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Abstract

The pH of a wound can affect many different phases of the healing process such as
oxygen levels, cell proliferation, protease enzyme activity and bacterial growth. If
the pH level of a wound can be effectively monitored then it can act as a biological
marker to aid in diagnostics and in establishing the optimum conditions for healing.
However without an easy to use pH sensor for nurses and carers, this potentialy
important near-patient diagnostic parameter, will not enter clinical diagnostics. The
standard glass pH €electrode is still the only effective way to measure the pH of a
wound. They are expensive and difficult to sterilise. The pH electrode has not been
successfully adapted into smaller and alternate packaging because the membrane that
forms the selective part of the electrode, being made of silicon glass, is fragile, thus

limiting manufacture, sterilisation and practical application.

This thesis describes two defined areas of work. The first area reported details the
development of a disposable hand-held measurement system for measuring wound
pH. Four screen printed solid state sensor types are studied and evaluated. Three of
the sensors are based on conducting polymers (Polypyrrole doped with CI” or PTS
ions and PEDQOT) with ion-selective membranes. The fourth sensor tested is the
screen printed carbon electrode with an ion-selective membrane. The best performing
sensor was the carbon coated with an ion-selective membrane which was operational
in the pH range 3.5-10. The superior performance of the carbon substrate was
investigated and attributed to the partial dissolving of the screen printed carbon layer
during membrane deposition, enabling good sensor adhesion and stability between
the membrane and conducting contact.

The second area for investigation that is reported here describes the use of the
developed pH measurement system to observe the influence on pH of a number of
wound dressings (Activon Tulle (Advancis Medical), Aquacel (Convatec), Tegaderm
Matrix (3M) and Promogran(Systagenics)) in real time after application to a wound
bed model. The wound dressings were first tested in a non-buffered (for pH) solution
to observe the pH change. It was found that the dressings all had low pH values of

below pH 4 in this environment. The second experiment used horse serum as a



wound exudate substitute to monitor the real time change in pH after application of
wound dressing as it would mimic the buffering capacity of real wound exudate. The
results showed that the Tegaderm dressing had the strongest acid concentration but
that all the wound dressings would influence local pH in a wound to some extent.
The variation in the pH measured on the wound bed model with the different
dressings highlights the need to gain a further understanding of the role of pH,

dressing influence on pH and the optimum pH conditions for wound healing.
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Chapter 1 Introduction

Chronic wounds are a growing problem worldwide with the annual spend close to
£190 million on wound dressings alone by the National Health Service, in England,
during 2011 (NHS Authority Business Services, 2012). The high costs associated
with chronic wounds are due to the complex healing patterns which do not follow the
standard healing path of an acute wound and result in delayed healing. Currently
thereisareal lack of analytical tools available that assess the state of the wounds. At
presents clinicians rely on observations to evaluate the healing of the wound and use
treatments on atrial and error basis to achieve healing in chronic wounds. The use of
analytical measurement tools for measuring healing parameters in wounds is still an
emerging field in wound management and treatment. Analytical measurements such
as wound pH, wound size and moisture balance would enable an objective
measurement of healing to provide the clinician with the most efficient and effective
techniques to heal the wound. By understanding the basic biological interactions and
mechanisms that occur in the complex wound a marker such as wound pH could be
used as a tool to assess the state of the wound and enable more effective treatment.
Current methods of detecting pH in wounds are limited as they involve expensive
glass electrodes that are large and difficult to sterilise for medical use. Due to the
lack of a suitable solution to measure wound pH it is not a fully understood part of

the wound healing process.

This thesis presents the development and testing of a solid state disposable
potentiometric pH sensor that is capable of measuring the pH of wound fluid. It will
provide a measurement tool that will enable the effect of pH on the wound healing
process to be further studied. The thesis covers the design of afull disposable sensor
system including battery operated measurement hardware. This system is then tested
in a wound bed model to assess the real time effect of pH altering wound dressings
on the pH of a physiological solution.

The layout of this thesis follows a traditional structure starting with a literature
review Chapter 1, Chapter 2 covers the theory behind the operation of solid state

sensors, Chapter 3 details the methods and materials used in the experimental



section, Chapter 4 and Chapter 5 cover the results of the experiments and Chapter 6

discusses the results of the experimental findings.

The following chapter is split into two sections, the first describing wound healing
and the effect of pH on the process. The second section is a literature review of
current pH sensing technology. The chapter starts by detailing the skin and the
complex healing process that occurs in a wound of the skin. Next follows a
description of the different wound types and current wound treatments/dressings. It
then reviews the current knowledge of the effect of pH on various parts of the wound
healing process this includes cells, enzymes and bacteria. Within this section the
influence of pH modifying dressings and treatments is discussed. The second section
starts with a review of the current pH sensing technology. Following this there is an
in depth review of solid state pH sensors. Finally Chapter 1 closes with the objectives
of the study.

1.1 Skin

Skin is the outer covering of the body which accounts for 16% of the total body
weight (Martini, 2006). The skin organ is referred to as the integumentary system it

performs many functions that are vital to survival.

The skin’s main functions are:

e Protection of the internal organs and underling tissues by acting as an
anatomical barrier between the body and the external environment.

e Excretion of salts, organic waste and water through the sweat glands.

e Heat regulation to help maintain the body’ s temperature in the normal range
by insulation or cooling through sweating.

e Synthesize vitamin D through exposure to UV

e Storage of fats in adipocytes in the dermis and adipose tissue in the
subcutaneous layer.

e Sensing of temperature, touch, pressure and pain.
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The cutaneous membrane (Skin) and the accessory structures are show in Figure 1.1.
The cutaneous membrane has two components the epidermis and the dermis.
Epidermisisthe outer layers of the skin made up of epithelial cells. The dermisisthe
underlying area of connective tissue which provides elasticity to the skin. The
epidermis and dermis will now be discussed in more detail.



1.1.1 Epidermis
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Figure 1.2 Layers of the epidermisin thick skin (Martini, 2006).

The epidermis provides mechanical protection and acts as a barrier against microbial
infection. There are no blood vessels in the epidermis so it relies on diffusion of
oxygen from the vessels in the dermis. Keratinocytes are the major cell in the
epidermis and they contain the protein keratin. The epidermis has either 4 or 5 layers
of keratinocytes if thin or thick skin shown in Figure 1.2. A cell can take from 15 to
30 days to move from the bottom layer to the skin surface where the dead cells can
remain for around 2 weeks before they are shed. The different layers are listed
below:

e Stratum germinativum is the bottom layer of the epidermis, basal cells
dominate this layer of the skin. Basal cells are stem cells that divide to
replace the keratinocytes that are lost at the skins surface.

e Stratum spinosum contains the product of the stem cell. The keratinocytes

are pushed up into this layer from the stratum germinativum. This layer also



contains Langerhans cells which provide an immune response to skin cancers
and microorganisms that penetrate the upper layers.

e Stratum granulosum the keratinocytes produce large volumes of keratin in
thislayer. In this section of the epidermis the keratinocyte cells start to grow
flatter as the keratin fibers develop the cells are then dehydrated until al that
isleft isatight layer of cells of keratin fibers surrounded by keratohyalin.

e Stratum lucidum isalayer only found in thick skin such as that found on the
base of the feet and palms of the hand. The layers are densely packed
flattened cells that are filled with keratin.

e Stratum corneum contains between 15 to 30 layers of superficial layers of
cells filled with keratin. The dead cells are al interconnected this enables
them to fall apart in large groups when the skin is shed.

1.1.2 Dermis

The dermis lies directly underneath the epidermis layer. The dermis layer is much
thicker than the epidermis and consists of two separate layers, the papillary and the
reticular, which lie on top of the subcutaneous layer. The papillary layer contains the
capillaries, lymphatic and the sensory system which are located in branch networks
throughout the dermis. The sensory system sends information to the central nervous
system about touch, pressure, temperature and pain. The reticular layer is a dense
layer that contains connective tissues such as collagen. The subcutaneous layer lies
deep in the dermis and acts as a barrier between the skin and the other organs in the

body. It is composed from connective tissues and lipid layers.

The dermis aso contains the accessory structures of the skin which are composed of
sweat glands, hair and nails. They are primarily located in the dermis and protrude
through the epidermis to the skin surface. Skin glands are important in keeping the
skin surface healthy and also maintaining the pH balance of the skin. There are two
types of skin glands sebaceous and sweat glands. Sebaceous glands produce a lipid
secretion called sebum this contains triacylglycerides, cholesterol, proteins and
electrolytes. Sebum conditions the surrounding skin after its release and protects it

from growth of bacteria.



1.2 Wound healing

Wound healing is a complex process that depends on many different factors. It starts
with damage to the skin and can last for long periods of time depending on wound
type and condition. An acute wound is a wound that heals in the expected fashion
following a number of set healing stages. A chronic wound does not follow the
normal set healing stages and is unpredictable in the healing time. In chronic wounds
it is common that the balance of healing is lost and degradation occurs. Chronic
wounds cost health services many millions of pounds in treatment every year. In the
USA chronic wounds accounted for 31.4% of al direct treatment costs for
dermatological diseases (Bickers et al., 2006). Chronic wounds mostly affect the
over 60’s and with an aging population this problem is set to rise year on year (Frost
and Sullivan, 2003). The high costs associated with chronic wounds are due to the
complex healing patterns which do not follow the standard healing path of an acute
wound. There are many different forms of treatment for these chronic wounds and
they are mostly based on a trial and error basis to find a suitable treatment. These
various treatments can be very expensive hence finding the most appropriate course
of action is critical to heal the wounds in the shortest time possible and to minimise

COsts.

Currently there is areal lack of analytical tools available that assess the state of the
wounds (James et al., 2000). If these existed then the clinicians could use these to
assess the stage of healing and condition of the wound and tailor the treatment to the
specific patient. By understanding the basic biological interactions and mechanisms
that occur in the complex wound a marker such as wound pH can be used as atool to
assess the state of the wound.

During wound healing damage to the dermis and epidermis is repaired through a
series of four different stages. inflammatory, granulation, epithelialisation and
maturation. This process of repair alows the skin to regenerate and regain tensile
strength. This section will describe the main stages that occur during norma wound
healing.



1.3 Normal wound healing
1.3.1 Inflammatory

The inflammatory response is the initial response by the body’ s defense mechanism.
This initial stage is to protect the body and no healing occurs for around 12 hours
after injury. When skin is damaged there is a complex series of events that starts with
the release of platelets from the blood vessel which initiates the clotting cascade
where coagulation of blood leaking from the blood vessel forms clots. The clots of
interconnected fibrin cover the wound contracting it to bringing the wound edges
together. White blood cells such as neutrophils and monocytes migrate in the wound
initiating an inflammatory response. These cells help to increase blood supply to the
wound site bringing extra oxygen and phagocytes (macrophages) which clear the
wound of dead cells and toxins. Macrophages and neutrophils are the key
components to ensure than the wound moves into the next stage of wound healing
(White, 2002).

1.3.2 Granulation

This process occurs in deep dermal wounds. Macrophages send signals to the
fibroblasts which produces reticulin across the wound which is later turned into
collagen. Once this process is complete, new tissue is composed of a matrix of
fibronectin, collagen, laminin, elastin, proteoglycan and hyaluronic acid. Once the
granulation tissue is formed angiogenesis commences where new blood vessels are
grown and the tissue is rapidly infiltrated by macrophages and fibroblasts. As the
new tissue is formed the wound edges further contract reducing the wound size. Lack
of oxygen in the wound reduces the mobility of the fibroblasts resulting is slower

tissue formation.
1.3.3 Epithelialisation

In the epithelialisation stage the macrophages and fibroblasts continue to produce
new dermis. Epithelial keratinocytes migrate from the edge of the wound and
proliferate in the newly formed base tissue. When the keratinocytes are in contact

with the extracellular network the cells express a number of adhesion molecules



which help bind the cells to the granulated tissue (O'Toole, 2001). These
keratinocytes express a number of matrix metaloproteinase (MMP) which are a
family of 20 proteases that act to degrade the components of the extracellular matrix
once the new structures have been formed (Nagase and Woessner, 1999). Once the
squamous cells have fully migrated across the wound epithelialisation is achieved.
Thisisthe final stage in wound healing above the dermis level of skin.

1.3.4 Maturation

Once tissue has been deposited across a wound it is fragile as it has a low tensile
strength. The maturation stage consists of fibroblasts and macrophages migrating
into the wound to strengthen the extracellular matrix and form more robust collagen
(Martini, 2006).

1.4 Wound types

In an acute wound the inflammation process acts to recruit and activate fibroblasts as
well as removing debris, bacterial contaminates and necrotic tissue. The
inflammation response is very different in chronic non healing wounds as the
inflammation is not controlled and further contributes to the breakdown of the wound
(Menke et a., 2007). When the normal wound healing mechanisms cannot heal a
wound a protracted inflammatory response occurs which further degrades the wound.
In general the main features of a chronic wound are increased enzymatic activity of
proteases, reduced response to growth factors and reduced cell proliferation (Shai,
2005). Chronic wounds are more likely to develop into malignant transformations;

they are also susceptible to sepsis and bacterial infection.

Mentioned previoudly there are two main wound type categories acute and chronic.
These categories can be further broken down into more specific wound types. There
are three main categories of wound types in chronic wound healing that will be
described: leg ulcers, diabetic ulcers and pressure ulcers (Mustoe, 2004). Some more
complex wounds can have mixed healing properties in more than one of these
categories. Two other types of wounds have been listed, burns and skin grafts, due to



their more complex healing properties. All five of these wound types would benefit
from analytical measurements to test for wound healing.

14.1Legulcers

Figure 1.3 Photograph of leg ulcer. Sourced from Wounds UK (www.wounds-
uk.com).

Venous ulcers are caused by increased venous stasis in the leg. This results in fluid
from the vessel leaking out causing an inflammatory response which leads to skin
breakdown. They account for an estimated 70% to 90% of the cases of leg ulcers and
are costly to treat due to their delayed healing properties (Snyder, 2005). An arterial
ulcer is less common than a venous ulcer, they account for around 10% of chronic
wounds (Romanelli et al., 2002). They are caused by damaged valves to the leg
which resultsin less blood reaching the wound.



1.4.2 Diabetic foot ulcers

Figure 1.4 Photograph of diabetic foot ulcer. Sourced from Wounds UK

(www.wounds-uk.com).

Diabetic foot ulcers are the second most common cause of chronic wounds although
the percentage of these are growing (Menke et a., 2007). They occur in 15% of
diabetes patients in their lifetime (Brem and Tomic-canic, 2007). They become
chronic wounds through a number of mechanisms, decreasing cell and growth factor
response which leads to decreased angiogenesis. This lack of healing is the cause of
84% of amputations in diabetic patientsin USA (Reiber, 1995). Another cause isloss
of sensation in the lower limbs which can result in pressure on certain areas which

eventually transform into ulcers.
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1.4.3 Pressureulcers

Figure 1.5 Photograph of stage 11l Pressure ulcer. Sourced from NHS Choices
(Www.NHS.UK).

Pressure ulcers, also known as bed sores, are formed as a result of pressure on the
skin caused by bodyweight between the bone and a surface such as a bed or a
wheelchair. Pressure ulcers can aso be caused by a shearing force on the skin. The
ulcer results from pressure causing lack of blood flow to the skin which eventually
causes cell death and eventually skin breakdown. This commonly occurs in bed and
wheelchair bound patients. Pressure sores are categorized by severity, from Stage |
(earliest signs) to Stage IV (worst) (MedlinePlus, 20114):

e Stagel: A reddened area on the skin that, when pressed, is "nonblanchable"
(does not turn white). This indicates that a pressure ulcer is starting to

develop.

e Stage Il: The skin blisters or forms an open sore. The area around the sore
may be red and irritated.

e Stagelll: The skin breakdown now looks like a crater where there is damage

to the tissue below the skin (seefigure 1.5).
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e StagelV: The pressure ulcer has become so deep that there is damage to the

muscle and bone, and sometimes tendons and joints.

1.4.4 Burns

When skin is exposed to excess heat a burn wound can occur. A burn wound can also
be caused by chemicals destroying the skin layer. The injury is caused by rapid
denaturation of proteins and cell damage. Any temperature over 60°C can induce
immediate cell death. The depth of injury is dependent on the heat or chemical
penetration.

There are three types of burns classification (MedlinePlus, 2011b):
o First degree burns damage only the outer layer of skin
e Second degree burns damage the outer layer and the layer underneath

e Third degree burns damage or destroy the deepest layer of skin and tissues
underneath

Burn wounds can display some of the characteristics of chronic wounds such as high
protease activity which can affect the healing time and increase scar tissue (Ulrich et
al., 2003).

1.4.5 SKin grafts
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Figure 1.6 Photograph of leg skin graft receptor site. Sourced from Wounds UK

(www.wounds-uk.com).

A skin graft is when healthy skin is taken from a location on the patient’s own body
and transplanted to an area of damaged skin (see figure 1.6). It is a commonly used
method in burns as well as cutaneous ulcer treatment (Snyder, 2005). The depth of
the skin graft can be either full or split thickness. A split thickness contains the
epidermis and some of the dermis. The full graft contains the whole epidermis and
dermis. The full thickness graft provides a more natural heal but needs a well
vascularised site so in most ulcers the split thickness is used.

1.5 Wound repair

Healing in acute wounds is referred to as primary intention. An acute or surgical
wound is closed by bring the skin edges close to each other and fixing them in place
by suturing or stapling. This enables the wound to heal rapidly in the expected
manner. Another method called delayed primary closure allows the wound to heal
naturally for a few days before closing using the same technique as primary
intention. The delayed method was used as it was thought to reduce infection but
recent studies have shown that it has little benefit (Henry and Moss, 2005).

Chronic wounds and ulcers are called healing by secondary intention. This form of
treatment is used for wounds that have a higher probability of infection. The wound
is not closed but is left to close gradually through granulation tissue formation and
re-epithelialisation (Shai, 2005). Due to the delayed and complex healing associated
with secondary intention there are many different techniques used for promoting

healing these will be documented below.
Currently used techniques

A suitable amount of moisture in a wound can provide optimum healing conditions
for a chronic wound (McCall et al., 2007). It allows more efficient metabolic activity
of cellsin the wound healing process; a dry wound prevents growth factors acting. It
is afine balance because a wound that has excess fluid can become macerated which

will prevent or delay further healing.
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1.5.1 Hydrocolloid dressings

Hydrocolloids contain hydrophilic particles that form gels. A typical hydrocolloid
dressing is composed of an inner sheet of the gel particles and an outer hydrophaobic
coating like the thin film dressings. They are the most commonly used type of
dressing for mild to medium exudating wounds and burns, £6 million was spent in
the by the NHS in England on hydrocolloids in 2011 (NHS Authority Business
Services, 2012). When applied, the fluid contained in the wound forms a gel with the
hydrocolloid layer. The gel layer helps to maintain a moist wound environment and
also acts to absorb material that prevents wound healing. Hydrocolloids have been
found to have pH levels of 4.5 to 7 which can help to lower the pH of the wound
(Thomas and Loveless, 1997).

1.5.2 Hydrogel dressings

Hydrogels are made up of athree dimensional matrix of hydrophilic polymers with a
high water content. They can contain different additional molecules that can assist
healing. They are used in wounds that are dry such as black necrotic ulcers. The
hydrogel’s purpose is to keep the wound hydrated although care has to be taken to
ensure the wound does not become macerated. An estimated £4 million was spent by
the NHS in England on hydrogelsin 2011 (NHS Authority Business Services, 2012).

1.5.3 Alginate dressings

Alginate dressings are made from fibres of polysaccharides which contain alginic
acids that are derived from seaweeds. The fibres absorb fluid in the wound by
forming highly absorbent gels and they are capable of absorbing many times their
mass in fluid. They are used to maintain the moisture balance in moderate to heavily
exudating wounds. The alginate is thought to have some properties that contribute to

healing athough the exact mechanism is not fully understood (Thomas, 2000).
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1.5.4 Film dressings

Film dressings are composed of thin sheets of polyurethane they act as a membrane
that is permeable to moisture and gases but impermeable to fluid and bacteria. They

are most commonly used in acute dry wounds.
1.5.5 Foam dressings

Foam dressings are composed of a polymeric material that is manufactured to
contain air bubbles so that fluid can be absorbed. The absorbent capacity is
dependent on the thickness of the foam and the manufacturer. They generally have a
hydrophobic sheet such as a thin film to maintain a moist wound environment and

act as abarrier to bacterial infection.
1.5.6 Honey based dressings

Honey based dressings are commonly used as they have antimicrobia and
antibacterial qualities. It has been shown clinically to show a reduction in bacterial
colonization of wounds (Gethin and Cowman, 2005). Other favorable qualities are
that is can act to deodorized the wound and remove sough buildup. The honey is
embedded in a fabric gauze so that when placed on a wound the honey can mix with
the wound exudates and integrate with the wound. Manuka honey is the most
commonly used honey and it is commonly sterilized with gamma radiation before
integration with wound dressings (Kwakman and Zaat, 2012). Honey does act to
modify pH in the wound as it has a natural low pH and this has been proposed as one
of its main methods of operation (Gethin et a., 2008). The pH of honey is further
discussed in Section 3.11.3.

1.5.7 Protease (MM P) modulating dressings

These dressings claim to reduce the enzyme activity associated with matrix
metalloproteinase’s (MMPs). The MMPs have been associated with delayed wound
healing (Schultz et al., 2005). MMPs and their effect on wound healing is discussed
in Section 1.9.5. There are a number of wound dressings that claim to modulate

MMP activity some of the commonly used types are Cadesorb (Smith and Nephew),
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Tegaderm (3M) and Promogran (Systagenix). These dressings embed the active
components in a gauze (Tegaderm), ointment (Cadesorb) or collagen cellulose matrix
(Promogran). Their active components are not disclosed, however all these dressings
act to lower the pH of the wound which in turn has been shown to lower MMP levels
(Greener et al., 2005). An estimated £20 million was spent by the NHS in England
on protease modulating dressings in 2011 (NHS Authority Business Services, 2012).
The pH influence of these dressings is further discussed in Section 1.11.

1.5.8 Anti microbial dressings

There are a number of different antimicrobial dressings that include silver, iodine or
charcoa which act to prevent bacterial growth in the wound. lodine penetrates cell
walls of microorganisms. Its antibacterial effect is attributed to its disruption of
proteins and nucleic acids. Although there is also evidence that the antimicrobial
effect also acts on cells which in turn could disrupt the healing process (Hidalgo and
Dominguez, 1998). Silver antimicrobial dressings were estimated to account for
around £20 million in 2011 by the NHS in England(NHS Authority Business
Services, 2012). The bacteria action depends on the amount of silver and its rate of
release (Percival et al., 2007). Charcoal dressings are used to adsorb exudates and
bacteria from the wound bed. These are also used to treat malodors that are released

from the wound (CarboFlex, Convatec).
1.5.9 Wound debridement

Debridement methods are aimed at decreasing the necrotic (dead) tissue and protease
burden in the wound. It acts to reset the wound so that only healthy tissue is left
resulting in the wound healing as an acute wound (Menke et al., 2007). There are a
number of different methods for debriding a wound. Surgical debridement removes
necrotic tissue by cutting it away with scalpels or forceps - it is a difficult technique
as care needs to be taken to only remove necrotic tissue. Mechanical debridement is
used to soften or remove necrotic tissue - this can be achieved by soaking the wound
in water or saline solution. Maggot therapy is used to break down dead tissue by
using a specific type of maggots (Green bottle blowfly) that only eat the dead tissue.
Chemical debridement is used when an ulcer isfully covered by necrotic material - it
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involves using mild acid preparations (Aserbine) or enzymatic chemicals (Santyl,
Abbott Iab). The mild acid acts to change the pH of the wound so that the surface
proteins swell resulting in easy removal. Enzyme debridement targets and breaks

down fibrin, collagen or DNA/RNA in the wound.
1.5.10 Biological dressings

Biological dressings are skin substitutes that are originally derived from or contain
living cells. The main type used in treatments is a collagen dressing. They are sheets
of cultured and processed collagen that provides a scaffold on which new tissue is
formed (Adhirgjan et a., 2009). These tissue scaffolds are becoming more complex
as they now contain active ingredients to limit enzyme activity and alter pH level
(Promogran, J&J). Living substitutes are derived from samples of the patient’s own
keratinocytes skin cells where they are cultured outside then integrated into a
dressing (Epicel, Genzyme). Apligraf and Orcel both use a collagen matrix implanted
with donor epidermal keratinocytes and dermal fibroblasts to stimulate faster healing
(Orcel, Forticell Bioscience)(Apligraf, Apligraf ). These living biologically active
skins can achieve faster healing rates but their price is prohibitive for wide spread
use (Shai, 2005).

1.5.11 Growth factors

Growth factors are a specific group of cytokines that are secreted by a wide range of
cells involved in the healing process (macrophages, fibroblasts, platelets and
endothelial cells) (Shai, 2005). They act at the cellular level to stimulate and enhance
proliferation of certain key cells related to wound healing. Wound treatments have
been investigated that increase growth factor within the wound with the aim of
stimulating healing. The growth factor therapies used are fibroblast growth factor
(FGF), transforming growth factor alpha (TGF apha), epidermal growth factor
(EGF) and platelet derived growth factor (PDGF). The pH level of the wound is
important in the response of al of these cells asif the pH balance is outwith a certain
range then it will affect the overall effectiveness of the growth factor treatment
(Mercier et al., 2002). The only one of these growth factors that has shown any
clinical significance is PDGF. It is thought that growth factor treatments in chronic
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wounds are only effective once the inflammatory and protease response levels are
reduced towards acute wound healing levels (Menke et al., 2007) (Trengove et al.,
1999).

1.5.12 Emerging Technologies

There are a number of emerging technologies that are used in wound care to enhance
wound healing. These include advanced wound imaging, wound moisture monitors,
electrical stimulation, hyperbaric oxygen therapy, negative wound pressure therapy
and ultrasound. Advanced wound imaging used image processing software to map
wound size change (Silhouette ,Aranz Medical Limited). Wound moisture
monitoring enables clinicians to see the moisture balance in the wound without
removing dressings enabling optimum healing conditions to be achieved with
minimal disruption to the wound bed (WoundSense, Ohmedics). Electrical
stimulation of healing works by passing a current through a chronic wound to
promote wound healing factors (LifeWave Bed Sore Treatment, LifeWave).
Hyperbaric oxygen therapy uses pure oxygen to speed up and improve the body's
natural ability to heal (Hyper Ox Inc). Negative wound pressure therapy encourages
the formation of granulation tissue by helping to close the wound using an airtight
seal (Venturi NPWT, Talley Group). Ultrasound is used as a method of debridement
and also to stimulate healing in the wound (Qoustic Wound Therapy System,
ArobellaMedical).

1.6 Wound fluid

Wound fluid or wound exudate is the medium in which repair occurs. It contains
various components shown in Table 1.1 which vary depending on the stage of
healing (White, 2006). The constituents are different depending on whether the

wound is acute or chronic. These will discussed further in the following section.
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Component Function

Fibrin Clotting.

Platelets Clotting.

Polymor phonuclear cytes Immune defense, production of growth factors.
(PMNs)

Lymphocytes Immune defense.

M acr ophages Immune defense, production of growth factors.
Micro-organisms Exogenous factor.

Plasma proteins, albumin, Maintain osmotic pressure, immunity, transport of
globulin, fibrinogen macromolecules.

Lactic acid Product of cellular metabolism and indicates
biochemical hypoxia.

Glucose Cellular energy source.

Inorganic salts Buffering, pH hydrogen ion concentration in a
solution.

Growth factors Proteins controlling factor-specific healing activities.

Wound debris/dead cells No function.

Proteolytic enzymes Enzymes that degrade protein, including serine,

cysteine, aspartic proteases and matrix
metalloproteinases (MM Ps)

Tissue inhibitors of Controlled inhibition of metalloproteinases.
metalloproteinases (TIMPS)

Table 1.1 Components in wound exudates (White, 2006).

The constituents of wound fluid can give further information about the state of a
chronic wound. Analysis of these components would help clinicians identify
molecules and biological markers that indicate the stage of healing or health of the
wound (James et al., 2000). The collection of wound fluid is a non invasive

procedure so if a component of this fluid was to be a predictor of healing or overall
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health of the wound it would be a useful analytical tool in wound analysis. This
thesis will focus on the measurement of pH and its relation to wound healing. Itsaim
is to show that pH can be used as a simple measurement to assess the overall health
of a wound. The following section will focus on pH and how it applies to wound
healing.

1.7 pH and skin
1.7.1pH scale

The measurement of pH is one of the most important variables in science as it can
have a large effect on biological mechanisms and chemical reactions. It stands for
power of hydrogen and is a used as a measuring scale for the acidity or alkalinity of a
solution. It is a measure of the amount of hydrogen ions H* that are dissolved in a
solution. The pH scale itsalf is the negative logarithm of the concentration of H* ions
in asolution defined as pH = - logio [H'](Myers, 2009). The pH rangeis from 0 to 14
with 7 being neutral above 7 is alkaline and below 7 is acidic. This range has H* ion
concentrations from 10°-10**mol/l. The pH scale in a balance between H* and OH"
ions in the solution; when H* ions dominate the solution is acidic and when OH ions
exceed the concentration of H* the solution is alkaline. The theory behind pH scale
and acid base relationship is detailed in Section 2.14.

1.7.2 pH of healthy skin

Healthy skin has a pH level of around 4-6 depending on the place that the reading is
taken and the age of the skin (Greener et a., 2005). The pH of healthy skin is
influenced by secretions of amino and fatty acids from the keratin layer of the skin.
The weakly acidic nature of the skin acts as a natural barrier to the external
environment by inhibiting the activity of bacterial growth and digestive enzymes on
the skins surface (Schultz et a., 2005). Most human pathogenic bacteria need a pH
above 6 and are inhibited by pH levels below this. Candida albicans yeast is a
common pathogen, it needs a lower pH level to control it or an overgrowth is found
on the skin (Schmid-Wendtner and Korting, 2006).
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1.7.3 Body pH regulation

The internal pH of the body is maintained by the acid base balance. The protein
buffering system is the most plentiful buffering system in the blood and tissue cells -
it depends on amino acids to release or accept H* ions when changes in pH occur.
The extracellular fluid in the body has a pH of between 7.35-7.45 (Martini, 2006).
When this balance is upset it is extremely dangerous as it alters the structure of
proteins, disrupts the cell membranes and changes the activities of the enzymesin the
whole body. A more detailed explanation of pH buffering in physiological solution
can be found in Section 2.14.1.

1.8 Wound pH

When the skin is broken the internal pH of the body is exposed moving the pH from
the acidic skin towards the alkali pH of the internal body. Chronic wounds have been
reported to be in the range from 5.45-8.9 (Dissemond et al., 2003; Greener et al.,
2005; Gethin, 2007). There is a large range of reported data on pH level of wounds.
The large range is interesting as the level of pH directly and indirectly affects all of
the processes that take place in the wound. It has been reported that the mean values
of chronic wounds are in the same range as the body’s extracellular pH of between
7.35-7.45(Dissemond et al., 2003). The pH level in the wound is influenced by many
different factors. The mean level of pH in a chronic wound shows that the pH level is
mostly influenced by the body’ s physiological pH level. The pH in awound can also
be directly influenced by oxygen levels, bacterial load and healing stage of the
wound (Schneider et a., 2007). The pH of healthy skin around a wound is aso
affected by awound as the pH was found to rise to between 6.2-6.6 (Schneider et al.,
2007). The pH of awound varies as it heals moving from an akaline pH towards an
acidic pH during re-epithelialisation as the skin layer reforms (Romanelli et al.,
2002). Research has shown that non healing wounds and those with a high bacterial
load generally have a pH level above 7.6 (Gethin et al., 2008). There is currently no
data to suggest the most effective pH level for wound healing. The lack of data on

this subject is somewhat related to the difficulties in measuring wounds. The next
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section will focus on how the pH of a wound alters the healing process at a cellular
level.

1.8.1 Oxygen, Temperature and pH

One requirement of all healing tissues is an available supply of oxygen. Oxygen at a
molecular level is involved with the synthesis of collagen and the growth of
fibroblasts. The body uses haemoglobin as a buffer to pH it is called the oxygen—
haemoglobin dissociation curve. The pH, temperature and the concentration of 2,3-
diphosphoglycerate affect the position of the curve (Barrett and Ganong, 2010).
When the wound is alkaline the oxygen is needed to stabilise oxyhemoglobin hence
reducing the level of oxygen in the wound. It is thought that wounds will not heal if
the oxygen level is below 20 mmHg; chronic wounds have been shown to have
oxygen levels of 5-20 mmHg (Hunt and Hopt, 1997). A small change in wound pH
could induce wide changes in the available wound oxygen a shift down of pH by
only 0.6 releases almost 50% more oxygen thus improving healing within the wound
(Leveen et a., 1973).

1.8.2 Skin Gr afts

Another area of skin healing that requires control of the pH levelsisin the skin graft
procedure. In the ex vivo model it was found that the skin grafts were most effective
at apH of 8.43 (Sharpe et al., 2009). Thisis an interesting result as the levels of pH
needed for successful grafts are different from healing conditions in chronic wounds.
This could be due to the skin grafts showing acute healing where al the enzyme
activity is balanced. This area of wound healing wound benefit from regular pH

measurements to determine the health of the graft and treat it accordingly.
1.9 Skin molecules and pH level

An understanding needs to be achieved on the overall complex processes that occur
in a complex wound, Figure 1.7 shows the relationships between the healing
components. It has been suggested that if the cell and enzyme activity throughout the
complex wound cycle was known it would indicate the stage of healing (Menke et

al., 2007). The knowledge of how pH relates to the enzymes to control their activity
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could be related to the stage of healing this could be a very important breakthrough

in wound management and could lead to new techniques and treatments.
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Figure 1.7 Flow and processes to achieve healing in awound (Menke et al., 2007).

During the wound healing many cells and enzymes have high activity levels. The
cells listed in this section are vital to the wound healing process, they include
neutrophils, platelets, fibroblasts, keratinocytes and the matrix metalloproteinase
(MMP) enzymes. The function of each cell/enzyme and the influence of pH on it
within the wound healing cycle is discussed. They are listed in their order of
activation during the wound healing process.

1.9.1 Neutrophils
Neutrophils are one of the first cells to migrate into the wound following injury.

They are normally found in the blood and migrate through tissues to reach the site of
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inflammation. The neutrophil plays an important part in the secretion of the enzymes
MMP-9 and storage of MMP-8 (Kaehaeri, 1997). When a large amount of
neutrophils are activated the MM Ps that are secreted upset the balance of the wound
due to their derivative properties (Menke et a., 2007). Excessive infiltration of these
chronic wounds by neutrophils appears to be a significant biological marker for
delayed healing (Diegelmann and Evans, 2004). Neutrophils also produce elastases
which contribute to the proteolytic activity in chronic wounds by destroying
important healing factors such as platelet derived growth factors and transforming
growth factor-beta (TGF-(3) (Kainulainen et al., 1998). It was reported that elastases
proliferation was sensitive to pH changes in the wound with maximum activity being
found at a pH level of 8.3 (Greener et a., 2005). This indicates that lower pH levels
will reduce the proliferation of elastases hence improving wound healing conditions.

1.9.2 Platelets

Platelets cause the blood to clot in the wound. They also produce growth factors
which are vital to the chemical progression of wound healing. The two most
important healing factors are platelet derived growth factors (PDGF) and
transforming growth factor-beta (TGF-3) (Diegelmann and Evans, 2004). Platelet
derived growth factors start the cell proliferation of fibroblasts and helps promote
angiogenesis. TGF-I3 attracts macrophages and stimulates them to produce additional
cytokines including FGF (fibroblast growth factor), TNF-a. (tumor necrosis alpha)
which is important to the healing cascade. In chronic wounds inflammatory
cytokines such as TNF-a dominate - this leads to a reduction in PDGF and matrix
deposition such as TGF-3 (Menke et al., 2007). An increase in platelet derived
growth factor was found at lower pH levels with the optimum occurring at a pH of 5
(Liu et al., 2002). In the same study it found that synthesis of TGF-3 was highest at a
pH of 7.1. The control of pH in the early stages of wounds could have an effect on

the overall progress of healing in the wound.
1.9.3 Fibroblasts

Fibroblasts are one of the key cells in the wound healing process. They are abundant
in connective tissue and are one of the first cells to enter the wound area after the

24



initial inflammatory response. Their proliferation in the initial wound combined with
their production of components of the extracellular matrix and their differentiation
into myofibroblasts combine to heal the wound and reform a new stable skin layer.
Fibroblasts produce many of the components vital for formation of the extracellular
matrix they include collagens, glycosaminoglycans, reticular and elastic fibers, and
glycoprotein’s. Fibroblasts contribute to raised levels of MMP1 and MMP3 within
chronic wound fluid (Subramaniam et al., 2008). Myofibroblasts enhance wound
healing by contracting the wounds edges in granul ated tissue.

The rate of fibroblast proliferation is one of the main constituents of fast and
effective wound closure. It was found that the rate of fibroblast proliferation is
dependent on the level of pH in the wound (Lengheden and Jansson, 1995). The
study found that at a pH of 7.2 the rate of migration and DNA synthesis was greater
than at higher pH levels. When the pH was above 7.8 the cells started to show
deformations. In contrast to these results it was reported that fibroblasts have their
optimum proliferation rates at a pH values between 7.3-8.3 as shown in Figure 1.8
(Sharpe et a., 2009).
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Figure 1.8 Proliferation of fibroblasts at various pH levels (Sharpe et al., 2009).
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As the new skin layer is reformed the pH of the skin drops from an alkali level to an
acidic one. Myofibroblasts are also affected by this shift in pH with the most acidic
medium tested of 5.5 producing the greatest contraction (Pipelzadeh and Naylor,
1998). These results suggest that lowering of the pH in the fina stages of wound
repair will help to enhance wound contraction caused by myofibroblasts.

1.9.4 Keratinocytes

Keratinocytes are the cells that form the epidermis layer of the skin. When they
migrate into the wound they produce and secrete MMP-2 and MMP-9 (Schultz et al.,
2005). The optimum range of pH for the proliferation of keratinocytes was between
7.2 and 8.3 (Sharpe et a., 2009). The pH level was found to have an effect on the
differentiation of the keratinocytes with lower pH producing more of the K1

cytokeratins.
1.9.5Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are involved in every phase of wound healing
(Muller et a., 2008). MMPs are produced by several different types of cells in that
are crucial in the wound healing process these include fibroblasts, keratinocytes,
macrophages, endothelial cells, mast cells, and eosinophils (Kaehaeri, 1997). There
are 20 known MMPs which collectively are able to degrade the extracellular matrix.
In acute wound healing they act to remove necrotic tissue, promote migrations of
fibroblasts and keratinocytes, regulate the activity of some growth factors, contract
the wound matrix and promote angiogenesis. During the final stages of re-
epithelialisation they are active in remodeling the newly formed granulation tissue
(Lobmann et al., 2002). If the balance of the MMPs is upset within a wound it can
upset the cellular processes preventing healing and eventually causing further
damage to the wound. In chronic wounds the amount of MMP activity has been
found to be 30 times more than in acute wounds (Trengove et al., 1999). As achronic
venous ulcer wound moves towards healing the activity of MMPs decreases. MMPs
are partially regulated by tissue inhibitors of metalloproteinases (TIMPs) of which 4
are known (Nagase and Woessner, 1999). Healthy wounds have a balance of MMPs
to TIMPs. A reduction in TIMPs results in an increase in MMP activity which
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contributes to the non healing nature of the wound (Lobmann et al., 2002). In chronic

wounds areduction in MMPs and increase in TIMPs is desirable for healing.

MMP-2 is expressed by a number of cells including keratinocytes and fibroblasts; it
degrades type 1 collagen. MMP 9 is produced by keratinocytes and stored on
neutrophils; it can degrade type I, Il and V collagens. MMP 1 degrades type Il
collagen, MMP 8 degrades type 1 most effectively. MMP 12 degrades elastin and is
expressed by macrophages (Kaehaeri, 1997). It has been suggested that MMP2,
MMP8 and MMP9, as they degrade type 1 fibrin collagen, have the biggest role in
degrading the extracellular matrix and have been found at high levels in chronic
wound fluid (Schultz et al., 2005). Another study has shown that MMP 9 is a key
enzyme in delayed wound hedling as it directly delays wound healing through
interference with re-epithelialization by impeding keratinocyte migration (Reiss et
al., 2010).
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Figure 1.9 MMP levels and variation with pH level (Greener et al., 2005).

The pH level of the wound affects the enzyme activity of the MMPs (Schreml et al.,
2010). Proteins are broken down more rapidly when the enzyme activity is high. If
the enzyme activity can be reduced then the wound healing would accelerate. The
adjustment of the pH level in the wound has been suggested as a method of reducing
the activity (Schultz et al., 2005). MMP activity increases as the pH of the wound

moves towards more acidic levels in burns wounds (Prager et a., 1994). A pH of
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below 4 stops MMP activity whereas a pH above 7 can degrade a chronic wound
further (Greener et al., 2005). Figure 1.9 shows the key wound healing enzyme
activity found at different pH levels. If awound pH is reduced from pH 8 to a pH of
4 then the MMP enzyme activity would drop by 80% (Greener et al., 2005). A high
level of MMP activity is known to prevent healing and even contribute to further
damage. In chronic wounds the MMP activity is elevated, so by a process of
reducing, controlling and monitoring the pH the wound may heal at afaster rate. This
evidence suggests that control of the MMP proliferation in the wound is key to
reducing wound healing times. The link of pH level to enzyme activity is interesting
as if the pH can be monitored and controlled then successful healing of a chronic

wound may be achieved.
1.10 Bacteria and pH

There are many common bacterial infections that can colonise a chronic wound and
cause further disruption and complications to healing. The UK has one of the highest
rates of bacteria infection in Europe and this is estimated to cost the NHS around 1
billion pounds ayear to treat (Frost and Sullivan, 2003). Wounds are very susceptible
to bacterial infection which has resulted in a trend of using antimicrobial dressings to
stop infection. There are some strains of wound bacteria such as Pseudomonas
aeruginosa which infect many wounds and show resistance to treatment. Bacteria are
very sensitive to pH levels with higher values of wound pH lead to higher rates of
infections. The minimum pH values for growth of some common wound-infecting
species are: Escherichia coli, 4.3; Pseudomonas aeruginosa, 4.4; and Streptococcus
pyogenes 4.5 (Gethin et al., 2008). Acidification of the wound could prevent and
slow the rate of bacterial colonisation for these wound infections many of which are
resistant to other forms of antibacterial therapies. However, lowering the pH to low
levels would also prevent the wound healing cells proliferating. In a study a 97%
eradication of Pseudomonas aeruginosa was achieved by applying white wine
vinegar (pH 3) to the wound site combined with oral antibiotics (Leung et al., 2001).
The antibiotic effectiveness was influenced by pH in a study as the lower the pH the
less effective the antibiotic was athough some antibiotics were shown not to be
affected (Mercier et al., 2002).
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Other studies have shown that bacterial colonisation of specific bacteria changes the
pH level of the skin (Schreml et al., 2010). If the most common bacterial infections
were studied with regards to pH of the wound, pH could be used as an indication of
bacterial infection. Certain bacteria produce ammonia which can prevent the wound
healing by elevating the pH and reducing oxygen (Leveen et al., 1973). An akaline
wound encourages wound bed slough to form which in turn prevents the wound
healing and provides a good environment for bacteria to proliferate (Gethin et al.,
2008).

