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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Faculty of Electronics and Computer Science

Thesis for the degree of Doctor of Phylosophy

Development of a multi-parameter in vivo sensing platform for intrauterine studies and
subfertility diagnostics
By Roeland H.G. Mingels

Couples in the developed world are increasingly being confronted with subfertility issues. In over
18% of the cases no clear reason can be identified. It is suspected that abnormalities in the
physiological parameters of the uterine environment have a significant influence on embryo
implantation and development. However, data from human patients is highly limited and has not
been revisited for decades. Empirical studies on in vitro fertilisation (IVF) have already confirmed
that levels of pH and dissolved oxygen (DO) can inhibit embryo development and decrease
implantation success rates. As the current success rate for I\VF remains stagnant at 33%, information
on the intrauterine environment can be of great importance. Hitherto, diagnostic capabilities to assess

these parameters in vivo are still lacking.

This thesis describes the development of a system to monitor levels of pH and DO in utero. A pH
and DO sensor together with a miniature reference electrode (RE) are incorporated onto a single,
double sided sensor die sized 2.3 x 4.3 mm. The performance of the reference electrode and the
individual sensors has been assessed to determine their applicability in an implantable system with
power constraints, measuring unobtrusively for a period of 30 days. It is key that the biological
relevancy is not compromised by sensor characteristics such as accuracy, precision and long-term
drift.

Both pH and DO sensors used a miniature silver-silver chloride (Ag-AgCl) reference electrode,
formed through the electrochemical deposition of Silver onto Platinum electrodes. Excellent
performance has been observed over a 40 day period with a yield of 90% by employing a two day
preliminary test. The use of an internal biocompatible electrolyte has been investigated, developed
and tested. Although no added advantage was noted the described theory, simulation and results have

led to an integrated sensor package developed in parallel with the sensors.



The sensing of DO levels within the biologically relevant range of 0.26 — 2.27 mg L™ has been
investigated. Arrays of disk-shaped microelectrodes inside a recess were fabricated and tested. By
employing microelectrodes, the power requirements for the implantable system were kept to a
minimum; this was further enhanced by measuring at short times using chrono-amperometric
detection. A conditioning procedure has been developed and incorporated into the measurement
scheme to ensure a reproducible signal of the transient response. A comparison between the
performance of the DO sensor and the theory was given, based on simulated and measured data. An
error of 0.5 mg L™ has been observed for the final version of the DO sensors over the course of long-
term experiments. The cause for the error has been shown to be delamination of the photoresist
surrounding the electrodes, something which could only be observed during the long-term
measurements. A lower limit of 1 mg L™ was determined. This is within the biologically relevant

range.

A pH sensor has been developed based on metal-metal oxide films of Iridium oxide (IrOx). Two
deposition methods have been investigated: Thermal Iridium oxide Films (TIROF) and
Electrodeposited Iridium oxide Films (EIROF). The sensors have been characterised based on their
short- and long-term performance. Drift values for the TIROF sensors showed good performance
during long-term operation. Drift values were <0.02 pH day™ with an accuracy of 0.24 pH. The pH
sensors formed by electrochemical deposition have been investigated in a similar manner. Although
the sample size was smaller compared to TIROF, a typical drift of 0.02 pH day™ has been observed
with high accuracy. To enhance the pH sensors performance during long-term measurements a
method for an on-chip calibration has been developed and tested. Based on simulation models,
locally generated pH gradients have been used to obtain the current status of the pH sensors. Findings
during the experiments have resulted in an unconventional and novel approach to this method of self-

calibration, relying on a preconditioning cycle rather than a differential change in pH.

All of the individual sensor components have been assessed for their biocompatibility. Human
endometrial epithelium cells were cultured and exposed to the different components as per
1SO19033. Cytotoxicity was not observed in any of the materials. Integration of the separate sensors
into a single package, capable of housing all the components has been performed and is currently
being manufactured by external parties. The integrated sensor head has opened up a new diagnostic
tool for intrauterine studies. For the first time clinicians can offer a means to assess the critical

parameters in utero and aid couples in achieving their dream.
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APS Ammonium persulfate

ART Artificial reproductive techniques
BDD Boron doped diamond
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IUD Intrauterine device

IUSD Intrauterine sensor device
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IVF in vitro fertilisation

LCD Low current density
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LSV

MEMs
MO
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ORP
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PDMS
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PMMA
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RIE
SCE
SHE
TIROF
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WE

Limit of quantification

Linear sweep voltammetry

Metal

Mechanical-Electrical Microsystems
Metal oxide
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Open circuit potential

Oxidation reduction potential
Oxygen reduction reaction
Polyacrylamide

Phosphate buffered saline
Polydimethylsiloxane

Plasma enhanced chemical vapour deposition
Doctor of Philosophy
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Polyvynil chloride

Reference electrode

Reactive ion etch

Saturated calomel electrode
Standard hydrogen electrode
Thermal Iridium oxide film
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Chapter 1 -Introduction

Technological developments in the field of medical diagnostics have shown an increasing trend
towards low cost, accurate and reliable devices (1-3). The necessity to limit healthcare costs has
pushed the development of point of care (POC) diagnostic. These are patient friendly devices,
capable of obtaining data during a day-to-day routine (4-6). New technologies, obtained through
research in nano-technology and micro-electronics, have created a vast database of research topics
and market opportunities including, micro electro mechanical systems (MEMS), microfluidic
devices, bio- and electrochemical sensors (3, 7, 8). The compatibility of these technologies with
conventional complementary metal oxide semiconductor (CMQOS) fabrication processes, has enabled

their use in newly developed diagnostic tools.

Of particular interest is the application of these systems in an in vivo environment. The benefits of
an in vivo sensing platform can easily be understood. Not only does it provide accurate and direct
readings at the site of implantation, but it also provides more comfort. A well-designed implanted
sensor system is able to operate from the patient’s home, increasing comfort, and providing accurate
data during their day-to-day routine, resulting in a realistic health profile. As a comparison, invasive
sensors, such as intravenous (1V) probes require hospitalisation and are considered less comfortable
for patients. Furthermore, the current generation of wearable sensors only provides data limited to
superficial organs i.e. the skin, and blood vessels. Their inability to measure deep inside the human
body limits their field of application (5, 9-12)

|
1

2015 2016 2017 2018 20149 2020

2013

b2

01

I

miWearable Sensors  mimplantable Sensorseingestible Sensors
E|mvasive Sensors m Strip Sensars

Figure 1.1 - Disposable, medical sensors market trend as researched by Grand View Research. Y-axis) Market value in
billions of united states Dollars; x- axis) time in years (1).
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The main drive behind the development of a sensor system for diagnostics remains the commercial
and healthcare need for a specific system (3). As is shown in Figure 1.1, a steady increase in market
value is expected to 2020 in all sectors (1). A distinction should be made between ex vivo and in vivo
sensing devices. Regarding the first: the increase in wearable sensor technology can be contributed
to its relatively easy development and variety of application including sports and workplace health
monitoring. Strip sensors, are cheap, disposable and can be used by the patient to provide preliminary
results on health status. Regarding in vivo sensing: ingestible sensors such as the endoscopic capsules
are seeing increased usage due to accurate and patient friendly imaging of the intestinal tract (13).
Invasive sensors are increasingly being incorporated in IV and needle based devices to monitor

physiological parameters, including oxygen and glucose concentrations (12, 14).

In vivo sensing using implantable devices is one of the most researched fields to date. However,
difficulties have to be overcome before a successful system is developed, as the internal environment
of the human body poses a challenge for their stability, life-time and ability to communicate. First,
issues with biofouling result in inaccurate readings and influence sample delivery to the sensing site.
Second, sensor degradation and rejection, caused by the foreign body immune response, demand
well designed sensors which are resilient and biocompatible (15). Third, long-term monitoring is
limited by power consumption of the complete system (16). Fourth, data transmission through the
body puts strict limitations on the carrier wave frequency (17). Fifth, size limitations require
miniature sensors and electronics. Lastly, the strict rules and regulations regarding the materials used,
demand extensive testing and trials. All of the fore mentioned issues make the application of
implantable devices highly specific and only viable when there is a large market demand. A market
of interest for the application of such a system, which has seen an increase in growth, is the human

reproduction and fertility market (18).

This thesis describes the development of a multi-parameter implantable sensor for use in an
implantable platform for studies in utero and subfertility diagnostics; specifically targeting dissolved
oxygen (DO) and pH. Hitherto, no tool exists to monitor the intrauterine physiology in vivo, and thus
a ‘black-box’ exists for clinicians. The platform used for implementation of the sensors was
developed in a previous PhD project at the University of Southampton (UoS), and consists of a
miniaturised electronics, data-communication and wireless power transfer links (19). An introduction
to the subject matter and biological background to the project is given in this chapter. The following
chapters discuss the different aspects of the sensor development process together with the results and

discussion.
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1.1 The need for intrauterine sensing

Before discussing the necessity for intra-uterine studies and subfertility diagnostics, it is important
to determine what defines sub- and infertility. The National Institute for Health and Care Excellence

(NICE) state that a person is considered to be sub-fertile when:

“A woman of reproductive age has not conceived after 1 year of unprotected vaginal sexual

intercourse, in the absence of any known cause of infertility.”

If after two to three years the couple is still unable to conceive they are considered to be infertile.
Figures from the 2013 report from the Human Fertilisation and Embryology Authority (HFEA)
further show that 16% of the couples fail to conceive within the first year and 8% in the second year
(20, 21).

Couples in the developed world are increasingly being confronted with fertility issues. It is estimated
that currently one in six couples have difficulty conceiving (21, 22). A rise in fertility treatments and
artificial reproduction techniques (ART) has been observed over the past few years. Partly, this can
be attributed to the later age at which women in the developing world start to conceive. It has been
shown that as the age of the female increases, the chance of successful conception decreases (23).
The consequences for patients diagnosed with infertility exceed the general inability to conceive
offspring. Studies have shown that the inability to procreate causes distress in couples, and results in
feelings of anger, anxiety, worthlessness and marital stress (24, 25). Especially when no underlying
cause is identified, these feelings are amplified. Hence, as more people are looking for help when
confronted with sub- and infertility, the necessity to accurately determine the cause becomes of great

importance.

According to NICE the main causes for infertility in females include ovulary disorders, tubal damage
(tubo-peritoneal) and cervical abnormalities. Charted data for main causes of infertility are shown in
Figure 1.2. In 18% of the cases no explanation for the infertility can be given and this percentage is
expected to increase to over 25% (20, 26, 27). It is expected that the intrauterine environment could
have an influence on the lack of conception in the unidentified cases. However, to-date only little is
known about its physiology, and there are no means available to accurately assess the parameters

that influence the development of the embryo within the womb, which include pH and DO.

Intravaginal sensors have been developed and include temperature sensors for ovulation monitoring
and pressure sensing for intra-vaginal muscle recordings (28, 29). Vaginal pH monitoring through
the use of swab sample analysis is also common practice (30). Au contraire, obtaining intrauterine
readings is still uncommon. Limited in vivo measurements have been performed and are limited to
blood-gas analysers which incorporate needle based sample devices and require hospitalisation.

Furthermore, their focus is on the health of a developing foetus rather than investigating the lack
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conception (31, 32). Hitherto, autonomous sensor platforms for continuous monitoring are still
lacking, and as such is the focus of this work.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

m Ovulatory Uterine Multiple  m Unexplained Endometriosis ® Male Tubo-peritoneal

Figure 1.2 - Charted data on the main causes for infertility as defined by Evers et al., NICE, and the Complete Fertility Centre
Southampton; Note the large share belonging to unexplained infertility, together with uterine related infertility (20, 26, 33).

1.2 The role of the uterus

Conception in humans is a complex process controlled on the molecular scale. As studies provide
more insight into the factors influencing conception and embryo implantation, it is clear that the
uterus, and the endometrium within, plays a vital role (34). Figure 1.3 shows a schematic
representation of the human female reproductive system. Indicated is the endometrium; the inner
lining of the uterus. Research has shown that implantation is a process in which there is tightly

regulated cross-talk between embryo and endometrium (34, 35).

During the monthly cycle there is a short window during which the endometrium is receptive to the
embryo. Here, the endometrium experiences decidualisation under the influence of progesterone and
estrogen (36). Defects in the endometrium, including a too thin lining, altered expression of adhesive
molecules and endometriosis can be determining factors in the success rate of implantation.
Therefore, a thorough understanding of the endometrium and its signalling pathways is of great
importance (34). In addition, the thickness of the endometrium has been shown to be of great
influence on the implantation success rate and the survivability of the embryo.

Uterus (corpus)

Fallopian Tube

Ovary

Endometrium

Myometrium

Vagina

Figure 1.3 — lllustration of the female reproductive system. Indicated is the endometrium which plays a vital role in the
reception of the embryo.
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In humans and primates the cyclical change of the uterus is referred to as the uterine cycle. Here,
three phases can be distinguished: menses, proliferative phase and secretory phase. A typical human
menstrual cycle lasts twenty-eight days. The cycle starts with the menses and is recognised by the
shedding of the uterine lining, also referred to as menstruation, and lasts approximately seven days.
During the proliferative phase a follicle within the ovaries starts to develop and initiates the
thickening of the endometrium. Prior to ovulation the endometrium has reached a thickness of 3-4
mm (37). The proliferation phase lasts seven days, after which ovulation occurs. During the early
secretory phase the endometrium continues to prepare for a pregnancy and is receptive to the embryo
for around fourteen days. This time period is known as the implantation window. It is here that blood
vessels start to develop within the endometrium to facilitate the oxygenation of the endometrium to
facilitate the developing embryo. If no conception has occurred within this period, menstruation is

initiated and a new cycle begins.

For non-primates the cyclical change of the uterus is known as the estrous cycle. Here four stages
are distinguished: proestrous, estrus, metestrus and diestrus, respectively. Implantation occurs during
the estrus stage of the cycle (38). In the proestrous stage the follicle starts to develop within the
ovaries; during the estrous phase the uterus is receptive to the embryo; during the metestrous and
diestrous phase the uterine lining either starts to grow or is resorbed depending on whether or not
implantation has occurred. Note that the duration, occurrence and activity of these phases is species
dependent. Presented here is a general overview of the stages that are expected to occur in all said

species discussed next.

1.3 Dissolved oxygen within the female reproductive tract

As is the case throughout the human body, the oxygen levels within tissue are controlled by the
partial pressure differences between the arteries and the surrounding tissue. As the bloodstream,
saturated with haemoglobin bound oxygen reaches the reproductive tract, the partial pressure

difference in oxygen (pO.) causes a diffusional flux from the arteries into the tissue (39).
C=ap0, (eq.1.1)

Unlike pO;, dissolved oxygen is a measure of concentration (C) rather than pressure relating to the
amount of oxygen dissolved in a liquid under a given pressure and at a set temperature and salinity.
The two are related to each other by Henry’s constant (&) which describes the solubility of the species
of interest within a certain media, as shown in equation 1.1. Here, pO; represents the partial pressure
of oxygen within the atmosphere in mmHg and o solubility of oxygen within a liquid. For a 13%
atmospheric pO; i.e. 100 mmHg as present within the lungs alveoli, the DO value can be estimated
as 1.77 mg L™ with Henry’s constant for blood set equal to 0.0031 mL/mmHg/dL. The change over

time for the species dissolved within said liquid is described by Fick’s laws, as shown in equation

17



1.2. Fick’s first law describes the diffusional flux for a concentration C across a distance x. Where D
is the diffusion coefficient and equals 2.1 10° m? s for oxygen in water*. Fick’s second law, shown
in equation 1.3, describes the change in concentration, 6C ort, over time and its relationship to

distance, x. Both equations describe the case for one-dimensional diffusion.

- p% 1.2
] - d.x (eq' . )
6c _ 8% s
5t Uz (eq.-1.3)

Because the diffusional flux is related to distance, tissue that lies further away from the arteries is
less oxygenated. Within the uterus the endometrial tissue contains the blood vessels and thus the
supply of oxygen to the surrounding cells. As illustrated in Figure 1.4, Oxygen diffuses from the
spiral arteries, through the endometrium towards the epithelium. From here, it can be expected that
the oxygen level established in utero is directly related to the concentration gradient across the
endometrial epithelium. It has been shown by Isaacs and discussed by Nejat et al. that a thin
endometrial lining is related to implantation failure. A negative effect on the implantation success
rate was found in patients with a uterine lining of 3.7 mm, most likely due to higher level of
oxygenation (40, 41).

Intrauterine cavity

Spiral Artery “ i

Connective tissue

Basal lamina ——

Epithelium

Embryo

Figure 1.4 - Representation of the diffusional flux of DO from the endometrium into the uterine cavity. The high pO2
around the spiral arteries causes a flux of dissolved oxygen across the epithelium into the intrauterine cavity providing the
embryo with oxygen (38).

Because menstruation is a cyclical event, the resulting intrauterine dissolved oxygen concentration
(DOC) is of a cyclical nature. Increased oxygenation of the growing endometrium through the arterial
growth within the underlying tissue is enhanced to facilitate the developing embryo. It has been
postulated by Casper et al., that a thin lining exposes the embryo to high oxygen levels from the

spiral arteries surrounding the uterus. This increase in oxygen tension between the embryo and

! Note: this value will be used as the diffusion coefficient for dissolved oxygen throughout this work.
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endometrium causes embryo implantation and development to fail (42). Assessment of the
endometrial thickness can be performed by ultrasound and is common practice to determine uterine

receptivity (43).

Figure 1.5.a shows the measured pO, within the uterus of Guinea pigs, rats and hamsters as
performed during animal trials by Garris, Mitchell, Yedwab and Kaufman (44-47). From the figure
it is clear that there is a variation based on the cyclical nature of the uterine lining. In all studies a
drop in pO; occurs during the estrus phase, indicating that the uterine lining has thickened. This in
contrast to the proestrus phase in which the uterine lining is thin. From these studies, the range for
the intrauterine pO. can be determined as lying between 6 - 50 mmHg i.e. 0.26 - 2.27 mg L™

a b.
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Figure 1.5 - a) Results of four intrauterine pO2 studies on animals during the estrus cycle. The variation in pO2 throughout
the cycle is confirmed in all studies and showing a reduction of intrauterine pO2 in the estrus phase. b) Oxygenation within
the uterus and fallopian tubes in humans, rabbits, hamsters and monkeys. The study shows that there is an oxygen gradient
within the female reproductive tract with high oxygenation in the fallopian tubes compared to lower pO2 in-utero (38).

Figure 1.5.b shows a summary of the results from studies on pO; within the uterus and fallopian
tubes for animals and humans (stage not specified). It can be seen that there is an oxygen gradient
within the reproductive tract ranging from high oxygenation in the upper regions, to lower
oxygenation in the lower regions (47-50). Part of the variation between the studies can be attributed
to the measurement techniques. In most cases electrochemical Clark-type devices are surgically
inserted into the tissue of interest (a detailed description of the Clark-electrode and its limitations is

given chapter 4).

Failed to report in many instances, is the degree of tissue damage that occurs during this implantation.
As the Clark sensor relies on the partial pressure between the external environment and the internal
electrolyte, histological effects can have an effect on the outcomes as tissue oxygenation is increased.
Furthermore, between the studies there is a large difference in measurement times. Ranging from

twenty minutes by Mitchell to only a few minutes by Fischer (46, 50). However, Ottosen et al.
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showed that, the variation of the pO, for humans varies greatly with means between 6.4 - 32 mmHg;
measured using optical DO sensing (51). This opens up room for questioning the accuracy of this

type of surgical assessment under the influence of general anaesthetics and uncontrolled conditions.

Kaufmann and Mitchell have in addition performed interesting studies on the amplitude and
frequency of change during the different stages of the estrus cycle; a summary of the results is shown
in Figure 1.6. The pulsating nature of blood to many of the organs could be part of their observed
pulsed oxygenation. The amplitude lies well within the set range found in the outlined studies; a peak
frequencies of 26 and 19 mHz were determined (46, 47). The latter can be used to set a biologically
relevant sampling rate, which shows that there is a peak almost every minute.
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Figure 1.6 — Summary of the studies on the pulsating nature of the intrauterine pO2. Shown is the amplitude and the
frequency for the pO: variation (38).

1.4 pH within the female reproductive tract

The regulation of pH within the human body is critical for living organisms. The human physiology
employs buffers to maintain the pH on the intra- and extracellular levels. A buffer system consists of
aweak acid in combination with its conjugate base. Its function is to compensate changes when acids
and basis are added. According to Le Chattelier’s principle: the chemical equilibrium within a system
will re-establish itself based on the changing factor. As proposed by Arrhenius in 1884, an acid can
be defined as a substance which produces a hydronium ion (H*) when in aqueous solutions. A base
on the other hand produces a hydroxide (OH") anion under the same condition (52). For acids the

equilibrium reaction as shown in equation 1.4 occurs. Here, HA denotes the acid and A" the base.
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As described by Henderson and improved upon by Hasselbalch, the pH of the acid-base equilibrium
reaction can be determined using the equally named Henderson-Hasselbalch equation, which for

acids is shown in equation 1.5 and 1.6.

HA+H,0 2 A" +H* (eq.1.4)
H=pK, +lo E (eq.1.5)
p biq J10 [HA] q- 1.

+ —_—
D) (eq.16)

pKq = —logy0(Kq) = —logy (W
Thus, for any given concentration of weak acid and conjugate base the pH can be determined. The
relationship between the pH, acid ionisation constant (K,) and the concentrations of the products is
shown in equation 1.6. A buffered system is able to compensate for small changes in the
concentration of hydronium or hydroxide by changing into its counterpart through dissociation. The
buffer capacity is determined by the concentration of the weak acid and conjugated base within the

solution i.e. the more is present, the more can be buffered.

Three main buffer systems exist within the human body: bicarbonate, phosphate and protein. The
first is used for cell respiration. Carbon dioxide (CO,) in liquid forms carbonic acid which, when
buffered, dissociates into hydronium and bicarbonate resulting in acidification. To prevent a high
degree of acidification the CO; is expelled by the lungs; the phosphate buffer system controls the
intracellular pH by buffering incoming hydroxides and hydronium ions using dihydrogen- or
hydrogen-phosphate; proteins contribute by interacting with the acids accepting or donating protons
(39, 52).

Within the female reproductive tract different pH levels are maintained, as illustrated in Figure 1.7.
The pH within the vagina is low compared to the corpus and fallopian tubes. The vaginal pH serves
a protective role and is lethal for sperm and bacteria. In contrast, the pH within the corpus has an
embracing role, creating an optimal environment for embryo implantation and development. Little
is known about the regulation of the intrauterine pH but it can be expected that a diffusion based
mechanism controls the pH in the uterine fluid giving rise to a gradient extending from the

extracellular pH near the epithelium, controlled by all the aforementioned buffer systems.

As shown in Figure 1.7 the intrauterine pH varies between pH 5.4 in the cervix to pH 7.94 in the
fallopian tubes (53-61). The pH range of interest can therefore be set as pH 6 to pH 8. It can clearly
be seen that there is a niche on the intrauterine pH levels, as none of the studies have been performed

on human subjects. Variations of the pH within the female reproductive tract are controversial.
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As determined in the studies by Mather et al. and McLachlan et al. a difference during the estrus
cycle has been observed, with a variation of 0.4 to 0.1 pH, respectively (53, 61). It can therefore be
concluded that a variation within this range has to be distinguishable.

Fallopian Tube

Maas (1984 , Rabbit)

pH8 pH7.94
pH7
Endocervical Mucus
Eggert-Kruse (1993, Human)
Median pH 7.0 (range 5.4-8.2)
Endocervix
Uterus
Macdonald (1970, Human)
Median pH 7.0 (range 6.5-7.5)) Mather (1975, Bovine)
pH 7.72 prior to ovulation
pH 7.35 prior to ovulation
Vagina McLachlan (1970, Rabbit)
pH 7.61 non-pregnant
pH4 5;83;’1 éigg; )H:’:::)S — pH 7.69 sixth day of pregnancy
L) Iritani (1971, Rabbit)
Peeters (1972, Humans in lateral fornix) pH7.9
pH 4.42 £ 0.6, non pregnant
pH 3.96 £ 0.284, pregnant Brackett and Mastroianni (1974, Rabbit)

pH 7.47
Pereira Da Silva (2011, Human)

Median pH 4.7 (range 3.4-7.4)

Figure 1.7 — Summary of studies investigating the pH within the female reproductive tract. The colour gradient indicates
the change in pH from acidic in the vagina to more alkaline in the fallopian tubes. Note that intrauterine data has solely
been obtained through animal studies (38).

1.5 The role of in vitro fertilisation

For couples confronted with unknown subfertility, the only treatment available is artificial
reproduction. An increase in ART is noted in the current figures on the in vitro fertilisation (IVF)
market value. The market was valued at $ 9.2 billion in 2012 and is expected to grow to $ 21.6 billion
by 2020 (18). This expected rise has led to an increasing amount of research on successful
development and implantation of human embryos (21, 62). Unfortunately success by means of IVF
cannot be guaranteed. In fact, success rates of IVF have been stagnant over the past decade with one-
in-three odds (20, 21). Regardless of the discomfort, costs, stress and poor odds, couples confronted

with unexplained subfertility see IVF as their only means to successfully conceive.

In general, a typical IVF cycle consists of the following steps: boosting of the follicle and oocyte
retrieval, insemination, culturing and incubation, embryo implantation. A schematic representation
is shown in Figure 1.8. Of particular interest is the fertilisation and culturing step. Here the retrieved
oocyte is fertilised using the partner’s sperm. Followed by the embryonic development, in lab
conditions, using culture media. It has been found that the success of IVF remains compromised by
the culture conditions, resulting in implantation failure and retarded intrauterine growth (63-65).

Therefore, optimisation of the culture media is an important step in IVF development.
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Oocyte retrieval Fertilisation Incubation Embryo transfer

Figure 1.8 - Representation of an IVF cycle; starting from bottom left with egg retrieval, insemination with male subjects
sperm, culturing and incubation of the oocyst and implantation of the developed embryo.

A logical step towards enhancement of the success rate would be aimed at mimicking the intrauterine
environment for culture conditions. However, current developments have been based on empirical
work. The key parameters of DO and pH are regulated by the conditions inside the incubator through
the control of temperature, oxygen, and carbon dioxide levels. According to Gardner et al., embryo
development at concentrations of 5% atmospheric oxygen (1.77 mg L™) are optimal. In contrast, a
higher concentration, 20% atmospheric oxygen, has shown to inhibit the growth of the embryo. The
first is considered to resemble the intrauterine oxygen level more closely (66, 67). The influence of
pH on embryonic development has also been assessed. Optimized pH is considered to be between
pH 6.4 and pH 7.4; at higher levels, blastocyst development and gene expression was found to be
negatively affected (67, 68).

1.6 Implications of the intrauterine knowledge

The results from the discussed studies show that there is a lack of data from human patients on both
pH and DO in utero. Most of the research papers that have been assessing the parameters are from
past decades, showing a lack of progress in the field. This can be partly attributed to the fact that no
means exist to perform minimally invasive measurements of the intrauterine physiology. Important
to note as well is that the measurements are not performed on a continuous basis. It has been shown
that, all events occurring within the uterus are cyclical and of a varying nature. Furthermore the
variations between studies indicate that absolute determination of DOC and pH might not be valid.
Rather, variations from subject to subject and large fluctuations might be more indicative of
subfertility. The knowledge obtained with embryo cultures is therefore empirical in nature. Thus,
intrauterine data, especially during the course of a complete menstrual cycle, will greatly benefit
ART research and development, if only to confirm the empirical knowledge already gained. It is
therefore reasonable to assume that elucidation of the uterine environment can boost success rates

helping couples achieve their dream through personalised health plans.
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1.7 Implantable devices and multi-parameter sensing systems

Intrauterine sensing is a novel method for fertility diagnostics. Hitherto, no system exist that performs
this task in an autonomous manner from the patient’s home. To gain insight into the aspects that
comprise the development of this new type of intrauterine sensing device (IUSD) an outline of
existing devices is given. From an application perspective conventional intrauterine devices (IUDs)
most closely resemble said system; from a functionality perspective blood-gas analysers and
endoscopic capsules show closest resemblance.

1.7.1 Intra-uterine devices and fertility monitoring

Hitherto, a variety of intrauterine devices exist. Most common are the contraceptive devices under
their trade names: ParaGard and Mirena® (69, 70). The contraceptive 1UDs are implanted by a
clinician and remain within the uterus; implantation times can last for years depending on the brand.
As illustrated in Figure 1.9, an IUD consists of a plastic body made out of medical grade low density
polyethylene. The lower end contains a coil which can contain either Cupper (Cu) or hormones. In
both cases, the gradual release of the components prevent fertilisation by killing and immobilising
sperm, respectively. The IUD is inserted via an insertion tool operated by the clinician. The IUD sits
inside the tool which is inserted into the uterus. A push mechanism deploys the IUD which unfolds
the wings, preventing it from dropping out during everyday activities. The chord at the end is used

to retrieve the device.

Hormonal IUD Cupper IUD

UoS IUD

Ve i

Figure 1.9 — Size reference for three types of IUD. Left to right) Hormonal IUD (Mirena®), UoS implantable 1USD,
Cupper IUD (ParaGard) (19).

IUDs come in a variety of sizes to compensate for differences in physique between patients. The
IUSD developed in previous work at the UoS mimics the shape of the conventional devices. As can
be denoted from Figure 1.9, the size constraint for the sensor is approximately 4 mm. The platform
consists of a coil for data and power transfer, a radio frequency identification processor, a
microcontroller unit and a temperature sensor. A communications link between the IUSD and an

externally worn receiver belt is continuously maintained. Successful laboratory tests and animal trials
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have been performed with the system. This platform is used for the implementation of the sensors

developed in this work and is part of Vivoplex (19).

Fertility monitoring devices are available for purchase to give prospective parents insight into their
fertility. In all of the fertility monitoring products, the aim is to predict the implantation window.
Most basic are temperature devices which use basal body temperature readings to determine the
phase of the menstrual cycle (71). More advanced methods relate optimal implantation time to
hormone levels. An example is the OvaCue which uses measurements of the electrolyte
concentration within the saliva and cervical mucus under the influence of estrogen (72). The
Clearblue fertility monitor bases its predictions on the hormone levels found within urine samples.
As hormone levels can directly be related to the menstrual cycle, high accuracy regarding the days
of the implantation window can be achieved (73, 74). However, measurements are point based and
rely on the user taking readings within the time-frame, lacking the continuous monitoring throughout
the day. In none of the cases the critical parameters for embryo development are monitored. Thus,

even if fertilisation is successful implantation can still fail without any underlying cause.

1.7.2 Blood-gas analysers

Blood-gas analysers are common in hospital settings and are employed to directly determine a wide
variety of parameters within a patient’s sample. Parameters commonly assessed are pH, DO, lactate,
glucose, carbon dioxide and potassium. Devices such as the iStat and EasyStat rely on delivery of
the sample through extraction and insertion of blood from the patient (75, 76). In contrast more
complex in-line analysers such as the Proxima can extract samples bed-side and thus provide a

monitoring apparatus for continuous sampling (77).

The blood-gas analysers consist of a sample delivery system and disposable sensor chips which
measure the species of interest. More details on the functionality of the sensors related to this work
are given in the relevant chapters. The systems have a small footprint by the use of the latest in
CMOS technology, employing miniature Clark-electrodes, conductivity sensors and ion-sensitive
field effect transistors (ISFETS). Shown in Table 1.1 is an overview of the performance of a selection
of these devices focussed on pH and DO. It should be noted that only the performance of the iStat

has been independently verified in a study by Harter et al.

The blood-gas analysers have one mayor advantage compared to the implantable sensors presented
in this work: they can be recalibrated on a regular basis. All sensors on the analysers are designed in
a way that calibration prior to use is possible and in most cases this includes individual reading at set
time points. As an example, a patented method, such as that of the iStat, calibrates the sensors using
a solution of known concentration of the species of interest prior to the introduction of the sample

(78). In-line devices incorporate known storage solutions between measurements, allowing for drift-
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correction and recalibration. This form of recalibration means that continuous sampling is only

partially true.

Table 1.1 — Overview of the performance of blood-gas analysers for DO and pH.

DO pH

Type Error Type Error
iStat Clark 1.46 mg L* Potentiometric +0.1 pH
EasyStat? Clark 0.23mgL* Potentiometric +0.02 pH
Proxima® Clark 0.04 mg L* ISFET +0.01 pH

1 As per validation study by Harter et al.(79-81); 2 unverified study from FDA (82); According to brochure from Sphere Medical Ltd (77).

1.7.3 Endoscopic capsules

A critical aspect of the IUSD presented here is its capability to measure continuously over long time
periods, and the ability to assess physiological parameters unobtrusively in vivo. Implantable devices
which most closely resemble this type of system are of the capsule sort (83, 84). These capsules are
employed to monitor and assess parameters in the gastrointestinal (GI) tract. Besides integrated
camera systems, advances have been made regarding the incorporation of impedance sensors and
electrochemical pH sensors, to monitor physiological changes along the tract (85-87). Types of pH
sensors include: ISFETS and metal oxide sensors. Of particular interest is the latter, as discussed in
chapter 5 (13, 88, 89) . Wireless data and power transmission is employed in all cases. In contrast to
the system in this work, endoscopic capsules typically measure for a short duration (1-2 days), i.e.
the time it takes for the capsule to pass through the gastrointestinal tract (88, 89). This is illustrative
of the subjective nature of the term: ‘long-term’. In Gl applications a one to two day measurement

period is long-term whereas for an IUSD the same term implies thirty days.

1.8 Research outline

This thesis describes the design, fabrication and testing of a multi-parameter sensing platform for
intrauterine sensing of DO and pH. A system capable of performing this task, on a real-time basis,
will aid researchers and clinicians alike in the proper diagnosis of subfertility for female individuals.
The success rate of embryo implantation can be increased by elucidating the ‘black box’ that is the
intrauterine environment. It is expected that: a system capable of assessing the key parameters in
utero, will open a wider field of research on embryo implantation and human reproduction. Optimal
treatment plans could be delivered by clinicians that employ such a system in their practice.

