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ABSTRACT 

Cystic Fibrosis (CF) is a genetic disease which affects the production of healthy cystic fibrosis 

transmembrane regulator (CFTR) proteins. These facilitate the transport of various salts across 

epithelial membranes throughout the body and their dysfunction leads to the development of 

life-limiting conditions across multiple organs. One consequence of CFTR dysfunction is that 

CF sufferers possess elevated levels of chloride (Cl-) ions in their sweat. CF treatments which 

target the CFTR proteins to improve their functionality are increasingly being developed and 

becoming more widely available. Sweat Cl- concentration is an important biomarker to gauge 

their efficacy. A wearable sensor capable of detecting Cl- in aqueous media would allow sweat 

Cl- levels to be monitored quickly and non-invasively and be a vital tool in the development 

of future CF therapies.  

This work describes the development of a Cl- ion selective electrode. It adapts existing 

wearable electrode technology through the addition of a UV-cured pHEMA hydrogel mixture 

to form a quasi-reference electrode. Laboratory tests found that conditioning the hydrogel in a 

1 M KCl solution for 25 hours produced electrodes with consistent potentiometric responses 

to test solutions, enabling a calibration curve to be obtained with a sensitivity of 64.34 mV/dec 

over a Cl- concentration range of 10 - 100 mM. This envelops both healthy and CF sweat Cl- 

levels. 

A study was conducted to examine the pHEMA electrodes’ ability to operate whilst placed on 

the forearms of healthy volunteers. Whilst these tests highlighted some of the challenges faced 

by wearable devices, such as motion artefacts, five of the ten tests carried out demonstrated 

that the electrodes were capable of monitoring Cl- concentration whilst placed on the body. 

They displayed a high degree of sensitivity which compared well to the lab bench tests 

conducted in parallel.  
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1.1 Introduction 

Cystic Fibrosis (CF) is a genetic disease which affects the body’s ability to regulate chloride 

transport across various epithelial cells throughout the body. It affects 1 in 2500 Caucasian 

new-borns (1), making it the most prevalent life-limiting genetic disease within Caucasians (2). 

Comparable statistics are noted in those of Hispanic origin whilst those of African and Asian 

descent are less likely to inherit the disease. One consequence of the disease is an inability in 

the sweat glands to resorb chloride (Cl-), leading to CF sufferers displaying a high 

concentration of Cl- within their sweat. A new generation of CF treatments are emerging which 

target the proteins affected by the genetic mutations, aiming to re-instil their ordinary function, 

thus improve Cl- transport throughout the body. The efficacy of these treatments can be gauged 

by monitoring the concentration of sweat Cl- in a patient over the course of treatment. A change 

in sweat Cl- concentration of 36% or more is considered clinically significant in such therapies. 

Current techniques of sweat Cl- measurement are time-consuming or unsuitable for this task. 

Therefore, the development of a wearable device capable of serially monitoring sweat Cl- levels 

of individual patients quickly and non-invasively could be used to investigate not only the 

treatment’s efficacy in treating a wide range of CF patients but also aspects such as the drug’s 

durability in maintaining these changes. Such a device would, therefore, be of great 

significance within this field.  

This chapter reviews the literature which is relevant to the research reported in this thesis. 

Current techniques of CF diagnosis and monitoring are presented. The trends and technology 

involved with wearable sensors are then detailed before methods of Cl- detection are addressed. 

1.2 Cystic Fibrosis 

Cystic Fibrosis (CF) is an autosomal recessive disorder which manifests due to a mutation 

within the gene responsible for the synthesis of the Cystic Fibrosis Transmembrane Regulator 

(CFTR) protein (3). There are six classes of mutation (I – VI) associated with the protein. At 



3 

 

least two of these must be carried by the parents, one from each, for a child to be born with the 

disease. CFTR is a protein which facilitates the passage of Cl- through the cell membrane (4). 

As such, CF is a systemic condition, affecting the liver, pancreas and gastrointestinal organs as 

well as the lungs. The breakdown in ion transport means, amongst other manifestations, that 

NaCl is not sufficiently resorbed from sweat. This leads to larger-than-average salt 

concentrations in CF patient’s sweat, a feature which has been anecdotally observed as early 

as the 17th century (5). The data shown in Table 1.1 is taken from a study conducted with 500 

CF patients and 1000 control volunteers (6). It exemplifies the disparity in the levels of sweat 

Cl- and Na+. In particular, it found that the average sweat Cl- concentration of CF patients was 

approximately six-times that of non-CF patients. 

Table 1.1. Average concentrations of Cl- and Na+ ions 

in sweat samples of 500 CF patients and 1000 control 

patients (6). 

 Sweat Ion Concentrations (mM) 

Cl- Na+ 

Control 16 23 

CF patients 99 101 

 

Until recently, treatment of CF had focussed on the management and relief of its symptoms. 

However, with the discovery of the gene which causes CF in 1989 (4), new treatments are 

emerging which target the CFTR protein itself. These are labelled CFTR modulators and 

several trials have been conducted, or are currently ongoing or scheduled, to investigate their 

efficacy in treating specific CFTR gene mutations. These trials often use the concentration of 

Cl- in the participants’ sweat as a marker of the drug’s efficacy. Therefore, a method by which 

this concentration can be measured quickly and accurately would be an important tool in the 

development of these therapies. 
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1.2.1 Diagnosis and Monitoring 

Since the effects of CF were observed there have been many iterations and models of diagnoses. 

Due to the early identification of a link between the saltiness of an infant’s sweat with life-long 

health problems and a reduction in lifespan, the earliest attempts to diagnose CF focussed on 

the analysis of sweat. The first such clinical studies carried out involved wrapping test subjects 

in plastic in order to stimulate sweat. However, this proved to be very time consuming with 

adult subjects often required to spend two hours under the test conditions to obtain a suitable 

volume of sweat. Additionally, the procedure was noted to be uncomfortable, especially for 

infants. On occasions when an inadequate amount of sweat was being stimulated, hot water 

bottles were often added to the bag. Perhaps unsurprisingly, there were occasions were the 

subjects suffered from hyperpyrexia or even fatal heat stroke (7).  

Due to these undesirable conditions, there was a requirement for new and less invasive modes 

of CF diagnosis. Described below are the techniques currently in practice. 

1.2.1.1 Sweat Test 

The sweat test is the gold standard for diagnosing CF and was an early alternative to the more 

hazardous techniques around at the time (8). It varies from the technique described above as it 

utilises the chemical pilocarpine in conjunction with a two-electrode arrangement placed on 

the skin. Pilocarpine is a positively charged substance which stimulates the sweat glands to 

secrete, its chemical structure is shown in figure 1.1.  
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Figure 1.1. Chemical structure of pilocarpine. Retrieved 

from: 
https://pubchem.ncbi.nlm.nih.gov/compound/5910#section=

2D-Structure 

 

The electrodes allow a small electric potential to be applied across the patient’s skin, meaning 

the positively charged pilocarpine is able to migrate across the skin and stimulate the target 

sweat glands (9). This process is known as pilocarpine iontophoresis and was first introduced 

in a study conducted by Gibson and Cook in 1959. The electrode configuration stays in place 

for around five minutes before the electrodes are removed, the skin cleaned and the sweat is 

collected. A strict protocol for sweat test diagnoses is set by the Cystic Fibrosis Trust (10) and 

the procedure should only be carried out in a CF Trust-accredited centre (8). However, the 

procedure has remained largely unchanged since its original use in 1959 (2). The remainder of 

this sub-section will describe the procedure followed to prepare the electrodes, apply and 

remove them, and subsequently collect the sweat sample.  

The area of the patient’s skin upon which the electrodes are in contact is initially cleaned with 

alcohol and distilled water respectively. After the skin has been cleaned, a Pilogel® 

Iontophoretic Disc (ELITech Group, Puteaux, France) is placed into the positive electrode 

contact, as shown in figure 1.2 (a). The Pilogel discs are standardised, 6 mm thick, 2.8 cm 

diameter agar gel cylinders which are comprised of 96% water, in which 0.5% pilocarpine 

nitrate has been dissolved. With the skin still damp from cleaning, to ensure an even contact 

between the gel and skin, both stainless steel electrodes are applied to the flexor surface of the 

lower arm, as shown in figure 1.2 (b) and secured with straps. The electrodes are subsequently 

connected to a power source which, when initiated, raises the current in seventeen 30s intervals. 



6 

 

Ultimately, this provides an iontophoresis current of 1.5 - 2 mA, depending upon the model of 

power supply utilised (7,9,11,12). This current is maintained for 5 minutes before reducing 

back to zero. The electrodes are then removed, and the area of skin covered by the Pilogel disc 

is swabbed with distilled water and dried. 

(a) 

 

 

(b) 

 

Figure 1.2. Schematic of pilocarpine iontophoresis sweat test. (a) A standardised Pilogel® 

Iontophoretic Disc is inserted into the recess of the positive electrode and, (b) placed upon 

the forearm of the patient alongside the negative electrode. Adapted from (9).   

 

The collection of the sweat sample immediately follows. It is recommended that this is 

performed using a Macroduct® sweat collector (ELITech Group, Puteaux, France) – an 

instrument designed specifically for sweat collection and commonly used within a clinical 

setting. The small, disposable device, depicted in figure 1.3, consists of a hollow plastic tubing 

coiled into an outer casing. Within the tubing is a small amount of blue, water-soluble dye (≤10 

nM) which is used as a visual indicator of sweat intake into the cavity. The casing is designed 

such that when it is applied tightly to the patient’s forearm the skin will bulge into the cavity, 

expelling any excess air. It is kept in place via a strap around the patient’s arm. At the central 

apex of the coiled tubing is a small entrance duct approximately 0.64mm in diameter (9). The 

force exerted by the Macroduct® on the skin is greatest around the plastic circular casing, hence 

the sweat is directed towards the centre of the coil, where the opening is located. Due to the 

absence of air within the cavity, the sweat is forced into the entrance duct via the hydraulic 

pressure created by the secretory glands covered by the collection device. 
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Figure 1.3. Depiction of Macroduct® sweat collection device 

applied to the forearm. Sweat is collected in plastic tubing, 

containing blue dye, coiled into the outer casing. Adapted from (9)  
 

The collection time is set at 30 minutes, in which the tubing (with a volume of 85µl) is able to 

collect an average volume of sweat of between 50 and 60µl. The minimum acceptable sample 

size from this method is 15µl (10). This ensures that a minimum sweat rate and, consequently, 

electrolyte concentration has been obtained. In order to maintain a valid sample, the sweat rate 

must be no less than 1g/m2 per minute. If the rate is lower, then the electrolyte concentration is 

lower and there is a higher risk of evaporation of the sweat sample (8,10). 

Immediately following the collection period, the tubing is severed from the casing and its 

contents taken away for analysis of its salt content. This process is covered later in this piece. 

In addition to the Macroduct® collector method, another legitimate technique makes use of 

gauze or filter paper to collect the sweat. This was the method utilised by Gibson and Cooke 

in 1959. Sweat is induced in a procedure identical as that described above, but the Pilogel discs 

are replaced with a pilocarpine solution, applied to an unweighed disc of filter paper placed 

over the surface of the positive electrode. A piece of gauze or filter paper from a weighed 

sample is then placed over the area previously covered by the pilocarpine and used to collect 

the sweat for 30 minutes. It is subsequently removed, reweighed and analysed to determine its 

salt content (7). 

Once sweat samples are analysed, physicians are able to gauge whether a patient is likely to 

have CF by noting the sample’s Cl- concentration and allocating it into one of three categories: 

negative; borderline/indeterminate; consistent with CF. The Cl- levels set for these categories 
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are shown in Table 1.2. It should be noted, however, that these levels alone are not enough to 

arrive at a diagnosis. For example, it has been observed that neonatal patients possess an 

abnormally high concentration of Cl- if they are measured to have >40 mM in their sweat (8,13). 

Likewise, concentrations of >60 mM have been seen to occur in patients by conditions other 

than CF. It is therefore required that any positive result acquired via a sweat test is followed by 

a repeat procedure at a later date along with one other diagnostic test (8,10,14). 

Table 1.2. Reference values for sweat chloride for diagnosis 

of CF (10) 

Diagnosis Chloride Concentration (mM) 

Negative < 40 

Borderline/Indeterminate 40-60 

Consistent with CF > 60 

 

1.2.1.2 Genetic Testing 

Should an initial sweat test return sweat Cl- values which are consistent with CF, one of the 

follow-up diagnostic procedures would likely be a genetic test. Since it was discovered that a 

fault in the gene responsible for the synthesis of the CFTR protein was the cause of CF (4), 

there has been an effort to identify the mutations which may ultimately lead to the disease. To 

date around 2000 mutations have been isolated and reported in the CF Mutation Database 

(CFMD). There is a problem, however, in the fact the majority of these mutations have been 

observed in only one or a handful of patients and their clinical manifestations are wide-ranging 

(15). A consensus report by the Cystic Fibrosis Foundation (8) stated that in order to be 

classified as CF-causing, a mutation must fulfil at least one of the criteria outlined in Table 1.3. 
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Table 1.3. Criteria for a CFTR mutation to be classed as CF-

causing (8,16) 

Criterion Physical Manifestation  

1 Cause a change in the amino acid sequence that 

severely affects CFTR function and/or synthesis 

2 Introduce a premature termination signal 

(insertion/deletion or nonsense mutations) 

3 Alter the invariant nucleotides of intron splice sites 

(first two or last two nucleotides) 

4 Cause a novel amino acid sequence that does not 

occur in normal CFTR genes from at least 100 

carriers of CF mutations from the patient’s ethnic 

group 

 

Clearly, the criteria set out in Table 1.3 facilitates for a lot of potential permutations in terms 

of the pathogenicity and severity the mutations may cause. Due to this, projects such as the 

Clinical and Functional Translation of CFTR (CFTR2) project (15), were set up in an attempt 

to better understand the physical effects specific mutations have upon individuals. The study 

collected data for the 160 most-reported mutations from approximately 40,000 relevant patients 

to investigate the mutation’s physiological effect (2,15). The CFTR2 team placed each 

mutation investigated into one of the four categories outlined in Table 1.4. 

Due to the large number of possible mutations and mutation pairings, genetic testing is seen as 

a highly specific mode of diagnosis but with poor sensitivity (8). For this reason, it is rarely 

used in isolation as a diagnostic technique but instead used in conjunction with newborn 

screening. 
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Table 1.4. CFTR2 mutation categories. Adapted from (2,14) 

Category Definition 

CF-causing Individuals with two copies on separate 

alleles will likely have CF. This must be 

confirmed with a sweat test 

Mutation of varying clinical 

consequence (MVCC) 

A mutation that in combination with another 

CF-causing mutation or MVCC mutation 

may result in CF 

Unknown/Unevaluated Mutations that have not been evaluated by 

CFTR2 and may be disease-causing or 

benign 

Non-CF-causing Individuals with one or more of these 

mutations are unlikely to have CF (as a result 

of that allele) 

 

1.2.1.3 Newborn Screening 

Newborn screening (NBS) for CF refers to the testing of neonatal infants for levels of a 

pancreatic proenzyme named immunoreactive trypsinogen (IRT) (16). This is conducted via 

an IRT assay performed using a sample of the patient’s blood (17). Elevated levels of IRT in 

infancy are consistent with the child having CF, however, much like genetic testing, NBS does 

not provide a high level of specificity due to the fact that IRT levels are often high in healthy 

infants.  

 

1.2.1.4 Nasal Potential Difference 

The flux of ions across epithelial membranes results in a potential difference across the 

membrane. As will be discussed in greater detail in Section 2.3.1, the loss of function of CFTR 

means that airway epithelial cells become impermeable to Cl-. Combined with the loss in the 

ability to inhibit the epithelial sodium channel (ENaC), this leads to CF sufferers possessing a 

significantly higher negative potential difference across their airway epithelial cells than non-

sufferers (8,18). Nasal potential difference (NPD) is quantified using potentiometric 
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measurements between a reference electrode on the patient’s arm and a working electrode 

attached to a catheter in contact with the patient’s nasal mucosa (19). 

 

1.2.1.5 Diagnostic Algorithm 

Often CF patients do not exhibit every physiological effect that the disease can cause. This has 

led to different classifications of CF which reflect the variability in phenotype experienced by 

the patient. These categories: classic CF and non-classic CF, are assigned to an individual by 

way of diagnostic algorithms which utilise a combination of the diagnostic techniques outlined 

above. Using this method, patients can be diagnosed with classic CF if they possess a sweat Cl 

concentration of > 60 mM and have one or more CF phenotype. Likewise, for individuals with 

a sweat Cl concentration of < 40 mM or of borderline level (40 – 60 mM) who also possess a 

CF phenotype in at least one organ system are assigned as having non-classic CF (14,16). An 

example diagnostic algorithm is provided in figure 1.4. 
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Figure 1.4. Example CF diagnostic algorithm. Adapted from (14,16). 

 

 

1.2.2 Cystic Fibrosis Treatment 

Until recently, the treatment of CF consisted mainly of techniques designed to alleviate its 

symptoms. These included airway clearance therapies, antibiotics and bronchodilators to treat 

the pulmonary obstructions and infections the patient would frequently encounter (2,20). These 

were often accompanied by enzyme replacement and caloric supplementation therapies in an 

attempt to counter the effects of pancreatic disease (21). However, ever since the CF-causing 

gene has been isolated, much of the focus in treating the disease has been on the development 

of therapies which address the underlying dysfunction of the CFTR protein or which directly 

address the underlying faulty gene. 
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1.2.2.1 CFTR Modulators 

Much of the progress made in CF treatment over the past decade has been in the development 

of CFTR modulators. These come in the form of small molecules which are designed to restore 

partial or complete CFTR protein function (22). Just over 2000 CFTR mutations have been 

discovered, with only 10-15% categorised as CF-causing (23). Each of these mutations are 

separated into six classes according to their physical effects upon the CFTR protein itself 

(2,22). These mutation classes are depicted in figure 1.5 and should not to be confused with 

those defined in Table 1.2, which detail the criteria by which a mutation can be defined as being 

CF-causing. Due to the vast number of CFTR defects a patient may potentially possess, there 

is a wide diversity in functional defects of the protein. Therefore, any such treatment targeting 

the CFTR protein dysfunction would have to be mutation-specific (23). There are two 

categories of CFTR modulators: potentiators and correctors. 

Mutation Class 

Healthy I II III IV V VI 

 

Defect Type No 

functional 

CFTR 

protein 

CFTR 

trafficking 

defect 

Defective 

channel 

regulation 

Decreased 

channel 

conductance 

Reduced 

synthesis 

of CFTR 

Decreased 

stability of 

CFTR 

Figure 1.5. CFTR mutation classes (I – VI) with schematic visualisation of their physical 

impact in comparison to healthy CFTR. Adapted from (2,24). 

 

1.2.2.1.1 CFTR Potentiators 

CFTR potentiators have been designed to bind to the CFTR proteins located at the cellular level 

and increase the time in which they are open (25). The purpose of this is to increase the Cl- 

conductance across the membrane, restoring the natural flow of salts and, hence, the normal 
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hydrating mechanism for the epithelia. Such a treatment, therefore, is primarily aimed at 

patients who suffer from a Class III mutation, see figure 1.5, where their CFTR gating is 

defective. The most common of such mutations is G551D which affects approximately 4% of 

CFTR alleles worldwide. (22).  

There is currently one CFTR potentiator available for treatment; Ivacaftor, figure 1.6.  

 

Figure 1.6. Chemical structure of pilocarpine. 

Retrieved from:  
https://pubchem.ncbi.nlm.nih.gov/compound/16220172#secti

on=2D-Structure 

 

This was produced by Vertex Pharmaceuticals (Boston, MA) and, in 2012, was approved by 

the United States Food and Drug Administration (FDA) and the European Medicines Agency 

(EMA) as a treatment for patients of 6 years and older with CF and who carry at least one copy 

of the G551D mutation (22,24). In the proceeding 3 years, the approval of use was extended to 

a further eight non-G551D gating mutations and to patients of 2 years and over. This was done 

following the findings in clinical trials such as KIWI, in which patients between 2 and 5 years 

of age, and possessed a CFTR gating mutation on at least one allele, were administered 

Ivacaftor over two separate periods of time (26). The results showed the patient’s experienced 

significant decreases in sweat Cl- concentration as well as increases in bodyweight and body 

mass index (BMI). CFTR function in patients receiving Ivacaftor is raised to only 35-40% 

compared to that of a normal non-CF sufferer. Despite this, observations made from trials have 

demonstrated clinical improvements in day-to-day life including rises in respiratory function 

and reductions in pulmonary exacerbations (22,23,26).  

However, as noted above, the G551D mutation is found in around 4 % of CF sufferers, meaning 

it is only an effective treatment for a small proportion of patients (27). Due to most CF patients 
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being heterozygous for gating mutations – i.e. having two different effected alleles – 

combination therapies are seen as a way of treating a larger proportion of patients (22). 

 

 

1.2.2.1.2 Combination Therapy 

As the name suggests, combination therapy involves the combined use of one or more CFTR 

modulator therapies. This will likely take the form of a CFTR potentiator (such as Ivacaftor) 

as well as one or more CFTR correctors. The latter, in contrast to potentiators, are designed to 

bind to the mutant CFTR mRNA and correct their transcription or processing defects. In doing 

so, more stable CFTR proteins are created and more are available on the surface of cells to 

perform their normal function (23).  

Combination therapies like this are necessary due to the amount of CF patients who possess 

complex CFTR mutations which can cause simultaneous CFTR gating, trafficking, and 

stability defects (22,27). The most common genetic mutation resulting in CF is Phe508del - a 

complex mutation with multiple defects which is found in ~80% of CF patients worldwide 

(24,27,28). The initial problem involving Phe508del-CFTR proteins is that of trafficking (Class 

II mutation, see figure 1.5), where very little of the misfolded proteins are able to reach the 

cellular membrane – leading to a depletion of CFTR (29). However, the proteins which are 

able to reach the apical membrane then exhibit a gating deficiency (Class III mutation), 

meaning that any treatment for patients with Phe508del-CFTR must be able to address both of 

these issues (30,31).  

One combination treatment to have emerged in recent years is that of Lumacaftor, figure 1.7 

(a), combined with Ivacaftor, named Orkambi (Vertex, Boston, MA). After exhibiting 

significant but modest results in trials (32), combination therapy containing Ivacaftor and 

Lumacaftor was approved by the FDA and EMA in 2015 for patients 12 years and over who 
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possess the Phe508del mutation. It has recently been made available in England for patients 12 

and over and with two copies of the Phe508del mutation (33). Orkambi has only proved to be 

modestly effective, however, with patient’s first forced expiratory volume (FEV1) only 

improving by 2 – 4% (27,34).   

Symkevi (Vertex, Boston, MA) is another combination therapy approved for use and targeted 

at the Phe508del mutation. It combines Ivacaftor with the CFTR corrector, Tezacaftor, figure 

1.7 (b) (Vertex, Boston, MA). The latter should, in theory, have an advantage over the use of 

Lumacaftor in that it does not induce CYP3A – an enzyme which is a substrate of Ivacaftor – 

and so does not interact with Ivacaftor (22,29). Consequently, smaller doses of Symkevi could 

be administered and provide similar outcomes to Orkambi combination therapy and therefore 

carry a greater benefit-to-risk profile for patients (29). Indeed, trials demonstrated an FEV1 

increase of 3.75% in patients undergoing Symkevi therapy, as well as a 35% reduction in 

exacerbations and a sweat Cl- reduction of 6 mM (34).  

Perhaps the most promising combination therapy to date is Kaftrio (Vertex, Boston, MA), 

which is a triple combination therapy combining Symkevi with the CFTR corrector 

Elexacaftor, figure 1.7 (c) (Vertex, Boston, MA). Trials demonstrated that patients experienced 

an improvement in FEV1 of 11 – 14%, a 35% reduction in exacerbations, and a sweat Cl- 

reduction of 6 mM (27,34–36). Kaftrio was approved for use in all parts of the UK in 2020, 

and became available in August 2021 (37). 
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(a) 

 
(b) 

 
(c) 

 
Figure 1.7 (a) Chemical structure of lumacaftor. Retrieved from: 
https://pubchem.ncbi.nlm.nih.gov/compound/16678941#section=2D-Structure 
(b) Chemical structure of tezacaftor. Retrieved from: 
https://pubchem.ncbi.nlm.nih.gov/compound/46199646#section=2D-Structure 
(c) Chemical structure of elaxacaftor. Retrieved from: 
https://pubchem.ncbi.nlm.nih.gov/compound/134587348#section=2D-Structure 

 

https://pubchem.ncbi.nlm.nih.gov/compound/16678941#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/46199646#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/134587348#section=2D-Structure
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Other companies such as AbbVie (Lake Blaff, IL) and Proteostasis Therapeutics (Boston, MA) 

are also involved in CFTR modulator combination therapies with trials currently ongoing 

(34,37). 

1.2.2.2 Read-Through Agents 

Class I mutations affect approximately 10% of CF patients (23). Nonsense or premature stop 

codon mutations result in truncated, unstable RNA which prematurely decays. Consequently, 

the individual is unable to produce the CFTR protein. Read-through agents are designed to 

‘overlook’ the erroneous stop codon and proceed in creating the RNA (22). Alturen (PTC 

Therapeutics, South Plainfield, NJ) was a synthetic drug aimed at addressing this defect, 

however it did not prove to be effective in improving respiratory function or reducing the rate 

of pulmonary exacerbations and was discontinued in March 2017 (22,38). The development of 

read-through agents continues to be an active area of research, however, with several treatments 

currently under investigation (23). 

 

1.2.2.3 Amplifiers and Stabilisers 

Treatments such as amplifiers and stabilisers are being developed with the intention of 

combining them with new and existing CFTR modulators in order to enhance their 

effectiveness. Amplifiers, such as PTI – 428 (Proteostasis Therapeutics, Boston, MA) aim to 

increase the number of CFTR proteins within a cell, whereas stabilisers act to maximise the 

time in which the protein is able to survive on the cell membrane (23). A prominent example 

of a stabiliser is Cavosonstat (Nivalis Therapeutics, WA), which underwent two phase 2 trials 

in combination with Ivacaftor/Lumacaftor and Ivacaftor respectfully. However no marked 

improvement in lung function or sweat chloride concentration was observed in either study 

(22). 
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1.2.2.4 Future Therapies 

As touched upon above, one of the major challenges in CF treatment is the vast diversity in 

functional defects from individual to individual. Additionally, many of the treatments which 

have emerged recently are targeted toward those with the common Phe508del mutation. To 

those patients who do not fall into this category one of the main hopes in CF treatment is that 

of gene therapy through the delivery of healthy CFTR complementary-DNA (cDNA). Such a 

treatment would not be mutation-dependent and so could be administered to all patients. 

However, the main challenge with this therapy has been in finding a suitable delivery vector 

for the cDNA (22,39). 

Another avenue under investigation is that of gene editing via CRISPR/CAS9 technology 

(34,40,41). This technique directly targets the faulty section of DNA and edits its genetic code 

(42). By fixing the problem at source the faulty code is no longer passed to the RNA, hence the 

production of dysfunctional CFTR proteins would cease. However, gene therapies such as 

these often use viral vectors to reach their target, which can cause undesirable immune 

responses in host cells. Therefore, while promising, the use of such technology to treat CF is 

still at an early stage and the use of CFTR modulator therapies viewed as one of the most 

effective tools of treating the disease at present.  

1.2.3 Summary 

Section 1.2.2 aimed to give an overview of the CF drug therapies which have been introduced 

in recent years, in the form of CFTR modulators, as well as those which could emerge in the 

foreseeable future.  
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Table 1.5. Summary of approved and emerging CF treatments. 

Treatment Modality Target Defect 

Type 

Approved Drugs 

CFTR Potentiators Type III gating 

mutations (eg. 

G551D) 

Ivacaftor 

CFTR Correctors Types I, II, V.  

Commonly target 

Type II trafficking 

mutations (eg. 

Phe508del) 

Lumacaftor 

Tezacaftor 

Elaxacaftor 

Amplifiers Types II, V NA 

Stabilisers Type VI NA 

Gene Therapy Independent of 

mutation type 

NA 

 

These therapies share a goal of restoring and enhancing the CFTR proteins’ functionality and 

in doing so enhance the ability of the sweat duct to reabsorb Cl- ions, reducing the Cl- 

concentration within the individual’s sweat. A change in sweat Cl- exceeding 36% is considered 

clinically significant in CFTR modulator trials (43).  Monitoring sweat Cl- therefore provides 

a proxy for overall CFTR functionality which is vital for the homeostasis of organs such as the 

lungs and liver. This pathophysiology which is discussed in more detail in Section 2.3. Thus, 

the ability to monitor changes in sweat Cl- over the course of CFTR modulator therapies 

provides a useful mechanism to characterise their efficacy in tackling the underlying CFTR 

dysfunction associated with CF. New technologies will be required to relieve the burden this 

monitoring would place on clinics performing time consuming sweat tests. As such, current 

sensor technologies which could be adapted for personal and wearable use are reviewed in the 

proceeding subsections.    

1.3 Sensor Technology 

A wide variety of biosensors are utilised in the healthcare sector to detect and monitor various 

targets within the human body using whole blood, urine, or sweat samples, for example. Blood 

glucose sensors have allowed diabetes sufferers the opportunity to manage their condition more 

effectively (44). Similarly, blood lactate biosensors have also demonstrated their clinically 
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value, with levels of lactate within the blood used as an indicator of organ failure as well as 

fatigue during exercise, with blood lactate levels rising from 0.5 – 1.5 mM during rest up to 25 

mM during exertion (45,46).  

Technological improvements over the last two decades have meant that sensor technologies 

are becoming increasingly scaled down and more sensitive. This has resulted in a rise in the 

number and variety of minimally invasive wearable sensors available both in personal and 

medical settings. Health services are seeing the potential of such devices as a way of monitoring 

aspects of patients suffering from non-life threatening or chronic illnesses without the need for 

them to leave their homes (47). Thus, the patients are less inconvenienced and hospital services 

are alleviated. Wearable sensors range from smart watches which monitor individuals’ heart 

rates to devices intended to continuously monitor glucose and lactate levels transdermally (44–

46).  

The following section will describe the trends in wearable sensors and detail some of the high-

profile examples that have emerged. It will investigate the demand for sensors which monitor 

electrolytes in sweat as well as those which are under development. 

1.3.1 Trends in Wearable Sensors 

1.3.1.1 Social 

The number of wearable sensor devices designed for personal and social use has seen a 

dramatic increase in popularity in the past few years. Worldwide shipments of smart wearables 

were estimated at just under 223 million in 2019, and are expected to rise to 302 million by 

2023 (48). Prominent examples of such devices include Google Fit, Fitbit and Apple Watch 

(48,49). At present, a large proportion of these are predominantly used as a pedometer or to 

monitor individuals’ heart rate and energy usage. Devices intended to monitor physiological 

properties like electrolyte concentration are classed as medical devices, placing greater 

regulatory burdens on developers and resulting in a relative scarcity of such devices 
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commercially (47,50). One exception to this is the Gatorade Gx Sweat Patch (Gatorade, 

Chicago, IL) designed as a single-use patch, worn on the forearm, to monitor hydration levels 

during exercise. It measures both sweat rate and sweat Na+ concentration via microfluidic 

collection and colorimetric sensing technology developed by Epicore Biosystems Inc 

(Cambridge, MA) (51,52). The rise in popularity of personal fitness monitoring means that it 

is likely devices such as this, with accompanying smart phone apps, will become more present 

in society.   

1.3.1.2 Medical 

Given the popularity of wearable devices and improvements made in wireless transmission and 

subsequent storage of data, health services are increasingly looking towards wearable devices 

as a way of minimising the frequency to which patients visit their facilities for care. One of the 

main reasons for this shift in strategy is the ever increasing elderly population and rise in the 

number of chronic disease sufferers in the developed world (49). High profile examples such 

as the near-patient testing devices: i-STAT (Abbott Inc, Chicago, Il) and Accu-Chek (Roche 

Diagnostics, Basel) provide platforms from which an individual’s metabolites and electrolytes 

may be monitored via a hand-held device. They do so, however, through taking blood samples 

from the patient and therefore maintain a level of invasiveness which may not suit every 

patient; and a level of skill from the caregiver to obtain a good sample (53). Progress has also 

been made in wearable devices for the use of diabetic patients. Examples of such devices 

include the Guardian® Real Time Continuous Glucose Monitoring System (Guardian® RT 

CGMS) (Medtronic, Minneapolis, MN), and the FreeStyle Libre Flash Continuous 

Glucose Monitoring System (FSL-CGMS) (Abbott Laboratories, Chicago, IL). Both devices 

utilise small electrodes placed within the interstitial fluid, the thin layer of fluid surrounding 

subcutaneous tissue cells, to initiate an electrochemical reaction with the glucose in the fluid. 

The magnitude of the resultant signal from the electrode is then used to gauge the glucose 

concentration within the bloodstream (54). Measurements are taken at regular intervals: the 
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Guardian® RT CGMS takes up to 288 measurements per day (Medtronic), wirelessly 

transmitted and electronically stored to create a near-continuous picture of blood glucose levels 

and identify any subsequent trends. The Guardian® RT CGMS differs from the FSL-CGMS in 

that it requires a 2-hour initialisation period after initial application to the body, where it can 

remain operational for up to 3 days. Conversely, the FSL-CGMS, a recent iteration of a 

continuous glucose monitoring system, is factory-calibrated and can be worn by the patient for 

14 days (56). Both devices require the glucose sensor to be inserted under the skin, hence 

maintain a degree of invasiveness. To date, a regulated medical device which is capable of 

measuring analytes in the blood, such as glucose and electrolytes, through the skin has yet to 

be developed. 

