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Abstract

Title: Development and Characterisation of SolidState lon-
Selective Electrodes, and their Application to Seat
Analysis for Cystic Fibrosis Diagnosis.

Author: Aogan Lynch

Cystic Fibrosis (CF) is one of the most common gergiseases affecting
Caucasians that leads to early deatlt is Ireland’s most common life-
threatening inherited disease. Early diagnosis ilitites early
implementation of therapy, which can significanittyprove the prognosis
and life quality of the affected patient. The gstdndard diagnostic test for
CF is the Quantitative Pilocarpine lontophoresistT&PIT) for the sweat
electrolytes sodium and chlorlde In the QPIT, the sweat glands are
artificially stimulated, a sweat sample is colleitand the concentrations of
sodium and chloride ions determined separatelygustandard benchtop
analytical instrumentation. In this thesis, the wé miniature solid-state
lon-Selective Electrodes (ISE’s) to monitor bottgéd ions simultaneously,
for the purpose of CF diagnosis, is investigatédcommercially available
sensor array in a flow-cell was initially used iotl simulated and live
clinical trials, involving the analysis of real sstesamples from confirmed
CF and non CF populatichs Solid-state ISE’s were then designed,
constructed, tested and incorporated into a besgdtke-cell device
compatible with modern sweat sampling equipmeninally a working
prototype of a wearable, watch-type device forrdpd on-line diagnosis of
(CF) was designed, constructed and employed irve dlinical trial to

assess its usefulness as a possible real-worldab#tig / screening device.

Committee for a Study for Evaluation of Testing Cystic Fibrosis;
Journal of Pediatrics, 1976, 88, 4, Part 2, 711-750

! L.E. Gibson, R.E. Cooke; Pediatrics, 1959, 23-549.

. Lynch, D Diamond and M Leader; Analyst, 2000, 12564-2267.
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1 Cystic Fibrosis

1.1 Introduction

Cystic Fibrosis (CF) is one of the most common tjertiseases affecting Caucasians
that leads to early dedth It occurs in approximately 1 in every 2500 livieths and
has a carrier incidence of ca 4-5 %. The symptom€&€F vary greatly in their
severity, but include pulmonary and respiratoryedge, malnutrition, pancreatic and
hepatic insufficiency, and sterility, leading ulately to premature death. Affected
patients may die in the neonatal period or in eaniydhood, but only in rare cases do
patients survive to middle age. The diagnosiseigCan important issue, as with any
disease, because the early implementation of therap significantly improve the
prognosis and life quality of the affected patielhe gold standard diagnostic test for
CF, introduced by Gibson and Codékm 1959, is the Quantitative Pilocarpine
lontophoresis Test (QPIT) for the sweat electr@ysedium and chloride. In the
QPIT, the sweat glands are atrtificially stimulatadweat sample is collected, and the
concentrations of sodium and chloride ions deteechimising standard bench-top
analytical instrumentation. This study investightike simultaneous determination of
both target ions, using a commercially availablensse array in a flow-cell,
manufactured by SendX® Inc. The suitability of thevice for the analysis of sweat
samples was assessed by first applying it to tlatysis of simulated samples in the

expected normal, borderline and CF diagnostic acanagons ranges. A clinical trial



was then carried out involving the analysis of aéat samples from both a normal

and a CF-positive population.

1.2 Cause of CF

CF is caused by a mutation in the gene which cddesthe cystic fibrosis
transmembrane conductance regulator (CFTR). ThERCene was described by
Lap-Chee Tsui et al., in three seminal papers ier8e in September of 198%"
The CFTR itself is a protein of 1480 amino acidfiioh functions as a chloride
channel, but mutations in the gene, which codeghigr protein, render the resultant
protein defective. To what extent it is defectigedependant on the mutations
present. Around 70% of the CF positive populatxhibit Lap-Chee Tsui et al’s
demonstrated mutation, a deletion of 3 base paiéng for phenylalanine at amino
acid position 508 in the predicted protein, and thutation is termedF508. Many
other mutations have since been, and continue todiseovered and the current
number of known mutations (as of April 2010) isecess of 1600 although not all

are disease causing.



1.3 Effects of CF

CF results in a general increase in the viscodityoalily secretions. The regulation
of ion transport across epithelial cell membrangsaffected, resulting in non-
functional chloride transport and sodium reabsomti This leads to increased
viscosity of bronchial secretions, which impairsway clearance and increases the
risk of infectiof. The resultant chronic pulmonary disease chaiatite of CF
initially gave rise to the terrfmucoviscidosisfor the condition, and it is the leading
cause of lung damage and death in CF sufferers.ron@h and irreversible
colonisation of the lungs by bacteria suchSaphylococcus Aureus often occurs
initially, followed by Pseudomonas Aeruginosa. These recurrent and persistent
infections, together with by-products of the orgamineutrophil interactions with the
body’'s immune system, clog the lungs in the alreabijormally viscous airway
secretions. Other secretions are also affectetkeith another term given to CF was
“fibrocystic disease of the pancrédsie to the fact that 85-90% of all patients exhibi
some form of exocrine pancreatic insufficiehcirhe pancreas functions in part as an
exocrine gland, secreting enzymes into the gut itb digestion. CF exocrine
secretions are abnormal, leading to obstructioth@fpancreatic ducts, preventing the
secretion of these digestive enzymes into the stbrtfaus leading to malabsorption
of fats and proteins and poor weight gain. Simdacretory abnormalities lead to
sterility in males due to obstruction of the Vasféens; but perhaps the most
important manifestation, diagnostically at leas$tthos chloride channel failure is the
elevated sodium and chloride levels in the swe&fffected individuals identified
by Di Sant’Agnese et al. in 19%3s a result of a heat wave in New York in 1948.

positive sweat test for CF occurs when sweat so@ndchloride levels are equal to,
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or greater than, 50mM and 60 mM respectively. Nar@vels should be below these

thresholds.

1.4 Diagnosing CF

The gold standard test for CF, introduced in 195%he Gibson and Cooke QPIT
(Quantitative Pilocarpine lontophoresis Test) basedthe characteristic elevated
levels of sodium and chloride in sweab0mM sodium and60mM for chloridej,
This diagnostic test is still in use today. Suspiciof CF may arise from the
knowledge of a family history of the disease, onirone of many available screening
tests (where they are in place), or from clinicaedgentation. Though CF is a well-
characterised disorder, diagnosis is not alwayaighttforward for many reasons,
some of which are discussed below. In all casesieker, the QPIT remains the

definitive and only accepted confirmatory diagnogtiocedure for the disease.

The classic presentation of CF is a child with mredpry disease, and malabsorption
due to pancreatic insufficiency — “failure to trefv A standard QPIT for elevated
sodium and chloride in sweat usually confirms Qk the test should be carried out
in triplicate for validation. A correctly performesweat test has ca. 98% accutfcy
Where diagnostic difficulty arises is in atypicases relating to novel and unusual
CFTR gene mutations where sweat electrolytes ardebdme or normal; or when

neonatal diagnosis is required. There are manypbes of such atypical cases in the



literature where clinical presentation is suggestof CF and mutation analysis
identifies CFTR mutations but sweat test resules garsistently norm&8*?*? Such
cases are relatively rare, however, and in >98%aeés the sweat test is accurate. A
positive sweat test and the identification of 2 i@&tations is a clear diagnosis of CF
in most cases. In atypical cases a repeat of @ @nd thorough evaluation of the
respiratory system, pancreatic sufficiency andrlivmctions, as well as an extended

search for rare mutations is required.

Neonatal diagnosis is important because early dsigmmeans early implementation
of preventative and palliative treatment. Neondiafnosis is difficult because the
cornerstone QPIT cannot be carried out on newbasthey do not sweat sufficiently
in the first 6 weeks of life to facilitate samplellection. Even after those 6 weeks the
QPIT is at any rate considered too laborious am@esive a test for blanket screening
of all newborns. Current screening methods inclirge measurement of Immuno-
reactive Trypsin (IRT) in the blood of neondfe€FTR mutation analysis, pancreatic
sufficiency tests for meconium alburiinand sweat conductivity tests These tests

all have their advantages but they are only scngetests, and any positive results

indicative of CF must be followed up with a start@PIT.

As has been said, the current number of identiffredations is in excess of 1600,
though the vast majority occur at a frequency aisl¢han 0.1% in the affected
populatiof. This hampers the screening for the diseasehei@énetic route as it is
difficult and expensive to screen every individdal every possible mutation.
Selectively screening for a small number of the tnaosamon or likely mutations can

be carried out but the results depend on the nomstcreened for, and indeed on the



population being screened. The most common mutatidhe UK is the three base
pair deletion, AF508, which accounts for approximately 75% of easi The same
mutation appears in approximately 90% of the CFesas the United StatHs
Commercial multiple-mutation assays are availablat ican detect about 86% of
carriers in Scotland, Wales and the North of Endjlasr 80% elsewhere. Different
proportions apply to other populations such as #si85%), Ashkenazi Jews (95%)
and African Americans (41%) Clearly, the detection rate of DNA mutation iegt

is highly dependent on racial and ethnic backgrouN@ consensus exists as to the
best multi-mutation screening panel to use becdhsefrequency distribution of
CFTR mutations varies across racial and ethnicpgg'du Ethnic variation is not an

issue with the standard QPIT test for sodium andricte in sweat.

1.5 The Sweat Test

The QPIT is widely regarded as one of the bestrdistic tests in clinical medicifie

It consists of three separate stages:

0] stimulation of sweating by pilocarpine iontophosgesi
(i) sample collection e.g. onto gauze or filter papertloe Wescor
Macroduct® (see Figure.1lb & c), and

(i)  analysis for sodium or chloride or both.



Stimulation of sweat is carried out by pilocarpiaecholinergic drug, introduced to
the skin by iontophoresis to induce sweating im@alised area. The pilocarpine is
purchasable in convenient “use once and throw away’'disks compatible with the
iontophoresis unit available from the same compamCCU Science, Ireland — a
division of Wescor Inc. (Logan, Utah 84321 USARilocarpine, activated by a low
voltage electrical current, is drawn into the ddrreyer of the skin where it
stimulates the sweat glands, activating their s$ecre[Figure 1.1a]. Sample
collection is carried out using filter paper or gauor another Wescor device called

the Macroduct® [Figurd.1b & c].

Figurel.1 Following iontophoresis with pilocarpine tonstilate sweating (a), the

sweat is collected using the Macroduct® unit whghktrapped over the stimulated
region like a wristwatch (b). The neat sweat aifien a coiled tube through a hole in
the back of the unit. (c) A blue marker dye isduseindicate the progress of the

sweat collecting in the tubing (image taken fromwvwescor.com).

It is equally accepted, however, that the QPITifcdlt to perform, laborious, and

notoriously prone to errors if not executed cotyeatith strict adherence to



proceduré’, leading to higher incidences of false positivel aegative results. For
this reason, many efforts have been made to sinplid speed up the standard
procedure while cutting the cost of it, in ordemtake it more suitable to both mass

screening and less frequent use, in hospitals hawsveentralised CF centres.

On-skin ion selective electrodes (ISE’s) have beerd®**?*for on-skin sweat
analysis after stimulation to eliminate the sanqm#ection and weighing stages and
their associated problems, but in general theseeghave performed rather poorly
due to problems with evaporation of the sweat dusampling, poor reproducibility,
contamination of sample by leakage from the ligjuection of the reference
electrode, difficulty in achieving good contact hithe skin surface and mV-signal

artefacts arising from pressure changes or patievement etc.

The Scandipharm Cystic Fibrosis Indicator SystenfI®} chloride patch® is
another diagnostic device consisting of a filtepgrapatch placed over the site of
iontophoresis. The sweat is absorbed and meatslaride-complexing chemical” to
form a precipitate and the circumference of theciprate ring is related to the
concentration of chloride. A number of devicesdobsn conductivity measurements
also exist and are in use, most notably the WeSaaat Chek® conductivity meter,
which is the only screening test approved by thetddnStates Cystic Fibrosis
Foundation. Again, however, as with all of the abtests, it remains a screening test

only, and is not accepted as a valid diagnosisawitla confirmatory QPIT.

One of the most significant sources of error in @RIT sweat test is the sample

collection stage which involves the use of pre-wem filter paper or gauze to be



placed over the site of iontophoresis for a pend®@0 minutes to absorb the sweat
being produced. This procedure is fraught with pineblem of evaporation and
resultant concentration of the sample during catdacand also during transfer of the
filter paper to a stoppered flask for re-weighinghese problems were significantly
improved by the development of the Wescor Macra@iusysteni”?®  As shown in
Figure 1.1, the Macroduct® is strapped to the site of aphbresis (usually the
patient's arm), the sweat collects in the shallammaave region underneath of the
plastic disk and through the hydraulic pressurthefsweat glands (stimulated by the
action of pilocarpine) the sweat is forced into todéled capillary tubing via a small
hole in the centre of the disk connected to a cttle coil of plastic tubing. A spot of
blue dye at the entrance to the coil is taken uphleysweat and aids visualisation of
the collection process. Wescor Inc. encouragesdbepling of the Macroduct® with
its own commercially available Sweat Chek® condutsti meter, but as a sweat
sample collection system it can of course be calplgh any subsequent analytical
technique. The advantage of the Macroduct iscitifates easy collection of up to 75
ug of liquid sweat while eliminating traditional sate test difficulties with
evaporation. After collection the device can bentintled and the sample extracted

using a syringe and transferred to an approprialdar storage or analysis.

ISE analysis of samples collected via the Macrothastbeen successfully carried out
and found to be a valid alternatiVe In this study, the use of a miniature ion-sélect
electrode array to analyse sweat samples and tinerdifagnose CF, is proposed. The
device, manufactured by SendX® Inc, a commerciallgilable blood gas and blood
electrolyte analyser was investigated as an agalyslystem for liquid sweat samples

collected via the Macroduct. As the device is taby a series of miniature sensors
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in a flow-cell, it is capable of analysing smalllwmes of any compatible liquid
sample that can be pumped through the device, fariaty of analytes. The ability
to simultaneously analyse sodium and chloridess albig advantage. Many current
sweat analysis techniques such as flame photomatrg anion exchange
chromatography have several major disadvantagesctasional users in physician’s
offices or hospital outpatient departméfitsThey require relatively sophisticated and
expensive analytical instrumentation and a highreegf technical competence to
operate them. This is especially true when untlerathe determination of both the
sodium and chloride levels in sweat samples, asec®@mmended for optimum
reliability®’. This would most likely necessitate the splittimigsweat samples into
two portions for the different methods of analyfs the two ions and, almost
certainly, dilution of samples to ensure sufficigatumes for replicate analyses. This
makes the analytical procedure lengthy and tediblssng a microelectrode array
allows, in principle, the simultaneous analysissoflium and chloride (as well as
potassium if required). No bulky or expensive nastentation is required, and it is
quite simple to use. Multi-component analysis gsimicro-sensor arrays is attractive
as it reduces both analysis time and expense.lsdt @gresents a more convincing
assay, as contributions from other components enstéime sample matrix can be
investigated simultaneously. Furthermore therea isapidly growing demand for
devices which allow 'point of need measurementsierathan sending samples to
centralised analytical laboratories. The use ngsearrays such as the SendX® array
used in this study offers a convenient route tdeathg this goal. By simply passing
samples through the array, delays associated witbction and storage and eventual
analysis are minimised. In preliminary studieswés identified that CF diagnosis

could in principle be performed with an array dbttype, as the marker ions (Nand
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CI') present in sweat can be easily and accuratelysumed by reconfiguring sensor

arrays produced for blood analy%i§®>.

This chapter describes the assessment of the #itytab the array for the analysis of
sweat samples by applying it to the analysis ofutaed samples in the expected
normal, borderline and CF diagnostic concentraticargyes. A clinical trial was
subsequently carried out involving the analysisredl sweat samples from both a

normal and a CF population, and this is describatie following chapter.

1.6 Experimental

2 litres of a mixed 0.1 mol*l (100 mM) stock solution of potassium, sodium and
chloride was made up (14.912g KCIl and 16.998g di®s and diluted to give 0.02,
0.04, 0.06, 0.08 and 0.1 mdl standard solutions. Four simulated samples were a
made up containing all three ions of interest atatgoncentrations of 0.035, 0.050,
0.075 and 0.085 mol™l and numbered 1 to 4, respectively. Analyticaldgra
potassium chloride and sodium nitrate were obtaiinech Fluka Chemie AG and
used to make up the simulated samples and stand&ftisapure water (Barnstead
EASYpure RF Ultrapure water system, 18QMm resistivity) was used throughout

this study.
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1.7 Instrumentation

The sensor array was received from SendX Inc aarpit in Figurel.2. A Gilson
Minipuls 3 peristaltic pump connected to the amath microbore capillary tubing
was used to pump standard and sample solutionsghre flow-cell. Signals from
the sensors were transferred after impedance caioneio a portable P@ia a
National Instruments DAQ-Card Al-16XE-50 I/O dataaisition card. The
multichannel data was captured and displayed usahyiew software written in-

house.

Figurel.2 SendX Array. The top image shows the sensayamd the transparent
plastic flow-cell in which it is encased. Belowstthe same array pictured side-on

showing the 24-pin-out arrangement underneathriag.a
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The digital data acquired from each sensor wengdalied simultaneously as real time
millivolt readings on the PC screen, and saved 3SIAtext files. Microsoft Excel
was used for post-acquisition data analysis andraphical representation of the data

obtained.

Figurel.3 CF analytical system: The signals taken froenairay (a) are routed

through a shielded box containing an impedance esion circuit (b). This is
connected to a mini-PC running a LabVIEW prograniciitaptures the signals and

plots voltage response against time (c).

1.8 Procedures

A Gilson Minipuls 3 peristaltic pump connected e tarray with microbore capillary
tubing (0.1 mm internal diameter) was used to puwtamdard and sample solutions

through the flow-cell. The sensor array was olgdifrom SendX® and connected to

14



a portable PC via an impedance conversion circousad in an rf-shielded box.
Signals from the sensors were transferred afteedapce conversion to a portable
PC,via a National Instruments Lab-PC 1200 data acquisiteerd. The multichannel
data was captured and displayed using LabView soéwvritten in-house. The
digital data acquired from each sensor were digglasimultaneously as real time
millivolt readings on the PC screen, and saved &€IAtext files. Microsoft Excel
'98 was used for post-acquisition data analysisfandraphical representation of the

data obtained.

