of biosensors that are able to detect bacteria in

solutions where there are potential applications for detecting food spoilage

or contamination these sensors rely upon the working electrode being func-

tionalised in order to cause them to become sensitive to the bacteria

[192, 193, 194, 195, 196, 197]. Such functionalisation typically involves at-

taching biomolecules to the working electrode that are specific to a target

analyte that is part of the microorganism of interest. This functionalisation

step increases the cost of the sensors as the biomolecules (such as antibodies)

can be expensive themselves. Functionalisalisation also results in a higher

cost as it introduces complexity to the manufacturing process where elec-

trochemical steps are needed in order to modify the surface of the working

electrode and cause the biomolcules to bond to it. Part of this work seeks to

see whether it is possible to eliminate this functionalisation step by testing

sensors with plain printed carbon electrodes using different electrochemi-

cal techniques in order to see whether the signal generated correlates with

relevant environmental changes (such as bacterial concentration within a so-

lution) with the intention of producing useful sensors that are easier and
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therefore cheaper to manufacture.

The next chapter will detail how the SPEs that are used as the base for

the DMSO-melanin are pH sensor fabricated along with the techniques and

methods that are used to assess their quality.
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Chapter 3

Sensor fabrication and

characterisation

This chapter details the fabrication of the SPEs that were used as the base

of the DMSO-melanin pH sensor (Chapter 5) and in the electrochemical

testing of media and bacteria (Chapter 8). Screen printing, the process by

which these sensors were fabricated is introduced and the materials used for

the sensors are described. The apparatus and techniques that were used to

characterise the sensors are also covered here along with the settings used.

3.1 Introduction

Screen printing technology has allowed for the mass production of screen

printed electrodes (SPEs) that perform consistently without the need of a

centralised laboratory [198]. SPEs have properties that make them appro-

priate for in situ electrochemical analysis. Such properties include a low

power requirement, repeatable output, an ability to operate at room temper-

ature, rapid response and high sensitivity [199, 200, 201].
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Commercially available sources of SPEs exist, such as Dropsense by

Methrohm. It is also convenient to fabricate custom made SPEs via the

use of screen printing machines as this allows for a high volume of sensors

to be produced at a lower cost than purchasing them from an external sup-

plier [198]. SPE formats are changeable with regards to specific requirements

that are necessary for different analytes. The surface of the SPE can also

be modified to suit different purposes and improve the performance of the

sensor. Modifications for SPEs include inorganic nanomaterials, enzymes,

DNA sequences and noble metals [198].

3.1.1 Principles of screen printing

The technique of screen printing is extremely old, first being introduced over

a thousand years ago, initially in the field of art. Since its introduction

screen printing has primarily been used in the production of art and within

the textiles industry. More recently, researchers have used the screen printing

technique to produce electrode devices upon various substrates. The produc-

tion of SPEs fulfils the demand for reproducible electrode devices that are

stable and suitable for mass production. This has resulted in the attraction

of wide interest in related SPEs [202, 203].

3.1.1.1 Screen printing process

Screen printing relies upon using a woven mesh that supports a stencil which

blocks the ink. A squeegee is then moved across the screen stencil forcing

the ink past the threads of the woven mesh in the open areas [198] this

process is shown in Figure 3.1. A series of such woven meshes is required

in order to print the different parts of the electrode. After each layer of ink

has been printed onto a substrate, it must undergo thermal treatment that
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solidifies the ink. Once all the required layers of conductive ink have been

printed, a layer of protective ink is printed onto the electrode that insulates

the conductive track from the electrodes.

Figure 3.1: Diagram overviewing the general process of screen printing.

3.1.2 SPE designs

The design of the SPEs used for this research include a disk shaped working

electrode surrouned by a ring and a small Ag/AgCl reference present towards

the bottom of the ring. The designs that were used for each of the layers

that compose the SPEs that were used in this work are shown in Figures 3.2

and 3.3 and photographs of the screen are shown in Figure 3.4.
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A B C

Figure 3.2: Designs for each layer of the screen printed electrode shown in purple

in the order that they were printed. A. Silver or silver/silver chloride ink conduc-

tive tracks and reference electrode. B. Carbon/graphene working electorde. C.

Insulator layer.

Figure 3.3: Side view showing the layers of a SPE that has been functionalised

with DMSO-melanin.
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A B

C

Figure 3.4: Photographs of the screens that were used in the fabrication of the

SPEs. A. Silver or silver/silver chloride connection tracks/reference electrode. B.

Carbon/graphene working and counter electrodes. C. Insulating layer. These

screens are capable of producing a total of 24 SPEs.

42



3.1.2.1 Printing materials

The inks that are most commonly used in the production of SPEs are carbon

ink and silver ink. Silver ink is usually printed as a conductive track while the

working electrodes are often printed either using carbon ink or gold ink [204].

These inks exist in the form of pastes. Carbon paste is commonly used as it is

chemically inert and easy to modify whilst also being a relatively inexpensive

material. The increased cost of gold paste over carbon contributes to it

being a less popular choice in SPEs than carbon. However interest in gold

is increasing due to generation of self assembled monolayers (SAMs) that

occur through strong Au-S bonds [205, 206]. Applications of gold sensors

are focused upon electrochemical biosensors such as immune, enzymatic and

genosensors [207, 208, 209, 210].

The printing inks that are used to fabricate SPEs contain polymers that hold

the ink film together. Such polymers may shelter electrochemically active

carbon in the ink, increasing electron transfer resistance which would cause

slower kinetics of heterogenious reaction and irreversible or quasi reversible

redox processes may occurs at the SPEs [211]. The printing paste can be

modified to improve the slow electron transfer of bare SPEs. The greatest

improvements in overall catalytic performance are seen with the addition of

noble metals, however these are associated with a high cost that limits their

potential for usage in commercial applications. To address this, less expensive

materials are used to replace the noble metals, an example material being

manganese oxide (MnOx ). Commercial grade MnOx have been mixed into

carbon ink prior to screen printing and the resulting electrode was reported

to have a good performance with sensing nitrite ions and ascorbic acid [212].

Bismuth oxide and bismuth nanoparticles have also been mixed with the

carbon ink to successfully produce SPEs [213, 214, 215].
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3.1.2.1.1 Inks used in sensor fabrication The sensors were fabri-

cated using a commercially available carbon based ink composed of graphene,

graphite and carbon black (Gwent C2171023D1 conductive carbon:BG04) for

the working and counter electrodes. The connective tracks and the reference

electrode were produced using either conductive silver (SunTronic AST6025)

or silver/silver chloride ink (Gwent C2130809D5). In order to protect the

connective tracks a layer of dielectric paste (Gwent D2140114D5) was printed

as a top layer.

3.2 SPE fabrication

3.2.1 Screen printer operation

The R29 screen printer is operated by first activating the pressure pump

(Figure 3.5) as the machine is driven by compressed air. The stencil must

then be released (Figure 3.6) and the screen needs to be attached and secured

using the screws and washers (Figure 3.7) ensuring that the screen is level.

The printer settings (Figure 3.8) that need to be modified include the print

parameters which are detailed in Section as well as the “print limits”, “PCB

on-contact calibration” and “squeegee zero pressure calibration” (Figure 3.9).

The “print limits” refer to the positions on the screen where the squeegee

applies pressure. “PCB on-contact calibration” refers to the contact point

between the print table and the screen and this must be assessed manually.

“Squeegee zero pressure” refers to the pressure applied to the screen by the

squeegee.
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Figure 3.5: The pressure pump must be activated prior to operating the screen

printer as the machine runs on compressed air.

Figure 3.6: The main menu screen that is displayed to users when opening the

“Shuttle29” software that drives the screen printer.The frame must be removed

from the screen printer so that the screen can be loaded onto it. To do this the

“release stencil” button should be pressed.
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Figure 3.7: The screen must be fixed securely in place using screws and washers.

Once in place it is important to ensure that the screen is level before printing.

Figure 3.8: Menu displaying the various settings that can be edited, only options

1 to 4 were edited.

46



A B C

Figure 3.9: Menus displaying the print limits (A), the contact pressure of the table

to the screen (B) and the pressure calibration settings for the squeegees (C).

3.2.2 Printing settings

The SPEs were fabricated using a R29 series screen printer (Reprint UK)

using the parameters shown in Table 3.1. These settings were chosen as a

result of previous screen printing optimisation work that was not a part of

this study.
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Table 3.1: Printing parameters that were used during the fabrication of the screen

printed electrodes.

Print pressures

Front squeegee 6kg

Rear squeegee 0kg

Print speeds

Forward 50mm/s

Reverse 10mm/s

Print deposits 1

Print cycle flood - print

Table details

Print gap 2mm

Snap off distance 0mm

Snap off speed 0.3mm/s

Down speed 25mm/s

Down delay 0s

3.3 Characterisation techniques

Various characterisation techniques were employed to investigate the surface

morphology and the surface chemistry of the printed electrodes in order to

understand the properties of the SPEs and ensure that there is uniformity

between them as inconsistencies between the SPEs could lead to less reliable

results impacting the potential usefulness of the SPEs in applications.
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3.3.1 Scanning electron microscopy

The wavelength of visible light limits the magnification that is achievable with

traditional optical microscopes. The wavelength of electrons is smaller and as

such they have been utilised in microscope technology such as scanning scan-

ning electron microscopy (SEM) and thus have achieved significantly greater

magnifications than that which is possible with a light microscope (>100,000

as opposed to ≈ 400). The underlying principle of how SEM works is well

documented [216]. Within the context of this work SEM is used to charac-

terise the surface topography of the electrode. This provides insights into the

materials that are in the ink as well as an indication as to the roughness of the

electrode surface which impacts on the surface area of the electrode. Such

characterisation with SEM is also useful for assessing uniformity between

sensors and seeing whether there have been any morphological changes to

the electrode after the sensors have been used with a sample. An example of

the output that is produced using SEM is shown in Figure 3.10. A disadvan-

tage of SEM is that it only provides a two dimensional image of the electrode

surface. To overcome this white light interferometry (WLI) and atomic force

microscopy (AFM) were used to gain insight into the three dimensional prop-

erties of the electrode surface. WLI covers a greater area of the electrode

surface than AFM however AFM has a greater resolution therefore using a

combination of these techniques provides the most complete insight into the

surface topology of the electrode.
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Figure 3.10: An example of an image produced using SEM of a carbon/graphene

working electrode from an SPE.

3.3.1.1 SEM settings

SEM images were generated using a Hitatchi S4800 scanning electron micro-

scope using the settings shown in Table 3.2. However some settings such as

the voltage and current of the electron beam as well as magnification were

varied in an effort to increase the quality of each image. Generally lower

voltages were used as these are better for imaging the surface of the carbon

electrode as higher voltages are too penetrating [217].
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Table 3.2: Scanning electron microscopy settings used when visualising the elec-

trode surface.

Setting Variable used

Probe current High

Working distance 11.6mm

Cond lens 1 5

Cond lens 2 1

Column condenser 1

3.3.2 Surface roughness and thickness of the printed

working electrodes

3.3.2.1 White light interferometry

WLI is based upon the superposition of light waves and is a method for mea-

suring vertical changes across the surface of a sample optically. Similarly

to AFM, WLI is used to measure the three dimensional properties of the

electrode topology. There are advantages and disadvantages to both tech-

niques for example AFM is able to measure at a higher resolution than WLI

however WLI has a higher range of heights that it is able to measure as

well as being better for characterising angles which makes it more suited for

measuring thickness [218]. It has been reported that using a combination of

both AFM and WLI is useful for correct surface characterisation [219]. WLI

produces graphical output as shown in Figure 3.11 as well as numerical data

that describes the surface roughness. These are the mean roughness (Ra),

the sum of the maximum peak height and maximum valley depth averaged

over sampling lengths (Rz), the sum of the maximum peak height and max-
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imum valley depth over the evaluation length and the root mean square of

the roughness (Rq). The difference between the Ra and the Rq indicates

how uniform the surface is and the difference between Rt and Rz suggests

whether there may be a scratch (indicated by a high difference) where the

difference between the peaks and valleys is larger than the typical surface

features [220].

Figure 3.11: Example of the graphical output produced by WLI of printed carbon

ink on a PET substrate. The left image shows a top down image of the surface

where the height is represented by a colour spectrum ranging from blue (lowest)

to red (highest). The right image shows a three dimensional representation of the

measured surface.

3.3.2.2 White light interferometry settings

WLI was carried out using the Veeco Wyko NT9300 optical profiling system

using the vertical shift interferometry mode. Primary scan was set with a

backscan of 45µm and length of 50µm. The area measured was 1.3 x 0.94mm

at a resolution of 640 x 480 with a magnification of 5x.
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3.3.3 Raman spectroscopy

Raman spectroscopy is an optical technique that is used to investigate the

molecular vibrational energy levels. This spectroscopic technique can give

specific molecular and chemical information regarding a sample due to it

yielding spectrally narrow bands which occurs as a result of Raman scatter-

ing being an inelastic scattering process that occurs when light and matter

interact. Further details of the principles that underlie Raman spectroscopy

may be found here [221]. Raman spectroscopy is an important technique

for detailing the chemical composition of the electrode surface. This is also

useful for assessing any chemical changes that occur on the surface of the

electrode following functionalisation. An example of the output generated

using Raman spectroscopy is shown in Figure 3.12.
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Figure 3.12: Raman spectra obtained from a sample of molybdenum disulfide. The

peaks in the spectra correspond with the absorption of infra red light at various

different wavelengths. These provide a fingerprint that is associated with groups

of atoms or functional groups thereby elucidating the chemical structure of the

material that is undergoing analysis.

Measurements were carried out using a laser at a wavelength of 532nm using

a Renishaw inVia system.

3.3.4 Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a surface characterisation

method that uses infra red to analyse the composition of a sample, it is based

on the interference of radiation between two beams [222]. This is functionally

similar to other forms of spectroscopy where the amount of light absorbed

at a particular wavelength corresponds with specific atom or bond types.

The use case of FTIR is similar to that of Raman, as both techniques have
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their own advantages and limitations using a combination of both techniques

allows for better characterisation of the sensor. The advantages of FTIR

include that it is able to produce spectra quickly due to a high signal to

noise ratio [223] however Raman spectroscopy has a higher resolution than

FTIR and is also capable of producing 3D images [224].

FTIR measurements were conducted between wavelengths of 400 and

4000cm−1.

3.3.5 Resistance of the printed carbon working elec-

trodes

A current is applied to the electrode surface through one wire and the voltage

is measured using the other wire in order to measure the conductivity of

the electrode surface using the settings shown in Table 3.3. Where current

is applied from the outer two wired and the voltage difference id detected

between the inner two wires. Ohm’s law is applied to take a ratio of the

measured voltage difference to the applied current to determine the four

wire resistance. It is also possible to get the four wire resistance by applying

a known voltage and measuring the resulting current and taking the ratio

of the difference. Being able to assess the conductivity/resistance of the

electrode allows for the quality of the electrodes to be assessed as well as to

check for consistency between different sensors. Higher conductivity is also

associated with increased sensor sensitivity and improved limits of detection

[3]. A photograph of the 4 wire configuration is shown in Figure 3.13 and

the measurements are shown in Figure 3.14.
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3.3.5.1 Settings

Table 3.3: Settings used on the Keithley multimeter for resistance/conductivity

measurements.

