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ABSTRACT
FLEXIBLE ELECTROCHEMICAL SENSORS BASED ON IRIDIUM OXIDE
FOR BIOMEDICAL APPLICATIONS

Xuesong Yang, Ph.D.

The University of Texas at Arlington, 2019

Supervising Professor: Jung-Chih Chiao

Considering the disadvantages of the costly, laborious, and time-consuming traditional
clinical analyses, there is a tendency of developing non-hospital point-of-care which allows
patients to monitor their health conditions conveniently at home. To optimize the convenience of
the point-of-care instruments, a wearable device with the ability of detecting different biological
components in different biological conditions is preferer. The device should also have the qualities
of rapid analyses, high accuracy, and high sensitivity. To accomplish these requirements, we
proposed a flexible electrochemical sensor based on iridium oxide (IrOx). As a noble metal,
iridium oxide has the advantages of bio-compatible, stable, and corrosive resistance in electrolyte

solutions. It also has a wide-pH sensing range, which makes it perfect material for biological
conditions monitoring. Our IrOx-based sensor provides instantaneous and continuous response

with high spatial and temporal resolutions. It also has the advantages of excellent flexibility,
simplicity in fabrication, cost effectiveness, and low power consumption which makes it suitable
for wireless data transduction. In the meanwhile, our IrOx-based sensor shows reliable
performance when tested in biomimetic environment for various bio-applications.

Lactate detection by an in-situ sensor is of great need in clinical medicine, food
processing, and athletic performance monitoring. In this work, we present a flexible, easy to
fabricate, and low-cost biosensor base on IrOx. The sensor is characterized by the scanning

electron microscopy (SEM) and the cyclic voltammetry (CV). The flexibility, durability, sensibility,

XV



and selectivity of the sensor were examined. The sensor shows an average surface area
normalized sensitivity of 9.25 pA/(cm? mM) with a life time of 4 weeks. It shows little response to
interference chemicals, such as glutamate and dopamine.

pH is a crucial indicator in various biological conditions. Since many biological reactions
are pH dependent, a responsive pH sensor adaptable to various mechanical environments is
desired owning to its capability of providing real time monitoring of the reaction status. In this work,
we conduct in-depth study of the performance of the IrOx-based pH sensor. The factors which
could influence the performance of the pH sensor have been investigated. Various pH sensors
are fabricated with different IrOx deposition techniques, different metal substrates and adhesion
layers, and different sizes of the sensing area. The SEM and electron dispersive analysis (EDAX)
are conducted to evaluate the physical condition and quality of the IrOx sensing films before and
after used in acidic/ alkaline environment. The pH sensors are evaluated for the sensitivity,
potential fluctuation, potential deviation, potential drift, hysteresis effect, interference effect, and
effective pH detection ranges.

To evaluate the feasibility of utilizing our IrOx-based sensors in real-life, experiments are
conducted to check the performance of the sensors for various biomimetic applications. Firstly,
an ultra-flexible IrOx-based pH sensor with robust performance and simple fabrication processes
is fabricated for skin test. The pH sensor is tested in flat and deformed conditions with a
mechanical apparatus. A promising sensitivity of 49.3 mV/pH in the pH range between 2 and 13
at the room temperature is obtained in both scenarios. When attached to skin, the pH sensor
shows excellent conformity with reliable pH response. The response time, stability, reversibility,
and repeatability of the sensor are investigated in both types of physical settings. Comparing with
a commercial sensor, our sensor has the advantages of smaller size, faster responding time, and
better accuracy in the testing environment with insufficient liquids. Secondly, an integrated IrOx-
based sensor-array is fabricated for sweat measurement. Sweat is one of the body fluids that can

be obtained non-invasively and easily. Real-time monitoring of sweat can provide immediate

XVi



information about body chemistry. In this study, our multi-functional sensor-array is capable of
detecting lactate concentration, sodium ion concentration, and pH level of the sweat, with
excellent sensitivity, reversibility, and stability. The advantages of good conformity, low fabrication
cost, and noninvasiveness make our flexible IrOx-based sensor-array a promising diagnostic tool

for sweat analysis.
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Chapter 1
INTRODUCTION
1.1. Motivation

Nowadays, clinical analyses have become expensive, laborious and time-consuming.
Hence, there’s an increasing need for the non-hospital point-of-care, which allows patients to
monitor their health conditions at home continuously in a convenience way. However, there are
challenges for the point-of-care measurement, such as the realization of rapid analyses with high
accuracy and sensitivity. To overcome the technique challenges, studies have been conducted
on the wearable electrochemical sensors. The wearable sensor realizes the personalized
medicine through instant detection of the body fluids, such as the sweat. The electrochemical
sensor allows continuous, precise and fast measurement. In combination, the wearable
electrochemical sensor could provide instantaneous and continuous response to the in-contacted
sensing sites with high spatial and temporal resolutions.

There are variety types of electrochemical sensors, such as the polymer-based sensor,
silicon-based sensor, carbon-based sensor, and metal/ metal oxide - based sensor. Each of the
sensors has its unigue properties and advantages. Among the all the sensor types, the metal/
metal oxide - based sensor has the advantages of simplicity in fabrication, cost effectiveness, and
low power consumption. For wearable biomedical applications, the essential requirements are
bio-compatibility, deformability, and wireless data transduction ability. Being a noble metal, iridium
oxide has the advantages of bio-compatible, stable, and corrosive resistance in the electrolyte
solution. Iridium oxide also have a wide-pH sensing range. These abilities made iridium oxide a
perfect material of wearable electrochemical sensors for bio-applications.

To optimize the convenience of the point-of-care instruments, the wearable device should
have the ability to detect different biological components in different biological conditions.
Therefore, a flexible IrOx-based sensor with multiple sensing abilities is preferred. There are

several challenges: First, the feasibility of utilizing IrOx-based sensor for bio-molecules detection;



Second, the stability of the IrOx-based sensor in different testing environments; Third, the
performance of the IrOx-based sensor in real-life tests, such as on-skin/ in-sweat measurement.
Therefore, the crucial aim of my research work is to investigate the performance of the flexible
IrOx-based sensors being tested in biomimetic environment for various bio-applications.

1.2. Methods and Approaches

Lactate is a common biological component with closely correlated with our lives. In food
processing, by detecting the lactate concentration we can monitor the stage of the fermentation
and check the freshness of the food produce. Lactate detection is also important in aquaculture
and stock raising business. By tracking the lactate concentration of the fish and stocks we can
get information of the health condition of the animals and limit the usage of antibiotics. Hence in
the long term reduced the antibiotics consumed by human body. Checking the lactate level is
also important for human. An abnormally high concentration of lactate is usually related with some
disease, such as tissue ischemia, liver disease, kidney disease, sepsis and shock. Hence lactate
detection is meaningful. In my dissertation, the first approach is focusing on the detection of
lactate with a flexible IrOx sensor.

pH is a crucial indicator in various biological conditions. By checking pH level, we can
monitor the enzyme reactions, evaluate the healthiness of digestive system, and check the stage
of fermentation in food processing. The conventional pH sensors have the shortage of bulky
configuration, which makes them unsuitable for in-contact monitoring. Hence developing a flexible
pH sensor with good sensitivity and wide pH range is in great need. The second approach in my
dissertation is focusing on the in-depth study of pH sensor based on iridium oxide.

As the laboratory experiments are often conducted in the ideal state with control groups,
the feasibility of utilizing the device in real life is often questionable. Hence the real-life evaluation
is necessary to evaluated the performance of the sensors. The third approach in my dissertation
is focusing on the real-life measurement of the IrOx-based sensor/ sensor array for various bio-

applications.



1.3. Specific Aims

e Design, fabricate, and measure the flexible IrOx-based lactate sensor in biomimetic
environment. Investigate the device performance improved by the IrOx sensing film,
comparing with the commonly used Au electrode.

e Conduct in-depth study to evaluate the performance, hysteresis effect, and
interference effect of the IrOx-based pH sensors fabricated with various
configurations, deposition techniques, and metal substrates.

o Design, fabricate, and measure an ultra-flexible IrOx-based skin pH sensor. Test the
pH sensor in normal/ deformed conditions and on skin.

o Design, fabricate, and evaluate an IrOx-based multi-functional sensor-array for the
detection of the physiological information in sweat.

1.4. Dissertation Architecture

There are three major parts presented in this dissertation. First part will be the design,
fabrication and performance test of the IrOx-based lactate sensor which is in chapter 3. The IrOx-
based lactate sensor is fabricated with MEMS technologies in the cleanroom. A control group of
Au-based lactated sensor is fabricated to evaluated the difference in performance. The cyclic
voltammetry experiment is first conducted to check the performance of the sensor with different
sensing areas, the electrical characteristics of the sensor before and after loaded with enzymes,
the difference of the surface roughness between the Au and IrOx sensing films. The cyclic
voltammetry experiment is also conducted for a titration test. Then, a chronoamperometry
experiment is conducted to evaluate the responsivity, sensitivity, selectivity, and longevity of the
lactate sensor. The longevity of the Au-based and IrOx-based sensors are conformed with the
scanning electron microscopy analysis. Finally, the lactate sensor is tested in deformed condition
to check the flexibility.

The second part will be the investigation of IrOx-based pH sensors which is in chapter 4.

First, the performance of the IrOx-based pH sensors fabricated with different fabrication



techniques are evaluated. The sensors fabricated with the sol-gel technique and the electro-
chemical deposition technique are compared for sensitivity, hysteresis effect, and life time.
Secondly, the performance of the IrOx-based pH sensors fabricated with different metal
substrates are evaluated. The pH sensors made with Ni-based, Al-based, and Au-based
substrates are compared for pH measurement range, sensitivity, hysteresis effect, potential
fluctuation, potential deviation, and potential drift. For each metal type various adhesion layers
are applied. The scanning electron microscopy analysis and electron dispersive analysis are
conducted to check the surface quality of the metal film and the component of IrOx before and
after use. Thirdly, the hysteresis effect of the pH sensor is investigated. The IrOx-based pH
sensors made with different metal substrates and different sensing areas are tested for the
hysteresis effect. Finally, the interference effect of the IrOx-based pH sensor is investigated. An
IrOx-based sodium ion sensor is fabricated. A three-channel calibration system is invented to
calibrated the interference effect of the IrOx-based pH sensor.

The third part will be the biomedical applications of the IrOx based sensor which is in
chapter 5 and chapter 6. Frist, an ultra-flexible IrOx pH sensor is invented for skin measurement.
The sensor is test in three conditions: nature condition, deformed condition, and attached to skin.
The sensitivity, response time, reversibility, and repeatability of the sensor being tested in different
conditions are evaluated. Secondly, an integrated multi-functional IrOx-based sensor-array is
invented for sweat measurement. The sensor-array is designed to detect the lactate acid and
sodium ion inside sweat, and monitor the sweat pH in the meanwhile.

The background information of the iridium and iridium oxide is expounded in Chapter 2.
The future work is described in Chapter 6. The future work involves integrate the IrOx-based
sensors to a wearable radio-frequency identification (RFID) integrated circuits for data

transduction and logistics applications.



Chapter 2
LITERATURE REVIEW OF IRIDIUM AND IRIDIUM OXIDE
2.1. Iridium and Iridium Oxide

Iridium (Ir) is a noble metal which is stable in both acidic and alkaline aqueous
environments. It also has high resistance to aggressive chemical reagents such as the oxidizing
agents [2.1]. Depending on different fabrication techniques, iridium can be oxidized to various
types of iridium oxide (IrOx), with different structures and kinetics effects [2.2]. The specific
structure of the IrOx leads to different applications. For instance, the IrOx with high crystalline
structure can be used to improve the properties of the solar cell in energy harvesting system [2.3].
The IrOx with low crystalline property is suitable for pH sensing owning to its good stability for
long term measurement.

2.2. Iridium Oxide Fabrication Techniques

There are several technigues to deposited the iridium oxide film. Sputtering deposition is
one of the major techniques and has become popular recently. The advantage of the sputtering
deposition is that a sensing film with a distinctive rutile pattern could be achieved for the deposition
conducted at 200 °C. However, to achieve a stable film the deposition rate must be maintained
at a very slow rate of less than 2 nanometers per minute. Other parameters such as the oxygen
and argon pressure ratios, position of the target, and RF powers also need to be controlled during
deposition to achieve good pH sensing parameters [2.4]. The deposition target is also costly.

Thermal oxidation is a way to achieve good quality oxide film with the thermal process.
The pure iridium metal could be oxidized to iridium oxide when it is heated in the air or oxygen at
a high temperature of 800 °C [2.5]. The advantage of the thermal oxidation is that a thick sensing
film could be achieved which provides reliable pH potentials. The disadvantage of the thermal
oxidation is that a high process temperature is required, which limits the fabrication materials. To
make flexible pH sensor polymer is commonly used as the substrate material, however it often

cannot survive at a temperature above 350 °C. The high temperature also leads to brittle sensing



film. The sensing film has a tendency to crack after the thermal process which makes the
adhesion property an issue.

Sol-gel deposition is another way to deposit the iridium oxide film with the thermal process.
The sol-gel deposition includes the dip-coating [2.7, 2.8] and the thermal treatment [2.9]. The
iridium tetrachloride (IrCl4) is used as the starting material [2.7]. The coating precursor solution
contains IrCl4, ethanol and acetic acid. The dip-coating process has a withdraw rate of around 2-
centimeter per minute. By controlling the thermal treatment temperature at around 300 °C, the
IrCl4 turns to iridium oxide film without impurities. By controlling the temperature and the withdraw
rate we can obtain desired iridium oxide sensing films. Comparing with the thermal oxidation, the
sol-gel deposition is cost effective and it is suitable for the fabrication of flexible device based on
polymer substrate.

Electrochemical deposition is the technique to deposit iridium oxide film with the wet
process. When the iridium is electrochemically activated in an electrolyte a hydrous iridium oxide
layer is formed. To fabricate the iridium oxide sensing film, the electrode with iridium is placed in
H2S04 or NaOH solutions. A swapping potential is applied to the electrode by a potentitiostat.
The advantage of the electrochemically deposited iridium oxide is its porous structure, which
makes it suitable to transport water, protons and other ions [2.6]. The disadvantage is that during
fabrication the current and applied potentials need to be controlled precisely. The potentitiostat
and the pure iridium substrate are also costly.

Electro-deposition is another way to deposit iridium oxide film with the wet process.
Comparing with the electrochemical deposition, it cost less since it does not require the pure
iridium substrate. A soluble iridium precursor containing iridium tetrachloride (IrCl4), hydrogen
peroxide (H202), oxalic acid (CH3COOH) and potassium carbonate (K2CO3) is used for
deposition [2.10]. During deposition the potentitiostat is used and a current under control is
applied to the electrode. The quality of the forming iridium oxide film depends on the pH level of

the precursor, operating temperature, and the controlled current density. The disadvantage of the



electrodeposition is that the crystallization of the iridium oxide is not as good as the thermal
oxidation process.
2.3. Iridium and Iridium Oxide for Biomedical Applications

Owning to its unique properties, IrOx has been widely accepted in biomedical applications.
In neuroscience applications, IrOx electrodes has been used as the reference electrode in the
electrophysiological recording and stimulation because of its high charge density, biocompatibility,
and corrosion resistance in electrolyte solutions. Weiland [2.11, 2.12] reported using iridium oxide
thin film as electrode material for chronic neural stimulations. The electrochemical measurements
indicate that iridium oxide had low impedance and a high charge storage capacity, which make it
suitable for stimulating electrode. The iridium oxide electrode also consumes less power
comparing with commonly used platinum electrode.

Slavcheva reported using sputtered iridium oxide films (SIROFs) as charge injection
material for functional electrostimulation [2.13]. The results obtained from the surface analysis
and the electrochemical experiments indicates that the SIROFs has a unique hyperextended
surface area, which provides easy access into the film by the electrolyte ions required for a
charge-transfer process of a remarkably reversible type. The excellent electrochemical behavior
makes SIROFs an ideal electrode material for neural stimulating electrodes, especially in the field
of functional electrical stimulation.

Lee investigated the biocompatibility and charge injection property of iridium film formed
by ion beam assisted deposition [2.14]. In his study, the charge injection capability of Ir electrode
was compared with the commonly used Pt electrode as a stimulating neural electrode. The charge
density of Pt was small and unchanged with increasing number of activating cycles, while the Ir
electrode continuously produced increases in charge density. The experiment also shows that
the charge injection density of Ir electrode in physiological solution is higher than the Pt electrode

under the identical stimulating condition.



Iridium oxide film has stable mechanical properties on both rigid and flexible electrode,
which makes it suitable for long-term experiments. Tolosa reported an electrochemically
deposited iridium oxide reference electrode integrated with an electroenzymatic glutamate sensor
on a multi-electrode array microprobe. It shows the IrOx film is stable during the heating, wetting
and drying steps used to deposit polymer films and enzyme on the biosensing sites of the multi-
electrode array microprobe. The iridium oxide electrode is suitable in long-term experiments in
which the sensor might be anchored to a mammalian organ.

IrOx electrode has been used as the pseudo-reference electrodes for biomedical
recording. Coung [2.16] reported a sol-gel deposited IrOx electrode for bio-electrochemical
sensing applications. The reported dopamine sensor with sol-gel IrOx working and pseudo-
reference electrodes on the same probe shows similar sensitivity but less noise and better limit
of detection than the commonly used gold working electrode and an external Ag/AgCl reference
probe. The flexible IrOx electrodes can be utilized in long-term implants to detect in situ multiple
neurotransmitters for diagnosis of neural disorders.

In many biomedical in vivo applications, reduction of power consumption and elimination
of wire connection are important issues. Huang [2.17] reported a flexible pH sensor based on the
iridium oxide sensing film. The flexible pH sensor performed rapid responses to pH level
variations statically and dynamically. The electrodes produced distinct potentials responding to
various titration steps, with good stability, repeatability and reversibility.

IrOx has been used for intracortical neural stimulation. Stuart [2.18] reported an IrOx
microelectrode for in vitro electrochemical potential transient measurements in buffered
physiologic saline. The electrode has been pulsed in cat cortex at levels from near-threshold for
neural excitation to the reported in vitro electrochemical charge-injection limits of activated iridium
oxide.

Novel immunosensors based on antibodies immobilized in electrochemically grown

iridium oxide thin film matrices have been developed. Wilson [2.19] reported a new method for



immunosensor fabrication with IrOx matrices. The oxide acts as a hydrophilic, highly porous,
three-dimensional matrix that can immobilize antibodies and retain their activity. This research
offers the potential for high antibody loadings and is suitable for mass production of sensors in
an easy and economical manner.

IrOx has also been used for microfabricated biosensors and biochips. Yang [2.20] utilized
IrOx as quasi-reference electrodes that operate in buffered solutions for glucose sensing. The
response of the reported sensor is found to be equivalent to the response of the same sensor
employing a commercial Ag/AgCl reference electrode.

In summary, IrOx has high reachable charge capacity, which is superior than the
traditional metals electrode such as platinum and gold. IrOx can also eliminate the side-effects
such as gas evolution and metal corrosion during charge deliveries. Furthermore, the rougher
surface of IrOx film is expected to provide a larger expanded reactive area, which provides
excellent electrical characteristics. The unique properties of IrOx has made it an attractive

material for electrode fabrication.



Chapter 3

IRIDIUM OXIDE BASED SENSOR FOR LACTATE SENSING

3.1. Introduction

Lactate is a common analyte due to its wide variety of applications. Lactate detection by an in-
situ sensor is of great need in clinical medicine, food processing, and athletic performance
monitoring. In the field of food processing, L-lactate is present in fermentation of cheese, yoghurt,
butter, pickles, sauerkraut, and other food products [3.1], [3.2]. Monitoring lactate concentrations
can be used to assess the condition of freshness in dairy products [3.1]. In fish cultivation, health
and stress levels of fishes can be monitored by testing the lactic acid concentrations, thereby
limiting the mass use of antibiotics and the inadvertent consequences by human consumption of
the residual antibiotics [3.3], [3.4].

In human bodies, lactate is metabolized predominantly in the kidney and liver [3.5]. The
normal lactate level range in the human body is 0.5-2.0 mM/L [3.6], [3.7]. Hyperlactatemia is
defined when lactate levels are between 2 mM/L to 5 mMI/L [3.8], [3.9]. When lactate levels exceed
5 mMIL, the conditions indicate severe lactic acidosis [3.10]. In the fields of human performance
monitoring, lactate levels play a key role to brain blood flow and has an impact on brain activation
during exercise-induced fatigue [3.5]. Transient lactic acidosis can occur due to excessive lactate
production from tissue hypoxia or increased cellular metabolism caused by strenuous exercise
[3.10-3.12]. By monitoring the lactate thresholds in endurance athletes, a lactate sensor can
inform users of their limits during exercise [3.5].