Non-invasive sensors such as the GlucoWatch® by Cygnus Inc (now owned by Animas (West 

Chester, PA)) have been developed for commercial use. The GlucoWatch® used reverse 

iontophoresis to enhance the transport of glucose from the blood stream out across the skin 

barrier, allowing the device to continuously monitor an individual’s glucose levels. However, 

users often claimed of skin irritation and a long warm-up time and the device has since been 

removed from circulation (53,57). Real life difficulties such as these mean that research into 

non-invasive sensors remains an area under development. Much of this research is focussed on 

ion selective electrodes (ISEs) as a way of monitoring patient’s transdermal and sweat 

electrolyte and metabolite concentrations. The proceeding section will describe the types of 

ISE under development as well as how they are incorporated into devices.  

 

1.3.2 Ion Selective Electrodes 

The operating principle behind ISEs is rooted in the Nernst equation (detailed in Section 2.4.5), 

where the potential of the electrode immersed in an ionic solution is proportional to the ionic 

concentration of the solution (58). This often involves two electrodes, a reference electrode 

(RE) and a working electrode (WE), where the measured value is the relative potential between 
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the two electrodes in a process known as potentiometry. The RE has a fixed potential whereas 

an ISE is used as the WE, and its potential is dependent upon a specific ionic concentration of 

the solution under investigation, often by way of an ion-selective membrane. The Nernst 

equation and the theory of electrochemical cell potential measurement are explained in greater 

detail in Section 2.4. There are a number of ISE designs which have been developed with each 

having certain merits and drawbacks depending upon their intended function. The following 

will detail three such designs (inner-reference solution, solid contact, and hydrogel) and give 

examples of devices which incorporate the specific technologies. 

 

1.3.2.1 Inner Filling Solution 

Sensors which incorporated an inner solution were the first potentiometric sensors to be used 

to measure ion concentrations within a target solution. Such sensors employ a basic architecture 

of an inner filling solution separating an ion selective membrane from an internal reference 

electrode, as shown in figure 1.8. The filling solution is often comprised of an ionophore 

solution (the ion-selective element) within an organic solution (59). The potential which 

develops when the working electrode comes into contact with a test solution should, in theory, 

be the result of the activity of the ion under investigation within the test solution (60). The 

concentration of the target ion can then be estimated through the application of the Nernst 

equation, the theoretical framework which relates the activity of an ionic species within a 

solution to temperature and electric potential.  
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Figure 1.8. Simplified configuration of an ion-selective electrode which 

uses an inner filling solution 

 

An example of a device which employs a reference electrode with an inner-reference solution 

is the Sodium Sensor Belt (SSB) (61). This makes use of an ISE setup with the intention of 

monitoring sodium levels within sweat in real time. The SSB is primarily aimed as a method 

by which hydration levels can be monitored however the diagnosis of CF is also a consideration 

of the authors (61). Inner solution electrodes were chosen for the device as previous attempts 

to use solid state electrodes, described later in this section, had resulted in non-Nernstian 

responses. The electrodes were fabricated in-house, with the reference electrode filled with a 

0.1M potassium chloride solution on the day of use and capped using vycor glass. The working 

electrode surface was topped with a PVC membrane solution and a sodium ionophore layer. 

This ISE setup was connected to a potentiometer and the components held in place to a patient’s 

lower back via a plastic platform attached to an elasticated belt (61). The sweat is absorbed 

from the surface of the skin via the capillary action of a collection patch and fed to the ISE 

setup. 
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The SSB was tested on study participants who were asked to undergo an hour’s static cycle in 

order to stimulate sweat. However, this process of sweat stimulation is not suitable for 

participants with CF as they are at a higher risk of dehydration. Therefore, participants with CF 

exercised for a significantly shorter time. In order to assess the measurements obtained through 

the SSB, atomic absorption spectrometry (AAS) was used as a comparable method. The sodium 

concentrations measured through both methods maintain a similarity across the full testing 

procedure, despite noticeable scattering. The advantage of the SSB is that it offers real-time 

monitoring, therefore minimising the risk of the sample evaporating and giving inaccurately 

high concentration measurements (61). 

 

1.3.2.2 Solid Contact Electrodes 

Although ISEs which employ an inner filling solution have been developed to monitor 

concentrations of many ionic species, they possess a number of inherent disadvantages which 

include an insufficient resistance to a high pressure environment and a susceptibility to the 

evaporation of the inner solution (59). The latter limits the extent to which the electrodes can 

be miniaturised and therefore their ability to be incorporated into non-invasive, wearable 

sensors. Additionally, they require frequent re-calibration, affecting their ability to be reused 

(62). Instead, devices utilising solid, polymeric membranes on top of the electrode surface were 

developed. The membrane was intended to provide a homogenous medium for an ionophore 

layer. Although such ISEs do not possess an inner filling solution, they operate using the same 

principals of ion activity measurement through the potential between the sample and the 

membrane (59). The ionophore is comprised of neutral carrier molecules which act as a 

transport mechanism between these two layers for the ions of interest. These carrier molecules 

have a similar diameter to the target ions meaning that the ionophore implemented is specific 

upon the ion under investigation (60).     
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Many of the solid contact ISEs make use of a polymeric membrane consisting of poly(3,4- 

ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS). This acts as an ion-to-electron 

transducer which enables the ionic activity of the sample to be converted to a measurable 

electric signal. The subsequent application of an ionophore then dictates the ion to which the 

electrode is sensitive to (59). The inherent flexibility of these materials has meant that there is 

a variety of ways in which they have been applied to a wearable device. These include 

electrodes printed onto a flexible plastic substrate (63), and those which are incorporated into 

skin-conforming materials and are able to measure multiple electrolytes and metabolites within 

the same wearable device (64). 

 

1.3.2.3 Hydrogel Electrodes 

Similar to the materials used in solid contact ISEs described in the previous section, hydrogels 

are polymeric materials. They are also, however, three-dimensionally cross-linked hydrophilic 

networks (65). The ability to alter the degree to which a hydrogel is cross-linked as well as its 

chemical composition means the internal structure of hydrogels can be tailored to suit a specific 

purpose. As such, hydrogels can be utilised in two different ways with regard to ISEs: to protect 

the surface of the sensor; and to modify the properties of the sensor (65).  

 Hydrogels were one of the first materials to be trialled as a mechanism to replace inner filling 

solutions within conventional ISEs (59,66). They had the advantage of drastically reducing the 

volume previously required by the liquid. They also provided a well-defined pathway for ion-

to-electron transduction between the sample solution, and the electrode surface whilst forming 

a solid layer over the electrode surface (67). This, therefore, provided a more structurally stable 

surface upon which an ion-selective membrane, such as an ionophore, was able to be placed 

(66). For example, electrodes which incorporate a hydrogel layer have been manufactured 

which are sensitive to hydrogen and potassium ions (65,66).  
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Hydrogel-adapted electrodes are also commonly utilised as quasi reference electrodes (QREs). 

For example, a hydrogel layer may be applied over the surface of one electrode in a Ag/AgCl 

electrode pair and used as the basis of a Cl- ISE. The hydrogel can then be immersed in a 

solution of high Cl- concentration, allowing it to absorb the solution and act as a matrix to fix 

the Cl- concentration at the electrode surface, in turn fixing the potential at that surface and 

provide a reference potential (65,68,69). The theory behind this application is discussed further 

in Sections 2.4.4 - 2.4.7.   

This process has been used to manufacture several sensors for both healthcare and industry 

purposes with devices which measure the concentration of chloride ions in sweat (70–72) and 

in soils (68). The device described by Dam, Zevenbergen, and van Schaijk  (70) utilises a UV-

cured HEMA gel mixture, conditioned in 3M KCl for a prolonged period of time, to create the 

reference electrode. Alongside an array of Ag/AgCl working electrodes, these were 

incorporated into a wearable platform and tested on subjects, in which a sterile gauze was used 

to direct the sweat onto the collection area. The paper stated that the electrodes were stable for 

over a week in fluid and possessed a sensitivity toward chloride of 58 mV/dec (70). However, 

to date there does not seem to be any further development of a commercial device. Subsequent 

papers from the same authors have focussed on ISEs pertaining to potassium and sodium 

(71,73). Choi et al have also utilised chloride-saturated gel as a reference for a chloride ISE 

device (74–76). The first paper published by this group investigated the effect a salt bridge has 

on the potentiometric performance of a chloride sensor, namely in how its geometry affected 

the equilibration between the reference and test solutions. On-body tests were carried out by 

integrating the setup into a wristband. A reference chamber filled with 1M KCl saturated 

hydrogel (with internal Ag/AgCl electrode) and salt bridge was used in conjunction with a 

Ag/AgCl working electrode. A sensitivity of 50 mV/dec were reported by the team (74). The 

group’s follow-up paper detailed the development of a wearable potentiometric sweat Cl- 

sensor with an integrated salt bridge. This device utilised a 1M KCl-saturated agarose gel on 
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top of Ag/AgCl as a reference electrode. This was covered with a UV-curable resin. The salt 

bridge consisted of a small hole between the reference electrode setup and the test liquid 

(sweat) (75). The group claimed that the device displayed a sensitivity of 58.5 mV/dec. They 

have since used their device in direct comparison to the Sweat Test for the measurement of 

sweat Cl- concentration, returning a correlation coefficient of 0.97 (76). 

Although the design of such ISEs is relatively simple, there are a number of drawbacks which 

have seen developers opt for the technology described earlier in this section. Due to being in 

direct contact with any solution under investigation, the hydrogel’s high capacity for 

absorbance means that over time it often takes on an excess of water causing the layer to 

expand. The added liquid means that Cl- ions are able to slowly leach out, causing a drift in the 

measured potential and, hence, the device’s sensitivity over time (67,71). 

 

1.4 Measurement of Chloride 

As the previous section has alluded, much of the effort in attaining a method of monitoring Cl- 

concentration in sweat is being focussed on ISE technology. The ability to detect Cl- levels in 

human sweat would be of importance in the diagnosis of Cystic Fibrosis and the monitoring of 

treatments of the disease. However, the loss of electrolytes such as Cl- through sweat can also 

correlate to dehydration in individuals. Thus, a method of measuring such electrolytes in real-

time would be of benefit to those involved in sport science.  

Out with the area of medical care and fitness, monitoring of Cl- levels can also be of 

significance in certain areas within engineering and agriculture. It is a substance which plays a 

major role in many corrosive processes, potentially compromising the structural integrity of a 

building, and its presence in soil can make an area of land unsuitable for farming (68).  

The proceeding section will detail the techniques currently used to monitor Cl- concentrations 

across a variety of disciplines.  
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1.4.1 Coulometric Titration 

Titration is a well-established laboratory technique used to obtain the unknown concentration 

of a particular ion within a test solution. This is done by obtaining the point at which the correct 

amount of reagent has been added to represent chemical equivalence to a substance in the 

solution. In order to accurately measure this point, it has to be induced via a well-defined 

reaction and be characterised by a clear, observable change within the experiment (77). This 

change is known as the endpoint and the process by which it is achieved depends upon the area 

of research and the ion being analysed (77).  

In the context of titration of biological samples, Cl- concentration is ordinarily analysed using 

coulometric titration. Pure Ag+ generating electrode(s) are immersed in the test solution and 

Ag+ ions electrolytically released into the solution at a rate proportional to the applied current. 

These ions combine with the Cl- within the test solution, they react to form an insoluble AgCl 

precipitate (78,79):  

 𝐴𝑔+ + 𝐶𝑙−  → 𝐴𝑔𝐶𝑙 (1.1) 

The endpoint in this titration process is defined as the point at which all the Cl- within the 

sample has precipitated and free Ag+ ions become present within the solution. This is 

characterised by an increase in the potential measured between the indicator electrodes placed 

in the solution, triggering the cessation of the current generating the Ag+ ion release. The 

current applied to the anode is of a known magnitude and is steady state, hence the quantity of 

Ag+ ions released into the solution is directly proportional to the time in which the current is 

applied. The time taken to reach the endpoint, the titration time, is subsequently used to 

determine the concentration of Cl- ions in the test solution by comparing it to the titration time 

of a solution of known Cl- concentration (80,81).  

One of the most common commercial devices which employ coulometric titration is the 

Chlorochek Chloridometer (ELITech Group, Puteaux, France) - an instrument which is used 
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to measure the chloride concentration within biological fluids. Coulometric titration is the 

industry-accepted method by which samples from Cystic Fibrosis sweat tests are analysed for 

chloride concentration. Therefore, the Chlorochek is often employed to analyse samples from 

Cystic Fibrosis sweat tests (14,82,83). For the device to operate effectively, the biological 

fluids being analysed must be incorporated into an assay solution consisting of nitric acid, 

acetic acid and gelatine. The latter acts to make the titration curve more linear whereas the 

acetic acid reduces the polarity of the solution, in turn, reducing the solubility of AgCl. The 

nitric acid provides the hydrogen atoms necessary for the cathodic reaction (78). Due to the 

work involved in the preparation of a test solution, a Chloridometer is mainly used as a 

benchtop apparatus within a laboratory setting (83). 

 

1.4.2 Sweat Conductivity 

The concept of gauging the concentration of a specific ion within sweat by measuring its 

electrical conductivity has been around for over half a century (84). It is based on the principle 

that the conductance of a solution consisting of electrolytes is dependent upon four properties: 

the species of ions present within the solution; the concentration of the ions; the temperature 

of the solution; and the geometry of the conductivity cell (84). Providing that a conductivity 

measurement device provides a durable conductivity cell and is able to maintain the test 

solution at a constant temperature, the electrical conductivity of the solution is, therefore, 

purely dependent upon the ion species contained within it and their respective concentrations 

(84) via the relationship: 

 𝐿𝑠 = (𝐽𝑂 − 𝐽𝐵)𝐾𝐹𝐷 (1.2) 

Here: Ls represents the sweat conductivity (µΩ cm-1); JO and JB the observed conductance of 

the sweat and blank solutions, respectively, at 25°C (µΩ); K is the cell constant (cm-1); and FD 
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is the dilution factor. The latter accounts for the weight of the sweat sample and the volume of 

distilled water in which it is diluted. The cell constant is calculated using the equation: 

 𝐾 = 𝐿
𝐽 ⁄  (1.3) 

where L and J are the specific and observed values of conductance for the sample solution for 

the specific test cell being used. This factor allows conductivity measurements obtained using 

different test cells to be compared to one another.  

This method has been used in studies as a direct comparison to the traditional sweat test as a 

means of CF diagnosis. These studies reported that there was good correlation between the two 

methods (85,86). However, as there are many constituents present within sweat, including: 

sodium; potassium; chloride; and lactate, there are several contributors to the conductivity of 

the solution. As such, the value of conductivity retrieved represents a nonspecific measurement 

of the total anion activity within the solution (85). For example, the Cl- concentration is 

estimated by way of the conductance value attributed to the NaCl molar concentration of the 

electrolyte (85,87). This means that the calculated Cl- concentration is above that of the true 

value. Consequently, when sweat conductivity is used to diagnose CF, the indicatory 

concentrations used within sweat tests, as described in Section 1.2.1.1, must be elevated 

accordingly (86). 

The Sweat-Chek (ELITech Group, Puteaux, France) is a common sweat conductivity analyser 

which is designed to be used in conjunction with the Macroduct® sweat induction apparatus 

as described in Section 1.3.1. The conductivity cell is situated below two stainless steel nozzles. 

These are covered by two tubes: one which allows the sweat sample to be transferred from the 

collection duct and into the conductivity cell; and one which stores the sample after it has 

traversed the cell. The conductivity cell gauges the electrical conductivity of the solution, after 

which the NaCl concentration is calculated and displayed on a digital display (87). Despite 

several studies reporting encouraging results when using the Sweat-Chek device to monitor 
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sweat chloride levels in comparison to the traditional sweat test method utilising coulometric 

titration (86,88,89), the latter technique remains the only approved method of diagnosing CF 

(14).  

 

1.4.3 Colorimetric Absorbance  

One method by which the chloride content of a sample may be measured is through the optical 

absorption properties of that sample. One such device which utilises this process is the HI 

96753C Portable Chloride Photometer (Hanna Instruments, Woonsocket, RI). It is designed to 

measure chloride levels in water and waste water samples (90) by an adaptation of the 

mercury(II) thiocyanate (Hg(SCN)2) method. This involves the addition of Hg(SCN)2 to the 

solution under examination as well as iron(III) (Fe3+) as a reagent. The Cl- ions in the test 

solution cause the SCN ions to dissociate from the Hg2+. The Fe3+ then binds with the SCN 

ions to form an orange-coloured complex which is a strong absorber of light of 450nm 

wavelength. The value of the complex’s optical absorbance is proportional to the Cl- 

concentration within the solution (80,90,91). If a light source of appropriate wavelength for 

absorption is directed at the solution, the fraction of incident light absorbed by the sample 

follows the Lambert-Beer law: 

 
−𝑙𝑜𝑔

𝐼

𝐼0
=  𝜀𝜆𝐶𝑑, (1.4) 

 𝐴 =  𝜀𝜆𝐶𝑑, (1.5) 

where A represents the absorbance, I0 and I the intensity of light before and after absorption 

respectively, ελ the molar extinction coefficient at the wavelength λ, C the molar concentration 

of the sample and d the optical path the light undertakes (90). The HI 96753C is an all-in-one 

device which employs a light emitting diode (LED) light source to ensure a narrow wavelength 

spectrum. The arrangement which it employs is depicted in figure 1.9. The sample to be 

analysed is placed within a cuvette designed specifically for the instrument. This ensures that 
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the optical path for the light is fixed. Therefore, with both these variables fixed, the intensity 

of the light measured following the absorptive process is solely dependent upon the target ion 

concentration within the sample. After traversing the sample, the light is directed through a 

filter in order to obtain a narrow spectral bandwidth, as is shown in figure 1.9. It is then detected 

by a photoelectric cell which converts the incident light into an electric current. The magnitude 

of the resultant voltage is subsequently used by a microprocessor to calculate the chloride 

concentration of the sample, which is displayed on the screen of the instrument (90). 

 

Figure 1.9. Schematic of setup employed by HI 96753C to measure Cl- concentration within 

solutions via optical absorption.   

 

More recently, this working principle has been used to develop wearable microfluidic patches 

to monitor sweat Cl- concentration for sporting applications. The microfluidic channel contains 

a reagent which reacts with the Cl- in the collected sweat to form a coloured solution whose 

intensity can subsequently be analysed using a smartphone camera for example (52,92).  

 

1.5 Conclusion 

In 1989, the gene responsible for the autosomal, recessive disease, Cystic Fibrosis, was 

isolated. It was discovered that mutations in the gene inhibited the production and/or function 

of the CFTR protein. This disrupts the regular transport of chloride across cells throughout 

many parts of the body, leading to life-limiting afflictions such as airway degradation and 

pancreatic disease. The malfunctioning Cl- transport within sweat glands results in CF sufferers 
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displaying high sweat Cl- concentrations. This symptom is the basis through which CF is 

diagnosed, by way of the CF Sweat Test. With the development of novel treatments which aim 

to restore CFTR function, the concentration of Cl- within CF patients’ sweat could potentially 

be used as a method of monitoring the treatments’ efficacy. As described in Section 1.2, 

accounting for the preparation of the patient, iontophoresis, sweat collection, and subsequent 

analysis of the sample, the sweat test is a time-consuming procedure which requires highly 

trained medical staff to conduct it. This makes its use in monitoring the temporal changes in 

patients’ sweat Cl- over the course of their CFTR modulator therapy, for example, cumbersome 

for both the patients and the medical staff. Possessing a minimally invasive device capable of 

measuring sweat Cl- levels quickly and accurately is, therefore, of clinical importance.  

Given the significance attributed to detecting Cl- ions in both a clinical and an engineering 

setting, there have been several techniques developed for the purpose of measuring chloride 

concentrations – such as ISE potentiometry. 

The rise in popularity, and sophistication, of consumer wearable sensors has meant that this 

technology is increasingly being looked towards to carry out significant medical tasks, 

including the monitoring of sweat Cl- concentrations. As a result, technologies like ISEs are 

being integrated into transdermal, wearable platforms with the intention of providing a non-

invasive method of performing such tasks. 

The motivation behind this doctoral project was to provide a method of measuring sweat Cl- 

concentration which could allow the efficacy of emerging CF treatments to be monitored in a 

non-invasive and time effective manner. Therefore, the project aimed to develop a device: 

 Capable of detecting the Cl- concentration of an aqueous medium 

 Sensitive to changes in the medium’s Cl- concentration over a range enveloping both 

healthy and CF sweat Cl- levels (10 – 100 mM) 

 Able to perform its function whilst placed on the skin 
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The remaining chapters will provide the theoretical background behind the project, detail the 

steps taken to develop a Cl- sensitive device, and analyse its performance within the laboratory 

and on-body.  
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2. Theory 
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2.1 Introduction 

This chapter aims to provide the technical framework and terminology through which the 

topics, ideas, and motivations concerning this thesis work may be introduced and discussed. 

The physiology of human skin and sweat ducts will be introduced to highlight the roles they 

play and how they function. From this the pathophysiology of CF is discussed, further 

highlighting the clinical need for a wearable Cl- sensor. The chapter concludes by touching 

upon some topics in electrochemical theory which describe the concept behind the Cl- sensor 

developed in this doctoral project.  

2.2 Skin and Sweat Duct Physiology  

The following subsections aim to provide the relevant background toward the physiology of 

the human skin in order to understand the environment in which wearable devices are expected 

to operate. Techniques used for drug delivery across the skin barrier, such as iontophoresis 

(used in the CF Sweat Test) will be described. Also discussed is the physiology of the sweat 

gland, its mechanism of secretion and the role it plays in ion reabsorption. From this we can 

better understand why this functionality breaks down in CF sufferers and why they exhibit 

elevated sweat Cl- levels.  

2.2.1 Skin Structure 

The skin is the largest organ in the human body and plays a vital role in protecting against 

foreign bodies and maintaining homeostasis. It is composed of two different layers: the 

epidermis and the dermis (93). 

The epidermis consists of several stratified layers. The outermost layer is the stratum corneum, 

which consists of 30 - 50 cell thick stratified squamous epithelium. These cells are avascular, 

keratinised and cornified and thus provides the body with protection against dehydration, 
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mechanical injury, and various pathogens which may lay on the skin surface (94,95). Below 

the stratum corneum is the epidermis, which can measure up to 180 µm in thickness. It is 

responsible for the generation of the stratum corneum and consists of three layers: the stratum 

granulosum; the stratum spinosum; and the stratum basale (94,96). The epidermis supports the 

production of new cells in order to replace the dead cells which are continuously sloughed 

away on the surface of the skin. As is depicted in figure 2.1, new cells are created at the stratum 

basale, nourished by the highly vascular dermis which lies beneath. These cells undergo 

continuous mitosis and migrate up through the epidermis, slowly dying as they progress further 

away from the blood supply. Keratinocytes, cells which produce keratin, are created within the 

epidermis. In a process called keratinisation, their composition begins to be dominated by 

keratin as they migrate toward the surface of the skin and degenerate. As the cells transition 

from the stratum granulosum into the stratum corneum they undergo cornification and 

transform into flattened, scale-like cells, corneocytes, which are surrounded by a highly 

crosslinked protein envelope. The processes of keratinisation and cornification ensure the cells 

are toughened and waterproof in order to provide an effective barrier to the external 

environment (94,96). Lying immediately below the stratum basale is the dermis, which in 

contrast to the epidermis, is highly vascular and is supported by collagenous, reticular and 

elastic fibres. Secretory glands, including sweat glands, are located in the dermis alongside hair 

follicles and numerous sensory receptors (94,97). This will be addressed in more detail in 

Section 2.2.2.    
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Figure 2.1. Schematic of composition of skin with approximate thicknesses. 

Depicted is the process of keratinisation of cells from the stratum basale 

through to the stratum granulosum. Cornification subsequently takes place 

and the cells form part of the highly lamellar stratum corneum (96).   

 

2.2.1.1 Transdermal Drug Delivery  

The accessibility of the skin makes it an appealing route for the delivery of drugs. Transdermal 

drug delivery can be split into two pathways: transepidermal, where the drugs must pass 

through the stratum corneum; or transappendegeal, which utilise sweat glands and hair follicles 

for the delivery of drug molecules (98). The earliest form of drugs which were designed for 

transdermal delivery were predominantly in the form of a wearable patch, for example a 

nicotine patch (99). The patch would contain a reservoir of the drug, creating a concentration 

gradient between the patch and the targeted dermis. The intention of this design is that the 

concentration gradient would encourage the drug to diffuse through the skin layers according 

to Fick’s first law of diffusion: 

 
𝐽 =  −𝐷

𝑑𝐶

𝑑𝑥
 (2.1) 

where J is the molecular flux, D is the diffusion coefficient of the drug, and dC/dx is the 

concentration gradient (98). However, as was touched upon in the previous section, the stratum 

corneum consists of blocks of tough corneocytes surrounded by a lipid-rich environment, 

providing the body with an effective barrier to the outside environment (100). Therefore, only 
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certain drug molecules are able to permeate through this initial barrier. These tend to be small 

in size, allowing them to penetrate the stratified structure of the stratum corneum. As of 2014, 

each drug which had been given FDA approval for transdermal delivery had a molecular weight 

of < 500 Da (98,99,101,102). Such drugs also tend to be lipophilic but possess a sufficient 

aqueous and lipid solubility (log P (octanol/water) of between 1-3, where P is the partition 

coefficient of the molecule) to allow them to be resorbed into the body’s systemic circulation 

(98,99). These echo Lipinski’s rules which relate the physiochemical properties of compounds 

to the likelihood of their passive absorption. In addition to molecular size and lipophilicity, 

they state that molecules with five or more hydrogen bond donors and more than ten hydrogen 

bond acceptors will exhibit poor absorption or permeation (103).   

The relative difficulty in molecules being able to penetrate the stratum corneum means that a 

very limited number of treatments  are able to be delivered via a skin patch (98,99,101). 

Consequently, additional techniques have been developed to aid in the process of delivering 

these drugs through the skin and to their target. These can take many forms but can be split into 

two broad categories: passive and active methods. Passive methods involve the use of 

chemicals or emulsions to change the properties of the stratum corneum or the drug to 

maximise the drug’s ability to permeate through the barrier. Penetration enhancers, such as 

alcohols, are commonly used for this purpose. They can have several mechanisms of action 

such as increasing the fluidity of the lipid-rich stratum corneum, or increaseing the drug’s 

thermodynamic activity. Active methods, on the other hand, can act to mechanically bypass 

the stratum corneum barrier altogether, for example through the use of microneedles. 

Microneedles are minuscule projections of around 25 – 2000 µm in length and 1 – 25 µm in 

diameter and act to penetrate the stratum corneum to allow the direct application of drugs into 

the viable epidermis (98). Active methods of enhancing transdermal drug delivery can also 

utilise electricity, in the form of electroporation or iontophoresis. Electroporation involves the 

pulsated application of electric fields of strength 0.1 – 100 kV/cm upon the skin to form 
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aqueous pores in the lipid bilayers of the stratum corneum. This has shown to be effective in 

increasing the transport of a range of drugs, including those with high molecular weights, with 

drugs up to 40 kDa being effectively delivered via electroporation (98,100,104).  

2.2.1.2 Iontophoresis 

Iontophoresis, on the other hand, uses an application of a continuous or pulsed low voltage 

current to help drug molecules travel through the skin barrier (99). It is a technique which is 

extensively used in the diagnosis of CF, through the sweat test (Section 1.2.1.1). It involves the 

application of a small electric current, by electrodes placed on the skin surface, to enhance the 

movement of molecules across the skin. Iontophoresis induces three distinct mechanisms of 

transport: the drift current of charged molecules brought about by the applied electric field; an 

increase in the permeability of the skin due to the application of the electric field; and the 

convective, osmotic flow of polar or uncharged species (105,106). As such, the ionic flux 

caused by iontophoresis, JIonto, may be written: 

 𝐽𝐼𝑜𝑛𝑡𝑜 = 𝐽𝑑𝑟𝑖𝑓𝑡 + 𝐽𝑝𝑎𝑠𝑠𝑖𝑣𝑒 + 𝐽𝑐𝑜𝑛𝑣 , (2.2) 

where Jdrift, Jpassive, and Jconv denote the ionic flux contributions of the drift current (caused by 

the electric field), passive diffusion (caused by the concentration gradient of the drug), and the 

convective flow, respectively (105). Mathematically, equation 2.2 can be described through a 

modified form of the Nernst Planck equation: 

 
𝐽𝐼𝑜𝑛𝑡𝑜 = −𝑧𝑖𝑚𝑖𝐹𝐶𝑖

𝑑𝐸

𝑑𝑥
− 𝐷𝑖

𝑑𝐶𝑖

𝑑𝑥
 ± 𝐶𝑖𝐽𝑐𝑜𝑛𝑣 , (2.3) 

D represents the diffusivity (m2s-1) of the ionic species i, C is its concentration (mol l-1), z its 

valency, mi its mobility, F is Faraday’s constant (C mol-1), and E is the electrostatic potential 

(V) (106–108). Equation 2.3 comprises three additive terms which describe the contributions 

identified in equation 2.2, respectively, and highlight how the movement of molecules across 

the skin can be enhanced via iontophoresis. For example, the mobility of certain uncharged 

molecules, such as glucose, during iontophoresis is increased through the induced osmotic flow 
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(106). As such, enhanced levels of glucose are able to be extracted out across the skin barrier 

in a process known as reverse iontophoresis, and can therefore be used as a method of 

monitoring glucose levels (109–111). A notable example of this was the GlucoWatch®, 

mentioned in Section 1.3.2.3. Conversely, molecules possessing an electric charge will be 

affected by the applied electric field and can be transferred across the stratum corneum and 

toward their target through electrostatic repulsion. This process is depicted in figure 2.2, where 

a positively charged drug is delivered through the skin by the repulsion from the anode.  

 
Figure 2.2. Schematic diagram showing the transdermal 

iontophoretic delivery of a cationic (positively charged) drug 

(98,112). 

 

This is the basis of iontophoretic delivery of the cationic drug, pilocarpine, in the CF sweat 

test, described in Section 1.2.2.1. There is still some uncertainty in the precise pathways of 

transport which the ions take through the stratum corneum. There is evidence which suggests 

that ions could use a paracellular route to traverse this barrier via a lipid layer surrounding the 

corneocytes (113). However, it is more widely acknowledged that the transappendageal route, 

via hair follicles and sweat glands, is one of the major pathways (107,113). Indeed, a study 

conducted in 1940 using iontophoretic delivery of methylene blue dye found that the patterns 

left by the dye were the sites of sweat gland pores, showing that the ions were readily accepted 

through these pathways (114). Both hair follicles and eccrine sweat glands contain a good 
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vascular network to allow their fat metabolising cells to receive nutrition. This then provides a 

pathway for drugs to be resorbed into the systemic circulation. This aspect becomes significant 

when the process of eccrine innervation sweat is discussed in Section 2.2.2.2. 

It should be noted that this is a brief overview of transdermal iontophoresis. There are several 

factors which affect how well a drug can be transported through the skin via iontophoresis. 

These include the pH of the drug solution, the lipophilicity of the drug, and the impedance of 

the skin (98,100).  

 

2.2.2 Sweat Glands 

Sweat glands are a type of secretory gland within the body. They consist of tubular structures 

which secrete sweat onto the surface of the skin (94). There are two main types of sweat gland 

within the human body: eccrine and apocrine. Apocrine are the less numerous of the two. Their 

diameter is around ten times larger than eccrine sweat glands and they are restricted in their 

location to the axillary and pubic regions where they open into hair follicles rather than the 

surface of the skin as is the case with the eccrine variety. Although present from birth, apocrine 

sweat glands only begin their secretory function during puberty (94,115–117). It contrasts to 

the eccrine sweat gland in that it is controlled by the autonomic nervous system (ANS) and 

does not respond to parasympathetic stimulators such as acetylcholine (ACh), which will be 

explained further in this chapter with respect to the eccrine sweat gland. Apocrine sweat glands 

instead respond to strong emotional simuli (118). The exact function of apocrine sweat glands 

is not yet known, however their secretion does not play a major role in the thermoregulation of 

the body (115). The glands secrete a viscous, lipid-rich solution which can become odorous 

when exposed to bacteria when it reaches the surface of the skin (116,119).  

Each person possesses around 2 – 4 million eccrine sweat glands in total, making them the 

most prevalent of the sweat glands within the body (115). They function as a thermoregulatory 
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tool for the body and are innervated through the sympathetic arm of the body’s ANS. Figure 

2.3 provides an illustration showing the difference in scale and location between eccrine and 

apocrine glands.  Eccrine sweat glands are more pertinent to this study in terms of their ion 

reabsorption and how this effects the sweat Cl- levels of CF sufferers, so these will be covered 

in more detail within this section.  