Setting Option

Assignment Type Sweep

Source Function voltage

Source Mode Normal

Measure Function current

Sense Mode Four-Wire

Asymptote Not Applicable

Source Limit 10.0 mA

Source Range 200 mV

Bias Source Value Not Applicable

Step/Sweep Start Level -10.0 mV

Step/Sweep Stop Level 10.0 mV

Step/Sweep Style LIN

Number of steps / sweep points 101

Measure Range 10 mA

Step-to-Sweep delay Not Applicable

Custom Sweep? No

Sweep time/point 200.06 ms

Pulse Sweep? No
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Figure 3.13: Layout of probe position for testing the working electrode of the SPEs

for four point IV testing. This setup was maintained and applied to different areas

on the working electrode in order to measure the consistency of resistance across

the electrode surface.
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Figure 3.14: Contact resistance for the working electrode measured using four

point IV in the configuration shown in Figure 3.13. The error bars represent the

standard error times 1.96 of the resistance that was measured on each sensor (n=5).

The distance between the probes was kept constant between measurements. These

results indicate that the sensors are consistent as there is little variation between

the measured resistance.

3.3.5.2 AFM settings

AFM was performed using a tip radius of resonant frequency of 320 kHz, a

spring constant of 40 N/m and a 8 nm tip radius. The instrument used was

a JPK NanoWizards II (Dimension-3100 Multimode, Bruker, Billerica, MA,

USA).
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3.4 Testing consistency between printed elec-

trodes

It is important to assess the quality of the sensors in order to ensure re-

peatability by making sure that there is little variation between the sen-

sors as inconsistent sensors may lead to a variation in measurements. The

printed sensors were numbered by row and column (Figure 3.15) so that

the sensors at different locations could be compared in order to assess their

consistency. This was achieved using electrochemistry where SWV and

EIS produced similar outputs when performed on the sensors using 5 mM

K3[Fe(CN)6]/K4[Fe(CN)6] as electrolyte (Figures 3.16 and 3.17). The consis-

tency between the electrochemical results indicates that there is consistency

between the sensors. The thickness of printed ink was measured using WLI

(Figure 3.18). These thicknesses were similar and consistent across all the

tested sensors with an average thickness of 10.625µm with a standard devi-

ation of 0.861 for the silver track and an average thickness of 8.61µm with a

standard deviation of 0.87 for the carbon/graphite electrodes (Figure 3.19).
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Figure 3.15: A: Photograph showing a completed sheet of SPEs that are ready to

be cut into individual units. B: Identification of each sensor on the sheet for use

in subsequent testing.
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A B

Figure 3.16: Square wave voltammetry carried out on screen printed electrodes

from positions along A: a row of the printed sheet and B: Across the rows of the

printed sheet. From sheet number 22. The consistency appears to be greater

within a row and less consistent between the different rows. This could possibly

due to the age and condition of the screen printer.
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Figure 3.17: Impedance spectroscopy of the different screen printed electrodes from

sheet number 3. The impedance measured from the SPEs taken from different

locations on the sheet is similar indicating that the electrodes are consistent.

3.4.0.1 Surface thickness and roughness

Both the thickness and the roughness were measured using white light inter-

ferometry as is described in Section 3.3.2.1.
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Figure 3.18: A. Image of the silver track under white light interferometry and B.

the associated graph measuring the thickness.
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B

Figure 3.19: A. The thickness of the silver ink screen printed onto the PET sub-

strate that composes the conductive tracks and the reference electrode of the sen-

sor. B. The thickness of the working electrode printed with the carbon/carbon

graphite ink measured with white light interferometry as described in section

3.3.2.2. The average thickness of the silver reference electrode is 10.63 with a

standard deviation of 0.86 and the average thickness of the carbon working elec-

trode is 8.61 with a standard deviation of 0.87 indicating that the thickness of

both electrodes is consistent.



3.4.1 Electrode surface

The surface of the electrode was examined visually using a light microscope

(Figure 3.20).

A B

Figure 3.20: The working electrode of the sensor through a light microscope. A.

Boundary where working electrode (black) and insulator layer (blue) meet. B.

Working electrode.

The morphology of the electrode surface appeared to consist of flake like

structures and much smaller spheres as can be seen in the SEM generated

images 3.21. These flakes are morphologically consistent with graphene/-

graphite and the small spheres are morphologically consistent with carbon

black suggesting that the carbon/graphene based ink that is used to print

the working and counter electrodes contains a mixture of these substances.
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Figure 3.21: SEM images of the printed working electrode of the sensor.

3.5 Summary

This chapter has covered the fabrication process by which the SPEs were

produced. The techniques that were used to characterise and assess the

quality of the sensors have been described along with the appropriate settings.

The output from Raman spectroscopy and conductivity testing are presented

later in Chapter 5 as they are compared with working electrodes that have

been functionalised with DMSO melanin. The next chapter will describe

the electrochemical processes that were used to characterise the sensors as

well as being the underlying mechanism behind generating the signal used

to perform measurements using the sensors.
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Chapter 4

Electrochemistry

4.0.1 Overview and theory

Electrochemistry refers to the study of charge transfer involving electron-

s/ions across the interface between a solution and an electrode. When an

electrode is inserted into a solution then electrons may be transferred between

the electrode and the solution until electrochemical equilibrium occurs. This

leads to a potential difference resulting from a charge separation between

the metal electrode and the solution. This potential difference is denoted as

ϕM − ϕS.

4.0.2 The Nernst equation and pH

pH is a logarithmic scale that is used to measure the potential of hydrogen in

a solution. Acidic solutions contain a greater concentration of hydrogen ions

and the scale is inverse to the activity of hydrogen with more acidic solutions

measuring lower on the scale. This is shown in equation 4.1 where [H+] is

the equilibrium molar concentration of hydrogen ions in the solution.
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pH = −log(αH+) ≈ −log([H+]) (4.1)

The Nernst equation is well established for relating potential to the activ-

ities of reactants and products based upon three parameters, these are the

standard electrode potential, the temperature, and the ratio of the concen-

trations of the oxidized and reduced species [225, 226, 227] and it is derived

from Gibbs free energy (∆G) under standard conditions (equation 4.2).

E0 = E0
red − E0

ox (4.2)

The potential difference is also related to ∆G under general conditions (equa-

tion 4.3) where n is the number of electrons transferred, E is the potential

difference and F is the Faraday constant.

∆G = −nFE (4.3)

The Nernst equation is used to express the oxidation/reduction reactions

that occur as a reversible process and allows for the calculation of the con-

centrations of the oxidised and reduced species at equilibrium. In the case

of the following oxidation/reduction reaction:

aOx+ ne− ⇌ bRed (4.4)

In this instance the Nernst equation is expressed as:

E = E0 − RT

F
ln

(
Ab

Red

Aa
Ox

)
(4.5)

where E is the reduction potential (V), E0 is the standard reduction potential

(V), R is the gas constant (8.314J/molK), T is temperature (K) n is the

stoichiometric number of electrons in the reaction, F is the Faraday constant
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(96485C/mol), a is the stoichiometric coefficient of the oxidised species, b is

the stoichiometric coefficient of the reduced species, ARed is the activity of

the reduced species and AOx is the activity of the oxidised species.

The potential of the electrode is dependant on species reactivity, the potential

in the Nernst equation is the potential at the equilibrium. The concentration

of the species is used to calculate their activities based upon:

Ai = fiCi (4.6)

where f represents the species coefficient of the species i, with this accounted

for the Nernst equation is expressed as:

EOx/Red = E0′
Ox/Red −

RT

nF
ln

(
Cb

Red

Ca
Ox

)
(4.7)

here E0′ represents a potential that is under non-standard conditions. This

potential is dependant upon the composition of the system and it contains

the standard potential value in addition to the species activity coefficient

value.

4.0.3 Open circuit potentiometry

OCP involves the passive measuring of a solutions potential using two elec-

trodes. In this system the potential of the working electrode changes along

with the composition of the solution while the potential of the reference elec-

trode remains constant. The working electrode may be composed of or coated

with a material that allows for selectivity to the desired ion of interest, such

is the role of the DMSO-melanin in the pH sensor that is presented in this

work. This mechanism is described in greater detail in section 2.12.1.
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4.0.4 Electrochemical impedance spectroscopy

EIS functions by inducing alternating electrical signals at different fre-

quencies into a system and subsequently measuring the signals that occur

in response in order to analyze and characterise the electrical properties

of materials within the system. In EIS the impedance of the cell or

electrode is plotted vs frequency, this is measured using frequency response

analysers or lock in amplifiers. These measurements can be used to interpret

the theoretical capacitance, inductance and resistance of electrodes and

electrolyte under varying conditions. This technique is capable of high

precision and various different potentials can be used via the preparation

of solutions that contain varying concentration ratios [228]. EIS typically

uses low amplitude excitation signals and as such is dependant upon the

virtually linear relationship between current and overpotential that exists

at low overpotentials. Excitation at frequency ω within a linear system

provides a current that is also at frequency ω. Conversely, if the relationship

between current and overpotential is nonlinear then the response is not

purely sinusoidal and distorted however it remains periodic and may be

represented as a superposition of signals at ω, 2ω and ω etc. [228]. The

nonlinear relationship between current and overpotential that exists over

moderate overpotential ranges results in effects that can be measured in

order to characterise the electrochemical system. EIS can be applied to both

simple electrochemical systems that involve solutions where a heterogeneous

electron transfer reaction takes place as well as more complicated systems

where there are adsorbed intermediates or coupled homogeneous reactions.

Data generated with EIS can be fitted to equivalent circuit models represent

the theoretical system reactions where the extracted results may be attached

to a variable however analysis by fitting to an equivalent circuit can be
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problematic as they present an ideal electrical response that might not

represent a complicated electrochemical system [229].

4.0.5 Relationship between Z’ and Z”

Impedance is composed of a real number and an imaginary number, the real

component is typically represented as Z’ whereas the imaginary component

is represented as Z”. EIS measurements are often expressed as a Nyquist

plot though they may also be expressed as a bode or 3D plot. Nyquist

plots are produced by plotting both the imaginary and real components of

the measurement and frequently produce a distinctive semicircular shape.

Z’ represents the resistive part of the impedance, while Z” represents the

reactive part of the impedance . The relationship between Z’ and Z” is

dependent on the frequency of the applied signal and the characteristics of

the system thereby providing information about the electrochemical system

under investigation [230].

4.0.6 Fitting Nyquist plots to an equivalent circuit

The shape that is produced is what allows the impedance to be fitted to an

equivalent circuit. The equivalent circuit consists of electrical components

including resistor, inductors, capacitors and memristors. The equivalent cir-

cuit refers to the presence and arrangement of these electrical components

in such a manner that the impedance and the shape of the Nyquist plot

resemble that of the electrochemical system that is being tested therefore

providing some insight into the characteristics of the electrochemical system.

An example of a Nyquist plot is shown in Figure 4.1.
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Figure 4.1: Nyquist plot generated by performing EIS on a SPE using the raw

data output by the Metrohm Autolab potentiostat and K3/K4 solution.

4.0.7 Equivalent circuit elements

The equivalent circuit may contain various electrical elements. By monitoring

the current response while an AC voltage is applied to an electrochemical cell

EIS is able to measure the resistance, capacitance and inductance [231].

4.0.7.1 Resistance

The resistance represents the charge transfer resistance or the solution resis-

tance and is represented by the symbol shown in Figure 4.2. The impedance
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of resistance is provided by Equation 4.8 where Z is impedance and R is

resistance [232].

Figure 4.2: Electrical symbol that represents a resistor.

ZR = R (4.8)

4.0.7.2 Capacitance

Capacitance represents the double layer capacitance of the electrochemical

interface and is represented by the symbol in Figure 4.3. The impedance of

capacitance is provided by Equation 4.9 where Z is impedance, C is capaci-

tance, and j is the imaginary unit [232, 233].

Figure 4.3: Electrical symbol that represents a capacitor.

ZC =
-j

ωC
(4.9)

4.0.7.3 Constant phase element

The constant phase element (CPE) represents the behaviour of an imperfect

capacitor [234] . The CPE is represented by the symbol in Figure 4.4 and

is provided by Equation 4.10 where Z is impedance, Q is 4.4, ω is angular

frequency, j is the imaginary unit, n is the CPE exponent that characterises

the deviation from ideal capacitor behaviour and Y0 is the pre exponential
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parameter that is directly proportional to the double layer capacitance of a

pure capacitor. [235, 236, 237].

Figure 4.4: Electrical symbol that represents a CPE.

ZQ =
1

Y0(jω)n
(4.10)

4.0.7.4 Inductor

Within an equivalent circuit an inductor represents the adsorption process

on the electrochemical interface and is represented by the symbol in Figure

4.5 and the impedance of the inductance is provided by Equation 4.11 where

Z is impedance L is inductance j is the imaginary unit and ω is the angular

frequency [231].

Figure 4.5: Electrical symbol that represents an inductor.

ZL = jωL (4.11)

The Nyquist plot in Figure 4.1 was fitted into an equivalent circuit using

Nova (Metrohm) software (Figure 4.6). This equivalent circuit contains two

resistors and one CPE.
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R1

R2

CPE

Figure 4.6: Equivalent circuit generated from the Nyquist plot shown in Figure

4.1. R1=36.1Ω, R2=1.95 kΩ, CPE: Y0 = 1.0026x10−6, n = 0.998.

4.0.8 Cyclic voltammetry

CV is an electrochemical technique that is frequently used in the investigation

of oxidation and reduction processes as well as chemical reactions that are

initiated by electron transfer [238]. The fundamental principle of CV involves

applying a potential to an electrode while it is immersed in an electrolyte

solution, this is the working electrode. The potential of the working elec-

trode is cycled and controlled versus a reference electrode that is composed

of a material that maintains a constant potential such as silver silver/chlo-

ride [239]. In CV this applied potential acts as an excitation signal occurs

as a linear scan with a triangular waveform. The scan occurs between two

potentials and begins negatively towards one potential before the direction is

reversed and the scan proceeds positively towards the original potential, an

example graph showing these potentials along with the classic shape associ-

ated with CV is shown in Figure 4.7A. The scan rate, number of cycles and

the range of potentials used can be variable [239]. This triangular waveform

is represented mathematically in equation 4.12 [240] where oxidation and re-
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duction are represented by ± and ∓ respectively, t is time and E is potential

a schematic diagram representing the triangular wave is illustrated in Figure

4.7B.

E(t) =

±vt+ E(t = 0) for t < t1/2

∓v(t− t1/2) + E(t = t1/2) for t ≥ t1/2

(4.12)
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Figure 4.7: A. Example of a classically shaped cyclic voltammetry plot with the

oxidation, reduction and reverse potentials annotated. B. Schematic representing

a triangular potential wave as it is used in CV.
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4.1 Square wave voltammetry

The electrochemical technique of SWV is derived from Barker’s square wave

polarography [241] and the Kalousek communicator [242], it employs a peri-

odic square shaped potential function that is applied at a stationary electrode

along with a staircase potential modulation [243]. The square shaped stair-

case potential is shown in Figure 4.8A. Two oppositely directed potential

pulses are imposed at each step of the staircase. The pulses complete a po-

tential cycle that is repeated at each step along the staircase. The potential

pulses which have an odd serial number are assigned as forward pulses while

those with an even serial number are considered reverse pulses. The elec-

trode reaction takes place in both directions during a potential cycle which

provides insight into the electrode mechanism [244, 245].
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Figure 4.8: A. Example of the shape of the potential waveform of the staircase.

B. Plot representing a single potential cycle that takes place at each step of the

staircase ramp.
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The scan rate can be defined as v = f∆E with ∆E as the step of the

staircase potential, this is also known as the pulse amplitude (Figure 4.8B).

The duration of a single potential is defined as τ (Figure 4.8B), the duration

of a single potential pulse is tp = τ/2 and the frequency (f) is f = 1/τ .

Interpretation of the voltammetric signal can be performed based on tp, τ or

f .