In clinical medicine, hyperlactataemia is an indicator of systemic tissue dysoxia or
abnormal microcirculatory perfusion [3.13]. It may also indicate the severity liver injury and the
accompanying multiple organ failure [3.11], [3.14]. Lactic acidosis is indicative of tissue ischemia,
liver disease, kidney disease, sepsis, and shock [3.12]. Persisting lactic acidosis may indicate an
issue with hepatic metabolism in which the lactate production exceeds the rate the liver can

metabolize [3.14]. Persisting high blood lactate concentration is associated with poor prognosis
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in patient mortality [3.6]. Measuring blood lactate accurately enables clinicians with an early-
prediction prognosis [3.15]. High levels of local lactate within head, neck and uterine tumor cells
may be associated with a greater risk of cancer metastasis [3.6]. Measuring lactate levels may
lead to differentiating between metastatic and benign tumors in those regions [3.6, 3.7].

In clinical practice, blood lactate levels can be measured using central laboratory test
equipment, point-of-care blood gas analyzers, spectrophotometric analyzers, and emerging
hand-held devices [3.16-3.18]. The conventional analyzers have certain disadvantages, such as
the large size, heavy weight, lack of deformability, and complexity of operation. Techniques such
as indirect spectrophotometry, liquid chromatography, and magnetic spectroscopy [3.19-3.21]
require the use of sophisticated equipment and the systems could be expansive, which are
unsuitable for wearable, implantable, or disposable applications. With the increasing needs for
portable devices, varieties of techniques have been presented. Baker and Gough have
demonstrated a modified platinum and silver wire electrode with the pore-free silicon rubber
insulation layer. The result showed a sensitivity of 10 nA/mM [3.22]. Schabmueller et al.
demonstrated a micromachined lactate sensor using a titanium—platinum working electrode and
titanium—platinum—iridium oxide reference electrode on a double side silicon on insulator wafer
[3.23]. Burmeister et al. demonstrated a three-layered microelectrode array using Nafion and
polyurethane on ceramic. The result showed a detection limit of 0.078 £ 0.013 mM [3.24]. Multi-
site sensors have been investigated to monitor lactate and glucose among other parameters.
Perdomo et al. have demonstrated a multi-enzyme sensor with flow channels on a
microfabricated silicon chip for real-time monitoring [3.25]. Elie et al. demonstrated an
amperometric sensor with arrayed platinum electrodes on a glass substrate, with linearity up to
90 mM lactate [3.26]. Kurita et al. introduced a microfluidic device with carbon film electrodes on
glass plates [3.27]. The result showed a lactate detection limit of 2.3 uM.

Deformability, wireless data transduction, and low power consumption are essential for

biomedical in-vivo applications. Sensors with rigid substrate such as silicon, ceramic and glass
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have the disadvantages of being brittle and creating tissue damage when inserted into tissues.
To address the needs, polymer-based flexible sensors have been proposed. Revzin et al. have
demonstrated a lactate/glucose/pyruvate sensor array using deposited gold electrodes on Mylar
substrate. The result showed a lactate sensitivity of 0.24 pA/(cm2 mM) [3.28]. Weltin et al. have
demonstrated a lactate and glutamate sensor using deposited platinum/titanium electrode on
polyimide foil [3.29]. In this work different membranes were studied to overcome the weak
bounding problem between the enzyme and the metal electrode, which commonly exists for
surface-type sensors [3.29]. Labroo and Cui have demonstrated a graphene-based lactate
nanosensor on a flexible polyester film. The result showed a detection range of 0.08—20 uM [3.30].
Jia et al. have demonstrated a skin-worn lactate sensor utilizing screen-printed carbon electrodes
on temporary transfer “tattoo-base” paper. The result showed lactate sensing with a linearity up
to 20 mM [A31]. Khodagholy et al. have demonstrated an organic electrochemical transistor for
lactate detection with an ionogel solid-state electrolyte [3.32].

In this section, we invented a flexible, light weight, micro-sized lactate sensor which can
be integrated to our previously demonstrated wearable wireless module for data transduction
[3.33]. The sensor configuration and the fabricated procedures have been simplified to allow low-
power amplifier integration and reduce fabrication cost. A dual-electrode sensor based on lactate
oxidase (LOx) has been fabricated and measured. The self-referencing method [3.34] was
applied to eliminate the interference of similar chemicals such as glutamate and dopamine as
well as noises from other conductive ions.

The inert and bio-compatible material iridium oxide is used to fabricate the working
electrode. Cox and Lewinski have demonstrated the use of IrOx in hydrogen peroxide detection
[3.35]. Schabmueller et al. have used IrOx as reference electrode [3.23]. Yet, IrOx has never
been used as based electrodes for lactate detection. Based on literatures, the capability of
delivering a higher charge density makes IrOx an attractive electrode material [3.36], [3.37]. A

reachable charge capacity of 4 mC/cm2 is much higher than common metals such as platinum
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and gold, which have the charge capacities of a few tens of uC/cm2 [3.37]. Besides, during charge
deliveries IrOx can eliminate the side-effects such as gas evolution and metal corrosion, which
commonly exist in metals [3.37]. Furthermore, IrOx film was expected to have a rougher surface
profile than gold, which provides a larger expanded reactive area for enzyme loading. Since gold
is the most commonly used material for bio-applications, we fabricated and compared the
performance between the Au-based and IrOx-based lactate sensors.

There are several methods to fabricate iridium oxide films. The sputtering deposition
method requires a costly target [3.38]. The thermal oxidation method requires a high temperature
range [3.38]. The electro-deposition method requires a stable power supply system to control the
film thickness and quality [3.39]. In this section, we chose the sol-gel process to fabricate iridium
oxide [3.34]. The sol-gel process is easy to conduct without high thermal budgets.

Our flexible lactate sensor performed with good sensitivity, selectivity, and flexibility,
without having to use membrane or cross-link materials. The deformable capability enables the
sensor to be used on skin or in vivo. The simpler, low-cost and time-efficient fabrication method
makes it possible as disposable devices. The sensor could be used for a variety of test-and-
dispose bio-applications, such as food processing tests, daily ex-vivo tests for patients, infants,
and seniors, and emergency-response use, without causing secondary pollution to the subjects.

3.2. Fabrication and Methods
3.2.1. Materials

Lactate oxidase (Pediococcus species), L-glutamic salt, and 3-Hydroxytyramine
hydrochloride were used (Sigma-Aldrich). L-lactic acid (lithium salt) 99% was obtained from
Fisher Scientific. 1.3-mg LOx was dissolved in 500-pL 1X phosphate buffer (PBS) solution to form
the lactate oxidase enzyme stock solution [40]. Slight agitation was needed to accelerate the
dissolution. Then the stock solution was aliquoted to 20 pL and stored at —20°C. 960-mg L-lactic
acid (lithium salt) was dissolved in 10-ml 10X PBS —to form 1-M L-lactate stock solution. The

stock solution was stored at the room temperature. 38 mg of 3-Hydroxytyramine hydrochloride
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was dissolved in 200-mL deionized (DI) water to form the 1-mM dopamine (DA) stock solution.
37.428 mg of L-glutamic salt was dissolved in 200-mL DI water to form the 1-mM glutamate (Glu)
stock solution.
3.2.2. LOx Coating and Working Principle

To load the enzymes, the frozen LOx stock solution was kept in the room temperature for
half an hour until completely thawed. The stock solution was gently agitated by a syringe tip to
restore uniformity. The electrodes were cleaned by DI water and dried by air. 10-pL stock solution
was transferred by a Hamilton syringe and deposited onto the electrode under a
stereomicroscope. The same enzyme coating process was repeated by 4 times. The sensors
were sealed in a container and kept at the room temperature for 2 days before tests. This allowed
the protein to be cured hence to prolong the life—time of the sensors in the testing buffer solution.

The operation of the lactate oxidase and the destruction of hydrogen peroxide at the

anode were based on the chemical reactions below:

Lo
L_lactate + 0, = Pyruvate + H,0, (1)
H202—>H02'+H++6_ (2)
HOZ'_)02+H++6_ (3)

3.2.3. Gold-electrode Device Fabrication

The sensor probe was fabricated on a 125-um thick flexible polyimide film. The substrate
was cleaned by acetone and dried. Electron-beam deposition process was performed to pattern
a layer of 200-nm thick gold on 50-nm thick chromium. Photolithography and wet-etching were
carried out to pattern the probes with different electrode sizes of 1000 x 1000 um?, 500 x 500
um2, and 100 x 50 um2. A self-reference electrode (SE) was patterned next to the working
electrode (WE) with the identical size and configuration. A second photolithography process was
performed to form an insulation and protection layer. The samples were covered by SU8-25

(MicroChem) with open windows of sensing and contact pads for WE and SE. Each sensor
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contained one WE and one SE closely to each other. The substrate with electrodes and
connection lines was tailored by a sharp blade to a shaft shape that allowed the electrodes to be
immersed in solution while the contact pads stayed above the liquid. Copper wires were attached
to the contact pads by silver epoxy (Arctic Silver). The WE was loaded with LOx enzymes
afterwards. The step-by-step fabrication processes and the top view of the sensor are shown in
Figure 3-1. The entire sensor was covered by a SU-8 encapsulation layer while the two sensing
pads and two connection pads were exposed. The WE was deposited with lactate oxidase while
the SE was not. The dashed lines indicate the metal lines underneath the insulation layer
connecting the sensing electrodes and contact pads. Silver epoxy was used to fix copper wires

which were connected to the measurement instruments.
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Figure 3- 1. Fabrication process and sensor configuration of the gold
electrode.
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3.2.4. IrOx-electrode Device Fabrication

The IrOx sensor fabrication process is shown in Figure 3-2. After metal deposition, a thick
layer of SU8-100 (MicroChem) was spin-coated and patterned to form a micro-well on the god
surface. Sol-gel process was conducted by dip-coated the sensor in the sol-gel solution (1-g
iridium, 42-mL 95% ethanol, 10-ml 80% acetic acid). The amount of iridium accumulated on the
surface was in proportional to the depth of the SU8 well. However, the SU8-100 layer became
brittle with the increase of thickness and the pattern was easily damaged during fabrication.
Several different thicknesses had been tested and a thickness of 100 um was preferred. After dip
coating, a layer of iridium mixture was formed on the patterned substrate, followed by a 20-
minutes soft-bake at 75°C to remove the moisture. Then the flexible polyimide substrate was bent

to peel off the SU8-100 layer.
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Figure 3-2. Fabrication process of the iridium oxide electrode.
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Afterwards, a thermal treatment was conducted to oxidize the iridium with a heating
profile from 25°C to 325°C in a 3-hours period. Then the temperature was maintained at 325°C
for 4 hours, before cooling down in a 7-hours period. An SU8-25 insulation layer was patterned
over the metal patterns and cooper wires were connected to the contact pads. Detail information
for the sol-gel process can be found in our previous work [3.34]. Finally, lactate enzyme stock
solution was loaded on the IrOx sensing film. The sensor configuration of the iridium oxide sensor
is the same as the gold sensor.

3.3. Experiments and Results
3.3.1. Measurement Procedures

In comparison of the performance of the Au-based and IrOx-based lactate sensor, we
conducted several experiments to investigate the property and performance of the two types of
sensors. Cyclic voltammetry experiment was conducted to evaluate the surface roughness of the
IrOx and Au films. Chronoamperometry Experiments were conducted to evaluate the performance
of the IrOx- and Au- based sensor such as the sensitivity, selectivity, response time, flexibility,
and longevity. Scanning electron microscopy was conducted to measure the loaded enzyme
quantity on the IrOx- and Au- sensing film, and to check the sensing surface quality of the IrOx-
and Au- sensing film after usage.

3.3.2. Cyclic Voltammetry Characterization
3.3.2.1. CV Experiment on the Electrode with Different Sensing Areas

Cyclic voltammetry was performed on Au electrodes with different sizes before loaded
with enzymes. The CV experiments were conducted in the 40-mL PBS, 150-mL KCI solution.
Figure 3-3 shows the current-potential (I-V) curves of Au electrode with the sizes of 1000 x 1000
pm2 and 100 x 500 ym2. It is obvious that with a larger size the |-V curves were broader,
indicating higher current values. Thus, the electrode with the size of 1000 x 1000 um2 was

expected to have a better performance than a smaller size.
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Figure 3-3. Cyclic voltammograms of gold electrodes with the sizes of 1000 x
1000 pm2 and 100 x 50 ym?2.
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Figure 3-4. Cyclic voltammograms of the Au ensor with a size of 100 x 50 umZ2 in
PBS with 150-mM KCI before and after enzyme coating.
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3.3.2.2. CV Experiment on Electrode Before and After Enzyme Coating

The CV tests were performed on the 100 x 500 um? Au electrode before and after enzyme
coating. The CV experiments were conducted in the 40-mL PBS, 150-mL KCI solution. As shown
in Figure 3-4, a small redox peak at 0.25 V appears after the sensor was loaded with enzyme.
The result shows no enzyme blocking effect was observed, which agreed with the literature [3.40].

3.3.2.3. CV Experiment on Electrode Surface Roughness

Based on literature, the surface with a higher roughness factor provides more reaction
area, which improves the sensitivity [3.41]. Cyclic voltammetry was applied to quantitatively
analyze the surface roughness of Au and IrOx sensing films. The CV experiments were conducted
on the 500 x 500 umZ2 Au and IrOx sensors in the potential window of —0.5to +1.0 V in 40-mL 1X
PBS with 150-mM KCI. A scanning rate of 300mV/s was applied.

The roughness factor can be calculated as the ratio of the active reaction area to the

geometric area. The functions are shown below:
A, /
= 4
p A, 4)

a,=%, (5)

where p is the roughness factor, Ar is the active reaction area, and Ag is the geometric area. QH
is the total charge, which can be calculated by taking the integral of the CV curve. QH* is the
charge density for the single layer molecules of the substrate surfaces. Based on the literature,
IrOx has more charge density than Au [3.42]. In the experiments, QH* (the absorption of oxygen)
of 386 uC/cm? is applied to Au. For IrOx, it is in the range of 500—1900 uC/cm?, depending on the
film conditions [3.43], [3.44]. By taking the integral in the CV plots, the QH was obtained. Figure

3-5 (a) and (b) shows the integral regions for IrOx and Au (grey area), respectively.
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Figure 3- 5. CV plots of (a) IrOx film versus an Ag/AgCI electrode in 1X PBS at 300
mV/s; (b) Au film under the same condition. Grey areas were used for calculation
of integral regions for Au and IrOx.
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After calculation, the roughness factor p for Au was obtained as 0.512. For IrOx, QH by
calculation was 5.69 and with QH* in the range of 500-1900 uC/cm2, the p was in the range of
1.2-4.5496. Clearly IrOx had a higher roughness factor and more enzymes could be loaded on
the sensing surface. As expected, the IrOx sensing film increased the sensor sensitivity. Figure
3-6 shows the CV plots for Au and IrOx sensors with the same electrode size of 100 x 50 um2.
The result showed the conductivity was greatly improved for the IrOx electrode, with a small

reduction peak observed at around 0.19 V.
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Figure 3- 6. CV plots of an Au electrode and an IrOx electrode with a size of 100 x
50 um2 in PBS at 300 mV/s.
3.3.2.4. CV Experiment for Tiltration Test
Titration tests were conducted with the cyclic voltammetry. Figure 3-7 shows the CV
traces for the IrOx sensor before adding lactate (curve #1) and with 8 successive accessions of
lactate (curves #2 — #9). Each time, 80 pL lactate stock solution was applied, which led to

concentrations of lactate in the beaker increased from 2 mM to 16 mM. The oxidation peak current
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at the bias of approximately —0.05 V increased with respect to each addition of lactate, due to the
generation of H202 in the enzymatic reaction. The reduction peak at approximately 0.15 V also
increased, which was caused by the consequential electrocatalytic reduction of H202 [40]. This
phenomenon was only observed on the electrode with LOx enzymes, which indicates the

successful chemical reaction catalyzed by the lactate enzyme.
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Figure 3- 7. CV plots of the IrOx electrode in PBS at 300 mV/s. Curve #1 was the
CV curve before the adding of lactate. Curves #2—#9 were respective results after
eight successive additions of lactate.

3.3.3. Chronoamperometry Experiments

Chronoamperometry of titration test was first conducted by the Au sensor with a size of 1000
x 1000 um2. The performance of the sensors is shown in Figure 3-8. Successive additions of
80-uL lactate led to corresponding stepwise increases of electrical currents. After 11 additions,
a shot of 320-uL lactate was added to the beaker to ensure that the current increases were
from the lactate additions. Then, another 11 additions of 80-pL lactate were added
successively. The increased currents produced at the Au anode in the H202 oxidation process
were proportional to the lactate concentrations. During lactate additions, the lactate mixture
was dripped closely near the gold sensing surface, and then defused into the buffer solution.
The lactate concentrations at the certain dipping time points were much higher until they
were diluted in the solution. Hence overshoots of signals were observed when the lactate was
first added.
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To make it consistent, we define the performance of the lactate sensor in Figure 3-9. The
current overshoot (I') was defined as the difference between the peak current value and 90% of

the saturated current value. The overshoots ranged from 0.6 nA to 1.5 nA in different additions of

27 ¢ JAda2mM Lactate 1 l
24 ,l,Add 4mM/ Lactate v]r
21 -
18 -
E 15
- Lactate concentration, mmolfiter
12 ~ l l ’L .L Specimen
before exercise after exercise
9 1l 11
6 - v]r wlv Venous blood 3.0£0.5 7.2+0.7
Sweat 20.426.7 62.2£16.3
3 Capillary blood 1.6£0.5 9.7£1.2

0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600 3900 4200 4500

Time, s

Figure 3- 8 Time-current plot for the enzyme coated Au electrode in 1X PBS with the
response to lactate addition. The arrows indicate additions of lactate solution.
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Figure 3- 9. Definition for current overshoot (I’), current fluctuation (Al), and transition time
(To).
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lactate. The current fluctuation (Al) was defined as the current variation range after the sensor
reached a stable condition. The current fluctuation may be caused by the system noises such as
the electrical noises, electromagnetic interferences, vibration of the testing instrument and liquid
dynamics. The current fluctuation was typically less than 0.15 nA. The transition time (To) was
defined as the time period from the beginning of the current overshoot until the current reach to
90% of the saturated current value.
3.3.4. Study of Responsivity

Measured current results were plotted at different time points after each addition of lactate
to investigate the transition time. Figure 3-10 shows the currents became stabilized after the 100th
S measurement points as the data points overlapped after 100th s. Thus, our lactate sensor has

a responding time of 100 seconds.

3.3.5. Study of Sensitivity

The currents measured at 100th s after the overshoots were evaluated for the sensitivity.

Responsive current values measured at different
time points after adding lactate solution
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Figure 3- 10. Responsive current values at different time points after adding lactate
solution.
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The titration test showed a sensitivity of 129.6 pA/mM for the Au electrode with the size of 1000
x 1000 um2. The titration test was also conducted on the 100 x 50 um2 Au electrode to investigate
the sensitivity for different sensing area sizes. Figure 3-11 shows the sensitivity comparison
between the 1000 x 1000 um2 and 100 x 50 um2 Au electrodes. The sensitivity decreased from
129.6 pA/mM to 47.5 pA/mM. Hence larger sensing area size provides higher sensitivity.

However, the increased size was not proportional to the increased sensitivity. This may
be due to the surface tension from the enzyme stock solution on the electrodes. The enzyme
mixture was a suspension in which the LOx biomacromolecules were not evenly distributed. After
the air-dry process, the proteins most likely located on either the center or the boundary of the
solution drop. For the smaller sensing pad, relatively more in percentage of the proteins were
accumulated on the metal. Thus, more current density was produced in a smaller area. This issue
may be able to resolve with robotic suspension to apply the enzyme, which is commonly
performed in pharmaceutical practice.

Same titration test was conducted on the iridium oxide lactate sensor. Figure 3-12 shows
the sensitivity comparison between Au electrode and IrOx sensor with the electrode sizes of 100
x 50 um2 and 1000 x 1000 um2. After applying IrOx to the electrode, the sensitivity increased
from 47.5 pA/mM (Au-based sensor) to 462.5 pA/mM (IrOx-based sensor) for the sensors with
the size of 100 x 50 um2. For the sensor with a size of 1000 x 1000 umz2, the sensitivity increased
from 129.6 pA/mM (Au-based sensor) to 1125 pA/mM (IrOx-based sensor). The results showed
IrOx increased the sensitivity by around 10 times for the same sensing size.

However, for the IrOx-based electrode the increase in sensitivity is still not proportional
to the increase in size. The surface tension issue of enzyme coating remained a problem for the

IrOx-based electrode and yet to be solved in the future.
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Sensitivity comparison for Au electrodes
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Figure 3- 11. Sensitivity comparison for Au electrodes with sensing areas of 1000 x
1000 uym?2 and 100 x 50 ym2.
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Figure 3- 12. Sensitivity comparison for Au- and IrOx -based electrodes with the
sizes of 500 x 500 ym? and 1000 x 1000 ym?2.
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3.3.6. Study of Selectivity

Glutamate and dopamine were used as the interference bio-molecules. They were
applied to the Au lactate sensor individually. Figure 3-13 shows the sensor current responses to
lactate, glutamate and dopamine. 50-uL Glu and 10-pL DA were added in turns after 3 accessions
of 80-pL lactate. The baseline currents were different for the WE (with LOx) and SE (without LOX)
because the loaded enzyme changed the impedance of the WE. The baseline currents were
recalibrated. Then the SE values were subtracted from those of WE to remove the interference
effects which were more noticeable for the DA (on the right side of the red dotted curve). The net
values (blue curve) showed that the sensor had no responses to Glu and DA.