Furthermore, the technology could confirm or disprove the results obtained with 1\VF.
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The development of a long-term implantable system is challenging. History has shown that the
promising prospects of everlasting implants have been difficult to achieve in practice. Limitations on
implantation time, patient comfort, biocompatibility and sensor performance have all shown extreme
complexity (16). The requirements for the in vivo sensors to be incorporated into an IUSD can be
listed based on the following key aspects: size, accuracy and precision, stability, power consumption

and biocompatibility.

First, the size of the IUSD is limited by the size of the uterus. Variations from person to person are
common. The best criteria for size, is the size of conventional 1UDs such as the Mirena®. As
discussed in section 1.7, the size of a Mirena® is typically 4.3 mm in diameter, excluding the wings.
Because this size constraint applies to the entirety of the implantable platform including the parts
developed previously at the UoS, the sensor die size has to be smaller if it is to be implemented into
the existing platform. In the previous work on an intrauterine platform a device size of 4.3 mm in
diameter was achieved (19). Here, an arbitrary value of 2.3 mm width for the sensor is chosen,

leaving an additional 2 mm for the packaging and encapsulation, or future miniaturisation.

Second, accuracy and precision are key parameters in sensors performance. To illustrate the
difference between these characteristics, Figure 1.10 shows them in the form of targets. As can be
seen, accuracy relates to the actual value that is to be determined i.e. the degree of error between a
reference value based on a calibrant or calculation. In a linear calibration, this can be seen as the
error with respect to the linear regression fit also referred to as the standard error. The precision and
reproducibility relates to how well these values are repeated for individual and replicate sensor
devices. In general, the precision of a single experiment can be said to be equal to the standard
deviation; In contrast, the precision between experiments is the sum of the standard deviations
divided by the square root of the data set. In an ideal case a sensor would be both accurate and precise.
However, inaccuracy is easier to compensate in an implantable device that measures unobtrusively
as it is most likely to be related to a systematic error and a post-implantation calibration can be

performed. As long as the sensor maintains its precision changes in physiological parameters can

Figure 1.10 — Illustration showing the meaning of accuracy and precision using targets. left to right) Low accuracy and
low precision; low accuracy and high precision; high accuracy and low precision; high accuracy and high precision.

still be determined.
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Third, stability or drift relates specifically to the long-term performance of the sensors. Any sensor
measuring unobtrusively is expected to drift over time. If the drift can be determined prior to the
actual measurement, a correction factor can be implemented into the signal processing scheme,
thereby improving the accuracy and precision of a given system over time. Drift is a particular
problem in long-term in vivo applications as it is not possible to recalibrate to compensate its effect

and highly dependent on the measurement environment.

It should also be noted that the long-term performance with respect to drift is a highly subjective
term and more often than not, misused in literature. It only takes a quick search to find
unsubstantiated claims on this performance characteristic. The characteristic is often extrapolated to
without any scientific evidence in the form of measurement data over the stated time period. In
contrast, this work aims to gives an estimate of expected drift values, i.e. an assessment of the
precision of the drift, over a period of thirty days, measured unobtrusively with a high sample rate
and compares these differences with the performance of macroscale, commercial devices to properly

assess the confidence of the obtained measurements.

Fourth, of particular importance for a future application is the power requirement. In the previous
work on an intrauterine device, a battery-less system was used, relying on energy harvesting
techniques to power the implant. This sets the power consumption of the system within the pW range.
It should be noted that this is a key aspect in the design and measurement methodologies of the sensor

devices in this work. Wherever possible, power consumption is kept to a minimum.

Lastly, biocompatibility of the fabricated sensors is critical. Any implantable device has to be tested
extensively for biocompatibility. In the case of electrochemical sensors, an interface exists between
the sensors and the human body. Throughout this work materials which comply with
biocompatibility legislation have been chosen. Biocompatibility tests have also been conducted and

are discussed in Chapter 6.

1.8.1 Research hypotheses

For the development of the sensors the research question that is to be answered is two-fold and relates

to sensor implementation and performance. The two questions are:

1. Can a miniaturised DO and pH sensor be developed which meets the power constraints set
by an 1USD reliant on wireless-energy transfer, and integrated into a device which meets

the size constrains posed by the human uterus?
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2. Can the performance of this device be predicted within a tolerable accuracy and stability
during the course of long-term measurements up to 30 days, without impairing the

biological relevancy of the measured results?

Looking specifically at the IUSD discussed in this work and the key physiological criteria based on
the literature study in this chapter, a summary of parameters is given in Table 1.2. The biological
relevancy of the data is still up for debate. Not solely because there is a large variation between
studies on intrauterine pH and DO. Rather, it is likely that differential values i.e. the variations and
trend over time play a key role. It should also be stressed that, the fact that no means of measuring
in utero exist to this date. As such, any data has a significant novelty in the biomedical field,

elucidating the intrauterine environment.

Table 1.2 — Overview of the required performance for the DO and pH sensor.

DO sensor? pH sensor
Range 0.26—2.27mg L* pH6 -8
Accuracy 0.4mgL™? 0.2
Precision 0.2mgL* 0.1
Quantifiable limit 01-04mglL* 0.1-0.3 pH
Sample rate Minutes unknown

1.8.2 Structure of the thesis

An overview of the interrelation between the different aspects of the sensor development process is
shown in Figure 1.11. For both sensors a reference electrode (RE) is required which provides the
reference potential for the DO and pH measurements, as explained in detail in Chapter 3. The
performance of both sensors is in part determined by this RE. A secondary aim within this research
is to create a RE which can function in an intrauterine environment. In brief, this means that the

potential stability has to be maintained or drifts in a predictable manner.

This thesis first discusses the sensor designs. A wide variety of designs have been developed,
manufactured and tested. Hence, it is key to first give an overview and visual reference of the
differences in designs to appreciate the evolution into a single sensor chip with dual functionality.
The designs used are outlined in chronological order and named by type and will be referred to as
such in the following chapters. The development of the individual sensors is discussed next. Each
chapter discusses the theory and state-of-the-art of the sensors, followed by the materials and

methods used to achieve the results.

2 As per figure 1.5 and 1.6; values converted from mmHg to mg L, assuming blood at 1 atm.
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Figure 1.11 - Overview of the components within the project showing how the development of the DO and pH sensor is
governed by the reference electrode. All three are integrated into a single chip. Sensor packaging and biocompatibility have
played a key role throughout the project influencing material choices and design geometries.

Comparisons to theory are made and a comparative discussion based on literature and theory is given.
Each chapter on the sensor development contains an overview and estimate of the yield to illustrate
the reproducibility and viability of the sensor system. To further enhance accuracy during
implantation, a novel on-chip calibration method has been devised (patent pending). By employing
the knowledge gained in the development of the sensors an integrated self-calibrating sensor is

proposed. The results of these tests are presented in Chapter 6.

The biocompatibility of the sensors is critical for the application and a biocompatibility study has
been performed on the components of the sensor device. The biocompatibility testing has been
performed as per 1SO10993:5. In parallel to the sensor development a sensor package, to be used for
implementation into the 1USD, has been developed. The results from the biocompatibility
experiments and the package designs, followed by the final sensor package are discussed in Chapter
6. Throughout the course of this work interesting research aspects are highlighted based on
discoveries made. A proposal for future investigations is presented in the future work, outlined in

chapter 7.

1.9 Summary

This chapter discussed the need for and lack of a novel intrauterine sensor device. With an increased
number of cases of unexplained subfertility and stagnant IVF success rates, the intrauterine
environment has to be re-evaluated. The key parameters which influence embryo development and
implantation include DO and pH. However, no means to assess these parameters in vivo are available
and data obtained from patients is lacking. This work aims to develop a low-power DO and pH sensor
which can assess the parameters unobtrusively over the course of one menstrual cycle, without

impairing the biological relevancy of the data.
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Chapter 2 - Sensor fabrication and design

The sensors are based on micro fabricated electrodes made on a glass wafer. Throughout the course
of the work a wide variety and designs were tested for their quality as a pH sensor, DO sensor and
RE. Modification and optimisation of the sensor lay-out and fabrication has been a continuous
process. In order to give a clear view on the data, the fabrication of the sensor dies and the differences

in their designs with respect to geometry and lay-out are discussed in this chapter.

2.1 Materials and methods

2.1.1 Platinum patterning

The Platinum (Pt) electrodes were formed though metal sputtering followed by a photolithographic
pattern and etch process performed under clean-room conditions. An overview of the process is
depicted in Figure 2.1. First, a glass wafer is cleaned using fuming nitric acid (FNA) followed by a
dehydration overnight at 110 °C. The wafer was rinsed with nitrogen gas to remove any loose
particulates from the surface. Second, Pt was deposited using a sputter deposition. The machine first
performed a ten second plasma clean, followed by the deposition of a 25 nm Titanium (Ti) as an
adhesion layer; next 200 nm of Pt was deposited. A FNA clean was performed after deposition,

followed by a dehydration overnight at 110 °C.

The Pt pattern was defined using photo-lithography. First, the wafer was cleaned using nitrogen gas
to remove loose particulates. Second, positive tone photoresists (S1813), filtered and at room
temperature, was deposited via spin-coating. The wafer was transferred to a hot-plate for a soft-bake

at 90 °C for one minute.

. —

Bare glass wafer

Soft baked S1813 photo resist Exposure through mask MIF 319 Developer

lon beam milling and de-scum Resist removal Patterned Pt on glass

[ = Glass
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3 = s1813

Figure 2.1 - Platinum patterning process overview. Titanium (20 nm) is sputtered on a glass substrate followed by 200 nm
of Pt. Positive S1813 photoresist is spin coated, soft-baked and patterned. The patterned resist is developed in MIF 319
developer solution and rinsed with deionised water. Reactive ion milling is performed to remove the exposed Pt and
Titanium. The protective layer of photoresist is stripped. The resulting patterned Pt can be used for further processing into
sensor dies.
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Acetate masks, printed and provided by Photo-Litho UK, with a minimal feature resolution down to
5 pm, were cut to size and taped to a 5 inch glass carrier slide using scotch tape. Prior to use the mask
was inspected for any dirt or resist residues and cleaned if necessary. An EVG620 mask aligner was
used for exposure. The mask aligner is calibrated on a regular basis and the exposure time calculated
based on the calibration value.

Development of the photoresist was performed using MF340 developer solution, by immersing the
wafer under continuous manual agitation; a rinse with deionised (DI) water completes the process.
The developed features were checked on a surface profiler. A hard-bake at 120 °C for twenty minutes
completed the process. Patterning was performed using an Oxford instruments lonFab 300PIlus. The
wafer was transferred and loaded into the ion beam mill. The process removed the Pt left uncovered
by the photoresist. After the ion mill process, the resist was stripped. The wafer was now ready for

the second patterning which defined the DO sensor and passivated the electrode tracks.

2.1.2 Silicon dioxide adhesion patterning

During the later stages of this research an intermediate layer of Silicon dioxide (SiO;) was deposited
before patterning of the feature defining photoresist layer for the DO sensors. The addition of this
intermediate layer promoted adhesion between the resist and the wafer. Briefly, SiO, was deposited
using plasma enhanced chemical vapour deposition (PECVD) at 350 °C. A resist-layer, negative lift-
off 2070, was deposited and soft-baked at 110 °C on a hotplate. The resist was exposed on the
EVG620T mask aligner to pattern the DO sensor structures. The resist was developed using AZ726
developer followed by a rinse with DI water. The exposed SiO, was dry-etched using fluoromethane
(CHsF) by reactive ion etching (RIE). The photoresist layer across the SiO, features was removed

using which completed the SiO2 process. An overview of the process is depicted in Figure 2.2.

(A A2 e LA e L

100 nm SiO, PECVD deposition Negative tone Lift-off resist 2070
Exposure through mask Development in AZ726 RIE etching of SiO,

Resist removal Patterned SiO, on Pt

[ =Glass [CJ-=si0,
=T/t [ =LOR2070

Figure 2.2 — Silicon dioxide deposition and patterning process to promote adhesion of the resist structures used in DO
sensing. Deposition is performed using PECVD. A negative-tone lift-off resist is patterned using a mask aligner. The
exposed resist is developed using AZ726 developer, followed by a rinse in DI water. The exposed SiO: is etched using
CHasF. The resist is stripped and the resulting SiO2 on Pt can be used for further processing.
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2.1.3 Sensor patterning

The pattern defining the DO sensor has been achieved using two types of photoresist: TMMF
(tradename) and SU-8, respectively. The SU-8 was deposited via spin-coating. The resist was
patterned using the same process as described in section 2.1.1. The alterations are: SU-8 was
deposited, EC developer solution was used; no milling was performed. An overview of the TMMF
deposition is depicted in Figure 2.3. TMMF is a dry-film, epoxy based, photoresist which has to be
laminated onto the surface of the wafer. First, the Pt patterned wafer was removed from the
dehydration oven and cleaned using nitrogen gas.

Patterned SiO, on Pt Insert on paper carrier Bonding of TMMF TMMF on wafer

—_—

Figure 2.3 - Lamination of dry-film photoresist. The patterned Pt wafer with or without SiO: is placed on a paper carrier
sheet. The carrier sheet is pushed into the rollers of the laminator which are heated to 85 °C. The rollers pull the paper and
wafer through. The dry-film TMMF resist is laid across and pulled tight once taken by the rollers. As the paper, wafer and
resist move through, the resist is bonded. The resulting TMMF on Pt can now be processed further.

A laminator was heated to 85 °C with a low rotation of the rollers. A sheet of TMMF-55 or TMMF-
25 (number indicating the thickness of the photosensitive layer in micrometres) at room temperature
was cut to size and the inner film removed. The wafer was placed on a sheet of paper and pushed
into the rollers which gradually pulled the paper and wafer through. Meanwhile, the resist was laid
across and pulled tight once taken by the rollers. As the wafer and resist progressed through the
rollers, the resist was bonded. The process can be repeated until the desired thickness is achieved; a
stacked layer of TMMF is then present. A similar process as for the Pt patterning was followed to
define the DO sensor in TMMF. Once the patterning of either SU-8 or TMMF had been completed

the wafer was ready to be scribed into the individual sensor dies used for testing.

2.2 Sensor designs

Three main types of sensor configurations were developed and used for pH and DO sensing. Each is
discussed based on key aspects which are: sensor lay-out, DO sensor critical parameters, fabrication
method. For the DO sensor, a disk microelectrode recessed in a well was developed, more details on
the motivation behind this choice is given Chapter 4. An overview of the critical dimensions is shown
in Figure 2.4. Henceforth, in this chapter, the term DO sensor relates to this type of geometry. The
DO sensor consists of an array of Pt disk microelectrodes with size N. The critical radius ro, ensures
microelectrode behaviour is maintained and is typically below 25 pum (90). The inter-electrode
spacing d, was varied and ensured the diffusion boundaries would not overlap. Finally, the height of

the recess H, varied throughout the designs.
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Figure 2.4 - lllustration of the DO sensor. The DO sensor consists of a well recessed disk microelectrode array with size
N; critical radius ro; inter-electrode spacing d; recess height H.

2.2.1 Sensor Type-A

Figure 2.5 shows the diagram of the design for sensor Type-A. The design was previously developed
at the UoS and has a footprint of 4 x 7 mm. The sensor consists of three electrodes which function
as the counter electrode (CE), reference electrode and working electrode (WE) for the DO sensor.
The design employs a channel structure which defines the sensing electrodes. The channel is defined
in a multi-layer stack of TMMF with a total height of 220 um or 55 um. The design has been used
in this work solely to create the first REs and all of the thermally formed pH sensors. It was found
during pH sensor development that the TMMF is ideally suited for lift-off during the deposition and
thermal formation of Iridium oxide (IrOy), as discussed in Chapter 5. Here the channel defines the

pH sensor and constricts it to a size of 2000 x 300 pum.
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Figure 2.5 - Sensor Type-A consisting of two Pt band electrodes and a micro-band electrode array. Only the two outer
electrodes have been used in this work. The patterned resist layer was made using stacked TMMF (50 — 220 um and used
a lift-off resist layer for Iridium oxide deposition. Size in pum.
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2.2.2 Sensor Type-B

Figure 2.6 depicts an overview of sensor Type-B. The three electrodes function as the CE, WE and
RE. Considered in the design are the following criteria: large surface area for the CE; large surface
area for the RE; varying radius for the disk microelectrodes; circular configuration for optimal
current distribution. The recess height has been defined within 55 or 25 um TMMF. The tracks
running from the contacts were passivated in the process. A variety of array sizes has been
implemented in the mask design and have been compared in the experiments discussed in Chapter 4.
Sensors of Type-B have been used for DO and RE experiments. The array sizes were either 5, 6 or 8
disks, each with a critical radius designed to be 11 pm.

1500

3320

1220

400 300
—

Figure 2.6 - Sensor Type-B consisting of a large Pt CE, a large RE and a patterned WE defined within the photoresist.
The working electrode is an array of disk microelectrodes recessed within 25 — 55 pm TMMF photoresist. Size in pm.

2.2.3 Sensor Type-C

Figure 2.7 shows an overview of sensor Type-C. Here, a circular lay-out was chosen, aimed to
integrating the two sensors onto a single sensor die with a footprint of 2.3 x 4.3 mm. A double-sided
sensor design was developed which contains the pH and DO sensors on the top, and the CE and RE
on the bottom. The current density was optimised by the circular shape of the electrodes. The
diameter of the individual disk microelectrodes was designed to be 22 um. The DO sensor has been
defined with either TMMF, SU-8 or SiO,. The inter-electrode spacing has been set equal for all
designs as at least twenty times the radius. This results in two array sizes with N equal to 6 and 8.
The open structure in the centre of the die is envisioned to be used as a through hole via, to create a
junction for ionic contact between the top and bottom of the sensor die. Additionally it serves as a
diffusional flux limiting channel for the internal electrolyte of the RE; more details are discussed in
Chapter 3 and Chapter 7.
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Figure 2.7 - Sensor Type-C2 consisting of circular Pt electrodes for a double-sided sensor die. Designs for top and bottom
is equal to C1. The pH sensor and WE are position on the top side. The CE and RE are positioned on the bottom side of
the sensor die. The open area in the middle of the die is aimed at creating a connecting junction from the bottom to the top
side of the die. Design C, in which the ring has been split is used for silver plating experiments. Size in pm.

2.3 Summary

This chapter discussed the fabrication and design for the sensors used in this work. Platinum
electrodes on a glass substrate were formed using a micro-lithographic pattern and etch process
performed in a clean-room. The electrodes used for the CE and RE consist of large Pt electrodes.
The DO sensor consists of a micro disk array recessed within a well created within the photoresist.
The height of the recess has been varied in the different designs to be used for a comparative,
experimental study. Three main designs have been fabricated throughout the course of this work.
Sensor Type-A has been used as a pH sensor; sensor Type-B and Type-C for DO sensing. Each of

the design iterations are discussed in the next chapters.
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Chapter 3 -Reference electrode development

An on-chip, miniaturised RE is required for both pH and DO sensing. Its main purpose is to provide
a stable reference potential for the potentio- and amperometric measurements involved with pH and
DO sensing, respectively (91, 92). This is achieved by the fact that it has a fixed, quantifiable,
potential within a solution, compared to the changing potential at the working electrode (WE) (93).
In macro-scale environments a variety of RE types exist including standard hydrogen electrode
(SHE), saturated calomel electrode (SCE), silver-silver chloride (Ag-AgCl), copper-copper(Il)
sulphate (CCS); each of which has its own potential. By convention, the SHE potential is set at 0 V

and all others are referenced against the SHE at normal temperature and pressure.

Depending on the field of application, preference is given to one or the other. For biological
applications the most important aspect is biocompatibility (94, 95). Hence, the use of toxic heavy
metals, like mercury in the SCE, is not preferred. Furthermore, scalability, cost and ease of
fabrication are of importance; these criteria are met by the Ag-AgCl reference electrode. To-date, the
fabrication of a stable and long lasting miniaturised Ag-AgCl RE remains challenging. This chapter
discusses the development of such a RE for applications in utero. First, the background and theory

are discussed; followed by the materials and methods, then the results and discussion.

3.1 Background and theory

The equilibrium reaction for the Ag-AgCl system is shown in equation 3.1. As can be denoted, the
surface potential of the Ag-AgCl electrode arises from the redox equilibrium between silver (Ag)
and its salt (AgCl). As shown in equation 3.1, the RE surface interacts with the surrounding chloride

anion. Here, an equilibrium reaction exists where AgCl is continuously re-dissolved and formed.
AgCl(s)+e~ 2 Ag(s) + Cl™ (aq) (eq.3.1)

In its simplest form, the electrode consists of a silver wire with its interfacing surface converted into
AgCl. When immersed in a chloride (CI) containing electrolyte a potential is established. The
potential of the electrode is given by the Nernst equation shown in equation 3.2. Here, E° is the
standard potential for the Ag-AgCl reaction, R is the molar gas constant, F is the Faraday constant,
n the number of electrons, T the absolute temperature and [CI7] the concentration of the chloride ion.
Thus, a decade change in the concentration alters the potential by a Nernst factor of approximately
-59 mV (T = 297 K), with a standard potential for the reaction equal to +0.222 V vs. SHE; as
summarised in the table available in appendix Al. Therefore, in a pseudo-type setup, in which the
Ag-AgCl electrode is immersed directly into an analyte, the concentration of the chloride has to be

known and constant to prevent fluctuation of the RE potential (93, 95-97).
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The underlying principle discussed here shows the first challenge in constructing a miniature
reference electrode: as the size of the electrode decreases, less Ag, and consequently, less AgCI is
available for the equilibrium. Consequently, any loss of AgCI in the bulk solution causes fluctuations

in its potential.

= FO0 — E -
E =E%—-2303 — log[Cl"] (eq.3.2)

Commercial Ag-AgCl REs are kept in an environment containing sufficient amounts of CI" i.e.
saturated electrolyte, most commonly potassium chloride (KCI). This separates the electrode from
the analyte using a liquid barrier across a porous junction. It also ensures that enough CI" is present
to maintain the equilibrium reaction, even when effusion occurs (91, 93, 95). An image and
illustration of a commercial RE and its components are shown in Figure 3.1. It is only in this situation

that the potential of the RE is fully stable, albeit only if the effusion of CI" is sufficiently limited.

Fill solution inlet

Silver Wire

Liquid seal

Ag-AgCl Body

Cotton plug

Ceramic frit

Figure 3.1 — Overview of a single junction, commercial, RE. The RE consists of an internal glass housing that has a silver
wire drawn into a Ag-AgClI body which is prevented from falling down by a cotton plug. A liquid seal at the top of the Ag-
AgCl body ensures no liquid can come in contact with the silver wire. The inner housing is placed in an outer glass housing
which contains the filling solution. The ceramic frit is porous and forms the junction between the internal liquid and the
external environment.

Ideally, this concept would be mimicked in an on-chip RE. Unfortunately, the use of a liquid
electrolyte is challenging. Any liquids contained within the system pose problems for the mechanical
strength of the device and increases the risk of leakage. Although non-toxic, the loss of electrolyte
results in potential fluctuations. Therefore, research has been focussing on finding alternatives to the
liquid electrolytes in the form of solid-state materials containing KCI. Three main aspects in the RE
development can be identified: deposition of the underlying Ag, formation of the Ag-AgCl,

development of the electrolyte.
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3.1.1 Deposition of the underlying silver

To obtain a miniature Ag-AgCl RE, a Ag electrode first has to be formed. As discussed by B.J. Polk,
the amount of Ag greatly influences the stability of the manufactured RE. As the size in a miniature
RE decreases, the amount of Ag for conversion into AgCl is reduced. Furthermore, the grain
structures and adhesion to the substrates have been found to be of influence on the reproducibility
and stability of the AgCl layer (98, 99). As the amount of AgCI present on the electrode is the main
factor influencing the stability and life-time, the amount and adhesive properties of the underlying
Ag layer can be considered equally important. Hence, it is desirable to deposit thick-films, in the
micrometre range (98, 100). Techniques used for fabricating Ag layers are:

1. Physical deposition: sputtering, chemical vapour deposition, pulsed laser deposition;

2. Screen-printing: printing of silver metal ‘ink’ onto a substrate;

3. Immersion plating: through ionic displacement silver is deposited on a less noble surface;
4. Electroplating: through electric current silver is deposited on a metal surface.

1. A photo-lithographic, pattern and etch process in which metal films are deposited onto a substrate
containing patterned photoresist. The electrodes are fabricated by patterning and etching using

standard clean-room processing techniques.

2. Metallic ink is printed onto substrates, which allows for the deposition of thick Ag films and can
also be used to directly deposit Ag-AgCl layers. It is relatively easy to use and has been shown to
provide stable layers suitable for RE development. Thicknesses of 5-10 um can be achieved (93, 99,
101, 102)

3. Immersion plating is commonly employed in printed circuit board manufacturing. The technique
relies on the displacement of less noble metal ions with more noble metal ions. The substrate is
immersed in a bath containing Ag* ions. When the entire surface of the target has been covered the
reaction comes to a halt. This typically yields only thin layers of several nano meters thick (103-
105).

4. In electroplating, a metal layer is formed by the application of a current. The metal ions are
attracted to the cathodes surface. Depending on the time and applied current density, thick films can
be achieved. In contrast to immersion plating, the reaction will continue as long as the current is
flowing. The main advantage of this technique is the control of the deposition rate and the wide range
of thicknesses of the deposits (103).
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3.1.2 Formation of the silver-chloride

The formation of AgCl is schematically presented in Figure 3.2. As described by de Mele et al., Ag-
AgCl is formed in a cyclical manner. First chloride adsorbs to the available surface sites of the silver.
Next, the AgCl dissolves into the bulk of the solution and forms a silver chloride complex (AgCly).
The complex redeposits onto the surface forming nucleation sites for the build-up of consecutive Ag-

AgCl layers (106). It should be noted that this process happens throughout the Ag layer.

Adsorption Dissolution Complex formation Re-adsorption Ag-AgCl layer

o Q 5
O Q C&) Nucleation
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Continuous
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Figure 3.2 — Ag-AgCl formation on Ag during the application of a current. Chloride binds to the silver surface by
adsorption followed by a dissolution into the bulk forming a silver chloride complex. The complex re-adsorbs on the surface
forming a nucleation site. The process continues until the current flow is stopped. The process happens all throughout the
silver layer (106).

The life-time and stability of the Ag-AgCl is one of the biggest issues in current RE design. Over
time, a gradual dissolution of the AgCl occurs, causing instability and destruction of the electrode
(91, 98, 107, 108). Especially in miniature electrodes, only a thin and limited amount of AgCl is

available at the surface.

AgCl+ Cl™ - AgCl; (eq.3.4.)

Dissolution of the available AgCl will thus have a significant effect on the potential stability and
cripple its life-time. Dissolution of AgCI occurs due to non-negligible solubility of the AgCl in
electrolytes with a high chloride concentrations (108-110). For this reason, commercial filling
solutions contain trace amount of AgCI which limits the dissolution from the electrode surface into
the electrolyte. Even though AgCl is poorly soluble, during prolonged exposure complex anions are

formed as per the reaction shown in equation 3.4.

As stated in section 3.1.1, by increasing the amount of Ag available, the amount of Ag-AgCl which
can be formed is increased. However, the relationship between silver and it salts is more complex.
Interesting accounts have been made on the conversion ratio of Ag to AgCI by Brewer et al. A study
amongst fourteen institution fabricating Ag-AgCl reference electrodes was conducted. Best results

with regards to stability were observed with conversion percentages between 17 and 20% (111, 112).
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3.1.3 Influence of the electrolyte

Fabrication of a fully miniature Ag-AgCl RE with long-term stability remains the ‘holy grail’ of
research within the field. Although for many applications it is sufficient to use the RE in a pseudo-
setup, it requires thorough knowledge of the chloride concentration within the analyte. To achieve a
fully miniaturised RE, a separated environment has to be created for the Ag-AgCl layer, similar to a
commercial Ag-AgCl RE. This is complicated by the fact that miniaturised REs are constricted in
size and thus can only have a fraction of the electrolyte available compared to their commercial,
macro-scale counterparts (95, 98, 108, 110).

Table 3.1 — Overview of the state-of-the-art for miniature reference electrodes.
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Potential instability is worsened by a change in concentration at the interface of the RE as diffusion
of CI" across the electrolyte-bulk interface causes desaturation of the electrolyte. Alterations in the
concentration are also caused by loss of the solvent through evaporation, an inherent problem in
miniature REs employing aqueous electrolytes (108). Efforts have been made to overcome these
issues by replacing agueous electrolytes by solid-state materials i.e. biological and synthetic
polymers (118, 119). As described in the work by Mousavi et al. the use of solid-sate polymers can
yield excellent performance over the course of two months with typical stability of £0.5 mV when
using Poly vinyl acetate (PVAc) in combination with Lithium acetate (LiOAc) (116). However, the
latter is difficult to use in vivo. An interesting alternative is the use of porous glass as discussed in
the work by Cranny et al. Here, the porous structure is used to contain the electrolyte, in effect
mimicking the porous frit of a conventional macro-scale RE. Although long-term performance is
lacking, its overall insensitivity to chloride changes over a wide range of concentrations shows it can

be an interesting alternative to liquid electrolytes (120).

Of particular interest for this work is the use of biocompatible materials. A variety of materials have
been investigated for this purpose including hydrogels such as agar and agarose, polyacrylamide
(pPAm) and chitosan (CS) (96, 121-123). The use of KCI hydrogels has the advantage of being
applicable in biomedical processes and provides a more robust structure compared to liquid

electrolytes. However, there are drawbacks.

First, a hydrogel is still susceptible to dehydration. Hence, the concentration in the electrolyte will
be altered when stored. Typically, hydrogels need to be kept in solution to prevent dehydration.
Second, the electrolyte cannot be replenished, so electrodes constructed in this manner will be
disposable. Third, many of these materials are not readily biocompatible and their monomers are
often toxic; care has to be taken to remove any residual toxic monomers from the gels and additional
processing steps are needed to ensure biocompatibility is not compromised (92, 97). Solid state
materials are of interest in harsh environments and include carbon pastes, silver chloride pastes and
polyvinylchloride (PVC) membranes, all serve the same functional purpose of maintaining the
chloride concentration around the RE (113, 124, 125).

3.1.4 Developments in the field of reference electrodes

As can be concluded from the previous sections, many aspects can be investigated and altered when
constructing a miniaturised RE. For intrauterine sensing the most important aspects for the reference

electrode are the following:

1. Life-time of at least one complete menstrual cycle (28 days);
2. Have a stable or predictable potential;

3. Fabrication needs to result in a biocompatible RE.
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A summary of the literature on long-term REs is given in Error! Not a valid bookmark self-
reference.. Mentioned are the fabrication methods, thicknesses achieved for the Ag-AgCl,
electrolyte type, and drift. A wide variety of deposition methods have been used. It is also clear that
thicknesses in the micro meter range are most common; the types of electrolytes range from
hydrogels to solid pastes. However, their performance as a full RE remains compromised. Shitanda
et al. have reported a good performing RE using polydimethylsiloxane (PDMS) membranes to form
pockets of KCI saturated electrolyte around the RE surface. Unfortunately their data is limited with
respect to their sample size and containment of the KCI (113). It is clear that there is still room for
improvement on miniature RE performance. In none of the cases, is the yield of the devices given as

a criteria. Something which is essential in this work for future use.

3.2 Materials and methods

REs were fabricated using sensors of Type-A, Type-B and Type-C, described in Chapter 2.
Connection to the electrodes was established by soldering wires to the pads on the sensor die. Araldite
rapid epoxy was applied in two stages in order to passivate and waterproof the connections. First, a
small amount was deposited and left to cure overnight; this secures the contacts in place. Second, the
sensor was strung through a pipette tip which was then filled with the epoxy mixture and left to cure.
This ensures that no water can penetrate the epoxy or wires. An example of a finished, encapsulated
sensor is depicted in Figure 3.3. Electrochemical deposition of Ag was chosen for its degree of

control; a process which has been optimised in this work.

Figure 3.3 — Encapsulated sensor device prior to experimental use of sensor Type-C. The sensor and wires have been
pulled through a pipette tip which is then filled with epoxy.

3.2.1 Silver-silver chloride formation

Platinum electrodes were Ag plated using a silver bath plating solution purchased from Spa Plating
Itd. A Ag wire (0.5 mm? diameter) was used as the CE. Care was taken that the CE surrounded the
plating target to achieve optimal current distribution. For the initial experiments, a power supply was

used to supply a fixed potential. A resistor in series was used to limit the current through the electrode
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to -1 mA cm? down to -0.5 mA cm™ at -1 V. It should be noted that this is a non-ideal set-up, as the
current fluctuates during Ag deposition. In later stages, the power supply set-up was replaced by a
PalmSens3 potentiostat operating in chrono-potentiometry mode; the same two-electrode
configuration was employed for deposition. Here, a fixed current was applied and the required
voltage is automatically altered to sustain the current. This method yielded the most consistent results
with respect to adhesion of the Ag to the Pt surface. A current density of -1 to -10 mA cm™ was used

for deposition.

Chloridisation was performed in two different ways: passively through immersion in sodium-
hypochlorite; actively at anodic currents in aqueous solution of 3 M KCI with a Pt counter electrode.
For the latter, the PalmSense3 set-up was used in a similar manner to the Ag plating. For Ag-AgCl
formation, a positive current was supplied for ten minutes with a current density of 0.5 mA cm™.

After chloridisation, the REs were left to anneal in an oven at 60 °C overnight as a minimum.

