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Abstract

Medical gases, such as ozone (Og), are used for their effectiveness and minimal side
effects, making them an alternative to surgery or medication in therapies like ozone
therapy for herniated disks. However, to perform ozone therapy safely and effectively, it is
necessary to accurately measure the ozone concentration before and during the therapy.
This thesis focuses on the design and evaluation of novel sensors that can measure ozone
concentrations, thus overcoming current challenges in ozone therapy. First, reference
systems are developed to enable the calibration, characterisation, and evaluation of novel
ozone sensors. The developed reference systems serve as the foundation for further
development of novel sensors and provide a benchmark to evaluate their performance.
Subsequently, the biocompatibility of materials for exemplary inkjet-printed amperomet-
ric, impedimetric, and optical absorption ozone sensor structures is assessed. Also, various
novel sensor prototypes, based on electrochemical and optical absorption measurement
principles, are manufactured. For the sensor prototypes based on the optical absorption
measurement principle, miniaturisation is investigated mainly through a reduction of
components. For investigating the miniaturisation of the sensor prototypes based on
the electrochemical measurement principle, an exemplary inkjet-printed structure of
an oxygen (O9) sensor is manufactured. This is an important step towards small and
flexible sensors that can be integrated into medical devices. In addition, for developing
electrochemical ozone sensors and investigating alternative ways of manufacturing ozone
sensors, commercial electrodes are modified to serve as ozone sensors. Furthermore,
experiments are conducted to explore the effect of ozone on bacterial cultures, such as
Escherichia coli, and to investigate other use cases for ozone in medical therapy. Thus,
insights into the potential mechanisms and action of ozone in the medical treatment of,
e.g., chronic wounds are provided. Overall, this thesis represents a foundation for the
measurement of ozone concentration during medical therapy, which has the potential to
broaden the use of ozone in medicine and improve patient outcomes.




Kurzfassung

Medizinische Gase, wie z.B. Ozon (O3), werden aufgrund ihrer Wirksamkeit und mini-
malen Nebenwirkungen als Alternative zu Operationen oder Medikamenten bei Thera-
pien wie der Ozontherapie von Bandscheibenvorfillen eingesetzt. Um die Ozontherapie
sicher und effektiv durchfiithren zu konnen, ist es jedoch notwendig, die Ozonkonzentra-
tion genau zu messen. Diese Dissertation befasst sich mit der Entwicklung neuartiger
Ozonsensoren, um damit die derzeitigen Herausforderungen in der Ozontherapie zu
iiberwinden. Zundchst werden Referenzsysteme entwickelt, um die Kalibrierung, Charak-
terisierung und Bewertung neuartiger Ozonsensoren zu ermoglichen. Anschlielend
wird die Biokompatibilitdt von Materialien fiir beispielhafte inkjet-gedruckte amper-
ometrische, impedimetrische und optische Absorptionssensorstrukturen fiir Ozon unter-
sucht. Aullerdem werden verschiedene neuartige Sensorprototypen hergestellt, die auf
den elektrochemischen und optischen absorptionsbasierten Messprinzipien basieren. Fiir
die Sensorprototypen, die auf dem optischen Absorptionsmessprinzip basieren, wird die
Miniaturisierung hauptsichlich durch eine Reduzierung der Komponenten untersucht.
Zur Untersuchung der Miniaturisierung der auf dem elektrochemischen Messprinzip
basierenden Sensorprototypen wird eine inkjet-gedruckte Struktur eines Sensors fiir
Sauerstoff (O9) hergestellt. Dariiber hinaus werden zur Entwicklung elektrochemischer
Ozonsensoren und zur Untersuchung alternativer Herstellungsmethoden fiir Ozonsen-
soren handelsiibliche Elektroden so modifiziert, dass sie als Ozonsensoren eingesetzt
werden konnen. AufSerdem werden Experimente zur Erforschung der Wirkung von Ozon
auf Bakterienkulturen, wie z. B. Escherichia coli, durchgefiihrt, um weitere Anwendungs-
falle fiir Ozon in der medizinischen Therapie zu untersuchen. Auf diese Weise werden
Einblicke in die moglichen Mechanismen und Wirkungen von Ozon bei der medizinischen
Behandlung von z.B. chronischen Wunden gewonnen. Insgesamt stellt diese Dissertation
eine Grundlage fiir die Messung der Ozonkonzentration wahrend der medizinischen
Therapie dar, die das Potenzial hat, den Einsatz von Ozon in der Medizin auszuweiten
und die Ergebnisse fiir die Patienten zu verbessern.
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Introduction

Ozone therapy has gained increasing attention in the medical field for its potential thera-
peutic effects in various conditions, such as chronic wounds, infections, inflammations,
circulatory disorders, and immune diseases [1]. Several studies have reported its efficacy
in treating, e.g., herniated disks, knee osteoarthritis, and avulsed teeth [2]-[5]. The
procedure during ozone therapy is shown in Fig. 1.1. Ozone is injected with a needle
into the herniated disk. As a result of the treatment of herniated disks with ozone, the
leaked part of the nucleus pulposus recedes, and inflammation of the surrounding tissue
is reduced [6], [7].

Fig. 1.1: Shows the procedure during ozone therapy for treating a herniated disk and depicts a
detailed view of the ozone therapy procedure. Thereby, the challenge for this application
is to measure the ozone concentration at the tip of the injection needle during the
complete therapy.




Ozone dispersed in oil or water is an additional potential application that shows promise
for treating skin infections [8]. The safe and effective application of ozone therapy in
clinical practice requires the development of suitable medical sensors that can measure
the ozone concentration before, during, and after treatment [9], [10]. This is a significant
challenge due to the lack of sensors that can accurately measure ozone concentrations
at the point of injection [10]. Further research is necessary to establish ozone measure-
ment and analysis methods that can enable the widespread use of ozone therapy in
clinical settings [4]. The development and evaluation of such sensors require specialised
reference systems that can provide accurate and reproducible measurements of ozone
concentrations over a wide range of concentration values. One promising technology for
developing such sensors is functional inkjet-printing, as it enables fabrication on flexible
substrates and enhances miniaturisation. Biocompatibility and reliable measurement
are important objectives in the development of these sensors [11], [12]. Also, more
research needs to be conducted on the potential of ozone as an antibacterial agent for the
treatment of chronic wounds. Chronic wounds are a serious global healthcare challenge
that can result in high morbidity and mortality [13]. Thus, it is essential to explore novel,
efficient therapies for chronic wounds.

In order to address these challenges, this thesis focuses on designing and assessing novel
dissolved and ozone gas sensors for medical therapy, as well as the possibility of ozone
as a treatment for chronic wounds. The design of these sensors and their successful
application in clinical settings may allow the broad application of ozone for a variety of
medical therapies, giving patients a secure and efficient course of treatment.

1.1 Research questions and objectives

In the following, the research questions (RQs), that are the main focus in this thesis, are
outlined.

* RQ1: How can novel dissolved and ozone gas sensors be referenced for their
calibration, characterisation, and evaluation?

* RQ2: How can novel dissolved and ozone gas sensors be realised as electrochemical
or optical sensors?

Chapter 1




* RQ3: Can ozone be further used in medicine as an antibacterial agent for the
treatment of, e.g., chronic wounds?

The first research question, RQ1, is about the development of novel methods to measure
and quantify dissolved ozone and ozone gas concentrations in a reliable and accurate
manner. The emphasis is on finding effective reference methods that can be used to
calibrate and validate novel sensors. This research question is essential to ensure that
the sensors developed are reliable and accurate in measuring ozone concentrations in
different environments.

The second research question, RQ2, is focused on the development of novel sensors
that can detect dissolved ozone or ozone gas. For RQ2 it is also important to assess the
biocompatibility of the used materials. The emphasis is on exploring different types of
sensors and their feasibility for detecting ozone in different environments. This research
question is essential to develop new and improved low-cost sensors that can detect ozone
concentrations with high accuracy, high selectivity, and a compact design.

The third research question, RQ3, is about exploring the potential of ozone as a novel
therapeutic agent for the treatment of chronic wounds, which are a major challenge in
the healthcare system. There is a need for novel and effective therapeutic agents for their
treatment. The focus is on assessing ozone’s efficacy as an antibacterial agent and its
potential for clinical application.

In summary, the focused RQs investigates challenges that are essential for the design
and application of novel ozone sensors for medical therapy, as well as for the potential
application of ozone for the treatment of chronic wounds. Thus, this thesis focuses
on the challenges that need to be addressed to widely use ozone therapy in medicine.
Thereby, one of the key challenges is the absence of accurate and reliable techniques for
determining ozone concentration at the point of injection. An essential field of research
is the design of innovative sensors for the detection of ozone. This thesis addresses a
number of challenges regarding the design, evaluation, and reference of novel dissolved
and ozone gas sensors in medicine, as well as regarding the application of ozone for the
treatment of chronic wounds. Thus, this thesis provides new insights and solutions to
address these challenges, which have important implications for various fields, including
medical therapy and environmental monitoring.

1.1 Research questions and objectives 3



1.2 Thesis outline

In the following, this thesis is outlined:

Chapter 2 presents an overview of the medical applications of ozone. This chapter
explores different ways in which ozone is used in the medical field to treat a range of
conditions, such as disk herniations, artery diseases, and chronic wounds. Furthermore,
the antibacterial effects of ozone in medicine are elaborated. In addition, ozone sensing
in the context of medical ozone therapy is investigated.

Chapter 3 discusses the importance of ozone measurement and analysis methods in
medical ozone therapy. This chapter explores the challenges of measuring ozone con-
centrations at the injection point and the need for the development of suitable medical
sensors to measure ozone concentrations before, during, and after treatment. Further-
more, conventional manufacturing and inkjet-printing of ozone sensors are investigated.

Part I (Referencing novel ozone sensors) includes two chapters, Chapter 4 and Chapter 5,
which both focus on RQ1. These chapters provide a reference for the sensor properties
and characteristics of ozone gas concentrations and dissolved ozone concentrations in
water. They serve as a foundation for the subsequent parts of this thesis.

Part II (Biocompatibility of medical ozone sensors) includes Chapter 6, which discusses
the importance of biocompatibility in the development of ozone sensors for medical
therapy. Thereby, this part focuses on the first part of RQ2. This chapter explores different
materials and fabrication methods used in the development of ozone sensors that are
biocompatible and can provide accurate and reproducible measurements of ozone over a
wide range of concentration values.

Part III (Ozone sensing in medicine) includes three chapters, Chapter 7, Chapter 8, and
Chapter 9, which complement Part II and thus RQ2. Part III discusses the development
and evaluation of novel ozone gas and dissolved ozone sensors for medical therapy. These
chapters explore the different sensing techniques, such as electrochemical and optical
methods, and evaluate their performance in measuring ozone concentrations.
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Part IV (Antibacterial effects of ozone) includes Chapter 10, which investigates RQ3.
Thus, this chapter assesses the potential of ozone as an antibacterial agent for the treat-
ment of chronic wounds.

Chapter 11 concludes this thesis by summarising the findings of the work presented in
the previous chapters and discussing their implications for the development and applica-
tion of ozone therapy in medical treatment. This chapter also highlights the potential
future directions for research in this area.

1.2 Thesis outline 5



Ozone for medical therapy

Parts of this chapter are based on: L. Petani, L. Koker, J. Herrmann, V. Hagenmeyer,
U. Gengenbach, and C. Pylatiuk, “Recent developments in ozone sensor technology
for medical applications”, Micromachines, vol. 11, no. 6, 2020. po1: 10.3390/
mill1060624.