The sensor was then removed from the beaker and cleaned by 1X PBS solution. The
second and third experiments were conducted separately with respect to Glu and DA. Figure 3-
14 (a) shows the sensor responses to the additions of lactate and glutamate. The LOx enzyme
modified WE had corresponding responses to lactate while the bare Au SE showed no response.
Both WE and SE showed no responses to Glu since it was not an electrode reactive component.
The two overshoot signals from the SE were induced by the electron turbulence when the Glu
was first added to the beaker. The noises in WE were noticeable compared with those in SE. The
reason may due to the interference induced by the chemical reaction conducted on the sensing
film.

Figure 3-14 (b) shows the sensor response to dopamine. Both WE and SE showed similar
responses caused by the oxidation potential of DA on electrodes. The subtracted values (green
dotted curve) showed little response to DA. However, some overshoot and disturbance signals
were observed. This was due to the different time delays in the WE electrodes, with or without
LOx, because it was difficult to add the DA solution at the exactly equal distances to the two
electrodes. The results showed the self-referencing technique can eliminate the interference
caused by DA. The selectivity test demonstrated that the sensor probe was responsive only to

the additions of lactate.
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The selectivity test was also conducted for the IrOx-based lactate sensor. Figure 3-15
shows the current values for a 1000 x 1000 um2 IrOx sensor. Similar to the Au sensor, the IrOx
modified sensor showed corresponding stepwise increased currents with respect to the additions
of lactate, and no response with respect to the additions of glutamate and dopamine.

Figure 3-15 (a) shows the response to lactate, Figure 3-15 (b) shows the response to
glutamate and dopamine. The green line indicates the response of the working electrode. The
blue line indicates the response of the self-reference electrode. The red line indicates the
response of the calibrated result by the self-referencing technique.

From Figure 3-15 (a) we can see that the IrOx-based lactate sensor is responding to the
additions of lactate with a step-increase. The current increase is higher than that of the Au-based
electrode. From Figure 3-15 (b) we can see that the IrOx-based lactate sensor is not influenced
by the glutamate, however it is influenced by the dopamine. After calibration, the calibrated result

(subtraction) shows step-response to lactate additions only.
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Figure 3- 13. Time-current plots for WE (with LOx) and SE (without LOx) in 1X PBS with
responses to lactate, glutamate, and dopamine.
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Figure 3- 14. Time-current plots for Au based WE (with LOx) and SE (without
LOx) in 1X PBS with responses to (a) lactate and glutamate; (b) dopamine only.
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Figure 3- 15. Time-current plots for IrOx based WE (with LOx) and SE (without
LOx) in 1X PBS with responses to (a) lactate; (b) glutamate and dopamine.
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3.3.7. Study of Longevity

After a few days of uses, the Au sensor showed decayed performance. The sensor
eventually stopped responding to lactate. This may be due to the loss of weakly-bonded enzymes,
the inactivation of the enzyme, or the damage of the sensing film surface. To examine the
electrode lifetime in a dry condition, the sensor was first tested in one beaker with 4 additions of
lactate, and then sealed in a container for a week at the room temperature. The same experiment
was conducted and repeated every week. In this case the sensor showed responses to lactate
for 4 continuous weeks. At the 5th week, the sensor started to show a degraded response with
less sensitivity. Scanning electron microscopy (SEM) was conducted to check the enzyme
gquantity and sensing surface quality before and after the sensor was used.

3.3.7.1. Scanning Electron Microscopy Analysis (SEM)

SEM analysis was conducted for both the Au-based and IrOx-based lactate sensor.
Before usage, the quantity of the loaded enzyme was checked. After being used for three weeks
and over a month, the quantity of the loaded enzyme was checked again respectively. The
condition of the Au film and iridium oxide film were also checked before loaded with enzyme and
after being used for 3 weeks and over a month. Figure 3-16 shows the SEM photos of the Au
sensing film. Before loaded with enzyme, the Au film is flat. Figure 3-16 (b) shows the condition
of the loaded enzyme before use. It clearly shows the protein crystals were evenly distributed on
the film. After being used for 3 weeks, the quantity of the enzyme greatly reduced as shown in
figure Figure 3-16 (c). After being used for over a month, the enzyme crystals were gone and
bumpy Au surface was observed as shown in figure Figure 3-16 (d). This was likely that after
several tests some of the protein particles were washed away by the buffer solution along with
the attached Au film, which left micro-scale pores on the metal layer. The buffer solution leaked
through the pores and went under the film to create the bumps. Thus, the sensing pad was

damaged.
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Figure 3-17 shows the SEM photos of the iridium oxide sensing film. Before loaded with
enzyme, the IrOx film is flat. Figure 3-17 (b) shows the condition of the loaded enzyme before
use. It clearly shows the quantity of the protein crystals were much more than that on the Au-film.
The rougher surface of the IrOx makes more room for the enzymes to be loaded. After being used
for 3 weeks, the quantity of the enzyme reduced as shown in Figure 3-17 (c), yet it still more
enzymes were preserved than on the Au film. After being used for over a month, the enzyme
crystals were gone but the surface was still flat as shown in Figure 3-17 (d). The rough surface of
IrOx allowed better loading of enzyme and could possibly eliminate gas evolution from the

reaction that caused metal corrosion.
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Figure 3- 16. SEM photos of the Au film (a) before and (b) after loaded with enzymes; and
the Au-based sensor after being used for (c) 3 weeks and (d) over one month.
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Figure 3- 17. SEM photo of the iridium oxide film (a) before loaded with enzymes; (b) after
loaded with enzymes; (c) after being used for 3 weeks; and (d) after being used for over one

month.

3.3.8. Study of Flexibility
The IrO« lactate sensors are designed suitable for wearables and implants owing to the
flexibility of the substrate. The sensitivity was tested on a 1000 x 1000 um?2 IrOx sensor in flat and
bent conditions. As shown in Figure 3-18(a), the polyimide substrate supporting the electrodes
was bent with a curvature radius of 2 mm. A cotton wire was used to tie the probe shaft to keep
the sensor in the bent condition. Figure 3-18 (b) shows the comparison between the sensor in the
bent and flat conditions. The result demonstrated that the sensibility was not affected when the

sensor was deformed to a curvature radius of 2 mm. A longer response time was observed during
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experiments. This was likely due to that the sensing electrode was facing inwards in the bent
probe; hence the applied lactate was not directly touching onto the electrode. Time for diffusion

was needed before reaction occurred.
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Figure 3- 18. (a) Photo of an electrode in deformed condition. (b) Sensitivity comparison
between the IrOx lactate sensor in the flat condition and when it was bent.
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3.4. Conclusions

In this chapter, an iridium oxide based flexible lactate sensor was developed for the
purpose of wearable or implantable sensing. Two types of the bio-compatible electrode: gold and
IrOx, have been demonstrated and compared. Sensors with different sizes and materials were
investigated for the sensitivity, selectivity, stability, and durability. The rough surface of IrOx
provides a noticeable improvement in sensitivity comparing with the Au based sensor. The self-
reference technique reduces the interference and noises, hence improved the selectivity. The
simple fabrication method without high thermal budgets provides potentially cost-efficient sensors.
The flexible polyimide substrate along with the IrOx being inert enable the device better
biocompatibility for animal and human use. The good performance of the sensing electrodes and
the simple fabrication method make affordable device possible for variety of practical applications.
Disposable devices could be achieved for clinical medicine, food processing, athlete training and
other lactate-detection related bio-applications.

3.5. Future Works
3.5.1. Utilization of IrOx Nanotubes

To further increase the sensitivity, we could use IrOx nanotubes instead of IrOx thin film
to increase the surface area. A 550-um thick p-type silicon wafer can be used as the substrate.
First, the silicon wafer is cleaned with buffered HF solution. Then a 500-nm thick silicon dioxide
layer is grown by a wet-thermal oxidation process as electrical insulation layer. Then, a layer of
2.2-uym thick NR-9 photoresist (Futurrex) is spin-coated and patterned to create the bases of
microelectrodes and connection lines. The following metal deposition process included layers of
aluminum, gold and titanium. Titanium and gold layers are deposited by electron beam
evaporation with the thickness of 10-nm and 150-nm respectively. The aluminum layer is
sputtered with the thickness of 900-nm. Then the sacrificial photoresist layer is removed by the

lift-off process. Then, a thick SU-8 (MicroChem) is patterned as a passivation layer.
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To grow the IrOx nanotubes, a supportive nano-porous aluminum oxide (AAO) template
is needed. The AAO template is formed by the anodization process conducted with 0.23-M oxalic
acid solution (Ricca Chemical). Then, the phosphoric acid 10 wt% solution (EM Science) is
dripped onto the AAO template for a period of time to widen the pore size and remove the
aluminum oxide barrier layer at the bottom. The IrOx is then anodically electrodeposited into the
nano-porous structures. The sacrificial AAO template is dissolved in 0.1 M potassium hydroxide
(EM Science) for 2 hours afterwards. Finally, the enzyme stock solution is dropped on the free-
standing IrOx nanotubes and air dried.

3.5.2. Advanced Enzyme Bonding Method

To increase the stability of the enzyme on the sensing film, different banding methods
can be applied to the sensor. Method 1 is using the cross-link material as shown in Figure 3-19
(a). The cross-link material is synthesized by dissolving 0.01 g of BSA into 1000 uL DI water.
Manual agitation is needed to avoid foam. Then 5 pL of glutaraldehyde (Glut) is added to the

mixture. Keep the mixture in still for 20 minutes until the link is formed inside the solution. Then
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Figure 3- 19. Bonding methods of applying (a) cross-link material and (b) Nafion membrane
to improve the enzyme stability.
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transfer 10 pL of the BSA/Glut mixture and mix it with the alquoted 20 pL lactate oxidase stock
solution. The solution is genteelly agitated by pipette until completely mixed.

Method 2 is using Nafion solution as shown in Figure 3-19 (b). After coating enzyme on
the electrode, the probe is soaked in the Nafion solution and then heated at 65 °C for 5 minutes.
A Nafion semi-membrane is formed which allowed oxygen, ions and H20 to path through. The
disadvantage of using Nafion is that it is fragile and could be peeled off from the probe, which
decreases the deformability.

3.5.3. Development of a Multi-Functional Sensing System

To further functionalize the sensor, we design the multi-functional sensor array. Several
electrodes with different functions are fabricated on one probe. This probe will not only be lactate
sensitive, but also be glucose and dopamine sensitive. The embedded IrOx electrode served as
the self-reference electrode.

First, we pattern gold on the flexible substrate and fabricate the IrOx reference electrode.
As described before, the negative photoresist SU8-100 is spin-coated on the gold film as mask,
leaving only one opening window for sol-gel deposition. After dip coating and heat drying, the

photoresist layer is peeled off. The following thermal treatment process formed the IrOx film only
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Figure 3- 20. Fabrication procedures of the PDMS microfluidic channel
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on the desired electrode. The negative photoresist SU8-25 is then patterned on the film as
insulation layer. The cooper wire is connected with the connection points by silver epoxy as
described before.

The next step is electrodes functionalization. Here we use the microfluidic channel to coat
enzymes. Figure 3-20 (a) to (d) shows the steps to form a PDMS microfluidic channel. First SU8-
100 is spin-coated on a silicon wafer and then patterned. The patterned SU8 layer served as the
mode for the PDMS layer. The thickness of the SU8 determines the height of the microfluidic
channel. Here 200 um is desired. The film is stick on the bottom of a culture plate and the PDMS
liquid is poured into the culture plate. The volume of PDMS liquid is calculated a head of time to
control the thickness of the cured PDMS layer. After heating up and standing for 24 hours, the
PDMS layer is cured and could be peeled off from the mode.

Then the PDMS microfluidic channel is placed on top of the probe as shown in Figure
3-21 (a). The wells of the PDMS are aligned with the desired electrodes. The enzyme stock
solutions are injected through the microfluidic channels and stocked in the wells on top of the

electrodes as shown in Figure 3-21 (b).
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Figure 3- 21. lllustrations of (a) the PDMS microfluidic channel on top of the
electrodes and (b) the enzyme injection process.
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The surface tension of PDMS and photoresist makes them stick together which avoid
liquid leakage. Hence different enzyme solutions stayed in the wells independently without
mixture and contamination. This made it possible to reduce the distance between each
electrode, therefore reduce the size of the probe. Through controlling the thickness and size of
the SU8 layer, we could control the volume of the PDMS wells, which quantified the quantity of
enzymes applied each time. The PDMS layer is placed on the substrate until the enzyme
solution is completely dried and then peeled off. This could take a while since the enzymes are
sealed in the PDMS wells. Low temperature heating is preferred to accelerate the moisture
evaporation. The applied heat should be kept bellow 45 °C to maintain the enzyme activity. The
cross-link material or Nafion solution could also be used here to increase the stability of the
enzymes as described before. The multi-function sensing system will be targeted at multi-

biomarkers detection.
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Chapter 4
IRIDIUM OXIDE BASED SENSOR FOR pH SENSING
4.1. Introduction

Nowadays, pH measurements have been widely applied in chemical laboratories and
factories, pharmaceutical industries, produce processes and agricultures. Since many biological
and chemical reactions are pH dependent, measuring pH variances can give insights about the
processing and status. Hence, a responsive pH sensor adaptable to various mechanical
environments is desired. Conventional glass-rod pH sensor, although provides superb
performance, has disadvantages in its bulky configuration, which makes it unsuitable for in-vivo
or in-situ biomedical and food monitoring in real time. [4.1]

Therefore, certain types of pH sensors with smaller sizes have been reported, including
optical fiber pH sensors [2], hydrogel pH sensors, and ion-sensitive field effect transistor (iISFET)
pH sensors. Many of them have been used in commercial applications. However, in specific
applications that require high deformability or conformability, passive sensing and wireless signal
transmission, the aforementioned pH sensors still have technical limitations. During operation,
optical fiber pH sensor and iISFET require external power supplies making it difficult for passive
sensing [4.2]. The fabrication procedures of the hydrogel film pH sensors could be complex and
costly as they require polymers that may not be reliable for a wide range of environments [4.3].

The solid-state metal-oxide pH sensor could be a solution to this type of technical
challenges. It has the advantage of mechanical strength and electrochemical stability [4.4].
Moreover, the metal-oxide sensing film can be integrated passively with electrical circuit for signal
transduction. The fabrication procedures can be cost effective and simple. In our previous works,
we have demonstrated pH sensors based on iridium oxide (IrOx) sensing film [4.5] by inexpensive
processes of sol-gel coating and thermal oxidation on flexible polyimide substrates. The pH

sensor showed satisfied performance and reliability.
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In this chapter, we further conducted the in-depth study of the performance of the iridium
oxide pH sensor. We investigated several factors which could influence the performance of the
pH sensor. Different deposition techniques to prepare the iridium oxide sensing film have been
tried and evaluated. The influence of the materials for the metal substrate have been investigated.
Various pH sensors have been made with different metal substrates, including nickel, aluminum,
and gold. Various adhesion layers were applied to these metals respectively to improve the
adhesiveness. Scanning electron microscopy analysis and electron dispersive analysis were
conducted to evaluate the physical condition of the metal substrate and the quality of the iridium
oxide sensing film on top. The sensors made by different types of metal substrate were tested for
sensitivity and repeatability to evaluate the performance. The silver/ silver chloride reference
electrode has also been investigated. In our previously study, a commercial silver/ silver chloride
reference electrode was used to guarantee the performance of the pH sensor. Here, we proposed
a flexible silver/ silver chloride reference electrode with the same size of the iridium oxide working
electrode. Different fabrication techniques were used to fabricate the silver/ silver chloride
electrode, including the electroplating technique and the printing technique. The silver/ silver
chloride electrodes were tests against one iridium oxide working electrode to evaluate the
performance.

The hysteresis error was investigated. Hysteresis error commonly exist in the field of pH
sensing yet there is no answer to solve this problem. In this chapter, we investigated the adempts
to reduce the hysteresis error. The pH sensors with different substrate metals and different sizes
were fabricated and tested. The pH measurements were also conducted with different testing
sequences. The hysteresis error has been minimized and the optimum performance of the pH
sensor has been achieved the.

Another commonly existing pH sensing error is the interference effect. Since the pH
measurement is usually conducted in the environment with the existence of various of metal ions,

the interference effect is not neglectable. In this chapter, we investigated the interference error

41



generated by two commonly exist metal ions: potassium ion and sodium ion. The pH mismatch

generated by different concentrations of the two types of ions was investigated. Knowing the

interference effect of the pH sensor gives us the opportunity to calibrate the pH sensor before
use, hence an accurate pH measurement can be achieved.

Other than the aforementioned attempts to improve the sensor performance, comparing
with our previous work, the fabrication procedures of the pH sensor have been simplified and the
flexibility of the pH sensor has been improved. The accuracy and stability of the pH sensor have
also been greatly improved.

4.2. pH Sensing Mechanism of Iridium Oxide

Three are five possible pH sensing mechanisms for the metal oxides, as described below:
e Similar as the glass electrode, the ion exchange process happening on the sensing film which

contains the OH  group.

e The redox equilibrium generated between the two different solid phases. Such as in between
of the lower and higher valence of an oxide, or in between of a pure metal phase and its oxide
phase.

e The solid intercalation reaction. By passing through a current on the metal electrode, the
hydrogen content in the testing solution varied continuously.

e Similar as the solid intercalation reaction, an interaction involving oxygen could be described.

o A steady state corrosion of the metal electrode can also create a pH dependent potential.

The sensing film of the iridium oxide pH sensor contains two oxidation states of the iridium
oxide. When the H™ ions are introduced, the pH dependent redox equilibrium between the two
oxidation states could be described in three possible mechanisms [4.6], as described in the
following three equations:

Ir,03 + 6H* + 6e~ & 2Ir + 3H,0 (1)
IrO, + 4H* + 4e~ & Ir + 2H,0 2)

2Ir0, + 2H* + 2¢~ & Ir,05 + H,0 3)
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The potential generated between the working electrode and the reference electrode is

given by the Nernst equation, as described below:
RT
E=E°— 2.303—pH = E°+0.05916 pH  (4)

Here, E° is the standard electrode potential, which depends on the choice of the

reference electrode. In our study we use the silver chloride electrode as the reference and the

standard electrode potential is 577 mV. F is the faraday’s constant, which is 96487 C/eq. R is the
gas constant, which is 8.314 ]/deg' The experiments are conducted at the room temperature
which is controlled at 25°C, which result the value of RF—T around 25.69. Ideally, the Nernst response
will result in a pH potential sensitivity of -| — 59| mV/pH [4.7-4.9].

There are several factors which will affect the theoretical value of the pH potential. For
instance, E° varies for different electrodes because of the variation in the stoichiometry of the
oxide compound and the difference of the oxidation state of the iridium oxide [4.7]. The pH
response could also be influenced by the ion exchange which happens on the surface containing

OH™ groups [4.10]. The equilibrium for the proton exchange is described below [4.11]:

[-IrV — (0H), — Ir'"V —],, + 2ne™ + 3nH* & [-Ir'" — (OH),_5 - 3H,0 — —Ir"" -], (5)

Ir,0(0H)30°, + 3H* + 2e™ & 2Ir(0H),0~ + H,0 (6)

Equation (6) indicates the theoretical possibility of the sensitivity could be higher than

|-59| mV/pH' which is demonstrated in our experiments.

4.3. Performance of the pH Sensor with Different Iridium Oxide Deposition Techniques

The fabrication techniques of the iridium oxide involving sputtering deposition, thermal
oxidation, sol-gel deposition, electrochemical deposition, and electro-deposition. As described in

Chapter 2, the sputtering deposition technique provides a distinctive rutile pattern, however the
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fabrication process is time consuming and costly; the thermal oxidation technique provides a thick
sensing film, however a high process temperature is required; the sol-gel deposition technique
has the advantage of cost effectiveness and simple fabrication process; the electrochemical
deposition technique provides the iridium oxide film with unique porous structure, which makes it
suitable to transport water, protons and other ions, however the applied potentials and current
need to be controlled precisely during fabrication; the electro-deposition technique is cost
effective, however the crystalline structure of the iridium oxide is not as good.