Ag-AgCl wires were fabricated using commercial Ag wire. Prior to conversion the electrodes were
roughened and polished using coarse and fine sandpaper to remove any silver oxide and ensured an
even formation of AgCI. The wires were immersed with a Pt CE in 3 M KCI. A power supply was
connected directly, and the potential increased until the colour of the wire turned brown. The wire
was left to chloridise for 2 minutes before being rinsed with DI and placed in an oven at 60 °C

overnight.

3.2.2 Electrolyte formation

To fabricate and investigate the KCI containing polymer electrolyte two polymers were used:
polyacrylamide and chitosan. Figure 3.4 shows an overview of the process for the deposition and
formation of the polyacrylamide gels. Reference electrodes were fixed inside a 3D-printed mould
and covered with a droplet of 3-(trimethoxysilyl)propyl-methacrylate (TMSPMA) mixture at half
hour intervals, for two hours, to promote adhesion of the gel to the RE via salinization of the surface.
Afterwards, samples were cleaned with methanol and dried using nitrogen gas. A droplet of the
polymer mixture consisting of acrylamide - methylene bisacrylamide (40% wi/v) with a 150 mM KClI
concentration was deposited shortly after addition of the ammonium persulfate (APS, 5% w/v) and
N,N,N',N'-tetramethylethane-1,2-diamine (TEMED) to the bulk solution. The mould was covered
using a plastic petri dish. The gel was allowed to polymerise for two hours, resulting in a uniform,

sticky hydrogel.
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Figure 3.4 - Overview of the pAm casting process. The reference electrode is fixed in a 3D-printed holder. The surface is
functionalised using TMSPMA. The acrylamide mixture is mixed inside an Eppendorf. APS and TEMED are added and
mixed to the bulk polymer mixture containing KCI and food dye. Shortly after addition, the gel is cast on top of the RE and
covered with a plastic cover. The gel is left to polymerise for two hours after which the cover is removed.

Chitosan gels were formed by dissolving CS flakes (2% w/v) derived from shrimp shells (80%
deacetylation degree) in 2% v/v acetic acid in DI water containing 150 mM of KCI. The mixture was
left to stir for 24 hours at room temperature. Next, the mixture was passed through a muslin cloth to

filter out any undissolved CS flakes. The mixture was aliquoted for further use and stored at 7 °C.

To cross-link the CS mixture, 1 mg of Genipin (Gp) was dissolved in 1 mL of 99.98% ethanol. Gp
is a natural cross-linker, with a lower toxicity compared to other synthetic cross-linkers. For a typical
cross-linking 40-80 pL of the Gp-ethanol mixture was added to approximately 2 mL of CS stock.
The mixture was stirred and left to polymerise for 72 hours. Polymerisation was considered complete
when the mixture had turned blue. To reduce the acidity of the resulting gel neutralisation of the pH
was performed either prior or after polymerisation. To achieve this, phosphate buffered saline (PBS,
pH 7.4, 10 mM. 137 mM NacCl) solution was added to the mixture and left for 24 hours. For large
samples, multiple flushes during consecutive days were performed. The resulting pH was measured
using a Hannah instruments pH probe. When the pH exceeded pH 6 neutralisation was considered

sufficient.

3.2.3 Reference electrode packaging

A polymethylmethacrylate (PMMA) package, shown in Figure 3.5 was micro-milled to hold the REs
of Type-B via a slot incorporated in the package. An internal cavity, accessible via two side holes
was used to contain the Gp-CS electrolyte. The polymerised, neutral pH, gel was injected into the
packages using a syringe and needle tip. The injection holes were sealed using Araldite, fast-cure

epoxy. Whilst curing, packaged REs were kept in a humid environment to prevent dehydration.
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Figure 3.5 — Overview and cross-sectional views of the micro-milled PMMA package. REs of Type-B are slotted and fixed
inside the package. The internal chamber is filled with the CS-Gp hydrogel through the injection channels which are then
sealed. The junction ensures contact between the RE within the chamber and the external solution. Size in mm.

Membranes were cast from Nafion® 117 Solution (5% v/v in lower alcohols, DuPont). Best results
were achieved by drop-casting, directly, on top of the PMMA packages, in one or two steps. A droplet
of the Nafion® solution (10 pL) was deposited on the top surface, across the junction and transferred
into an oven at 60 °C. The packages were left in the oven for 1 hour. The surface tension keeps the
droplet in place across the junction. As the solvent evaporates, the Nafion® solidifies, forming the
membrane. In some cases, the membrane did not form correctly, resulting in a hole or gap. An
additional droplet was then cast across. In this case, the previous cast has turned the surface

hydrophobic improving its coverage across the junction by forming a meniscus.

3.2.4 Measurement set-up

REs were tested using a differential measurement. For long-term experiments, a double junction
commercial Ag-AgCl RE was used in order to prevent contamination of the internal filling solution
over time®. The solutions used were prepared either using KCI or 1x PBS giving an ionic
concentration of 150 mM or 137 mM, respectively. The volume was marked on the measurement
vessel prior to each experiment. In order to limit evaporation, a PMMA lid was used to cover the
vessel in addition to regular replenishments with DI water to keep the ionic concentration relatively

constant throughout the long-term runs. The set-up was placed out of direct sunlight.

3 All commercial REs used in experiments are checked on a regular basis versus a master double junction Ag-AgCl RE.
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Measurements were performed at ambient temperature; typical fluctuations of 2.5 °C are experienced
by the measurement set-up ranging between 19 and 21.5 °C. An USB6211-DAQ (16-bit, National
instruments) running a LabView script was used to acquire the open circuit potential. A single
reference point (the commercial RE) was used for all channels. Data was initially acquired at 1 s

intervals and later selected at discrete ten minute or half hour intervals.

3.3 Results and discussion

Electroplating was chosen as the preferred method for the formation of the Ag electrodes. The reason
for this is two-fold. First, the underlying substrate is a Pt electrode, hence techniques based on
immersion plating are not possible due to the nobility of the Pt. Second, electroplating offers a higher
degree of control as the current density determines the thickness of the deposit. At the start of this
work, Ag plating was performed using a power supply. A resistor in series was used to create constant
current conditions. Table 3.2 shows the results for the plating thickness for the stated current density
and time for electrodes of Type-A. Thickness was assessed through surface profiling. Optical
inspection and surface profiling was used to assess the uniformity. Each set consisted of three
electrodes, plated individually; each surface profile was analysed at five points: one point at each

edge and three points in the middle.

As shown by the results in Table 3.2, there is a significant edge when using electroplating. This effect
is caused by the increased current density at the edges of the electrodes, which results in a build-up
of Ag, forming a so-called ‘dog bone’ (103). The edge shields the middle part of the electrode
retarding growth of the Ag in that area. AgCl formation was achieved through immersion of the
electrode in sodium hypochlorite for ten minutes. Although the power supply and subsequent
hypochlorite conversion resulted in usable electrodes for short term experiments, sample-to-sample
variation was high and yield low, when considering long-term experiments. Hence, an alternative

method using a potentiostat operating in chrono-potentiometry mode was investigated.

Table 3.2 — Plating results for electrodes of Type-A.

Time Centre height Edge height Uniformity
High current Setl 300s 3.99+1.0 um 3.05+1.1um Medium
10 mA Set 2 450 s 6.88 £ 1.9 um 6.25+ 0.9 um Medium
Set3 600 s 4.85%0.4 pym 14.80 £ 6.8 pm Poor

Because of the high degree of control established with the potentiostat, more reliable plating results
can be obtained. Furthermore, the molecular weight (My), density (p) and surface area (A) can be

used to compute the thickness, d, of the deposit. In practice, factors such as an uneven current
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distribution, activity of the plating solutions, and surface roughness cause deviations from the

calculated values obtained using equations 3.5 and 3.6.

_ Q B It 3.
m_nF_nF (eq.3.5)

mM,,
d= .3.6
Y (eq.3.6)

To assess the plating process, electrodes of type-C2 were plated using high current density (HCD)
and low current density (LCD), with current values of -17 and -170 pA; equal to -1 and -10 mA cm’
2, Figure 3.6 shows the comparison between the calculated thickness, and the measured thickness of

the silver layer. Measurements were taken using a surface profiler.
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Figure 3.6 - Comparison of calculated with measured silver thickness on electrodes of Type-C2. Plating performed under
non-convective conditions at HCD and LCD of 10 mA cm and 1 mA cm2, respectively. Note: standard deviation smaller
than symbol size.

For the LCD samples good agreement is found with the calculated values. However, the thickness of
the deposit is thin compared to the HCD samples. Under HCD conditions the measured values do
not match the calculated values. The reason for this discrepancy is that the solution is kept free of
convection. Hence, without convection a diffusion limitation sets in, as can be denoted by the
curvature across the time scale for the measured HCD samples. The thickness of the HCD at 300 s

was chosen for further RE testing as this yielded thicknesses of several micro meters.

Figure 3.7 depicts the latest of the formed REs using electrodes of Type-C1 and Type-C2. Here,
current densities of -10 mA cm™ for Ag plating and 1 mA cm™ for subsequent chloridisation were
used. The results of the Ag plating on Type-C2 and Ag-AgCl on Type-C1 are presented in Figure

3.7 aand b, respectively.
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Silver

Figure 3.7 — a) Silver plated electrode of Type-C2. b) Formed Ag-AgCl reference electrode of Type-C1.

3.3.1 Pseudo reference tests

For the initial tests, the formed Ag-AgCl electrodes were used in a pseudo-reference setup. Here the
REs were immersed directly in 150 mM KCI. The potential of the resulting cell, Eceni, can be described
according to equation 3.7. The equation shows the miniature RE, described by the Nernst-equation
subtracted by the commercial RE (3 M KCI, single-junction). Setting E° equal to +220 mV for the
standard potential of the AgCl electrode at T equal to 293 K; and E.s equal to +220 mV a cell
potential of 48.6 mV is predicted for 150 mM sodium chloride (KCI) concentration.

However, in practice, the values for E® and Eq are non-ideal. In fact, as the concentration of chloride
ions is high, the value for [CI] given in equation 3.2, is more accurately described by the activity of
the chloride ion ac) with activity coefficient a. If the activity coefficient is half, a potential of 24 mV
is expected. The same applies to the potential of the commercial RE in saturated 3 M KCI described
by Erf; yielding a potential of +199 mV at normal temperature and pressure. Substituting this value
into equation 3.7 results in a cell potential of 72 mV. Finally, variations between electrodes, both
commercial and fabricated will result in slight differences in cell potential. In summary, a potential

range between 24 to 72 mV is considered acceptable.

RT
Eeen = (B = 2303 (- ) 10g(ac)" = (Brep)  (eq.3.7)

Presented in Figure 3.8, are the data for a five day experiment, comparing the open circuit potential
of: Ag-AgCl-wire; Ag-AgCl electrodes; miniature Ag electrodes. First, it can be noted that the
potential offset for the Ag-AgCl wire is within the theoretical range determined by equation 3.7, with
an average value of 44 + 3 mV. The same applies to the potentials obtained with the miniature REs
with values of 56 £ 1 mV vs. commercial Ag-AgCl. Second, it can be noted from the graph that at
the initial start of the measurement (day O to 1) the potential of the Ag electrodes is close to the Ag-

AgCI electrodes. As time progresses, the potential rapidly falls to negative values which has been
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determined to be near the value of a Ag wire (data not shown, measured average equal to -140 + 10
mV). It is unknown why this initial potential is present, but could be due to passive chloridisation
from the Silver when immersed in solution. As this layer dissolves during the course of the
measurement the potential drops and only the surface potential of Ag electrodes is observed.
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Figure 3.8 - a) Measurement of Ag and Ag-AgCl electrodes in 150 mM NaCl, pseudo-setup. All electrodes are referenced
versus a single junction commercial RE with 3 M KCl internal filling solution. The initial drop towards negative values of
the Ag samples shows the clear difference between correctly and incorrectly functioning REs. If failure occurs this, is
noticeable by the drop in potential as registered by Ag-AgCI-2 on the fifth day. The purple dashed line shows the average
values obtained from a separate measurement with a Ag-AgCl wire in 150 mM KCI. Note that all the REs are close to this
reference line which is within the predicted theoretical range. b) Zoomed view of the fourth day.

Due to this observation, prior to each experiment, the formed miniature Ag-AgCl electrodes were
immersed in 3 M KCI for up to two minutes. This allowed for a better distinction between correctly
operating REs and electrodes containing only Ag. Correctly formed REs show values around 0 mV,
whereas the Silver shows an immediate potential drop towards negative magnitudes due to the
dissolution within the 3 M KCI solution. It should be noted here that electrodes should not be kept
in the 3 M KCI solution for extended periods of time as prolonged immersion dissolves the formed
Ag-AgCl over time. An added benefit of this initial check is, that poorly adhering Ag-AgCl structures
fall off during this period. Hence, this brief check introduces a quality control mechanism. The effect
of delamination of the AgClI due to improper Ag plating and ‘dog-bone” effects, as illustrated by the
drop-off for AgCI-2 in Figure 3.8.a.

A long-term plot of a RE batch formed using sensors of Type-C2 is presented in Figure 3.9. The
measurement was setup for 40 days in 150 mM KCI. As shown, excellent performance and agreement
with theory is observed for all samples. A negligible drift is observed with a value of 0.3 £ 0.1 mV
day™; determined by the slope of the linear fits. It can be seen that around day 30 a drop in potential
occurs. Although within the limits of the theoretical value potential and recovering after
replenishment of the bulk solution, it is assumable that the electrodes are degrading as time

progresses.
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Figure 3.9 - Long term reference electrode of Type-C2 measured in 150 mM KCI for >40 days; n = 8. Indicated are the
points in time at which a refill with DI occurred to keep the salt concentration at a constant level. Note that each point
represents a discrete point from the full trace (1 sample per second) at half hour intervals. a) Full trace; b) Zoomed view of
day 20 to 27. Note that drift is well below 1 mV day indicating excellent performance.

Based on the long-term pseudo-setup data an estimate of yield can be made. The yield at four weeks
when measured directly after fabrication includes samples that fail during measurements (data not
shown) and equals 70% at the second week and 64.5% at the fourth week. However, if an initial
quality control check is implement which consisting of an initial test of the miniature REs for 3 days
in 150 mM KClI i.e. the start of the sample group at the 4" day, a yield of 90% is observed for the
first two weeks (n = 24) and 80% across week three and four (n = 10)*. This three-day tests allows
electrodes to be selected for long-term in vivo measurements, after fabrication and enhances the

quality control.

3.3.2 Electrolyte development

In order for the RE to maintain stability in a variety of electrolytes, the use of hydrogels was
investigated. Two gels were developed and used in the experiments. The first gel uses acrylamide
and was developed in the early stages of this work; the second was made using genipin cross-linked

chitosan. The results of both methods are discussed next.

3.3.3 Polyacrylamide based electrolyte

Polyacrylamide gels were prepared and deposited according to the methods described in section 3.2.
For the experiment, RE samples of sensor Type-A were prepared at low current density and converted
into Ag-AgCl using sodium hypochlorite. The gel was doped with 150 mM KCI. Red food dye was
added to the monomer solution in order to see the correct deposition of the gel. As an example, Figure

3.10 shows the formed gels on top of bare Pt electrodes. Over time, the water within the gel

4 Sample size represents experiments which ran for the designated period of time.
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evaporates. Thus, it is critical that the devices containing hydrogels are kept in a humid environment

or are immersed in solution after fabrication.

Figure 3.10 — Polyacrylamide gel on top of electrodes of Type-A. a) Hydrated; b) dehydrated; ¢) hydrated with red dye.

Figure 3.11 shows the resulting long-term plot for the formed reference electrodes of Type-A
contained within the pAm electrolyte, with an external concentration of 3 M KCI. From the resulting
plot it can be denoted that the RE maintains its function within a pseudo-type set-up (3M vs. 3M) for
a period of eight days. The potential offset is near the expected offset potential for the commercial
RE. After the eighth day, the electrode potential started to drift towards the negative potential value
of Ag. This indicates a loss of Ag-AgCl into the electrolyte caused by the dissolution of the Ag-AgCl
in the 3 M KCl electrolyte.

Further experiments were conducted with sensors of Type-B. However, during the fabrication a
vulnerability was exposed: as the size of the electrode is half compared to Type-A, the amount of un-
polymerised solution that can be deposited is significantly reduced. This resulted in un-polymerised
solution. Oxygen is an inhibitor for the crosslinking of pAm (126). In large quantities it is easy to
keep out oxygen from the bulk mixture. However, in the quantities used for the electrodes of Type-
B (typically only 20 pL) it is impossible to achieve by casting. Alternatives like injection of the
mixture into a package are possible, but will increase the risk of residual un-polymerised monomers
and cross-linkers within the package. It cannot be guaranteed that the gel has polymerised without
opening and destroying the package. As the components used for cross-linking and the monomer
are highly toxic, carcinogenic and related to loss of fertility, the choice was made to investigate an

alternative gel: Chitosan.
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Figure 3.11 — Ag-AgCl reference electrodes of Type-A contained within a pAm gel electrolyte. Measurement performed
in a pseudo set-up with 3 M KCI internal and external solution. Note that standard deviation is smaller than symbol size
from day 0 to 4.

3.3.4 Chitosan based electrolyte

Chitosan dissolves in aqueous solution at low pH (pH 4 and below). To prevent swelling, the degree
of protonation has to be reduced. This can be achieved by flushing with copious amounts of neutral
solutions without disturbing or mixing the gel. For the CS gels described here flushing was performed
with PBS (pH7.4, 10 mM, 137 mM NacCl). The benefit of this method is two-fold: first, the pH is
neutralised to a value above pH 4 which reduces the swelling behaviour during measurements.

Second, the concentration in the 1x PBS ensures the concentration remains constant.

Genipin was chosen as a cross-linker. This is a natural cross-linker which is less toxic then synthetic
alternatives such as glutaraldehyde (127, 128). It takes 48-72 hours for the polymerisation to start,
upon which the gel turns blue due to the linking of the amine-groups. During this time the gel has to
be kept in a humid environment. The resulting gel is shown in Figure 3.12.a. Figure 3.12.b and c,
show the bulk of a Gp-CS gel before and after immersion in PBS for one week. As can be seen from
the figure, no swelling occurs within the matrix. However, the structure has opened to the aqueous
surroundings indicating that liquid has penetrated into the gel and as such would result in a dilution

of the internal salt concentration.

Figure 3.12 — Gp-CS hydrogel. a) Bulk sample in 1x PBS after neutralisation. b) Sample prior to immersion in 1x PBS. ¢)
Sample after immersion in 1xPBS for 1 week. Squares equal 1x1 cm.
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To test its function, the Gp-CS gel was injected with a syringe into a micro-milled package that
houses the RE. Due to the blue colour of the gel, the filling of the cavity can be observed. An image
of a sensor of Type-B encapsulated within the package, and the filling with the syringe is shown in
Figure 3.13.aand b, respectively. Once filled, the injection channels are closed using fast-cure epoxy.

Whilst curing, the packaged REs are kept in a humid environment to prevent dehydration of the gel.

Figure 3.13 — RE of Type-B contained within a micro milled PMMA package. The injection channels on the side are used
to fill the internal chamber with the Gp-CS gel electrolyte after which they are sealed with epoxy. Scale in cm.

Figure 3.14 shows the results from the packaged REs, Type-B, with a Gp-CS electrolyte gel
immersed in an external solution of 150 mM KCI, pseudo setup. Figure 3.14.a shows the averaged
value per day; Error! Reference source not found..b shows a zoom of the continuous trace over a
ten day period. Indicated is the maximum allowed error band of 6 mV which is approximately one-
tenth of a Nernst slope; this is of importance to maintain the desired accuracy for the pH sensor, as
discussed in Chapter 5. Comparing the data for the bare reference to the Gp-CS reference, there is
no added advantage to the inclusion of the gel for full RE performance. This is also confirmed when

looking at the differential drift of the mean as depicted in Figure 3.14.c.

An estimate of the error for the reference electrodes was made and is presented in Figure 3.14.d.
Note that each count represents three times the standard deviation (o) for each RE for the average of
each day, with extreme outliers excluded. This is the worst-case error graph with a mean of 4.8 + 1

mV; still within the error margin of one Nernst factor.
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Figure 3.14 - Long-term experimental data for the Gp-CS hydrogel electrolyte REs in a PMMA package measured in 150
mM KCI. a) Average potential per day; b) Zoom of the continuous trace over the course of 10 days; c) Overview of the
differential drift of the mean per day. d) Histogram of the worst-case (3x o) for the error on the mean. Note that outliers
have been excluded from the fit.

3.3.5 Full reference test

The REs are to be integrated into a single package containing the electrolyte (more details available
in Chapter 6), so a ComSol simulation was developed to illustrate their effects. Details on the model
are available in Appendix A2. Before discussing the results of the full reference tests a brief
discussion on the underlying principle is required. In any situation where there is a concentration
gradient between connected vessels, diffusion across the boundary will occur as described by Fick’s
Law (Chapter 1).

The time taken for the electrolyte to diffuse out of the gel dependents on the following:

1. Distance between the measured points;
2. Diffusional properties of the media;

3. Interfacial area of the connecting junction;
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4. Concentration gradient;

5. Awvailable volume.

The results are shown in Figure 3.15. The diffusion coefficient is constant and set to be that of
chloride in water. The length of the junction is fixed. Figure 3.15 shows the variation of the
Interfacial area, the concentration gradient and the available volume. Note that in Figure 3.15.b and
d, the concentration has been converted into a cell potential using the Nernst-equation.
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Figure 3.15 - Simulated diffusion profiles of chloride over time for a) the PMMA package; b) various junction diameters;
c) chamber volume with a junction diameter of 10 pum; d) different external concentrations of chloride. Note that the
potential for b and d is computed from the Nernst-equation.

The data in Figure 3.15.a shows the expected chloride concentration at the RE interface with an
external concentration of 50 mM and a junction size of 400 pum in diameter. This represents the
PMMA package. As seen, in this scenario the concentration will have equilibrated within eight hours.
Figure 3.15.b shows the result when the size of the junction is decreased showing that a small-sized
junction is preferred. Although it will not prevent complete loss of the chloride, it can be designed in
such a way that a predictable drift over time is observed. Zevenbergen et al. reported on a similar
concept for use in CMOS processed pH and chloride sensors. By creating a small channel inside a

Silicon substrate, the diffusional loss of chloride from an internal chamber can be predicted and
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compensated for (129). However, blockage of this pore by proteins can be a considerable issue during

implantation.

Figure 3.15.c shows the result when the internal chamber volume is increased by a factor of 2 and 3,
respectively. As can be seen, with a small junction and 3x the volume of the PMMA chamber a 30
day drift is observed which can be fitted to an exponential to predict the drift over time. Finally,
Figure 3.15.d shows the effect of the concentration gradient on the loss of chloride. For the package
used in this work, an approximate time of 7.5 hours is expected.

A comparison of the simulated data with the packaged REs is shown in Figure 3.16. It can be noted
that the concentration is maintained slightly longer than expected with times of 10 hours and 15 hours
for the bare and Gp-CS REs, respectively. This slight gain could be due to the difference in diffusion
coefficient, but is more likely to be caused by misalignments within the package which increase the
volume. It can be concluded that the Gp-CS has no influence on the diffusional characteristics
compared to those of water. This result is to be expected as the diffusion coefficient is proportional
to the hydrated radius of the ions. Although the viscosity within the polymer matrix is slightly higher,
the chloride ion does not see a difference between CS and pure water.
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Figure 3.16 - Full reference test for Gp-CS inside a PMMA package and a bare 150 mM KClI filled control. The external
concentration equals 50 mM NaCl. Indicated is the predicted equilibration time based on the simulation profile for the
PMMA package.

To try and limit the diffusion of the chloride anion, an anion diffusion limiting membrane was
incorporated on top of the junction formed with Nafion®, a fluoropolymer used throughout biology
for its biocompatibility. Its internal channel structure allows for the contact between the electrolyte

chamber and the external solution via its exchange capability for protons and water (130, 131). Itis
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easy to cast and sticks well to acrylate. An example of a formed Nafion® membrane across the

package junction, viewed from the top and bottom, is shown in Figure 3.17.a and b, respectively.

Figure 3.17 — Cast Nafion® membrane on PMMA package viewed from (a) top and (b) bottom.

Results from the Gp-CS REs with a Nafion® membrane are presented in Figure 3.18. The membrane

was cast on top of the junction prior to filing with the electrolyte gel according to the methods

described in section 3.2. Samples were pre-soaked in PBS before changing the external concentration

to assess the performance of the REs. The REs were immersed in a solution changing from 1x PBS
to 0.3x PBS. The linear times and drift are shown in Table 3.3.
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Figure 3.18 - Results from REs of Type-B with Gp-CS electrolyte and a cast Nafion® membrane with a PMMA package.
The external concentration was changed from 1x PBS to 0.3 x PBS after a 5 day measurement period

Little benefit can be attributed to the addition of a Nafion® membrane. For the Gp-CS RE2 sample,

in Figure 3.18 there is a drift of 2.5 days which is linear over the first 34 hours. However, the other

samples show a similar diffusion time as the membrane-less samples discussed in Figure 3.16.

58



Table 3.3 — Extracted data values from the Nafion® Gp-CS full RE test.

Linear Time Slope Average (PBS) Average (0.3x PBS)
Sample 1 12 hours 26 mV hour? 60+ 6 mV 88+2mVv
Sample 2 34 hours 10 mV hour! 55+ 1mV 75+1mV
Sample 3 19 hours 14 mV hour! 55+2mV 76+ 1mV

Ostensibly, the PMMA packaging method with the hydrogel electrolyte cannot be expected to serve
as full RE. To find a means to achieve a predictable behaviour, sensor Type-C was designed and
fabricated. In this design, the open circle in the middle of the inner ring could be used to create a tiny
aperture. Additionally, a sensor housing with as much volume inside the package (minimum of 3x
the current volume i.e. 4.5 uL) should be used. However, creating straight holes with a diameter
below 10 um in a 600 um glass substrate is challenging. This method and alternatives to obtain

similar results are discussed in Chapter 7.

3.4 Summary

This chapter discussed the background, theory and state-of-the-art of current miniature RE
developments. History has shown that there are no miniature full REs with low levels of drift. The
REs presented in this work have shown excellent performance over the course of 50 days with a
fabrication yield of 64.5% at 5 weeks. A method for preselecting REs based on initial measurements
has been proposed and provides a reliability of 90%. The fabrication of the REs consisted of an
electroplated Ag layer deposited onto Pt electrodes. The silver was converted into Ag-AgCl using
electrochemical conversion in 3 M KCI. The worst-case error falls within the required range for the

intrauterine application with drift levels below 1 mV day™

The use of hydrogel electrolytes was investigated. By employing a hydrogel the failure due to leakage
of the electrolyte within the device package is limited. Both pAm and Gp-CS have proven their ability
to function in pseudo-setups. However, their use for a full RE is questionable. As the diffusion
models have shown and predicted, the loss of chloride is not limited by a hydrogel based polymer
matrix. Nor does the inclusion of an additional flux limiting membrane in the form of Nafion®
enhance its performance. The only feasible way to obtain a predictable drift with changing external
concentration is the use of an aperture in the 10 um scale with a large internal volume. A design for

this type of setup has been made and is discussed in Chapter 6.
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Chapter 4 - DO sensor development

This chapter describes the development of an implantable dissolved oxygen sensor. As discussed in
Chapter 1, DO is a key parameter for the successful development and implantation of embryos. For
the wireless implantable IUSD the power consumption should be kept to a minimum. A small
footprint is required for future integration in the implantable device. With these constraints in mind,
this chapter describes the development of a low-power miniature DO sensor. First, the history and
state-of-the-art are discussed. Second, the electrochemical techniques and setups used to assess
sensor performance are listed. Finally the development of the sensor based on theory and simulations

is then discussed, followed by the results and discussion.

4.1 A brief history on dissolved oxygen sensing

The importance of dissolved oxygen, both in biology and environmental sciences, is widely
recognised. The past century is marked by key milestones that have led to commercially available
devices, as shown by the time line in Figure 4.1. The first person to devise a method to quantify
oxygen levels in solution was Winkler. In 1888, the equally named Winkler titration was developed.
In this method, manganese, manganese chloride and lodide (Mn(Il), MnCly, I") are added to the test
sample. All components are added in excess in order to react with all the oxygen present in the
sample. The oxygen oxidises the Mn(I1) to Mn(IV), forming a brown precipitate of MNnO(OH).. Upon
the addition of excess acid (hydrochloric or sulfuric) the lodide reacts with the MnO(OH)., resulting
in the reduction of Mn(1V) back to Mn(ll) and the oxidation of lodine to triiodide. The latter causes
a change in colour, proportional to the amount of dissolved oxygen present in the solution. (132-
134). Unfortunately, this type of titration is not portable nor suitable for remote, and implantable use.
More importantly, it is not able to perform a continuous determination of DO unless complex
microfluidics is used.

Nernst and Danneel reduce
oxygen electrochemically

1900 1920 Miniaturisation
1 1 .
Davies and Bronk Optical sensors Present

day
I

19t Century

Winkler titration is First Clark electrode is infroduced
developed

Figure 4.1- Time line of the developments in DO sensing from the late 19™ century up to present day.

In the 1890°s Danneel and Nernst discovered the electrochemical reduction of oxygen. Alongside
their pioneering work in the field of electrochemistry this opened a world of applications. However

it was not until the third decade of the twentieth century that practical sensing systems for use in
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biology were developed (135, 136). Early measurements were made using DO sensors implanted

into tissue, as performed by Davies and Bronk in the 1940°’s (137).

It was soon found that performing electrochemical measurements in vivo is challenging. Fouling and
interferons have disastrous effects on the sensor performance. Additionally, the perturbing nature of
the oxygen reduction reaction (ORR), in particular when large electrodes are used, makes it difficult
to obtain accurate measurements for prolonged periods of time. In 1957, a break-through was made;
Clark developed what is now known as the Clark electrode, depicted in Figure 4.2.a (135, 138). By
employing voltammetry, the reduction of oxygen at a noble metal surface is controlled by sweeping
the potential. The current related to the reduction of the species of interest is then measured via

amperometric detection.

Unlike conventional amperometric sensors, Clark used a membrane, permeable to oxygen, in order
to control the diffusional flux across the membrane into the internal electrolyte of the measurement
cell. This limits the consumption of DO by creating a steady-state flux across the membrane,
effectively creating a partial pressure difference across the membrane. It is this difference that is
sensed in the Clark electrode. The addition of the membrane has the added benefit of keeping out
any interferons from reaching the electrode surface. With the invention of the Clark electrode, the

first intravenous monitoring of the pO, was achieved (139, 140).

Anode (CE) o
Exciting light source

Cathode (WE) Photo-detector

Outer glass

Insulation

Housing
Electrolyte -

luminophore porymer

Membrane

ApO,

O, (1) Diffusion

Analyte Analyte

Figure 4.2 - a) Cross-section of a Clark electrode immersed in an analyte. Oxygen diffuses across the membrane into the
internal electrolyte on the basis of a difference in partial pressure. The oxygen in the electrolyte is reduced at the cathode
which is polarised at the oxygen reduction potential using the cathode. b) Cross-section of an optical dissolved oxygen
probe. Oxygen reacts with the fluorophore inside the polymer cap. An exciting light wave is send from a light source which
interacts with the fluorophore resulting in a quenching of the wave. The wave is detected using a photodetector.

Less invasive and less perturbing measurements of DO have been developed. This was achieved in
the late 1960’s by using optical methods to determine DO concentrations. With the development of
luminescent dyes the road was paved for the development of oxygen sensitive luminophores. These

luminophores are incorporated into a polymer-matrix forming a membrane in contact with the analyte
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(141-144). When light is shone on the dye-matrix the luminophores are excited and in turn emit light.
The excited light has an intensity or is quenched based on the amount of oxygen in the analyte. The
light is detected using a photodetector. Due to the accurate tailoring of the oxygen sensitive dyes

very high specificity is obtained. An overview of the optical sensing method is shown in Figure 4.2.b.

The greatest effort has gone in to miniaturisation of the sensor technologies making use of the
advances in CMOS processes. Unsurprisingly, as the size of the system is scaled down vulnerabilities
are exposed and a more thorough understanding of the mechanisms behind the sensing of DO is
required.

4.2 Limitations of the current DO sensors

Of interest for this research is the difference between the developed electrochemical and a
commercial optical sensing probe. It is important to establish what the limitations of these two

methods are so as to form a complete view on what drives the application towards in vivo sensing.

The general advantage of the optical probes is their ability to sense a wider range of DOCs with very
high specificity. This is possible due to their non-perturbing operating principle. As the dyes
incorporated into the polymer matrix are specifically tailored towards their sensitivity to oxygen this
can be achieved with great accuracy (145-147). Although great in function, the optical probes are in
general bulky. Although progress has been made on reducing their footprint by using optical fibres
they still require electronics with a relatively high power consumption compared to electrochemical
sensors on the micro scale (51). For the optical probe two main subcategories exist based on their
detection method: decay-time and intensity of the luminescent signal. The major advantage of the
first is its prolonged life-time due to a reduction in photo bleaching of the oxygen sensitive dye.
However, a more complex read-out is required as well as increased complexity in the signal-

processing. For the later, the main advantage is its simplicity (148).

In general, any noble metal can be used to sense DO. By comparison, electrochemical sensors are
easy to fabricate so it is easy to understand why most of the miniaturisation has focused on this type
of sensor. Comparing the electrochemical sensors to the optical probes a faster response time is
observed. This is especially important in applications where the DO concentrations fluctuate rapidly.
Their main limitation is the lack of sensitivity in the lower end of the concentration range (near zero),
due to the perturbation they impose on the measurement environment. The two sub-classifications
are galvanic (self-polarising) or potentiostatic (external polarisation) (148). The first relies on the
self-polarisation between cathode and anode made of different metals. For the later a stable RE is

required which has been shown to be challenging and can cause poor reproducibility over time (149).