This chapter is supplemented by findings from: [12], [14]-[16]

Since at least the time of World War I, ozone has proven its effectiveness as a therapeutic
agent for treating chronic wounds, including ulcers [17]. Since then, several additional
applications using ozone have been explored and thoroughly investigated. Fig. 2.1 pro-
vides an overview of ozone applications currently applied in medical therapy. Over the
past century, life expectancy and daily sitting time have increased in industrialised na-
tions [18]. This includes the possibility of developing physical health issues, such as back
pain, diabetes mellitus, cancer, heart disease, and stroke [19], [20]. The cost of chronic
pain treatment in the United States alone ranges from 560 to 635 billion dollars [21].
Therefore, more research is needed to effectively prevent and treat chronic pain. Treating
chronic pain, including low back pain, coronary artery disease, osteoarthritis, and pe-
ripheral artery disease, is currently a significant societal and economic burden [22]-[24].
Muscle strain, arthritis, or disk herniation are possible causes of back pain, which is a sig-
nificant health concern [25]. Conventional treatment for pain resulting from a herniated
disk or joint osteoarthritis typically involves repeated injections of anti-inflammatory
drugs, including corticosteroids, immunosuppressive drugs, and analgesics [26]-[28].
However, these drugs have limited and temporary effectiveness and may cause potential
side effects. In some cases, they may even fail to alleviate the pain.
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Fig. 2.1: Illustrates the potential uses of ozone treatment in medical therapy, including treating
conditions such as disk herniation, osteoarthritis, coronary and peripheral artery disease,
dyslipidemia, cholesterol embolism, and in dentistry. [10]

Due to the limitations of conventional pain treatments, new methods have emerged
for pain therapy and related conditions that are already used in clinical practice. For
instance, subcutaneous carbon dioxide is used to alleviate muscle pain, while nitrous
oxide is used as an anaesthetic for obstetrics and prostate exams [29], [30]. Other gases
that have potential therapeutic benefits include ozone [2], [4], [5], [7], [26], [31],
[32] and xenon [33]. However, further clinical studies are required to determine the
effectiveness of xenon as a therapy [33]. Ozone has already been shown to be effective
in multiple clinical trials for pain related to conditions such as herniated disks and os-
teoarthritis [2], [7], [26]. Ozone has also been studied for potential use in dentistry and
other applications [4], [5], [31], [32]. Apart from medical therapy, ozone is also used
for a variety of purposes, including treating wastewater, odour removal, and processing
food [10], [34], [35]. Generally, for different applications, ozone mixtures with various




concentrations are used. For example, to treat wastewater, mixtures containing oxygen
and ozone with an ozone concentration of around 0.01 vol% are utilised [36]. For odour
removal, higher concentrations of 0.14 vol% of ozone are used [37]. In food processing,
ozone concentrations of about 1.61 vol% are applied [34]. The highest ozone concentra-
tions of up to 1.89 vol% are required for the treatment of disk herniations [14], [38],
[39]. In the following, medical applications of ozone, especially the treatment of disk
herniations, are focused.

2.1 Application examples for medical ozone
therapy

Depending on the medical application, the administration of ozone takes place in different
ways: For superficial treatment, the skin can be directly exposed to an ozone-containing
atmosphere [40]. Inside the body, for example, subcutaneously in joints or muscles, small
bubbles of the oxygen-ozone mixture can be introduced, which subsequently dissolve
in the tissue [41]. Internal mucous membranes, such as the colon, can be brought into
contact with oxygen-ozone with the help of a catheter [42]. In addition to the gas
mixture, administration can also take the form of autologous blood treatment, where up
to 200 ml of blood is drawn from the patient, enriched with ozone, and re-injected [42].
In the following, various application examples for medical ozone therapy are presented.
A schematic of a disk herniation and a healed disk herniation are shown in Fig. 2.2.
The inner gel-like centre, known as the nucleus pulposus of a spinal disk, protrudes
through the outer fibrous ring, called the annulus fibrosus, which may put pressure on
the spinal nerve [43]. Conventional treatments for disk herniation include surgery, heat
therapy, and physiotherapy [44]. As surgery carries inherent risks and physiotherapy
and heat treatment are effective only for mild disk herniation, the use of ozone therapy
appears to be a viable and minimally invasive alternative [7], [26]. By an injection needle,
medical oxygen-ozone is therefore applied under computer tomography (CT) guidance
and injected into surrounding tissue [45] or the disk [7]. As a result, the intervertebral
disk undergoes chemonucleolysis, and the nucleus pulposus, the inner part of the disk,
gradually loses volume [7]. As a result, the patient’s pain from the pressure on the spinal
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nerve is reduced. In addition to its therapeutic effects, ozone therapy has been shown
to boost the immune system and reduce oxidative stress, which refers to an imbalance
between the production, accumulation, and detoxification of reactive oxygen species [46].

a b

Fig. 2.2: (a) Shows a herniated disk (1) with a pinched nerve (2). The nucleus pulposus (3), the
inner part of the disk, puts pressure on the nerve in the presence of a disk herniation.
(b) Depicts a previously herniated disk (4) that is healed. Thereby, (5) shows the
spinal cord, (6) the spondylophyt (a bony projection), (7) the spinal nerve, and (8) the
annulus fibrosus. [12]

Also, intra-articular injections of oxygen-ozone for the treatment of knee osteoarthritis
result in long-lasting analgesic effects and improved mobility [2]. Ozone also has an
anti-inflammatory impact that is important for both intradiscal and intra-articular injec-
tions [2].

The extracorporeal blood oxygenation and ozonation (EBOO) therapy, shown in Fig. 2.3,
is another medicinal procedure that applies ozone. EBOO may be used to treat peripheral
artery disease, coronary artery disease, dyslipidemia, and cholesterol embolism [31],
[32]. During the treatment, the patient’s venous blood is drawn and enhanced with oxy-
gen—ozone. After that, the patient receives a re-infusion of the oxygen-ozone-enhanced
blood.

2.1 Application examples for medical ozone therapy 9
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Fig. 2.3: The blood of the patient (1) is drawn with a blood pump (2) and enriched with oxygen-
ozone, while it passes through the blood circuit (3). The blood circuit is enriched
with ozone through contact with the gas circuit (4). The gas circuit consists of oxygen
supply (5), ozone generator (6), an ozone supply (7), an ozone sensor (8), and an
ozone destructor (9).

Ozone is additionally used in dentistry. Using oxygen-ozone prior to applying den-
tal sealants is one strategy that has strong supporting data [4]. Using ozonated water to
treat avulsed teeth is another use case [5].

For the treatment of a disk herniation with oxygen-ozone injection, 10 ml of oxygen-ozone
with ozone concentrations between 25 mg1~! and 30 mg1~! are injected [47]. Lower
doses are used in other applications, such as oxygen-ozone injection for the treatment of
knee osteoarthritis and antimicrobial ozone therapy in dentistry. In order to treat knee
osteoarthritis, 5 ml to 10 ml of oxygen-ozone are used, with ozone concentrations ranging
from 5 mgl_1 to 15 mgl_1 [2], [3]. The lowest ozone concentrations (4 mgl_l) for the
considered medical applications are used in dentistry, whereby 30 ml of oxygen-ozone are
applied [48]. For the treatment of herniated disks with ozone, different concentrations
are listed in the literature (see Tab. 2.1).

Monitoring the ozone concentration at the injection point is essential due to its rapid
decay and the potential for variation in the amount present between production, in the
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Tab. 2.1: Overview of oxygen-ozone injection volumes and ozone concentrations for the treat-
ment of herniated disks. [14]

reference ozone concentration [mgl_l] injection volume [ml]
[49] 27 12

[50] 30 3-4

[51] 27 10-14

[7] 30 10

[47] 25-30 10

[6] 30 3-10

injection syringe, and during treatment. In an ideal situation, ozone therapy involves
measuring the concentration at the point of injection and the concentration in the in-
tervertebral disk tissue. It is important to maintain a safe and effective concentration
that can effectively treat the disk herniation without harming the patient. Although this
concentration has not yet been measurable, the following analysis takes into account the
theoretical concentration at the point of injection. The volume of the disk (Tab. 2.2) and
the amount of injected ozone (Tab. 2.1) are taken into account in order to calculate the
theoretical concentration in the intervertebral disk immediately following injection.

Tab. 2.2: Overview of intervertebral disk volumes for determining the theoretical ozone con-
centration inside the disk after injection. Thereby, L stands for the lumbar part of the
spinal column and S for the sacral region. [14]

reference average volume [ml] intervertebral disk

[52] 9.19 L3/4, L4/5, L5/S1

[53] 6.1 L1/2,1L2/3, L3/4, L4/5, L5/S1
[54] 8.6 L1/2,1L2/3, L3/4, L4/5

[7] 17.37+4.7 L1/2,L2/3, L3/4, L4/5, L5/S1
[55] 15+3 L2/3, L3/4, L4/5

According to earlier studies [6], [47], 90 pg to 300 ug of pure ozone are administered at a
concentration of 30 mg 171 In contrast, the largest volume of ozone (14 ml, see Tab. 2.1)
with the highest concentration is injected (30 mg1~!, see Tab. 2.1), in the smallest disk
volume (6.1 ml, see Tab. 2.2), to produce the highest and, consequently, most critical
theoretical concentration inside the disk. Pure ozone in the amount of 420 ug is applied
for an injection of 14 ml at the prescribed concentration. With a minimum disk volume of
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6.1 ml, a maximum oxygen-ozone mixture concentration of 30mgl~!, and a maximum
injection volume of 14 ml, a theoretical ozone concentration of 68.85mg1~! is reached
in the disk instantly following injection.

2.2 Antibacterial effects of ozone in medicine

Over the past few decades, bacterial resistance to antibiotics has developed into a signifi-
cant challenge [56], [57]. Antibiotics, used to treat bacterial infections, are becoming less
effective, leading to serious disease progressions, mostly in hospital settings [56], [57].
Due to its disinfecting and antibacterial qualities, ozone can be a powerful substitute for
conventional treatments based on antibiotics and anti-inflammatory drugs [8]. However,
using ozone comes with a number of challenges, including the need for special storage
facilities, the dangers of inhalation, and the difficulty of transferring ozonated gas to
wounds [58]. As a result, ozone is typically used in clinical settings [59]. Ozonated oils,
which are simpler to use and store, offer an alternative. Numerous clinical investigations
have demonstrated that ozonated oils are among the best topical disinfectants for chronic
wounds, inactivating not only bacteria but also viruses and fungi [58]. Fig. 2.4a shows a
chronic wound, while Fig. 2.4b demonstrates a previously chronic wound that is healed.

a b

Fig. 2.4: (a) Shows a chronic wound with an ulcer (1) that results in reduced blood flow (2).
(b) Depicts a previously chronic wound (3) that is healed.
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2.3 Ozone sensors in the context of medical
ozone therapy

Ozone is an unstable gas that rapidly decays into oxygen. As a result, it must be generated
immediately before its application. In medical treatments, ozone is generated using
ultra-pure medical oxygen as the input for the generator, which produces a mixture
of oxygen and ozone for further use. Since medical-grade oxygen is used instead of
air for ozone production, the effect of humidity interference can be neglected when
measuring ozone gas for medical purposes. An extensive literature search has shown
that it is not yet possible to measure the ozone concentration during medical therapy
in human body liquids and tissues at the point of injection. There are many different
treatment methods, and it is essential that the ozone concentration be monitored to
avoid under- or over-dosing. For instance, during EBOO it is only possible to monitor the
ozone concentration before ozonation in the gas phase or by indirect measurement using
markers that correlate with the ozone concentration in blood [32]. Additionally, accurate
dosing and regulation are not possible. This is especially important for the treatment of
herniated disks, because only small volumes of oxygen-ozone are used. Health-critical
amounts may be administered without monitoring the ozone concentration, while on the
other hand, a concentration of ozone that is too low may not be effective. In order to
support various treatment modalities, it is essential to incorporate ozone sensors into
medical and bioanalytical instruments [9]. Thus, to prevent exceeding health-critical
limits, this enables automatic deactivation. Monitoring also enables to approach the limit
more closely, enhancing the therapeutic effect without exceeding it.

Depending on the application, a medical ozone sensor must meet unique specifications,
whereby an overview is shown in Table 2.3. Ozone’s half-life in bodily fluids and tissues
makes a fast response and recovery time extremely important. With the exception of
bones, human tissues normally contain a high proportion of water. Ozone decomposes in
water at a temperature of 40 °C in about 25 min, while the water has a pH value of 7 and
an agitation speed of 100 rpm [60]. Ozone, in contrast, disintegrates in blood within a
short period of time of a few minutes [61]. As a result, it is unfeasible to use sensors
with a response time of several minutes. The sensor reaction time for oxygen-ozone
injection in cases of herniated disks must be less than the injection time, which ranges
between 10s and 15s [7]. In order to prevent tissue damage, sensors that come into
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direct contact with blood should not be heated over 40 °C. Ozone sensors can also be
used in medical settings without coming into contact with biological fluids or tissues;
hence, in the following, sensors with greater measuring temperatures are also covered.
The use of ozone therapy to treat a herniated disk is one example. A gas sensor may be
used for this application to monitor the concentration inside the injection needle while
the treatment is conducted. Therefore, a medical use does not necessitate that the sensor
be implanted in a person’s body. Medical temperature sensors, as an illustration, often
gauge body temperature externally. In order to integrate the sensor inside the injection
needle, the sensor’s size must also be small enough. The root-mean-square percentage
error (RMSPE) should also be as low as possible, but at least below 10%.