1.11 Wound healing technology

This section will review the wound healing technologies that utilise pH in the

treatment techniques.
1.11.1 Therapeutic modulation of pH

There have been a number of studiesinto the modification of pH in the wound which
show that mild acidification of the wound produces healing in chronic wounds. In a
study on burn wounds the wounds treated with a solution of pH 3.5 showed
significantly better rate of re-epithelialisation (Kaufman et al., 1985). When wound
pH was chemically altered it was proven that the tissues received more oxygen
(Leveen et a., 1973).

There is a trend towards new dressings that induce pH change in the wound. One
popular treatment using manuka honey (Comvita) to promote healing has shown that
its pH of 3.5-4 aids healing by lowering the wound bed pH. The study found that
wounds with a pH of above 7.8 did not achieve healing or increased in size. The
wounds that had a pH of under 7.6 achieved a 30% reduction in size and that the
reduction of pH in the wound correlated with this (Gethin et al., 2008). Other natural
wound treatments such as aloe vera with a pH of 3.5 may also improve healing by
reducing the wound pH level. In a study to look at pH level of popular wound
dressings, the dressings were immersed in NaCl solution and the pH of the solution
was then measured. It was found that the dressing pH values ranged from a pH of
244 to 7.5 (Dissemond et al., 2003). The most acidic of these dressings are

29



Promogran (Systagenix) with a pH of 2.44 and Skinoren (Schering Plough) with a
pH of 3.48. Skinoren cream (Schering Plough) contains the active ingredient azelaic
acid, which is a medicine used to treat acne. It reduces the growth of the keratin
surface skin cells and kills bacteria associated with acne. Promogran (Johnson &
Johnson Advanced Wound Care) is used by the NHS as a protease-modulating
matrix that aims to balance the wound environment. It targets neutrophil-derived
elastase, plasmin, and matrix metalloproteinase in the wound. The dressing is
composed of processed bovine collagen with oxidized regenerated cellulose then it is
embedded with 0.05M acetic acid (Cullen et al., 2002). Cadesorb (Smith and
Nephew) is a starch based sterile ointment that lowers wound pH and thereby
modulates MMP activity. It has been shown to have a pH value of 4.35 (Dissemond
et a., 2003). In a study using Cadesorb (Smith and Nephew), the wound pH before
application had a mean value of 7.7; after 24 hours the wound pH values had
dropped to 6.69 (Dissemond et al., 2004). Another Smith and Nephew product is
BIOSTEP (Smith and Nephew) it uses ethylenediaminetetracetic acid in a collagen
matrix to limit MMP enzyme activity. Tegaderm (3M) uses pH change to lower
MMP levels this is achieved through embedding citric acid in the wound dressing.
Using one of these dressings it was found that the MMP 9 level was significantly
reduced and the patients exhibited a more rapid healing rate (Cullen et al., 2002). The
low pH of these dressings suggests that these dressings use the modification in pH to

control and reduce the MMP activity in the wound.

New forms of wound dressings are in development that react to pH change in the
wound and release active ingredients accordingly. They use alginate hydrogel beads
that are pH and temperature sensitive and can rel ease drugs when changes occur (Shi
et a., 2006). Thistechnological advance could result in smart dressings that can react
and modify the constituents of the wound when different wound healing conditions
occur. For this to be achieved the relationship of how pH controls processes in
wounds such as MMP activity and cell proliferation would have to be extensively
studied.
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1.11.2 Enzyme wound debridement

Wound debridement which involves removing the top layer of cells to stimulate
healing can be achieved by using proteolytic enzymes. The proteolytic enzymes need
to be in a specific pH range to be effective (Mercier et al., 2002). The optimum pH
range for wound enzymes is shown in Table 1.2.

Debridement enzyme pH operation range

DNAse Activity pH 4.5-5.5 (Fibrinolysis)
Activity pH 7.0-8.0 (DNA lysis)

Fibrinolysin Activity pH 7.0-8.0
Collagenase pH optimum 6.0-8.0
Krill-enzyme pH optimum above 7.5
Papain Activity pH 3.0-12.9
pH optimum 7.0
Plasmin pH optimum 7.0
Streptodor nase pH optimum pH 7.5
Streptokinase Activity pH 7.3-7.6
Sutilain pH optimum 6.0-6.8
Trypsin pH optimum 7.0

Table 1.2 Optimum pH for specific enzymes used for debridement (Dissemond et
al., 2003)(Schneider et al., 2007).

If the pH of the wound is not monitored before application of enzymes then they may
fail to work effectively if outside their optimum pH range. This is one example when
the measurement of pH could be used to select the most appropriate enzyme for
debriding the wound (Schneider et al., 2007).
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1.12 Summary of pH and wound healing

The previous sections detail how pH has a large influence on many of the vital
wound healing processes. The pH level recorded for wounds in various studies shows
that the pH of a wound will have a large effect on the healing process. At a cellular
level the cells that are most active in the early stages of wound healing neutrophils
and platelets are at their most effective when at lower pH values below 7. The
fibroblasts and keratinocytes are more active at later stage of wound healing have
higher activities at pH levels between pH 7-8. Myofibroblasts are most active at the
end stage of healing; they have an optimum effect on wound closing at apH of 5.5.

The cell which is most active at the end stage of healing myofibroblasts has an
optimum wound closing at a pH of 5.5. Although these findings are based on in vitro
cell experiments it suggests that the optimum pH for cell proliferation will change
over the healing stages. At a cell based level the pH may need to change dependent
on the healing stage to kick start the healing process. With further studies it could
relate the stage of wound healing to an optimum pH level which could lead to faster
wound healing.

The trend in recent advanced wound dressings in reducing pH suggests that a lower
wound pH helps start the healing process of chronic wounds. A lower wound pH
would increase the wound oxygen, reduce MMP levels and reduce the proliferation
of bacteria. While this trend toward lower pH may help with some aspects of the
healing process the overall role of pH in awound is not fully understood and further
research needs to be conducted. A tool to measure pH level in an easy, cost effective
and reliable way will enable the pH of a wound to be studied further to find its
overall influence on the healing process. The measurement of pH as an analytical
tool would be useful for measuring the wound pH of skin grafts and for measuring
wound pH for the optimum application of enzymes for debridement procedures. The
following section will discuss the measurement of pH in wound care and look at new
technologies to help achieve cheaper easier methods of testing the wound pH.
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1.13 pH sensing technology

This section will start with a description of the current pH sensing techniques used in
wound care. Following this there is a review of current pH sensing techniques and
research into alternative pH sensing methods such as optical, metal oxide and ISFET.
The review will then focus on the sensing method used in this thesis which is a solid
state potentiometric sensor. The solid state sensors are composed of 3 different
layers; conducting contact, conducting polymer ion to electrode conductor and a
PV C based ion-selective membrane. This review will introduce the current research
into each of these solid state sensor components. From this literature review the best
reported elements that are suitable for medical use were chosen as the components of

the sensors evaluated in the experimental sections of thisthesis.

1.14 Current pH sensors
1.14.1 Glasy | on-selective membrane

The design of the most commonly used glass pH electrodes has not changed
significantly since it was first invented in 1908 by Fritz Haber (Galster, 1991). It was
not until 1934 that the first complete pH meter was available commercialy. The
measurement works by having a glass membrane between the solution to be
measured and a saturated electrolyte contained within the glass with a half cell for
measuring which is most commonly an Ag/AgCI or a calomel system. The glass acts
as an ion-selective barrier that produces a potential difference when immersed in
different concentrations of the primary sensing ion. The potential difference of the
sensing half cell is measured against a reference electrode which should provide a
constant voltage potential in the different primary ion concentrations. The full theory
behind the operation of the ion-selective electrode can be found in Section 2.9.

Figure 1.10 Photograph of glass membrane pH electrode.
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Glass electrodes are the most common pH electrodes in use today due to good
sensitivity, stable potentials and good selectivity to the primary ion (Galster, 1991).
In a combination electrode both the reference and the sensor are contained within the
one device. An example of a pH combined electrode is shown in Figure 1.10. The
glass electrode needs to be calibrated before use. This calibration is common
throughout all pH sensors before use to ensure accurate pH measurement values. The
response of the glass electrode sensors follows an equation known as the Nernst
equation which gives a limit of 59.16mV/decade change in primary ion
concentration. The Nernst response is described in detail in Section 2.7.

1.14.2 Current methods for testing wound pH

For measuring the pH of skin the glass membrane has been adapted into a flat
surface. The skin electrode is a planer flat membrane glass electrode which is placed
on the skin or wound. It has a large surface area and combines both the reference and
active electrode into a single electrode. There are two glass electrodes specifically
used for measuring the pH of skin currently commercially available. The two meters
are the pH900 from Courage & Khazaka and 1140 pH from Mettler and Toledo. The
accuracy of these sensors has been compared by Ehlers et al (2001). They found, that
for accurate measurements, a seven second stabilisation time is needed after contact
on the wound bed. To gain an accurate pH measurement they found that the test site
should not to be washed within 24 hours before the test commences.

The glass electrode is the only commercially available measurement tool for
clinicians to measure wound pH accurately. Previous studies that have looked at pH
and healing rates have had to rely on glass pH probes with flat bottoms to measure
the pH of the wound. The pH electrode has not been successfully adapted into
smaller and alternate packaging because the membrane that forms the selective part
of the electrode being made of silicon glass that is fragile, thus limiting the way that
it can be manufactured. It is not a widely used technigue due to the discomfort to the
patient when measuring, the time to take each measurement and the problems
sterilising the probe after use. A quick, simple and non invasive system is needed to
measure pH level in the wound. A new system will enable more insight into role of
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pH level in the wound healing process and enable the therapeutic modulation of pH
to be monitored (Schreml et a., 2010).

1.15 pH sensor research

Although the standard glass electrode is still the most common pH sensor type due to
excellent performance characteristics it is not suitable for small and disposable
sensors because of its cost, brittleness, need for internal liquid junction and difficult
manufacturing techniques that require high temperatures. Another commonly used
method is the use of litmus paper athough inexpensive this method does not provide
a precise pH value and cannot be sterilised. There are a number of different

techniques and methods that can be used to find the pH of a solution these include:

e Sol glass which enables glass ion-selective membranes to be made with a
simpler manufacturing process

e Optical sensorsthat use pH sensitive dyes or gels

e |ISFETSwhich areion sensitive semiconductors

e pH sensitive metal oxides

e Solid state potentiometric pH sensors based on plastic ion-selective

membranes and conducting polymers

The aim of the mgority of the research focuses on the miniaturisation of the
electrodes and search for suitable replacements for the internal filling solutions in
standard glass electrodes. This section will briefly document the main areas of
research for alternative pH sensors and how they could to relate to the measurement

of wound pH.
1.15.1 Sol glass/gel

Sol glass or gel is a form of glass which is cheap and can be processed at low
temperatures which makes the manufacturing process ssmpler. With suitable dopants
this glass can be used as a pH sensor much the same way as the traditional glass
electrode. It is used in optical pH sensors to form the glass membrane that encases
pH sensitive dyes (Grant and Glass, 1997). In a study by Li et a (2002) a sol glass
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membrane was used to produce a screen printable pH sensor. A carbon zeolite was
used as a receptor molecule for detecting the amount of hydrogen ions. The results
shown in this paper show a close to a Nernst response of 60mV/decade H* ion
concentration response rates over a pH range of 2-12. Sol gel pH sensors have aso
been shown to give responses of 55mV/decade H* ion concentration when the
receptor molecule is covalently bound to the sol gel (Marxer and Schoenfisch, 2005).
The problem with this technique is the processing of the sol gl membrane as it is
still susceptible to cracking which would not be suitable if the sensor was to be used

in wound care.

1.15.2 Fibre optic

Figure 1.11 Ocean optic coloured dye fibre optic pH sensor (sourced from

WwWw.oceanoptics.com).

The fibre optic pH sensor operates by having a pH sensitive dye or gel, whose colour
is dependent on the concentration of H* ions encased in an ion-selective membrane
that allows movement of H* ions from the solution to the dye (Grant and Glass,
1997). The probe is small and can be designed to be used in-vitro or in-vivo. When
the probe is in use the H* ions in the solution alter the colour of the dye inside the
probe then the change in colour is measured by the fibre optic cable and the pH is
determined by the colour change in the solution. The dyes change colour reversibly
depending on the pH of the solution. A company called Ocean Optics manufacture
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optical pH sensors for use in industrial settings an example of thisis shown in Figure
1.11. The cost of the probes is expensive with the need for spectrometer equipment
to analyse the light sample. The dye specific pH indicators alow constant
measurement of pH although they take a few minutes to adjust to new pH levels. A
study of pH sensitive dyes found that Thymol blue could measure in the pH range 1-
9 which would make it suitable for pH measurements in wound care (Aizawa et al.,
2007). The dyes have a high sensitivity to changes in pH which is needed in the
monitoring of wound pH because of the small fluctuations that occur. Another
positive characteristic of these sensors is that they are not directly influenced by
electricity. This would be an advantage in the wound as it would make it electrically

isolated from any other sensors or interference in the surrounding area.
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Figure 1.12 Biotex optical sensor for wound pH measurement (Pasche et al., 2008).

The fibre optic pH sensors are biologically safe and have chemical stability so they
are useful in a number of situations such as gastric pH sensors and cell biology
monitoring (Lin, 2000). A problem with using this in wound monitoring is how to
ensure that correct contact is being made between the sensor and the wound fluid.
This problem applies to both wound measurements as well as gastric stomach acid
sensors. This has been solved for gastric sensors as the sensor can be vacuum sealed
onto the patient’s throat. The difficulty for this technique in wound measurement

would be that any fixing to the wound would disturb any healing in that area.

A research group called Biotex based in Switzerland produce wearable sensors with
the fina am of integration into textiles so that they can be worn by the patient
(Pasche et al., 2008). They have produced a wound healing sensor prototype that

37



incorporates an optical pH sensor, Figure 1.12. The sensor is based on the osmotic
reaction of a polyvinyl alcohol which is cross linked with polyacrylic acid to produce
a reversible swelling effect when pH is increased. The pH is measured by optically
measuring the change in the refractive index from light from a white LED. The
devices works well for a short period of time but it does not work effectively for
longer term monitoring due to the polymer that absorbs the ions being unable to
return to its original size. The same group has produced a bandage that integrates
coated fibre optic wires into a wound bandage that allows the monitoring of pH
within a wound as shown in Figure 1.13. This was used to show pH changes within

a human serum solution, however, the work has not been published so the accuracy

of the system is unknown.

Figure 1.13 pH sensitive fibre optic wires integrated in wound bandage (Sourced
from http://spectrum.ieee.org/biomedi cal/diagnosti cs/opti cal -fiber-watches-wounds).

Overall the cost of the sensors both for the sensor itself and the optical measuring
equipment would be the main negative factor for the use of these sensors. They have

been shown to work effectively so in a different form such as the more cost effective
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coated fibre optic cables (Laursen, 2011) the sensor may have future possibilities for

use in wound pH sensing.
1.153ISFETS

lon-selective field effect transistors (ISFETS) have been developed to measure a
number of biological parameters. The sensor is based on semiconductor technology
where a current is produced depending on the surface adsorption of charges at the
ISFET sensor (Korostynska et a., 2008). The ISFET sensors are available
commercially but they are expensive and not suitable for disposable operation. Their
main operation isin industrial settings where glass electrodes are unsuitable, Figure

1.14 shows acommercialy available ISFET sensor.

Figure 1.14 Commercially available Mettler-Toledo 1npro3300 ISFET pH electrode

(Sourced from www.mt.com).

ISFET pH sensors have been used on lab on a chip applications due to the small
sensor size (Hammond et al., 2002). The pH sensitivity of these sensors has been
reported at 46mV/decade H* ion concentration (Milgrew and Cumming, 2008).
Pourciel-Gouzy et al (2008) demonstrate the use of pH sensitive ISFETS to monitor
bacterial activity this technique could be further researched and developed so that
they can detect certain bacterial forms relevant to wounds. ISFETS could be used for

measuring pH on the skin as alow level moisture is needed for a pH measurement to
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be made. If the ISFET pH sensor was adapted into a more suitable/cost effective

package it would have potential to be used in wound pH measurement.
1.15.4 Metal-metal oxide

Metal oxides were one of the first disposable pH sensors investigated due to their
ease of manufacture and low cost. The sensors are robust and can be used in harsh
environments where a glass electrode would not be suitable. The pH sensitive nature
is due to the formation of an oxide layer on the surface for the metal. The materials

that are used for the pH sensitive sensors are metals that are easily oxidised.

The choice of metal is important as many of the most sensitive and lowest firing
temperature metal oxides would be toxic and hence unsuitable for wound
measurements (Koncki and Mascini, 1997). The most commonly used metal oxide
sensor used in medical pH measurements due to their cheaper cost and solid state
nature is made from an antimony/antimony oxide electrode. Antimony sensor is
used in gastric pH sensors such as BRAV O developed by Medtronic (Korostynska et
al., 2008). It has been approved for medical use and transmits the signal through
wireless transmission. The antimony electrode requires high temperatures during
manufacture to produce the oxide layer (Jones et a., 1982). Gill et a (2007)
investigated the use of metal oxides using titanium oxide and tin oxides which are
used in dental implants and should be safe to use in wound care monitoring. The
sensors were found to have pH sensitivity but were temperature dependant and the
electrode was not stable over long measurement periods. The surface of the metal
electrodes becomes covered in an oxide layer when in contact with air which causes
a hysteresis effect for measurements. The outcome of these experiments with
biologically safe metals showed a drift in the measurements over time due to the

continuous corrosion of the metals.
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1.16 Solid state potentiometric pH sensors

This section will discuss the research that has previously been conducted into solid
state potentiometric pH sensors. Solid state sensors replace the need for the internal
filling solution associated with traditional glass ion-selective electrodes making the
device more robust and easier to manufacture. The ideal solid state pH sensor would

have the following attributes:

Low cost

e Disposable

e Noliquid phase

e Potentiometric

e Biocompatible materials

e Good contact with skin/wound
e Accuratein the pH range 4-9
e Good voltage stability

e Nocdlibration

Screen printed

This project uses the screen printing method to produce pH sensors. This method was
chosen because of the ease of manufacture for large numbers of sensors, the low cost
of sensor production and the consistency of screen printing. These parameters will
allow the printed sensor to achieve a number of the ideal qualities that are stated
above. The electronic measurement circuitry for potentiometric measurements can be
made with cheap €electrical components and when combined with the cheap

disposable sensors it makes for a cost effective solution to pH sensing.
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Disposable sensors have a huge commercial market. The most successful of these is
the glucose sensor for monitoring blood sugar levels. The blood glucose sensors use
an amperometric detection technique that senses change in glucose with change in
current. The most successful commercial potentiometric sensors are produced by
Abbot and are part of a multi sensor system called ISTAT. ISTAT is a point of care
analytical device for measuring many different biological markersin blood including
pH. The technology uses disposable cartridges onto which blood is deposited. The
technology for sensing uses a range of solid state sensors an example is shown in
Figure 1.15. The ISTAT would not be suitable for measuring wound pH as it is
optimised for blood pH measurements which would mean the measurement range is
small between 6.50 — 8.20 (Abbott, 2011). The design of the disposable sensors
reported in this thesis will take elements from both the blood glucose sensors and the
Abbott ISTAT system.

Figure 1.15 ISTAT machine (Left) and sensor based cartridges (Right).
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The potential market for a disposable pH sensor is large because of the need for this
measurement in many different fields including wound care pH monitoring. Other
potential uses for this sensor are in the biological testing market where they test for
molecules that contaminate traditional glass sensors. It would also have applications
in the food testing market and point of care devices. The following section will

discuss the research developments of solid state potentiometric pH sensors.
1.16.1 History of solid state sensors

The first research into solid state sensors occurred in the early 1970's where wires
were coated with an ion-selective membrane by Cattrall (Cattrall and Freiser, 1971).
This showed that it was possible to detect ion concentration through a solid state
sensor. The issue with the coated wire electrode is that it experiences voltage
measurement drift due to a blocked interface between the ionic conducting ion-
selective membrane and the electron conducting wire. This voltage drift results in
inaccurate ion sensing. The theory behind this is fully explained in Section 2.9.2.
This problem has been addressed with the introduction of amiddle layer between the
metal contact and the ion-selective membrane. This middle layer works to exchange
the electrical signa carried by charged ions in the solution to electrons in the metal
through a redox reaction. The full theory of this can be found in Section 2.10.4. The
middle layer acts to replace the liquid phase of the glass electrodes and function to

maintain a stable voltage response of the sensing electrode.

The sensors that will be studied in this thesis consist of three distinct layers. The top
layer is the ion-selective membrane which acts as a barrier between the solution and
sensor allowing specific ions to flow acrossit. The middle layer isthe ion to electron
transducer layer which allows the ions that flow through to be exchanged into an
electronic signal and vice versato maintain a stable electrode voltage. The final layer
Is the metal contact which acts as the conductor to allow flow of electrons to and
from the measurement circuitry. The three layer sensor is shown in Figure 1.16. This
section will detail the different research into these different types of sensors and how

the different layers affect results.

43



[solation layer

lon selective *’ \
membrane

Conducting

polymer ~ ’

Conducting

Contact — ———4

Plastic

Figure 1.16 Three layer solid state sensor showing substrate, conducting contact,

conducting polymer, ion-selective membrane and isolation layer.

The majority of solid state research documented in the following section is based on
platinum wires or glassy carbon rods as eectrical conducting contacts for the
electrodes. These would not be suitable for disposable sensors due to their cost
although their findings can be applied to cheaper conducting contacts such as screen
printed electrodes. The research in this thesis focuses on screen printed carbon
conducting contacts as these are inexpensive and the manufacturing process is
simple. The following sections will discuss the current research and developments in
the area of solid state sensing. Specific research on screen printed electrodes follows
in a later section. Each part of the solid state sensor will be broken down into ion-
selective membrane and ion to electron transducers and is discussed in their

component parts.



1.17 lon-selective membranes

The ion-selective membrane’'s main function in a pH sensor is to enable flow of
hydrogen ions through the membrane of the sensor as well as preventing unwanted
ions moving through which would affect the membrane sensing potential. The ions
are transported through the membrane by ionophores which are ion transport carriers.
lonophores are lipid soluble molecules that allow ion transport across the membrane
by binding the primary ion. The operation of the ion-selective membrane is discussed
in detail in Section 2.8.1. This section will summarize the current research of ion-

sel ective membranes.
1.17.1 lonophores

lonophores can be used to produce ion-selective membranes by increasing their
permeability to the primary ion of interest. Different ionophores have been shown to
be ion-selective to a wide variety of biologicaly relevant ions such as potassium,
calcium, sodium and chloride as well as many others such as metal ions (Buhlmann
et a., 1998). There are a number of ionophores suitable for use in a hydrogen ion-
selective electrode. The choice of ionophore depends on the range of pH sensing and
selectivity. From the literature it is difficult to compare different types of sensors in
various papers due to differences in the sensor materials, production methods and

experimental setups.

H3C(H2C) 11 N (CH2)11CH3

|
(CH2)11CH3

Figure 1.17 Tridodecylamine hydrogen selective ionophore structure.
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The lonophore is the most varied part of the sensor membrane within the literature as
it isthe key component of the membrane to allow transportation of the hydrogen ions
across the membrane. Within the literature there are many different types of
ionophore used the choice depends on what range of pH is needed for detection and
the ability of the ionophore to select the primary ion of interest. The range of an
ionophore for sensitivity of its primary ion is limited by cation interference at high
pH and anion interference at low pH (Bakker et al., 1994). The majority of alkaline
sensing ionophores are from the amine family tend to stop transporting ions
effectively at high acidity levels, the typical stable range of these is 4-10 on the pH
scale (Samsonova et a., 2008). The ionophore tridodecylamine was the first
successful highly selective neutral carrier ionophore found. It showed good
selectivity similar to glass pH electrodes and a linear pH response range of 4.5-10, its
structure is shown in Figure 1.17 (Lindner et a., 1995). Microelectrodes formed
with this ionophore were found to be successful (Buhlmann et a., 1998).
Tridodecylamine has been used successfully to measure the pH of blood and blood
serum (Anker et al., 1983). The tridodecylamine ionophore is the most commonly
used and cheapest commercially available H" ionophore. Other ionophores with good
performance for hydrogen ion selectivity are Tribenzylamine which has alarge linear
pH range of 2.8-10.6 (Han et al., 2003b). An ionophore from the amine group
dibenzylpyrenemethylamine has shown good acidic sensitivity in pH range 0.5-10.2
which is unusually low pH sensitivity for an ionophore in the amine ionophore
family (Han et al., 2004). Other non amine based ionophores are more commonly
used for strong acid sensing. These include the ionophores octadecy! isonicotinate
and hexabutyltriamodophosphate which were used to produce effective sensorsin the
pH range 0-6 (Lutov and Mikhelson, 1994).

The ionophore to be used in a specific sensor must be chosen by the range of pH
levels being tested. For the purpose of wound sensing any sensor that is stable in the
range 5-10 would be ideal. As previoudly stated the amine family of ionophores with
their stable range generally in the 4-10pH range would be suitable for the biological
wound pH sensing. An important factor in the membrane operation is the other

membrane components such as ionic additives, plastic and plasticiser the next section
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will discuss the other membrane components and how they affect membrane

performance.
1.17.2 PVC based ion-selective membranes

PVC is the most common type of membrane for solid state sensors. It is chosen
because of its ease of manufacture and fast diffusion rates when compared to other
membrane material types (Heng et a., 2004). The membranes are composed of a
number of different components which can al have an effect on the outcome of the

sensitivity of the sensor. The main components of an ion-selective membrane are:

e PVC
e Plasticizer
e |onophore

e lonic salt.
The operation of amembrane is discussed in detail in Section 2.8.1.

The optimum membrane characteristics are achieved when the stabilizing
interactions between the primary and interfering ions are minimised (Bakker et al.,
1994). This can be achieved by ensuring the ionophore and plasticizer should have
no functiona groups with which interfering cations can interact. The plasticisers can
have a large effect on the sensitivity of the membrane as they can contain
coordination sites such as amide, ester, or ether groups that can react with the cations
(Oesch et al., 1986). The plasticizers DOP, DOA or 2-Nitrophenyl octyl ether are the
most commonly used types. An ionic salt is used in the membrane to ensure that no
significant counter ions are extracted into the membrane when the primary ion enters
the membrane phase (Ammann et a., 1985). Typically the ionic sat such as
potassium tetrakis(4-chlorophenyl)borate (KTpCIPB) is used due to it having weak
ion pair formation capabilities. The most effective membrane measurement range has
been found to occur when the ionic salt additive is at 50% molecular weight of the
ionophore (Bakker et al., 1994).
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PV C membranes have been shown to suffer in long term use from poor adhesion to
conducting contact and plasticizer and ionophores leeching out of the membrane
(Kuruoglu et al., 2003). The PVC membrane has problems with adhesion over a
longer time period as the voltage response of the sensor becomes unstable. This
instability is due to liquid pockets forming between the membrane and the sensor
contact (Fibbioli et al., 2000). The membrane adhesion is important to the operation
of the sensor to prevent a water layer forming between the membrane and sensor
contact. To address the problems with adhesion lipophilic layers were shown to
improve membrane adhesion and prevent formation of a water layer (Fibbioli et a.,
2002). Using screen printed electrodes Musa et a (2011) used a pretreatment to
increase surface roughness which they credit as giving better adhesion to the
membrane. Another techniqgue used to improve membrane adhesion is the
introduction of RV T silicon rubber into aPVC (Piao et a., 2003) (Chaet al., 1991).

1.17.3 Non PVC Membranes

Due to problems with adhesion and leaching of ionophores and plasticisers in PVC
membranes there has been some research into different membranes that are more
stable and do not contain plasticizer. The most popular type of non PVC membrane
is polymethyl-methacrylate/polydecyl-methacrylate (PMMA/PDMA) copolymer.
The ionic diffusion in a PMMA/PDMA ion-selective membrane was found to be
1000 times slower that a PVC membrane (Heng et al., 2004). The slower diffusion
times will lead to slower response times.These membranes have good adhesion
properties so they are accurate for long periods of time (Peng et al., 2007).
PMMA/PDMA copolymer is 20 times more hydrophobic than the PV C which would
lead to further advantages for the stability of the sensor as less water would penetrate
the layers (Crespo et al., 2008).
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1.18 lon to electron Transducers

The purpose of the ion to electron transducer is to enable the conversion of an
ionically carried charge in the solution to an electronic one carried by electrons. The
reason for the poor reported voltage stability of coated wire electrodes is due to there
being a blocked interface between these two different phases which allows charge to
build up changing the electrode voltage potential. The theory behind the operation of
ion to electron conductors can be found in Section 2.10.4. In a traditional electrode
the most commonly found redox couple is the Ag/AgCI couple in a saturated KCl
solution; the theory behind this is discussed in Section 2.11. The purpose of solid
state sensors it to replace the liquid junction used in conventional glass electrodes
and alow stable voltage potential. In a solid state sensor this takes the form of a
middle layer between the ion-selective membrane and the conducting contact.
Replacing the liquid junction enables smaller, cheaper sensors to be produced. There
are a number of research areas such as conducting polymers, hydrogels and carbon
nanotubes that have been used to replace the liquid junction. This section will discuss
the research conducted in these aress.

1.18.1 Conducting polymers

Conducting polymers have a number of properties that make them suitable for ion to
electron transduction in solid state pH sensors. They are electrically conducting, they
can tranduce an electronic signal to an electronic one through redox reactions and
can be easily formed on metal and carbon electrodes. The conducting polymers have
many promising characteristics that are good for ion to electron transduction such as
high redox capacitance which relates to the voltage stability of the electrode
(Bobacka, 1999). The theory behind the operation of conducting polymersin a solid
state sensor system can be found in Section 2.10.4. There are a number of different
techniques that can be used to deposit different kinds of the conducting polymer,
namely, electropolymerization, screen printing and solution casting.

There are many different types of conducting polymers the most commonly used for
pH sensing is polypyrrole. The use of conducting polymers as ion to electron

transducers is common in many ion sensing electrodes, polypyrrole and PEDOT are
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frequently used. There are a number of factors which can influence the operation of
conducting polymers the most important of which is the dopant ion used in the
formation of the polymer this can affect the conductivity, stability and ion exchange
properties of the polymer (Crespo et al., 2008). The theory behind the dopant ion can
be found in Section 2.10.2. The following section will document the key research

into conducting polymers that relates to pH sensors.
1.18.2 Polypyrrole

Polypyrrole is one of the most commonly used conducting polymers due to its ease
of formation and its non toxic qualities (Bobacka, 2006). The deposition technique of
the polypyrrole is aso important as it can be chemically synthesized or electro
deposited onto a conducting material with a high material work function. Almost all
the papers that study polypyrrole use platinum or glassy carbon discs as the
conducting contact. The most common deposition technique is el ectropolymerisation
where the polymer is formed through a charge transfer reaction. Further details are
given in Section 2.10.1. There are two types of polymerization commonly used:-
fixed voltage and cyclic voltage sweeps. Early studies into polypyrrole used a fixed
voltage technique for depositing the conducting polymer. This involved placing a
constant voltage across a solution containing pyrrole and a counter doping ion. This
technique was found not be effective for sensing as the layer formed in uneven
growth patterns (Cosiner and Karyakin, 2010). The most commonly used technique
is a cyclic voltammetry which involves the buildup of layers of conducting polymer
at each voltage sweep allowing an even polymer film growth on the electrode.

Polypyrrole with no ion-selective membrane has been shown to have a linear
response to hydrogen ion concentration. It achieves this with immobilized
recognition sites within the conducting polymer. The dopant ion of the conducting
polymer can affect the results of the sensitivity of the conducting polymer. There are
many papers which research this to find the most effective doping ion for a sensor.
Different dopant ion sizes affect the overall response of the sensor; smaller ions are
easily exchangeable with the solution and give similar pH responses but larger ions
do not transfer as readily (Michalska and Maksymiuk, 2003). Using this technique,
the best reported polypyrrole only sensor has been reported as having pH sensitivity
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in the range 3-10 with aresponse of up to Nernstian response values of 59mV/decade
H* ion concentration using a large molecule tetrabutylammonium p-toluenesulfonate
(PTS) as the dopant ion (Pandey and Singh, 2008). Other research in conducting
polymer sensors have studied how the different amounts of the conducting polymer
deposit influences the sensitivity of its pH response. Within the literature the pH
response of the conducting polymer did not depend on the electropolymerization
conditions such as concentration of pyrrole, solvent wused, type of
electropolymerization technique (potentiometric or cyclic voltammetry)or step size
used for cyclic voltammetry. The study found that the main variable that affected the
response to pH was the thickness of the deposited layer. They found that a layer less
than 2microns of polypyrrole showed a linear response to pH from 2-12(Shiu et al.,
1999). Another report found that the optimum coating thickness for the deposition of
polypyrrole on a platinum wire was using cyclic voltammetry between O to 3 volts
with a 100mV/s scan rate. Three cycles of this produced the optimum sensitivity of
51mV/decade H* ion concentration(Lakard et al., 2007). The polypyrrole coated onto
metal electrodes has shown poor long term stability. This has been improved when a
more adhesive L-PEI coating was used to coat the metal contact before deposition of
polypyrrole (Segut et al., 2007). These sensors while being shown to be sensitive to
changesin pH are not very ion-selective and could only be used in tightly controlled
experimental setups (Michalska, 2000). Other issues such as slow equilibrium of the
sensing mechanism lead to long sensor settling times and inconsistent sensor
response over long time periods (Michalska and Maksymiuk, 2003).

The redox functionality of the conducting polymer has been used as an ion to
electron transducer in between the ion-selective membrane and the conducting
contact of the solid state electrode. The ion to electron transducer enables sensors
with greater voltage stability than coated wire electrodes. It has been shown that the
conducting polymer acting as an ion to electron transducer gives a faster response
time and a larger voltage drop per decade than the same sensor without the
conducting polymer layer (Masalles et al., 2002). In a study by Han et a (2003) they
used a consistent membrane and the conducting polymer mid layer was varied. The
study found that with a platinum wire coated with the membrane the response time

was sow and there was a 42mV/decade H* ion concentration response. When a
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polypyrrole ion exchanger was added the response time was 9 seconds with a
response slope of 57.7mV/decade H* ion concentration. This study also gave
evidence that without the conducting polymer a blocked interface occurred between
the metal contact and the membrane (Han et al, 2003). The doped conducting
polymer is used to prevent this electron blocking occurring aiding exchange of ions
and electrons through a redox reaction. The theory behind blocked interfaces can be
found in Section 2.9.2.

The ion to electron transducer should enable the sensor to be stable over a longer
time period and have consistent performance. The best performing dopant ion
reported is the hexacyanoferrate redox molecule. It has been shown by Han et a
(2003) and Zielinska et a (2002) to have long term voltage stability but it would be
unsuitable for its use within a medical device due to it being a toxic substance. Other
promising polypyrrole transducers were doped with CI” ions the sensors doped with
this recorded dlightly slower response times but with stable voltage response
(Michalska and Maksymiuk, 2005) (Momma et al., 1996). Polypyrrole conducting
polymer has also been used as an ion to electron transducer in many other sensor
types as once the ion-selective membrane has been applied to the sensor the
operation of the conducting polymer is independent from the primary ion sensing.
The theory behind this can be found in Section 2.10.4. The use of polypyrrole as an
ion to electron transducer has been shown to also produce effective sensors for K*
(Gyurcsényi et al., 2004), Ca**(Konopka et a., 2006), Cu**(Marquesdeoliveiraet al.,
2006) and carbonate Sensors (Kim et al., 2004). Of these sensors polypyrrole doped
with larger dopant ions were found to produce stable voltage response which
indicates effective ion to electron transduction (Pandey et al., 2002)
(Marquesdeoliveiraet a., 2006).

1.18.3 PEDOT

PEDOT comes from the polythiophenes family of conducting polymers the operation
is similar to that of polypyrrole when used as a ion to electron transducer; this
method of operation can be found in Section 2.10.4. This family of conducting
polymers are useful as they have hydrophobic properties which will help to prevent

the formation of a water layer between the membrane and conducting polymer which
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can enhance voltage stability (Sutter, Radu, et al., 2004). During the polymerization
of PEDOT it can be doped with poly(styrenesulfonate) (PSS). PEDOT doped with
PSS is stable and has low sensitivity to O, and CO, and therefore makes it a popular
material for ion to electron transducers (Vézquez et al., 2004). The PEDOT is known
to have a high redox capacitance which makes the sensor have high voltage stability
(Bobacka, 1999). PEDOT (PSS) has been used effectively in a number of potassium
ion sensors as the ion to electron transducer (Mousavi et al., 2009). There were no
examples of PEDOT being used as an ion to electron transducer for pH electrodes in
the literature. PEDOT doped with PSS is available commercialy from Agfa as a
readymade ink which can be used for screen printing conducting polymer layers. The
availability of the PEDOT (PSS) ink introduces many different possibilities for
manufacturing the sensor in a more controlled way than electropolymerization which
should lead to more constant and easier to produce sensors.

1.18.4 Nanoscale carbon

Nanoscale carbon is arelatively new development in material science. It is composed
of structured formations of carbon which increases the surface area of an electrode
(Y anez-Sedefio et a., 2010). They have some useful qualities such as electrical
conductivity, high surface capacitance and they are hydrophobic. They are toxic due
to their small particle size but once processed into a safer form such as an ink they
can be easily and safely used (Wang and Musameh, 2004). Their method of
operation is similar to the coated wire electrodes as discussed in Section 2.9.2.
Although not an ion to electron transducer there is some debate as to their method of
operation as their stable voltage sensing performance is due to high surface
capacitance but it has been proposed by Crespo, Macho, et al (2009) that more

complex ion interactions occur at the carbon nanotube surface.

The majority of research into carbon nanotubes sensors has been into enzyme sensors
such as hydrogen peroxide (Sanchez et al., 2007), glucose (Wang and Musameh,
2004) and ion sensors for silver and potassium (Lai et al., 2007, 2009). The
manufacture of a potassium sensor is similar to that of a pH sensor but with different
ionophores in the ion-selective membrane so this arrangement could be used to

produce an effective pH sensor. A pH sensor has been reported using an acrylate ion-
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selective membrane with the conducting contact being carbon nanotubes (Crespo,
Macho, et a., 2009).

1.18.5 Hydrogels

Hydrogels have been used as a method of reducing the size of the traditional liquid
phase of an ion sensor. They operate in the same manner as the traditiona glass
electrode by having a liquid and an Ag/AgCl electrode to ensure a stable voltage
phase between the ion and electron conducting phases. The method of this operation
can be read in Section 2.9. The hydrogel is placed between the Ag/AgCl electrode
and the ion-selective membrane which is made from a non glass material such as
PVC to enable the sensor to be made in smaller packaging. The sensors do not
operate well when compared to conducting polymer based sensors as they suffer
from long term voltage drift (Gyurcsanyi et al., 2004). This could be due to extended
equilibrium times and ion leaching from the hydrogel. For pH electrodes there is a
problem with CO, changing the pH of the hydrogel over time resulting in an

incorrect pH measurement (Lindner and Gyurcsanyi, 2008).
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1.19 Disposable solid state sensor s

The majority of the research discussed in the previous sections involving conducting
polymers as ion to electron transducers use platinum and glassy carbon rods as the
conducting contact. For disposable sensors these conducting contacts are expensive
and would price the sensor out of the disposable market. A number of alternative
methods such as screen printing (Tymecki et al., 2006) and micro fabrication
(Lakard, 2004) techniques have been used to produce cheaper potentiometric ion

SeNsors.

Screen printing is a one of the most cost effective methods of producing sensors.
Conducting inks such as carbon, platinum and Ag/AgCl can be printed on plastic
substrates to form the basis of a solid state ion-selective electrode (Renedo et al.,
2007). The manufacturing technique is simple and large numbers of sensors can be
produced at low cost. An example of a screen printing machine and a screen printed
sensor is shown in Figure 1.18. Coated wire type ion-selective sensors have been
demonstrated using screen printed electrodes. Musa et al (2011) produced screen
printed carbon electrodes coated with a PVC ion-selective membrane. With pre-
treatment of the screen printed carbon to increase membrane adhesion the pH sensors
showed a Nernstian response of 51.7mV/ decade H* ion concentration response in
the pH range 7.0-7.6. The voltage stability of these sensors was not tested so it is
unknown how these sensors responded without an ion to electron transducer.
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Figure 1.18 DEK 248 screen printing machine (Top) Screen printed sensors with
silver conducting contact, screen printed PEDOT layer and blue electrical insulator
(bottom).

Other more complex sensors using conducting polymers have been manufactured
using screen printed electrodes. Most of these sensors have used PEDOT as it is a
commercially available ink for screen printing. This enables both the conducting
contact and conducting polymer to be screen printed and an example of thisis shown
in Figure 1.18 (bottom picture). PEDOT screen printed sensors have been used for
potassium ion sensors (Vazquez et a., 2004). The PEDOT used in this sensor was
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modified by cross linking the PEDOT with redox active Ru(NH3)¢>*/** which
increased the redox capacitance of the electrode and lead to better voltage stability of
the sensor. Another research group found Nernstian responses for screen printed
PEDOT sensors coated with potassium selective ion-selective membranes athough
the sensor had low ion selectivity (Xu et a., 2010). Screen printed electrodes have
also been shown to be effective chloride ion sensors. A screen printed chloride ion-
sel ective membrane was shown to have better voltage stability when an adhesive was
applied between ion to electron transducer and membrane to prevent water layer
formation (Paciorek and Zurawska, 2005). In another screen printed chloride sensor
it was found that hydrolysis of the screen printed carbon ink resulted in reduced
sensor stability due to the organic compounds contained in the conducting ink
(Zielinska et al., 2002). It is possible to electropolymerise polypyrrole on a screen
printed carbon electrode as this was reported by Li and Wang (2007) for a hydrogen
peroxide sensor. Electropolymerised conducting polymers on screen printed
electrodes is an area that has not been researched in any depth. It has potential to

produce cost effective voltage stable sensors for use as ion-selective sensors.
1.20 pH sensors summary

The pH of a wound has been shown to have an influence over many different factors
within the wound healing process. The amount of different cells and enzymes that
pH can affect makes it an important marker to study in wound healing so that its
influence on the wound healing process can be fully understood. With the increased
use of pH modifying dressings to control the proliferation of MMP's there is a
requirement for a pH sensor that can easily and effectively monitor the influence
these dressings are having on wound pH so that further wound dressings can be
chosen depending on the current state of the wound. The current technology
available for wound pH measurement is expensive, difficult to sterilise and not

disposable so thereis area need for an aternative sensing technology.