Our goal is to achieve a pH sensor suitable for bio-applications. According to the needs,
we are looking for a disposable pH sensor with good conformity to the testing surface such as
skin. The pH sensor should have the physical properties such as flexible, low costs, simple
fabrication processes, and reliable device performance. To achieve these goals, we fabricate our
pH sensor on a flexible polymer substrate. According to the requirement of the polymer substrate
a low process temperature is preferred. Among the above-mentioned fabrication techniques, the
sol-gel deposition and electro-deposition have a low process temperature, which is suitable for
our purpose. These two fabrication techniques also have the advantages of low cost and easy to
operate. In addition, the quality of the outcoming iridium oxide sensing film is controllable. In this
section, an in-depth study is conducted to compare these two fabrication techniques. pH sensors
with the same configuration are fabricated with these two deposition techniques and tested
respectively. The performance of the pH sensors fabricated by these two deposition techniques

are evaluated and compared.
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4.3.1. Sol-Gel Deposition Technique
4.3.1.1. Coating Agent

First, one gram of the anhydrous iridium chloride (IrCl4) is dissolved in 42 ml ethanol
(C2H50H). Then, 10 ml of the 80% acetic acid (CH3COOH) is added to the mixture [4.12]. The
solution is stirred constantly with a magnetic rod for 2 hours before use. The storage temperature
for the solution is 4 °C. The purpose of adding the acetic acid is to maintain the solution at a low
pH level to avoid chemical reaction which could happen during the mixing procedure. The dip-
coating process is conducted after the solution is prepared.

4.3.1.2. Dip-Coating Process

The dip-coating process is suitable for the agents with high evaporation property. It
contains 5 steps: immersion, start-up, deposition, drainage, and evaporation, as described in
Figure 4-1 [4.16]. The thickness of the deposited film depends on the withdraw angle and rate.
We prefer thicker film since it has higher charge density. Based on our previous study, a withdraw
rate of 10 centimeter per minute is desired [4.17].

In this section, the sol-gel deposition is conducted on a sensor probe fabricated on a 125-
pum thick flexible polyimide film with 200-nm thick gold. A 50-nm thick chromium is used as the
adhesion layer for gold. The electrode is patterned by laser cutting with the size of 1 x 10 mm?.

4.3.1.3. Annealing Process

After the electrode is coated with the sol-gel solution, a sequence of thermal treatment is
conducted. It starts with the soft-bake. First, the electrode is placed on a hot plate set at 75°C for
20 minutes to remove the moisture. Then, the electrode is removed from the hot plate and cooled
down to the room temperature. Afterwards, a thermal treatment was conducted to oxidize the
iridium chloride with a heating profile from 25°C to 325°C in a 3-hours period. Then the
temperature was maintained at 325°C for 4 hours. Finally, the electrode is cooled down in a 7-
hours period. Here, we set the oxidation temperature at 325°C instead of a higher temperature to

avoid cracks formed on the iridium oxide film. The cracks deteriorate the performance of the
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sensor as discussed in the previous section. The chemical reaction took place in the thermal

oxidation process is described below:

300°C
2IrCl, + 3H,0 — Ir,05 + 6HCL + Cl, 7

4.3.2.Electro-Chemical Deposition Technique
4.3.2.1. Coating Agent
The soluble iridium precursor is prepared by dissolving 0.075 g powder of the 99.9%
IrCl, - H,0 into 40 ml DI water. The solution is stirred by a magnetic rod for 30 minutes. Then,
0.5 ml of the 30% H,0, and 10 ml of the H,C,0, - 2H,0 are added to the mixture and the solution
is stirred for another 10 minutes. The color of the solution will change from dark purple to light
yellow-green once the solution is successfully made. At this stage the pH level of the solution is
around pH 1.5. Finally, K,CO05 powder is added to the solution to adjust the pH level to the pH10.5.

The solution is rest for 4 days before use.
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Figure 4- 1. (a) - (e): Five stages of the dip coating process [4.18].
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4.3.2.2. Electroplating Process

Same as for the sol-gel process, the electroplating deposition is conducted on a sensor
probe fabricated on a 125-um thick flexible polyimide film with 200-nm thick gold. A 50-nm thick
chromium is used as the adhesion layer for gold. The electrode is patterned by laser cutting with
the size of 1 x 10 mm?.

A potentiostat (Model 700E, CH Instruments) is used for the cyclic voltammetry
deposition. A commercial Ag/AgCI electrode (MW-2021, Bioanalytical Systems Inc.) and a
platinum (Pt) wire counter electrode are deployed to perform the CV process. The coating
parameters are 50 mV/s ramps between —0.8 V - 0.7 V for 100-200 cycles.

The set-up of the electrodeposition [4.19] and the CV process is shown in Figure 4-2. The
deposition current output shown in Figure 4-2 (b) was obtained from a single 1 x 10 mm? Au
electrode which was deposited for 150 cycles. The increasing output current indicates the growth

of the IrOx film thickness. The current density reaches its peak value in the range of 55 —

(—88)MA/ o

(b)

-

T

g

Qo -

{ ot -

2 S o
= o
o« =

Yamanaka Solution Potential / V

Figure 4- 2. (a) Electrodeposition setup [4.21]. (b) The CV process output obtained from our
experiment.
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4.3.3.Measurement Results and Discussions

The pH sensor consists of two electrodes: the iridium oxide working electrode and the
silver chloride reference electrode. The pH value is indicated by the potential difference generated
between the working and reference electrodes. The iridium oxide working electrodes are made
by the sol-gel deposition or the electrodeposition. The silver chloride reference electrode is made
by printing the AgClI paste. Both the working and reference electrodes were made on a flexible
polyimide film and patterned by laser cutting. Electrical wires were attached to the working and
reference electrode stripes by silver epoxy. Standard buffer solutions (pH= 4, 7, and 10) were
used for testing. A data acquisition (NI DAQ-609) card was used for measurements of the
potential difference between the working and reference electrodes. A LabVIEW-based program
was used to record the real-time potentials with the sampling rate of 7.5 samples per second. The
iridium oxide electrodes fabricated by the two deposition techniques are tested and compared for
the major pH sensing parameters: sensitivity, hysteresis, reversibility, and lifetime.

Figure 4-3 shows the performance of the electrode prepared by the sol-gel deposition.

Three electrodes were tested to demonstrate the consistency of the pH sensor. The sensors are

tested in the order of pH =4 to 10 first. The sensitivity is in the range of 54.6 mV/pH to 56.9 mV/pH_

The average sensitivity is 55.57mV/pH. The electrodes show a highly Nernstian response with

an R2 value of around 0.9981. Then the test is repeated with the reversed order from pH =10 to

4. The average sensitivity is 51.36mV/pH. The pH response is fast and consistent, with an R2

value of around 0.9917. The average hysteresis value is 16.4 mV. The general lifetime of the sol-
gel deposited pH sensor is 3 months.

Various sweeping cycles (50, 100, 150, and 200 cycles) have been tried to deposit the
iridium oxide films. The electrodes with different sweeping cycles are tested to compare the
performance. By increasing the sweeping cycles, the thickness of the iridium oxide film increases

[4.20]. Elsen mentioned that the thickness changes the life time of the probe [4.21]. We also
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demonstrated that with thicker iridium oxide film, the electrode last longer. However, the trade-off
is that the sensitivity decreases and the hysteresis error increases when the sweeping cycle

increases. The performance related parameters of the electrodes deposited with different

sweeping cycles is shown in Table 4-1.

The sensitivity and reversibility of the electrode with 100 sweeping cycles is shown in
Figure 4-4. The electrode is tested in the order of pH = 4 to 10 first. The sensitivity is 62.1 mV/pH'
The electrode shows a highly Nernstian response with an R2 value of 0.9996. Then the test is

repeated with the reversed order from pH = 10 to 4. The sensitivity is 60.7 mV/pH. The pH

(a) Sol-Gel Deposited Electordes
0.6 ®m  Testl,y=-0.0546x +0.6494 R* = 0.9981
. Te y =-0.0552x +0.6508 R* = 0.9973
0.55 Test 3,y = -0.0569x + 0.6593 R* = 0.9988
= 0.43 B
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=
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5
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Figure 4- 3. The pH sensitivity of the IrOx thin film deposited by the sol-gel
technigue tested from (a) pH = 4 to 10, and (b) pH= pH = 10 to 4 buffer solutions.
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response is fast and consistent, with an R2 value of around 0.999. The average hysteresis error

is 7.7 mV.

Table 4- 1. The performance of the electrodes deposited with different sweeping cycles.

50 Sweeping Cycles  66.7 mV/pH 45.92 mV 1 week
100 Sweeping 62.1 mV/pH 7.7 mV 2-3 weeks
Cycles
150 Sweeping 66.4 mV/pH 21.4 mV 1 month
Cycles
200 Sweeping 51.2 mV/pH 19.65 mV 1.5 months
Cycles
(a) Electro-Depostied Electrodes
06 -
t y=-00621x+0.7738
05 - R?=0.9996
04
Z 03 |
02
01 |
0 L L L Il L L |
3 a 5 6 7 8 g 10 1u
pH
(b) o8
y =-0.0607x + 0.7611
R2=0.999
0.5
0.4
> 03
0.2
0.1
0]
11 10 9 8 7 6 5 4 3

pH

Figure 4- 4. The pH sensitivity of the IrOx thin film deposited by the electrodeposition
technique tested from (a) pH = 4 to 10, and (b) pH= pH = 10 to 4 buffer solutions.
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Over all, the electrodeposited iridium oxide pH sensor shows higher sensitivity comparing
with the so-gel deposited ones. However, the lifetime of the so-gel deposited electrode is much
longer than the electrodeposited ones. Comparing the two deposition techniques, more
parameters need to be controlled for the electrodeposition process in order to achieve better
performance, such as the solution temperature, solution pH level, applied potential range, number
of sweeping cycles, and the condition of the substrate material. To better serve our goal of
fabricating low-cost and reliable pH sensor for bio-applications, we choose to apply the sol-gel
technique to fabricate the pH sensors due to the simple fabrication process and the durable
electrode performance. The pH sensors used in Chapter 5 are all made by the sol-gel technique.

4.4. Performance of the pH Sensor with Different Metal Substrates

Au is the most commonly used metal for pH sensing applications owing to its unique
property as a noble metal. Au is stable and rarely reacts with the reagents in the testing solutions.
It is also resistive to highly acidic and alkaline solutions, which makes it superior material for pH
sensor fabrication. With an adhesion layer of chrome, Au can be easily deposit on a flexible
polyimide substrate with excellent durability [4.22]. A sensitivity of 77 mV/pH has been reported
for the Cr-Au based pH sensor on a flexible substrate with iridium oxide as the sensing film [4.23].

Platinum has been used to fabricate the pH sensor with iridium oxide as the sensing film
[4.24, 4.25]. The pH sensor is fabricated on a rigid glass substrate with a thin film of Ti as the
adhesion layer. A sensitivity of 77.6 mV/pH is reported. However, when platinum is used to
fabricate the pH sensor on a flexible substrate the sensitivity decreases [4.26]. As discussed in
the previous section, the Nernst response is affected by the formation of the iridium oxide film,
which is influenced by the condition of the metal substrate.

Etched metal substrates have been investigated to fabricate the pH sensor with iridium
oxide as the sensing film, including titanium, silver, copper, nickel, and so on [4.27]. A good
sensitivity of around 73 mV/pH is reported. However, there is no experiments to support that the

etched metal substrates are suitable for flexible device fabrication which requires a metallic thin
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film on the flexible substrate. The iridium oxide formation is likely to change for the metallic thin
film, which affects the sensitivity.

Other materials used for pH sensors based on iridium oxide are reviewed by Kakooei
[4.28], including tin-doped indium oxide (ITO), wolfram, zirconium, cobalt, stainless steel, and tin
dioxide coated glass. The sensitivity of these sensors is in the range of 68 to 75 mV/pH [4.28].
Various fabrication techniques have been used and the fabrication process is complicated and
costly.

Nowadays, disposable devices are desired in most of the cases for the bio-medical
applications. Hence, minimizing the cost of the pH sensor is a practical attempt. To achieve our
goal of pH sensing for biomedical applications, we need to reduce the fabrication cost yet maintain
the performance of the pH sensor. Hence, we propose to use low-cost metals instead of gold to
fabricate the pH sensor with the simple sol-gel technique. The electrodes are fabricated on the
flexible substrate.

In this section, pH sensors with identical configuration are fabricated with nickel and
aluminum. Different adhesion layers are used for the given metal to achieve reliable performance.
The effectiveness of the pH sensors is evaluated. The quality of the iridium oxide sensing film
formed on top of the metal film is checked by the scanning electron microscopy (SEM) analysis
and electron dispersive analysis (EDAX). The pH sensors are tested with standard pH buffer
solutions to investigate the sensitivity, reversibility, and repeatability.

4.4.1. Ni-based Electrode
4.4.1.1. Fabrication Process

The Fabrication process of the Ni-based electrode is shown in Figure 4-5. First, A 125-
micron thick Kapton film is cleaned with acetone and alcohol. Then, a layer of photoresist is spin
on the Kapton film and patterned to form the sacrificial layer for metal deposition as shown in
Figure 4-5 (a). To deposit the Ni film, Ni pellets with a purity of 99.95 % is used. The Ni is deposited

through the e-beam evaporation at a deposition rate of 1 — 1.5 A/s. The thickness of the Ni film
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is 200 nm. The deposited Ni on the substrate and photoresist is shown in Figure 4-5 (b). After Ni
deposition, the photoresist sacrificial layer is removed by acetone. The Ni electrode is achieved.
Then, a layer of SU-8-100 photoresist is coated on the film as the sacrificial layer for the sol-gel
process as shown in Figure 4-5 (c). After dip-coating, the film is slightly heated on a hot plate to
remove the moisture. Then the SU-8-100 sacrificial layer is peeled off. A thermal treat is
conducted on the Ni electrode with the sol-gel solution to form the iridium oxide sensing film as
shown in Figure 4-5 (d). Finally, a layer of SU-8-5 photoresist is patterned on the electrode as the
insulation layer as shown in Figure 4-5 (e). The sideview of the completed electrode is shown in
Figure 4-5 (e) and the top view of the electrode is shown in Figure 4-5 (f). The dish line indicates

the metal underneath the SU-8-5 insulation layer.
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Figure 4- 5. lllustration of the (a) photolithography process; (b) metal deposition process; (c)

and (d) sol-gel deposition process. (e) shows the sideview of the electrode. (f) shows the top
view of the elctrode.
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Besides the pure Ni electrode, we also fabricated electrodes with chromium and titanium
as the adhesion layer. The fabrication process for the Ni electrodes with adhesion layers are
pretty much the same as described above, except for the metal deposition process. For the Ni
electrode with chromium adhesion layer (Cr-Ni electrode), during the metal deposition process a
thin layer of Cr (50 nm) is deposited on the Kapton film through e-beam deposition, following by
the deposition of 200 nm Ni. For the Ni electrode with titanium adhesion layer (Ti-Ni electrode),
during the metal deposition process a thin layer of Ti (50 nm) is deposited on the Kapton film
through e-beam deposition, following by the deposition of 200 nm Ni. The deposition rate is 1 —
1.54/s.

4.4.1.2. Scanning Electron Microscopy Analysis

SEM analysis is conducted to check the condition of the iridium oxide sensing film and
the quality of the nickel-based metal films. The analysis is first conducted on the electrode before
use to check the initial condition. Then the analysis is conducted on the electrodes being tested
with moderate acidic and alkaline buffer solutions (pH 4 and 10) and highly acidic and alkaline
buffer solutions (pH 2 and 12) to evaluate the anti-corrosion ability. The results of the SEM
analysis are shown in Figure 4-6.

From the SEM images we can see cracks on the Ni based films with or without adhesion
layer, especially for the Ni and Ti-Ni electrodes. The sensing film is rough on the edge of the
electrode. The cracks are formed during the sol-gel deposition process. Due to the pour
adhesiveness of the e-beam deposited Ni on the Kapton film, during the sol-gel process the acidic
solution affects the smoothness of the Ni film and further influenced the formation of the iridium
oxide film. Adding the adhesion layer of Ti the adhesiveness between the metal and the
polyamide substrate improved, thus the deposited IrOx film becomes smoother. With the Cr
adhesion layer, the surface uniformity is much better. This is likely because the linear temperature

expansion coefficient of Cr ((6 —7)-107° m/mK) ) is closer to the temperature expansion

coefficient of iridium ( 6.4 -107° ™/ ) ) than that of Ti (85-9)-107° ™/ . ) and Ni
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(13.0 -10°° m/mK ). With the close temperature expansion coefficient, the iridium oxide forms

with better crystalline structure during the thermal oxidation process. With better iridium oxide film,
the condition of the electrode is not likely to be affected by the acidic or alkaline pH buffer solutions.

From Figure 4-6 (b) and (e) we can see that the part of the sensing surface of the Ni and
Ti-Ni electrode with cracks got eroded or etched away after tested with pH 4 and 10 buffer
solutions. After tested with stronger acidic or alkaline pH buffer solutions this phenomenon is even
severer as shown in Figure 4-6 (c) and (f). However, for the Ni electrode with Cr adhesion layer,

the IrOx film is not affected by the moderate acidic or alkaline pH buffer solutions as shown in

i 5 {h) Ni‘electrade tested with pH4 X Ni e da tested with pH2 and
(a) Ni electrode before use \ SARRD bsre o | =5 Lcl-)llzl eb:ffer:scﬁbte:i:nSWI pH2 an

(d) ¥i-Ni electrode before use (e) Ti-Ni electrode testedwith (f) Ti-Ni electrode tested with pH2 and
X pH10 buffer solutuions = == \§ pH12 buffer solutuions

(g) Cr-Ni electrode before use * | (h) Cr-Ni electrode tested with pH4 and (i) Cr-Ni electrode tested with pH2 and
pH10 buffer solutuions pH12 buffer solutuions

Figure 4- 6. SEM images of the (a) Ni electrode before use and (b) Ni electrode tested with
pH 4 and 10 buffer solutions and (c) Ni electrode tested with pH 2 and 12 buffer solutions;
(d) Ti-Ni electrode before use and (e) Ti-Ni electrode tested with pH 4 and 10 buffer
solutions and (f) Ti-Ni electrode tested with pH 2 and 12 buffer solutions; (g) Cr-Ni electrode
before use and (h) Cr-Ni electrode tested with pH 4 and 10 buffer solutions and (i) Cr-Ni
electrode tested with pH 2 and 12 buffer solutions.
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Figure 4-6 (h). After tested with strong acidic or alkaline pH buffer solutions the surface becomes
less smooth, yet the sensing surface is not eroded or etched away. Hence adding the adhesion
layer of Cr the durability of the Ni electrode could be improved in the acidic or alkaline testing
environment. Due to the damage of the iridium oxide sensing film in the strong acidic or alkaline
pH buffer solutions, the pH sensor made with Ni-based materials are tested in the range of pH 4-
7 in the next section.

4.4.1.3. Electron Dispersive Analysis (EDAX)

To investigate the quantity of the iridium oxide film deposited on top of the Ni-based
electrodes after sol-gel deposition, we conducted the energy dispersive X-ray spectroscopy to
check the surface composition of the sensing area. The samples are checked with the EDAX
4000 system in a Zeiss Supra 55 VP scanning electron microscope system. The EDAX analysis
result of the iridium oxide film on the Cr-Ni electrode is shown in Figure 4-7. Except for the peaks
indicating Ni, Cr, and Ir, some small amounts of elements detected were probably due to the
contamination from the solution and the device carrier under the sensor in the SEM chamber.
The proportion of the iridium oxide on the electrode before use and after being used in moderate

and strong acidic or alkaline pH buffer solutions are shown in Table 4-2. After being used in pH 4

2.00 3.00 4.00 5.00 6.00 7.00

Figure 4- 7. Energy dispersive x-ray analysis result of the sol-gel iridium
oxide film on the Cr-Ni electrode.
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Table 4- 2. The proportion of the IrOx on the Ni-based electrodes before and after use.