Tab. 2.3: Overview of the most important requirements for a medical ozone sensor

parameter requirement

measurement temperature below 40 °C

response time below 15 s

recovery time below 15 s

measurement substance ozone gas and dissolved in body liquids and tissues
wavelength no UV light

size needs to be integrated in a 22-gauge spinal needle
substrate flexible to enable the integration into the needle
used materials need to be biocompatible and/or encapsulated
measurement range dissolved: up to 70mgl~!, gas: up to 30 mg1~1
selectivity high selectivity against oxygen

sensitivity average sensitivity is sufficient

in-line measurement needs to be enabled for continuous measurement
long-term stability average long-term stability is sufficient

RMSPE below 10%
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Overview of ozone
measurement

Parts of this chapter are based on: L. Petani, L. Koker, J. Herrmann, V. Hagenmeyer,
U. Gengenbach, and C. Pylatiuk, “Recent developments in ozone sensor technology
for medical applications”, Micromachines, vol. 11, no. 6, 2020. pot: 10.3390/
mill1060624.

This chapter is supplemented by findings from: [12], [15]

For the design of sensors, there are numerous measurement methods and sensing com-
ponents, as given in [10], [62]-[64]. In the following, the measurement methods are
subdivided into electrochemical, optical, and volumetric. Amperometry and impedimetry
are subcategories of electrochemical methods. Optical absorption, photoluminescence,
and colorimetry are subcategories of optical methods. Titration-based methods are part
of the volumetric measurement methods. Fig. 3.1 depicts a fundamental sensor structure
and materials used for sensor setups. The decisive factor in the development of a sensor
is its intended, specific application and the associated requirements. The application,
in turn, also determines the sensor’s mode of operation and the materials used. The
materials and operating method are selected to guarantee their integration with medical
and bioanalytical devices. The sensing material is typically applied to a substrate. The
sensitive area of a metal-oxide sensor, for instance, is built upon an indium oxide (In203)
thin film on a silicon substrate. For instance, the electrodes in an amperometric sensor are
printed with gold nanoparticle (AuNP) and silver nanoparticle (AgNP) inks. A membrane
ensures selectivity, allowing only those substances to come into contact with the sensing
material that do not interfere with the desired measurement.
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Fig. 3.1: A membrane, sensing material, substrate, and encapsulation yield the basic sensor
assembly for an electrochemical sensor, shown in the schematic. For an optical sensor,
the basic sensor assembly consists of a light activation element and a photosensor.
(Modified according to [10])

Encapsulation is required to ensure the biocompatibility of sensors that come into contact
with bodily fluids and tissues. It is essential that the encapsulation has no impact on the
measurement method and the substances intended for the measurement can still pass
through the encapsulation.

An overview of the various measurement methods is provided in Tab. 3.1. According
to Section 2.3, the response time is one key parameter for medical applications. The
half-life of ozone in water, bodily fluids, and tissues makes a fast response time extremely
important. Response times for amperometric sensors range from 15s to 3 min [65]-[69].
The response times of the summarised impedimetric sensors, in contrast, range from
4s to 15.5min [70]-[72]. Impedimetric sensors that use carbon nanotubes (CNTs) as
their sensing material exhibit a slow response time of approximately 15.5 min [72]. In
contrast, impedimetric metal-oxide sensors require light activation or high measurement
temperatures to achieve a faster response time [73]. The response time for light-activated
sensors falls within the range of 13 s to 12.9 min, while heated metal-oxide sensors have
response times ranging from 4s to 10 min [36], [71], [74], [75]. Optical absorption
sensors are typically able to provide a real-time response, whereas photoluminescence
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Tab. 3.1: Overview of the measurement methods used for sensing ozone, including various
criteria such as measurement temperature and response time. Ozone is either measured
with the sensors as gas or dissolved in water. [10]

method sensing ozone T [°C] tResponse A [nm]
amperometric electrodes &% 30-90 155-3min NA
dissolved -5-50 15s-3 min NA
metal-oxide gas 0-350 45s-10min NA
impedimetric metal-oxide gas 25-26 13s-129min LA?
nanotubes  gas 25-75 15.5min NA
colourimetric photosensor dissolved TRy ~ 2.5 min NR
optical photosensor gas TRoom  real-time 190 - 800
absorption photosensor dissolved 5 -40 real-time 190 - 900
PL photosensor gas 25 10 - 20 min 500 - 800
titration volume dissolved Tgoom  NR NA

2 In case of an impedimetric metal-oxide sensor, the light activation of the sensor surface allows a
significant reduction of the response time at low measurement temperatures.; LA: light activation; NA: not
applicable; NR: not reported; PL: photoluminescence.

sensors have reported response times between 10 min and 20 min [76]-[78]. Colourimet-
ric measurement methods have a response time of 2.5 min, while the response time for
titration-based methods is not available [79]-[81]. Dissolved ozone and ozone gas can be
measured with amperometric and optical absorption methods [65], [82]-[84]. For ozone
gas sensors, impedimetric and photoluminescence methods can be utilised, while for
dissolved ozone measurements, titration and colourimetric methods [78]-[81], [85] are
applied. Hydrophobic membranes can allow gas sensors to be used for dissolved ozone
measurements [10]. Additionally, gas stripping, as shown in Fig. 3.2, can be used to pre-
process dissolved ozone measurements and enable gas measurements. Gas stripping is a
process in which dissolved ozone measurement is converted into a gas measurement [86].
This involves separating ozone gas from a liquid solution through a mass transfer process,
in which a gas stream is passed over a liquid stream. The mass transfer between the gas
and the liquid is dependent on their relative concentrations and temperatures and is
facilitated by the concentration difference between them. The gas concentration is then
measured by a gas sensor, such as a photosensor or heated metal-oxide sensor, and the
dissolved concentration of the liquid solution is subsequently determined [87]. Compared
to measuring dissolved ozone, measuring ozone gas in combination with gas stripping
has the advantage of not being affected by particles or organic substances, making it
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suitable for use with non-pure water samples [86], [87]. However, it’s important to note
that the gas stripping method for measuring ozone requires more complex equipment
and setup, potentially leading to higher initial costs and size requirements, which could
be considered a disadvantage in certain budget-constrained or size-limited scenarios.

1~
—

Fig. 3.2: Shows the procedure during gas stripping, including stripping gas (1), liquid (2),
measurement substance (3), and target gas (4).

3.1 Electrochemical measurement

The electrochemical measurement of ozone is either possible with amperometric or
impedimetric measurement methods. Both of these measurement methods are explained
and summarised in the following.
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3.1.1 Amperometric measurement

Amperometry is an electrochemical method used for measurement of gases and dissolved
gases [62], [73]. The basic structure of the sensor is presented in Fig. 3.3, which includes
a working electrode (WE), a counter electrode (CE), a reference electrode (RE), an
electrolyte, and a membrane. The sensor is surrounded by the substance to be measured,
which can be either a gas or a liquid solution. The sensor is enclosed by the combination
of the membrane material and the outer surface of the chamber around the electrolyte.
A constant voltage is applied over time between the WE and RE. Ozone permeates
through the membrane and causes a reduction reaction at the WE. The resulting current
is measured at the WE, and the concentration is calculated from the measured current
value, which is proportional to the concentration.

|

b

Fig. 3.3: (a) Amperometric sensor schematic. [10] (b) Computer-aided design (CAD) model,
including WE (1), CE (2), RE (3), membrane (4), and electrolyte (5). Depending
on the ozone concentration present as gas or dissolved in liquid in the measurement
substance (6), the current changes. [12]

Amperometric sensors can either be used for gaseous or liquid measurement substances.
In the following and in Tab. 3.3, the properties of amperometric ozone gas sensors
are summarised. The sensing electrodes utilised in amperometric gas sensors are typ-
ically made of gold (Au), silver (Ag), or platinum (Pt), and the substrates commonly
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encountered include polyethylene (PE), polyvinyl chloride (PVC), and polypropylene
(PP). Measurements are taken at temperatures ranging from —30°C and 90 °C, with
measurement ranges between 0.23 parts per billion (ppb) and 5 x 10* ppb. The minimum
response time and recovery time that are provided are 15s and 180s.

Additionally to sensors for gas measurement, Tab. 3.5 compares the properties of different
dissolved ozone sensors. Amperometric dissolved ozone sensors that have been reported
use various types of electrodes, such as Au, Ag, Pt, and boron-doped diamond (BDD),
to detect substances. The temperature range for measurements is typically between
—5°C and 50 °C, and the measurement range is between 0.05mg1~! and 20 mg1~1. The
response and recovery times of these sensors are typically 15s and 1 s, respectively.
Amperometric sensors typically have a membrane that filters out interfering substances.
In the case of ozonated water, oxygen must be filtered because it is also an oxidising
substance that reacts with the WE. The main drawback of using a membrane is that it in-
creases the sensor’s response time as ozone needs to diffuse through it. There are different
materials that can be used as a membrane, resulting in varying ozone transfer rates and
response times. Ceramic membranes made of aluminium oxide have an ozone transfer
rate of 0.35gm~2h~1, zirconium oxide has an ozone transfer rate of 10gm~2h~1, and
porous polytetrafluoroethene (PTFE) has an ozone transfer rate of 4gm~2h~1 [88].
Zoumpouli et al. [89] reported that ozone mass transfer coefficients for polydimethyl-
siloxane (PDMS), PTFE, and polyvinylidene difluoride (PVDF) are of the same order of
magnitude. They also suggest that other membranes, such as polyethersulfone (PES) and
polyetherimide (PEI), react with ozone, leading to membrane decomposition. Shanbhag
et al. [90] noted that the permeability of ozone through PDMS is four times higher than
the permeability of oxygen. Zhang et al. [91] compared the permeability of several gases
through PDMS and found that oxygen has a permeability that is approximately twice
as great as that of nitrogen. Furthermore, Zhang et al. [91] reported more information
about the permeability of PDMS membranes as a function of factors such as thickness
and area. Shanbhag et al. [90] investigated PDMS membranes with varying thicknesses

2 10

(ranging from 165 pm to 419 pym) and permeation areas (ranging from 6900 mm
29900 mm?).

Previous work [71], [92] has also discussed amperometric sensors that do not require
membranes and instead use a WE made of BDD material. These microelectrodes are
fabricated by depositing the BDD film on silicon wafers or tungsten needles with a di-

ameter of 20 um [71]. The use of BDD WEs provides selectivity without the need for a
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membrane since they are insensitive to reduction reactions with oxygen [71]. The CE
used is Pt, while Ag/silver chloride (AgCl) is used for the RE. Due to the low background
current, there is no need for an electrolyte.

3.1.2 Impedimetric measurement

Impedimetry is also an electrochemical measurement method for the measurement of
gases and dissolved gases [62]. Impedimetric sensors, as depicted in Fig. 3.4, are com-
posed of electrodes, sensing material, substrate, and a heat or light activation component.

left side view front view right side view

3
1
™

a b

Fig. 3.4: (a) Illustrating an impedimetric sensor, including substrate (1), heater (2), elec-
trodes (3), and sensing material (4). (b) Enlarged view of the impedimetric sensor. The
resistance € of the sensing material (measured in Ohms) is changed in the presence of
ozone within the gaseous measurement substance (5). [10]

Some variants incorporate a heater to maintain a specific temperature of the sensing
material, while others utilise light activation to allow for room temperature (RT) sensing
or a decrease in measurement temperature while maintaining fast response times [93].
Impedimetric sensors require a long recovery time after each exposure [94]. When
the sensor is immersed in a gaseous measurement substance, any exposed electrode
surfaces not covered by the sensing material must be coated with a dielectric material.
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Impedimetric sensors are comprised of two types of sensors, including resistive sensors
for measuring direct currents and impedance sensors for measuring alternating currents.
When the target substance is present, the resistance or impedance value of the sensing
material changes, and the concentration can be calculated based on this value. For these
types of sensors, the measurement temperature corresponds to the temperature of the
sensing material. When operating at RT, the sensing material is not heated and remains at
the same temperature as the surrounding measurement substance. The most commonly
used materials as sensing materials for impedimetric ozone gas sensors are In203, zinc
oxide (ZnO), CNTs, and tungsten trioxide [70], [72], [74], [85], [93], [95]-[110]. Dif-
ferent nanostructures, such as nanoparticles (NPs) [72], [98]-[101], nanocolumns [95],
platelets [74], [106], nanorods [93], [103], nanothin films [96], [97], [107]-[110],
nanoislands [70], nanotubes [85], [104], nanosheets [102], nanowires [101], and
thick films [105], are utilised as the sensing layer morphology. The substrate materi-
als commonly applied include aluminium oxide (Al203), silicon dioxide/silicon, glass,
quartz, and aluminium (Al), while Au, Pt, copper (Cu), and titanium (Ti) are com-
monly used as electrodes [72], [93], [95], [101]-[103], [106], [111]. The thickness
of the electrode varies between 100 nm [72], [93], [95], [101], [103], [106], [111]
and 300 nm [102], while the distance between two opposing electrodes ranges from
5pm [109] to 50 mm [72], [95], [100]. The temperature range for measurement is
0°C to 350°C. To decrease the response time at low temperatures, some sensors utilise
light activation of the sensor surface, with a wavelength typically between 254 nm and
490 nm, as shown in Tab. 3.3. Reported measurement ranges vary between 0.5 ppb and
10 ppb. The lowest response and recovery time presented is 4s.