1.9 Results and discussion

Figure1.4 shows one of the LabView user interfaces engaan the study. This
relatively simple interface displays three sensgnals (Nd, K™ and CI). In each
case, the baseline is shown to be stable, exltgbitmimal drift and hysteresis,
particularly for the Na and K sensors. The baseline represents the 0.01 ™ol |
standard while the responses from left to righttaee0.02, 0.04, 0.06, 0.08 and 0.1
mol I"* standard solutions. Figufie5 shows the same calibration sequence followed
by analysis of the simulated samples (0.035, 0.051¥5 and 0.085 mol‘Imixtures

of Na', K™ and Cl, numbered 1 to 4 respectively) analysed in a randmler (#2, 4,

3,1,3,2,2,3,4,1,4,and 1))

15



B Working 3 sensor vee eyel rev[18-2-98).vi *

Figure 1.4 LabView Virtual Instrument Interface showingaléme responses to
standards containing 20, 40, 60, 80 and 100 mMusodpotassium and chloride.
Baseline is a solution, which is 10 mM in all thieas. Sodium is the topmost trace,
potassium the middle and chloride the bottom.
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Figure 1.5 Extended data display of three data channetr @hportation in to
EXCEL. The first 5 response peaks represent th@idards (0.02, 0.04, 0.06, 0.08
and 0.1 mol t in all three ions) against the base line (0.1 #lin each case,

random unknowns (1 to 4, see text for detailspfall

The response was seen to be very rapid, and aystésté signal was obtained almost
immediately. The return to the 10 mM baselinegsadly fast, with minimal tailing,
drift or hysteresis (Figurel.5). It must be noted that the above trace is not
representative of continuous, flow-injection anays The data collection software
was paused during each solution changeover. Samplaround, including flushing
and filling of the array with the solutions, wagpagximately 1 minute. However, this
could be further shortened if the array was usedflow-injection mode, and
considerably shorter flushing times could also $eduas the dead volume of the array
is only ca 40 pl. The calibration curves (Figré) generated from the data in Figure

1.5 show good linearity for each of the electrodes.
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Figure 1.6. Calibration curves for Sodium, Potassium @&fdoride. The unfilled

symbols are standards, the filled symbols are wvkiso Y error bars were calculated

for standards and samples but were sufficientlylisasao be invisible in this graph at
this scale (see Tablel).

The unfilled symbols signify the five standards ahd filled points represent the

unknowns. An excellent correlation was obtaine@ach case, but the slope of the

AG/AQCI electrode was sub-Nernstian to @t ca. —36.1 mV/decade. Later work

seems to show that this was peculiar to the cldogtbctrode in this array only.

Devices received and used in later work subsequerglded Nernstian slopes for

chloride.
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Electrode Standard

20mM 40mM 60mM 80mM ORI
K* 8.63 (0.08)  27.38(0.08)  37.51(0.06)  4GMBS)  51.39 (0.07)
Na* 19.48 (0.04)  37.47 (0.05)  46.70 (0.04)  53®I4)  58.50 (0.01)
cr -12.09 (0.05)  -22.38 (0.01)  -30.25(0.02) -3204¢) -37.51(0.19)

Table 1.1 Steady state values in mV used to generatecdhbration plots. The
calibration regime was only carried out once, lmrtdach standard the steady state
reading was monitored for 30 seconds, with theesysautomatically recording a
reading every second. The deviation of the resptorseach electrode over those 30
seconds was calculated and is included here (ckbts after the average mV reading
for each electrode and standard) to demonstratstaldity of the signals. All show a
deviation of less than 0.2 mV and all but 2 ars ksan 0.1 mV.

sample K* Na* cr

35mM 27.88 28.27 27.99 0.20 34.05 34.50 33.98 0.28 -20.30 -20.94 -19.61 0.67

50mM 36.28 35.65 35.62 0.37 42.87 43.18 4295 0.16 -26.03 -25.95 -25.92 0.06

75mM 44.24 44.02 43.71 0.27 52.29 52.31 5191 0.23  -33.55-32.38 -32.07 0.78

85mM 47.71 47.72 47.10 0.36 54.83 55.12 54.60 0.26  -35.84 -35.70 -35.42 0.21

Tablel1.2 Triplicate millivolt responses of each of theee electrodes to the four
simulated sample solutions, along with calculate8d standard deviations. These data
were used to estimate the sample ion concentraftionsthe calibration curves,
presented in Tablg.3.
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Electrode

True sample K Na CI
concentration

35mM 4137 (182%)  35.99 (2.8%) 33.95 (-3.0%)
50mM 55.45 (10.9%)  51.79 (3.6%) 48.77 (-2.5%)
75mM 75.27  (0.4%) 75.62 (0.8%) 74.88 (-0.2%)
85mM 85.90 (1.1%) 84.46 (-0.6%)  86.94 (2.3%)

Table 1.3 A comparison of the true sample values withs¢hestimated from the
calibration curves. Relative percentage errors betwthe true and estimated sample

concentrations are also shown.

From the data in Tabl&é.2 and the results obtained from the calibratiarves in
Table 1.3 it can be seen that the best results werer@atdior sodium with a very
good level of accuracy as reflected in the relapeecentage error values, and good
precision also with low mV standard deviatiors (.28 mV); i.e. results obtained
using the array correlated very well with the knogancentrations of sodium in the
samples. The results for chloride were also engmoga though less consistent. The
results for potassium show slight inaccuracieh@lower concentration samples. The
slope exhibited by the potassium electrode wasdmitfan the expected slope (61.35
mV/decade) and the potassium results also showgarlghan expected value for the
lowest unknown (0.0409 mof linstead of 0.035 molY). This may be an outlier, as
the other unknowns are all determined to an acyuvéidess than 1.0 x1dmol I,

and the triplicate mV data for that “35 mM” solutiare very consistent; therefore the
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error could simply be a dilution or similar praeticerror in the making up of the

solution.

The concentrations of sodium and chloride usedhia study are typical of those
found in sweat and used to diagnose cystic fibfdsisThe most appropriate
thresholds are a matter of some debate. GenetrallynM sodium and60mM for
chloride is considered diagnostic for CF as orillynsuggested by Gibson and Cook
in 1959, but other investigators have suggested revisiothese thresholds. For
example, one study of 233 childfafiound that all CF positive children had chloride
>80 mM and sodium >50 mM, while normal children fadid chloride <40 mM and
sodium <50 mM. Whatever the thresholds, theselteesuggested that the array
could be adapted for this diagnosis. If the penimmce of the array is assessed on the
basis of, for example, the Gibson and Cooke lewtls,35 mM simulated sample
would be representative of a sample taken from ranabpopulation, the 50 mM
would a normal borderline, and the 75 mM and 85 mdlld be considered (as part
of a full clinical assessment) to be diagnosti€étf From Tabld..3, which compares
the known concentrations of the samples with tleséenated from the array data, the
close agreement of between the 2 sets of data,anitverage %error of < 2% for the
sodium and chloride electrodes indicates that theyamight well be used to analyse
real sweat samples with sufficient accuracy toeddhtiate between normal samples
and CF samples, based on the expected marker merwations and their accepted

diagnostic thresholds.
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1.10 Conclusions

Commercially available sensor arrays primarily alna¢ the blood gas market can be
easily adapted for other applications. Portablstriments capable of rapid
multicomponent analysis can be produced by couplwmgblood analyser arrays to
portable PCs fitted with data acquisition carddie Tabview software development
environment enables sophisticated graphical ugerfates to be rapidly produced
and customised for particular applications. Thalygical results demonstrate that the
array can easily be calibrated and used for assatgsde the normal range employed
in blood analysis. They also show that the cell ba used as a component in a
portable instrument suitable for simultaneous medtising of ion mixtures. The
success of this study in the accurate determinatidhe CF marker ions in simulated
positive and negative sweat samples in the expactedentration ranges for real-life

samples was very encouraging.
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2.1 Introduction

The work described in chapter 1 demonstrated tloeessful employment of the
Sendx® array in the detection and monitoring of déectrolytes indicative of, and
over the concentrations relevant to, a cystic BwqCF) diagnosis. This indicated
that the array might be applicable to the analgbi®al sweat samples for diagnosing
CF. This chapter describes the use of that samlgteral set-up in a CF clinical trial
involving real sweat samples collected from bothp@Bitive and normal populations.
The analytical performance of the array was refegdnagainst standard bench-top

lon Chromatographic and Atomic Absorption Spectopsc methods.

2.2 Experimental

2.2.1 Reagents and Instrumentation

Analytical-reagent grade potassium chloride andusodhitrate were obtained from
Fluka Chemie AG and used to prepare sample andlathrsolutions. Ultrapure

water (Barnstead EASYpure RF Ultrapure water systeas used throughout.

All sweat samples were collected by pilocarpinetophoresis using a Macroduct
3700-SYS Sweat Collection system obtained from Wieséon chromatography was
carried out using a Dionex DX-120 ion chromatographAS for potassium and

sodium was carried out on a Perkin Elmer Model 31&0mic absorption
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spectrometer. The same analytical system was emygblas in the previous chapter

(Chapter 1)

2.2.2 Procedures

Sample Collection:

The normal and CF positive sweat samples were atetleon-site in Dublin City
University and in the CF Clinic in Our Lady’s Hosgiin Crumlin, respectively.
Ethical approval was sought from and granted byhibepital ethics committee prior
to the trial. This facilitated attendance of thermng outpatients’ CF clinic in the
hospital, which takes place on an almost weeklysbaBatients regularly attend such
clinics for routine tests such as respiratory fiorctand nutrition to assess their
general progress as well as any specific issueghwhight arise. In the waiting
room of the clinic, patients and their parents waggsproached, and their participation
in the trial requested. The aims of the trial ahd nature of the sweat test were
explained and any other questions or concerns ardweGiven the parents’ and or
patients’ consent, a sweat sample was collectedh@atandard QPIT (Quantitative
Pilocarpine lontophoresis Test) method. The eqaigmand method used are

described below.

A Macroduct 3700-SYS Sweat Collection system wasdu® collect the samples.
This is a complete system for sweat sample cotlactilt consists of the “Webster
Sweat Inducer” (see Figure 2.1a). This is bagiaalsophisticated battery pack with

two electrodes and a 5-minute timer. Wescor alaoufacture and provide Pilogel®

28



discs, solid aqueous based gel discs containirfg @icarpine nitrate which fit into

the electrodes as shown in Figure 2.1b .

(a) = / (b)
‘ ”’x' E

/

Figure 2.1 (a) The “Webster Sweat Inducer” avadablbbom Wescor and (b) the

Pilogel® discs as they fit into the electrodes @emtaken fromvww.wescor.com

For each patient, the site of iontophoresis (ugubk patient’s arm) was cleaned with
deionised water, and the electrodes, fitted widistirpilogel® discs, were strapped to
the chosen limb, a couple of inches apart, withckéebktraps (provided) as previously
described and illustrated in chapter 1, Figure 1The Webster Sweat Inducer was
then switched on. The device is designed to cauy automatic iontophoretic

stimulation of the local sweat glands by passifiaCacurrent of 1.5 mA between the
electrodes for a period of 5 minutes, after whiod ¢urrent is automatically switched
off and a brief alarm signal is sounded. Duringnatation the electric current

polarises the electrodes and the pilocarpine casigapelled away from the positive

(red) electrode and down into the sweat glands/atttg their secretion (Figure 2.2).
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Figure 2.2 The positively polarised red electrodigi¢ in contact with the aqueous
Pilogel® disk (2) containing pilocarpine nitratehémical structure also pictured)
which is partially ionised into positive pilocargin(Pilo) and negative N@ions.
The pilocarpine ion Pilo(3) is repelled into the skin (4) where it actesthe sweat
glands. The removal of Rlisturbs the equilibrium leading to further disstion of

free Pilo ions and the process continues until a steady staeached.

After iontophoresis the electrodes were removed, dite of iontophoresis cleaned
once more with distilled water, and a Wescor Maaobatrapped to the circle of skin
with which the red (+) electrode was in contactcadiect the sweat produced by the

pilocarpine stimulated sweat glands.
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After a collection period of approximately 30 miestthe Wescor Macroduct was
removed, dismantled and the sweat sample expungea ivial. This was done using
a small forceps and a syringe, provided with thredeng kit. The forceps was used
to remove the lid of the Macroduct, exposing thdecbtubing. The syringe was
filled with air and inserted into the open end b€ tcoiled tubing at the outer
circumference of the colil, with which it forms gl seal. The tubing was then pulled
free and uncoiled and could be snipped at its l@asde other end where it was
attached to the centre of the Macroduct, i.e. thiatpat which the sweat enters the
device during collection. One now has a lengthcapillary tubing containing a
sample of sweat, with an air-filled syringe at aerel; therefore by depressing the
plunger on the syringe the sweat sample can besdoout of the tubing into an
appropriate container. All samples were placed s#parate 200 pl, capped vials in
this way, and stored at 4 °C until analysis wasi@adout. Overall 12 sweat samples
were obtained from CF-positive patients in the GRicof Our Lady’s Hospital for
Sick Children, Crumlin, Dublin. A further 13 norinsamples were collected from
non-CF sufferers in Dublin City University. On aage 50 to 75 of sweat was

collected from subjects ranging from 13 to 27 yedrage.

Analytical procedure:

A mixed 1.00 mol  stock standard solution of potassium, sodium dmdricle was
prepared by dissolving 7.456g and 8.499¢g of KCI BiatNO;, respectively, in water
and making up to volume in a 100ml volumetric flaskhis was diluted to give 0.02,

0.04, 0.06, 0.08, 0.1, and 0.12 mbistandard solutions.
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To facilitate analysis of the samples via the araaygl the two separate reference
methods, it was decided necessary to dilute thelesnadue to the volume constraints
imposed by the small (<100ul) sample volumes whitdly be collected via the
Macroduct. Two of the CF positive samples wereatgd before analysis, as the
volume of sweat collected was insufficient (<10.pllFrom the remainder of the
samples approximately 7Hl of neat sweat from each sample was accurately
transferred to a pre-weighed 2 ml vial and dilui@d00ul, using 0.1 M magnesium
acetate to buffer the ionic strength. The samplemes were accurately transferred
into the 2 ml vials using a 100 pl Transferpette®@ d@he vials were also weighed
before and after addition to confirm the sweat damyolume transferred. In
preliminary work, lithium acetate was used as aeadit and ionic strength buffer but
the lithium ion peak was found to be masking thdiwm peak in the cation IC
reference method chromatograms. Magnesium acgtsdried and the problem was

remedied.

The 6 standards (0.02, 0.04, 0.06, 0.08, 0.1, ah#l fol I' standard solutions) were
diluted by the same dilution factor (and with theme ionic strength buffer). A
volume of 400pl of each diluted sample was reserved for analysisthe array.

Activity coefficients for the ions were calculatedcording to the Davies equatfon

(Equation 2.1).

log f, = —oslszi - 0.15@ Equation 2.1
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The array was conditioned overnight in the 0.1 Hiatandard. Before use, the array
was flushed with Milli-Q water for several minutasa flow rate of 2.1 ml mih The
array was then flushed with each solution for appnately 15 s before measuring
the response. During the measurement period, nhg/ta solution flow rate was
reduced to 0.1 ml mihand the steady state signal measured for approaiyn20 s
after stabilisation had occurred (usually withir® lseconds). The lowest standard
(0.02 mol 1! in sodium, potassium and chloride) was used tdteebaseline. Then
each of the other standards (0.04, 0.06, 0.08, #n#l, 0.12 mol t in sodium,
potassium and chloride) were passed through irsénee way, with the 0.02 mot |
standard being re-analysed between each standard/gstigate the possibility of
hysteresis or baseline drift. The sample unknowere then analysed, with the 0.02
mol I'* standard again being re-run between each sarileen all samples had been
analysed the calibration regime was repeated, gnds before with the lowest

standard.

A Gilson Minipuls 3 peristaltic pump connected e tarray with microbore capillary
tubing was used to pump standard and sample sadutibrough the flow-cell.
Signals from the sensors were transferred afteedapce conversion to a portable
PC, via a National Instruments Lab-PC 1200 data acquisitard. The digital data
acquired from each sensor were displayed simultegsigoas real time millivolt
readings on the PC screen, as in the previous stndysaved as ASCII text files.
Microsoft Excel was used for post-acquisition dataalysis and for graphical

representation of the data obtained, as usual.
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The remaining 10Qul of each diluted sample was reserved for analysisthe
reference methods. A tenfold dilution with Ultrapuwater was carried out to bring
the volume up to 1 ml. 0.5 ml of this was set asatdon chromatographic analysis,
and the remaining 0.5 ml was further diluted volume5 ml volumetric flasks for

AAS analysis.

2.2.3 Reference Methods

Anion analysis

Chloride determination for all samples was carred on a Dionex DX-120 ion
chromatograph with suppressed conductivity detactibhe analytical column was a
standard Dionex lonpac® AS-14, 4mm column with nephase 4 mM p-hydroxy-
benzoic acid with 2.5% methanol, adjusted to pHwith NaOH, at a flowrate of 1

ml min®. The method used was obtained framvw.dionex.com The lonpac® AS-

14 is a universal column for the fast separatiomofganic aniorns. The stationary

phase is a surface-functionalized polymer-baseghattyloenzene / divinylbenzene
(EVB / DVB), and p-HBA is a commonly used mobileagle which facilitates single-
column chromatography and direct conductivity diédec as well as suppressed

conductivity.
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A noteon ion suppression in IC

lon suppression is designed to enhance conductdefgction sensitivity in ion
chromatographly Traditional ion chromatography eluants such a®N (Anion IC)
and HCI (Cation IC) are highly dissociating andsam® a constant high background
conductivity against which it can be difficult tétrédbute small conductivity changes
to eluting analytes. The situation can be improttedugh the use of weak organic
acids, such as hydroxybenzoic acid (HBA), which ilitate single column
chromatography and direct conductivity detectionh&y are weakly dissociating and
therefore have a lower background conductivity. véitheless, suppressors can still
provide sensitivity with such eluants, and presemin suppression methods are
commercially available for most instruments andligapons. These suppressor units
perform post separation neutralization of mobilagghsalts to lower the background
conductivity before entry to the detector. Thetsiaire also now available with self-
regenerating mechanisms, which continuously geaetatand OH ions through the
electrolysis of water (oxidation at the anode toduce H ions and reduction at the
cathode to form OHons). In anion chromatography the suppressdrhas a cation
exchange membrane, which exchanges eluting mobédsepcations, such as Néor

H* ions. Similarly in cation IC, an anion exchangemfrane exchanges eluting
anions for OH The end result is that the analyte ions enterdétector in a water
solution eluant with greatly reduced background deaivity, while analyte

conductivity remains high (Figure 2.3).
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Figure 2.3 lon chromatography with suppressed ccindty detection.