Looking more closely at the Clark electrode, the addition of a membrane differentiates it from

conventional voltammetry based sensors. Many iterations and improvements have been made over
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the past decades to optimise its use as an in vivo sensor. Issues related to miniaturisation provide the
biggest challenge along with the stability of the RE. A closed system is prone to bubble formation
inside the internal electrolyte. The inclusion of an internal electrolyte on a small sensor is difficult to
achieve. Also, membrane deformation and non-uniformities can severely impact the sensors
characteristics as they have an effect on the diffusion distance. This diffusion limitation of the
membrane results in a longer response time compared to bare DO sensors, defined by the electrode-
membrane distance and the composition of the membrane and the internal electrolyte. This results in

a delayed response time (150).

4.3 Electrochemical measurement techniques

An electrochemical experiment is conducted using either a two- or three-electrode system. A two
electrode system consists of a WE at which the reaction of interest occurs, and a RE/CE, single
electrode, which supplies the current. In a two-electrode system the cell potential is measured as the
potential difference between the WE and RE/CE. The major disadvantage of this configuration is
that the current passes through the RE/CE causing an alteration in the cell potential, due to the
reaction occurring at the interface. Especially in sensitive experiments where the active potential

window of the reaction is small this can be problematic.

In DO sensing a three-electrode system is preferred. Here, the RE/CE is separated, ensuring the cell
stays at a fixed reference potential provided by the RE. The reaction occurring at the CE then has no
influence on the cell potential, and the resulting current is only attributable to the reaction at the WE.
The potential at the WE is altered versus the RE. Consequently, the CE sources all the current
required for the electrochemical reaction. In order to achieve this, the surface area of the CE has to

be large compared to the surface area of the WE.

oVin
CE
—— _ RE
0
WE — 7
Rf
QA2 L 0o Vout

Figure 4.3 - Potentiostat schematic for a three-electrode configuration. OA1 controls the potential between the WE and RE
based on the applied potential at the non-inverting input. As a result a current is sourced through the CE. The
transimpedance amplifier formed by OA2 and the feedback resistor amplifies and converts the current through the WE into
an output voltage.
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The three electrode setup is controlled using a potentiostat, a diagram is shown in Figure 4.3. Its main
function is to maintain the voltage between the WE and the RE. A current is sourced through CE by
means of an operational amplifier (OA1), in order to keep the inputs equal. As the potential between
WE and RE is altered, electrochemical reactions are initiated and a flow of electrons is ensued. The
resulting current flowing through the WE is sensed by means of a transimpedance amplifier (151).
A wide variety of measurements can be performed with a potentiostat as will be discussed next. The

techniques of importance to the development of a DO sensor are discussed here.

4.3.1 Linear sweep voltammetry and cyclic voltammetry

In linear sweep voltammetry (LSV) the potential between the WE and RE is swept over time and the
current from the electrochemical reaction is recorded. The LSV start potential is defined as one of
two vertices set in the experimental conditions. The potential is swept at a constant scan rate (V s™)
towards the second vertex where the measurement ends. In contrast to LSV, where the experiment
ends after the potential has reached the second vertex, in cyclic voltammetry (CV), the direction of
the sweep is reversed once this potential has been reached. Here, the starting potential can be defined
anywhere within the range of the two vertices. The resulting current from the electrochemical
reaction at the WE is plotted versus the potential. LSV and CV are powerful analytical tools which
give insight into the electrochemical reactions occurring within the system. Valuable information

that can be obtained via CV, relevant to the development of a DO sensor are:

1. Reversibility of the electrochemical species;
2. Steady-state current values;

3. Oxidation-reduction potential windows;

4

Stoichiometry of the electron transfer reaction;

Figure 4.4 shows a representation of the cyclic voltammogram for an ideally reversible couple. In
the convention used in this thesis, negative current represents a reduction reaction; positive current
represents an oxidation reaction. When the potential is swept towards the standard reduction potential
of the reaction an increase in current at the WE is observed. Starting from p1 in Figure 4.4 where the
potential is swept more negative, an increase in current caused by reduction of the electro active
species is observed. While the reaction takes place, the species near the electrode is consumed and
depleted: an upper limit is reached represented by p2. At this point there is not enough of the active
species present, and as a result the current falls until the rate of consumption equals the rate of mass

transfer i.e. diffusion. This is referred to as the steady-state at p3.

As the direction of the sweep is reversed the same process occurs only now the reduced species is
oxidised resulting in a positive current at p4 (152). The magnitude of the peaks are equal when all

the species, which had previously been reduced, are fully oxidised and the same amount of electrons
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gained during the reduction are now lost in the oxidation process. The stoichiometry of the electrons
transfer can be determined based on the magnitude of the peaks. An estimate of the standard

reduction potential can be obtained by assessing the symmetry of the two peaks along the potential
axis (152).

p4
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Figure 4.4 - Image of a CV for a reversible couple. As the potential is swept in the negative direction, the electroactive
species are reduced at the WE (p1). As the sweep is continued the species near the surface are consumed and an upper limit
is reached (p2). Because there is not enough of the species present in order to sustain the current, the current falls until the
rate of mass transport equals the rate of consumption. Here a steady-state is reached (p3). As the direction of the sweep is
reversed, the species previously reduced are now oxidised. The same key points are observed with an oxidation peak at p4.

4.3.2 Chrono-amperometry

During chrono-amperometry the potential at the WE is stepped rapidly. Similar to CV, a current flow
is established dependent on the electrochemical reaction at the WE interface. Typically the chrono-
amperometric measurement is of a shorter duration than CV measurements. Due to the rapid
depletion of the species a mass-transport limitation sets in. A representation of the current vs. time
curve obtained in this manner is shown in Figure 4.5. The current consists of two parts: an initial
response in which the species is rapidly diminished (henceforth referred to as transient response); a
later steady-state in which the rate of diffusion equals the rate of consumption.

Potential

Current
Current

Concentration

Time t-08

Figure 4.5 - Current versus time graph upon the application of a potential step. left) the resulting chrono-amperogram
plotted versus time; right) the current plotted versus the reciprocal of the square root of time.
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The first part of the curve is described by the Cottrell equation shown in equation 4.1. Here, n is the
number of electrons involved in the reaction; F the Faraday constant, A the area of the WE; C the
concentration; D the diffusion coefficient; t the time. Because the initial concentration at the WE is
high, a large magnitude in current is observed. As the time progresses, the species is consumed and

the current decays.

The transient response is highly dependent on the electrode geometry and the surface conditions. To
obtain reproducible results it is therefore required that surface conditions are kept as identical as
possible for each measurement (153). Assessment of the response is performed by plotting the current
versus the reciprocal of the square root of time. If the Cottrell equation holds, a linear curve is
observed. Additional effects, such as double layer charging and electrode polarisation are seen at
very short time scales, limiting the linearity of the Cottrell equation to time points beyond the
charging of these components. On the other end of the time scale, towards the steady-state, a

deviation from the Cottrell equation occurs due to the three-dimensional diffusion profile.

Insight into the charging and diffusion profiles can be assessed further via integration of the Cottrell
equation as shown in equation 4.2. In experimental terms this is referred to as chrono-coulometry.
The resulting charge (Q) versus the square root of time graph is known as an Anson plot. The

charging of the double-layer can be observed, as well as the presence of adsorbates, convective and

,D
I =nFAC |— 4.1
n — (eq.4.1)
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R

diffusional effects.

(eq.4.2)

4.4 The oxygen reduction reaction

The ORR is a complex process. It has been widely studied over the past decades and still is subject
to investigation. The reason for its complexity is its multiple reduction pathways. In 1968, Hoare
wrote an extensive work on the electrochemistry of oxygen (154). It covered the full range of anodic
and cathodic oxygen electrochemistry up till then, as well as the formation of surface oxides on a
wide variety of metal surfaces. In the sensor described here, the cathodic reduction of oxygen is

investigated.

As shown in Table 4.1 oxygen reduction can proceed directly via a four electron pathway; indirectly
with an intermediate species and two electrons in each pathway. These pathways have been found to
be dependent on the pH of the bulk. Additionally, it has also been shown to be dependent on the type

of material and the surface conditions (154).
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Table 4.1 - Mechanisms for the reduction of oxygen in acidic and alkaline solutions.

Acidic Alkaline
Direct 0, + 4H* + 4e~ - 2H,0 0, + 2H,0 + 4e~ — 40H"
Indirect 0, + 2H* + 2e~ - H,0, 0, + H,0 +2e~ - HO; + OH™
H,0, + 2H* + 2e~ - 2H,0 HO; + H,0 + 2e~ - 30H™

Looking more closely at the way the oxygen molecule is reduced, a dissociative reduction is observed
for the direct pathway. The indirect peroxide pathway is illustrated in Figure 4.6, here the adsorbed
oxygen molecule gains an electron and recombines with a proton to form a hydroperoxyl radical. A
second electron is gained and the hydroperoxide forms into hydrogen peroxide through the reaction
with another incoming proton. In the case of Pt, which itself finds a use as a catalyst for the
decomposition of hydrogen peroxide, it is to be expected that the second step in the pathway occurs
on the basis of the decomposition of hydrogen peroxide into oxygen and water. In essence the loop
is a duplex with the oxygen freed from the hydrogen peroxide being reduced in the second step,
totalling the number of electrons to four (154-156).
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Figure 4.6 - Oxygen reduction mechanism for the indirect acidic pathway. Oxygen diffuses to and adsorbs on the Pt surface.
An electron is gained and an incoming proton reacts with the negatively charged oxygen to form a hydroperoxide radical
adsorbed on the surface. A second electron is gained and the hydroperoxide reacts with an incoming proton to form
adsorbed hydrogen peroxide which can then be further reduced in to oxygen.

It is understandable that the direct pathways are preferred during the reduction of oxygen. Not only
do they have a higher direct electron exchange, they also do not generate any intermediate species.
Both hydroxide and hydrogen peroxide adsorb onto Pt and can alter the surface. As discussed by
Damjanovic et al., in alkaline conditions, the over-potential for the ORR is lower than observed in
acidic conditions, most likely due to the fact that the peroxide is more stable in acidic than in alkaline
conditions and adsorbs on the surface (156). Further complications arise due to local pH changes. In

particular, the generation of hydroxide near the surface can shift the cell potential by -59 mV per pH.

It is important to note here that the reduction of the peroxides in both alkaline and acidic conditions
is highly dependent on the surface conditions. What is important is that, hydrogen peroxide can be

lost or produced during the reaction and have an impact on the accuracy of the DO measurement.
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Measurements performed in utero are expected to be near neutral pH. In this situation all pathways
have to be expected. It is therefore of critical importance to optimise the measurement procedures
and sequences to allow any products and by-products to be moved away by mass-transport during

the measurement in order to maintain optimal performance of the transient response.

4.4.1 Oxide formation and adsorbates

As stated, the reproducibility and performance of the ORR is highly dependent on the surface
conditions of the electrode surface. During continuous use, even inert metals such as Platinum,
experience surface changes. The highest impact on the ORR is caused by the formation of Pt oxides.
Lorenz and Hauser reported on this “Oxide Theory” and showed that the surface potential at the
electrode interface is dependent on the oxide-oxygen interaction, rather than the metal-oxygen
interaction (157, 158) . This results in poor reproducibility in electrochemical oxygen sensing. More
general, any adsorption or formation of oxide blocks the available sites for the reduction of oxygen.
During ORR experiments this is caused by the following species: oxygen, hydrogen peroxide and

hydroxide.

The mechanisms of Platinum oxide formation and its effects are still being investigated. Especially
in the field of fuel-cell development it is important to understand the mechanism in order to obtain
optimal performance, efficiency and life-time (159, 160). Controversy still exists, but less so
compared to the early days of ORR research. It is now known that Platinum oxide forms through the
adsorption of water on the surface. Water molecules chemisorb onto the formed hydroxide groups
and dissociate, providing an electron to facilitate a place exchange: a Pt atom is displaced in the
lattice. The vacancy left within the lattice is filled with oxygen forming the Platinum oxide. The

process continues until all sites have been converted (161). This process is illustrated in Figure 4.7.
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Figure 4.7 - The formation of oxide on a Pt surface. As water adsorbs on the surface a layer of oxide-water is formed. The
hydrogen sites on the water molecule dissociate and provide energy to the oxide. This results in a place exchange in which
an oxygen atom enters the Platinum lattice.

Formation of oxides and adsorption of hydroxide are a cause for discrepancies in ORR

measurements. As discussed, the mechanism and effects are still subjected to investigation. Bianchi
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has shown that an interfacial oxide layer on Pt can block the reduction of DO but enhance the
reduction of hydrogen peroxide. This is caused by the negative dipoles present on the oxide layer

which in turn facilitate the transfer of electrons reducing the adsorbed hydrogen peroxide (162).

It has further been shown that a reduced activity towards oxygen is observed when hydroxide is
absorbed onto the platinum surface. The extent of which has been shown to be material dependent.
As the potential of the WE is swept hydroxide adsorbs and forms an oxide layer. Positive potentials
ranging from 0.4 and 0.9 V vs. SHE, have been reported (163-165). Therefore, care has to be taken
to stay out of this potential window. A representation of a typical CV for the reduction of oxygen on
Pt microelectrodes is depicted in Figure 4.8. Indicated are the regions of interest discussed in this

work.
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Figure 4.8 — Example of the ORR cyclic voltammogram for a Pt microelectrode in a deoxygenated bulk. Indicated are the
regions of interest discussed within this work. At positive potentials, past the double layer region, Platinum oxide is formed.
Any formed oxide is reduced in the return sweep within the oxygen reduction region. As the potential is swept more
negatively hydrogen is adsorbed on the surface.

The transient response obtained by electrodes operated using chrono-amperometry is highly
susceptible to alterations in surface conditions. In order to maintain the reproducibility and optimal
sensitivity, the reactions occurring at the WE, the formation of oxides, and the build-up of local
reaction products has to be controlled and optimised. One way of ensuring identical surface
conditions is the use of a conditioning procedure prior to the measurement of DO. This procedure
sweeps the potential between the hydroxide and hydrogen adsorption regions. By performing this
type of sweep the thin, surface oxide layers can be removed and the available sites liberated,

maintaining sensitivity over time (153, 166).

As reported by Pletcher et al. the same can be achieved by applying a conditioning pulse (CP). Here,
instead of scanning across a potential range the potential is repeatedly stepped into the pre-
determined regions (167). Sosna et al. have reported on using this method to create long-term stable

DO sensors for maritime applications (153). In contrast to these systems, there is no convection in
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utero. Therefor a non-convective system has to be assumed for the IUSD. In practice, this means that
the only mechanism to clear any unwanted products from the surface and re-equilibration with the
bulk is based on diffusion. This imposes a waiting time on the measurement system after the

conditioning and measurement cycles have been completed.

During the removal of the oxide, especially in the case of oxide within the platinum lattice, a
roughening of the surface occurs. As illustrated in Figure 4.9 the vacancies left by the removed oxide
increase the interfacial area. The roughening of the surface can be observed as an increase in current

as it alters the surface area.
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Figure 4.9 - Conditioning procedure and its effect on the Platinum lattice. As the oxide inside is removed under the
application of a conditioning pulse vacancies are created. The vacancies cause a roughening of the surface increasing the
surface area.

4.4.2 Macro- versus microelectrodes

Within electrochemistry the size of the electrode has great effect on the current associated with the
reaction. In general the current scales with the area as can be denoted from the Cottrell equation. A
wide variety of geometries can be used for the electrodes of which the most common are: rod-, disk-
band-, sphere-, and hemispherical-shaped electrodes. Looking at the diffusion profile for a disk-
shaped macroelectrode, represented in Figure 4.10, two phases can be defined: planar and
hemispherical diffusion. The first occurs at short time intervals. Here, the diffusion is one-

dimensional, towards the electrode surface.
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Figure 4.10: Diffusion profile for macro- (left) and micro- (right) electrodes. The small planar region of the microelectrodes
facilitates a quick transition to three-dimensional diffusion from the bulk solution.

As the time extends, the one-dimensional diffusion boundary described by the Einstein equation
shown in equation 4.3, progresses further into the bulk solution and the diffusion profile starts to
resemble a hemisphere allowing mass-transport in three dimensions. In this situation the equation
reforms to that for a hemisphere shown in equation 4.4. In both cases, ¢ is the distance of the diffusion

boundary; D is the diffusion coefficient of the species of interest; and t is time.
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One-Dimensional: 0 =+v2Dt (eq.4.3)
Hemispherical: 0 =VnDt (eq.4.4)

From cyclic voltammetry it is known that, as the reaction proceeds, a steady-state sets in i.e. the rate
of consumption equals the rate of diffusion. Due to their large planar surface the diffusion profile of
macro-electrodes takes a long time to reach a steady-state and is, in fact, hardly ever achieved. This
diffusion limitation of macro-electrodes can be overcome by stirring the solution to ensure a constant
replenishment of the active species allowing it to approach its steady-state. However, in applications
such as implantable devices this forced convection cannot be achieved. It is also clear that the
magnitude of the current is area dependent and thus, as the electrode size increases, the current that
flows is increased. This poses a challenge for an implantable system operating within power

constraints.

To overcome these limitations microelectrodes, defined by a critical radius smaller than 25 pm are
employed (90). Here the diffusion profile is three-dimensional due to their aspect ratio, as shown in
Figure 4.10. A steady-state is achieved quickly as the active species diffuses in from all directions
taking away the associated diffusion limited peak in the CV. An additional advantage is its smaller
size which results in an overall smaller current, allowing a two-electrode setup to be employed. Add
to this the benefit of its small perturbation and it is understandable why microelectrodes are an
attractive design for implantable devices. Other advantages include a reduced double layer charge
time allowing faster measurements (90, 168, 169). There are complexities associated with the use of
microelectrodes. Because of the reduced current associated with the smaller geometry it can be
difficult to measure the low levels of current as the signal to noise ratio is reduced. This is especially

true during steady-state conditions and at low DOC.

The time for a planar microelectrode employing a disk-shaped geometry to reach a steady-state is
defined by equation 4.5. Here, ts is the time when the steady-state is reached; ro is the radius of the
disk; D the diffusion coefficient. For a planar disk electrode with a radius of 10 um and D equal to
2.1-10° m? s, atime of 7.7 s is calculated (170).

(219)?
D

tss =81 (eq.4.5)

Further reduction of power without the loss of the enhanced signal to noise ratio can be achieved by
measuring at short times i.e. within the one-dimensional diffusion regime. The difference in power
consumption is clear, as the current needs to be supplied over a shorter period of time. The current
for micro-disk electrodes operating in this regime is described by the Cottrell equation in equation
4.1. By using an array of microelectrodes the current can easily be scaled by factoring in the number

of electrodes. The advantage of measuring this transient response is that: within the one-dimensional
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diffusion regime the Cottrell equation predicts a linear relationship between the current and

concentration. Moreover, it follows a t % response having a large current magnitude at short times.

It should be noted here that there is a conundrum between reduced power consumption and the time
scale at which measurements can be taken. As discussed, the reduced electrode size shortens the time
for one-dimensional diffusion. In order to make use of the Cottrell equation this regime has to be
extended without increasing the electrode size. To achieve this, disk microelectrodes recessed in a
photoresist can be used.

4.5 Materials and methods

For the DO sensor two different electrode geometries were used: Type-B and Type-C. Electrodes
were fabricated according to the process described in Chapter 2. Both electrode geometries consist
of an array of Platinum disk microelectrodes recessed within wells, and an on-board counter
electrode. Three different recess heights were used: 55, 25, 5 pum; formed in TMMF or SU-8. A
commercial Ag-AgCl (3 M KCI) RE was used for the experiments. Data was acquired with a
PalmSense3 potentiostat capable of performing CV and chrono-amperometry in a three-electrode

configuration.
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Figure 4.11 - Overview of the measurement set-up for the measurement of DO. The sensor, a commercial optical DO
sensing probe, and a commercial RE are placed in a vessel containing 1x PBS covered by a PMMA lid. Nitrogen is flushed
though the system to control the DOC. A PalmSense3 potentiostat, running in three-electrode mode is employed to perform
the measurements.

Measurements were performed in 1x PBS, approximately 80 mL contained in a glass beaker. The
volume was kept constant during long-term measurements by regular additions of DI water. The DO
concentration was altered by purging nitrogen gas through the vessel. The nitrogen replaces oxygen
within the solution resulting in a decrease in the DOC. A commercial Pro-ODO (optical probe, YSI)

was used to obtain the reference DOC reading as well as temperature recordings. The probe was
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calibrated monthly using a single-point calibration with a 100% air-saturation method. As stated by
YSI, the probe has an accuracy of one decimal i.e. 0.1 mg L™, and a response time of 3 to 5 minutes.
The measurements were conducted either on a bench or within a Faraday cage. An overview of the

system set-up is shown in Figure 4.11.

Wafer tests were performed using a homemade probe set-up which consists of a needle electrode,
placed in contact with the WE; an Ag-AgCl wire served as the RE and CE. A commercial Palmsense3
potentiostat operating in two-electrode mode was used to record the CVs. An overview of the
measurement system and the probe setup is depicted in Figure 4.12. A droplet of 1x PBS was
deposited on top of the WE in order to perform the measurement. After it was concluded that

fabrication was successful, sensors were scribed into individual dies.

-

Ag-AgCl wire

1x PBS droplet

Needle contact

(] = Ag [ = Glass
I = Ag-AgClI [ =PtonTi
[ = Photo-resist

Pt patterned wafer

Figure 4.12 - left) Cross-section of sensor Type-C during on-wafer test in a 1x PBS droplet. The Ag-AgCl wire functions
as the CE/RE; the needle is placed in contact with the WE contact pad on an individual sensor die. Right) Image of the lab
set-up for the on-wafer test.

4.6 Results and discussion

This section discusses the results for the development of an implantable DO sensor for use in utero.
Due to the complexity of the electrochemistry of microelectrodes recessed within a well, operating
at short measurement times, a simulation model and its results are first discussed. These are then
used as a reference for the experimental data obtained. The experimental data is separated into three

parts: measurement procedure, sensor characterisation and long-term performance.

4.6.1 Diffusion of oxygen towards well recessed micro-disk electrodes

The DO related current at short time scales is dependent on the size, geometry and surface conditions
of the WE. As discussed, the transient response described by the Cottrell equation is applicable when
the diffusion occurs in one-dimension i.e. before the transition towards steady-state. In the case of
planar microelectrodes this time is short due to their hemispherical diffusion profile. Although they
can reach a steady-state quickly with a low current, there are limitations when considering their use

in an implantable platform.
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First, the oxygen reduction potential and its resulting current have to be supplied for the entire
duration. This results in a high power demand by the sensor to reach steady-state. Second, the current
at steady-state is typically very small in magnitude. Noise can thus have a significant impact. As the
space on the IUSD is limited, pre-amplification of the signal is not possible. It is for this reason that
an array of disk microelectrodes is used which can be manufactured using a lithographic process.
Parameters which scale the current in steady-state are the radius of the micro-disk and the array size
N; the first has an upper limit of 12.5 pm to maintain proper microelectrode functionality. Thus, the
magnitude of the current, and consequently the power consumption of the DO sensor is determined
by the array size. The equation for the steady-state current for a well-recessed disk microelectrode is
shown in equation 4.6. Here, n is the number of electrons; F Faradays constant; C the concentration;
ro the radius of the electrode; H the height of the recess. The time at which steady-state is reached

for a recessed disk is described by van Rossem et al. and can be calculated using equation 4.7 (171).

L= 4TnFCD7¢ L6

ST 4H +1ry (eq.4.6)
(4H + mry)?

ssT T p (eq.4.7)

By recessing the disk microelectrode in a layer of photoresist, the linear time during which the
Cottrell equation applies is extended due to prolonged one-dimensional diffusion. The transient
current scales with both the area and the number of electrodes in the array which adds a multiplication
factor N to equation 4.1. However, considering the small footprint of the sensor (2 x 4 mm) and
minimum interelectrode spacing, d, required to prevent the overlap of diffusion boundaries (20x ro)
only limited space is available on the sensor die. For sensor Type-C the maximum amount of disks
has been placed on the design with N equal to 8. Depicted in Figure 4.13 is a representation of the
recessed disk array and its diffusion profiles. A simulation model was made to assess the diffusion
within this type of sensor to gain insight into its response, time limits, current magnitudes, and steady-

state conditions. Details of the model are available in Appendix B1.

Cross-section: L-R

3D
WY N7

H 1D

vl o

Figure 4.13 - left) Top view of sensor Type-C with N equal to 5. right) Cross-section L-R showing the diffusion profiles.
Within the recess a one-dimensional profile is observed. At the top of the electrode hemispherical diffusion sets in.
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Figure 4.14.a shows the progression of the oxygen consumption boundary over time when the
concentration at the electrode surface is stepped down rapidly, as is the case during chrono-
amperometric experiments. As depicted, a linear diffusion profile in one-dimension is maintained
until the top of the recess is reached. The time at which this occurs is dependent on the height of the
recess, H. Itis clear that the higher the recess, the longer the one-dimensional diffusion. Figure 4.14.b
shows the progression of the diffusion boundary into the bulk solution at three different time intervals
for a 5 um recess as the percentage of the bulk concentration at a given distance. As time continues,
as shown by the 30 s curve, oxygen is consumed further away from the electrode surface. Calculating
the time for the boundary to reach the top of the recess values of 720, 140 and 6 ms are determined

for H equal to 55, 25 and 5um, respectively; based on equation 4.3.
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Figure 4.14 — a) DO consumption profile within recess upon the application of a reducing potential step at the electrode
surface. Shown are diffusion profiles for different heights of the recess H at 5 ms. b) Progression of the boundary over time
for the 5 um recess presented as the percentage with respect to the bulk concentration. As time is increased more oxygen
is consumed further away from the electrode surface.

Applying the Cottrell equation for a step down to 0 mg L™ at the WE, an estimate of the expected
current magnitude is obtained. Figure 4.15 depicts the transient current plotted versus the reciprocal
of the square root of time for increasing DOC in the bulk solution; a magnitude of 10 is expected at
short times. At t = 10 ms a calibration plot as depicted in Figure 4.16.a is expected. The current
values for a steady-state measurement are shown in Figure 4.16.b, it is clear that very low currents
are to be expected here. This is problematic in a system which has strict limitations on the discrete

components that can be used to amplify the signal and filter noise.
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Figure 4.15 - Simulated Cottrell plot for different DOC when the concentration at WE is stepped down to 0 mg L. Recess
height equal to 5 um; N equals 5.

From the equations and model discussed, three parameters for the measurements are important: the
steady-state time; the Cottrellian time limit i.e. one-dimensional diffusion profile within the recess;
the discrete measurement time for the enhanced current response. The latter is chosen based on the
trade-off between performance and reproducibility of the measurements. The values for three
different recess heights are listed in Table 4.2. The value for the lower limit has been
determined empirically and is discussed in section 4.3 in terms of the experimental results obtained

in this work.
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Figure 4.16 - Simulated calibration plots for (left) 10 ms value of the transient response; right) Steady-state current of a
recessed disk with radius 12.5 pum and an array size of 5.

Table 4.2 - Important time points for the measurement of DO for a given recess height.

tSS tCOtt. tmeasure
5 um 0.53s 6 ms 50 ms
25 um 2.93s 140 ms 50 ms
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55 um 10.20 s 720 ms 50 ms

4.6.2 Dissolved oxygen sensor characterisation

Initial tests of the DO sensor were aimed at determining the functionality of the fabricated sensors.
The performance was assessed both on-wafer prior to scribing, and on individual sensor dies. The
former allowed for proper evaluation of the fabrication protocol, in particular to assess proper
clearance of resist residues within the recesses. The latter to perform the actual measurements on
individual sensor dies to be implemented into the future sensor platform. In order, the following was
established:

1. Assessment of CV shapes and current values conform to theory;
2. Determination of proper measurement potential for transient response;

3. Assessment of the transient response for different DO concentrations.

The on-wafer test have been performed according to the methods described in section 4.5. The results
of a CV taken with a 25 pm recessed electrode (N equals 5) is shown in Figure 4.17. As seen, a
typical CV for oxygen reduction on a microelectrode is observed with its shape explained as follows:

Starting from 0.2 V, as the potential is swept more negatively into the oxygen reduction zone, an
increase in redox current is observed. In accordance with theory, no diffusion limitation sets in i.e.
no peak is observed. It is interesting to note that on these freshly made electrodes two cross-overs
are observed. The first in the negative sweep at -0.46 V, close to the hydrogen adsorption region; the
second on the positive sweep near 0.16 V. This matches the observations by Sosna et al. and the
lower cross-over is considered a finger print for DO measurements on Platinum electrodes

representing the limiting current for the microelectrode array with respect to DO (153).

Comparing the values of the current to the simulated values the same magnitude in current is
observed. Near the steady-state at high DOC i.e. -0.4 to -0.5 V, a current of 6.6 nA is observed; this
is close to the steady-state value from the simulation in Figure 4.16.b, which predicts a value of 6.8
nA at 7 mg L% It is important to note here that, in some cases, the recesses had not properly filled
when starting the measurement. This was noticeable by a reduced current compared to the expected
value. As the recess fills over time, a sudden increase in current can be observed. Only once the CVs
did not change in this manner it was decided that the wafer fabrication was successful. To test the
individual dies, wires were soldered to the contact pads. The on-board CE was used for the
experiments conducted. The contacts were encapsulated in fast-cure epoxy to ensure proper

insulation. A similar process as for the RE was used.
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Figure 4.17: CV of a 25 um recessed disk electrode with an array size of 5 at high and low DOC; High DOC equal to 7.3
mg L. Indicated is the direction of the sweep. Note that there are two cross-overs related to the reduction of DO. The
difference between high and low DOC can clearly be seen. Scan rate equal to 50 mV s; measured versus Ag-AgCl.

Figure 4.18.a shows the results for sensor Type-B with array size equal to 12 and a diameter of £+ 25
pum (variation across wells is common due to height of recess). The presented CVs, were taken at
different points in time during a continuous experiment running from low DOC to high DOC; logged
with the reference YSI probe. It can be seen that unlike the shape discussed in Figure 4.17, a regular
shape, compared to that of a macro-electrode is observed. The cause for this is expected to be the
inter-electrode spacing. In sensor Type-B the spacing equals 100 pm i.e. 8 times the critical radius.
During the sweep the diffusion boundaries of the electrodes will therefore overlap and, instead of

behaving as individual micro-electrodes, the electrodes behave as one.

A second observation which can be made from Figure 4.18.a is the formation of Platinum oxide. As
the sweep extends into the oxide formation region near and beyond 0.2 V vs. Ag-AgCl, a layer of
oxide forms. The reduction of the formed oxide can be seen in the return sweep at -0.05 V vs. Ag-
AgCIl. However, this does not completely remove the formed oxide. Thus, a gradual formation of
Platinum oxide is observed which merges with the oxygen reduction peak observed at -0.3 V vs. Ag-

AgCl in the sweep at 6.5 mg L™. It is clear that there were problems associated with sensor Type-B.

In sensor Type-C, care was taken to define the inter-electrode spacing. Here, d equals approximately
250 pm i.e. 23 times the radius. The resulting CVs at 6.85 mg L™ DOC are presented in Figure 4.18.b;
it is clear that microelectrode behaviour is observed for both array sizes. When factoring in the
difference in array size, good agreement between the expected and measured current value for the

limiting current at the cross-over point is observed.
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Figure 4.18 —a) CVs for sensor Type-B recessed in 55 um TMMF, N = 12 and r0 = 32 um. b) Comparison between sensors
of Type-C1 recessed in 25 um TMMF and 5 um SU-8. N = 8 and 5, respectively. ro= 11 um. Measured in 1x PBS versus
Ag-AgCl.

From the discussed figures in this section, the measurement potential was defined and set just before
the cross-over in the ORR region. Individual sensor dies were tested using CV and chrono-
amperometry prior to long-term tests to define this point. In most cases a potential in the range of -
0.4 to -0.5 V vs. Ag-AgCl was chosen. An added benefit is that the curve shows a shoulder at this
point with a width of around 100 mV. This provides a margin of error caused by fluctuations in the
potential of the RE.

4.6.3 Development of the measurement procedure

In order for the Pt electrodes to maintain proper function during transient measurements it is essential
that surface conditions are kept consistent for each measurements. This is achieved by performing a
conditioning procedure prior to the transient measurement. To investigate this, CVs were ran prior
to the transient measurement. The window of the sweep was varied for each measurement to
determine the upper limit at which oxide formation starts. To ensure no by-products from the sweep
influence the results, and to re-equilibrate the recess with the bulk, a waiting time was incorporated

in the measurement sequence. The wait time is based on the following:

1. Equilibration time of the DOC based on diffusion;

2. Simulation of the diffusion time for the reaction product i.e. hydroxide.

1. A quick estimate for the wait time can be made using the Einstein equation. Which gives the time
for a species to cross a given distance, x in one-dimension. The time to run the CV at the defined
scan rate of 250 mV s™ for the potential window was used to compute the longest wait time. As an
example: for a sweep between +0.4 V and -0.6 V vs Ag-AgCl, at a scan rate of 250 mV s, the
negative potential sweep lasts 4 s. In this time the boundary has progressed by approximately 185

pm according to equation 4.3. Thus, all the oxygen within the recess has been consumed. A wait
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time of 30 s was set between cycles to ensure the concentration inside the recess had equilibrated

with the bulk and can be shortened if an increased sampling rate is required.

Figure 4.19.a shows the results from the conditioning sweeps for a sensor of Type-B in a 25 um
recess made from TMMF, with N equal to 8. The upper vertex potential was swept more positively
each cycle. The entire experiment comprised three cycles; the third cycle for each scan window is
shown. As can be seen from the excerpt of the graph in Figure 4.19.b, a shoulder in the cathodic
sweep starts to appear at vertex potentials exceeding 0.4 V vs. Ag-AgCl. The effect imposed on the
current is of great effect across the oxygen reduction region. Hence, the upper vertex of the
conditioning procedure is not swept beyond this potential and is chosen between 0.2 and 0.4 V vs.
Ag-AgCI. It has to be noted here that it is important that the conditioning procedure ends in the

positive direction; this to ensure the electrode is in an oxide free state.
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Figure 4.19 - Conditioning procedure characterisation for the upper vertex. a) The upper vertex of the potential window is
increased step-wise each cycle. As the potential exceeds 0.4 V an oxide reduction peak related to the removal of formed
Platinumoxide appears; b) Excerpt of the oxide peak and its effect at the potential.