88.53 87.31 60.80
Ti-Ni 91.76 89.74 57.23
Cr-Ni 87.43 85.40 63.60

and 10 buffer solutions, the amount of the iridium oxide slightly decreased for the Ni-based
electrodes with or without adhesion layers. After being used in pH 2 and 12 buffer solutions, the
amount of the iridium oxide significantly decreased for the Ni electrode without adhesion layer
and the one with Ti adhesion layer. More iridium oxide is preserved on the electrode with Cr
adhesion layer. The EDAX result is coherent with the SEM observations.
4.4.1.4. Measurement Results

The Ni-based IrOx working electrode is tested in the standard pH buffer solutions with a

commercial Ag/AgCI reference electrode (MW-2021, Bioanalytical Systems Inc.) inside a beaker

as shown in Figure 4-8.
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Figure 4- 8. The pH measurement set up. [4.31]
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The potential between the working and reference electrodes is measured by the National
Instruments Data Acquisition card (NI DAQ - 6009). A lab view program is used to record the real-
time potential with a sampling rate of 7 data points per second. The pH measurement is first
conducted in the sequence from pH = 4 to pH = 10, then continued with a reversed order test
from pH = 10 to pH = 4. For each electrode the experiment is repeated 3 times to check the
consistency. The sensitivity, repeatability, and reversibility of the electrode are investigated. The

measurement results of the Ni-based electrodes are shown in Figure 4-9.
The sensitivity for the Ni electrode is in the range of 57 — 65 mV/pH, with an average
sensitivity of 59.19 mV/pH. The pH response is rapid and constant. The reversed order test

shows good reversibility. After calculation, the electrode shows an average hysteresis error of
0.07 pH. The average pH discrepancy from the repeated test is 0.25 pH. The pH fluctuation is

0.27 pH.
The sensitivity for the Cr-Ni electrode is in the range of 54 — 57 mV/pH, with an average
sensitivity of 55.99 mV/pH. The pH response is rapid and constant. The reversed order test

shows good reversibility. After calculation, the electrode shows an average hysteresis error of
0.09 pH. The average pH discrepancy from the repeated test is 0.22 pH. The pH fluctuation is

0.44 pH.
The sensitivity for the Ti-Ni electrode is in the range of 54 — 55 mV/pH, with an average
sensitivity of 53.67 mV/pH. The pH response is rapid and constant. The reversed order test

shows good reversibility. After calculation, the electrode shows an average hysteresis error of
0.045 pH. The average pH discrepancy from the repeated test is 0.216 pH. The pH fluctuation is

0.32 pH.
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Figure 4- 9. The (a), (c), (e) repeated tests for the Ni-based electrodes and the (b), (d), (f)
corresponding sensitivities.
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4.4.2.Al-based Electrode
4.4.2.1. Fabrication Process

The fabrication process of the aluminum electrode is similar with the nickel electrode. The
Fabrication process of the Al-based electrode is shown in Figure 4-5. First, A 125-micron thick
Kapton film is cleaned with acetone and alcohol. Then, a layer of photoresist is spin on the Kapton
film and patterned to form the sacrificial layer for metal deposition as shown in Figure 4-5 (a). To
deposit the aluminum film, aluminum pellets with a purity of 99.99 % is used. The aluminum is
deposited through the e-beam evaporation at a deposition rate of 1 — 1.5 A/s. The thickness of
the aluminum film is 200 nm. The deposited aluminum on the substrate and photoresist is shown
in Figure 4-5 (b). After aluminum deposition, the photoresist sacrificial layer is removed by
acetone. The aluminum electrode is achieved. Then, a layer of SU-8-100 photoresist is coated
on the film as the sacrificial layer for the sol-gel process as shown in Figure 4-5 (c). After dip-
coating, the film is slightly heated on a hot plate to remove the moisture. Then the SU-8-100
sacrificial layer is peeled off. A thermal treat is conducted on the aluminum electrode with the sol-
gel solution to form the iridium oxide sensing film as shown in Figure 4-5 (d). Finally, a layer of
SU-8-5 photoresist is patterned on the electrode as the insulation layer as shown in Figure 4-5
(e). The sideview of the completed electrode is shown in Figure 4-5 (e) and the top view of the
electrode is shown in Figure 4-5 (f). The dish line indicates the metal underneath the SU-8-5
insulation layer.

Besides the pure aluminum electrode, we also fabricated aluminum electrode with
titanium as the adhesion layer. The fabrication process for the aluminum electrode with titanium
adhesion layer is pretty much the same as described above, except for the metal deposition
process. For the aluminum electrode with titanium adhesion layer (Ti-Al electrode), during the
metal deposition process a thin layer of Ti (50 nm) is deposited on the Kapton film through e-

beam deposition, following by the deposition of 200 nm Al. The deposition rate is 1 — 1.54/s.
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4.4.2.2. Scanning Electron Microscopy Analysis
SEM analysis is conducted to check the condition of the iridium oxide sensing film and the
quality of the aluminum-based metal films. The analysis is first conducted on the electrode before
use to check the initial condition. Then the analysis is conducted on the electrodes being tested
with moderate acidic and alkaline buffer solutions (pH 4 and 10) and highly acidic and alkaline
buffer solutions (pH 2 and 12) to evaluate the anti-corrosion ability. The results of the SEM
analysis are shown in Figure 4-10.

From the SEM images we can see bumps on the Al film without adhesion layer. The
rough surface is generated during the sol-gel deposition process. Due to the pour adhesiveness
of the e-beam deposited Al on the Kapton film, during the sol-gel process the acidic solution
affects the smoothness of the Al film and further influenced the formation of the iridium oxide film.
By adding the adhesion layer of Ti the adhesiveness between the metal film and the polyimide

substrate improved. The metal film will not be damaged by the sol-gel solution, hence the film

a) . Al electrode before use Allelectrode tested with pH4 and . rode tested with pH2'and
(el 2 ; 10 buffer solutuions e : ﬁm:olutuions'"- 2

d i-Al electrode bef: e) Ti-Al electrode tested with pH4 Ti-Al electrode tested with pH2
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Figure 4- 10. SEM images of the (a) Al electrode before use and (b) Al electrode tested with
pH 4 and 10 buffer solutions and (c) Al electrode tested with pH 2 and 12 buffer solutions;
(d) Ti-Al electrode before use and (e) Ti-Al electrode tested with pH 4 and 10 buffer
solutions and (f) Ti-Al electrode tested with pH 2 and 12 buffer solutions.
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becomes smoother. In addition, the linear temperature expansion coefficient of Ti ((8.5 —

9)-107° m/mK) ) is closer to the temperature expansion coefficient of iridium ( 6.4 -
107 m/mK) ) than that of Al (21 —24)-107° m/mK ). With the similar temperature expansion

coefficient, the iridium oxide forms better crystalline structure during the thermal oxidation process
on the Ti-Al electrode. With better iridium oxide film, the electrode is not likely to be influenced by
the acidic or alkaline pH buffer solutions.

After tested with moderate pH buffer solutions we observed no damage on the sensing
surface from as shown in Figure 4-10 (b) and (e). After tested with stronger acidic or alkaline pH
buffer solutions, cracks were observed on the Al electrode, and the sensing film on the edges got
eroded or etched away as shown in Figure 4-10 (c). For the Al electrode with Ti adhesion layer
no cracks were observed, yet some parts of the IrOx was etched away, as shown in Figure 4-10
(f). Hence adding the adhesion layer of Ti could improve the durability of the Al electrode in the
extremes of acidic or alkaline testing environment. The Al-based pH sensor are successfully
tested in the range of pH 2-12 in the next section.

4.4.2.3. Electron Dispersive Analysis (EDAX)

To investigate the quantity of the iridium oxide film deposited on top of the Al-based
electrodes after sol-gel deposition, we conducted the energy dispersive X-ray spectroscopy to
check the surface composition of the sensing area. The samples are checked with the EDAX
4000 system in a Zeiss Supra 55 VP scanning electron microscope system. The EDAX analysis
result of the iridium oxide film on the Cr-Ni electrode is shown in Figure 4-11. The peaks indicating
the existence of Al, Cr, and Ir. The proportion of the iridium oxide on the electrode before use and
after being used in moderate and strong acidic or alkaline pH buffer solutions are shown in Table
4-3. After being used in pH 4 and 10 buffer solutions, the amount of the iridium oxide slightly
decreased for the Al-based electrodes with or without adhesion layers. After being used in pH 2
and 12 buffer solutions, the amount of the iridium oxide decreased furthermore. The EDAX result

is coherent with the SEM observations.
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Figure 4- 11. Energy dispersive x-ray analysis result of the sol-gel
iridium oxide film on the Ti-Al electrode.

Table 4- 3. The proportion of the iridium oxide on the Al-based electrode before
and after use.

Ti-Al 75.38 71.56 69.79
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4.4.2.4. Measurement Results

Same as the experiments for the Ni-based electrode, the Al-based IrOx working electrode
is tested in the standard pH buffer solutions with a commercial Ag/AgCl reference electrode (MW -
2021, Bioanalytical Systems Inc.) inside a beaker as shown in Figure 4-8. The potential between
the working and reference electrodes is measured by the National Instruments Data Acquisition
card (NI DAQ - 6009). A lab view program is used to record the real-time potential with a sampling
rate of 7 data points per second. The pH measurement is first conducted in the sequence from
pH = 2 to pH = 12, then continued with a reversed order test from pH = 12 to pH = 2. For each

electrode the experiment is repeated 3 times to check the consistency. The sensitivity,
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Figure 4- 12. The (a), (c) repeated test and the (b), (d) sensitivity for the Al-based
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repeatability, and reversibility of the electrode are investigated. The measurement results of the

Al-based electrodes are shown in Figure 4-12.

The sensitivity for the Al electrode is in the range of 48 — 55 mV/pH' with an average

sensitivity of 50.87 mV/pH' The pH response is rapid but with slight fluctuation. A noticeable

hysteresis error is observed from the reversed order test. After calculation, the electrode shows
an average hysteresis error of 0.58 pH. The average pH discrepancy from the repeated test is

0.37 pH. The pH fluctuation is 0.51 pH.

The sensitivity for the Ti-Al electrode is in the range of 59 — 61 mV/pH, with an average

sensitivity of 60.03 mV/pH. The pH response is rapid but with slight fluctuation. A noticeable

hysteresis error is observed from the reversed order test. After calculation, the electrode shows
an average hysteresis error of 0.42 pH. The average pH discrepancy from the repeated test is
0.38 pH. The pH fluctuation is 0.4 pH.
4.4.3.Discussions and Conclusions

To consistently evaluate the performance of the electrodes made with different metals,
we defined the performance related parameters as shown in Figure 4-13 [4.23]. The potential
fluctuation (AV) is the non-random voltage fluctuating range after the potential become stabilized.
The potential deviation (8V) is defined as the potential difference among tests within the same
solution for the same electrode. The potential drift (V) is defined as the difference between the
peak potential and 90% of the equilibrium potential. The hysteresis error (dV) is defined as the
difference of the potential for the same solution during the cyclic pH testing. The potential
fluctuation is related to the accuracy of the pH sensor. Minimize the potential fluctuation will
improve the detection accuracy. The potential deviation is related to the repeatability of the pH
sensor. Minimize the potential deviation will improve the repeatability, hence achieve a pH senor
with stable performance. The potential drift is related to the responsivity of the pH sensor. The

smaller the potential drift, the faster the pH sensor could reach to the equilibrium potential, which
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means less responding time is needed for the pH sensor. The hysteresis is related to the
reversibility of the pH sensor. Minimize the hysteresis will improve the reversibility of the pH
sensor. The performance of the iridium oxide pH sensor with different metal types is shown in

Table 4-4.
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Figure 4- 13. lllustrations of the (a) potential drift, fluctuation and deviation,
and (b) hysteresis error. [4.23]
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Table 4- 4. The performance of the iridium oxide pH sensor with different metal types.

410 10 ' 4.1 mV 16.2 mV 12.25mV ~ 14.96 mV

410 10 55.9 mV/pH 5.02 mV 24.73 mV 1222 mV  12.44 mV

53.67

41010 2.42 mV 17 mV 12.77 mV ~ 11.64 mV
mV/pH
50.87

2to 12 29.69mV  25.8 mV 18.595 mV  23.062 mV
mV/pH
60.03

2to 12 25396 mV  24.147mV  22.964mV 25.414 mV
mV/pH

2to 12 54.6 mVIpH 4.42 mV 6.28 mV 10.2 mVv 8.5 mV

In general, the Ni-based sensors have lower potential fluctuation and lower potential
deviation than the Al-based sensors, which means less surface charge variation is caused in the
measurement. The potential drift and the hysteresis of the Ni-based electrodes are also lower
than that of the Al-based electrodes. However, the pH measurement range of the Ni-based
electrodes is narrow. The Al-based electrodes have a longer testing range from strong acid to
alkaline. Comparing with the regular Cr-Au electrode (discussed in the previous section), the Ni-
based electrode has the advantages of lower cost and lower hysteresis. The disadvantages of
the Ni-based electrode are the narrow testing range, poor stability, and longer response time. The

Al-based sensors has the same testing range as the Cr-Au electrode, higher sensitivity, and lower
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fabrication cost; however, the other performance parameters are not compatible with the Cr-Au
electrode. In conclusion, to make a pH sensor suitable for bio applications which requires good
stability, accuracy and wide pH measurement range, with current fabrication techniques the Cr-
Au electrode is the best choice. In the future, research will be conducted to improve the
performance of the Ni-based and Al-based IrOx electrodes. Better metal deposition technique
and suitable iridium oxide deposition technique will be investigated.
4.5. Study of the Hysteresis Effect
4.5.1. Literature Review of Hysteresis Effect

Hysteresis is one of the mechanism limitations that affects the response of the pH sensor.
The hysteresis is defined as the potential mismatch for the same testing solution when the same
device is tested in a complete pH cycle which is from acid to alkaline and then back to acid, or in
the reversed order. Due to the significant influence on the accuracy of pH sensing, there are many
investigations on the hysteresis phenomenon and attempts to minimize the hysteresis value
[4.30-4.32]. Bousse reported that the hysteresis behavior depends on the nature of the electrolyte
solution. The presence of a high concentration of OH~ or F~ ions leads to a large hysteresis due
to the delay of the pH response [4.35]. Tsai and Bousse [4.34, 4.35] reported the hysteresis can
be reduced by testing the pH in a certain sequence due to the different diffusion rate of the
hydrogen ion and the hydroxonium ion. For the electrode with sensing area less than 2 x 2 mm?
a smaller hysteresis can be achieved by testing the sensor in the acid-first pH cycle (pH 7-4-7-
10-7). While when the sensing area is larger than 2 x 2 mm?, a smaller hysteresis can be
achieved by testing the sensor in the alkali-first pH cycle (pH 7-10-7-4-7). However, in the real-
life pH measurement the ion composition of the target solution is usually unknown and the
feasibility of testing the pH in such an order is very low.

The factors that could cause the hysteresis phenomenon for the IrOx or other metal oxide
films are also investigated. Yao reported the hysteresis is related to the oxidation state of the

sensing material [4.7]. Kwon improved the stability of the pH sensor by modifying the sensing
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material with the heat treatment [4.33]. Olthuis reported the hysteresis is related to the degree of
hydration of the sensing material [4.11]. Due to the new equilibrium established in the redox
reaction, the electrochemical potential could be changed in the reversible reaction.

In this section, we investigated the hysteresis of the pH sensor made with different metal
types and different sensing areas. As discussed in the previous section, the formation of the
iridium oxide sensing film is affected by the underneath metal film on the electrode. And the quality
of the IrOx film varies for the same type of metal electrode with or without adhesion layers. First,
we compared the hysteresis of the Ni, Al, and Au based electrodes with or without the adhesion
layers in the acid, neutral, and alkaline environment. Then, we compared the hysteresis of the
Cr-Au electrode with different sensing areas in the acid, neutral, and alkaline environment. The
causal relationship between the hysteresis and the metal type, the electrode size, and the pH of
the testing environment is established for the iridium oxide pH sensor.

4.5.2. Hysteresis of the pH Sensors Made with Different Metals
4.5.2.1. Sensor Design and Fabrication

The Ni-based IrOx electrodes are fabricated in the following steps. First, the 125 um thick
flexible Kapton film with the size of 8 x 8 cm? is cleaned by methanol, alcohol and DI water to
strip off the dust particles from the surface. Then the Kapton film is loaded into the pre-cleaned
E-Beam evaporator chamber. Three depositions were conducted respectively: 200 nm of Ni; 50
nm of Cr followed by 200 nm of Ni; and 50 nm of Ti followed by 200 nm of Ni. The deposition rate
is maintained at 1 — 1.5A/s. In addition to Cr and Ti, amorphous carbon is also used as the
adhesion layer. The amorphous carbon is deposited on the Kapton film by sputtering using a
carbon target, then the film is loaded into the E-Beam evaporator chamber to deposit 200 nm of
Ni. After the metal deposition process, the metal film is cut into stripes with the size of 1 x 10 mm?2.
The sol-gel process is then conducted to deposit the iridium oxide sensing film on the metal stripe.
After the dip-coating and thermal treatment, the iridium oxide sensing film is successfully

deposited on the electrode. Finally, a coper wire is attached to the electrode with the silver epoxy.
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The Al-based IrOx electrodes are fabricated in the following steps. First, the 125 pm thick
flexible Kapton film with the size of 8 x 8 cm? is cleaned by methanol, alcohol and DI water to
strip off the dust particles from the surface. Then the Kapton film is loaded into the pre-cleaned
E-Beam evaporator chamber. Two depositions were conducted respectively: 200 nm of Al; and
50 nm of Ti followed by 200 nm of Al. The deposition rate is maintained at 1 — 1.5 A/s. After the
metal deposition process, the metal film is cut into stripes with the size of 1 x 10 mm?2. The sol-
gel process is then conducted to deposit the iridium oxide sensing film on the metal stripe. After
the dip-coating and thermal treatment, the iridium oxide sensing film is successfully deposited on
the electrode. Finally, a coper wire is attached to the electrode with the silver epoxy.

The Au-based IrOx electrodes are fabricated in the following steps. First the 125 um thick
flexible Kapton film with the size of 8 x 8 cm? is cleaned by methanol, alcohol and DI water to
strip off the dust particles from the surface. Then the Kapton film is loaded into the pre-cleaned
E-Beam evaporator chamber. Three depositions were conducted respectively: 50 nm of Cr
followed by 200 nm of Au; 50 nm of Cu followed by 200 nm of Au; and 30 nm of Cr followed 50
nm of Cu and 200 nm of Au. The deposition rate for Cu is maintained at 0.5A4/s, for Cr is
maintained at 1.5 A/s, and for Au is maintained at 3.2 A/s. After metal deposition the film is cut
into stripes with the size of 1 x 10 mm?2. The sol-gel process is then conducted to deposit the
iridium oxide sensing film on the metal stripe. After the dip-coating and thermal treatment, the
iridium oxide sensing film is successfully deposited on the electrode. Finally, a coper wire is
attached to the electrode with the silver epoxy.

The reference electrode is fabricated by printing the AgCI paste on the Kapton film. The
Kapton strip with the same size of the IrOx electrode (1 x 10 mm?) is first cleaned by acetone and
dried by pressurized air. Then appropriate amount of the AgCl paste (CH Instruments, Inc.) is
printed over the Kapton strip and heated at 125°C for 15 minutes for stabilization. Finally, a coper

wire is attached to the reference electrode with silver epoxy.
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4.5.2.2. Measurement Procedures

The pH sensor is tested with standard pH buffer solutions. The potential difference
between the IrOx working electrode and the AgCl reference electrode is measured by the data
acquisition (NI DAQ-609) card. The real-time potential is recorded by a LabVIEW-based program
with a sampling rate of 7.5 samples per second. The pH circle of pH 4-7-10-7-4 is designed to
carry out the hysteresis experiment. As shown in Figure 4-14, two continuous loop circles are
conducted for each pH sensor. The hysteresis in the acid environment is obtained by measuring
the potential difference of the pH = 4 buffer solution during the cyclic pH testing in circle 1. The
hysteresis in the neutral environment is obtained by measuring the potential difference of the pH
= 7 buffer solution during the cyclic pH testing in circle 1. The hysteresis in the alkaline
environment is obtained by measuring the potential difference of the pH = 10 buffer solution in
circle 1 and circle 2. The hysteresis of the pH sensors made with different metals and adhesion

layers are evaluated.
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Figure 4- 14. Demonstration of the 2 continuous loop circles pH 4-7-10-7-4.
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4.5.2.3. Results and Discussions

The performance of the Ni-based electrode is shown in Figure 4-15 (a). The hysteresis
of the pure Ni electrode in pH = 4 buffer solution is 9.7 mV/pH, which presents ApH = 0.16; in pH
= 7 buffer solution is 25.3 mV/pH, which presents ApH = 0.43; in pH = 10 buffer solution is 22.4
mV/pH, which presents ApH = 0.38. After adding Cr as the adhesion layer, the hysteresis reduced
for all the three pH levels. The hysteresis of the Cr-Ni electrode in pH = 4 buffer solution is 7.3
mV/pH, which presents ApH = 0.13; in pH = 7 buffer solution is 4.1 mV/pH, which presents ApH
= 0.07; in pH = 10 buffer solution is 9.3 mV/pH, which presents ApH = 0.17. After adding Ti as
the adhesion layer, the hysteresis reduced for pH = 7 and 10 buffer solutions, however it
increased for pH = 4 buffer solution. The hysteresis of the Ti-Ni electrode in pH = 4 buffer solution
is 14.1 mV/pH, which presents ApH = 0.26; in pH = 7 buffer solution is 14.1 mV/pH, which
presents ApH = 0.26; in pH = 10 buffer solution is 12.1 mV/pH, which presents ApH = 0.23.
Amorphous carbon is also used to modify the Ni electrode. After adding a layer of C the hysteresis
greatly reduced for the pH = 10 buffer solution, and slightly reduced for pH = 4 and 7 buffer
solutions. The hysteresis of the C-Ni electrode in pH = 4 buffer solution is 19.9 mV/pH, which
presents ApH = 0.43; in pH = 7 buffer solution is 14.5 mV/pH, which presents ApH = 0.32; in pH
= 10 buffer solution is 3.6 mV/pH, which presents ApH = 0.08. The average hysteresis of the Ni-
based electrodes in potential is shown in Figure 4-15(b), in ApH is shown in Figure 4-15(c). We
can see that after adding the adhesion layers the hysteresis decreased. The Cr-Ni electrode
presented the lowest hysteresis phenomenon. Though the C-Ni electrode has lower hysteresis in
potential than the Ti-Ni electrode, after converting to ApH it shows higher hysteresis, due to the
relatively lower sensitivity.