Cation Analysis

(i) lon Chromatography
Cation analysis was carried out using two methods t equipment constraints.
Samples 1 to 16 were analysed by AAS (see belod/samples 16 to 23 analysed by
cation IC. The IC was again carried out on a Dxomstrument using a CG14 guard
column and an lonpac® CS14 analytical column, wathDionex cation self-
regenerating suppressor (CSRS-II) unit and condtictietection. The mobile phase

was 10mM Methane Sulphonic Acid, at a flowrate ofillmin™.

(i) AAS
AAS for sodium and potassium determination wasiedrout on a Perkin Elmer

Model 3100 atomic absorption spectrometer undefalb@wving conditions:
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Sodium Potassium

Lamp: Sodium Hollow Cathode Potassium Hollow Cathod
Lamp current: SmA SmA

Fuel: Acetylene Acetylene

Support: Air Air

Flame stoichiometry: Oxidising Oxidising

Wavelength: 589.0 nm 766.5 nm

Slit width: 0.5 nm 0.5 nm

Working range: 0.002 to 1.0 ppm 0.1 to 2.0 ppm

Calibration curves were constructed for each method used to estimate sample

concentrations.

2.3 Results and discussion

Table 2.1 below shows the mV responses of the reldes in the array to the
calibration regimes. Mean values were calculated ased to construct standard
calibration curves, shown in Figure 2.4. Thesébcaiions were carried out at the
beginning and end of the trial, approximately 3hueés apart, so some drift is

expected. This drift appears to be more pronoufmetthe chloride electrode than for
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sodium and potassium. The slopes for the threetretkxs are, however, quite

consistent.
Standard Electrode
K +before K +after Na+before Na+after Cl _before Cl _after
(mV) (mV) (mV) (mv) (mV) (mV)
20 14.0 15.8 -14.0 -16.0 -102.2  -109.0
40 31.0 31.8 1.2 5.2 -119.7  -123.7
60 41.5 42.0 11.4 14.0 -130.5 -134.9
80 48.6 49.0 18.7 19.9 -137.4 -142.4
100 54.8 54.8 24.2 25.0 -1425 -1485
120 59.2 59.6 29.1 29.7 -147.0 -153.0
Slope 60.48 58.39 57.60 59.59 -59.89 -59.45

(mV/dec)

Table 2.1 mV responses of the electrodes in thayaw the standard calibration

regimes, carried out before and after sample aisalys
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Figure 2.4 Standard curves from the 3 sensors. régponses are linear over the

desired range, and Nernstian slopes are observeédefthree electrodes.
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Electrode

Sample K" Na cr
response  activity response  activity response  activity
(mV) (mol/L) (mV) (mol/L) (mV) (mol/L)

1 17.10 0.018 19.35 0.063 -113.61  0.023
2 21.12 0.021 19.00 0.062 -115.49  0.025
3 25.28 0.025 18.90 0.062 -126.49  0.038
4 -3.12 0.008 -0.32  0.029 -91.92  0.010
5 3.04 0.011 5.84 0.037 -98.5(  0.01:

6 21.40 0.022 9.12 0.042 -126.76  0.038
7 13.01 0.016 -7.52  0.022 -117.24  0.027
10 14.56 0.017 -0.87  0.029 -107.77  0.018
11 15.29 0.017 12.16  0.048 -109.72  0.020
12 2.96 0.011 -17.06  0.015 -91.19 0.010
13 -4.59 0.008 -10.73  0.019 -82.87  0.007
14 13.18 0.016 -18.42  0.014 -102.78  0.015
15 -4.26 0.008 -0.50 0.029 -84.57  0.008
16 -12.81 0.006 -9.74  0.020 -77.68  0.006
17 10.08 0.014 2491 0.079 -106.26  0.017
18 20.63 0.021 17.05 0.058 -108.48 0.019
19 14.04 0.016 21.83 0.070 -113.75  0.023
20 12.30 0.015 20.39 0.066 -116.07  0.025
21 14.38 0.017 20.40 0.066 -116.89  0.026
22 1.37 0.010 5.80 0.037 -93.27 0.011
23 -3.19 0.008 -3.04 0.026 -90.10  0.009

Table 2.2 This table lists the mV responses to sachple for each electrode and the
ion activities estimated from the standard curv8ample volume was insufficient to
allow duplicate analysis for calculation of startlaleviations. The mV values do
however represent a mean response over a 30 seconitoring period. The red
colour indicates samples taken from the CF populatand the green represents
samples taken from the normal population.

The sample ion activities in Table 2.2 were cal@dafrom the sample millivolt

responses (also listed in Table 2.2), and the atandurve trend-line equations for

each electrode (Figure 2.4).

40



Example calculation: Sample #1, sodium ion.

The equation of the line from the sodium electroakbration curve is:

y =58.6x + 137.9

where “y” is the millivolt response of the electeodnd “Xx” is the logarithm of the ion

activity.

The mV response of the sodium electrode to sanfbleas 19.35 mV, and this value

is substituted for “y” in the equation of the line:

x = Antilog [(19.35 — 137.9)/58.6] =  0.00949 M

The 6.67 dilution factor must also be taken intccant (75 ul in 500 ul):

(0.00949)(6.67) = 0.063M

sample #1 sodium ion activity

To facilitate direct comparison of the array anéemence method results, it was
necessary to convert activity values obtained ftbenarray, to actual concentrations.
In anticipation of this, as outlined in the procegjunagnesium acetate was added to
all standards and samples before analysis to btifierionic strength. For the 6
standards, the ionic strength “I” was calculatedatoge from 0.346 to 0.376, and the
corresponding monovalent ion activity coefficiefits, calculated from the Davies
equation (Equation 1), ranged from 0.687 to 0.683pectively. The added

magnesium acetate was assumed to also be the domirentributor to ionic
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strength in the samples. This is a reasonablenggtan because of the expected
similarity in ionic composition of the samples tetstandards. Table 2.3 shows that
the CF marker ions sodium and chloride are byHarrmost prevalent ions in sweat,
and they are present within the range of the standalibration. Samples were
buffered in the same manner as the standards oheréfshould be reasonable to
assume the total ionic composition of the sampidset sufficiently similar to that of
the standards to apply the same estimated actoatyfficients to the sample

calculations.

lon Sweat Concentration (mM)
Sodium 20 to 80
Potassium 410 18
Calcium Oto1l
Magnesium <0.2
Chloride 20 to 60
Bicarbonate Oto 35
Phosphate 0.1t00.2
Sulphate 0.1t0 2.0

Table 2.3 Principal ionic composition of sweat

Converting activity to concentration:

(0.063)/(0.685) = 0.092 M
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= Estimated sodium ion concentration for

sample #1

lon activities were similarly estimated for all sales and converted to concentration

values. The results are tabulated in Table 2.4.

Electrode
Sample | K"(mM) | Na"(mM) [ CI'(mM)
1 26.85 92.44 33.81
2 31.38 91.18 36.35
3 36.88 90.84 55.58
4 12.24 42.69 14.64
5 15.55 54.37 18.87
6 31.72 61.86 56.15
7 22.91 32.16 38.89
10 24.33 41.77 26.98
11 25.03 69.69 29.10
12 15.50 22.10 14.23
13 11.56 28.35 10.32
14 23.05 20.95 22.26
15 11.71 42.39 11.02
16 8.40 29.47 8.45
17 20.44 115.03 25.46
18 30.79 84.46 27.73
19 23.83 101.91 33.99
20 22.28 96.32 37.17
21 24.16 96.35 38.37
22 14.57 54.29 15.42
23 12.21 38.35 13.65

Table 2.4 Estimated concentration values for threethons in each sample. The
values are listed as mM concentrations. Once at@sample numbers’ colouration
indicates the source population of the sample. iRéar the CF population and green

for normal

The analytical performance of the array will be pamed later by assessing these

array results against the results obtained for dame samples via the reference
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analytical techniques. For the moment, howeversehresults will be discussed in

isolation and in assessed in terms of their diatimegynificance.

The marker ions for CF are sodium and chloridee Glnerally accepted diagnostic
thresholds are 50mM sodium and 60mM chloride, abwaech is considered
positively diagnostic of CF These values are, however, only valid for cleirdr
Sweating rates increase with maturity, which metreg there is less time for
reabsorption of ions in the sweat glands of healtiylts; therefore the sweat ion
concentrations are higher. It is now accepted dinatto increased sweating rates in
adulthood, the threshold values used for children reot applicable to adufts A
higher threshold for both marker ions of 80 mMasammended therefore to separate
normal and CF adufts. In this study, all of the normal samples weleetafrom an
adult population. For the normal samples therefaesodium and or chloride
concentration 080 mM should be considered diagnostic of CF. ThRepGpulation
samples were taken from pre-pubescent children, #wed Gibson and Cooke

thresholds 0£50 mM sodium anéd60 mM chloride remain relevant.

Applying these diagnostic thresholds to the aresults for sodium and chloride in

Table 2.4, the results for sodium appear to be geond, while the chloride results do
not. The sodium results correctly classify all géam in terms of the population from
whence they came. The chloride results, howeveraklower than expected. Both
the normal and CF chloride values are far lowenthgpected and in terms of the
usual thresholds, provide no useful diagnosticrmttion. The fact that all of the

chloride values, both CF and normal, are depresseeins to suggest a chemical

interference on the chloride electrode, or someerofpthenomenon, masking the
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chloride ion concentration. If the depressionaaeyal and not sample- or population-
specific, then the expected separation of CF aminalosamples should still be
apparent. To investigate this separation, the karglues were projected onto their

respective calibration curves, as shown in Figuse Rigure 2.6 and Figure 2.7.
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Figure 2.5 This illustrates the degree of sepamagéxhibited by the potassium

electrode on the CF positive and normal samples.

In Figure 2.5, the black line is the standard catibn curve. The green circles
represent the potassium ion activities measuredh®mormal samples, and the red
squares represent the CF samples. Potassium asmatker ion for CF, so there is a
certain amount of overlap, but there appears ald®ta good degree of separation of
the two sample populations. The CF samples argerked in the upper half of the
curve and 8 out of 13 of the normal samples ard segarated from the CF ones.
Potassium may provide some complementary diagnostctherefore as part of a

total array response.
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Figure 2.6 This illustrates the degree of sepanagihibited by the sodium electrode.

Figure 2.6 clearly shows that the separation ishmoetter for the sodium results.
There is no overlap of positive and negative samppleulations. The CF samples,
indicated by the red squares are all tightly clest¢ogether. The normal samples are
more spread out but, as seen in Table 2.4, thealoratues all fall below the 80mM
threshold (log g = -2.09), so they are all firmly diagnosed as tiggaand the CF
samples are all above the threshold. The sodi@ctrede therefore exhibits 100%

diagnostic success for both the CF population hadchbrmal population samples.
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Figure 2.7 Here we see the degree of separatioiewvach on the chloride results

alone.

As seen in Table 2.4, the chloride responsestridited graphically in Figure 2.7, are
all considerably lower than the expected normal asual CF values. Traditionally,
chloride is considered the better diagnostic indicdbecause of the usually high
degree of separation between positive and negaaveples. Normal samples are
usually expected to have a chloride concentratioless than 40 mM (logaa = -

2.39), and CF samples are expected to exceed 80 nikk data here shows a
disappointing degree of overlap between the CFremrthal samples. There is still,
however, quite a degree of separation. 9 out ofnb8mal samples are not

overlapping with the CF samples.

Cluster analysis of the array data was carriedwotht the aid of Dr. Brendan Duffy,

using Minitaly software and is presented in Figure 2.8. Basetherarray data for
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the three ions, the samples were divided into twetindt groups. The CF samples
were all grouped together and, with the exceptiotwo samples, the normal samples

were also grouped together.

Cluster Analysis of Cl, K and Na in sweat samples

Similarity
0.00 —
33.33
66.67 —
10000 1 1 1 1 1 1 1 rL= lJ_l !J_! 1 1 1 1
12 1911982193 6 4 23155 2218316 7 101214

Positive Negative

Figure 2.8 Cluster analysis dendrogram for Na, & @hin sweat samples, illustrating
the separation of the two sample groups. Two ohttrenal samples (6 and 11) were

falsely diagnosed as positive.

The reason for this misclassification of the norsehples 6 and 11 can be explained
by closer examination of Figure 2.5, Figure 2.6 &mgure 2.7 which illustrate the
degree of discrimination obtained from each of tifwee sensors, which ultimately
contributed to the cluster analysis. Closer exaton of these graphs, and indeed of
Table 2.4 which lists the actual estimated conesioins, also provides an insight into

the reason for the misclassification of the norszahples 6 and 11.
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First of all the table and the graphs illustrateyvivo distinct groups emerge. In
broad terms it is possible to say that samplesntéilan the normal population have
lower potassium, sodium and chloride levels thampes taken from the CF
population. Samples 6 and 11 were taken from anabpopulation but the cluster
analysis software has grouped them with the CF latipn samples. Therefore
according to the software, samples 6 and 11 are rwlosely associated with the CF
samples than the normal samples. If one calculaesn and standard deviation

values for the two populations, the following reéswdre obtained (Table 2.5).

K" N& Cl
Mean (stdev) Mean_(stdev) Mean _(stdev)
CF 27.08 (5.54) 96.07 (9.20) 36.06 (9.09)
Normal 17.60 (7.01) 41.42 (15.15) 21.54 (13.54)
Sample 6 31.72 61.86 56.15
Sample1l  25.03 69.69 29.10

Table 2.5 Group mean and standard deviation vaalesllated from the array results.
Included for comparison are the values obtainedHercluster analysis misclassified

normal samples, 6 and 11.

From this table one can see again that the populatieans for all three ions are
higher for the CF population than the normal popota One also sees that the
reason for the misclassification of the two normsamples is because the individual
concentrations of the three ions are consistenti nelative to the group means.

Sample 6 in particular, though taken from a normpepulation, has a measured
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potassium and chloride concentration in excesh@®fF group mean. This is further
illustrated in Figure 2.5 —samples 6 and 11 ardwlmehighest placed normal samples
in terms of potassium concentration; in Figure ®l&ich illustrates the sodium ion

concentrations they are again the highest placetplea of the normal population

samples; and in Figure 2.7 for chloride, where darip is the highest placed of the
normal samples and #11 is the third highest pladéds is what distinguishes the two
samples 6 and 11 from the rest of the normal pojpula From Figure 2.7 sample #7
seems also to be grouped with the CF samples,hmidbes not lead to an overall
misclassification. This is because the contributimm all three ions is taken into

account in the cluster analysis, and the sodiuncacentration of sample #7 is low

and clearly normal, which associates it with thenmad population.

In this case, therefore, the use of an array @ettsensors is counter-productive in a
diagnostic sense, because the total array respaglsls two false positives, whereas

assessment on the basis of the sodium results, alehds 100 % diagnostic accuracy.

The poor performance of the chloride electrode weappointing. Chloride is
considered a better diagnostic indicator becauselgvation in sweat chloride from
CF is generally greater than that for sodium. Tk®sults in greater separation and
less borderline diagnostic confusion. In all poesd work involving standards and
simulated samples the chloride response was astedpeSweat is primarily a dilute
saline solution so it seemed unlikely that someatwased component was causing
the chloride electrode interference. The apocsimeat glands, e.g. in the underarms
release a thicker, yellowish, sweat secretion ¢oimg fatty acids and proteins as well

as the usual electrolytes, but the primary thergndegory sweat glands, the eccrine
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(or merocrine) glands, as found on the forearmsfeord where sweat was sampled
in this study, secrete only an aqueous dilute mde solution in which sodium and
chloride are the primary ions. The only other ¢ansto affect all samples is the
pilocarpine nitrate used in the generation of twea samples by stimulation of the
sweat glands. Anion-sensitive membranes basedgamic ammonium ions (such as
the SendX® chloride electrode, which is based ore tlon exchanger

tridodecylmethylammonium chloride (TDMAC)), followa selectivity pattern

described by the Hofmeister series (Table'2.6)

ClO4 >SCN > | > Sal > NOy > Br > CI' > HCO3 > OAC > SO > HPO,>

Table 2.6 Hofmeister Series. Decreasing lipopityliitom left to right

The nitrate ion therefore is a potential interféren the chloride electrode response,
and sample contamination from the pilocarpine tetrmay be the source of this
interference. The SendX® array of course is desigfor blood analysis, where
nitrate interference is not expected. Fluka sefg@uwre documentation provides

selectivity coefficients for a similar TDMAC basemblvent polymeric membrane

cocktail for chloride activity determination in wiedblood and serum. léogK;"f o

= 0.56 is quotel (mixed solution method at 115 mM NaCl, 5 mM KOA5 mM

NaOAc) which suggests an electrode nitrate resptitegas 3 to 4 times greater than
its response to chloride. The expected conceatrathloride in blood is ca 115 mM,
nitrate is not a major component of blood; thereftinis preferential response to

nitrate would not pose a problem in blood analyditowever, in this study nitrate
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interference is an issue. A series of simple erpants were carried out therefore to
investigate the effect of the nitrate ion on theNSX(R) chloride electrode, and also
to investigate the effect of the pilocarpine nérabntained in the pilogel disks to the

chloride response of the electrode.

In the first experiment, 3 standards solutions ammg 40 mM, 50 mM and 60 mM
NaCl respectively, were passed through the ar@igwed by a fourth solution that

was 50 mM in NaCl and 50 mM in KNOThe real-time analytical trace is shown in

Figure 2.9.
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Figure 2.9 Analytical trace showing the mV respookée chloride electrode to the
series of solutions as illustrated. Data capturas waused during solution
changeover. Clearly the electrode is respondingnally to the increasing chloride
concentration, and then there is a huge changéenetectrode response to the
presence of similar concentrations of nitrate idine 50 mM NaCl solutions with and
without nitrate present were re-analysed to illtstithe reproducibility of the nitrate

response.
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The chloride electrode clearly responds very stsotm the presence of nitrate. In a
second experiment, three more NaCl standard sokiticere made up that were 40,
60 and 80 mM in NaCl. Into the 60 mM standard pwked a fresh pilogel disc,
which had been ground to a paste using a pestlenamtiar. The mixture was
sonicated for 5 minutes and then filtered. The 4@ MaCl standard was passed
thorough the array in the usual fashion, followgdhe 80 mM standard, and then the
filtrated solution from the 60 mM standard sonidatgith the pilogel disc. The

analytical trace is shown in Figure 2.10
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Figure 2.10 The trace shows the response of ttaidhlelectrode to 40 mM and 80
mM standard solutions of NaCl, and then its respaizsa 60 mM standard after
sonication with a pilogel disc (0.5% pilocarpin¢rate)

The trace clearly shows a large response to tlggdiinfused sample, which may be
attributed to nitrate from the disc. These experita seem to suggest that the nitrate
ion, which is the pilocarpine counter-ion presenthie pilogel disc formulation, may
indeed be the cause of the chloride electrodeferice. Pilocarpine iontophoresis

is the standard method of sweat stimulation anghlgkely to change; therefore the
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investigation of other chloride electrode formwas that are less susceptible to
interference from nitrate ion, or the use of otlpdocarpine formulations where

nitrate is not the counter-ion, are pointers fer filnure.