Korotcenkov et al. [112] explored the impact of materials and structural parameters on
impedimetric ozone gas sensors, focusing on In203 and tin dioxide. The authors found
that thin films with a thickness of 60 nm to 80 nm exhibited a response time of no more
than 1s to 2s at 200 °C. They also observed that a smaller film thickness and crystallite
size, as well as a larger pore size, led to a greater sensor response amplitude.

One of the key advantages of impedimetric ozone sensors is their high selectivity towards
ozone, without the need for membranes to filter out interfering substances. To achieve
high selectivity and sensitivity, Korotcenkov et al. [112] identified several important
factors, including: the superior ozone selectivity of InoO3 over tin dioxide sensors [113];
the use of sensor arrays instead of a single sensor to analyse the sensor response [114];
and the enhancement of selectivity through surface modification or bulk doping [115].
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3.2 Optical measurement

The optical measurement of the ozone concentration is possible with colourimetric, optical
absorption, and photoluminescence measurement methods, which are explained in the
following. The colourimetric measurement method can be applied for the measurement
of dissolved ozone, the photoluminescence measurement method for ozone gas, and
optical absorption for dissolved ozone and ozone gas.

3.2.1 Colourimetric measurement

Colourimetric measurement is a well-established optical method for measuring ozone
concentrations ranging from 0.05 mgl_1 to ngl_1 [79]1, [80]. This measurement
method uses the method of optical absorption, based on Lambert-Beer’s law, which is
explained in Section 3.2.2. An indicator solution, such as N,N-diethyl-p-phenylenediamine
(DPD) or DPD with potassium iodide, is added to ozonated water, resulting in a colour
change [116]. The colour change depends on the ozone concentration, and different
concentrations are shown in Fig. 3.5.

Fig. 3.5: Shows cuvettes with different ozone concentrations and indicator solutions. The darker
purple colour of the solution indicates a higher ozone concentration.
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The absorption of the indicator solution in ozonated water is measured using a specific
absorption spectrum that depends on the indicator solution. Colourimetric measurement
is selective for ozone compared to oxygen because of the different redox potentials.
The response time for these sensors is about 2.5 min, but the recovery time is not re-
ported [116].

Paolo et al. [32] proposed the use of markers to determine the ozone concentration
in blood plasma. While only one of the markers can be determined directly with opti-
cal absorption methods, all of them, including total antioxidant status (TAS), protein
thiol groups (PTG), and thiobarbituric acid reactants (TBAR), can be measured using
colourimetric methods [32]. To measure the marker concentration using colourimetric
methods, a detection reagent is added to the solution. After the reaction of ozone and
blood plasma with the detection reagent, the marker concentration is quantitatively mea-
sured by observing the visible colour change with a photometer. With increasing ozone
concentration, the concentration of TAS and PTG decreases, while the concentration
of TBAR increases [32]. Paolo et al. [32] reported colourimetric measurement of PTG
concentration at 412 nm, while Erel [117] investigated colourimetric measurement of
TAS at 660 nm. Additionally, Kampa et al. [118] conducted colourimetric measurement
of TAS concentration at 450 nm [32].

3.2.2 Optical absorption measurement

Optical absorption sensors, as illustrated in Fig. 3.6, are based on detecting the light
absorption of a measurement substance that is sent out from a light source (for example,
light-emitting diodes (LEDs)) and received by a detector (for example, photosensors).
This enables the identification of specific absorption spectra for substances, such as ozone
gas or dissolved ozone. By comparing the absorption of ozone in the measurement sub-
stance to the absorption without ozone, it is possible to calculate the ozone concentration
in the measurement substance. The fundamental methods behind photometric ozone
measurement include the Lambert-Beer law and the ozone absorption spectrum [119].
The Lambert-Beer law states the relationship between parameters, such as the initial
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Fig. 3.6: Shows the structure of an optical absorption sensor. The measurement method involves
detecting the light absorption of the gaseous or liquid measurement substance (1). This
is achieved by emitting diodes (2) which send out light on a light path (3). The light
may be reflected by mirrors (4), and then detected by a photosensor (5). (Modified
according to [10])

intensity Iy, concentration c, attenuation coefficient o, wavelength ), absorption path
length d, and the resulting intensity I(c) and yields

I(c) =1Ip - exp(—c-a()) - d). (3.1)

Gengenbach and Sieber [120] provide guidelines and identify key factors for designing
optical absorption sensors. To enhance sensitivity, the absorption cell can be heated or
the path length increased [120]. Additionally, the optical path can be extended by using
multiple reflections in the measuring chamber [120]. Most important for the optical
absorption measurement of ozone are the absorption peaks. Ozone has four different
absorption regions, such as the Hartley band (200 nm to 310 nm), the Huggins band
(310 nm to 375 nm), the Chappius band (375 nm to 603 nm), and the Wulf band (beyond
700 nm) [119]. Thereby, the Hartley band, Huggins band, and Chappius band are shown
in Fig. 3.7. The region with the highest absorption is around the Hartley band between
230 nm and 320 nm with an absorption peak at 253.7 nm [119]. Another advantage of
using this wavelength range is its selectivity against oxygen. As there is always a mixture
of oxygen and ozone in the measurement chamber during ozone measurement, the deep
ultraviolet (UV) range (200 nm - 352 nm) provides a four orders of magnitude lower
absorption cross-section of oxygen compared to ozone [122]. This is due to the fact that
the oxygen absorption peaks are approximately at 150 nm, 688 nm, and 762 nm [123],
[124]. Therefore, using the Hartley band for ozone absorption measurement ensures
selectivity between ozone and oxygen without additional instrumentation effort. The
oxygen and ozone absorption between 100 nm and 400 nm is shown in Fig. 3.8
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Fig. 3.7: Shows the absorption bands of ozone. (Reprinted from Publication Atmospheric Remote-
Sensing Reference Data From GOME—2. Temperature-Dependent Absorption Cross
Sections of O3 in the 231-794 nm Range, 64 / 4, J. P. Burrows, A. Richter, A. Dehn, B.
Deters, S. Himmelmann, S. Voigt, and J. Orphal, Journal of Quantitative Spectroscopy
and Radiative Transfer, 509-517, CC-BY-NC-ND (1999), with permission from Else-
vier) [121]

107° —

10-17 _
10-18 ]
10-19 _

1074

10—21 _

1 0-22 ]

10 4
24 | Lyman o
1 0 - H
107 5 =
| | | | | | |
100 150 200 250 300 350 400

Wavelength (nm )

. 2
Cross section (cm™)

Fig. 3.8: Shows the absorption bands of oxygen and ozone between 100 nm and 400 nm.
(Extracted from Publication Aeronomy, a 20th Century emergent science: the role of
solar Lyman series, 20 / 5, G. Kockarts, Annales Geophysicae, 585-598, CC BY 3.0
(2002)) [125]
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Absorption values below 1 absorbance units (AU) are desirable because the lowest relative
error for absorption measurements is observed in the range of 0.1 AU to 0.8 AU [126].
Depending on the measurement of the optical absorption in gas or dissolved in water,
the ozone absorption peak is slightly different. The peak absorption of ozone dissolved in
water is approximately 260 nm [127] and for ozone gas approximately 254 nm [121].
As summarised in Tab. 3.3, optical absorption sensors for ozone gas utilise sensing mate-
rials such as ZnO or methylene blue applied to glass or quartz substrates. These sensors
operate at RT, provide mostly real-time sensing, and the wavelength range is typically
between 190 nm and 800 nm.

Optical absorption sensors for dissolved ozone measurements utilise photometers and
fluorometers as sensing units. Photometers for these sensors use wavelengths between
190 nm and 900 nm while the excitation spectra for fluorometers range between 213 nm
and 335 nm and the emission spectra range from 310 nm to 450 nm. Real-time measure-
ments are mostly supported by optical absorption sensors.

In addition, markers can be used to measure the ozone concentration in blood plasma.
Paolo et al. [32] suggested using TAS, PTG, or TBAR as markers. Among these, only the
TAS marker can be measured directly using optical absorption methods and a photometer.
The other two markers can be measured using colourimetric methods, as explained in
Section 3.2.1. As the ozone concentration in blood plasma increases, the TAS concentra-
tion decreases. Paolo et al. [32] studied the optical absorption measurement of TAS at
600 nm.

Furthermore, optical absorption gas measurement of dissolved ozone is possible with gas
stripping preprocessing. During this process, ozone gas is removed from a liquid stream,
and its concentration is subsequently measured. A photometer is often used to measure
the ozone gas concentration, but a heated metal-oxide sensor or other ozone gas sensor
may also be used.

3.2.3 Photoluminescence

Moreover, there is the photoluminescence measurement method that uses optical mea-
surement [78]. This method makes use of photoluminescence quantum dots, materials
whose optical characteristics, particularly the strength of photoluminescence, alter irre-
versibly in the presence of ozone gas. To assess the ozone concentration, the approach
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includes forming thin films of core shell quantum dot particles on glass substrates and
monitoring the quantum dots’ photoluminescence intensity. Smaller quantum dots, which
emit green light, respond to ozone better than larger quantum dots, which emit red
light [78]. Thereby, selective measurement is enabled, as only the presence of ozone
gas reduces the photoluminescence of quantum dots, not pure oxygen, nitrogen, argon,
or carbon dioxide. It is possible to use cadmium selenide-based core-shell quantum
dots as a sensing material for photoluminescence sensors on glass substrates [78]. The
wavelengths range from 500 nm to 800 nm, the response time of the sensor is between
10 min to 20 min, and the recovery time is one day [78].

3.3 Volumetric measurement; titration

Furthermore, it is also possible to determine the ozone concentration with titration, as
shown in Fig. 3.9. Titration is a volumetric measurement method. Thereby, the mea-
surement substance is titrated with a titrant until neutralisation occurs, indicated by
a visible colour change from clear to yellow-brown [81]. The concentration is deter-
mined by measuring the volume of the titrant, such as sodium thiosulfate, needed for
neutralisation [81]. For example, sodium thiosulfate can be used as a suitable titrant for
titration-based sensors as a sensing reagent [81].

Fig. 3.9: Shows the procedure during a measurement based on titration, including measurement
substance (1), titrant (2), and visible colour change from clear (1) to yellow-brown (3).
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3.4 Ozone measurement methods in the context
of medical therapy

Medical sensors must meet criteria such as sensitivity, selectivity, fast response and
recovery, long-term stability, in-line measurement, aqueous or gaseous measurement
environments, measurement range, measuring at RT, and the presence or absence of
a light activation element, depending on the application. An average sensitivity is gen-
erally sufficient for medical applications where it is currently not possible to measure
the concentration at the point of injection. Very small concentration changes, such as
those that occur in an injection syringe’s needle tip during ozone therapy, do not cause
severe health problems, and it is still beneficial to measure with an average sensitivity
compared to the current situation. When using electrochemical sensors, a membrane
can improve the selectivity of the sensors. A membrane may also enable the use of a gas
sensor in an aqueous environment. The membrane must be permeable to the analyte
and less or ideally not permeable to interfering substances [128]. For some medical
applications, the actual treatment lasts only 10s to 15s [7]. Thus, sensors with reaction
times of several minutes have to be optimised in this regard. Because many devices, like
injection syringes, are single-use items, long-term stability is a secondary property for the
majority of the investigated medical applications. Ideally, a sensor capable of measuring
both the gas phase (such as inside the injection needle before and during treatment)
and the dissolved state in body liquids and tissues (such as outside the injection needle
during treatment) is desirable for the described medical ozone therapy while also en-
abling in-line measurement. This allows for continuous and uninterrupted measurement
before and during treatment without the need to stop or change the measuring sensor.
As a result, measurement methods that can facilitate both types of measurements are
preferred for this particular application. Regarding the measurement range, dissolved
ozone measurements up to 70 mg1~1 have to be possible [14]. For sensors that come into
contact with body liquid and tissue, a low measurement temperature and the avoidance
of a UV light source as the light activation element for the sensing material are essential
because high temperatures (higher than body core temperature) and UV light can harm
biomolecules.