4.2 Summary

The electrochemical measurement techniques that have been described in

this chapter are used throughout this research focus on how the techniques

are used to measure the key attributes of the sensors as well as being the

mechanisms by which the sensors sense their target analytes.

CV and EIS are used during characterisation, OCP is used to detect pH

changes by the DMSO-melanin pH sensor in Chapters 5, 6 and 7. SWV is

used to detect the presence of microorganisms using the non functionalised

electrode in Chapter 8. The next chapter describes the development, char-

acterisation and initial testing of the screen printed pH sensor.
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Chapter 5

Development and fabrication of

a pH sensor utilising

DMSO-melanin

5.1 Introduction

This chapter details the development of a pH sensor with the intention of

developing applications for the sensor within biological environments. The

motivation for this and a review of the existing pH sensors is presented in

Chapter 2 Different approaches and materials were tested. The candidate

pH sensors included a commercially available SPE where the working elec-

trode had been coated with PANI (Dropsens 110PANI), a graphene device

that had been deposited with aluminium oxide and in house produced us-

ing the SPEs that were described in Chapter 3. The chapter is arranged

by first investigating different pH sensor candidates seeing whether they had

appropriate sensitivity to pH as well as how consistent and stable the mea-

surements were. Once the candidate that gave the best performance had
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been established that material was taken forward for further analysis and

characterisation (DMSO-melanin). The pH was determined by measuring

the voltage of buffer solutions of a known pH via OCP using an ANA-POT

potentiostat (Zimmer & Peacock). A calibration curve was produced using

the mean signal vs pH that was measured over a 10 minute period to allow

the signal to settle. While there are other pH sensors that exist that utilise

other electrochemical techniques to measure pH such as CV [246] or SWV

[247]. OCP was selected here because it allows for the signal to me measured

in real time. This could lead to potential benefits in applications where the

pH of a solution such as microbiological culturing where changes in pH can

indicate contamination or indicate how much product has been produced in

the case of a bioreactor. This could also be useful in clinical applications such

as monitoring the wounds of patients for infection onset as higher pH levels

of fluid from wounds is associated with infection risk therefore potentially

providing an early warning sign of infection [248].

5.2 DMSO-melanin synthesis

The DMSO-melanin used to functionalise the working electrode was synthe-

sised by PhD student João Vitor Paulin according to the following method

[249]: 1.5g of DL-DOPA and 0.93g of benzoyl peroxide (Vetec, 75.0–80.0%)

were combined in 200ml of DMSO (PA, Vetec, 99.9%). This mixture was

kept at room temperature for 58 days whilst undergoing constant stirring.

This took place in a flask with a reflux condenser attached. To purify the

mixture the reaction solution was first concentrated to 25% of the initial vol-

ume after which 150ml of acetonitrile (Synth, 99.5%) was added to it. This

combined solution was left to stand for two days before undergoing centrifu-
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gation at 2500 rpm for 15 minutes. The precipitate was collected and dried

at 90oC for two days.

5.2.1 Application of DMSO-melanin to working elec-

trode

The DMSO-melanin pH sensor consisted of an SPE that was fabricated in

house as described in Chapter 3. Sensitivity to pH was achieved by coating

the working electrode with DMSO-melanin. A thin film of DMSO-melanin

was applied to the working electrode of the SPE via a two step process.

For the first step the electrode was spin coated at 1000 rpm for 60 seconds

followed by a second step of 4000 rpm for 30 seconds using a Laurell WS-

650MZ-8NPP Spin Coater. During this process the working and reference

electrodes were protected by covering them with kapton tape in order to

prevent them from also being coated with the DMSO-melanin. The coating

integrity of the DMSO-melanin on the graphene/carbon working electrode

was explored and is discussed later in this chapter in Sections 5.6.4 and 5.6.5.

5.3 Response of sensors to reference buffer

solutions

In this initial test for pH sensitivity the DMSO-melanin, PANI and Al2O3

pH sensors were first exposed to pH4 reference buffer solution followed by

pH7 and pH10 (HANNA Instruments, HI-7004L, HI-7007L, HI-7010L) for 10

minute periods while the OCP was recorded. The initial testing of the can-

didate sensors with these buffer solutions showed a clear distinction between

the voltage that was measured and the pH of the solution with lower voltages
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correlating with higher pH levels in the case of all of the sensors implying

that they all likely had some degree of pH sensitivity (Figures 5.1,5.2, 5.3 for

PANI, Al2O3 and DMSO-melanin respectively).
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C

Figure 5.1: Potential measured using the PANI coated electrodes over a 10 minute

period in reference buffer solutions of known pH where red = pH4, green = pH4

and blue = pH10. A, B and C are replicates. While the signal that is measured

appears to be stable across the replicates there is variability between them.
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C D

Figure 5.2: Potential measured using Al2O3 coated sensors in solutions of known

pH for 10 minutes. Red = pH4, green = pH7 and blue = pH10. A, B, C and D

are replicates.
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C

Figure 5.3: Potential voltage measured using DMSO-melanin coated sensors in

solutions of known pH for 10 minutes. Red = pH4, green = pH7 and blue = pH10.

A, B, and C are replicates.
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The raw data signal presented in Figures 5.1, 5.2 and 5.3 has been sum-

marised in Figure 5.4 in order to show the average, standard error and the

slope of how the pH of the solution relates to the signal that was measured

by the sensor. The PANI sensor appeared to be less consistent at higher pH

levels (Figure 5.4A). The DMSO-melanin sensors also appeared to perform

well with a slightly lower sensitivity than the PANI sensors but they also had

less error and performed more consistently at higher pH levels (Figure 5.4B).

Aluminium oxide did display some pH sensitivity as there was a noticeable

drop in the voltage recorded as the sensor was exposed to reference buffer

solutions of increasing pH (Figure 5.2) however the voltage to pH relation-

ship was not consistent between different sensors (Figure 5.4C). The Al3O2

based sensors however were less stable and more variable, although a linear

relationship between the signal and pH was observed, it was inconsistent and

much less stable than in the case of both the DMSO-melanin and PANI based

sensors. Therefore the Al3O2 sensor was excluded from further testing and

the DMSO-melanin and PANI sensors were taken forward to assess whether

they could recover after being exposed to solutions of different extreme pH

ranges in order to assess whether they are suitable for multiple uses. It is

important to determine this as whether the sensor is limited to a single use

impacts upon the type of real world applications where it may be useful.
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PANI Al2O3

DMSO-melanin

Figure 5.4: The mean signal that was measured using the sensors over a 10 minute

period in reference buffer solutions at known pH levels (pH4, pH7 and pH10).

PANI (n=3), Al2O3 (n=4), DMSO-melanin (n=3). Error bars represent the stan-

dard error times 1.96.
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5.4 Sensor recovery and reusability

The ability for the sensor to recover from exposure to different pH levels can

impact its usefulness in applications. Here recovery refers to whether the

sensor is still sensitive to pH after it has been exposed to different pH levels.

For example the sensors have already shown that they are sensitive to pH10

after being exposed to pH4 and pH7 during the initial sensitivity testing but

it is unknown whether they remain sensitive to low pH solutions after being

exposed to pH10. That is what is investigated here.

The signal that was measured using the sensors that utilised DMSO-melanin

or PANI as their pH sensitive functional layer had a clear linear relationship

with the pH of the buffer solution that the sensor was exposed to. The signal

also appeared to be stable in both cases.

How the sensors recovered following exposure to extreme pH was assessed by

exposing each sensor first to pH4 buffer solution and recording the potential

over a 10 minute period. Following this the senor was rinsed with DI water

and the process was repeated with pH7 and pH10 reference buffer solutions.

Once this sequence had been completed it continued in reverse by exposing

the sensor to pH7 buffer and finally pH4 buffer (Figure 5.5). The PANI sen-

sors remained sensitive to pH as they were exposed to solutions of increasing

pH but they lost sensitivity after pH10 exposure and the potential measured

was far lower while exposed to the pH4 and pH7 buffers than it had been

on the initial measurements in these solutions. The DMSO-melanin based

sensor recovered after being exposed to each buffer solution and did not ap-

pear to degrade in the same way that the PANI based sensor did. These

results therefore indicate that while both sensors show strong sensitivity to

pH the DMSO-melanin sensor is more recoverable and has the potential be

used more than once. This advantage makes the DMSO-melanin sensor more
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versatile for use in real world applications so therefore this sensor was taken

forward for further development and characterisation.

Figure 5.5: Potential recorded using both DMSO-melanin (left) and PANI (right)

functionalised sensors in buffer solutions of known pH. While both types of sensor

showed a strong sensitivity to pH as they were exposed to buffers of increasing

pH, the PANI based sensor was unable to recover after being exposed to a high

pH buffer.

5.5 Comparison with pH sensors reported in

the literature

The sensitivity of the DMSO-melanin based screen printed pH sensor pre-

sented in this work of -49.79 ± 8.93mV/pH with a drift of 5.9mv over 10

minutes (Figure 5.4C) over a range of pH4 to pH10 and -63 ± 4.79mV/pH

(Figure 6.4) over pH levels between 5 and 8 is superior to the pH sensors
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reviewed in Table 5.1 with the exception of the three dimensional graphene

on copper foam sensor that is described by [81]. However while this sensor

is highly sensitive it is fabricated via a process that is far more elaborate

than the simple screen printing and spin coating fabrication process that is

used to produce the DMSO-melanin pH sensors and it requires multiple steps

using cleanroom techniques and specialist equipment. Another sensor which

showed promise was a PANI based screen printed sensor reported by [77]

which was tested for biocompatibility with eukaryotic cells however this pH

sensor was not tested for the prolonged periods of time that are required for

applications that involve the continuous monitoring of microbial culturing.

Based on the observations carried out during this research there are potential

concerns whether that sensor would be stable for 24 hours as palette paper

is used as the substrate so whether this is able to maintain structural in-

tegrity while submerged would need to be assessed. As the DMSO-melanin

pH sensors use polyetheylene (PET) as a substrate which is more flexible and

durable than palette paper these sensors are better suited for applications

that require longer periods of measurements being taken.
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Table 5.1: pH sensors that have been reported in the literature, along with the pH

range of solutions that they have each been tested with along with their observed

sensitivity.

Sensor material Reported sensitivity Range (pH) Reference

IrO2 -51.1mV/pH 1.5-12 [76]

SM2O3 56.2mV/pH 2-12 [250]

C coated with PANI -50mV/pH 4-10 [77]

RuO2-SnO2 56.5mV/pH 2-12 [78]

GO 31.8mV/pH 4-10 [80]

IrO2-RGO nanohybrid -62mV/pH 2-12 [61]

3D graphene coated with HfO2 71±7mV/pH 3-9 [81]

RGO 40±5mV/pH 4-10 [82]

SnO2 56-58/mV/pH 2-12 [251]

DMSO-melanin 63±4.79mV/pH 5-8 This study

5.6 Characterisation studies

The methods and settings used to perform these characterisation studies

are described in detail in Chapter 3 where the in house SPE is charac-

terised. Once the DMSO-melanin had been selected as the final material

to take forwards for further development, the characteristics of the sensors

were measured using a variety of experimental techniques that are described

in Section 3.3. The purpose of such characterisation studies is to observe

whether there are any differences in the characteristics of the sensor after
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functionalisation with DMSO-melanin had been completed. Such differences

provide evidence that the DMSO-melanin layer has been deposited success-

fully and may also provide additional insight into the mechanisms by which

the sensor functions. For example an increase in contact resistance following

functionalisation suggests that a layer of material has been applied to the

surface of the electrode. Further investigation with FTIR and X-ray pho-

toelectron spectroscopy (XPS) provides evidence that this layer of material

is DMSO-melanin as the peaks within the spectra correspond to chemical

bonds so the peaks can be compared to what is expected in DMSO-melanin.

The surface of the electrode can also be characterised visually using SEM

to see whether there are any optical differences in the electrode before and

after functionalisation, AFM provides a three dimensional view of the surface

topology. WLI and Raman spectroscopy allow the thickness of the deposited

DMSO-melanin to be determined.

5.6.1 Contact resistance

The contact resistance was measured by plotting current vs voltage as de-

scribed in section 3.3.5, first on the blank working electrode after which

DMSO-melanin was applied and the resistance was measured again. The

resistance measured was higher in the sensors that had been functionalised

with DMSO-melanin than the blank screen printed electrodes (Figures 5.6

and 5.7). The replicates were consistent within each individual sensor how-

ever there was some variation between different sensors and this variation

increases following the application of DMSO-melanin. This could be due to

how the DMSO-melanin is applied to the working electrode during the spin

coating process and it may be possible to reduce or eliminate the variability

by modifying the application process. However the sensitivity and reliability
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of the sensors produced is sufficient for use in culturing applications as will

be demonstrated in Chapter 6.

Figure 5.6: Average resistance that was measured with a two probe IV test (n=5).
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Figure 5.7: The resistance that was measured using four point IV testing for the

working electrode surface of both a blank SPE and one that had been coated with

DMSO-melanin. Five sensors were tested for both sets, and each sensor was tested

five times with the probes in different positions on the electrode surface. The error

bars represent the standard error times 1.96 of the resistance that was measured

on each sensor (n=5). The distance between the probes was kept constant between

measurements.

5.6.2 Raman spectroscopy

Raman spectroscopy was carried out using a Renishaw inVia system using

a 532nm laser both before and after the DMSO-melanin had been applied

to the graphene working electrode. The intensity of the D-peak (1350cm−1)

increases following the application of DMSO-melanin which is possibly due
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to the presence of additional carbon on the electrode that is present in the

melanin. The D-peak is only present in defected graphite and is not seen

in pristine samples indicating that the working electrode contains materials

other than graphite [252]. When additional carbon compounds are detected

by the Raman system this results in an increased D-band signal [253]. This

spectra suggests that the working electrode contains multiple layers of carbon

due to the intensity ratio between the G peak and the 2D peak (Figure 5.8).

Figure 5.8: Raman spectra measured before (red) and after (blue) the graphene

electrode had been coated with DMSO-melanin.

In the case of single layer graphene the intensity of the G peak is lower

than that of the 2D peak and the reverse is the case in graphite (Figure 5.9).

Raman spectra of 5 layers of graphene is indistinguishable from bulk graphite

so it is not possible to determine how many layers of carbon the working

electrode is composed of suggesting that the ink is primarily graphite.
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Figure 5.9: Raman spectra of bulk graphite and graphene [252].

5.6.3 Scanning electron microscopy

The method and settings used during SEM are described in Section 3.3.1.1.

The surface morphology of the working electrode of the DMSO-melanin pH

sensors was imaged using SEM. At lower magnifications the electrode surface

appeared to be quite rough (Figure 5.10) WLI revealed that the roughness

of the working electrode coated with DMSO-melanin is 282.66±0.019.
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Figure 5.10: SEM image of the surface of the working electrode of a DMSO-melanin

pH sensor, at this magnification the surface of the electrode appears relatively

rough.

An increase in image magnification revealed that this roughness was a result

of flake like structures that were present across the surface of the DMSO-

melanin working electrode (Figures 5.11A and B). As the magnification was

increased further there appeared to be two morphologically distinct struc-

tures within the working electrode, these included the larger flake like struc-

tures as described above and smaller structures that appeared as aggregates

on the surface of the flakes (Figure 5.12). These structures are morpho-

logically similar to previously published TEM and SEM images of carbon

black (Figure 5.13A) with regards to the aggregates and graphite (Figure

5.13B) with regards to the flakes. Therefore it is possible that these struc-

tures (Figure 5.13C) are carbon black and graphite. The ink is described as
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“carbon graphite ink” by the manufacturer however the exact formulation is

unknown as it it proprietary. This description is consistent with what has

been observed with the SEM as “carbon” may refer to the carbon black and

“graphene” may refer to the observed flakes. The DMSO-melanin coating on

the working electrode was not visible under SEM.
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A

B

Figure 5.11: Higher magnification SEM images of the working electrode of a

DMSO-melanin pH sensor. These images were taken at different positions on

the surface of the working electrode showing that it is consistent.