Reference methods

As described earlier, ion chromatography (IC) atwhéc absorption spectroscopy
(AAS) were used as reference methods to compardeosample concentrations
calculated from the array data. The calibratiomves obtained from these two
reference methods for each of the ions under ilgagin are illustrated below in

Figure 2.11 to Figure 2.15. These calibration earwere also used to calculate
sample concentrations and the results obtainechéywo reference methods were

tabulated alongside the results from the arragéonparison purposes — see Table 2.7
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Figure 2.11 AAS Calibration curve for potassium
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Figure 2.12 AAS Calibration Curve for Sodium
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Figure 2.13 IC calibration curve for potassium
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Figure 2.14 IC calibration curve for sodium
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Figure 2.15 IC calibration curve for chloride

56



K+ Na+ Cl-

Array  Ref. Error Array  Ref. Error Array  Ref Error

(mM) (mM) (abs) (mM) (mM) (abs) (mM) (mM) (abs)
1 26.85 24.14 (AAS) 271 92.44 95.10 (AAS) -2.66 33.81 101.62 (IC) -67.81
2 31.38 28.96 (AAS) 242 91.18 93.43 (AAS) -2.25 36.35 78.32 (IC) -41.97
3 36.88 36.21 (AAS) 0.68 90.84 95.14 (AAS) -4.30 55.58 90.47 (IC) -34.89
4 |12.24 12.07 (AAS) 0.17 42.69 40.11 (AAS) 2.58 1464 1558 (IC) -0.95
5 | 1555 14.48 (AAS) 1.07 54.37 43.49 (AAS) 10.88 18.87 217 (IC) 16.71
6 31.72 28.96 (AAS) 2.76 61.86 61.72 (AAS) 0.14 56.15 12.27 (IC) 43.88
7 2291 2414 (AAS) -1.23 32.16 36.77 (AAS) -4.60 38.89 18.26 (IC) 20.64

10 |24.33 1690 (AAS) 7.43 | 4177 4330 (AAS) -153| 2698 - (IC) -
11 |25.03 1931 (AAS) 572 | 6969 6520 (AAS) 4.49 29.10 2332 (IC) 5.77
12 | 1550 14.48 (AAS) 1.02 | 2210 21.75 (AAS) 0.35 1423 4321 (IC) -28.97

13 | 1156 12.07 (AAS) -051| 2835 2840 (AAS) -005| 1032 - (IC) -
14 |23.05 19.31 (AAS) 3.74 | 2095 20.10 (AAS) 0.85 2226 - (C) -
15 | 1171 724 (AAS) 4.47 | 4239 4834 (AAS) -595| 1102 - (IC) -
16 | 840 965 (AAS) -125| 2947 3178 (AAS) -2.31 845 - (Ic) -

17 | 2044 1992 (C) 052 | 11503 12822 (IC) -13.19| 25.46 9759 (IC) -72.12
18 |30.79 26580 (IC) 3.99 | 8446 8341 (IC) 1.05 | 27.73 8568 (IC) -57.95
19 |23.83 2290 (IC) 094 | 101.91 9511 (IC) 6.80 | 33.99 11253 (IC) -78.53
20 | 2228 1999 (IC) 229 | 9632 9800 (IC) -168| 3717 117.30 (IC) -80.13
21 | 2416 1927 (C) 488 | 9635 9333 (IC) 3.02 | 3837 8854 (IC) -50.17
22 | 1457 1515 (IC) -058| 5429 5590 (IC) -161| 1542 3004 (IC) -14.62
23 |1221 1279 (C) -058| 3835 4015 (IC) -1.80 | 1365 3347 (IC) -19.83

mean | 27.08 24.77 1.94 96.07 97.72 -0.56 36.06 96.50 -28.81
stdev| 5.54 5.77 9.20 13.06 9.09 1344
Mean | 17.60 15.89 41.42 4131 2154 22.29
stdev| 7.01 5.92 15.15 14.06 13.54 13.04

Table 2.7 Comparison of the estimated concentrattafculated from the array data,
with the “true” concentrations calculated from tlieéerence methods’ data. For each
ion the array value and reference value is listdmhg with the reference method used
to analyse the sample, and the absolute errosiscploted. As before, the coloration
indicates the population from the sample was takesd for CF and green for normal.

The population means and standard deviations dsag¢he mean error values were
also calculated and listed in the lower half of thkle at the foot of each column of
data. Five of the samples (10 & 13-16) could netamalysed for chloride by any

reference method due to instrumental difficulties.

Table 2.7 compares the array results with the eefs methods used. For diagnosis,
a sodium concentration greater than or equal tan80 is considered a positive

indication of CF. All of the CF samples are abawvel all of the normal samples fall
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below this threshold for both the array and theenexice methods. Diagnostic
accuracy is therefore 100% and diagnostic agreerbetween the array and the
reference methods is also 100 %. The analyticaliracy of the sodium electrode
appears also to be acceptable with, in generalellext agreement between the
calculated array sodium concentrations and the*treference values (mean absolute

error of -0.56 mM).

The chloride diagnostic threshold is 60 mM, abovecl is suggestive of CF. From
the reference (IC) data we can see that, diagmdisticl00% accuracy is again
achieved and we can see the magnitude of the sepateetween normal and CF
samples. All of the CF samples show a chlorideceatration of over 80 mM and all
of the normal samples are below 50 mM. The pomrateans also show that the
separation for chloride is greater than for sodiurbinfortunately, the apparent
pilocarpine nitrate interference on the chloridecalode means that the quality of the
chloride data from the array is poor and the ages#nbetween the array and

reference results is poor.

Besides this, however, the array results for patassppear to be in good agreement
with the reference methods. Although potassiumoisa diagnostic indicator for CF,
from the population mean values, CF-related elewaith sodium and chloride levels
appears to be accompanied by a general increasee abermal of potassium
concentration. Potassium levels therefore mayigeouseful information in terms of

an overall array response, or as an internal maokeonfirm diagnosis.
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2.4 Conclusions

Overall the results obtained were very encouragiflge SendX® device was purpose
designed and built for a very specific and veryeddnt application, i.e. whole blood
analysis, but it was adapted here for the diagradSid, with some degree of success.
A custom designed unit could incorporate a numbeplatform improvements to
address the compromises inherent in the use oViaadaot specifically designed for
the application: the size of the array and subsaiqiead volume, required dilution of
the sweat samples; the fact that most of the sensahe array are superfluous for
this application. The interference exhibited bg thloride electrode is also problem
for this application, but not in blood analysis diloride levels as blood should
certainly not contain appreciable levels of nitsate The sodium and potassium
electrodes performed much better, with excellestigacy exhibited by both sensors,
diagnostically and analytically, comparing well vinuch more sophisticated, much
more expensive bench top instruments such as AASI@Gn Also the ability of a
miniature array, such as this, to analyse multipies at once with similar levels of
accuracy to the 2 larger instruments, is impressi@verall (with the exception of
chloride) the errors are small, given the diffee the two methods. Clearly, the
array approach offers comparable results in a mouwre compact, portable
instrument. It was not possible to run replicatgsng to the small volume of the
samples gathered, but the precision of the methaVident from the quality of the

data.

Portable instruments capable of rapid multi-comporanalysis can be produced by

coupling sensor arrays to portable PCs fitted vd#ta acquisition cards. This
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configuration, in conjunction with the Labview sefire development environment
enables portable analytical instruments to be hapmlstomised for particular

applications. This approach has been employedherrapid diagnosis of cystic

fibrosis with an encouraging degree of succesyittesiterference by nitrate on the
chloride electrode response. The integration & #lampling and measurement
process into a single miniaturised unit that carubed at point-of-need is desirable.
The lifetime of the devices is excellent. For epéanthe array used in this was still
functioning after approximately 3 months of regulae, with no noticeable decrease
in performance. The coupling of such portable sebased analytical instruments
with rapidly developing wireless (rf or Bluetooth@pmmunications technologies
presents the exciting prospect of much more comaatinomous sensing systems,
which are capable of making sophisticated analytmaasurements for extended

periods of time at point-of-need without human imeation'%
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3 CF Watch

3.1 Introduction

This chapter follows the steps taken in the develt of a wearable, watch-type
device for the rapid on-line diagnosis of Cystibresis (CF). It was to be based on
the standard, and universally accepted Gibson aukeésweat teStwhich has been
in existence since the 1960’s and is still regardedhe gold standard test for CF as
well as being one of the most reliable tests in enodnediciné The device was
designed to be compatible with modern, commercialtgilable, and widely used,
sweat sampling equipment, and the constructioh@tensors was based on tried and
tested formulae to ensure reliability in the firedhprototype. A number of different
materials were assessed in the construction ofddwace, and compatibility of
materials as well as assessment of the devicemiaug stages of production involved
a number of surface visualisation techniques framch-top microscopy to scanning
electron microscopy. A test-well was also cong&#ddo facilitate construction and
testing of the sodium and chloride sensor desigmsta assess their performance

against a standard reference electrode.

Finally a working 2-sensor prototype was constriotensisting of one miniature
sodium PVC membrane electrode and one Ag/AgCl mldet The Ag/AgCl
electrode takes the place of the usual standaeterate electrode, i.e. an electrode

that would not, by definition, respond to changeshie concentration of the sample.
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The Ag/AgCI electrode, however, was expected tpard to changes in the chloride
concentration, but in the opposite “direction” teat of the sodium ISE. Both

electrodes therefore would be contributing to therall cell potential &, where:

Ecell = Ena+ - Eci-

It was hoped that this arrangement would provide dptimal discrimination of

monitoring both of the CF marker ions, while usthg minimum number of sensors.

Following testing, a prototype working device wasipdoyed in a clinical trial
involving the analysis of real sweat samples fromoafirmed CF population and a
normal population to assess its usefulness as aibp®sreal-world diagnostic /

screening device.

3.2 Equipment and Reagents

3.2.1 Equipment

Prototype devices were constructed in-house usi@A&3d drilling and milling
machine. Membrane and sub-membrane solutions depesited using WPI glass
micro-litre syringes compatible with an Ultra Mic®®ump Il syringe pump and

micromanipulator also obtained from WPl (World Rsemn Instruments

www.wpiinc.com). Sub-membrane hydrogel solutions were curedguan ELC403
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UV-Light Curing Gun manufactured by the Electroe.€orporation (43 Miry Brook

Road, Danbury, CT, USA) and purchased from EdmuridnBific www.edsci.com

Visualisation and inspection of devices and of emged layers before, during and
after dispensing and post-curing etc, was carried using a standard bench top
microscope with a black and white camera attachifagtained from WPI), linked to

a PC to allow microscopic image capture. ScanBiegtron Microscopy was carried

out using a Hitachi S3200N SEM microscope.

3.2.2 Materials and reagents

Substrate plastics (PVC, Perspex, and Polycarbpraatd silver wire (0.5 mm
diameter) were all obtained from Goodfellow GmBHwW.goodfellow.com). The
sodium ionophore (4-tert-Butylcalix[4]arene-tetresc acid tetraethyl ester) was
synthesised and purified in-house by Dr. KieranaXol Reagent grade (99.8% pure)
NaCl and AgNQ@ were purchased from Fluka. Acrylamide, TEMED (NNNN’-
Tetramethylethylenediamine), N’N"-methylene-bisydamide, Glycerin, and (-)-
Riboflavin were all electrophoresis grade and wauechased from Sigma-Aldrich.
Selectophore® grade Potassium tetrakis(4-chlorogheborate (KTpCIPB), 2-
nitrophenyl octyl ether (2-NPOE), high molecularigie PVC, and cyclohexanone
were purchased from Fluka. Sodium hypochloriteGR§ 10-13% active chlorine)
was purchased from Sigma-Aldrich. Silver-loadedxgp was purchased from

Loctite.
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Sodium Sub-Membrane Solution

A salt-doped polyacrylamide hydrogel was utilisexl the sodium sub-membrane
solution. Hydrogels are polymeric materials witte tability to swell and absorb
appreciable quantities of water without dissolvargl to retain the water within their
polymeric structure. They leave no residue, they rapositionable, relatively non-
drying and they make a firm electrical confacThey have been used successfully in
place of internal filling solutions in similar sdistate devices such as are employed
heré. Polyacrylamide gels are also used in protein muncleic acid electrophoresis
for the separation of macromolecules. TEMED (N,\\NTetramethyl ethylene-
diamine) is used as an accelerator for free radpaimerisation and N'N”-
methylene-bis-acrylamide is employed as a crodsAigagent. Glycerol is present as
a water-soluble hydrating agent, while riboflavinnétions as a depolariser in
membranes The chemical structures of these additives awengin Figure 3.1.
Ammonium persulphate is often added as an initiatorthe production of
polyacrylamide gels but it was more convenient Heréispense the mixture as an
unpolymerised solution and to photo-initiate polyis&tionin situ using ultra violet

light (described in Figure 3.2 and Figure 3.3).

1 g of acrylamide monomer, 5 g of 1xX1M NaCl (saturated with AgN§), 15 pl of

TEMED, 0.2 g of N'N"-methylene-bis-acrylamide, 00 of Riboflavin, and 5 g of
glycerol were mixed together thoroughly in an aloinin-foil-covered vial. The
purpose of the foil was to prevent photo-initiatminpolymerisation by ambient light.

The clear yellow solution was stored at 4 °C uetijuired.
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Sub-membrane hydrogel polymerisation mechanism

Riboflavin OH OH OH Rihoflavin Radical ?H OH ?H
| ]
H,t—(—C—C—C—0H gC—C—C—C—C—0H
| H H H Hp H;C I‘|-THNH Hon
H;C N N 0 3
3 P uv o Y
—_—
NH ! NH
H;C N H;C N
H
0 0
. H.c IEMED CH;
. Abstraction 3
i Acgla.rmdg of He N—C—C—N
3 e —~— H C H H: CH
. H,C=CH 2 5 2
R—N—C—CH |
Ha» | (E—3] ¥
—0 |
| NH, CH,
NH; - TEMED radical
R—N\ & Chain Initiator
CH,
L]
Acrylamide
Hzcﬂx:’(_lf}l
c—|—0
NH
.

CH; H

| Hy . Etc. %c—c—}

R—N—C—C—CH—G—CH ————— ™ H, | B
=0

Ha | Ha
0= (=8 ‘

NH4 NH, NH,

Figure 3.2 Light sensitive riboflavin molecule irdgets with ultra-violet light to form

riboflavin radicals. These radicals attack the THM molecules, removing a
hydrogen atom to form a TEMED radical, which irigig the acrylamide

polymerisation reaction to form long chains of @agylamide.
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Cross-linking
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Figure 3.3 N'N"-methylene-bis-acrylamide, the créisking agent, is almost like two
acrylamide monomer groups stuck together. It hasaation-propagating carbon-
carbon double bond at both ends, which servesikalkeighbouring chains together as

they form, as illustrated here.
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PVC Membrane

10 mg ionophore and 2 mg ion exchanger (KTpCIPBewdtssolved in 1g plasticiser
(2-NPOE). 0.5 g of high relative molecular mass<CPVas added to produce a slurry.
3-5 ml of cyclohexanone solvent was then added thed mixture allowed sit
overnight with stirring to allow complete dissoturii The resultant clear solution was
then refrigerated at 4 °C until it was requireddFTwas initially used as solvent but
was found to be problematic during the PVC membeaation dispensing stage as it
evaporated too quickly leading to clogging of theicnosyringe needles.
Cyclohexanone, another solvent commonly quoted ther preparation of PVC
membranes and less volatile than THF, was emplayedthe problem was resolved

with no noticeable effect on the performance ofrttembranes.
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3.3 Watch design

The physical design of the analytical device washéobased around the Wescor
Macroduct sweat collection system, with which itswe be compatible. The
Macroduct, pictured here again in Figure 3.5, igilable commercially, and is a very
simple and reliable method of liquid sweat colledtj’ and has been accepted by the

scientific and CF community for use as a sweatctibn device.

Figure 3.5 Wescor Macroduct Sweat Collection Syst@amage reproduced from

www.wescor.coi as used and described previously. The cut-awayws the

Wescor device, which is the size and shape of atwatch. The arrow points to a
small hole in the underneath of the device throwgich the sweat enters the coiled
capillary tubing where it is collected.

As seen in Figure 3.5, a capillary hole in the undath of the Macroduct allows the
sweat, which has been stimulated by pilocarpin¢ofamoresis to collect in the coiled
tubing with minimal evaporation. In its intendedige the Macroduct therefore is a

sweat sample collection device. When the tubiniylis sampling is ceased and the
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sample is removed from the device for analysisualy however, the same device
could potentially be used in a sample delivery moBg using the length of capillary
tubing as a sample delivery line to an appropriwcell analytical device, and

utilising the sweat glands as a bio-pump to pungpdamples through the flowcell,

the Macroduct adopts the role of sample collectiod delivery.

Stimulate .| Sweat glands pump sweat .| Expunge
Sweating "] into Macroduct capillary i Sample

T

I

I

I

I

I

I

I b 4

I

1 Dilute

: Sample

I

I

I

I

I

I

| r

I

I

Pump Sample through
Array for Analysis

Figure 3.6 Flowchart 1

Figure 3.6 shows a flowchart for the basic analtiprocedure followed in the
previous chapter’s clinical trial using the SendX¥®ay. It also shows how the CF
watch device could simplify the procedure. The &sib steps of the original
procedure and their sequence may be followed wastlid black arrows in the
flowchart.  The procedure, however, can be shocuged and simplified

considerably, as indicated by the dashed red arbywhypassing the intermediate
sample-handling steps between sample collectionsangple analysis. Essentially

the original procedure requires each sample to Xpuregged from the length of
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capillary tubing (in the Macroduct) into which ia$ been pumped by the sweat
glands, only for it to be re-injected into anothmece of capillary tubing shortly
afterward and pumped into the sensor array flowfoelanalysis. The reason for this
is that the Macroduct and the array could not bkekl to each other directly because
they were not compatible due to excessive deadnwldemands. The Macroduct
allows the collection of up to 75 ul of sweat, bften sample volumes as low as 15ul
only are collected. The dead volume of the Send®@y is too large therefore at
>40 ul. The SendX® array, however, is a multi-eergray, and most of the sensors
in it are redundant for the CF application. A danidevice containing only the
relevant sensors (sodium and chloride) could tbeedbe made much smaller, greatly
reducing the dead volume of the analytical devicQuite clearly if a device
compatible with the Macroduct could be used, thevould no longer be necessary to
remove the samples for dilution, and they couldpdynbe directed into an analytical
device via the Macroduct capillary line. And ifetldevice was small and compact
enough it could be fully integrated into the Maarotdduring post iontophoresis sweat
collection, creating &CF watcli capable of one-shot sweat sample collection and

analysis.