2. During chrono-amperomteric measurements oxygen is consumed at the electrode surface. As
discussed in section 4.3 all mechanisms for the reductions of oxygen are to be expected. To ensure
minimal influence of the hydroxide species a diffusion model was created to determine the optimal
period of rest after the conditioning procedure has been performed. In a worst-case, at maximum
DOC, all of the oxygen is reduced to hydroxide. According to table 4.1 this results in four moles of
hydroxide for each mole of DO. By computing the diffusion boundary length for the 100 ms transient
measurement an estimated boundary distance of 39 um is calculated. It is reasonable to expect that
with the higher diffusivity of hydroxide compared to oxygen the current sample rate allows OH" to

diffuse away.

The complete measurement procedure has almost been fully mapped at this stage. What remains to
be determined is what happens to the measurement cell during the measurement intervals. During

the course of the development of the DO sensor it was found that best results were obtained by

81



keeping the cell in an electrically floating state during periods of inactivity. In literature it has been
reported that the potential can be kept at a constant rest potential. This value is set at the zero-current
x-axis intersect seen in the CVs (153, 172). Here, no current and thus no reduction occurs. However,

there are two issues related to this method.

First, as the stability of the potential at the rest potential is determined by the RE, any instability will
shift the potential, and consequently the rest potential. Although small in magnitude, this can cause
DO to be reduced if the potential drifts in the ORR direction. Since the currents associated with the
microelectrodes are small, this will impact the DO measurement. Second, during assessment of the
conditioning procedure it was found that when a rest potential was used between measurements the
response would reverse i.e. a decrease in current is observed with increasing oxygen. It is highly
likely that this is related to the aforementioned issue with an unwanted reduction of DO. To
summarise this section an overview of the developed measurement procedure is shown in Figure

4.20. This conditioning procedure precedes all data presented next in this chapter.
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Figure 4.20 - The resulting conditioning procedure including the measurement pulse for the transient acquisition. The
procedure consists of a CV sweep for 8 s at 250 mV s-1 scan rate between -0.6 V and 0.4 V ending on the positive sweep
at 0.1 V. Between the conditioning procedure and after the measurement the cell is kept floating. The measurement is taken
at -0.5 V for a 100 ms period.

4.6.4 Dissolved oxygen sensor short-term performance

The short-term tests described in this section were aimed at assessing the response of the sensors to
DO. Figure 4.21 shows the results for sensors of Type-B and Type-C with varying array size and
disk radius. The transient data was acquired by chrono-amperometric measurements at a cathodic
potential of 0.5 V. The PalmSense3 acquires data in this mode of operation after an initial 64 ms
period, thus recording has started from that time onwards. Multiple chrono-amperograms were
obtained at a constant DOC of 6.9 + 0.1 mg L™. A data filter was applied to remove the 50 Hz noise
either using a high pass filter or through curve smoothing using adjacent averaging. Multiple transient
measurements were taken and averaged at each time point. As shown, all sensors show a linear
response for the set time as described by the Cottrell equation, with an increasing current for

increased surface area due to the array size and radius.
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Reasonable accordance with theory is observed when the current values are normalized for their
respective array size and radius, as shown in Figure 4.21 - a) Cottrell plots for sensors of Type-B and
Type-C with arrays and disk sizes indicated in the figure.b. The mismatch in value, although small
in magnitude, is likely caused by inconsistencies in fabrication. Due to the poor resolution of the
acetate mask, jagged edges and dots are observed across the resist layer which increases the surface
area of the individual disk electrodes and total electrode area. Additionally, they influence the shape

of the diffusion profile, as will be discussed further on in this section.
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Figure 4.21 - a) Cottrell plots for sensors of Type-B and Type-C with arrays and disk sizes indicated in the figure. Data
points are an average of 5 transient curves measured at a fixed DOC of 6.85 + 0.1 mg L™, measured in 1x PBS at room
temperature. b) Current normalised with respect to N =1 and ro = 10 pum.

From the obtained transients the charging effects within the system have been determined. By
integrating the Cottrell equation the charge curve is obtained, as shown in Figure 4.22. The data was
fitted using an exponential decay fit i.e. for a capacitive element with R-squared values larger than
0.999 for all three fits. From this, the y-axis intersect was determined, which represents the initial

charge in the system. This charge consists of three components:

1. Double layer capacitance;
2. Electrode polarisation;

3. Adsorbed surface species.

Because of the conditioning procedure applied prior to each measurement the adsorption of species
on the surface is expected to be negligible. Moreover, the measured sensors were newly fabricated
and have not been used prior to the experiments, so any formation of adsorbates on the surface over
time is unlikely. The electrode polarisation will have an effect on the initial charge present in the
system. After the conditioning pulse is applied the system is set to float. It is well known that Pt is a
highly polarisable material with a long decay time. As the conditioning procedure ends in an upward

direction to 0.1 V vs. Ag-AgCl the potential will gradually drift towards the surface potential of Pt
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in 1x PBS. It is likely that some of this residual polarisation is still present when the potential is

stepped down and causes the initial start position to be at a positive charge.

From Figure 4.22.a it can be denoted that the initial charge on the system for the equal sized radii
sensors of 5 and 25 pum match closely, with values of 0.4 and 0.8 nC, respectively. A larger charge,
explained by the increased double-layer at an electrode of larger size, is present on the 55 pum sensor,
and equals 4.2 nC. Figure 4.22.b shows the Anson plot used to establish the diffusion profile within
recess. At short times, a negative deviation indicates a lag in the sourced current by the potentiostat
on the voltage step applied. This is associated with the potentiostat itself, and the uncompensated
solution resistance. As the electrode spacing and current distribution is kept small and even within

the design, this is minimal; neither the first nor the latter is observed.
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Figure 4.22 - a) Chrono-coulommogram for three different recess heights at 6.9 mg L DOC in 1x PBS. The blue line
represents the best fit (R-square > 0.999). The intercept with the y-axis shows the initial charge present in the system. b)
Anson-plot for the chrono-coulommogram. The line indicates the linearity to the point where transition towards
hemispherical diffusion occurs.

The positive deviation at extended time periods can be attributed either to convection in the system
or the transition towards hemispherical diffusion. As the measurements described were taken in a
convection-free system, the first is considered unlikely. Some small convective forces might be
present due to human activity in the laboratory and natural convection due to evaporation, but this is
considered to be minimal in the case of air saturated DOC measurement conditions. Thus, by drawing
a linear fit through the initial part of the Anson plot an estimate on the progression of the diffusion
boundary can be made. Indicated in the Figure 4.22.b is the point (in ms) at which deviation from
the linear graph occurs. The transition in the 5 um recess has occurred well before the time of
measurement and is therefore not fitted. Comparing the values for the 25 um and 55 pum recess to the
values obtained in Table 4.2 a much shorter period of linearity for the 55 um recess is

observed. This is explained by fabrication problems due to the thickness of the photoresist.
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Figure 4.23 depicts a microscope image at 10x magnification of a similar sensor used for the 55 pum
experiments. The image on the left is focused on the top of the recess; the image on the right is
focussed on the bottom of the recess. To maintain perfect one-dimensional diffusion the recess has
to be straight. It is clear from the image that this is not the case. In fact, an average diameter of 34.3
= 1.1 um is observed for the top of the recess and an average of 24.4 + 1.7 um for the bottom. This
is a 10 um deviation through the 55 um recess and indicates a large tapering of the walls. This

tapering results in a quicker transition towards hemispherical diffusion as the opening becomes wider

over time, effectively forming the bulk of the solution at a distance closer than expected.

Figure 4.23 — Top view of sensor Type-B with array size 12, recessed within 55 um TMMF. Focussed on: left) top of
recess; right) bottom of recess. An average diameter of 34.1 + 1.1 um and 24.4 £ 1.7 um is observed, respectively. This
indicates a large tapering at the walls of the recess influencing the one-dimensional diffusion profile.

A second assessment of the double layer capacitance can be made. As described by Huang, the
double layer capacitance, Cq, can be estimated assuming a double-layer capacitance per area for Pt
equal to (20 uF cm™) (172). The addition of a roughness factor of 3 times yields a value of 1.2 nF for
an electrode with N equal to 5 and ro equal to 11 um. This is within the margin determined from the

chrono-coulommetry fit in Figure 4.22 which equals 6.25 nF.

By using the well-defined double layer region in the CVs of microelectrodes an experimental
validation of the Cq has been made. Figure 4.24.a shows the CVs at increasing scan rates for a Pt
electrode with array size equal to 6. No conditioning procedure was performed prior to the
experiment. It can be seen that the double layer increases with increasing scan rate. The slope of the
current versus scan rate is equal to the double layer capacitance as depicted in Figure 4.24.b. Here a

value of 10 nF was determined.
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Figure 4.24 — Experimental validation for double layer capacitance of disk electrode with array size of 6. a) CVs recorded
at different scan rates. Shown is the double layer regime from which the capacitive current is determined. B) Plot of
capacitive current versus scan rate. The slope yields the value for the capacitance (R-squared > 0.98, 50 mV s excluded).
Measurements taken in 1x PBS, deoxygenated with nitrogen gas.

The minimum time for acquisition of the discrete data point, to be used for the DO calibration curves
can be determined using equation 4.9. By determining the 97% charge time with the time constant z,
the minimum wait time after the ORR potential is applied can be determined. For the Pt disk
electrode the resistivity i.e. charge transfer resistance Rcr is given by equation 4.10. With a
conductivity (o) for 1x PBS of 15 mS cm™, Rs equals 15.2 kQ. Thus, 3 1 equals a time of 0.46 ms.

Any discrete data point on the transient beyond this time can be taken.

vV _(E) ;
Igc = RV with T = Rcr Cyp (eq.4.9)
N
1
—=4o0r (eq.4.10)
Rer

Figure 4.25 shows the daily measured response of three DO sensors with varying array size and
recess height. The left column depicts the transient graphs obtained at approximately 10.5 minute
intervals. The right column shows the resulting calibration plots at three different, discrete time
points on the transient. The reference DOC value was obtained with the YSI probe. As can be
concluded from the figures, all sensors respond correctly to increasing DOC: as the concentration
increases an increase in current is observed.
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Figure 4.25 - left column) Transient response curves for three different recess heights and array sizes of 5, 25, 55 pm with
N equal to 5, 8,12 from top to bottom, respectively. A proper response is observed for all samples. right column) Calibration
plot obtained at discrete values with a 0.5 mg L-1 increment for different time points of the transient. Shown is the 95%
confidence band. As the time is pushed further along, the confidence of the fit increases

At the start of the measurement the limitation of the systems setup can be observed. In all cases, the
confidence of the fit decreases at low DOC. Two reasons give rise to this: first, DO is displaced by
flushing the system with nitrogen gas. The residual convection at the start of the measurement from
the nitrogen flush causes inaccuracies in current and registered DO values by the YSI probe at these

initial measurement points; compared to the non-convective system at prolonged times. Second, both
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the optical probe and the electrochemical sensor are least accurate at low DOC. Any residual nitrogen
gas or DO on the surface of the membrane, surface of the electrode, or surface of the vessel will have
a larger contribution on the error at low than at high DOC. It is also clear that, as the discrete time
point at which the data point is taken is moved along the transient, a higher confidence of the fit is
observed. Due to the nature of the transient, in which a large initial current is observed upon
application of the potential step, any inconsistencies will be amplified. At later times i.e. towards the

end of the curvature, a more stable state has been reached.

Comparing the results based on the height of the recess, it can be noted that the current values for a
25 pm recess are larger compared to the 55 and 5 um heights. A problem in fabrication was shown
to be the error. Over time, delamination of the TMMF insulator on the Platinum occurred. This causes
an increase in current over time as more area of the Pt, in particular the parts at the contact pads gets
exposed. Comparing the 5 pum recess versus the 55 um, an overall better fit for the shallow recess is
observed. Interestingly, the 55 pum recess shows a better fit at shorter time scales. This is most likely
caused by the tapered geometry. From these results it was decided that the 5 um recess i.e. shallow
wells are to be used. It was further decided that the discrete time point should be taken at 50 ms, as
determined in Table 4.2.

4.6.5 Long-term dissolved oxygen measurements

After the DO sensors were assessed on their short-term behaviour long-term measurements were
performed. Due to issues in the fabrication, the TMMF based sensors could not be used for this
purpose. Progress has been made on improving the fabrication and is discussed in more detail in this
section. For the initial long-term measurements discussed next, only sensors of Type-C made with 5

pum SU-8 were used.

The steady-state response, repeated over the course of three different days is shown in Figure 4.26.a.
The theoretical steady-state current response expected for a sensor of this type is indicated in the
plot. As can be seen a good reproducibility is observed in the mid-DOC range. Overall, a lower
response with regards to DO is observed for the sensors, compared to the theoretical value. From the
steady-state current measurements the stoichiometry of the electrons was determined using equation
4.6. On average, n equals 2.6 £ 1 indicating an incomplete electron transfer process. This observation
is not uncommon and has been reported by Sosna et al. (153). However, compared to their findings,
the number of electrons in this study appears to be lower. The trend shows that there is an increased

number of electrons transferred as the DOC increases, as shown in Figure 4.26.b.
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Figure 4.26 - a) Four day assessment of the steady-state current for sensor Type-C with an array size of 5 and compared
to the theoretical steady-state current. Value taken as the average of the 28-29 seconds at 0.5 ms sampling rate. b) Calculated
number of electrons at a given DOC.

The long-term response based on the transient measurement of DOC is shown in Figure 4.27. As a

reference, the data is plotted as an absolute current value with the optical probe reading as a reference

DOC. What can be noted from the figure is that as time progresses, a gradual drift is observed during

the continuous measurements. This is likely related to the increase in electron transfer observed in

the steady-state measurement and could be related to changes on the electrode surface over time. In

fact, it is not unlikely that during the continuous conditioning the Platinum roughens and increases

in surface area or contaminants on the surface, left over from fabrication, are removed. As explained

in section 4.4.1, the removal of oxide from the Pt lattice produces vacancies.
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Figure 4.27 - DO measurement for a sensor of Type-C with an array size of 8. Measurements taken as discrete values at
50 ms of the transient response. The recorded DO values with the YSI probe are shown as a reference. A gradual drift in
current is observed over the course of three days.
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A more stringent problem was that in none of the cases could the life-time of the DO sensor be
extended beyond a few days of consecutive measurements. During repeated measurements increases
in current values beyond the pLA scale were observed; this should be impossible as theory predicts a
100 nA current range. Interestingly, when measurements were taken at weekly intervals, the increase
in current is not as drastic as seen before. Figure 4.28.a and .c show the long-term data taken over
the course of three weeks for two different DO sensors using SU-8 as an insulator. Between
measurements the sensors were stored in 1x PBS solution. Figure 4.28.b and d show the absolute
error based on a linear calibration fit performed on the data from week one over the range of interest
for intra-uterine DO sensing. As can be seen the error equals 0.8 + 0.24 and 0.52 + 0.2 mg L™ for the

top and bottom graphs, respectively.
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Figure 4.28 - Long term measurements for two DO sensors Type-C with an array size of 8. Figures (a) and (c) show the
weekly measurements for the duration of three weeks. In between measurements sensors were kept in 1x PBS. Figures (b)
and (d) show the relative error for the DOC based on the calibration plot from week 1. An average error of 0.8 + 0.24 and
0.52 + 0.2 mg L-* for S1 and S2 is observed, respectively.
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Despite the error, the experiment showed that there has to be a relationship between the measurement
method and the observed increase in current. If the cause was regular delamination in solution, a
current increase should still be observed due to storage conditions. However, optical inspection using
a microscope provided no evidence of water ingress or delamination of the insulator. It was not until
a long-term test was ran, exceeding four weeks, that an important observation was made: prolonged
measurements cause degradation and lift-off of the insulator; in particular around the recessed disk.

The image from which this find resulted is shown in Figure 4.29.

Figure 4.29 clearly shows that there is an effect over time on the photoresist. A clear distinguishable
circular ring is seen around each of the recessed disk electrodes. Second, patches which resemble
cracks are seen at regular intervals across the ring. It was hypothesised that the effect is caused by
reaction products generated within the recesses. The products cause delamination and induce stress
across the entire ring. A series of experiments were conducted with a wide variety of materials. The

wafers types used consisted of:

1. Platinum with Silicon dioxide and SU-8;
2. Platinum with Silicon dioxide;
3. Titanium with SU-8.

As stated, the reaction products that can be expected to have an effect are: hydroxide and hydrogen
peroxide. In order to mimic the prolonged measurement conditions sensors were exposed to anodic
and cathodic currents for 30 to 60 s using chrono-potentiometry with fixed currents up to 10 pA.
additionally, samples were immersed in solutions containing the reactant. It was found that hydroxide
had no effect on the electrode surface so its effect was discarded. However, when samples were

exposed to hydrogen peroxide (30% v/v) overnight the results in Figure 4.30 were obtained.

Cracking on DO ring
Lift-off around disk

Figure 4.29 — Microscope image of SU-8 on SiO2z on a Pt DO sensor immersed and measured continuously for 4 weeks.
Measured in 1x PBS at room temperature at hourly intervals. A clear pattern of cracks has appeared around the Platinum
ring. A lift-off of the insulator around the recessed disks can also be seen. left) bright field image; right) phase contrast
image.
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Exposure to peroxide Chrono-potentiometry

Figure 4.30 — Effect of reaction products on insulator adhesion. left) Sensors exposed to peroxide (30% v/v) overnight at
room temperature. right) Sensor exposed to fixed negative current using chrono-potentiometry. Current sustained for 30 to
60 s. top to bottom) SU-8 on SiO2 on Platinum electrodes; SiO2 on platinum electrodes; SU-8 on Titanium electrodes.
Similar effects are observed in all cases consisting of rainbow patterned fringes for the SU-8 with SiOz; circular fringing
and delamination of the SiOz2; note that pinholes within the deposited SiO2 are clearly visible. Circular patterns around the
recessed disks for SU-8 on Ti; note that the peroxide oxidises the Ti. This effect is also seen by the yellow colour of the
disk electrode within the recess.

When comparing the sensors exposed to hydrogen peroxide with the sensor subjected to a negative
current, high similarity between the two is observed. The SU-8 on SiO, shows a distinct rainbow
coloured fringing at places where the peroxide has penetrated the insulator. The same colour pattern

is seen with the sensor subjected to the negative current. A similar observation was made for the SiO-
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insulator. Here, fringing occurs at places where pinholes allow the peroxide to reach the Platinum
surface. When the current is applied a complete destruction of the SiO; is noted at the pinholes and
at the recessed disks. The sensor containing titanium shows a distinct ring around the recess in both
cases. Additionally, oxidation of the Titanium is noted also during the chrono-potentiometry,

noticeable by the colour of the electrode surface.

From these observations it is has been established that catylisation of the peroxide, which forms
oxygen gas, is likely delaminating the insulator from the electrode surface. A similar situation is
observed during the application of current. However, during this procedure hydrogen gas is produced
at the Platinum electrode. It is possible that during the conditioning procedure in which the potential
is swept to potentials of -0.6 V, into the hydrogen region, hydrogen gas is produced causing this lift-
off. However the incomplete electron transfer in Figure 4.26, could also indicate the formation and

catylisation of peroxide.

Although it cannot be ruled out entirely, it seems unlikely that the production of hydrogen gas is
enough to cause this delamination. Mainly because the potential is only slightly and briefly stepped
into the hydrogen region. In contrast, oxygen is reduced continuously throughout the sweep,
generating peroxide in the process. In any case, a solution to this problem has to be found in order to
create a long-term operable DO sensor. The only material which did not show any effect when

exposed to hydrogen peroxide or subjected to negative currents, was Parylene-C

A long-term experiment was conducted with Parylene-C on SiOg, the latter to improve adhesion. The
results are listed in Figure 4.31.a. Indicated is the 0.5 mg L™ error band. In order to reduce potential
effects from the CP, the CV sweep was replaced with a pulsed CP consisting of 6 pulses of 100 ms.

The rest of the CP was kept the same.

Two things can be noted. First, the sensitivity for the initial two days is lower than expected. The
cause for this might lie in contamination of the electrode on the surface after fabrication or the
conditioning of the electrode over time. After two days the repeatability is improved. Second, after
8 days a drastic increase in current is again observed. Optical inspection showed no effect of
delamination, but from the previous experiments this has been shown to be an inaccurate assessment.
It is assumable that delamination over time has occurred again during the continuous measurements
limiting its life-time to a week. Figure 4.31.b depicts the comparison in DOC using the calibration
curve obtained during the course of the third day. It can clearly be seen that readings below 1 mg L~
L are inaccurate and this value of DOC has to be considered as the lowest detectable limit of this type

of DO sensor.
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Figure 4.31 — Long-term DO measurement for sensor Type-C with Parylene-C on SiOz2 as insulating material. Array size
equals 8 and recess height equals 2 um. a) Plot of the error compared to the YSI probe reading. Indicated is the 0.5 mg L
error band. b) Excerpt of the long-term experiment from day 2 to 8. The calibration curve obtained from week 3 was used
to compute the sensor DO reading.

The results shown in this work raise the question as to whether or not the use of recessed
microelectrodes, in particular when microfabricated, can yield the desired performance over the
aimed measurement period of 30 days. Unlike the results presented by Sosna et al., in which disks
microelectrodes were encapsulated in glass capillaries, the microfabrication indicates a variety of
issues with respect to life-time (153). Similar fabrication issues have also been reported by van

Rossem et al. with maximum measurement times in the same order as observed in this work (171).

The work by Huang claimed long-term performance exceeding 20 days, but reference readings from
commercial DO probes are lacking. Additionally, they also observed an increase in DO current,
which in the presented data, occurred to the extreme at day 4 (172). Looking at these reports and on
the data obtained in this work an alternative method of DO measurement has to be developed in order
to meet the biological requirements. A great benefit would be the removal of the recess defining
structures. This could be achieved by using a ring-shaped microelectrode. Although the current
attenuation is lost due to quick transfer from one- to three-dimensional diffusion, it is expected that

the life-time can be extended. Alternatives are proposed in the future work in Chapter 7.

4.7 Summary

This chapter discussed the development of a miniature DO sensor for an IUSD. To meet the low-
power requirements posed by the IUSD, arrays of disk microelectrodes were chosen as the WE. To
attenuate the redox current associated with the reduction of oxygen on Pt, the disks were recessed in
a photoresist. This extends the time of one-dimensional and increases the current as predicted by the
Cottrell equation. The sensors were characterised based on short- and long-term performance. A

simulation model was used as a reference for the experimentally obtained current magnitudes. A
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conditioning procedure to maintain equal surface conditions between measurements was developed

and optimised.

The results from the short-term experiments showed good agreement with the predicted current range
as per Cottrell equation. For increasing array size and increased recess height a larger current
magnitude was observed. It was found that as the recess height increased, the confidence of the linear
regression fit with respect to DOC dropped. This was most likely caused by inconsistencies in
fabrication. Especially in the case of a 55 pm recess, tapering of the sidewalls was observed.

During long-term measurements it was found that the life-time of the sensor could not be extended
beyond 3 days. Interestingly, if measurements were taken on a weekly basis i.e. one day per week,
failure was not observed. This led to the conclusion that the continuous measurement of DO must
have an effect on the insulator. This was confirmed after a long-term test exceeding four week, where
optical inspection showed fringing and cracking of the photoresist around the disk electrodes. It was
hypothesised that the reaction products could have an effect on the insulators adhesion. Experiments

were setup with a variety of recess materials to investigate the cause.

The experimental data showed that hydrogen peroxide, most likely, is catalysed on Pt areas through
pinholes and defects, forming oxygen gas in the process. Chrono-potentiometric experiments showed
similar effects under the influence of hydrogen gas. The only material which did not show any
delamination was Parylene-C, so a long-term experiment was conducted. Although the life-time was
extended, it seemed unlikely that these type of electrodes would last for the required measurement
period. Although short-term monitoring of DOC is possible, a recalibration would be required to

compensate for the drift due to increased surface area.
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Chapter 5 -pH sensor development

As stated in Chapter 1, it is expected that the pH range of interest within the uterus lies between pH
6 and pH 8. This chapter discusses the background and theory of pH sensing; material and methods;
and the results and discussion of the developed pH sensors. The main requirement for the pH sensor
is to maintain a stable and accurate response whilst maintaining the biological relevancy throughout
the course of the measurement period i.e. 30 days. The sensors are assessed against this criteria using
the key sensor characteristics outlined in Chapter 1 which are: accuracy of 0.2 pH, long-term drift of
less than 0.1 pH day™.

5.1 Background and theory on pH sensing

The acidity and alkalinity of solutions has been of great interest throughout history. Even before its
mechanism was defined by Arrhenius in 1889, great names in the field of chemistry had investigated
and proposed theories for the mechanism. As defined by Arrhenius®: the acidic behaviour is
determined by the ability of the substance to interact with hydronium (hydrogen ion) and hydroxide.

In simple terms, an acid is a substance capable of donating a proton.

Figure 5.1 shows a timeline for developments in the field of pH sensing. Sgrensen in 1909, introduced
the concept of representing the concentration of the hydronium ion as the negative log of the
concentration resulting in the definition of pH as it is known today (173, 174). With electrical
measurements within chemistry taking the fore-front in the early twentieth-century, the first glass pH
probe was introduced by Haber and Klemensiewicz. Here, a glass membrane, sensitive to the
hydrogen ion, was used to determine the hydrogen ion concentration within agueous solutions.

However, it was a non-practical device due to its large size and lack of portability (175).

Sarenson: introduces pH

Nernst Hasselbalch Kollinski 1950
1

—0

Beckman

Metal-oxides

Danneel Hendersson

Present
day

Arrhenius: defines acid Haber and Klemensiewicz: Bergveld: invention of the ion-
and base in aqueous invention of glass pH probe sensitive field effect transistor
solutions

Figure 5.1 - Timeline showing the major development in the field of pH and pH sensing.

5 Modified from hydrogen ion to hydronium ion as the hydrogen ion instantly forms hydronium in aqueous solutions.
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5.1.1 The glass pH electrode

In 1935, Beckham extended the earlier work, and developed a portable, glass pH meter (176). As can
be denoted from Figure 5.2, the glass pH meter consists of a two-electrode cell. The first electrode
is located in a known buffer solution of known molarity. The second electrode, the RE, is situated in
a filling solution of saturated KCI. The potential between the inner-electrode and the RE is monitored

under the interaction of hydronium with the glass membrane’s hydrated gel.

Reference electrode Sensing electrode .E—m.

ntemal solution Constant pH '/ Acidic outer pH

Filling solution /

Glass body %

|

|

%

.

Hydrated gel %

Junction ’ : %

Pl Glass %

Glass membrane — "~ ~*
Figure 5.2 — Illustration of a glass pH electrode. The electrode consists of a glass body in which two electrodes are

positioned. The sensing electrode is situated in a solution of known pH. The second electrode serves as the RE. A glass
membrane with a hydrated gel responds to hydronium within the analyte establishing a potential difference across the
membrane through an ion exchange reaction. The potential difference is measured as the potential at the sensing electrode
and the RE.

Kolinski was the first to connect the ion exchange theorem as the underlying principle of this form
of pH sensing (176). In general, hydronium interacts with the silicate matrix of the glass membrane
and exchanges a metal ion, most commonly sodium or lithium. In acidic media this results in a
positive charge at the outer membrane. The same applies for the inner membrane, which is kept at a
constant pH. Thus an equilibrium reaction exists which is similar to the Nernst equation for the
concentration of hydronium as shown in equation 5.1. Here, E represents the potential; E° the formal
potential; R the gas constant; T the absolute temperature; F the Faraday constant; n the number of

electrons; [H3O*] the concentration of hydronium.
RT
E = E° 42303 (n—F) log([H307]) (eq.5.1.)

The correct definition of this type of response as ‘Nernstian’ is debatable and is claimed part of a
‘Nernst hiatus’, in which the term is incorrectly associated with changes in pH. It is debatable as to
whether this type of potential response can be called a Nernstian potential, as linearity for a glass
electrode is not maintained across the complete logarithmic scale (177). Rather a general slope term
should be used, related to the Boltzmann equation. In any case, it has become convention to refer to
a pH response as Nernstian when the slope equals that of the Nernst factor of -59 mV pH™ at T = 297

K; this convention is maintained in this work.
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Glass electrodes can still be considered an impressive sensing tool, with an unmatched reliability and
performance. However, it has clear limitations regarding its usability in miniaturised sensing
systems. Firstly, it is sensitive to the following errors: dehydration, ageing and temperature effects
(151). Therefore, prior to measurement, glass pH probes have to be calibrated and stored in solution
(178, 179). Secondly, the glass membrane is sensitive to sodium error at high pH. Here, the amount
of hydronium is minimum. As a metal ion is exchanged from the lattice competing ions in solution
such as sodium can also be exchanged. Thus, at high pH, the glass probe could measure sodium
rather than hydronium. Thirdly, and specific to the application described in this work, its large size

and fragility make the glass pH probe unsuitable for use as an in vivo sensor.

5.1.2 lon sensitive field effect transistors

Efforts have been made to use smaller, ion sensitive alternatives that are compatible with
conventional microfabrication processes. The first break-through occurred in the nineteen-seventies
in the form of the ISFET. As depicted in Figure 5.3, an ISFET is a field effect transistor in which the
gate contact has been removed; exposing a pH sensitive oxide layer. The gate contact is replaced by

a liquid bulk which interacts with the gate-oxide to establish an equilibrium potential (180, 181).

Gate/RE

pH sensitive gate-oxide
Insulation \

Doped well

Channel

Figure 5.3 — Cross-section of an ion-sensitive field effect transistor. The transistor consists of doped wells in Silicon which
create the drain and source contact and form the channel similar to conventional FETs. The gate-oxide is exposed and made
of a pH sensitive material. As ions interact with the exposed gate-oxide the channel conductance is altered. A liquid gate
in the form of a RE is placed in the same analyte.

Bergveld, in a 2003 conference paper, showed how the surface potential of the ISFET changes with
pH. The change (dy opH™) is given by equation 5.2 (182). In essence, the interaction between bulk
and gate-oxide changes the conductance of the channel and influences the threshold voltage. In
equation 5.2, a is defined as the sensitivity factor, defined by equation 5.3. Note that Cg is the double
layer capacitance at the interface; k is the Boltzmann constant; q is the charge, and f the buffer
capacity of the gate-oxide. The latter is dependent on the material. To obtain a Nernstian response
its value should equal unity. However, in most cases, its value is smaller than unity, resulting in a

sub-Nernstian response typical for ISFETs. Materials used, in order of buffer capacity (low to high)
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are: Silicon dioxide (SiO2), Silicon nitride (SisN.), Aluminium oxide (Al.O3) and Tantalum
pentoxide (Ta,0s) (183, 184).

As for conventional glass pH probes and electrochemical sensors, a RE is still required to ensure
changes in the potential are solely related to changes in surface events. This gives rise to the same
limitation with respect to RE performance. Efforts have been made to incorporate a reference field
effect transistor (REFET) manufactured during the same fabrication process. Here, the exposed gate
is covered by an ion-insensitive membrane to provide a stable reference potential. Any changes in
the solution pH will, in principle, only effect the ISFET and leave the REFET unaltered. Through
differential electronic read-out the resulting potential difference can be related to the pH value.

However, obtaining a completely ion-insensitive REFET has proven to be difficult (185).

W _ 3k 5.2
SpH -~ 237 a (eq.5.2)
(2.3kTCDL . 1)‘1 (eq.5.3)
a=\|\—5— eq. o.
q°p 1

Since their development ISFETs have been commercialised as a non-glass alternative. Their
rigidness and safety compared to glass, and their non-susceptibility to dehydration make them more
suitable for industrial and in-field applications (184). However, there are disadvantages. For instance,
they exhibit a slow response, suffer from extreme long-term drift during continuous measurements
and can be sensitive to light (179, 186). More importantly, the power consumption of an ISFET is an
issue for an implantable system operating under power constraints. To be able to measure the change

in channel conductance, a constant bias current is required.

5.1.3 Metal oxide based pH sensing

Metal-metal oxide pH sensors are considered to be the most promising type of electrodes for
miniaturised pH sensors. It is difficult to pin down when their use for pH sensing was discovered but
it is clear that the development of the ISFET has led to an increased interest (182, 184, 187, 188).
Their measurement principle relies on the quasi reversible redox couple between two oxide states,
which encompasses an electron transfer under the influence of incoming protons. When immersed
in an aqueous solution, the pH sensitive metal oxides forms insoluble hydroxide groups. This
formation allows for proton hopping to occur by exchanging protons between the hydroxylated sites

and the solution. An illustration of this mechanism is presented in Figure 5.4.

The surface potential is defined by the Nernst-equation as shown in equation 5.4. Here, E® represents
the formal potential, defined by the material (as discussed later in this work). Over the past decades,

numerous materials have been investigated for use in pH sensing applications. Materials include
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oxides of: Antimony (Sb203), Platinum (PtO.), Rubidium (RuO2), Titanium (TiO2), Iridium (IrOy),
Palladium (PdOy) (184). Of particular interest for this study is IrOx. This in fact is a metal oxide-
metal oxide based system, in which the response is determined by the redox equilibrium reaction

occurring between the two different oxidation states.