101



Figure 5.12: SEM at further magnifications reveal that the surface of the DMSO-

melanin working electrode is not simply rough, there are two distinct surface mor-

phologies here, graphite appears as smooth flakes of as well carbon black which

appears as clumps. The DMSO-melanin is not visible under SEM.
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A B

C

Figure 5.13: Comparison of SEM images of carbon black from [254] (A), graphite

[255] (B) and the working electrode of a DMSO-melanin pH sensor (C) [256]. The

SEM image of the DMSO-melanin pH sensor appears to contain both carbon black

and graphite/graphene fragments however the DMSO-melanin itself if not visible

under SEM.
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5.6.4 X-ray photoelectron spectroscopy

XPS is a useful characterisation tool for the surface analysis of the electrode

as it is able to identify both chemical and elemental characteristics including

bond types and functional groups [257, 258]. This is particularly useful in

comparing an electrode before and after functionalisation has been carried

out in order to assess whether the surface composition of the electrode has

changed in line with what is expected. XPS measurements were taken with

a monochromatic Al Kα X-Ray source, with an emission current of 15 mA

using a with a Kratos Axis Supra XPS system.

XPS was used to characterise the surface of the working electrode before and

after DMSO-melanin deposition (Figure 5.14). The procedure is described

in more detail in Section 5.6.4.
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Figure 5.14: XPS spectra where the DMSO-melanin coated electrode contains

peaks that match with both DMSO-melanin alone and an uncoated electrode indi-

cating that the DMSO-melanin coat has been successfully applied to the working

electrode of the pH sensor. The melanin ink is shown in red, the carbon/graphene

electrode is shown in blue and the carbon/graphene electrode coated in DMSO-

melanin is shown in green.

5.6.5 Fourier-transform infrared spectroscopy

FTIR was used to characterise the elements and bonds on the working elec-

trodes of the sensors, this technique is described in more detail in Section

3.3.4. The FTIR spectra (Figure 5.16) contained peaks that correspond with

the presence of elements and bonds that are within the structure of DMSO-

melanin (Figure 5.15).
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Figure 5.15: Basic monomer proposed for DMSO-melanin, R1 = H or COOH, R2

= H or SO2CH3, R3 = H or SO2CH3, R4 = H or SO2CH3. Image produced using

MarvinJS.

These peaks were absent on the unfunctionalised working electrode. This

suggests that the spin coating process has been successful in coating the

working electrode with DMSO-melanin.
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Figure 5.16: Annotated FTIR spectra of a working electrode that had been coated

with DMSO-melanin and an electrode that had not. Clear differences in the spectra

are present with the presence of additional peaks in the spectra from the melanin

coated electrode that are consistent with the elemental bonds that are present in

the proposed structure of DMSO-melanin, with the addition of a C=O bond.
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5.6.6 Atomic force microscopy

AFM consists of a cantilever that has a sharp tip. The surface of the sample

is measured based on the forces that are between this tip and the surface. As

a well established technique the principles of AFM have been documented

previously [259]. AFM is another technique that is used to characterise the

surface morphology of the electrode. The particular advantage that AFM

offers over other characterisation techniques is it’s ability to measure the

three dimensional morphology of the electrode. AFM is therefore useful in

understanding what the surface area of the electrode is taking into account

the three dimensional structure.

5.6.6.1 AFM settings

AFM was performed using a tip radius of resonant frequency of 320 kHz, a

spring constant of 40 N/m and a 8 nm tip radius. The instrument used was

a JPK NanoWizards II (Dimension-3100 Multimode, Bruker, Billerica, MA,

USA).

5.6.6.2 AFM results

The surface of the working electrode was analysed using AFM to examine the

surface roughness before and after DMSO-melanin deposition (Figure 5.17).

Following the deposition of DMSO-melanin onto the electrode surface the

root mean square of the roughness incrases from 102.1nm to 292.5nm. The

dimension of DMSO-melanin particles ranges between 5nm to 200nm [134].

An increase in roughness results in an increased surface area on the electrode

surface which allows for more electrochemical reactions to take place which

should lead to better sensitivity [260].
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A B

Figure 5.17: (A) Morphology of the surface of the working electrode before and

after (B) the layer of DMSO-melanin has been applied.

5.6.7 Thickness and roughness of the DMSO-melanin

pH sensor

The thickness and roughness of the DMSO-melanin pH sensor was measured

using WLI using the settings shown in Chapter 3.3.2.2. The thickness of the

DMSO-melanin was 0.268±0.03 and the roughness was 282.66±0.019.

5.7 Discussion

The various candidate materials for a pH sensor all showed some degree of pH

sensitivity however depositing DMSO-melanin on the working electrode of a

SPE that had been produced in house appeared to generate the most reliable

signal that correlated with changes in pH of a solution. The DMSO-melanin

pH sensor also had advantages associated with being produced in house as
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this allowed for the SPEs to be mass produced easily at a lower cost than

relying on SPEs that had been purchased from an external manufacturer.

Characterisation studies revealed that the functionalisation of the working

electrode via spin coating with DMSO-melanin was associated with an in-

creased surface resistance of the working electrode as well as an increase in

the variation of the resistance that was measured between different sensors

suggesting that the spin coating process may not be as reproducible as screen

printing which may be an area for future optimisation. WLI and AFM show

that the layer of DMSO-melanin is thin while XPS and FTIR spectra show

evidence that the layer of DMSO-melanin has successfully adhered to the

working electrode surface as in the case of XPS both the peak associated

with the carbon working electrode and the DMSO-melanin peak are only

present in the spectra that was measured from the functionaliased working

electrode. FTIR spectra contained peaks that are associated with chemical

bonds that are present within the structure of DMSO-melanin providing fur-

ther evidence that the surface of the working electrode has been modified as

intended.

5.8 Summary

In this chapter a novel working pH sensor has been produced and charac-

terised that consists of a screen printed electrode containing a silver reference

electrode and carbon/graphene counter and working electrodes where the pH

sensitivity is achieved by functionalising the working electrode by applying

a thin layer of DMSO-melanin. The DMSO-melanin pH sensor has demon-

strated that is able to effectively measure the pH of reference buffer solutions

in a manner that is repeatable and stable over a 10 minute period. This
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suggests that this sensor may be useful in applications where pH measure-

ment is necessary. Such applications include biological applications such as

monitoring the pH of solutions of culture media where the pH is important

for optimal productivity and where changes in pH may also indicate contam-

ination. Such sensors may also be useful in clinical applications as well and

the feasibility of such applications is investigated over the next chapters. A

microfluidic sample delivery system that covers the working electrode pro-

tecting it from damage whilst using capillary flow to deliver the sample to

the working electrode, is presented in Appendix A.
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Chapter 6

Suitability of the

DMSO-melanin pH sensor for

pH monitoring of bacterial

cultures

6.1 Introduction

The development and functionality of the DMSO-melanin pH sensor has been

outlined in Chapter 5 however there it was only so far demonstrated to work

successfully in reference buffer solutions of known pH values. The sensor

has been demonstrated to be particularly accurate in the range of pH5 to

pH8. This range covers pH levels that allow for optimal growth of a number

of different bacteria [261, 140]. Examples of different microbial species and

their optimal pH requirements for culturing are shown in Table 6.1.

As the bacterial cells in culturing media replicate, various metabolites are

produced that may alter the pH of the surrounding environment [262]. The

112



internal pH of bacterial cells is close to neutral and this must remain consis-

tent in order for the maintenance of metabolic capacity and cellular integrity

[263]. As the bacteria grow the pH of the media changes over time however

how the pH changes depends upon the source of carbon in the media and

the species of bacteria that is being cultured [264].

Table 6.1: Various species of microorganisms and the pH level that is optimal for

culturing.

Microorganism Optimal pH Reference

E. coli 7.3 [265]

S. cereviciae 4-6 [266]

L. casei 6.5 [267]

S. thermophillus 6.5 [268]

L. bulgaricus 5.8-6 [269]

L. lactis 6.3-6.9 [270]

T. aquaticus 7.5-7.8 [271]

Hydrogen transfer is a fundamental feature of biological metabolic processes.

An example of this is the metabolisation of glucose generating NADPH +

H+ due to oxidation by glucose-6-phosphate [272]. The Entner-Doudoroff

pathway is an important metabolic pathway in bacteria that is involved with

facilitating the metabolism of glucose. Two steps of this pathway result in

the release of hydrogen ions as shown in Figures 6.1 and 6.2. In addition

to glucose, bacterial culturing media contains additional sources of hydrogen

including tryptone and peptone which are derivatives of the protein casein.
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Figure 6.1: The conversion of glucose-6-phosphate to 6-phosphogluconolactone in

the Entner–Doudoroff pathway - an important metabolic pathway for bacteria for

the metabolism of glucose.

Figure 6.2: Another step in the Entner-Doudoroff pathway where H+ is released

is during the conversion of glyceraldehyde 3-phosphate to 1,3-Bisphosphoglyceric

acid.

6.2 Methods

The pH sensors used were functionalised with DMSO-melanin and were pro-

duced as described in Chapter 5. Three commonly used formulations of

culturing media were selected for testing. These include LB (Sigma L3022-

250G) , brain heart infusion (BHI) (ThermoFisher CM1135B) and nutrient

broth (NB) (Thermofisher CM0001B). These types of culturing media were

selected because they are frequently used in molecular biology and microbi-

ology and they are made of different components which allows for the deter-
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mination of whether these different components impact upon the signal that

is measured by the pH sensor. The components of these different culturing

media are shown in Table 6.2. Each of the media used were prepared by

first weighing out the mass according to the manufacturers instructions, af-

ter which distilled deionised water was added to the powder which was then

thoroughly mixed by inversion and sterilised by using an autoclave. Four pH

points were produced (pH5, pH6, pH7 and pH8) by modifying each of the

media solutions using the pH4,pH7 and pH10 reference buffer solutions. This

was achieved by measuring the pH of the culturing media with a standard

glass electrode pH meter (Hanna Instruments pH20) and adding drops of the

reference buffer solutions to the culturing media until the desired pH level

had been reached. These pH levels were selected due to their relevance in

optimal microbiological culturing as described in section 6.1. Solutions con-

taining only reference buffers and no culturing media were also prepared at

these same pH levels in order to compare just buffer solutions to the buffer

and media mixture.

Table 6.2: The types of culturing media that were tested in this study and their

components.

Media Type Components (g/l) Reference

Lysogeny

broth

NaCl, tryptone, yeast extract, NaCl [273, 274]

Brain heart

infusion

Glucose, proteose, peptose, NaCl, Na2HPO4, brain and

heart infusion solids

[275, 276]

Nutrient

broth

”Lab-Lemco” powder, yeast extract, peptone, NaCl [277]
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6.3 Testing the DMSO-melanin pH sensors

with media and bacteria

The pH of the culturing media was tested both with sterile media and with

media that had been inoculated with L. casei bacteria that had been cultured

until reaching the stationary phase of growth. This strain was selected be-

cause it is commonly available and is used within bioreactors [278, 279, 280].

More details with regards to lactic acid bacteria, their usefulness and how

a pH sensor may be useful with regards to culturing them are described in

Section 2.12.

6.3.1 Calibrating sterile media

Once the media solutions had been produced to the desired pH value as

described in Table 6.2 measurements were carried out by OCP on the DMSO-

melanin pH sensors while they were in contact with the solutions. The raw

signal of these measurements is shown in Figure 6.3.
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Figure 6.3: Voltage measured in the four different solutions tested with the DMSO

melanin pH sensor. (A) reference buffer, (B) lysogeny broth, (C) brain heart

infusion broth, (D) nutrient broth. In addition to measuring the stability of the

signal, the mean value from these measurements was taken to produce a calibration

curve that was used to estimate changes in pH to each media sample following

bacterial inoculation.
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This signal was processed to produce a standard curve which could then be

used to predict the pH of an unknown solution of each media type (Figure

6.4).

Figure 6.4: The slopes calculated from the data shown in Figure 6.3 showing the

relationship between the pH of each solution to the voltage that was recorded dur-

ing OCP measurements that were carried out using each pH sensor. The gradient

of each slope suggests that the relationship between voltage and pH is a similar

sensitivity across all of the solutions that were tested, the absolute voltage signal

that was measured is variable. The slopes were generated by weighted least squares

regression with error bars representing the standard error of the mean multiplied

by two (n=5).
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6.3.2 Testing in inoculated media

The purpose of this testing is to see whether the pH sensor was still able to

accurately determine the pH of the media in the presence of live bacteria and

their metabolites. Each of the media types were inoculated with L. casei and

incubated at 25oC for 48 hours until they reached the stationary phase, fol-

lowing this they were tested by measuring the OCP using the DMSO-melanin

pH sensor. The voltage measured in each of the inoculated culturing media

samples was compared with the standard curve in Figure 6.4 in order to pre-

dict the pH of the sample. The pH of each sample was also measured using

a standard glass electrode pH meter in order to verify whether the pH pre-

diction based on the DMSO-melanin pH sensor and the generated standard

curve was accurate. The results suggested that the pH value obtained using

the DMSO-melanin pH sensor are accurate in each media type as they are

similar to those that were measured using the glass electrode (Table 6.3).

Table 6.3: The culturing media pH calculated from the OCP signal that was

measured in the DMSO-melanin based pH sensor following L. casei inoculation

and incubation to stationary phase. The accuracy of this predicted value was

verified by measuring the pH of each sample using a standard commercial glass

electrode pH meter which confirmed that accuracy of the sensor is good enough

for laboratory practice.

Media type Sensor calculated (pH) Glass electrode (pH) Difference (pH)

LB 4.97 5.06 -0.09

BHI 4.63 4.65 -0.02

NB 6.31 6.3 0.01
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6.3.2.1 Measuring pH at different bacterial loads

As the number of bacteria in the culturing media changes over time due to

cellular replication it was necessary to ensure that the signal that is measured

using the sensor is not subject to interference by the presence of varying

numbers of bacterial cells. In order to achieve this a serial dilution of the

bacterial culture was carried out which was then measured using OCP and

the DMSO-melanin pH sensor which was correlated to the LB standard curve

in order to predict the pH values (Figure 6.5). The measurements were once

again verified using a glass electrode pH meter. Measuring the pH of the

different serial dilutions functions to simulate bacterial multiplication during

the culturing process. As with the previous results the DMSO-melanin pH

sensor performed well in the presence of the different bacterial dilutions and

did not appear to be impacted by various levels of bacteria suggesting that

it is reliable enough to be used in such an environment (Table 6.4). The

reason why the pH levels were between pH5 and pH6 are due to the lactic

acid being the major metabolite produced by the bacteria which results in a

lowering of the pH of the media.
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Figure 6.5: The LB calibration curve was used to predict the pH of the serial

dilutions of cultured L. casei in LB. The inset shows the same graph zoomed in

on the region where the dilutions are.

Table 6.4: The predicted pH values according to where the measured OCP values

correlate with the LB calibration curve as shown in Figure 6.5 compared to the

pH measured using a standard glass electrode pH meter.

Dilution Sensor calculated (pH) Glass electrode (pH) Difference (pH)

2−1 5.15 4.97 0.18

2−2 5.02 4.96 0.06

2−3 5.26 5.21 0.14

2−4 6.02 5.51 0.51
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6.4 Discussion

As with previous results measured in reference buffer solutions there was a

strong linear relationship observed between the different pH of culturing me-

dia and the voltage that was measured using the DMSO-melanin pH sensors.