The Macroduct devices are sold with a removablesprarent plastic cap (not shown)
that covers and protects the coiled capillary tgbiThis snap-on cover fits into the
circular central cavity (the white circular centgdrtion seen below in Figure 3.7).
The fact that the Macroduct was already designexttommodate a plastic mounting
was an advantage therefore and the size and fiti®fplastic cap was utilised in the

design of the analytical device.
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Figure 3.7 Adapted Wescor Macroduct. This is theesdasic device pictured in
Figure 3.5 except the plastic cover has been rechared the capillary tubing

uncoiled and trimmed back leaving a small sectidthe tubing.

Figure 3.7 shows a dismantled and adapted Wescorddact with the plastic cap
removed, along with the majority of the coiled tudpi A short section of the capillary
tubing is retained for use as a sample delivesy iothe analytical device proposed in

Figure 3.8.
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Figure 3.8 CAD drawing of proposed design

Figure 3.8 shows a CAD drawing of a proposed defigthe device. It consists of a
plastic disk, small enough to sit on top of the kacict, with a flow-through channel
into which the capillary tubing from the Macroduwiglivers the sweat sample as it is
being collected. The sweat enters and fills thalyaical chamber where it passes
over a number of sensors before continuing on tetevaThe sensor signals are to be
taken out from underneath and to the side of thecdeo facilitate connection to a

portable PC for on-line monitoring of the sweattd®ws through the device.
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Top view (v1.2)

20 mm

26.9 mm

Side view cross-section D,k

Figure 3.9 2D top-down and side-on cross-sectivigals of the proposed device and

its dimensions

The dimensions and proportions of the proposedcdeware shown in the two

dimensional drawings in Figure 3.9. The basic sind shape of the device were
dictated by the Macroduct, on which it must sitheTflow channels leading to the
central chamber are designed to accommodate theoMaxt capillary tubing. The

side view is a cross section along the centraldbtaannel. There is a cavity milled in
the underneath of the device also, to accommodtatedpillary tubing at the centre of
the Macroduct. The next figure (Figure 3.10) shoavslose-up of the central

chamber.
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Figure 3.10 Central flow-chamber and sensor wetlafisions.

Figure 3.10 shows a close-up of the central charabérthe sensor wells inside. 0.55
mm diameter holes were drilled to accommodate 0.5ifwver wire, to be chloridised

in situ. The top sensor well is for an Ag/AgCI atitle electrode and the bottom
sensor well is for a sodium electrode. The lati@s additional layered wells for a
hydrogel layer and a PVC layer. The individualssenconstruction is described in
detail later in this chapter. From the dimensiohshe cell, the dead volume of the

sensor chamber was calculated at 7.2 pl.
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Figure 3.11 Prototype device based on CAD desigmssess its physical size and fit

to Wescor Macroducthroné€.

Figure 3.11 shows a sample device milled from tA®@esign shown in Figure 3.8,
mounted onto the adapted Wescor Macroduct as seEmgure 3.7. The section of
capillary tubing, which was retained, fits into thelled flow channel to allow the
collected sweat sample to proceed into the ceatmalytical, which will house the
analytical sensors. One problem, which quicklydmee apparent with this design,
was the relative complexity of the shape of theiaewith respect to the repeated
milling of small numbers of devices one at a tiroe the purposes of testing. For
each device, as well as milling the flow-channatstiee top of the device, milled
features were also required on the underneathldw atl to fit snugly to the Wescor

Macroduct. This creates practical difficulties @mrhs of turning the piece around and
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repositioning it in the CAT3D machine so that ip®perly and accurately lined up to
continue precision milling on the opposite sidd. also means unnecessary repeat
milling work for every fresh pair of sensors. Tonplify the procedure, it was
decided to use an adapter base plate onto whicldveitua much simpler device to
mill, requiring only top-down milling of the flow lannels, sample chamber and
sensor wells. This would allow the design of a msanpler-to-mill flow through
cell to house the analytical sensors and speedheipnilling process, and the base-
plate would serve as an interface between the #twand the Wescor Macroduct. In

this way, one base-plate would serve many Macredamd flow-cell iterations.

Figure 3.12 (a) base-plate and (b) base-plateNasoduct.

80



With reference to Figure 3.11 one can see that lthse-plate in Figure 3.12
incorporates all the basic features of the prowtggcept that a rectangular section
has been removed, where the flow-channels etc waooldnally be. Into this
hollowed out rectangular section a plain rectangatelytical module (Figure 3.13)

was fitted.

I Signals Out

Sample Out

Figure 3.13 (a) Analytical 2-sensor flow cell arg) flow-cell pictured with base-
plate.

The analytical device is a simple rectangular pietesigned to fit the base-plate
(Figure 3.12a) as shown here in Figure 3.13b. fldvwechannel runs the length of the
piece from left to right. In the centre a wideraotber has been milled out to
accommodate two sensor-wells in which the sensdf<es constructed. All that is

required therefore is milling from one side, of ft@v-channel, sample chamber and
sensor wells. The picture also shows the silveesviised to take the signals out from
the two sensors. Sections of the Macroduct capitizbing were also used to direct

the samples into and out of the sample chambershad sections of a hypodermic
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syringe were cut and inserted into the capillatyirtg to connect up to the sample

delivery line in the Macroduct (see Figure 3.7).

(t=3.23)

Figure 3.14 On-line and on-skin sweat analysis.

Figure 3.14 features a sequence of video still® () showing the completed device
strapped to the arm of an individual who has unaleegsweat stimulation by the
standard pilocarpine iontophoresis method. Therbthgt fulfils its normal function

of trapping the sweat produced and channellingpribugh the capillary hole in the
back of the device where it enters the capillabyirtg. However, instead of merely
collecting in the coiled tubing, the adapted Macwdcarries the sweat sample
through the short section of tubing and on intodhalytical device where the sweat

is passed over the sensors in the central chamiyer.red arrow in still #1 shows the
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progress and the direction of travel of the swaat@e front. The sweat sample itself
is a blue colour and its progress can be easitettdhrough the rest of the sequence.
The blue dye is a sample visualisation aid and rmamal feature of the Wescor
Macroduct — the sweat takes up the blue dye orutiteerneath of the device as it
enters the capillary. The time-line for the seqers also detailed in Figure 3.14,
taking approximately 6 minutes for the commencenadntéample collection to the
sample chamber being filled completely. The videam which these stills were

taken will be made available on-line as supplemgnteaterial at http://doras.dcu.ie.

Figure 3.12 and Figure 3.13 show the piece-by-peamestruction of the analytical
system. One can see the adapter and the mannehiah w fits on top of the
Macroduct to act as a cradle for a simple 2-seflsor cell. The wires protruding
from underneath the device are lengths of 0.5 miwersiwire, used both in the
construction of the individual sensors and as etatt contact wires to take the

signals out.

Wescor provide a syringe with their commercial sweat kits, the cross-sectional
diameter of which (ca 0.3 mm) is designed to fiatheinto the Macroduct tubing
forming an airtight seal. After collecting a sweample with the Macroduct, the unit
is designed to be dismantled by removing the mastp, inserting the syringe needle
into the open end of the capillary tubing and thenoiling and removing the tubing,
which is then snipped at the opposite end (the atathed to the plastic disk —the
point of sample entry). The sweat can then belBgeto an appropriate vial, using
the syringe as a pneumatic pump. Because thisggyneedle is designed to provide

a perfect fit with the Macroduct tubing, short see$ of the needle were cut and
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utilised as connectors to hitch up the sample wilnthe flowcell with that of the

adapted Macroduct as shown in Figure 3.13 and €iguir4.

Figure 3.14 shows the finished device in its inezhdhode of use. The images show
the device strapped to the arm ofpatient (in this case a willing volunteer from a
non-CF population) following pilocarpine iontophsi® The time-line for the
sequence from #1 to #7 is approximately 4 minu@esegtonds. The entire procedure
involves pilocarpine iontophoretic stimulation f&r minutes followed by sample
collection / analysis for 20 to 30 minutes. The arpnt points illustrated by Figure

3.14 are that:

(1) The device is sufficiently small to cope with tlypital volumes of
sweat, which the Macroduct is capable of collecang delivering.
In its original form as simply a collection devitke sample
volume upper limit was determined by the length capillary
tubing inside the Macroduct, which had a maximuraddeolume
of ca 75ul. After iontophoresis some patients poed<20ul of
sweat, whereas others may produce several timesdiuene of
one Macroduct. The tubing in the adapted Macrodset here is
not used for collection, it is used as a sampléevesi line to the
analytical device. The sample may be monitoredticoausly
therefore as long as sweat is being produced. patient’'s sweat
glands, and not the Macroduct therefore now lirné maximum
sample volume. Wescor recommend a minimum of bbshveat

for a valid sample. As shown in Figure 3.10 thaddgolume of
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(2)

@)

the sensor chamber is 7.2ul, i.e. less than hathefminimum
sample. Most samples collected will be more thas &nd are
generally >50ul. Compared to the SendX® deviceldedume of

ca 40ul, the new device is clearly more compatible.

The sample is delivered to the analytical sensora reasonably
short space of time. With reference to Figure 3ffgm the point
at which the device was strapped to the patienta after

iontophoresis to the point where the sweat sampl# feaches the
sensors thereby giving an analytical reading, i$ cainutes. In
previous trials described in this thesis, and iddee many CF
centres worldwide, there is a lapse of a periodlajs between
sample collection and sample analysis. With conhdiyg meters

such as those manufactured by Wescor themselvascampany
the Macroduct the sample collection period of 3@utes must first
be carried out, then the device must be unstrappischantled, the
capillary tubing removed and a syringe employedptmmp the

sweat sample into the conductivity meter, beforeaing can be
taken. The time and labour saving seen here evefibre, a

significant improvement.

The hydraulic pressure of the sweat glands andlaaty of the
tube are sufficient to push the sweat sample thrdahg flowcell
and to fill the analytical chamber to facilitateasysis. This is

obvious from the images in Figure 3.14.

85



(4) The dimensions of the flowcell (see Figure 3.10) anparticular
the construction of the sensor well and the sensimemselves
exhibit very encouraging flow dynamics. As thess=ice shows
there are no air gaps, no air bubbles or air teaEny stage in the
flow system. This is quite significant as trappad was
consistently a major problem with the SendX flowl.ceAir
bubbles would frequently invade the system througbing
junctions and connections and entrap themselvdbenconcaves
and convexes of the soft polymer membrane ISE’'dies€& air
bubbles caused large spikes in the analytical sigaee, and were
often very problematic to remove, requiring higreeg flushing
and agitation of the array, activities which rare thsk of the

introduction of still more air to the system.

This high degree of compatibility with the Macrotlweas very encouraging. The
next section describes the construction of theagenself and the sensors within. The
device was then employed in a clinical trial involy the analysis of CF positive and

negative samples.

86



3.4 Construction of Analytical Device

3.4.1 Choice of Material / Substrate

Three common and easily available plastics werectsd as possible substrates from

which the devices could be made. The primary reguénts were:

1. Physical compatibility of substrate with drilling@milling machinery.

2. Chemical compatibility of substrate with membranenponents

The physical compatibility of the substrate referainly to how easy it was to work
with the material with respect to making small bat of test devices for the purposes
of this research; however, compatibility with largeale processes such as injection-
moulding is also an important consideration for gussible future manufacture of
many devices. The principal chemical requiremsrthe quality of adhesion of the
PVC membrane to the substrate. The submembramedsicdcan swell considerably
exerting not inconsiderable pressure on the cap PWE&mbrane leading to
delamination of the membrane and sensor failuteeifadhesion is pod(see Figure

3.15).

87



Figure 3.15 Examples of the effect of hydrogel $wg] taken from SEM swelling
study on solid-state PVC-membrane ISEs in a Sent§asuch as was used in this
research (earlier in this thesis). (a) A newly madconditioned sodium membrane;
(b) a sodium membrane left to hydrate for one dayd (c) after eleven days
hydration. The hydrogel swells to accommodateatater molecules, which exerts an
upward pressure on the cap membrane, which carsiooedly lead to rupture of the
membrane itsetf(d).

Three common and easily available plastics werectsd for testing: Perspex, PVC
and Polycarbonate. Test devices based on the &y in Figure 3.8 were milled
from each of the substrates to assess the phyichlutes of the materials as shown

in Figure 3.16.
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Figure 3.16 The three test substrates: (a) PergpeRVC and (c) Polycarbonate

From the test milling, it was possible to mill dees from all three materials (see
Figure 3.16). Initially, Perspex and polycarbonptsed a problem for the CAT3d
milling machine as the heat generated by the @uttiols during high spindle speed
operation caused the substrates to melt and totéudes tool. These problems were
overcome, however, by decreasing the spindle speédincreasing the feed rate,
which can be done through the XCAD software packaggsl to control the CAT3d

machine. The CAT3d also has a tool-cooling featwtech pumps a continuous flow

of coolant (such as water) over the tool duringrapen. This is generally intended
for use when milling much harder materials sucimatals, when slow feed rates and
high spindle speeds and consequently high heatr@mne are the order of the day.

This facility was not required here.

All of the materials required a certain amount aflstpmilling clean up under a

microscope with a sharp blade to remove “crusts™lms” from milled edges.

Perspex was found to be the most problematic srégard, followed by PVC, with
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polycarbonate being the easiest substrate to nelinty and with a good quality

finish.

Basic adhesion testing was carried out by dispgmnsiicro-litre quantities of the PVC
membrane solution onto 5 cm square pieces of adudtrate and leaving overnight to
dry. These were inspected the following day arglnaple “lift-off’ adhesion test
carried out using a thin, sharp scalpel-type flatde (Figure 3. 17). The substrates

were then immersed in an aqueous 0.1M NaCl solwi@rnight and re-inspected in

a similar manner the following day.

Figure 3. 17 PVC membrane lifting off Perspex stefasing a flat blade

Post immersion examination of substrates elimin&espex, which showed little or
no adhesion under the conditions investigated. démosited membrane peeled off
with little encouragement required as shown in F@g8. 17. This ease of removal
was not exhibited by the remaining two substratelsich both exhibited strong

adhesion to the PVC membrane. On visual examimate deposited membrane
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solution on the PVC substrate appeared to have &lesorbed rather than adsorbed
by the PVC, whereas in the case of the polycarlgosabstrate the adhesion of the
membrane seemed very strong while still retainitsgshape and autonomy as a
discernable cap membrane. The polycarbonate vieste@ for a number of practical

reasons:

(1) The polycarbonate was easier to mill.

(2) The transparent nature of the polycarbonate subgjraater facilitated the
development of the device through easy visualisatib milled features,
dispensed layers and electrical contacts, at adlldeof manufacture and

testing compared to the opaque PVC substrate.

(3) Polycarbonate is very suited to injection mouldiagiseful process for the
batch analysis (and indeed mass production) of ndamices and available
in-house to the research group. Injection mouldoigPVC requires
special safety considerations because of the damjdiberation of toxic

HCI gas at temperatures over 230 °C.

For these physicochemical and practical reasorigcg@donate was considered to be
the most suitable of the three materials investilat In its subsequent use, no

adhesion difficulties arose and delamination of H&¢&rs was therefore not an issue.
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3.5 Watch Sensors

The marker ions for cystic fibrosis are sodium adoride and it is generally
recommended that both ions be monitored for optimetiability”. It was desirable
in this case to keep the sample chamber as smptisasble to allow efficient analysis
of the small volumes of sweak (5 pl) generally collected via the Macroduct. The
sample chamber is potentially the biggest contobud the dead volume of the
device, therefore it needed to be kept as smalbasible. This was done by keeping
the individual sensors themselves small, and byimamng the number of sensors.
Fewer sensors also make for a simpler device, wiscldesirable in terms of
manufacture and ease of use as a potential onesstening device. The possibility
of using a simple 2-electrode system was therafwestigated, whereby a solid-state
sodium-ISE would be referenced against an Ag/Ad€tteode, which would act as

both a pseudo-reference and a chloride electrode.

3.6 Electrode manufacture and testing

This section details the construction of the sodaatid-state PVC membrane ISE and

the Ag/AgCI electrode within the sensor wells.
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3.6.1 Milling of the flow-cell

Ag/AgCl Chloride PVC Sodium
electrode well electrode well

Figure 3.18 Flow-cell sample chamber and emptywenslls.

The two photographic images in Figure 3.18 werertallsing a microscope with a
camera attachment, connected to a PC to allow m®scvisualisation and screen

capture of microscopic images. They show the akrtiamber from the top down
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and at a slight angle. The schematic below theggnaphs is of the sample wells and
helps to explain the photograph images. The decii@mber (as described earlier in
Figure 3.9 and Figure 3.10) is 2 mm by 3 mm and .2 mm deep. The images
show the sample flow channels leading to and froe ¢hamber. Inside in the
chamber are two sample wells. The one on theideflesigned to accommodate a
silver-silver chloride electrode. The one on tightr is for the sodium electrode
construction. It has a similar hole drilled for Ag/AgCl internal reference electrode,
there is a larger well to accommodate a hydroggtrlawhich acts as the internal
filling solution, and finally an additional well fothe PVC sensing layer. The
construction of these sensors is described inldetéher on in Figure 3.19 to Figure

3.23.

The structural features of the flow-cell and samgid@mber shown in Figure 3.18
were milled into the surface of the polycarbonatbssrate using a CAT3d milling
and drilling machine. The controlling software tbrs machine is an MS-DOS-based
package, which requires each movement of the tadl spindle to be inputted
manually prior to each movement’s execution. eogthy and repeat procedures it is
also possible to pre-program the step-by-step mewesnof the cutting tool prior to
execution of the entire sequence of instructions this case, relatively few
commands were involved, but a number of tool chamgere required, which proved
to be more reliable if carried out manually. Thadamne command sequence was as

follows:

(1) After basic machine, tool, and substrate set-ughamnel was milled (22 mm

x 1.2 mm x 1.2 mm) (X,Y,Z) using the “Mill Rectarigu Cavity From
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Centre” command and a 1.0 mm (diameter) ball-entingitool. These

channel dimensions were defined by the externaheliar of the Macroduct
tubing (1.2 mm) used to pass the sample in andbtite device, and by the
total length of the device (20 mm). The 2 mm owemwas to account for the
diameter of the tool used and to ensure a thoraughat either end of the

channel.