Research has been conduced into a broad range of alternative pH sensing technol ogy
such as optical pH sensors, metal oxide, ISFETS and disposable solid state

potentiometric sensors. The most promising of these for cheap disposable sensing is
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the solid state potentiometric sensors as the current research into ion-selective
membranes and conducting polymers can be adapted into inexpensive screen printed

SENSors.

In solid state sensing the use of conducting polymers as ion to electron transducers
enables the sensor to have better long term voltage stability. The membrane
components such as the ionophore determine the primary ion selectivity and the
sensor range. Other membrane components such as choice of membrane material
determine the ion diffusion and also have an influence on the selectivity to
interfering ions. Every component within the ion-selective membrane can have an
influence on the overall sensing ability for this reason all components need to be

chosen carefully to achieve the desired sensing requirements for the membrane.

The use of solid state sensors based on screen printing technology and utilizing
conducting polymers as ion to electron transducers could provide an aternative to
the expensive glass electrodes that are currently used to monitor pH in wound care. It
would enable clinicians to gain further insight into the complex healing patterns

associated with chronic wound healing.
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1.21 Objectives of Study

This study will investigate disposable solid state sensors for measuring the pH of a
wound. The pH of a wound can affect many different areas of the healing process
such as oxygen levels, cell proliferation, protease enzyme activity and bacterial
growth. A tool to measure pH level in an easy, cost effective and reliable way will
enable the pH of a wound to be studied further to find its overall influence on the

healing process.

The sensors will be based on screen printed carbon electrodes with conducting
polymers as an ion to electron transducers and a PV C based hydrogen ion-selective
membrane. The membrane composition will use a proven membrane formulation
with a tridodecylamine ionophore (Schulthess et al., 1981) and will remain constant
throughout the experiments to enable the operation of the conducting polymer to be
assessed. Three different conducting polymer types will be tested and characterised.
Two electropolymerised polypyrrole the first doped with small Cl” ions and the
second with larger PTS ions; this will enable the effect of different sized dopant ions
to be assessed. The third conducting polymer tested is a commercially available
PEDOT (PSS) ink. These sensors will be tested against a screen printed carbon

sensor with ion-selective membrane that has no additional layer.
The sensor has a number of key aims that have to be achieved. They are:

 Linear primary ion voltage response - needs to provide correct pH

measurements.

« Sensing range — The sensor will have a linear voltage response in the pH

range 4-10.

» Selectivity - The device needs to be ion specific so that other small ions such

asK*, Na" and Ca®* don't interfere with the measurement of H* molecules.

« Voltage stability - One of the major reasons that the glass electrode is still
universally used is because of its voltage stability over time. A single use
sensor to test the current pH of a wound would not have issues as the sensor
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would not be in use over long time periods. If the sensor was to be embedded
in awound dressing to test the pH levels continuously the sensor would need

to show no voltage drift during measurement after calibration for up to 7

days.

» Cost- Due to the disposable nature of the sensor it will have to be cost

effective.

« Manufacturing- The design needs to be simple to manufacture so that

consistent sensors can be produced and also to keep costs down.

» Biocompatibility- Asthe device will be used in awound environment is vital

that it does not cause any adverse effects to the patient.

Once a suitable sensor has been developed the el ectronic measurement circuitry will

be designed. Theams are:

e Design a hand held battery operated measurement device to measure the
voltage potential of the pH sensor when combined with areference electrode.

e Enhance the voltage stability of the sensor.

e Thedevicewill calibrate the sensor system.

e Display apH of asample to the user.

The full sensing system will then be used to assess the real time change in pH that
occurs in awound bed model when various pH modifying dressings are applied. This
has never previously been studied as it has not previously been possible to measure

the pH effect of these dressingsin real time. The aim of these experimentsis:

e Measure the pH of modern advanced wound dressings using the designed
Sensors.

e Monitor the real time pH effect of applying wound dressings to a wound bed
model.

e Observethe acidic strength of the dressings.
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The theory behind the operation of the solid state ion-selective electrode, materials
and methods, results from the experimental findings and the analysis and discussion

of the results will now be presented.
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Chapter 2 - Theory

This chapter provides an overview of the theory behind the operation of solid state
pH sensors. The chapter begins by describing the movement of ions within a solution
and how an electrochemical cell potential is made and measured. The theory of
operation of the individual components of the solid state pH sensor is discussed this
includes operation of ion-selective membranes, conducting polymers, reference
electrodes and the influence of measurement circuitry on the electrochemical cell.
The theory behind the analysis technique electrochemical impedance spectroscopy
that is the basis for the analysis conducted in Chapter 5 is discussed briefly. The
chapter closes with discussions on the theory of pH and how this relates to the pH

change in a physiological solution.
2.1 1onics

lonics governs how ions interact within a solution. An ion-selective sensor system
will measure the activity of the ions from within the solution. The movement of ions
across the cell through various phases will have an influence on the overall potential
that the cell generates (Bard and Faulkner, 2001). In an electrochemical cell chargeis
carried by ions within the solution. Mass transfer is the movement of one material

from one location to another in a solution. The three modes of mass transfer are:

Diffusion — The movement of a species caused by the influence of a chemical

potential.
Migration — The movement of charged ions under the influence of an electrical field.

Convection — The movement of ions that occurs through stirring or hydrodynamic

transport.
2.1.1 Masstransfer

Mass transfer is determined by three different forces within a solution; diffusion,
migration and convection. A concentration gradient will cause ions to diffuse and

migrate into areas with lower concentrations. The movement of this is driven by
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electrochemica potential of the ions, fi;. Migration is movement of charged ions
driven by an electrical potential. Convection is produced from an imbalance of forces
in asolution. Mass transfer at an electrode is governed by the Nernst-Planck equation
and is written as 1 dimensional mass transfer along the X axis as detailed in

Equation 2.1.

dC;(x) nF do(x) Equation 2.1

]i(x)z_lT_ﬁDlCL I + Civ(x)

Ji(x) is the flux of speciesi at a distance x from the electrode, D; is the diffusion

aci(x) ;
dx

coefficient of the speciesi, Is the concentration gradient at distance x from the

¢(

electrode, C; is the concentration of the speciesii, ) is the potential gradient and

v(x) isthe the velocity with which avolume element moves aong the X axis.

The first term of equation 2.1 is known as Fick’s first law of diffusion it states that
the flux of an ion is proportional to the concentration gradient (Bard and Faulkner,
2001). Fick’s second law of diffusion models the change in concentration of a
species, C; with time and distance in one dimension as shown in Equation 2.2. D; is

the diffusion coefficient of the speciesi.

dCi(x,t) D d2C;(x,t) Equation 2.2
e ! dx?

The ion movement within a sensor membrane follows Fick’s laws so it is an
important parameter to consider when considering the function of an ion-selective

membrane.

In most electrochemical cells the mass transfer can be simplified to negate the effects
of the migration and convection. Migration effects can be reduced by adding a
supporting electrolyte at larger concentrations than the electro active species.
Convection can be negated by preventing stirring and vibrations in the
electrochemical cell (Bockris and Reddy, 2000).

63



2.2 Céell potential

When a metal or a conductor such as carbon is immersed in an ionic solution a
potential difference is formed between the material phases. This is due to an
accumulation of charge between the metal and the ionic solution. This charge barrier
is known as the electronic double layer which will be discussed in more detail in a
later section. Potential differences occur not only at solution/conductor interfaces but
at any change in material between conducting phases such as platinum/carbon. This
change in phase is due to the difference in charge between the two phases.

2.2.1 Measuring electrochemical cell potential

An electrochemical cell has to have at least two electrodes so that an electrica
potential can be established in the system. This is due to direct measurement being
impossible as the electrode would have to be in simultaneous contact with both
phases of the reaction (Bockris and Reddy, 2000). For this reason the individual
phase potentials cannot be measured and a series of potentials has to be measured to
find the overall potential. The potential between different phases is known as the
Galvani potential. In an electrochemical system the different phase potentials

combine to give the overall potential of acell.
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YOLTMETER

M1 M2

Figure 2.1 Simple electrochemical cell with two electrodes of different metals.

Figure 2.1 illustrates a smple cell with two metal electrodes in an ionic solution the
overal potential will be a sum of the individual phase potentials across the cell.
When measuring the overall cell potential, E of Figure 2.1 there are three phase
potentials (M1 electrode and solution, PDy4 /s, Solution and M2 electrode, PDg
and M2 electrode and M1 electrode, PDy,y1) the sum of the potentials is given by
Equation 2.3.

The example given in Figure 2.1 is a simple cell with few potential differences
across the cell. In reality a system will have more potential differences across a cell
to consider. A cell can be designed so that the interface of interest can be isolated this
is the am for design for a sensor system. If the M1 electrode is replaced by a
reference electrode then the potentia between reference and solution, PDggr /s Will
be constant and not depend on the solution that the electrode is immersed in. The
interface between the metals (PDy, /1) IS determined by the metal composition so
this is also a constant value and is not dependent on the ionic solution. This leaves

the interface between the solution and the M2 electrode (PDy,,,s) which if changed
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to a sensor the interface can be studied. This technique is the basis of sensor

operation. The Equation 2.3 would become:

E == PDREF/S - PDMZ/S Equa“on 24

If the M2 electrode is changed to a sensor that can detect changes in the pH of a

solution (6§PDpy sensor/s) then the cell will change potential with a change in pH as

shown in Equation 2.5.

6E = 6PDREF/S - 6PDPH sensor/S Equat'on 25

Using this system all potential changes will be relative to the constant potential of the
reference electrode. As the change in solution will not change the potentia of the
reference half cell any change in potential will be due to the pH sensor solution

interface.

OE = 6PDpy sensor/s Equation 2.6

For this example the interfaces in both the reference electrode and sensor have been
simplified and they will be discussed in detail in Section 2.9 and Section 2.11. The
next section will discuss how the potential differences are determined in the various

phases.
2.3 Double layer

An electrical double layer occurs at the interface between the electrode and the
solution. It is composed of charged ions at a solution interface and behaves as a
capacitor of charged negative and positive ions. This occurs due to different
potentials between the metal and solution phase. In the solution phase the double
layer is made up of an inner layer of charged ions which is closest to the electrode.
This example will describe the double layer for a negatively charge electrode. It

consists of solvent molecules (water molecules in aqueous solutions) that are aligned
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with their positive charge towards the negatively charged electrode. The layer aso
contains specifically absorbed anions. This layer of charged ions is known as the
inner Helmoltz plane (IHP) which is positioned at the centre of the specifically
absorbed anions as shown in Figure 2.2. Total charge density of this layer is o'
nC/em?.

Metal  [HP OHP

Y
- . @ =Solvated cation
O %%
©) @
-

= Adsorbed anion

O O: Salvent Molecule

Figure 2.2 Diagram of double layer at metal electrode. Showing inner Helmoltz
plane (IHP) and outer Helmoltz plane (OHP).

In the immediate vicinity of the IHP the charge is negative which attracts solvated
cations (cations surrounded by water molecules). The Solvated cations can only
approach the electrode at a distance known as the outer Helmoltz plane (OHP).
These ions are known as non-specifically absorbed. The non-specifically absorbed
ions are distributed in an area from the OHP to the bulk solution called the diffuse
layer it has a charge density of % pC/cm?. The thickness of this layer depends on the
ionic concentration of the solution. For an ionic solution with concentration of 10°M
the double layer is less than 100A thick. The charge density of the bulk solution, ¢°
is a sum (Equation 2.7) of the diffuse layer charge density, o?¥//%s¢ and the IHP
charge density, o/’f. The solution charge density is equal to the negative charge

density of the metal, o™.
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oS = g!HP 4 gPiffuse — _ M Equation 2.7

The cations of the OHP and diffuse layer compensate for the negative charge of the
electrode. The potential close to the electrode is lower than the potential of the bulk
solution. Figure 2.3 shows how the electrochemical potential is affected by both the
inner and outer Helmholtz planes. The electrical potential between the OHP and the
bulk solution is known as the zeta potential.

Metal  JHP OHP
] 'y

X distance
into solution

Electrochemucal
Potential

Figure 2.3 The electrochemical potential of the double layer Gouy-Chapman-Stern
model.

The Helmholtz model is the simplest model for describing the double layer structure.
It is composed of two charged parallel plates that that have a structure equivalent to a
parallel plate capacitor. Where the charge density, ¢ uC/cm?of the double layer is
given by:

o = ﬂv Equation 2.8

Where V isthe voltage drop between the plates of the double layer, € isthe dielectric
constant of the solution, g, is the permittivity of free space and d the distance
between the plates. From Equation 2.8 the capacitance of the double layer (C;;) can

be derived as:
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do €€, Equation 2.9
—=Cy=—

d

2.4 Electrochemical Potential

The chemical potential, y; of a cell is defined (Equation 2.10) as the differential
change in free enthapy, G with the change in the amount of a substance, i.

Temperature, pressure and concentration are all constant.

6G _ Equation 2.10
G2, =

o T,p,n

The term also applies to chemical reactions. If two phases of different chemical
potentials are in contact then chemical reactions involving changes in the substances
and the amount of free enthalpy can take place. The absolute values of chemical
potentials and free enthalpies are not known so the calculations for these have to be
with respect to a starting state.

The change in free enthalpy depends on the ideal gas law which can be applied to
solutions of ions as they behave like an ideal gas. In a system with change in
concentration of substance, a in contact with substance, & the free energy, G
increases with changes in the concentrations of the solutions:

AG = nRT In 2 Equation 2.11

a;

R isthe general gas constant and T is the temperature in Kelvin. To transform 1 mole

of substance i Equation 2.11 becomes the chemical potential, y;:

a; .
pi = RTIn — = p) + Ing Equation 2.12
a:;

l
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Where p1 is the standard chemical potential of the substance i (thisis afixed value).

a? isthe standard activity and a; the activity of substancei.

The electrochemical potential, jr, is different to the chemical potential as it requires
additional electrical work for the ions to leave their phase. The electrochemical

potential of a substance, i with achargeis given by:

=y + z;Fo Equation 2.13

Where z; is the charge of the ion, F is the Faraday constant and ¢ is the electrical
potential of the phase. When the electrochemical potentia Equation 2.13 is
combined with Equation 2.12 it gives the electrochemical potential of two
contacting phases:

=u +Ina; +z;Fp Equation 2.14

2.5 Chargetransfer

There are two types of charge transfer reactions that occur at an electrode. Thefirst is
the reduction/oxidation of an ion in the solution the charge transfer for this reaction
is dominated by the electrons transferring from electrode to ions or vice versa. The

ions in the solution layer hardly move as electrons transfer from the electrode.

The second charge transfer reaction is an ion transfer between solution and el ectrode
in an adsorption process, an example of thisis the deposition of a metal ion onto an
electrode. An ion near the electrode in the solution layer will experience an electron
transfer where the ion is also transferred onto the electrode. The reverse of this
reaction involves the metal atoms leaving the electrode and becoming metal ions in

the solution.
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Charge transfer can occur between ions and an electrode at the outer Helmholtz
plane. When an electrode is at equilibrium the net electron transfer must be balanced
so that no current flows in one direction of the reaction. Charge transfer at the
electrode implies that a chemical reaction is taking place (Bockris and Reddy, 2000).
The charge transfer between an electronic and ionic conductor occurs through a

guantum mechanical tunnelling effect.

If an electrical potential is applied to the electrochemical cell then the overall current
at the electrodes will be a sum of the two electrode reactions. The polarisation or
over potential, n is defined as the amount of voltage applied above the equilibrium
potential, A¢,. This can occur by applying a voltage across the electrodes or

produced by changing the composition of the electrolyte solution.

Ap —Ap, = Equation 2.15

Where A¢ is the electrochemical potential at current i. When 7 is negative, electrons
will flow into the electrode producing a net flow of ions into the solution, this is
known as a cathodic current. When ) is positive, there will be aflow of electronsinto

the eectrode, thisis knows as a anodic current.

When the electrode is in equilibrium and there is no net current flow the current at
the anode (i) and cathode (i) €lectrodes are equal to each other. The e ectrochemical
equilibrium occurs when there is no net current transfer so i,=ic=l,, the value i, is the
exchange current density. The exchange current density is a measure of the rate of
exchange of ions and charge when the electrode is at equilibrium, the larger the value

the faster the exchange.

For a cathodic current:

leath = L— 1 (Ap < Ag,) Equation 2.16
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The values of i can be derived by finding the rate of ions crossing the interface from

their jJump frequency. The current density for a net cathodic current is given by:

lcath = Fl_écie_aA@F/RT — F(ECAe(l_a)AQF/RT Equation 2.17

Where ¢; is the concentration of ionic species i and A is atoms forming on the
electrode. R is the general gas constant and T is the temperature in Kelvin and F is
the Faraday constant. « is the charge transfer coefficient. When A¢ = A¢p, the

cathode current is zero so the exchange current density, i, equals:
Fkc;e @A9F/RT — j = Fl;e(1~®AOF/RT Equation 2.18
From A¢ =n+ Ag¢, and the equation 2.17 the equation below can be derived:

F F i
g = iy (e RT — e(l_“)“ﬁ) Equation 2.19

This equation is known as the Butler-Volmer equation. It describes the electrode
kinetics of ion transfer. It is valid when there is a plentiful supply of reactants within
easy diffusion range of the electrode.

2.6 Polarisable and non-polarisable interfaces

The ideal polarisable interface is one when a potential is applied across an electrode
there will be a change in potential but no flow of current. The ideal polarisable
electrode can be thought of as a capacitor (double layer) as charge will pass into the

plates resulting in a change of voltage.

d [ .
qv = ?q Equation 2.20
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Where V is the voltage change induced by the amount of charge (q) that flows into
the capacitance (C) of the double layer.

The ideal non-polarisable electrode will experience a current flow across the
interface when a potential is applied across it. The current flow will result in a
constant voltage across the interface due to no build up of charge between the

electrode and the double layer.

In reality no electrode is fully polarisable or non-polarisable but they tend to have
properties closer to one or other (Bockris and Reddy, 2000). The polarisability of an
electrode can be described from the exchange current density, io. The Butler-Volmer
equation (Equation 2.19) has a limiting case where the over potential (n) is less that
the RT /Fexpression (R isthe general gas constant and T is the temperature in Kelvin
and F is the Faraday constant) which at room temperature is around 50mV. When
this condition occurs the Butler-Volmer equation becomes a linear relationship

between current density and overpotential.

=i nr Equation 2.21
~ °RT
Then:
dn _ RT Equation 2.22
di i,F

Using ohms law E=IR this equation becomes:

dE _RT _ Equation 2.23
di ~ i,F ¢

Where R, isthe differential charge transfer resistance. From this equation alarge i,

value will have a small charge transfer resistance, this would give the electrode non-
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polarisable qualities. A small i, value will lead to a high charge transfer resistance

and an electrode with polarisable qualities.

The polar nature of the electrodes used in sensor systems plays an important part in
the overall electrochemical cell asinterfaces that are not of interest to a study such as
reference electrodes will want to be non-polarisable so that any external change in
voltage will not affect the potential of the interface. This will be discussed further in

the sensor and reference el ectrode descriptions.
2.7 Nernst equation

The mass transfer to an electrode is governed by the Nernst-plank equation. It
represents the flux from al three types of mass transfer (Bockris and Reddy, 2000).
If a system follows the Nernst equation in its response the electrode reaction is
thermodynamically or electrochemically reversible. A Nernstian reaction is one that
the principal ions obey thermodynamic relationships at the electrodes surface. The
Nernst equation isimportant in determining response from an ion-selective el ectrode.
This section will show how it is derived from the electrochemical potential of an

electron transfer reaction.

When a charge is transferred between two phases for example a metal/ion electron

exchange reaction.

M* +ze 2M Equation 2.24

The thermodynamic condition for equilibrium in a reaction involving electrons and
charged particles is shown in equation 2.25 where the chemical potential, u,, isequal

to the electrochemical potential of the metal ions, 1,,z+ and z number of electrons,

ZUg.

Uy = Upyz+ + Z[, Equation 2.25
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The electrochemical potential of the metal ion, i,,z+ and electron, i, is given by
Equation 2.26 and Equation 2.27. F is the Faraday constant and @ the

electrochemical potential difference of the solution, @, and metal, @,, phase.
Uyz+ = Pyz+ + zF @ Equation 2.26
Ue = U+ ZF Dy Equation 2.27

The electrochemical potential, u,, for the non charged metal atom is equal to the
chemical potential, u,,. Inserting the electrochemical potentials into Equation 2.25 it
gives us the electrochemical potential difference, A@, between the metal, @,, and

solution phase, @;.

1 Equation 2.28
A, = By — B = g(u,\m + Ue — Up) a

The chemical potentials in this phase are equa to y; = pf + Ina;. The activity of
metal ions, ay and electrons, & are both equal to 1 as they are in pure form in their
standard state and the second part of the chemical potential is equal to zero.
Substituting in these values into Equation 2.28 gives:

1 RT Equation 2.29

The first term of this equation is a constant as it is not dependent on concentration it

is called the standard potential of the electrode, A@Y when the activity of & is equal
tol. The g term is the Nernst potential where R is the general gas constant, T isthe

temperature in Kelvin, z the charge of the ion and F is the Faraday constant.

Equation 2.29 can then ssimplify to:
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RT ,
AQ, = APY + — Inay,z+ Equation 2.30

Equation 2.30 can be linked to voltage across the interface due to the fact that the
electrochemica potential and the voltage are not concentration dependent so the
electrochemical potential difference, A@, and standard potential, A@S terms can be
changed to voltage potential, E and standard voltage potential, E° respectively as
shown in Equation 2.31.

RT i
E=E"+ ﬁlnaMu Equation 2.31

The term % is known as the Nernst potential and at 25°C it has a value of 59.16mV .

This value limits the response of a sensor to the Nernst value per decade change in
ion concentration. The Nernst equation forms the fundamental principle behind the
response of an ion-selective electrode. The next section will describe how this

applies to ion-selective membranes.
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2.8 Membrane
2.8.1 Membrane potential

A sensor for detecting concentrations in a solution depends on a form of the Nernst
equation. The ion-selective sensors investigated in this study use an ion-selective
membrane that enables a potentia difference to form which relates to concentration
of the ion of interest. The ion-selective membrane is made of PV C with an ionophore

based carrier which acts to transport the primary ions through the membrane.

If a PVC membrane is to conduct ions it needs to be plasticised so that its glass
transition temperature is below room temperature. The ionophore based membranes
have a 2:1 plasticiser ratio to PVC so they are essentially very viscous liquids
(Johnson and Bachas, 2003). The ionophore is the most important constituent of the
membrane. It is neutral in charge and acts to bind the primary ion and transport it
through the membrane as shown in Figure 2.4. The final ingredient in the PVC ion-
selective membranes are the ionic salts to provide anionic sites in the membrane.
They are used in the membrane to ensure that no significant counter ions are
extracted into the membrane when the primary ion enters. They aso reduce the
electrical resistance of the membranes and allow further mobility of ions (Ammann
et a., 1985).

Solution 1 lon Selective Solution 2
Membrane

I I
i+—|—" Cit . i+

il

C

-

Figure 2.4 lonophore membrane operation showing neutral charge ionophore, C

binding the target molecule, i to form, Ci*. The anionic salts, R are also shown.

The membrane potential is the based on the same Nernst principle as the ion

transport discussed in the previous section. The potential of the membrane can be
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determined from the ratio of ion activity in the solution over the ion activity in the
membrane (Bobacka et al., 2008). At equilibrium the electrochemical potential of
both phases (solution and membrane) are equal. The potential, E can be derived in a

similar way to as the Nernst equation in Section 2.7 to get Equation 2.32.

F=Fo4 RT In a;(aq) Equation 2.32
zF  a;(mem)

Where a;(aq) is the activity of the primary ion in the solution and a@;(mem) the
activity in the membrane phase of the electrode, g is the Nernst potential and E° the

standard voltage potential. The number of ionophore transport sites is constant in the
membrane so the activity can be set to 1, the potentia is determined by the activity of
cation i in the solution. The g term is the activity coefficient that can be related to
solution concentration by the Debye-Hulickel equation. In agueous solutions the ionic
strengths are normally at values that mean the activity coefficients are constant. If the
activity coefficients are constant then the activity values can be replaced by ion

concentration, ¢; and the membrane potential can be simplified to:

RT Equation 2.33
E=E°+ ﬁlnci(aq) a

This model does not take into account the influence of interfering ions and the
influence of their ion mobility on the response of the sensor. To model the time
response of a sensor a more complicated model is required to detail the effect of time
on response of the sensor. Diffusion is an important factor in the design of the solid
state sensor as this will be one of the rate limiting factors for the sensor response
time after immersion in an initial solution. When a membrane comes contact with the
primary selective ion for the first time it will take time for the primary ion to diffuse
into the membrane. The ion mobility is slower in PV C than in an agueous solution so
the thicker the membrane the longer the stabilisation times until the membrane
reaches equilibrium with the solution (Bakker et al., 1997). Once the membrane
potential has stabilised is it said to be conditioned. A conditioned electrode will have
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a concentration of primary ions within the membrane and when immersed in a new

solution the diffusion within the membrane is negligible and will hence settle faster.
2.8.2 Membrane selectivity

The potential of the membrane is dependent on the selectivity of the ion-selective
membrane. An interfering ion will change the membrane potential if it is alowed to
travel through the membrane. Equation 2.33 can be expanded to include the effect of
interfering ions on the membrane potential. The membrane exchange of primary ion,
i and interfering ion, j is shown in Equation 2.34 where the lined symbols (i, ;%)

indicate that they are in the membrane phase.

et 2 g+t Equation 2.34
The potentiometric selectivity coefficient, K;; is derived from Equation 2.34 so that:

K = Cij Equation 2.35
bl CjCi

This equation determines the effect of the interfering ion depending on the
concentration of the primary ion, ¢; and interfering ion ¢; in the solution and
membrane phase (¢;, ¢;). The potentiometric selectivity coefficient gives a measure
of the ability of the membrane to distinguish between primary and interfering ions.
This coefficient can be introduced into Equation 2.33 to form an equation known as
the Nikolskii-Eisenman (Equation 2.36) that determines the membrane potential, E
with respect to primary and interfering ions and their charges, z. g is the Nernst

potential and E° the standard voltage potential.

RT 2 Equation 2.36
E = EO + ;ln (CL' + Ki,jcj])
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2.9 lon-selective electrode oper ation

The ion-selective electrode produces a potential depending on the concentration of
the solution it is immersed in. The phases of a standard ion-selective electrode with

internal filling solution are shown in Figure 2.5.

Solution lon Selective Internal flling AalAgCl
Membrane solution electrode

Figure 2.5 Different phases of standard ion-selective electrode with ion-selective

membrane, internal filling solution and Ag/AgCl electrode.

The cell potentia for this system is given by the sum of potentia difference across
the various phases. The ion-selective electrode is designed so that the potentials of
the interfaces that are not of interest are of constant potential and will resist change
with the application of external influences such as voltage, light and oxygen. The
phase potentials that make up the sensor half cell potential in Figure 2.5 are given by
the sum of the phase potential between the different interfaces of the electrode as

shown in Equation 2.37.

E = ESolution/Membrane + EMembrane + EMembrane/Solution + ESolution/Conductor

Equation 2.37
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The conducting contact in the system is normally an Ag/AgCl electrode as this has a
high current exchange density and has characteristics of a non polarisable e ectrode.
The high exchange current density means that the potential will remain constant and
not be affected by small voltage fluctuations from the external circuitry. The internal
filling solution that the Ag/AQCl electrode is immersed in is most commonly a
saturated KCl solution. The potential of the internal filling solution/conductor
interface is determined by the chloride concentration of the solution as determined by
the Nernst equation (Equation 2.38) the derivation for thisis shown in Section 2.11:

F=po 4 L, . Equation 2.38
nF =

The potential will remain constant across this interface due to the constant solution
concentration and the resistance to electrical change at the non polar electrode
interface. The Eyembrane/sotutioniNterface is aso at constant potential due to the
constant saturation solution activity. Eyemprane 1S CONstant as thisis due to diffusion
effects which are constant throughout the ion-selective membrane. This leaves the
Esotution/Membrane interface that will vary with concentration of primary ion with
the potential response determined by the Nernst equation as discussed in the ion-
sel ective membrane operation, Section 2.8.1. When this system is measured against a
stable reference half cell the potentia of the Esiytion/membrane Will be the only
interface that will change potential with change in the solution concentration
enabling the interface to be studied. The variation of membrane response can be
described by Equation 2.36 in Section 2.8.1.

2.9.1 Solid state sensor electrode

A solid state sensor is one that replaces the liquid phase internal filling solution with
a solid contact. This section will discuss the operation of coated wire electrodes and

conducting polymer based sensors.
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2.9.2 Coated wire electrode

As described previously the ideal sensor operation will have a conducting electrode
that has non polarisable charge transfer characteristics so that the potential is
determined by the ion concentration in the solution coming into contact with an ion-
selective membrane as dictated by the Nernst equation.

The potentia across the different phases in the coated wire configuration is given by:

E= ESolution/Membrane + EMembrane + EMembrane/Conductor Equation 2.39

The main response of the electrode will be determined by the Esiytion/membrane

potential again following the Nernst equation. The Eyemprane Will be a constant
value so can be ignored as it will not alter during measurement. The third potential
determining step is the interface between the membrane and the conducting contact
electrode. There is no charge transfer reaction at the conduction contact so the
potential will be determined from the double layer interface of membrane to
conductor as discussed in Section 2.3. The problem with the coated wire electrodes
isin the interface between the membrane and electrical conductor, which will act asa
polarised interface that will change potential as the double layer charges due to small
currents induced by the measuring hardware. This will affect the accuracy of the
sensor and introduce an unwanted changeable interface potential into the sensor

system.
2.9.31on to eectron conduction

A solid state ion-selective electrode replaces a liquid junction after the ion-selective
membrane with a solid phase that acts as an ion to electron transducer. The ion to
electron transducer exists to act as a redox couple to convert the charge transported
by ions into electronically conducting charges. The most common couple as found in
glass electrodes is the Ag/AgCl couple. The redox couple enables the solid state
transducer to have a large current density which stops the interface between the ionic

charge carriers and electronic conductor becoming polarised and changing potential.
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Bobacka (1999) identified three conditions that are required to have an effective

solid state sensor:

e A reversible and stable conduction from ionic to electronic states
e Larger exchange current than current produced from measuring devices

e No sidereaction caused by interfering gases and ions

Conducting polymers have been found to have promising properties that make them
suitable as ion to electron converters in solid state sensors. They are used in the mid
layer of a sensor between the ion-selective membrane and the conducting contact.
They can be used as ion to electron conductors as they have a number of properties
that make them useful for sensors: (Bobacka, 2006)

e They areelectrically conducting

Conducting polymers can transduce an ionic signal to a electronic one using

redox reactions

e Conducting polymers can be formed on surfaces that have a large high
function such as platinum and carbon.

e They can be deposited on a conducting surface using electrochemical
polymerisation.

e They produce a sensor with large redox capacitances which increases the

stability of the sensor (Michalska et al., 2006).

These properties enable the conducting polymer to be an effective ion to electron
conductor that enables a stable and responsive sensor. There are some negatives
associated with the use of conducting polymers and solid state sensors that can cause
the performance of the sensor to change over time (Y afiez-Sedefio et al., 2010).

These are;

e Membrane can result in awater layer
e Conducting polymers have been known to degrade

e They can suffer from side reactions (O,, CO,) that can influence the reaction.
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e Conducting polymers can be sensitive to light

e Leaching of ionophore into solution

The following sections will discuss the theory of conducting polymer operation in

SeNsors.

2.10 Conducting polymer
2.10.1 Polymerisation

The formation of a conducting polymer known as pyrrole black is formed through
the oxidation of pyrrole. The oxidation occurs by driving a potential across an

electrochemical cell in apyrrole solution containing an ionic salt.

A three electrode system is used where the current flows between the counter and
working electrodes as detailed in Section 3.1.2. The voltage can then be measured
between the working electrode and reference without being affected by the current
flow and reactions taking place within the electrochemical cell. The electrode
material needs to have a high work function to ensure that the current passed does

not alter the surface of the working electrode.

The first stage of polymerisation is the oxidation of the pyrrole molecule to form a
radical cation of the monomer. This occurs at a voltage of Epoymerisaion and
corresponds to the oxidation potential of the monomer. The polymerisation voltage,
Epolymerisation @nd deposition rate of the conducting polymers will depend on the
concentration of the pyrrole monomer in the solution. The radical cation reacts with
another radical cation to then form a dimer by expelling two protons (hydrogen ions).
The dimer molecule is more easily oxidised at the initial oxidation voltage. The
dimer increases size by adding further radical cation molecules to form polymer
chains. The growth of the chain stops when the chain gets blocked from further
reaction or when the radical cation of the polymer chain becomes less reactive. The
formed polymer chains have a positive charge for every 2 to 4 pyrrole rings (Vork,
1988). The positive charge is balanced by the incorporation of dopant anions from

the electrolyte solution as shown in Figure 2.6. The formation of chains and
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chemical bonds between neighbouring chains results in the insolubility of the
polymer film (Sabouraud et al., 2000).

Figure 2.6 Oxidised PPY with dopant anions after polymerization.

There are two commonly used methods for electrochemical deposition of polymers
on an electrode. The polymer can be formed on an electrode using a potentiometric
technique where a set voltage above the polymerisation voltage is applied across the
cell. The second method uses cyclic voltammetry which cycles the voltage potential
of the electrode from a voltage before polymerisation occurs to a set voltage above
the polymerisation charge. Cyclic voltammetry produces uniform and stable films
due to the build up of films during each cycle rather than continuous growth at a set

voltage.
2.10.2 Dopant ions

The dopant ion plays a part in the response of a conducting polymer as the polymer
can be doped with both large and small molecules. The conducting polymer can be
doped with anions. Polypyrrole doped with CI” and PTS molecules were chosen to
be investigated as ion to electron tranducers as they had displayed promising
attributes in the literature. PEDOT PSS and PPY are examples of p-doped polymers
that are stable in agueous solutions and in their agueous state (Vazquez et al., 2004).
The PTS had also been shown to be sensitive to pH changes (Pandey and Singh,
2008). The PPY doped with ClI" ions was shown to be sensitive to pH and has fast
exchange properties while the ions of the solution are incorporated into the
polypyrrole chain to compensate for the oxidation of the polymer chain (Michalska
and Maksymiuk, 2003).The following sections will discuss the operation of
conducting polymers and how they are useful in solid state sensors.
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2.10.3 Oxidation/reduction conducting polymer

After electropolymerisation of the conducting polymer onto a substrate the polymer
chains are fully oxidised as shown in the bottom diagram of Figure 2.7 (Pel and
Qian, 1991). In this state the conducting polymer carries a positive charge that is
compensated by the dopant ion to maintain electroneutrality of the polymer. In this
fully oxidised state the polypyrrole undergoes spontaneous discharge/reduction
which involves dopant ion loss under open circuit conditions when immersed in
agueous solutions (Dumanska, 2001). The discharge reaction results in a release of
dopant ions due to the loss of positive charge within the polymer. Figure 2.7 shows
the structure of a neutral charge polypyrrole (Poly®) and its oxidation to charged

polypyrrole (Poly™).

Figure 2.7 Process of redox reaction of polypyrrole conducting polymer showing
reduced, Poly® (top) to oxidised, Poly* (bottom) (Inzelt, 2008)
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The potentiometric potential, Ej,,i,mer due to the oxidised state of the polymer is
given by:

RT poly* Equation 2.43
Epolymer = ﬁ n

Poly

The polymer can be reduced or oxidised by applying a voltage across the electrode.
A negative voltage puts it in a reduced state that is electronically insulating and
applying a positive puts it in an oxidised state that is its conductive state (Doblhofer,
1992). If an electron enters the polymer an anion is expelled to maintain electro
neutrality as shown in Figure 2.8 (Cosiner and Karyakin, 2010). This reaction results
in an exchange of dopant ion and the polymer will form in its non conducting state
poly®. Only small ions are able to be exchanged freely with the solution. Larger
dopant ions that are unable to move from the conducting polymer will make the
polymer response as a cationic ion sensor as a cation will be attracted to the dopant

ion to neutralise the charge on the conducting polymer.

Q=

/
/\D\\: N0

Figure 2.8 Dopant ion oxidation/reduction reaction of PPY for mobile dopant ions.

These reactions can be related to the interfacial current flow so at equilibrium the
current exchange is equal in both directions. In these ion exchange reactions the
exchange current density, i, will be larger which results in a non-polarisable interface

between polymer and solution (Cosiner and Karyakin, 2010).
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2.10.4 Conducting polymer ion to electron transducer operation

The mixed ionic and electronic nature of the conducting polymers enables it to be a
suitable replacement for the inner liquid electrode configuration as discussed in
Section 2.9. The conducting polymer operates in a similar way to the Ag/AgCl
electrode in a conventional electrode (Bobacka, 2006). The oxidation/reduction of
the polymer enables electrons to move from the electrode into the conducting
polymer reducing charge build up and a change of potential of the interface. The
reversible charge transfer reaction results in stable sensors (Maksymiuk, 2006). The
operation of the different phases of a solid state ion-selective electrode is shown in

Figure 2.9.

Salution lon Selective Conducting Conducting
Membrane polymer Contact
I I
1+ —I—"" Cit+ L i+ -
- + -
| | -
| R ‘ R- |
| |
| ¢ |

Figure 2.9 Operation of conducting polymer membrane solid state sensor. The ion
interactions in the membrane, conducting polymer phase and conducting contact are
illustrated.

The membrane that is applied for a pH sensor is known as a cation sensing
membrane. It alows the H* ions to move freely between the solution and the solid
contact. The influence of other ions within the solution is reduced when they are
coated with an ion-selective membrane which acts as a barrier to these potential
interfering ions and molecules. The membrane selectivity will determine how many
of these interfering ions can penetrate the membrane and cause changes in the sensor
potential. The higher capacitance of the ion to electron transducer does not protect
against drift from interfering ions. Side reactions with O,, H,O and CO, can occur in
conducting polymers as the ion-selective membranes are permeable to these
interfering molecules (Michal ska and Maksymiuk, 2005).
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The conducting polymer after electropolymerisation will be in its oxidised state
(poly+) with dopant CI" ions attracted to the polymer chain. When an ion-selective
membrane is applied over the conducting polymer it will prevent the Cl™ ions from
moving from the conducting polymer chain (Michalska and Maksymiuk, 2005). The
ion-selective membrane will allow the H* ions to move fregly through it. As the
amount of ion recognition sites are constant within the membrane once conditioned,
the conduction polymer will have a stable potential due to the activity of hydrogen

ions being constant at the membrane polymer interface.
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Figure 2.10 The oxidation/reduction process for polypyrrole when the dopant ions

are immobile.

The conducting polymer layer does not freely exchange the dopant ions as membrane
blocks movement. This changes the operation of the conducting polymer to become a
cation exchanger to maintain electro neutrality (Michalska and Maksymiuk, 2005).
The anion dopant ions are unable to move through the membrane. They will act asa
site for the cation recognition by forming a soluble salt in the conducting polymer
membrane (Gyurcsanyi et al., 2004). The cation is attracted to the chain to balance
any charge from electron entering the conducting polymer (Cosiner and Karyakin,
2010). To maintain the electro neutrality of the conducting polymer it charges by
expelling cations and to discharge it takes cations into the membrane as shown in
Figure 2.10. If there was no ion to compensate the charge then the electrode would

become polarisable.
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2.11 Reference electrode

The reference electrode role is to provide a stable half cell that produces a constant
voltage response across a range of solution concentrations and constituents. This
constant voltage enables the change in response of a sensing half cell to be measured
against the potential of the reference electrode. The standard reference el ectrode used
in electrochemistry is the Standard Hydrogen Electrode (SHE). Generaly standard
potentials are referred to against the SHE electrode as it produces a stable and
reproducible potential. It generates a potential from the Hy/H™ couple against a
platinum electrode. It is not practical for many measurements due to the need for
hydrogen gas to be bubbled over the electrode, an accurate value of HzO" activity
and the need for the platinum electrode to be re-platinised due to impurities forming
on the electrode. Due to the difficulties associated with the SHE electrode other
reference electrodes have been found that produce stable potentials with simpler
methods. The most commonly used reference electrodes are the calomel and the
Ag/AgCI electrode. When measured against the SHE they have potentials of 241mV
for saturated KCl calomel electrode and 197mV for the saturated KClI Ag/AgCl
electrode. These values enable the standard potentials to be adjusted for the different

reference electrodes.

The Ag/AgCI reference produces a stable potential through the equilibrium value of
the Ag/AgCI couple (Janz and Ives, 1968):

Ag(s) 2 Agt (aq)+ e Equation 2.44

AQCl () 2 Ag* (aq)+ Cl'(aq) Equation 2.45

Deriving from the silver, silver ion equation 2.44 the potential, E,, is determined

from the Nernst equation:
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Equation 2.46
Eng = Efgag+ + 71n Qg g+

Where E,f,’g'Ang is the standard electrode potential of the silver/silver ion, I;—T is

the Nernst term (R is the general gas constant and T is the temperature in Kelvin

and F isthe Faraday constant) and a, 4+ the activity of the silver ions.

The presence of the AgCI salt causes the specia condition for solubility, Ks from the

law of mass action of the activities of chloride, a ;- and silver ions, a4+
Ks = ag-aq4+ Equation 2.47

The solubility of the salt is constant so Equation 2.47 can be substituted into
Equation 2.46 to show the potential of the electrode, E44,44¢; IS determined by the
equation:

RT Equation 2.48
Epgragct = ,fl)g/AgCl - Tln Aci-

And,

Equation 2.49
Egg/AgCl = E/(l)g,Ag+ +?ln K

From the above equation it can be observed that the potentia of the Ag/AgCl
reference electrode is determined by the standard potential and the activity of the CI°
ions in the solution. When the Ag" ion concentration in the solution is in excess of
the CI” concentration the potential will be determined by Equation 2.46. If a solution
has a constant CI° concentration then an Ag/AgCl wire can be used alone as a
reference. This system can be used in blood measurements as the concentration of ClI°
iIswithin atightly controlled range of 98 - 108 mmol/L (Martini, 2006).
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2.11.1 Operation of glass Ag/AgCI reference electrode

The standard glass Ag/AQCI reference electrode operates by having an Ag/AgCl
electrode in a saturated KCI solution. KCl is used for two reasons, the first is that it
contains Cl™ ions which influence potential of electrode and provides a steady voltage
potential. The second is that when dissolved the salts ions both have similar ionic
mobilities so the diffusion potential of the liquid/liquid junction will be reduced. It is
connected to the external solution by an ion porous frit that allows movement of ions
between the two solutions. The porous junction is normally made of a ceramic plug
that allows ion flow (Galster, 1991). As the liquid junction potential will be small it
will not influence the overall cell potential and the potential of the reference
electrode will be determined by Equation 2.48. Due to the high concentration of KCl
the flow of ions out will mean that there will be no significant flow of ions into the
internal reference solution unless the solution being measured is of very high ionic

concentration.
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2.12 Circuit design

To measure the potential across an electrochemical cell a voltmeter needs to be
placed across the two cell electrodes to form a complete electrical circuit. The
sensors response is recorded by a potentiometric measurement which is a measure of
cell potential when there is no current flow across the sensing and reference
electrode. The potential of the cell is determined as a function of capacitance (Bard
and Faulkner, 2001). The am of the measurement circuitry is to enable an accurate
measurement of the open circuit voltage response of the electrochemical cell without
influencing the performance of the sensor. The design of the measurement circuitry
plays an important role in accuracy of voltage measurement and sensor stability. The
detailed design of the measurement circuitry is covered in Section 3.5. This section
will discuss the theory behind the factors of the measurement circuitry that can affect

the performance of the solid state sensor.