These results suggest that the redox processes between the hydroquinone

and quinone moieties that are responsible for the pH sensitivity of DMSO-

melanin are not disrupted by the presence of either bacterial cultures or the

components of the media solutions that were tested here. L. casei is one

of many species of bacteria which produces the enzyme quinone reductase

[281]. There was a possibility that this enzyme would impact on the pH sen-

sitive DMSO-melanin aspect of the sensors as it acts upon three substrates

including quinone, NADPH and H+ in the following reaction:

NADPH + H+ + 2quinone ⇌ NADP+ + 2semiquinone

There was also potential interference in the signal from the presence of bacte-

ria as they multiplied within the media due to their negatively charged com-

ponents such as the bacterial cell walls, membranes as well as biomolecules

such as DNA and proteins. That accurate pH levels were able to be deter-

mined using the sensor in the presence of bacterial cultures suggests that the

sensor is robust enough in order to be used in environments with bacteria

for pH monitoring purposes. However it is important to note that while the

signal that was measured using the sensor had a strong relationship to the pH

level of each media, the absolute potential that was measured in each sample

of culturing media was different which suggests that there are components

within the culturing media which affect the base signal that is measured

using the sensor.
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6.5 Summary

The results presented in this chapter provide evidence that the DMSO-

melanin pH sensor is capable of accurately measuring the pH of the types

of culturing media that have been tested provided that it is calibrated be-

forehand. This is the first time that a screen printed pH sensor has been

used for this application. It has also been demonstrated as being robust

enough to be able to accurately generate pH data in culturing samples that

have bacterial cultures present in them. This requires that this pH sensor

which is disposable in nature might have useful applications where it is bun-

dled with a disposable bioreactor in order to continuously monitor the pH

of the media. This would allow checking for the development of suboptimal

culturing conditions or possibly identify contamination from an undesirable

species. However it should also be noted that the absolute voltage that was

measured in each of the media types was different which suggests that a cal-

ibration curve needs to be performed on each type of culturing media before

it’s pH can be measured using the DMSO-melanin sensors. The difference

in absolute voltage is likely to be due to the different culturing medias being

composed of different substances that interact with the reference electrode,

it may be possible to improve this by changing the material used for the

reference electrode. This is investigated in Chapter 7. Prototype software

has been written that is able to calculate the pH of the different culturing

media based on the slopes in this chapter, these are presented in Appendix

B.1.
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Chapter 7

Potential clinical appliaations

for the pH sensor.

7.1 Rationale

Biological processes are extremely sensitive to changes in pH. Disposable

sensors have the potential to be used in clinical monitoring applications.

Other sensors have been developed for monitoring wounds in the form of

smart bandages [77] however these pH sensors have not been reported as

having been tested with blood samples [282]. This is possibly due to blood

being a difficult material to work with. Despite this difficulty, testing with

blood is worthy of pursuit as a disposable inexpensive pH sensor that is able

to accurately and reliably measure pH has the potential to be used for life

saving point of care applications. A life threatening condition associated with

blood pH is lactic acidosis due to sepsis, this chapter outlines testing the pH

sensors against a preclinical model for lactic acidosis with the intention of

developing an inexpensive point of care test that can detect this condition

quickly thus allowing for treatment to commence as early as possible.
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7.2 Point of care testing

7.2.1 Background

Diagnostic testing that is performed outside of the hospital or laboratory

setting at the same location as the patient is referred to as POC testing.

The primary purpose of POC is the rapid generation of results so that the

appropriate treatment can be implemented as quickly as possible in an effort

to maximise clinical outcome [283]. Some examples of these improved clin-

ical outcomes and associated conditions are listed in Table 7.1. POC tests

can take place in a variety of different settings including a general practi-

tioners office, the hospital bedside, emergency medical incidents (involving

paramedics) as well as for the monitoring of chronic conditions in the home

[284]. POC devices are used with body fluids such as blood and saliva and

they react to analytical targets including proteins, ion, nucleic acids and

metabolites [285].

Table 7.1: Examples of improved clinical outcomes that arise when POC testing

is used. Adapted from [283].

Outcome Example

Faster decision making Chest pain, drug overdose

Earlier treatment onset Drug overdose

Improved patient compliance Diabetes

Reduced complications Diabetes

Faster treatment optimisation Anticoagulation

Reduction of readmissions Parathyroidectomy

Patient satisfaction Less hospital visits
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7.2.2 Carbon based point of care devices

Carbon based sensors are good candidates for point of care devices due to the

sensitivity of graphene to changes in its environment [286, 287, 288] due to

high surface area to volume ratio [289, 290, 291]. The ability to functionalise

graphene sensors makes them highly specific to the point that they are able to

identify single nucleotide polymorphism (SNP)’s [292]. Carbon based POC

devices may be employed to detect a variety of different biomarkers therefore

impacting upon the treatment of different diseases.

7.2.2.1 Detection of nucleic acids

The identification of specific nucleic acid sequences is of significant clinical

interest when identifying an infectious agent is crucial when considering the

necessary course of patient care. Historically this was performed (in the case

of bacteria or yeasts) by culturing a swab taken from the site of infection

and subsequently analysing the morphological and biochemical traits of the

microorganism such as its Gram type, what sugars it is able to ferment,

what treatment it may be resistant to as well as general microscopic analysis.

This process can take several days during which the patients condition may

deteriorate while results are being waited upon. Furthermore relying on

culturing based processes has limitations when working with species that

are difficult to culture (For example Chlostridium dificile, where “dificile”

translates to “difficult” [293]) or viruses. The time taken to generate results

has been greatly impacted since the invention of PCR in 1985 [294] and

its improvement to real time PCR [295] which has allowed results to be

generated within a few hours. Utilising graphene based POC devices has the

potential to improve the time to generate results further therefore providing a

rapid screening test where positive results can be confirmed via PCR testing

126



allowing for a more targeted approach that improves efficiency [296, 297].

7.2.2.2 Detection of proteins

Proteins are useful biomarkers for several disease states [298] but for biosen-

sors to be able to detect such biomarkers in a useful manner they must be

highly sensitive with limits of detection that operate within the femtomolar

and picomolar range of concentrations [299, 300]. POC devices based on

graphene have been developed to detect cancer by sensing proteins that are

either released directly by cancer cells or by other cells in response to the

development of cancer [301, 302]. Graphene POC platforms have also been

developed that are able to detect viral infections [303] by sensing viral pro-

teins [304]. Such low limits of detection are also required for the detection of

biomarkers for cancer [305].

7.2.3 Point of care tests for sepsis

Due to the nature of sepsis requiring early treatment in order to maximise the

potential for successful treatment it is a desirable candidate for a POC device

[284]. Traditional methods for the determination of sepsis are laborious and

slow processes which include blood culture which can take between one to

five days to grow the bacteria and PCR which can take several hours to

generate a result [306]. A POC device would therefore have the potential to

increase the speed of the diagnostic process allowing for the correct treatment

to be administered more rapidly thereby maximizing prognostic outcomes.

Currently suspected sepsis is treated by a course of antibiotics therefore a

POC test would be useful in ruling out suspected sepsis in order to prevent

the inappropriate administering of antibiotic usage which may compromise

future treatment [307].
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7.3 Lactic acidosis

The levels of lactate in the blood are dependent upon the production of lac-

tate and its uptake into tissues [308]. Lactate is produced from pyruvate

during anaerobic glycolysis and is converted to pyruvate via the action of

the enzyme nicotinamide adenine dinucleotide (NAD)-dependent lactate de-

hydrogenase (LHD) this is subsequently oxidised to to CO2 and H2O by the

mitochondria [309]. Due to the complex nature of cellular metabolism lactate

is a waste product produced by some types of cells while also being a sub-

strate for another. The recycling rate for lactate in intermediary metabolism

is therefore high [310]. While red blood cells (RBC)s and muscles are the

primary source of lactate under normal physiological conditions, it may be

produced by any organ within the body [311] and the kidneys and liver are

responsible for the removal of lactate at rates of 30% and 60% respectively

[312, 313]. Lactic acid is almost completely ionised to lactate at normal

physiological pH levels (CH3CH(OH)COOH) ⇋ CH3CH(OH)COO− + H+)

[314, 315]. Lactate blood concentration ranges between 0.5 mmol/l and 1.8

mmol/l with abnormal levels being associated with mortality [316, 317, 318].

Lactic acidosis presents a clinical problem either as a result of impaired lac-

tate metabolism or due to excessive lactate production [319, 320] and de-

pending on the mechanism that is causing it lactic acidosis is characterised

into types A and B [321, 322]. Type A and type B lactic acidosis can coexist.

Type A is the most common of the two and typically occurs as a result of

reduced oxygen carrying and delivery, increased glycolysis and/or hypoper-

fusion which causes tissue hypoxia [323, 324]. In type B lactic acidosis there

is no evidence of tissue hypoxia however there may be occult hypoperfusion

[325], with hypoperfusion referring to the inadequate supply of nutrients and

oxygen as a result of reduced blood flow [326].
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7.3.1 Lactic acidosis and sepsis

Sepsis can lead to both types of lactic acidosis [327]. Sepsis refers to acute

circulatory failure that is associated with infection [328, 329], the consensus

definitions for sepsis and septic shock were updated in 2016 to state that

septic shock is a subset of sepsis that is associated with a greater degree

of mortality that results from underlying circulatory, cellular and metabolic

abnormalities [330]. Elevated lactate levels are common in critically ill pa-

tients [331] and elevated levels upon hospital admission are associated with

an increase in 30 day mortality [332]. According to the World Health Or-

ganisation the annual mortality rate is approximately 6 million, with the

majority of these being preventable [333]. The severity of the condition has

led to research into it’s epidemiology [334] and improving diagnosis, as part of

this process over 200 biomarkers have been investigated as being potentially

useful in sepsis diagnosis [335]. Lactate has been identified as a biomarker

for septic shock, a subset of sepsis where underlying circulatory and cellular

metabolism abnormalities increase mortality substantially. In septic shock

serum lactate levels are greater than 2mmol/l [336].

7.3.2 Lactate directed therapy

The evidence of lactate being a useful prognostic marker led to research that

investigated whether therapy that aims to reduce the concentration of lac-

tate in the blood was associated with a positive clinical outcome. One such

study initially measured patient lactate levels upon their admission to in-

tensive care unit (ICU). Those patients that presented with elevated lactate

levels were split into two groups, a control group and a group where the lac-

tate levels were monitored and treatment aimed to reduce lactate levels by
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20% every two hours. The study concluded that the lactate directed therapy

significantly lowered hospital mortality and that the initial monitoring of lac-

tate levels was associated with an improved patient outcome [337]. Another

randomised trial however did not find any significant difference in mortality

between patients that had undergone lactate directed therapy and those who

had not, it is important to note though that in this study lactate levels were

only reduced by 10% which is significantly less than in the study mentioned

above [338]. Blood pH level is a biomarker for lactic acidosis along with

elevated levels of the enzyme lactate dehydrogenase, blood pH levels are also

used to determine whether emergency treatment with bicarbonate is required

[339, 340]. Therefore measuring blood pH could be beneficial for the early

screening of patients that are demonstrating potential signs of septic shock.

7.4 Materials and methods

The DMSO-melanin sensors were prepared as is described in Chapter 5.

Plasma was prepared via centrifugation of citrated blood for 15 minutes at

3153 RPM. Blood was prepared by mixing it with either sodium citrate or

lithium heparin in order to prevent coagulation. The samples were tested

by pipetting 120µl of plasma or blood onto the electrodes that compose the

sensor and recording the open circuit potentiometry for a 10 minute period

in the same fashion that is described in Chapter 5.
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7.5 Results

7.5.1 Initial sensitivity testing

Before testing whether the sensor can effectively operate in blood samples it

was important to first determine whether the sensor was capable of operating

at the required sensitivity range that is necessary for the detection of lactic

acidosis (Figure 7.1). This was tested by preparing buffer samples that had a

pH of 7.4 and pH7.3 and subsequently measuring the OCP using the sensors

and determining whether there was a consistent difference in the potential

signal that was measured (Figure 7.1A). While there was some drift and

variation in the signal there appeared to be a sufficient difference at this

initial stage (Figure 7.1B) to warrant further investigation into the viability of

using these sensors in the development of a point of care diagnostic platform

for lactic acidosis.
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A B

Figure 7.1: (A) Potential measured in modified reference buffers that had a clin-

ically relevant pH range (7.3 - 7.4) for the detection of acidosis. (B) Potential

plotted against pH. Error bars represent the standard error multiplied by two

(n=3).

7.5.2 Investigation into alternative anticoagulants

Due to the nature of blood clotting as soon as it leaves the body it is necessary

to perform these experiments in blood that has been mixed with an antico-

agulant in order to prevent clot formation. Lithium heparin and sodium

citrate are routinely used as anticoagulants in blood samples that undergo

clinical biochemical analysis [341, 342, 343]. These anticoagulants function

via different mechanisms with lithium heparin binding to the plasma protein

antithrombin III. This proteins physiological function is to prevent the onset

of coagulation and it’s efficacy is increased over 1000 times when it is com-
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plexed with lithium heparin [344, 345] which accounts for the anticoagulant

effect of this compound. Sodium citrate functions via chelating calcium ions,

this inhibits clotting as calcium ions are responsible for activating platelets as

well as multiple coagulation factors involved with the clotting cascade [346].

An investigation into how blood samples that had been treated with these

two different anticoagulants was necessary because the type of anticoagulant

used could impact on the measured result. Lithium heparin is acidic and has

been reported as to having a statistically significant effect on the pH of blood

samples that it has been mixed with [347]. Sodium citrate is alkaline with

a pH that ranges between 7.5 and 9 which may also affect the results [348].

Therefore blood samples that had been prepared using both of these anti-

coagulants were tested using the DMSO-melanin pH sensors. When tested

both the blood samples prepared with sodium citrate and lithium heparin

displayed a decay in the signal that was measured over a 10 minute period

suggesting that this decay is not due to the type of anticoagulant used as

they both function via different mechanisms (Figure 7.2, 7.3).
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Figure 7.2: Signal measured by a DMSO-melanin pH sensor in a citrated blood

sample. As with the plasma sample there was a sharp drop in the potential that

was measured at the start of the test. Each line represents the potential measured

in a replicate.
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Figure 7.3: Signal measured in blood where lithium heparin has been used as the

anticoagulative agent. Each line represents the potential measured in a replicate.

7.5.3 Initial testing on blood

The first step involved testing whether the sensor is capable of detecting

pH changes in a blood sample. To achieve this the potential of a citrated

blood sample was measured using the sensors. Once the measurements had

been completed then the citrated blood sample was spiked with lactic acid

and the process was repeated. The pH of the sample was measured using

a glass electrode pH meter so that it could be compared with the potential

that was measured using the sensor. There was a pH dependent difference

in the signal (Figure 7.4) however the pH of the spiked sample was outside

the clinically relevant range. This indicates that the sensor does respond to

pH changes in blood but further testing was needed to verify whether the

sensor could operate at a resolution that is high enough to detect the slight

changes in blood pH that are clinically significant. The slopes representing

135



the relationship between the measured voltage and pH also varied between

tests suggesting repeatability problems when using the sensors to measure

the pH of blood.