 
 

Figure 2.3. Illustration showing the differences in the 

scale and physical positioning of an eccrine and an 

apocrine sweat gland 

 

2.2.2.1 Eccrine Physiology  

Eccrine sweat glands are present across the near entirety of the body’s surface area, with 

notable exceptions being the lips and the auditory canal (120). They are most densely populated 

in the glabrous areas, namely: the palms of the hand and soles of feet, where there are around 

250 – 550 glands/cm2. Density on non-glabrous skin is around 2 – 5 times less than this figure 

(94,115). The primary role of the eccrine sweat gland is to provide thermoregulation to the 

body by way of the evaporation of its secretion upon the surface of the skin. The glands also 

play a role in the retention of certain ions, including Cl-. The remainder of this sub section will 

detail the physiological structure of the eccrine sweat gland and explore the mechanisms by 

which they perform their secretory and ion reabsorption functions (94,121).  
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2.2.2.1.1 Structure 

Each eccrine sweat gland is in the form of an epithelial tubular structure measuring 3 – 5 mm 

in length, with the base, secretory coil lying deep in the dermis layer of the skin (93). They 

consist of two main functioning parts: the secretory coil and the duct, which are visualised in 

figure 2.4. In terms of its cellular makeup, the eccrine sweat gland is a bilayered gland. Basal 

and luminal cells comprise the inner and outer layers of the duct portion of the gland 

respectively. The secretory coil is made up of three cellular types: clear cells, dark cells, and 

myoepithelial cells. The latter form the inner layer of the coil while the clear and dark cells are 

the secretory (luminal) components (115,122). 

 

 

 
Figure 2.4. Cross-sectional view of an eccrine sweat gland showing a not-to-scale depiction 

of the duct and secretory coil components as well as the cells which comprise them. Adapted 

from (115)  

 

Clear cells are responsible for the primary sweat secretion within the gland. The process 

through which this occurs will be covered in more detail in Section 2.2.2.1.2 below. Clear cells 
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contain a large amount of mitochondria, glycogen, and membrane villi, all of which point to 

the role the cell plays in the active secretion of water and electrolytes which make up the 

primary sweat (115,120–122).  

Dark cells, by contrast, contain comparatively few mitochondria and membrane villi. Unlike 

clear cells, they can be stained using eosin, toluidine blue and methylene blue (123). This 

staining ability is what gives the cells their names. The exact function of dark cells is still 

unknown; however, they are known to secrete glycoproteins which react positively to periodic 

acid-Schiff (120,121).      

Myoepithelial cells provide structural support for the secretory coil wall against the hydrostatic 

pressure it is subject to during sweat secretion (115,121). Their cytoplasm contains 

myofilaments with a small amount of mitochondria. In addition, myoepithelial cells are thought 

to provide a role in the regeneration of damaged sweat glands (120,122). 

2.2.2.1.2 Mechanism of Secretion 

Sympathetic nerve endings associated with the sweat glands release ACh which triggers a chain 

reaction of cellular contraction and ion flux through the cells of the secretory coil. Whilst some 

of the exact details are as yet unknown, it is generally accepted this flow of ions follows the 

Na-K-Cl cotransport model (124). This model is listed below and illustrated in figure 2.5.  

1) Sympathetic stimulation leads to ACh release. This binds to the M3 muscarinic receptor 

on the basolateral membrane of the clear cell (120). 

2) This causes a sudden increase in the concentration of Ca2+ within the cytosol of the 

clear cell. The Ca2+ arrives via two sources: intercellular stores of the ion, likely from 

the endoplasmic reticulum; and through an influx from extracellular interstitial fluid 

(120,125,126).  

3) K+ and Cl- ions are subsequently released from the cell through K+ and Cl- ion channels 

in the basolateral membrane and the apical membrane respectively (115). 



48 

 

4) This causes the clear cell to shrink (115,127). 

5) Cell shrinkage signals the electroneutral influx of Na+, K+, and Cl- by way of Na+-K+-

2Cl- cotransporters (NKCC 1) (120,127,128).  

6) The excess in intracellular Na+ caused by step (5) leads to the activation of Na-K-

ATPase pump on the basolateral membrane so that the cellular potential is prevented 

from becoming too large. This moves 3 Na+ ions out of the cell in exchange for 2 K+ 

ions. The pump action is combined with K+ efflux from the cell via the K+ channel on 

the basolateral membrane, ensuring that the cell potential remains negative (121).  

7) This negative cell potential, in turn, provides the driving force which sees the cellular 

Cl- transported across the apical membrane via Cl- channels (115,121). 

8) Increased Cl- concentrations within the lumen depolarises the luminal membrane and 

provides an electrochemical gradient which attracts Na+ to cross the tight cell junctions 

between the secretory cells. This pathway is termed the paracellular pathway and 

occurs because the basolateral membrane of the secretory cells are not readily 

permeable to the Na+ ions (115,121). 

9) Osmostic pressure between the cell and the lumen means that water can readily flow 

from the cell and into the lumen, via the aquaporin 5 (AQP5) channel. This creates a 

primary sweat secretion in the secretory coil lumen which is near-isotonic with respect 

to blood plasma (120,121,129). 
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Figure 2.5. Illustration of the steps, described above, 

involved in the Na-K-Cl cotransport model of secretion of 

sweat from the secretory coil of an eccrine sweat gland. 

Adapted from (115). 
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2.2.2.1.3 Ion Reabsorption 

The primary sweat which is secreted by the clear cells subsequently moves up, passing through 

the distal duct segment of the eccrine cell. As it does, its ionic composition is altered through 

the reabsorption of ions, primarily Na+ and Cl-, through the bi-cellular structure which 

comprises the proximal duct. Figure 2.6 provides an illustration of how these ions are 

reabsorbed. Na+ ions are passively diffused across the apical membrane of the luminal cell from 

the primary sweat (126). On the basolateral membrane of the proximal duct’s basal cells, Na+ 

is actively transported across the membrane and into the interstitial fluid via Na – K – ATPase. 

This is accompanied with the passive efflux of K+ ions through K+ channels on the basolateral 

membrane (115,123). Cl- ions diffuse passively through both the apical membrane of the 

luminal cell and the basolateral membrane of the basal cells via channels provided by CFTR 

proteins. 

 

 
Figure 2.6. Ion reabsorption within the proximal duct of eccrine sweat gland (115). 

 

The rate at which Na+ and Cl- ions are reabsorbed in the distal duct, and therefore the ionic 

composition of the final sweat solution, is predominantly determined by the number of CFTR 
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channels within the duct, and the rate at which sweat is secreted within the secretory coil 

(115,126). As CFTR channels are the gateway through which Cl- ions are reabsorbed from the 

primary sweat, the abundance of CFTR channels within the duct has an obvious impact on the 

concentration of Cl- in the sweat which reaches the surface of the skin. As has been touched 

upon, the defective nature of CFTR channels in CF patients is what gives rise to the 

characteristically high levels of Cl- in their sweat (123,126). However, the activation of ENaC 

channels is dependent upon functioning CFTR channels, therefore the concentration of Na+ 

ions is also affected by this factor (130).  Additionally, it has been demonstrated that the rate 

of Na+ reabsorption within the eccrine duct is inversely proportional to the rate of sweat 

production (131).   

2.2.2.2 Eccrine Innervation 

As the primary thermoregulatory mechanism in the human body, evaporation of sweat from 

eccrine sweat glands is integral to the homeostasis of the body. As such, innervation of the 

glands is controlled by the ANS (94). Studies have shown that sweating is in large part 

controlled by the core temperature of the body with a skin temperature being a contributing 

factor. It is considered that both these factors combine to give rise to the concept of mean body 

temperature, acting as a weighted sum of both the core body and skin temperatures, with the 

latter being more efficient in the induction of sweat (115,120,132). Thus, sweating is naturally 

induced through an increase in mean body temperature. This may occur in response to the 

temperature of the external environment or through physical exercise, though the latter also has 

several non-thermal factors which contribute to sweat output (133).  

Eccrine sweat gland activity is controlled in large part by the hypothalamus. Signals are first 

triggered in the pre-optic hypothalamus and travel down the spinal cord, where neurons emerge 

from the ventral horn. The neurons synapse on the sympathetic ganglia where they interact 

with the sweat glands via the non-myelinated C fibres which entangle the periglandular tissue 

of the sweat glands (121,132,134). The majority of the sympathetic nerves which lead to the 
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eccrine glands are composed of cholinergic receptors whilst a smaller proportion are in the 

form of adrenergic receptors. As was mentioned briefly in previous sections, ACh is the 

neurotransmitter which stimulates the cholinergic receptors and initiates the sequence of events 

listed in Section 2.2.2.1.2 detailing the process of sweat secretion. This contrasts to the majority 

of sympathetic postganglionic neurons in the human body, which use norepinephrine as the 

neurotransmitter. Studies have shown that the effect of adrenergic agents, like norepinephrine, 

in stimulating the production of sweat is minimal in comparison to that of ACh. This 

demonstrates the predominantly cholinergic nature of eccrine sweat secretion (115,126,132). 

As such, ACh and similar analogues are regularly used to chemically induce the production of 

sweat for purposes such as CF diagnosis and CF therapy clinical trials.  

The common most cholinergic agent used to stimulate the production of sweat is the ACh 

analogue, pilocarpine. This is the compound used to induce sweating within the CF sweat test, 

where it is applied to the skin in the form of a solid agar gel disc (containing 0.5% pilocarpine 

nitrate) (9). It is directed toward the target cholinergic receptors of the sweat gland via 

iontophoresis, see Section 2.2.1.2, where it stimulates a response and induces the production 

of sweat. The CF sweat test was detailed in Section 1.2.1.1. ACh can itself be used to induce 

sweat via iontophoresis (135,136) however, it only produces a small window of sweating due 

to the rapid time in which it is hydrolysed by the complementary enzyme acetylcholinesterase 

(AChE). In the body, such a response is preferable as rapid switching from sweating to non-

sweating states is often needed. Pilocarpine and other cholinergic agents, such as carbachol, 

are preferred for sweat stimulation via iontophoresis as they are metabolised more slowly by 

the body and facilitate an extended period of localised sweating. Carbachol, for example 

hydrolyses 107 times slower than ACh. Using ACh alternatives, therefore, provides a better 

chance of obtaining a sample of sufficient volume which can be analysed (137).       
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2.3 Pathophysiology of Cystic Fibrosis 

The role of the CFTR protein in regulating the transcellular movement of Cl- as well as Na+ 

ions (via indirect ENaC regulation) in eccrine sweat secretion was detailed in Section 2.2.2.1. 

However, CFTR proteins are present in the cellular makeup of organs throughout the body. 

Similar to sweat glands, they are located within the apical plasma membrane of the cells to 

facilitate the movement of Cl- ions across the membrane (138). The absence or dysfunction of 

CFTR proteins which characterises CF, therefore, has a systemic effect on sufferers, impacting 

their body’s ability in maintaining homeostasis in their airways, intestinal tract and other vital 

organs. The physical implications of this breakdown in functionality is dependent upon the 

cell’s location within the body (22). The following section will describe some of the most 

frequent physiological complications associated with CF. 

2.3.1 Airway 

The exact mechanisms by which CFTR malfunction leads to the physical degradation of the 

airway is not yet fully understood. One aspect which seems to have a key role in how the CF 

airway develops, namely; is the lack of inhibition of the ENaC channel within the cells (2,139). 

CFTR acts to downregulate the ENaC channel activity within the airway epithelial cells of 

healthy individuals. Studies have shown, however, that CF airways do not appear to possess 

this function, leading to enhanced levels of Na+ conduction through the cells (140,141). It is 

widely regarded that the hyper absorption of Na+ within CF airways leads to the characteristic 

dehydration and thickening observed within CF patient’s airway surface liquid (ASL), as is 

illustrated in figure 2.7 (129). A healthy ASL consists of a periciliary liquid layer beneath a 

mucus layer. The mucus is produced by submucosal glands and goblet cells and is inhabited 

by antimicrobial agents which act to kill bacteria. The periciliary liquid layer provides the cilia 

at the epithelium a medium in which to oscillate uninhibited and sweep away any mucous-

covered bacteria. Consequently, when the ASL becomes thickened, the cilia are not able to 

function properly and cannot clear the airway effectively (22). This creates an ideal 

environment for bacteria to settle and grow, leading to chronic infections within the airway 

(2,142). 
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(a) 

 

(b) 

 

Figure 2.7. (a) schematic diagram showing the flux of ions across airway epithelia in normal 

and CF airways. The loss of CFTR function leads to enhanced Na+ absorption via the ENaC 

channel. (b) illustration highlighting how, in comparison to a healthy airway, the CFTR 

dysfunction caused by CF leads to the ASL to become dehydrated and mucus-filled, inhibiting 

ciliary function. 

 

It has been observed that Haemophilus influenza and Staphylococcus aureus are, on the whole, 

the two most prevalent airway microbial infections present in CF patients within the first few 

years of their life (143,144). Statistics obtained for the purpose of the UK Cystic Fibrosis 

Annual Data 2019 report (145) show, however, that the prevalence of certain pathogens 

changes with the age of the patient. Below the age of 16, only 5.2% of patients tested had a 

chronic presence of Pseudomonas aeruginosa in their airway. Over the age of 16, the 

percentage rose to 39.4% of patients, representing by far the most prevalent pathogen detected 

in the study (145). Once this species is established within the CF airway it is often impossible 

to fully rid (146). The near-constant presence of P.aeruginosa and other infections induces an 

inflammatory response in the airways which, over time, causes serious degradation in every 

day lung function and more acute pulmonary exacerbations (2). 
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2.3.2 Hepatobiliary 

In a similar manifestation as that seen in the CF lung, the loss of CFTR function leads to a 

thickening of bile within the liver. Under normal circumstances, the protein functions on the 

apical surface of the cholangiocytes within the liver and is the main mechanism of hydration 

of the bile (147). The loss of this function results in thickened secretions and obstruction of the 

biliary network due to plugging. The subsequent accumulation of bile salts often results in 

hepatocyte injury as well as inflammation and fibrosis of portal tracts. 

2.3.3 Pancreas 

Pancreatic disease is observed in some form in almost every CF patient. It is thought to derive 

from ductal/glandular obstruction due to dehydrated macromolecules within the ductal lumen 

(147). The pancreas is an organ which carries out both endocrine and exocrine functions within 

the body (148). Consequently, pancreatic disease can manifest itself in a variety of ways within 

CF patients.  

The common most type of pancreatic disease is exocrine pancreatic insufficiency. Here, the 

amount of enzymes secreted by the pancreas to aid in the digestion of the contents of the 

neighbouring intestine are not of great enough quantity (2,149). This results in an inability of 

nutrients to be adequately absorbed and leads to common clinical symptoms such as 

malnutrition, in addition to poor weight and growth gain (2). 

However, the pancreas’ endocrine function of maintaining the body’s blood sugar levels, by 

use of the hormones insulin and glucagon, is also affected through the loss of CFTR function. 

The pancreas creates and releases these hormones via islet cells, which ordinarily contain the 

CFTR protein. Thus, as pancreatic disease progresses and the more islet cells are irrevocably 

damaged, there reaches a stage when the individual is not able to produce sufficient insulin and 

is said to have Cystic Fibrosis Related Diabetes (CFRD) (Haller et al., 2014; Ledder et al., 

2014).  A study conducted in 2008 involving 527 participants found that 19% of those aged 

between 11-17 suffered from CFRD compared with 45-50% of those over 40 years old (150). 

 

2.3.4 Sweat Duct 

The normal functionality of eccrine sweat secretion and ion reabsorption was detailed in 

Sections 2.2.2.1.2 – 3. It was explained that the fluid initially secreted from the secretory coil 
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is near-isotonic. Its ionic composition is altered through reabsorption to the surrounding cells 

via CFTR and ENaC channels as it moves up through the sweat duct (151). The reduced 

number of CFTR proteins and/or their dysfunction which is associated with CF, therefore, 

disrupts the normal process of ion reabsorption and effects the ionic composition of the sweat 

ultimately secreted on the skin surface. Unlike airway epithelial cells affected by the loss of 

CFTR function, CF skin sweat ducts do not exhibit an increase in Na+ absorption. Conversely, 

Na+ absorption has been shown to be greatly reduced within CF sweat duct cells (129). This is 

coupled with the characteristic loss of transmembrane Cl- conductance, usually regulated by 

the CFTR protein. Consequently, CF patients exhibit significantly higher concentrations of Cl- 

and Na+ in their sweat in comparison to non-CF sufferers. Table 2.1 shows the measured 

concentrations of selected ions in the sweat of CF and non-CF patients. In this study, CF 

patients were found to have a sweat Cl- concentration approximately six times that of non-CF 

individuals, and a sweat Na+ concentration approximately four times higher (6,129). 

Table 2.1. Average concentrations of selected ions in sweat samples of 500 CF 

patients and 1000 control patients (6). 

 Sweat Ion Concentrations (mM) 

Cl- Na+ K+ Ca2+ 

Control 16 23 8 0.65 

CF patients 99 101 15 0.83 

 

The contrast in the sweat Cl- levels shown in Table 2.1 is one of the reasons the sweat test (see 

Section 1.2.1.1) is the gold standard of CF diagnosis. However, the direct link between CFTR 

function and Cl- levels within sweat means that sweat Cl- concentration is now routinely used 

as a biomarker in examining the efficacy of emerging treatments (see Section 1.2.2) in drug 

trials (129,152). The time restraints brought about by the CF Sweat Test and its lab-based 

measurement process means it is difficult to routinely monitor this and reinforces the potential 

advantage of using a wearable sweat Cl- sensor to monitor Cl- levels over the duration of the 

treatment. Whether this is achieved by exploiting the (anecdotal) potential side effect of 

increased sweating from CFTR modulator treatments, or incorporating an iontophoresis setup, 

like the GlucoWatch® (Section 1.3.1.2), to stimulate secretion, there exists a clinical need for 

more accessible sweat Cl- measurement. 
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2.4 Electrochemical Theory 

This section provides an insight into the theoretical principles behind a potentiometric Cl- ion 

sensor. It begins by introducing the electrostatic formation of a potential difference between 

two phases of matter. The makeup of an electrochemical cell will be explained as well as the 

act of measuring potential differences which develop within them. From this, the link between 

electrochemical potential and the activity of a chemical species is put forward through the 

introduction of the Nernst equation. Finally, the concept of a quasi-reference electrode (QRE) 

is introduced and its function within a potentiometric Cl- ion sensor is explained.   

2.4.1 Phase Potentials and their Interactions 

When considering the potential of phases of matter, it is instructive to consider the electrostatic 

nature of their formation. In particular, the definition of potential within a phase is the work 

required to move one unit of charge from an infinite distance to a point of interest with spatial 

coordinates (x, y, z). In doing so, work is done against a coulombic field, and, assuming that 

there are no material interactions, the potential, ϕ, can then be described by (58,69):   

 
𝜙(𝑥, 𝑦, 𝑧) =  ∫ −𝑬 ∙ 𝑑𝒍,

𝑥𝑦𝑧

∞

 (2.4) 

where E is the electric field strength and dl an infinitesimal tangent to the path in the direction 

of travel (58). If we then consider a single conducting phase of material, such as a metal or an 

electrolyte solution and move a hypothetical unit test charge from (x, y, z) to (x’, y’, z’) within 

the conducting phase, then the potential difference between these points would be given by: 

 
𝜙′(𝑥′, 𝑦′, 𝑧′) − 𝜙(𝑥, 𝑦, 𝑧) =  ∫ −𝑬 ∙ 𝑑𝒍.

𝑥′𝑦′𝑧′

𝑥𝑦𝑧

 (2.5) 

If there is no net current within the phase, then, by extension there is no net movement of charge 

carriers within the phase. Applying these conditions to equation 2.5 above, it is apparent that 
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the electric field strength within the conducting phase is zero, and the phase is in a state of 

equipotential (58).  

With this in mind, we can look to Gauss’ law, which relates the magnitude of charge, q, 

enclosed within a surface to the electric field strength of the surface: 

 
𝑞 =  𝜀0 ∮ 𝑬 ∙ 𝑑𝑺. (2.6) 

ε0 is a constant of proportionality and is defined as the permittivity of free space (8.85 × 10-12 

C2 N-1 m-1), and dS is an infinitesimal vector perpendicular to the surface being considered (58). 

If we define the surface integral to be totally encapsulated within the conducting phase, then 

we have already seen that E = 0 in such a case. From Gauss’ law, it then follows that there is 

zero net charge within the phase. Any excess charges which exist within a conducting phase 

must, therefore, be located on the surface of the conducting phase (58). This is depicted in 

figure 2.8: 

 

 

 

 

 

Figure 2.8. cross-

sectional view of a 

conducting sphere. 

Excess charge gathers at 

the surface of the 

conducting phase. The 

internal Gaussian surface 

has not net charge 

enclosed. Adapted from 

(58) 

 

In practical applications, we are more likely to encounter situations where two or more 

conducting phases are in contact with one another. It is informative to know what happens at 

such boundaries and how changes made to one of the phases can affect its neighbour.  This 

may take the form of a charged metal sphere surrounded by an electrolyte solution such as that 

shown in figure 2.9 below. It is a simplified case showing a negatively charged metal sphere, 
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of net charge qM, surrounded by an uncharged electrolyte solution, which in turn is surrounded 

by a vacuum.  

  

 

 

Figure 2.9. cross-sectional 

illustration showing the 

distribution of charge through an 

electrolyte solution when a 

charged metal sphere placed. 

Adapted from (58). 

 

We know that the excess negative charges of the sphere will reside on its surface. In doing so, 

it creates a charge imbalance within the electrolyte with positive charges attracted to the 

solution – metal interface, as is shown in figure 2.9. We can apply Gauss’ law by defining the 

surface to that shown in figure 2.9, completely inside the electrolyte solution phase. Since this 

is also a conducting phase in which there is no net current flowing, we again come to the 

conclusion that the electric field strength enclosed by the surface is zero and, hence, zero net 

charge exists. Therefore, at the metal – solution boundary there must be a distribution of 

positive charges, qS, such that it completely cancels that on the outer surface metal surface, qM: 

 𝑞𝑆 =  −𝑞𝑀. (2.7) 

Likewise, if the Gaussian surface is shifted to the outer limit of the electrolyte, the enclosed 

charge must still be zero but the net charge of the metal, qM, cannot have disappeared. We, 

therefore, conclude that outer limit of electrolyte has a distribution of negative charges with a 
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magnitude of qM (58,69). This illustrates the interaction of charge carriers between phases of 

matter and how conditions imposed on a particular phase can affect the surrounding phases. 

Taking the example of figure 2.9 further, we can plot the inner potential, ϕ, of each phase with 

respect to the distance from the centre of the metal sphere. This is depicted in figure 2.10.  

 

 

 

 

 

 

 

 

Figure 2.10. Example potential 

profile of a charged metallic 

sphere within an electrolyte 

solution. Potentials are plotted 

against radial distance from the 

centre of the sphere (58). 

 
 

The significant shift in potential between the solution and the metal shown in figure 2.10 is 

known as the interfacial potential difference and its magnitude is dependent upon the charge 

imbalance at the interface. As will be explained in the coming subsections the magnitude of 

the charge imbalance can be dictated by the types of materials which constitute the respective 

phases (58). The potential difference between material phases is, therefore, an indicator of the 

mechanics of interfacial boundaries and the composition of the materials involved.   

 

2.4.2 Double Layer 

The interfacial potential difference between a metal and a solution is less clear-cut than figure 

2.10 would make it seem. This, in large part, is due to the existence of the electric double layer 

in which distributions of opposing charges gather at either side of the electrode – solution 

interface, analogous to a capacitor within an electrical circuit.   
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A capacitor is an electric component which stores energy in the form of an electric field. It 

consists of two metal plates separated by a non-conducting dielectric material (58). When 

placed in a circuit as shown in figure 2.11, the flow of electrons stemming from the battery is 

interrupted by the dielectric gap separating the two capacitor plates. The subsequent build-up 

of negative charge repels like-charges from the opposing capacitor plate before eventually the 

capacitor is said to be fully charged. At this point it acts like an open circuit and no current 

flows through the circuit. The magnitude of charge, q, accumulated by the capacitor at this 

point is given by the relation: 

 𝑞 =  𝑉 × 𝐶, (2.8) 

where V is the potential difference between the two plates measured, and C is the capacitance.  

(a) 

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

Figure 2.11. (a) Circuit 

diagram showing a 

capacitor connected to a 

battery power source. (b) 

Schematic representation 

of the charging capacitor. 

The accumulation of 

electrons on one plate 

causes the repulsion of 

electrons from the other. 

This leads to the build-up 

of positive charge on the 

opposing side and the 

formation of an electric 

field between the two 

plates.    

 

In Section 2.4.1, equation 2.7, we have seen that at the interfacial boundary between a metal 

and a solution there, is a distribution of charge such that qS = -qM. This is analogous to the 

collection of opposing charges on the plates of a capacitor. In a situation involving a metal and 

a solution, however, the internal interactions between the solution’s constituents means that 
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there is not a single, discrete separation of charges at the boundary. Rather, there are a number 

of layers between the metal and the solution. This structure is given the term: the electrical 

double layer. Its precise nature has been the subject of many models and revisions. We shall 

reference the Bockris, Devanathan, and Muller model to briefly discuss the nature of the double 

layer (153). In this model it is suggested that two layers exist between the metal and solution 

phases: the inner Helmholtz plane (IHP) with charge density ϕI C m-2; and the outer Helmholtz 

plane (OHP). The IHP consists of solvent molecules (eg. water molecules) and ions which are 

said to be specifically adsorbed after either partially or completely losing the solvent molecules 

which surround them. The OHP consists of solvated ions (58,154), which, in combination with 

the bulk solution possesses a charge density of ϕD C m-2. This model is illustrated in figure 

2.12. The thickness of a double layer is dependent upon the concentration of the solution, with 

concentrations of 10-2 M usually possessing a double layer thickness in the order of 100 Å. As 

is shown in figure 2.12, the distance the IHP occurs from the metal is defined as the locus of 

the electrical centres of the specifically adsorbed ions. This layer possesses a charge density of 

σI. Due to the IHP, any solvated ions can approach the metal surface to a minimum distance 

defined by the locus of their electrical centres. Other such solvated ions can be diffused 

throughout the bulk of the solute phase, thus their contribution to the charge density, σD, comes 

from the entire diffuse layer, not just the OHP (58,153,154). 
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(a) 

 

 

(b) 

 

Figure 2.12. (a) Schematic 

representation of Bockris, 

Devanathan, and Muller model of 

the electric double layer caused by 

a metallic electrode in contact with 

an ionic solution. The 

contributions to each phases’ 

charge density are shown 

alongside the positions of the IHP 

and OHP. The charge density 

attributed to the diffuse layer, σD, 

extends into the solution bulk. (b) 

The resultant potential of the 

system, ϕ, plotted with respect to 

distance from the electrode surface 

(58,153) 

 

We can therefore modify the relation given in equation 2.7 in Section 2.4.1 to represent the 

charge densities at the interfacial region, and to account for the contributions of the double 

layer: 

 𝜎𝑆 = 𝜎𝐼 + 𝜎𝐷 =  −𝜎𝑀. (2.9) 

The potential profile of a metal – solution interface with the effect of a double layer is shown 

in figure 2.12 (b). In comparison to the potential profile shown in figure 2.10, we can see that 

the interfacial potential difference between the metal and the solution is more diffuse due to 

the presence of the double layer.      
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2.4.3 Electrochemical Cells and EMF 

In the study of electrochemistry, the material phases of interest are predominantly in the form 

of an electronic conductor (an electrode) and an ionic conductor (an electrolyte). The chemical 

reaction which occurs at such an interface is known as a half-cell reaction. For example, if a 

copper (Cu) electrode is immersed in a Cu2+ electrolytic solution, the electrode will oxidise and 

lose electrons to the surrounding liquid as characterised by the half-cell reaction: 

 𝐶𝑢 →  𝐶𝑢2+ + 2𝑒−. (2.10) 

This can also be notated: 

 𝐶𝑢|𝐶𝑢2+, (2.11) 

Where the vertical line represents the phase boundary between the solid Cu electrode and the 

Cu2+ electrolyte. As described in the preceding sub-sections, the subsequent collection of 

electric charges at both sides of the interface means there is a potential difference between the 

two phases. However, the potential difference across a single interface cannot be measured. 

This is because the physical act of observing the electrical properties of a phase boundary 

would inherently require the addition of at least one more interface (58). Instead, we must 

utilise an electrochemical cell where at least two electrodes are present. Doing so means that 

the difference between the interfacial potentials of each of the electrodes becomes the 

observable quantity. This is known as the cell’s electromotive force (EMF), the maximum 

potential difference between the two electrodes. It is the summation of the individual interfacial 

potentials which make up the cell. For example, let us introduce another half-cell in the form 

of a Zinc (Zn) electrode immersed in a Zn2+ electrolyte solution such that its half-cell reaction 

is:  

 𝑍𝑛 →  𝑍𝑛2+ + 2𝑒−. (2.12) 

or  
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 𝑍𝑛 | 𝑍𝑛2+. (2.13) 

By connecting the Zn electrode configuration of equation 2.13, to the Cu electrode 

configuration, equation 2.11, as is shown in figure 2.13, an electrochemical cell is created. It 

may be described by the two half-cell reactions at each electrode: 

 𝑍𝑛 →  𝑍𝑛2+ + 2𝑒−, (2.14) 

 𝐶𝑢2+ + 2𝑒−  →  𝐶𝑢, (2.15) 

or: 

 𝑍𝑛 | 𝑍𝑛2+ || 𝐶𝑢2+|𝐶𝑢, (2.16) 

where the double vertical lines represent the salt bridge shown in figure 2.13. Zn has a stronger 

tendency to lose electrons than does Cu, therefore when the two half cells are connected as in 

figure 2.13, electrons vacated from the Zn electrode migrate across the cell and combine with 

Cu2+ ions onto the surface of the Cu electrode. The salt bridge is necessary to provide a pathway 

for the ions in the solutions to move and complete the cell. Convention dictates that the 

electrode where reduction takes place is written on the right hand side. 

 



66 

 

 

 

 

Figure 2.13. Schematic representation of Zn|Zn2+||Cu2+|Cu 

electrochemical cell. 

 

Cells like this are called Galvanic cells, where reactions occur spontaneously at the electrode 

contacts when they are connected via a salt bridge (58). We can define any such cell’s EMF as 

the difference between the potentials developed at the two electrodes by the respective half 

reactions: 

  𝐸 =  𝜙𝑟𝑖𝑔ℎ𝑡 − 𝜙𝑙𝑒𝑓𝑡 . (2.17) 

Here, ϕright and ϕleft denote the potential of the electrodes at the right and left of a cell notation 

(58,154,155). This concept is visualised in figure 2.14 by plotting the potential profile across 

our example Zn|Zn2+||Cu2+|Cu electrochemical cell. A cell’s EMF can also be described as its 

open circuit potential (OCP). This abbreviation will be used throughout this thesis to denote 

the measured potential between two electrode contacts value obtained using open circuit 

potentiometry (see Section 3.3).   

V 

Cu Z

Zn2 Cu2

Salt Bridge 
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Figure 2.14. Simplified graphical 

representation of the potential profile 

across an electrochemical cell 

containing Zn and Cu electrodes. The 

cell’s measurable potential is the 

difference between the potentials at the 

electrode contacts. 

 

2.4.4 Reference Electrode 

Given the myriad of half cells which could be combined to create an electrochemical cell, the 

measurement of any given cell’s EMF is arbitrary. If, however, one of the electrodes used was 

such that its potential was known and fixed, then the measured potential would vary purely 

with the potential developed at the cell’s other electrode. This is a way of standardising half of 

the electrochemical cell. The term given to the electrode of fixed potential is a reference 

electrode (RE), whereas the electrode whose potential is measured is the working electrode 

(WE). As such, when measuring the potential of an electrochemical cell, we are measuring the 

potential of the working electrode with respect to the known potential of the reference 

electrode. The internationally accepted standard RE is the Standard Hydrogen Electrode (SHE) 

which consists of a platinum, or another inert solid, electrode contained within a tube through 

which hydrogen gas can be fed through at a pressure of 1 atm (58,154,155). The tube is 

immersed in a hydrogen solution of unit activity (1 M). The half reaction which occurs is given 

by: 

 2𝐻+(𝑎𝑞) + 2𝑒−  ↔ 𝐻2(𝑔), (2.18) 

where (aq) and (g) denote the aqueous and gaseous phases respectively. By convention, this 

half reaction has a value of 0 V. Furthermore, we can define a new parameter, the standard 
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potential, E0, as the potential measured under standard conditions: atmospheric pressure (1 

atm); a temperature of 25°C (275 K); and chemical species at unit activity (1 M). Thus, the 

standard potential for the half reaction shown in equation 2.18 is E0 = 0 V. There are a number 

of other reference electrodes which are commonly used in experimentation including the 

Saturated Calomel Electrode (SCE) [E0 = +0.244 V vs SHE] and a Ag/AgCl electrode [E0 = + 

0.197 V vs SHE].  

To summarise, the use of a reference electrode is necessary within electrochemical cell 

experiments as it provides a method by which we can measure and meaningfully define the 

potential which develops at the working electrode.  