(2) The tool was re-centred and the “Mill Rectangulavi@/ From Centre”
command again used to mill the central sample clearffomm x 2 mm x 1.2
mm). An incremental movement instruction (+1 mnthe X direction) was
performed and the “drill” instruction used to dallhole 2 mm in diameter and
1.3 mm in the Z direction, resulting in a cavityn2n in diameter, and 100 um

deep. This cavity was intended for the PVC cap brame.

(3) The tool was exchanged for a 1 mm drill. This viest used to drill a cavity
into which the hydrogel would be dispensed. Thal*"ccommand was again
used to drill a hole 1.5 mm in diameter and 1.8 mmthe Z direction,
resulting in a cavity 0.5 mm deep. The CAT3d hdsparal” feature, which
facilitates the drilling of holes larger than thiardeter of the drill bit being
used by spiralling the drill bit to increase thatitly radius. This feature was

employed here.

(4) The tool was exchanged once more for a 0.5 mm 0rill The “drill”
command was used with the “spiral” feature to dri).55 mm diameter hole,

8 mm deep. This hole was to house the silver wire.
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(5) The tool was re-centred, moved incrementally —On% imthe X direction, and
the previous “drill” command recalled to drill ahet hole for the Ag wire for

the Ag/AgCI electrode.
(6) The tool was again re-centred and exchanged fomanlcutting tool. To cut
the finished piece from the polycarbonate substtla¢e“Mill Square From

Centre” command was used (20 mm x 10 mm x 8 mm).

Following milling the piece was cleaned and examtineder a microscope to remove

any debris or imperfections.

3.6.2 Deposition of Sensing Layers

Figure 3.19 Visualisation and dispensing set up.
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Figure 3.19 shows the equipment used for visuadisaand dispensing of sensing
layers. The image on the left shows the benchrgroscope and a 50ul glass
syringe held in a motorised WPI Ultra Micro Pumgieh is in turn clamped into a
WPI Micro-Manipulator. The Micro-Manipulator all®v precise motorised or
manually controlled micrometer movement of the rsyei needle tip, in the X, Y and
Z directions, with a Vernier scale for each vectoNot pictured is a camera
attachment, which allows image capture of what éndp observed through the
eyepieces from above. This camera was used tonothta close-up images of the
flowcell features and the dispensed layers in EgRd8, Figure 3.20, Figure 3.21,

Figure 3.22, and Figure 3.23.

Step 1.

Sections of 0.5 mm diameter pure silver wire weserted into the drilled holes from
the top of the device and pulled through from tlaekband cut to the appropriate
length. A small amount of silver loaded epoxy waed to seal the wire into place at
the back end of the device. As shown in the phajggs and the accompanying
graphic image in Figure 3.20, the silver wires wallewed to protrude a certain
distance, inside the sample well in the case ofstidium sensor to ensure adequate
contact with the hydrogel, and into the sample diemn the case of the chloride

electrode to ensure contact with the sample stream.
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!

Silver Wire

Figure 3.20 Insertion of Ag wires

Step 2
The silver wires were chloridised situ by immersing them in Sodium Hypochlorite
for approximately 40 to 60 minutes. Visual exaniora of the electrodes confirms

the formation of an AgCI layer as shown in Figut213 Gone is the bright silver

sheen, replaced by a blackish layer of silver atiéor

AgCl

Ag

Figure 3.21 Ag wires after chloridisation by expesto sodium hypochlorite for 60
minutes. Visual examination confirms the formatwina blackened layer of silver
chloride.
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Step 3

Using the dispensing set-up in Figure 3.19, therdwyel cavity was filled with the
uncured hydrogel solution. The amount was estichatesually rather than
volumetrically. The approximate volume of the ¢pvs ~0.8 pl. The solution was
then cured using the ELC403 UV-Light Curing Gurr, 30 minutes at an intensity of
80mW/cnf.  Successful curing was confirmed by visual exatiim, clearly
illustrated by Figure 3.22 in which can be seendb#ed / rippled surface of the

cured hydrogel.

Hydrogel

Figure 3.22 Hydrogel layer after curing

Step 4

The PVC solution described earlier was made updsspkensed in a similar fashion to
the hydrogel. In the case of the PVC, howevemnvals necessary to repeat the
dispensing procedure a number of times to buildhgpthickness of the membrane
and fill the cavity, allowing time for the solvemd evaporate off between each
dispensing. As shown in Figure 3.23, the provissbma defined cavity for the PVC
layer is quite neat and provides a definite andsist@nt contact area for the PVC and

the substrate to ensure good quality adhesion amidhise failure of the sensors.
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Figure 3.23 PVC membrane layer.

3.6.3 Electrode Test Well

Reference
electrode

Test - ¢i¢i+i¢
electrodes

Removeable base-plate
- microscope / SEM

Figure 3.24 Electrode Test Well used to test sewsaostruction and performance
before prior to their incorporation into finisheeuice design.
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To facilitate testing of the individual sensors iagha standard reference electrode,
the set up illustrated in Figure 3.24 was consédictA cylindrical block of nylon was
hollowed out and four locking nuts attached touhderneath to allow the attachment
of a cylindrical base plate, sealed with a rubberin@. This set up allows the
simultaneous construction and potentiometric ingatibn of several sensors at once.
After potentiometric investigation the base-platetaining the sensors can then be

removed and the sensors visualised using an SEM.

A number of sodium sensors therefore were congtuah the same manner as
described in steps 1 to 4 earlier. The constrnctiages are illustrated in Figure 3.25
to Figure 3.29. SEM analysis was also carriedamat the completed array was used
in a series of potentiometric experiments to asseasor performance. An Ag/AgCI

electrode was also made up and its response taiclgaooncentrations of chloride

investigated.
Empty Sodium Sensor Wells
Sensor #1 Sensor #2 Sensor #3 Sensor #4
. —— - . ] . . - a -
S , =, T.‘ _ I

I ": . i'- . * | I" - o ‘..' | .
| B wee s /i g ,".'" -
Figure 3.25
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Silver Wire Inserted

Sensor #1 Senso #2 Sensor #4

Figure 3.26

AoCl Laver Generated

Sensor #4

Sensor #1 Sensor #2 Sensor #3

Figure 3.27

Hvdrogel After UV-Curing

Sensor #1 : Sensor #2 Sensor #3

Sensor #4

Figure 3.28

PVC Membrane Dispensed

Sensor #1 Sensor #4

Sensor #3

Sensor #2

Figure 3.29

Figure 3.25 to Figure 3.29 show a sequence of m@opic screen-capture images to

illustrate the stages of construction of the temd lrray of sodium sensors: Empty
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milled sensor wells (Figure 3.25); Silver wire (&g 3.26); Chloridisation of Ag wire
to form AgClI layer (Figure 3.27); Cured hydrogeyda (Figure 3.28); and the PVC

cap membrane (Figure 3.29).

Figure 3.30 SEM images of the empty milled wellsy @nd chloridised silver wire
(b). (SE, 20kV, WD 28.5-29.6, Magnification 60-80).

Comparison of the benchtop microscopic images whttse obtained by SEM in
Figure 3.30, illustrates how the higher magnificatiSEM images can highlight
structural faults and details that are invisiblehte bench-top microscope. The milled
surfaces appear rather crude at these higher nagiohs, but they are fit for
purpose in the development of a prototype. Onpmtotype design was established,
it was then prudent to use a milling machine sughha CAT3d to manufacture a

precision mould, from which many devices of higlalgy could be cast.
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Figure 3.31 SEM images of cured hydrogel layer. ,(SkV, WD 28.5,
Magnification 50-60). The 100um deep PVC well sogblainly seen, inside in which

the PVC membrane will be cast.

As seen earlier in Figure 3.15, Scanning Electraordéscopy can be a very useful
tool for trouble-shooting failed or non-functioningensors Errors during the

manufacturing and dispensing process can resytablems such as: poor quality,
non-uniform deposition of the PVC membrane layeat simuctural weaknesses in the
membrane itself, leading to rupture; or poor adiesif the PVC membrane layer to
the substrate leading to de-lamination of the meambrat the edges. Such

weaknesses, if present, can be exposed by intprassure from the sub-membrane
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hydrogel, which swells in volume as it hydrateseréing pressure on the membrane
above it. Hydrogels have the ability to absorlgéammounts of water without
dissolving. They have three dimensional crossdthlpolymer structures, which
allow them to swell to accommodate water molecul&se swelling properties of a
given hydrogel are influenced by the nature theyper itself, by the nature of the
cross-linker molecule used, and by the densityhef ¢ross-linking. Polymers and
cross-links with more polar groups absorb more naitel swell more than those with
fewer polar groups. The more polar the polymewnek, the more attractive it is to
water molecules. Greater polarity also increalsesetectrostatic repulsion within the
polymer itself, promoting swelling to increase tHistance between neighbouring

polar groups.

CH; O O CH;

N,N'-Methvlenebisacrvlamide

Figure 3.32 these are two examples of cross-linkalecules used in the preparation
of polyacrylamide-based hydrogels. Both moleculesveh the same reaction-
propagating C=C groups at both ends, and thersfmes the same function, but they
differ in terms of polarity. Bisacrylamide, the ssolinker used in this study, is a more

polar cross-linker than dimethacrylate.
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Figure 3.32 shows two different cross-linker molesucapable of cross linking
chains of polyacrylamide. Both are tetra-functioor@ss-linking agents, so classed
because they can attach to the main polymer chafoua locations. There is a
carbon-carbon double bond at both ends of eachaulel@nd attachment can occur at
any of these four unsaturated carbons. The equifib swelling of acrylamide
polymers cross-linked with bis acrylamide has bekown to be greater than
acrylamide polymers cross-linked with dimethace#at The reason for this is the
greater polarity of the CO-NH-R groups of bisacnyide over the CO-OR groups of
the other cross-linker. Cross linking density atlexrreases swelling ratio, e.qg. if a
trimethacrylate (hexafunctional) cross-linker iedsit has more cross-linking sites,
cross linking density will be higher, and the degoé swelling will be decreasEd
Similarly, using a higher concentration of crogs«r also increases the cross-linking
site density, there are more links, making the &y more rigid and less able to
swell. The hydrogel preparation and curing reaysed here was obtained from
SendX and had been previously optimised therelant@dr swelling studies were not

carried out.
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(a)

Polycarbonate conditioning over 3 hours

mV response
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(b) Polycarbonate conditioning for >16 hours
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Figure 3.33 SEM images of sensors conditioned thri¥ NaCl.

Figure 3.33 shows two different sodium sensors ftbenpolycarbonate test bed left
to condition in 100 mM sodium chloride for a periofitime, after which they were
visualised by SEM. The graphs show how the mVarsp of the electrodes changes
during conditioning as the dry hydrogel gradualgcbmes more hydrated, and the
SEM photographs show what the membrane looks tikeeaend of each conditioning
period. Figure 3.33(a) is an extreme example @llavg which illustrates the extent
to which the sub-membrane solution can sometimes| siarough the absorption of
water, and also the flexible nature of the PVC wegmbrane in its ability to distort to
accommodate this swollen sub-membrane hydrogegur€i3.33(b) is an SEM image
of a sodium ISE left to condition overnight in 10@nsodium chloride. At the point
indicated by the red arrow on graph (b), somettiag happened to the signal and

from then on it is extremely noisy. SEM investigatshows a tear in the surface of
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the PVC membrane. This may have resulted from pghessure exerted from
underneath by the swelling hydrogel, or it may hlbgen punctured by the silver wire

beneath it.

3.7 Potentiometric Experiments

Characterisation of Sodium Sensors

Four electrodes were made up as described andatatibby a number of methods.
Initially calibrations were carried out using a M#tm® 644 bench-top pH meter,
which was the simplest method of confirming thag¢ tensors were functioning
correctly. A 5-point calibration was carried ottrh 10° M to 10 M NaCl using a
standard calomel electrode as a reference as eesethp illustrated in Figure 3.24.
The pH meter only allows the monitoring of one #lede at a time so the calibration
was repeated for each electrode. The electrodes @ach allowed to stabilise for
about 15 seconds and the response was then mahitmrea period of about 30
seconds during which time the highest and lowesdings were recorded (see Table
3.1). The average reading was graphed againdoghef the activity of the sodium

ion.
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Figure 3.34 Calibration curve for sodium sensor #1

o
1

N L i
42 o 4]
o o (=]
1 1 1

Response mV

-200 +

-250 +

-300

sensor 2

y=521x+17.6
R?=0.9961

-5 -4 -3

Iog aNa+

Figure 3.35 Calibration curve for sodium sensor #2
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Figure 3.36 Calibration curve for sodium sensor #3

The three calibration curves in Figure 3.36, FigBui&5, and Figure 3.36 show three
of the sensors performing well. The slopes (53.5nM2.1mV and 52.1mV
respectively), though slightly sub-Nernstian, shogood consistency and
reproducibility, particularly for handmade deviceReproducibility could be further
improved by using more sophisticated and automaiaadufacturing techniques such
as would be employed in the large scale produatibomany devices. The fourth
electrode was found to be non-functioning due t&CR¥embrane rupture (see Figure

3. 37).
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Figure 3. 37 SEM image of a non-functioning senatth a ruptured PVC cap

membrane

Subsequent SEM analysis of sensor 4 explains msfunactionality. As shown in

Figure 3. 37 the PVC membrane is clearly torn atdiiter edge. SEM facilitates easy
diagnosis of the problem, but it is rather mordiclift to ascertain the reason behind
it. It is most likely attributable to a fault ime construction of the sensor to begin
with. Perhaps a sharp or roughly milled edge a#i@dhe surface adhesion of the
PVC, or the membrane may not have been built ufcgritly during the deposition

process to withstand the swelling of the hydroggkl. In general throughout this
work the adhesion and structural integrity of théCPmembranes were found to be

very good and sensor failure was not a seriougissu
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Solution (M)

0.00001
0.0001
0.001
0.01

0.1

Slope

Intercept

(-247.8, —248.2) -248.0

(-205.5,
(-148.6,
(-93.7,

(-43.2,

sensor 1

-205.2) -205.4
-148.8) -148.7
-93.8) -93.8
-43.1)  -43.2
53.52
14.76

sensor 2

(:337236.3) -236.8
(-198.2, -098198.1
(-141.8, -P31-141.5
(88. 88 -88.6

(-37.8,.97 -37.9

52.09

17.63

sensor 3

(-240.7, -239.9) OB
(-203.5, -203.5) -203.5
(-148.1, -148.2) -148.2
(-92.6,-92.6) B2

(-41.9, -42) 21

52.11

12.94

Table 3.1 Calibration data used to generate theetbodium ISE calibration curves

(Figure 3.34, Figure 3.35, and Figure 3.36). Alues in mV.

Table 3.1 shows the calibration data for the tlwemsors over the T0M to 10° M

range. Measurements were made in duplicate ananden values calculated and

plotted. The slopes were slightly lower than thpested Nernstian response in each

case, but the general performance of the electrmdssgood, and the responses were

quite rapid and stable. A similar test calibratiwas carried out in the CF-relevant

sodium ion range (20 to 100 mM).

The resultantbeation curves are shown in

Figure 3.38, Figure 3.39, and Figure 3.40.
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Figure 3.38 Calibration curve for sodium sensor a¥er CF-relevant range, 20-
100mM.
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Figure 3.39 Calibration curve for sodium sensor a¥2r CF-relevant range, 20-
100mM.
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Figure 3.40 Calibration curve for sensor #3 ovefr€lEvant range, 20-100mM.

Solution (mM) sensor 1 sensor 2 sensor 3
20 -64.0 -64.2 -73.7

40 -49.1 -48.5 -58.0

60 -40.2 -39.6 -49.6

80 -34.4 -34.2 -43.7

100 -20.1 -26.7 -26.9
Slope 56.2 56.3 57.3
Intercept 34.4 34.8 26.8

Table 3.2 Calibration data (in mV) used to genethgethree sodium ISE calibration
curves (Figure 3.38, Figure 3.39, and Figure 3ai@r the CF relevant range of 20-
100mM
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The test calibrations over the expected sodium &ige yield near Nerstian slopes
and excellent linearity. Repeat calibrations earrout on a different day, this time in

triplicate, assessed the reproducibility of thessemesponses.

sensor 1

-50 A

y=528x+58

~100'9 R? = 0.9967

mv

-150 A

-200 A

-250 A

-300 T T T T T 1
-6 -5 -4 -3 E) -1 0

log ana+

Figure 3.41 Repeat calibration curve, sodium seti$or

0 - sensor 2

-50 A

-100 - y=517x+11.6
R? = 0.9955

Z -150
-200 4
-250 - e
-300 T T T T T 1
-6 -5 -4 -3 2 -1 0
log ana+

Figure 3.42 Repeat calibration curve, sodium se#i2or
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sensor 3
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Figure 3.43 Repeat calibration curve, sodium seti3or

Figure 3.41 to Figure 3.43 shows three calibraticarsied out once again over a full
5-point calibration range from POM to 10° M NaCl using a standard calomel
electrode as a reference. The electrodes wereadmeted to stabilise for about 15
seconds and the response was then monitored fer@dmf about 30 seconds during
which time the highest and lowest readings wererdsd (see Table 3.3). This was
repeated three times for each electrode. The g®ené these three readings was
graphed against the log of the activity of the sodion. N=3 standard deviations
were also calculated and are listed in Table F8m the graphs it can be seen that
once again the slopes are slightly sub-Nernstidngbad linearity over the range is

observed and the results are consistent.
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Solution (M)

0.00001
0.0001
0.001
0.01

0.1

0.00001
0.0001
0.001
0.01

0.1

0.00001
0.0001
0.001
0.01

0.1

sensor 1

(-252.3, -252.5) -252.4
(-210.6, -210.5) -210.6
(-157.6, -157.7) -157.7
(-96.1,-96.0) -96.1
(-49.1,-49.2)  -49.2

(-255.8, -256.1) -255.9
(-212.1, -212.1) -212.1
(-158.3, -158.5) -158.4
(-102.3, -102.3) -102.3
(-52.4,-52.5) -52.5

(-250.6, -250.7) -250.7
(-209.6, -209.7) -209.7
(-158.2, -158.1) -158.2
(-100.7, -101.7) -101.2
(-52.2,-52.5) -52.4

sensor 2

(-246240.9) -240.8
(-200.3, -201-200.7
(-155.2, -155:155.2
(-93.0,. 02 -92.9
(-42.6, 2. -42.7

(-242241.9) -242.0
(-202.1, -201-202.0
(-145.5, -135.745.6
(-92.3, -92.3)-92.3
(-42.6, 8)2. -42.6

(-239239.2) -239.1
(-199.7, -799:199.7
(-148.8, -138.948.9
(-93.1, -92.2)-93.2
(-43.4, 4)3. -43.4

sensor 3

(-243.1, -243.1) -243.
(-202.1, -202.4) -202.3
(-149.4, -149.4) -149.4
(-99.7,-99.8)  -99.8
(-49.7,-49.7)  -49.7

(-251.0, -250.6) -B60
(-208.3, -208.1) -208.2
(-157.3, -157.2) -157.3
(-101.0, -101.0) -101.0
(-51.1,-51.1) -51.1

(-246.9, -247.0) 724
(-207.9, -208.1) -208.0
(-156.8, -156.9) -156.9
(-101.4, -101.5) -101.5
(-51.1,-51.2) -51.2

Standard deviations (n=3)

0.00001
0.0001
0.001
0.01

0.1

2.70
1.24
0.38
3.34
1.88

1.46
1.15
4.86
0.43
0.45

3.85
3.35
4.42
0.88
0.82

Table 3.3 Calibration the data used to generatedhleration curves in Figure 3.41 to
Figure 3.43. The results are given in the forifidt reading, 2™ reading) average

reading. Standard deviations n=3 were calculated from thexame values from the

triplicate calibrations and used to construct tirerebars as illustrated
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Having established using the pH meter that theuwsndlectrodes were functioning
satisfactorily, further experimentation was simptif by interfacing the electrodes
with a PC via a National Instruments MIO-16 datguasition card. This allowed the
simultaneous monitoring of all electrodes using iarhouse written LabVIEW
program which also facilitated visualisation of ttesponse trace of the electrodes
over time, and was the intended data capture amdtonimg system for use with the

CF watch.