7.5.4 Expected pH change

In the blood lactic acid is buffered almost entirely by the bicarbonate buffer-

ing system [349]. The concentration of bicarbonate in the blood of healthy

individuals ranges from 22mmol/l to 29mmol/l. The pKa of lactic acid is

3.86 [350]. Using the Henderson–Hasselbalch equation (Equation 7.1) in-

creasing the concentration of lactic acid by increments of 0.01mmol/l should

theoretically cause the pH to decrease by 0.3 for the first increment and 0.2

for second increment assuming that the concentration of bicarbonate in the

blood is 25.5mmol/l.

pH = pKa + log10

(
[Base]

[Acid]

)
(7.1)
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Figure 7.4: Average signal taken from the final 100 seconds of a 10 minute mea-

surement of citrated blood samples (n=5) that had been spiked with 10µl lactic

acid in order to alter their pH. A gradual decrease in pH upon further additions of

lactic acid in increments of 0.01mmol/l was observed as expected however it was

slightly greater than what was predicted theoretically in Section 7.5.4. The pH of

the samples were confirmed using a glass electrode pH meter. This was repeated

across two different samples where the relationship between the pH and the signal

varied between the different samples.

7.5.5 Comparison with sensors in the literature

This is the first time that a screen printed pH sensor has been tested using

blood samples. While there are other screen printed pH sensors that have

been reported in there literature there are currently no reports of them being

used to measure the pH of blood accurately. Although some mention that

using SPE pH sensors in blood is useful for applications they do not report

the results of any such tests themselves [351, 247]. The majority of reports
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detailing screen printed pH sensors do not mention blood at all [352, 353, 246,

354, 355, 356, 357, 358, 359]. The closest application to blood measurements

reported is the usage of screen printed pH sensors to measure the pH of wound

exudate [77, 80, 63]. This suggests that there are challenges associated with

measuring blood pH using screen printed pH sensors as the measuring of

blood pH is an important biomarker and therefore an attractive application

for these sensors.

7.5.6 Initial testing of the DMSO-melanin pH sensors

with plasma

Due to the possibility that the some of the constituents of blood such as

red blood cells might be responsible for the repeatability problems described

above (Figure 7.3), some of these components were removed via centrifu-

gation in an attempt to increase the stability and repeatability of the test.

While an extra centrifugation step would limit the sensors application as a

point of care test, it still may be useful for applications in a small research

laboratory or at a general practitioners clinic. Unfortunately this approach

did not solve either the problem of the signal taking a long time to settle or

the lack of consistent repeatability between the replicates (Figure 7.5).
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Figure 7.5: The potential measured using 5 DMSO-melanin pH sensors over a 20

minute period. The sensor took almost 10 minutes for the signal to become stable.

Once stable the measured potential was not consistent enough between the sensors

to indicate that they are repeatable enough to detect lactic acidosis in a clinical

setting.

7.6 Investigation into alternative inks for the

reference electrode

As the signal measured in both blood and plasma samples appears to vary

significantly between the same sample when measured with different sensors

the ink that was used to print the reference electrode was switched to observe

whether this had any impact or improvement on the signal being measured

as one of the possible causes of the variation could be due to components

within the blood and plasma reacting with the reference electrode. Whilst

these results were interesting as they showed that there was little difference
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between the signal profile of the sensors that contained silver and silver/silver

chloride reference electrodes - both of which show an initial sharp drop in

the potential measured until it eventually stabilises and the signal flattens

(though at levels that are variable between replicates indicating a lack of

repeatability when measuring the potential of blood). The profile of the

sensors that use carbon/graphene reference electrodes was different in that

it showed a stable signal from the beginning of the measurement (Figure

7.6). However there was still a lack of repeatability in the signal that was

measured between different replicates which suggests that while the drop in

signal that was seen in the sensors with silver and silver chloride reference

electrodes could possibly be due to an interaction between components of the

blood/plasma and the silver in the reference electrode which can be overcome

by substituting this reference electrode with one made from carbon, a carbon

reference electrode is still not able to produce a repeatable signal that can

be used to determine the pH of a blood or plasma sample.
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Silver Silver/silver chloride

Carbon

Figure 7.6: Signal measured in blood samples using DMSO-melanin pH sensors

that utilised different inks for the reference electrode. Both sensors with the silver

and silver silver chloride reference electrodes showed a similar decay in signal over

time. This was not the case in the sensors that utilised a carbon/graphene reference

electrode however the measurements did not show good repeatability.
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7.7 Investigation into interfering substances

Due to being unable to obtain repeatable results an investigation into the

substances in blood that might be affecting the results was carried out. Blood

is a solution that contains many components which have the potential to

interfere with the signal that is measured with the sensor. The changes in

pH level that are being monitored in the blood are also very small which

presents a challenge as a high degree of both accuracy and precision are

important for detecting such a small but clinically significant change in pH

level.

7.7.1 Spiked pH7 buffer

In order to test whether substances that are present in blood affect the signal

that is measured by the DMSO-melanin pH sensor pH7 reference buffer so-

lution was spiked with these substances at concentrations that are normal in

blood (Table 7.2). OCP was then measured as usual. The buffer was spiked

with bovine serum albumin (BSA) to represent albumin - a protein found in

blood, glucose and sodium chloride. Of these substances BSA and glucose

did not have a large effect on the measured signal whereas with sodium chlo-

ride there was a large decay in the measured signal that was observed similar

to what had taken place in the plasma and blood samples (Figure 7.7) that

had been tested previously suggesting that the sodium and/or the chloride

could be responsible for the problems that occur when attempting to use the

DMSO-melanin sensors to measure the pH of blood.
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Table 7.2: Substances were tested at both the top and bottom ends of the clinical

reference ranges. Sodium and chloride reference ranges were added together for a

NaCl solution as working individually with sodium and chlorine is difficult. These

substances were selected for investigation as they are typical components of blood

and understanding which (if any) of these substances interferes with the sensor may

lead to a better understanding of how to fix or compensate for the interference in

future work.

Substance [Low] [High] Reference

Bovine serum albumin (BSA) 35mg/ml 55mg/ml [360]

Glucose 0.6mg/ml 1.4mg/ml [361]

Sodium 3.1mg/ml 3.4mg/ml [362]

Chloride 3.4 mg/ml 3.7mg/ml [363]
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A B

C D

Figure 7.7: pH7 reference buffer that had been spiked with clinically relevant

concentrations of substances present in blood which may interfere with the signal

including (A) BSA (as a substitute for human albumin), (B) glucose and (C)

sodium chloride. (D) Shows all of these signals plotted together on the same axis

showing clearly that sodium chloride has the greatest effect on the signal measured.
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7.7.2 Clinical intravenous solutions

In order to further investigate what substances in blood might be responsible

for the interference that prevents using the pH sensors to measure blood pH

intravenous (IV) solutions that are administered by drip to patients. These

solutions were saline solution (Baxter Healthcare FKE1322) and Ringer’s

solution (Terumo BCT Limited 19-09-115) (Table 7.3). This allowed for the

sensor to be assessed with different concentrations of electrolytes found in

blood.

Table 7.3: Composition of the solutions that were tested.

Solution Composition pH (glass electrode)

Saline 0.9% sodium chloride 5.5

Ringer’s 0.3% potassium chloride,

0.45% sodium chloride, 5%

glucose

6.1

The signal measured (Figure 7.8) is in agreement with what has previously

been reported suggesting that sodium chloride is likely to be one of interfering

components within blood. The solution which contained a higher concentra-

tion of sodium chloride showed the same pattern of gradual potential decrease

and large variation in the potential measured as to what has been observed

previously in blood and plasma.
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Figure 7.8: Signal measured using DMSO-melanin sensors in the two IV solutions

provided by Morriston where red = saline and blue = Ringer’s. Each line represents

the signal recorded by a previously unused pH sensor (n=10).

As the previous test indicated that sodium chloride is likely to be interfering

with the voltage being measured by the pH sensor a further investigation was

carried out where the pH sensor exposed to a sodium chloride solution for 10

minute intervals of gradually increasing the concentration of sodium chloride

in order to determine where the concentration begins to interfere with the

sensor. The concentrations ranged between 1mg/ml and 10mg/ml and the

concentration was increased by 1mg/ml after each 10 minute interval (Figure

7.9).
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Figure 7.9: pH sensor exposed to increasing concentrations of NaCl over 10 minute

periods.

As the previous graph shows that solutions that have a concentration of

sodium chloride that is higher that 6mg/ml begin to have an impact on the

signal measured by the sensor. A further test was performed in order to

gain an understanding of whether it is the sodium, the chloride or both ions

that are causing the interference. This was carried out by repeating the test

described above with solutions containing other sodium and chloride salts

(Figure 7.10).
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Figure 7.10: pH sensor exposed to increasing concentrations of Sodium and Chlo-

ride solutions over 10 minute periods.

These results suggest that the chloride is responsible for having the most im-

pact on the signal measured by the pH sensor. Since chloride is a component

of blood it may be necessary to change the material of the reference electrode

to something that is less reactive.

7.7.3 Gold ink reference electrode

It is possible that the repeatability and signal disruption that is observed

when the pH sensors are used in solutions that contain sodium and chloride

compounds (such as blood) is due to these compounds reacting with the

silver based reference electrode. Should this be the case then it might be
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possible to address this issue by replacing the silver reference electrode with

gold due to gold being less reactive than silver.

7.7.3.1 New prototype design for the pH sensor with a gold ref-

erence electrode

Due to the long and expensive process that is associated with designing a

screen for screen printing and having that screen manufactured externally

these sensors were produced using a stencil cutter.

A stencil cutter was used to produce the senors to reduce fabrication time.

This process is not as accurate or reproducible as screen printing however it

has both cost and time advantages which allows for a prototype sensor to

be produced quickly therefore allowing for a quick assessment as to whether

or not this approach of replacing the silver reference electrode with gold

is likely to be effective. The layers that make up the prototype design is

presented in Figure 7.11 and the combined design is presented in Figure

7.12. A photograph of the prototype sensors produced by bar coating is

shown in Figure 7.13.
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Figure 7.11: The designs for the individual layers to be cut using the stencil cutter

to compose the sensor. The primary difference between this design and that which

was used for the screen printed electrodes is that the silver tracks and reference

electrode layer has been split into two layers in order to facilitate having a separate

gold reference electrode. (A) silver layer (B) gold layer (C) carbon/graphene layer.

Designs were created using the Asymptote vector graphics language.
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Figure 7.12: The stencil design layers from Figure 7.11 combined to show the full

sensor design.

Figure 7.13: The final sensors that were produced using bar coating and the silver,

gold and carbon/graphene ink.

7.7.4 Results

The prototype gold reference electrode DMSO-melanin pH sensors were first

tested with the pH4, pH7 and pH10 reference buffers in order to determine

whether they were sensitive to pH. The measured signal was stable with the

pH4 and pH7 reference buffers however there was a signal decay over time
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when the pH10 reference buffer was used (Figure 7.14). Although the signal

did not appear as stable as had been measured previously with the DMSO-

melanin pH sensors with silver reference electrodes the prototype sensors did

show sensitivity to different pH levels, however it was less sensitive than the

pH sensor that utilised a silver reference electrode. Therefore the sensor was

taken forward for further testing with a blood sample.

Figure 7.14: Prototype DMSO-melanin pH sensors utilising a gold reference elec-

trode were tested with reference buffers of a known pH (red = pH4, green = pH7,

blue = pH10) in order to ensure that they were sensitive to difference pH levels.

The substituting of the silver reference electrode with gold did appear to

improve the stability of the signal as the signal decay (in blood but not buffer)

that had been observed with the sensors with a silver reference electrode

(Figure 7.5) was not present with the prototype sensors with a gold reference
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electrode (Figure 7.15). However the signal that was measured using four

prototype sensors with the same blood sample was not consistent. It is

possible that this consistency is related to the nature of these prototype

electrodes being visibly more variable (Figure 7.13) than the SPEs as they

were produced using a stencil cutter and manual alignment as opposed to

an automated screen printer making them inherently less consistent as is

clear from the photograph (Figure 7.13). Therefore it might be worthwhile

to explore SPEs with a gold reference electrode during future work.

Figure 7.15: The prototype pH sensors were run with a blood sample to see whether

the same problems involving repeatability and signal decay were present as they

were with the silver reference electrode.
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7.8 Discussion

While the previous success of testing the pH sensor in reference buffers and

microbiological culturing media justified attempting to utilise the DMSO-

melanin pH sensors in point of care applications where the detection of

changes to blood pH is a useful diagnostic marker, the results suggest that

this sensor is not well suited for these applications. The signal that was mea-

sured in both whole blood and plasma consistently showed a decay before

eventually stabilising after approximately 500 seconds however there was sig-

nificant variability between repeat blood and plasma measurements from the

same same sample. This inconsistency means that it is not possible to de-

termine the pH from the signal since the signal that is generated appears to

vary in a manner that is not related to pH suggesting that there is some com-

ponent within the blood that is impacting upon the measured signal that is

not present in the case of either reference buffers or microbiological cultures.

Components within the blood appear to be interacting with the silver or sil-

ver/silver chloride reference electrodes since measurements that were taken

with DMSO-melanin pH sensors that had either silver or silver/silver chloride

both showed the same decay in signal after being exposed to blood however

the DMSO-melanin pH sensors with a carbon/graphene reference electrode

and the prototype stencil pH sensors with a gold reference electrode did not

show this decay in signal however the voltage that was measured was highly

variable between replicate tests of the same sample meaning that these were

not suitable for measuring the pH of blood either. An investigation into

substances within blood that could potentially interact with the suggested

that chloride in particular is interacting with the sensor as NaCl, KCl and

MgCl2 all produce a decay in signal that is similar to what has been observed

with the blood and plasma samples. This is likely due to the silver reference
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electrode being subject to oxidation.

7.8.1 Potential solutions and future work

Although it has not yet been possible to use the sensors in their current

form to determine the pH level of blood, the success of the sensors in mea-

suring other things suggests that it may be possible to modify the sensor

in order to improve its performance in blood. Such changes that might be

worth investigating include using different materials for the electrodes that

make up the sensor as replacing the reference electrode with either gold or

carbon/graphene eliminated the signal decay that was seen with the silver

and silver/silver chloride reference electrodes. Another aspect to investigate

would be to use a SPE that has multiple electrodes similar to that in Figure

7.16, this electrode would take 8 measurements simultaneously that could

then be used to generate an average. Using these averages might help reduce

the inconsistency in the measured signal that has been observed in blood

samples.

155



Figure 7.16: A DropSens brand SPE produced by Metrohm that contains 8 work-

ing electrodes. This SPE or a similar design that incorporates multiple working

electrodes could be used to measure an average signal in blood which might im-

prove signal consistency.

7.9 Summary

This is the first time that a screen printed pH sensor has been tested us-

ing blood samples in a preclinical model. This pH sensing platform has been

demonstrated to be able to accurately measure the pH of environments where

there are microorganisms being cultured such as within a bioreactor or stan-

dard laboratory microbial culturing conditions. However as shown in the

different media types analysed in Chapter 6 the baseline voltage is different

depending upon the constituents of the media. This was easily overcome in

media by producing a calibration curve of known pH values for each specific

media type. While effective in situations where the components of the solu-

tion that is being measured (such as in media where the constituents of the

156



media are known as the media is either prepared in house or it’s components

are given by the manufacturer). This does appear to present a problem when

measuring blood as the constituents of blood vary between samples (RBC,

WBC, platelet, protein, urea, creatine etc) and this appears to influence

baseline voltage that is measured. This means that in order to reliably mea-

sure the pH of blood solution a calibration curve would need to be carried

out on each blood sample before it is run. However despite this limitation

there are still potential uses this sensor in a clinical setting. While it is not

possible to calculate the absolute pH due to the variable consistency of blood

impacting upon the baseline voltage, the sensor still displays sensitivity to

changes of pH in blood and therefore might be useful for measuring any rel-

ative changes. For example the sensor could detect a relative lowering of pH

thus potentially indicating the onset of acidosis and allowing for the early

intervening treatment by alerting clinical staff.
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Chapter 8

Investigation into using

electrochemical techniques to

assess microbial growth

8.1 Introduction

Determining the quantity of bacteria within a solution is a process that is

essential across many distinct disciplines [14, 15]. Since the initial discovery

of bacteria in the mid 1600s [364], they along with other microorganisms

have been associated with a variety of different fields and applications within

industry. The most notable being the ancient process of fermentation which is

essentially a bioreactor as well as within medicine following the establishment

of germ theory [365]. This work proposes to investigate whether the SPEs

described in Chapter 3 and electrochemical techniques can be used to measure

the quantity of bacterial growth in culturing media by immersing the SPE in

media containing different concentrations of bacteria then applying SWV and

analyzing any relationship between bacterial concentration and the measured
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voltammogram.