The cell potential voltage is measured through the input of an operational amplifier
with the pH sensor connected to the positive input terminal and the reference
electrode attached to ground. The input resistance of the operational amplifier is an
important factor as by connecting the two electrodes it will cause a circuit to form
across the electrochemical cell as shown in Figure 2.11. When the measurement
operational amplifier is connected to the electrochemical cell the input impedance of
the operational amplifier is in paralel with the electrochemical cell resistance. The
operational amplifier input impedance needs to be high so that only a small as
possible current flows through the operational amplifier and there is no voltage drop
across the input resistor of the operational amplifier. A current flow through the
operational amplifier input impedance would affect the measurement and lead to
inaccurate measurement values. This is a particular problem for potentiometric
sensor systems as the load resistance of the electrochemical cell can be high, e.g
glass pH electrodes can have resistances of up to 100MQ (Galster, 1991). For a
voltmeter to have a less than 0.1% voltage drop the operational amplifier input
impedance in parallel with the electrochemical cell must be 100 times greater than

the electrochemical cell impedance.
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Figure 2.11 Operationa amplifier setup for measuring voltage in the electrochemical
cell. The input bias current on the positive input flows through the electrochemical

cell to ground.

The second factor that can affect the stability of the electrochemical cell is the
operational amplifier bias current. The offset current from the positive input terminal
to the operational amplifier drives a small current through the electrochemical cell to
the ground which is attached to the reference electrode. This small bias current can
charge the double layer capacitance causing unwanted drift in the sensor voltage. The
bias current on the negative input terminal does not flow into the electrochemical
cell. The current induced by the measurement circuitry must be less than the
exchange current density of the electrode otherwise the double layer capacitance of
the electrode will start to charge changing the voltage potential which leads to
inaccurate voltage measurements (Bockris and Reddy, 2000). The influence of

circuit current, i on change of potential from equilibrium value, n with regards to the
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exchange current density, i, is given in Equation 2.50. R is the general gas constant

and T isthe temperature in Kelvin and F is the Faraday constant.

.. F Equation 2.50
i =iopzm

2.13 Electrochemical impedance spectr oscopy

Electrochemical impedance spectroscopy (EIS) uses an AC wave of varying
frequencies to study the charge transfer and charge transport of an electrode
(MacDonald, 1987). EIS uses an AC voltage wave with small amplitude so as not to

affect the equilibrium condition of the electrode in the solution.

An aternating voltage, E (t) is used for EIS:

E(t) = Esin(wt) Equation 2.51

The angular frequency w = 2rtf wheref is the wave frequency at voltage amplitude,

E. Thisisapplied to an electrode where the current response, I(t) is:

I(t) = Isin(wt + 9) Equation 2.52

Where ¥ is the phase difference between the voltage and current, |. The impedance
is defined by:

E(t E ion 2.
—I((t)) = |Zlexp (iV) =Z' +iZ" quation 2.53

Where Z'and Z"" are the real and imaginary components of Z. The impedance in its
real and imaginary values can be plotted against log w to give a Bode plot. The shape
of each of these graphs will define the processes happening at the electrode. The Z’

values plotted against Z'’ give the plot named Cole-Cole or complex impedance plot.
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Figure 2.12 Complex impedance response of RC circuit.

For a circuit containing resistive and capacitive components as illustrated in Figure
2.12 the resistance is not affected by frequency so Z’' = R,. Capacitance is affected
by frequency as Z"' = — 1/wC as frequency changes the imaginary component of
Z’ will change as shown in the complex impedance plot Figure 2.12. The
impedance response measured as a function of frequency is characteristic of the
electrical circuit being measured. In an electrochemical cell this technique can be
used to measure the properties of the working electrode. The response can be

modelled by a combination of resistive and capacitive components.

The simplest model of an electrode interface is given by a resistor and capacitor in
parallel Figure 2.13 (Bard and Faulkner, 2001). In this, the resistor models the
resistance to charge transfer across the interface and the capacitor models the double
layer capacitance of the interface. Every electrode in a solution has a capacitance
with aresistance in paralel to it (MacDonald, 1987). For an electron transfer system
the charge transfer resistance is low and the output will be a circle and respond as a
non-polarisable interface Figure 2.13 (bottom). When there is no redox electrode
reaction the charge transfer resistance is very high and the EIS plot will respond like

acapacitor asin apolarisable interface Figure 2.13 (top).
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Figure 2.13 Polarisable (top) and non-polarisable (bottom) impedance plot and
circuit diagram for same frequency scan.

Figure 2.13 does not take into account the solution resistance of an electrochemical
cell. At high frequencies the capacitor is effectively a short circuit and the current
will flow through the capacitor leaving the only resistance in the system being the
solution resistance. As the frequency decreases the flow of current through the
capacitor reduces alowing the response due to the charge transfer resistance to

increase.

In a real system the reactions at a charge transfer electrode are limited by the
diffusion of ionic species at the electrode interface. The effect of diffusion is
observed at low frequencies (Bard and Faulkner, 2001). This response is known as

the Warburg impedance which resists mass transfer at the electrode. The Randles
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equivalent circuit (Figure 2.14) is commonly used to model the interface of an
electrochemical cell.

Rs

Rct 7w

Figure 2.14 Randles equivaent circuit: Rs, solution resistance; Rct charge transfer
resistance; Zw, Warburg impedance; Cdl, double layer capacitance.

The effects of the Warburg impedance in a cell with high transfer resistance are
negligible due to low current exchange at the electrode and can be removed from the
equivalent circuit. The Randles equivalent circuit can be used to model the complex
frequency response from an EIS experiment. The data from the model will enable
values for the double layer capacitance and charge transfer resistance to be
calculated.

2.14 pH

The Bransted theory defines acids and bases as substances that are capable of either
donating or accepting hydrogen ions as shown by Equation 2.54 (Galster, 1991).

Acid < Base + Proton Equation 2.54

The definition of an acid states that the hydrogen ion plays a role in al acid base
reactions and can be used to define the pH scale. In an agueous solution the hydrogen
ion concentration can vary between 10° to 10 mol/litre. The pH of a solution is

approximately the negative logarithm of hydrogen ion concentration, cy+ it is given

by:
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pH = —logqo cy+ Equation 2.55

A buffer solution is a solution that acts to maintain its pH when small quantities of
acids or bases are added. The buffer capacity is the amount which a buffer solution
can resist a pH change when an acid or base is added to the system. The buffer

capacity, y, of asolution isgiven by:

1 db Equation 2.56

Yp = Ede

Where b is quantity of substance added to the solution. The buffer value, B is the
gram equivalent of the buffer capacity given in mol/L-pH:

1

_1lyan Equation 2.57
=7

g dpH

Where n is the amount of strong acid or base added and V/the volume in litres of the

buffer solution.

From the law of mass action the acid activity, aya and base, ag gives the constant:

agapy+ Equation 2.58
2527}

pK, = —logio

Where pK,, is the acid dissociation constant which is a measure of the strength of an
acid in a solution. A strong acid is amost completely disassociated in a solution. A
weak acid is only partidly disassociated. From the acid dissociation constant
Equation 2.58 the Henderson—Hasselbalch equation of pH can be derived it gives
the change in pH of a chemical or biological solution as a measure of acidity. The

Henderson—Hasselbalch equation is given by:
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apap+ Equation 2.59
HA

pH = pK, + logy

The pKa values indicate the point where the acid is half neutralised and the acid
concentration equals the base concentration of the solution when the second term of
Equation 2.59 equals 0 so that:

pH = pK, Equation 2.60

Around the pKa point the acid has a buffering capacity that extends +1pH level
(Shriver, D.F; Atkins, 1999).

The pH of a solution varies with temperature as if a solution temperature increases
the acid has greater disassociation. Strong acids are not affected by temperature due
to their full disassociation in solutions. The equation for temperature, T dependence

of pH of weak acidsis given by:

dpK, 0.9 —pK, Equation 2.61
dr T

2.14.1 pH buffering of biological fluids

The body has a number of systems that maintain a constant pH of blood within the
body. These different systems are split into three major categories (Martini, 2006):

e Protein buffer systems
e Carbonic acid-buffer system

e Phosphate buffer system

These systems operate in conjunction with the respiratory and renal systems of the
body to maintain the body’s pH between 7.35-7.45. Of these systems the protein
buffer systems are the only ones that will act to buffer pH when blood, blood serum

and wound fluids which have similar properties to blood serum are removed from the
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body (White, 2002). Thisis an important factor for wound healing as the wound fluid
is only buffered by the buffering capacity of the proteins contained within the wound
fluid. This investigation uses horse blood serum as a substitute for wound fluid.
Horse serum can be used as a substitute for human blood serum and wound fluid in
experiments due to the similarity of the components.

Blood serum is produced from blood by removing red and white blood cells as well
as clotting factors. The serum components are made up of salts (Na*, Ca**, HCO; ,
Cl"), proteins (Albumin, globulins), lipids (cholesterol) and water. Of these
components the proteins, bicarbonate ions and phosphate ions play arolein buffering
the pH of the serum solution (Martini, 2006). The buffer with the largest capacity in
serum is from the amino acid chains that form the blood proteins albumin and
globulin (Nelson and Lehninger, 2008). The carbonic acid bicarbonate buffer plays
the second biggest role in buffering pH within the serum. The buffering value B in
human serum is 8 mmol /L-pH. When this value is broken down bicarbonate
contributes 2.6 mol /L-pH for the proteinsit is given as 5 mmol /L-pH and phosphate
ions contribute 0.4 mmol /L-pH (Gilbert, 1960). The buffering capacity will be most
active around the pK, value and it extends £1pH level from the pK, point. The
pK,vaues of carbonic acid and albumin are 6.37 and 6.75 respectively. The pK,
values of the two strongest buffers in horse serum and human serum will have
buffering propertiesin the region from approximately pH 7.75 — pH 5.37.

Overview

The theory discussed in this section covers the important theoretical aspects behind
the operation of ion-selective electrodes. The chapter covers the main components of
solid state ion-selective sensors such as ion-selective membranes and conducting
polymers and these individual components will be tested to find a suitable disposable
pH selective electrode that can be used to test the pH of wounds. The chapter aso
details the theoretical background to the experiments conducted in this thesis. The
following chapter will detail the materials and methods used to investigate the solid
state pH sensor.
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Chapter 3 Materialsand Methods

This chapter details the materials and methods used to produce and test the
disposable pH electrodes. The methods and material section is split into three
sections. The first details the methods used to produce and test the disposable pH
sensors and reference electrodes. The second section discusses the design of the
measurement hardware and software used and the methods used to test the system.
The third and final section details the methods for the testing of the pH modifying

wound dressings.

The first section of the methods and materials is split into two parts the first part will
detail the materials and manufacturing methods used to produce both the pH sensor
and reference electrode, the second part details the testing methods used to assess the
sensor system. Four different sensor types were produced using a combination of
conducting polymers. The sensor types are all produced using the same techniques
with only the conducting polymer component varied. One of the sensors does not
have any conducting polymer mid-layer. Two of the sensors are produced with
electropolymerised polypyrrole conducting polymers doped with different doping
ions. The final sensor type made from PEDOT is produced with the only
commercially available conducting polymer ink.

3.1 Sensor manufacturing
3.1.1 Screen printing

A screen printing method was used to produce the conducting layers for the
disposable pH sensors - all four types of sensors tested use this method. The 4 types
of sensors being produced had a carbon contact and an isolation layer printed
(Figure 3.1) and one type of sensor has an additional PEDOT conducting polymer
layer printed.
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Figure 3.1 Screen printed electrode showing conducting carbon (left), optiona
PEDOT layer (Middle) and isolation layer (right). The dimensions of the different

layers are shown.

The screen printing process was conducted using a DEK 248 (DEK) screen printing
machine. The screens were produced by DEK and have a 90/230 poly(ethylene
terephthalate) (PET) with a 35um mesh size configuration. The screen printing
process was used to screen print various layers onto the sensor substrate. The
substrate used for the printing was a 250 pm thick polyester sheet (Hifi films,
PMX749 250 micron). The carbon ink used was a carbon/graphite paste (Gwent
Electronic Materials, Carbon/Graphite Paste C2000802P2). The isolation layer used
was a polymer dielectric paste (Gwent Electronic Materials, Polymer Dielectric Paste
D2020823D2) this layer prevents the solution contacting non-sensing areas of the
sensor. Only the PEDOT:PSS conducting polymer was available as an ink for screen
printing (Agfa, ORGACON™ EL-P3040). The DEK screen printing machine was
adjusted for each ink type due to different ink viscosities to ensure sufficient pressure
was used to produce a complete print. Each printed electrode was given two coats of
each ink before drying this involved two cycles of the squeegee (forward and back)
across the printing masks. The printed electrode sheets were then put in an air dryer
conveyer belt oven (SC technical services dryer) at 80°C to dry the ink. Each sheet
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was run through the dryer five times before being left overnight to fully dry. The
electrode has a 9mm diameter of the sensing area which results in a sensor with a
6.36cm? surface area. A photograph of the screen printed sensor is shown in Figure
3.2.

Figure 3.2 Photograph of screen printed electrode showing conducting carbon
(black) and isolation layer (Blue).

3.1.2 Electropolymerisation

Electropolymerisation from a polymer solution was used to coat two of the screen
printed electrodes with deposits of polypyrrole conducting polymer, doped with
different ions. The electropolymerization was conducted using a 1286
Electrochemical Interface (Solartron). The electropolymerization was conducted
using a traditional 3 electrode electrochemica configuration comprising working,
counter and reference electrode. The electrode to be coated was the working
electrode, a platinum wire was the counter electrode and a double junction calomel
electrode (Fisher scientific, CR11) was the reference electrode. A diagram of this
arrangement is shown in Figure 3.3. The sensors doped with chloride ions were
made from an aqueous solution of 50ml deionised water (ELGA, Purelab Ultra),
346.2uL pyrrole (C4HsN) (Aldrich 131709) to make 0.1M and 372.7mg of potassium
chloride (KCI)(Sigma Aldrich P9333) to make 0.1M. The Sensors doped with
tetrabutylammonium p-toluenesulfonate (PTS) (Aldrich 358681) were made from an
aqueous solution of deionised water (ELGA, Purelab Ultra) 346.2uL pyrrole
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(C4HsN) (Aldrich 131709) to make 0.1M and 2.06g PTS (Aldrich 358681) to make

0.1M concentration.

Power
Supply

Working Counter
Electrode \ Electrode
o

Reference

/“:F\\ Electrode
N

E‘lhrkll1_u1'\-" Refl
Figure 3.3 Three electrode system used for electrochemical polymerisation.

Cyclic voltammetry was used to coat the electrodes to ensure an even coating of
polypyrrole on the electrode. The electrodes were cycled from 0 to 3 volts with a
100mV/s scan rate it was reported to produce a smooth coating of polypyrrole (Segut
et a., 2007). The amount of polypyrrole that is deposited on the electrode is
dependent on the number of cycles performed as this relates to oxidation current
passed - this is discussed in Section 2.10.1. Therefore, in order to determine the
effect of coating thickness the electrode was cycled a number of times (1,3,5 times)
to determine the most effective deposition of PPY as detailed in Section 4.2. After
electropolymerization the sensor was washed with distilled water and air dried before
use. For the full sensors with ion-selective membranes the PPY Cl and the PPYPTS
were cycled three times as this was found to give the most effective coatings in the
experiments detailed in Section 3.3. The PEDOT sensor was produced through
screen printing as discussed in Section 3.1.1.

3.1.3 lon-salective membrane

The ion-selective membrane was used to coat the screen printed electrodes the
formulation being that taken from a paper by Schulthess et a (1981). The membrane
was produced from a mixture of Tridodecylamine (Sigma 95292) 1%wt, KTpCIPB
(Sigma 60591) 0.5%wt, DOS plasticiser (Sigma 84818) 65.5%wt, PVC (Sigma
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81392) 33%wt and THF solvent (Sigma 186562). The solution was prepared under a
fume hood in 10ml glass bottles with screw tops that are resistant to THF. The
membrane solution was made in batches with 5ml THF, 5mg Tridodecylamine,
2.5mg KTpCIPB, 358uL DOS and 165mg PVC. Once dissolved in the solvent the
membrane solution was ready to deposit. The same membrane was used for all 4

Sensor types.

3.1.4 Membrane deposition

The ion-selective membrane as detailed in Section 3.1.3 was deposited onto the
screen printed electrodes using two methods. The first method is the drop coating
method this uses a pipette (Eppendorf) to deposit the membrane solution over the
sensor surface as shown in Figure 3.4. The drop coating method uses around 180uL
to cover the carbon sensor surface. The pipette is used to ensure that the surface of
the electrode (carbon contact/conducting polymer) is covered in the ion-selective
membrane solution. This process is conducted in a fume hood. After coating, the
electrodes were left for 2 hours to allow the solvent in the membrane solution to

evaporate creating a solid polymer ion-selective membrane.

Figure 3.4 Drop coating of membrane onto sensor with pipette.
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Spray nozzlc

to be coated
Figure 3.5 Biodot machine with spray mask and dispensing nozzle labeled.

The second method uses the Biodot Airjet automatic dispensing machine (Biodot).
The machine was set to nozzle travel speed 25mm/s, at a height of 20cm and
pressure of 10psi. Each sensor was sprayed with membrane for 1.5cm of dispensing
nozzle travel at the different dispensing amounts to cover the sensing area. The
dispensing rate was varied from 12.5-100pl/cm travelled depending on the amount of
membrane being deposited. 100ul/cm travelled, 75ul/cm travelled, 50ul/cm
travelled, 25ul/cm travelled and 12.5ul/cm travelled settings for membrane deposits
amounts. Each sensor is sprayed over 1.5cm of nozzle travel which results in
deposition of 150ul, 112.5ul, 75ul, 37.5ul and 18.75ul respectively of membrane
solution deposited. A spray mask is used to ensure the membrane is deposited in the
correct areathisis shown in Figure 3.5.

3.1.5 Sensor isolation

To fully isolate the sensor so that it can be fully immersed in a moist environment the
conducting contact has to be isolated from any potentia liquid contact. This full
isolation is only needed when using larger samples of fluid or where the testing
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liquid may come into contact with other parts of the sensor other than the ion-
selective membrane. To achieve this, a disposable isolated wire was attached to the
sensor using a conducting epoxy glue (Conductive epoxy, Chemtronics) then coated
in the isolation polymer dielectric paste (Gwent Electronic Materias, Polymer
Dielectric Paste D2020823D2). The sensor was then baked at 80°C to allow the

isolation paint to set. Figur e 3.6 shows the full isolated sensor.

Figure 3.6 Fully isolated sensor with covered conducting contact and dielectric
isolation ink.

3.2 Solutions
3.2.1 pH buffer solution

For testing of the response of pH alone a universal solution had to be found that
would be easy to titrate and involve a constant ionic content. A version of the
Britton-Robinson buffer (McGraw-Hill, 2002) was chosen as it contains three
separate buffer solutions so that it has a stable titration gradient across the pH range
4-10. The buffer solution is composed of 0.04M of acetic acid (CH3CO,H)(Sigma-
Aldrich, 04102320099), 0.04M boric acid (HsBOs)(Sigma, B6768) and 0.04M
Phosphoric acid (H3PO,4)(Sigma-Aldrich, 04102) in deionised water (ELGA, Purelab
Ultra) this is then titrated with 0.2M sodium hydroxide (NaOH)(Sigma-Aldrich,
S5881) in deionised water (ELGA, Purelab Ultra) to get the required pH values. To
make 200ml solutions of pH buffer solution at pH levels 4-10 the following amounts
were used for the acidic solution to be titrated 2.3ml acetic acid, 2.74ml phosphoric
acid and 2.4732g of boric acid are measured into a glass bottle then to get the
required strength the solution is made up to 1litre with deionised water. For the

second titration solution 7g of sodium hydroxide is dissolved in 875ml deionised
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water. Once both solutions have been made the acidic solution is titrated with the
sodium hydroxide solution until the correct pH level has been reached. Once a pH
has been reached the solution is decanted into a 200ml glass bottle before further
titration to reach higher pH levels. During the titration the pH of the solution is
constantly monitored with a glass pH electrode. Each solution is then tested for its

pH value before use.
3.2.2 Solution A

British Pharmacopoeia Solution A was used in a number of experiments to mimic
salt levelsin physiological fluids. Solution A is an ionic solution containing 0.142M
sodium chloride (NaCl) (Sigma-Aldrich, S7653) and 0.0025M calcium chloride
dihydrate (CaCl,-2H,0) (Sigma-Aldrich, 223506) giving the solution a similar ionic
concentration to serum and wound exudates (British Pharmacopoeia Addendum,
1995). It is the recommended standard solution for testing moisture capacity in
wound dressings and has been used to emulate ionic conductivity of wound fluid in
model systems (McColl et al., 2007). One litre of Solution A requires 8.298g sodium
chloride and 0.368g calcium chloride dihydrate dissolved in deionised water (ELGA,
Purelab Ultra) to a volume of onelitre.

3.2.3 Modified pH buffer solution

To mimic wound exudate more closely a combination of the physiological salts used
in Solution A were combined with the pH buffer solution to produce a modified
buffer that contained physiological levels of salts. pH buffer solutions at pH levels 4-
10pH were produced following the procedure detailed in Section 3.2.1. The solution
A sats (0.142M sodium chloride (NaCl) (Sigma-Aldrich, S7653) and 0.0025M
calcium chloride dihydrate (CaCl,H,0) (Sigma-Aldrich, 223506)) were then added
to the individual pH solutions. To modify the 200ml pH solutions described in
Section 3.2.1 the following amounts of salts were added to the pH solutions to
produce similar salt levels as Solution A 1.66g sodium chloride and 0.074g calcium
chloride dehydrate. The pH of the solutions was then retested and adjusted
accordingly with 0.2M sodium hydroxide (NaOH)(Sigma-Aldrich, S5881) in
deionised water(described in Section 3.2.1).
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3.2.3Horseserum

Horse serum (donor horse serum, Harlan Seralab S-0004A) is used as a biological
solution that acts as a substitute for wound fluid with similar acid buffering
capabilities and constituents (White, 2002) (Eming et al., 2008). The horse serum
was used to test the pH response of wound dressings as described in Section 3.11.
Horse serum was obtained in bulk volumes 500ml and it is frozen for long-term
storage. Serum was only defrosted once before use. Dilute horse serum was al so used
to produce a less viscous mixture - this was made by mixing 50% solution A
(Section 3.2.2) with 50% horse serum.

3.3 Sensor characterisation

This section discusses the methods and materials used to characterise the four sensor
types and their component parts.

3.3.1 Membrane thickness— Micrometer

The ion-selective membrane thickness was estimated using two different methods

using adigital micrometer and awhite light interferometer.

The ion-selective membrane thickness was determined using a digital micrometer
(RS éectronics) with a 0.001mm resolution. The micrometer has a 3mm diameter
measurement area. The measurement was taken in the middle of the sensor circle as
shown in Figure 3.7. The thickness of the screen printed carbon electrode with no
membrane was measured in the same position as figure 3.5 to find the average
thickness of substrate and carbon layer. This value can then be subtracted from the

full sensor thickness measurement to give an estimate of membrane thickness.
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Figure 3.7 Measurement position on sensor surface for micrometer membrane

thickness measurement.

3.3.2 Membranethickness - Whitelight interferometer

The Veeco Wyco NT9300 interferometer was used to image the membrane surface
to get data concerning membrane depth. The sensors were brushed with fine
aluminium powder applied with a paint brush to provide a reflective surface on the
electrode. The particle size is very small so it is insignificant thickness compared to
the thickness of the membranes. A scan across the centre of the electrode was taken
as shown in Figure 3.8. To ensure an accurate measurement an edge is needed
between the plastic substrate and the membrane so that a depth reference point can

be found.

Figure 3.8 Red line shows track of white light interferometer scan across centre of

electrode.

111



3.3.3 Potentiometric measurement experimental arrangement

All potentiometric measurements detailed in this thesis used the two electrode
arrangement shown in Figure 3.9. Only two electrodes are required due to no current
flow being induced during the measurement. The two electrodes are the working
electrode and reference electrode. The sensor type and reference was changed for the
different experiments these will be discussed in the following sections. The

experiments that use this experimental arrangement are:

e pH Voltage response of full sensors (Section 3.3.4)
e Sensor settling (Section 3.3.5)

e Selectivity (Section 3.3.6)

e Hysteresis (Section 3.3.7)

e Water layer (Section 3.3.8)

e Sensor heat stress (Section 3.3.9)

e Sensor range (Section 3.3.10)

e Sensor long term drift (Section 3.3.12)

The experiments used the Solartron 1286 electrochemical interface or the designed
handheld measurement hardware as voltmeters to measure the electrochemical cell
potential. The Solartron 1286 electrochemica interface was operated and data
recorded through CORRWARE (Scribner Associates Inc) software on a PC.
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Figure 3.9 Potentiometric cell showing two electrode configuration with pH
electrode and reference electrode with voltage measured with a voltmeter.

3.3.4 pH Voltage response of full sensors

The full membrane coated sensors manufactured using the technique in Sections
3.1.1, 3.1.2 and 3.1.3 were tested for voltage response to change in pH. The pH
voltage response tests were conducted using the Solartron 1286 electrochemical
interface to measure voltage response of the various sensors controlled through the
computer software Corrware. For measuring the voltage response a potentiometric
voltage was measured between the working electrode and the reference electrode, a
saturated calomel electrode, as detailed in the potentiometric arrangement Section
3.3.3. The electrodes were tested at seven pH points from pH 4 to pH 10 in buffer
solution (Section 3.2.1). Each test had a duration of 5 minutes to give the sensor time
to settle to a stable voltage potential. For the long life testing the electrodes were
tested then stored for 60 days in a dark dry environment then retested for pH
response. The slope per decade of response to H' ion concentration was calcul ated
using the best fit line through the voltage points recorded at each pH level. This test
was repeated on 7 sensors of each electrode type (Carbon membrane, PEDOT,
PPY CL and PPYPTS) with the results detailed in Section 4.5.1.
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3.3.5 Sensor settling

To observe the time the sensors took to reach equilibrium and achieve stable voltage
potential the sensors produced using the method in Sections 3.1.1, 3.1.2 and 3.1.3
were tested for voltage settling times. The new sensors that have not been immersed
in liquid were immersed in a Britton-Robinson buffer (Section 3.2.1) of pH 4 against
a double junction calomel reference electrode. The sensor and reference electrode
were configured in the potentiometric arrangement shown in Section 3.3.3. The
potentiometric voltage was measured using a Solartron 1286 electrochemical
interface for a 30 minute period to observe the drift in voltage potential over this
initial immersion period while the sensor reached equilibrium with the solution. This
test was repeated on 7 sensors of each electrode type (Carbon membrane, PEDOT,
PPY CL and PPYPTS) with the results detailed in Section 4.5.3.

3.3.6 Selectivity

The Separate Solution Method (SSM) was used to determine the selectivity of the
sensor electrodes (Bakker et al., 2000). The SSM method was chosen as it is one of
the ITUPAC's recommended techniques for assessing selectivity of potentiometric
sensors (Buck and Lindneri, 1994). The potential was measured against a double
junction calomel electrode using the Solartron 1286 electrochemical interface with
the potentiometric arrangement detailed in Section 3.3.3. First the sensor voltage
response to hydrogen ion was found by testing the sensors from pH 4 to pH 10 in the
pH buffer solutions described in Section 3.2.1. Potassium chloride (KCI)(Sigma-
Aldrich, P9333), sodium chloride (NaCl)(Sigma-Aldrich, S7653), calcium chloride
(CaCly)(Aldrich, 499609) and lithium chloride (LiCl)(Sigma-Aldrich, L4408)
solutions at 5 different molar concentrations 10°-10"M were used to determine the
potential of the sensors to interfering ions. To produce 100ml samples of the four
interfering ions at 5 different concentrations the following amounts were measured
0.745g Potassium chloride, 0.584g sodium chloride, 1.11g calcium chloride and
0.424g lithium chloride and placed in separate 200ml glass beakers. The beakers
were then made up to 100ml with deionised water (ELGA, Purelab Ultra) this
produced 0.1M solutions of the respective interfering ions. The lower concentration

solutions were made by decanting 10ml in a new beaker and making it up to 100ml
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using deionised water. This procedure was repeated to produce the required

concentrations.

The sdlectivity coefficient of each sensor was then calculated by taking the
extrapolated pH response to 1M concentration and cal culating the estimated voltage.
The extrapolated value is found by calculating the line gradient and intercept from

the voltage response of the sensor as shown in Figure 3.10.

0.6
05 Er Intercept
prad Value
- i
,’f 0.4
- -
2 -~
. % 0.3
& *
s 0.2 -
> * s Eilntercept
* 01 - value
¢
. : . S : : : 8 # pH response
-12 5 ) -8 -6 -4 -2 T Interfering ion
0.1

Concentration of ion (log ai)

Figure 3.10 Graph of example sensor response to primary and interfering ion. The
calculated extrapolated lines are shown by the dotted lines with the axis intercept at
1M ion concentration. Voltage values labeled for primary E;and interfering ion,

E;are used with Equation 3.1 to calculate the selectivity coefficient.

The extrapolated voltage response and the maximum voltage response of the
interfering ion were used with Equation 3.1 to give the maximum selectivity
coefficient. If no Nernstian response to any of the interfering ions is observed the
maximum activity level voltage was used to calculate the selectivity coefficient
against the extrapolated primary ion value as recommended by Bakker et a (2000).
Equation 3.1 is used to find the selectivity coefficient, K; ; using the extrapolated or
maximum activity values of primary, E; and interfering ion, E;. a, is the activity of
the primary ion that the potential was taken at thisis normally 1M so that thistermis

equal to zero. z; and z; is the charge of the primary and interfering ion respectively.
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F is the Faraday constant, R the universal gas constant and T the absolute

temperature.
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This test was repeated on 7 sensors of each electrode type (Carbon membrane,
PEDOT, PPYCL and PPYPTS) with the results detailed in Section 4.5.4.

3.3.7 Hysteresis

The hysteresis testing would measure if the sensor display any change in voltage
potential when immersed in solutions of low pH (pH 4) to high pH (pH 10) then back
down to low pH (pH 4) again. This experiment used the pH buffer solution
documented in Section 3.2.1. The potential was measured against a double junction
calomel electrode using the Solartron 1286 electrochemical interface using the
potentiometric arrangement detailed in Section 3.3.3. The sensor was immersed in
each solution and the voltage was recorded once voltage stability was achieved. The
pH of the solutions started at pH4 up to pH 10 then from pH 10 down to pH 4. The
sensors were washed in distilled water before being immersed in different solutions.
This test was repeated on 7 sensors of each electrode type (Carbon membrane,
PEDOT, PPYCL and PPYPTS) with the results detailed in Section 4.5.5.

3.3.8 Water layer

Formation of a liquid layer between the layers of the solid state sensor can cause
additional potential determining reactions that can cause inaccurate voltage potential
measurements (Fibbioli et al., 2000). To test for the formation of a water layer the
sensors were immersed in a pH4 solution for 1 hour then immersed in pH10 for 1
hour then again in pH4 for 2 hours. The sensors were washed in distilled water
before being immersed in different solutions. The solutions were the pH buffer
solution detailed in Section 3.2.1. The potential was measured against a double
junction calomel electrode using the Solartron 1286 electrochemical interface using

the potentiometric arrangement detailed in Section 3.3.3. If aliquid layer forms the
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sensor will experience voltage drift after a change in solution due to the constituents
of the liquid layer changing. The results of this are described in Section 4.5.6 each
test was conducted on 3 sensors of each type (Carbon membrane, PEDOT, PPY CL
and PPYPTS).

3.3.9 Sensor heat stress

The sensors were subjected to heat stress to assess if this affected performance. The
fully isolated sensors described in Section 3.1.5 were used for this experiment. The
potential was measured against a double junction calomel electrode using the
Solartron 1286 electrochemica interface using the potentiometric arrangement
detailed in Section 3.3.3. The carbon membrane sensors were placed on metal oven
tray and baked in an 80°C oven (WTB Binder). The sensors are retested after 15, 30
150 hours to determine if there is any change in the pH-dependent, voltage response
slope performance characteristics. The results are detailed in Section 4.6.2 each test

was repeated 5 times on different sensors.
3.3.10 Sensor range

To assess the range of linear response the carbon membrane sensor (described in
Section 3.1.1 and 3.1.3) was tested to the extremities of its lower range. Only the
lower range was tested as the pH of some wound dressings was lower than the initial
designed range of pH 4 to pH 10. The potential was measured against a double
junction calomel electrode using the Solartron 1286 electrochemical interface using
the potentiometric arrangement detailed in Section 3.3.3. The pH solutions were
made as in Section 3.2.1 but samples were taken from pH 2 to pH 7, six pH levels
were tested in total. The sensor was immersed in the pH 7 solution first then
transferred down the pH solutions to the pH 2 solution. The voltage was recorded at
each level once the sensors reached a stable potential. The sensors were washed with
deionised water before being immersed in each new solution. The results for this
experiment can be found in Section 4.6.3. Each test was performed on 4 different

SEeNSsors.
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3.3.11 Sensor long term drift

Long term voltage stability of the carbon membrane sensors was tested to assess how
stable the sensor voltage response is over a 12 hour time period. The carbon
membrane sensors (Section 3.1.1 and 3.1.3) were tested over a 12 hour period in a
pH 7 buffer solution to find the long term voltage drift of the sensor in a pH solution.
The buffer solution is described in Section 3.2.1. The fully isolated sensors described
in Section 3.1.3 were used. The solution was immersed in a 32°C water bath (Grant
GD120) to ensure constant temperature during test period. The potential was
measured against a double junction calomel electrode using the Solartron 1286
electrochemical interface using the potentiometric arrangement detailed in Section
3.3.3. Thistest was repeated on 3 sensors with the results detailed in Section 4.6.3.

3.3.12 Electrochemical impedance spectr oscopy

Electrochemical impedance spectroscopy (EIS) is used to determine the
characteristics of the screen printed carbon electrode. This testing was conducted on
the carbon membrane electrode to gain an understanding of the double layer
capacitance of the electrode using equivalent circuit modelling this is further
discussed in Section 2.13. The double layer capacitance of the carbon electrode is
important as it is one of the important factors in ensuring sensor voltage stability
during measurement in the carbon membrane sensor. The sensors with conducting
polymer have a different mechanism of stability so were not tested using this method
this is further detailed in Section 2.10. A Solartron 1286 electrochemical interface
and a Solartron 1260 impedance/gain-phase analyzer (Solartron) were used to
perform the tests. The test was conducted using a 3 electrode configuration (Figure
3.3) which consisted of the screen printed electrode, a platinum wire counter
electrode and a double junction calomel reference electrode. The sweep was from
10kHz to 0.1Hz using a 100mV voltage. The tests were conducted in a 0.1M
potassium chloride (KCI)(Sigma-Aldrich, P9333) solution made from 0.745g
Potassium chloride made up to 100ml volume with deionised water (ELGA, Purelab
Ultra). The data was recorded on a computer using the ZPLOT (Scribner Associates

Inc.) software.
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The EIS data was analysed using ZView software (Scribner Associates Inc.).
Equivalent circuit modelling was performed on the screen printed carbon electrode to
gain further information of the materials properties. The electrode response was
modelled on the Randles equivalent circuit which is described in Section 2.13. The
ZView software was used to model the response of the EIS experiment based on
electrical components of the Randles equivalent circuit. From the modelled response
the double layer capacitance, charge transfer resistance and solution resistance could
be found. The best fit model was chosen as it had the lowest component errors and
could be used to describe the response of the sensor. This test was repeated on 3
screen printed electrodes with the results detailed in Section 4.6.1.

3.4 Reference electr ode char acterisation

3.4.1 Reference electrode pH sensitivity

Figure 3.11 Screen printed Ag/AgCl of reference electrode.
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The screen printed Ag/AgCI reference electrode (Ohmmedics) was assessed in pH
solutions to assess if the voltage potential was stable across arange of pH levels. The
operation of the Ag/AgCI reference electrode is described in Section 2.11. To test if
the pH screen printed Ag/AgCl reference electrode (Figure 3.11) was stable and did
not respond electrically to pH, the potential was measured from pH4 to pH10 in a
chloride adjusted pH solution to mimic the physiological chloride concentration as
detailed in Section 3.2.3. The reference electrode was tested against a glass calomel
reference electrode using the Solartron 1286 electrochemical interface in the
potentiometric arrangement detailed in Section 3.3.3. Both electrodes were washed
in distilled water before each test. This test was repeated on 5 sensors with the results
detailed in Section 4.7.1.

3.4.2 Reference chloride concentration

The theory of the screen printed Ag/AgCl reference electrode states that the chloride
levels in a solution determine the potential of the electrode - this is detailed in
Section 2.11. The screen printed Ag/AQCI reference electrode was tested in different
chloride concentrations solutions to observe the potential response. Separate
solutions were made of sodium chloride (NaCl)(Sigma-Aldrich, S7653) and
potassium chloride (KCl) (Sigma-Aldrich, P9333) with molar values of 10“M to 10
%M of CI" ions. To produce 100ml samples of the two chloride solutions 5 different
concentrations the following amounts were measured 7.45g Potassium chloride and
5.84g sodium chloride and placed in separate 200ml glass beakers. The beakers were
then made up to 100ml with deionised water (ELGA, Purelab Ultra) this produced
10°M solutions of the chloride ion solutions. The lower concentration sol utions were
made by decanting 10ml in a new beaker and making it up to 100ml using deionised
water. This procedure was repeated to produce the required concentrations. The
potential of the screen printed Ag/AgCl reference electrode was measured against a
glass calomel reference electrode using a Solartron 1286 electrochemical interface in
the potentiometric arrangement detailed in Section 3.3.3. This test was repeated on 5
sensors with the results detailed in section 4.7.2.
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3.4.3 Reference electrode long term voltage drift

The screen printed Ag/AgCI reference electrodes were tested over a 12 hour period
in a pH 7 buffer solution to find the long term drift of the sensor in a pH solution.
The chloride adjusted buffer solution is described in Section 3.2.3. The solution
contained in a glass beaker, was immersed in a 32°C water bath (Grant GD120) to
ensure constant temperature during the test period. The potential was measured
against a double junction calomel electrode using the Solartron 1286 €l ectrochemical
interface using the potentiometric arrangement detailed in Section 3.3.3. This test
was repeated on 5 sensors with the results detailed in Section 4.7.3.

3.5 M easurement hardwar e design

The purpose of the hardware that was designed specifically for this study is to
measure the voltage between the reference and sensor electrode then display the
result on a Liquid Crystal Display (LCD) screen. From the voltage the pH can be
calculated from a stored calibration curve and displayed. This section details the

design of the hardware and software to achieve the design aims.
3.6 Hardware

The Hardware consists of a number of different modules to create a hand held
measurement device for both voltage and pH. A simplified block diagram of the
main components of the measurement hardware is shown in Figure 3.12.

LCD

\ 4

Microcontroller

\ 4

Sensor —»  Input Opamp

input

Figure 3.12 Simplified block diagram of sensor hardware.
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3.6.1 Operational Amplifier

The operational amplifier is critical to the operation of the measurement hardware.
The first stage of the operational amplifier function isto first amplify the signal by 2.
The second amplifier stage is to provide an offset voltage so that the input into the
Analogue to Digital Converter (ADC) is a positive voltage. The operational amplifier
needs to have a large input impedance as the screen printed electrodes have a
resistance of around 500kQ. Due to the high resistance of the printed reference and
sensor the input impedance must be many times larger than the electrode impedances
so that ideally no current is drawn through the input of the operational amplifier.

R2 68k R4 68k

| )
R1 68k g
l — - R3 68k g
1
| S| -
- -
_ UL OPA137

F

- U2 OPA137
. F

Electrochemical cell 54m R5 150k R6 27k

Figure 3.13 Schematic of input operational amplifier circuit showing input (First)
and offset (Second) amplifier.

The operational amplifier chip used is the OPA137 (Farnell 1097425) the package
has 2 operational amplifiers on the one packaging meaning that this can be used for
both the input and offset amplifiers. The power input to the operational amplifiersis
a dual supply as the inputs to the operational amplifier have the potentia to be
negative voltages. The operational amplifiers are powered by a +2.5V supply from
the voltage converter. Figure 3.13 shows the input operational amplifier schematic

diagram.
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3.6.2 Microcontroller

The microcontroller chosen was the sOBLL16 from Freescale Semiconductor. This
was chosen as it is designed for battery operated operation and has a 12 bit analogue
to digital converter. The microcontroller operates at a voltage of 1.8V to 3.6V. The
microcontroller’s function is to convert the output voltage from the second stage of
the operational amplifier into a digital value. This is then processed by the
microcontroller and the resultant voltage and pH values can be displayed on the LCD

screen. The microcontroller program is detailed in Section 3.7.
3.6.3 Power supply

The device is powered off a standard 9 volt battery. The 9V source is regulated down
to 5V using a voltage regulator L7805ABV (STMICROELECTRONICS). From this
regulated supply the voltage supply to the microcontroller is further regulated down
to 3.3V using a 3.3V zener diode. The LCD is powered directly from the 5V source.
A ICL7660 CPAZ voltage converter (Farnell 1018170) is used to provide a dual
+2.5V supply to the operational amplifiers this enables the operational amplifiers to
amplify both positive and negative voltage inputs.

3.6.4 Liquid Crystal Display (L CD) Module

The LCD module is a 2x8 character screen it is manufactured by Powertip (Farnell
1671493). It is powered off the 5V voltage rectifier rail. The LCD screen contrast is

set by using a voltage divider circuit.
3.7 Software

The program’s function is to control the inputs and outputs to the microcontroller so
that the voltage and the pH can be displayed to the user on the LCD screen. The
program is written in the software language C and the full program can be found in

Appendix A.
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Simplified Program flow diagram

Initialisation
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Voltage Convert

A\ 4

Button controller

A 4

Button =0 )
< Voltage Display
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Calibrate pH calculate Clear count
=1 y =2 y A4
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Figure 3.14 Simplified flow diagram of full program operation.
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The ssimplified flow diagram is displayed in Figure 3.14. This details the main flow
and modules of the microcontroller program each of the main modules are detailed
below.