Colourimetric and titration measurement methods are not focused in the following be-
cause they do not enable in-line measurement and can only be used for dissolved ozone
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measurement. However, colourimetric and titration can still be used for sensor calibra-
tion or for referencing sensors. Also, for the focused application, photoluminescence
and impedimetric CNTs sensors have reaction times that are too high. In the following,
amperometric, impedimetric, and optical absorption sensors are further examined in
relation to the application requirements of a dissolved ozone sensor during oxygen-ozone
treatment. Optical absorption ozone sensors are most promising because of their fast
response and recovery times. The major challenges for optical absorption ozone sensors
are miniaturisation and the utilisation of UV light. The absence of a heating or light
activation element and the ability to implement the measuring method in a compact
design are the key benefits of amperometric sensors over other measuring methods. The
major challenges for amperometric sensors are long response and recovery times and
the further miniaturisation of these sensors. Due to the fast reaction time, metal oxide
semiconductors (MOS)-based impedimetric sensors are also promising. However, the
patient’s health may be impacted by the heating (up to 350 °C) or light activation (UV
light) elements that are frequently used in MOS in order to obtain fast reaction times.
Compared to MOS-based impedimetric sensors, amperometric and optical absorption
sensors can already be applied for dissolved and ozone gas sensing.

In summary, Tab. 3.2 gives an overview of the main advantages and main challenges of the
reported ozone measurement methods in the context of medical therapy. In the following,
amperometric and optical absorption sensors are the main focus, while impedimetric
sensors are additionally considered for the biocompatibility investigation in Section 6.
Currently, all of these measurement methods still pose major challenges. Nevertheless,
fundamental research is necessary before newly designed sensors can be applied during
medical treatment. First, the sensors have to be designed and subsequently optimised for
the specific application. Tab. 3.3 lists notable publications on amperometric and optical
absorption ozone gas sensors, while Tab. 3.4 focuses on impedimetric ozone gas sensors,
and Tab. 3.5 considers dissolved ozone sensors that measure with the amperometric or
optical absorption method. The measurement methods of the sensors are differentiated
based on various criteria, such as the sensing unit or material, electrode material, mea-
surement temperature, wavelength, measurement range, response time, recovery time,
and commercial availability. For the here-focused application, an ozone sensor is neces-
sary that fulfils the requirements listed in Tab. 2.3. Currently available ozone sensors,
as shown in Tab. 3.3, Tab. 3.4, and Tab. 3.5 do not fulfil these requirements. Although
some sensors from the current state of the art are capable of measuring below 40 °C and
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achieving a response and recovery time below 15 s, none of them simultaneously satisfy
the conditions of operating without UV light and accurately detecting concentrations
up to 70mgl~! (dissolved ozone) or 30mgl~! (ozone gas). While newly developed
sensors may not fully meet all the specified requirements, further research is imperative
to advance in the direction of meeting these criteria.

Tab. 3.2: Overview of the most important advantages and challenges of amperometric, im-
pedimetric, colourimetric, optical absorption, photoluminescence, and titration ozone

concentration measurement methods for medical therapy.

method

main advantage

main challenge

amperometric

impedimetric MOS

impedimetric CNTs

colourimetric

optical absorption

photoluminescence

titration

compact design, no heat-
ing, no UV light, measure-
ment of ozone gas and dis-
solved ozone

compact design, fast re-
sponse time when heated
or using UV light

compact design, low mea-
surement temperatures

no heating element

fast response time, no heat-
ing, measurement of ozone
gas and dissolved ozone
no heating element, no UV
light

no heating element

response time in the
double-digit seconds range

either use of UV light
or heating element, only
ozone gas measurement
response time in the
double-digit minute
range, only ozone gas
measurement

no in-line measurement,
only dissolved ozone mea-
surement
miniaturisation, use of UV
light

response time is in the
minute range, only ozone
gas measurement

no in-line measurement,
only dissolved ozone mea-
surement
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Tab. 3.3: Summary of amperometric and optical absorption ozone gas sensors. [10]

. . T A measurement tResponse URecovery ~COM. year
method sensing material [°C] [nm] range [ppb]? [s] [s] av. [reference]
WE; RE; CE: NR 20 - 20 - 250 <180 <180 es 2016
; RE; CE: S 168], [69]
9 WE; RE; CE: NR 12 - 26 - 5-1x 10% NR NR yes 2017 [129]
-
é WE; RE; CE: NR -30- 50 - 20 - 2 x 10* 15 NR yes ?251]7 (6]
o )
g WE: Au; RE: Ag; CE: Pt 25,35,50 - 0.23-180 NR NR no 2017 [130]
g WE: Au, Ag, Pt; RE: Au, i )
= Ag, Pt; CE: Au, Ag, Pt 15-90 NR NR NR no 2018 [131]
WE: Au; RE: NR; CE: Ag -5 -45 - 0.6-5x10% 30 NR yes 2020 [67]
WE; RE; CE: NR -20-50 - 0-5x10° NR NR yes 2020 [132]
_ _8 KI and «-CD 20 - 22 320-750 3-150 NR NR no 2017 [133]
_§ ‘é ZnO or LiGaO9 NR 250-290 NR NR NR no 2017 [84]
&9 rGO/Zn0O TRoom 190 - 500 300 - 700 real-time real-time no 2018 [76]
= methylene blue 23 400 - 800 10 - 200 ppbv real-time real-time no 2019 [77]
a-CD: a-cyclodextrin; com. av.: commercially available; KI: potassium iodide; NR: not reported; rGO: reduced graphene oxide.
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Tab. 3.4: Summary of impedimetric ozone gas sensors. The wavelength ) indicates that the sensor uses light activation, which
enables a low measurement temperature while maintaining a fast response time. [10]

sensing T A measurement ¢ ; commercially year
material [°C] [nm] range [ppb]?® Response  *Recovery available [reference]
ZnO 200 - 100 to 1 x 10° 9.6 45.6s no 2016 [95]
CoxZmni O 150 to 350 - 42 to 560 40 s 6 min no 2016 [107]
NR 12 to 32 - 1.5to 110 10 min NR yes 2016 [75]
NR 12 to 32 - 0.5to0 110 5 min NR yes 2016 [75]
WO3 12 to 32 - 1to 110 10 min NR no 2016 [75]
NiAl-LDH 25 - 15 to 3580 4s 4s no 2017 [74]
Zn0-Sn0Oy 26 325 20to 300 13 s 90 s no 2017 [72]
Ag (APTMS) NR - 15 x 10*to 1 x 10° 50 NR no 2017 [70]
Ag (PVA) NR - 18 x 104 to 1 x 105 155 NR no 2017 [70]
Au (APTMS) NR - 15x 104 t01x 105 70s NR no 2017 [70]
Au (PVA) NR - 18 x 104 to 1 x 106 25 NR no 2017 [70]
Ins O3 dop. WO3 75 - 200 to 500 60 s 60to 120s no 2017 [105]
am.-IGZO 25 365 500 to 5000 775 s 2470 s no 2018 [108]
CuWOy 200 to 290 - 15 to 1400 7s 5to10s no 2018 [100]
Zn0O 300 - NR to 100 NR NR no 2018 [102]
CNT func. ODA 75 - 200 to 500 15.5 min 28.7 min no 2018 [85]
CH3NH3Pblz Cly TRoom - 5 to 2500 225 s 40t060s  no 2018 [109]
TiO2-Iny O3 25 405 40 to 2000 40 s 280 s no 2018 [134]
V205/TiO9 300 - 90 to 1250 44min 5tol1l6min no 2019 [101]
ZnO mod. Au 26 370 30to 570 13 s 29 s no 2019 [93]
Zng 95Cog.050 250 - 20 to 1040 40 s 100 s no 2019 [97]
B InoSs3 160 - 40 to 400 147 414 no 2022 [135]
InGaZnO TRoom - 1000 to 5000 80 120 no 2022 [136]

& unless otherwise stated; am.: amorphous; APTMS: aminopropyl trimethoxysilane; dec.: decorated; dop.: doped with; func.:
functionalised by; ITO: tin-doped In203; IGZO: indium gallium ZnO; mod.: modified by; NiAl-LDH: nickel aluminide layered double
hydroxide; NR: not reported; ODA: octadecylamine groups; PVA: polyvinyl alcohol; rGO: reduced graphene oxide.
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Tab. 3.5: Summary of amperometric and optical absorption dissolved ozone sensors. [10]

method sensin.g unit / T A measurement tres trec coOm. year
material [°C] [nm] range [s] [s] aw [reference]
WE: BDD; RE: Pt; CE: Pt 25 - 0.185-740uM NR NR no 2017 [71], [92]
o WE: Au; RE: Au; CE: NR  26.4 - 0- Smgl_1 NR 1 yes 2020 [116], [137]
‘B WE: Au; RE: NR; CE: NR 26.4 - 0- 3mg1_1 30 1 yes 2020 [116], [138]
é WE; RE; CE: NR 0-45 - 0.05-20 mgl_1 15 NR vyes 2020 [139]
% WE: Au; RE: NR; CE: Ag 0-45 - 0-20 mgl_1 50 NR yes 2020 [140]
§ WE; RE; CE: NR 0-50 - 0 - 200 ppb 60 NR yes 2020 [141]
© WE: Au; RE: Ag; CE: Ag  -5-50 - 0-10 ppm 90 NR yes 2020 [142]
WE; RE; CE: NR 5-50 - 0-5mgl~1 30 NR yes 2020 [82]
WE; RE; CE: NR 0-40 - 0-5 mgl_1 180 NR vyes 2020 [143]
photometer 25 190 - 900 0.05-9mgl™!  real-time yes 2016 [127]
3 % fluorometer 15 Z)I;:.:23113 0__35550 0-5mgl1 real-time yes 2017 [83]
= photometer 5-40 NR 0-150mgl=1 2 NR yes 2020 [144]
© _é photometer® NR 254 0 - 890 ppb 10 NR no 2016 [87]
photometer?® 26.4 254 0-100 rngl_1 20 10 yes 2020 [86], [116]

a preprocessing: gas stripping; com. av.: commercially available; em: emission; ex: excitation; NR: not reported; rec: recovery; res:
response.



3.5 Conventional manufacturing of ozone
Sensors

The ozone sensors presented in Section 3.1 to Section 3.3 are fabricated with conven-
tional fabrication methods. In the following, amperometric, impedimetric, and optical
absorption sensors are the main focus. The schematics of these fabrication methods are
depicted in Fig. 3.10. Hereafter, details about these conventional manufacturing methods
are reported. Also, the maximum process temperature is provided, whenever reported
by the cited publication, for the different manufacturing methods because the utilisation
of flexible substrates is limited by high process temperatures, as they have the potential
to cause damage to these substrates. Despite the challenges posed by high process
temperatures, flexible substrates remain important due to their flexibility, light weight,
and versatility, which enable their use in a wide range of applications with a compact
design, such as biomedical devices. Amperometric ozone gas sensors in previous work
were e.g. manufactured with WE, CE, and RE through screen-printing [65], [66] or with
the sensing material potassium iodide polyaniline nanostructures through electropoly-
merisation at a maximum process temperature of 100 °C [130]. Amperometric dissolved
ozone sensors are, e.g., made of BDD WE and Pt CE and RE, that are manufactured
with the microwave plasma-assisted chemical vapour deposition process [71], [92]. For
the fabrication of impedimetric ozone gas sensors, there is a wide range of different
fabrication methods. For example, these sensors can be manufactured with hydrothermal
synthesis with a maximum process temperature between 100 °C and 500 °C and sensing
materials such as ZnO, ZnOSnOs, and V905/TiOy [72], [95], [101], [102]. Furthermore,
these sensors can be manufactured with spin-coating using sensing materials such as
CoxZni 4O, Au, ZnO, and CH3NH3Pbl3 Cly with maximum process temperatures be-
tween 80 °C and 500 °C [70], [98], [107], [109]. When using dip-coating to manufacture
impedimetric ozone gas sensors, usually the sensing materials ZnO modified by nickel
phthalocyanine, nickel aluminide layered double hydroxide, TiO2-Iny03, and rGo/WO3
are applied with maximum process temperatures between 95 °C and 400 °C [74], [96],
[103], [134]. For screen-printing these sensors, e.g., InoO3 doped with WO3 and CNTs
functionalised by octadecylamine groups are applied as sensing materials with maximum
process temperatures of 100 °C [85] and 600 °C [105]. Furthermore, it is possible to
manufacture impedimetric ozone gas sensors with spray-coating/spray pyrolysis and
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Fig. 3.10: Conventional fabrication methods for ozone sensors, whereby the ink or thin film
material is depicted in red and the substrate in blue. (a) Shows the screen-printing
process, including squeegee (1), mesh (2), and frame (3). (b) Depicts the UV pho-
tolithography process with UV light (4) and mask (5). (c) Explains the schematic of the
spray-coating/spray pyrolysis process, including spray nozzle (6), gas input (7), and
solution (8). (d) Shows the dip-coating/immersion process and (e) the spin-coating
process. [10]
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photolithography. For spray-coating/spray pyrolysis either CNTs (maximum process
temperature is not reported) [104] or Zng 95Cog. 05O (maximum process temperature
of 300°C) [97] are used as a sensing material. For the photolithography process, ZnO
modified by Au (maximum process temperature of 95 °C) [93] or indium gallium ZnO
decorated (processing at RT) [110] can be applied. Optical absorption ozone gas sensors
can be manufactured, e.g., with dip-coating/immersion or radio frequency sputtering.
During the dip-coating/immersion, sensing materials such as potassium iodide and o-
cyclodextrin (maximum process temperature is not reported) [133], reduced graphene
oxide/ZnO (maximum process temperature of 400 °C) [76], or methylene blue (maxi-
mum process temperature of 450 °C) [77] are applied. For the radio frequency sputtering
process, the sensing material Ag-TiOy can be applied while having a maximum process
temperature of 250°C [111]. Photoluminescence ozone gas sensors with the sensing
material cadmium selenide-based core-shell type quantum dots (CdSe/CdZnS, CdSe/ZnS,
and CdSeTe/ZnS) can be manufactured via cast deposition (maximum process tempera-
ture is not reported) [78].