The performance of the Al-based electrode is shown in Figure 4-16 (a). The hysteresis
of the pure Al electrode in pH = 4 buffer solution is 39.2 mV/pH, which presents ApH = 0.77; in
pH = 7 buffer solution is 18.3 mV/pH, which presents ApH = 0.36; in pH = 10 buffer solution is 35

mV/pH, which presents ApH = 0.69. After adding Ti as the adhesion layer, the hysteresis reduced
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(a) Hysteresis of Ni-Based Electrodes
in pH Buffer Solutions
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Figure 4- 15. Graphs of (a) hysteresis of the Ni-based electrodes in pH =4, 7,
and 10 buffer solutions; (b) average hysteresis in terms of potential; and (c)
average hysteresis in terms of pH.

73



for pH = 4 buffer solution, however it increased for pH =7 buffer solution and maintained the same
for pH = 10 buffer solution. The hysteresis of the Ti-Al electrode in pH = 4 buffer solution is 17.5
mV/pH, which presents ApH = 0.29; in pH = 7 buffer solution is 33.2 mV/pH, which presents ApH
=0.55; in pH = 10 buffer solution is 35 mV/pH, which presents ApH = 0.58. The average hysteresis
of the Al-based electrodes in potential is shown in Figure 4-16 (b), in ApH is shown in Figure 4-
16 (c). We can see that after adding the adhesion layer the hysteresis decreased in the acidic
testing environment, however it became worse for the natural environment and maintain the same
for the alkaline environment.

The performance of the Au-based electrode is shown in Figure 4-17 (a). The hysteresis
of the Cr-Au electrode in pH = 4 buffer solution is 0.1 mV/pH, which presents ApH = 0.002; in pH
= 7 buffer solution is 6.7 mV/pH, which presents ApH = 0.11; in pH = 10 buffer solution is 14.2
mV/pH, which presents ApH = 0.24. The hysteresis of the Cu-Al electrode in pH = 4 buffer solution
is 3.4 mV/pH, which presents ApH = 0.06; in pH = 7 buffer solution is 10.9 mV/pH, which presents
ApH =0.198; in pH = 10 buffer solution is 14.7 mV/pH, which presents ApH = 0.27. After adding
Cr as the adhesion layer for the Cu-Au electrode, the hysteresis reduced for all the three pH buffer
solutions. The hysteresis of the Cr-Cu-Au electrode in pH = 4 buffer solution is 3.4 mV/pH, which
presents ApH = 0.59; in pH = 7 buffer solution is 2.6 mV/pH, which presents ApH = 0.045; in pH
= 10 buffer solution is 2.9 mV/pH, which presents ApH = 0.05. The average hysteresis of the Au-
based electrodes in potential is shown in Figure 4-17 (b), in ApH is shown in Figure 4-17 (c). We
can see that with two adhesion layers: Cr and Cu, the electrode shows lowest hysteresis.

The comparison of all the electrodes are shown in Figure 4-18. In conclusion, the Au-
based electrodes have the lowest hysteresis, the Al-based electrodes has the highest hysteresis.
In general, by adding the adhesion layers the hysteresis reduced. Because adding the adhesion
layer improved the conformity of the metal layer, hence improved the formation of the IrOx sensing
film. The hysteresis in the alkaline condition is normally severe than that in the acid condition, due

to the different diffusion speed of the hydrogen ion and the hydroxonium ion. In acid, the primary
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Figure 4- 16. Graphs of (a) hysteresis of the Al-based electrodes in pH =4, 7,
and 10 buffer solutions; (b) average hysteresis in terms of potential; and (c)
average hysteresis in terms of pH.
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Hysteresis of Au-Based Electrodes
in pH Buffer Solutions
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Figure 4- 17. Graphs of (a) hysteresis of the Au-based electrodes in pH =4, 7,
and 10 buffer solutions; (b) average hysteresis in terms of potential; and (c)
average hysteresis in terms of pH.
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(a) Hysteresis of Electrode with Different Metals
in pH Buffer Solutions
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Figure 4- 18. Graphs of (a) hysteresis of the electrodes with different metals in pH

=4, 7, and 10 buffer solutions; (b) average hysteresis in terms of potential; and
(c) average hysteresis in terms of pH.
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proton reacting with sensing film is hydrogen ion while in alkali it's hydroxonium ion. Hydrogen
ion diffuses faster than the hydroxonium ion, the presence of a high concentration of OH~ leads
to a large hysteresis due to the delay of the pH response.
4.5.3. Hysteresis of the pH Sensors with Different Sensing Areas
4.5.3.1. Sensor Design and Fabrication

The Cr-Au electrode with different sizes are fabricated for the study of the relationship
between the hysteresis and the sensing area. The fabrication process is similar as the previous
section. First, the flexible Kapton film is deposited with 50 hm of Cr and 200 nm of Au by the e-
beam evaporation. Then the film is cut into stripes with the size of 1 x 10 mm?2 (small),
2 x 10 mm? (medium), and 4 x 10 mm? (large) respectively. The sol-gel process is then
conducted to deposit the iridium oxide sensing film on the stripes. Finally, a coper wire is attached
to the electrode with silver epoxy.

The reference electrodes with the size of 1 x 10 mm?2, 2 x 10 mm?, and 4 x 10 mm? are
fabricated by printing the AgClI paste on the Kapton film. The Kapton strips with different sizes are
first cleaned by acetone and dried by pressurized air. Then appropriate amount of the AgCl paste
(CH Instruments, Inc.) is printed over the Kapton strips and heated at 125°C for 15 minutes for
stabilization. Finally, a coper wire is attached to the reference electrode with silver epoxy.

4.5.3.2. Measurement Procedures

The pH sensor is tested with standard pH buffer solutions. The potential difference
between the IrOx working electrode and the AgCI reference electrode with the identical size is
measured by the data acquisition (NI DAQ-609) card. The real-time potential is recorded by a
LabVIEW-based program with a sampling rate of 7.5 samples per second. The pH loop circle of
pH 1-4-7-10-13-10-7-4-1 is designed to carry out the hysteresis experiment.

As shown in Figure 4-19, two continuous loop circles are conducted for each pH
measurement. The hysteresis in the strong acid environment is obtained by measuring the

potential difference of the pH = 1 buffer solution during the cyclic pH testing in circle 1. The
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hysteresis in the mild acidic environment is obtained by measuring the potential difference of the
pH = 4 buffer solution during the cyclic pH testing in circle 1. The hysteresis in the neutral
environment is obtained by measuring the potential difference of the pH = 7 buffer solution during
the cyclic pH testing in circle 1. The hysteresis in the mild alkaline environment is obtained by
measuring the potential difference of the pH = 10 buffer solution during the cyclic pH testing in
circle 1. The hysteresis in the strong alkaline environment is obtained by measuring the potential
difference of the pH = 13 buffer solution in circle 1 and circle 2. For each sensor size three
electrodes are tested to calculate the standard deviation. The hysteresis of the pH sensors with

different sensing areas are evaluated.
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Figure 4- 19. Demonstration of the 2 continuous loop circles pH 1-4-7-10-13-10-7-4-1.

4.5.3.3. Measurement Results and Discussions
The performance of the Cr-Au electrode with different sizes is shown in Figure 4-20 (a)
and (b). For each size the electrode is tested three time to check the repeatability. Standard

deviation is calculated. The hysteresis of the small Cr-Au electrode in pH = 1 buffer solution is
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(a) Hysteresis of Cr-Au Electrodes with Different Sizes in Potential
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Figure 4- 20. Graphs of the hysteresis of the Cr-Au electrodes in pH = 1,4, 7, 10, and 13
buffer solutions in terms of (a) potential and (b) pH.

15.5 mV/pH with a standard deviation of 11.23 mV, which presents ApH = 0.28 with a standard
deviation of 0.21; in pH = 4 buffer solution is 15.6 mV/pH with a standard deviation of 5.89, which
presents ApH = 0.28 with a standard deviation of 0.11; in pH = 7 buffer solution is 28.6 mV/pH
with a standard deviation of 8.15 mV, which presents ApH = 0.5 with a standard deviation of 0.13;
in pH = 10 buffer solution is 34.7 mV/pH with a standard deviation of 9.83 mV, which presents
ApH = 0.66 with a standard deviation of 0.21; in pH = 13 buffer solution is 3.1 mV/pH with a

standard deviation of 3.26mV, which presents ApH = 0.06, with a standard deviation of 0.06.
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The hysteresis of the medium Cr-Au electrode in pH = 1 buffer solution is 17.7 mV/pH
with a standard deviation of 4.58 mV mV, which presents ApH = 0.3 with a standard deviation of
0.08; in pH = 4 buffer solution is 33.6 mV/pH with a standard deviation of 8.78, which presents
ApH = 0.57 with a standard deviation of 0.16; in pH = 7 buffer solution is 37.2 mV/pH with a
standard deviation of 10.66 mV, which presents ApH = 0.63 with a standard deviation of 0.18; in
pH = 10 buffer solution is 52.4 mV/pH with a standard deviation of 17.01 mV, which presents ApH
= 0.89 with a standard deviation of 0.29; in pH = 13 buffer solution is 4.4 mV/pH with a standard
deviation of 1.57 mV, which presents ApH = 0.07, with a standard deviation of 0.03.

The hysteresis of the large Cr-Au electrode in pH = 1 buffer solution is 23.9 mV/pH with
a standard deviation of 17.66 mV mV, which presents ApH = 0.43 with a standard deviation of
0.33; in pH = 4 buffer solution is 45 mV/pH with a standard deviation of 17.00, which presents
ApH = 0.79 with a standard deviation of 0.31; in pH = 7 buffer solution is 142.2 mV/pH with a
standard deviation of 22.62 mV, which presents ApH = 2.53 with a standard deviation of 0.46; in
pH = 10 buffer solution is 159.1 mV/pH with a standard deviation of 29.76 mV, which presents
ApH = 2.84 with a standard deviation of 0.59; in pH = 13 buffer solution is 14.9 mV/pH with a
standard deviation of 8.87 mV, which presents ApH = 0.26, with a standard deviation of 0.15.

In conclusion, the electrodes with small sensing area shows the lowest hysteresis for all
the pH levels. The Hysteresis increases when the sensing area increases, especially in the
alkaline environment. The hypothesis is that the micro-structure of the IrOx on the small electrode
surface is better than that of the large electrode since the IrCl4 solution distributed more evenly
on a small area in the dip-coating process. Hence with the current fabrication technique, to
achieve a pH sensor with low hysteresis a small sensor size is preferred. Similar as the previous
section, the hysteresis in the alkaline environment is larger than that in the acidic environment,
the presence of a high concentration of OH~. However, the hysteresis in pH = 13 is lower than

that in the acidic condition, this phenomenon is yet to be investigated in the future.
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4.6. Study of the Interference Effect: Integrated pH and Sodium Sensor Array
4.6.1. Introduction

Nowadays, with the increasing needs of pH related detections, the study on the
performance of various types of pH sensors has been wildly investigated, including the
conventional glass-rod pH sensor and the ion-sensitive field effect transistor pH sensors [4.23].
Many of them have been used in commercial applications, such as biological and water quality
monitoring, food processing, and chemistry detection. However, in such applications neutral salts
usually exist in the environments, which lead to non-negligible influence on the accuracy of pH
detection, as investigated in [4.36]. Based on the study, the effect of the neutral salt is a function
of the ionic strength inside the solution. These sensors then have technical limitations in
overcoming the interferences issue for pH measurements. Hence, solving the interference issue
is one of the key tasks to guarantee the reliability of pH measurement.

Several attempts have been tried to solve the interference issues. The studies on the
calibrations of the pH glass-rod electrode, ISE electrodes, and buffers have been reported [4.37].
The pH glass electrode has a limitation that it absorbs or reacts with the ions at high
concentrations. Some reported such pH sensors need to be calibrated at least 2 points close to
the expected pH of the sample every 2-3 hours. This makes the sensors unsuitable for
commercial applications as it would be difficult to judge the expected sodium concentrations
ahead of time. It is inconvenient to calibrate the sensors with accurate pH buffers frequently
before the measurements.

Another attempt is applying adequate methodologies to determine the concentrations of
the interferences inside the solution [4.38]. In this section, we proposed a three-channel detection
and calibration system based on iridium oxide sensing film. A sensor array consisting of an iridium
oxide pH sensor, a membrane-based sodium sensor and printed silver chloride reference
electrodes was designed and fabricated. Iridium oxide is an attractive material for sensing

electrodes since it provides stable responses [4.39] and biocompatibility. The high sensitivity and
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low temperature coefficient make it a suitable material for ion-selective electrodes. We
demonstrate that the sodium sensor can be used to calibrate the pH sensor simultaneously during
pH measurement. The interference issue was greatly reduced by real-time in-situ calibration.
4.6.2. Fabrication and Measurements
4.6.2.1. Fabrication of the IrOx pH Sensing Electrode

The iridium oxide pH sensing electrode was fabricated with the sol-gel technique as
described in section 4.3. Briefly, an ultra-flexible 25-ym thick polyimide film coated with 900-A
gold was used as the substrate. This substrate provides a working temperature up to 400°C,
which makes it suitable for the thermal process. The flexibility of the substrate can be found in
section 5.1. The ultra-flexible Au film was cut to 1x10 mm?2 strips.

The sol-gel solution was prepared by mixing 1-g iridium (V) chloride powder (Sigma) with
42-mL 200 Proof Ethyl Alcohol (Decon Labs Inc.) and 10-ml 80% acetic acid (Sigma). The mixture
was stirred for 2 hours before use. After preparing the sol-gel solution, a dip-coating process was
conducted on the ultra-flexible Au strips. Then a thermal treatment was conducted to transform
the iridium-based compound in the precursor to crystalline iridium oxide. The coated strips were
baked on the hot-plate from 25°C to 325°C in 3 hours, maintained at 325°C for 4 hours, and then
cooled down to the room temperature.

Compared with our previous work, the Au film was patterned before conducting the sol-
gel and thermal processes. By processing the electrode individually, the uniformity of the sensing
film was improved hence providing a better pH sensitivity.

4.6.2.2. Fabrication of the Sodium lon Sensing Electrode

The fabrication of the sodium ion sensing electrode is based on the IrOx film. A sodium
selective membrane is coated on the sensing surface of the aforementioned IrOx electrode. To
fabricate the sodium ion sensing membrane, we choose to use the sodium ionophore VI (B12C4)
as the ion selective material. The advantage of the B12C4 over other materials is that it contains

12 carbon atoms which attract Na +. The distance between the 2 rings of the B12C4 equals the
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size of a sodium ion, which makes it selective to Na+. Also, the B12C4 is stable and can be kept
in room temperature. The molecular structure of the B12C4 is shown in Figure 4-21 (a). Figure 4-
21 (b) shows a sodium ion being captured by B12C4. The lipophilic salt used here is Na-TFBD.
The colloid we used to form the membrane is poly carboxylate (PVC-COOH) and bis (2-ethylhexyl)
sebacate (DOS).

To prepare the sodium ion selective membrane, 550-mg poly carboxylate (PVC-COOH)
was mixed with 8-mL tetrahydrofuran and ultrasonicated for 30 minutes; 1.2-mL bis (2-ethylhexyl)
sebacate (DOS) was added to the mixture and ultrasonicated for 10 minutes; and finally 50-mg
sodium ionophore VI (B12C4) and 167-mg lipophilic salt (Na-TFBD) were added to the mixture
and ultrasonicated for another 30 minutes. The mixture was then absorbed onto the sensing
surface of the IrOx electrode and rested for 24 hours at the room temperature for stabilization
[4.40]. All of the mentioned materials in this section were purchased from Sigma. The side view

of the sodium ion sensing electrode is shown in Figure 4-22.

Figure 4- 21. Graphs of (a) the molecular structure of the B12C4, and (b) the sodium ion
being captured by B12C4
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Figure 4- 22. The side view of the sodium ion sensing electrode

4.6.2.3. Fabrication of the AgCl Reference Electrode
Printed silver chloride electrode is used as the reference electrode. An ultra-flexible Au
strip with the same size of the IrOx electrode is cleaned by acetone and dried by pressurized air.
Appropriate amount of the AgClI paste (CH Instruments, Inc.) is printed over the Au strip and then
heated at 125°C for 15 minutes for stabilization.
4.6.2.4. Working Mechanism and Measurement Procedures
As shown in Figure 4-23, the electrode array was fabricated by integrating one IrOx pH -
sensing electrode, one sodium membrane modified sodium-sensing electrode, and two AgCI
electrodes on a polyimide substrate with an equal distance of 2 mm. Copper wires were
connected to the electrodes by silver epoxy. AgCl electrode #1 was used as the common
reference electrode for both the IrOx and sodium-sensing working electrodes. AgCl electrode #2
was tested against the AgCI electrode #1 to cancel the noise signals. A three-channel detection
system was built in the following way:
e Channel 1 functioned as the pH detecting system, which collected the potentials
generated between the IrOx working electrode and the AgCl electrode #1 reference

electrode.
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e Channel 2 functioned as the sodium detecting system, which collected the potentials
generated between the sodium working and the AgCI #1 reference electrodes.
e Channel 3 functioned as the noise cancelation system, which collected the signals

generated between the AgCl electrodes #1 and #2.

- <-Kapton Substrate
[rO, Electrode

Sodium Electrode

< AgCl Electrode #1

AgCl Electrode #2

€ Silver Epoxy
Cu wire

Figure 4- 23. Configuration of the pH sensing electrode, sodium-sensing electrode,
and the AgClI reference electrode array.

Standard pH buffer solutions (pH = 4, 7 and 10) were tested for the 3-channel system.
Then sodium was added to the standard pH buffer solutions to increase the sodium concentration
from 0.1 to 1 M. The 3 channels were tested with the pH buffer solutions containing different
sodium concentrations simultaneously. A data acquisition card (NI DAQ-609) with a LabVIEW-
based program were used to record the real-time potentials at a 7.5 S/s sampling rate. The data
obtained from the channel 1 revealed the performance of the pH sensor and the influence from
the existing ion interference. Data obtained from the channel 2 was to detect the sodium ion
concentration inside the pH buffer solutions with different pH levels. The pH-sensing result
obtained from the channel 1 was calibrated by the data obtained from the channel 2 and the

results were compared with those from commercialized pH sensor.
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4.6.3. Results and Discussions
4.6.3.1. Performance of the IrOx pH Sensor
The results from the channel 1 indicated the performance of the IrOx electrode. The
sensor was tested with standard pH buffer solutions (pH = 4, 7, and 10) with added sodium ion
with concentration from 0.1 to 1 M respectively. As shown in Figure 4-24 (a), (b) and (c), the
potential increased correspondingly in pH 4, 7, and 10 buffer solutions. The constant step-
increase of the potential indicated that the output of the IrOx working electrode was considerably
influenced by the existence of sodium ion. Increasing the sodium ion concentration from 0.1 to 1

M, the potentials are increased by 93.8 mV, 105.3 mV, and 67.2 mV for pH = 4, 7, and 10
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Figure 4- 24. Potential increases of the IrOx electrode generated by increasing the
concentration of sodium ion in pH = (a) 4, (b) 7, and (c) 10 buffer solutions. (d) Comparison
of the potential increases in pH =4, 7 and 10 buffer solutions.
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respectively. The results show the influence of the sodium ion is not uniform or linear, and
becomes more severe in the acid and neutral solutions than in the alkaline solution, as shown in
Figure 4-24 (d).

The pH sensitivities of the IrOx electrode with different concentrations of sodium are
shown in Figure 4-25. Apart from the potential drifts due to sodium ion, the sensor shows linearity
with no obvious sensitivity change. The sensitivities are 59.6, 60.5, 62.7, 62.5, 62.8 and 60.7
mV/pH for the sodium ion concentrations of 0, 0.1, 0.2, 0.4, 0.6 and 1 M, respectively.

A commercialized pH sensor (Al312, Apera Instruments) as shown in Figure 4-26 (d) was
used with the same pH buffer solutions for comparison. The commercialized pH sensor showed
pH discrepancies of —0.51, -0.63, and -0.36 for pH = 4, 7, and 10 when the sodium ion
concentration increases from 0 to 1 mM, as shown in Figure 4-26 (a), (b) and (c). Since the
discrepancies of pH values varied, it was expected the sensitivity slopes changed. By comparison,
the IrOx electrode sensitivity was not influenced by sodium ion but only with potential drifts, so a

calibration for the sodium ion existence would be needed to achieve accurate pH detection.
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Figure 4- 25. Sensitivity of the IrOxelectrode with different concentrations of
sodium ion in the pH buffer solutions.
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Figure 4- 26. pH reading of the commercial pH sensor as shown in (d) with different
concentrations of sodium in pH = (a) 4, (b) 7, and (c) 10 buffer solutions.

4.6.3.2. Performance of the Sodium lon Sensor
The sodium ion sensor was tested simultaneously with the IrOx pH sensor in the standard
pH buffer solutions with or without the addition of sodium ion. The results of the sodium ion sensor
are shown in Figure 4-27. By increasing the sodium ion concentration from 0 to 1 M, the sensor
shows consistent potential increases of 113.2, 107.5, and 71.4 mV for pH = 4, 7, and 10,

respectively. Figure 4-28 shows the performance of the sodium ion sensor in pH = 4, 7, and 10
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conditions at different sodium ion concentrations. Comparing with Figure 4-25, the sodium ion
sensor shows no response to pH variations when no sodium ion was in the solutions.