3.7.1 Initialisation

The initialisation of the device is only performed once on device start/restart. This
configures the microcontroller peripheral such asthe ADC and bus clock speeds. The

initialisation enables interrupts and executes the LCD setup function.
3.7.2 Analogue to Digital Converter (ADC)

The ADC function of the program reads the output from the 12bit ADC which
corresponds to the analogue input voltage from the input operational amplifiers. The
program waits for the conversion to complete before continuing to read the values.
The values are stored in 2 registers (high, low values) which are read and recorded.
These upper and lower register values are then combined by shifting the bits so that
the ADC value can be stored and processed as float.

3.7.3 Voltage convert

The voltage is caculated from Equation 3.2 it uses the ADC vaue
(ADCcountvalue) and multiplies this by the ADC reference voltage/number of ADC
steps to give the digital voltage value. The ADC reference voltage (reference
voltage) is set externally by a voltage diode so that it is a fixed value. The ADC in
the SOBLL16 is a 12bit ADC which means it has 4096 different voltage values and

has a voltage resol ution of the reference voltage/4096.

reference voltage Equation 3.2
4096

Voltage = ADCcountvalue * (
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After conversion the voltage value is saved in a global variable as a float number.
This value can then be converted to be sent to the LCD or used to calculate the pH

value of the solution it isimmersed in.
3.7.4 Data conversion

The s08LL16 microcontroller does not have enough memory to implement library
conversion of floating point of integer numbers to a string. The data needs to be
converted to string for it to be sent to the LCD as the string binary code corresponds
to the ASCII characters needed for the LCD display module.

To convert the float numbers for voltage reading and pH each character has to be
individually matched to its corresponding letter in string using a switch statement
that can convert any number from 0-9 to a string character. This is achieved by
sending one character at a time to be converted into a string. Once converted the
individual characters are saved to a string array which can then be transmitted to the
LDC module.

3.7.5 Display

The output for the display is controlled through the LCD.C string. This function
controls the data being sent to the LCD module by sensing one ASCII character at a
time with a time delay sequence as the microcontroller clock speed needs to be
slowed down to ensure correct data transmission to the LCD module. The LCD

function actsto initialise the LCD module so that it is ready to accept data being sent.
3.7.6 Button interrupt

The button press in controlled through an interrupt routine which when pressed the
program jumps to the interrupt function where the number of button presses is
incremented. The interrupt routine other function is to save the voltage values for the
calibration of the device. This button counter acts as the control mechanism for the
button controller in the main program. Once the program has performed the interrupt

routine it returns to the point before the interrupt break.
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3.7.7 Button controller

This isthe main control switch of the program that controls what is on the display at
the correct time. It is initiated through a switch statement that is controlled by a
counter that records the number of button press events. The program continuously
loops through this control statement where depending on the button counter value the
program executes cal culations and sends information to the LCD. The loop nature of
this ensures that the voltage and pH being recorded can be continuously refreshed
and displayed to the user.

3.7.8 Calibration

For the sensors to operate accurately each sensor and reference couple needs to be
calibrated so that its response to pH change can be recorded and used to calculate and
display the pH value. The program achieves calibration through the push button
control which will prompt the user to immerse the sensor couple in calibration
solutions - this is further discussed in Section 3.9. Once the user is satisfied that the
sensor has stabilised in the calibration solution (voltage level stable) they press the
control button which will cause an interrupt route. The interrupt routing saves the
calibrated voltage values to a global variable so that they can be called upon when
needed by the pH converting function.

3.7.9 pH convert

The pH of the Solution is calculated by using the equations shown below:

(pH7voltage — pH4voltage) Equation 3.3
3

Voltage per pH level =

intercept = pH4voltage — (Voltage per pH level * 4) Equation 3.4
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_ (Current Voltage — Intercept) Equation 3.5

H
P Slope

Equations 3.3 and 3.4 are calculated after calibration to find the sensor calibration
slope and intercept. Equation 3.3 calculates the sensor calibration slope to pH
change (Voltage per pH level) it is calculated by subtracting the sensor voltage
response in a pH 7 solution (pH7voltage) from the sensor voltage response in apH 4
solution (pH4voltage) and dividing the result by 3 which is the number of pH levels
to gain voltage response per change in pH level. Equation 3.4 calculates the axis
intercept of the sensor calibration slope (intercept) this is calculated by multiplying
the sensor voltage response (Voltage per pH level) that was calculated in equation
3.3 by 4 then subtracting this value from the sensor voltage response in a pH 4
solution (pH4voltage).

Equation 3.5 calculates the pH value of a solution (pH) by subtracting the current
voltage reading from the sensor (CurrentV oltage) from the calibration intercept value
(Intercept) found in Equation 3.4. This value is then divided by the voltage per pH
level (slope) found in equation 3.3 to give apH value.
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3.8 Hardwaretesting

a

|
N

* Microcontroller

Containd ADN

Figure 3.15 Measurement circuitry on prototype board the major components of the

system are highlighted.

3.8.1 Operational amplifier testing

The hardware was tested by simulating the input from the sensors by using a voltage
source (TTi EL3025). Both stages of the operational amplifier circuitry shown in
Figure 3.15 were tested. The voltage input from the voltage source was applied to
the input operational amplifier stage and connected with voltage input to working
electrode connection and ground to the reference electrode connection. The voltage
was varied from 350mV and -350mV in 50mV steps. The voltage was measured and
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recorded at the output of both the first and second stages using a digital voltmeter
(TENMA 72-7720).

3.8.2 Analogueto Digital Converter (ADC) testing

To test the accuracy of the ADC and voltage converter algorithm, the voltage
difference between the voltage displayed on the LCD screen and the voltage input to
the analogue to digital converter was compared. The voltage input from the voltage
source (TTi EL3025) was applied to the input operational amplifier stage and
connected with voltage input to working electrode connection and ground to the
reference electrode connection. The voltage was varied from 350mV and -350mV in
50mV steps. At each 50mV step the voltage input to the ADC and the voltage output
displayed on the LCD screen were recorded and compared. The input voltage to the
ADC was measured using adigital voltmeter (TENMA 72-7720).

3.9 Hardware method of operation

For voltage only measurement the device is ready to use as soon as voltage is
supplied to the device. Once the sensor and reference electrodes are attached and
immersed in the solution being measured the voltage output will be displayed on the

screen as shown in stage one of Figure 3.16.
3.9.1 User Interface

The control of the hardware device is controlled through a single push button
(Farnell 1634682). The software operations are controlled by the push button as
shown in Figure 3.16.
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Figure 3.16 Showing display of program and user control of program.

Figure 3.16 shows the user interface which is controlled by the user pressing the
single control button. The LCD screen displays the current stage of button cycle if
the user makes a mistake when calibrating the device they can cycle through the
other instructions to get back to the first stage of calibration. Once calibrated and the
screen is displaying both the pH and voltage the button has to be pressed three times,
this is so that the user does not accidently reset the sensor after one press of the

button.
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3.9.2 Sensor calibration designed measurement hardware

Figure 3.17 Disposable sensor couple pH sensor (left) and screen printed reference
(right).

For pH measurement the device first needs to be calibrated. The pH calibration is
detailed in Figure 3.16. The reference electrode was supplied by Ohmedics
(Ohmmedics). The screen printed pH and reference electrodes are connected to the
device using crocodile clips as shown in Figure 3.17. The sensor couple is calibrated
in pH4 and pH7 buffer solutions which have been pH tested with a pH meter (Fisher
brand Hydrus 300) and had their pH adjusted to ensure they are at pH 4 and pH?7.
The pH buffer solution used is the chloride adjusted pH solution detailed in Section
3.2.3. The sensor couple is first immersed in the pH 4then the pH 7 buffer solution
and allowed to settle before pressing the calibration button. After each immersion the
sensor is dipped in distilled water to avoid any contamination of samples. Once the
sensor has been calibrated in the pH test solutions by following the flow on the user

interface (Section 3.9.1) the sensor is ready for operation. When testing for pH the
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sensor and reference electrode are immersed in the solution of interest the sensors are
left to settle before recording the result. The electrodes are washed in distilled water

before each immersion.
3.9.3 pH calculation from voltage measur ements

The pH measurements calculated using the voltage potential recorded on the
Solartron 1286 electrochemical interface have to be calculated manually from the
voltage measurements. The potentiometric measurement arrangement used is
detailed in Section 3.3.3. A two point calibration method is used which is similar to
the method for the designed hardware. Chloride adjusted pH buffer solutions were
made following the method detailed in Section 3.2.3. The sensor couple is calibrated
in pH4 and pH7 buffer solutions which have been pH tested with a pH meter (Fisher
brand Hydrus 300) before calibration. The voltage potential of the sensor couple is
recorded in the pH 4 and pH 7 solutions. The electrodes are washed in distilled water

before each immersion.

The pH values for the voltage measurements taken on the Solartron electrochemical
interface were calculated in EXCEL (Microsoft) using the same formulae as detailed
in Section 3.7.9. The formula calculates the sensor response voltage response slope
and intercept from the recorded calibration voltages at pH 4 and pH 7. After the
sensor response slope (Equation 3.3) and intercept (Equation 3.4) are found the pH
of the other solutions can be found by recording the voltage response and using this
datain Equation 3.5.

3.10 Combined pH testing

The hardware and screen printed sensor and reference electrode were tested by
immersing the sensors in a different pH solutions and comparing the result The pH
solutions used are the chloride adjusted buffer solution described in Section 3.2.3.
The pH of these was adjusted further by adding 0.2M sodium hydroxide (NaOH)
(Sigma-Aldrich, S5881) in deionised water (described in Section 3.2.1) to the buffer
solutions so that pH values of 3.5, 4.5, 5.5, 6.5 and 7.5. The pH of these solutions
was measured with the glass pH meter (Fisher Scientific). The electrodes and

133



hardware were first calibrated see Section 3.9.2. The test involved the calibrated
sensors being immersed in the individual pH solutions and their voltage recorded
once the sensor and reference couple had stabilised. After each test the sensors were
recalibrated.

Sensor

V printed ref

Sensor GlasspH Carbon Carbon Carbon
membrane membrane membrane
Reference Ag/AgCl Glass calomel screen printed screen  printed
combined reference Ag/AQCl Ag/AgCl
reference reference

M easur ement Mettle Toledo Solartron 1286 Solartron 1286 Designed
hardware (Fisher  brand electrochemical  electrochemical  measurement

Hydrus 300) interface interface hardware

Table 3.1 Components of different pH testing configurations.

The technigue used was the same for the three configurations tested which were
printed sensor versus calomel reference electrode, printed pH sensor versus printed
Ag/AgCI reference electrode and the printed sensor and reference with the hardware.
The printed sensors were first tested with the calomel reference electrode (Fisher
Scientific) and the voltage was measured with the 1286 Solarton electrochemical
interface using the potentiometric arrangement detailed in Section 3.3.3. The second
configuration tested had the printed pH sensors and the screen printed Ag/AgCl
reference electrode the voltage was measured with the 1286 Solarton electrochemical
interface. The third configuration tested the full designed system with printed sensor
and Ag/AgCl reference couple with the pH value of the electrode recorded from the
L CD screen. The testing configurations are summarised in Table 3.1. For the voltage
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measurements conducted on the Solarton 1286 electrochemical interface the pH was
calculated using the calibration voltages and the voltages recorded using the method
in Section 3.9.3. For each configuration the sensors 5 different sensors were tested
the results can be found in Section 4.9.2.

3.11 Wound dressing testing
3.11.1 Wound dressing pH dressing tested

All dressings tested are used by the National Health Service in the UK. The products
are primary dressings which means they are in contact with the wound and they are
generaly used with a secondary dressing which covers the wound area. The
following section gives the information about the various dressings used in the

wound dressing pH testing.

3.11.2 Promogran/Promogran Prisma

Figure 3.18 Promogran dressing.
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Promogran (Systagenix) is made with 55% collagen and 45% oxidised regenerated
cellulose shown in Figure 3.18. It is marketed as a protease (MMP) modifying
dressing, MMP's were discussed in Section 1.5.7. The Promogran alters pH by
combining acetic acid within the wound dressing (Cullen et a., 2002). Systagenix do
not state that the dressing modifies pH and the marketing material concentrates on
the enhanced healing effect of the oxidised regenerated cellulose when compared to
100% collagen dressings (Systagenix, 2011). A second Systagenix dressing was
tested called Promogran Prisma which contains the same constituents but has 1%
oxidised regenerated cellulose/Ag compound which acts to prevent infection through
the integration of silver particles which act to prevent bacterial growth (Systagenix,
2011).

3.11.3 Activon Tulle/ Activon

Figure 3.19 Activon tulle honey dressing.

Activon Tulle (Advancis Medical) is a honey dressing used by the NHS. It uses pure
Manuka honey, with no additives, integrated within a fabric gauze dressing shown in

Figure 3.19. The honey stimulates the healing process, has antibacterial and
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antimicrobial properties that reduce infection and that it helps maintain a moist
wound environment (Gethin and Cowman, 2005). Honey is known to have alow pH
and it contains many different acids depending on the honey types (Kwakman and
Zaat, 2012) (Stefan and Bogdanov, 1997). The marketing material does not make any
claim about honey modifying the pH of a wound although the pH of gluconic acid is
given as the reason for reduced microbial growth (AdvancisMedical, 2011).

Figure 3.20 Activon medical grade honey.

The second honey dressing tested is the Activon honey contained in atube as shown
in Figure 3.20. This is a sterilised manuka honey ointment of the same type used in
the Activon Tulle dressing but used for direct application to a wound to be covered
by a secondary dressing.
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3.11.4 Aquacel/Aquacel Ag

Figure 3.21 Aquacel wound dressing.

Aquacel (Convatec) is a hydrofiber based dressing made from sodium
carboxymethylcellulose (shown in Figure 3.21) this turns to a gel like substance
when it comes into contact with liquid. The gel helps to maintain a moist wound
environment which results in an improved healing rate (Schultz et al., 2005). The

dressing does not claim to ater pH (Convatec, 2011).

A second Convatec dressing was tested Aquacel Ag (Convatec) it has the same
constituents as the Aquacel dressings but with silver ions added to provide some
antibacterial protection when in contact with wound exudate (Convatec, 2011).
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3.11.5 Tegaderm Matrix

Figure 3.22 Tegaderm Matrix wound dressing.

Tegaderm Matrix (3M) is a polymer mesh that is coated in Poly Hydrated lonogen
(PHI) (shown in Figure 3.22) this contains metal ions (rubidium, calcium, zinc and
potassium) and citric acid to inhibit the proteases within the wound and thus help the
healing process (3M, 2011). The marketing material states that the citric acid lowers
the wounds pH which in turn helps to provide the optimum healing environment -
thisisfurther detailed in section 1.11.2 (3M, 2011).
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3.11.6 Cadesorb

Figure 3.23 Cadesorb wound ointment.

The Cadesorb (Smith & Nephew) dressing specifically says that it controls the pH of
a wound hence lowering the protease (MMP) activity (shown in Figure 3.23). Itsis
an ointment which is directly applied onto the wound area with a secondary dressing
applied to cover the wound. It is made of a starch based ointment that controls the pH
of awound athough Smith & Nephew do not disclose the acid used for reducing pH
but state it has a pKa value of 4.75 (Smith& Nephew, 2011). The ointment is stated
by Smith & Nephew that it will reduce the acidity within the wound to around pH 5
(Smith& Nephew, 2011).
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3.12 Wound dressing pH

The pH of the dressings in the previous section was tested to determine their pH
level. The wound dressings were hydrated in 20ml of Solution A. Solution A is an
aqueous salt solution that mimics the physiological concentrations of salts in human
serum (the detailed method for Solution A is given in Section 3.2.2). For all pH
testing the dressings were cut into 5cmx5cm squares. For the pH testing of the
ointments 2g was weighed out and mixed into 20ml of solution A. The dressings
were hydrated as shown in Figure 3.24 and mixed then left for 20 minutes to ensure
mixing of dressing constituents with measurement solution. The pH of the wound
dressing solution was then tested with a glass pH electrode (Fisher Scientific) and
meter (Fisher brand Hydrus 300) the pH electrode was placed in the solution
containing the wound dressing (Figure 3.24). Each dressing type was tested 3 times

with new dressings and solutions. The results can be found in Section 5.2.1.

1y

Figure 3.24 Wound dressing hydrated in 20ml of Solution A.

3.12.1 Dressing pH testing with carbon membrane pH electrode

This test was conducted to ensure that the carbon membrane pH electrode and
reference combinations could effectively measure the pH of the wound dressings.
Four different measurement configurations were used as described previoudly in
Table 3.1. The experimental configurations are a glass pH electrode and three

configurations using the screen printed pH sensors. The three screen printed pH
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sensor arrangements are printed sensor versus calomel reference electrode, printed
pH sensor versus printed Ag/AgCI reference electrode and the printed sensor and
reference with the hardware. The arrangement of the printed pH sensor versus
printed Ag/AgCI reference electrode in the measurement solution is shown in Figure
3.25.

Hydated wol
dressing in
Solution A

Figure 3.25 Disposable pH sensor and Ag/AgCI electrodes in solution of Solution A

and wound dressing.

The dressing types tested were Aquacel (Convatec), Aquacel Ag (Convatec),
Activon Tulle (Advancis medical), Activon Tube (Advancis medical) and Tegaderm
(8M). The Promogran (Systagenix) and Cadesorb (Smith & Nephew) were not tested
due to their pH being outwith the sensor range. The samples were prepared using the
same method as given in Section 3.12. The printed sensors were first tested with the
calomel reference electrode (Fisher scientific) and the voltage was measured with the
1286 Solarton electrochemical interface using the potentiometric arrangement
detailed in Section 3.3.3. The second configuration tested had the printed pH sensors
and the screen printed Ag/AQCI reference electrode; the voltage was measured with
the 1286 Solarton electrochemical interface using the potentiometric arrangement
detailed in Section 3.3.3. The third configuration tested the full designed system with
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printed sensor and Ag/AgCl reference couple with the pH vaue of the electrode
recorded from the LCD screen as described in Section 3.9.2. For the voltage
measurements conducted on the Solarton 1286 electrochemical interface the pH was
calculated using the calibration voltages and the voltages recorded using the method
in Section 3.9.3. Each dressing type was tested 3 times with new sensors, dressings

and solutions the results can be found in Section 5.3.1.
3.12.2 Hor se serum testing

The purpose of this test was to assess the performance of the pH sensor when
immersed in horse serum or a diluted horse serum mixture to observe if a correct pH
reading could be recorded in a biological solution. Diluted horse serum was used to
reduce the viscosity of the horse serum mixture. Thisis composed of 50% solution A
described in Section 3.2.2 and 50% horse serum as described in Section 3.2.3. Four
different measurement configurations were used as described previously in Table
3.1. The configurations are a glass pH electrode and three arrangements using the
screen printed pH sensors. The three screen printed pH sensor arrangements are
printed sensor versus calomel reference electrode, printed pH sensor versus printed
Ag/AQCI reference electrode and the printed sensor and reference with the hardware.
During each test the voltage (or pH) was allowed to stabilise before values were
recorded. The printed sensors were first tested with the calomel reference electrode
(Fisher scientific) and the voltage was measured with the 1286 Solarton
electrochemical interface using the potentiometric arrangement detailed in Section
3.3.3. The second configuration tested had the printed pH sensors and the screen
printed Ag/AgCl reference electrode; the voltage was measured with the 1286
Solarton electrochemical interface using the potentiometric arrangement detailed in
Section 3.3.3. The third configuration tested the full designed system with printed
sensor and Ag/AgCl reference couple with the pH value of the electrode recorded
from the LCD screen as described in Section 3.9.2. For the voltage measurements
conducted on the Solarton 1286 electrochemical interface the pH was calculated
using the calibration voltages and the voltages recorded using the method in Section
3.9.3. Each test was run 3 times with new sensors and solutions; the results can be
found in Section 5.3.2.
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3.13 Dressing simulation testing

Figure 3.26 Wound bed model showing screen printed pH sensor and screen printed
Ag/AQCI reference electrode immersed in Solution A in petri dish before application
of wound dressing (Left). Wound bed model after application of an Activon honey
dressing (Right).

The wound dressings are tested in a ssimulated wound bed model to replicate the
application of wound dressings to demonstrate how they affect pH in real time after
application. The investigation is designed to show the change in pH once a wound
dressing has been applied to a simulated wound bed as shown in Figure 3.26. The
testing uses four different dressing types that were shown to have an influence on
pH. The dressings tested for both types of solution are the Activon Tulle (Advancis
medical), Aquacel (Convatec), Tegaderm Matrix (3M) and Promogran(Systagenics)
more information on the dressing types can be found in Section 3.11.1. The
dressings were cut into 5cmx5cm squares before application.  Two different
solutions were used for the experiment: Solution A and a diluted horse serum
mixture that will have acid buffering qualities as discussed in Section 2.3.3. The
Solution A formulation is discussed in Section 3.2.2, it does not contain any acid or
buffering qualities so it will enable the pH of the dressings to be recorded with no
buffer resistance. Diluted horse serum was used to reduce the viscosity of the horse
serum mixture this is composed of 50% solution A described in Section 3.2.2 and
50% horse serum as described in Section 3.2.3.
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The sensors used are the isolated carbon membrane sensor as detailed in Section
3.1.5. The reference electrode used was the screen printed Ag/AgCl electrode
supplied by Ohmedics. The voltage was recorded on a Solartron 1286
electrochemical interface using the potentiometric arrangement detailed in Section
3.3.3.

The printed carbon membrane pH sensor and the screen printed Ag/AgCl reference
electrode are used to measure the voltage response from which the pH is calculated.
The sensors were given a two point calibration in chloride adjusted pH 4 and pH 7
solutions as described in Section 3.9.2. The voltage was recorded on a Solartron
1286 electrochemical interface. The potentiometric method can be found in Section
3.3.3 and the formula for pH conversion in Section 3.7.9. Before operation the
electrode couple was calibrated using the two point calibration method detailed in
section 3.9.3. The sensor and reference couple were then placed beside each other in
a standard petri dish (as shown Figure 3.26). A pipette was used to deposit 10ml of
the test solution (Solution A or horse serum mixture) over the sensor and reference
couple as shown in Figure 3.26. The voltage was recorded on the Solartron 1286
electrochemical interface for 120 seconds before application of the dressing. The
5cmx5cm  dressing square was placed onto the sensors and liquid solution and was
left until the voltage had stabilised. The pH was calculated using the method in
Section 3.9.3. All dressings were tested 3 times with new dressings and sensors for
solution A pH response and 3 times for horse serum mixture pH response. The
results can be found in Section 5.4.
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Chapter 4 — Results sensor development

4.1 Sensor development

This section details the results of the experiments that were described in Chapter 3.
The results have been split into two chapters detailing the different experimental
stages. Chapter 4 describes the important experimental results from preliminary
testing of ion-selective membrane deposition, conducting polymer formation on
screen printed electrodes through to the full pH sensor development and hardware
testing. Chapter 5 details the results from tests of the full combined sensor and
electronics system embedded within a wound bed model and includes real time pH
monitoring of wound dressings with simulated wound fluid to mimic buffering
effects.

The experiments in this chapter demonstrate the stages investigated to find the
optimum sensor configuration for pH sensing. The first experiment reports details of
an investigation into the optimum coating deposit of conducting polymers onto a
screen printed carbon electrode. The second section investigated the most effective
ion-selective membrane deposition method so as to achieve the most consistent pH
sensor. The third section details the full characterisation of four different pH sensor
types for comparison in sensitivity, stability and repeatability. The final section
details the results of the testing of the hardware with the sensors, illustrating the

combined performance when testing in solutions of different pH.
4.2 Conducting polymer experiments

The deposition of conducting polymers was investigated to assess if polypyrrole
could be electrochemically deposited on the screen printed carbon electrodes.
Conducting polymers are being investigated for use in a sensor due to their
promising ion exchange attributes that can enable them to replace the liquid junction
in traditional sensing electrodes. The redox mechanism of the conducting polymersis
important to the operation of the conducting polymers as ion to electron transducers
within a solid state sensor; thisis discussed in detail in Section 2.10
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4.2.1 Cyclic voltammetry deposition of conducting polymer

The screen printed carbon electrodes were coated in a polypyrrole conducting
polymer doped with two different ions ClI" and PTS. The printed carbon electrodes
were coated using cyclic voltammetry from OV to 3V in 100mV/s scan rate the full
method is detailed in Section 3.1.2. The sensors were subjected to this voltage range
to ensure that the full oxidation peak was included in the sweep. The images shown
below in Figures 4.2 to 4.7 show the deposits of the deposited polypyrrole on the
surface of the screen printed carbon electrode. The images shown are screen printed
carbon electrodes coated separately with 1, 3 and 5 cycles of the conducting polymer.
The aim was to find a smooth and consistent coating of the conducting polymer so

that it would be suitable for subsequent application of the ion-selective membrane.

4.2.2 Carbon SEM

30 um

Figure 4.1 Screen printed carbon with no polypyrrole coating SEM image, 2000x
magnification.
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The SEM image of the screen printed carbon electrode in Figure 4.1 shows the
structure of the carbon electrode. The printing produces a rough surface which
increases the surface area of the electrode. The individual structures of the carbon

graphite can be seen in flake like structures.

4.2.3 PPYCI- SEM

Figure 4.2 Screen printed carbon coated with 1 cycle PPYCl 0 to 3V with a
100mV/s scan rate, 2000x magnification.
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Figure 4.3 Screen printed carbon coated with 3 cycles PPY Cl 0 to 3V with a
100mV/s scan rate, 2000x magnification.
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Figure 4.4 Screen printed carbon coated with 5 cycles PPYCI 0 to 3V with a
100mV/s scan rate, 2000x magnification.

The SEM images in Figures 4.2-4.4 show the growth of the deposits of PPYCI on
the screen printed electrode. It can be observed that as the number of cycles of
deposition increases structural changes occur to the deposited polypyrrole. The
amount of deposit in Figure 4.2 shows that after 1 cycle the deposit covers the
carbon in a very thin film as the structure of the carbon is till visible. Figure 4.3
shows that after 3 cycles the structure of the printed carbon is no longer visible as the
surface is covered in small spherical dome like structures. In Figure 4.4 the structure
of the PPY Cl after 5 cyclesis growing out from the surface of the carbon e ectrodes,
this growth is not uniform as the deposits seem to grow in branch like structures out
from the surface of the printed carbon electrode. These branch like structures will
increase the surface area but will produce a much greater surface roughness that

could result in uneven ion-sel ective membrane coverage.
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4.2.4 PPYPTS SEM

30 um

Figure 4.5 Screen printed carbon coated with 1 cycle PPYPTS 0 to 3V with a
100mV/s scan rate, 2000x magnification.
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Figure 4.6 Screen printed carbon coated with 3 cycles PPYPTS 0to 3V with a
100mV/s scan rate, 2000x magnification.
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30 um

Figure 4.7 Screen printed carbon coated with 5 cycles PPYPTS 0 to 3V with a
100mv step/s 2000x magnification.

The SEM images from Figures 4.5 to 4.7 show the different coatings of a printed
carbon electrode with polypyrrole doped with PTS ions. Figures 4.5 to 4.7 show the
growth of the conducting polymer from 1, 3 and 5 cycles. Figure 4.5 shows the
growth after 1 cycle. A thin film of polymer is deposited as the structure of the
screen printed carbon electrode is still visible although the contours are less visible
than on the PPY Cl after 1 cycle, Figure 4.2. The electrode with 3 cyclesis shown in
Figure 4.6 it shows that deposits of the conducting polymer have started to form on
the printed carbon surface; the carbon surface is now barely visible. Figure 4.7
shows that the surface of the electrode after 5 cycles is completely covered by
deposits of the conducting polymer as the carbon is no longer visible. The deposits
have continued to form in circular formations and these have continued to grow in

size.
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4.3 I on-selective membrane investigation

The pH membrane deposition method was investigated in this section to find the
optimum coating conditions for the sensor. The drop coating method is compared to
the machine spray technique from the Biodot deposition machine. The Biodot
machine deposits solution by spraying a preset amount per centimetre travelled. To
assess the Biodot deposition method the sensors were tested with different deposition
amounts of membrane. The screen printed carbon electrodes have been coated with
100ul/cm, 75ul/cm, 50ul/cm, 25ul/cm and 12.5ul/cm of membrane deposits. The
length of spray over the electrode was 1.5cm so this results in membrane deposits of
150ul, 112.5ul, 75ul, 37.5ul and 18.75ul on the sensors. The screen printed carbon
substrate was used as the conducting contact as this will enable the assessment of the
membrane deposition before any conducting polymer mid layer for ion to electron
transduction is introduced into the sensor system. The full method for the coating

techniques can be found in Section 3.1.4.

Preliminary testing showed the hand drop coating method provides membranes that
are not consistent in thickness. The surface of the sensor after membrane deposition
was imaged using a white light interferometer the full method for this can be found
in Section 3.3.2.
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Figure 4.8 Cross sectional white light interferometer image of different hand
deposited sensors showing variation in membrane thickness across sensor (Image 1 —

top, Image 2 — bottom).

Figure 4.8 shows the scan across the surface of the electrode taken using a white
light interferometer the area of the scan is detailed in Section 3.3.2. The sensors were
coated with a thin layer of aluminum powder so that the light would have a reflective
surface off the transparent membrane. Figur e 4.8 shows how the coatings are uneven
and inconsistent when analysed. Image 1 and 2 both show peaks and troughs of the
sensor coating that demonstrate differing membrane thicknesses.

155



The use of the Biodot spray deposition method should enable more consistent and
repeatable membranes. Another advantage of using a spray deposition technique is
that less membrane solution will be required which results in thinner membrane
deposits. A thinner membrane should alow the sensor to settle faster due to shorter
diffusion distances within the ion-selective membrane. This section of the results
investigates the response of the hand drop coating method against various deposition
amounts from the Biodot spray deposit machine to find the membrane deposit with

the best membrane thickness, sensitivity and drift.
4.3.1 Membrane thickness

The ion-selective membrane deposits of the coatings applied by the Biodot spray
dispensing machine and hand drop coating method were tested for thickness using a

micrometer and a white light interferometer. The detailed method can be found in

Section 3.3.1.
Membrane
Carbon \
¥ Lﬂ

X2 Substrate l

Figure 4.9 Top down view of sensor and membrane (left). Thickness of membrane
deposits (right) the measurements are taken at the centre of the carbon circle
electrode. X1 the full substrate, carbon and membrane measurement. X2 thickness of

substrate and carbon layer.

Figure 4.9 shows the cross section of the sensor. The thickness measurement with a
micrometer takes the thickness of the whole electrode as shown by X1 in Figure 4.9.
The carbon ink layer is around 30 microns thick. The carbon and substrate has a
thickness of 0.381+0.003mm as shown by X2 in Figure 4.9. The membrane
thickness is calculated by subtracting the micrometer measurement X1 values from
the substrate and carbon ink value X2.
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Figure 4.10 Membrane layer thicknesses measured with micrometer (n=5).

The membrane thicknesses are shown in Figure 4.10. The deposition technique
shows that the drop coated deposit is by far the thickest membrane deposit with a
mean value of 0.0754mm. The results show that all the Biodot machine deposited
membranes are much thinner than the hand drop coated membrane. The largest
volume 100ul/cm spray had a thickness of 0.0292mm which was thinner than the
75ul/cm deposit of 0.0384mm this could be due to the large spread of the membrane
solution which covered a greater area of the substrate than any of the other deposits.
From the 75 pl/cm spray towards lower values the membrane thickness reduced with
the amount of membrane deposited. The thicknesses were 0.023mm for 50ul/cm
membrane, 0.018mm for 25ul/cm membrane and for the 0.0092mm for 12.5ul/cm

membrane.

The membranes were also tested using a white light interferometer but unfortunately
this technique was difficult to get results as the membrane coatings were too thin on
the 12.5ul/cm and 25ul/cm samples. The 100ul/cm coating depth values could not be
found by this technique due to the spread of the membrane across the substrate which
resulted in no suitable edge to get the correct membrane depth. The technique was
able to get results for the hand, 75ul/cm and 50pl/cm membrane deposits. The hand
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deposit was 0.0701+0.017mm the 75pl/cm 0.0362+0.003mm and the 50pl/cm
0.0297+0.001mm. These measurements are for the screen printed carbon and
deposited membrane. The measurement is the averaged height across a line at the
centre of the sensor circle. The results for the white light interferometer are similar to
the values recorded from the micrometer. The results show that the machine
deposited membranes are at least half as thick as the drop coated hand deposited

membrane.
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Figure 4.11 Biodot deposited membrane surface showing surface over sensor using
50ul/cm deposition image taken with white light interferometer. Due to the thin
membrane interference is shown at the fringes of the figure.

Figure 4.11 shows the membrane surface of a 50ul/cm membrane spray deposited
by the Biodot machine. When this is compared to the cross sectional topographies of
the hand sensor in Figures 4.8 it demonstrates that the spray deposition method

produces smoother membranes.

4.3.2 Sensor voltage response

Sensor voltage response to pH of the different coated electrodes was assessed by
immersing the sensors in universal buffer solution of varying pH levels from pH4 to
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pH10 and recording the result verses a glass calomel reference electrode. The full
method for the experiment can be found in Section 3.3.4.
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y =-0.0535x + 0.4351

0.2 R2 = 0.9996

0.15

©
'_\

Voltage (V)
o
&

pH

Figure 4.12 Example of sensor response to pH the sensor shown is a Biodot 50ul/cm
coated screen printed carbon electrode (n=1).

Figure 4.12 shows the response of the 50ul/cm coated sensor. Shown is the linear
response to the pH solutions in the range 4 to 10. The best fit line drawn on the graph
gives a high R? value of 0.9996. This indicates a good linear response across the pH
range for the 50pl/cm sensor. The response of the other sensors in Table 4.1 give
similar correlation values near R* =1. This indicates al sensors tested have a near
linear response to pH change.
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pH decade response (MmV) +

standard deviation (n=5)

180uL drop coated hand deposit 53.87+£0.142
100ul/cm Biodot 53.49+0.122
75pl/cm Biodot 54.00+£0.242
50ul/cm Biodot 53.50+0.120
25ul/cm Biodot 52.79+0.523
12.5pl/cm Biodot 51.37+0.836

Table 4.1 Voltage response of pH sensor membrane depositions voltage per decade

changein H* concentration (n=5).

Table 4.1 shows that the 75ul/cm sensor coating had the largest slope with a voltage
response of 54mV/decade H* ion concentration in pH concentration. The hand
deposit has a 53.87mV/decade H* ion concentration and the 50ul/cm with a
53.5mV/decade H" ion concentration. This data shows that all sensors are able to
sense the change in pH level with the membrane thickness or deposition technique

only having a small effect on the voltage response.
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4.3.3 Sensor voltage settling

When a new sensor is immersed in a solution an initial drift will occur until the
membrane reaches equilibrium with the solution. Once equilibrium has been reached
the sensor is known as being conditioned and subsequent immersions in new
solutions will result in fast equilibrium times. The membrane thickness should
determine the speed with which the electrode reaches equilibrium due to less
distance for the primary ion to diffuse across the membrane. This experiment would
determine which of the Biodot coated sensors would settle the fastest when placed
into a pH 4 solution by measuring the drift for 1800 seconds after the sensor was
immersed. The full method for this test can be found in Section 3.3.5.
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Figure 4.13 Showing potentiometric voltage measurement of drop coated and
50ul/cm Biodot membrane coated sensors after initial immersion in pH 4 solution for
1800 seconds.

Figure 4.13 shows an example of theinitial drift once the electrodes are immersed in
a pH 4 solution for the first time. The drift is due to the membrane reaching
equilibrium with the solution. The graph shows that the 50ul/cm Biodot coated

sensor experiences less drift than the hand deposited membrane sensor.
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Figure 4.14 First immersion voltage drift in pH4 solution for 30 minutes. The
voltage shown is the difference between the initial voltage to the voltage at 30

minutes. Error bars show standard deviation. (n=5)

Figure 4.14 shows the drift in settling from the initial immersion in solution. The
25puL/cm shows the lowest drift of 2.26:2.24mV but the standard deviation is large
which indicates the sensors are inconsistent in their response. The 50uL/cm and the
75uL/cm are the best performing at 2.8+1.54mV and 4.04+1.12mV respectively over
the 30 minute period. The 12.5ul/cm is not included on the graph due to a large
deviation in results 3.76£5.68mV which indicates the sensor performance is very
inconsistent. The 100ul/cm Biodot produces the largest drift over the 30 minute
period this is unexpected as the membrane layer is thinner that both the hand and
75ul/cm membrane. This large initial drift could point to ineffective coating of the

Sensor.

Excluding the 100ul/cm result the sensors respond as expected with less drift on
average occurring as the membrane thickness decreases. The thinnest membranes
gave inconsistent responses this may be due to incomplete coverage of the carbon
sensor for the 12.5ul/cm and 25ul/cm sensor. Overall the 50ul/cm Biodot sensor was
the best performing with good pH sensitivity and one of the lowest values of drift.
This membrane coverage technique was chosen to cover the optimum coating of

conducting polymers as discussed in Section 4.2. The next section of results will
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discuss the combined performance of the sensor membrane when combined with

conducting polymers.
4.4 Manufacture

The previous sections investigated the optimum coatings of electropolymerised
conducting polymer for PPY doped with CI" and PTS ions. The optimum machine
deposited membrane was also found to ensure that the sensors could be compared
with a consistent ion-selective membrane deposit. This section of results describes
the pH sensor testing and characterisation with respect to the different conducting
polymer middle layers of the sensor. The conducting polymer layer was expected to
improve the sensor’ s voltage stability. Four different types of sensors are tested each
with a different ion to electron mid layer. The sensor cross sections are shown in
Figure4.15.
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Figure 4.15 Diagram showing cross section of sensor types. Screen printed carbon
coated with membrane (top). Cross section for the two electropolymerised
conducting polymer based sensors (middie). Screen printed PEDOT conducting

polymer with membrane (bottom).

All sensors have a carbon conducting contact on a polyester substrate. Two of the
sensors are coated with the optimum 3 cycle O to 3 volt coating of conducting
polymer found in Section 4.2. These sensors are the PPYCl and PPYPTS sensors
both of these showed promising redox reactions during cyclic voltammetry. The
cross section of these electropolymerised conducting polymers is shown in Figure
4.15 (middle). The screen printed PEDOT sensor will also be tested due to its ease of
manufacturing as shown in Figure 4.15 (bottom). The fourth sensor is the screen

164



printed carbon with no mid layer as shown in Figure 4.15 (top image). These four
sensor types were coated with the optimum membrane coating of 50ul/cm from the
Biodot spray deposit machine. The protocol for manufacturing of the sensors is
described in full in Section 3.1.

The membrane coating was applied to the carbon only electrode and aso to the two
types of electropolymerised conducting polymer sensors successfully. An example of
the successful membrane coating of a PPY PTS conducting polymer can be observed
in the surface contour map shown in Figur e 4.16. The image shows a smooth surface
over the conducting polymer. The coating of the carbon membrane has been
previously discussed in Section 4.3. The membrane surface images shown below
were taken on a white light interferometer the method of this is described in Section
3.3.2.
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Figure 4.16 White light interferometer image of the membrane surface of a coated

PPY PTS. Due to the thin membrane interference is shown at the fringes of the figure.

The coating caused some problems with the PEDOT sensor membrane with
formation of bubbles within the membrane as shown in Figure 4.17. Many PEDOT
sensors were produced using the Biodot spray deposition method but every sensor
formed bubbles in the ion-sel ective membrane. The bubbles caused the surface of the

sensor to form peaks around the bubbles as shown by the red surrounding area in
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Figure 4.17. The bubble formation will lead to inconsistent membrane coatings
using this membrane deposition method. The bubbles are likely caused by the
hydrophobic nature of the PEDOT this s discussed further in Section 6.3.

Shape of area on coutour
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Figure 4.17 White light interferometer contour image of the membrane surface of a
coated PEDOT sensor showing bubbles in membrane. The area of PEDOT coverage
is shown by the grey circle shape. The scale of the contoursisto the right hand side.

4.5 Results of full sensor testing

This section details the results from the testing and characterisation of the 4 different
types of sensor. The 4 sensor types are manufactured using the techniques detailed in
methods Section 3.1. The investigation assesses the properties of the different
conducting polymer ion to electron transducers layers when covered in a hydrogen
ion-selective  membrane. The 3 redox active conducting polymers are
electropolymerised PPYCI, PPYPTS and screen printed PEDOT. These will be
compared against the screen printed carbon membrane sensor that has no ion to

electron transducing mid layer.
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4.5.1 Voltage response of sensor to pH

The potentiometric voltage response of the pH sensor was found using the method
detailed in Section 3.3.4. The tests were used to determine how the different mid

layer influences the voltage response of the sensor over the range pH4-pH10.
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Figure 4.18 Potentiometric voltage response of carbon membrane sensor to change

in pH (n=7). Error bars not visible dueto scale.
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Figure 4.19 Potentiometric voltage response of PEDOT membrane sensor to change
inpH (n=7).
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Figure 4.20 Potentiometric voltage response of PPY Cl membrane sensor to change
in pH (n=7).
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Figure 4.21 Potentiometric voltage response of PPY PTS membrane sensor to change
in pH (n=7).

Figures 4.18 to 4.21 show the mean sensor voltage response with standard
deviations across the different pH solutions. Each sensor type shows a change in
voltage with variation of solution pH. The standard deviations show how consistent

the voltage response of each sensor type is at each pH level. The ideal sensor will
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produce a repeatable voltage at each pH level. If the mean of the standard deviations
across the pH range is taken it gives a numerical value for assessing the repeatable
voltage response across the pH levels. The Carbon membrane has the smallest mean
of the standard deviation of 2.16+0.096mV. Both the electropolymerised conducting
polymers had similar values of 11.03+1.61mV and 8.95+0.86mV for PPYCl and
PPY PTS respectively. The carbon PEDOT electrode had the largest deviation across
the sensors of 19.34+13.51mV. From this data it indicates that the carbon membrane

sensor has the most consistent voltage response across the pH values.
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Figure 4.22 Voltage response per decade change in H+ ion concentration of sensors
with different mid layer coatings (n=7). Error bars show standard deviation.