However, the presented conventional manufacturing methods are only suitable for rigid
substrates that provide substrate planarity, such as AloO3 or silicon wafers, rely on
masks, stencils, or lithography processes for sensing structure definition, and require
high process temperatures. The integration of a sensing element into medical or bioana-
lytical devices is an important requirement for the wider application of ozone therapy,
but conformality to instrument shape may be necessary, rendering the aforementioned
fabrication technologies unsuitable. Therefore, it is promising to investigate further
manufacturing methods, such as inkjet-printing (IJP).

3.6 Inkjet-printed ozone sensors

Conventional fabrication methods for ozone sensors are spin-coating, dip-coating, screen-
printing, UV photolithography, and spray-coating (see Section 3.5). Compared to the
aforementioned fabrication methods, IJP is a digital printing process. Unlike screen-
printing or UV photolithography, it does not require templates or masks, which reduces
setup time and costs. The flexibility to print on flexible substrates and the ease with which
the printing patterns can be modified make IJP superior to spin-coating, dip-coating, and
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spray-coating. Moreover, IJP may have the capability of printing ozone sensors directly
onto syringe needles used in ozone therapy for herniated disks by attaching the print
head or substrate, respectively, on a four-axis handling system. A further benefit of IJP
over conventional methods is that it does not involve any direct contact. As a result,
the substrate will experience less mechanical stress, and there will be fewer contami-
nation sources, such as mask residue. There are two types of IJP: continuous IJP and
drop-on-demand IJP [145]. Drops are only dispensed at the chosen target position in
drop-on-demand IJP, as opposed to continuous IJP, where they are continually dispensed
at a predetermined frequency [145]. In order to regulate the overall amount of mate-
rial supplied to the target, drop-on-demand IJP, which is examined in the following,
allows individual customisation of the drop size as well as the number of drops sent
per trigger [145]. However, the ink and printer’s initial expenses are high [146]. The
schematics of the IJP process are depicted in Fig. 3.11. LJP is capable of depositing
novel nanomaterials with a structural resolution of 50 pm or less on polymer substrates.
However, to take advantage of these benefits, the printing process, ink and substrate
materials, printing system, printed structure design, and post-processing need to be
adapted to each other. For polymer substrates with low thermal stability, post-processing
methods such as photonic sintering at low temperatures are recommended.

Fig. 3.11: Simplified schematics of the IJP process, including substrate (1), ink (2), and noz-
zle (3). [10]

Previous work [147] describes an approach for the methodical creation and validation of
inkjet-printed electronic circuits with multiple layers, utilising a fully automated workflow
from the design stage to the finished printed system. If the desired application requires
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flexibility of the printed structure, it is essential to optimise the adhesion between the
printed layer and the substrate, as well as the morphology of the layers [148].
Currently, no inkjet-printed ozone sensors exist because flexible substrates and conformal
sensors are not required for the applications of the ozone sensors reported in Section 3.1.
Established thick film and thin film processes can be used to produce these sensors
in large quantities. IJP shows potential for creating sensors for novel medical sensor
applications that require conformal medical sensors on flexible substrates. The develop-
ment of these sensors is essential for this purpose. Hereafter, inkjet-printed methods for
electronic components that may potentially be applied to ozone sensors are presented.
These methods can be adapted for developing an inkjet-printed ozone sensor.

The current approaches for creating inkjet-printed amperometric membrane-based sen-
sors for oxygen or pH can be modified for use as ozone sensors by introducing a suitable
membrane. These sensors typically involve inkjet-printed Au electrode arrays, or WE and
CE made of AuNP ink, and RE made of AgNP ink. For instance, Hu et al. [73] developed
an oxygen gas sensor using inkjet-printed Au electrode arrays on a cellulose membrane.
Xu et al. [149] created a dissolved oxygen and pH sensor that is inkjet-printed using a
three-electrode system on a Kapton film. Moya et al. [150], [151] explored different ap-
proaches, including printing electrodes on a paper substrate (thickness: 65 pm, porosity:
80%) or a polyethylene terephthalate (PET) substrate with different materials, such as
SU-8, Ag, polyvinyl butyral, and sodium hypochlorite, to achieve a fully inkjet-printed
solid-state Ag/AgCl RE. In the case of ozone sensors, PDMS is suggested as a suitable
membrane material in Section 3.1.1. Wu et al. [152] proposed using inkjet-printed Ag-
NPs as microelectrodes on PDMS for microfluidic sensing. Alternatively, membrane-free
approaches for amperometric sensors can be implemented using BDD WEs [71], [92].
Laposa et al. [153] proposed an impedimetric gas sensor based on nanodiamond powder
ink that combines IJP with the microwave chemical vapor deposition process, but further
research is needed to enable boron-doping of the nanodiamond structure.

Several methods for IJP metal-oxide nanomaterials can be adapted as impedimetric
ozone sensors. Rieu et al. [154] and Kassem et al. [155] explored tin dioxide-based
inkjet-printed gas sensors. Rieu et al. [154] developed a nitrogen dioxide and carbon
monoxide gas sensor that is fully inkjet-printed on a polymer substrate. Similarly, Kassem
et al. [155] created a sensor on polyimide foil (sintered at 350 °C) that can measure
carbon monoxide gas. Additionally, Spinella et al. [156] proposed a multilayer gas sensor
that is based on ZnO. Other methods with inkjet-printed InoO3 semiconductor layers
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were described in previous work [157]-[159]. Leppaniemi et al. [157] optimised the IJP
method of precursor solutions containing InpO3 for thin film transistors, which are an-
nealed at low temperatures (150 °C to 200 °C) and with the use of UV exposure (160 nm).
Moreover, Hassan et al. [158] proposed laser ablation and IJP to create a thin film
transistor that is likewise based on InpO3 NP ink. The conductive ink channel resolution
is increased using laser ablation, which leads to a decreased channel length [158]. Hong
et al. [159] looked at how a field effect transistor performed at sensing humidity. CNTs
are an additional choice for impedimetric ozone sensors. For thin film transistors, Kim et
al. [160] reported inkjet-printed single-walled carbon nanotubes (SWCNT).
Photosensors and light activation are the foundation of optical absorption sensors. A
wearable sensor with a response time of 0.3 s and an all-inkjet-printed ZnO photosensor
on a Kapton substrate that measured at 370 nm was studied by Tran et al. [161]. An
all-inkjet-printed photosensor that is based on Ag electrode material and ZnO semicon-
ductor material was described by Kaufhold et al. [162]. The sensor is manufactured on
a flexible polymer substrate and has a wavelength that is between 310 nm and 395 nm.
Nahlik et al. [163] presented a photosensor based on inkjet-printed ZnO and diamond
precursor ink with the highest photoresponsivity at 365 nm. According to the authors,
the response time for the ZnO nanodiamond sensor is more than ten times higher than
for a ZnO single-layered photosensor [163]. This finding is consistent with the results of
Korotcenkov et al. [112], which suggest that optimising the sensing layer morphology
can improve the sensor response. Figueira et al. [164] introduced another photosensor
that is fully printed on a cork sheet and has a maximum sensitivity of 302nm. The
photosensor was printed using ZnO/ethylcellulose ink. Zhan et al. [165] provided a
review of additional inkjet-printed photosensors and LEDs, which offer potential solutions
for optical absorption sensors.

Han et al. [166] developed water-dispersible quantum dots for ILJP of photoluminescence
images that can be viewed under UV light. They optimised the printing process using
these quantum dots. Additionally, Pan et al. [167] improved the process by using ethy-
lene glycol with a high boiling point as a solvent to disperse the quantum dots, which
prevented the coffee-ring effect.

The presented solutions can be transferred to the manufacturing of an IJP ozone sensor.
Thus, the solutions have to be modified accordingly.
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Overview Part |

Reference systems or experimental setups are used to expose sensors to controlled
environmental conditions and quickly ascertain their behaviour throughout a certain
parameter range. By using reference systems as a standard against which to compare
the performance of new sensors, researchers and developers can evaluate the accuracy,
precision, and reproducibility of new sensors. Moreover, reference systems can be used
to identify differences or anomalies in new sensor designs, leading to corrections and
improvements in the new sensor’s performance. Through advancements in reference
systems, new and improved sensors can be established, leading to better ozone measure-
ment and monitoring in various applications. Thus, the following part focuses on the
investigation of the first research question (RQ) RQ1: How can novel dissolved and ozone
gas sensors be references for their calibration, characterisation, and evaluation? While
Chapter 4 focuses on ozone gas, Chapter 5 covers dissolved ozone. For each chapter, first
the related work is provided, and then it is investigated whether a commercially available
product already fulfils the requirements. Since there is not yet a commercially available
product that meets all the requirements, novel reference systems have been developed.
The used materials and methods, the final setup, and the evaluation are reported, and
subsequently, the results are discussed.




Reference system for ozone
gas sensors

Parts of this chapter are based on: L. Petani, D. Wickersheim, L. Koker, M. Reischl,
U. Gengenbach, and C. Pylatiuk, “Experimental setup for evaluation of medical
ozone gas sensors”’, Sundsvall, Sweden: IEEE Sensors Applications Symposium
(SAS), Aug. 1-3, 2022, pp. 1-6. por: 10.1109/SAS54819.2022.9881340.

In the following, the state of the art is investigated regarding reference systems for ozone
gas sensors. Currently, there is no reference system available that fulfils all essential
requirements, which are shown in Tab. 4.1. It is important that the reference system be
encapsulated in order to enable safe operation of the system. Thus, there should be no
leakage of ozone into the surrounding air. Also, for the reference sensors, measurement
of ozone gas up to 30 mg1~! should be enabled. In-line measurement is necessary to
allow continuous measurement. The response time of the sensors should be below 5 min.
All sensors used should be suitable for an operating temperature of up to 37 °C. In order

Tab. 4.1: Overview of the most important requirements for a reference system for dissolved
0zone Sensors.

parameter requirement

design needs to be enclosed, no leakage of gaseous ozone into the air
range ozone gas: up to 30mgl~!

in-line needs to be enabled for continuous measurement

response time below 5 min
temperature  below 37°C
selectivity high selectivity against oxygen
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to enable selective measurement of ozone, a high selectivity against oxygen is necessary.
In the following, a reference system for ozone gas is developed. First, the used materials
and methods are reported. Afterwards, the reference system, including its design, assem-
bly, and calibration processes, is thoroughly described. An assessment of the reference
system’s performance, including its precision, accuracy, and repeatability, is also provided.
The reference system is used to calibrate several kinds of ozone gas sensors and carry
out ozone concentration measurements in various environmental scenarios to show the
adaptability and usefulness of the reference system. Screen-printed sensors are evaluated
as the initial application of this system. Moreover, a novel ozone-resistant adapter cable is
presented that is designed for use with screen-printed amperometric sensors, which can
be integrated into the reference system for the evaluation of novel sensors. Additionally,
the performance of the adapter cable is evaluated, and its potential use in improving
the sensitivity and stability of ozone gas sensors is demonstrated. Also, the results are
discussed.

4.1 Related work regarding ozone gas reference
systems

According to literature research, there is currently no reference system for ozone gas
available that meets all the requirements listed in Tab. 4.1. However, there is still previous
work available where ozone sensors have been evaluated. For example, Ghazaly et al. [77]
tested ozone sensors at concentrations of up to 200 ppb ozone over a period of up to
200 min, using mass flow controllers to dilute the generated ozone mixture with purified
air to obtain low concentrations of ozone. Pang et al. [129] utilise electrochemical
ozone sensors that were calibrated with ultraviolet (UV) photometric sensors to monitor
ozone concentrations between 10 ppb and 1000 ppb. Spinelle et al. [75] assess ozone
sensors that monitor the gas at ppb levels. These sensors were commercially available
and are based on metal oxide measurement. Furthermore, Klaus et al. [169] designed a
measurement chamber with ozone sensors, measuring up to 220 ppb ozone. Nevertheless,
ozone is present in higher concentrations during medical ozone therapy. This means
that although the findings from previous work can be transferred to the presented
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reference system, the used sensors must encompass a substantially broader range of
ozone concentrations.