2.4.5 Nernst Equation 

The Nernst equation provides a link between the measured potential of an electrochemical cell 

and the concentrations of the chemical species involved within the cell. If we consider the 

simple setup of a metallic electrode immersed in an aqueous solution of its own salt, such as 

the Cu|Cu2+ half-cell in Section 2.4.3, then the particles at the interfacial boundary will be 

subject to a reduction-oxidation (redox) reaction. Such reactions involve the transfer of 

electrons from one species to the other. Taking a reduction reaction as an example, it may be 

written, generally, as: 

 𝑂 + 𝑛𝑒−  → 𝑅, (2.19) 

where O is the oxidised species, R the reduced species, and n the number of moles of electrons 

exchanged taken up by the reducing species. We can consider the change in the Gibbs free 

energy, ΔG (J), which would occur as a result of the electron exchange. ΔG is a measure of the 

spontaneity of a reaction. A negative value signifies a reaction is spontaneous: work is done by 

the cell, and its free energy decreases. Conversely, a positive value suggests that a reaction is 

not spontaneous: work has to be done on the system for a reaction to occur, increasing its free 

energy (58,156). The reduction reaction of equation 2.19 is spontaneous and will therefore have 
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a negative ΔG value. The Gibbs free energy is also the maximum amount of useful work that 

can be performed in a process (under constant pressure and temperature) (157). This can be 

combined with the expression for the work done, W, performed by an electrochemical cell as: 

 𝑊 = 𝑡𝑜𝑡𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 ×  𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙,  (2.20) 

 𝑊 =  𝑛𝐹𝐸 =  −∆𝐺, (2.21) 

 ∆𝐺 = −𝑛𝐹𝐸. (2.22) 

Here, n is the number of moles of electrons, F represents the Faraday constant - the charge of 

a mole of electrons (96485.3 C mol-1), and E is the potential of the cell (V) (58,157). Similarly, 

the change in free energy at standard conditions is given by: 

 ∆𝐺0 = −𝑛𝐹𝐸0. (2.23) 

Furthermore, the thermodynamic identity relating the free energy of a reaction to the 

equilibrium constant of the reaction, K, is defined as: 

 ∆𝐺 = ∆𝐺0 + 𝑅𝑇 ln 𝐾. (2.24) 

Here, R is the universal gas constant (8.3145 J mol-1 K-1), and K represents the quotient of the 

activities of the individual chemical components within the reaction. In the case of the 

reduction reaction of equation 2.19, the equilibrium constant would take the form: 

 𝐾 =  
𝑎𝑅

𝑎𝑂
, (2.25) 

Where aR,O represent the activities of the reduced and oxidised species respectively. Activity is 

a measure of the effective concentration of a species and is used to account for the non-ideal 

behaviour which stems from the interaction between molecules within the solutions. A species’ 

activity is linked to its concentration through the relationship: 

 𝑎𝑋 = 𝛾[𝑋], (2.26) 

where aX is the activity of species X (M), γ is its activity coefficient, and [X] is the concentration 

(M). In dilute solutions, the activity coefficient tends towards unity and the activity coefficient 
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approaches the value of the concentration. Unless otherwise stated, concentration terms will be 

used in this piece. Substituting equations 2.22 and 2.23 into equation 2.24: 

 
𝐸 = ∆𝐸0 −

𝑅𝑇

𝑛𝐹
ln 𝐾. (2.27) 

This is the general form of the Nernst equation, which relates the measured potential of an 

electrochemical cell to the relative concentrations of the species involved in the cell reaction 

(58,154,156,157).  

 

2.4.6 Concentration Cell  

It has been demonstrated that a chemical potential develops at the interface between an 

electrode and the solution which surrounds it. The measurable potential of an electrochemical 

cell is subsequently defined as the difference between the potentials of the cell’s constituent 

electrodes. However, if both of the electrodes were the same type then we create what is known 

as a concentration cell, consisting of two half cells which differ only in the concentration of 

their respective analytes. For example, take a concentration cell consisting of two Ag/AgCl 

electrodes: one placed in a Cl- solution of 3 M concentration; the other placed in a Cl- solution 

of concentration 1mM:  

 𝐴𝑔(𝑠)| 𝐴𝑔𝐶𝑙 (𝑠)| 𝐶𝑙−(𝑎𝑞, 0.001𝑀)||𝐶𝑙−(𝑎𝑞, 3𝑀) |𝐴𝑔𝐶𝑙 (𝑠)|𝐴𝑔(𝑠). (2.28) 

Where (s) and (aq) signify solid and aqueous phases respectively. The half reactions taking 

place at each electrode surface may be written: 

 𝐴𝑔𝐶𝑙 (𝑠) ↔ 𝐴𝑔+ + 𝐶𝑙− (𝑎𝑞), (2.29) 

 𝐴𝑔+ + 𝑒−  ↔ 𝐴𝑔(𝑠), (2.30) 

which can be combined to give the net reaction taking place at each electrode: 

 𝐴𝑔𝐶𝑙 (𝑠) +  𝑒− ↔ 𝐴𝑔(𝑠) + 𝐶𝑙− (𝑎𝑞). (2.31) 

According to the Nernst equation then, at each electrode surface: 
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𝐸𝑟𝑖𝑔ℎ𝑡/𝑙𝑒𝑓𝑡 = 𝐸0 −

𝑅𝑇

𝑛𝐹
ln (

[𝐴𝑔𝐶𝑙(𝑠)]

[𝐴𝑔(𝑠)][𝐶𝑙−(𝑎𝑞)𝑟𝑖𝑔ℎ𝑡/𝑙𝑒𝑓𝑡]
) , (2.32) 

where “right/left” refers to the notation of the cell in equation 2.28 above, and [X] represents 

the concentration of species X in molar units. Adapting the relation of equation 2.17, from 

Section 2.4.3, the measured potential of an electrochemical cell may be written:   

  𝐸 =  𝐸𝑟𝑖𝑔ℎ𝑡 − 𝐸𝑙𝑒𝑓𝑡 . (2.33) 

Therefore, in this instance, we can write: 

 
𝐸 =

𝑅𝑇

𝑛𝐹
ln (

[𝐴𝑔𝐶𝑙(𝑠)]

[𝐴𝑔(𝑠)][𝐶𝑙−(𝑎𝑞)𝑙𝑒𝑓𝑡]
) −

𝑅𝑇

𝑛𝐹
ln (

[𝐴𝑔𝐶𝑙(𝑠)]

[𝐴𝑔(𝑠)][𝐶𝑙−(𝑎𝑞)𝑟𝑖𝑔ℎ𝑡]
) . (2.34) 

As the two electrodes are of the same material, both will have the same value of standard 

potential, E0, and they cancel out. In other words, our points of reference are exactly the same 

for each of the half cells involved. Equation 2.34 can be simplified by noting that the 

concentrations of the solid Ag which comprise the electrodes will be equal and remain stable. 

Likewise, similar assumptions can be made for the stability of the AgCl salt which coat the 

electrodes as it is a sparingly soluble substance (68). Equation 2.34 then simplifies to: 

 

 

𝐸 =
𝑅𝑇

𝑛𝐹
ln (

[𝐶𝑙−(𝑎𝑞)𝑟𝑖𝑔ℎ𝑡]

[𝐶𝑙−(𝑎𝑞)𝑙𝑒𝑓𝑡]
) , (2.35) 

where if a temperature of 25°C is assumed, recognise that n = 1 for this configuration, and 

convert to a logarithm of base 10 by multiplying by a factor of 2.303, can be written: 

 
𝐸 = 0.059 × log10 (

[𝐶𝑙−(𝑎𝑞)𝑟𝑖𝑔ℎ𝑡]

[𝐶𝑙−(𝑎𝑞)𝑙𝑒𝑓𝑡]
) . (2.36) 

It is important to note that equation 2.36 is in the form of a linear equation, with a gradient of 

value 59 mV/decade. The unit of decade-1 simply relates to the fact that the x-axis in this linear 

equation is in base 10. This linearity provides an effective way of evaluating the performance 

of ion-selective electrodes and will be used in later sections. Substituting in the concentration 

values postulated earlier into equation 2.36 then gives: 
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𝐸 = 0.059 × log10 (

3

0.001
) , (2.37) 

 𝐸 = 0.205 𝑉. (2.38) 

What has been described, therefore, is an electrochemical cell where the OCP is dictated by the 

relative Cl- concentrations within the respective half cells (58,154,155,158).  

This is an important concept and forms the basis of the working principle of the Cl- sensor this 

report is centred around. The following subsections will detail the further steps taken to develop 

this concept into a Cl- sensor.  

2.4.7 Quasi Reference Electrode 

The concentration cell configuration can be further adapted if the Cl- concentration in one of 

the half cells was fixed. Doing so would ensure, in theory, that the OCP would solely be 

proportional to the Cl- concentration at the surface of the one remaining, working electrode: 

  
𝐸 = 0.059 𝑙𝑜𝑔10 (

[𝐶𝑙−(𝑎𝑞)𝐹𝐼𝑋𝐸𝐷]

[𝐶𝑙−(𝑎𝑞)𝑙𝑒𝑓𝑡]
) . (2.39) 

This describes one potential configuration of a Cl- sensor. The notation of which side of the 

cell is fixed is arbitrary. The process of fixing the Cl- concentration in one of the half cells is 

another way of saying that the potential of one of the electrodes is fixed. This idea was covered 

in Section 2.4.4, where the necessity of having a reference electrode in order to measure the 

potential of an electrochemical cell was discussed. Common reference electrodes, however, 

have a number of drawbacks which can make their application within a concentration cell 

undesirable. This could take the form of the materials used for the electrode. A SCE, for 

instance, utilises mercury for its operation. In the context of wearable devices this is clearly 

undesirable. Other reference electrodes, like the SHE, tend to be bulky and impractical given 

their operational reliance on a flow of pure hydrogen gas.   

Because of this, it is common to use configurations which fulfil the role of a reference electrode 

without possessing some of the rigorous attributes needed to be defined as such. These are 
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given the term quasi reference electrodes (QREs) (58,159,160). They often consist of a simple 

metallic electrode, such as a platinum wire, placed directly into the analyte solution. Their 

operation based on the assumption that if there is no appreciable change in the makeup of the 

bulk analyte solution then the potential of the QRE would stay relatively constant. However, 

the magnitude of this potential is unknown, therefore QREs like this must be regularly 

calibrated by measuring its potential against a bona fide reference electrode under a well-

defined redox reaction (58,160).  

In the context of a concentration cell, the application of a QRE is slightly different to the 

scenario of the platinum wire described above. As the electrodes which make up the cell are of 

an identical makeup, there would be no concentration-induced potential difference between 

them if exposed to the same analyte. Therefore, a method of fixing the concentration at the 

surface of the one of the electrodes must be attempted. This can be done by surrounding one of 

the electrodes with a matrix containing, and maintaining, a high concentration reference 

solution. To visualise this, take the Cl- concentration cell described above in Section 2.4.6 but 

place the 3M Cl- half-cell within a matrix which envelops the electrode contact. This is then 

placed, alongside the remaining electrode, in the 1mM Cl- analyte, as shown in figure 2.15. 

 𝐴𝑔(𝑠)| 𝐴𝑔𝐶𝑙 (𝑠)| 𝐶𝑙−(𝑎𝑞, 0.001𝑀)||𝐶𝑙−(𝑚𝑎𝑡𝑟𝑖𝑥, 3𝑀) |𝐴𝑔𝐶𝑙 (𝑠)|𝐴𝑔(𝑠). (2.40) 
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(a) 

 

(b) 

           

Figure 2.15. (a) schematic diagram showing the use of a QRE in a Cl- 

concentration cell described by equation 2.40. (b) example potential profile 

of the cell highlighting the phases involved. 

 

In this scenario, the electrode enveloped by the matrix is acting as the QRE with a stable 

concentration of 3M. It is not in direct contact with the 1mM analyte and should, to a large 

extent, be unaffected by changes in its concentration. Therefore, the OCP of the configuration 

of figure 2.15 is purely dependant on the potential developed at the WE by the concentration 

of the surrounding analyte.  

 
𝐸 = 0.059 log10 (

3𝑀 𝐹𝐼𝑋𝐸𝐷

[𝐶𝑙−(𝑎𝑞)𝑙𝑒𝑓𝑡]
) . (2.41) 
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The concept of a concentration cell with an in-built QRE will be utilised within this thesis in 

the development of a wearable sweat Cl- sensor. Further details are provided in Section 3.2. 

2.4.8 Potential Drift by Diffusion  

Due to the fact that the QRE matrix is in direct contact with the analyte solution, a concentration 

gradient exists between the high Cl- concentration of the matrix and the comparatively low Cl- 

concentration of the analyte. The presence of concentration gradients has been touched upon 

previously in Section 2.2.1.2. when discussing the process of transdermal drug delivery via 

iontophoresis. We can refer to Fick’s first law of diffusion to describe the movement of 

molecules when in the presence of a concentration gradient:  

 
𝐽 = −𝐷

𝜕𝐶

𝜕𝑥
. (2.42) 

Relating equation 2.42 to our Cl- concentration cell with QRE configuration, J is the flux of Cl- 

ions (m-2s-1), D is the diffusion coefficient (m2s-1) and C is the concentration of Cl- (M). Simply 

put, this means that the Cl- ions will flow from the high concentration matrix into the lower 

concentration analyte (69,161).  

Fick’s first law is only applicable under steady state conditions, when the concentration profile 

∂C/∂x is constant. However, in most real-world situations it is often the case that the 

concentration profile at a given point will change over time. Consider a cylinder in which a 

concentration gradient exists like that shown in figure 2.16 below. We can take two cross 

sections, each with area A, and separated by a distance Δx. The values of flux at the two cross 

sections, J1,2, are different such that J1 > J2 (161).  
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Figure 2.16. Change in flux between 

two cross sectional areas separated by a 

small distance Δx (161) 

 

Acknowledging that the amount of material passing through cross sections 1 or 2 in a short 

time, δt, can be given by J1,2Aδt, then the difference in concentration between the two segments 

is: 

 
𝛿𝐶 =  

(𝐽1 − 𝐽2)𝐴𝛿𝑡

𝐴∆𝑥
. (2.43) 

Given that δt and Δx are vanishingly small, this can be written: 

 𝜕𝐶

𝜕𝑡
=  −

𝜕𝐽

𝜕𝑥
 (2.44) 

This is an expression of the conservation of mass in that particles within the system cannot be 

created or destroyed. Equation 2.44 can be combined with Fick’s first law, equation 2.42, to 

give: 

 𝜕𝐶

𝜕𝑡
= −

𝜕

𝜕𝑥
(−𝐷

𝜕𝐶

𝜕𝑥
), (2.45) 

 𝜕𝐶

𝜕𝑡
= D

𝜕2𝐶

𝜕𝑥2
, (2.46) 

assuming that D is a constant. Equation 2.46 is known as Fick’s second law of diffusion 

(69,161). 
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In the context of the Cl- concentration cell with QRE, Cl- ions will migrate down the 

concentration gradient, from the high concentration reference matrix and into the surrounding 

low concentration analyte (74). Fick’s laws of diffusion suggest that the relative Cl- 

concentrations between the reference matrix and the analyte, and the length of time they are in 

contact will have an effect on the degree of the ion migration. Of course, a change in the Cl- 

concentration of the reference matrix will cause a change in the potential at the barrier and, 

therefore, a change in the reference potential meaning the configuration would no longer be 

reliable in determining the Cl- concentration of the analyte solution. Consequently, any such 

device should be tested to examine the length of time it is able to retain a steady reference 

potential.   

 

2.5 Summary 

Section 2 aimed to provide a foundation of knowledge for the range of topics which this thesis 

touches upon. This included a brief outline of the structure of human skin and the effective 

barrier it provides the body. Methods of overcoming this barrier for the purpose of drug 

delivery were touched upon, with attention given to iontophoresis. The physiology of the 

eccrine sweat gland was described and its function in ion reabsorption outlined. Cystic Fibrosis 

causes the breakdown of this functionality through faulty CFTR protein production, leading to 

CF sufferers exhibiting elevated levels of Cl- in their sweat. This effect is used to diagnose CF 

through the sweat test, using pilocarpine iontophoresis, and also provides a way of monitoring 

the efficacy of emerging treatments which aim to restore CFTR function. 

The electrostatic formation of potentials was described in Section 2.4. The emergence of 

potentials within electrochemical cells and their dependence on the concentration of the 

chemical species involved was evaluated through the introduction of the Nernst equation. From 



78 

 

this, the architecture of a concentration cell was described and how it may be used in 

combination with a quasi RE to create a Cl- ion selective electrode configuration.  
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3. Materials and Methods 
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3.1 Introduction 

This chapter will detail the materials and protocols used in the manufacture of the Cl- sensitive 

electrodes developed throughout the project as well as the methods by which various aspects 

of their performance were tested. A healthy volunteer study was conducted to allow the sensor 

to be tested in a physiological environment. This chapter concludes by detailing the protocols 

used in the preparation and execution of the healthy volunteer study.  

3.2 Chloride Sensor 

Ag/AgCl electrodes were utilised for this project. A polymerised hydroxyethyl methacrylate 

(pHEMA) hydrogel mixture was used to provide a matrix structure around one of the electrode 

contacts due to its ability to absorb and retain liquid (162). This property enables it to be placed 

into a solution of high Cl- concentration, and become saturated by it, therefore providing the 

roll of the quasi RE (QRE) described in Sections 2.4.6 and 2.4.7. The resultant electrochemical 

cell may be written: 

 𝐴𝑔(𝑠)| 𝐴𝑔𝐶𝑙 (𝑠)| 𝐶𝑙−(𝑎𝑞)||𝐶𝑙−
𝑝𝐻𝐸𝑀𝐴 |𝐴𝑔𝐶𝑙 (𝑠)|𝐴𝑔(𝑠). (3.1) 

As noted in Section 2.4.7, the measured potential for this cell is given by the Nernstian relation:   

 
𝐸 = 0.059 𝑙𝑜𝑔10 (

[𝐶𝑙−
𝑝𝐻𝐸𝑀𝐴]

[𝐶𝑙−(𝑎𝑞)]
) , (3.2) 

where [Cl-
pHEMA] is the Cl- concentration (M) of the pHEMA matrix which envelops one of the 

electrode contacts. The Cl- concentration within the pHEMA is fixed by saturating the hydrogel 

in a 1M KCl DI water solution for 25 hours (see Section 3.2.5). This is then considered as the 

QRE of the configuration. The [Cl- (aq)] term in equation (3.2) denotes the Cl- concentration 

(M) of the aqueous test solution in direct contact with the remaining electrode contact, the WE. 

Therefore, the measured potential of the electrochemical cell shown in equation (3.2) is directly 

proportional to the Cl- concentration of the test solution surrounding the WE. 
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The steps undertaken to make the hydrogel mixture and apply it to the electrodes utilised in the 

study are outlined in the remainder of this subsection.  

3.2.1 HEMA Gel Mixture 

The hydrogel mixture consisted of four ingredients: UV-sensitive 2-hydroxyethyl methacrylate 

(HEMA, Sigma Aldrich, Product No. 128635); polyvinylpyrolidone K-90 (PVP K-90, Sigma 

Aldrich, Product No. 81440) was used as an emulsifier; 2,2-dimethoxy-2-phenylacetophenone 

(DMPAP, Sigma Aldrich, Product No. 196118) as a photoinitiator; and ethylene glycol 

dimethacrylate (EGDMA, Sigma Aldrich, Product No. 335681) as a crosslinking agent. 

Fabrication of the solution is initiated by pipetting 18.6 ml of HEMA directly into a sealable 

glass container. The container was then affixed on an IKA KS 130 Basic orbital shaker (IKA, 

Staufen, Germany) and the speed slowly increased to 320 rpm. 2g of PVP and 0.8g of DMPAP 

were subsequently weighed into two separate weigh boats. The PVP was then incrementally 

tipped into the glass beaker on the orbital shaker. Incremental additions of the PVP into the 

HEMA avoids large clumping and ensured a quicker, more even emulsion of the solution. The 

DMPAP, whose chemical structure is shown in figure 3.1, was then added before 95 µl of 

EGDMA was pipetted into the mixture, completing its composition.  

 

Figure 3.1.  Chemical structure of DMPAP. Retrieved from:  
https://pubchem.ncbi.nlm.nih.gov/compound/90571#section=2D-

Structure 

 

 

https://pubchem.ncbi.nlm.nih.gov/compound/90571#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/90571#section=2D-Structure
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The beaker was sealed and kept on the orbital shaker for a further 2-4 hours to aid the emulsion 

of the gel. The mixture was stored in the fridge.  

3.2.2 Electrode  

Woundsense ® Ag/AgCl electrodes (Ohmedics, Glasgow) were utilised throughout the project. 

These are primarily intended as a disposable sensor designed to monitor the moisture of a 

wound without disturbing the wound dressing (163). A porous film layer covers the electrodes, 

as shown in figure 3.2.  

 
Figure 3.2. Woundsense electrode with porous film layer 

 

The primary components of Woundsense consist of two parallel Ag/AgCl electrodes screen 

printed on a polyethylene substrate, the key dimensions of which are depicted in figure 3.3.  
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Figure 3.3. Illustration of Woundsense electrode 

with key dimensions 

 

3.2.3 Electrode Adaption 

A number of alterations were required to allow the Woundsense electrode to be used for the 

detection of Cl- ion concentration. These consisted of preparing the electrode to enable a small 

volume of the HEMA hydrogel mixture to be contained over one of the electrode contacts. The 

first adaption was to remove the porous film layer to expose the electrode contacts. As 

described in Section 3.2.1, the HEMA mixture is stored as a viscous liquid and it therefore 

requires a well to hold it in place before it is able to be solidified via polymerisation. The well 

must have a diameter which is greater than or equal to that of the electrode contact in order for 

the HEMA mixture to envelope its surface. A disposable, plastic inoculation loop was chosen 

to provide the well structure. Its inner diameter of 4mm and its availability within the laboratory 

setting made it suitable to perform the role. The inoculation loop was secured to the electrode 

substrate using a segment of toupee tape adapted to allow the electrode contacts to remain 

exposed. To do this, an acetate sheet template was placed over the tape and a hole punch used 

to create two 4mm holes in positions corresponding to those of the Woundsense electrode 
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contacts. The tape was then placed over the electrode substrate, so the electrode contacts were 

still exposed and the outer layer of tape removed as shown in figure 3.4.  

 
Figure 3.4. Illustration of toupee tape, cut using 

a template, placed over a Woundsense electrode. 

It should be noted that the left hole is not centred 

over the electrode contact. This is to ensure the 

punch holes do not overlap and affect the surface 

on which the well can be secured on to. 

 

An inoculation loop (inner diameter: 4 mm; depth: 1 mm) was then removed from its stem and 

secured over the right hand electrode contact. Figure 3.5 depicts this stage of the electrode’s 

development. 

 
Figure 3.5. Woundsense electrode adapted with well for HEMA hydrogel 

mixture. 
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A Multipette Plus positive displacement pipette (Eppendorf, Hamburg, Germany) was then 

used to deposit 15µl of the HEMA hydrogel mixture into the well created by the inoculation 

loop. 

3.2.4 HEMA Polymerisation 

Following the deposition of the HEMA hydrogel mixture onto the electrode surface, it must 

immediately be polymerised to ensure it solidifies before it leaks from the well. The hydrogel’s 

mechanism of polymerisation is via the absorption of UV radiation by the DMPAP 

photoinitiator component of the mixture.  

Initially, polymerisation was carried out within a chamber containing a Mercury (Hg) bulb. 

The chamber, designed to dry ink on screen printed electrodes, was a convenient source of UV 

radiation to investigate the approximate time required to polymerise the hydrogel. It consisted 

of an inner, hollow space measuring 70cm × 70cm × 80 cm, where the electrodes could be 

placed to cure. This was accessed by a hatch on the front panel of the chamber. The Hg bulb 

was located at the top corner of the curing space as is shown in figure 3.6.   

 
Figure 3.6. Perspective view of inside of Hg bulb chamber 

 

Power Cord 

Hg Bulb 

HEMA 
electrodes 
undergoing 
polymerisation 
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Electrodes were placed in the chamber for an hour. By this point the HEMA had solidified to 

become pHEMA and was ready for the next stage of the manufacturing process. However, this 

method of polymerisation was deemed unsuitable given: 1) the hazardous nature of using a Hg 

bulb over a long period of time; and 2) the variance in UV intensity seen by each electrode as 

result of the chamber geometry, as shown in figure 3.6. An alternative method of 

polymerisation which allowed for a more consistent cure from electrode to electrode was, 

therefore, created. 

3.2.4.1 UV LED Array 

UV LEDs were seen as a cost effective and space saving alternative to the Hg bulb mechanism 

of polymerisation. Given that LEDs provide a monochromatic source of light, it was first 

necessary to find the exact wavelength of light which would be optimum for curing. The 

photoinitiator used in the gel mixture, DMPAP, absorbs UV radiation in the range of 310 – 390 

nm (Sigma Aldrich; Glöckner, 2008; Mucci and Vallo, 2012). One of the main peaks in the 

emission spectrum of a Hg Arc bulb within this range is 365 nm. A number of 365nm LEDs 

were purchased (Osram, MA, USA) with the intention of creating an LED array within a light-

tight, aluminium box with inner dimensions of 171 × 91 × 55 mm (Hammond Manufacturing, 

Ontario, Canada). Six LEDs could be fitted to the lid of the box in the configuration shown in 

figure 3.7. 
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Figure 3.7. Dimensions of UV LED array within aluminium container. Not to scale. 

   

The quoted minimum forward voltage, VF, for each LED was 3.5 ± 0.04 V. The six LEDs were 

to be connected in series such that they would require a minimum forward voltage total: 

 𝑉𝐹 𝑇𝑜𝑡𝑎𝑙 = 6 × 3.5𝑉, (3.3) 

 𝑉𝐹 𝑇𝑜𝑡𝑎𝑙 =  21 ± 0.24 𝑉. (3.4) 

The power source used, Aim-TTi EL302T Triple (Aim-TTi, UK), allowed for the supply 

voltage and the current to be manually set. A supply voltage, VS, of 30 V was decided upon, to 

ensure the minimum VF Total was met and to help the configuration be transferrable if the 

adjustable power supply was to breakdown. A ballast resistor was therefore implemented in 

series with the LEDs to ensure the voltage applied across the LEDs did not exceed their 

recommended forward voltage. The minimum value required for the resistor, R, was found by 

using Kirchoff’s Circuit Laws and Ohm’s Law:  

 
𝑅 =  

𝑉𝑆 −  𝑉𝐹 𝑇𝑜𝑡𝑎𝑙

𝐼
, (3.5) 

 

𝑅 =  
30 − 21

0.7
, (3.6) 

 
𝑅 =  12.85 𝛺, (3.7) 
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where I is the current in the circuit. A value of I = 0.7 A was used to match the LED’s quoted 

maximum operating current. The LEDs were fixed to the lid of the box using CW2400 epoxy 

resin (Chemtronics, USA) and linked to each other in series with a 15 Ω resistor (Arcol, Truro, 

UK), the closest value of resistor to that calculated through equations (3.5) – (3.7). The resistor 

had a power rating of 2.25 W in free air, and 20 W on heatsink. The power that the resistor 

would dissipate, P, within the circuit was approximated using the equation: 

 𝑃 = 𝐼2𝑅, (3.8) 

 𝑃 = (0.72)  × 15, (3.9) 

 𝑃 =  7.35 𝑊. (3.10) 

This value exceeded the resistor power rating in free air, therefore a heatsink (ABL 

Components, UK) was attached using the thermal tape accompanying the heatsink. A hole was 

drilled in the lid of the box and a cable tie fitted to allow the leads out of the box in order to 

connect to a power source. The configuration is shown in figure 3.8. The UV LED setup 

allowed the HEMA samples to be drop cast on up to 6 electrodes to be polymerised 

simultaneously. Using this apparatus to cure the gel samples involved placing the electrodes, 

with freshly deposited HEMA mixture, directly under the LEDs within the main segment of 

the box. This helped ensure that each HEMA gel sample received a consistent dose of UV 

radiation. The lid is then immediately secured on, and the power cables connected to the power 

source set to 30 V and 570 mA. These conditions are maintained for 15 minutes, an exposure 

time which was found to be optimum by experimentation (see Section 4.3.1), at which point 

the power source is turned off, the cables removed and the electrodes transferred out of the box 

before they go on to be conditioned. 

 

Power Cables 
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Figure 3.8. (a) UV LED circuit configuration, on base of aluminium box lid, used to 

polymerise HEMA mixture on electrodes. (b) view of setup with lid in place, and power 

leads unconnected. (c) view of setup with lid removed, showing how the electrodes are 

positioned within the box. (d) example of electrode with HEMA sample, contained within 

well, polymerised by the LEDs. 

 

3.2.5 pHEMA Gel Conditioning 

In Section 2.4.7, it was theorised that a matrix could be placed around an electrode contact and 

used to fix the Cl- concentration at a stable level so that it may be used as a QRE. Here, the 

pHEMA gel is utilised as that matrix. The hydrogel’s porosity following polymerisation means 

that it is able to absorb a solution throughout its volume (65). For the purposes of this study, 

therefore, the pHEMA electrode was submerged in a high concentration KCl DI water solution 

for a prolonged period of time, allowing the gel to absorb, and become saturated with the 

solution. The area around the electrode contact would then have a high, stable Cl- concentration 

which would allow it to be used as a QRE. The methodology used to examine the nature of the 

gel’s Cl- uptake are outlined in Section 3.3.2.  

Resistor + 
Heatsink 

UV LED 
array 

(a) (b) 

(d) (c) 
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The exact concentration of the KCl solution in which the electrodes were placed and the time 

they were left in the solution were variables which had to be studied. They, therefore, evolved 

as the project progressed and more data was collected. This evolution will be described in 

Section 4. The general process of conditioning the electrodes, however, was fixed and 

consistent throughout the investigations:  

Following polymerisation, an amount of KCl was weighed directly into a sealable, plastic bijou 

container and 20 ml of DI water added to create a solution of known Cl- concentration. Up to 

three electrodes can fit into the containers to be conditioned. Once the pHEMA samples on the 

electrodes are submerged within the solution, the containers are sealed, and the electrodes left 

to condition for a set period of time. Through experimentation, a conditioning period of 25 

hours within a 1 M KCl solution was found to produce electrodes with consistent and sensitive 

potentiometric responses to incident Cl- concentrations (see Section 4.3.2 and Section 4.4). 

When the conditioning time had elapsed, the electrodes were removed and rinsed with DI water 

to remove any residue from the conditioning solution. They were gently dabbed dry on a paper 

towel and placed in an oven set at 40°C for 2 hours. It was found that electrodes which are 

stored dry after being conditioned had a better potentiometric performance than those stored in 

KCl solutions – as you would find with many commercial reference electrodes. For this reason, 

an oven drying step at 40°C for 2 hours was incorporated to aid the drying process so that 

electrodes could be tested soon after being removed from the conditioning solution.   

3.2.6 Summary 

Section 2.4.7 introduced the concept of a Cl- concentration cell which utilised a QRE in the 

form of a Cl- saturated matrix enveloping one of the electrode contacts, shown again in figure 

3.9. This section has detailed the steps undertaken to develop the same concentration cell QRE 

setup in the form of a wearable electrode. A Woundsense electrode was adapted by depositing 

a HEMA hydrogel composition onto one of its Ag/AgCl electrode contacts. This was 
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subsequently polymerised under a UV LED array, and conditioned in a KCl DI water solution 

in order to form the Cl- saturated matrix of the QRE. This configuration is illustrated in figure 

3.10. 

 
Figure 3.9. schematic diagram showing the use of a QRE in a 

Cl- concentration cell 

 

(a)  

 
(b) 

 
Figure 3.10. (a) schematic illustration showing cross section of Woundsense 

electrode adapted with pHEMA gel to form Cl- concentration cell with QRE 

configuration shown in figure 3.9. (b) photograph of pHEMA adapted 

Woundsense electrode.  
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3.3 Open Circuit Potentiometry 

As detailed in Section 2.4.7, within a concentration cell configuration containing a QRE, there 

is a direct link between the Cl- concentration of the analyte solution and the measured potential 

between the two electrode contacts, the OCP. This relationship is characterised by the Nernst 

equation, as described in Section 2.4.5. Monitoring the OCP of the pHEMA electrode described 

in Section 3.2 can, therefore, be used as a way of investigating the conditioning of the pHEMA 

hydrogel QRE and evaluating the performance of the overall device as a Cl- sensor.  

Unless otherwise stated, a Palmsens Electrochemical Interface (Houten, Netherlands) was used 

to perform open circuit potentiometry to record the OCP of the pHEMA Woundsense electrode. 

It was configured in a two-lead mode by connecting the potentiostat’s RE and CE clips 

together. Excel 2016 (Microsoft, Redmond, WA) was used to plot and analyse the data obtained 

via the methods described within this subsection. Several of the tests carried out within this 

subsection required the use of a commercial RE. When this was necessary, a 3M KCl 

commercial RE (InLab Reference Pro, Mettler Toledo, Columbus, OH) was used. This was 

regularly calibrated against a WE consisting of a Ag/AgCl wire. The Ag wire was initially 

sanded to smooth its surface and rinsed with DI water. It was then placed in a 200 mM FeCl2 

solution for 10 minutes to chloride its surface and rinsed in DI water again before use.   

3.3.1 Chloride Sensitivity 

To examine an electrode’s sensitivity toward Cl- concentration, test solutions of KCl were used. 

A 1 M solution was prepared by weighing out the required 1.49 g of KCl for a 20 ml volume 

into a bijou container before deionised water of said volume was added. Serial dilutions were 

then performed so that test solutions of varying decreasing Cl- concentration were available. In 

the initial stages of the electrode’s development, four test solutions were used. These consisted 

of KCl solution of concentrations: 1 M; 100 mM; 10 mM; and 1 mM. These provided a wide 

concentration range which enveloped both healthy and CF sweat Cl- levels (~15 – 100 mM 
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(6)). They, therefore, provided a relatively quick way to gauge the electrode’s sensitivity 

toward Cl- concentration. As the treatment and conditioning of the pHEMA was refined 

throughout the project, the test solution concentration range became smaller and more in line 

with the physiologically relevant range quoted above. Consequently, plots showing the results 

of open circuit potentiometry tests analysing Cl- sensitivity included in Chapter 4 illustrate the 

response to differing values of test solution concentrations. Additionally, as the pHEMA 

electrode are in a dry state following their conditioning process (Section 2.3.5), each electrode 

was placed in a 1mM KCl DI water solution for up to 10 minutes before it was used for a 

potentiometric test. This would rehydrate the gel prior to its initial use following conditioning 

and help minimise equilibration time of the electrode’s OCP as it is placed in the initial test 

solution.  