Figure 4.22 illustrates the response of the 4 different sensors tested. The Carbon and
Carbon PPYCl sensors produced the largest voltage change of -
52.46+0.102mV/decade change H* ion concentration and -52.32+0.84mV/decade
change H" ion concentration respectively. The Carbon PPY PTS sensors have a slope
of -47.77+0.92mV/decade change H* ion concentration. The carbon PEDOT sensor
had the lowest voltage response of -43.96x7.47mV/decade change H® ion
concentration. The most consistent sensor was the carbon and membrane with no mid
layer. The most inconsistent sensor was the carbon PEDOT sensors which have a
large standard deviation. These results show that each of the sensors tested produce a

near Nernstian voltage response to change in pH of a solution. With the carbon
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membrane sensor that has no mid layer giving the largest voltage response and also

the most consistent voltage response at each pH level.
4.5.2 60 Day long life test

The original sensors from Section 4.5.1 were retested after being stored in a dark
environment at room temperature for a 60 day period. The method used was the same
as the previous test for determining pH voltage response to decade change in H”
concentration as detailed in Section 3.3.4.

The carbon membrane electrode produced the largest voltage change per decade of -
52.42+0.14mV/decade change H® ion concentration. The electropolymerised
conducting polymers had voltage responses of -49.18+0.31mV/decade change H" ion
concentration and -48.45+1.18mV/decade H" ion concentration for PPYCl and
PPYPTS respectively. The PEDOT membrane sensor has a voltage response of -
38.62+8.61mV/decade change H" ion concentration.
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Figure 4.23 Change in voltage response per decade change in H* concentration after
60 day period. (n=7)

Figur e 4.23 shows the change in voltage response per decade H* concentration after
60 days between the four sensors. The graph illustrates that the largest change
between the two measurements was from the Carbon PEDOT membrane sensor this
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changed by -5.34mV/decade change H* ion concentration over the 60 day period.
The electropolymerised sensors performed differently with the PPY Cl sensor having
a larger change of -3.14mV/ decade change H" ion concentration compared to the
PPYPTS which performance increased by 0.67mV/ decade change H® ion
concentration over the 60 day period. The carbon membrane sensor produced the
smallest change after 60 days storage of 0.046mV/ decade change H' ion

concentration.

It should be noted that although the sensors voltage response slope changes by the
values shown in Figure 4.23 the potentials of the sensors change over time. After 60
days the carbon sensor potential reduced by an average of 28.2+1.5mV per pH level
and the PEDOT by an average of 34.0+£8.2mV per pH level. The electropolymerised
sensors increased in voltage response by an average of 79.5£8.3mV and 38.6x3mV
per pH level for PPY Cl and PPY PTS respectively. The large standard deviations for
the conducting polymer based sensors indicate that the reduction in potentia is not
uniform across the pH range. This could be due to the ion-selective membrane and

conducting polymer properties changing after drying after initial immersion.

These results were unexpected as the conducting polymer sensors were expected to
be the best performing and show stability in voltage response over time. The poor
performance of the conducting polymers to the long life testing indicates that there is

a problem in the sensors which affects their performance.
4.5.3 Sensor voltage settling

This section presents the results from the sensor voltage settling after initial
immersion in a pH solution, the test is detailed in Section 3.3.5. The test involved
each new sensor being immersed in a pH 4 solution to observe the voltage drift over
aperiod of 1800 seconds (30 minutes). Theinitia drift will occur until the membrane
and mid layer reach equilibrium with the solution. Once the sensors have achieved
equilibrium with an initial solution they are said to be conditioned. A conditioned
sensor achieves stability in a shorter time period than an unconditioned sensor. This
test investigates which sensor is stable and conditioned in the shortest time period.
Figur e 4.24 shows an example of sensor drift over theinitial 30 minute period.
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Figure 4.24 Figure showing initial sensor voltage drift over the first 1800 seconds of

immersion against calomel reference el ectrode.
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Figure 4.25 Voltage drift of the sensor in pH 4 solution after initial immersion to 30

minutes. (N=7)

Figure 4.25 shows the results for the initial sensor drift testing. The carbon showed
the least amount of drift over the period of time studied the drift was 6+1.55mV for
the 1800 second test period. The carbon PEDOT sensor had a drift of 16.01+8.73mV
for the testing period. The electrodeposited conducting polymers were the worst

172



performing of four sensors tested. The Carbon PPY PTS had the largest drift of all the
sensors of 39.31+7.65mV for the testing period. The carbon PPY Cl sensor has a drift
of 36.03+3.98mV over the testing period.

The drift was unexpectedly large for the conducting polymers sensors. This suggests
that longer conditioning times are needed for the conducting polymer mid layers to

reach equilibrium.
4.5.4 Selectivity

The selectivity of the sensors was determined using the separate solution method
detailed in Section 3.3.6. The separate solution method first finds the voltage
response to concentrations of the primary ion only which in this case is the H+ ion.
Then the voltage response to the interfering ion is tested over a series of solutions
containing only the interfering ion. The voltage responses to both the interfering and
primary ion are extrapolated to 1M concentration to find the estimated voltage at this
concentration. The selectivity coefficient is then calculated by Equation 3.1 in
Section 3.3.6. The higher the coefficient the more selective the electrode is to the
interfering ion. Due to the interfering ion not giving Nernstian slopes the maximum
activity level was used to determine the selectivity of the electrode as recommended
in Bakker (Bakker et al., 2000). The selectivity coefficients shown are the maximal
limiting values of selectivity.
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Figure 4.26 An example of performance of carbon membrane pH electrode using pH
solutions and separate solutions of potential interfering ions. Shown is response to
pH with dashed line extrapolated to 10° M for calculation of selectivity measurement.
The voltage response to each interfering ion was recorded over a concentration range
10*-10°M.

Figure 4.26 details the response of a carbon membrane pH electrode to a variety of
interfering ion solutions of varying concentrations. The results of this show the
amost flat response to the interfering ions across the different solution
concentrations. All sensors tested produced similar responses to the one shown in
Figure 4.26. The data from these tests is used to calculate the selectivity coefficient
shown below in Table 4.2.
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Sensor K+ Na+ Caz+ Li+

Carbon -5.46x0.06 -5.38+0.05 -5.29+0.08 -5.39+0.04
PEDOT -4.62+0.91 -4.72+0.89 -4.56x0.78 -4.78+0.90
PPYCI -3.28+0.14 -3.30+0.21 -2.98+0.15 -3.28+0.09
PPYPTS -3.85+0.16 -3.87+0.15 -3.450.14 -3.86+0.18

Table 4.2 Selectivity coefficients for full sensorsfor different ions. (n=7)

Table 4.2 shows the maximum selectivity coefficients of the four different sensors
tested. The results show that the carbon membrane sensors are the most selective of
all the interfering ions tested. The Carbon membrane PPYPTS is more selective than
the other electropolymerised conducting polymer PPYCI. The results of the
selectivity coefficient are further discussed in Section 6.4.4.

4.5.5 Sensor hysteresis

Sensor hysteresis is a test to investigate if the sensor voltage response is the same
when immersed from pH4 to pH10 solution then from pH10 back down the pH range
to pH4. Thiswould determine if the sensor was accurate over arange of values of pH
and if the sensor experienced any voltage change from cycling through pH solutions.
The detailed method used for this test is described in Section 3.3.7. An ideal sensor
would show identical voltage response so that an accurate pH can be calculated from
the voltage.
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Figure 4.27 Hysteresis showing the difference in voltage response for pH per decade
change in H™ ion concentration going up and down pH range from 4-10 (n=7)

Figure 4.27 illustrates the voltage response per decade change in H' ion
concentration from both the up and down cycle of the pH. All the sensors show a
degree of hysteresis with the carbon showing the closest response between the up and
the down slopes. The best performing pH sensor with the closest voltage response to
pH cycling was the carbon membrane sensor it had a -0.46mV difference between
the up and down slope. The carbon PPY Cl sensor has alarger up slope the difference
between the slopes is -1.73mV. The carbon PPY PTS sensor has a larger down slope
which is the opposite of the PPY Cl based sensors the difference between the two was
+1.81mV. The carbon membrane and the electropolymerised sensors were constant
in their voltage slope response. The Carbon PEDOT sensor had a difference in slopes
of -1.58mV but had very high standard deviations due to the inconsistent

membranes.
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Figure 4.28 Showing recorded voltage difference between pH levelsin pH hysteresis
test. PEDOT not shown due to high standard deviation.

The voltage change per decade does give the full information of the sensor
performance. If the voltage values are observed comparing the initially recorded
values at the pH levels with the second recorded values it gives different voltage
values as shown in Figure 4.28. This data shows large differences in recorded values
between the initial pH measurement and second pH measurement for the
electropolymerised conduction polymer based sensors. The PPYCI was the worst
performing with a maximum difference of 16.2mV between the pH5 measurements.
The PPYPTS showed the largest deviation of 10.7mV a pH 6. The carbon
membrane was the best performing with a maximum difference of 3.4mV between

the pH 4 measurements.

The results detailed show that the sensors based on conducting polymers would not
be reliable for pH measurement due to the change in voltage response per decade. A
constant voltage response is required to give accurate conversion to pH. It indicates
that the conducting polymer based sensors have an issue with voltage drift which

affects their performance this could be due to formation of a water layer.
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4.5.6 Water layer testing

The conducting polymer based sensors showed inconsistent voltage response in the
hysteresis testing which indicates a problem with the sensors. A potential problem
could be the formation of a water layer between the membrane and conducting
polymer as shown in Figure 4.29. The formation of a water layer can be due to poor
membrane adhesion and it introduces new unwanted phase potential differences
within the sensor that will affect the overall voltage response to the primary ion and

degrade the sensor performance (Fibbioli et al., 2000).

Membrane Water Layer
Conducting polymer
Carbon

Substrate

Figure 4.29 Cross section of conduction polymer sensor showing water layer

formation.

To test for the formation of a water layer between the membrane and the other layers
the sensors were immersed in a pH4 solution for 1 hour then immersed in pH10 for 1
hour then again in pH4 for 2 hours. If aliquid layer is formed a voltage drift will be
observed when moving from one solution to another (Fibbioli et al., 2000). The
method for this test is fully detailed in Section 3.3.8. Due to high inconsistency in
the PEDOT membrane as shown in the previous sections the water layer tests were

not included for this sensor type.
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Figure 4.30 Carbon membrane sensor water layer test. Voltage response to
immersion in pH 4 solution for 1 hour followed by pH 10 solution for 1 hour then

pH4 solution for 2 hours.

Figure 4.30 illustrates the response of the carbon membrane sensor to water layer
formation test. The voltage drift after the second immersion in the pH 4 solution is
3.23+0.41mV (n=3). The difference in potential from the final measurement in the
first pH4 solution to the final measurement in the second pH 4 solution is
1.43+1.17mV (n=3). The carbon sensor has the least amount of voltage drift in all
solutions. The lack of difference between measurements indicates the absence of any

water layer.
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Figure 4.31 Carbon PPY Cl membrane sensor water layer test. Voltage response to
immersion in pH 4 solution for 1 hour followed by pH 10 solution for 1 hour then

pH4 solution for 2 hours.

Figure 4.31 shows the voltage response of a carbon PPY Cl sensor during water layer
testing. The immersion in the second pH 4 solution produces a voltage drift of
10.4+7.75mV (n=3). The difference in potential from the final measurement in the
first pH4 solution to the final measurement in the second pH 4 solution is
31.93t4.4mV (n=3).The PPYCIl sensor in all pH solutions shows an initial drift
towards more positive voltages after around 300 second the sensor drifts towards
negative values. The drift is large which indicates that there is a formation of a water

layer that interferes with voltage potential.
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Figure 4.32 Carbon PPY PTS membrane sensor water layer test. Voltage response to
immersion in pH 4 solution for 1 hour followed by pH 10 solution for 1 hour then

pH4 solution for 2 hours.

Figure 4.32 illustrates the carbon PPYPTS water layer test. The PPYPTS was the
worst performing of all the sensors tested when immersed for a second time in the
pH 4 solution with an average voltage drift of 45.97+8.72mV (n=3). The difference
in potential from the final measurement in the first pH4 solution to the fina
measurement in the second pH 4 solution is 16.17 +0.93mV (n=3). The drift in the
pH 10 solution is different from the PPY Cl sensor as it drifts toward the positive
voltages. The drift at the pH 4 solutions both show a drift toward negative voltages.
The PPYPTS sensor shows the largest amount of drift in all solutions of al the
sensors tested. This indicates that the sensor also has a formation of a water layer

between the conducting polymer and the membrane as shown in Figure 4.32.

4.5.7 Full sensor testing summary

The full testing and characterisation of the 4 different solid state pH electrodes
produced some unexpected results. The best performing sensor in all the tests was
the carbon membrane sensor with no ion to electron mid layer. The poor
performance of the screen printed PEDOT conducting polymer sensor could be
attributed to the bubbles formed within the membrane as shown in Section 4. Both
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the PPY Cl and PPY PTS electropolymerised sensors suffered from the formation of a
water layer between the membrane and conducting polymer which cause sensor
voltage drift over longer term measurements which would lead to inaccurate pH

measurements.
4.6 Carbon sensor

The carbon membrane sensor was found to be the best performing of all sensors
tested. The next section specifically tests the physical properties of the carbon
electrode with no membrane using Electrochemical Impedance Spectroscopy (EIS).
The performance of the carbon membrane electrodes is also tested for heat stress,

operating range and long term sensor voltage drift.
4.6.1 Electrochemical | mpedance Spectr oscopy

The carbon membrane sensor does not have any ion to electron transducer layer
which is commonly referred to as a blocked interface which leads to unstable voltage
potential of sensors as discussed in theory Section 2.9.2. One possible reason for the
performance of the carbon electrode could be its double layer capacitance asif thisis
large it will reduce the voltage change as the double layer charges leading to a sensor
with increased stability. Electrochemical impedance spectroscopy (EIS) was used to
characterise the physical properties of the screen printed carbon electrode with no
membrane to assess the charge transfer resistance and double layer capacitance of the
electrode. The carbon electrode was run from 10kHz to 0.1Hz at 100mV amplitude
in a0.1M KCI solution. The method used for thisinvestigation is detailed in Section
3.3.12. The frequency response of the electrodes was fitted to a circuit model shown
in Figure 4.41. Thisis based on the Randles equivalent circuit discussed in Section
2.13. The circuit equivalent response will enable values to be found for electrode
double layer capacitance and charge transfer resistance. From these values the
exchange current density can be calculated which will give an indication of the
polarisable nature of the electrode as discussed in Section 2.6.
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Figure 4.33 EIS complex impedance plot for printed carbon electrode showing
frequency response from 1Hz-1kHz with a 100mV amplitude.

Figure 4.33 illustrates the complex impedance plot of the screen printed carbon
electrode. The response shows that the screen printed carbon electrode has
characteristics of a polarisable electrode due to the lack of semi circle complex
impedance response as discussed in Section 2.13.

CPE
o— N\ N — ——0
Rs
_/\/\/\._
Rct

Figure 4.34 Modified Randles equivalent circuit model for carbon electrode complex

impedance plot.

Figure 4.34 illustrates the equivaent circuit for the screen printed carbon electrode.
The CPE is a constant phase element that has both properties of resistance and
capacitance. This replaces the capacitor in Randles equivalent circuit as there is a

constant phase response at lower frequencies. The constant phase response is due to
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the surface roughness of the electrode. Rct is the charge transfer resistance and Rsis
the solution resistance of the electrochemical cell, it is independent from the
properties of the electrode. There is no complex impedance element as this has no

influence in cells of high transfer resistance as discussed in Section 2.13.

The properties of the screen printed electrode were found by plotting the data from
the EIS experiment into the equivalent circuit shown in Figure 4.33. The results
from the EIS experiment show that the screen printed carbon electrode has a
capacitance of 3.84+0.18uF at a constant phase of 0.957+0.003 (n=3). The constant
phase indicates that the response of the CPE isalmost all capacitive. The capacitance
of the screen printed carbon electrode and how it affects the sensor performance is
further discussed in Section 6.6.4.

The charge transfer resistance was 1.62x10°+2.2x10°Q which indicates a polarisable
interface (n=3). This value has a large degree of uncertainty in the equivalent circuit
model due to an estimated plot from the impedance data. This data cannot be
accurately used to give a value of charge transfer resistance but the response of the
electrodes shows that the electrode is polarisable in its response. As the charge
transfer resistance is high the double layer capacitance is important as any current
flow will charge the capacitor causing its potentia to change. The solution
resistance, Rs has avalue of 267.5+5.54Q. These results indicate that as expected the
screen printed carbon electrode is a polarisable electrode. The results of the EIS

experiments are further discussed in Section 6.6.4.
4.6.2 Sensor stresstesting

To test the sensors in a heat stress environment the carbon membrane sensors were
baked in an 80°C oven and tested at various time points to determine if there is any
change in the pH dependent voltage response slope performance characteristics. The
full procedure is detailed in Section 3.3.9. Heat testing can also be used for
accelerated lifetime stability testing so will give an indication of the products

lifetime.
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Cooking time Voltage dope per decade

concentration (mV)

Before -55.3+0.3

15 hours -53.7+0.18
30 hours -52.9+0.16
150 hours -50.7+0.51

Table 4.3 Sensor voltage response per decade of H* ion concentration after being
stressed at 80°C over various time points (n=5).

Table 4.3 details the results of the carbon electrode stress testing. The carbon
membrane sensors show a reduction from a -55.3+0.3mV/decade H* ion
concentration before the heat treatment to a -50.7+0.51mV/decade H® ion

concentration slope after 150 hours baking time in the 80°C oven.

Previous testing had shown that the voltage potential levels drop over the lifetime of
the sensor, Section 4.5.2. The voltage potentials recorded at the various pH levels
were subtracted to find the difference between the O hour and 150 hour tests. The
largest changes were in pH4 and pH 10 vaues which fell 18.4mV and 16.1mV
respectively. The pH values in between these values did not change by any greater
than 6mV. This indicates that the range of the sensor may be affected by the heat

treatment procedure.

The sensor heat stress testing shows that although the voltage response drops the
sensor still displays a voltage response to changesin H* ion concentration. Due to the
change in slope and voltage response the sensors will need to be calibrated before

testing pH values to ensure accurate sensing val ues.
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4.6.3 Sensor range

The sensors were tested to find the lower range for pH detection. Some dressings
have low pH values outwith the sensor range and may lower the pH of the wound
below the sensor operating range if using the sensor under a pH modifying dressing.
This test immersed the sensors in pH solution from pH7 to pH2 to determine the
voltage response; the method is fully detailed in Section 3.3.10.

1 2 3 4 5 6 7
pH value

Figure 4.35 Voltage response of carbon membrane pH sensor at lower pH values to
assess sensor range (n=4). The blue line is the measured voltage response at the pH
levels. The red line is the continuation of the voltage response slope from pH 4 to
pH7 to illustrate voltage response drop off at lower pH values.

Figure 4.35 shows the graph of the voltage response of the carbon membrane sensor
from pH7 to pH2. The sensor responds from pH7 to pH4 with a slope of
55.9+0.41mV/decade H* ion concentration. The slope from pH4 to pH3 is -
43.44+0.31mV/decade H" ion concentration. The slope from pH3 to pH2 is
13.25+1.1mV/ decade H" ion concentration. The ideal sensor would have the voltage
response from pH4 to pH7 continued as illustrated by the red line in Figure 4.35.
The range can be calculated as the point that the voltage response starts to deviate
from the red line. The pH level at point of deviation from the voltage response slope
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indicates the limit of accurate pH detection. For this sensor it falls at a pH value of
around 3.5.

4.6.4 Sensor long term drift

The sensors were tested over a 12 hour period in a pH 7 solution to find the long
term drift of the sensor in a pH solution. The full method is described in Section
3.3.11.
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Figure 4.36 Long term drift voltage response of carbon membrane electrodesin a pH
7 solution for 12 hours (n=3)

Figure 4.36 shows the voltage drift of the carbon membrane sensors when immersed
in apH solution for 12 hours. The drift is -0.69+0.28mV per hour of test. This value
indicates that the sensor would not be accurate over long time periods due to the
change in voltage response. Further investigations would need to be conducted if the
sensor was being used over long time periods.
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4.7 Reference electrode

The aim of the reference electrode is to provide a stable half cell potential in arange
of different solutions against which the voltage of the pH sensor can be measured. In
this arrangement this means that the reference electrode must be stable across the
range of pH values and concentration ranges of interfering ions. It is as important to
the sensing electrode as without it no comparable results could be recorded. For the
pH sensor system being investigated in this study the sensor has to be stable across
the measurement range of pH4-pH10. The reference needs to be stable in the
presence of interfering ions that would be commonly seen in its application such as
K*, Na" and Ca’ ions. The reference electrode tested is a screen printed Ag/AgCl
manufactured by Ohmedics.

4.7.1 Reference electrode response to pH

The potential of an AQ/AQCl electrode is determined by the chloride ion
concentration in the solution as discussed in Section 2.11. To determine if this theory
was correct with the Ag/AgCl reference electrode the potential was tested from pH4
to pH10 in a chloride adjusted pH solution to mimic the physiological chloride
concentration. The reference electrode was tested against a glass calomel reference
electrode. The method for thistest isfully detailed in Section 3.4.1.
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Figure 4.37 Voltage response of printed reference electrode in range of chloride
adjusted pH solution.

Figure 4.37 shows the flat voltage response of a printed Ag/AgCl in chloride
adjusted pH solutions from pH4 to pH10. The slope for the AgQ/AQCl is
0.6mV/decade n=3 which demonstrates that it is not responsive to pH. The reference
electrodes take around 30 seconds to stabilise in the chloride adjusted pH solutions.

4.7.2 Reference voltage response in chloride ion solutions

The Ag/AgCI reference electrode was tested for its voltage response to interfering
ions. It is known that the chloride concentration will affect the potential of the
Ag/AQCl electrode as discussed in Section 2.11. This test immerses the Ag/AgCl
reference electrode in concentrations from 10*M to 10°M of CI” ions to find the

voltage response. The full method is detailed in Section 3.4.2.
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Figure 4.38 The voltage response of the Ag/AgCI reference electrode to 10*M to 10°
%M concentrations of NaCl salt (n=5).

Figure 4.38 details the voltage response of the reference against a calomel reference
electrode when immersed in different concentrations of NaCl from 10°M to 10™M.
The response is a -46.8+2.6mV/decade response chloride ion concentration. The
same test was also run in 10*M to 10°M concentrations of KCl salt and it produced
a similar slope of -44.9+4.4mV/ decade response chloride ion concentration. In
solutions where the Cl™ ion concentration varies the Ag/AgCl printed reference will
not be suitable as the voltage potential will change and the reference will not provide
a stable half cell. It would be possible to use a screen printed Ag/AgCl as areference

electrode in biological solutions as the CI™ ion concentration is constant.
4.7.3 Reference electrode long term voltage drift

The Ag/AgCI reference electrodes were tested to find their voltage stability over a 12
hour time period in a chloride adjusted pH 7 solution. They were measured against a
calomel electrode the detailed method can be found in Section 3.4.2.
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Figure 4.39 Voltage stability of screen printed Ag/AgCl electrodes in a chloride
adjusted pH 7 solution for 12 hours (n=3).

Figure 4.39 illustrates that the printed Ag/AgCI reference has a stable voltage over a
period of at least 12 hours. The voltage drift was small for al printed references with
a 0.17£0.07mV/hour drift on the reference electrodes tested. The Ag/AgCl printed
reference electrodes all have consistent response to the adjusted pH7 solution over

time.
4.8 Hardware

A hand held battery operated measuring device was built to measure the pH and
display the pH to the user. The design and construction of this is detailed fully in
Section 3.6. The purpose of these tests was to ensure that the individual components
of the designed measurement hardware function in the correct manner. The three
main sections of the hardware were tested; these are the input amplifier, offset
amplifier and the output from the microcontroller. The schematics of these circuit

parts can be found in Section 3.6.1.
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4.8.1 Input operational amplifier

The input operational amplifier function is to provide high input impedance and
double the input signal voltage. This stage was tested by simulating the input voltage
from the sensors with a voltage source that supplies a voltage between 350mV and -
350mV. The full method can be found in Section 3.8.1.
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Figure 4.40 The voltage output from stage one of the operational amplifier.

Figure 4.40 details the output of the first stage of the operational amplifier. The
results show a linear response across the input voltage range. The voltage slope of

thelineis2mV per 1mV input. The slope is perfectly linear with a R? value of 1.
4.8.2 Offset operational amplifier

The purpose of the offset operational amplifier stage is to supply a positive voltage
into the analogue to digital converter. The offset amplifier works by subtracting the
input from the offset voltage of 0.963V. This stage was tested by supplying a voltage
between 350mV and -350mV from a power supply to simulate the input from the

sensors. The full method can be found in Section 3.8.1.
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Figure 4.41 The voltage output from the second stage of the operational amplifier.

Figure 4.41 details the voltage response of the offset operational amplifier stage. The
gain is zero from this stage as the voltage response slope is the same as the previous
stage at 2mV per ImV input. The offset maintains the linearity of the sensor with a
R? value of 1. For an input of 350mV the output of the offset amplifier is 0.262V.
For an input of -350mV the output from the offset amplifier is 1.664V.

4.8.3 ADC output

The input for the analogue to digital converter which is located within the
microcontroller comes from the output of the offset amplifier. The output from the
ADC is multiplied by the reference voltage to get the output voltage from the ADC.
The Voltage out is displayed on the LCD screen where the output values are
recorded from. This test measures the voltage difference between the voltage
displayed on screen and the voltage input to the analogue to digital converter. The
full method can be found in Section 3.8.2.
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Figure 4.42 Difference between input voltage to ADC and output stage as displayed
on screen.

Figure 4.42 illustrates the output from the ADC as shown on the meter LCD screen.
The graph shows the difference between the input to the ADC and the voltage value
shown on the LCD screen. The difference between the input voltage increases from -
1mV difference for a 350mV input to a 4mV difference for a -350mV input. The

overall circuit draws 40mA of current when in operation.
4.9 Sensor system combined performancetesting

The sensor combined testing is designed to bring together all the elements in the
previous sections of results to assess their combined performance. First the combined
performance of the printed sensor couple was tested in a range of pH solutions. The
second part of combined testing assesses the sensor system by calibrating the sensors
then immersing the sensors in pH solutions to calculate the pH.

4.9.1 Sensor voltage response against screen printed AgQ/AQCIl reference
electrode

The printed Ag/AgCI reference electrode and carbon membrane sensor was tested to
find the pH dependent voltage response calibration slopes in a chloride adjusted pH
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solution. The voltage for this was recorded on the Solartron 1286 e ectrochemical
interface the full detailed method is given in Section 3.10.
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Figure 4.43 Carbon membrane electrode voltage response in range of chloride
adjusted pH solutions from pH 4 - pH10 measured against screen printed Ag/AgCl
reference electrode (n=5).

The result for this showed a voltage response of -54.83+0.16mV/ decade H* ion
concentration. The standard deviations are al under 1mV and hence too small to be
shown in Figure 4.43. The small standard deviations and good voltage response
show that a screen printed reference and carbon membrane sensor can be used
successfully to measure changesin pH.

4.9.2 Combined sensor system calibrated pH testing

Three different tests were conducted to assess the pH detection capabilities of the
sensor. The sensor performance was tested against a screen printed Ag/AgCl
electrode and a calomel glass electrode and the voltage potential were recorded using
the Solartron 1286 electrochemical interface. It was tested against both the screen
printed electrode and glass reference electrode to provide a comparison between
different experimental setups. The different measurement setups are fully detailed in
Section 3.10. The full method and formula for the pH calculation is detailed in
Section 3.9.3. The carbon membrane pH electrode and screen printed Ag/AgCl
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reference electrode was also tested with the designed battery operated measurement

hardware to give a pH reading and testing the compl ete system accuracy.

For each of the tests the sensors were calibrated using a two point calibration method
where the sensor couple was immersed in a pH 4 and pH 7 solution to get a voltage
response per pH level for the sensor. This calibration enables the pH to be estimated
from the voltage response of the sensor to new solutions. The formulafor calculating
the pH is shown in Section 3.7.9. The pH solutions used for this experiment are the
chloride adjusted pH solution detailed in Section 3.2.3. The pH of the test solutions
was measured by a glass pH meter.

pH Glass Sensor V ref Sensor V Device results
electrode (pH)  (pH) printed ref (pH)
(pH)

35 3.56+£0.04 3.53+0.10 3.57+0.04

4.5 4.48+0.03 4.51+0.02 4.52+0.01

55 5.47+0.04 5.51+0.06 5.5+0.03

6.5 6.46+0.02 6.45+0.04 6.46+0.02

75 7.52+0.02 7.52+0.01 7.52+0.01

Table 4.4 pH levels of set solutions once calibrated using 2 point method with
standard deviations. (n=3)

This test shows the calibrated pH response of the various sensor systems when
immersed in the various chloride adjusted pH solutions shown on the left hand
column of Table 4.4. These tests show the performance of the carbon membrane pH
sensor against the different reference types and using the hardware that was designed
for this experiment. Table 4.4 shows the sensor operates effectively for both the
printed and glass reference electrodes at each pH level. The results for the complete

system testing show that the full system can measure and calculate the pH level of
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the solutions accurately. The results show that the two point calibration is an

effective way to calibrate the sensors for pH measurement.
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Chapter 5 - Resultswound dressings

5.1 Introduction

The pH of a wound influences many factors such as enzyme activity in tissue fluid
and cell proliferation that contribute to the healing of the wound, these can be read
about in detail in Section 1.9. Some modern wound dressings actively change the pH
level of the wound to help control the healing properties. The pH effect of these
dressings is not widely reported in the literature even though it plays an important
rolein the healing process (as discussed in Section 1.11).

This chapter details the results from the second stage of experimentation when
wound dressings are tested for their effect on pH. This section starts with commonly
used wound dressings being tested for pH in a non buffered solution using a glass pH
electrode. The testing then moves onto testing the performance of the components of
the sensor system described in Chapter 4 for their response to the pH of wound
dressings and horse serum. This testing ensures that the designed pH sensor,
reference and hardware can detect the pH of the wound dressings and horse serum
successfully when compared to a glass pH electrode as it was unknown if their
components may interfere with measurement. The final part of this chapter details
the real time effect on pH that the wound dressings have when used in a wound bed
model. Four different wound dressing types are tested first in Solution A which has
no acid buffering characteristics. The experiments are then repeated using horse
serum to mimic the buffering capabilities of wound fluid. These experiments will
give an indication of the commonly used wound dressings acidic strength and the

effect on the pH of awound after application.
5.2 Wound dressing testing

The wound dressings tested for pH response were chosen as they are commonly used
in clinical practice within the NHS in the UK. The dressings were chosen so that a

broad range of dressing types was tested. All the dressings tested are in direct contact
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with the wound and they are normally used in conjunction with a secondary dressing

that covers the wound area. Three main dressing types were investigated:

e Hydrogels
e honey based dressings

e matrix metalloproteinase (MMP) modifiers

Hydrogels act to maintain a moist wound healing environment. Honey dressings are

commonly used for their antibacterial and healing properties. MMP modifying
dressings act to change the pH of a wound to reduce MMP enzyme proliferation
which is known to delay wound healing. A summary of the wound dressings tested
and their claimed key properties is detailed in Table 5.1. A detailed description of
the dressings tested can be found in Section 3.11.1.

Dressing type Dressing properties

Activon Tulle, Honey dressing (Manuka), antimicrobial, low pH due to
Activon tube acids naturally in honey, helps maintain moist wound
Aquacel Hydrogel, maintains moist wound environment

Aquacel Ag Hydrogel, maintains moist wound environment, contains

silver ions which give antimicrobial properties

Cadesorb MMP modifier uses acid to achieved this athough acid
used is not disclosed

Promogran MMP modifier claims this is through cellulose, contains
acetic acid

Promogran Prisma MMP modifier claims this is through cellulose, contains
silver ions which give antimicrobial properties, contains
acetic acid

Tegaderm MMP modifier through use of citric acid and metal ions

Table 5.1 Summary of key components of wound dressings tested.
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5.2.1 Wound dressing pH

The aim of this experiment was to find the pH values of wound dressings when
hydrated. The wound dressing were immersed in 20ml of Solution A and mixed then
left for 20 minutes to ensure mixing of dressing constituents with measurement
solution. The pH was then recorded of the solution containing the wound dressing.
Solution A is an aqueous salt solution that mimics the physiological concentrations
of salts in human serum (a detailed description can be found in Section 3.2.2). The
dressings were cut to 5cmx5cm squares and for the liquid dressings 2g were mixed
into the Solution A. The measurements were made on a pH meter with a glass pH
electrode 20 minutes after hydration. The full method for testing can be found in
Section 3.12.

Dressing type pH value (pH)

Activon tube 3.51+0.04
Activon Tulle 3.49+0.10
Aquacel 4.51+0.02
Aquacel Ag 4.59+0.03
Cadesorb 2.49+0.01
Promogran 2.30+0.03
Promogran Prisma 2.2+0.02

Tegaderm 3.25+0.01

Table 5.2 Measured pH after hydration of wound dressing in 20ml Solution A using
glass electrode pH meter (n=3).

The results shown in Table 5.2 illustrate that the pH of the dressings. The Activon
Tulle dressing has similar pH for the tube and dressing of 3.51 and 3.49 respectively.
The Activon Tulle dressing has the largest standard deviation of all the wound
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dressings tested this could be due to different amount of honey on each dressing, this
is further discussed in Section 6.10.3. Aquacel and Promogran dressings both have
additional dressings with silver ions the pH of these is 4.59 and 2.2 respectively. The
difference between the silver and non silver was 0.084 of a pH level for Aquacel
with the non silver dressing being slightly more acidic. The difference between the
Promogran dressings was 0.103 of a pH with the silver dressing being more acidic.
The difference could be due to dlightly different constituents in the different wound

dressing types.

The pH of the tested dressings varies from a pH of 4.59 to apH of 2.2. The pH of the
honey and MM P modifying dressings was much lower than the recorded range of pH
found in wounds which has been reported between 5.45-8.9 (Dissemond et a., 2003;
Greener et al., 2005; Gethin, 2007). The lowest pH values recorded for Promogran
and Cadesorb are particularly low as this is around the same acidity as lemon juice.
Due to the pH of these dressings being very low they are outside the carbon
membrane sensor range as discussed in Section 4.6.3. If testing the pH with these
dressings the results may be inaccurate as the carbon membrane sensor only has a
range to a pH of 3.5. The next section will investigate the response of the carbon

membrane pH electrode to the wound dressings.

5.3 Disposable sensor system validation
5.3.1 Dressing pH testing with sensor system

This exact constituent of the wound dressings are unknown so the individual
components of the sensor system were tested to validate their accuracy against the
glass pH electrode measurement. Three different setups were used to measure the

accuracy of each of the components designed in Chapter 4.

The screen printed carbon pH electrode was tested against a glass calomel reference
electrode. The second setup replaced the glass reference with the screen printed
Ag/AgCl reference electrode. The voltage was measured with the Solartron 1286
electrochemical interface for these two setups. This arrangement would enable the

accuracy of the carbon membrane pH sensor to be measured against two different
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reference electrodes. The first setup would test if the screen printed carbon pH
electrode operation with the hydrated wound dressing solutions. The second would
validate the use of a screen printed Ag/AQCI reference electrode by comparison to
the result from the calomel glass reference electrode. The third setup tests the full
designed system with screen printed carbon pH electrode, Ag/AQCl reference
electrode and designed measurement hardware. These setups are further detailed in
Section 3.10.

The wound dressing samples were cut into 5cmx5cm squares and for the liquid
dressings (Cadesorb, Activon Tube) 2g were mixed into the Solution A and left to
mix for 20 minutes before measurement the full method for thisis detailed in Section
3.12. A two point calibration was performed on all sensors were the sensors were
immersed in chloride adjusted pH 4 and pH 7 solution as discussed in Section 3.9.2.
One sample of dressing solution was used with three different sensors. The Cadesorb
and Promogran dressings were not tested for this experiment as they are too acidic

for the range of the sensor at pH 2.49 and pH 2.3 respectively and would give

inaccurate pH sensing results. The pH values were calculated using the formula in
Section 3.7.9. The full system the pH reading was recorded from the LCD screen.

Dressingtype Meter pH Sensor V  Sensor V Device results
(pH) Calome ref printed ref (pH)
(pH) (pH)
Aquacel 451 4.53+0.04 4.61+0.04 4.54+0.03
Aquacel Ag 4.56 4.53+0.04 4.54+0.08 4.57+0.03
Activon Tulle  3.60 3.67+0.01 3.66+0.05 3.66+0.02
Activontube  3.55 3.59+0.05 3.66+0.03 3.58+0.02
Tegaderm 3.25 3.40+0.02 3.39+0.04 3.43+0.02

Table 5.3 Calculated dressing pH using carbon membrane pH sensors against
calomel reference and screen printed Ag/AQCI reference electrode. The column

“device results’ details the pH response of the carbon membrane pH electrode
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against the screen printed Ag/AgCl using the designed measurement hardware to

record the pH value. (n=3)

Table 5.3 details the caculated pH from the various sensor and reference
combinations. The sensor verses the calomel electrode has consistent performance
similar to the pH meter reading for all dressing types bar the Tegaderm. The
Tegaderm measured at a pH of 3.4 but it was measured at 3.25 on the pH meter. This
is due to the Tegaderm being outside the measurement range of the pH electrode as
detailed in Section 5.2.1.

The Screen printed pH sensor and screen printed reference electrode results are close
to the pH meter reading. The largest difference between the meter reading and the
sensor reading was for Tegaderm 0.143pH due to being outside the pH sensor range.

The combined system testing using both printed sensor and reference couple with pH
measurements being taken on the battery operated designed measurement hardware.
The results show that the Tegaderm was again the worst performing dressing with
0.18 pH difference between the glass el ectrode measured pH value and sensor system
performance due to being outside the pH electrode measurement range. The other
dressings all were within 0.07 of apH of the measured value of pH meter.

For al sensor systems the Tegaderm pH measurement was the furthest from the glass
electrode measurement with values measured with the carbon membrane pH sensor
higher than the 3.25 pH measured with the glass pH electrode. This is due to the pH
of the Tegaderm dressing being outwith the range of the carbon membrane pH
sensor. For the other dressings tested, the pH values were close to those measured
with the glass pH electrode. This indicates that the sensing system designed in
Chapter 4 can successfully measure the pH of hydrated wound dressings within the

pH sensor range.
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5.3.2 Horse serum testing with sensor system

All the previous pH testing of wound dressings was conducted using Solution A to
hydrate the wound dressings. Solution A does not have any acidic buffering capacity
and will not resist acidic change thisis not realistic as wound fluid would buffer pH
change through the amino acids of blood proteins as discussed in Section 2.14.1. To
mimic the buffering capabilities of wound fluid horse serum was used as a substitute
as is contains similar buffering capacity through proteins. On the final wound bed
simulation pH testing this will enable the acidic strength of the acids to be observed
through their influence on pH.

The purpose of this test was to assess the performance of the pH sensor when
immersed in horse serum and a diluted horse serum mixture to ensure accurate
measurement when compared against a glass pH electrode. Diluted horse serum was
used to reduce the viscosity of the horse serum mixture the method is detailed in
Section 3.2.3. The sensor wasfirst calibrated by immersing in chloride adjusted pH 4
and pH7 solution as detailed in Section 3.9.2. The sensor was immersed in 20ml of
horse serum solution where the voltage response was recorded using the 3 different
measurement setups and the glass pH electrode. As in the wound dressing testing
(Section 5.3.1) three different measurement setups were used to test the individual
components of the disposable pH sensor, reference and measurement hardware. The
first setup tests the screen printed carbon pH electrode against a glass calomel
reference electrode. The second setup replaced the glass reference with the screen
printed Ag/AQCI reference electrode. The voltage was measured with the Solartron
1286 electrochemical interface for these two setups. The third setup tests the full
designed system; screen printed carbon pH electrode, Ag/AgCI reference electrode
and designed measurement hardware. These setups are further detailed in Section
3.10. The pH value was then calculated by using the voltages recorded and the
formulain Section 3.7.9. The full system the pH reading was recorded from the LCD

Sscreen.
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Sensor V ref Sensor V Device

(pH) printed ref results(pH)
(pH)
Horseserum 7.88 8.01+0.04 7.92+0.02 7.98+0.03
Horse serum 8.00 7.96+0.02 8.02+0.01 7.93+£0.05
Sol A 50/50

Table 5.4 Calculated pH values when carbon membrane pH sensor immersed in
horse serum in 20ml solution measured against calomel reference and screen printed
Ag/AQCI reference electrode. The column “device results’ details the pH response of
the carbon membrane pH electrode against the screen printed Ag/AgQCl using the

designed measurement hardware record the pH value. (n=3)

Table 5.4 details the results from the horse serum pH testing. The results show the
pH found from the glass electrode pH meter has a difference of 0.12 of a pH between
the horse serum and the horse serum Solution A mixture. The results from the tests
show that the pH is near to the meter reading for all sensors tested. Overadl the
carbon membrane pH sensor was able to effectively measure pH in a horse serum
mixture. This result indicates that the carbon membrane pH electrode with screen
printed Ag/AgCI reference electrode is able to accurately measure the pH of human

wound fluid.
5.4 Dressing simulation testing

This section detail s the wound dressing properties in a simulated wound bed model.
The investigation is designed to show the change in pH once a wound dressing has
been applied to a smulated wound bed as shown in Figure 5.1. The solutions used
are a Solution A and a mixture of Solution A and horse serum. The horse serum was
diluted so that a less viscous mixture could be tested. Both solutions were tested as
the horse serum will have buffering capabilities through the amino acid chains in
proteins in similar concentrations to human wound fluid as discussed in Section
2.14.1 so the pH responses should differ. The response of the pH change should also
let the acidic strength of the wound dressings be observed. The buffering capabilities

of the horse serum will depend on the disassociation and concentration of the acid of
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the wound dressings as discussed in Section 2.14. The dressings tested for both
types of solution are the Activon Tulle, Aquacel, Tegaderm and Promogran more
information on the dressing types can be found in Section 3.11.2. The Tegaderm and
Promogran dressings were both shown to have pH values outside the range of the
carbon membrane pH sensor as detailed in Section 5.2.1. They are used in this
experiment asit is expected the buffering capabilities of the horse serum will prevent
the pH dropping below the pH sensor range. The printed carbon membrane pH
sensor and the screen printed Ag/AgCl reference electrode are used to measure the
voltage response from which the pH is calculated. The sensors were given a two
point calibration in chloride adjusted pH 4 and pH 7 solutions as described in
Section 3.9.2. The voltage was recorded on a Solartron 1286 electrochemical
interface. The full method can be found in Section 3.13 and the formula for pH
conversion in Section 3.7.9.