Bulk Hydronium

Q@ ¢ @ @[ J@ S

05052 =3s3:3= 1813
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Figure 5.4 - lllustration of the proton exchange mechanism of the metal-metal oxide surface under the influence of pH. left
to right) When immersed in an aqueous solution the metal-metal oxide forms hydroxy! groups through the chemisorption
of water. The hydronium within the solution exchanges protons with the hydroxylated sites. In turn, the hydroxylated sites
can exchange protons with the analyte. The process continues until an equilibrium is reached

E = EY 423031 ([H:07])  (eq.5.4)
. nF g 3 q.o.

Since their introduction mid twentieth century, Ir and its oxides have gained an increasing amount
of attention for their use in electrochemical studies and application in pH sensing (189-191). The
IrOx pH sensor holds the following advantages: a linear response, low temperature coefficient,
applicable in harsh environments, low impedance and low interference from competing ions (184,
191). Its simplicity of fabrication and biocompatibility make it a promising candidate for in vivo
biomedical studies. Though all these efforts have shown promising results, the underlying pH sensing
mechanism is of a complex nature and still poorly understood. Furthermore, studies that make claims
on long-term stability and accuracy are highly suspect. This work aims to properly assess the IrOx

with well defined, long-term data.

The equilibrium reaction is reliant on the electron exchange reactions, as listed by Pourbaix, and
shown in equation 5.5 - 5.7 (192). As shown, the reactions involve the Ir** and Ir** oxidation states.
The Ir** oxide states are responsible for the adsorption of hydroxide from the solution through the
dissociative adsorption of water. The resulting hydrated Iridium oxide is responsible for the pH

sensitive properties, defined by equation 5.8.

Ir,05 + 6H* + 6e~ 2 2Ir + 3H,0 (eq.5.5.)
IrO, + 4H* + 4e~ 2 Ir + 2H,0 (eq.5.6.)
2Ir0, + 2H* + 2e~ 2 Ir,05 + H,0 (eq.5.7.)
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2[Ir0,(0H)5_, 2+ x) - H,0]1%®" + (3—2x)HT +2e~ 2
[17'203(01'1)3 - 3H20] + 3H20 (eq. 5.8)

As can be seen, a redox system consisting of the Ir** and Ir*" is present. To cite Hitchman and

Ramanathan in their 1989 paper on the pH dependence of hydrous Iridium oxide films:

“An increase in the number of Ir(1V) oxide sites will lead to a greater density of Lewis acid centres,
which, in turn will lead to a greater OH adsorption and so enhance the proton exchange capability
of the oxide surface. ’(191)

Note the Lewis acid centre takes the form of the first term in equation 5.8. More generally, this
means that the amount of Ir** will determine the response of the fabricated sensor. The amount is
influenced by the deposition method and can be influenced through electrode conditioning in dilute

acids.

Reviewing the Nernst-equation, two factors would influence the stability of the pH sensor: sensitivity
and formal potential. For a long term implantable system the potential needs to remain stable at fixed
pH. Based on the redox reactions of the system previously described, the resulting potential from the
IrOx sensor can be rewritten in terms of the amount of the redox active species and the pH, as shown
in equation 5.10. Note that E° represents the standard potential for the IrO reaction. From here it
can be noted that the complete formal potential consists of another Nernst factor related to the ratio
of the Ir¥* and Ir** oxides. In fact, most of the current issues related to IrOx sensors are due to drift of
this formal potential, drifts as high as 104 mV have previously been reported (189). Thus, during the
development of an implantable pH sensor, both sensitivity and formal potential stability need to be
assessed. It should also be noted that a differential measurement versus a RE is required. As such,

the same limitations as discussed in Chapter 3 apply.

E = E0+2303RTl fr 2303RT H 5.10
= . F 09\ 3+ . 7P (eq.5.10.)

5.1.4 Formation of Iridium oxide pH sensitive layers
Deposition and formation of 1rOx on several metal surfaces is possible. Hitherto, a wide variety of

fabrication methods exist each with their own advantages. Methods include:

1. Thermal oxidation of Iridium at high temperatures;
2. Electrochemical formation of IrOythrough cyclic voltammetry;

3. Sol-gel deposition through deposition from Ir,Cl4 suspensions.
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1. Thermally prepared IrOx can be formed on solid Iridium wires. By thermally oxidizing the Iridium
metal at high temperatures an anhydrous layer of IrOy is formed. Typically, near-Nernstian responses
are obtained (193).

2. Of the aforementioned, the electrochemical formation of Iridium oxide has been studied
extensively. One of its advantages is the resulting super-Nernstian response. During the cycling of
the deposition potential using CV in dilute sulphuric acid (H.SO.), consecutive layers of hydrated
oxy-hydrates are deposited (189, 191, 194). The oxide can either be formed directly on an iridium
metal base or on a metal surface using a solution of Ir,Cls in oxalic acid; as described by Yamanaka
(195).

3. Sol-gel deposition has recently been developed. Its advantage lies in ease of fabrication.
Deposition of 1rOy is achieved through droplet deposition or spin-coating of an Ir,Cl, acetate (sol-
gel) solution on a metal substrate. The substrate is heated to temperatures between 300 — 400 °C,
effectively burning of the acetate and leaving behind a film of Iridium. The Iridium film is then
further oxidized into an anhydrous Iridium oxide film. Because there is little to no control over the
type of oxide formed, responses can vary; typically a sub- to Nernstian response is achieved (196,
197).

To summarize, the state-of the art for IrOx pH sensing, as shown in Table 5.1, is assessed with a
focus on recent developments in the field. Listed are the method of deposition, sensitivities and life-

times.

Table 5.1 — State of the art for IrOx pH sensors.

Deposition Sensitivity Life-time
C.Nguyen (197) Sol-gel 52-57 mV pH* 30 days
J. Chu (198) Electrochemical 74.0 mV pH?! 7 days
L.Kuo (199) Sputtering 59.5 mV pH* 1 day
X.Huang (200) Sputtering 58.7 mV pH* NA
W.Huang (196) Sol-gel 51.2 mV pH* NA
S.Carroll (201) Electrochemical 66.0 mV pH* 16 days
M.Wang (193) Thermal 58.4 mV pH* 1.5 years

5.2 Materials and methods

For the development of the IrOx pH sensor two different methods of fabrication were investigated:
thermal Iridium oxide films (TIROF); electrodeposited Iridium oxide films (EIROF). Both methods
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rely on a deposition solution proposed by Yamanaka in which a hydrate of Iridium-tetrachloride is

dissolved in an acidic solution (195).

5.2.1 Iridium oxide formation

For the TIROF, sensors of Type-A were used. A lift-off process employing multi- or single-layer
TMMF was developed. The deposition solution was prepared by dissolving 0.5 g of iridium-
tetrachloride into a mixture of DI water, ethanol and acetic acid (10% v/v). The solution was stirred
for 24 hours and stored in the fridge. Before use, the solution was stirred for at least one hour.
Formation of the TIROF was achieved by deposition of droplets (10 - 20 pL) of the solution on top
of the sensor die. The droplet was allowed to evaporate and deposition was repeated four times, after
which the sensor dies were transferred to a hot-plate. The repeated deposition of droplets is required

to achieve proper coverage within the TMMF structure used for defining the sensing area.

The hot plate was set to a temperature of 305 + 5 °C; starting from room temperature. The sensors
were left on the hot plate for 3.5 - 4 hours (optimised). Because of the variation between deposited
droplets it is advisable that, starting from 3.5 hours, sensor samples are checked under the microscope
to see if the IrO, has formed properly. If the time is exceeded, cracking of the layer and peeling of
the 1rOy is observed; resulting in destruction of the sensing layer. An overview of the deposition

process is shown in Figure 5.5

Droplet deposition ax Evaporation
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= Glass [ = IrCl, solution [ = TMMF
=Platinum [ = TIROF I - Heated TMMF

Lift-off TIROF sensor

Figure 5.5 - Overview of the TIROF deposition and formation process using TMMF for lift-off. A droplet of the sol-gel
solution is deposited in repeated cycles. The covered sensor die is transferred to a hot plate and left to oxidise for 3.5 to 4
hours. During this time the TMMF turns black and can be lifted off the surface. The result is a Pt electrode coated with and
Iridium oxide film.

For the EIROF deposition sensors of Type-C were used. A deposition solution was prepared as
follows: 0.5 g of Iridium tertrachloride was added to 100 mL of DI water and left to stir for thirty

minutes. Next, 10 mL of hydrogen peroxide (30% v/v) was added and left to stir for 10 minutes.
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Third, 0.5 g of oxalic acid dehydrate was added and the solution was left to stir for another 10
minutes. The pH of the solution was measured using a glass pH probe. Potassium-carbonate was
added gradually to increase the pH to 10.5. The solution was left to stir at room temperature until the

solution turned violet in colour. The solution was aliquoted and stored at 7 °C.

For electrochemical deposition a PalmSense3 potentiostat was used. Deposition was performed by
means of CV. The potential of the WE is swept repeatedly, for 125 cycles, between +0.2 and +0.7 V
vs. Ag-AgCl (3 M KCI) with a scan rate of 50 mV s™. Sensors were prepared and used immediately
after fabrication. The EIROF deposition can be preceded by an additional gold layer. This promotes
adhesion of the film, as will be discussed in section 5.3.4. For the deposition, gold bath plating
solution from Spa Plating Ltd. was used. A PalmSense3 potentiostat running in chronopotentiometry
mode was used for deposition. Gold was deposited for 5 minutes at -10 mA cm™ current density (not

optimised).

5.2.2 Calibration procedure

Calibration of the sensors was performed using commercial pH buffers. At the least, three different
pH buffers of pH 4, 6, 7, 9 and 10 (Reagecon) were used for the calibrations with an error of 0.01
pH. Prior to measurement, buffers were checked using a calibrated Hannah Instruments glass pH
probe with an accuracy of 0.05 pH, indicated as the x-error. Over the course of this work the

systematic error, related to the calibration has been improved upon due to experience.

Open circuit potential measurements of the fabricated sensors versus commercial Ag-AgCl
electrodes were performed using a Phidget interface board with a 1.5 TQ input impedance and a
minimum resolution of 1 mV which approximates to 0.02 pH. Electrodes were submersed in each
buffer solution for at least half an hour in order to obtain a stable reading. Data analysis was
performed using Origin. To obtain the calibration curve, the measured open circuit potential (OCP)
was plotted versus the pH of the buffer solution. A linear regression fit was performed with a cut-off
for the R-squared value below 0.98. The fit was performed on the average of the final, stable, part of

the OCP measurement.

5.2.3 Long term measurement procedure

Long-term measurements were performed versus a commercial Ag-AgCl reference electrode in order
to map the behaviour of the pH sensors. A Phidget pH/ORP interface board was used to measure the
OCP. It was found highly important that the sensor contacts were encapsulated within large amounts
of epoxy. To achieve this, a Pasteur pipette was slid across the sensor contacts and filled with fast-
cure epoxy, similar to the method described in Chapter 3. By encapsulating the contact in a thick

epoxy, device failure due to water absorption is kept to a minimum.
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For the temperature controlled experiments, a temperature bath was used. Sensors were placed in a
vessel containing 1x PBS with a PT100 thermistor; temperature was logged at 30 minute intervals.
During the course of the long-term measurements, the 1x PBS solution was replenished with DI
water to compensate for evaporation. Weekly measurements of the pH within the vessel were
performed with a commercial pH probe. An overview of the long-term measurement setup is shown

in Figure 5.6.

Temperature Logger

V- RE connection

Reference Electrode r— V+ Channel 0

V+ Channel 1

Temperature Probe
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Beaker 1xPBS L

Temperature bath

Figure 5.6 — Overview of the long-term pH measurement set-up in a temperature bath. The beaker contains the solution
and the 1IrOx pH sensors. The potential is monitored versus a commercial Ag-AgCl RE. A temperature probe is used to log
the temperature within the beaker.

5.3 Results and discussion

This section covers the results and discussion for the IrOx pH sensors. The performance of the TIROF
and EIROF is discussed separately. A comparative summary between the different fabrication
methods is obtained in this manner, in accordance with the criteria listed in Chapter 1. A comparison

of performance to the literature is given, based on the experimental results.

5.3.1 Thermal Iridium oxide film sensor characterisation

The IrOy is formed by the thermal treatment of the 1rCl, solution deposited on top of the Platinum
electrodes. During this process the acetate within the solution is burned off and the solid Iridium left
behind; the Iridium is oxidised over the next hours. The time for the thermal treatment has been found
to be important for the structural integrity and adhesion. The layer forms over time, indicated by the
appearance of a blue-orange layer on top of the electrodes. It has been found that if the sensors are
exposed to the elevated temperature for too long, cracking of the layer occurs due to induced stress
within the film. For the lift-off process, the optimal time was found through trial-and-error and

determined to be between 3.5 to 4 hours.
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The thermal lift-off is a dirty process, during which the TMMF turns black. Additionally, deposition
is performed by placing droplets on top of the entire sensor device for four cycles. As the acetate is
burned off, shards of IrO are left across and around the edges of the photoresist walls, as shown in
Figure 5.7.a. The shards can be cleared off easily through sonication in DI water and the result is a
clean sensor as shown in Figure 5.7.b. One issue was that due to the height of the resist pattern which
defined the pH electrode, edges of the Platinum were left uncovered, as shown in Figure 5.7.c. This

has not been found to adversely affect the performance of the IrOx sensor.

TMMF with IrOx

Defining channel

TIROF on Pt

Exposed Pt

Figure 5.7 - Thermal IrOx film deposited on Pt according to the lift-off process. a) TIROF on Pt within the TMMF used
for lift-off. b) TIROF film after an ultra-sonic clean in DI water. ¢) TIROF film showing the exposed Pt edges present after
lift-off.

Exemplar responses of three TIROF sensors during a calibration measurement are shown in Figure
5.8. As a control, and in order to show the exposed edges have no effect, the response of two bare Pt
electrodes is shown. Based on these experiments, a cut-off between IrOx and Pt sensitivity towards
pH was determined. Sensitivities which were below 50 mV pH™ were discarded and assumed to have
failed. In other words, a near-Nernstian response for the TIROF and a sub-Nernstian response of the
Pt electrodes is expected. This is in agreement with the studies from Nguyen et al. and Huang et al.,

who report sensitivities ranging from 52 mV pH™ to 58 mV pH™ (196, 197).

An overview of the fitting results is shown in Table 5.2. From this, the limit of quantification can be
determined based on the standard error of the linear regression fit, as well as the error of the residuals.
In both cases the smallest detectable change is 0.06-0.07 pH with a 99.7% percent confidence. Note
that the R-squared value for all fits is larger than 0.99. The response time of the TIROF samples is
of the order of one minute for all samples and highly dependent on the hydration and pH change

between buffers.
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Figure 5.8 — Examples of three TIROF calibration curves compared to bare Pt electrode. A near-Nernstian sensitivity is
observed for all samples compared a sub-Nernstian response for Pt-1 and -2. R-squared > 0.99.

It is well known that metal oxide films used in pH sensing require a hydroxylated surface, as
explained in section 5.1.3. It is this hydrated surface that is responsible for the sensitivity towards
pH changes. To illustrate the importance of hydration, a test of precision was performed for un-
hydrated and hydrated samples. Figure 5.9 depicts the results for the precision of the TIROF sensor
when used directly after fabrication, and after two days of hydration in 1x PBS. Calibrations were
performed prior to the experiment. For the distribution plots, the bin size was set equal to a resolution

of 0.05 pH; this is in accordance with the specifications for the application.

Table 5.2 - Calibration values obtained from the three TIROF curves.

Slope Intercept Standard error Residuals LOQ"
TIROF-1 67.25 765.30 mV 1.41 mV 1.3 mV 0.06 pH
TIROF-2 64.74 742.24 mV 1.47 mV 1.5 mV 0.07 pH
TIROF-3 64.74 742.24 mV 1.47 mV 1.4 mV 0.06 pH

From Figure 5.9 it is clear that the precision of the sensor increases after hydration, in particular at
high pH. Interestingly, accuracy is highest around the pH used for hydration i.e. pH 7. This illustrates
an important aspect of pH sensing with IrOx pH sensors: to obtain optimal performance hydration

should be performed close to the pH of interest. This observation is explained by the fact that there

& Determined as three times the standard error divided by the sensitivity.
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is a response time associated with the pH sensor, based on mass-transport within the porous IrOx

structure. A second data set is available in Appendix C1.
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Figure 5.9 - Precision and accuracy test in (left) anhydrous and (right) hydrous state. Hydration performed in 1x PBS for
two days. Precision values are: 35, 63 and 14% for the anhydrous and 70, 90, 63% for the hydrous in pH 4, 7, 10,
respectively. As shown, both accuracy and precision increase drastically. T = 20.8 °C; n > 40 per pH value.

Carroll et.al. and Huang et al. both recorded a similar behaviour on response time and precision once
IrOx samples were tested (196, 201); Mazouk et al., reported a similar observation with respect to pH
related accuracy for Nafion® coated samples. In general, it can be concluded from these claims and
the experimental data that the closer the storage pH is to the measured pH the faster and the more
accurate the response will be. The precision for the hydrated samples at pH 4, 7 and 10 equals 70%,
90% and 63%, respectively, compared to 35%, 63% and 14% for the anhydrous. This shows a

significant improvement on the repeatability of the measured pH.

The effect of temperature on the TIROF sensors is presented in Figure 5.10 and summarised in Table
5.3. The effect is presented as a temperature coefficient and as calibration curves at different
temperatures. According to the Nernst equation a temperature coefficient of 0.2 mV °C™* should be
observed. As can be denoted, the temperature coefficient is minimal and well below 1 mV °C*. The
effect on the sensitivity appears larger with a variation between 3 and 6 mV pH™ being observed
over a 20 °C change. The first can be explained by the fact that the predicted temperature coefficient

is based on the Nernst equation.
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Figure 5.10 - The effect of temperature on three different TIROF sensors. left) Potential values for different pH buffers at
different temperatures. right) Calibration curves at different temperature values.

It can easily be understood that this is a simplified representation of the metal oxide system. In
practice, the formal potential will have a temperature coefficient associated with the Iridium
oxidation states. Similar to the RE in Chapter 3, the approximation of the concentration might be
better represented in the form of activity, reducing the expected value of the temperature coefficient.
Second, the Nernst equation contains the universal gas constant, which applies to gas. However, in
these experiments liquids are used. A deviation based on this discrepancy is likely. Huang et al.
reported on an equally low temperature coefficient for their sol-gel based IrOx films (196). From a
practical perspective, the low temperature coefficient observed in this work is useful. As temperature
fluctuations within the human body and uterus are minimal, temperature compensation in vivo might
be omitted (38).

5.3.2 Thermal iridium oxide film long-term performance

The TIROF characterisation has served as a stepping stone for the long-term performance tests of
the sensors. In particular its change in response during hydration is of key importance as this puts a
time limit on the sensor applicability after fabrication. To further assess this aspect over prolonged
periods of time, a weekly assessment of the calibration curves was performed. The two main
variables in the calibration curves are the slope and intercept i.e. sensitivity and formal potential. It
is vital that the sensitivity shows little to no variation over the measurement period. An experiment
was setup to observe the change in these characteristic. Here, the TIROF sensors were calibrated on

a weekly basis while immersed in 1x PBS solution in between calibrations. The results are shown in
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Figure 5.11. Note that sensors were not hydrated prior to measurement. This effect can be observed

in the difference in both sensitivity and formal potential between week 0 and week 1.

Table 5.3 — Summary of the temperature characteristics.

Temperature coefficient Sensitivity
TIROF-1 20°C pH4: 0.43+0.05mV °C*? 20 °C: 56 mV pH*
30°C pH 7: -0.04 +0.06 mVv °C* 30 °C: 56 mV pH*
40°C pH 10: -0.03 +0.07 mv °C? 40°C: 52 mV pH*
TIROF-2 20°C pH 4: 0.43+0.05mV °C? 20°C: 55 mV pH*
30°C pH 7: -0.04 +0.06 mVv °C* 30 °C: 55 mV pH*
40°C pH 10: - 0.03 £ 0.07 mV °C* 40°C: 52 mV pH*
TIROF-3 20°C pH4: 05+0.6mv°C? 20 °C: 54 mV pH*
30°C pH 7: -0.0+0.00 mV °C* 30°C: 53 mV pH*
40°C pH 10: -0.08 £ 0.2 mV °C™* 40°C: 59 mV pH*

Assessing the results, there is a good agreement with the previously established discrepancy between
hydrated and un-hydrated samples as seen by the initial change in both sensitivity and formal
potential within the first week. After this initial period there is little to no change in sensitivity, with
the exception of the value at the 4" week. This was confirmed as due to a drift in the RE, causing a
drop in potential across the entire set of samples. The filling solution of the reference electrode was
replaced and the value returned to its original in the 5" week. In conclusion, the results show that

changes in sensitivity are minimal for the required time period.
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Figure 5.11 — Long-term assessment of sensitivity and formal potential for three different TIROF sensors in 1x PBS at
room temperature. Between week 0 and week 1 the effect of hydration can be seen. After this period the sensitivity remains
constant whereas the formal potential shows a large variation over time. Note that at week 4 the RE was replaced due to a
malfunction.
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The drift in formal potential is of a different nature. The formal potential consists of the ratio between
Ir** and Ir** oxidation states. The resulting differences in formal potential should therefore be
attributed to the oxidation states. The TIROF fabrication method does not allow for direct control
over the ratio in which Ir* and Ir** are formed. Variations in deposition are common and will
contribute to differences in formal potential (191, 194). This is a limiting factor compared to other

methods such as electrochemical deposition.

In order to compensate for the drift in formal potential assessment over the measurement period has
to be made. As calibration in vivo is not possible, these drift values have to be predictable across all
sensors fabricated using the thermal oxidation method. Long-term measurements were set-up in 1x
PBS to determine the drift over time over the course of 30 days and onwards. Figure 5.12 shows the
results for three different TIROF sensors. It can be seen that drift values are minimal with an average
below 0.01 pH day™. It can further be noted that the initial calibration curve accuracy is not optimal
and shows the importance of the initial calibration in order to minimise the systemic error; the error
equals 0.4 to 0.7 pH.

Figure 5.12.b shows the long-term traces for a set of four TIROF sensors in 1x PBS in a temperature
controlled bath. A recalibration was performed after 1 day to enhance the accuracy at the elevated
temperature. As can be seen the accuracy now falls within the 0.1 pH band required for this work.
The entirety of the TIROF data sets for both characterisation and long-term performance is
summarised in Table 5.4. Indicated is the sample size, average values and accuracy of the data set.
For the long-term performance, the sample size implies those samples which were ran for the set
course i.e. those aimed at running for thirty days and onwards, from which the yield has been
established.
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Figure 5.12 — Long-term plot for TIROF pH sensor in 1x PBS. a) At room temperature presented as the daily average. b)
At body temperature presented as a continuous trace. Note each point taken at 30 minute discrete time intervals.
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It can be concluded that, even when the systemic error is reduced, accuracy values appear to be no
better than 0.24 pH. In part, this effect is attributed to the high reliability of the initial calibration
curve. Even though little to no change in sensitivity has been observed over the time course, very
slight variations can have a significant impact if 0.1 accuracy is to be achieved. Stability however,
shows good performance with 0.017 + 0.011 pH day™ in drift. This indicates a high precision over
the long-term course and would allow for the determination of a relative pH change within the stated

biologically relevant range.

Table 5.4 — Overview of the TIROF data sets based on their characteristics and long-term performance.

Characteristics  Sensitivity = Accuracy

n=25 58.3+0.3mVpH! 600.6+241mV  0.24+0.12 pH

Long-term Drift (10%) Yield week 2 Yield week 4 Yield week >5
n=12 17 +11 pHday* 85% 67% 45%

5.3.3 Electrodeposited Iridium oxide performance

To enhance the accuracy of the pH sensor a second deposition method was investigated:
electrochemical deposition. The electrodeposited Iridium oxide film (EIROF) can show a super-
Nernstian response with sensitivities exceeding 70 mV pH™, providing a larger margin of error (191,
198). The electrodeposition was performed according to the method described in section 5.2. Figure
5.13 shows the calibration plots for the EIROF-on-Pt and EIROF-on-Au. Initially, the IrOx was
deposited directly onto the Pt electrodes. However, during long-term measurements it was found that
the EIROF delaminated from the Pt. Therefore, an intermediate layer of Au was electrodeposited
prior to EIROF deposition. Images of the formed EIROF sensors on Pt and Au are shown in Figure

5.14.a and b, respectively.
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Figure 5.13 — Calibration plots for EIROF-on-Pt and EIROF-on-Au samples. A super-Nernstian response is observed for
all samples. R-square >0.98 and > 0.99 for EIROF-on-Pt and EIROF-on-Au, respectively.
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Figure 5.14 — EIROF deposition using CV. a) EIROF-on-Pt sensor Type-C1; b) EIROF-on-Au sensor Type-C2. Deposited
for 125 cycles between +0.2 — 0.7 V; Scan rate equals 50 mV s

The parameters from the linear fit are listed in Table 5.5. As can be denoted a super-Nernstian
response is observed for the samples. The limit of quantification is represented as three times the
standard error of the fit and shows that high accuracy is obtainable. In particular, the fit for the
EIROF-on-Au shows very good confidence across the pH range. Figure 5.15 shows short-term
performance data for the EIROF-on-Pt. As can be concluded, high accuracy is achieved with the
graph: over the entirety of the excerpt the pH reading falls within the 0.1 pH error band. However,
during the course of the measurement, at times beyond six days, delamination of the layer resulted
in device failure. It is unknown what governs this delamination from the Pt substrate, but it has been

found to be independent of storage conditions and deposition method.

Table 5.5 - Linear fit parameters for EIROF-on-Pt and EIROF-on-Au.

Slope Intercept Standard error LOQ
EIROF-on-Pt1  71.1mV pH? 890.87 mV 1.67 mV 0.07 pH
EIROF-on-Pt2  71.2mV pH* 873.30 mV 211 mVv 0.10 pH
EIROF-on-Pt3  74.4mV pH* 915.88 mV 1.68 mV 0.07 pH
EIROF-on-Aul 73.4mV pH* 779.67 mV 0.2 mvVv 0.01 pH
EIROF-on-Au2 73.7mV pH* 811.41mV  <0.01 mV <0.01 pH
EIROF-on-Au3 725mV pH* 821.26 mV <0.01 mVv <0.01 pH

The inclusion of Nafion® membranes as reported by O’Hare has been investigated throughout the
course of this work (194). However, in all cases the response time and sensitivity is retarded by the
addition of this extra layer. This made it difficult to include such a containment membrane for this

particular application in which long-term continuous monitoring is required. More work is needed to
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assess the delamination phenomena. Due to the delamination long-term measurements with EIROF-
on-Au were performed.
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Figure 5.15 — Excerpt representing short-term performance of EIROF-on-Pt sensors. For the duration of 6 days, the error
falls within the 0.1 pH error band. After the sixth day delamination causes a drop in potential i.e. towards high pH caused
by delamination of the EIROF. Measured at room temperature in 1x PBS.

5.3.4 Electrodeposited Iridium oxide film long term performance

The long-term performance of the EIROF-on-Au electrodes was assessed in a similar manner as for
the TIROF. Only one set consisting of three electrodes was tested so far. First, a weekly calibration
measurement was performed over the course of 5 weeks. The results are presented in Figure 5.16.
As can be denoted, the drift in sensitivity is again minimal for the devices with a peak-to-peak
variation of 4 mV pH™* as a maximum for EIROF-on-Au 2 and EIROF-on-Au 3. Examining the
formal potential in Figure 5.16.b, a drift over time with values equal to 71.0 and 47.7 mV is observed

for EIROF-on-Au 3 and 2, respectively. This is similar to the results of the TIROF sensors.
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Figure 5.16 — Long-term calibration comparison for EIROF-on-Au sensors. a) Absolute sensitivity over the time period.
b) Formal potential. A maximum peak-to-peak variation of 4 mV is observed for the sensitivity. A drift of 71.0 and 47.7
mV pH-! is observed for the formal potential of EIROF-on-Au 2 and 3, respectively.
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Presented in Figure 5.17 is the long-term performance of the EIROF-on-Au sensors from the weekly
calibration batch discussed preciously. Figure 5.17.a depicts the continuous trace for all three sensor
devices. Note that after two weeks EIROF-on-Au 1 fails. The drift analysis by means of linear
regression is shown in Figure 5.17.b. As can be denoted, a low drift is observed with values of 1.53
and 1.02 mV day™. Figure 5.17.c depicts the continuous trace of EIROF-on-Au 2 and 3. Indicated is
the 0.1 error band. The relative error based on the pH reading obtained with a commercial glass pH
meter is shown in Figure 5.17.d. The error does not exceed 0.1 pH showing good overall precision as

required for this work.
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Figure 5.17 — Long-term performance of EIROF-on-Au sensors over a 40 day measurement period. a) Full long term trace
for three different sensors. B) Linear regression fit for drift compensation for EIROF-on-Au 2 and 3. C) Drift compensated
trace for EIROF-on-Au 2 and 3. Indicated is the 0.1 pH error band. D) Relative error with respect to glass pH probe average
reading; average equals 0.02 + 0.04 pH. Data points represent 30 minute discrete data points from the full trace.
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When judging the EIROF sensor based on its performance it is clear that the measurement period is
achievable. Furthermore, high accuracy and precision can be obtained. As stated, a required accuracy
of 0.2 pH is required for the system and in the measured periods the EIROF-on-Au sensors fall within
this range. The precision adheres to its required value, with a relative drift well below 0.1 pH day™.
However, It should be noted that the sample size is small (n = 3) with a 4 week yield of 67%. A
larger sample group needs to be established and future work will aim to achieve this. Of particular
interest as well is the common fluctuation between the samples. This type of common signal drift
can be further investigated as a means to compensate for drift using a differential measurement

approach.

Similar inaccuracies with respect to the initial calibration were observed with EIROF samples.
Because the hydration time period varies, and is at least 5-7 days, induced errors will be common.
This puts a constraint on the calibration of the in vivo system. Furthermore, the error in the developed
RE will contribute to the total error of the pH sensors. The propagation of the error including the
reference electrode can be computed using equation 5.11. Note that this needs to be determined using
the value for the error in potentials. For the TIROF this yields an error of: 0.25 pH using the values

in table 5.5. For the EIROF we find an error of 0.07 pH using the error in figure 5.17.

Error = \/Errorsz + Errorig (eq.5.11)

54 Summary

This chapter discussed the theory, background and results for the developed pH sensor. A variety of
devices exist for commercial pH sensors. However, their use in vivo is complicated by size, power
consumption and drift. In this work metal-metal oxide pH sensors utilising the pH sensitive properties
of Iridium oxide have been fabricated. Two different fabrication methods have been developed and
tested: thermal Iridium oxide films and electrochemical Iridium oxide films. Both methods have been
assessed for their life-time, accuracy and stability suing the judgement criteria stated in Chapter 1.
The TIROF has been formed using a lift-off process, forming the pH sensitive layer on the micro
fabricated Pt electrodes. A near-Nernstian response is observed. Sensor life-time has exceeded the
prerequisite period of 30 days with low drift values and high precision. However, accuracy of the
TIROF has been shown to be difficult to reduce below 0.2 pH. The overall long-term yield equals
67%.The EIROF is formed on an intermediate layer of electroplated gold. A super-Nernstian
response is observed. Although the sample size is small, a better accuracy is observed for the EIROF
with values better than 0.1 pH. Long-term performance has shown that it is feasible to achieve the
predetermined measurement period of 30 days with a current yield of 67%. However, to accurately

assess the characteristics the sample size needs to be increased.
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Chapter 6 - Sensor integration

The sensors discussed in the previous chapters of this work have shown good performance within
the biologically relevant range. To combine the sensors into a single IUSD three key points have to
be addressed: on-chip sensor check, biocompatibility and device packaging. All three are key for the
development of a reliable device capable of measuring unobtrusively in vivo for prolonged periods

of time. Each of the stated points will be discussed individually in this chapter.

The on-chip sensor check comprises a novel methodology (patent pending) for a re-calibration in
vivo, after implantation of the device. The theory, working principle, materials and methods and
results are discussed. The biocompatibility of the sensor components has been checked using a
cytotoxicity assay in accordance with 1SO10993. An overview of the packaging and encapsulation
process, developed throughout the course of this work is given, followed by an overview of the

complete device assembly.

6.1 On-chip sensor check

From the results in Chapters 3 and 5, it is clear that an inherent drift on both pH sensor and RE is
inevitable. Albeit in a predictable nature, it requires an assumption on the performance of both, and
a pre-determined drift rate. Variations in chloride ion concentration, sensitivity and formal potential
can cause this to deviate, and result in inaccurate readings over time. Furthermore, as discussed in
Chapter 5, the accuracy of the pH sensor is highly dependent on the initial calibration. This makes it
complicated to acquire an accurate response for an unknown in vivo system. To try and overcome
this conundrum, a self-check, which can serve as a recalibration, of the pH sensor on-chip has been
investigated. Not only does this provide an up-to-date recording of the sensitivity of the electrodes,
it also compensates for drift in the RE when external concentrations have changed drastically. In
macro-scale devices recalibration and performance is assessed versus other macroscale components.
The simplest example is recalibrating a pH sensor in known buffer solutions. Ostensibly, if different
pH values can be created local to the sensors, the same effect is achieved. This section discusses the

theory and principle of a novel on-chip sensor check and calibration method.

6.1.1 Self-calibration theory and mechanism

From the theory of buffers in Chapter 1, it is clear that the biological system present within the uterus
will govern changes in pH. The question is, how can this be used as an advantage for a potential
calibration during implantation? As discussed in Chapter 4, electrochemical reactions occurring at
electrode surfaces can have an impact on the surrounding bulk, close to the electrode surface. In some
cases, as with the peroxides decomposing on the DO sensor, this can have a significant impact on

sensor performance. In most cases the by-products are an unwanted side-effect as it skews
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measurement data, damages electrodes and puts a time constraint on the measurement interval.
However, this technique can be used to locally generate an artificial bulk containing specific ionic
reaction products, seen only by the sensing electrode. As the electrodes developed in this work are

small, its effect on the bulk of the intrauterine environment is expected to be negligible.