To record the OCP of the pHEMA Woundsense device, the Palmsens is first connected to the 

electrode by attaching the potentostat’s RE/CE crocodile clip to the pHEMA-adapted electrode 

contact (the QRE) and the WE clip to the remaining electrode contact (the WE). The 

measurement procedure begins by lowering the electrode into the 1 mM test solution, ensuring 

that the electrode’s QRE and WE are fully immersed, as is shown in figure 3.11 at an 

approximate depth of 12 mm.  
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Figure 3.11. pHEMA-adapted electrode 

submerged in KCl test solution during OCP 

measurement procedure 

 

The Palmsens software was used to operate and record data from the device. A pre-

programmed protocol was initiated when the electrode was lowered into the test solution. The 

protocol records the OCP between the pHEMA QRE and Ag/AgCl WE once every second for 

a period defined by the user. The complete experimental setup is shown in figure 3.12. The 

electrode was then removed from the 1 mM test solution, rinsed with DI water, gently dabbed 

dry, and placed in the 10 mM solution. OCP measurements were then taken for the remaining 

test solutions, ascending in concentration, following the same protocol.  
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Figure 3.12. Experimental setup utilised for OCP measurement 

procedure. 

 

On completion of the 1M KCl test solution measurement the electrode was again rinsed in DI 

water and dried, before it was again placed in the 1mM KCl solution and the process repeated. 

This was done until there had been enough iterations to gain the pHEMA Woundsense 

electrode’s average potentiometric response toward each test concentration utilised and 

corresponding values of standard deviation. For each OCP test run undertaken, the data point 

occurring at a designated time point near the end of the 200 s run was taken as the potential for 

that test solution. The first few seconds in a new solution the potential often takes a period of 

time to settle at its equilibrium value, therefore the values occurring near the end of the 

measurement period are considered to be far enough along that this equilibrium value has been 

reached. Each data point was then imported into Excel where the mean potential value and 

standard deviation for each test concentration was calculated. The potential values were 

subsequently plotted against the corresponding test solution concentration and linear regression 

analysis performed. The subsequent sensitivity curve is in the form of the equation: 

 𝑉 = (𝑚 × 𝑙𝑜𝑔10𝐶) + 𝑐, (3.11) 
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where V is the measured electrode potential (mV), m is the gradient (mV/decade), C is the 

concentration of test solution (M), and c is the y-intercept. The value of m obtained from 

equation (3.11) was taken as the electrode’s sensitivity toward the chloride concentration and 

was the value compared to the Nernstian limit of sensitivity of 59 mV/dec. 

Following the Cl- sensitivity testing procedure, each electrode was rinsed with DI water, dried, 

and stored in a sealed plastic pouch.  

3.3.2 Conditioning Profile 

From Section 2.4.6, we know that the measured potential in a Cl- concentration cell 

configuration, like the pHEMA Woundsense device, is dependent upon the relative Cl- 

concentrations at the electrode surfaces. However, this value will not be constant for the 

pHEMA electrode during its conditioning phase (see Section 3.2.5) as the Cl- ions will take 

time to fully migrate through the gel’s volume before reaching the electrode contact. As a 

result, the half-cell potential of the pHEMA electrode would also evolve throughout the 

conditioning period. If this potential was recorded, therefore, its profile may provide an insight 

into the rate of Cl- uptake in the gel. To monitor this, the Palmsens WE and RE clips (the latter 

again shorted with the CE clip) were connected to the pHEMA-adapted electrode contact and 

a 3M KCl commercial RE (InLab Reference Pro, Mettler Toledo, Columbus, OH) respectively. 

Both were placed in the same KCl conditioning solution and the OCP between the two 

electrodes was measured for a minimum of 30 hours. The resultant plot of measured potential 

vs time was termed as a ‘conditioning profile’. The measured potential, Vmeas, is characterised 

by the Nernst equation. Here, we shall write it in terms of the potentiostat lead orientation: 

 
𝑉𝑚𝑒𝑎𝑠 =  0.059 𝑙𝑜𝑔10

[𝐶𝑙 𝑅𝐸
− ]

[𝐶𝑙 𝑊𝐸
− ]

, (3.12) 
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where [Cl- WE] and [Cl- RE] represent the Cl- concentrations at the surfaces of the electrodes 

connected to the WE and RE leads of the potentiostat respectively. Equation (3.12) can be 

rearranged to give:  

 
𝐶𝑊𝐸 =  𝐶𝑅𝐸 × 10

( − 
𝑉𝑚𝑒𝑎𝑠
0.059

)
. (3.13) 

Therefore, through substitution of the recorded values of Vmeas, equation (3.13) may be used as 

a method of estimating the Cl- concentration at the pHEMA electrode surface over the 

conditioning period.  

On completion of the procedure, the pHEMA Woundsense electrode was removed from the 

solution, rinsed in DI water, gently dried and stored in a sealed plastic pouch.   

As stated in Section 3.2.5, the process was performed using various concentrations of KCl 

conditioning solution. The characteristics of the resultant conditioning profiles could then be 

compared with each other. 

3.3.3 Electrical Potential Drift 

Potential drift studies were carried out to assess how well the pHEMA electrodes were able to 

maintain a consistent potential. In other words, a study of the rate at which the pHEMA gel 

samples lose Cl- ions to the surrounding test solution.  

The procedure used for these tests is similar to that described in Section 3.3.2 above for the 

conditioning profile tests. The RE Palmsens clip (shorted with the CE clip) was attached to the 

InLab Reference Pro electrode and the WE Palmsens clip attached to the pHEMA-adapted 

electrode, fully conditioned following the protocol in Section 3.2.5. Both electrodes were 

placed into a 20 ml KCl solution and the potential of the pHEMA electrode, with respect to the 

3M KCl commercial reference electrode, recorded for 8 hours using the Palmsens potentiostat. 

This procedure was performed using KCl test solutions of concentration: 50, 75, and 125 mM 

respectively. 
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3.3.4 Calibration Curve 

In the context of this thesis, a calibration curve describes a definitive linear relationship 

between Cl- concentration and the measured potential from any pHEMA Woundsense 

electrode, as illustrated in figure 3.13. Obtaining this definitive relationship would be a measure 

of the reproducibility of the pHEMA Woundsense electrodes and provide a method of 

quantifying their accuracy (see Section 3.3.5).  

 

Figure 3.13. Principle of 

pHEMA calibration curve. 

 

A calibration curve was obtained using 6 pHEMA electrodes. Each were made identically 

following the method outlined in Section 3.2, where 15µl of HEMA hydrogel mixture was 

deposited onto the electrode contact followed by a 15-minute cure under the UV LED array. 

Each electrode was then placed in a 1M KCl solution to condition for a period of 25 hours, 

after which they were rinsed with DI water and placed in a 40°C oven for 2 hours. Similar to 

the procedure outlined in Section 3.3.1 open circuit potentiometry tests were performed with 

each electrode using KCl DI water solutions of concentrations: 10; 50; and 100 mM, so that 

n=3 for the tests. The potentiometric response of an electrode to each of the test solution 

concentrations was averaged over its three iterations. These values were then averaged over 

the six electrodes for each test concentration. The averaged potentials, V̅, were subsequently 

plotted against the corresponding concentrations, C, and linear regression analysis performed 

to obtain the calibration curve of the form:  
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 �̅� = (𝑚 × 𝑙𝑜𝑔10𝐶) + 𝑐, (3.14) 

as described in Section 3.3.1. Standard deviation was calculated for each test concentration 

with respect to the six averaged potentials (n = 6).    

3.3.5 Accuracy 

The calibration curve described in Section 3.3.4 provides a method of evaluating how accurate 

the pHEMA Woundsense device is in gauging the Cl- concentration of a test solution. This 

investigation used a total of eight (n = 8) pHEMA Woundsense electrodes. Following 

conditioning, each electrode was placed in a 1mM KCl solution for 10 mins to allow the 

pHEMA hydrogel to rehydrate before being utilised for OCP measurements. The electrodes 

were rinsed in DI water, dabbed dry, and connected to the Palmsens potentiostat as described 

in Section 3.3.1. KCl DI water test solutions of concentration 10, 25, 50, 75, 100, 125 mM were 

utilised with each electrode and their potentiometric responses recorded for 120 s in each. 

These responses were averaged over the run time and the value taken as the electrode’s 

response to the test solution. Each potential value obtained could then be substituted into a 

rearranged form of the general calibration curve (equation (3.15)): 

 
𝐶𝐶𝐶 =  10

(�̅�−𝑐)
𝑚 , (3.15) 

to obtain an extrapolated value of concentration, CCC, from the calibration curve. The deviation 

between the extrapolated and known test concentrations: 

 𝜉 = 𝐶𝑇𝑆 −  𝐶𝐶𝐶 , (3.16) 

is then calculated and used as a measure of the device’s accuracy, ξ. In equation (3.16), CTS 

represents the known concentration of the test solution.  
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3.3.6 Selectivity 

Given that human sweat is composed of several ionic species, it was necessary to investigate 

whether any of these would be a significant source of interference within the potentiometric 

tests performed on the pHEMA Woundsense electrodes. As was described in Section 2.4.6, the 

concentration cell configuration utilised by the pHEMA electrode device detects Cl- ion 

concentration via the change in equilibrium potential of the WE which results from the Ag+ 

salt on the electrode surface associating with the Cl- ions within the test solution. The same 

process is also possible if other negatively charged ions (anions) were present within the 

solution, thus changing the equilibrium potential and interfering with the desired signal.  

In order to test to what extent the pHEMA electrodes are able to select the Cl- signal over 

competing anions, OCP tests were carried out with test solutions containing the two other main 

anions found within sweat: bicarbonate (HCO3
-); and lactate (C3H5CO3

-) respectively (167). 

Both were examined separately. To investigate the device’s sensitivity towards HCO3
-, a 1M 

stock solution of NaHCO3
- (Sigma Aldrich, product no: S6014) was created using 20 ml of DI 

water and 1.68 g of NaHCO3
-. Dilutions were then taken from this to create test solutions within 

the range 1 – 100 mM, each 18 ml in volume. 0.04 g of KCl was then added to each of the test 

solutions so that each would have a base Cl- concentration of 30 mM. A sweat Cl- concentration 

less than 40 mM is common and would return a negative result for a CF Sweat Test. OCP tests 

were carried out on the pHEMA electrodes using the Palmsens device in a method identical to 

that described in Section 3.3.1, where the electrode’s potentiometric response to a solution was 

recorded, rinsed in DI water and dried. It was then placed in the next solution ascending in 

concentration and the OCP again recorded. This process was repeated in each test solution an 

additional three times so that n=4. The average potentials over the four iterations were 

calculated and the values plotted against their respective logarithmic concentrations. Linear 

regression analysis was then performed to obtain the electrode’s sensitivity towards HCO3
-.  
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The same method was used to test the electrodes’ sensitivity toward lactate. Test solutions of 

the same concentration range were made using Sodium L-Lactate (Sigma Aldrich, Product No. 

L7022) within DI water starting with 2.24 g of in 20 ml to make a 1M stock solution. The 

dilutions were made and 0.04 g of KCl added to each of the 18 ml solutions to ensure a baseline 

Cl- concentration of 30 mM.       

3.3.7 Diffusion Cell 

To examine the electrode’s capability to detect Cl- ion concentration in a more physiologically 

relevant scenario, a diffusion cell, shown in figure 3.14, was utilised to mimic the transdermal 

diffusion of ions. The cell was developed to provide a platform in which the reverse 

iontophoresis of ions and molecules could be studied (168). It uses a Biotech cellulose ester 

membrane because of its resemblance to invivo properties of human skin including its nano 

porosity and electric charge at pH 7. The membrane is placed taut between two chambers, with 

the lower chamber filled with a HEPES buffered saline solution to help support the pores of 

the membrane and maintain ion transfer through the pores.  

3.3.7.1 HEPES Buffer 

The HEPES buffer was made by adapting the protocol used in previous studies which utilised 

the diffusion cell (168). 2.98g of HEPES and 0.015g of NaCl are initially weighed and added 

to a beaker with 375ml of DI water. The beaker is placed onto a magnetic stirrer, a magnetic 

flea dropped into the solution and the stirrer switched on. Whilst the solution is mixing, an 

InLab Micro Pro pH probe ((Mettler Toledo, USA) is placed into the beaker and sodium 

hydroxide (NaOH) added until the Seven Compact pH meter (Mettler Toledo, USA) attached 

to the electrode showed that the solution had reached pH 7.4. The magnetic stirrer was then 

switched off and the flea removed from the solution. An additional 125ml of DI water was 

added to take the volume of the buffer up to 500ml, meaning the base NaCl concentration is 

0.5mM. This low concentration was chosen so that a wide range of chloride concentrations 

could be explored within the test procedure described in the proceeding section. 
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(a)  

 

(b)  

 

Figure 3.14. (a) Individual components of diffusion cell, including two rubber gaskets and 

two chambers which are held in place by the pair of metal brackets. Not shown here is the 

porous membrane. (b) Diffusion cell fully assembled, with porous membrane placed taut 

between the two gaskets and the chamber filled with a HEPES buffer.   

 

3.3.7.2 Diffusion Cell Methodolgy  

The experimental configuration, shown in figure 3.15, consists of two plastic blocks which 

sandwich a nano porous membrane between two rubber gaskets. The membrane was cut from 
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a roll of Biotech cellulose ester dialysis tubing (Spectra/Por®, Spectrum Labs, CA, USA) 

which is stored in a solution of sodium azide (0.05%). The dialysis tubing had a molecular 

weight cut-off of 100-500 Da and was chosen for its resemblance to human skin. The section 

of tubing was rinsed with DI water and cut along its side to create a flat membrane. This was 

then secured between the two plastic components comprising the diffusion cell, with the rubber 

gaskets ensuring there was a seal. Two metal brackets were then fastened in place with screws 

to secure the configuration. 

 
Figure 3.15. Schematic of diffusion cell experimental configuration.  

 

The cell was filled with 120ml of the HEPES buffer described in the last subsection. The 

electrodes under test were adapted by the addition of a circular aperture with double side tape 

on both its sides, as shown in figure 3.16.  
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Figure 3.16. pHEMA Woundsense electrode adapted with circular aperture to act as a well 

for addition of MC gel mixture. 

 

This provided a well for which 400μl of methylcellulose (MC) gel mixture could be deposited 

over the electrode contacts. The gel mixture consisted of a 0.1M phosphate buffer solution with 

3% premium USP grade MC (Colorcon Ltd, Kent, UK) and 20% ethanol. MC gel was utilised 

as it had previously been used with the apparatus in tests of electrodes of similar on-body use. 

Additionally, it provided a useful medium between the electrode surface and the diffusion cell 

membrane for which the chloride ions could diffuse through.  

A pHEMA electrode was fixed to the membrane using the adhesive surface it already possesses 

(see Section 3.2.3). Further tape can be placed between the electrode’s back and the metal 

bracket of the cell to ensure the electrode stays in place for the duration of the test. The cell is 

positioned such that the membrane and electrode are on the cell’s underside, ensuring there 

was no air bubble present at the membrane barrier. The Palmsens leads were attached to the 

electrode as described in previous sections (Palmsens RE clip to pHEMA QRE and Palmsens 

WE clip to Woundsense WE) and the Palmsens software set to continuously record the OCP. 

A photograph of the experimental setup is shown in figure 3.17. 

The Cl- concentration within the cell was kept at 0.5mM for a period of around 4000s. 2 ml 

additions of KCl solutions were periodically added to the cell via syringe to raise the Cl- 
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concentration over the experimental period. The Cl- concentration within the diffusion cell, C 

(M), was calculated using the equation: 

 𝐶 =
𝑚𝐾𝐶𝑙

𝑉 × 𝑀𝑊𝐾𝐶𝑙
,  (3.17) 

where mKCl represents the total mass of Cl within the cell (g), V is the total volume of liquid 

within the cell (L), and MWKCl
- is the molecular weight of KCl (g/mol). The mass and volume 

terms are iterative as they take into account the periodic 2 ml additions of KCl solutions. 

 

 

 

(a) 

 

(b) 

 
  

(c) 

 
Figure 3.17. (a) pHEMA electrode secured to membrane on underside of diffusion cell using 

additional length of toupee tape. (b) Diffusion cell positioned upright, ensuring air bubbles 

are not present at the membrane surface. (c) Overall experimental setup showing Palmsens 

leads attached to electrode placed on underside of the diffusion cell.  
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3.4 Healthy Volunteer Study 

To examine the electrode’s performance within a physiological environment, it was decided to 

perform a healthy volunteer study(University of Strathclyde Ethics Permission 

DEC.BioMed.2020.288). The pHEMA electrodes would be placed directly onto a piece of 

foam located on the participant’s skin. By using a fully programmable Portable 

Electrochemical Analyser (PEA) used by this research group in previous clinical studies (110), 

the OCP of the electrodes would be monitored and used to gauge the Cl- concentration of an 

artificial sweat solution deposited onto the foam. The Cl- concentration contained within the 

foam was altered during the procedure through the deposition of  NaCl DI water solutions, or 

spikes, in order to examine the electrode’s response to a physiologically relevant Cl- 

concentration range. The following subsections will detail the protocols used to prepare for and 

execute the study. 

3.4.1 Artificial Sweat Solution: Constituent Calculation 

In the absence of a standard, accepted healthy sweat composition, the artificial sweat solution 

used in the study was made by initially setting out the desired components and their respective 

concentrations to roughly match the levels seen in healthy human sweat obtained in the 

literature (6,169). It should be noted that there does not Table 3.1 shows the chemical makeup 

of the solution along with their respective molecular weights and the initial intended 

concentrations within the sweat solution.  
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Table 3.1. Individual components of artificial sweat 

solution with molecular weights and intended 

concentrations. 

Component Molecular 

Weight 

(g/mol) 

Intended 

Concentration in 

Solution (mM) 

Sodium (Na+) 22.990 23 

Potassium (K+) 39.100 10 

Chloride (Cl-) 35.453 16 

Bicarbonate (HCO3
-) 61.020 10 

Lactate (C3H5O3
-) 90.080 10 

Calcium (Ca+) 40.078 1 

Urea 60.060 20 

 

The components of artificial sweat were obtained through the dissolution of the following 

compounds: Sodium Chloride (Sigma Aldrich, Product No. S7653); Potassium Chloride 

(VWR, Product No. 26764.298); Sodium Bicarbonate (Sigma Aldrich, Product No. S6014); 

Sodium L-Lactate (Sigma Aldrich, Product No. L7022); Calcium Chloride (Sigma Aldrich, 

Product No. C1016); and Urea (Sigma Aldrich, Product No. U-1250), within deionised water.  

The weights of the individual components needed to create the intended concentrations 

outlined in Table 3.1 were calculated using the equation: 

 𝑚𝑥 = 𝑉 × 𝐶𝑥 × 𝑀𝑊𝑥 , (3.18) 

where mx is the mass of the component x (g), V is the volume of the artificial sweat solution 

(ml), Cx is the concentration of the component x within the solution (mol/ml), and MWx is the 

molecular weight of the component x (g/mol). Table 3.2 shows the corresponding target masses 

of the constituents needed to fulfil the concentrations of Table 3.1 in a 250 ml solution. 

Table 3.2. Target masses of 

individual component x within 

artificial sweat solution  

Component mtarget  (g) 

Sodium (Na+) 0.132 

Potassium (K+) 0.098 

Chloride (Cl-) 0.142 

Bicarbonate (HCO3
-) 0.153 

Lactate (C3H5O3
-) 0.225 

Calcium (Ca+) 0.010 
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Urea 0.300 

 

The first component considered was bicarbonate as the NaHCO3
- was the only source with 

which the ion could come from. The following steps were adhered to: 

1. The target value of mHCO3
- from Table 3.2 is placed into the equation: 

 
𝑚𝑥𝑦 = 𝑚𝑡𝑎𝑟𝑔𝑒𝑡 𝑥  

𝑀𝑊𝑥𝑦

𝑀𝑊𝑥
, (3.19) 

where mxy and MWxy are the mass and the molecular weight of the compound xy 

respectively. This gives the corresponding amount of NaHCO3
- to be weighed out.  

2. The corresponding amount of sodium ions within the mNaHCO3
- calculated in step 1 was 

obtained using the equation: 

 
𝑚𝑦 = 𝑚𝑥𝑦  

𝑀𝑊𝑦

𝑀𝑊𝑥𝑦
. (3.20) 

3. The value from equation (3.20) was then subtracted from the target sodium amount in 

Table 3.2 to gauge the remaining amount of sodium needed within the solution: 

 𝑚𝑦 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 =  𝑚𝑡𝑎𝑟𝑔𝑒𝑡 𝑦 − 𝑚𝑦. (3.21) 

The next constituent considered was lactate, where its entire allocation would be fulfilled with 

the C3H5NaO3 compound. Steps 1-3 were repeated using the relevant masses and molecular 

weights, ensuring that the value calculated in equation (3.21) was used to give an up-to-date 

value of the remaining Na+ needed. This outstanding amount of Na+ was fulfilled using NaCl, 

utilising equation (3.19) to calculate the relevant quantity of the compound required. In doing 

so the amount of Cl- ions required to meet the target value in Table 3.2 was updated. The 

solution’s allocation of K+ ions was then considered; with KCl the compound being used to 

satisfy it. Steps 1 -3 were followed to obtain the amount KCl which would have to be weighed 

out as well as the outstanding amount of Cl- required. The one remaining compound which 

could be used to fulfil the Cl- need was CaCl2. Step 1 was therefore used to obtain the amount 

of CaCl2 needed to meet the shortfall in Cl-. The value obtained was then placed into equation 
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(3.20) to gauge the mass of Ca+ this would give the solution. This value was greater than that 

set out in Table 3.2, but as it did not raise the concentration of Ca+ in the solution to atypical 

physiological levels it was thought an acceptable compromise. The required mass for Urea 

matches the value given in Table 3.2. 

The total mass of each compound calculated using the steps outlined above are shown in Table 

3.3. Also provided are the corresponding ionic concentrations these amounts would give for a 

250 ml stock solution. 

Table 3.3. Masses of compounds in artificial sweat 

solution and the concentrations of individual ions 

Compound Total Mass (g) 

Sodium Chloride (NaCl) 0.044 

Potassium Chloride (KCl) 0.180 

Sodium Bicarbonate (NaHCO3) 0.210 

Sodium L-Lactate (C3H5NaO3) 0.280 

Calcium Chloride (CaCl2) 0.083 

Urea 0.300 

  

Component Concentration 

(mM) 

Sodium (Na+) 23 

Potassium (K+) 10 

Chloride (Cl-) 16 

Bicarbonate (HCO3
-) 10 

Lactate (C3H5O3
-) 10 

Calcium (Ca+) 3 

Urea 20 

   

3.4.2 Artificial Sweat Solution: Manufacture 

To make the artificial sweat solution, each of the compounds were weighed into individual 

weigh boats according to the masses listed in Table 3.3. 250 ml of DI water was placed into a 

glass beaker using the in-built measuring facility of the DI water dispenser (Milli-Q Integral, 

Merck, Germany). The beaker was placed onto the magnetic stirrer and a magnetic flea dropped 

into the water. The stirrer was switched on and set to 900 rpm. One by one the compounds were 

then mixed into the water, with time given to ensure their dissolution before the next compound 
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was added. Stirring was maintained for 10 minutes following the insertion of the final 

compound. The flea was subsequently removed from the solution and rinsed with DI water. 

The solution was poured into a sealable glass beaker, sealed and placed in refrigerated storage.          

3.4.3 On-Body Tests 

In preparation for their use in the Healthy Volunteer Study on-body testing, electrodes were 

prepared the day prior to a test. 15 µl of HEMA was deposited onto the electrodes and 

polymerised under the UV LED array following the protocol described Sections 3.2.3 – 3.2.4. 

The pHEMA was then conditioned in 1 M KCl for 25 hours before drying in a 40°C oven for 

two hours, see Section 3.2.5. The following subsections detail the protocols used to further 

prepare the pHEMA electrodes for on-body tests as well as the methodology involved in 

carrying out the tests. 

3.4.3.1 Electrode Alterations 

A number of alterations first had to be performed on the pHEMA electrodes to prepare them 

for on-body tests. The width of the Woundsense electrodes were reduced by removing two 

rectangular pieces of the polyethylene substrate either side of the electrode contacts using 

scissors. This process is shown in figure 3.18.  

 

Figure 3.18. Width of 

Woundsense electrode is 

reduced by removing a 

section of substrate to either 

side of the electrode 

contacts. 

 

Elements of Skintact ECG electrodes (DCC Vital, Dublin, ROI) were utilised to further adapt 

the pHEMA electrodes. The circular piece of foam from a Skintact electrode was removed and 
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a hole punch used to reduce its area to 78 mm2. The foam was then stored in a bijou container. 

Immediately before the test procedure begins, a 10-100 µl micropipette (Eppendorf, Hamburg, 

Germany) was used to deposit 100 µl of the artificial sweat solution onto the surface of the 

foam and help it distribute evenly throughout the foam’s volume so that the foam was saturated. 

The bijou container was then covered to store the foam until it was ready to be used. Sections 

3.4.3.2 – 3.4.3.3 detail how the Healthy Volunteer Study test procedure is segmented into 

several parts, with multiple pieces of foam needed. The procedure outlined above was repeated 

for the required number of foam pieces.  

The protective plastic covering was also removed from the Skintact ECG electrodes and a 3 

mm opening made on its domed structure using a hole punch. This provides a portal through 

which additional depositions of solution can be made whilst the test is underway and the foam 

is in contact with the skin. 

3.4.3.2 Artificial Sweat On-Body Protocol 

The electrode was initially placed into a 10 ml KCl solution of concentration 1mM for 6.5 

minutes. As touched upon in Section 3.3.1, this allows the pHEMA gel time to hydrate and the 

measured potential time to equilibrate. When the time had elapsed, the electrode was removed 

from the solution, rinsed with DI water and gently dabbed dry. It was then placed on the surface 

of the lab bench so that the electrode contacts were facing upward. From this point the 

procedure can be split into three segments: Lab Bench 1; On-Body; and Lab Bench 2. The PEA 

was programmed to measure the OCP of the electrode for a period of 89 minutes, via a 

removable SD card. The PEA adapter was attached to the electrode leads, and the device turned 

on. 

The Lab Bench 1 segment of the procedure began by removing a foam segment from its bijou 

container using forceps and placing it over the electrode contacts, similar to the configuration 

shown in figure 3.19 below.  
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Figure 3.19. Schematic of 

configuration used for Lab 

Bench 1 segment of Healthy 

Volunteer Study test. The 

circular piece of foam from a 

Skintact electrode, pre-soaked 

with artificial sweat solution, 

was placed over the electrode 

contacts of the pHEMA-adapted 

Woundsense electrode. 

 

A 0.1 – 2.5 µl micropipette (Eppendorf, Hamburg, Germany) was used to periodically increase 

the Cl- concentration within the foam through the addition of 2.5 µl spikes of NaCl solution 

onto the surface of the foam. Given that the composition and volume of sweat solution within 

the foam was known, these additions of known volumes and concentrations of NaCl, elevated 

the Cl- concentration in the foam to pre-calculated levels. The methodology used to calculate 

the spikes and their effect on the foam Cl- concentration is explained in Section 3.4.3.5. Table 

3.4 provides a breakdown of which spikes were administered with respect to the elapsed time 

on the PEA timer, the concentration of the spikes, and the subsequent Cl- concentration within 

the foam. 

 

Table 3.4. Breakdown of the administration time of 2.5µl NaCl spikes during 

Lab Bench 1 procedure. Also provided is the respective NaCl concentrations 

of the spikes and Cl- concentration within the foam over the procedure. 

 Spike 

No. 

NaCl Spike 

Concentration 

(M) 

Calculated Cl- 

Concentration 

in Foam (mM) 

Time Administered 

(Minutes) 

Start   16.00 00:00 

 1 1 40.00 13:00 

 2 1.5 74.76 18:00 

 3 3.5 154.42 23:00 

End   154.42 28:00 
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Upon conclusion of the Lab Bench 1 segment, the foam was removed from the electrode using 

forceps, the electrode rinsed with DI water and gently dabbed dry.  

The area of the participant’s forearm where the electrode would be placed was swabbed clean 

using an isopropyl alcohol-based swab (e.g. Pre-Injection Swab).  The on-body segment of the 

procedure then began by using forceps to remove an un-used foam from the bijou container 

being used to temporarily store it. The foam was placed on the forearm of the participant and 

the electrode placed over it such that the electrode contacts were touching the foam surface. 

Finally, the plastic dome (removed from the Skintact ECG electrode) was secured over the 

electrode and held in place with medium grade toupee tape located around its rim. A schematic 

of this configuration is shown in figure 3.20 to highlight how the dome’s injection portal had 

to be located over the electrode/foam configuration. Figure 3.21 provides a view of the 

electrode placed on the forearm of the participant and secured by toupee tape. The body site 

was selected to match that of the CF Sweat Test (described in Chapter 1.2.1.1). 

 

Figure 3.20. Schematic view of configuration used for on-

body segment of Healthy Volunteer Study test showing the 

relative positioning of the foam, electrode, and plastic 

covering when viewed from directly above. The latter was 

positioned such that the injection portal provided access to 

a segment of the foam not covered by the electrode. 
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Figure 3.21 Example of how pHEMA electrode with foam 

is positioned and attached to forearm of participant. The 

plastic covering was secured over electrode using medium 

grade toupee tape around its rim. The PEA is shown 

connected to the electrode.  

 

As in the Lab Bench 1 segment, 2.5 µl spikes of NaCl solution were periodically administered 

to increase the Cl- concentration in the foam to pre-calculated levels, which envelops both 

healthy sweat Cl- levels and values typical of CF sweat Cl- levels. The Cl- concentrations of the 

spikes, their administration time, and the resultant Cl- concentrations within the foam are noted 

in Table 3.5. 
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Table 3.5. Breakdown of the administration time of 2.5µl NaCl spikes during 

On-Body procedure. Also provided is the respective NaCl concentrations of 

the spikes and Cl- concentration within the foam over the procedure. 

 Spike 

No. 

NaCl Spike 

Concentration 

(M) 

Calculated Cl- 

Concentration 

in Foam (mM) 

Time Administered 

(Minutes) 

Start   16.00 30:00 

 1 0.5 27.80 37:30 

 2 1 50.95 45:00 

 3 2 96.28 52:30 

 4 2 139.55 60:00 

End   139.55 67:30 

 

On completion of the On-body segment detailed in Table 3.5, the plastic dome was carefully 

removed from the participant’s forearm, followed by the electrode and foam. The area of skin 

was cleaned again using an isopropyl alcohol-based swab. The electrode was rinsed with DI 

water and gently dabbed dry.  

The final segment of the procedure, Lab Bench 2, began by laying the electrode flat on the lab 

bench surface, identically to the configuration of Lab Bench 1. A piece of foam was removed 

from its bijou container and placed over the electrode contacts. The procedure followed for Lab 

Bench 1 was then repeated, with the timings of the NaCl spikes given in Table 3.6 below. 

Table 3.6. Breakdown of the administration time of 2.5µl NaCl spikes during 

Lab Bench 2 procedure. Also provided is the respective NaCl concentrations 

of the spikes and Cl- concentration within the foam over the procedure. 

 Spike 

No. 

NaCl Spike 

Concentration 

(M) 

Calculated Cl- 

Concentration 

in Foam (mM) 

Time Administered 

(Minutes) 

Start   16.00 69:00 

 1 1 40.00 74:00 

 2 1.5 74.76 79:00 

 3 3.5 154.42 84:00 

End   154.42 89:00 
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On completion of the test sequence, the PEA was switched off, its memory card removed, and 

the data moved to secure storage. The data was stored as an Excel spreadsheet, with the 

measured potentials and the elapsed time forming two columns of data. In noting the times at 

which the Cl- concentration was spiked, the data can be separated into the segments of Lab 

Bench 1, On-Body, and Lab Bench 2. The measured potentials within each dataset were then 

allocated to a corresponding Cl- concentration within the foam by noting the time in which they 

were recorded and matching it to the times shown Tables 3.4 – 3.6 above. The average potential 

over these periods was then calculated, and the values taken as the electrode’s response to the 

Cl- concentration at that time. The standard deviation over this time period was also calculated. 

The average potential values, and the standard deviation, were then plotted against their 

corresponding Cl- concentration and linear regression analysis performed to obtain sensitivity 

curves for each part of the procedure.  

The lab bench segments were performed to provide a method of comparison to the data 

recorded for the on-body segment. Extensive self-testing using the DEA with the pHEMA 

electrode to develop the protocol described in this chapter showed that the measured potential 

during LB1 segment was often still equilibrating. This meant it couldn’t provide a reliable 

sensitivity curve to which the On-Body results could be compared. Consequently, the dataset 

acquired from the Lab Bench 2 procedure was used for this purpose.  

Originally, 10 – 20 healthy volunteers had been anticipated to take part in the study. However, 

due to Coronavirus restrictions at the time of investigation, a smaller pool of participants had 

to be utilised. For this reason, a group of four volunteers was used to carry out a total ten 

artificial sweat solution on-body tests following the procedure outlined in this section. 