8.2 Culturing microorganisms

Although microorganisms including bacteria and yeast had been identified

and visualised via microscopy, the discovery of culturing media and the devel-

opment of associated culturing protocols has enabled the field of microbiology

to grow which has in turn lead to the development of biotechnology.

8.2.1 Monitoring bacterial growth

Monitoring the growth of cultured microorganisms is an important aspect of

biology with regards to optimising the growth kinetics, metabolite production

and biomass [366]. The classical techniques employed in monitoring these

cultures include counting the total number of cells visually or through a

technique such as flow cytometry, assessing the viable number of cells through

culturing diluted media on plates or estimating the number of cells present

through the turbidity of the culturing media in the form of measuring the

optical density using a UV spectrophotometer [367, 368]. The non destructive

nature of optical methods has rendered them the most popular method to

measure bacterial growth [366].

8.2.2 Growth curves

Bacteria are frequently cultured in a well mixed liquid suspension when grown

in laboratory settings, such as in a flask or a 96 well plate when working

with smaller volumes. Growth in these environments produces characteristic

growth curves similar to the sample shown in Figure 8.1. Such growth curves
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are typically measured by optically measuring the media’s turbidity via op-

tical density using equipment such as a UV spectrophotometer or a plate

reader. The initial segment of the growth curve is the “lag phase”, during

this period the number of bacterial cells present in the media is so few that

no growth is able to be detected using optical density, furthermore it is as-

sumed that the cells need to adjust to their new environment having been

previously under different conditions for storage. Following the “lag phase”

is the “log phase” which is also referred to as the “exponential phase” due

to the exponential or logarithmic growth that is measured over the course of

this period. As bacteria continue to replicate and the growth media becomes

more crowded the required nutrients become scarce and waste products ac-

cumulate, this causes the number of cells to plateau which is referred to the

“stationary phase” of the growth curve. Bacterial population dynamics can

be described as

dN(t)

dt
= rN(t) (8.1)

N(t) = ertN(0) = 2r/TN(0) (8.2)

where N(t) is bacteria at time t and r is the rate of bacterial replication

[369].

8.2.3 Applications

Measuring or monitoring bacterial growth is desirable in various industrial,

medical and research applications. In industry the microorganisms that re-

side within a chemostat bioreactor should be monitored to ensure that the

bioreactor is operating efficiently and to alert personnel if the growth rate
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Figure 8.1: An example of a typical bacterial growth curve which is composed of

a lag phase immediately after inoculation has taken place followed by exponential

growth over the course of the log phase before a growth plateau is reached at the

stationary phase.
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changes in such a way that potentially impacts upon the bioreactor [370].

In medicine and research assessing the growth rate can indicate whether a

bacterial strain is resistant to or partially resistant to specific antibiotics and

suggest the type of antimicrobial resistance that is present [371, 372, 373].

8.2.3.1 Sensitivity of bacteria to antimicrobials

The emergence of pathogenic bacteria that are resistance to antimicrobial

agents is recognised as one of the most serious contemporary health threats

[374]. Infections with resistant strains are associated with higher levels of

morbidity and mortality along with increased healthcare costs [375]. Treat-

ment options for patients infected with resistant strains are limited and in-

appropriate treatment with broad spectrum antibiotics in these cases can

further drive resistance [376]. Therefore the targeted treatment with appro-

priate antimicrobial agents is an important element in prognostic outcome

[377, 378, 379]. As a result of this there is demand for techniques that are

able to determine antibiotic susceptibility so that effective treatment can be

administered.

Classical techniques for assessing susceptibility include disc diffusion [380]

which involves spreading the bacterial culture over an agar plate before plac-

ing discs that are infused with on to the surface of the plate and incubating

the plate for a period sufficient for the bacteria to grow. If the bacteria are

sensitive then there is a gap between the bacterial lawn of the surface of the

agar and the disc caused by the antibiotic in the disc diffusing into the agar

thus preventing bacterial growth. This method is inexpensive and simple

however it suffers from drawbacks such as taking a long time to generate

a result as there are two culturing steps required each of which is at least

24 hours long, also analysing the results is a manual process which must be
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carried out by a trained individual. As such assessing the bacteria on the

plates takes more time and introduces the possibility of human error. The

relative size of the discs and agar plates also creates efficiency problems.

Antimicrobial susceptibility testing can be improved by using spectropho-

tometery. The advantages to this approach include increased space efficiency

if a 96 well plate reader is used to perform the measurements as well as the

fact that the data measured in the form of absorbance is numerical and gen-

erated by an instrument which removes a step where human error may occur

as well as enabling the automation of data processing. The disadvantage of

this technique is that it is dependent upon expensive equipment that requires

space and training to operate.

Sensors are an attractive platform for improving antimicrobial susceptibility

testing. The aim of this section of research was to develop a technique based

on screen printed sensors that may be used as an alternative to spectroscopy.

The sensors can be incorporated into the design of the culturing vessel such

as a multi well microtitre plate removing the need for a large expensive

plate reader and facilitating high throughput measurements of the bacterial

concentration in each well.

8.2.3.2 Plasmid fitness cost

Plasmids are extrachromosomal DNA elements that contain genes that con-

fer traits which may be advantageous to their host cell.These traits include

resistance to antimicorbials and biocides as well as heavy metal tolerance

and factors that are associated with virulence [381]. Plasmids are interest-

ing because they are a major mechanism by which antibiotic resistance is

transferred horizontally between bacteria both within the same and different

species [382, 383]. Research into elements that are associated with antimicro-
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bial resistance involves the characterisation of fitness costs that are associated

with maintaining plasmids and as such the sensors described here could be

employed within a commercially produced assay where plasmid fitness cost

is measured.

8.3 Electrochemical experimentation using

screen printed electrodes and bacterial

cultures

8.3.1 Initial testing

The aim of the initial testing was to test the viability of the concept of

measuring bacterial growth with SPEs and the electrochemical technique

square wave voltammetry. The culturing media 2YT was used, first sterile

2YT was measured followed by 2YT that had been inoculated with 1µl L.

casei and incubated for 24 hours at 37oC. Measurements were carried out

using the ANA-POT (Zimmer and Peacock) potentiostat by pipetting 100µl

of culturing media onto the SPE and running the relevant test, the details

of which are described below.

8.3.2 Square wave voltammetry

The same SPE design described in Chapter 3 shown in Figure 3.2 was used

however it was not functionalised with DMSO-melanin. The proof of concept

for quantifying bacteria within a culturing media solution was first tested by

measuring the signal current generated by square wave voltammetry that was

applied to sterile culture media as well as media that had been inoculated
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and reached the stationary phase of growth. As with the previous test using

cyclic voltammetry, three different inks were tested for use as the reference

electrode: silver, silver/silver chloride and carbon/graphite. There were clear

and distinct differences within the patterns of the signal with all of the SPE

types that were tested (Figure 8.2) however the signal measured using the

carbon electrodes showed inconsistency. These results suggested that SPEs

using silver and silver/silver chloride gave similar results and as such either

reference electrode type would be suitable for further development.
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Figure 8.2: Square wave voltammogram of sterile and inoculated culturing media

using screen printed electrodes with reference electrodes composed of either silver,

silver/silver chloride or carbon/graphene ink.
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8.3.2.1 Voltammogram peaks and bacterial growth

Having established that there is a clear distinct change in voltammogram

measured utilising SPEs in sterile vs inoculated media, the next step was to

determine whether these changes were dependent upon the yield of bacteria

present within the media. A dose dependent signal would be useful because

it would provide more information about how the bacteria are growing in the

media such as whether they have partially grown which is useful for assays

where growth rate is a point of interest such as when assessing antimicrobial

resistance. Whether the signal varies based on dose was investigated by

performing a serial dilution on the cultured media and repeating the test at

each dilution point (Figure 8.3).
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Figure 8.3: Square wave voltammogram obtained from each of the serially diluted

culture media samples ranging from 2−1 to 2−9. A fresh (previously unused) sensor

was used for each measurement.

The positions of these peaks marked on the individual voltammogams is

shown in Figure 8.4.
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Negative 2−9 2−8

2−7 2−6 2−5

2−4 2−3 2−2

2−1 Positive

Figure 8.4: Individual peaks calculated for each of the serial dilutions. The maxima

are shown in red and the minima are shown in blue. The difference between the

peaks correlates with the concentration of L. casei in the media.
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Analysis with polynomial regression showed a strong relationship between the

peaks recorded in the voltammogram and the concentration of bacteria within

the media (Figure 8.5). This suggests that the non functionalised SPEs can

be used with CV to determine the number of bacteria within a culturing

media solution by observing the size of the peaks on the voltammogram.

Figure 8.5: Maximum and minimum peaks plotted against bacterial dilution in

media ranging from the media containing full growth to 2−4. Error bars represent

the standard error times two. The predicted signal was obtained via polynomial

regression. The R2 values for the first maximum peak, minimum peak and second

maximum peak are 0.9599, 0.9964 and 0.9983 respectively.

The level of bacterial growth in each dilution was confirmed using UV spec-

troscopy (Figure 8.6).
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Figure 8.6: Absorbance of each L. casei serial dilution in LB measured using

UV spectroscopy using a wavelength of 600nm. − represents sterile broth and +

represents the undiluted bacterial culture. The inset graph shows the log10 of the

absorbance plotted against the dilution number. The R2 value is 0.9902.

8.4 Suitability of SPEs for taking repeat

measurements

In order to assess whether the sensors are suitable for reuse the serial dilution

test described above was repeated where each sensor was reused. The first

reading was performed on the negative sterile sample followed by each of

the incremental concentration increases through to the positive sample with

full growth. The samples were measured in this order to simulate bacterial
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growth where the number of bacteria that are present within the measured

solution increases at each point of measurement. The results indicate that

the sensors are not suitable to be reused as the clear pattern previously shown

in Figure 8.3 was not longer observed and there were no obvious repeatable

patterns in the voltammogram that correlated with bacterial concentration

therefore suggesting that upon use something happens that degrades the

sensor therefore making them only suitable to be used for one measurement

before being discarded (Figure 8.7). It may be possible to refresh the sensor

in order to allow it to be reused and avoid disposal however it is unknown

whether this is possible and further research into this is required.

Figure 8.7: Square wave voltammogram from each of the serially diluted media

run with reused sensors from negative to positive to simulate bacterial growth over

time.
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Characterisation techniques were employed in an attempt to understand what

was happening at the electrode surface that causes the sensors to only be

suitable for one usage.

8.4.0.1 Impact of samples with growth vs without growth

While it has been demonstrated above that applying square wave voltamme-

try to these sensors only produces a signal that has morphological character-

istics that correlate with bacterial concentration if they have been previously

unused, it was not clear whether the changes that impact upon the signal

were predominantly a result of components within the media or the bacteria

themselves. To investigate this a sensor was used to measure five sterile me-

dia samples concurrently (Figure 8.8), this was repeated using another sensor

with media that contained bacterial cultures that had reached the stationary

phase of growth (Figure 8.9).

These tests revealed that while running square wave voltammetry on both

sterile media and media containing bacteria impacted upon the voltammo-

gram obtained in subsequent measurements, they did not result in the same

changes to the voltammogram.

In the case of the sterile media, presented in Figure 8.8, there was a clear

shift in the voltage point where the measured current began to decrease

where with each subsequent run this voltage point increased. Furthermore

the reduction in the current measured decreased with each measurement.

Despite these shifts the general morphology of the voltammogram remained

consistent with that of a sterile media sample.
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Figure 8.8: Voltammogram from a sensor that was used to measure five consecutive

sterile media samples.

This contrasts with the voltammogram generated by repeatedly measuring

media with bacterial growth shown in Figure 8.9.
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Figure 8.9: Voltammogram from a sensor that was used to measure five consecutive

media samples that contained bacterial cultures that had reached the stationary

phase of growth.

All voltammogram from the measurements that were carried out after the

initial test appeared to show no consistent pattern. There was no incre-

mental shift as had been the case when sterile media had been tested, the

voltammogram appeared to be erratic noise that did not correlate with any-

thing. These results suggest that the presence of bacteria within the media

has the greatest impact upon the sensors and once square wave voltammetry

has been carried out using media where there is bacterial growth present all

further measurements will only produce noise. However while the sterile me-

dia alone did impact upon the voltammogram output following square wave

voltammetry, it did so in the form of shifting the Voltage and current while
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maintaining the general morphological characteristics of voltammogram gen-

erated when square wave voltammetry is carried out on sterile media. These

results suggest that it might be possible to reuse the sensors provided that

there has not been any prior bacterial growth however it is practically unlikey

that the sensors will be exposed to sterile media given that this application

involves bacterial culturing.

8.5 Investigation into effect of different cul-

turing media on the signal generated

Different microorganisms have a diverse range of nutritional requirements

in order to grow. Therefore there are range of different culturing media

with various components that have been optimised to facilitate the growth

of certain species, or to inhibit the growth of undesirable species that may

contaminate a batch. Therefore it is necessary to investigate whether the

type of media that is used to culture the microoganism impacts upon the

signal that is generated when using the sensor in order to have confidence

that the signal that is measured is accurate.

8.5.1 Media tested

The types of media that were tested included LB, BHI and 2YT. These are

frequently used to culture bacteria in the fields of microbiology and molecular

biology and as such are materials that it may be desirable to operate the

sensors within. Because these media are used for the cultivation of different

species with different requirements they contain different components. A

summary of what composes these different media is presented on Table 8.1.

176



Table 8.1: The components that make up LB, 2YT and BHI culturing media.

Component LB (g/l) 2YT (g/l) BHI (g/l)

Tryptone 10 16 −

Peptone − − 10

NaCl 10 5l 5l

Yeast extract 5 10 −

Glucose − − 2

Disodium phosphate − − 2.5

Calf brain − − 200

Beef heart − − 250

The type of media that was used did appear to impact upon the morphology

of the signal that was measured when square wave voltammetry was applied

(Figure 8.10 and 8.11).
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Figure 8.10: Voltammogram measured from square wave voltammetry applied to

the SPE in different types of sterile (has not been inoculated) media.
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Figure 8.11: Different media types were inoculated with L. casei bacteria, the

morphology of the voltammogram appears to be influenced by the type of media

that the bacteria were grown in. This is possibly due to the media being composed

of different substances as shown in Table 8.1.

8.6 Testing with different species of microor-

ganisms

There are many different species of microorganisms which contain different

components and as such may react differently to square wave voltammetry

than the L. casei species of bacteria that had been tested previously. As

L. casei is a Gram positive bacteria, E. coli a Gram negative bacteria and

Saccharomyces cerevisiae a yeast were tested in the same manner in order

to observe whether this technique is as effective for the quantification of

microbial species that are structurally different from L. casei.