In acid or neutral conditions, the sensitivities were higher than that in alkaline. The
sensitivity of Na+ in pH =4 buffer solution is 98.6 mV/M; in pH =7 buffer solution is 92.2 mV/M;
and in pH =10 buffer solution is 64.8 mV/M. The potential difference for 1-M sodium ion between
pH 4 and 7 was 7 mV. The potential difference for 1-M sodium ion between 4 and 10 was 42.1
mV; while they were 1.3 mV and 0.3 mV, respectively, for 0 M. The potential differences between

different pH levels with respect to different Na+ concentrations are shown in Table 4-5.
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Figure 4- 27. Potential increases of the sodium ion sensor generated by changing the
concentrations of sodium ion in pH = (a) 4, (b) 7, and (c) 10 buffer solutions. (d) Comparison
of the potential increases in pH =4, 7 and 10 buffer solutions.
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Basically, the sodium ion sensor is not pH sensitive. The potential increases after with

different concentrations of sodium ion may be caused by the different amount of preexisting Na+

in the pH buffer solutions.
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Figure 4- 28. Performance of the sodium ion sensor in pH = 4, 7, 10 buffer

solutions.

Table 4- 5. The potential differences between different pH levels with respect to
different sodium ion concentrations.

AV between
pH4 and
pH7

AV between
pH4 and
pH10

AV between
pH7 and
pH10

mV

0.3
mV

1mV

54mV 6.6 mV

8.5 mV 14.7/mV. 7 mV

285mV  27.1mV  43.1mV 45.6mV 42.1mV

23.1mV 20.5mV 34.6mV 30.9mV 35.1mV
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The average responding time of the sodium ion sensor is around 4 seconds. As shown
in Figure 4-29, the responding time was defined as the time period from the beginning of the

measurement until the potential reach to 90% of the saturated voltage value.

~ 90% of stable value
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0 2 4 6 8 10 12 14 16 18 20 22 24 26

time (s)

Figure 4- 29. Demonstration of the responding time of the sodium sensor.

A commercialized sodium ion sensor (HORIBA B-721 Compact Salt Meter) was used
with the same pH buffer solutions for comparison. Photo of the commercial sodium ion sensor is
shown in Figure 4-30 (b). The commercialized sodium ion sensor showed severe sodium ion
concentration discrepancies in acidic and alkaline conditions when the sodium ion concentration

increases from 0 to 1 M, as shown in Figure 4-30 (a).
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Figure 4- 30. (a) Sodium concentration reading of the commercial sodium sensor with
different concentrations of sodium ion in pH =4, 7, and 10 buffer solutions. (b) Photo of the
commercial sodium sensor.
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4.6.3.3. Performance of the AgCl Electrode
The potential between the two AgCl electrodes are recorded simultaneously with the IrOx
pH sensor. The result of the AgCI electrodes is shown in Figure 4-31. By increasing the sodium
ion concentration from 0 to 1 M, the electrodes show no potential increases in the pH buffer
solutions. The result indicates the AgCl electrode is not influenced by the existence of sodium ion.
The AgCl electrode is not influenced by different pH levels either. Hence, the AgCI electrode can

be used as a reliable reference electrode in the pH or sodium ion measurement.
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Figure 4- 31. Potential between the two AgCI electrodes with different
concentrations of sodium ion in pH =4, 7, and 10 buffer solutions.

4.6.3.4. Calibration Results of the Sensor Array

The channel 3 recorded the electrical noises induced by electromagnetic coupling in the
conductive solution. The noises were eliminated from the channels 1 and 2 by subtracting the
signals from the channel 3.

As described, the data obtained from the sodium ion sensor are used to calibrate the
results of the IrOx pH sensor. For pH = 4, to obtain the calibrated potential with 0.1-M sodium ion,
first the potential difference of the sodium ion sensor between 0 and 0.1 M was extracted. Then
the potential difference was subtracted from the signal of the IrOx electrode with the sodium ion

concentration of 0.1 M. The calibrated result of pH = 4 was obtained by repeating the extract-
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subtract procedure for 0.2, 0.4, 0.6, and 1 M. The same method was done for pH = 7 and 10
signals.

Figure 4-32 shows the calibrated result of the IrOx sensor. Comparing with Figure 4-25,
the interference issue was greatly reduced. The calibrated result shows constant potential for
each pH level with little influence from sodium ion. The potential variances between 0-M and 1-M
sodium ion for pH = 4 buffer solution is reduced from 93.8 mV to 20.1 mV; for pH = 7 buffer
solution is reduced from 105.3 mV to 2.2 mV; for pH = 10 buffer solution is reduced from 67.2 mV

to 15.8 mV. Thus, the pH values can be more accurately mapped from the produced potentials.
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Figure 4- 32. Calibration result of the IrOx electrode in pH = 4, 7, 10 with the
existence of differenct concentrations of sodium ion.

4.6.4. Conclusions
In this section, we have developed a sensor array consisting of an iridium oxide electrode
for pH measurement, an IrOx-based ion-selective sensor for sodium ion detection, and two silver
chloride reference electrodes. The planar sensor array was fabricated on a flexible substrate with
simple fabrication processes. The iridium oxide sensing film was synthesized by the sol-gel
process. The sodium ion sensor was fabricated by deposition of a sodium-selective membrane

on the iridium oxide film. The silver chloride reference electrodes were made by printing.
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The sensor array was tested in standard pH buffer solutions with or without the existence
of sodium ion. In both scenarios, a promising sensitivity of 61.46 mV/pH in the pH ranges from
acid to alkaline at the room temperature was achieved. The sensor array was tested with standard
pH buffer solutions with different sodium concentrations and the interference issue was
investigated. The potential increases induced by the sodium ion interference were calibrated by
the sodium ion sensor. The three-channel design and calibration procedures greatly reduced the
interference effect and showed excellent pH responses.

The fabrication is based on the planar sol-gel technique, which provides the advantages
of low cost and reliable device performance. The flexibility of the sensor array also makes it
suitable for the applications requiring high conformability such skin or tissue monitoring. The pH
and sodium ion sensor-array demonstrates a unique capability to provide accurate pH detection
in the environment containing sodium ion interference.

4.6.5. Future Works
4.6.5.1. Interference Effect for Potassium lon

A Cr-Au IrOx electrode is fabricated to investigate the influence of the potassium ion on
the iridium oxide pH sensor. The pH sensor is tested in standards pH buffer solutions mixed with
different concentrations of potassium ion from 0.1 to 1 M in the sequence from pH 2 to 13, then
back to pH 2. The result is shown in Figure 4-33 (a)-(e). The potential for the pH 2, 4, 7, 10 and
13 buffer solutions increased correspondingly, indicating the output of the IrOx working electrode
is influenced by the existence of potassium ion. Increasing the potassium concentration from 0.1
to 1 M, the potentials are increased by 52.4 mV, 62 mV, 85 mV, 51 mV, and 47 mV for pH = 2, 4,
7, 10 and 13 respectively. The results show the influence of the potassium ion is not uniform or
linear, and becomes more severe in the neutral solution. The pH sensitivities of the IrOx electrode
with different concentrations of potassium ion are shown in Figure 4-33 (f). Apart from the

potential drifts due to potassium ion concentrations, the sensor shows linearity with no obvious
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sensitivity change. The sensitivities are 61.3, 61.5, 62.4, 62.5, and 62.8 mV/pH for the potassium

ion concentrations of 0.1, 0.2, 0.4, 0.6 and 1 M, respectively.
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Figure 4- 33. (a)-(e): Potential response of the potassium ion sensor pH = 2, 4, 7, 10, and
13 buffer solutions with increasing potassium ion concentration. (f): Sensitivity of the IrOx
electrode with different concentrations of potassium ion in the pH buffer solutions.
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4.6.5.2. Fabrication of the Potassium lon Sensor

Similar as the previous section, to calibrate the pH sensor we proposed a potassium ion
sensor. The fabrication of the potassium ion sensing electrode is based on the IrOx film. A
potassium ion selective membrane is coated on the sensing surface of the IrOx electrode. To
fabricate the potassium ion sensing membrane, we choose to use the valinomycin as the ion
selective material. The advantage of the valinomycin over other materials is that it contains
negative oxygen and N, which attract K*. The size of the ring hole of valinomycin equals to the
size of a potassium ion, which guarantees the selectivity. The disadvantage of valinomycin is that
it needs to be kept in 4°C and the device is not suitable for long time testing in room temperature.
The molecular structure of the valinomycin is shown in Figure 4-34. The lipophilic salt used here
is potassium tetrakis [4-chlorophenyl] borate (K-TpCIPB). The colloid we used to form the
membrane is hydro-aliphatic urethane diacrylate (polyurethane EB2001) and photoinitiator TPO

(Chivacure®).
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Figure 4- 34. Molecular structure of the valinomycin.

To prepare the potassium ion selective membrane, first 0.1g polyurethane EB2001 is

mixed with 0.02g TPO in 1ml THF and ultrasonicate for 30 minutes. Then 33 pL of the mixture is



mixed with 6 mg of valinomycin and 3mg of K-TpCIPB and ultrasonicate for 30 minutes in warm
water bath. Finally, appropriate amount of the mixture is applied to the electrode and then
exposed to UV (350 nm) light for 60s for stabilization [4.40]. The side view of the potassium ion
sensing electrode is shown in Figure 4-35. The performance of the potassium ion sensing

electrode will be investigated in the future.
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Figure 4- 35. The side view of the potassium ion sensing electrode.
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Chapter 5
SKIN pH MEASUREMENT WITH AN ULTRA-FLEXIBLE IrROx-BASED SENSOR
5.1. Introduction

Nowadays, pH measurement has been validly investigated in the field of skin caring.
Recent study shows that the optimal skin pH level keeps the skin looking radiant and resists
harmful bacteria. However, certain factors such as unbalanced diet, hormones changes,
consumptions of tobacco and alcohol, and even stress could lead to a skin pH level changes,
leaving a dry and sensitive skin which is prone to spots or irritation. By detecting the accurate
daily skin pH level, one could apply appropriate lotions, supplement or medicine accordingly to
adjust the skin to the optimal pH level and hence maintain a healthy skin.

The relationship between skin pH levels and antimicrobial effects that prevent
microorganism growths has been studied. More comprehensive results later validate the
relationship with updated techniques of sensing pH [5.1-5.4]. Since pH values are measured as
H+ ion concentration in liquid, the existence of water is needed on the skin for measurements. It
presents difficulty for experimental protocols, repeatability and reliability of recorded signals in
practical cases for human. The newer techniques with hand-held or tabletop pH sensors and
protocols associated with them overcome some of the issues making recent clinical data more
robust, however, still present technical challenges and practicality for wearables to monitor and
record skin pH in continuous and comfortable fashions.

Healthy and undamaged skin of adults is slightly acidic in the range of 4 to 6, depending
on anatomical parts, physiological factors such as circadian rhythm and age, and external factors
such as humidity, temperature and exposure to environment [5.5-5.8]. The skin pH and aging of
skin are also closely related [5.9-5.11] including wrinkle formation [5.12, 5.13] and skin
microbiome effects [5.14].

The current measurement protocols are within controlled experimental environments that

target understanding of basic mechanisms but are not suitable for frequent and continuous
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monitoring of skin while subjects resume regular activities without constraints. Comparing to the
historic cases in which utilizing better methods for skin pH measurements have enabled better
comprehension of relationship between pH and skin, it is clear that a new tool, which can address
the current constraints, can further the knowledge of dynamics and changes of skin biochemistry
related to physiological parameters. For example, one can gather data to understand the skin
conditions affected by diet, exercise, environments and even emotions for individuals by
correlating multi-modality data if the skin pH values can be continuously monitored comfortably
without affecting subject’s mobility.

The conventional commercialized skin sensors have the disadvantage of bulky design,
which made them not suitable for skin wearing. In this section, we developed an ultra-flexible pH
sensor for skin pH detection. The miniature size and the excellent conformity to skin tissues give
it great advantages over the conventional skin sensors.

The ultra-flexible pH sensor consists of IrOx and AgCl electrodes based on ultra-flexible
substrates with robust performance and simple fabrication processes. The ultra-flexible
substrates can be easily folded, twisted, warped or contorted to conform onto curvature surfaces.

The pH sensor was first tested in flat and deformed conditions. In both scenarios, it
showed a promising sensitivity of 49.3 mV/pH in the pH range between 2 and 13 at the room
temperature. The response time, stability, reversibility, and repeatability of the sensors were
investigated in both physical conditions. No decrease was observed in sensitivity or responsibility
when the sensor was deformed.

Then, the flexible pH sensor was tested on skin. A commercialized skin pH sensor was
tested along as comparison. For the skin measurement, our sensor shows promising sensitivity
and responsivity. The ultra-flexible pH sensor shows unique capability to be conformed to curved
surfaces while provides excellent performance. With the good flexibility and reliable responses,

our ultra-flexible pH sensor is proved to be suitable for skin pH monitoring.
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5.2. Sensor Fabrication and Measurements
5.2.1. Sensor Configuration

The ultra-flexible pH sensor consists of two electrodes: the iridium oxide working
electrode and the silver chloride reference electrode. The pH value is indicated by the potential
difference generated between the working and reference electrodes. Both the working and
reference electrodes were made on an ultra-flexible polyimide film and patterned by laser cutting.
Figure 5-1 shows a photo of the working and reference electrodes being attached to a 3D printed
mold. The Electrical wires were attached onto the gold contact pads on the working and reference
electrode stripes by silver epoxy.

5.2.2. IrOx Working Electrode

The iridium oxide working electrodes were fabricated in two major steps. First, by the sol-
gel process, a thick iridium oxide sensing layer was formed on the ultra-flexible polyimide film with
a thin layer of gold. Then the sensing film was tailored by laser cutting to the electrode shapes.
The ultra-flexible substrate (Sheldahl, Multek Corp.) consisted of a 25-um thick polyimide with
double-side 900-A gold film layers. Typical weight is 36 g/m2. The film has a surface resistivity of

1 Q/square and a working temperature range up to 400 °C for short intervals.

. M

Figure 5- 1. Photo of the ultra-flexible pH sensor being attached to a 3D
printed mold.
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The iridium oxide sensing film was fabricated by the sol-gel process. The sol-gel
precursor was prepared by dissolving 1-g iridium chloride powder into 42-ml ethanol and 10-ml
acetic acid. Adding acetic acid is to maintain the mixture at a low pH level to avoid unnecessary
chemical reactions. The mixture was stirred constantly with a magnetic stirrer for two hours before
use. During the sol-gel process, the ultra-flexible gold film was placed on a carrier and dip-coated
with the precursor. The dried film was then undergone a thermal treatment with the temperature
increasing from 25°C to 325°C in 3 hours. The temperature was maintained at 325°C for 4 hours
and cooled down to 25°C in another 7 hours. After the thermal treatment, the iridium-based
compound in the precursor oxidized to crystalline IrOx.

The pH sensing mechanism can be found in Chapter 2. After the thermal oxidation, the
ultra-flexible film was released from the carrier and cut by a motor-controlled laser to a desired
shape. In this section, the working electrodes were 1x10 mm?2 in size for the ease of handling in
liquid tests. Finally, electrical wires were attached onto the contact pads of the working electrode.

Compared with our previous works [5.15, 5.16], the fabrication procedures were greatly
simplified by using laser cutting instead of photolithography to reduce the need of three additional
photomasks and multiple steps of wet processes in which chemical and mechanical stresses can
potentially damage the film and metal patterns. The elimination of additional steps lays a path for
low-cost roll-to-roll manufacturing, which can greatly reduce the fabrication costs. After the
fabrication, the ultra-flexible film maintained excellent flexibility and conformability, as shown in
Figure 5-2. Figure 5-2 (a) shows the working electrode stripe can be twisted without damaging
the film. Figure 5-2 (b) shows the electrode stripe can be tightly wrapped around an index finger
like a ring.

5.2.3. AgCl Reference Electrode

We fabricated the reference electrodes by printing the AgCl paste (CH Instruments, Inc.)

on the ultra-flexible substrate (Sheldahl, Multek Corp.). After cleaning and drying the Au film, the

paste was printed on the film and then heated at 125°C for 15 minutes for stabilization. Then film
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was cut to a size of 1x10 mm2 stripe by laser. Electrical wires were attached onto the gold contact

pads on the electrode stripes.

(@ (b)

Figure 5- 2. The ultra-flexible sensor (a) was twisted by tweezers and
(b) tightly wrapped around an index finger like a ring.

5.2.4. Measurement Procedures
5.2.4.1. Deformation Test

Several experiments were conducted to demonstrate the performance of the pH sensor
in the deformed condition. Standard buffer solutions (pH=2, 4, 7, 10, and 13) were used for testing.
A data acquisition (NI DAQ-609) card was used for measurements of the potential difference
between the working and reference electrodes. A LabVIEW-based program was used to record
the real-time potentials. The data were sampled at a rate of 7.5 samples per second. Each pair
of the working and reference electrodes were tested in two different conditions, with and without
deformation. For deformation, the electrodes were placed firmly onto to 3-D printed molds with
dimensions shown in Figure 5-3. The molds had a length L, a height H and a variety of curvature
radii R from 3 mm to 10 mm (L = 18 mm and H = 10 mm when R = 3 mm). For small curvature-

radius surfaces, the sensor was tugged into the grooves by a human finger thus the film did
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experience compressive stress during attachment. Parameters indicating the sensor
performances such as sensitivity, reversibility, repeatability, response time and hysteresis were

recorded and analyzed in the flat and deformed cases.

connection wire

. silver epoxy

2 . 3

Figure 5- 3. Side-view of the 3-D printed mold for testing a
deformed sensor (indicated in red) attached to the surface.

5.2.4.2. Skin Test

The pH sensor was test with standard pH buffer solutions in two conditions: on tissue
paper and on skin. A calibration curve was first obtained by testing the sensors inserted inside
tissue papers soaked with standard pH buffer solutions. A polynomial relationship between
potential and pH was obtained. The skin measurement was conducted by dipping the standard
pH buffer solutions on skin and tested by the pH sensors directly. The skin measurement
potentials were then calibrated to pH values. A commercialized skin pH sensor was tested along
as comparison. The parameters commonly used to define the sensor performance were

investigated, such as the stability, repeatability, reversibility, and response time.
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5.3. Results and Discussions
5.3.1. Sensitivity

The sensitivity of the sensors in the flat condition was tested by dipping them into the
buffer solutions from acid to alkaline. The sensor was tested from pH = 2 until pH = 13, then in a
reversed order back to pH = 2. In the cases on deformed curvature surfaces, a pipette was used
to apply and retreat the pH buffer solutions on the surface. Each time 200 ! of standard pH buffer
solutions was applied to the electrodes. After around 40 seconds the pH solution was withdrawn
by the pipette and the solution with another pH level was applied. The electrodes were tested in
the same order as that for the flat condition. In all cases, the electrodes were tested 3 times in
the same protocol to demonstrate consistency and responses. The sensor surface was not
cleaned by deionized water between the buffer solutions, which was mimicking realistic scenarios
when sensors encountered pH variations in liquid.

Figure 5-4 (a) shows the sensitivity of the electrodes in the flat condition. The result shows
an average sensitivity of 49.3 mV/pH as a Nernstian response with the R2 value of 0.9949. Figure
5-4 (b) shows the sensitivity of the electrodes in the deformed condition with a surface curvature
radius of R = 3mm. The result shows the same average sensitivity and responses. These results

were obtained from 4 sensors with 12 data sets.

5.3.2. Response Time

Figure 5-5 (a) shows the response times for the sensor in the flat condition. The
electrodes were dipped into beakers with different pH buffer solutions. The response time was
counted staring when the electrodes were transferred to another beaker until the potentials
between the working and reference electrodes stabilized. A low-pass filter was placed to filter out
the signal spikes occurred when the sensor initially touched liquid. The plots indicate a longer
saturation time is needed for strong acid (pH = 2) and alkaline (pH = 13) solutions. It may be
owing to the ion exchanges in the surface pores. Overall the electrodes stabilized quickly within

1 second. Figure 5-5 (b) shows the results for the deformed sensor. The small fluctuations
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indicated by red arrows occurred when the pipette was inserted into the liquid. The electrodes in
the deformed condition had similar response times. It should be noted that when the sensors
were transferred between beakers or during the transition of solution replacement on the sensor
surface, the exchange of ions in the film pores and air bubbles on the surface require time to
reach an equilibrium state. Thus, the exact response times measured varied. The results shown

are from one typical example.
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Figure 5- 4. Measured sensitivity of the ultra-flexible pH sensor in the (a)
flat and (b) deformed conditions.
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5.3.3. Reversibility and Repeatability
The results of reversibility and repeatability for the flat and deformed electrodes are
shown in Figures 5-6 (a) and (b) respectively. The potential deviation was defined as the potential
difference among tests within the same solution. For the flat condition, potential deviations of 13,
0.9, 4.5, 11.5 and 10 mV were observed in the measurements of pH=2, 4, 7, 10, and 13,
respectively. In the deformed state, potential deviations of 30, 17.5, 4.1, 22.5 and 6.9 mV were
observed. This phenomenon of larger deviations was probably due to the residue of remaining

ions on the surface since it was difficult to remove all solution from the groove with a pipette.
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Figure 5- 5. The response times for the sensor in the (a) flat and (b) deformed
conditions.
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The potential fluctuation was defined as the voltage fluctuation range after the potential
started stabilization. In Figures 5-6, larger potential fluctuation was observed when the electrodes
were placed on the curved mold (R = 3mm). This was due to the smaller amount of solution
applied on the sensor so any hydrodynamic motion would induce noises, compared to the amount
of liquid in beakers. Overall the fluctuations throughout the measurements stayed within 6 mV.