3.4.3.3 Potential Offset Compensation 

As will be discussed later in Section 5.3, in each HVS study carried out there was an apparent 

offset in measured potential between the On-Body and Lab Bench segments. The magnitude 

of the offset varies for each electrode; however, it appears relatively constant over the 



117 

 

experimental concentration range with On-Body measurements consistently more negative 

than the equivalent Lab Bench measurements. As such, an electrode-by-electrode method of 

compensating this offset was introduced to allow the two datasets to be compared more 

effectively. The steps undertaken were as follows.  

1. The sensitivity of the curve was obtained for the Lab Bench 2 segment through linear 

regression analysis, as described in Section 3.4.3.2. This was of the form:  

 𝑉𝐿𝐵2(𝐶) =  𝑚 × 𝑙𝑜𝑔10𝐶 + 𝑐, (3.22) 

where VLB2 is the value of potential on the Lab Bench 2 linear relationship (V) 

corresponding to the foam Cl- concentration, C (M); m is the gradient, or sensitivity 

(V/decade); and c is the y-intercept. The On-Body Cl- foam concentrations, given in 

Table 3.5, were then substituted into equation (3.22) to obtain the corresponding 

values of potential on the LB2 linear relationship.  

2. The average potential for each concentration in On Body test, VOB, was calculated as 

described in Section 3.4.3.2. 

3. The potential offset, VOffset, between the values obtained in steps 1 and 2 for each 

concentration was calculated.  

 𝑉𝑂𝑓𝑓𝑠𝑒𝑡(𝐶) = 𝑉𝐿𝐵2(𝐶) − 𝑉𝑂𝐵(𝐶), (3.23) 

and a mean value obtained: 

 
�̅�𝑂𝑓𝑓𝑠𝑒𝑡 =  

∑ 𝑉𝑂𝑓𝑓𝑠𝑒𝑡

𝑛
, (3.24) 

Where n is the number of VOffset values calculated using equation (3.23) above. 

4. V̅Offset was used to compensate for the average On Body potential value of each test 

concentration:  

 𝑉𝑂𝐵
∗(𝐶) = 𝑉𝑂𝐵(𝐶) + �̅�𝑂𝑓𝑓𝑠𝑒𝑡 . (3.25) 
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Equation (3.25) then provided the On-Body potential values, corresponding to each Cl- test 

concentration, adapted to account for the offset between themselves and the Lab Bench 2 

potential values.  

3.4.3.4 Accuracy 

The dataset obtained from equation (3.25) can subsequently be utilised to analyse the 

accuracy of the On-Body measurements. This is done in a similar manner to that described in 

Section 3.3.5 where comparisons were made between measured values and an established 

calibration curve. Firstly, the Lab Bench 2 linear equation (3.22) is rearranged so that the 

concentration becomes the subject. Secondly, the values of VOB
* obtained using equation 

(3.25) can be substituted in to obtain a corresponding value of concentration:   

 
𝐶𝑂𝐵

∗ =  10
(𝑉𝑂𝐵

∗(𝐶)−𝑐)
𝑚 . (3.26) 

These extrapolated values of Cl- concentration can then be compared to the equivalent, 

‘known’, Cl- concentrations of the foam during the On-Body procedure, quoted in Table 3.5. 

The accuracy is then given by: 

 𝜉 = 𝐶𝑂𝐵 −  𝐶𝑂𝐵
∗. (3.27) 

3.4.3.5 Cl- Spike Calculator 

To approximate the Cl- concentrations which would arise from the addition of small amounts 

of NaCl solution, a spreadsheet was created which accounted for the initial volume of sweat 

solution within the foam, and the concentration and volume of the additional spike. The purpose 

of the spreadsheet was to make the process as general as possible, so that volumes and 

concentrations could be changed if need be. The spreadsheet utilised the following steps to 

estimate the Cl-concentration in the foam after an initial deposition of NaCl. 

1. Calculate mass of Cl- ions within initial deposition, mCl
-
 initial (g) 

 The first step in approximating the final Cl- concentration within the foam from the addition 

of a NaCl solution to the portal was to calculate the total mass of Cl- within the foam from the 
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primary volume of sweat solution placed on the foam. In Section 3.4.1 the total mass of each 

individual ion needed to make a 250 ml artificial sweat solution with the intended concentration 

was calculated and is shown in Table 3.1. These were denoted Mx, the total mass of ion x within 

the 250 ml solution. From this  the total mass of ion xwithin the initial volume deposited onto 

the foam, mx, was estimated: 

 
m𝐶𝑙− 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑀𝐶𝑙− (

𝑉𝐼𝑛𝑖𝑡𝑖𝑎𝑙

𝑉𝑆𝑡𝑜𝑐𝑘
), (3.28) 

where Vstock and Vinitial are the volumes (ml) of the artificial sweat solution stock and the initial 

foam deposition respectively. 

2. The concentration of NaCl spike solution, Cspike (mol/ml) was chosen 

3. The volume of spike Vspike (ml) was chosen 

4. The mass of Cl- within spike volume was calculated 

From the values chosen in steps 2 and 3 it was then possible to calculate the subsequent mass 

of  Cl- that would be present within the spike volume: 

 𝑚𝐶𝑙− 𝑠𝑝𝑖𝑘𝑒 = 𝑉𝑠𝑝𝑖𝑘𝑒 × 𝐶𝑠𝑝𝑖𝑘𝑒 × 𝑀𝑊𝐶𝑙−, (3.29) 

Where MWCl
- is the molar mass of Cl- (g/mol). 

5. New Cl- concentration within foam calculated 

The total concentration of Cl- within the foam with the addition of the spike could then be 

estimated: 

 
𝐶𝐶𝑙− 𝑓𝑜𝑎𝑚 =  

∑ 𝑚

∑ 𝑉  × 𝑀𝑊𝐶𝑙−
. (3.30) 

In the instance of the addition of the first spike, the total mass was given by: 

 ∑ 𝑚 = (m𝐶𝑙− 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝑚𝐶𝑙− 𝑠𝑝𝑖𝑘𝑒). (3.31) 

Likewise, the total volume of liquid within the foam was given by: 
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 ∑ 𝑉 =  (𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝑉𝑠𝑝𝑖𝑘𝑒). (3.32) 

Steps 2-5 could then be repeated to calculate the foam Cl- concentration for any subsequent 

NaCl spike solutions, ensuring that the values for Ʃm and ƩV are iterated accordingly.  

The same process could also be followed to estimate the concentration of Na+ ions within the 

foam following the deposition of the NaCl spikes by using the corresponding values of MNa
+ 

and MWNa
+ in place of the Cl- equivalent.  

The Cl- spike calculator used is shown in figure 3.22 with the sample values used for the 

Artificial Sweat On-Body procedure detailed in Section 3.4.3.2. 

 

 
Figure 3.22. Excel spreadsheet calculator used to estimate the Cl- 

concentration within the foam in contact with the skin following the 

deposition of a NaCl solution of defined concentration and volume. 

 

3.5 Summary 

Sections 3.2 and 3.3 aimed to detail the materials and the experimental protocols used in the 

manufacture and development of the Cl- sensitive pHEMA Woundsense electrode. The 
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procedures used to prepare for and execute a healthy volunteer study utilising the electrodes 

were also provided in Section 3.4. 
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4. pHEMA Electrode Preparation and Performance 
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4.1 Introduction 

The concept of a Cl- sensor in the form of a concentration cell was introduced in Sections 2.4.6 

and 2.4.7. Key to this concept was the presence of a matrix of fixed Cl- concentration 

enveloping one of the Ag/AgCl electrodes, shown in figure 4.1 (a). Forming a QRE, this would 

act to fix the half-cell potential at the electrode’s surface. Therefore, the measured potential 

between the QRE and WE would be solely dependent upon the potential developed at the 

surface of the WE as a result of the Cl- concentration of the surrounding electrolyte, as shown 

in figure 4.1 (b). In Section 3.2, it was noted that pHEMA hydrogel was utilised as the medium 

to provide the matrix around one of the electrodes due to its ability to intake and retain liquid 

following polymerisation. This configuration is presented in figure 4.1 (c). 

(a) 

 

(b)  

 

 

 

(c) 

 

                    
Figure 4.1. (a) schematic diagram showing the use of a QRE in a Cl- concentration cell. (b) 

visualisation of the potential levels throughout the concentration cell configuration, 

highlighting the effect of the analyte Cl- concentration on the measured potential. (c) schematic 

cross section of Woundsense electrode adapted with pHEMA gel to form Cl- concentration cell 

QRE configuration.                  

  

Through the results of tests detailed in Section 3.3, this chapter reports and discusses the 

development of the pHEMA electrode as a Cl- ion-selective electrode device. It will include 

investigations into the preparation of the gel such as its polymerisation time, its conditioning 
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time, and the concentration of its conditioning solution. The electrode’s performance is 

analysed in terms of its sensitivity toward test Cl- concentrations, its ability to maintain a 

consistent reference potential through potential drift tests, and its reproducibility. In addition, 

the potential of the electrode to be used in a physiological setting is investigated through the 

use of a diffusion cell.         

4.2 UV Bulb Polymerisation 

As was described in Section 3.2.4, a Mercury (Hg) arc bulb contained within an enclosed 

chamber was the initial method used to polymerise the HEMA gel samples deposited onto the 

Woundsense electrode surfaces. The chamber provided an opportunity to conduct a preliminary 

feasibility study to examine the approximate time needed to polymerise the HEMA sample, as 

well as the time needed for the pHEMA to exhibit a sensitivity toward the Cl- concentration of 

test solutions. These results could then be used as a basis from which the gel preparation 

process may be adapted to optimise the electrode’s potentiometric performance.  

4.2.1 Curing Time 

The process of polymerising the HEMA gel within the Hg bulb chamber was outlined in 

Section 3.2.4. Initial attempts at using the Hg bulb chamber focussed on identifying an adequate 

amount of time for the electrodes to be left in the chamber to ensure that the HEMA samples 

had polymerised. It was found that electrodes which had been exposed to the light from the Hg 

bulb for 30 minutes all exhibited a yellow, glassy gel sample when removed from the chamber 

as is shown in figure 4.2. This glassy appearance is characteristic of polymerised HEMA gels 

(170,171).  
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Figure 4.2. pHEMA electrode 

following 30-minute exposure to Hg arc 

bulb. 

 

Given that a polymerisation time of 30 minutes appeared to produce a consistently solidified 

pHEMA sample in the electrodes tested, subsequent electrodes polymerised using the Hg bulb 

cabinet had a cure time of 1 hour to help ensure that polymerisation had been induced 

throughout the gel’s volume. Fixing this variable meant that other aspects of the electrodes’ 

preparation process could be investigated. 

4.2.2 pHEMA Conditioning 

As described in Section 3.2.5 the next stage in the electrodes’ development was the 

conditioning phase, in which the electrode is placed into a KCl DI water solution to allow the 

pHEMA gel to become saturated with the solution. As such, this process was considered to 

consist of two variables: the concentration of the conditioning solution; and the length of time 

in which the electrode is conditioned within the solution. Investigations into the effect the 

concentration of the conditioning solution has on the conditioning process of the gel are 

presented in Section 4.3.2.2. For the purpose of this preliminary feasibility study, the 

concentration of the conditioning solution was set at 3 M KCl, in line with similar studies in 

the literature (70,170). Fixing the concentration of the conditioning solution allowed for 

investigations into the length of time required for the pHEMA to condition within the solution. 

Solidified HEMA sample 

within well 
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Four electrodes were used, with 15 µl of HEMA hydrogel deposited over one of their electrode 

contacts. Each electrode was cured within the Hg bulb chamber for 1 hour, as noted in the 

preceding section, before being placed in a 3 M KCl DI water solution to condition. Electrodes 

1 and 2 were kept in the solution for 90 hours. Electrodes 3 and 4 were removed from the 

solution after 25 hours, a similar conditioning time to that reported in literature (70). 

Following their respective conditioning periods, OCP tests were carried out on each electrode 

following the protocol described in Section 3.3.1. Measurements were made using a Solartron 

1286 Electrochemical Interface (Hampshire, UK). The results of these tests are shown in figure 

4.3.    

  

  
Figure 4.3. Potentiometric responses of four electrodes towards KCl test solutions. (a) and (b) 

show the responses of electrodes 1 and 2 respectively (n = 1). These were conditioned in 3M 

KCl for 4 days before being tested. (c) and (d) show the mean potential responses ± SD (n=3) 

of electrodes 3 and 4 respectively alongside the results of the linear regression analysis 

performed. These were conditioned in 3M KCl for 25 hours and stored dry for 3 days before 

testing. 

 

There is a clear difference in the potentiometric responses of the electrodes in figure 4.3 (a) - 

(b) and those in figure 4.3 (c) - (d). Whereas the latter pair of electrodes display a clear 
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sensitivity toward the Cl- concentration of the test solutions, electrodes 1 and 2 exhibit little to 

no sensitivity.  

The results from figure 4.3 confirmed that the pHEMA electrodes had the capability to act as 

a Cl- sensitive device, with two of the electrodes tested exhibiting very strong sensitivities 

toward the Cl- concentration in the test solutions utilised. However, as touched upon in Section 

3.2.4, the method of polymerisation was altered at an early point in the study. Therefore, the 

information gathered via Hg bulb gel polymerisation could not be directly built upon but 

instead could be used as a reference for further studies. 

4.3 UV LED Polymerisation 

The Hg bulb chamber was replaced by the UV LED array as the method of polymerisation, as 

detailed in Section 3.2.4.1. The differences in the architecture between the Hg bulb chamber 

and the LED array as well as the variation in emission spectra meant that the two curing 

techniques could not be considered equivalent. As such, any information that had already been 

gained about the gel’s polymerisation time and its effect on the subsequent potentiometric 

performance of the device had to be re-examined.  

4.3.1 Curing Time 

To determine the appropriate time to cure the HEMA under the UV LED array, 15 µl of HEMA 

gel solution (detailed in Section 3.2.1) was deposited onto a single electrode, cured under the 

LED array for a set amount of time, before being removed and conditioned in 3 M KCl DI 

water solution for 25 hours (see Section 3.2.5). The electrode then underwent OCP testing, 

according to the protocol described in Section 3.3.1, using DI water test solutions of KCl 

concentration 1 mM, 10 mM, 100mM, and 1 M. The OCP test procedure was repeated a further 

two times for the electrode such that n = 3. The electrode’s mean potentiometric responses 

could then be gauged and its sensitivity toward the test solution concentration calculated. This 

procedure was then repeated for 6 more electrodes, with the curing time for each new electrode 
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incrementally longer than the one examined before. Table 4.1 shows the time each was cured 

under the UV LED array.  

Table 4.1. Duration of 

electrode’s polymerisation 

under UV LED array.  

Electrode 

No. 

Polymerisation 

Time 

(Minutes) 

1 2 

2 5 

3 10 

4 15 

5 20 

6 25 

7 30 

 

4.3.1.1 Results 

Figure 4.4 shows the measured potentials for each electrode’s first OCP test, alongside their 

sensitivity curves obtained using the average potentiometric response to the KCl test solutions. 
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(b) 

  
(c)  

  
(d)  
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(e) 

  
(f)  

  
(g)  

  
Figure 4.4. results obtained for investigation into HEMA gel UV LED polymerisation time. 

(a) - (g) pertain to Electrodes 1 - 7 respectively, whose polymerisation times are shown in 

Table 4.1.  Shown for each electrode examined is: the temporal potentiometric responses of 

the electrode to the KCl test solutions for the initial OCP test performed upon it; and the 

mean potentiometric responses (n = 3) ± SD of the electrode plotted against the KCl 

concentration the test solution. Linear regression analysis is performed and shown where 

appropriate.  
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The measured potentials from the OCP tests of electrodes 1 and 2, figure 4.4 (a) and (b), exhibit 

extremely large initial potential values for each KCl test solution utilised. Electrode 1 returns 

values as large as -8 V when placed into the 1M KCl test solution. If we recall the discussion 

in Section 2.3.6, we know that the measured potential for a Cl- concentration cell configuration 

like this is given by: 

 
𝐸 = 0.059 × log10 (

[𝐶𝑙−(𝑎𝑞)𝑟𝑖𝑔ℎ𝑡]

[𝐶𝑙−(𝑎𝑞)𝑙𝑒𝑓𝑡]
) . (4.3) 

 

If we assume that the Cl- concentration at the QRE and WE electrode surfaces are 3 M and 1 

M KCl respectively then we would expect to see a measured potential of magnitude 

approximately 28 mV. The large initial potentials of 4 - 8 V were continually observed in the 

remaining two OCP iterations for electrodes 1 and 2. In addition, the slow equilibration times 

exhibited mean that the measured potential had often not settled within the 200s measurement 

period. Consequently, the mean potentiometric responses of electrodes 1 and 2 show large 

values of standard deviation and, in the case of Electrode 1, no clear sensitivity toward the Cl- 

concentration of the test solutions. Electrode 5, to a smaller extent, registers large initial 

voltages, however their lower magnitude and fast equilibration means it had little adverse effect 

on the electrode’s performance. In contrast, the remaining electrodes exhibit potentiometric 

responses which are proportionate in magnitude to the relative Cl- concentrations and are 

relatively stable for the test duration. These result in mean sensitivity curves which show a 

strong correlation toward the Cl- concentration of the test solutions.  

Electrodes 4 and 5, in particular, exhibit excellent sensitivity values approaching 50 

mV/decade. This, alongside their steady and consistent potentiometric responses, were factors 

in choosing a cure time of 15 minutes for pHEMA electrodes polymerised using the UV LED 

array. Unless otherwise stated, results quoted in the remainder of this thesis were obtained 

using pHEMA electrodes polymerised under UV LED irradiation for 15 minutes.      
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4.3.1.2 Discussion 

One possible explanation for the behaviour of Electrodes 1 and 2 noted above and shown in 

figure 4.5 (a) and (b), is the disturbance and re-formation of the electric double layer caused by 

the placement of the electrode into the test solution. If we recall from Section 2.4.2, an electric 

double layer forms when a collection of opposing charges gather at either side of the electrode 

- electrolyte boundary leading to the formation of a potential difference between the phases 

(58,154). This is illustrated again in figure 4.5.  

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. (a) Schematic 

representation of Bockris, 

Devanathan, and Muller model of 

the electric double layer caused by 

a metallic electrode in contact with 

an ionic solution, as described in 

Section 2.4.2 (b) The resultant 

potential of the system, ϕ, plotted 

with respect to distance from the 

electrode surface (58,153) 

(b) 
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Rather than an electrode - electrolyte partition like that represented in figure 4.5 (a) above, 

when discussing the potentiometric responses of the pHEMA electrodes in the previous 

subsection, we must consider an electrode - hydrogel partition.  

The potentiometric responses recorded for Electrodes 1 and 2 and shown in figure 4.4 (a) and 

(b), consistently show a large spike in potential at the onset of each test sequence. This 

coincides with the electrodes being placed into the test solution. Of the electrodes reported in 

Section 4.3.1.2, Electrodes 1 and 2, were polymerised for the shortest lengths of time: 2 and 5 

minutes, respectively. This suggests that polymerisation time may affect the degree to which 

the measured potential is disturbed when submerged in a test solution. The hydrogel mixture 

utilised pHEMA to form the polymer network, DMPAP as a photoinitiator, and EGDMA to 

crosslink the network. The latter is required to prevent the hydrophilic polymer network from 

dissolving into an aqueous phase when hydrated (162,172). Studies have shown that the degree 

of polymerisation and the network structure of pHEMA hydrogels polymerised using UV 

irradiation are dependent upon the duration of irradiation (164,173,174). The study conducted 

in (164) reported on the effects of DMPAP photoinitiator concentration on the polymerisation 

rate of thick (up to 2 mm) UV curable hydrogels. The thickness of the pHEMA gels 

investigated in figure 4.4 is ~1 mm. The study found that while DMPAP is an efficient 

photoinitiator for such hydrogels, higher concentrations (> 0.25 wt %) of the substance can 

introduce a screening effect which slows the polymerisation rate of the entire hydrogel volume. 

This happens when the DMPAP closest to the UV source is initially consumed, producing light 

absorbing photoproducts in the process, which attenuates the light penetrating to deeper layers 

of the gel. This may lead to underlying layers of the gel being underpolymerised or completely 

unpolymerised (164). As noted in Section 3.2.1, 0.8g of DMPAP was used to make the stock 

HEMA hydrogel mixture, corresponding to 3.5 wt %. According to the study carried out by 

Glöckner  (164), this would be considered a high concentration. Therefore, the HEMA gel 

mixture used in obtaining the results shown in figure 4.4 in the previous subsection may 
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experience a light screening effect when undergoing UV polymerisation. Consequently, it is 

possible that Electrodes 1 and 2 may not have had sufficient time in which to fully polymerise 

and thus contain a volume of unpolymerised gel, as illustrated in figure 4.6.  

 
 

Figure 4.6. Cross-sectional view of HEMA gel deposited over Ag/AgCl electrode contact. 

Schematic shows the progression of HEMA polymerisation with exposure to UV radiation.  

 

As described in Section 3.2.5, the electrodes are placed in a high concentration KCl DI water 

solution immediately after the UV LED polymerisation process. As such, the gel will be well 

wetted and ion-rich before it is placed into a test solution. An unpolymerised volume within 

the gel would provide a medium in which the ions are highly mobile (175). Consequently, the 

electric double layer which would form between the electrode contact and the unpolymerised 

gel volume would be highly susceptible to disturbance. Placing the electrode into a test 

solution, for example, could disturb the double layer, resulting in the large jumps in the 

measured potential observed in the OCP tests of Electrodes 1 and 2, figure 4.4.   

The more settled and stable potentiometric responses observed in figure 4.4 are obtained from 

electrodes with a polymerisation time ≥ 10 minutes, more than twice as long as Electrodes 1 

and 2’s polymerisation times. These are similar to the times found for complete polymerisation 

for EGDMA-crosslinked HEMA gels in the study conducted in reference (174). They reported 

that complete polymerisation of the gels (whilst in solution) could take 10 - 30 minutes. The 

additional exposure that Electrodes 3 - 7 received in comparison to Electrodes 1 and 2 may 
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have given the gel samples sufficient time to fully polymerise, producing a polymer network 

volume more robust to physical disturbance.    

The consistent and stable potentiometric responses of electrode 4 as well as the strong 

sensitivity it exhibited toward the Cl- test concentration, meant its polymerisation time of 15 

minutes (Table 4.1) was chosen as the polymerisation time for subsequent investigations. 

 

4.3.2 pHEMA Cl- Conditioning 

Following the HEMA hydrogel’s UV polymerisation, it is in a dry and glassy state. The 

hydrogel then undergoes a period of conditioning through immersion in a high concentration 

KCl DI water solution, as detailed in Section 3.2.5. When a crosslinked hydrogel like pHEMA 

is exposed to a solution, the molecular chains of the polymer undergo relaxation, allowing the 

solution to penetrate further into the hydrogel volume (176–178). This process is illustrated in 

figure 4.7, adapted from a study by Brazel & Peppas (176). It is through this mechanism we 

attempt to establish a stable Cl- concentration within the gel barriers above the electrode 

contact, enabling it to be utilised as a QRE. Figure 4.8 shows a pHEMA hydrogel sample before 

and after the conditioning process, where it has gone from a dry, glassy state to a swollen, 

opaque one due to the absorption of the solution.  
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Figure 4.7. Schematic of water sorption progression in an initially dry, 

glassy pHEMA hydrogel. Adapted from (176).  

 

(a) 

 

(b) 

 
Figure 4.8. Woundsense electrode with: (a) dry, glassy pHEMA hydrogel before KCl DI 

water solution conditioning; (b) swollen, opaque pHEMA after conditioning.  

 

As figure 4.7 suggests, the point at which the hydrogel has become fully saturated is dependent 

upon the length of time it is in contact with the solution. The methods used to investigate and 

quantify the conditioning process were detailed in Section 3.3.2. Whilst the pHEMA hydrogel 

electrode is conditioning in the KCl DI water solution, its OCP is measured with respect to a 

commercial 3M KCl Ag/AgCl RE. A plot of the pHEMA electrode’s potential throughout the 

conditioning period is subsequently obtained. Equation 4.2 recalls the rearranged Nernst 
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equation introduced in Section 3.2.3, where CWE and CRE represent the Cl- concentrations at the 

surfaces of the electrodes connected to the WE and RE leads of the potentiostat respectively.  

 
𝐶𝑊𝐸 =  𝐶𝑅𝐸 × 10

( − 
𝑉𝑚𝑒𝑎𝑠
0.059

)
. (4.2) 

By substituting the measured potential values, Vmeas, into equation 4.2, an estimate of the Cl- 

concentration forming within the gel barrier layers can be made. We can, therefore, plot a 

profile of the Cl- concentration with time, allowing us to gauge how it evolves over the 

conditioning period. It has been stipulated in previous chapters that the pHEMA electrode must 

possess a steady and consistent potential in order perform the role of a QRE. Within the plots 

obtained from the conditioning process this should be characterised by a sustained plateau in 

both measured potential and estimated Cl- concentration within the effective barrier of the 

pHEMA hydrogel. The plots can therefore be used to gauge the appropriate length of the 

conditioning time. 

4.3.2.1 3M KCl Conditioning: Results  

Initial investigations into the preparation of the gel utilised a 3 M KCl DI water conditioning 

solution, as detailed earlier in Sections 4.2 and 4.3.1. Figure 4.9 shows the profiles obtained 

for a pHEMA electrode for this conditioning process. In figure 4.9 (a) the measured potential 

during the conditioning process can be split roughly into two segments: a phase which lasts 

approximately 20 hours displaying an equilibration from an initial large potential magnitude of 

~8 V; and a more settled potential which maintains for the duration of the conditioning period. 

From figure 4.9 (b) we see that the large potentials registered in the initial phase result in such 

high estimated Cl- concentrations that they far outweigh the 3 M KCl available from the 

conditioning solution. This suggests there is another process at play, possibly a double layer 

effect, which is causing such large values to be recorded.  
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(a) 

 
(b) 

 
Figure 4.9. Conditioning profiles of electrode in 3 M KCl solution. (a) Measured 

potential of pHEMA electrode with respect to commercial RE. (b) Effective 

barrier Cl- concentration estimated within pHEMA hydrogel. 

 

Figure 4.10 provides a more scaled view of the profiles after the initial equilibration phase. 

Here it is evident that there is a distinct peak in measured potential, and a trough in estimated 

barrier Cl- concentration after 40 hours of conditioning.  
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(a) 

 
(b) 

 
Figure 4.10. Enhanced views of 3 M KCl conditioning profiles showing (a) the 

peak in measured potential of pHEMA electrode and (b) the trough in the 

effective barrier Cl- concentration of the hydrogel.   

 

In the previous subsections of this chapter, the conditioning period was arbitrarily set at 25 

hours. From figure 4.10 we can see that this point coincides with a period of flux both in 

measured potential and estimated barrier Cl- concentration. The latter appears to be very rapid 

after 25 hours, suggesting that by this point, the effective barriers of the hydrogel had not yet 

reached a steady Cl- concentration. After 65 hours of conditioning in the 3 M KCl solution, the 

measured potential appears to be plateauing, though this is less pronounced in the estimated 

barrier concentration. To further assess the effects of 3 M KCl conditioning time, the 

potentiometric performances of two electrodes were compared.  Figures 4.11 and 4.12 display 
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the Cl- sensitivity curves of electrodes with pHEMA QREs conditioned in 3M KCl DI water. 

The electrode shown in figure 4.11 was conditioned for 25 hours, while the electrode shown in 

figure 4.12 was conditioned for 90 hours, where the measured potential would be expected to 

have plateaued. It should be noted that different test concentrations are utilised in the tests 

shown in figures 4.11 and 4.12 as they were performed at different stages of the investigation 

into the pHEMA hydrogel. As explained in Section 3.3.1, the test concentration range narrowed 

as the project progressed to reflect typical sweat Cl- levels. The data shown in figure 4.12 was 

collected at a later stage than that in figure 4.11.   

  
Figure 4.11. Sensitivity curve of electrode 

cured in 3M KCl for 25 hours. Data points 

represent the mean potentiometric responses 

± SD (n = 4) to test solutions. Results of 

linear regression analysis performed are also 

shown. 

Figure 4.12. Sensitivity curve of electrode 

cured in 3M KCl for 90 hours. Data points 

represent the potentiometric responses (n = 

1) to test solutions. 

 

There is a marked difference in the potentiometric responses shown in the figures above. The 

electrode with pHEMA QRE conditioned for 25 hours, figure 4.11, shows a clear, near 

Nernstian sensitivity toward the Cl- test concentration. This is similar to those shown in 

previous sub sections (figure 4.3 (c) and (d), Section 4.2.2; and figure 4.4 (d), Section 4.3.1.1) 

of electrodes also conditioned in 3 M KCl for 25 hours. Contrast this with the lack of sensitivity 

displayed by the electrode conditioned for 90 hours in figure 4.12. Recall from Section 4.2.2, 

figure 4.3 (a) and (b), that similar responses were measured from electrodes conditioned for 90 
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hours in 3 M KCl, following Hg bulb polymerisation. Perhaps counterintuitively, the electrode 

conditioned for a period of time which would allow for a steady reference potential to form 

shows little-to-no sensitivity toward Cl- test solutions. This suggests that conditioning the 

pHEMA hydrogel for a prolonged period may have an adverse effect on the potentiometric 

performance of the electrode. The possible reasons for this are discussed in Section 4.3.2.3.  

The lack of sensitivity exhibited by the electrode in figure 4.12 coupled with the large flux in 

effective barrier Cl- concentration after 25 hours of conditioning, suggested that it may not be 

suitable to use a 3 M KCl solution to condition the pHEMA hydrogel. The proceeding 

subsection investigates how the conditioning profiles are affected by altering the concentration 

of the conditioning solution. 

 

4.3.2.2 Altering Conditioning Solution Concentration: Results 

Using the same protocol as that used to obtain the 3 M KCl conditioning profiles in Section 

4.3.2 above, the potentials of two pHEMA electrodes were measured against a commercial 3 

M KCl RE whilst they conditioned in 1 M and 2 M KCl DI water conditioning solutions, 

respectively. Figure 4.13 shows the conditioning profiles obtained from these observations, 

alongside the 3 M KCl profile from the previous subsection. The corresponding calculations of 

the pHEMA gel barrier Cl- concentration are shown in figure 4.14. 
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(a) 

 
(b) 

 
Figure 4.13. Potentials of three pHEMA electrodes, each measured against a 

commercial RE, whilst conditioning in KCl solutions of concentration 1 M, 2 M, 

and 3 M respectively, (a) Potentials recorded over full measurement period. (b) 

Focus on the time periods in which there are peaks in the measured potentials. 
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Figure 4.14. Effective barrier Cl- concentrations estimated within pHEMA gel 

electrodes throughout their respective conditioning processes.  

  

The key findings from figures 4.13 and 4.14 are summarised in Table 4.2. From figure 4.13 (a) 

it is apparent that each of the profiles follow roughly the same pattern: an equilibration from 

an initially large potential, before reaching a peak, and gradually plateauing in potential. 

However, attributes such as the location of the potential peak and the rate of change of potential 

change are different for each profile. Examining the initial equilibration phase, we see from 

figure 4.13 (a) that the 1 M and 2 M KCl profiles undergo a much more rapid equilibration 

compared to the 3 M KCl profile. The peak in measured potential for the 1 M KCl concentration 

occurs quickest after around 10 hours, followed by the 2 M KCl profile at around 23 hours, and 

the 3 M KCl at 40 hours. Additionally, the peaks of the latter two concentrations are drawn out 

and elongated. This makes the plateauing in potential a more gradual process. In contrast, the 

peak of the 1 M KCl profile is pronounced, exhibiting a sharp decline followed by a consistent 

plateau for the remainder of the observation period. When viewed in the context of the effective 

barrier concentration in figure 4.14, a similar pattern emerges. The potential peak corresponds 

to a trough in estimated effective barrier concentration, as was previously seen with the 3 M 

KCl profiles in the previous subsection. Unlike the 3 M profile, where the effective barrier 

concentration is slow to recover following the trough, the 1 and 2 M KCl profiles in figure 4.14 
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exhibit a marked increase in the estimated Cl- barrier concentrations. The 1 M KCl profile 

reaches a steady concentration of magnitude similar to that of the conditioning solution after 

around 25 – 30 hours of conditioning. This suggests that the pHEMA hydrogel has become 

saturated with Cl- ions and the electrode possesses a stable potential. Recalling figure 4.1 (b) 

and (c), Section 4.1, this is a key criterion for the electrodes use as a QRE within a Cl sensor. 

Contrast this to the estimated effective barrier concentration of the 3 M KCl profile where after 

65 hours of conditioning the concentration has reached a magnitude of around 0.2 M, a fraction 

of the 3 M conditioning solution concentration. In addition, the estimated concentration has not 

plateaued by this point, suggesting that a steady effective barrier Cl concentration has not yet 

been reached. These factors may help explain the poor potentiometric performances of 

electrodes with pHEMA QREs conditioned in 3 M KCl in excess of 65 hours, such as figures 

4.3 (c,d) in Section 4.2.2, and figure 4.4 in Section 4.3.2.1. Possible reasons as to why the 3 M 

KCl conditioning profiles behave this way are explored in the proceeding discussion. 

Table 4.2. Summary of conditioning profile characteristics with respect to conditioning 

solution concentration. 