There were stark differences observed in the voltammograms that were mea-
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sured when square wave voltammetry was applied to LB media that had

different microorganisms being cultured in it (Figure 8.12). The voltammo-

grams produced were repeatable and consistent (n=3). The strongest signal

was observed when the procedure was carried out on L .casei bacteria how-

ever the signal produced when measuring the other microoganisms differed

sufficiently from one another as well as the sterile LB which contained no

microorganisms.

Figure 8.12: Square wave voltagram of sterile LB media and media that has various

microbial cultures growing in it.
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8.7 Discussion

This chapter demonstrates the proof of concept that a non functionalised SPE

and can be used in applications based on electrochemical techniques as well

as the proof of concept that square wave voltammetry has the potential to be

used in different applications that involve microorganisms. Reference elec-

trodes that were composed of either silver or silver/silver chloride appeared

to be more suitable than carbon/graphene. The square wave voltammograms

that were obtained using the different species of microorganisms was consis-

tently different depending upon what the microorganism being tested was.

This phenomena might be a suitable base for developing a system that is able

to rapidly identify an unknown microorganism by comparing the voltammo-

gram of an unknown microoganmism to an established library in a database.

Further work is needed in order to establish whether this is the case however

the data presented in this chapter makes the case that further investigation

is potentially worthwhile. The microbial species that were investigated over

the course of this chapter were very different from one another. L. casei is a

Gram positive bacteria, E. coli is a Gram negative bacteria and S. cervisciae

is a species of yeast. Due to this the structures of the cell walls of these

microorganisms is very different and is comprised of different components.

It is possible that it is these differences in cellular structure that are respon-

sible for the differences in the voltammograms generated using the different

species. An interesting study to investigate this further would be to expand

on the testing presented in this chapter to include multiple species of each

type (Gram positive, Gram negative and yeast) to see whether the differ-

ences in voltammogram are consistent according to type. Should this be the

case then this method could be a replacement for the laborious and time

consuming Gram staining test that was first developed in 1884 and is still
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widely used in healthcare settings today [384].

The other aspect of this chapter demonstrated the proof of concept that when

square wave voltammetry is applied to culturing media that contains differ-

ent concentrations of L. casei bacteria the resulting voltammogram contains

peaks that correlate with the concentration of bacteria in a dose dependent

manner. This is an interesting observation that has the potential to be

deployed in applications where the concentration of bacteria in a solution

needs to be rapidly quantified. However there were some notable limitations

associated with this method. One limitation is that the measurement can

only be performed once before the electrode is “spent” and cannot be used

for any further measurements. However the sensor still has the potential

to be useful in situations where only one measurement is required. An ex-

ample application would be the incorporation of these sensors within a 96

well microtitre plate that is used to culture bacteria in media that contains

antibiotics where a single measurement is taken after an incubation period

which assesses whether they are sensitive to the antibiotic. Further testing

would need to investigate whether the presence of each antibiotic in the media

impacts upon the morphology of the voltammograms that are produced.

8.8 Summary

This chapter details the development of a novel method for elucidating char-

acteristics of microorganisms that are growing within a culturing media using

nonfuctionalised carbon/graphene SPEs. The characteristics that were in-

vestigated include the type of microorganism growing in the media - further

research may lead to useful applications involving the detection of contam-
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ination where there may be undesired species growing. Another key char-

acteristic investigated was determining the yield of bacteria growing in a

media solution. Due to the testing environments being controlled where the

only differing variable is whether the culturing media contains microorgan-

isms or not it was hypothesised that the functionalisation of the working

electrode may not be necessary since living cells and their components have

electrochemical properties [385, 386, 387, 388, 389]. Therefore their presence

or absence maybe be sufficient to change the voltammograms in a manner

that could then be correlated with known characteristics (such as species

or growth yield). This early novel work demonstrating that a combination

of non-functionalised SPEs and square wave voltammetry may potentially

be used together in methods that are useful in biological culturing applica-

tions. The results that are presented here are promising however they show

an early proof of concept and further research is required in order to develop

them into established methods and products. Such potential applications

include measuring microbiological growth in a solution as well as possibly

being able to identify information about what microorganism is growing by

features that are associated with it’s voltammetric fingerprint. However there

needs to be further research in order to determine whether this is possible

and if so how much information can be determined from this fingerprint and

what effect other factors such as culturing media have on it. At the time

of writing, a literature search for applications using non functionalised sen-

sors does not yield any studies that report this suggesting that the idea of

finding applications for carbon based sensors that have not undergone any

sort of functionalisation is under explored. The next chapter will outline a

summary of the work that has been presented over the chapters of this thesis

and provide an overall conclusion.
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Chapter 9

Conclusion and future work

This work has focussed on the development of sensors that utilise carbon

electrodes and are suitable for applications where there is a real world ben-

efit. The primary objective was to implement nanomaterials such as car-

bon/graphene and DMSO-melanin in biosensing applications with a focus

on applications that are useful in biotechnological and clinical settings. The

proof of concept for such applications was investigated and demonstrated

and the materials used were characterised. The processing techniques and

the experimental procedures employed have been documented.

9.1 Novelty

This work includes the development of a novel screen printed DMSO-melanin

pH sensor (Chapter 5). Other novel features include this being the first time

that a screen printed pH sensor has been successfully demonstrated as being

sensitive to pH in the presence of bacterial cultures (Chapter 6) as well as

being the first time that a screen printed pH sensor has been tested in a

preclinical model using blood samples (Chapter 7). This work is also the
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first time that a nonfunctionalised SPE has been demonstrated in a useful

application in determining the concentration of bacteria in culturing media

as well as potentially being able to identify bacterial species electrochemically

(Chapter 8).

9.2 Conclusion

Screen printed electrodes were produced and characterised. SEM analysis

of the surface of the working electrode revealed that it consists of a mix-

ture of carbon black and graphitic flakes. The SWV and EIS measurements

were consistent between different SPEs indicating that the sensors have been

produced to a consistent quality. Little variation in the contact resistance

measurements further indicate that the sensors are consistent. Printed sen-

sors from different positions on the screen were measured for thickness using

WLI showed similar thickness across the tested sensors with the conductive

silver ink having mean thickness of 10.625µm with a standard deviation of

0.861 and the carbon/graphite ink had a mean thickness of 8.61µm with a

standard deviation of 0.87. These characterisation tests indicated that were

of sufficient quality to take forward for the development of further applica-

tions and research.

The candidate materials for functionalisation that facilitate sensitivity to pH

were assessed and a SPE produced in house and functionalised with by spin

coating a layer of DMSO-melanin onto the working electrode was identified

as being the best candidate material for producing the pH sensor over Al2O3

and PANI. This is due to this sensor showing the most stability and the

least variation across the three standard reference buffers at pH4, pH7 and

pH10 with a sensitivity of -49.79mV/pH±8.93 and a drift of 5.9mV over
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10 minutes, this sensor is relatively easy to make as well as sensitive. The

DMSO-melanin sensor also demonstrated that it could be reused as testing

where the sensor was exposed to pH4 followed by pH7 and pH10 reference

buffers then pH7 and pH4 again it showed consistent signal output. This was

not the case with the commercially available SPEs that had been function-

alised with PANI as while these sensors demonstrated a good sensitivity and

good repeatability at low pH levels they showed a high variation at a high

pH levels and they were also unable to recover after being exposed to a high

pH as their sensitivity to pH7 and pH4 reference buffers was greatly reduced

following exposure to the pH10 reference buffer. Characterisation studies

showed that the application of DMSO-melanin to the surface of the working

electrode demonstrated that the contact resistance of the electrode changed.

The DMSO-melanin molecules were too small to visualise under the SEM

however evidence that the DMSO-melanin was present on the surface of the

working electrode following application was detected in the spectra gener-

ated by Raman spectroscopy, FTIR and AFM. This chapter demonstrates

the initial proof of concept that an in house fabricated SPE with a working

electrode functionalised with DMSO-melanin produces a pH sensor.

The DMSO-melanin pH sensor was tested under conditions that are relevant

to applications involving measuring the pH of bacterial culturing media. The

functional range of the pH sensor was shown to be effective in measuring

changes in pH over a physiologically relevant range of pH5 to pH8 in reference

buffers along with three relevant culturing media solutions. The pH sensor

was also demonstrated as being effective in being able to accurately measure

the pH of these media solutions following the inoculation and culturing of

lactic acid bacteria to stationary phase within them thereby demonstrating

a real world application where these sensors can be deployed. This chapter
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demonstrates that the pH sensor is reliable and accurate enough to be used

to measure the pH of culturing media and the presence of lactic acid bacteria

in the media does not interfere with the measurement.

The suitability of the pH sensor for use in clinical applications measuring

blood pH was investigated. As the pH sensor had been demonstrated to be

successful in determining the pH of solutions of both reference buffers and

biological culturing environments an investigation was carried out to deter-

mine whether the pH sensor would be able to measure the pH of blood. The

data suggested that in its current form the pH sensor is unable to measure

the pH of blood in an accurate or consistent manner. The potentiograms

showed a decay in the voltage measured in both blood and plasma samples

over the 10 minute measurement period. An investigation into using alterna-

tive materials for the reference electrode was carried out and while this did

reduce the decay in measured potential over time there was still a significant

variation in the potentiograms of replicates from the same samples meaning

that the measured voltage cannot be used to infer the pH of the sample.

Overall this chapter shows that the DMSO-melanin pH sensor is not suitable

for measuring the pH of blood samples in its current format.

An investigation was carried out utilising non-functionalised screen printed

electrodes to investigate whether they can be utilised alongside SWV to anal-

yse microbes within culturing media. Three different microbes were tested

with varying successes. Using the non functionalised SPEs with SWV on me-

dia with LB that had been serially diluted with L. casei cultures showed a

large difference in voltamogram signal of the measured peaks, the relationship

between the measured peaks and the concentration of bacteria in the solution

was analysed via polynomial regression and the peaks on the voltammogram

were able to predict the concentration of bacteria in the sample with a confi-
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dence interval of 95% up to a concentration of 2−3 after which the differences

between the measured peak current are insufficient. Further investigation

using the bacteria E. coli and fungi S. cerevisiae revealed differences in the

signal of the voltammogram suggesting that there might be limitations on

what species this technique is effective with however there is also the pos-

sibility that these differences in signal may be used to differentiate between

different species or order, more research is required investigating this more

thoroughly. Overall this chapter provides an interesting proof of concept with

regards to utilising non functionalised SPEs and electrochemical processes to

develop analytical techniques that are potentially useful.

9.2.1 Future work

The findings of this research can be used as a base for further research and

development of these sensors and their potential applications. The pH sensor

that was fabricated in Chapters 3 and 5 that was shown to measure pH in the

presence of live bacterial cultures accurately in Chapter 6 could be integrated

into a bioreactor or into the wells of a microtitre plate in order to provide

continuous pH monitoring during culturing experiments or quality assurance

data. It was also determined in Chapter 6 that the type of culturing media

that was used to grow bacteria in changed the calibration slope, therefore

future work could involve developing a library of data for each different type

of culturing media for calculating the pH after growth has taken place.

Further work is needed to investigate the potential of the pH sensor being

able to measure blood samples for clinical applications. Chapter 7 shows

that the current design of DMSO-melanin pH sensors are unable to mea-

sure the pH of blood samples and that this is likely due to the presence of

interfering components in the blood that exist in variable unknown concen-

188



trations. Work to remedy this situation could focus on modifying the sensor

and testing its fabrication with different materials such as gold, changing the

number of electrodes or by developing and incorporating other sensors that

detect the levels of interfering substances to see whether this can be used to

normalise the pH measurement.

The proof of concept work presented in Chapter 8 can be built upon by test-

ing the application of SWV with different species of microbiota to establish

whether the shape of the voltamograms produced can be used to identify spe-

cific characteristics such as whether the microorganism present is a yeast or

bacteria or whether the bacteria present is Gram positive or Gram negative,

it may even be possible to identify specific bacterial species by the shape of

the voltammogram. This could lead to the development of rapid screening

tests for environmental and medical applications.

9.2.2 Research goals outcome

This research project set out to fabricate a DMSO-melanin pH sensor that is

able to accurately measure the pH of real samples rather than just reference

buffer solutions. This has been achieved as the sensor has demonstrated

accuracy when measuring the pH of culturing media both when bacteria are

present and absent. The project also aimed to investigate the suitability of

this sensor for use in a point of care test for lactic acidosis and while progress

has been made in this area in that the sensor appears to be sensitive enough

to detect the small changes in pH necessary to screen for lactic acidosis, there

appear to be variable components within the blood that interfere with the

measurement so therefore more work is required if this is to be a successful

application. This research also successfully identified a potential application

for detecting characteristics of microorganisms in culturing media utilising
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sensors that have not been functionalised. Prior to this work applications

involving SPEs that had not undergone any functionalisation procedure was

a gap in the research.
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A, et al. Study on self-assembled monolayer of functionalized thiol on

gold electrode forming capacitive sensor for chromium (VI) determina-

tion. Journal of Solid State Electrochemistry. 2019;23(5):1463–1472.
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Appendix A

Microfluidic sample delivery

system

A prototype microfluidic case to encompass the DMSO-melanin pH sensor

has been designed. The purpose of this is to protect the electrodes that the

sensor is composed of from physical damage whilst also keeping the sample in

constant contact with the sensor. Designs were completed using OpenSCAD

and produced via 3D printing with the Dolomite FluidicFactory.

A.1 Dimensions

The top section of the protective case is 15mm x 12.5mm x 5mm, the sample

loading well has a radius of 4mm and the microfluidic capillary has a radius

of 0.8mm. The capillary is connected to a chamber composed of a partial

sphere with a radius of 2mm and a cylinder with a radius of 4mm. The

bottom section of the protective case is 15mm x 12.5mm x 3mm. It contains

a 0.5mm deep slot of 10mm x 10mm to contain the SPE.
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Figure A.1: Design of protective case for SPEs with a microfluidic sample delivery

system that consists of two parts. A top section which contains the microfluidic

capillary as well as a chamber where the sample is able to pool above the sensor

and a bottom section which contains a groove that keeps the sensor in the correct

position underneath the sample pooling chamber of the top section.
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Figure A.2: Top and bottom sections of the protective case following 3D printing.

Figure A.3: The protective case assembled and glued together with an SPE.
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Figure A.4: The pH sensor sealed inside the microfluidic protective case as shown

in Figure A.3 was tested with the standard pH4, pH7 and pH10 reference buffer

solutions in order to determine whether sealing it inside the microfluidic system

had any impact upon the functionality of the sensor.
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Appendix B

Accompanying software

application for pH sensor

This appendix details a software application that complements the DMSO-

melanin pH sensors usage in bacterial culturing. This application allows for

the automated calculation of a pH of culturing media based on the calibration

curve that is specific for each type of media as is discussed in this chapter.

The application allows the user to select the type of media being used from

a drop down menu, the user also selects the relevant data file and the appli-

cation is then able to calculate the pH of the solution using the appropriate

standard curve. This provides an example of how the DMSO-melanin pH

sensor may be used in an easy to use product.
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B.1 Interface and example usage

Figure B.1: The initial interface that the user is presented with, the white box on

the left is the window in which the calculated pH will be displayed once the desired

parameters have been set. The grey box on the right presents the user with a drop

down menu when clicked, this menu contains a list of all of the solution types that

are available for pH measurements.

Figure B.2: This example shows that the user has selected “Lysogeny broth” from

the drop down menu on the right.

249



Figure B.3: This is the file selection menu that the user is presented with once

“Select file and run calculation” has been clicked. The user is able to navigate

through various directories and locate the file that contains the raw voltage data.

Figure B.4: Once the file has been selected the pH calculator automatically com-

pares the mean voltage to the slope and predicts the pH of the measured solution.

The predicted pH of the solution is displayed in the white box on the left.
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