4.2 Materials and methods

For the evaluation and realisation of the setup, the following materials, described in detail
in previous work [168], are used: An ozone generator, supplied with medical oxygen, and
an ozone destructor for the generation and reduction of ozone gas. Overall, the sensors
utilised include two ozone sensors (one for detecting lower concentrations and one with
a broader concentration range), an oxygen sensor, a nitrogen dioxide sensor, two sensors
for measuring humidity and temperature, and two pressure sensors. The embedding of
the reference system in the setup for the evaluation is shown in Fig. 4.1. The sensors
are located inside a measurement chamber that is exposed to a gas mixture containing
ozone. To maintain a consistent and adaptable temperature within the measurement
chamber, it is submerged in a water bath.

data acquisition

unit

interaction

display

storage

conversion

power supply data acquisition

ozone inflow ozone outflow
ozone generator P measuring chamber

ozone destructor

temperature control

Fig. 4.1: Shows the reference system embedded within the setup for evaluation. The oxygen-
ozone mixture is transferred from the ozone generator to the measuring chamber. The
data acquisition unit is connected to the measurement chamber through a power supply.
Users can operate the setup through a touch-screen interface. [168] © 2022 IEEE
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The setup’s data acquisition unit is important because it collects, processes, and trans-
mits data from the sensors that are housed inside the measuring chamber. A power
supply connects this device to the measurement chamber. Users interact with the system
primarily through the touch-screen interface. Users can manage the experiment and
monitor the measurements in real time. Overall, the setup is designed to efficiently
and accurately assess the properties of the oxygen-ozone measurement substance, and
the touch-screen interface offers a convenient way for users to control and monitor the
experiment. Fig. 4.2 shows the measurement chain that connects the used sensors with
the data acquisition unit and pre-processing steps.

/ . data acquisition and / /igi)rocess control and data presentationﬁ

MQ- o, / pre-processing \\ , \

131 || sensor [ \
analogue signals 12C |

digital signals I1’C

SPEC | SPEC Raspberry Pi 5
— %RH- baro-
NO, | O PA | PA | | PA| PA sensor meter
l l l l temperature sensor
AD AD[|AD AD UART t,wp, DS
SPI
touch-screen
ATmega \‘
328P ‘ \

Fig. 4.2: Shows the measurement chain, which includes the process for obtaining, processing,
and transmitting data from the used sensors to the Raspberry Pi. Thereby, data
acquisition, pre-processing, process control, and data presentation are included. A/D
stands for the analog digital converter (ADC), PA for pre-amplifiers, SPI for serial
peripheral interface, I2C for inter-integrated circuit, UART for universal asynchronous
receiver-transmitter, and MIPI DSI for mobile industry processor interface display serial
interface. The MQ-131 and the SPEC O3 represent the ozone sensors, and the ATmega
328P is the used micro-controller. [168] © 2022 IEEE

Furthermore, the measurement chain shows the connection between process control and
the data presentation. The methods that are used for evaluating the reference system
and the holder for the screen-printed electrodes are described in previous work [168]. In
summary, the following methods are applied: Linear sweep voltammetry measurements
are conducted to evaluate the holder for the screen-printed electrodes. Thereby, the
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designed holder is compared with commercial cables. Furthermore, for the evaluation
of the reference system, the response time, temporal stability, and selectivity of the
included sensors are calculated. In real-world situations, sensors often exhibit deviations
from their ideal characteristic curve. To address this issue, calibration is performed
by recording the characteristic curve at various points across the measuring range. A
mapping function is then calculated based on the data obtained during calibration, which
helps to compensate for any non-linearity exhibited by the sensor.

4.3 Setup of the proposed ozone gas reference
system

The designed reference system, which may serve as a reference system for newly devel-
oped sensors, is shown in Fig. 4.3.

\

e

W

Fig. 4.3: Reference system for ozone gas measurement, including a glass gas chamber (1),
holder (2) for screen-printed electrodes that can be evaluated with the setup, lid (3)
with attached sensors and circulation fan that are used as reference, data acquisition
unit with touch-screen (4), and connection between the screen-printed electrode holder
and the potentiostat (5). [Image: Markus Breig, KIT]
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4.4 Evaluation of the ozone gas reference
system

The results for the evaluation are shown in Fig. 4.4 and Fig. 4.5. Fig. 4.4 shows the
evaluation of the designed electrode holder. For the evaluation of the designed electrode
holder, a voltammetric measurement is conducted. Thereby, a potential is applied, and
the resulting current is measured. Three measurement series are conducted using both
commercial and specially designed cables. Each series includes 410 measurement points
for each cable, using a new screen-printed sensor for each measurement series. Although
there are differences in the characteristic curves between the different screen-printed
sensors, these discrepancies are attributed to variations in the sensors’ condition rather
than electromagnetic interference. For each of the 410 measurement points, the absolute
difference between the current values of the designed and commercial cables is calcu-
lated, and the average difference is 0.17 pA. The standard deviation of the mean value is
also calculated, with 1.16 pA for the designed cable and 1.31 pA for the commercial cable.

current [pA]
&

-1 -0.8 -0.6 -0.4 -0.2 0
potential [V]
—e—commercial cable —e-designed cable

Fig. 4.4: Alinear voltammetry sweep measurement was conducted using both commercial cables
and cables specifically designed for ozone resistance. [168] © 2022 IEEE
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Fig. 4.5 shows the results for the evaluation of the complete reference system. In the
following, the results are described with regard to the measurement range, response
time, temporal stability, and selectivity.

ozone concentration [ug/ml]
O P KPP NN W W b b U0 0,

0 1 2 3 4 5 6 7 8 9
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Fig. 4.5: (a) Assessment of the response time of the MQ-131 ozone sensor. [168] © 2022 IEEE

(b) Evaluation of the temporal stability of the MQ-131 ozone sensor. [168] © 2022
IEEE
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Fig. 4.5: (c) Examination of the response of different sensors to the introduction of pure oxygen
into an air-filled measurement chamber, starting approximately 1 min after the start of
the measurement series. All of these measurements provide data for the evaluation of
the reference system. [168] © 2022 IEEE

The ULPSM-Oj5 sensor saturates at its lowest configurable concentration, providing no
information about concentrations outside the measuring range. The ULPSM-NOs has
a membrane that reduces its sensitivity to ozone in order to measure NO9 selectively
but nevertheless saturates with the used ozone concentrations. The MQ-131 ozone
sensor’s linear correlation exceeds the manufacturer’s specified range of up to 2.15 mg1~1
and reaches up to 5mgl~1. Above 5mgl~1, the correlation is no longer linear. A
linear regression function yields a regression line with the following expression for the
resistance y as a function of the ozone concentration x:

v = 3-10%x - 6249.20. (4.1)

As an estimate of the linearity of a characteristic curve, the coefficient of determination
R2 is determined, which is 0.98. The ME2-O5 sensor saturates at low concentrations of
pure oxygen gas and is unable to provide valid information. The MQ-131 ozone sensor is
the only one suitable for detecting the targeted concentrations. Therefore, for the main
evaluation, the MQ-131 ozone sensor is focused. The response time of the MQ-131 sensor
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is calculated using a total of 26 measurement points, resulting in 1.28 min+0.56 min.
Deviations in response times may be caused by generator fluctuations, despite efforts
to minimise their influence. Temporal stability is determined by measuring the ozone
concentration during the past 5 min of a 15 min ozonation period. The MQ-131 sensor
shows a drift of 1.41 x 10~2mgl1~ ! min~! over a period of 10 min. If a herniated disk
is being treated with ozone, while the concentration is monitored with an ozone sensor,
the oxygen-ozone injection time can be as short as 10s to 15s [7]. For injection times
of 105 to 15s, the drift is negligible at 0.35 X 10"2mgl~!. For the determination of
selectivity, only oxygen is introduced. For this evaluation, the response of the following
three sensors is compared: MQ-131, ULPSM-O3, and ULPSM-NQO». Low-pass filtering
is applied to the ULPSM-O3 and ULPSM-NOs sensors. The MQ-131 sensor shows less
noise due to the lower resolution on the left y-axis. The two remaining curves on the
graph are measured on the right y-axis. After one minute, oxygen flooding is initiated.
The orange curve shows the immediate increase in oxygen, while the gray curve initially
drops, likely due to the removal of nitrogen dioxide from the air, before increasing due to
the initiated oxygen flooding. The blue curve follows the increase in oxygen and quickly
reaches saturation. The ULPSM-Oj3 sensor has a faster response time compared to the
MQ-131 sensor. By the end of the experiment, the atmosphere is completely saturated
with oxygen, which represents the worst-case scenario. In reality, oxygen values are much
lower. After 10 min of oxygen introduction, the MQ-131 sensor measures a concentration
of 0.07mg1~ !, the ULPSM-O3 sensor measures 0.10 parts per million (ppm), and the
ULPSM-NO> sensor measures 0.75 ppm. The MQ-131 sensor measures larger ozone
signals compared to the ULPSM-Oj3 sensor by a factor of 30.70, while the ULPSM-Oj3
sensor measures larger ozone signals by a factor of 500 and the ULPSM-NO, sensor by a
factor of 26.60. The cross-reactivity of the sensors with oxygen is minimal and can be
disregarded, although the sensors are not entirely selective.

4.5 Discussion

A number of fundamental requirements are outlined in Tab. 4.1 in order to design
a reference system for ozone gas sensors. The adequacy of the reference system is
thoroughly evaluated against several criteria, and potential interferences, such as cross-
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selectivity, are investigated. Screen-printed sensors are used as an example to demonstrate
the effectiveness of the setup. After examining the requirements, it is concluded that
while some of these requirements have been effectively addressed, others need further
focus and development. In the following, these results are summarised, compared to
Tab 4.1, and discussed.

Enclosed design The enclosed design was implemented successfully. There is no leak-
age of gaseous ozone into the surrounding air, which otherwise may be inhaled by the
operator.

Measurement range There is still further improvement necessary regarding the mea-
surement range. The target is that ozone gas concentration measurements of up to
30mg1~! are possible. However, concentrations up to 1000 ppm (2105 parts per billion
(ppb) & 2.15mgl™ 1) can be measured. Thus, the reference system expands previous
research by allowing for measurements in the ppm range instead of the ppb range, which
opens up possibilities for developing new micro-sensors in this previously unexplored
measuring range.

In-line measurement The capability of in-line measurement for the reference system
is realised. Thus, there is no need to take a sample, i.e., disruption of the continuous
measurement process.

Response time The requirement for the response time is fulfilled because the used
ozone sensor, MQ-131, provides a response time of 1.28 min+0.56 min.

Measurement temperature All included sensors are suitable for operating temperatures
of up to 37°C.
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Selectivity against oxygen The requirement is met by the reference system, and there
is a high selectivity of the reference sensors against oxygen.

In addition to the reference system, screen-printed electrode holders are presented.
The evaluation shows that the electrochemical properties measured using the screen-
printed electrode holder are not affected by increased noise or falsification compared
to the adapter solutions provided by the manufacturer. The tests performed with the
screen-printing electrodes show no increase in noise or distortion of the observed electro-
chemical properties compared to the proprietary adapter solutions of the manufacturer,
Metrohm. The design of customised holders for electrodes on rigid substrates has the
potential to speed up the development cycle of the inkjet-printed electrodes without
complicating the acquisition of data due to electrical interference.
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Reference system for
dissolved ozone sensors

Parts of this chapter are based on: L. Petani, L. Wiihrl, L. Koker, M. Reischl, J.
Renz, U. Gengenbach, and C. Pylatiuk, “Development of an experimental setup
for real-time in-line dissolved ozone measurement for medical therapy”, Ozone:
Science & Engineering, vol. 44, no. 5, pp. 499-509, 2022. po1: 10.1080/01919512.
2021.1932412.