Conditioning 

Solution 

Concentration 

(M) 

Approximate time of 

measured potential peak / 

estimated barrier Cl- 

concentration trough 

(Hours) 

 

Notes 

 

 

 

3 

 

 

 

40 

 Prolonged period to reach potential 

peak/concentration trough 

 No indication of steady Cl- 

concentration within gel barrier 

after 65 hours of conditioning 

 Estimated barrier Cl- concentration 

at very low levels 

 Poor potentiometric performance of 

electrodes conditioned in 3M KCl 

for prolonged period 

 

2 

 

23 
 Indications of stable Cl- 

concentration being reached after 65 

hours of conditioning 

  Magnitude of estimated barrier Cl- 

concentration approaching that of 

the conditioning solution 
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Conditioning 

Solution 

Concentration 

(M) 

Approximate time of 

measured potential peak / 

estimated barrier Cl- 

concentration trough 

(Hours) 

 

Notes 

 

1 

 

10 
 Stable measured potential / 

estimated Cl- concentration 

observed after ~25 hours of 

conditioning 

 Magnitude of estimated barrier Cl- 

concentration approaching that of 

the conditioning solution 

 Consistent potentiometric responses 

with good sensitivity obtained from 

electrodes conditioned in 1 M KCl 

for 25 hours (See Section 4.4). 

 

4.3.2.3 Discussion 

It is possible that the large initial potentials measured in the initial stages of the conditioning 

process, figure 4.13, is the result of a double layer effect. Notably, there is interest in the use 

of certain polymers to form electric double layer capacitors (EDLC), or supercapacitors. 

Conventional capacitors store energy within a dielectric material via an electric field, where 

the capacitance is given by: 

 
𝐶 =

𝜀𝐴

𝑑
, (4.3) 

where ε is the absolute permittivity of the dielectric (F m-1), A is the surface area of the capacitor 

(m2) plates, and d is the separation between them (m). EDLCs utilise electrode materials with 

large surface areas, like porous hydrogels, to store energy through the enhanced double layer 

effect which occur when they come in contact with an electrolyte solution (175,179–181). This 

is illustrated in Figure 4.15.  
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(a) 

 

 

 

 

 

 

 

 

 

(b) 

 
Figure 4.15. schematic representations of electric charge storage in: (a) a 

conventional capacitor, through the generation of an electric field within a 

dielectric material; and (b) an electric double layer capacitor (EDLC) utilising 

the large surface area of a porous material to enhance the electric double layer 

effect detailed in Section 2.4.2. Adapted from (175).   

 

It should be noted that normal metallic electrode contacts will not be perfectly smooth, as is 

illustrated in figure 4.15 (a) above and will contain imperfections which increase their surface 

area. The extent of this in comparison to the materials used to create EDLCs, however, is 

insignificant. Such a device was developed using UV polymerised pHEMA hydrogel in study 

conducted by Kim, Kannan, and Chung (182). Whilst conventional dielectric capacitors 

typically have capacitances in the nF to µF range, capacitors exploiting materials with large 

surface areas and electrolytes can have capacitances ranging from 10 µF - 100 mF (183,184). 

Typically these have operating potentials of around 1 - 100 V (183). Capacitance is defined as 

the ratio of charge, Q, to the voltage, V, across the capacitor, meaning capacitors utilising 

materials of large surface area can store ~10 C of charge (183).  
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Using the Palmsens potentiostat to perform an impedance spectroscopy reading on the pHEMA 

electrode when it is first placed into the conditioning solution, it was estimated that the 

capacitance of the configuration during this period could be as high as 0.7 mF, comparable to 

the magnitudes of the capacitors utilising materials of large surface areas quoted above. 

Although this was not investigated in depth in the current work programme, such tests 

suggested that the capacitive properties of the sensor are high and initial currents could 

subsequently have large spikes from C×dV/dt capacitive current effects. It is plausible, 

therefore, that the large potentials recorded in the initial stages of the pHEMA hydrogel’s 

conditioning could be the result of the formation of electric double layers enhanced by the large 

surface area of the pHEMA. 

Another point of interest is that of the variation between the conditioning profiles shown in 

figures 4.13 and 4.14 which hint that the concentration of the conditioning solution affects the 

dynamics of the solution’s uptake within the hydrogel. It is worth considering first the 

relationship between the concentration of the conditioning solution and the time taken to record 

a steady effective barrier concentration. Assuming that the penetrant transport through the 

hydrogel is purely dictated through Fick’s 1st law, equation 4.4, then one would expect a steady 

state to occur, and a steady concentration to be measured, more rapidly with increasing 

concentration of conditioning solution.  

 
𝐽 = −𝐷

𝜕𝐶

𝜕𝑥
. (4.4) 

Here, J is the flux of penetrant (m-2s-1), D is the diffusion coefficient (m2s-1), and C is the 

concentration of the penetrant (M). Conversely, in figure 4.14, there is an apparent delay in the 

time taken to reach a steady effective barrier concentration with increasing conditioning 

solution concentration. Studies have found that the transport of solutes through swellable 

hydrogels such as pHEMA may be non-Fickian in nature and dictated by the relaxation of the 

polymer as it transitions from a glassy to a swelled state, termed Case II transport (185,186). 
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Often, however, it is the case that the penetrant transport through a hydrogel is a combination 

of Fickian and Case II (178,187), mathematically described by the relationship (176,188):   

 𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷1,2

𝜕𝐶

𝜕𝑥
− 𝑣𝐶1), (4.5) 

where C1 is the concentration of penetrant, D1,2 is the diffusion coefficient, and v is the velocity 

(ms-1) of the penetrant front. The “-vC1” term characterises the constant velocity Case II 

transport of the system. Hopfenberg and Frisch (188) studied the transport of hydrocarbons 

through glassy polystyrene. They found that Case II transport occurred when penetrant activity 

was relatively high (activity: 0.5 – 1), and was accompanied by time dependent anomalies in 

diffusion (188). Studies have demonstrated that Case II transport can occur in pHEMA 

hydrogels including those containing PVP (176,178), similar to the composition used in our 

investigations. This may explain the apparent increase in the time taken to reach a steady 

concentration with the increase in conditioning solution concentration observed in figure 4.14. 

Further study would be needed to investigate this.  

Another point of interest during the conditioning studies, and previously in Section 4.2.2, is the 

poor potentiometric performance of the electrode conditioned in 3 M KCl for 90 hours, figure 

4.12. A study conducted by Lee and Bucknall (173) examined the swelling behaviour and 

network structure of UV polymerised hydrogels. It found that immersion in high concentration 

saline solutions for prolonged periods led to the partial disintegration of the polymer networks 

of n-vinyl-2-pyrrolidone (VP) and HEMA hydrogels (similar composition to the hydrogel used 

in our studies). In addition, they noted that cracking may occur when the hydrogel is exposed 

to the saline solution. This is known as crazing, and was also noted by Hopfenberg and Frisch 

(188), among others (176,178), to occur when penetrants of high activity (defined by the 

authors as 0.85 – 1) (188) apply stress to the dry polymer network as they are absorbed. In 

these scenarios, therefore, the hydrogel’s ability to act as a matrix to retain a steady Cl 

concentration and perform as a QRE, could be compromised. This may explain the poor 
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potentiometric performances of electrodes conditioned in 3 M KCl solutions for prolonged 

periods of time.  

These points suggest that there is a balance to be struck when conditioning the pHEMA 

hydrogel, between ensuring that the barrier gel layers possess a steady Cl concentration and 

limiting the time in which it is exposed to the potentially destructive saline solution. 

Consequently, a 3 M KCl conditioning solution was deemed unsuitable for this application. 

Examining again the effective barrier Cl- concentrations estimated, shown in figure 4.16 after 

20 hours, we can see that although the barrier gel layers exposed to the 2 M KCl solution exhibit 

an equilibrium Cl concentration, this is only after 65 hours of conditioning. This could be 

considered a prolonged period time and therefore potentially damaging to the gel. 

 
Figure 4.16. Effective barrier Cl- concentrations estimated within pHEMA 

gel electrodes during the latter stages of the conditioning processes. 

 

In addition, the need to wait for a minimum of 65 hours for hydrogel electrodes to condition is 

impractical in terms of their manufacture and subsequent testing. In figure 4.16, it is clear that 

the only suitable candidate for conditioning solution concentration is the 1 M KCl solution, 

which takes around 25 hours to reach a steady estimated Cl- concentration. As such, pHEMA 

electrodes for subsequent tests and analyses, unless otherwise stated, were conditioned in a 1 

M KCl solution for 25 hours.    
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4.4 Calibration Curve 

With the hydrogel’s conditioning process established, the next stage of the sensor’s 

development involved obtaining a calibration curve for the pHEMA Cl- sensor. The protocol 

described in Section 3.3.6 was used to examine pHEMA electrodes conditioned in 1 M KCl 

for 25 hours. The purpose of this was to provide a mechanism through which a Cl- concentration 

could be obtained from a measurement of potential, as illustrated in figure 4.17. Consequently, 

the sensor could be used to determine the Cl- levels in ‘unknown’ samples such as human sweat.  

 

Figure 4.17. principle of 

calibration curve. 

 

4.4.1 Results 

The calibration curve shown in figure 4.18 was obtained using the average potentiometric 

responses of six pHEMA Cl- sensors toward KCl DI water test solutions of concentration 10, 

50 and 100 mM respectively.   
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Figure 4.18. Calibration curve obtained from six pHEMA electrodes. Data 

points represent mean potential ± SD (n = 6). KCl test solutions of 

concentrations 10, 50, and 100 mM were utilised. Results from linear 

regression analysis performed on each dataset are also given.  

 

Table 4.3. Mean potentiometric responses (n = 6) recorded for 

each test solution concentration. Data was used to obtain 

calibration curve. 

Test Solution Concentration 

(mM) 

Mean Potential 

(mV) 

SD  

(± mV) 

10 110.98 5.44 

50 64.03 0.97 

100 47.23 0.72 

 

The electrodes used to obtain the calibration curve in figure 4.18 each exhibited a high degree 

of sensitivity toward the Cl- concentration of the test solutions. This is illustrated in the near 

Nernstian sensitivity of 64.34 mV/decade obtained from the linear regression analysis 

performed on the mean potentiometric responses of the electrodes. This compares well to the 

reported sensitivities of 58 mV/dec and 58.5 mV/dec of Cl- sensitive hydrogel electrodes from 

the literature (70,75) (Section 1.3.2.3). The study by Dam et al (70) uses a similar pHEMA 

hydrogel mixture to create a pseudo RE. This however was conditioned in a 3M KCl solution 

for 24 hours, a conditioning concentration which did not produce electrodes with good 

potentiometric performance when examined with the pHEMAWoundsense electrode, as 

described the previous sub-section. Choi et al (75), on the other hand, utilised a UV-curable 
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resin to provide the matrix structure over their pseudo RE. Their device was reported to have a 

sensitivity of 58.5 mV/dec toward the Cl- concentration of test solutions. Additionally, the 

consistency of the potentiometric responses of the electrodes toward the test solutions results 

in small levels of deviation across the six electrodes utilised, as is shown in Table 4.3. This 

provides a degree of confidence that the electrodes are reproducible, and that the linear equation 

obtained may be used as the method of measuring the Cl- concentrations of test samples. As 

such, the calibration curve can be obtained by rearranging the equation shown in figure 4.18:  

 
𝐶 =  

(𝑉 + 18.14)

−64.34
. 

 
(4.6) 

Bearing in mind the x-axis in figure 4.18 accounts for the logarithmic concentrations of the test 

solutions, the calibration curve becomes: 

 
𝐶 =  10

(𝑉+18.14)

−64.34 . (4.7) 

 

Here, C is the Cl- ion concentration of the test solution (M) and V is the measured potential 

(mV). Equation 4.7 will be used in proceeding chapters as a method of analysing the accuracy 

of the electrodes’ sensitivity toward Cl-.  

4.5 Accuracy 

The calibration curve given by equation 4.7 was used to gauge the accuracy of newly 

conditioned electrodes in returning a Cl- concentration. This was performed according to the 

protocol described in Section 3.3.5 where, following their conditioning process, electrodes 

were first placed in a KCl DI water solution of 1 mM concentration to allow their potential to 

equilibrate. The sensors’ average potentiometric response toward KCl test solutions of 

concentrations of 10, 25, 50, 75, 100 and 125 mM was calculated and placed into an adapted 

version of equation 4.7 to obtain the corresponding concentration: 

 
𝐶𝐶𝐶 =  (10

(𝑉+18.14)
−64.34 ) × 1000, (4.8) 
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where CCC denotes the concentration extrapolated from the calibration curve in mM and V the 

average potentiometric response to the test solution in mV. The value obtained was then 

compared to the known concentration of the test solution, CTS:   

 𝜉 = 𝐶𝑇𝑆 − 𝐶𝐶𝐶 . (4.9) 

 

The value of ξ, therefore, is a measure of the accuracy of the sensors. In total, eight electrodes 

were used to collate values of ξ for each test concentration.  

A similar method was employed to assess the deviation of the measured voltage from the 

calibration value. To do so, equation 4.8 was rearranged and adapted such that the subject, VCC, 

provided the voltage values on the calibration curve corresponding to the test solutions 

concentrations utilised:  

 
𝑉𝐶𝐶 =  (−64.34 × 𝑙𝑜𝑔10 (

𝐶𝑇𝑆

1000
)) − 18.14, (4.10) 

 

This process is illustrated in figure 4.19. Table 4.4 provides the values of VCC obtained by 

placing the test concentrations into equation 4.10. 

 

Figure 4.19. Illustration of 

process to obtain calibration 

curve potentials (VCC) 

corresponding to the test 

solution concentrations (CTS) 

used in accuracy study. 
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Table 4.4. Calibration curve 

potentials, VCC, corresponding 

to KCl test concentrations, 

CTS, calculated via equation 

4.10.  

CTS (mM) VCC (mV) 

10 110.54 

25 84.93 

50 65.50 

75 54.24 

100 46.20 

125 39.96 

  

The VCC values shown in Table 4.4 were used in conjunction with the calculated mean 

potentiometric response of the electrode toward a test solution, V, as a further method of 

examining the measurement accuracy of electrodes in comparison to the calibration curve. 

 𝛿 = 𝑉𝐶𝐶 −  𝑉 (4.11) 

 

Figure 4.20 shows a series of box plots examining the spread of values of ξ and δ obtained for 

each test solution concentration.  
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(a) 

 

(b) 

 
Figure 4.20 Boxplots displaying the array of values obtained to gauge the measurement 

accuracy toward KCl test solutions (concentrations provided in the legend). Each boxplot 

represents data acquired using n = 8 pHEMA Cl- sensors. (a) The spread of ξ values obtained, 

representing the difference between the known concentration of the test solution, CTS, and 

that extracted from the calibration equation, CCC. (b) The spread of δ values obtained, 

representing the difference between the known calibration curve value of potential, VCC (see 

figure 4.19) and the measured potential, V.   

  

4.5.1 Discussion  

Figure 4.20 (a) shows that as the KCl test concentration increases, then the spread of 

concentration values returned by the sensor via equation 4.10 becomes wider. However, figure 

4.20 (b) shows that over the same range the disparity in measured potential from calibration 
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potential becomes smaller. The logarithmic nature of the Nernst equation means that for larger 

concentrations, small variations in measured potential are magnified when they are placed into 

equation 4.10 to obtain a concentration. To demonstrate this, Table 4.5 shows the effect that 

changing the measured potential by just 1 mV has on the resultant concentration extrapolated 

for the 10, 50, and 100 mM KCl test solutions.  

Table 4.5. Demonstration of how the magnitude of the test 

concentration can lead to a larger ξ values.  

KCl Test Solution 

Concentration 

(mM) 

VCC 

(mV) 

δ 

(mV) 

CCC 

(mM) 

ξ 

(mM) 

10 110.54 -1 10.36 -0.36 

1 9.65 0.35 

     

50 65.50 -1 51.95 -1.95 

1 48.36 1.64 

     

100 46.20 -1 103.64 -3.64 

1 96.48 3.52 

 

Table 4.5 shows that a deviation of 1 mV from the value of VCC for 100 mM KCl test solution 

will result in a measurement error ten times that an identical deviation in voltage would cause 

for the 10 mM KCl solution. This explains why the largest spread of ξ values displayed in 

figure 4.20 (a) originate from the 100 and 125 mM KCl solutions. It should also be noted that 

both these distributions are shifted into the positive half of the graph, meaning that the 

extrapolated concentrations values gained tended to be slightly undervalued. The calibration 

curve was obtained using test solutions of 10, 50, and 100mM, therefore it cannot be certain 

that the linearity extends to 125mM and the consistent undervalued concentrations may be the 

result of this. However, the measured potentiometric response toward any of the concentrations 

utilised was never more than 10 mV away from the value on the calibration curve. Although 

larger deviations will unavoidably occur from higher concentrations, the consistency in the 

potentiometric responses from electrode to electrode is encouraging. Figures 4.20 (a) and (b) 

demonstrate that conditioning the pHEMA electrode in 1 M KCl for 25 hours produces a device 
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which has very consistent potentiometric responses to a Cl- concentration range of 10 – 125 

mM which envelopes both healthy and elevated CF sweat Cl- – related values. The reference 

values used for sweat test CF diagnoses, noted in Section 2.2.3.1, are provided again in Table 

4.6. This shows that the Cl- sensors are reproducible and provide a consistency enabling them 

to be used in a healthy volunteer study and potentially form the basis of a commercial device.  

Table 4.6. Reference values for sweat chloride for diagnosis of 

CF (10) 

Diagnosis Chloride Concentration (mmol/L) 

Negative < 40 

Borderline/Indeterminate 40-60 

Consistent with CF > 60 

 

4.6 Potential Drift Studies 

Potential drift observations were carried out to investigate the extent to which Cl- ions were 

able to diffuse out from the pHEMA matrix over time. As explained in Section 2.4.8, when the 

gel is exposed to a test solution a concentration gradient will form between the high Cl- 

concentration within the effective barriers of the hydrogel and the comparatively low Cl- 

concentration of the surrounding solution. This gradient acts to draw the ions out of the gel, 

according to Fick’s laws of diffusion, potentially altering the barrier Cl- concentration and 

causing the reference potential to drift. As such, this section investigates the pHEMA gel’s 

susceptibility to this occurrence. Using pHEMA electrodes conditioned in 1 M KCl for 25 

hours, tests were performed according to the protocol outlined in Section 3.3.3. The OCP of 

the pHEMA electrode was measured against the 3 M KCl commercial reference electrode 

whilst it was placed in a KCl DI water test solution over an 8 hour period. 
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4.6.1 Results  

Figure 4.21 (a) shows the measured potential of three pHEMA electrodes placed within test 

solutions of concentration: 50, 75, and 125 mM KCl respectively. Figure 4.21 (b) provides the 

effective Cl- barrier concentrations over the same period estimated using the measured 

potentials. Figure 4.21 (a) shows that the measured potential of the electrode increases at a 

steady rate after around 1 hour of observation. When viewed in the context of the estimated 

effective barrier Cl- concentration within the hydrogel, figure 4.21 (b), this period translates as 

a sustained decline in estimated Cl- concentration. Focussing on the measured values over the 

first 2 hours of observation, as illustrated in figure 4.22, there is a period of stability for 

approximately 1 hour after the electrode is immersed in the test solution.   
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(a) 

 
(b) 

 
Figure 4.21. (a) Measured potential of pHEMA electrodes (vs 3 M KCl commercial 

reference) whilst placed in KCl DI water test solutions. (b) corresponding effective 

barrier Cl- concentration estimated over the observation period. 
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(a) 

 
(b) 

 
 Figure 4.22. (a) Initial 2 hours of measured potential of pHEMA electrodes (vs 3 M 

KCl commercial reference) whilst placed in KCl DI water test solutions. (b) 

corresponding effective barrier Cl- concentration estimated over same observation 

period. 
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The device reported by Choi et al (75) was able to maintain a constant reference potential for 

a longer period than the pHEMA electrode, exhibiting a constant potential for 2 hours. 

Although the potential drift exhibited in figure 4.21 (a) after approximately 1 hour of 

immersion markedly affects the reference potential for the remaining observation period, the 

rate of drift appears fairly constant. As such, it is conceivable that the drift could be accounted 
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convenience, is taken at the 1-hour mark then we can calculate the difference in potential, ΔV, 

between here and the final reading after 8 hours: 

 ∆𝑉 = 𝑉𝑡=8 −  𝑉𝑡=1 (4.12) 

 

Between t =1 hour and t = 8 hours, 2520 data points are registered. The measured potentials 

which lie within this range, Vn, can then be altered to account for the potential drift: 

 
𝑉𝑑𝑟𝑖𝑓𝑡_𝑎𝑐𝑐𝑜𝑢𝑛𝑡𝑒𝑑 = 𝑉𝑛 − 

𝑛 × ∆𝑉

2520
, (4.13) 

 

where n is an integer between 1 and 2520. Figure 4.23 shows the results of using this technique 

to alter the measured potentials shown in figure 4.21 (a). 

(a) 

 
Figure 4.23. Measured potential of pHEMA electrode (vs 3 M KCl commercial 

reference) whilst placed in KCl DI water test solutions. Potential drift subtracted from 

measured potential values after 1 hour.  

     

Figure 4.23 shows that by accounting for the potential drift through the use of equation 4.13, 

the potential value remains relatively constant for the remaining 7 hours of observation. This 
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reference potential could be accounted for relatively simply by employing a technique similar 

to that suggested in equation 4.13.  

The results presented in this chapter highlight that the pHEMA hydrogel electrode is not 

comparable to a commercial reference electrode in terms of the stability of its reference 

potential over a prolonged period of time. The pHEMA electrode is able to provide a stable 

potential for approximately 1 hour before noticeable drift begins. The rate of this drift, 

however, was shown to be relatively constant, meaning that its effects could be offset by 

subtracting the drift from the measured potential. The pHEMA hydrogel electrode, therefore, 

shows promise that it can perform the role of a QRE and be used to provide a stable reference 

potential within a sweat Cl- sensor configuration.    

 

4.7 Selectivity 

As explained in Section 2.3.4, human sweat is made up of several ionic components. These 

may act to interfere with the potentiometric signal of the pHEMA Cl- sensor when monitoring 

a sweat sample, possibly introducing errors to the subsequent measurement. To examine the 

device’s ability to distinguish between the concentration of Cl- and other ions, OCP tests were 

carried out in accordance with the protocol detailed in Section 3.3.5. Lactate (C3H5O3
-) and 

Bicarbonate (HCO3
-) are the common most anions found in sweat after Cl- (167). As such, these 

selectivity studies utilised DI water test solutions of NaC3H5O3 and NaHCO3
 to register the 

device’s potentiometric response over a concentration range of 1 – 100 mM. Each of the test 

solutions possessed a base Cl- concentration of 30 mM in line with the average concentration 

of Cl- in healthy human sweat. 
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4.7.1 Results 

The potentiometric responses recorded from these studies are shown in figures 4.24 and 4.25 

below. 

 
Figure 4.24. Sensitivity curve of pHEMA electrode toward Sodium L-Lactate 

(NaC3H5O3
-) solutions of concentration 1, 10, 25, 50, 100 mM. Data points represent 

mean potential ± SD (n = 3).  

    

 
Figure 4.25. Sensitivity curve of pHEMA electrode toward Sodium Bicarbonate 

(NaHCO3
-) solutions of concentration 1, 10, 25, 50, 100 mM. Data points represent 

mean potential ± SD (n = 3).  
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4.7.2 Discussion 

Both figures 4.24 and 4.25 show that the pHEMA electrodes exhibit very little sensitivity to 

both the NaC3H5O3 and NaHCO3
 solutions over the concentration ranges utilised (1.84 mV/dec 

and 4.32 mV/dec respectively). It has been observed that the average concentration of lactate 

and bicarbonate in healthy human sweat extracted from the forearm, where it is anticipated our 

device will be deployed, is 10.52 (± 1.89) mM and 2.38 (± 3.29) mM respectively (169). 

Additionally, a study conducted in 1986 demonstrated that, unlike Cl- concentration, there were 

no apparent variations in the levels of  NaC3H5O3 and NaHCO3
  between CF patients and 

healthy individuals (167). The concentration ranges explored in figures 4.24 and 4.25 

demonstrate that the pHEMA Cl- sensor should be able to operate and investigate the Cl- 

concentration of human sweat samples without experiencing interference from NaC3H5O3 or 

NaHCO3
 .  

Bearing in mind that each test solution has a base Cl- concentration of 30 mM, we can utilise 

the rearranged form of the calibration curve, given by equation 4.7, to obtain the potentiometric 

response expected from the pHEMA device toward a Cl- concentration of 30 mM by assigning 

this value to the variable CTS.      

 
𝑉𝐶𝐶 =  (−64.34 × 𝑙𝑜𝑔10 (

𝐶𝑇𝑆

1000
)) − 18.14, (4.14) 

 
𝑉𝐶𝐶 =  (−64.34 × 𝑙𝑜𝑔10 (

30

1000
)) − 18.14, 

(4.15) 

 𝑉𝐶𝐶 =  79.84 𝑚𝑉. (4.16) 

 

This matches up well with the measured potentials shown in figures 4.24 and 4.25. Therefore, 

given that the device is intended to be used on CF patients with Cl- sweat concentrations which 

far outweigh that of C3H5CO3
- and HCO3

-, it is thought that any interference in measured 

potential brought about by the presence of these anions will be minimal. 
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4.8 Diffusion Cell 

During the pHEMA electrode’s development, it was tested upon a diffusion cell which utilised 

a nano porous membrane. The cell was initially developed as a mechanism to study the reverse 

iontophoresis of ions and molecules (168). It therefore provided a platform on which to test the 

device’s ability to detect Cl- ion concentration whilst placed on a skin-like membrane. For the 

reader’s convenience, the experimental configuration is shown again in figure 4.26. 

(a) 

 

(b) 

 
  

(c) 

 

Figure 4.26. (a) pHEMA electrode secured to membrane on underside of diffusion cell using 

additional length of toupee tape. (b) Diffusion cell positioned upright, ensuring air bubbles 

are not present at the membrane surface. (c) Overall experimental setup showing Palmsens 

leads attached to electrode placed on underside of the diffusion cell.  

 

This test was performed at an earlier stage in the electrode’s development, at which point the 

electrode’s conditioning process had not been fully established. The pHEMA hydrogel utilised 

in this examination was conditioned in a 2 M KCl DI water solution for 23 hours. As described 
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in Section 3.3.7 the cell consisted of two plastic blocks which sandwiched a nano porous 

membrane between two rubber gaskets. This cell contained 120 ml HEPES buffer solution with 

a Cl- concentration 0.5 mM. Periodic supplements of KCl were added to increase the Cl- 

concentration of the HEPES solution contained within the cell over the measurement period, 

according to the protocol described in Section 3.3.7.2.  

4.8.1 Results 

Figure 4.27 shows the potentiometric response of an electrode placed on the diffusion cell.  

 
Figure 4.27. Potentiometric response of electrode placed on diffusion cell. Electrode 

conditioned in 2 M KCl solution for 23 hours. Noted on the graph are the times at which Cl- 

spikes were administered and the subsequent Cl- concentration which these made the cell’s 

filling solution. 

 

What is immediately clear from figure 4.27 is that there are definitive changes in measured 

potential which coincide with the administration of the Cl- spikes. The measured response 

toward the initial concentration of 0.5 mM KCl does not quite reach an equilibrium, however 

after the application of each of the spikes the potential is seen to respond quickly and equilibrate 

after approximately 10 minutes. The exception is the last Cl- spike which took the cell Cl- to 

100 mM, where the measured potential is initially seen to decrease before gradually rising until 
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the examination’s conclusion. After over 6 hours of measurement this is likely due to the 

potential drift of the reference potential.  

As noted earlier, the diffusion cell study shown in figure 4.27 was conducted before the 

pHEMA conditioning process had been fully established and the electrode used to obtain the 

results shown in figure 4.27 did not undergo the same conditioning as that used for the 

calibration curve described in Section 4.4.  The test was conducted using electrodes conditioned 

in 1M KCl for 25 hours such as those used to obtain the calibration curve, however the onset 

of potential drift (see Section 4.6) proved problematic, as is shown in figure 4.28.  

 
Figure 4.28. Potentiometric response of electrode placed on diffusion cell. Electrode 

conditioned in 1 M KCl solution for 25 hours, as per calibration curve.  

 

Figure 4.28 shows that after approximately 1 hour of measurement there is a continual loss in 

the magnitude of measured potential, aligning well with the point at which the drift in reference 

potential of the pHEMA electrode became apparent in the potential drift studies, Section 4.6. 

Compensating for the potential drift in this scenario is more difficult though due to changes in 
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0

10

20

30

40

50

60

70

80

90

100

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

P
o
te

n
ti

al
 (

m
V

)

Time (Hours)

Spike 1 Spike 2 

Spike 3 



168 

 

duration when we would expect to see two distinct potentiometric responses in accordance with 

the change in Cl- concentration. Focussing on the first hour of measurements in figure 4.28, 

however, the pHEMA electrode device exhibits a relatively quick equilibration to the initial 

cell concentration, and a clear response to the first spike at around 0.4 hours before maintaining 

a steady potential.  

Therefore, although it is difficult to draw any definitive conclusions from either figure 4.27 or 

figure 4.28 given the reasons outlined above, taken together we can say that the pHEMA 

electrode demonstrates an ability to detect changes in the Cl- concentration of a fluid across a 

skin-like, nano porous membrane. These investigations, therefore, provided a preliminary 

proof-of-concept experiment indicating that the device is capable of forming the basis of a 

wearable Cl- sensor. Following the establishment of the pHEMA conditioning process of a 25-

hour condition in 1 M KCl DI water solution, efforts focussed on developing a protocol for a 

healthy volunteer study (HVS), to examine the sensor’s ability to perform in a real-world 

environment. This protocol is described in Section 3.4 and the results of the HVS are presented 

and discussed in Section 5.       

 

4.9 Conclusion   

The results and comments presented in this chapter chart the development of the pHEMA gel 

preparation process and the effects this had on the performance of the Cl- ion selective electrode 

device.  

The initial method of polymerisation utilising a Hg bulb chamber allowed a rough gauge of the 

necessary time needed for the HEMA to take on the glass-like appearance which accompanies 

its polymerisation. When the polymerisation method was subsequently switched to the UV 

LED array, it was found that a time of 15 minutes under the array produced electrodes with the 

most stable and consistent potentiometric responses of the polymerisation periods investigated.  
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Monitoring the potential of the pHEMA electrodes whilst they underwent conditioning helped 

to determine the appropriate Cl- concentration for the conditioning solution as well as the time 

in which the pHEMA should be immersed within it. Measurements taken using a 3 M KCl 

conditioning solution demonstrated that a stable potential could not be obtained even after 65 

hours of immersion. However, pHEMA Cl- sensors conditioned for this amount of time 

continually exhibited little-to-no sensitivity toward Cl- concentration, possibly due to damage 

the prolonged exposure to the concentrated saline solution had upon the polymer network. 

Conversely, conditioning profiles obtained using a 1 M KCl conditioning solution exhibited a 

stable potential after 25 hours of conditioning. Electrodes conditioned for this length of time in 

a 1 M KCl solution for 25 hours displayed a high degree of sensitivity toward Cl- concentration 

through the calibration curve obtained from the potentiometric responses of six pHEMA 

electrodes conditioned in this way. The response exhibited a sensitivity of 64.34 mV/dec, just 

above that of the Nernstian value 59 mV/dec and similar to sensitivities of Cl- sensors reported 

in literature (58 mV/dec (70) and 58.5 mV/dec (75). The potential drift tests highlighted some 

of the sensor’s shortcomings in that the reference potential was seen to undergo a sustained 

period of drifting after 1 hour immersed in the test solutions. However, the electrodes exhibited 

a consistent and stable reference potential for the initial hour of continuous measurement. 

Furthermore, the rate of drift exhibited by the electrodes over the observation period was stable 

and, therefore, could be compensated for if required. In addition, electrodes examined using 

the calibration curve showed very low variation in their potentiometric responses toward the 

test solutions, indicating a good level of reproducibility. Studies conducted utilising a diffusion 

cell designed to mimic the transdermal diffusion of ions showed that the pHEMA device was 

able to distinguish changes made to the Cl- concentration of the solution within the cell. 

Additionally, the electrodes displayed low sensitivity toward the main competing anions found 

in human sweat at their physical concentrations.  
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Combined, these findings suggest that the pHEMA electrode device has the potential to be 

further developed to monitor the Cl- concentration within CF patients’ sweat and, therefore, 

help gauge the efficacy of emerging treatments.  
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5. Healthy Volunteer Study 

  



172 

 

 

5.1 Introduction 

This section will provide the results of the HVS tests carried out in accordance with the 

protocols detailed in Section 3.4. A Portable Electrochemical Analyser (PEA) device, used by 

this research group in previous clinical studies (110), was utilised to monitor the pHEMA 

Woundsense electrode’s potential throughout the procedure. Preliminary lab-bench tests 

conducted with the PEA and pHEMA electrode showed that the potentiometric responses 

recorded were comparable to those measured using the Palmsens potentiostat in terms of 

sensitivity toward the test solution Cl- concentrations. Despite there being a difference in the 

magnitudes of the potentials recorded by the PEA and the Palmsens, the difference is fairly 

consistent for each of the test solutions and was therefore considered as a constant potential 

offset. The measured outputs of the respective devices from these tests are shown in Appendix: 

A. 

Four healthy volunteers were used to conduct a total of ten HVS tests, University of Strathclyde 

Ethics Permission (DEC.BioMed.2020.288). Table 5.2 provides a profile of the volunteers.  

Table 5.1. Profile of volunteers 

used in HVS. 