Figure 5-6 also demonstrates the repeatability of the ultra-flexible pH sensor. The
hysteresis issue is observed in both the flat and deformed states. This phenomenon may due to
the ion residue left on the surface, as the sensor surface was not cleaned between tests, which
was more palpable in the curved mold as the film was bent. The maximum hysteresis was found

to be 35.1, 32, 6.8, 14.7, and 8.1 mV for pH=2, 4, 7, 10, and 13, respectively.
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Figure 5- 6. Measured results for the reversibility and repeatability in the (a)
flat and (b) deformed conditions with pH varying between 2 and 13.
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5.3.4.Skin Measurement Results

Tissue papers were soaked with standard pH buffer solutions pH=5, 6, 7, and 8. The
sensors were inserted inside the soaked tissue papers and tested from pH =5 to pH=8, then in a
reversed order back to pH=5. The result of the tissue measurement is shown in Figure 5-7. Figure
5-7 (a) shows the continuous step-responses of the sensor to specific pH levels from pH 5 to pH
8, then in a reversed order back to pH 5. Figure 5-7 (b) shows the linearity of the pH sensor with
a sensitivity of 28.251 mV/pH. As discussed in section 4.6, the responding time is defined as the
time period from the beginning of the measurement until the potential reaches to 90% of the
saturated potential value. For the tissue measurement an average responding time of 6.48 s is

observed. The average hysteresis for the tissue measurement is 1.3 mV. The experiments were
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Figure 5- 7. Tissue measurement result shows a linear response
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repeated three times and same responses were observed, which demonstrates the good
repeatability of the sensor.

The skin measurement was conducted by dipping the standard pH buffer solutions on
skin and tested by the pH sensors directly. Four pH levels (pH 5, 6, 7, 8) are tested on the back
of a hand. The sensor is first tested in the order from pH =5 to pH = 8, then a reversed-order test
is conducted from pH 8 to pH 5 to demonstrate reversibility and stability. The result of the skin
measurement is shown in Figure 5-8. The sensor showed stable potential response to each pH
level, with little hysteresis. Figure 5-8 (a) shows the continuous step-responses of the sensor to
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Figure 5- 8. Skin measurement result shows a linear response with
pH levels varying between 5 and 8.
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specific pH levels from pH 5 to pH 8, then in a reversed order back to pH 5. Figure 5-8 (b) shows
the linearity of the pH sensor with a sensitivity of 28.42 mV/pH. The average responding time of
the skin measurement is 6.62 s. The average hysteresis of the skin measurement is 1.37 mV

A calibration curve between potential and pH was obtained by testing the sensors with
the tissue soaked with different pH levels. The skin measurement potentials were calibrated to
pH values by the tissue measurements. The results were analyzed with the Clarke Error Grid.
The potential output was converted to pH levels. The result shows a linear response with different
pH levels as shown in Figure 5-9. The measured results show a pH difference less than +0.19
compared with the applied standard pH buffers, which is more accurate than a commercialized

pH sensor (Apera Instruments, Al312 PH60F) with a pH difference of £0.97.

Calibrated Ph

Ideal Ph

Figure 5- 9. Calibrated skin measurement results by the tissue measurements
and the results were analyzed with the Clarke Error Grid.

A commercialized pH sensor (Al312, Apera Instruments) was tested with pH buffer
solutions (pH 4, 5, 7, and 10) inside a beaker and on skin for comparison. As shown in Figure 5-
10, the blue dots indicate the result tested inside a beaker and the red dots indicate the results
tested on skin. The commercial pH sensor shows accurate pH reading when it is tested inside a

beaker. However, when it is tested on skin the pH discrepancy appears. After signals are
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stabilized, discrepancies of 0.71, 1.03, 0.54 and 0.68 for pH = 4, 5, 7, and 8, respectively are
obtained. This is possibly due to the built-in averaging mechanism in the commercial device
and/or the rigid sensing surface causing the impedance fluctuations between the sensing film and
insufficient liquid on the skin. By comparison, the flexible IrOx electrode has a better accuracy
when tested in such an environment. For the commercial pH sensor, the responding time for the

beaker test is 5 s, while it becomes more than 10 s on skin since the data fluctuate.
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Figure 5- 10. Performance of the commercial pH sensor when tested with
standard pH buffer solutions inside a beaker and on skin.

5.4. Conclusions
In this section, we demonstrated an ultra-flexible pH sensor consists of an IrOx working
electrode and an AgCl reference electrode for pH measurement on skin. The sol-gel fabrication
provides advantages of lower costs, simpler processes and reliable device performance. The pH
sensors have been tested for sensitivity, responsivity, reversibility and repeatability in the
conditions of being flat and deformed. The reliable performance and flexibility make them suitable
for the skin monitoring which requires high conformability. In the skin measurement, the stability,

reversibility, responsivity and repeatability were investigated to evaluate the sensor performance.
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The miniature size and flexibility provide excellent conformity to skin hence ensures accurate
testing results. Comparing with a commercial sensor, our sensing film has the advantages of
smaller size, faster responding time, and better accuracy in the testing environment with
insufficient liquids. The simple fabrication techniques and reliable performance make it promising

for future bio-medical applications.
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Chapter 6.
FUTURE WORKS
SWEAT MEASUREMENT WITH AN INTEGRATED MULTI-FUNCTIONAL
IROx-BASED SENSOR-ARRAY
6.1. Introduction

The technique of wearable sensor provides appreciative insights toward personalized
medicine through continuous monitoring of the body fluids. Comparing with other biofluids, sweat
has become an appealing analyte owing to its easy epidermal availability [6.1]. It also carries
abundant biomedical biomarkers related to health assessments and disease diagnoses, such as
metabolites [6.2], electrolytes [6.3], and exogenous substances [6.4]. Previously reported sweat
based non-invasive biosensors either can only monitor a single analyte at a time or lack the
sensor calibration mechanisms for accurate analysis of the physiological state. Given the
complexity of sweat secretion, simultaneous and multiplexed screening of target biomarkers is
critical and requires full system integration to ensure the accuracy of measurements. [6.3]

Real-time monitoring of sweat can provide immediate information about skin chemistry.
Utilizing sweat, instead of applying water discretely, for continuous skin pH evaluation provides
advantages of lower costs and implementation ease for healthy individuals. For disease diagnosis,
sweat pH is a precursor for detecting alkalosis, cystic fibrosis, cutaneous diseases, and skin
dehydration levels [6.5-6.7]. Under normal homeostasis, the sweat pH should be in the range of
4.5-5.5. Skin diseases such as dermatitis and acne change the skin pH levels. For wounded
tissues, an increased pH value indicates possible infection by bacterial colonization. Increases in
pH can also be related with metabolic alkalosis. These changes are dynamic and time-variant,
thus discrete samplings of skin pH without in situ information that can be correlated with other
real-time physiological parameters do not provide a complete picture to analyze the skin

conditions or diseases.
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Apart from pH, there are other sweat compositions indicating abnormal health condition. Sweat
lactate can potentially serve as a sensitive marker of pressure ischaemia [6.6]. Excessive loss of
sodium in sweat could result in hyponatremia hypokalemia, muscle cramps or dehydration [6.8].

In this chapter we present a flexible and deformable iridium oxide sensor array to be
attached on body for multiplexed in-situ sweat analysis, which simultaneously and selectively
measures sweat metabolites (lactate) and electrolytes (sodium ion), as well as the skin pH level.
In chapter 3, we developed a lactate sensor with a wide lactate acid detecting range, and in
Chapter 4 we developed an integrated pH and Na* sensor-array for calibrated pH-sensing to
distinguish the signals generated by H* and Na*. In this chapter, we developed a multi-functional
sensor-array including a lactate sensor, a pH sensor, and a sodium sensor. The flexible sensor-
array is tested with artificial sweats.

6.2. Fabrication and Methods
6.2.1. Fabrication of the pH Sensing Electrode

The iridium oxide pH sensing electrode is fabricated with the sol-gel technique as
described in section 4.3. Briefly, a flexible 125-um thick polyimide film coated with 50nm Cr and
200nm Au is used as the substrate. The film is cut to 2x5 mm? strips and dip-coated with the sol-
gel solution. Then a thermal treatment is conducted to transform the iridium-based compound to
crystalline iridium oxide on the strips. A coper connection wire is then connected to the electrode
strip with silver epoxy.

6.2.2. Fabrication of the Sodium Sensing Electrode

After the preparation of the IrOx electrode, the sodium membrane is deposited on top of
the IrOx sensing film. Briefly, 550-mg poly carboxylate (PVC-COOH) is mixed with 8-mL
tetrahydrofuran and ultrasonicated for 30 minutes; 1.2-mL bis (2-ethylhexyl) sebacate (DOS) is
added to the mixture and ultrasonicated for 10 minutes; and finally 50-mg sodium ionophore VI
(B12C4) and 167-mg lipophilic salt (Na-TFBD) are added to the mixture and ultrasonicated for

another 30 minutes. The mixture is then loaded on the the IrOx electrode and rested for 24 hours
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at the room temperature for stabilization. A coper connection wire is then connected to the
electrode strip with silver epoxy. Detailed information can be found in section 4.6.2.2.
6.2.3. Fabrication of the Lactate Sensing Electrode

After the preparation of the IrOx electrode, the lactate oxidase enzyme is loaded on the
IrOx sensing film with a syringe. A coper connection wire is then connected to the electrode strip
with silver epoxy. The fabrication details can be found in section 3.2.2.

6.2.4. Fabrication of the AgCI Self-Reference Electrode

The flexible 125-uym thick polyimide strip with the same size of 2x5 mm? is cleaned by
acetone and dried by pressurized air. Appropriate amount of the AgCI paste (CH Instruments,
Inc.) is printed over the strip and then heated at 125°C for 15 minutes for stabilization. A coper
connection wire is then connected to the electrode strip with silver epoxy.

6.2.5. The Lamination Process

After the preparation of the pH, lactate, sodium ion sensing electrodes and the AgCI
electrodes, these electrodes are integrated and laminated into one array. First, the electrodes are
placed on the thermal lamination pouch (TP3854), as shown in Figure 6-1 (a). Then, the Scotch
double-side tape is pasted on the other layer of the lamination pouch. Then, the Biopsy punch
(086) with the diameter of 2.5 mm is used to open the sensing windows on the double side tape
and the lamination pouch. Then, the electrodes are covered by the double-side tape and the
lamination pouch with the sensing films exposed to the opening window, as shown in Figure 6-1
(b). Finally, the sensor-array is fed through the laminator. The 76.2-um thick lamination pouch
and the double-side tape work as the insulation layer. Figure 6-1 (c) shows a photo of the sensor-
array.

6.2.6 Working Mechanism and Measurement Procedures of the Sensor-Array

A four-channel detection system was built in the following way:

e Channel 1 functioned as the pH detecting system, which collected the potentials

generated between the pH sensing electrode and the AgCI reference electrode #1.
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Figure 6- 1. (a) Graph of the sensor-array placed on the lamination pouch. (b)
Graph of the end product of the sensor-array. (c) Photo of the sensor-array.
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e Channel 2 functioned as the sodium ion detecting system, which collected the
potentials generated between the sodium ion sensing electrode and the AgCI
reference electrode #1.

e Channel 3 functioned as the lactate detecting system, which collected the current
generated between the lactate sensing electrode and the AgCI reference electrode
#1.

e Channel 4 functioned as the noise cancelation system, which collected the signals
generated between the AgCl electrodes #1 and #2.

For the pH measurement, the sensor-array is tested in the artificial sweats with different
pH levels. This pH testing range covers the range form the normal to abnormal sweat pH level. A
data acquisition card (NI DAQ-609) with a LabVIEW-based program is used to record the real-
time potentials at a 7.5 S/s sampling rate. The signal obtained from the channel 4 is subtracted
from the channel 1. The calibrated result revealed the performance of the pH sensor.

For the sodium ion measurement, the sensor-array is tested in DI water with different
concentration of Na+. A data acquisition card (NI DAQ-609) with a LabVIEW-based program is
used to record the real-time potentials at a 7.5 S/s sampling rate. The signal obtained from the
channel 4 is subtracted from the channel 2. The calibrated result revealed the performance of the
sodium ion sensor.

For the lactate measurement, the sensor-array is tested in PBS, and PBS with different
concentrations of Na* with successive additions of lactate. The temperature was maintained at
37 °C in a water bath to imitate the human body. A constant biasing voltage of 0.6 V is applied
between the lactate sensing electrode and the AgCIl reference electrode. The current generated
between the two electrodes are recorded at a 10 S/s sampling rate. The signal obtained from the
channel 4 is subtracted from the channel 3. The calibrated result the revealed the performance

of the lactate sensor.
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6.3. Preliminary Results and Discussion
6.3.1. pH Measurement Results

The pH sensor on the array is tested in the artificial sweats with pH levels of 4, 4.5, 5, 5.5,
6, 6.5, 7, 7.5, and 8. This pH testing range covers the sweat pH levels of the normal and abnormal
situations. Figure 6-2 (a) shows the recorded potentials in the pH 4 to 8 artificial sweat solutions.
The sensor shows step-responses when the pH level of the solution changes. The potentials
settle quickly from a higher pH value to a lower one since there are more H+ ions available in the
solution. It takes more time from the lower to higher pH solutions since there are ion residues on
the porous sensing surface. The sensitivity is 59.2 mv/pH within the range of pH 4 and 8, as
shown in Figure 6-2 (b).

It should be noted that the measurements are conducted in the artificial sweat in which
abundant interfering ions exist. During the transition when the sensor is moved to the next test
solution, the sensor electrode surface is not cleaned by de-ionized water, thus the interfering ion
residues remain on the working and reference electrode surfaces. This is to imitate
the realistic scenarios of continuous measurements. The hysteresis data are collected and the
worst case is 6.93 mV which presents A pH = 0.117.

6.3.2. Sodium lon Measurement Results

For the sodium ion measurement, the sensor-array is tested in DI water with different
concentration of Na+ (40mM, 50mM, 60mM, 70mM, 80mM, and 90mM). The normal
concentration of Na* in sweat of adults is 70 mmol/liter. The normal concentration of Na* in sweat
of infant is 40 mmol/liter. And a significantly increased sweat Na+ concentration of 90-120
mmol/liter is observed for the adults with cystic fibrosis [6.6]. This Na* testing range covers the
concentrations of Na* for the normal and abnormal situations. Figure 6-3 (a) shows the recorded
potentials in the DI water with Na* from 40 mM to 90 mM. The sensor shows step-responses

when the sodium ion concentrations changes. The potentials settle quickly with an average
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Figure 6- 2. (a) Responses and (b) sensitivity of the sensor tested in the artificial sweat with
various pH levels.

responding time of 8 seconds. The sensitivity is 0.54 mv/mM within the range of 40-90 mM, as
shown in Figure 6-3 (b). It should be noted that the measurements are conducted in the solution
with abundant interfering ions exist. During the transition when the sensor is moved to the next
test solution, the sensor electrode surface is not cleaned by de-ionized water, thus the interfering
ion residues remain on the working and reference electrode surfaces. This is to imitate the realistic

scenarios of continuous measurements.
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6.3.3. Lactate Measurement Results

For the lactate measurement, the sensor-array is tested in PBS, PBS with 45 mM Na*,

and PBS with 90 mM Na* respectively, with successive additions of lactate. Mixing PBS with Na*

is to imitate the sweat. The lactate concentration in sweat before exercise is around 20 mM, after

exercise is around 60 mM. In our experiment, we increase the lactate concentrations in the testing

solutions from 20 mM to 90 mM to cover the lactate concentration range.
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Figure 6- 3. (a) Responses and (b) sensitivity of the sensor tested in the DI
water with different Na* concentrations.
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Figure 6-4 shows the performance of the lactate sensor. The arrows indicate the time
when lactic acid is applied to the solutions. Figure 6-4 (a) shows the recorded currents in the PBS

with lactate concentration increases from 20 mM to 90 mM. The sensor shows step-responses
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Figure 6- 4. The (a) performance and (b) sensitivity of the lactate sensor in PBS; The (c)
performance and (d) sensitivity of the lactate sensor in PBS with 45 mM Na*; The (e)
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when the lactic acid is applied to the testing solution. Figure 6-4 (b) shows the sensor has a good
linearity with the sensitivity of 51.2 nA/mM. Figure 6-4 (c) shows the recorded currents in the PBS
with 45 mM Na*. The sensor shows step-responses when the lactic acid is applied to the testing
solution. Figure 6-4 (d) shows the good linearity of the sensor with the sensitivity of 53.9 nA/mM.
Figure 6-4 (e) shows the recorded currents in the PBS with 90 mM Na*. The sensor shows step-
responses when the lactic acid is applied to the testing solution. Figure 6-4 (f) shows the good
linearity of the sensor with the sensitivity of 53.6 nA/mM. In general, the sensor shows a standard
deviation of 62.58nA, 22.65nA, 65.52nA, 72.59nA, 44.64nA, and 3.21nA for lactate
concentrations 20mM, 30mM, 40mM, 50mM, 60mM, and 70mM respectively, which gives the
lactate sensor an accuracy of around 1mM.

During the test the sensor electrode surface is not cleaned by de-ionized water to imitate
the realistic scenarios of real-life measurements. It should be noted that there are different
concentrations of interfering ions exist in the testing solutions which generates different degrees
of the background noise, thus the noise level for the 3 tests are different.

6.4. Future Works

The future works include integration of a radio-frequency identification (RFID) integrated
circuit for wireless pH sensing; embedded with an integrated programmable wireless system to
detect different types of biomaterials; and embedded with a temperature sensor to provide more
bio-information.

The RFID circuit is designed to cooperate with the IrOx pH sensor. It contains a
transponder circuit and a reader circuit. The transponder circuit harvests radio frequency power
transmitted from the reader circuit, and sends the modulated pH data as frequency shifts back to
the reader circuit. The sensing concept is to form the resonant frequency and reach the coupling
efficiency through inducting coupling between the coil antennas and capacitance. [6.10]

The integrated programmable wireless system includes a recorder and a receiver base

station. The recorder includes a microcontroller for signal processing and a RF wireless
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transmitter. The recorder is connected to the sensing electrode. The receiver base station
includes a host computer which receives and display signals. The wearable recording system can

be wirelessly powdered through inductive coupling transmitter antennas. [6.11]
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Appendix A

RECIPES TO COAT PHOTORESIST
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The positive photoresist S1813 is used as the wet etching mask in the process for forming

metal electrode pattern. The following recipe is applied with the exposure wavelength of 365 nm.

Step 1: Spin coat photoresist S1813 for 5 seconds at 500 rpm and another 60
seconds at 3000 rpm.

Step 2: Soft-bake at 90°C for 3 minutes.

Step 3: Expose for 8 seconds under a power of 20 mW/cm?2,

Step 4: Develop in developer MF-319 for 25 seconds.

Step 5: Clean with DI and blow dry.

The negative photoresist SU8-25 is used to form the insulation layer. A 40-pm thick SU8-

25 layer is obtained with the following recipe. The exposure wavelength is 365 nm.

Step 1: Spin coat photoresist SU8-25 for 10 seconds at 500 rpm and another 45
seconds at 1000 rpm.

Step 2: Pre-bake at 65°C for 5 minutes, and 95°C for 15 minutes.

Step 3: Expose for 15 seconds under a power of 20 mW/cm2,

Step 4: Post-exposure bake at 65°C for 1 minute and 95°C for 15 minutes.

Step 5: Develop in SU8 developer for 6 minutes.

Step 6: Clean with propanol and DI, then blow dry.

The negative photoresist SU8-100 is used as the sacrificial layer in the sol-gel process.

The following recipe is applied with the exposure wavelength of 365 nm.

Step 1: Spin coat photoresist SU8-100 for 30 seconds at 3000 rpm and another 30
seconds at 4000 rpm.
Step 2: Pre-bake at 65°C for 10 minutes and 95°C for 40 minutes.

Step 3: Expose for 30 seconds under a power of 20 mW/cm?Z,
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e Step 4: Post-exposure bake at 65°C for 5 minutes and 95°C for 20 minutes.
e Step 5: Develop in SU8 developer for 10 minutes.

e Step 6: Clean with propanol and DI, then dry at 65°C for 5 minutes.
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