The Ag/AgCI electrode

The external reference electrode for the cell wealset a simple silver-silver chloride
electrode. It was prepared in exactly the same agathe internal Ag/AgCl internal
reference electrodes incorporated into the sodiiaig, i.e. by immersing a length of
silver wire in sodium hypochlorite solution for 460 60 minutes to form a layer of
silver chloride on its surface. In the analysisagtieous sodium chloride solutions
however, this Ag/AgClI “reference” electrode will e&pected to respond to changes
in the chloride ion concentration as an electradd® second kind. To investigate its
performance as a chloride ISE, this electrode wdgested to the same 5-point
calibration (1 M to 10 M NaCl) as the sodium test electrodes, using adstal

calomel electrode as a reference.
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Log ac.

Figure 3.44 Calibration curve for Ag/AgCl, T to 10" M NaCl.

From the Ag/AgCI electrode calibration curve in tiig 3.44 it can be seen that the
slope of the curve, though slightly sub-Nernstiargdequate, and is on a par with the
responses obtained from the sodium electrodesetsame calibration regime. Table
3.4 below shows that stability of the responsedstbn the 18 to 10° M range,

which is the concentration range of interest foeatanalysis.
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Solution (M) Ag/AgCl avg response Standard Deviation

0.00001 299.4 1.47
0.0001 261.3 0.79
0.001 205.5 0.68
0.01 141.3 0.99
0.1 87.1 0.09
Slope -55.94

Intercept 29.08

Table 3.4 Ag/AgCI electrode data, used to genetadecalibration curve in Figure
3.44.

Sodium and Chloride | SE Combined Response

400 7 40" 102 10° 10* 10°
F Y F 3 " T
300 - T

200 + “_—r__,—

100 —Cl-
— Na+

mvy

-100 -

'200 L] 1 ] 1 1 1
0 100 200 300 400 500 600

time (1 unit = 2 sec)

Figure 3.45 Comparison of both electrodes resptmske same calibration, using a

standard calomel reference electrode.

120



Figure 3.45 compares the response of the Ag/Ag&itedde (see Figure 3.44) and
sodium sensor #1 (see Figure 3.43). The electegjfgonses were monitored using a
LabVIEW virtual instrument interface and a 5-poaalibration (10 M to 10° M
NaCl) for each of the two electrodes was carrietl oging a standard calomel
reference electrode. The test set-up pictureddasdribed in Figure 3.24 was used to
analyse the standard. As usual, each horizontélopoof the graph represents the
mV response (x-axis), measured and recorded autmaitatevery two seconds, over
a period of time (approximately 3 minutes). Aftaonitoring the response for this
period of time, the data monitoring software wasigea while the test well was
emptied and rinsed and an aliquot (ca 10ml) ofribet standard pipetted into the
well. The trace is not intended to represent &treee flow injection analysis trace
therefore, and while each horizontal portion dagsesent a real time response, data
collation was paused between standards. The giipsisate therefore the relative
responses of the two electrodes to the same stiydashows that the responses are
stable and not excessively noisy or prone to exoeshift, and it illustrates also how
the chloride response mirrors the sodium respongeirb an opposite direction.
Referencing the sodium electrode against this “mgveference” chloride electrode
has the effect of adding the slopes of the eleesotbgether to give an overall

response. This is further illustrated in Figure63.4
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Figure 3.46 Response of the two ISE’s relativeacheother.

Figure 3.46 shows the same graph as in Figure IBu5vith the relative response
between the two indicator electrodes highlightedtliny red dotted arrows. As the
sodium and chloride concentrations increase fraitntéeright AmV increases with

both electrodes contributing to the overall respons

The 5 point calibration was repeated again butauttihe external calomel reference
electrode. Instead the sodium electrode resporsse measured with the chloride
Ag/AgCI electrode acting as the reference electro@mly one signal was obtained
therefore, so there is only one signal trace. Jibpe of the response is equal to the
sum of the slopes of the individual electrodes. e Talibration trace is shown in

Figure 3.47
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Figure 3.47 Combinedg, response where kg = Ese— BEer = AmV and the Ag/AgCI

Chloride electrode is employed as a reference.

Figure 3.45, Figure 3.46 and Figure 3.47 illustritie magnification of the overall

signal obtained by referencing the sodium electiangkanst an Ag/AgCl electrode. A
CF diagnosis is given by elevated sodium and ddodoncentrations; therefore a
positive CF sample value will evoke a sodium cotregion—related response from
the sodium electrode in a positive directiopdEwhile the same sample will evoke a
chloride concentration-related response from théA4Gl electrode in a negative
direction Eer. The net measured responsg E Ese — Eer Will effectively be the sum

of the responses of the individual electrodes.

Figure 3.47 is a graph of the response obtaineahitee Ag/AgCI electrode is used in
place of a standard reference electrode. Theretvemeelectrodes but only one
response trace, and the slope of the cell as shewme sum of the slopes of the

individual electrodes. In Figure 3.43 the slopetloé sodium electrode (#1) is
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51.1mV, and the chloride electrode slope from Fag84 is —-55.9 mV. The overall

cell response in mV per decade change in activity =

Ecen = Ese— Eet
= I:_I-\la+ - Eor
= 51.1 — (-55.9)

= 107.0 mV

When measured separately against an external mefsréhe sum of the slopes is ca
107 mV. When the electrodes were referenced tb etier, the combined slope was
calculated at 104 mV (Figure 3.47 inset). Someati@m in the slopes is expected, but
the overall response, as with the individual resgsnis lower than the predicted
Nernstian response (118mV). A reasonable leve¢pfoducibility was exhibited by

the individual electrode slopes considering that dievices are hand made, and it is

important that this reproducibility should carrydbgh to the combined response.

The results obtained so far suggest that the sem@geroperational. The response is
satisfactory and reasonably consistent and repiol@uc A “CF Watch” device was
therefore constructed following the design brigfeatly described (Figure 3.18 to
Figure 3.23) and using the same dimensions, mktarad construction methods as
were used in the manufacture of the test electrodédse device was utilised in the

analysis of real sweat samples in a simulatedaoalirgcreening trial
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3.8 Clinical Trial

A mixed 1.00 mol T stock standard solution of sodium chloride wasared by
dissolving 5.85g of NaCl in water and making upvtdume in a 100ml volumetric
flask. This was diluted with ultrapure water twei0.02, 0.04, 0.06, 0.08, and 0.1
mol I* standard solutions (= 20, 40, 60, 80 and 100 mi). sweat samples were
collected, 15 from a normal population, and 6 freamCF positive population.
Samples were collected on-site at the followingatmms: Our Lady's Hospital
Crumlin CF clinic; Beaumont Hospital CF clinic; amblin City University. For
ethical and sensitivity reasons the hospital triiésnot involve on-skin collection &
analysis. Samples were instead collected on-sitpilocarpine iontophoresis and
stored at 4°C until all of the samples were coéidcand could then be analysed
together in a laboratory environment. As well ag\j more ethically sensitive to the
patients involved, it enabled a more controlleadltto be carried out in the DCU
laboratory environment. The on-line situation wiaisnicked as closely as possible,
the sweat samples were analysed un-diluted anéatatt and a peristaltic pump was

used to pump the samples through the flow-cell.

The compatibility of the Macroduct and the anaigtidevice in an on-line analysis

situation is demonstrated later in Figure 3.54.

AAS was used as a reference method for sodium gsewous trials. The Mohr

titration method was used as a reference methochioride.
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Mohr Method

The Mohr method is a titrimetric method for the gilative analysis of chloride by
silver nitrate titration. The use of silver nigah volumetric analysis depends on the

fact that silver halides are quantitatively pre@pd from solution:

AG’ (aq) + X > AgXg X=CI, Br, I

The reaction is self-indicating, as precipitationll wease when all the chloride is
precipitated. However this method is slow and ehdpoint is difficult to ascertain
therefore potassium chromate is used as a colodicator to assist in the
determination of the endpoint of the titration. eT¢chromate anion forms a brick red

precipitate with silver ions:

2AgN O; + KoCrOy > A92C rOy + 2KNG;

Silver nitrate is available in a high state of ppend is suitable as a primary standard.
If silver nitrate is added to a solution containfdljions and a few drops of potassium
chromate indicator, silver chloride is selectivehecipitated before silver chromate.
The first trace of excess silver ions reacts with thromate ions present forming a
brick red precipitate, which marks the end pointtd titration. The Mohr method
can only be used in neutral solution because silliBymate is soluble in acid solution

and silver oxide is precipitated from alkaline smin. The silver nitrate reacts with
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chloride ions in a 1:1 stoichiometry. When all ttidoride is spent, the first sign of a

persistent brick-red colour signals the endpoirtheftitration.

(Vol AgNO3) (M AgNO3) / (n) = (Vol C)) (M CI) / (n)

The molar concentration of Gherefore = (Mgno3s).(Magnos) / (Var)

Sample treatment

At least 50 pl of sweat were collected for eaam@a. 10 pl of this was extracted
and diluted up to 1000 pl (1ml) (100 fold dilutiofgr chloride analysis by micro-

titration against 0.005M Silver Nitrate.

50 pl was extracted from each of these titratiommas and diluted up to 5000 pl
with Ultrapure deionised water for sodium analysidflame emission AAS (a further
100 fold dilution). Total dilution factor is a h L0000, and the same was carried out
on the standards to bring AAS samples and standaittién the appropriate AAS

linear range (0.002 to 1.0 ppm).

Worked example: Taking a 50ul normal sweat sample at a presumddisoand
chloride concentration of 40 mM. 10 pul are exiedcand diluted to 1 ml. 950 pl is

set aside for titration, while 50 ul are dilutecbtenl for AAS analysis.
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Titration
(0.04M)/(100) = 0.0004M titration sample
(0.95).(0.0004) = (Mgno3).(0.005)

76 pl AgQNG; are required to neutralise the chloride conceptrah the sample.

AAS

The remaining 50 pl diluted to 5000ul for AAS
(0.04M)/(10000) = 0.000004M
(0.000004).(58.5) = 0.000234 g/L

=0.234 mg/L (ppm)

Titration was carried out using a 1ml micro-burett&lame Emission AAS was
carried out under the following recommended condgi
(Lamp current: 5SmA; Fuel: acetylene; Support: Blgme stoichiometry: oxidising;

Wavelength: 589.0nm; Slit width: 0.5 nm; Workingnga: 0.002 to 1.0 ppm)

3.9 Results and Discussion

A watch device consisting of one sodium PVC membraectrode and one Ag/AgCI
electrode was used for the clinical trial. Its mi@cture was described previously in
detail from Figure 3.18 to Figure 3.23. The silvares from both electrodes were
connected to high quality shielded cable via a $-W&14 socket, to transfer signals

to a PC via a shielded box with an impedance cborcircuit, enabling continuous
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monitoring of the sensor signals during standard sample analysis. The software
allows the monitoring of four channels at once, iouthis case only one indicator
electrode channel was employed. The sodium eldetnwas connected to this
channel and the chloride pseudo-reference electn@deconnected to the reference

channel. The flow channels in the array were hdake to capillary tubing and a

peristaltic pump so that samples and standardsl dsupassed through the device.

The device was first allowed to condition overnjghdm dry. The signals from the

electrodes were monitored and recorded continudosigonitor the hydration of the

sodium electrode. The trace obtained is shownguarg 3.48.

Conditioning of device
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Figure 3.48 Response trace from device left to tmmdfrom dry overnight.

The overnight conditioning solution used was thedst concentration (20 mM) NacCl
standard. As can be seen, after approximatelyushime device reaches a steady-
state voltage at equilibrium. The main graph is ¢baditioning of the device from

dry. The smaller inset graph with the red bordemimore detailed look at the
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conditioning trace with a smaller x-axis scalegafthe initial spikes and noise. It
shows the signal increasing as the sub-membraneodsid hydrates until an

equilibrium steady-state signal is obtained.
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Figure 3.49 Response trace from LabVIEW importéd Microsoft Excel.
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The experimental response trace in Figure 3.49vallthe format of the many other
similar traces throughout this document, for thevus CF trial, the simulated CF
trial, and indeed the calibration traces in thiamer in Figure 3.45, Figure 3.46 and
Figure 3.47. The trace can be followed from leftight, and each horizontal portion
of the graph represents the response of the déwieeparticular solution. The first
solution is the 20 mM standard, followed by therdBl standard, then the 60, 80 and
100 mM standard solutions. This 5-point calibnatfioom 20 to 100 mM NacCl is
repeated. The 20 mM standard was then re-analidéxyed by the analysis of each
of the sweat samples. The 20 mM baseline stan@iedoted by thé*” asterisk
symbol) was re-analysed again periodically betwesmple analyses to establish a
continuous base line. Finally, the 5 standardtswis were again passed through the

array in a third and final 5-point calibration.

The data from the three calibrations was tabulgfeable 3.5) and the average

responses were calculated and used to constructlitbeation curve in Figure 3.50.
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Figure 3.50 Standard Calibration Curve (20 to 10@)rgenerated from the triplicate
trial calibration data.

Figure 3.49 shows the response of the device tosthadards and samples in
sequence. All solutions were pumped through thecdeusing a peristaltic pump
connected to the capillary tubing in the devicenvflchannels (see Figure 3.13). The
device was flushed with each standard solutionafgproximately 20 seconds using
the peristaltic pump’s high speed flush mode, dr&ddata acquisition paused during
this solution changeover. It was not possiblelusif the sample chamber with each
sweat sample so liberally and for such a lengthiroé because of sample volume
constraints, though with a sample chamber volumepptoximately 7.2 ul, and 40 pl
of sample to work with, there was adequate margiarnisure complete filling of the
chamber for each sample. The calibration curvd-igure 3.50 shows excellent
linearity and repeatability, with the slope as ectpd. Error bars are included and are
hidden by the sample points. The standard deviatjsee Table 3.5] are also very
encouraging at generally less than 1mV. The netakteption to that is the 20 mM

standard. As can be seen from the trace, the 2GstafMlard was used to set the base
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line and was analysed continuously between sangpidsat the beginning and end of
each calibration. Considerably more time couldehbgen expended in allowing the
20 mM standard solution signal to equilibrate etiote it was analysed as it does
exhibit a good deal of variation across the bottdthe trace and this is reflected in
the standard deviation value. The standard dewiatalue calculated in Table 3.5
however was only calculated from three of the valobtained for the 20 mM

standard, namely the values from the three caldsat If the standard deviation for
the 20 mM standard is calculated for the entireeb@®, a lower value of 3.05 mV is
obtained. Again if the signal had been alloweeédailibrate longer each time it was
analysed, this would be further improved. Anothesson perhaps for the higher
standard deviation of the 20mM standard is theueagy with which it was analysed,

making it more susceptible to error due to contatndm during solution changeover.

Standard Calibration St. Dev.

(mM) g log a #1 #2 #3 Average (n=3)
20 0.017 -1.761 -191.1 -182.9 -180.7 -184.8 5.50
40 0.033 -1.480 -157.8 -158.8 -157.6 -158.1 0.66
60 0.048 -1.320 -138.4 -139.6 -139.7 -139.2 0.72
80 0.063 -1.204 -128.3 -126.7 -126.7 -127.2 0.90
100 0.077 -1.115 -116.9 -114.4 -115.3 -115.5 01.3

Table 3.5 Data used to generate the standard cufvigure 3.50
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Watch Sample Results
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Figure 3.51 Sample activities calculated from thkbcation curve and projected onto
the curve to illustrate the separation of the Chas from the normal sweat

samples.

Figure 3.51 shows the sample diagnoses on the bfsis watch results. The dotted
red line indicates the expected mV response fod a1 Na and Cl solution, and
therefore equates to an approximate diagnostioffutNormal samples are expected
to fall below this line and CF positives above ithe graph shows the CF normal
samples represented by the green circles to beclustiered together and well below
the diagnostic cut-off point. Similarly, with omesception (#19) the positive samples
represented by the red crosses are also clustegether and they are above the red
line, indicating that they are correctly diagnosesdCF positive samples. In general
therefore clear separation of the normal and pesgamples was achieved, and all of
the samples, except one, were assigned a diagonossstent with their source
population, i.e. all samples taken from a normadysation were diagnosed as normal,
and all samples taken from a CF positive populatvene diagnosed as positive with

the exception of samples #19. Sample #19 is markigda red cross because it was
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known to have been sampled from a CF positive @jaud, but on the basis of the

watch results it has been diagnosed as bordertinaal.

All of the samples are correctly diagnosed theeefoar one, sample #19, which as
indicated on the graph falls just below the diagicosut-off point indicated by the
dotted red line. This does not automatically irgealytical error or failure on the part
of the watch device. False positives and falseatimegs are not unheard of and may
be attributed to a procedural error at any poinimfrsampling to analysis, or the
patient may in fact have borderline sweat electeolgvels with or without CF. In
borderline cases re-tests are generally carriecaiodtindeed in any sweat-test based
diagnosis, at least two sweat tests must be casué@nd be in agreement with each

other.