Volunteer 

Number 

Gender Age 

1 Male 20 - 29 

2 Male 20 - 29 

3 Male 50 - 59 

4 Female 40 - 49 

 

As described in Section 3.4.3.2, each HVS test procedure lasted 89 minutes and was split into 

three parts: Lab Bench 1, On-Body, and Lab Bench 2. The On-Body portion of the tests were 

carried out using foam saturated with artificial sweat solution placed onto the forearm of 

participants, similar to that shown in figure 5.1 and detailed in Section 3.4.3.2.  
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Figure 5.1. Example of how pHEMA electrode with 

foam is positioned and attached to forearm of 

participant. The plastic covering was secured over 

electrode using medium grade toupee tape around its 

rim. The PEA is shown connected to the electrode.  

 

The potential developed by the pHEMA Woundsense electrode placed over the foam was 

recorded by the PEA device. Additional solutions of NaCl were administered to alter the Cl- 

concentration within the foam over the test period. Lab Bench tests were carried out for each 

individual test to provide a means of evaluating the on-body results. Table 5.2 provides a 

breakdown of the relative durations of these segments.  
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Table 5.2. Summary of HVS test procedure. 

Segment Duration 

(Minutes) 

Summary of Procedure  

(See Section 3.4.3.2) 

 PEA switched 

on:  

Measurement initiated. 

Lab 

Bench 1 

00:00 – 28:00  pHEMA electrode laid flat on lab bench surface. 

 Foam segment (pre-soaked with 100 µl of artificial 

sweat solution) placed over electrode contacts. 

 Micropipette used to add 2.5 µl spikes of NaCl DI 

water solution to periodically increase Cl- 

concentration within foam. 

 

Notes: preliminary tests examining the use of PEA alongside 

the pHEMA electrode showed that the measured potential of 

the electrode underwent a prolonged period of equilibration. 

This segment is used to allow the measured potential to settle 

before the electrode is placed on the volunteer’s skin.  

 

 28:00 – 30:00  Foam removed and discarded. 

 Electrode rinsed with DI water and gently dabbed 

dry. 

 Volunteer’s skin cleaned with alcohol swab. 

 

On-

Body 

 

30:00 – 67:30 

 

 Fresh foam (pre-soaked with 100 µl of artificial 

sweat solution) placed onto forearm of volunteer. 

 pHEMA electrode placed over foam and held in 

place using circular plastic covering and toupee tape 

(figure 5.1). 

 Micropipette used to add 2.5 µl spikes of NaCl DI 

water solution to periodically increase Cl- 

concentration within foam. 

 

 67:30 – 69:00  Plastic covering, and electrode removed from skin. 

 Foam removed and discarded. 

 Electrode rinsed with DI water and gently dabbed 

dry. 

 Volunteer’s skin cleaned with alcohol swab. 

 

Lab 

Bench 2 

 

 

69:00 – 89:00 

 

 pHEMA electrode laid flat on lab bench surface. 

 Foam segment (pre-soaked with 100 µl of artificial 

sweat solution) placed over electrode contacts. 

 Micropipette used to add 2.5 µl spikes of NaCl DI 

water solution to periodically increase Cl- 

concentration within foam. 

 

Notes: Lab Bench 2 potentiometric response used as the 

marker against which On-Body segment is compared. 

  

  PEA switched off: Measurements saved to SD card. 
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The method summarised in Table 5.2 was conducted for each of the ten HVS tests carried out. 

Table 5.3 provides a further breakdown of the On-Body and Lab Bench 2 segments highlighted 

in Table 5.2. The time in which the NaCl spikes are administered as well as the estimated foam 

Cl- concentration (see Section 3.4.3.5) throughout the test are also detailed. 

Table 5.3. Breakdown of the administration time of 2.5µl NaCl spikes during On-Body and 

Lab Bench 2 segments of HVS. Also provided is the respective NaCl concentrations of the 

spikes and Cl- concentration within the foam over the procedure. 

  Spike 

No. 

NaCl Spike 

Concentration 

(M) 

Calculated Cl- 

Concentration 

in Foam (mM) 

Time 

Administered 

(Minutes) 

On-Body Start   16.00 30:00 

 1 0.5 27.80 37:30 

 2 1 50.95 45:00 

 3 2 96.28 52:30 

 4 2 139.55 60:00 

End   139.55 67:30 

 

Lab Bench 2 Start   16.00 69:00 

 1 1 40.00 74:00 

 2 1.5 74.76 79:00 

 3 3.5 154.42 84:00 

End   154.42 89:00 

 

The potentiometric responses for the On-Body and Lab Bench 2 segments were then obtained 

by calculating the average potential recorded over each inter-spike period and plotting it against 

the corresponding foam Cl- concentration. In doing so, the response recorded during the On-

Body segment could be compared to that recorded during the Lab Bench 2 segment. This is 

presented in Section 5.3. The results of the HVS will be discussed in terms of the device’s 

success in monitoring the Cl- concentration, the complexity of the operating environment, and 

any possible improvements which could be made. 
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5.2 On-Body Tests 

This subsection will provide the results from the On-Body portions of each HVS test carried 

out. Some of these results did not exhibit the sensitivity toward the Cl- concentration within the 

foam as was expected. The possible reasons for this will be discussed in this Section 5.2.2. 

5.2.1 Results 

Figure 5.2 shows the potential recorded by the PEA device over the On-Body segment of each 

of the ten HVS tests carried out. These comprise the measured potential plotted with respect to 

time from 30:00 minutes to 67:30 minutes of the test protocol as detailed in Table 5.3, with the 

pHEMA electrodes placed on the volunteers’ forearms similar to that shown in figure 5.1 

above. For reference, figure 5.3 provides the measured potential from one of the Lab Bench 2 

segments carried out, where the electrode is laid flat on the lab bench surface. Direct 

comparisons between the average potentiometric responses measured during the On-Body 

segment and the Lab Bench 2 segment are provided and discussed in Section 5.3. 

(a) 
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(b) 

 
(c)  
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(e) 
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(g)  
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(h) 

 
(i)  

 
(j) 

 
Figure 5.2. (a) – (j) measured potentials for the on-body segment of HVS tests 1 – 10 

respectively, where pHEMA electrodes placed on skin of volunteers as shown in figure 5.1. 

Volunteer which took part in each of the tests is noted. The legend provides the calculated 

Cl- concentration within the foam over the test period. 
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Figure 5.3. Measured potential from Lab Bench 2 segment of HVS Test 10. The legend 

provides the calculated Cl- concentration within the foam over the test period. 

 

The results shown in figure 5.2 (b, f, g, h, i) provide a glimpse that the pHEMA electrode can 

exhibit a degree of sensitivity toward the Cl- within the foam when placed on the volunteer’s 

forearm, similar to that shown when the electrode is placed flat on the lab bench, figure 5.3. 

The accuracy of these responses, relative to the electrode’s Lab Bench 2 potentiometric 

response, will be analysed in Section 5.3.  

5.2.2 Discussion 

The remainder of the responses shown, figure 5.2 (a, c, d, e, j), do not exhibit the desired 

sensitivity toward the changing Cl- concentration. In comparison to the Lab Bench tests (e.g. 

figure 5.3) where the measured potential is relatively stable and exhibit a change in potential 

when a NaCl spike is administered, some tests are hampered with high levels of interference 

and others exhibit a continual decline in their measured potential, despite the application of the 

NaCl spikes.  

5.2.2.1 Motion Artefacts 

From observation in carrying out the HVS, motion artefacts (MA’s) were identified as a 

significant contributor to the noise observed in the on-body measurements. Their occurrence 
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can be explained by recalling the discussion of Sections 2.4.1 and 2.4.2 where it was found that 

electrostatic interactions between charged species at interface boundaries can introduce defined 

separation of charges, known as the electric double layer. When a conducting material is placed 

above the skin, in this case the artificial sweat-soaked foam, the stratum corneum creates a 

boundary between it and the underlying conducting layers of skin. This gives rise to a 

capacitive effect analogous to the electric double layer at the electrode – electrolyte boundary 

(189–191). The stability of these layers can be disturbed through the participant’s movement 

or through vibrations in the immediate environment, altering the settled potential of the half-

cell. The overall measured potential is therefore also observed to fluctuate and undergo 

equilibration whilst the system settles again (192). Examples of the MA’s incurred during the 

on-body tests can be seen below in figure 5.4. The act of depositing the NaCl spikes throughout 

the procedure results in periodic MA’s characterised by large jumps in potential proceeded by 

quick equilibration. This is not exclusive to the On-Body segment, the measured potential was 

also seen to jump with the NaCl deposition during the Lab Bench segments, as is shown in 

figure 5.3.  

 

Figure 5.4. Example of motion artefacts, 

and resultant potential equilibration, in 

HVS Test 2. Periodic MA’s are caused by 

the application of NaCl spikes. Plastic dome 

became unstuck from participant’s skin 

during procedure. Its reapplication caused a 

further MA.  
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Figure 5.4 also shows an example of a MA caused by the re-application of the plastic dome 

covering the electrode and foam after it became unstuck from the participant’s forearm. This 

leads to the next point of discussion. 

5.2.2.2 Electrode Placement 

The placement of electrodes was also thought to play a role in the erroneous results seen in 

figure 5.2. In a number of tests, the electrodes were placed on the participant’s forearm such 

that its length was perpendicular to the length of the forearm, as shown below in figure 5.5 (a).  

(a) 

 
 

(b) 

 
Figure 5.5. (a) On-body test 4 configuration showing electrode positioned 

perpendicular to the length of the participant’s forearm. (b) On-body test 8 

configuration showing electrode positioned more centrally on the ventral 

forearm and more parallel to its length.  
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This was to limit the amount of hair on the participant’s arm which would be exposed to the 

tape used to secure the plastic dome, therefore minimising the discomfort when the electrode 

was removed. However, this positioning meant that both the electrode/foam configuration and 

the plastic dome were more susceptible to the curvature of the arm. This made the likelihood 

of electrode displacement away from the foam surface more probable, especially when the 

plastic covering came unstuck from the skin. It may also help to explain the responses recorded 

in tests 4, 5, and 10, shown again in figure 5.6, where there appears to be no sensitivity toward 

the changes in Cl- concentration. Instead, there is a gradual equilibration of the potential to a 

level of ~ -80mV which is roughly maintained for the duration of the procedure.  

   

 

 

 

Figure 5.6. (a) - (c) on-body measured 

potentials for HVS tests 4, 5, and 10 

respectively. Each show little-to-no sensitivity 

toward the Cl- concentration within the foam 

and settle around the same potential of -80mV. 
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Had the electrode and foam become separated, even partially, then it is possible that the 

electrode would not detect the changes in Cl- concentration. This may also explain the response 

seen in Test 2, figure 5.4. The measured potential was relatively constant during the initial two 

test concentrations before the plastic dome was re-secured to the participant’s skin. After this 

point there is a visible shift in electrode response and a sensitivity toward the Cl- concentration 

is exhibited. It is thought that in securing the dome, contact between the electrode and foam 

was re-established, thus providing a better potentiometric response to the test concentration. 

From Test 6 onward, in order to mitigate the occurrence of electrode / foam displacement, the 

electrode was placed nearer the proximal end of the ventral forearm with its length more 

parallel to that of the arm’s, as shown in figure 5.5 (b). This provided the foam and electrode a 

larger, flatter surface to rest upon, helping ensure a more consistent contact between the two. 

The number tests which exhibited good potentiometric responses to the Cl- concentrations 

(Tests 6, 7, 8 and 9) occurred after these changes were implemented.  

5.2.2.3 Skin 

Another factor which could have affected the measurements is the surface of the skin itself. As 

mentioned in Section 5.2.2.1, the stratum corneum will exert an influence on the distribution 

of ions in the foam and, therefore, influence the measured potential. The structure and state of 

the participant’s skin, such as its thickness and hydration, could affect the extent of this. The 

potential responses measured for Tests 1 and 3, shown below in figure 5.7 (a) and (b) 

respectively, exhibit large and sustained levels of interference with both showing a continual 

oscillation in potential over a range of nearly 200 mV. Both tests were performed on the same 

participant.  
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Figure 5.7. (a)-(b) On-Body measurements for HVS Tests 1 and 3. Both tests were 

performed on the same participant (Volunteer No.1), shown in (c), and exhibit similar levels 

of noise not seen in other tests. 

 

The magnitude and sustained nature of the noise means it is unlikely to be wholly attributed to 

motion or electrode / foam uncoupling, as the participant remained relatively still for the 

duration of the procedures. Unlike the other volunteers, the participant for Tests 1 and 3 

possessed a relatively high density of hair on their forearm. This may have contributed to the 

levels of noise seen in figure 5.7 (a - b) through introducing a source of interference to the foam 

and the distribution of ions within it. 
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5.2.2.4 Shielding  

Finally, it was evident during the HVS tests, that the configuration was susceptible to 

interference from conductive bodies in its vicinity, possibly acting to alter the capacitance of 

the configuration (193). This was clear from the jumps in potential observed when a hand, for 

example, would approach the configuration. With both the Woundsense electrode and the leads 

connecting to the PEA device exposed to the environment, they could act as antenna for 

electrostatic interference and exacerbate any interference due to motion (193). To minimise 

this effect in the future, a bespoke adapter with sufficient shielding should be made for the 

electrode to connect to the PEA. Minimising the length of the electrical leads throughout the 

setup would also be beneficial.  

5.3 Accuracy 

This subsection aims to evaluate the On-Body performance of individual pHEMA electrodes 

by comparing their On-Body potentiometric response toward the foam Cl- concentration to that 

of their respective Lab Bench 2 potentiometric response. This process was detailed in Section 

3.4.3.2 where, for each electrode, the average measured potential over each On-Body time 

period defined in Table 5.3, is plotted against the corresponding Cl- concentration within the 

foam over the same period. The same process can be performed for each electrode’s Lab Bench 

2 segment. This produces two Cl- concentration sensitivity curves for each HVS test conducted: 

one obtained through On-Body measurements; and the other obtained from the Lab Bench 2 

procedure. The latter is, therefore, used as a marker against which the On-Body response can 

be compared. As discussed in the preceding subsections, the On-Body segments conducted in 

Tests 1, 3, 4, 5, and 10 exhibited little-to-no sensitivity toward the foam Cl- concentration. As 

such, they are not considered in this chapter. Figure 5.8 shows the On-Body and Lab Bench 2 

potentiometric responses obtained from Tests 2, 6, 7, 8, and 9.  
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The results of each HVS test shown in figure 5.8 display an apparent offset between the On-

Body and the Lab Bench measurements. The precise origin of this offset is unclear. As 

discussed in Section 5.2.2.1, the act of placing the electrode and foam onto the skin will create 

an additional capacitive effect at the skin / foam boundary, which could give rise to a potential 

offset. Such effects are commonly observed in on-skin electrode measurements (189,194,195). 

A common technique to mitigate them is to strip away the layers of the stratum corneum 

through cleaning agents or abrasion (189,191). Microneedles may also be employed to bypass 

the effects of the stratum corneum. Due to contact restrictions during the time of the study, and 

for the general comfort of the participant, it was decided not to employ such measures. Chloride 

ions residing on the skin surface and dispersing into the foam would also act to skew the on-

body measurements. However, the On-Body potentials measured are consistently lower in 

magnitude in comparison to the Lab Bench potentials, which would correlate with lower 

concentrations upon the Lab Bench linear regression. If skin Cl- levels were a source of 

interference then we would expect to measure larger potentials than those of the Lab Bench 

tests, which would correspond to higher-than-expected Cl- concentrations. This, in combination 

with the cleaning of skin before the electrode is placed on the arm, suggests that skin Cl- is not 

the source of the offsets observed in figure 5.8. Another possible explanation for the offset is a 

difference in the grounding configuration between the Lab Bench and On-Body segments. 

Whereas the Lab Bench segment involved measurement whilst the electrode was placed 

directly on the lab bench surface, On-Body measurements were taken whilst placed on the arm 

(resting upon the lab bench surface) of the participant seated on a laboratory stool. This change 

in configuration may alter the grounding of the circuit, which has an additional grounding path 

through the HV’s body when it is in place as opposed to a lab bench patch which has a fixed 

ground and relative positions to the instrument. This situation is acting to shift the measured 

potential from the electrode and introduce the offset in potential we observe between the Lab 

Bench and On-Body results.  
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Figure 5.8. (a) – (e) data points show the 

average measured potential ± SD during On-

Body and Lab Bench 2 segments of HVS 

tests 2, 6, 7, 8, and 9 respectively (Volunteer 

which participated in each test is indicated 

on graph). Potentials are plotted against the 

corresponding Cl- concentration within the 

foam. Linear regression analysis performed 

where appropriate.  
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Instead, the On-Body potentials were retroactively adjusted to account for this offset, following 

the procedure detailed in Section 3.4.3.3. The compensated results are shown below in Figure 

5.9. 

(a) 

 
 

(b) 

 
 

(c) 
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(d) 

 
 

(e) 

 
Figure 5.9. (a) – (e) data points show the average measured potential ± SD during 

On-Body and Lab Bench 2 segments of HVS tests 2, 6, 7, 8, and 9 respectively 

(Volunteer which participated in each test is indicated on graph). Potentials are 

plotted against the corresponding Cl- concentration within the foam. Linear 

regression analysis performed where appropriate.  

 

 

It should be noted that data points in Tests 2 and 7 were omitted when calculating the average 

value of offset. As can be seen in figure 5.2 in Section 5.2.1, these points do not appear to 

follow the sensitivity shown in the measurements which proceed it. As such, they skew the 

value of the offset, limiting our ability to compare the two datasets. The possible reason for 

these outliers in the context of Test 2, namely electrode / foam uncoupling, was discussed in 

Section 5.2.2.2. 
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When the measured On-Body potentials are compensated with the average offset, it is clear 

that both they and the Lab Bench 2 measurements match up well in terms of their respective 

magnitudes and sensitivity. This provides an opportunity to use the linear relationship obtained 

for the Lab Bench 2 data to extrapolate concentration values from the On-Body potentials.  As 

detailed in Section 3.4.3.4, the linear relationships shown for each of the tests in figure 5.9 were 

rearranged to the form of equation 6.1 below. The adjusted On-Body potentials, VOB
*, could 

then be substituted in to extrapolate a corresponding value of concentration, COB
*:  

 
𝐶𝑂𝐵

∗ =  10
(𝑉𝑂𝐵

∗(𝐶)−𝑐)
𝑚 . (6.1) 

The accuracy of these extrapolated values, ξ, was then determined by subtracting it from the 

known Cl- concentration of the foam: 

 𝜉 = 𝐶𝑂𝐵 − 𝐶𝑂𝐵
∗. (6.2) 

These values of accuracy, with units adjusted to mM, are listed in Table 5.4. Figure 5.10 shows 

the spread of these accuracy values with respect to each individual test, while figure 5.11 shows 

the distribution of the accuracy values when collated with respect to Cl- test concentration.   

Table 5.4. Accuracy, ξ, of HVS On-Body concentration measurements. * denotes 

where data points were omitted from offset value calculation. The percentage error 

is given in brackets, denoting ξ as a percentage of the true foam Cl- concentration.  

 ξ (mM) 

Foam Cl- 

Concentration 

(mM) 

Test 2 
Volunteer 

No.2 

Test 6 
Volunteer 

No.2 

Test 7 
Volunteer 

No.4 

Test 8 
Volunteer 

No.3 

Test 9 
Volunteer  

No.2 

16.00 -103.24* 

(645%) 

-10.65 

(67%) 

-30.45* 

(190%) 

-7.96 

(50%) 

2.19 

(14%) 

27.80 -87.75* 

(315%) 

-2.53 

(9%) 

-7.24 

(26%) 

-1.19 

(4%) 

10.76 

(39%) 

50.95 0.74 

(1%) 

4.21 

(8%) 

18.82 

(37%) 

1.32 

(3%) 

20.76 

(41%) 

96.28 24.02 

(25%) 

21.97 

(23%) 

-42.30 

(44%) 

17.34 

(18%) 

-21.97 

(228%) 

139.55 -49.11 

(35%) 

31.07 

(22%) 

17.54 

(13%) 

27.64 

(20%) 

3.97 

(3%) 
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Figure 5.10. Box plots displaying the distribution of accuracy of 

extrapolated concentration values, ξ, grouped in terms of the test 

conducted. Dots denote outliers.  

 

 
Figure 5.11. Box plots displaying the distribution of accuracy of 

extrapolated concentration values, ξ, grouped in terms of test Cl- 

concentration. Dots denote outliers. 

 

We can see from figure 5.10 that the accuracy of the extrapolated concentrations varies from 

test to test. The largest ranges are seen in Tests 2 and 7, the tests in which data points were 

omitted from the offset calculation. This has a particular effect on Test 2, where it causes the 

large spread of accuracy values shown by the large inter quartile range (IQR) in figure 5.10. 

However, both the comparison graph in figure 5.9 (a) and the non-asterisked accuracy values 

shown in Table 5.4 demonstrate that the extrapolated concentrations match up reasonably well 

to the known values. This, too, is the case for Test 7.  Conversely, figure 5.10 shows that tests 
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6, 8, and 9 all display comparatively narrow spreads roughly centred around ξ = 0 mM. This 

reinforces the data displayed in figure 5.9 (b, d, e) which shows that the On-Body 

measurements align very closely to that of the Lab Bench tests. When the accuracy values are 

collated in terms of the Cl- test concentration (figure 5.11) the largest spreads are given by the 

96.28 mM and 139.55 mM test concentrations used. Test 7’s accuracy value of ξ = -42.30 mM 

for the 96.28 mM test concentration contributes to this despite the measured potential only 

being slightly greater than that of the Lab Bench 2 linear relation, as shown in Figure 5.9 (c). 

The remaining test concentrations displayed in figure 5.11 display relatively narrow spreads of 

accuracy, accounting for outliers.  

 

5.4 Conclusion 

This section has exhibited the results of the healthy volunteer study carried out in which the 

pHEMA Woundsense electrode developed throughout this piece was placed, alongside 

artificial sweat-saturated foam, on the forearm of volunteers. With the foam’s Cl- concentration 

incrementally increased, the study was performed to examine the pHEMA electrode’s 

capability to potentiometrically monitor the Cl- concentration in a real-world setting. 

The challenges which on-body testing presents resulted in a number of the tests displaying 

noisy measurements or no discernible sensitivity. The electrode adapter’s lack of insulation, 

and artefacts caused by the movement of the participant were two possible explanations for 

these occurrences.      

However, a number of the on-body tests did, in fact, display a high degree of sensitivity toward 

the Cl- concentration and compared very well to the Lab Bench tests using the same electrode. 

Collectively, the information given in this section demonstrates that the pHEMA electrodes 

developed have the capability of being applied to the skin and monitoring, to a good level of 

accuracy, Cl- concentrations across a clinically significant range.  
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These investigations, therefore, provided a vital test in gauging the device’s ability to operate 

in a real-world environment. As such, it would be desirable that any future iterations of the 

device should be further tested on human subjects. This may involve analysis of biological 

sweat rather than an artificial substitute; the investigation into alternate device placement sites 

on the skin; or the effect that environmental factors such as ambient or participant temperature 

has upon the device’s output.  
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6. Conclusion and Future Work 
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6.1 Summary of Clinical Motivation 

Cystic Fibrosis is a genetic disease which affects around 1 in 2000 people (35). CF sufferers 

possess a mutation on the gene responsible for the synthesis of the CFTR protein, which acts 

to regulate Cl- transport across various epithelial cells throughout the body. As such, CF is 

systemic and can lead to life-limiting conditions in the liver, pancreas, gastrointestinal organs, 

and lungs of sufferers. The inability of the CF sweat duct to sufficiently resorb sweat Cl- before 

it reaches the skin surface means that CF patients exhibit elevated levels of sweat Cl- in 

comparison to healthy individuals. A new generation of CF treatments, known as CFTR 

modulators, are emerging which are designed to improve CFTR functionality. The efficacy of 

these treatments can, therefore, be gauged by monitoring patients’ sweat Cl- concentrations 

over the course of their treatment. Current techniques of sweat Cl- measurement, like the Sweat 

Test, are time-consuming or unsuitable for this task. Hence, the development of a wearable 

device capable of monitoring sweat Cl- levels in a minimally invasive and time-effective 

manner, is of great significance within this field.  

6.2 Summary and Conclusions of CF Patient Monitor Development 

This thesis detailed the work undertaken to develop a CF patient monitor in the form of a 

wearable Cl- ion-selective electrode. Woundsense Ag/AgCl electrodes were adapted through 

the deposition of a HEMA hydrogel mixture onto one of the substrate’s two electrode contacts. 

The HEMA mixture was polymerised using a purpose-built UV LED array and the resultant 

pHEMA electrodes then immersed in a KCl DI water solution to facilitate the hydrogel’s 

saturation with Cl- ions. This allowed the pHEMA-covered electrode to be utilised as a quasi-

reference electrode (QRE). Alongside the unaltered Ag/AgCl working electrode, the electrode 

pair formed a compact Cl- concentration cell configuration where the measured potential is 

proportional to the Cl- concentration of the solution with which the electrodes are in contact. 
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The length of time in which the HEMA mixture is polymerised, the length of time which the 

pHEMA is conditioned in the KCl solution, as well as the concentration of the conditioning 

solutions were variables examined during the development of the device. After the conditioning 

process had been established, lab bench tests demonstrated that the pHEMA Woundsense 

electrode exhibited good sensitivity toward the Cl- concentration of test solutions, with the 

calibration curve possessing a sensitivity of 64.34 mV/dec over a concentration range of 10 - 

100 mM. This compares well to the reported sensitivities of 58 mV/dec and 58.5 mV/dec of 

Cl- sensitive hydrogel electrodes from the literature (70,75) (Section 1.3.2.3). Tests showed 

that our pHEMA QRE was able to provide a stable reference potential for 1 hour whilst 

immersed in a test solution before significant drift was observed. In comparison, the device 

detailed in (75) displays a relatively constant reference potential for 2 hours. However, if the 

rate of drift of our pHEMA electrode is corrected for, the period of stable potential can be 

extended to at least 8 hours. Additionally, the electrodes displayed low sensitivity toward 

lactate and bicarbonate (1.84 mV/dec and 4.32 mV/dec respectively), the main competing 

anions found in human sweat. 

A HVS was conducted to examine the ability of the pHEMA Woundsense electrode to operate 

effectively whilst placed on the forearm of participants. These studies highlighted some of the 

operational challenges of wearable devices such as the type and condition of the skin upon 

which the electrode is placed. It is believed this may have acted to introduce a source of 

interference within at least two of the tests carried out (Section 5.2.2.3). Potentials measured 

from the electrode whilst placed on the body also exhibited a near-constant offset in relation to 

the potentials measured upon the lab bench, possibly originating from a change in the circuit 

grounding between the two configurations. The HVS did, however, demonstrate that the 

pHEMA electrodes were able to monitor the CF-relevant Cl- concentration of a solution whilst 

placed on the skin surface. Five of the tests conducted demonstrated a sensitivity to the Cl- 

concentration within the foam over a range of 16 – 140 mM. Furthermore, they did so to a 
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comparable level of sensitivity to that of the lab bench examinations conducted on the same 

electrodes. After compensating for the offset between the On-Body and Lab Bench potentials, 

the measured Cl- concentrations from the On-Body tests compared well with the true Cl- 

concentration within the foam. Despite one outlier with a percentage error of 228%, the 

remaining On-Body concentration measurements had a percentage error within 1–50%, 

demonstrating that the pHEMA electrode was able to monitor the Cl- test concentration whilst 

placed on the skin to a good level of accuracy.     

Therefore, the work contained within this thesis charts the development of the technology 

capable of forming the basis of a wearable sweat Cl- monitor for CF patients, providing a 

method to gauge the efficacy of emerging, and potentially life-saving treatments. 

6.3 Future Work 

It is proposed that future work should include: 

 Investigation into how composition of pHEMA gel mixture affects potentiometric. 

performance of sensor, specifically the onset of potential drift. 

 Study into use of different electrode substrates. 

 Study into long-term storage of sensors and their potential reusability. 

 Investigation into source of voltage offset when sensor is placed on-body.  

 Utilising pHEMA sensor to make on-body measurements of real sweat samples.  

 Study into skin permeability to Cl- ions and skin Cl- concentrations. 

 Explore effects of ambient and volunteer temperatures for on-body measurements. 

 Conversion of sensor hardware into PCB platform to enable miniaturisation of device. 

 Study to directly compare the accuracy of sweat Cl- measurements made by pHEMA. 

Woundsense sensor to those made via CF Sweat Test. 

 Investigation into feasibility of integration of Cl- sensor into a wider sensor platform, 

forming the basis of a hydration and wellbeing monitor.  
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If this research was to be passed on to someone else, it is the author’s opinion that the focus 

should be on performing more on-body tests, ideally using biological sweat, in order to further 

study of the device performance on-skin. Additionally, efforts should be made to miniaturise 

the device. Adapting the device in such a manner may have an effect on its performance, 

therefore re-examining aspects of the device’s potentiometric performance should be 

accounted for when planning any future work. Appendix: B gives an account of a preliminary 

study into the miniaturisation of the configuration, utilising the pHEMA Woundsense electrode 

alongside an op-amp voltage follower circuit, microcontroller and Bluetooth module. The 

results suggest that with further development, the technology could be further miniaturised to 

form a compact wearable sweat Cl- device. Limitations to this scalability may include the finite 

size of the QRE matrix which has to maintain a volume of Cl- above the electrode contact in 

order to function. However, as the pHEMA sample is currently only 4mm in diameter this is 

not expected to be an issue. More pertinent is the global shortage and manufacturing bottleneck 

of semiconductor materials, which could impact on the production of PCBs for the device. It 

is hoped that such delays have alleviated by the time future iterations of the device at the point 

of being rolled out for manufacture. Such a device would not only be of great benefit in 

evaluating CF treatments, but could also be applied to sport and lifestyle, forming part of a 

hydration and wellbeing monitor.    
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Appendix: A 

This appendix provides the results of comparison studies conducted between the commercial 

Palmsens potentiostat and the Portable Electrochemical Analyser (PEA) utilised for the healthy 

volunteer study (Section 5). Each plot shown below was obtained using a single electrode 

(electrode number provided). The PEA data points represent the electrode’s mean 

potentiometric responses ± SD toward the KCl DI water test solutions as measured by the PEA 

device over five OCP test procedures (n = 5). The Palmsens data points represent 

potentiometric responses (n = 1) to test solutions as measured by the Palmsens. They show that 

despite the two devices recording different magnitudes of potential for each test concentration, 

the offset was relatively consistent over the full concentration for each electrode. The two 

devices were therefore consistent in recording the electrode’s sensitivity toward the test Cl- 

concentration.  
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Appendix: B 

This appendix presents the results of a preliminary investigation into the miniaturisation of the 

potentiostat element of the pHEMA Woundsense configuration. As noted throughout the thesis, 

the potential developed by the pHEMA electrode was monitored using the Palmsens 

potentiostat for every test barring the HVS. To investigate if the potentiostat element could be 

miniaturised and form part of a future compact wearable device, a voltage follower circuit was 

made utilising a ADA4530-1 op-amp (Analogue Devices, Norwood, MA), as shown in figure 

B.1. This was integrated with an Arduino microcontroller (Arduino, Boston, MA) and HC-06 

Bluetooth module (DSD Tech, London, UK), as shown in figure B.2. The configuration was 

used to record the mean potentiometric responses of pHEMA Woundsense electrodes toward 

KCl DI water test solutions. This process was repeated with the same electrodes and test 

solutions, using the Palmsens to record the electrodes’ responses. Table B.1 shows this data 

and figure B.3 displays the mean potential responses measured by the two devices plotted 

against the test solution concentration. The data shows the two potentiostats return values of 

similar magnitude with the addition of a near-constant offset of ~10 mV over the full test 

concentration range. This demonstrates that with further development, the potentiostat element 

could be miniaturised and conceivably integrated into a compact device alongside the Cl- ISE 

component to form a compact wearable device capable of monitoring sweat Cl- concentration. 
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(a)  

 
 

(b) 

 

 
Figure B.1. Test setup for ADA4530-1 op-amp. (a) Top 

side of veroboard showing the op-amp fixed to its 

adapter, in addition to the adapters utilised to allow 

access to electrical leads to power the op-amp and 

observe its output. (b) Underside of veroboard voltage 

follower setup.  

 

 

 

 

 

 

 

 

 

ADA4530-1 Op-amp 

Electrode Input Adapters 

Electrical Lead 

Inputs 



219 

 

(a) 

 
(b) 

 
 

(c) 

 
Figure B.2. (a) Schematic of wiring between ADA4530-1, Arduino Uno and HC-06. (b)-(c) 

Experimental configuration of ADA4530-1, Arduino Uno and HC-06.  
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Table B.1. Average potentiometric responses of pHEMA Woundsense electrodes toward 

KCl DI water test solutions measured using Palmsens potentiostat and ADA4530-1 voltage 

follower potentiostat. Number of electrodes used to obtain the average response is indicated. 
KCl 

Concentration 

(mM) 

Average PS-

Measured 

Potential (mV) 

SD  

(± mV) 

Average ADA-

Measured 

Potential (mV) 

SD  

(± mV) 

Difference 

[PS - ADA] 

(mV) 

No. of 

Electrodes 

Used 

10 115.42 4.12 105.62 2.00 9.79 5 

25 83.92 4.64 76.29 1.13 7.63 4 

50 63.37 3.00 53.88 0.84 9.49 5 

75 54.69 2.26 42.81 2.17 11.87 4 

100 48.05 1.65 36.88 2.13 11.16 5 

 

 
Figure B.3. Potentiometric responses of pHEMA Woundsense electrodes toward KCl DI 

water test solutions measured using Palmsens and ADA4530-1 potentiostats, plotted against 

test concentration. Data points represent mean measured potential of electrodes ± SD. 

Number of electrodes used to calculate each data point is indicated in Table C.1. 
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