Figure 5.1 Carbon membrane pH sensor and Ag/AgCI reference before dressing
application (Left) and Sensor couple after wound dressing application (Right).
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5.5 Solution A testing

The tests in this section use 10ml of solution A to simulate the wound exudate. The
full method can be found in Section 3.13. The 5cmx5¢cm wound dressing samples are
applied after 120 seconds. The Solution A mixture does not contain any acid or
buffering qualities, so it will enable the pH of the dressings to be recorded with no
buffer resistance that it would experience in physiological solutions as explained in
Section 2.14. The lack of buffering qualities will mean the pH will change even if
the wound dressing acid concentration is low. The pH will depend on the acid

disassociation in the solution.
5.5.1 Activon Tulle

The Activon Tulle dressing when fully immersed in 20ml of solution had a pH value
of 3.49 thisis described in Section 5.2.1. The Activon Tulle dressing was applied to
the solution A after 120 seconds of testing. The Activon Tulle dressings have
inconsistent amounts of honey across the dressing surface which means that different
samples used may have different concentrations of honey this is detailed in Section
6.10.3.
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Figure 5.2 Activon Tullein Solution A dressing added after 120 seconds.
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The pH response to the application of the Activon Tulle dressing is illustrated in
Figure 5.2. The application of the honey dressing causes a sharp change in the pH.
The solution pH drifts up from an initial pH of 3.35, 3.55 and 3.54 for run 1 to 3
respectively at 150 seconds to pH values of 3.57, 3.94 and 3.68 for run 1 to 3
respectively at 650 seconds. The sensor does not fully stabilise after application of

the Activon Tulle dressing within the measurement time period.

5.5.2 Aquacel

The Aquacel dressing when fully immersed in 20ml of solution had a pH value of
4.51 this is described in Section 5.2.1. The Aquacel dressing was applied to the
solution A after 120 seconds of testing.
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Figure 5.3 Aquacel in Solution A dressing added after 120 seconds.

Figure 5.3 illustrates the pH change in a 10ml solution after application of the
Aquacel dressing. The Aquacel dressing produces a very sharp change in pH after
application of the dressing. The pH value after the application of the Aquacel
dressing at 390 sec is 4.65, 4.66 and 4.55 for run 1 to 3 respectively. The potential is
stable once the dressing has been applied.
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5.5.3 Tegaderm

The Tegaderm dressing when fully immersed in 20ml of solution had a pH value of
3.25 this is described in Section 5.2.1. The Tegaderm dressing was applied to the
Solution A after 120 seconds of testing.
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Figure 5.4 Tegaderm in Solution A dressing added after 120 seconds.

Figure 5.4 shows the pH response of Solution A after application of the Tegaderm
dressing. At 150 seconds the pH of the three runs is 3.44, 3.31, 3.33 for run 1 to 3
respectively. This pH result will not be fully accurate as the pH level of the solution
is below the range of the sensor. The pH changes over time until is stabilises at 3.61,
3.52 and 3.48 for run 1 to 3 respectively after 500 seconds. The Tegaderm produced
pH values above the measured pH of hydrated Tegaderm in Section 5.2.1 this is

caused by the pH being below the carbon membrane pH sensor range.
5.5.4 Promogran

The Promogran dressing when fully immersed in 20ml of Solution A had a pH value
of 2.3 thisis described in Section 5.2.1. The Promogran dressing was applied to the
Solution A after 120 seconds of testing.
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Figure 5.5 Promogran in Solution A dressing added after 30 seconds.

Figure 5.5 shows the pH change when the Promogran dressing is applied to the
Solution A. The Promogran is more acidic than the performance range of the sensor
so the final pH is limited by the performance of the sensor. The drop in pH is more
gradual than the other dressing types shown. This could be due the dressing taking a
longer time to absorb the liquid when placed on the wound sensor model. The pH
value after the drop is 2.97, 3.09 and 3.00 for sensor 1 to 3 respectively. The
Promogran produced pH values above the measured pH of hydrated Promogran in
Section 5.2.1 thisis caused by the pH being below the carbon membrane pH sensor

range.
5.5.5 Summary Solution A testing

All sensors displayed pH change when the dressing was applied. The Activon Tulle,
Aquacel and Tegaderm showed an almost instantaneous pH drop which indicates fast
absorption of the pH dressing into the solution A. The Promogran had a smaller
gradient and took around 90 seconds to settle at a steady pH - this was caused by
slower absorption with the wound dressing. Both the Tegaderm and Promogran
dropped to pH levels out with the range of the sensor and hence the values recorded
are not accurate once the pH drops below the lower limit of 3.5 for the pH electrode.
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The results of the Solution A wound bed simulation are discussed in detail in Section
6.10.3.

5.6 Horse Serum

The same method was used as for the Solution A testing but the Solution A was
replaced with a 50/50 mixture of horse serum and Solution A. The full method for
this is found in Section 3.13. The horse serum and Solution A mix was used to
produce a less viscous wound exudate for the testing of the dressings. The buffering
capacity of horse serum is discussed in Section 2.14.1. The larger the acid salt
disassociation the larger the pH drop when no buffer but when a buffer exists then
the concentration and disassociation of acid on the wound dressings will influence
the pH change this is discussed further in Section 2.14. The buffering capacity of
horse serum will enable the different concentrations of acid in the wound dressings to
be observed by the pH response.

5.6.1 Activon Tulle

The Activon Tulle dressing had a pH of 3.49 when immersed in a 20ml Solution A
mixture thisis described in Section 5.2.1. The dressing was added to the horse serum
solution after 120 seconds.
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Figure 5.6 Activon honey dressing in 10ml horse serum/Solution A mixture (n=3).
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Figure 5.6 shows the change in pH level when the Activon Tulleis applied after 120
seconds. The glass electrode pH meter readings of the horse serum mixture are 8.48,
8.41 and 8.41 respectively for runs 1 to 3. The initia pH reading for the printed
sensor couple are 8.41, 8.45 and 8.43 after 60 seconds respectively for runs 1 to 3.
Once the Dressing has been applied the drop is more gradual than with the Solution
A aone. The pH stabilises at 700 seconds the readings are 5.27, 5.31 and 5.38 for
runs 1 to 3 respectively. The mean pH change is 3.11 for the three sensors. The
results of the change in pH are discussed in more detail in Section 6.10.4.

5.6.2 Aquacel

The Aquacel dressing when fully immersed in 20ml of Solution A had a pH value of
4.51 thisisdescribed in Section 5.2.1. The Aquacel dressing was applied to the horse

serum mixture after 120 seconds of testing.
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Figure 5.7 Aquacel in 10ml horse serum/ Solution A mixture (n=3).

Figure 5.7 shows the change in pH level when the Aquacel is applied after 120
seconds. The glass electrode pH meter readings of the horse serum mixture are 8.50,
8.50 and 8.38 respectively for runs 1 to 3. The initia pH reading for the printed
sensor couple are 8.36, 8.44 and 8.38 after 60 seconds respectively for runs 1 to 3.
After the application of the Aquacel dressing there is a sharp drop to 7.60, 7.64 and
7.48 respectively for runs 1 to 3. After thisinitial drop the pH gradually reduces until
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it stabilises at pH 6.60, 6.62 and 6.74 for runs 1 to 3 respectively after 750 seconds.
The average drop in pH is 1.74. The small reduction in pH with application of the
dressing indicated that the concentration of acid is lower than the other dressings
tested.

5.6.3 Tegaderm

The Tegaderm dressing when fully immersed in 20ml of Solution A had a pH value
of 3.25 thisis described in Section 5.2.1. The Tegaderm dressing was applied to the
horse serum mixture after 120 seconds of testing.
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Figure 5.8 Tegaderm in 10ml horse serum/ Solution A mixture (n=3).

Figure 5.8 illustrates the change in pH level when the Tegaderm is applied after 120
seconds. The pH meter readings of the horse serum mixture are 8.42, 8.42 and 7.90
respectively for runs 1to 3. Thereisadifference in the horse serum pH asthisis due
to a new batch of horse serum being used for run 3. The initial pH reading for the
printed sensor couple are 8.33, 8.30 and 8.04 after 60 seconds respectively for runs 1
to 3. After the application of the dressing there is a sharp drop in pH and a fast
stabilisation of pH. The pH once stabilised after dressing application is 4.18, 3.93
and 4.09 for runs 1 to 3 respectively after 250 seconds. The Tegaderm produces the
fastest stabilisation of pH of all the dressing types tested. The average drop in pH
after the dressing application is 4.15. The Tegaderm shows the largest drop in pH of

213



all sensors and the sharpest drop which indicates that the Tegaderm has the highest

acid concentration of all the dressings tested.
5.6.4 Promogran

The Promogran dressing when fully immersed in 20ml of Solution A had a pH vaue
of 2.3 thisis described in Section 5.2.1. The Promogran dressing was applied to the

horse serum mixture after 120 seconds of testing.
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Figure 5.9 Promogran in 10ml horse serum/ Solution A mixture (n=3).

Figure 5.9 illustrates the change in pH level when the Promogran is applied after 120
seconds. The pH meter readings of the horse serum mixture are 8.38, 8.40 and 8.40
respectively for runs 1 to 3. The initial pH reading for the printed sensor couple are
8.32, 8.38 and 8.33 respectively for runs 1 to 3 after 60 seconds. The Promogran
does not settle as the pH continues to reduce over time. The Promogran is the only
dressing tested with the horse serum mixture not to settle. After 1750 seconds the pH
was 5.49, 5.24 and 5.58 respectively for runs 1 to 3. The average drop in pH after
application of wound dressing is 2.91. The long settling time could be due to the
absorption of the horse serum into the Promogran dressing. This would affect the

concentration of acid in the solution if full absorption is not achieved.
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5.6.5 Summary hor se serum testing

The results with horse serum produced interesting results due to the buffering
capacity of the horse serum mixture. The buffering capacity of the horse serum
meant that all the pH values measured were within the pH sensor range. The
Tegaderm produced the largest voltage drop which indicates that it has the strongest
acid content in the wound dressing. The Activon Tulle honey dressing showed the
second largest pH drop. The Aquacel shows the smallest pH drop that indicates that
it has the lowest acid strength out of all the dressings tested. The Promogran although
shown previously to have the lowest pH in Solution A did not produce the lowest pH
when hydrated in horse serum this indicates that the acid concentration is less than
the Tegaderm dressing. The Promogran gradual pH decline could relate to the time
needed for full absorption to allow the full concentration of acid to be absorbed into
the horse serum mixture. The Promogran and Activon Tulle show similar acid
concentrations as they both reduce by similar pH values. The wound bed simulation
testing is further discussed in Section 6.10.4.
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Chapter 6 - Analysis and Discussion

The main aim of this study was to design a disposable pH sensor system that will
measure and display the pH of wound fluid or wound dressing. To achieve thisaim a
pH sensor was designed, fabricated and characterised and its operation in a wound
bed model was tested. This final chapter will discuss and anayse the results which
are detailed in Chapter 4 and Chapter 5.

6.1 Formation of polypyrrole on screen printed electrodes

The initial experiments were made to test if polypyrrole conducting polymer would
polymerise and adhere to a screen printed carbon electrodes. The conducting
polymers are used as ion to electron transducers and are used in solid state electrodes
to replace the liquid junction which should enable the sensors to provide a stable
voltage response. This mechanism is further detailed in Section 2.10.4. The
formation of conducting polymers on screen printed carbon electrodes has not been
widely studied in the literature with only an investigation on the polymerisation of
polypyrrole on different screen printed substrates (Li et a., 2005) and one reported
use of polypyrrole formation in a screen printed hydrogen peroxide sensor (Li and
Wang, 2007). If successful this technique would enable research on conducting
polymers that used platinum wire and glassy carbon rods as electrodes to be

transferred and applied to inexpensive disposabl e electrodes.
6.1.2 Conducting polymer and screen printed carbon surface images

The Scanning Electron Microscope (SEM) was used to obtain images of the surface
structure of the deposited conducting polymers and surface of the screen printed
carbon electrode. The optimum cyclic voltammetry triangular sweep of 0 to 3 volts
with a 100mV/s scan rate was chosen from the literature as this had previously been
shown to produce smooth coatings of polypyrrole (Segut et al., 2007). Cyclic
voltammetry from O to 3 volts with a 100mV/s scan rate was used to coat the carbon
electrodes with a number of cycles of 1, 3 or 5 cycles. The purpose of this was to

determine the optimum layer of coating for application of an ion-selective
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membrane. The ideal membrane coating should be smooth to ensure that the
membrane could be coated evenly and without leaving air pockets that could fill with

awater layer during measurement and affect the sensor performance.

The screen printed carbon electrode SEM (Figure 4.2) shows that it has a flake like
structure these flakes are the particles of graphite that constitute the carbon ink. The
rough surface structure means that the surface area of the carbon electrode is
increased (Musa et a., 2011). A larger surface area should result in higher electrode
double layer capacitance which can help improve the voltage stability of the carbon
membrane sensor. A larger double layer capacitance will lead to less voltage drift as
a larger charge will be needed to charge the double layer interface and change its
voltage potential (Bobacka, 1999). This benefit is discussed further in Section 2.6.

The polypyrrole doped with ClI” ions was chosen for these tests as it had previously
displayed a stable structure and sensitivity to hydrogen ions when compared against
other dopant ions by Michalska and Maksymiuk (2003). The structures of 1 and 3
cycles were the most uniform in appearance with spherical domes covering the
surface of the carbon. The 5" cycle showed growth of branch like structures growing
from the surface of the polypyrrole. Thisis shown in Figure 6.1. The growth of these
structures is similar to what is reported in the literature (Shiu et al., 1999). The rapid
growth of structures from the conducting polymer could be due to lowering of
polymerisation potential values as the polymer chains become longer (Cosiner and
Karyakin, 2010). This lower polymerisation potential results in the monomer being
oxidised before it reaches the surface of the electrode forming the branch like
structures and increasing the growth of uneven structures. The growth of the branch
like structures would make any electrode with more than three cycles deposition
unsuitable for uniform coverage of the sensing membrane due to the uneven surface
of the conducting polymer.
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500 um

Figure 6.1 PPY Cl showing uneven branch like growth at 200x magnification.

The PPY doped with PTS ions was chosen due to its performance in previously
conducted research by Pandey and Singh (2008)as a pH sensing polymer and also to
observe the effect of a larger dopant ion when compared to the ClI” doped polymer.
The structure formation is visualy different from the deposits of the ClI° doped
conducting polymer. The surface appears more uniform that the PPYCI at the same
number of cycles but due to the unusual chimney like growth any cycle after the third
would be unsuitable for membrane coating due to the uneven surface as shown in
Figure 6.2. Formation of similar chimney like structures has previously been
reported, the reason for their formation was found to be a result of gas bubbles on the
electrode surface which act as templates for the polymer to grow round during the
polymerisation process. Different growth structure types were achieved depending
on the polymerisation conditions and substrate material used (Qu et al., 2004). The 1
cycle and the 3 cycle depositions were the best choice to provide a smooth base

surface for applying the ion-sel ective membrane.
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500 um

Figure 6.2 200x magnification of 5 cycle PPYPTS electrode showing unusual
chimney type growth.

The 3 cycle deposits of both the PPY Cl and PPY PTS were chosen to be used in the
sensor experiments as they both had uniform coatings of the conducting polymer.
These with the screen printed PEDOT polymer were used in the next stage of testing
to assess their effect on the sensing ability of the Biodot deposited pH ion-selective

membrane.
6.2 lon-sdlective membrane

Before applying membranes to the conducting polymer sensors a repeatable method
for depositing the ion-selective membrane was investigated. These initia
experiments enabled the more complex sensors involving conducting polymers
(screen printed PEDOT, electropolymerised PPYCl and electropolymerised
PPYPTS) to be assessed with a consistent membrane deposition. The sensors
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containing conducting polymers have been shown to provide better stability and
sensing performance that coated wire electrodes; this is discussed in Section 2.10.
The tests performed also provided information as to how the membrane thickness
will affect the measurement of pH and initia settling time. The ion-selective
membrane deposition and the influence of membrane thickness have not been widely
discussed in the literature and this investigation gives information about an
alternative deposition technique to the most commonly used manual drop-coating
method.

6.2.1 Membrane deposition

The purpose of this section of testing was to find the optimum membrane coating
method. The deposition method used was a Biodot Airjet system which enabled the
membrane solution to be spray coated onto the substrate electrode (see Section
3.1.4). These tests were conducted using screen printed carbon electrodes only to
find the most consistent method before being applied to conducting polymer based
sensors. The initial tests found inconsistent membrane formation for hand-deposited
drop coated membranes. The white light interferometer images of the sensor surface
contours (Figure 4.16) further give evidence of the uneven membranes achieved
through the drop coating method. The white light interferometer measurements
showed differences of up to 0.06mm in membrane thickness across the surface of the
membrane. These inconstancies would prevent a constant response for sensor voltage
settling time due to different diffusion times through the membrane and this is
needed to get reproducible results from the sensor (Bakker et a., 1997). The drop
coating method would also not be suitable for mass manufacturing whereas the spray
deposition technique has potential for mass manufacturing and producing uniform

ion-sel ective membranes.
M embrane thickness

The sensor manufacturing using the Biodot machine resulted in different thicknesses
of membrane deposition from 0.0384mm for the 75ul/cm membrane to 0.0092mm
for the 12.5pl/cm membrane. Visually all the machine deposited membrane coatings
covered the carbon electrode area completely apart from the 12.5ul/cm setting as it
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did not seem to cover the whole sensor. This is reflected in the 12.5ul/cm sensors
having the poorest results of all the sensors during the pH measurements. There is an
inconsistency where the 100ul/cm has a thinner layer than the 75ul/cm deposit.
When the sensors are deposited the spread of the membrane solution covers a larger
area which could mean the deposit is spread thinner across the membrane in the
100ul/cm sensor. The white light interferometer results are quite similar to the
micrometer measurements for the manually deposited hand, 75ul/cm and the
50ul/cm sensors this helps to validate the accuracy of the micrometer measurement
technique. One of the advantages of the spray deposition technique isthat it uses less
membrane solution than the drop coating method for the 50ul/cm setting a total of
75ul of membrane solution was used compared to the drop coat deposit which uses
180ul. The membrane is the one of the most expensive parts of the solid state sensor

so any reduction in the amount of solution needed will result in alower cost sensor.

6.2.2 Membrane performance

Membrane deposition effect on voltage response

The voltage response is determined by the Nernst equation which is dependent on the
ionophore ion recognition sites in the membrane surface and the activity of the
primary ion in the solution this is described in detail in Section 2.8.1. The
concentration of ionophore binding sites will be constant at the surface of the
electrode which will result in the potential being determined by the concentration of
primary ion in the solution as shown in Equation 2.33 Section 2.8.1. This should
result in the voltage response not being affected by the different membrane
thicknesses (Bobacka et al., 2008).

The hand deposited sensor showed inconsistencies in membrane deposition depth but
this did not result in an inconstant voltage response to pH. This indicates that the
voltage response is not affected by the different thicknesses of the membrane as the
theory suggests. This result is in agreement with previous research into membrane
thickness for Na" ion-selective membranes that demonstrates no change in voltage

response with reduction in membrane thickness (Ceresa et al., 2001).
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The sensor deposition method and thickness did not affect the overall response of the
slope per decade significantly as shown in Table 4.1 Section 4.3.2. Only in the 2
thinnest deposits (25ul/cm and 12.5ul/cm) did the voltage response per decade pH
start to drop off and standard deviation increase. The poorer response for these
sensors is due to incomplete coverage of the carbon electrode which results in carbon
being exposed and an inconsistent voltage response of the sensors. The standard
deviation which shows the consistency of response helped to identify the 50uL/cm
sensor as the most consistent across the pH ranges tested.

6.2.3 Initial immersion voltage settling

The initial voltage response time is important as the faster the sensors reach a stable
voltage potential the sooner they are ready for measurement. The time taken to
achieve a stable voltage potential is dependent on the diffusion of the primary ion
into the ion-selective membrane (Bakker et al., 1997). If the membrane has not
previously been immersed in a solution containing the primary ion then on first
immersion the equilibrium potential value will take time to reach a stable value with
ion diffusion through the ion-selective membrane. The limiting factors of the time to
reach membrane equilibrium are the ion diffusion coefficient in the membrane and
the diffusion distance or thickness of the ion-selective membrane (Morf et al., 2009).
As the diffusion rate will be the same for all the membranes used during the
experiments the limiting factor will be the membrane thickness. Once membrane
equilibrium has been reached the effect of the ion diffusion is negligible and the
sensor response is determined by the Nernst reaction described in Section 2.8.1.

The results found in Section 4.3.3 show that the thicker the membrane deposits the
larger the voltage drift and settling time. The only outlying result was the 100pl/cm
which had the worst performance of all the sensors with alarge drift of 7.58+0.96mV
over a 30 minute measurement period. The best sensor was the 50ul/cm as this
showed the lowest initial drift of 2.8+1.54mV over a 30 minute measurement period.
The 25pl/cm and 12.5ul/cm have thinner membranes but due to their inconsistency
relating to the incomplete coverage of the carbon surface they had inconsistent
settling times. From the results it can be concluded that the thinner the complete

membrane coverage the smaller the sensor initial drift which isin agreement with the
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theory. In the literature almost all sensors are subjected to preconditioning where the
membrane is immersed in a solution containing a concentration of primary ion to
allow the ion to diffuse into the ion-selective membrane before testing so the initial
drift times are not observed as the membrane is has already reached equilibrium. The
effect of preconditioning is further discussed in Section 6.4.3. The thinner the
membrane the faster the diffusion of ions through the membrane, thiswill lead to the
equilibrium of ion concentrations being achieved faster and the sensor will stabilise
quicker when immersed for the first time in a new solution. This due to the reduced
time for ion transport (Bakker, 2011). This is an important factor in the design of a
disposable sensor as if it is intended for a one time use device then the first
immersion stabilisation time is important as it ideally needs to be as short as possible

to enable fast measurement times.
6.3 Sensor manufacture

The manufacturing of the four sensor types (carbon only, screen printed PEDOT,
electropolymerised PPYCl and electropolymerised PPYPTS) produced some
unexpected problems. The Biodot machine spray deposition method was used to
deposit the optimum 50pl/cm membrane deposit onto the four sensor types. The
deposition technique uses an air pressurised air spray to deposit a set amount of
membrane solution. The deposition method produced consistent membranes on the
carbon only (Figure 4.18) and electropolymerised sensors (Figure 4.23).

The PEDOT electrode was not coated effectively using this method as bubbles were
formed on the electrode surface as shown in Figure 6.3. These bubbles formed on all
the PEDOT sensors produced. The PEDOT conducting polymer is said to have
regions of hydrophilic and hydrophobic properties (Mathiyarasu et a., 2008)(V eder
et al., 2011). The PSS dopant ions are responsible for the hydrophilic regions and the
PEDOT conducting polymer chains cause the hydrophobic region (Xia and Ouyang,
2011). The difference in surface properties of PEDOT could affect the settling of the
spray deposited membrane. Once the membrane dries the bubbles that form during
membrane application appear to form holes in the membrane direct to the screen

printed layer. Many electrodes were produced using the Biodot all of which formed
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bubbles in the membrane. The formation of the bubbles in the ion-selective

membrane will result in large membrane inconsistencies between PEDOT sensors.

Figure 6.3 Surface of PEDOT electrode after application of Biodot machine

deposited ion-sel ective membrane showing bubble formation in membrane.
6.4 Full sensor testing
6.4.1 Voltage response

The results of the Voltage response graphs show that al four sensors have a linear
voltage response to the change in pH. The voltage response should be determined
solely by the ion-selective membrane as discussed in Section 2.8.1 (Bakker et al.,
2004). Any vast difference in voltage level between sensors coated with the same
membrane solution suggests other issues with the sensor performance as factors other
than the membrane are determining potential (Lindner and Gyurcsanyi, 2008).
Within the literature there are many reports of a change in voltage response with a
change in the mid layer of the electrode (Musa et al., 2011)(Han et a., 2003a).
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Changes in voltage response values could indicate additional reactions taking place

within the sensor to determine the overall potential.

The carbon membrane electrode was the best performing sensor the largest voltage
response of 52.46+0.1mV/per decade change in H* ion. The carbon sensor also had
the smallest standard deviation between sensors this indicates that the carbon
membrane sensors were the most consistent of all the four sensor types tested. The
voltage response of the sensor should only be determined by the ion-selective
membrane, hence, it was expected that there would not be much variation in voltage
response between the sensor types. The electropolymerised sensors had similar
standard deviations but the response of the PPYPTS was 4.55mV per decade change
in H* concentration less than the PPY Cl electrode of 52.32+0.84mV/decade change
H* ion concentration. This difference in voltage response to change in pH indicates
that there is another process which is affecting the response of the
electropolymerised sensors. It could be related to the water layer formation discussed
in Section 6.5. The PEDOT was the worst performing sensor with the lowest voltage
response to pH change and a high standard deviation value. The poor performance of
this sensor is due to the bubbles formed in the membrane during manufacture which

results in inconsi stent membranes.
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Sensor type (paper) Response slope

Printed carbon experimenta best 52.46+0.1mV/decade
performing sensor tested

Liquid junction using same membrane 57.8+0.1mV/decade
formation (Schulthess et al., 1981)

Solid state carbon nanotube pH sensor 58.8+0.4mV/decade
with  PMMA ion-selective membrane
(Crespo, Gugsa, €t al., 2009)

Solid state polypyrrole Cl- doped ion- 54.8+2.3mV/decade
selective PVC membrane pH sensor
(Han et a., 2003a)

Screen printed carbon pH sensor with 51.7mV/decade
PVC ion-selective membrane (Musa et
a., 2011)

Table 6.1 Slope response comparison with literature for different sensor types.

The sensors al had a response below the ideal theoretical Nernstian value of
59.16mV/decade change in H* ions at 25°C (Bockris and Reddy, 2000). Table 6.1
details the response of similar sensors taken from the literature against the best
performing carbon membrane sensor. The origina paper that the membrane
formulation was taken from reported a response of 57.8+0.1mV/decade changein H*
ion concentration (Schulthess et al., 1981). This voltage response was
5.34mV/decade change H* ion concentration larger than for the best performing
screen printed electrode (Carbon membrane). A direct comparison between these is
difficult to make due to the different measurement arrangement of use in a liquid
junction electrode similar to the standard glass electrode with the glass membrane
replaced by the ionophore based membrane. Other factors such as dight differences
in membrane formulation could result in this reduced response for the screen printed
sensors. The carbon membrane sensor was below the ideal Nernst response value,
further experimentation of the ion-selective membrane composition could provide a
greater voltage per decade response. The sensor developed by Musais similar to the

carbon membrane sensor as it was screen printed with a drop coated membrane the
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sensors having similar voltage response. It is difficult to compare the reported values
in the literature due to different ion-selective membrane components and
experimental arrangements so they can only be used as a reference for the voltage
response range to expect. Many papers in the literature focus on getting a Nernst
voltage response to the primary ion but this is not the only important factor as the
sensor needs to display a consistent voltage response. The screen printed sensors
with spray deposited ion-selective membranes have a standard deviation of 0.1mV

which indicates that the manufacturing technique produces consistent sensors.
6.4.2 Sensor repeated uselong lifetesting

The long life sensor investigation retests the original sensors after 60 days of storage
in a dry dark environment at room temperature. The aim of the test is to assess if
there is any change in voltage response performance over a 60 day time period while
the sensor is in storage. This type of test is not reported often in literature but it is
important that a sensor can still operate effectively after being in storage. The carbon
membrane sensor had the smallest change in voltage response to pH of only
0.046mV/ decade change H ion concentration which implies that it is the most
stable of the four sensors tested. This could be due to the simplicity of the sensor
manufacturing technique. Another factor could be the bonding of the membrane to
the carbon as this would achieve a good seal to prevent aliquid layer forming which
would disrupt the performance of the sensor this is further discussed in Section 6.5.
Within the literature the membrane plasticiser has been shown to improve the
lifetime of the sensor with DOS plasticiser giving the membrane a 5 month lifetime
(Delosaaradaperez, 2003). Other research for screen printed chloride selective
electrodes found that carbon membrane electrodes reduced in response over a two
month period due to organic compounds in the carbon ink (Zielinska et al., 2002).
The stability of the carbon membrane electrode indicates that it will have a lifetime
of at least 60 days; further testing will have to be conducted to find the full lifespan
of the sensor. The PPY Cl and PEDOT had reduced voltage response to change in pH
after 60 days where as the PPYPTS voltage response increased dlightly. The
conducting polymer based sensors did not perform well in these experiments

showing adrop of up to 5.34mV/decade change H* ion concentration over the 60 day
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period for the PEDOT based sensor. The change in performance with could be due to
a number of factors such as water layer formation between the conducting polymer
and membrane (Marco et a., 2008) or spontaneous charging/discharging of
conducting polymer which could lead to change in voltage potential (Dumanska,
2002). Water layer formation if further discussed in Section 6.5.

6.4.3 Full sensor initial immer sion voltage settling

The test for sensor settling immersed a new unconditioned electrode into pH 4 buffer
solution and the time for the sensor to reach a stable voltage was then measured. This
is achieved when the membrane is in equilibrium with the solution and is driven by
membrane diffusion times (Bakker et al., 1997). The aim of this test was to assess the
initial voltage drift from first immersion over a 30 minute time period. The drift
occurs while the membrane and conduction polymers equilibrate through diffusion of
ions from the solution. The initial sensor drift is an important factor in sensor design
as the ideal sensor would not need preconditioning and would settle within seconds
of initial immersion. As discussed earlier in the same experiments for the membrane
assessment (Section 6.1.2) it is of practical importance that the sensor has short
settling equilibrium times. This factor is not widely studied in the literature as most
papers state only the preconditioned values of the sensor performance. A long
preconditioning time would cause practical problems in the use of the sensor. Within
the literature some sensors require up to 48 hours of preconditioning to achieve
stable potentials (Musa et al., 2011)(Crespo, Gugsa, et a., 2009). To get around the
problem of preconditioning times storage in a humid storage box was proposed
(Chen and Chou, 2009), however, this may cause further complications in sensor
degradation which would have a negative effect on the sensitivity of the electrode.
Other possible solutions could be investigated to see the effects of different
preconditioning techniques to improve the stability time for the end user of the

device.

The carbon electrode was the best performing with an initial drift of 6mV for the 30
minute test period. After 30 seconds immersion the sensor settled to within 4mV of
the potential at the 30 minute mark. All the conducting polymer based sensors had
large voltage drifts across the first 30 minutes in the range 16.01mV-39.3mV. This
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indicates that the conducting polymer needs time to equilibrate when initially
immersed in a solution as oxidation or reduction of the conducting polymer chains
can still occur with integration of the H cations into the conducting polymer
(Michalska and Maksymiuk, 2005). This is described in Section 2.10.3. The large
drifts could also be caused by areaction with the liquid since, if awater layer forms,
this will produce a change in the voltage response. The voltage drift in the
experiments for conducting polymers was greater than that reported elsewhere for
similar screen printed sensors (Gyurcsanyi et al., 2004) where a drift of 5.8mV was
reported over the first 30 minutes. This highlights that the problem could be linked to
water layer formation as further discussed in Section 6.5. After immersion in the
initial solution the electrodes stabilise quickly on the next immersion. The first
immersion will always take the longest to stabilise due to the diffusion and
integrations of cations from the solution into the membrane and conducting polymer.
Once the membrane has been equilibrated with primary ions the response of the
sensor is determined by the surface concentration of ionophore ion complex and
activity of the measurement solution. This is discussed in more depth in Section
2.8.1. Thinner membranes help with producing faster equilibrium times due to
shorter diffusion times as discussed in Section 6.1.2. The thin membrane the basic
screen printed carbon electrode produces the fastest initial stabilisation times for the

SeNnsors.
6.4.4 Selectivity

The selectivity isimportant as it determines the limit of operation of the sensor to the
primary ion when interfering ions are present. The sensors intended use is for
measuring wound fluid pH. The molar content of potential interfering ions in wound
fluid has been reported as being in a similar range as blood with ion concentrations
being Na“ 140mM, Cl~ 119mM, K* 5mM, Ca®* 1mM (Martini, 2006). The absolute
molar concentration range of salts within wound in unknown as it will change with
evaporation and absorption in dressings. This change in concentration of salts in
wound fluid should not be a problem if the sensor has high enough selectivity to the
interfering ions. The ions that could affect the performance of the sensor are the

cations K*, Na* and Ca?" that are found in physiological solutions. These tests found
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the selectivity coefficients of the four sensor types to the highest concentrations of
interfering ions. Lithium ions were aso tested although they are not present in
physiological solutions they have a smaller ion size than the other ions that were

tested and are therefore more challenging to the membrane.

The selectivity coefficients are proposed by the l[UPAC as a method of assessing the
selectivity of an ion-selective membrane (Buck and Lindneri, 1994). The selectivity
coefficient gives a numerical value of the selectivity of an ion-selective membrane.
The formula used to calculate the selectivity coefficient is given in Equation 6.1, it
is derived from the Nikolski-Eisenmann equation given in Equation 2.36 Section
2.8.2.
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Where log K ; is the selectivity coefficient, E; the interfering ion voltage potential at

1 Molar activity, E; the primary ion activity at 1IMolar activity and z, and z; the

charge of the primary and interfering ion respectively.

The separate solution method was used to find the selectivity coefficient using
Equation 6.1. The results (Section 4.5.4) show that the carbon membrane sensor
was the most selective with the highest selectivity coefficients across all interfering
ions. The selectivity is decided by the membrane so the difference in results between
the carbon membrane sensor and the three conducting polymer based sensors
suggests that there is another factor affecting their selectivity such as formation of

water layer or the interfering ion reacting with the conducting polymer.

The ion-selective membrane formula was taken from a paper that used the same
membrane formulation in a liquid junction electrode to replace the glass membrane
(Schulthess et al., 1981). Table 6.2 details the reported selectivity coefficients of this
ion-selective membrane used in a liquid junction type electrode. Also reported is the
selectivity measurement for a glass pH electrode. The selectivity is lower for al the

screen printed electrodes tested this could be down to a number of factors: different
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method of membrane operation, slight changes in membrane component ratios due to
some of the ingredients such as ionophore being used in such small quantities

accurate measurement becomes difficult.

Sensor type Selectivity Nat Selectivity K+ Selectivity Ca2+

Printed carbon -5.38 -5.46 -5.29
experimental  best
performing sensor

Liquid junction -10.4 -9.8 -11.1
using same

membrane

formation

(Schulthess et dl.,

1981)

Glass ph electrode -15 n/a n/a

(Galster, 1991)

Table 6.2 Selectivity coefficients of other membrane based sensors from literature
the larger the value the better the selectivity.

The selectivity should be solely determined by the composition of the ion-selective
membrane and change from sensor to sensor would suggest that there are other
factors that determining the electrode potentials (Bakker et al., 2004). The
conducting polymers had lower selectivity than the carbon membrane sensor with the
water layer described in Section 6.5 a possible reason for the lower selectivity
values. Various solid state pH sensor papers detail the selectivity coefficients but it is

difficult to do a direct comparison.

Due to the flat voltage response to interfering ion concentrations of all pH sensor
types tested only the maximum activity selectivity values could be reported. The
maximum voltage response across the concentration range of interfering ion solution
for each ion type (K*, Na“, Ca®" and Li*) was used to calculate the selectivity
coefficient due to the absence of a Nernst response to the interfering ions tested. The
flat voltage response to the interfering ion means that only the maximum selectivity
values can be calculated from these results (Bakker et al., 2000). Bakker states that
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the maximum selectivity may be lower than the actual selectivity of the pH sensors
using this method. This introduces some uncertainty into the results as the
International Union of Pure and Applied Chemistry (IUPAC) ion-selective electrode
guidelines do not recommend using these interference tests for interfering ions that
do not show Nernstian response to the interfering ion (Buck and Lindneri, 1994).
These selectivity tests are designed for use in liquid junction electrodes so they may
be unsuitable for solid state electrodes that display flat voltage responses to

interfering ions.

The origina ITUPAC document recommends that for electrodes that do not show a
Nernst response to the interfering ion that the interference be assessed using a fixed
interference method which uses similar levels of interfering ions that the electrode
may encounter during use. The carbon membrane electrode was tested for voltage
response to pH with solutions that included physiological levels of salts (See Section
3.3.4). The response to a solution with the salts and without is shown in Figure 6.4.

0.25
0.2 -
0.15 -
0.1 -

mAdjusted pH

Voltage (V)

-0.05 -

-0.1 -

-0.15 -

pH

Figure 6.4 Voltage response of screen printed carbon membrane sensor to pH
solutions (blue) and pH response to solutions containing Solution A levels of ionic
salts.

Figure 6.4 illustrates that when the pH solution is adjusted with physiological salt
levels it produces a similar sensing response to the pH solution without adjusted salt
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levels. It is important that the sensor could perform effectively when in contact with
ions found in significant concentrations in wound fluid. This demonstrates that
although the sdlectivity coefficients calculated using Bakker et a (2000)
recommendations are lower than expected, the response to physiological salt levels
of interfering ions within a solution does not affect the performance of the sensor.

6.4.5 Sensor hysteresis

The four different sensors were tested to show any change in voltage potentia at
each pH level when immersed in consecutive pH solutions from pH 4 to pH 10 then
from pH 10 to pH 4 as reported in Section 4.5.5. The sensors would be expected to
show no change in voltage at each pH level tested. The carbon membrane had similar
voltage performance at each pH level tested and was the best performing sensor. The
PEDOQOT electrode suffered from very high standard deviations which would relate to
the inconsistent membrane application. The conducting polymer based sensors
showed consistent performance when the slope per decade was calculated but there
was an issue with repeatable voltage values. The conducting polymers experienced
large changes in potential between the voltage recorded on the first and second cycle.
This indicates that there is an issue with the conducting polymer sensors as the
change in potential would make these sensors very unreliable for measuring pH. The
change in potential could be caused by a water layer between the conducting polymer
and membrane that changes content with successive measurements and produces

different measurements (Lindner and Gyurcsanyi, 2008).
6.5 Water layer testing

The previous tests indicated poor performance of the conducting polymer based
sensors. This test would investigate if the problem was due to formation of a water
layer which is a common problem in solid state sensors (Marco et a., 2008). The test
immerses a sensor in a pH4 solution for 1 hour then immersed it in pH 10 for 1 hour
then again in pH 4 for 2 hours. If aliquid layer is formed a voltage drift will be
observed when moving from one solution to another. The carbon membrane sensor

and the two electropolymerised polypyrrole sensors were tested for water layers. The
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PEDOT based sensor was not tested due to inconsistent membranes and poor

performance in previous tests.
6.5.1 Carbon sensor

The results showed that the carbon membrane sensors preformed well showing a
voltage drift of only 3.23+0.41mV (n=3) over the two hour period in the second
immersion in the pH 4 solution. The voltage potential was only 1.43+1.17mV (n=3)
different between the last final measurement in the first pH 4 solution to the final
measurement in the second pH 4. These results show little drift between the solutions
and show that the carbon membrane electrode did not show any evidence of a water
layer between the carbon contact and the ion-selective membrane. It is well
documented in the literature that membrane adhesion plays a large role in preventing
water layer formation and providing long time stable sensors (Fibbioli et al., 2000).
Different methods of improving membrane adhesion have been used such as
increasing surface roughness (Musa et al., 2011), Adhesive layers (Cha et al., 1991)
and the use of hydrophobic mid layers (Lindfors, 1999).

The stable response from the carbon electrode could be due to the THF solvent used
in the membrane solution partially dissolving the carbon ink. The membrane
dissolving the carbon ink results in a good seal between the layers once the solvent
has evaporated and the membrane has set. This will help increase stability as it will
reduce the likelihood of formation of awater layer. The mixing of the carbon contact
and the membrane could cause a transition layer with mixing of membrane and
carbon contact. This could act to increase the surface area of the sensor conducting
contact which would again increase stability due to larger double layer capacitance.
A larger double layer capacitance would mean the sensor could take more charge
before the voltage level starts to drift thisis discussed in more detail in Section 6.6.4.

When the membrane is applied to the screen printed electrode there is evidence that
theink is dissolved asit is possible to easily disturb the carbon conducting contact by
touching it with a pipette tip. The carbon graphite particles are suspended in a
polymer blend for screen printed inks that will form and set on a printed substrate

(Wang et al., 1998). The polymer for graphite suspension is dissolved in a solvent to
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enable the printing process. The constituents of the ink are a trade secret to the
company so it is difficult to know the exact formulation of the carbon ink but the
information from the carbon ink MSDS sheet shows that the solvent used for the

carbon ink is Isophorone. By looking at the Hansen solubility parameters (Hansen,

2000) the Isophorone and the THF solvents can be compared for solubility factor.
They can beviewed in Table 6.3.

Total Hildebrand dispersion polar hydrogen
parameter component component  bonding
component
THF 194 16.8 5.7 8.0
Isophorone 19.9 16.6 8.2 7.4

Table 6.3 Hansen solubility properties of THF and Isophorone solvents.

Table 6.3 shows the Hansen solubility parameters this gives a measure of the
solubility parameters. The data shows that the two solvents are very close in
parameters and should be able to dissolve the same materials. When the THF in the
membrane solution is deposited onto the screen printed carbon it will act to dissolve
the binding polymer of the carbon ink and lead to a better adhesion between the two
sensor layers. This could be a key advantage of the screen printed sensor asit allows
amost complete integration between the different material phases of the ion
conducting membrane and the electron conducting carbon contact. Platinum wires or
carbon rods that the majority of the solid contact research is conducted on in the
literature would not experience the same effect as the membrane would sit on the

surface without any integration with a greater possibility of water layer formation.
6.5.2 Electropolymerised polypyrrole based sensors

The conducting polymers based PPYCI and PPYPTS sensors both showed large
drifts and changes in voltage potentials from the first pH 4 measurement to the
second pH 4 measurement. The drift in the second immersion over the two hour time
period for PPY Cl and PPY PTS sensors was 10.4+7.75mV (n=3) and 45.97+8.72mV
(n=3) respectively. The PPY Cl based sensor showed a smaller drift than the PPYPTS
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sensor however the overall change in voltage potential between the final pH 4 of the
first immersion measurement and final pH 4 of the second was 31.93+4.4mV (n=3)
compared to the PPYPTS value of 16.17 £0.93mV (n=3). These values show very
poor voltage stability and voltage potential consistency between the pH 4 solutions.
This poor performance indicates the formation of a water layer. The formation of a
water layer may also explain why the sensor takes more time to achieve stable
voltage potential due to the liquid layer forming and changing depending on what

solution it isimmersed in.

The formation of a water layer has been attributed to a number of factors within the
literature. Sutter, Lindner, et a (2004) relates the formation of water layers to
entrapment of excess salts from the polymerisation solution within the polymer
during electropolymerisation. In another paper Sutter, Radu, et a (2004)
demonstrated that a hydrophobic layer and better membrane adhesion prevents liquid
accumulation. It has been reported that the using highly plasticised PV C membranes
can lead to creation of a liquid layer due to its permeability to water molecules
(Fibbioli et al., 2002). To negate against formation of a water layer PMMA
membranes have been used as they have diffusion around 1000 times slower than
PVC based membranes (Lai et a., 2007)(Heng et al., 2004). Electrochemically
formed polypyrrole is insoluble in common organic solvents due to its strong inter
chain bonding (Ju et al., 2002). As the polypyrrole polymer is not soluble in THF the
membrane will sit on top of the conducting polymer. If there are any areas between
the membrane and conducting polymer/conducting contact then this will fill with

liquid that diffuses through the membrane.