Looking at the table of standard reduction potentials in Appendix Al, two reactions which would
facilitates a change in pH can be found, and are part of the electrolysis reaction of water. Platinum is
the most widely used material for generating these redox species as it can withstand the currents
associated with the electrolysis. The sensor dies described in this work have Pt electrodes available
and can be used for this purpose. As water is the main compound within the body, and present in

abundance, electrolysis should be possible and relatively easy to achieve on-chip.

From Faraday’s law, a direct relationship between the amount of coulombs injected into the
electrochemical system and the generated products can be calculated using the stoichiometry of the
reaction. As the ratio of electrons to protons is equal the amount of moles can be determined using
equation 6.1. Here, m represents the generated amount of protons in moles; | the injected current; t
the time; F the Faraday constant. Thus, if the injected current and the time is known, the amount of
proton and hydroxide ions can be computed. However, the generation cannot be performed on the
pH sensor itself as the IrOx would not be able to withstand the injected current, thus an additional

Platinum electrode is needed. In this case the electrode is available as the DO sensor.
= It 6.1
m= (eq.6.1)

The electrolytic cell proposed in this work consists of a two-electrode system. By applying a potential
of +1.23 V versus SHE, water decomposes into its products, generating four protons. Conversely,
applying a potential of -0.83 V vs. SHE, water is decomposed and four hydroxide anions are
generated. Figure 6.1 shows an illustration for this type of set-up for sensor Type-C. The recessed
disk electrodes, used in DO sensing form the first electrolysis electrode at which the pH change is
generated the WE. As the sensor die is double sided it is possible to use the CE as the secondary
electrode for the electrolysis reaction, generating the opposite pH change. It is clear that the

polarisation of the electrodes can be changed resulting in an increase or decrease in pH at the WE.
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Figure 6.1 - Cross-sectional view of sensor Type-C1 used for on-chip calibration. The DO sensor recessed within the well
is used to generate a local pH change extending across the IrOx pH sensor by the generated protons during the electrolysis
of water. The CE on the back is used as the second electrolysis electrode. The polarity can be reversed to achieve a decrease
or increase in pH across the IrOx sensor.

The generated pH gradient will extend from the electrode surface according to the diffusion
principles described in the previous chapters of this work. Briefly, as the pH is changed, a boundary
extends outwards. This boundary interacts with the bulk. If the distance between the generating
electrodes i.e. DO sensor and the pH electrode is known, the change in pH at a given time, as sensed
by the IrO surface, can be predicted.

From the figure it is also clear that, in a similar manner, oxygen can be generated locally near the
electrode surface. As described in the patents by Bryan and Santoli et al., this local change in DO
can be used to recalibrate DO sensor (202, 203). An implementation of this concept for the

intrauterine sensing device is outlined in the future work in Chapter 7.

6.1.2 In situ calibration model

A ComsSol model, either 2D (for recessed electrodes) or 2D revolved (for ring electrodes), was
created to estimate the changes in pH upon the application of a current for a designated amount of
time. Details on the model are given in appendix D1. The model follows a similar procedure as
described by Read et al. in which a pH change generated near electrodes on boron doped diamond
(BDD) was created to influence the electrochemical detection of Mercury (204). The model has been

established as follows:

First, the electrode design and layout were sketched, consisting of the recessed disk electrodes for
DO sensing and the pH sensitive IrOx ring disposed at distance d. The bulk was modelled as a large
block with an open boundary of dimensions much larger than the sensor chip to allow the diffusion
boundary to progress. Second, the generation of protons is modelled by a flux J at the WE surface.
Here, equation 6.2 is used to compute the amount of protons generated across the electrode area, A.
The model proceeds by computing the diffusional flux extending outwards into the bulk and across
the pH sensor using the regular diffusion equations for a non-convective system. The resulting pH
gradient under the application of 50 pA of current is depicted in Figure 6.2 for an unbuffered solution
att=1s.
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Figure 6.2 - Generated pH gradient for sensor Type-C1 att =1 s and | = 50 pA in an unbuffered solution. The influx of
protons from the DO sensor causes a diffusion boundary to extend across the pH sensor surface over time. Indicated is the
progression of the diffusion boundary 4.

J=— (eq.6.2)

To obtain the pH value a line-average across the surface of the pH sensor is taken and plotted over
time. The result is shown in Figure 6.3. The shape of the graph can be explained as follows: att =0
the pH is equal to the pH of the bulk. As the current is applied the boundary progresses and reaches
across the pH sensor surface causing a drop in pH which continues as long as the current is applied.
Over time a steady-state is reached; this state resembles the steady-state diffusion described in
Chapter 4. Here, the pH will not change anymore unless the current is increased. A rough comparison
of the pH change can be made by computing the volume of the formed hemisphere, using the
boundary distance as the radius’. The generated amount of protons equals 5.2 10™° moles, giving a
pH of 3 within the hemisphere. This value is in close agreement with the value at t = 30 s in Figure
6.3.

The above situation describes the case for an unbuffered system. It is clear that if a buffer is present
there will be an effect on the pH gradient. The initial influx of protons will still cause a drop in pH.
However, as the boundary progresses, the protons become more diluted and the buffer starts to take
effect. Thus, to achieve a more accurate model the buffer effect within the bulk has to be accounted
for. As the CE is separated from the cell only one half-reaction has to be taken into account, i.e. no
interaction between generated protons and hydroxides occurs. The buffer is included by

implementing a continuous reaction within the bulk according to equation 6.3, where A™ represents

7 Recess height is excluded; N equal to 1 disk.
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the base, H™ represents the proton and HA represents the conjugate acid. The pH can either be
computed using the Henderson-Hasselbalch equation or the concentration of protons directly; both
yield the same results.
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Figure 6.3 — Line-average of the pH across the pH sensor surface for the unbuffered solution. At t = 0 the pH is equal to
the bulk pH. As the current is applied the generated protons create a drop in pH which extends outwards. Over time a
stabilisation of the pH is observed similar to a diffusion limitation in an electrochemical sensor. Here the pH does not
change any further and resembles a steady-state.

H*+ A" 2HA (eq.6.3)

Figure 6.4 shows the effect of the influx of protons on the inner edge of the pH sensitive ring
electrode. As can be seen, with the influx of protons the concentration of the base decreases and the
concentration of the conjugated acid increases. It should be noted here that the initial value of the pH
is used as the initial concentration of protons. Additionally, the concentration of the buffer has been
set equal to that of 1x PBS (see Appendix D1). These parameters have to be included in the model

for it to compute the correct pH and thus some preliminary knowledge of the bulk solution is required.
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Figure 6.4 — Example of a simulation profile showing the buffer reaction within the bulk at the inner edge of the pH
sensitive electrode. As protons are generated the amount of base (A") decreases and the amount of conjugated acid (HA)
increases.
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The model contains limitations which have to be resolved in the future work to obtain more accurate

estimates of the pH, especially at short time scales. These limitations are:

1. Migration within the electric field;
2. pH limitation based on water and complex buffers;

3. Convective effects.

1. It is known that the application of an electric field has an effect on the ionic mobility as explained
by proton hopping. The apparent diffusion coefficient is therefore likely to be higher than its normal

value of 9.31-10° m? s™*. The effect of the electric field is not implemented in this model.

2. The model does not account for external, environmental factors such as the buffering effect of
carbon dioxide in the air. These can be implemented in a similar manner as equation 6.3 but have not

been included in this work.

3. Convective effects are ignored in the current model. In practice, convection occurs in many forms,
most commonly due to movement. This has been observed whilst performing optical measurements
on the generated pH change. Residual convection by changing of the cables, and placing the sensors

in the vessels is also common.

It should also be stated that the effect of the CE is currently ignored and with it the electrochemical
reaction occurring there. In practice, the current can only be sustained in a two-electrode system as
long as the electrons lost are transferred to the CE i.e. the reaction at the generating electrode could
be limited by the reaction at the CE. The current model does not take this effect into account. Further
complications would arise from the fact that diffusion of hydroxide around the sensor will have an
effect on the pH. This is currently ignored in both the model and experimental conditions. The latter

is achieved by using a separated CE within the vessel of much larger size than the on-chip CE.
From the discussed model, two procedures for calibrating the pH sensor on-chip are proposed:

1. Steady-state calibration;

2. Differential pH calibration.

1. The most accurate and direct calibration method consist of injecting the current for the entirety of
the time period until the mass-transport equilibrium of the boundary with the bulk has been reached,
across the surface of the pH sensor. This will give a fixed pH for both the acidic and alkaline

generation and will make sure the limitations of the model are of minimal effect.

2. From the simulation model a pH versus time diagram at a given distance is computed. In theory,
for any given time a change in pH is obtained. A differential pH measurement between two time

periods of generation can be used to estimate the sensitivity of the pH electrode. The disadvantage is
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that inaccuracies in the model and experimental conditions will cause the two curves to differ.
Furthermore, the initial pH and buffer capacity of the solution have to be well known in order to
determine the change correctly.

6.1.3 Materials and methods

For the first experiments EIROF pH electrodes, sensor Type-C1, were fabricated according to the
process described in Chapter 5. A power supply (Alvatek) was used to control the potential between
the on-chip generating electrode and a separate Pt counter electrode, constructed from a platinised
glass wafer piece. A commercial single junction RE was used for the experiments. The current
through the system was controlled by means of a resistor is series, and recorded using a multi-meter
(TENMA). The potential of the EIROF sensor was measured using a PalmSense3 potentiostat in OCP
mode or a NI DAQ 6211.

For the optical mapping of the pH generation a solution of 0.01% wi/v fluorescein was prepared in
1x PBS. A fluorescent microscope was used to record the intensity over time; image processing was
performed using ImageJ. Note that all experiments were conducted without forced convection in the
system during generation of the local pH change, as this would interfere with the diffusion boundary.

Commercial buffers were used to obtain the EIROF calibration curves prior to the experiments.

6.1.4 Self-calibration results and discussion

To monitor the pH change, a disk electrode on-chip was fixed inside a Petri dish and the change in
pH observed using a fluorescence microscope using a solution of fluorescein. Fluorescein is a pH
sensitive fluorophore which shows a decrease in intensity with increasing acidity (205). Error!
Reference source not found. depicts an exemplar image of the intensity of the fluorescence during
a pH generation cycle at 1.5 V with 50 pA of current.

_ High pH
Hydroxide generation

Proton generation l
———
Low pH

Figure 6.5 - Illustrative example of pH change toward more alkaline or acidic values through the generation of hydroxides
or protons, respectively. Gradient represents the change in fluorescent intensity.

125



From the image it is clear that as the pH goes up an increase in intensity across the electrode surface
is observed. Vice versa, a decrease is observed when the pH goes down. An accurate quantification
was found to be problematic, due to the fact that the bulk also fluoresces, making it difficult to
quantify different measurement cycles versus a calibration. Furthermore, as the microscope stage is
moved convective waves are generated across the surface which flush away the generated pH; the
same applies when hydrogen gas is generated on the electrode during the generation cycle. Bleaching
is also an occurring phenomena and only allowed measurements of the intensity at 10 s intervals.
Therefore these images serve an illustrative purpose to show that a change is being generated local

to the electrode.

An electrically generated, local pH change was established in 1x PBS. The results are shown in
Figure 6.6.a. Figure 6.6.b. shows a comparison based on the change in pH for three pulses compared
to the line-average from the simulation. From the figures it is noticeable that the change in pH is
highly reproducible over time. A slight drift from the initial generation is observed during
consecutive cycles, but reduces as the process is repeated. However, the change is faster than
predicated by the model. A possible explanation for this is that the current supplied by the power
supply is not constant. As the system is a non-ideal current source, a fluctuating current is observed.
Additionally, as the load in series is not constant (a reaction dependent electrochemical cell) the
potential has to be continuously adjusted, increasing the current value beyond the aimed 25 pA for
short periods of time. Second, the line average taken in the model might not be a true representation
of the entire system, as discussed by the limitations in section 6.2. A further optimisation is needed
to compensate for this difference. Towards the steady-state, at t > 25 s, the curves match and show

a similar, relative pH (4pH) change as predicted by the model.
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Figure 6.6 — Local pH change on electrode of Type-C1 with 25 pA of current injection in 1x PBS with pH = 7.7. Sensitivity
determined prior to experiment as 74.1 mV pH. a) Repeated changes in potential upon the injection of the current. b)
Comparison between the generated and predicted pH change.
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Due to the time difference between measured and simulated pH change it is difficult to perform a
calibration on the transient part of the curve. However, the steady-state calibration values can be
measured. To determine the sensitivity of the pH sensor pH gradients were generated in commercial
buffers of pH 4, 7 and 9. As shown in Figure 6.7, the change in pH is highly reproducible over time.
The resulting calibration plots of sensitivity (S), were obtained by taking the pH at steady-state as
predicted by the model. In other words, the peak potentials are set as the predicted steady-state pH
att = 30 s. The initial pH value is chosen based on the pH measured using a commercial glass pH
probe or by using the value of the commercial buffer solution. The results of the linear regression fit
are listed in table Table 6.1.

Table 6.1 — Results of the linear fit for different buffers

Sensitivity based on buffer Sensitivity based on pH probe
pH 4 69.5 mV pH* 78.8 mV pH?
pH 7 70.2 mV pH* 68.6 mV pH*
pH 9 78.1 mV pH* 71.3mV pH?
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Figure 6.7 — Local change across pH sensor surface in three different commercial buffers. The calibration curve is based
on the relative pH change in steady-state, taking either the commercial buffer value or the measured pH value using a glass
pH probe.
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Comparing these values to the predetermined sensitivity value of 74.7 mV pH™ for the commercial
buffer values and 67.8 mV pH for the measured pH. It is clear that there is a degree of error, however
the sensitivities registered using the on-chip calibration are within a similar range as those determined
in Chapter 5. It is therefore potentially possible to use this method to derive an up-to-date value of

the sensitivity.

Even though the sensitivity is predictable using an on-chip calibration, it is more important that the
formal potential of the linear regression fit can be re-established. As explained in Chapter 5, the
formal potential shows the largest variation over time. An interesting observation during the course
of the experiments can be made both in Figure 6.6 and Figure 6.7. As seen in these figures, prior to
each proton generating cycle there is a start potential (Estart). This potential is the value recorded prior

to the experiment to determine the stability of the EIROF sensor during its hydration period.

Interestingly, when the generation of protons is halted and the system left to re-equilibrate and the
potential allowed to decay back to that associated with the bulk pH, a different value is observed.
This decay poses a problem for a potential on-chip calibration. As the return potential is not the same
as Esart, the initial value cannot be taken as the start pH from which 4pH is determined. However, it
is observed that these decay curves show a high degree of reproducibility across the time frame.
What is remarkable is that in all instances, in all buffer solutions, this observation holds. This raises
an interesting question on the pH sensing properties of the EIROF used in this work. As the data
indicates, there seems to be a reconditioning of the surface towards a fixed state upon the generation

of a pH gradient across the IrOy surface.

It can be hypothesised that, as the pH within the diffusion boundary is low, the hydroxyl groups
within the metal oxide lattice become saturated. A stated in Chapter 5, the metal-metal oxide layer
is porous, so it is likely that the surface becomes protonated throughout. It could even be hypothesised
that the pH sensor is brought to its limit of detection from which it then decays towards the
equilibrium state representing the bulk pH. In some degree, this is comparable to the initial hydration

period required for the sensors to achieve optimal performance.

If this hypothesis is true, then if a boundary of high pH is created i.e. hydroxides, the surface should
become more hydroxylated and attain a different equilibrium state. As shown in Figure 6.8.a, by
changing the polarity across WE and CE, an alkaline pH change is generated. Indicated in the figure
is the positive polarisation for proton generation and the negative polarisation for hydroxide
generation. The resulting decay curves are presented in Figure 6.8.b. It is clear that when hydroxide
is generated in abundance, a different equilibrium state is achieved. Starting from a low potential

associated with that of alkaline pH values.
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Figure 6.8 - Overview of the generation and decay of an influx of protons and hydrides across the 1rOx sensor surface. b)
Selected decay curves (excluding first) fitted to a second order exponential. The value for the y-offset y0 is indicated in the
figure.

No accounts of this effect have been found in literature, however interesting accounts exist on the
electrochemical activation of solid Iridium films. It is common to activate formed surfaces using
solutions of H2S04 (191, 206, 207). Although this is used to form the hydrous oxide, a parallel can
be drawn between using these low pH conditions and the artificial bulk generated in this work.
Carroll et al. reports on a similar form of reconditioning by applying a potential of 200 mV directly
to the formed surface. It relies on the claim made by Hitchman that the application of a potential can
recondition the surface by increasing its oxidation state from Ir®* to Ir** (191, 201).

It could thus be postulated that: a fit based on the decay curve could predict the state that will be
achieved, coming from a reproducible potential after conditioning in a low pH boundary. In contrast
to the previously described method, this is independent on the value of Esat. This provides an
unconventional means of recalibrating and even measuring pH using EIROF sensors. To prove this
concept, a pH sensor as depicted in Figure 6.9 was constructed using a pH sensing EIROF-on-Au
disk centred within a Platinum ring used as the proton generating electrode.
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Figure 6.9 — a) Microscope image of the EIROF-on-Au disk centred within a Platinum generator electrode. b) Simulated
curve at 300 s with 50 pA of current in 1x PBS.
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Figure 6.10.a shows repeated proton generation with a sourced current of 50 pA in 1x PBS, pH 7.4.
Figure 6.10.b shows the resulting decay curves from the individual pulses. As seen, they are highly
reproducible. Figure 6.10.c depicts a single decay curve fitted with a second order exponential decay
function. The shape of the curve and motivation behind this fitting could be explained using the pH

sensing theory of IrO,.

Starting from the steady-state it can be reasonably assumed that the main process which governs the
drop in potential is caused by the diffusive and convective forces away from the surface of the pH
sensing electrode. Additionally, the buffer within the bulk solution will diffuse towards the electrode
surface contributing to the decay. The diffusional flux follows an exponential decay function as
described by Fick’s law of diffusion. The shape will follow similar diffusion equations as shown for
one-dimension in equation 6.4. Where C is the concentration; x the distance; D the diffusion

coefficient. Thus, the observed curvature should show a mass-transport limitation.

C(xt)=C erf<zi\/D_t) (eq.6.4)

From this point onwards, a slow diffusional process dominates which at prolonged time can be
expected to turn into a linear drift, similar to that observed in the IrOx sensors. Most likely, this has
the characteristics of a second exponential decay, as illustrated by the hydration effect in Chapter 5.
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Figure 6.10 — a) Repeated generation of protons sensed across EIROF-on-Au disk. b) Decay curves for all pulses, excluding
the second, starting from the steady-state potential after 30 s of sourced current. ¢c) Example of a single decay curve fitted
using a 2" order exponential decay function.
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Based on the profile of these decay curves, second order exponential fits were made and the potential
of the asymptote, yo, was determined. The results are listed in Table 6.2. Also presented, is the value
for the steady-state potential (Ess). The sensitivity of the pH sensor was determined prior to the
experiment and equalled 71.5 mV pH™. As discussed in Chapter 5, the sensitivity is relatively
constant over the time period. As such, this value was used to determine the difference in pH (4pH)
between Ess and yo. This difference in measured pH is then added to the steady-state pH value
predicted by the simulation model for 1x PBS. As can be seen from the results in Table 6.2, an
average pH of 7.50 £ 0.08 pH is obtained. Compared to the expected value for 1x PBS, a similar

degree of accuracy is achieved, compared to the conventional EIROF calibration procedure.

Further confirmation is gained when Figure 6.6 is assessed in retrospect. The results are listed in
Table 6.2. It has to be noted that since these experiments were not conducted for this purpose it is
debatable how well they apply in this situation. However, it is clear that there is a high degree of
reproducibility between Essand yo. Thus even though the pH value is not as accurate the precision is
high.

Table 6.2 — On-chip calibration results based on decay curve method.

yo (MV) Es (MV) ApH pHsim+ ApH Error
Figure 6.10 596.0 943.1 4.85 7.55 0.14
610.4 946.4 4.70 7.40 0.01
602.9 949.5 4.85 7.55 0.14
613.6 950.4 4.71 7.41 0.00
607.3 955.3 4.87 7.57 0.16
Figure 6.6 554.3 941.9 5.19 7.95 0.18
559.6 944.3 5.15 7.91 0.14
562.5 955.4 5.26 8.02 0.25
568.3 960.6 5.25 8.01 0.24
561.2 947.1 5.17 7.92 0.16

Considering the same method yields similar results to those described in Chapter 5, especially with
regard to reproducibility across different sensor geometries and pH values, it can be concluded that
further investigation of this measurement principle is worthwhile. It could even be hypothesised that,
if accurate models can be made for the decay curve, the buffer capacity of the solution could be
determined using different generation currents. However, at the moment this is solely based on
speculation. Long-term measurements employing this type of re-calibration and sensing will show
whether the method is feasible for intrauterine use. Currently, the method cannot be implemented
into the ITUSD due to its high power consumption, required to source the current needed for the

electrolysis reaction. In theory, the current could be reduced to achieve low power consumption and
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the model adjusted accordingly. All of these aspects will have to be further investigated in the future

work, as discussed in Chapter 7.

6.2 Biocompatibility

The biocompatibility of implantable medical devices is a major requirement to assess an implants’
impact on the human body. In cases where the implanted device is in contact with the reproductive
organs, extra care and assessment of cytotoxicity are required. When considering the complete IUSD,
the human body is exposed to the implant in three ways: direct contact, diffusion, leakage. As stated
in the 1SO-10993 legislation documents on biocompatibility studies for medical devices:

“Biological evaluation of medical devices is performed to determine the acceptability of any
potential adverse biological response resulting from contact of the component materials of the device
with the body. The device materials should not, either directly (e.g., via surface-bound chemicals or
physical properties) or through the release of their material constituents: (i) produce adverse local
or systemic effects; (ii) be carcinogenic; or (iii) produce adverse reproductive and/or developmental
effects, unless it can be determined that the benefits of the use of that material outweigh the risks

associated with an adverse biological response” —1S0: 10993:5, p.4 (208).

The direct contact area for the individual sensor dies is small. However, components of the sensor
can leach out during the implantation period either through diffusion, effusion and device failure. By
catching possible cytotoxic issues, at the sensor development level, problems during the legislation

stage are prevented and safety measures can be put in place.

6.2.1 Biocompatibility assessment

As discussed within this work, the sensors contain a wide variety of components. During their
development care has been taken to select materials which have been shown to exert limited
cytotoxicity towards the human body. However, the cytotoxicity does not solely rely on the material
but also on the materials and methods used to synthesise the components of the sensor device. The
listed materials can be categorised into two subgroups: electrode materials and polymer-gels,
respectively. The first consists of rare earth metals including Platinum, Silver and Iridium oxide and
are used to achieve the sensors functionality. Because the polymers used within this work contain
cross-linkers that are toxic in nature, as discussed in Chapter 3, proper assessment of their cytotoxic

effect on organisms is needed.

Table 6.3 shows a summary of the sensor components. The toxicity of the components as found in
literature is listed (note that references are given in text), as well as the biological application and
duration of the test. Two main methods of assessing the cytotoxicity of materials are used: extraction

and direct contact tests. For the first, material samples are incubated and left to extract for time
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periods determined in ISO 19033:5. For long-term implantable devices (implantation times
exceeding two weeks) a 72 hours extraction is required. During this period components leech into
the media, which is then exposed to cells in culture. For the latter, the material sample is placed in
direct contact with the cells in culture. As can denoted from Table 6.3, information on the cytotoxic
effects on uterine cells is lacking and as such needs to be assessed in more detail. Therefore, the

biocompatibility tests discussed here, have been performed on human endometrial epithelial cells.

Table 6.3 - List of components, their toxicity and purpose, used to fabricate the sensor device.

Duration Method Cell type Toxicity
Pt 72 hours Extraction Derma fibroblast Biocompatible
IrOx - Extraction Neurons Biocompatible
Ag 72 hours - Endometrial epithelial Biocompatible?
Ag-ClI 2 hours Direct contact Vascular Inconclusive
CS 24 hours Direct contact Uterus Biocompatible
Gp 24 hours Extraction Osteoblasts; Hepatoma Toxic?

6.2.2 Materials and methods

Human epithelial endometrial cells (HEC-1A, ATCC) originating from an adenocarcinoma from a
71 year-old female were used for the experiments. Culturing was performed using McCoy’s 54
medium (30-2007, ATCC), specifically tailored for culturing the HEC-1A cell-line. The culture
media is supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P4333,
Sigma-Aldrich). Cells were maintained in culture for up to 20 passages, after which the cell-line was
discarded and restarted form the frozen samples created from the second passage. Cells were

incubated at 37 °C, under 5% carbon dioxide.

Samples were prepared according to 1ISO 19033:5. As shown in Table 6.4, the requirement for the
componential testing is a surface-area dependent test that considers only the interfacing area of the
device-under-test. The thickness of the individual sensor dies equals 600 pum; the device falls in
second category and requires an area-to-volume ratio of 3 cm? mL™. To perform an extraction test in
this manner fifteen sensors (sized 2.3 x 4.3 mm) were needed, as only the top of the electrodes is
interfaced with the environment. To achieve an accurate representation of the sensor device the
individual areas for each of the components on a single sensor die were determined i.e. the area of
the parts containing Platinum, IrOx, Ag-AgCl etc. In the case of Ag the same area was taken as for
the AgCI to represent the scenario in which conversion fails, or the AgCI has been lost during

measurement.
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As the fabrication of 15 individual sensor dies is impractical and does not fit within a 1 mL volume,
the area of each component was multiplied by the number of sensors N, equal to 15 with the inclusion
of a safety factor, SF, setas 1.5. The total area can be determined according to equation 7.1. Platinised
wafer pieces were used to create equally sized components through the deposition of the different
materials using the methods discussed in the previous chapters. For the deposition of IrOy, Ag and
AgCI deposition times were extended until uniform coverage was achieved across the sample.
Samples were autoclaved at 123 °C for 21 minutes and kept in aseptic conditions until used. The
extract was created by immersing the samples into the predetermined volume of culture media. A

serial dilution of 100, 50, 25, 12.5 and 6.25% v/v was created from each extract.
AtOt. = SF : N * Amat. (eq 71)

Table 6.4 - Extraction ratio from I1SO79033:12 (208).

Thickness Extraction ratio
<0.5 mm 6.00 cm? mL*
>0.5 mm 3.00 cm* mL™*
<1.0mm 3.00 cm* mL*
> 1.0 mm 1.25 cm* mL™*

6.2.3 Cytotoxicity assay

To test the biocompatibility a tetrazolium, 3-(4,5-dimethylthiozolyl-2)-2, 5-diphenyltertrazolium
bromide (MTT) cell proliferation assay (30-1010K, ATCC) was used. The assay measures the
proliferation rate of cells, which is indicative for cell viability and cytotoxicity. The MTT is reduced
by metabolically active cells via the hydrogenase enzymes nicotinamide adenine dinucleotide (NADH
and NADPH). The reductant is the insoluble formazan crystal, which is purple in colour and forms
inside the active cells. The crystals can be re-dissolved and quantified using spectrophotometric

means (209). An overview of the process is depicted in Figure 6.11.

For the assay, 1-10° cells (optimised) were cultured in a 96-well plate. For each step in the serial
dilution triplicates were used. The negative control represents cells exposed only to normal culture
media. The positive control represents cells exposed to 10% ethanol. An additional Cupper (Cu)
extraction (12.5% v/v) was also included in the assay. By adding the Cu as a control, the proper
operation of the assay can be checked as Cu is highly toxic to cells. Blank wells, containing only

culture media were used to correct for background in the absorbance measurements.

The extracts were added on top of the cells, after removal of the culture medium. The well plate was

returned to an incubator and left for 24 hours. After the exposure period, the extracts were removed
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and a 100 pL of fresh medium was added. Next, 10 pL of the MTT reagent was added, followed by
an incubation period of three hours. To re-dissolve the formazan crystals 100 pL of detergent was
added, followed by an incubation period of four hours. After, the plate was read with a Promega
Glomax plate reader at 550 and 780 nm wavelengths. The relative growth rate (RGR) was determined

for all triplicates according to the following sequence:

1. Subtraction of the 560 nm reference reading per well;

2. Subtraction of the blank well average;

3. Division by the negative control average;

4. Average of the triplicates for each dilution in the series.

Cell Membrane

Mitochondria

Cytoplasm

Figure 6.11 - Overview of the mitochondrial reductase of MTT into formazan. The active cells reduce the MTT through
dehydrogenase enzymes, forming the formazan crystals within the cytoplasm.

6.2.4 Biocompatibility results and discussion

The cell proliferation has been performed for each of the sensor components. In most cases it relates
to a combination of materials as present after the fabrication of the sensor. For all of the deposited
metals a glass-substrate with a 20 nm Ti and 200 nm Pt layer was used. The electrolyte hydrogels
were tested as individual components after cross-linking. The results from the assay are compared to
the findings in Table 6.3.

Titanium-Platinum-1rOx

Geninatti et al. assessed the cytotoxicity of Platinum electrodes for adult derma fibroblasts (210).
Extractions were performed with Pt electrodes for up to 72 hours. It was found that the proliferation
rate of the human fibroblast cell line was not affected by the Pt extracts (n = 9 for all dilutions in the

series). The results for the study on HEC-1A, as presented in Figure 6.12.a, are in good accordance
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with this find. In all cases, no effect on the cell proliferation is observed, whereas both the Cu and

positive control indicate cell death.

The biocompatibility of 1rOx has been assessed for in situ applications. IrOx has a wide use as
neuronal interface. Both Tahnawala et al. and Goebbels et al. grew neurons onto IrOx films and
assessed their viability (211, 212). In both cases, the viability of the cells was determined by visual
means, based on cell count. Both studies concluded that there was no observably negative effect on
the cell growth when the neurons were grown on IrOx films. The extraction tests performed, as shown
in Figure 6.12.b, shows that for all dilutions (n = 9) the RGR is higher than the negative control
which indicates no cytotoxicity.
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Figure 6.12 - Results from the extraction test (72 hours) using an MTT-assay for a) Ti-Pt and b) IrOx on Ti-Pt. No
significant decrease in relative growth rate, which would indicate cytotoxicity, is observed for the cells exposed to the
extracts; n=9 for all dilutions in the series.

Titanium-Platinum-Silver-Silver chloride

The cytotoxicity of silver has been shown to be concentration dependent. As discussed in the study
by Wu et al. in which human endometrial epithelial cells were exposed to different extracts of silver
(0 to 50 uM L* with 5 uM L™ increments) for up to 72 hours (213). Concentrations exceeding 30
UM L where found to effect cell viability drastically. Hardes et al. performed a direct contact study
with osteosarcoma cell-lines. Silver powder in different quantities (5 to 25 mg with an increment of
5 mg) was exposed to the cells in culture for 48 hours. It was found that at low dosage i.e. 5 mg, the

proliferation rate of the cells was above the cut-off with values of 77% and 87.7% (214).

For the Ag-AgCl, limited research has been performed on its cytotoxicity for in vivo applications.
Jackson et al. tested its effects using direct contact between vascular smooth muscle and a Ag-AgCl

RE. The exposed tissue was challenged at hourly intervals with a vasoactive stimulus. As a control,
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exposure to Ag and AgCl wire was included in the test. It was found that cells exposed to components

containing Ag lost responsiveness to the stimulant within two hours (215).

Figure 6.13.a shows the results for the HEC-1A cells exposed to silver extracts (n = 9 for all dilutions
in the series). Overall, no cytotoxicity is observed in the quantities present on the sensor die. Figure
6.13.b shows the results for the Ag-AgCl (n = 9 for all dilutions in the series). Again, little to no
effect on the growth rate is observed. Interestingly, the two graphs show similar trends with a slight
increase in growth rate compared to 100% for the 50, 25 and 12.5% dilutions. The difference is
approximately 1.3%. This confirms that the cytotoxicity, although of no significant impact, is related
to the Ag present on the electrode.
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Figure 6.13 - Results from the extraction test (72 hours) using an MTT assay for a) Ag and b) Ag-AgCl on Ti-Pt. No
significant decrease in relative growth rate, which would indicate cytotoxicity, is observed for the cells exposed to the
extracts; n = 9 for all dilutions in the series. Note that there is a high degree of similarity between the graphs.

Genipin-Chitosan hydrogel

As discussed in Chapter 3, CS is a common material in biomedical applications. Schmid et al.
investigated the use of chitosan-covered gause for intrauterine post partum haemorrhage in a clinical
setting. Nineteen patients were treated with the gauze and in all but one, the bleeding was stopped.
The gauze was left in utero for over 30 hours. Overall, no side effects due to the use of chitosan was
found (216). Within the developed hydrogel, the most toxic component is the cross-linker. Although
genipin is a natural cross-linker with a lower toxicity than other, non-natural cross-linkers, it can still
be toxic in high dosage, as studied by Wang et al., the effects of Gp on human fetal osteoblasts and
primary chrondrocytes from porcine articular cartilage. Different concentration of Gp-media were
prepared ranging from 0.5% - 0.0001%. It was found that there exists a dose dependent cytotoxic
effect starting from concentrations exceeding 0.5 mM (217). Results obtained by Kim et al. also

confirm these findings but here the cytotoxic effect were already observed at 200 uM (218).
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Figure 6.14 depicts the results from the MTT-assay for a Gp-CS gel with a Gp concentration of
approximately 200 uM. Although within the cut-off for being non-toxic, there is a significant effect
of the gel on the HEC-1A cells for the 100% extraction. This is in good accordance with the findings
discussed above. It should be noted that, due to the 1.5 safety factor, the cytotoxic effect within the
actual sample size will be closer to the 50% dilution. In any case, the amount of cross-linker currently

used, should not be exceeded.