In this case sample #19 was taken from a CF pesjiopulation and is expected
therefore to have sodium and chloride activitiesststent with a CF positive

diagnosis. This does not seem to be the caseq loaste sweat watch results (Figure
3.51). However, this apparent misdiagnosis isord by the flame emission results
in Figure 3.52, which show a borderline sodium ammcentration for sample #19.
Also in the titration results (Figure 3.53) theanindie ion concentration of sample #19
is at the lower end of the cluster of CF positiamples. These relatively low

concentrations of sodium and chloride as indicditgdhe watch device and sample

#19 is therefore a genuine borderline result.
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Figure 3.52 Sodium AAS reference method data

The AAS data for sodium, seen in Figure 3.52, shawsgree of overlap between the
CF and the normal samples. Sodium is not as digtatory as chloride in CF

diagnosis. As before, the red crosses represenCkh positive samples while the
green circles represent the normal sweat samplég small black circles represent
the 5 standard solutions used for calibration. iAggenerally speaking, the normal
samples are clustered together in the lower podfahe graph and below the 50mM
cut off, which is as expected. The CF positive glas are higher up in the

concentration range and generally fall betweenbilek circles representing the 60
and 80 mM standards, which is the expected coratgmir range for CF positive

sweat samples. Interestingly, the sample that dvagnosed as borderline by the

sweat watch results is also borderline for thes&Aésults, namely sample #19.
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Standard Abs. RSD Conc. Conc.
mean (%)  (ppm) (mM)

0 0.011 2.1 0.000 0
1 0.170 7.6 0.059 20
2 0.229 0.5 0.117 40
3 0.386 0.1 0.351 60
4 0.612 1.6 0.585 80
5 0.902 0.1 0.936 100

Sample Abs. RSD Conc. Conc.
mean (%) (ppm) (mM)

0.238 2 0.143 24.46

0.165 1.3 0.055 9.47
0.522 0.3 0.484 82.77
0.121 0.1 0.003 0.43

0.469 2.4 0.421 71.89
0.270 2.7 0.182 31.03
0.280 0.2 0.194 33.08
0.310 0.7 0.230 39.24
0.414 2.7 0.354 60.59
0.329 0.1 0.252 43.14
0.325 0.3 0.248 42.32
0.342 0.2 0.268 45.81
0.328 2.7 0.251 42.94
0.373 0.7 0.305 52.18
0.230 1.2 0.133 22.81
0.210 10.2 0.109 18.71
0.342 5.3 0.268 45.81
0.321 7.1 0.243 41.50
0.359 4.1 0.288 49.30
0.426 0.4 0.369 63.06
0.499 2.8 0.457 78.05
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Table 3.6 AAS data for standards and samples. uBodnM concentrations are
calculated. The values obtained are generallyistam with expected sweat sodium

levels (>50mM for CF and <50mM for normal).

138



0.3 1

0.25 1 O Normal
+CF

8
[V
Il

0.15 1

Volume {ml)

=
ity
L

0.05 A

Concentration v's Titration Volume

60 80 100 120 140

Concentration {(mM)

Figure 3.53 Mohr titration chloride-ion concenteattidata showing good separation of

positive and negative sweat samples.
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Sample Vol AgNO3; Conc. (mM)

1 0.11 55
2 0.08 40
3 0.23 115
4 0.06 30
5 0.19 95
6 0.09 45
7 0.07 35
8 0.10 50
9 0.17 85
10 0.07 35
11 0.07 35
12 0.11 55
13 0.09 45
14 0.06 30
15 0.09 45
16 0.04 20
17 0.08 40
18 0.07 35
19 0.18 90
20 0.20 100
21 0.25 125

Table 3.7 Chloride data from Mohr titration. Saepghloride concentrations were

calculated from the titration data.

The mM values for chloride ion in Table 3.7, and graphical separation of the two
sample populations in Figure 3.53, illustrate wed innate superiority of the chloride
ion in discriminating between positive and negatfesweat samples. Normal sweat
samples all show chloride levels below 60 mM arel @ positive are all above 80
mM with half of them over 100 mM. This amountsaalear separation of the two
sample groups. The lowest positive sample wass#tmee sample (#19) that was

diagnosed as borderline negative using the othemntethods.
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Sample Population  NgAAS) CI (Mohr)  CF Watch Result

(mM) (mM)

1 normal 24.5 55 normal
2 normal 9.5 40 normal
3 CF 82.8 115 CF

4 normal 0.4 30 normal
5 CF 71.9 95 CF

6 normal 31.0 45 normal
7 normal 33.1 35 normal
8 normal 39.2 50 normal
9 CF 60.6 85 CF

10 normal 43.1 35 normal
11 normal 42.3 35 normal
12 normal 45.8 55 normal
13 normal 42.9 45 normal
14 normal 52.2 30 normal
15 normal 22.8 45 normal
16 normal 18.7 20 normal
17 normal 45.8 40 normal
18 normal 41.5 30 normal
19 CF 49.3 90 normal
20 CF 63.1 100 CF

21 CF 78.0 125 CF

Table 3.8 Summary of diagnostic results obtainemnfthe CF watch and the two
reference methods. Anomalies are highlighted ild.bdn all cases, but one, the
watch results correctly match sample with popurati®@ample #19 was taken from a
CF population but was diagnosed normal by the Ct€hwdevice. The AAS results
show that the sodium ion concentration in sampigindeed just below the 50mM
cut off point and this must be responsible forwach misdiagnosis. Sample #14 on
the other hand is a normal sweat sample but hadiars concentration just above the
cut-off point and suggestive of CF. The chloride@entration of the same sample at
30 mM is well in the normal region however and theerall watch diagnosis is
therefore normal.
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Table 3.8 summarises the results obtained for hls®eat samples for the three
methods used, namely flame emission AAS for sodiMimir titrimetric analysis for
chloride, and the CF watch which monitored bothsiorAs stated previously, the
generally accepted cut-off levels for a CF sweat (80mM sodium and 60mM
chloride, above which is considered positively diagfic of CE? are a matter of
continuous debate, much of which is prompted by ¢betinued increase in the
number of mutations for the CF gene which are bealisgovered all the time
(currently in excess of 166%). These mutations are increasingly rare and iem o
associated with milder forms of the disease, or arly associated with specific
symptoms and not necessarily with the usual clirpcasentation of the disease. For
a general screening program it is not possiblekecs a general cut-off value that will
account for more unusual cases such as individuafs a normal population with
elevated sodium or chloride and individuals with €fmptoms but normal sweat
sodium or chloride. For the purposes of the disiomsof these results it is sensible
therefore to take the generally accepted viewdhatsitive sweat test for CF exhibits
sweat sodium and chloride levels equal to or gredtan 50mM and 60 mM

respectively’.

A further caveat is that none of the above reseltsesent a true CF diagnosis or non-
diagnosis. No CF diagnosis should ever be based smgle sweat test without
reference to clinical presentation, family histoggnetic mutation analysis, and at
least two further confirmatory QPIT sweat tests. hatVvalue these results then?
Well, the one true diagnosis in Table 3.8 is thpybation from whence the samples
came. The success rate of the analytical methesdsl in matching samples to

population (i.e. diagnostic accuracy) is perhapes libst test of those methods. A
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correctly performed sweat test has 98% accdfaicythis respect, therefore in the
case of the sweat watch, 1 misdiagnosis out 0B8%(accuracy) may be considered

acceptable.

Also, it is part of the design brief of this CF Wlatto compete with methods such as:
AAS, which requires large expensive bench-top latmry equipment, dedicated
laboratory space, fuel and air lines etc; and witlkh wet chemistry techniques as
titrimetric analysis, which is time-consuming ar@bour intensive. Therefore a
comparison of the methods in terms of their respedbilities to predict a known

outcome is also worthwhile.

Based on the generally accepted diagnostic cuvalfies the CF watch correctly
diagnosed all but one sample. Sample 19 is cladsals normal, though it came from
a CF positive population. The AAS result for sanfP however is in agreement
with this diagnosis with a sodium ion concentratjost below the 50 mM cut-off.
Generally speaking a lot of the normal populatiohSAresults are quite close to the
50 mM cut-off point and could be classed as bongerl In a complete clinical
situation all of these tests of course would beatgd at least twice more along with a
full complement of physiological CF tests, whichbisyond the scope of this study.
But these high normal sodium levels may also béagxgd by the fact that they were
taken from an adult population and it is generabcepted now that due to the
increased sweating rates in adulthood, the thrdshalles used for children, are less
applicable for adulfs, and many advocate the use of higher cut-off goiot adult
sweat tests. Raising the cut-off levels would reenmost of the “normals” in this

study from the borderline region.
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The general diagnostic prediction success ratbeofOF Watch based on these results
is >95%, which compares well to the standard QRiTueacy rate of 98% (if
performed correctly by a qualified, experiencedeesoperating in a dedicated CF
laboratory where the QPIT is regularly carried out)also fares equally well against
established reference methods with the advantagespafed, simplicity and

significantly lower cost, as well as the monitormigooth marker ions at once.

One important point which sample #19 highlightthis lack of a traditional reference
electrode in the watch device. The exclusion a$ tleference electrode has its
advantages in that it aids manufacture by simpigyconstruction of the device, less
materials are required to construct the sensovgerfeensors facilitate minimisation
of the physical size of the device itself, and dlsgre is one less sensor present to fail
and cause problems. The disadvantage of thispsét-that the individual sensor
responses are inaccessible. The response obteom#dins information about the
activities of both marker ions, but the individealoride and sodium activities are not
provided. While this may not present a problermiwst cases, and in this study it did
not present a problem for >95% of the samples,osdpresent a problem for
borderline cases. The watch device diagnoses sa#i® as normal. Had this
researcher not been aware that sample #19 hadlpauginated from a CF positive
population it is likely that no questions would baveen raised about the validity of
this result. Contrast this with the reference mmdtmM values for each ion. Sample
#19 has a sodium ion concentration of 49.3 mM awtilaride ion concentration of
90 mM. Based on these individual ion concentratiena high normal and very

borderline sodium level, and a clearly positiveocitdle level - sample #19 would
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likely be correctly diagnosed CF positive, or & tkery least investigated further with
additional confirmatory sweat tests. Thereforelusion of a reference electrode may
be a consideration for the future.  Alternativelgpnsidering the superior
discrimination of chloride ion in separating theotwopulations, it might be more
worthwhile to only monitor chloride. The 2-sensat-up could be maintained by
replacing the sodium electrode with a solid-staference-type electrode. These and

other theories are discussed in more detail iridlh@wing section.

3.10 Future Work

50 1
10-1 M NaCl
&
E; e
@ CF positive
g _100 eI RN NI NI E NN NI NI NN E NS SN NS IS NN IE NN IEE NN NN AN NI NN N NI NS INEEINE SN NEEENEEENESEEEEEEE s
g CF negative
>
Gl Sweat Sample (hormal)
10-2 18 MaCr
'150 1 1 1 1
0 50 100 150 200

Time {1 unit = 2 sec)

Figure 3.54 Response trace from the device inlaéysis of a normal sweat sample.
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Figure 3.54 is a simple experiment to show howfithished device mightdeally be
used in the future as a simple screening deviaejgin there are a number of issues
that need to be addressed before the device ceuldséd in this manner in the real
world. To create the result in Figure 3.54, twdibration solutions were passed
through the analytical device using a peristaltienp and the combined signal was
monitored, in the same manner as in the clinical. trThe trace (as before) shows the
device response to first a 10 mM NaCl standardthed a 100 mM NaCl standard.
While this two-point calibration was being carriedt, a non-CF volunteer was
subjected to pilocarpine iontophoresis to genemtaormal sweat sample. On
completion of iontophoresis, the analytical deweas fitted to the adapted Wescor
Macroduct (as described earlier in Figure 3.10 igufe 3.13) and strapped to the
patient’s arm at the site of iontophoresis to @illde stimulated sweat and deliver it
to the analytical device as also described earliétigure 3.14. Once the sweat had
reached and filled the analytical chamber, the daanitoring software was
reactivated to measure the response of the dewitleetsweat sample (again as usual
the trace is not in real-time trace, monitoringlad signal was paused during solution
changeover and restarted once a stable signal éa dbtained). In this case, the
normal sweat sample is identified as normal retaty the two standard solutions.
This is the device at its simplest with two calibya solutions and an immediate
result. To make such a device usable in the foeld could pre-package the device
pre-conditioned in one calibrant solution, alonghwa second calibration solution,

and a syringe provided, to inject the solution ite device before sample analysis.
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Data monitoring issues could also be addressedta Bam the sensors could be
stored locally on an SD card for analysis later,aominiature circuit could be
incorporated into the device which would measuee ¢thange in mV response and
translate it into a simpl&ositive’, “negativé, or “borderliné result by lighting a red,
green or orange Light Emitting Diode (LED) . Ahetively the data could be
transmitted wirelessly to a portable receiver/lgptmcomputer. Modern WPAN
(wireless personal area network) communication gmals such as ZigBee® and
Bluetooth® can easily replace physically bulky aesdtrictive serial cables, offering
low-cost, low-power, monitoring and control of ajgptions over a local wireless
network. This marriage of wearable sensors witlheMss monitoring is being
pioneered by research initiatives such as BIOTEXo{nsing textiles for
personalised health management, see www.biotexsm).can EU funded project
aiming to develop dedicated biochemical-sensingregies to monitor body fluids,
such as sweat, via sensors distributed on a testilestrate, and WEALTHY
(wearable health care systems). Textile based Handling systems for the real-time
monitoring of sweat pH, sweat sodiufd, and sweat conductivity are being
investigated and develop&d® using a combination of moisture wicking fabricala
superabsorbent materials, which facilitate a cafjlction, passive pumping
mechanism to collect the sweat as it is producedchannel it through a sensing area
for analysis. Applications are currently aimedhmarily at the monitoring of athletes’
sweat electrolytes during exercise, but there &e many useful parallels for the
Cystic Fibrosis community, for whom strenuous pbgkiexercise may not be
appropriatd?’. Recent breakthroughs in the treatment and mamemfeof the Cystic
Fibrosis condition have made pertinent for the €yBtbrosis community, the issue

of the continuous monitoring of sweat electrolytethe QPIT sweat test is a
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diagnosis. Once CF was diagnosed there was neitdext for, nor point to, further
sweat testing of CF sufferers. However modern dwmd genetic therapies are being
developed-?* which can counter or mitigate thmeuco-viscidosis effects of Cystic
Fibrosis by correcting the underlying cause: chlerchannel deficiencies which lead
to mis-regulation of sodium and chloride ions, t@sg in the characteristic sticky
mucus in the lungs and thickened secretions frarptncreas and liver. These novel
approaches are at varying clinical trial stagea arevelopment pipeline, but progress
is being made with such CFTR modulation drugs a€T?8 (Atalurerd®, VX-
770°*%° and VX-809°. These drugs target the underlying genetic cafsthe
disease, for which elevated sweat sodium and cldare a diagnostic manifestation
and indication that the patient’s gastrointestisgktem, respiratory system and
hepatic system may also be malfunctioning, andatereng the health of the patient
in a manner consistent with the characteristicsthaef Cystic Fibrosis condition.
Therefore the ability to continuously monitor swealectrolytes of patients
undergoing these treatments, using a convenientuathtrusive wearable device
could be an invaluable tool for gauging the succefsshe treatment, and safe-

guarding the health of the patient.

The direction of future development of this deviabepends largely on its precise
intended use. On the one hand there is a neadonple and reliable CF screening
device. There are commercially available devickesady being marketed as CF
screening devices. Wescor Inc. themselves markatinaluctivity based analyser
complementary to the Wescor Macroduct, and now laathd¢anoduct” device which

is claimed to be suitable for screening neonatesnilar to the device in this study,
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the sweat, as it is being collected, is directedigiit into an analytical chamber, in
this case a microconductivity cell, where the swisaénalysed and an immediate
response is obtained. Sweating rate is display&ahaatically, only 3 micro litres of
sweat are required and sweat stimulation time astshed. Some direct comparisons
in the literature between the two Wescor produtis,Macroduct v's the Nanoduct,
have found that the Nanoduct is at least as godideasrger Macroducét. However,
borderline results are generally seen more fredqpensing conductivity-based
measurement§ and the American National Committee for Clinidadboratory
Standards, for example, does not accept conductita definitive diagnostic tGdl
With a false positive rate of 4.3% and 9.3% ovelalure rate, there are few studies
confirming the Nanoduct's use other than as a ®mipédside test requiring
confirmation by more traditional methods. One ioy@ment of the Nanoduct is a
significantly reduced failure rate caused by insight sweating. Reliable results can
be obtained from such lower sample volumes of swe&ul), improving the
insufficient sweat failure rate in one stdfiyo 2.7% (3 of 111) from the macro-
collection system’s 15.3%. Similar improvementotos ISE based CF watch could
be predicted by similarly reducing its dead volumed therefore the sample volume

required for analysis.

It has also been shown that parents of childrerergudng CF screening are subject to
much anxiety, distress and upset, emotions whieheaacerbated by longer waiting
times for results and repeat té&tsin the aforementioned Nanoduct sttfdyhe quick
receipt of the results and minimized waiting tinoe the parents and patients, was an

important consideration for nearly all participaated parents. The development and
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use of reliable devices such as the nanoduct an€Buvatch, which provide rapid

in-situ results, is desirable from a patient & peigoint of view therefore.

On the other hand, there is also a need for amnatige to the Gibson and Cooke
QPIT (quantitative pilocarpine iontophoresis swesst). This is the original gold
standard tedt it's laborious, it's cumbersome, it's time-condnm but in the right
hands it has proven reliability and accuracy araviples concentration data for both
marker ions. As aresult it is a test that thecGfmmunity is very reluctant to discard,
and indeed no CF diagnosis is considered complegardless of what simple
screening test or sophisticated genetic test i®pred, unless it is accompanied by 2
confirmatory standard QPIT sweat t&&ts In this respect the sweat watch as it is
presented here has an avenue of development nat tupeconductivity based
analysers. That is the individual and independeonitoring of sodium and chloride
levels simultaneously and almost immediately. Dgwaent of the watch in this
direction might see the device pose a realistieradttive rather than merely a
precursor to the standard QPIT. The results sf¢hapter, and the previous chapters
on the SendX® array, demonstrate that miniaturésiErform as well as or better
than multiple large and expensive laboratory beoghinstruments and techniques in
the analysis of sweat samples. Analysis is fabtah ions can be monitored together,
and they are suited to miniaturisation to enabfepas to be analysed undiluted and
without pre-treatment, and to enable direct integnawith a modern sample

collection technique such as the Macroduct.
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