In conventional liquid junction electrodes any flow of liquid through the membrane
will not greatly affect the voltage potential due to the high ionic content of the inner
ionic solution which is normally a saturated ionic solution as discussed in Section
2.9. Liquid diffusing through the membrane can cause a problem in solid state
sensors due to the fact that there is not a strong ionic solution so any liquid flowing
through will have alarge effect on the membrane potential. A liquid layer will create
a second voltage variable interface that can cause unwanted voltage drift and lead to

inaccurate measurements of the solution (Fibbioli et al., 2000). There will be a
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further third voltage variable due to the interaction of the solution with the
conducting polymer or conducting contact which will lead to further voltage
instability. The new variable voltage interfaces are shown in Figure 6.5 and

Equation 6.2.

Lalution lon Selective Licjuict Conducting Conducting
Membrane Layer polymer Contact
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Figure 6.5 Showing conducting polymer phases with formation of a water layer

between ion-sel ective membrane and conducting polymer.

E = ESolution/Membrane + EMembrane + EMembrane/Solution + ESolution/Polypyrrole

Equation 6.2

Equation 6.2 details the potential determining phases of the sensor electrode. As
discussed previously (Section 2.9) the ideal sensor will have stable voltage potentials
in al phase but the interface of interest Esoiution/membrane Which would vary
dependent on solution concentration that the electrode was immersed in. When a
water layer forms all the interfaces will change potential bar the Eyemprane Which
will remain constant. The effects of the formation of a water layer have been
modelled by Morf et al (2000) and Fibbioli et al (2000). They model the membrane
performance with a water layer that changes ionic content depending on the ionic
content of the solution that the sensor isimmersed in; this in turn aters the potential

of the unwanted phases.
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The water layer formation means that the conducting polymer sensors would not be
suitable for use due to their unstable voltage potentials that will change dependening
on the formation and ionic content of a water layer. For this reason the carbon
membrane sensor was chosen for further investigation and use within the wound
dressing testing experiments.

6.6 Carbon membrane sensor testing

The carbon membrane sensor was the only sensor that operated effectively in all the
tests. It showed promising attributes that would make it suitable for a one time use
pH sensor. To further investigate the operation of the carbon membrane further tests
were conducted; to find the sensor pH range, how it responded to heat stress and EIS

to find the properties of the screen printed carbon electrode.
6.6.1 Sensor range

The results presented in Section 4.6.3 show that the sensor responds well in alinear
manner from pH 7 to pH 4. It starts to drop off between pH 4 to pH 3 this indicates
that the sensor is only accurate to a pH of 3.5 as it is at this point the response
deviates from the linear voltage slope. The sensor was found to have a lower pH
sensitivity range than the original membrane recipe, which had a lower linear
detection limit of pH 4.5 when used as a traditional liquid junction electrode
(Schulthess et al., 1981). This could be due to the different measurement
arrangement (solid state versus liquid junction electrodes) or slight differencesin the
ion-selective membrane components. The range of the sensor meets the initia
requirements of having a linear response between pH 4 to pH 10. One of the
limitations of these sensors is that some of the pH modifying wound dressings are
much more acidic than expected with pH values as low as 2.2 (as detailed in Section
5.2.1). The pH buffering capability of physiological solutions was shown in further
testing to prevent the pH dropping below the range of the sensor when pH modifying
dressings were placed in physiological solutions. The sensor design will be suitable
as the wound fluid will have a pH buffer to prevent the pH dropping below the range
of the sensor, thisis discussed further in Section 6.10.4.
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6.6.2 Heat stresstesting

This test was conducted to assess if the performance of the sensor would be affected
by heating the sensors in an 80°C oven. The 80°C oven was needed to cure the
additional isolation paste used to ensure that no unwanted part of the electrode is
exposed to the solution when fully immersing the sensor in a solution as shown in
Figure 6.6.

Figure 6.6 Fully isolated sensor to allow full emersion in solution.

The results show that the voltage response reduces in proportion to the time that the
sensor is subjected to 80°C. The sensors still respond in a linear manner but the
voltage response per decade change in hydrogen ion concentration of the sensors
drops with time spent in the oven. The biggest change in potentials over the 150
hours came in the extreme pH that was tested with the voltage potentials falling by
18.4mV for pH 4 and 16.1mV for pH 10. The drop off in potential may be due to the
dehydration and further release of THF solvent from the membranes during the
cooking process. The drying out of the membrane after its initial use could lead to
some salts remaining in the ion-selective membrane; which when immersed in a new
solution change the potentia of the membrane. Future designs of a fully immersible
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sensor could avoid the membrane heating as it could be applied last in the

manufacturing process.
6.6.3 Long term voltage drift during pH measur ement

This test was performed to assess how the sensor performed in apH 7 solution over a
12 hour period. The test investigated the voltage potential change over the time of the
experiment. This is one of the disadvantages of having no mid layer to act as a link
between the electronic and ionic conducting phases as charge from the electronic
measuring equipment or electrical noise will be able to build at the interface between
the carbon and membrane which can cause voltage drift as discussed in Section 2.9.
The sensor shows a drift of 0.69mV/per hour, this is greater than the values reported
in the literature (Bobacka, 1999; La et a., 2007; Musa et a., 2011). The sensors
were not preconditioned before the test unlike the other papers reported values. It
was decided not to perform any preconditioning on the electrodes as it would not be
practical to precondition all electrodes for up to 2 days before each test in a clinical
environment. Other reports where preconditioning had not been used showed initial
drifts of 2mV/hour over the first 9 hours before stabilising at much smaller drift of
0.03mV/hour (Gyurcsanyi et a., 2004). It is difficult to compare the sensors in the
literature due to different sensor types, experimental setups and different lengths of

sensor preconditioning.

The long term drift may be influenced by the input bias current of the measurement
hardware as detailed in Section 2.12. Over short periods of time this would not be an
issue due to only small charges flowing, so the sensor would not charge significantly.
The measurement hardware (Solartron 1286A) used for this experiment has an input
operational amplifier bias current as smaller than 1nA. The 1nA listed in the data
sheet will be the worst case scenario as thisis a large value and would lead to large
voltage drifts being observed in the potentiometric pH measurements. The bias
current will act to charge the interface like a capacitor between the carbon contact
and membrane which will result in a constant voltage drift in the sensor. If
measurement hardware with smaller bias current was used the drift may have been
reduced. This design consideration was taken into account when designing the

measurement hardware as discussed in Section 3.6. Although the current induced by
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the measurement hardware will change the voltage potential of the electrode this may
not be the only factor that influences the current drift. It is possible that electrical
noise in the surrounding environment may act on the sensor due to it not being
shielded (Bobacka et al., 2008). The effect of this it unknown and would need to be
investigated further to gain further knowledge of its influence. Other factors that
could lead to voltage drift over long time periods are leaching of membrane

components into the solution such as ionophore, ionic salts and plasticiser.

As a single use sensor the voltage drift should not be an issue as the sensors are
calibrated before every measurement, for example it could be used to measure wound
pH during wound dressing change. The issue would be if the sensor was in
continuous use over a period of time for example being integrated into a wound
dressing bandage. This is a possible future application of the sensor and until the
long term voltage drift and changes in potential are studied further the sensor in its
current form may not be suitable for this long term measurement application inside a

wound dressing.
6.6.4 Electrochemical | mpedance Spectr oscopy

Electrochemical Impedance Spectroscopy (EIS) analysis was performed on the
screen printed carbon electrode so that double layer capacitance and exchange
current density values could be found. The values found help the understanding of
the properties of the screen printed carbon and how they relate to the operation of the
membrane coated electrode as detailed in Section 2.13. Using the EIS technique the
complex impedance response of the carbon screen printed electrode was found.
Electrical parameter values for resistance and capacitance were then found by
modelling the response with the best fit Randles equivaent circuit. The values found
using this equivalent circuit, over an average of 3 electrode measurements, were a
double layer capacitance of 3.84+0.18uF and a charge transfer resistance of
1.62x10%2.2x10°Q.
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Equation 2.23 from Section 2.6 can be rearranged to give a calculated value for

exchange current density, i, as shown in Equation 6.3.

;= RT Equation 6.3
® " RrF

Where R isthe differential charge transfer resistance, R is the genera gas constant,
T is the temperature in Kelvin and F is the Faraday constant. Using the charge
transfer resistance calculated in the EIS experiment a value of exchange current
density can be calculated if a semi circle response is found as shown in Figure 6.7. A
non polarisable electrode would display a semi circle; if the Rct value gets larger the
semi circle increased in size. The carbon electrode displayed polar qualities; there is
large uncertainty in the Rct value due to a semi circle response not being observed at
the frequency ranges tested. All that can be proven from this data on the exchange
current density is that the screen printed electrode has low exchange currents and is
polarisable which is expected due to no redox couples present on the electrode or in

solution.
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Figure 6.7 Complex plot of non-polarisable electrode showing how Rct value is

found.

Bockris and Reddy (2000) states that the exchange current density is important for

design of electronic measurement hardware as if the current passed by the measuring
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device is higher than the exchange current density then the interface will begin to
charge resulting in voltage drift. As expected due to the lack of aredox couple at the
interface between the carbon electrode and solution the interface has a small current
exchange density which results in an easily polarisable interface. In the traditional
liquid junction electrode that uses an Ag/AQCl electrode as the redox contact the
exchange current density is high which enables a larger current to be passed through
the interface without changing the potentia of the electrode. As the carbon
membrane does not have this the design of the hardware needs to be carefully chosen
so that any current passed will be smaller than the exchange current density and

prevent any voltage drift, thisis further discussed in Section 6.8.1.

When there is no redox active couple the double layer capacitance replaces the redox
capacitance found in conducting polymers. The double layer capacitance is small and
hence the electrode will be more susceptible to charging and voltage drift (Bobacka,
1999). The double layer capacitance, C,4; is directly related to the size of the
electrode surface area as shown in Equation 6.4. The charge density, ¢ is measured

in uClem?.

do Equation 6.4
av =Ca

If this is reduced in size the capacitance, C will be smaller and the voltage, V will

have alarger change in potentia with current flow as shown in Equation 6.5.

d [ .
qv = ?q Equation 6.5

This will prevent these electrodes being reduced in size significantly asif the surface
areais small the capacitance is small and the electrode will change voltage at afaster
rate. The size of the exchange current will also reduce as it is dependent on the area
of the electrode multiplied by the exchange current density, i,. The electrodes used
in this test has a surface area of 0.636 cm? these sensors are quite large and an ideal

sensor would be able to measure the pH of the wound fluid with as small a volume of
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liquid as possible to immerse both the sensor and reference electrodes. Further
investigations would be needed to find the smallest sized sensor that could operate
effectively without being affected by voltage drift for one time measurement of pH.
For longer time measurements the size of the sensor and overall capacitance could
cause problems if the sensor is to be integrated into awound dressing or placed in the
wound environment for long periods of time for continuous pH measurement. To
increase capacitance carbon nanotubes could be used in the screen printed ink as this
has been shown to increase double layer capacitance (Wang and Musameh, 2004; Lai
et al., 2007; Crespo, Macho, et a., 2009). Pre treatment of carbon electrodes and
modification of ink constituents has been shown to alter the double layer
characteristics of a screen printed electrode (Biniak, 1995; Wang et a., 1998). Set
voltage pre conditioning treatments have been shown to increase the double layer
capacitance of the electrodes (Cui et a., 2001). These methods could potentially be

used to increase the double layer capacitance, and hence improve sensor stability.

The values presented for double layer capacitance are for the bare screen printed
electrode. When the ion-selective membrane is coated onto the electrode the surface
properties will likely change due to the dissolving of the screen printed ink by the
membrane solution. The dissolving and mixing layer of the screen printed carbon ink
(Section 6.5.1) may act to increase the area of contact at the electrode surface with
the ion-selective membrane. This would need to be investigated further but it may
help increase the stability of the electrode by creating a large surface area in contact

with the ion-sel ective membrane.
6.7 Reference electrode

The screen printed Ag/AQCI reference electrode was found to provide a stable
voltage half cell when immersed in a range of chloride adjusted pH solutions from
pH 4 to pH 10. This was expected as the potential is dependent on the chloride level
of the solution (Janz and Ives, 1968). The voltage stability across the range of pH
levels at which the pH sensor will operate shows the Ag/AgCI electrodes suitability
for use as the stable half cell for measuring the voltage of the pH sensor against. The
potentia of the AQ/AQCI electrode, E,g/44c; IS given by Equation 6.6.

244



RT Equation 6.6
Epgjagc = EXg/AgCt - Tln Aci-

Where Egg Jagc1Sthe standard potential of the electrode, };—T the Nernst term and a;-

the activity of the chloride ions. This relationship was shown when the silver
chloride electrode was immersed in a series of different solutions of different Cl°
concentrations. With an average voltage response of -46.8+2.6mV/decade response
chloride ion concentration it is below the Nernstian response that the equation
predicts however it does show a linear response. The reduction in response could be
down to impurities or formulation of the Ag/AgCl ink used for the screen printed

electrodes.

The long term voltage drift of the Ag/AgQCl reference electrode was tested to
investigate the stability over a 12 hour time period. The drift was found to be
0.17mV/hour this drift could be accounted to the evaporation of the measurement
solution which would result in a more concentrated Cl™ in the solution. Further
research would have to be conducted if the reference electrode was to be used with
the pH sensor from continuous pH measurement over long time periods.

The Ag/AQCI reference electrode are commonly used as reference electrodes in
devices that measure the properties of blood such as a blood glucose sensor as the
chloride level in blood the concentration of chloride ionsiswithin asmall range 100-
108 mmol/L. It has been reported that wound fluid has also been reported in this
range (White, 2002). A possible problem of using a silver chloride reference
electrode in wound fluid measurements is that the concentration of salt may change
with evaporation or absorption with wound dressings. The chloride concentration of
wounds would have to be studied to ensure that it is within a small enough range, so
that it would not affect the potential of the reference electrode and hence the
accuracy of the full sensor system. If there is an issue with different chloride levelsin
wound fluid then a more complex solution to reference electrode would have to be
investigated.
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6.8 Hardwaretesting

The hardware testing tested the three main components of the measurement hardware
input op amp offset operational amplifier and analogue to digital converter (ADC).
All of these components play a vita role in the measurement of voltage potential of

the sensor system.

The current when in operation is 40mA with further optimisation this could be
lowered to ensure longer battery life for the sensor. At the current level a Duracell
Procell 9 volt battery would last for around 14 hours in continuous use. The
prototype measurement hardware circuitry is on a breadboard which does not make
optimal use of the space available and could be made smaller if produced on a

printed circuit board in further design iterations.
6.8.1 Input operational amplifiers

The operational amplifier testing shows that the input operational amplifier stages are
accurate as they provide a large input impedance and linear gain. The offset stage
performs the function it was designed for by offsetting the voltage to ensure that only
positive voltages reach the input of the ADC. The most vital part of the hardware
with regards to influence on the sensor is the input operational amplifier. This playsa
major role in ensuring the initial voltage measurement is accurate as discussed in
Section 2.12. The OPA137 operational amplifier was chosen due to its high input
impedance and low bias current. It has a maximum bias current of 100pA and an

input impedance of 10%Q.

The input impedance needs to be as large as possible so that any current flow does
not go across the input operational amplifier impedance as this would mean voltage
values being measured are inaccurate thisis discussed further in Section 2.12. One of
the advantages of using a polymeric membrane is that the electrical resistance is
much lower than a glass electrode. The carbon membrane coupled with the screen
printed electrode had a resistance of 0.5MQ where as glass pH electrodes can have
resistances of up to 100MQ (Galster, 1991). This reduction enables smaller input

impedances to be used without affecting the measurement performance. With an
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impedance of 0.5MQ for a voltage measurement error of 0.1% the input resistance
needs to be at least SOMQ as the resistances are in parallel. This lower value means
that the input impedance does not have to be as high as is needed in glass based

electrodes.

The characteristic that is most important to overall stability of the carbon membrane
sensor is the operational amplifiers input bias current. The operational amplifier bias
current has to pass through the sensing system to ground, thisis described in Section
2.12. It isvital that the bias current be as small as possible; this has previously been
discussed as being an issue with the Solartron 1286 electrochemical interface
measuring device causing long term voltage drift in Section 6.6.3. The effect of the
input bias current is not mentioned in the sensor literature but it is important to
consider when using solid state sensors. The carbon membrane sensor has an
interface between the membrane and screen printed carbon which was shown in the
ElS experiments to be a polar interface as it has alow exchange current density. Any
operational amplifier input bias current has to flow into this interface and due to its
polar nature will charge like a capacitor if the current is larger than the exchange
current density. For this reason the bias current must be as small as possible. If the
input bias current is large it can also cause an unwanted voltage into the input
terminal of the operational amplifier this is due to the large impedance of the sensor

system.

From the EIS results the transfer resistance is large but there is a large element of
uncertainty as afull response could not be plotted so this shows that the electrode is a
polar electrode but the extent of which is unknown using this experimental
technique. The most polar electrodes have an exchange current density of 10A/cm?
(Bockris and Reddy, 2000). If this value is taken as a worst case scenario then the
bias current or any induced currents would have to be smaller than 1pA to not cause
any charging of the double layer. As the operational amplifier used in the hardware
has a 100pA maximum bias current it would charge the double layer and over along
time lead to voltage drift depending on the capacitance of the double layer between
the carbon and ion-selective membrane. Chronopotentiometry is an analysis

technique that subjects the sensor to a small current flow to assess the voltage
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stability of the electrode; it has been used to assess solid state sensors (Bobacka,
1999; Crespo et al., 2008). This techniqueis similar to the effect that the sensors will
experience if the input bias current is large and could be used to assess the stability

of sensorsin further testing.
6.8.2 ADC output

The ADC is the part of the digital meter that converts the analogue signal from the
output of the operational amplifier stage into a digital value so that the calculations
for pH level can be made and displayed on the screen. The test took the measured
input and compared it to the digital voltage output of the sensor. The results show
that the output becomes dlightly offset due the input voltage reference not being
absolutely fixed which leads to a multiplication error of the ADC when converting
the analogue signal to digital signal. The error gets larger as the voltage rises due to
the multiplication faction to find the voltage of Vref/4096. This can be improved

with amore accurate voltage reference in future hardware designs.
6.9 Combined sensor and referencetesting

The combined testing of all the elements of the pH sensor system (pH sensor,
reference electrode and measurement hardware) assessed if the sensor system

functioned as expected.

First the carbon membrane was tested with the screen printed Ag/AgCl reference.
The results show that using the combined electrode and reference system a linear
response to pH can be found, as shown in Section 4.9.2. The voltage response of -
54.83+0.16mV/ decade H* ion concentration was close to the values of voltage
response found in previous testing. It should be noted that this system will only give
accurate results if the chloride ion concentration is consistent across the range of
measurement solutions. Any variation on chloride levels between the different
solutions and the potential of the reference electrode will change and this will result
in an inaccurate voltage reading for the sensor, this is further discussed in Section
6.7.
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The second part of the combined testing used a 2 point calibration method to assess
the accuracy of calculated pH measurements. It also used 3 different measurement
arrangements using the carbon membrane pH sensor to test how accurate the whole
system was at detecting the pH level of a solution (Section 3.10). Both the
arrangements with glass and printed reference electrodes used the Solartron 1286
electrochemical interface to measure voltage the voltage measurements produced
calculated pH levels within £0.06 of a pH level of those recorded with a glass pH
electrode as shown in Table 4.4. The pH equation was calculated using the voltages
recorded during calibration and the voltage recorded in the pH solutions the

equations for this calculation can be found in Section 3.7.9.

The testing of the full system pH sensor, reference electrode and battery operated
measurement hardware gave pH measurement in a fully portable system. Once
calibrated the battery operated hardware cal culates the pH from the measured voltage
potential of the sensing cell and converts the voltage into a pH value that is displayed
on the screen. The full hand held system produced results within £0.07 a pH level of
those recorded with a glass pH electrode. This shows that the full designed system
works effectively at detecting pH levelsin solutions.

The dlight differences in measurement may be due to temperature variations which
have an influence on the pH of a solution. It is influenced by the Nernst equation
which is temperature dependant due to the RT /zF term. If the temperature changes
significantly then the sensor will need to compensate. An acid is aso influenced by

temperature, T due to the acid disassociation, pK, as shown in Equation 6.7.

dpK, 0.9 —pK, Equation 6.7
ar T

The temperature of wound fluid being tested should be within atight enough range to
not effect the measurement significantly although it may play arole if the calibration
solutions are different temperatures to the wound fluid. A future improvement to the

pH sensor would be the addition of atemperature sensor.
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6.10 Wound dressing testing

The purpose of these experiments was to further test the pH sensor and use it to
assess the pH of some of the most commonly use dressings that are known to modify
pH in the wound.

6.10.1 Wound dressing pH testing

The wound dressings were immersed in 20ml of Solution A to simulate the salt
content of wound fluid. Once immersed the dressings were left for 20 minutes so that
the solution could fully absorb and mix with the dressing to ensure full immersion.
This is an important stage as the different dressing types absorbed moisture at
different rates, and to ensure that the pH is accurate the dressing contents need to be
fully dissolved into the Solution A.

The lowering of wound pH levels has many implications in the healing process this
is further discussed in Section 1.10. Of the dressings tested the Promogran, Cadesorb
and Tegaderm specifically state that they modify the activity of the MMPs. The low
pH of the MMP modifying dressings suggests that this is the main mechanism of
reducing the MMP activity which delays healing in chronic wounds (Schultz et a.,
2005). The reduction of pH has been shown in an in vitro model to reduce the
proliferation of the MMPs (Greener et al., 2005). The pH of these dressingsis similar
to lemon juice as this has a pH level between 2-3. This low pH value may produce
discomfort when applied to the wound. Natural honey aso showed alow pH of 3.5,
this low pH will help to lower the pH of the wound which combined with the natural
antibiotic qualities will help the wound heal faster. The naturaly low pH of these
dressings could also act to reduce MMP levels in the same manner as the MMP
specific modifying dressings. The pH values recorded in the Solution A indicate the
pH of the wound dressings are but they do not give any information as to the
concentration of the specific acid. The concentration of the specific acid in the

dressings isimportant due to the acid buffering qualities of physiological solutions.
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6.10.2 Sensor validation with wound dressings

The purpose of these tests was to ensure that the designed sensor system could
accurately detect the pH of the wound dressings. The different reference electrodes
(Screen printed Ag/AgQCl and glass calomel electrode) were used to assess the
performance of the system. This stage of testing was needed as the components that
the wound dressings are composed of are mostly unknown due to the manufacturers
protecting their wound dressing formulations. The response across al the dressings
tested showed the dressings did not interfere with the sensing and reference
electrodes as they recorded pH values close to that measured with the glass
electrodes. The only results that were problematic was the Tegaderm dressing
measurements as the pH of this dressing, at pH 3.25, was out-with the sensor pH
range of detection (as discussed Section 6.6.1) which resulted in incorrect pH values
being calculated. This inaccurate result was expected as the linear sensing range of
the carbon membrane sensor is only down to a pH level of 3.5. The results from this
testing demonstrate that the disposable sensor system can measure the pH of wound
dressings successfully.

Due to the use of Ag/AgCl reference electrode the Aquacel and Promogran silver
dressings were tested to see if the Ag™ ions would interfere with the potential of the
electrode. The theory states that the Ag* ion concentration needs to be far higher than
the CI” concentration to have an effect on the potential (Janz and Ives, 1968). This
had to be tested as the concentration of silver ions in the dressing was unknown. The
silver ions within the dressings did not affect the measured potential and are able to
be tested using a Ag/AgCI reference electrode as the background concentration of
chloride is the overriding reaction that determines the potential of the electrode.

The same testing arrangement was used to test if the sensors could detect the pH
accurately of a horse serum solution. The horse serum solution has similar ion and
proteins types and concentrations that are found in human wound fluid. The pH
levels detected were all close to those found using the glass pH electrode. This shows
that the various sensor setups including the disposable sensor couple and the battery
operated measurement hardware were able to measure the pH of abiological solution

successfully. Both the testing of the wound dressing for pH and the horse serum were
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shown to accurately detect the pH of the various solutions. This validated the sensors

for use in the wound bed model experimentsto provide accurate pH values.
6.10.3 Wound dressing smulation Solution A

A wound bed simulation experiment as described in Section 3.13 was used to test the
influence on pH once a wound dressing has been applied to a wound bed model in
real time. This test used Solution A which does not have any buffering capacity to
resist pH change and horse serum which has similar buffering concentrations as
human wound fluid through albumin, globulin and bicarbonate ions. The proteins
buffer the serum through reactions with its amino acid chainsthis is further discussed
in Section 2.14.1. The pre testing calibration/validation was important as the volume
of liquid (10ml) was insufficient to get a reading with the glass pH electrode. For this
reason the pre sensor testing was needed to ensure that the pH of the wound
dressings could be measured accurately using the carbon membrane and Ag/AgCl
electrodes.
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Figure 6.8 Average pH response after application of wound dressing at 40 second
point.

Figure 6.8 shows the average pH response over a 700 second measurement after
application of the wound dressings to the Solution A wound bed model. The Aquacel
shows different starting pH this is due to the Solution A having no buffering

capability so the pH can easily change. This same problem is observed in the
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individual results with varying pH start levels before application of the wound

dressing.

The results for the Solution A testing showed sharp falls in pH for all the dressings
tested bar the Promogran which took around 20 seconds to fully drop to a settled
level. The slower pH drop of the Promogran will be due to the absorbance of the
material used in the Promogran dressing which took longer to absorb and integrate
with the Solution A and hence delayed the mixing for the pH change. The Activon
Tulle dressing does not settle fully at a stable pH in the 1800 second time period
measured. This could be due to the inconsistent coating of the honey in the dressing
which results in a concentrated coating of honey on the sensor until it dissolves into

the Solution A mixture, a picture of the honey dressing is shown in Figure 6.9.

TR ST e

Figure 6.9 Thick inconsistent coating of honey on the wound dressing.

The sharp drop in al the tests in Solution A was expected due to no buffering
capacity in the Solution A mixture to resist the acidic contents of the dressings. The

final values for the Tegaderm and Promogran were not accurate due to the pH being
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out-with the pH range (less than 3.5pH) of the sensor. The results show that al the
dressings have an instant effect on the pH after they are placed onto the Solution A
wound bed model. The values of pH were similar to those recorded for wound

dressingsin earlier testing (Section 5.2.1).
6.10.4 Wound dressing ssmulation Hor se serum

The same experiment was conducted as before with the Solution A being replaced by
a horse serum solution. The results show that the buffering capacity of horse serum
plays arole it the pH response of the wound. The buffering capacity of the amino
acid chains of the albumin and globulin proteins within the horse serum act to give a
more readlistic response to change in pH in a wound bed model this is discussed in
detail in Section 2.14.1.
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Figure 6.10 Average pH response in horse serum wound bed model after application
of dressing after 120 seconds.

The Promogran dressings in horse serum were run for over 2000 seconds and the pH
of the solution had not fully stabilised in this time which was by far longer than any
other dressing type. When Promogram was run in Solution A it appeared to stabilise
this, however, may of been a false result due to the range of the sensor being
saturated so any further reduction in pH would not have been observed. In the initial
experiments into the pH of the dressings it was found that Promogran was the most
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acidic of all tested (pH 2.3). These results suggest that the Promogran dressing has a
sow release/mixing of pH modifying ingredients when in contact with the pH

buffering horse serum solution.

The Activon Tulle and Aquacel both experianced a fast drop in pH once the
dressings were applied (Figure 6.10) then as the horse serum mixture fully mixes
with the dressing a more gradual drop until the pH stabilises after around 600
seconds for both dressings. The Tegaderm dressing although not the lowest pH tested
in Solution A showed the largest drop in horse serum. The sharp drop can be
explained by the acid strength and the dressing surface which is a mesh that the
active components are coated around this would result in faster dissolving/mixing of

the active components on contact with the horse serum. The surface of the Tegaderm

dressing is shown in Section 3.11.5 Figure 3.22.

Dressing pH in Solution pH in horse difference pH change
A serum horse serum

Activon Tulle 3.49 5.32 1.83 311

Aquace 451 7.57 3.06 174

Tegaderm 3.24 4.07 0.83 4.15

Promogran 2.30 544 3.14 291

Table 6.4 Summary of pH change after application of wound dressing.

The results show that the buffering capacity of horse serum plays a role it the pH
response influenced by the wound dressings. The buffering capacity of the proteins
within the horse serum act to give a more realistic response to change in pH in a
wound bed model. The buffering capability of the horse serum prevents the pH
change dependent on the concentration of the acid used in the experiments. From the
data shown in Table 6.4 it gives the recorded pH of the Solution A experiments
using a glass electrode and the fina pH of the horse serum dressing testing. The
calculation for concentration of acid added to the solution is shown in Equation 6.8.
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dn = BV,dpH Equation 6.8

This equation enables the strength of acid, dn in the dressing to be assessed for
change in pH value as the volume of buffer solution (horse serum), V,, and buffer
capacity, f is constant for all the tests conducted. Although the buffer capacity is
unknown it will be constant in all of the experiments conducted. The two constantsin
Equation 6.8 simplify the equation so that the change in pH is a direct measure of

the strength of acid in each wound dressing type.

The Aquacel dressing is the weakest out of all tested it also has the highest pH out of
al tested in Solution A. The acidic concentration is very low as the pH in horse
serum is at the extremity of the buffering capacity of the albumin proteins and
carbolic acid buffers in the horse serum which have an estimated range from
approximately pH 7.75 — pH 5.37. From this data the Aquacel will not have much
influence on the pH of a wound the dressing is meant to hydrate the wound and does
not make any claim of modifying properties other than moisture in the wound
(Convatec, 2011). The Aquacel dressing is composed of a hydrofiber that turnsinto a
gel on contact with liquid. This fast absorption of liquid can be seen in the Aquacel
response with afast pH drop off after initial application of the wound dressing.

The other dressings are interesting as they produce a larger change in pH and hence
will have a larger influence on the wound healing properties. The pH response of
Promogran dressing shows that it is the slowest of al dressings to alter pH after
initial immersion in the wound bed model. These results suggest that the Promogran
dressing has a slow release/mixing of pH modifying ingredients when in contact with
the pH buffering horse serum solution. The Promogran was the most acidic in
Solution A with a pH of 2.30; it produced a change of pH of 2.91 in the horse serum
to settle on a final value of 5.44. Promogran uses acetic acid to lower the pH of a
wound it has been documented that there is 0.05M of acetic acid within the dressing
(Cullen et al., 2002). When applied to a wound the dressing will change the pH to a
level that has previously been shown to have an influence on MMP levels (Greener
et a., 2005).
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The Activon Tulle produced the second highest change in pH when used in the horse
serum wound bed model. The overall change in horse serum pH was 3.11 after the
application of the dressing. The honey naturally includes a number of acidic
components with gluconic acid having the largest concentration. Each honey has
different amounts and types of acid depending on honey type and concentration
(Kwakman and Zaat, 2012). It has been reported that the acidity of honey isthe main
factor in its antibacterial properties (Stefan and Bogdanov, 1997). The dressing
samples are covered in the honey the thick coating of honey on the fabric gause; this
will result in larger molar values of the acids in the honey which will account for the
large change in pH in the horse serum solution. This coating aso is responsible for
the fast initial drop in pH with the honey being able to mix easily with the horse

serum solution.

The Tegaderm showed the largest change in pH of 4.15 and aso was the closest to
the pH value in Solution A. The Tegaderm dressing experienced a sharp drop that
can be explained by the acid strength and the dressing type. The dressing surfaceisa
mesh that the active components are coated around; this results in faster dissolving of
the active components on contact with the horse serum which can be observed with
the fast drop in pH after dressing application. The data sheet for the Tegaderm states
that it uses citric acid to lower pH although it does not state the concentration (3M,
2011). The large change in pH indicates that the Tegaderm dressing has the strongest
acid concentration out of al the dressings tested. When applied to a wound the
Tegaderm dressing will produce the largest drop in pH and this will help the dressing
achieve its stated aim of reducing the MMP activity level within the wound (Greener
et a., 2005).
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6.11 Conclusion and futurework
6.11.1 Conclusion

The aim of this work was to find an easy to produce disposable sensor for measuring
the pH of sampled wound fluid. Four different sensor types (Screen printed carbon,
screen printed PEDOT, electropolymerised PPY Cl and electropolymerised PPY PTS)
were tested with the aim of replacing the conventional glass liquid junction pH

electrodes that are the only current method of measuring wound pH.

The investigation into membrane application found that the thinner deposited
membranes produced more consistent membrane coverage and had the additional
benefit of using less membrane material which results in less expensive sensors.
Although the membrane investigation did not produce any improvement in voltage
response to pH change that already reported in literature, the significant finding was
first immersion settling time. The shorter settling times obtained with thinner
machine deposited membranes enables shorter times for accurate first pH

measurement.

The full sensor testing found that the sensor with the best performance was the
carbon membrane sensor. The PEDOT sensor formed bubbles in the membrane
during manufacture which led to inconsistent sensors. The two €electropolymerised
conducting polymer based sensors had poor voltage stability due to formation of

water layer between conducting polymer and ion-sel ective membrane.

The carbon sensor was found to have good sensing characteristics. The main factor
for the performance was attributed to the partial dissolving of the screen printed
carbon layer during membrane deposition. This enabled good sensor adhesion
between the membrane and conducting contact which prevented formation of an
unwanted water layer. The measurement hardware designed as part of the project
plays an important role in ensuring no voltage drift occurs. The hardware has a low
input bias current meaning the sensor will be suitable for point of care measurements

of pH. The dependence on double layer capacitance may result in the sensor
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experiencing voltage drift if the sensor is used over long time periods or the sensor

sizeis reduced.

Ininitial testing the wound dressing pH of many of the dressings were shown to have
very low pH values. The testing in horse serum showed how the pH may changein a
wound once the wound dressing have been applied. It was observed that when
adding the wound dressings, that the buffering qualities of the horse serum lessen the
pH change of the acidic wound dressings. The results of this investigation highlight
the important role that pH modifying dressings can play within the wound healing
environment. These results have never been reported in other literature as the system
developed in this thesis is the first system capable of monitoring the dressing pH in
real time. The low values of pH in the results may somewhat surprise the clinical
community. Further testing of wound dressings on real wounds will help to achieve a
better understanding of how the pH changes within a wound and how wound

dressings influence this.

The investigation found a potential solution for the introduction of a disposable pH
sensor using a potentiometric sensor produced using screen printing and a machine
deposited ion-selective membrane. The sensor system operation in physiological
solutions enabled the influence of wound dressings on pH of the solution to be
observed. The pH is still not afully understood part of the wound healing process but
it plays a key role in many of the different elements of wound healing. With further
development the device could be used to gain a further understanding of the role of
pH and the optimum conditions for wound healing.
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6.11.2 Future work
Suggestions for future work are:

e Investigation into how size of sensor affects its stability as reduced
capacitance should result in sensor that has voltage drift

e Further study into membrane adhesion and its effect on double layer
capacitance of the electrode

e Optimise the initial voltage settling drift of the sensors to find the fastest
method of stabilization

e Toxicology study of sensor

e Investigation into hardware and how the input bias current may cause voltage
drift

e Study of CI" content in wound fluid to assess if the chloride ion levels are
within a small enough range to ensure stable operation of screen printed
reference electrode.

e Produce PCB of hardware and miniaturise the instrumentation

e Test sensor system with wound fluid samples

e Development of a sensor that can be used in wound dressing for continuous
pH monitoring within the wound possibly integrated in band.

e Titration experiments on wound dressings to determine the acid content of the

wound dressings

The future work will enable a better understanding of the sensor properties and help
to further optimise design. This will help to produce reliable sensors that can detect

the pH of awound easily and accurately.
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Appendix A

Full Program

This section details the main program used for the designed hardware to show

voltage and pH reading.

MAIN.C

#include <hidef.h> /* for Enablelnterrupts macro */
#include <stdio.h>

#include "derivative.h" /* include peripheral declarations */

float voltagefinal;
float adjadcnumber;
char *outstring[5];
char bit[4];
int number;
int control=0;
float volph4;
float volph7,
float savevoltage;
float slope;

float intercept;
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float pH;

void InitKBI() {

// Enables KBI asinterrupt

KBISC=0x00;

KBIES=0x80;

KBIPE=0x80;

KBISC=0x07,

/I comment

I

I

I

void delaymain(void){

long int count;

count =1000;

while (count > 0){

count--;}

}

void charconvert(int number1){

string for ascii sending

switch (number1){

case 0:
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/I compares the result and converts to



outstring[number]="0";
break;

case 1
outstring[number]="1";
break;

case 2
outstring[number]="2";
break;

case 3:
outstring[number]="3";
break;

case 4:
outstring[number]="4";
break;

case 5.
outstring[number]="5";
break;

case 6:
outstring[number]="6";
break;

case /.
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outstring[number]="7";
break;

case 8:
outstring[number]="8";
break;

case 9:
outstring[number]="9";

break;

void ADCread(){
int high;
int low;
long int fullnumber;
APCTL1=0x02; /*disables the input pin for other use*/
ADCCFG= 0x04;

ADCSC2=0x00; /*sets conversion to 12bit using internal clock sets low power

conversion mode as dont need max speed */
ADCSC1=0x01;

while (ADCSC1_COCO==0){} /Iwait for conversion before reading result
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high=ADCRH;
low=ADCRL;

fullnumber = (long int)high << 8 | low; /* normalise the high result by

adding the two values high and low by sifting bits*/

adjadcnumber= (float) fullnumber;

}

void voltage(){

voltagefinal =adjadcnumber*0.00058203;  //this number is 2.383/4096 to give

the output of the sensor

savevoltage=voltagefinal;

/1 this converts the float number for transmission to LCD
bit[0]=(int) voltagefinal; //gets most significant bit
number =0; // sets position counter for data saving as a string

charconvert(bit[Q]);
outstring[1]=".";

voltagefinal = (voltagefinal * 10)-bit[0]*10; //shifts numbers by 1 and saves

next sig bit
bit[1]=(int) voltagefinal;
number=2;

charconvert(bit[1]); /[sendsint for ascii conversion
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voltagefinal = (voltagefinal * 10)-bit[1]* 10;
bit[2]=(int) voltagefinal;

number=3;

charconvert(bit[2]);

voltagefinal = (voltagefinal * 10)-bit[2]* 10;
bit[3]=(int) voltagefinal;

number=4;

charconvert(bit[3]);

PTDD=0x80; //address set location O
LCDSend();

L CDPrint(outstring[0],1);

L CDPrint(outstring[1],1);

L CDPrint(outstring[2],1);

L CDPrint(outstring[3],1);

L CDPrint(outstring[4],1);

LCDPrint("V",1);

void pHlevel (){
slope= (volph7-volph4)/3;
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intercept= vol ph4-(dope* 4);

pH = (savevoltage-intercept)/slope;

/I this converts the float number for transmission to LCD module for pH to 2

decimal places
bit[0]=(int) pH; //gets most signifcant bit
number =0; // sets position counter for data saving as a string
charconvert(bit[Q]);
outstring[1]=".";
pH = (pH * 10)-bit[0]*10; //shifts numbers by 1 and saves next sig bit
bit[1]=(int) pH;
number=2;
charconvert(bit[1]); /[sendsint for ascii conversion
pH = (pH * 10)-bit[1]* 10;
bit[2]=(int) pH;
number=3;
charconvert(bit[2]);
//sendsto lcd
PTDD=0xCO;
LCDSend();

L CDPrint(outstring[0],1);
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L CDPrint(outstring[1],1);
L CDPrint(outstring[2],1);
L CDPrint(outstring[3],1);

LCDPrint(" pH ",4);

void main(void) {
int run=1;
Enablelnterrupts; /* enable interrupts */
ICSC1=0x06; // setscontrole register for clock setting
| CSC2=0xCO0;
SOPT1 = 0x40; // disables COP reset
Initk BI();
delaymain();
LCDInit();
/l runs this forever once program starts
while (run=21){
delaymain(); // stops refresh being too fast
ADCread();
voltage();
delaymain();
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switch (control ){
case0 :
PTDD=0xCO; //address set row 2
LCDSend();
LCDPrint("Voltage",8);

break;

case 1:
PTDD=0xCO; //address set row 2
LCDSend();
LCDPrint("Ca pH4",8);

break;

case 2:
PTDD=0xCO; //address set row 2
LCDSend();
LCDPrint("Cal pH7 ",8);

break;

case 5.
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case 4:
case 3. /I displays both the pH and the voltage for 3 button pushes
pHIevel();

break;

case 6: /I resetsto zero after 6th button push
control=0;

break;

default :

/I LCDClear();

PTDD=0xCO; //address set |ocation O
LCDSend();
LCDPrint("ERROR ",8); //onrow 2

control=0;

for(;;) {
_ RESET_WATCHDOG(); /* feeds the dog */
} /* loop forever */
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[* please make sure that you never leave main */

T T ]|

/I KBI_ISR

// Reads interupt then increments counter

/I Debounces switch

/I Acknowledges KBF
e
interrupt VectorNumber_Vkeyboard void KBI_ISR(void){

byte d,b;

//capture which pin was pushed
//mode = (byte)(KBI_VAL);
//debounce button

for (d=0xff;d>0;d--){

for (b=0x80;b>0;b--){}

}

control++;
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switch (control ){
case?2:

volph4=savevoltage;

case3:

volph7=savevoltage;

default : ;

/Iclear KBF

KBISC_KBACK =1,

LCD.C

#include "derivative.h" /* include peripheral declarations */
#include "lcd.h"
char howmany;
char * nextchar;
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void delay(void){
int count;

count =50;

while (count > 0){

count--;}

}

void LCDSend(void) {
lcdE = 1;

delay();

lcdE = 0;

void LCDClear(void) {
[cdRS = 0;
IcdPort = 0x01,

LCDSend();

void LCDPrintNext(void) {
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while (howmany-- > 0) {
[cdRS =1,

IcdPort = (* nextchar);

LCDSend();

nextchar++;

|cdRS=0; // resets rs bit so adrees can be changed elsewhere in prog easily
}
/* Display astring with a specific length */
void LCDPrint(char *where, int length) { //char *where, int length
if (length > 0) {
howmany = length;
nextchar = where;

LCDPrintNext();

void LCDInit(void){

lcdEDD = 1; /* LCD Enable pin as output */
lcdE= O; /* LCD Enablepinisclear */
IcdRSDD =1, [* Datallnstruction pin asoutput ~ */
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lcdRS= O; /* Data/lnstruction is clear
lcdRWDD=1;

lcdRW = 0;

LCDSUPPLY_VSUPPLYO =1,
LCDSUPPLY_VSUPPLY1 =1,
LCDRVC_RVEN =0;

LCDC1_FCDEN =1,

PTDDD=0xFF;

PTDD=0x03; /lclear
LCDSend();

PTDD=0x3C; //function set
LCDSend();

PTDD=0x06; //enterymode set
LCDSend();

PTDD=0x0C,; //turn on

LCDSend();

}
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