125
100
75

50

Relative Growth Rate

25

P20 P27

oo (_,g\f‘ r‘f;\“ & ® &

Figure 6.14 - Results from the extraction test (72 hours) using an MTT-assay for Gp cross-linked CS (200 pM). A decrease
in relative growth rate is observed for the cells exposed to higher concentrations of the extracts; n = 6 for all dilutions in
the series. The cytotoxic effect is above the 70% cut-off for all dilution in the series.

6.3 Device packaging

The packaging of implantable sensors is a challenge easily overlooked when considering research
aspects of a sensor device. The sensing areas need to be interfaced with the in vivo environment via
a window in the encapsulation of the IUSD. This poses a challenge for the manufacturing process,
especially when the footprint of the sensor is small. The aim is to have a final device, similar to
conventional intrauterine devices as the discussed in Chapter 1, with functioning sensors

incorporated into the complete package.

An overview of the device components is shown in Figure 6.15. Here, the antenna for the
communication and power transfer and the PCB with the electronics need to be interfaced with the
sensor. Henceforth, the term ‘sensor package’ refers to the packaging of the individual sensor die;
the term ‘encapsulation’ refers to the entirety of the IUSD including antenna, PCB and sensor head,
which consists of the sensor package. The sensor package has been investigated separately.
Discussed in this chapter is the development of a sensor package capable of maintaining its function
with an on-board RE. The designs and data presented in this chapter are of a qualitative nature,
relying on trial-and-error, rather than measurement data. The aim of the development process is: to
develop a sensor packaging method which can be incorporated in the encapsulation and can be scaled

towards a mass-manufacturing process.
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i Antenna : PCB with electronics | Sensor head !

Figure 6.15 — Overview of the implantable platform and its major components. The sensor head needs to be packaged and
connected to be incorporated in the encapsulation of the complete device, which contains the PCB with electronics and the
antenna for data communication and power transfer.

6.3.1 Packaging time-line

The development of the sensor package has been a continuously evolving process throughout the
course of this work. A wide variety of design iterations have been developed and tested. For the

sensors the following critical functions, to be fulfilled by the sensor package, can be listed:

Hold both sensors and the RE;
Be able to connect to pads from the PCB;
Able to contain a hydrogel and keep it hydrated,;

Electrolytic contact between sensors;

g & oD

Scalable packaging process.

1, 2: The sensors are fabricated separately from the PCB. Therefore, an interconnect between sensor
and PCB needs to be devised. Ideally, a modular approach to this problem is taken in which the

sensors can be attached in a plug-and-play manner prior to an over-moulding process.

3, 4: As discussed in Chapter 3, the developed hydrogel has to be incorporated in the package. It is
key that the internal concentration of chloride is maintained as long as possible. An injection of the
electrolyte in one of the final steps of the fabrication process is considered most suitable. In addition
to its function for the RE, the electrolyte forms the contact between the back and front side of the
sensor die by means of a junction. It is therefore imperative that the formation of air pockets during

injection is prevented.

The aspects discussed here formed the main guideline for the sensor package. An overview of the

time-line of the sensor packages is shown in Figure 6.16; only the major design changes are shown.
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Figure 6.16 - Time-line of the sensor package development. Four major design milestones have occurred starting from
individual sensor packages towards a fully encapsulated sensor package and system.
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6.3.2 The first design

In the early stage of this research a single sided DO sensor of Type-A was considered first (size 4 x
8 mm). Here, the reference electrode is situated next to the CE as explained in Chapter 2. To contain
the electrolyte, a PDMS channel was envisioned. The sensor package, illustrated in Figure 6.17, has
an internal channel with an inlet and outlet, to be filled with the electrolyte. The key concept is the
addition of an O-ring formed on top of the injection inlets. Employing the deformability of medical
grade polydimethylsiloxane (MG-PDMS), pressure on the ring forms an anti-flashing seal during the

-

C=PtonTi
[ = Photo-resist

encapsulation step.

Plug

O-ring seal

Internal channel
Sensor die

Figure 6.17 - First sensor package design. A medical grade PDMS piece is cast via moulding. An internal channel,
accessible via an inlet and outlet channel is used to contain the electrolyte. The cast piece is bonded to the sensor die. The
addition of a deformable O-ring structure on top of the inlet creates a seal during the encapsulation of the complete system
by applying pressure to the plug in the encapsulation tool.

The channel structure and O-ring are formed through mould casting of MG-PDMS. The design model
is depicted in Figure 6.18.a. The formed package was bonded to the sensor die using an oxygen
plasma treatment of the PDMS and sensor prior to bonding. The contact pads were kept clear to
connect the sensor to the PCB. The internal channel and salt-bridge were filled with the hydrogel
after connection and encapsulation. This could be achieved because the O-ring kept the inlets clear
of encapsulant. An image of the channel bonded to a glass substrate and filled with an agarose gel is
shown in Figure 6.18.b. The advantage of this system is that, because the channel is internal, soft
gels such as agarose and alginate can be used (not discussed in this work), as the electrolyte is
protected by the MG-PDMS. The cytotoxicity of the Ag-AgCl is limited by the internal channel as

no direct contact exists.

Experiments with the first design exposed two major problems: yield and scalability. The overall
yield was poor due to bonding issues. The limited interfacial area for bonding onto the sensor die
caused poor adhesion across the surface, which resulted in leaks. Further implementation of both
sensors on a single chip was difficult to achieve with this type of package as even less of the area
was available for bonding. This is problematic during the encapsulation of the complete IUSD as the

forces during injection moulding would cause delamination. With the future down-scaling in mind,
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these issues would make this type of package unfeasible. In summary, the list of criteria and the

results from the experiments are listed in Table 6.5.

Inlet/Outlet

O-ring

Salt bridge
Channel

h
¢

Figure 6.18 - a) Design drawing and (b) cast PDMS piece of the first design for the sensor package. Sensor package bonded
to a glass slide and filled with agarose gel containing red food dye. The injection can be performed after full encapsulation
of the system

Table 6.5 - List of criteria for the first sensor package.

Criteria Rating
Hold both sensors no
Be able to connect to pads from the PCB yes
Able to contain hydrogel and keep it hydrated yes
Electrolytic contact between sensors yes
Scalable packaging process no

6.3.3 The second design

The second design was based on a conventional integrated circuit package. A planar sensor package,
in which the sensor was fixed, was developed. The design model is depicted in Figure 6.19.a. Here,
a window has been opened above the electrodes in the lid. The electrolyte cavity is formed by the
spacing between the top cover and the sensor. The un-polymerised solution can be added into the
package either before encapsulation or after, by incorporating an injection inlet in the design. The
addition of an O-ring in the lid served the same purpose as in the first design. An image of a sensor
of Type-A, situated inside a 3D-printed package with inlet and outlet is shown in Figure 6.19.b and

C.

The gel is directly interfaced with the environment, thus a higher strength hydrogel was required:
pAm gel. Additional concerns regarding the cytotoxicity had to be considered in this case, as
discussed in Chapter 3. The inclusion of a membrane, stretched across the window, could help in
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limiting toxic components from reaching the intrauterine environment. However, it would be
imperative that the membrane was uniformly stretched to prevent errors in the DO measurements

through bubble formation and accumulation; this was found to be challenging.

Figure 6.19 - a) Design model of the second design. An integrated circuit type sensor package consisting of a bottom piece
which holds the sensor and a top lid. The window in the lid creates the contact between the sensor and the uterine
environment. An O-ring surrounds the inlet to create an anti-flashing seal during encapsulation. b) Image of a sensor Type-
A fixed inside a 3D-printed sensor package. ¢) Image of a sensor of Type-A contained within the sensor package. Two
inlets for injection of the electrolyte are created in the lid.

Although the fabrication of this type of package was easy and less prone to alignment errors, it was
discovered during the scaling towards sensor Type-B that the pAm gel would not be able to set as
the volume decreases during further scaling. As discussed, this is caused by the reduced amount of
polymer solution. Moreover, the 3D-printed material was not impermeable to oxygen. For the
scalability of the process, a custom design in which the sensors is wire-bonded within an epoxy-type
package would be needed, which is costly for the first versions of the IUSD device. Because of the
box-type structure the footprint of the sensor increased with the width of the side walls which was
problematic when the diameter of the IUSD was to be kept within the range of conventional 1UDs.

In summary, the list of criteria and the results from the experiments are listed in Table 6.6.

6.3.4 The third design

For the third design the shape of the package was altered to a coherent, tubular shape with respect to
the rest of the encapsulant. As illustrated in Figure 6.20.a, the sensors were fixed inside a sensor
package which could attached to the PCB. The sensor dies were stuck together with fast cure epoxy
and slid inside the package with the contact pads extending outside the package in order to achieve
the interconnect. The dead-space around the top was used to contain the electrolyte required for the
RE, which is also situated on the top. A membrane could then be fixed at the top of the package to

prevent leaking of the gel into its surroundings and limit cytotoxicity.

During its development it was found that the increased diffusion distance with the electrolyte
positioned at the top of the electrode interferes with the sampling time. As the volume of the gel,
situated on top of the sensor, and more importantly the height of it was increased a time delay is
imposed on the sensor response. Similar to Clark electrodes, the time delay is caused by the increase

in diffusional length related to the height of the package. A variety of iterations were performed to
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overcome the time-delay issues by reducing this distance. An example iteration is shown in Figure
6.20.b. Here, the sides of the top package were tapered down towards the WE. Hence, a shorter
sample interval can be achieved at the cost of the internal volume of the cavity. An example of a

fully packaged sensor of Type-B is shown in Figure 6.21.a-c.

Table 6.6 - List of criteria for the second sensor package.

Criteria Rating

Hold both sensors no

Be able to connect to pads from the PCB yes

Able to contain hydrogel and keep it hydrated yes

Have electrical contact between sensors yes

Scalable packaging process partially
a b.

Window opening

Cavity for electrolyte

Injection channel

”,/ - //%

Sensor die

pH sensor

Figure 6.20 - a) Cross-section of the third design containing two sensor dies stuck together and slid inside the sensor
package. The empty space on top of the DO sensor, consisting of a CE, WE and RE, is filled with the electrolyte via the
injection channels. These are later sealed during the encapsulation process. The pH sensor is situated on the bottom of the
package. b) Tapered iteration of the third design where the diffusion distance towards the WE is reduced by sloping the
side walls down to the electrode surface.

In practice, it was found difficult to maintain accurate spacing and inclusion of a membrane was near
impossible. For the encapsulation, the sensor package would be over-moulded in a later processing
step. This required the electrolyte to be injected before encapsulation, which made it difficult to keep
the hydrogel hydrated. In summary, the list of criteria and the results from the experiments are listed
in Table 6.7.
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Figure 6.21 - a) Top side image, b) side image, c) bottom side image of a dual function DO and pH sensor fixed inside a
3D-printed sensor package based on the third design. The contacts for both DO and pH sensor extend outside of the package
for the connection to the PCB. The internal cavity is filled via the injection hole located on the side.

Table 6.7 - List of criteria for the third sensor package.

Criteria Rating
Hold both sensors yes
Be able to connect to pads from the PCB yes
Able to contain hydrogel and keep it hydrated no
Electrolytic contact between sensors yes
Scalable packaging process partially

6.3.5 The fourth design

Based on the findings of both sensor research and packaging development, a complete redesign of
the sensor system was proposed. Based on the initial findings of the biocompatibility research, the
diffusion modelling and membrane fabrication problems, it was chosen to discard the inclusion of a
membrane. As discussed, there has been no indication of any cytotoxic effects on the surrounding
cells. The sensor design itself was also altered. Instead of fabricating all sensors on a single-sided
wafer, a double-sided design was proposed: sensor Type-C. Here, the RE and CE were situated on
the back side. The electrolyte would be injected into the cavity via an inlets and outlet, which were
to be closed during the encapsulation process. An illustration of the design is depicted in Figure
6.22.a. By relocating the RE, the time delay associated with the electrolyte on top of the electrode
was removed. Furthermore, the dead space on the back-side of the sensor package was used to store
the electrolyte, creating a larger volume. A junction inside the glass substrate was envisioned to slow
down the loss of chloride into the uterine environment allowing for drift prediction on the RE

potential.
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Figure 6.22 - Cross-section of the fourth sensor package design containing a double-sided sensor chip. The RE is located
on the back side of the chip which removes the time delay present in the previous designs. a) Connection between the back
and front is made via an aperture in the glass substrate. b) Connection between the front and back is made via two channels
located at the sides of the sensor die.

As discussed in chapter 3, the volume and size of the aperture is critical to maintain a constant drift
over time. The challenge here was to create the small aperture inside a thick glass substrate. Although
efforts were been made in creating such a through-hole, no successes have been booked yet. A
compromise design was developed in which the junction is formed at the sides of the sensor die. The
injection of the gel is performed through inlets from the top side of the sensor package. An illustration
is shown in Figure 6.22.b. Here, the junction is of larger size which results in pseudo-setup behaviour.
This has to be taken into account during the long-term measurements in utero. Shown in Table 6.8
are the criteria as met by the fourth design.

Table 6.8 - List of criteria for the fourth sensor package.

Criteria Rating
Hold both sensors yes
Be able to connect to pads from the PCB yes
Able to contain hydrogel and keep it hydrated yes
Electrolytic contact between sensors yes
Scalable packaging process yes

The fourth design had been shown feasible and reproducible enough for further optimisation. The
compromised design has led to the development of a proper encapsulation process in collaboration
with Vivoplex to reach a fully functional prototype. The sensor package of design four has been

redesigned as a clip-on frame as illustrated in Figure 6.23.

145



Window opening
Sensor head
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Figure 6.23 - Design model as developed by Vivoplex Itd. based on the fourth design. A frame is used to position the
antenna, PCB and sensor dies. A clip-on structure is used to create the window on top of the electrode. The cavity for the
electrolyte is defined within the structure of the sensor head.

The resulting final device, encapsulated in medical grade PDMS is depicted in Figure 6.24. The
injection moulding has been performed by Vivoplex and is achieved via an optimised injection
moulding process. The integrated sensor head contains the sensors developed in this work assembled
into the pocket and chassis. The internal pocket of the sensor chip is filled with the electrolyte gel
prior to implantation. The complete device shown here is currently being used in animal studies and
will proceed into the legislative testing and certification, allowing the device to be used as a new

diagnostic tool for sub-fertility.

Wings
Sensor Package
Sensor Head

PCB to sensor connection

PCB

Antenna

Ferrite Core
PDMS encapsulant

Figure 6.24 — Final encapsulated IUSD in medical grade PDMS for animal trials. Consisting of sensor package with added
wing for positioning of the device in utero. The PCB contains the electronics for the analogue front-end and the data
communication link. An antenna with Ferrite core is used to achieve the wireless data and power transmission.
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6.4 Summary

This chapter discussed the theory and practice of a novel on-chip calibration method to improve the
accuracy of the metal oxide pH sensor during the course of the implantation period. By utilising the
generated by-products during the electrolysis of water local pH changes are generated. The pH
boundary generated in this manner extends outwards according to the diffusion principles. A ComSol
model has been developed and tested, taking into account the buffer capacity of the bulk solution.
The obtained pH versus time plots at a set current and for a given geometry can be computed in this
manner. It has been shown that the sensed change in pH follows an exponential decay curve reaching
a steady-state over time. The pre-determined pH value at this point can be used to obtain a new

calibration curve for the given sensor.

Repeated observations of a fixed, limiting pH value, have led to an unconventional method of
recalibration in which the decay of the potential versus time diagram is used to obtain the difference
in pH. Both the steady-state potential and decay curves show high reproducibility. It has been
hypothesised that this consistency is caused by the high degree of protonation and hydroxylation
within the Iridium oxide surface, effectively reconditioning its sensing properties. Results indicate
that it is feasible to obtain a similar degree of accuracy as established with conventional pH sensing

methods proposed in this work.

The biocompatibility of the sensor components has been assessed. Each of the individual components
were tested for cytotoxicity according to 1SO 19033:5. Human endometrial cells were cultured and
exposed to a serial dilutions of extracts obtained from the sensor components. From the list of
materials none of the components showed cytotoxic effects. In all cases, the cut-off (viability below
70%) was never reached. Only in the case of 100%, undiluted extract of the Gp-CS hydrogel, was a

decrease in cell viability observed.

Throughout the course of this work a sensor package for future device integration into the IUSD has
been developed in parallel. Four major designs have been fabricated and tested for their potential
use. The designs were prototyped and assessed based on key criteria which included: connection to
the PCB, inclusion of a hydrogel, ionic conductivity between sensors and RE, scalability. From the
experience gained during the sensor development process, a final design consisting of a double sided
sensor die contained within a tubular package was proposed. Here, the internal space within the
package is used to contain the electrolyte for the RE. A future implementation of an aperture, in order
to limit the efflux of chloride, can be implemented in the design to achieve full RE performance. The

design has been further developed by Vivoplex.
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Chapter 7 -Conclusions and future work

7.1 Conclusion

This report discussed the need for and development of a novel in vivo sensing platform for
intrauterine studies and subfertility diagnostics. Couples are increasingly being confronted with
subfertility issues without a clearly established reason. It is therefore of great importance to find a
method to determine the underlying cause. As current diagnostic tools are unable to provide in depth
information on the female reproductive system and in particular the uterus, new means are required.
It is thought that, the intrauterine environment and within it the endometrium, is of influence on the
success rate in female conception. Studies have shown that physiological parameters such as
dissolved oxygen and pH greatly influence the process of implantation and development of the
embryo. Empirical data from in vitro fertilisation studies confirms that embryo development is
influenced by variations in DO concentrations. Lower concentrations providing the best environment
for embryonic development. The pH of the media has also been shown to be of influence, and is
estimated to be optimal in a range of pH 6 and 8. It is hypothesised that, the subfertility issues stated,
are caused by abnormalities in these physiological parameter in the intrauterine environment.

However, to-date no means exist to confirm these claims.

As the endometrium experiences cyclical changes i.e. menstrual cycle, a diagnostics tool capable of
providing data continuously during this cycle (30 days) would be of great benefit. An ideal platform
to perform such a task is an implantable sensor system. This thesis described the development of a
multi-parameter sensor system, capable of measuring DO and pH unobtrusively for prolonged
periods of time. The sensors have been developed in conjunction with an on-board miniature RE. All
have been assessed on their performance for both the sort- and long-term. The hypothesis in this
work has tried to show that it is feasible to develop a DO and pH sensor capable of acquiring
biologically relevant data, unobtrusively, for long time periods. The system is to be implemented in

an IUSD, previously developed at the UoS.

For both pH and DO sensing, an on-board miniature RE had to be developed and implemented. It
should provide a stable potential during the 30 day period. A miniature Ag-AgCl RE has been
developed in this work which meets the size and biocompatibility requirements. A layer of Ag was
deposited by means of electroplating in an optimised process. The Ag was converted into Ag-AgCl
using constant current conditions in 3 M KCI. Its performance has been assessed versus a commercial
RE. Long-term pseudo-setup measurements have shown excellent performance with long-term drift
values below 1 mV day™ for a large sample size. The overall yield of the fabrication method equals
64.5%. By implementing a quality control check for long-term performance over a 40 day course the

yield is increased to 90%.
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In order to create a full RE, insensitive to external changes of the chloride concentration, hydrogels
were investigated. First, pAm hydrogels were tested for their applicability. Although good
performance was initially observed, the smaller footprint of the second iteration of sensors made it
difficult to ensure cross-linking. This impaired the biocompatibility requirement of the RE. A less
toxic gel in the form of Gp-CS was developed and tested. Although the gel performed well in a
pseudo-setup, no added benefit in regards to the loss of chloride was observed. This also applied to
the addition of a Nafion® membrane. Results from simulation models showed that the most likely
way to obtain a full RE was through the clever design of the sensor and its package. Proposed in this
work is a double sided sensor die in which a small aperture is created. The aperture (10 um) ensures

that a predictable drift can be maintained over the measurement period.

For the DO sensor, arrays of Platinum disk microelectrodes recessed within a layer of photoresist
were fabricated and tested. By using microelectrodes to measure the DOC the low power constraint
posed by the IUSD is met. Furthermore, it reduces the degree of perturbation within the uterus. By
implementing the recessed electrode structures one-dimensional diffusion is maintained. This allows
read-out at the 50 ms scale without the need for signal amplification. A simulation model was used
to obtain estimates on the expected current values and calibration curves. Three recess heights have
been tested and compared: 5, 25, 55 um. A conditioning procedure to maintain a reproducible
electrode surface state was developed and implemented. Overall, a good agreement with the model
was observed. For the 55 um recess, tapering of the walls was observed causing non-linearity in the

diffusion profile. However, all sensors still showed proper response to DO.

Long-term measurements were shown to be problematic. During prolonged measurement periods
delamination of the photoresists was observed; noticeable by fringes and rings around the disks. It
was found that similar failures occurred when sensors were exposed to hydrogen peroxide overnight.
Additionally, the application of a negative current, generating hydrogen gas at the WE surface,
caused the same effect. It has been postulated that the continuous measurement of DO, in which
hydrogen peroxide is formed as an intermediate, caused delamination of the photoresist. A variety
of photoresists were tested to see if adhesion could be improved. Only Parylene-C showed no
delamination under these extreme test conditions. A long-term test was conducted with this type of
electrode. Although the life-time was extended, similar observations were made for measurement
periods beyond one week. It is clear from this work that the use of this type of electrode for long-
term measurements is not ideal. However, the performance of the DO sensor did show that values of
0.5 mg L™ can be distinguished. Although this is slightly higher than the 0.4 mg L™ required, it is

acceptable considering no other means exist to assess DO in utero.
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For the pH sensor metal-metal oxide electrodes were created using the Pt electrodes as a substrate.
IrOx was deposited thermally forming TIROF, or electrochemically forming (EIROF). Short-term
experiments with the TIROF electrodes showed good performance in agreement with literature.
Nernstian sensitivities were obtained with an accuracy of 0.24 pH. The long-term experiments
showed good performance. The sensitivity showed little to no variation over the course of 4 weeks.
Drift values below 0.02 pH day™ over the course of 40 days were observed. In contrast, the EIROF
pH sensor showed a super-Nernstian response. Short-term performance indicated a higher accuracy
compared to TIROF due to the increased sensitivity. Long-term performance showed negligible drift
on the sensitivity. Drift values were determined as 1 - 1.5 mV day™. The sample size for the EIROF

sensors is still small, so estimates on yield have not been made.

Form the results obtained during the pH sensor development it was clear that the accuracy is
determined by the initial calibration taken prior to long-term use. In order to limit the degree of
inaccuracy a novel on-chip calibration method was developed. Here, the pH change generated at
electrode surfaces during the electrolysis of water was employed. By applying a positive current an
influx of protons could be created locally. The diffusion gradient established in this manner, could
be sensed with the EIROF pH sensor. A model was made to predict the change in pH under the
application of a current. By estimating the pH over time, the current state of the pH sensor could be
obtained. An interesting proposal was made for an unconventional approach to this form self-
calibration. Based on the experimental data, it could be concluded that once the pH conditions were
generated a stable, highly reproducible decay was observed. As was shown in this work, this state
could be predicted and used to derive the pH of the bulk solution with a similar accuracy as normal

pH sensing.

The materials used to manufacture the sensors were tested for their biocompatibility. For an
implantable device, biocompatibility is the key criterion. HEC-1A cells were exposed to extract of
the materials and their viability was determined after a 24 hour exposure period. None of the
materials used showed signs of cytotoxic effects. In parallel to the sensor development designs and
prototypes of sensor packages had been made. The sensor package holds the sensors and the
electrolyte for the RE. Four main designs were manufactured and tested in the course of this work.
The final design has been presented and includes the future implementation of the RE aperture to

achieve full RE performance.

In conclusion, this work has shown that a single sensor die, sized 2.3 x 4.3 mm containing a pH
sensor, DO sensor and miniature RE can be developed. Although improvements on the DO sensor
are needed, the pH sensor and RE have shown excellent performance. With the knowledge gained
during the DO development new concepts for long-term monitoring in utero have already been

devised. As the sensor development has continuously kept the future device packaging, integration
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and biocompatibility in mind, it can be said confidently that the sensors presented here will be used

to help couples achieve their dream.

7.2 Future work

Although the results obtained in this work have shown the feasibility of creating miniature sensors
capable of measuring unobtrusively in utero for long periods of time, there are still challenges that
have to be overcome. First, the RE developed in this work has shown excellent performance in a
pseudo-setup. However, its performance as a full RE has not been obtained. The investigation of a
hydrogel electrolyte has shown that it is not possible to maintain a constant concentration of chloride
for prolonged periods of time. Therefore, it can be stated that further investigation into these types
of polymers, for this purpose, is not advisable. More feasible is the investigation of solid electrolytes

as outlined in the literature search in Chapter 4.

Other alternative methods have been proposed. It can safely be said that for an RE operated in an
unknown intrauterine environment knowledge on the potential drift is required. One possible way to
achieve this is to incorporate a small aperture. The sensors of Type-C developed in this work have
been designed for this purpose. However, a method has to be devised to create these apertures in a
glass substrate. Alternatively, the substrate material can be changed to polyamide. This flexible
material has been used in sensor development. Alternatives to the proposed aperture are possible.
One of the most likely alternatives is to create a tortuous path. As the loss of chloride is directly
related to the length of the diffusional path, a thin and long junction could maintain the concentration
for the required time period. This path can take the form of paper microfluidics, patterned photoresist
channels, and hollow glass fibres. Key is that it can be implemented into the sensor package. Parts
of these concepts have already been investigated during the course of this work and are feasible,

however, more work is needed.

The implementation of a conductivity sensor to elucidate the conductivity of the uterine environment
is also beneficial. Considering that intrauterine conductivity is an ‘unknown’ and governs RE
performance its value is considered high. A design for this additional sensor has already been made
and fabricated, as shown during the on-chip calibration. The electronics for this sensors have to be
developed with the low-power requirements in mind. It can be reasonably stated that the resulting
RE will be combination of all the aforementioned aspects in which a trade-off between complexity,

size and performance will have to be made.

For the DO sensor a new approach to the problem has to be found. Although this work has aimed to
create a very specific type of DO sensor, it can be stated that from a practical perspective better
performance can be obtained with a simpler design, less prone to fabrication and delamination error.

The data has indicated that the use of recessed micro-electrodes is difficult to achieve and is not
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worth pursuing considering the limited advantage the extended Cottrell time yields on performance.
At the time of writing initial tests with a ring microelectrode have already been performed.
Additionally, this thin ring design can serve as the generator electrode for on-chip calibration and as
electrodes for a four-point conductivity measurement. A self-calibration method for DO can be
incorporated on-chip. Here, oxygen is consumed and generated near its surface in a similar manner
to the pH. This principle is easier than the pH calibration as it does not require accurate knowledge

of the bulk. Instead, it creates upper and lower DOC limits, based on the conventional ORR.

The pH sensor has shown good performance throughout this work. However, the sample size for the
EIROF has to be increased to gain confidence on the predictability of the drift and fabrication yield.
An interesting aspect of research would be the investigation of the influence of the substrate materials
on the adhesion and performance of the IrOy sensors. It can be reasonably expected that there has to
be an underlying principle that governs the adhesion, and as such the life-time and shelf-life of these
devices. An alternative metal-metal oxide based sensor has already been fabricated and tested. This
sensor is based on Ruthenium oxide. Its advantage is its shelf-life. A similar characterisation method

as employed in this work can be used to determine its performance.

A novel aspect in this work has been the development of an on-chip calibration method. As shown,
interesting finds have been made including an unconventional approach to this form of self-
calibration. By optimising the model, performing experiments and comparing the two, it could be
possible to calibrate the pH sensor. More work is needed to investigate the observed protonation and
hydroxylation of the surface. A patent has already been filed for the on-chip calibration method. By
improving the model a higher degree of accuracy is expected. For this method to be implemented

into the IUSD a reduction in current is needed.

At the time of writing parts of the encapsulation and sensor packaging have been outsourced to
external manufacturing companies. By using professional injection moulding tools progress towards
an implantable IUSD has been made. The first animal trials on rabbits have taken place as part of a
fact finding study. Currently, 6 rabbits have been implanted with an IUSD containing dummy sensors
to test encapsulation, and functioning DO sensors and REs. These fact finding studies are critical to

properly assess the following aspects:

1. Biofouling during prolonged implantation;

2. RE performance in utero;

3. Electrolytic contact from the front to the back side of the sensor die;
4

Toxicity and inflammation caused by the entire implant.

Because the intrauterine environment is unknown, the only means to obtain accurate data on

performance is through animal studies. Although short-term animal trials performed in previous with
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the IUSD have not shown no indication of biofouling, the results from this work have indicated that

short-term performance is not a guarantee for long-term success.

Part of this work and future work will be published in scientific journals in the near future. In
particular, the individual chapters on the sensor development of DO and pH will be published. A
comparative study between the performances of the recessed disk micro-electrodes can be given in
detail which includes comparisons to theory using the established ComSol models presented in this
work. For the pH sensor a performance evaluation based on long-term data is envisioned including
a comparison to the Ruthenium oxide sensor discussed in this section. Finally, the on-chip calibration
method (patent pending) will be published once its performance has been assessed in more detail.
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Al — Standard reduction potentials

Measured at 298 K in agueous solutions.

Half-reaction Potential vs. SHE Potential vs. Ag-AgCl/

0,(g)+4H" (ag)+4e > 2H,0 +1.23V +1.031V

Ag* (ag) +e 2> Ag(s) +0.8V +0.6 V

0, (g) +2 H (aq) + 2 e = H,0, (aq) +06V +0.4V
0,(g)+2H,0 () +4 e > 4 OH (aq) +0.4V +0.2V

AgCl (s) + e > Ag (s) + Cl'(aq) +0.222V ov
2H*(ag)+2e > H,(g) +0.00 V -0.2V

2H,0 () +2 e > H, (g) + 2 OH" (aq) -0.83V -1.03V

A2 — Simulation model for full reference experiments

267

2,47

External bulk (Cext)

Junction
2.27]

1
1
1.87]

Cint

0.47

O Internal chamber
0.27]
+———— RE position 5

1.5 1

Model: transport of diluted species; solved for concentration of chloride, ¢; Scale in mm.

0.5 0 0.5 1

Nernst equation: E = E® — 2.303%log[c]
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Constants Definition Value Units

D Diffusion coefficient of chloride in water 1.3810-9 m?s
R Gas constant 8.314 J K mol?
T Absolute temperature 293 K
F Faraday’s constant 96485 C mol*
E° Formal potential Ag-AgCl 220 mV
Cint Internal chloride concentration 150 mM
Variables Definition Value Units
Cext External chloride concentration - mM
w Diameter of junction - mm
H Height of internal chamber - mm
B1 — Dissolved oxygen simulation model
2507]
K
2007
1507)
clj1 t=0
i<}
§ 1007]
c
8
5 507]
o 0
Time 0 —
DO
507
-1007]
450 500 5‘5‘0 600 650 ‘700 750 800 850 200

Model: transport of diluted species; 2D. Solved for concentration of DO, ¢ over time when

concentration is rapidly stepped down to 0. Scale in pum.

Cottrell equation: I=N <nFAC\E>

(47rnFCD roz)

Steady-sate equation:  Igs = N (———
0
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Constants Definition Value Units
D Diffusion coefficient of oxygen in water 2.110° m?s
F Faraday’s constant 96485 C mol?
C Bulk DO concentration 7 mg L?
Variables Definition Value Units
ro Disk radius - uM
H Recess height - pum
N Array size - -
A WE area - pum?2
C1 — Precision test for TIROF sensor
50 50
=973 pH pH 10 p=10.02 pH pH 10
4045 =0.24 pH 4046 =0.03 pH
E 30 30+
3 3
O 204 O 204
ey R&gﬁw o
0 T T T T T T I\ \I S T T T T T O T T T T T T T
90 91 92 93 94 95 96 97 98 99 10.0 10.1 10.2 10.3 10.4 10.5 95 986 97 9.8 99 10.0 101 102 103 104 105
50 50
pn=7.00 pH pH 7 n=7.07 pH N pH7
4015 =0.03 pH 4046 =0.02 pH ss
s = N
3 20- 8 20 ,’s
10 10 §
0 T T T T T T O x T & T ¥ T ¥ T L T : X T T T
6.5 6.6 6.7 6.8 72 7.3 74 75 6.5 6.6 6.7 6.8 6.9 7.0 71 72 73 74 7.5
50 50
u=3.87 pH pH 4 n=4.16 pH pH 4
4075 =0.05pH 4045 = 0.09 pH
€ 304 = 304
3 3
O 20+ O 20+
104 104
0 T T T T T T O T T T
35 36 37 4.1 42 43 44 45 35 36 3.7 38
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D1 — On-chip Calibration Model

Bulk

2507

»

2007

1507
E
=

8 1007
o
k]
R
[a]

5071

0 H —_—
DO i
d
-507]
-100]
450 500 5‘5-0 600 650 700 750 800 850 900

Distance (um)

Model: transport of diluted species; Chemical reactions. 2D or 2D-revolved. Solved for

concentration of protons (cH); concentration of base (cBase); concentration of acid (cAcid). Scale in

pm.
Boundary flux at ‘DO’: Flux = ﬁ
Equilibrium in ‘Bulk’: A~ +H* 2 HA

Concentration to pH®: —log10(cH) = —log10 (M) —log10 (CACid)

cBase cBase

Constants Definition Value Units
Dh Diffusion coefficient of proton 9.3110% m?s?
Da Diffusion coefficient of HPO,4 7.59 101° m? s
Dha Diffusion coefficient of H,PO4 9.59101° m? s
H Recess height 5 pm

F Faraday’s constant 96485 Cmol?

8 Computed in mol L.
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Variables Definition Value Units

I Sourced current - MA
cAcid Concentration of acid - Mol L
cBase Concentration of base - Mol L!
cH Concentration of protons 10°H Mol L1
d Distance between electrode and sensor - pm

A Electrode area - um?

t Time - s
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