In the following, the state of the art is assessed regarding reference systems for dissolved
ozone sensors. Since, after extensive literature research, there is currently no setup
that meets all the important requirements presented in Tab. 5.1, a reference system is
developed here. This reference system can be used for the calibration, evaluation, and
characterisation of novel sensors. First, the used materials and methods are reported.
Subsequently, the final setup is presented, evaluated, and the results discussed. Here,
requirements for the reference system for dissolved ozone measurement are detailed. It
is necessary to ensure the system is enclosed to prevent the operator from inhaling ozone
gas. Additionally, any released ozone must be transformed into oxygen, which can be
achieved, e.g., by using a catalytic reaction system. It is important to enclose the system
to prevent ozone from reacting with the ambient air, which may speed up ozone decay.
The reference sensor’s measured concentration range must also include the range used
in medical applications, which are explained in Chapter 2.1. Moreover, the reference
system must enable in-line measurement. Thus, it is not necessary to take a sample
and measure it in a different system while measuring in-line. This makes it possible
to evaluate newly created sensors in the same sample that is used for the reference
system. The second sample volume must either be removed or pumped into a second
sample if the measurement is not in-line. These approaches result in more agitation,
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which accelerates the ozone’s decomposition and alters the amounts in the two samples.
The reference system needs to have a fast response and recovery time due to the short
duration of the injection and ozone’s half-life [7]. Optical sensors are a preferred choice
for applications that require real-time monitoring. This is because they are not reliant on
mass transport processes and reaction kinetics, unlike amperometric or impedimetric
sensors. While optical ozone measurement is most suitable at the absorption peak of
dissolved ozone at 260 nm [127], it is still advantageous to measure a broader spectrum
instead of focusing on a single wavelength. Eliminating the need for flow is important
because its presence can introduce additional agitation, accelerate ozone degradation,
and lead to measurement inaccuracies. The reference system must be able to conduct
measurements at 37 °C, which is the core body temperature. Furthermore, selectivity
has to be provided. Also, the root-mean-square percentage error (RMSPE) should be
below 10%.

Tab. 5.1: Overview of the most important requirements for a reference system for dissolved
0zone Sensors.

parameter requirement

design needs to be enclosed, no leakage of gaseous ozone into the ambient
air

range dissolved ozone: up to 70 mg1~1

in-line needs to be enabled for continuous measurement

response time real-time
recovery time real-time

flow should be avoided, otherwise ozone decay is accelerated
temperature  below 37°C

selectivity high selectivity against oxygen

RMSPE below 10%
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5.1 Related work regarding dissolved ozone
reference systems

A system for referencing sensors for dissolved ozone should provide real-time, flow-
free, and in-line ozone measurement. A literature and patent research revealed that
either the sensors do not provide real-time measurement [116], [139]-[141], [143],
[144], do require a flow [144], [170], or do require measurement with a sample in a
separate system [81], [83], [116], [171]. Commercially available sensors provide the
following accuracy values: For example, the Q46H/64 sensor (Analytical Technology,
Collegeville, PA, USA) has an accuracy of 0.5% of the range or 0.02mgl~1 (greater
value) for a measurement range of 0mgl~! to 0.2mgl~1, 0mgl~! to 200mgl~1, or
values in between [141]. The DO3 sensor (Eco Sensors, Santa Fe, NM, USA) has an
accuracy of 20% for measurement values within the range of 0mg1~1 to 2mg1~1 [143],
and the Model 470 (Teledyne API, San Diego, CA, USA) has a precision of 0.5 mg1~!
or 1% of the reading (greater value) for concentrations up to 150 mgl_1 [144]. The
dissolved ozone sensor BMT 965 (BMT, Messtechnik, Stahnsdorf, Germany) has an
accuracy of 0.4% of the measurement value plus an additional 0.1% of the range, within
the range of 0mg1~! to 10mgl~1, 0mgl~! to 150 mg1~1, or values in between [170].
At present, reference systems, including those examined in prior studies on dissolved
oxygen measurement [172], [173] do not allow for ozone measurement. However,
certain aspects of these previous reference systems, specifically those related to the
mixture and delivery of the saturated solution, may be transferred. As a result, there is
currently no reference system available for measuring ozone concentrations in-line, in
real-time, and without requiring a flow, highlighting the need for further development in
this area.

5.2 Materials and methods

To assess and realise the reference system, the materials outlined in previous work [14]
are used. An ozone generator, medical oxygen, ultra-pure water, a disperser for ozonating
water, and an ultraviolet (UV) spectroscopic sensor that measures between 200 nm and
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360 nm and operates with a xenon lamp are applied. In the experiments, optical light path
lengths of 5mm and 10 mm are selected for the UV spectroscopic sensor. Furthermore,
a colourimetric photometer with tube tests is applied to calibrate the UV spectroscopic
sensor via N,N-diethyl-p-phenylenediamine (DPD) measurement. Therefore, a multi-
point calibration is performed. The multi-point calibration involves both arithmetical
dilution series and decay time calibration. For the arithmetical dilution, the sample is
diluted in several steps until the ozone concentration is not detectable. For the decay time
calibration, the sample is measured repeatedly until all the included ozone has decayed.
To identify any outliers in the calculated data, obtained from both the arithmetical
dilution series and calibration by decay time, the density-based spatial clustering of
applications with noise (Dbscan) algorithm is utilised. This algorithm is applied using
the scikit-learn Python module [174]. The Dbscan algorithm is applied with a maximum
distance of 0.09 mg1~1 between any two samples in the same neighbourhood, and a
minimum of two samples are required to form a neighbourhood. Once the outliers
have been identified, a least-squares linear regression is used to establish the correlation
between the spectroscopic sensor and colourimetric photometer. This involves optimising
the following equation:

Yfit7i =a-X;+ b (51)
X 2
I;libn Q(au b)7 for Q(a7 b) = Z (yl o Yfit,i) (5.2)
’ i=1

Q represents the function to be optimised for the linear regression, with x; denoting the
data obtained from the colourimetric measurement and y; representing the data obtained
from the spectroscopic measurement. The total number of samples is represented by N,
and the parameters a and b are adjusted to minimise the sum of squared errors. The
calibration factor and slope for the linear regression function are determined by the
values of a and b, which are equal to the intercept of the linear regression function. All
plots generated in this process are created using the Python module Matplotlib [175].
To further confirm the accuracy of the measurement outcomes, the ozone decay curves
with the UV spectroscopic sensor are compared to prior research conducted under the
same conditions. The conditions for the decay curves involve using ultra-pure water with
an unaltered pH value, maintaining a consistent temperature of either 20 °C or 30 °C,
utilising an enclosed system without any agitation, and conducting pre-ozonation to
break down easily oxidisable substances prior to the experiments, as detailed in [176].
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Tab. 5.2 provides a summary of the experimental conditions. In the initial experiment, the
colourimetric photometer is used to calibrate the UV spectroscopic sensor, and this process
determines the final calibration factor that ensures precise measurements using the UV
spectroscopic sensor. In the second experiment, measurements are taken by adjusting
the water quality and temperature to match the conditions of a medical application as
closely as possible. The third experiment focuses on the investigation of ozone decay
curves to validate the results obtained from the colourimetric photometer calibration.
Additionally, the relationship between the ozone concentration and the absorption at
254 nm and 258 nm is established for the ozone decay data, which can be used in future
studies to convert absorption and concentration values. These wavelengths are chosen
because, as shown in Fig. 3.7, there is the highest absorption peak in the absorption
spectrum of ozone.

Tab. 5.2: Experimental conditions for the conducted experiments, such as the purpose of the
experiment, the used water, the path length d, and the temperature T. [14]

purpose water d [mm] T [°C]
calibration of the spectroscopic sensor ultra pure 10 20
measul.’ernent with th.e param.eter.s bi-distilled 10 37
according to the medical application

ozone decay curves ultra pure 5,10 20, 30

5.3 Setup of the proposed dissolved ozone
reference system

Fig. 5.1a shows the complete reference system. The measurement module with the UV
spectroscopic sensor mounted and the measurement chamber lid removed is presented in
Fig. 5.1b. Polyvinyl chloride (PVC) is the material used to manufacture the measurement
chamber due to its compatibility with ozone.
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Fig. 5.1: (a) The configuration of the reference system comprises several components, such as
an ozone generator (1), medical oxygen (2), sensor processing unit (3), temperature
sensor (4), measurement module with a spectroscopic sensor and laboratory water
bath (5), and a magnetic stirrer with heating plate (6). [14] (b) Top view of the mea-
surement module, which consists of several components, such as the UV spectroscopic
sensor (1), a measurement gap with adjustable light path length (2), the measurement
chamber (3), a laboratory water bath (4), a silicone rubber sheet (5), and silicone
sealant (6). [14]

5.3 Setup of the proposed dissolved ozone reference system 59



60

5.4 Evaluation of the dissolved ozone reference
system

The reference system can generate ozone concentrations up to 20.3 mg1~1 at 20°C, while
achieving higher concentrations requires an increased pressure or decreased temperature.
Concentrations up to 21 mgl~! can be measured with a light path length of 5mm in
the spectroscopic sensor. To measure higher concentrations, the light path length must
be reduced to 2mm, 1 mm, or 0.3 mm [177]. The presented spectroscopic sensor can,
e.g., measure the theoretical concentrations of up to approximately 70 mg1~! inside a
herniated disk during ozone injection with a light path length of 2 mm and an absorbance
at 258 nm below 1 absorbance units (AU) [177]. To calibrate the spectroscopic sensor,
four measurement series are conducted, consisting of a total of 46 measurement points.
Two series used arithmetical dilution (number one and two), and two used calibration by
decay time (number three and four). Each measurement point included three consecutive
values. The experiments showed that calibration by decay time was more effective than
calibration by dilution because the additional motion during dilution accelerated the
decay, leading to measurements being obtained at wider intervals. The average interval
between two consecutive values of the colourimetric photometer for measurement series
one to four was 0.184mgl1~1,0.196 mgl1~1, 0.15mgl1~1, and 0.082mg1~1, respectively.
A light path length of 10 mm was used for calibration. The mean value of the absorption
signal at 360 nm was calculated with three values for each measurement point. Fig. 5.2
displays the linear regression used for calibration. The intercept is set to zero since both
the colourimetric and spectroscopic sensors return zero for an ozone concentration of
0mgl~ 1. The slope of the linear regression is 6.486, which is also the final calibration
factor. The standard error for the slope is 0.035, the correlation coefficient (R-value)
is 0.998, and the two-sided p-value is smaller than 0.001 (null hypothesis: slope is
zero, utilising the Wald test). The RMSPE between UV spectroscopic measurement
and colourimetric photometer ground truth is 8.2% with the final calibration factor.
The fifth measurement series is conducted to align the parameters with the medical
application. The temperature is raised to 37 °C to match the core body temperature, and
bi-distilled water is used instead of ultra-pure water, which has fewer reaction partners
for ozone [45]. The light path length of 10 mm is used, and the series included eight
measurement points, with each point consisting of three consecutive values. The final
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Fig. 5.2: A linear regression is performed to establish the correlation between the spectroscopic
sensor and colourimetric photometer. The data used for this regression is obtained
after outlier detection, carried out using the Dbscan algorithm. The resulting data is
presented in the form of blue markers, while the linear regression with an intersection
set to zero is illustrated by a black line. [14]

calibration factor is used to calculate the RMSPE, which is 6.054%, slightly lower than
the RMSPE for the first four measurement series. To study ozone decay curves, the third
experiment uses a calibrated spectroscopic sensor and is conducted under conditions
similar to previous work [176]. The experiment uses ultra-pure, pre-ozonated water, the
temperature is kept constant at either 20 °C or 30 °C, and the system is enclosed with no
stirring. The first and second measurement series of the decay curves are performed at
10 mm for the light path length and at 20 °C. The third and fourth measurement series
are performed with a light path length of 5 mm and at 20 °C. The last two measurement
series, number five and six, are conducted with a light path length of 5 mm and at 30 °C.
These decay curves are depicted in Fig. 5.3a. The relation between ozone concentration
and absorption at wavelengths of 254 nm and 258 nm is established using the ozone
decay curve data. The resulting relationship for absorption at 258 nm is presented in
Fig. 5.3b.
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Fig. 5.3: (a) Shows the decay curves of ozone. The curves plotted in the upper part (blue solid,
red dashed, purple dotted, and green dash-dotted) are obtained at 20 °C, while the
two curves in the lower part (yellow solid and light blue dashed) are obtained at 30 °C.
The black dotted lines show the curves obtained in previous research [176]. [14]
(b) Displays the relation between ozone concentration and absorption at 258 nm. The
upper curves (solid blue and dashed red) are obtained with a light path length of
10 mm, and the lower curves (dotted black, dash-dotted purple, dashed light blue, and
solid orange) with 5 mm. [14]
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All of the curves in Fig. 5.3b have an intercept set to zero, which leads to different slopes
for the absorption at 258 nm. The first and second measurement series, conducted with
a light path length of 10 mm and at 20 °C, have slopes of 0.072 (blue solid line) and
0.071 (red dashed line), respectively. For measurement series three and four, which
are conducted with a light path length of 5 mm and at 20 °C, the slope is the same for
both at 0.035 (black dotted and purple dash-dotted line). The last two measurement
series, number five and six, conducted with a light path length of 5 mm and at 30 °C, have
slopes of 0.035 (light blue dashed line) and 0.037 (orange solid line), respectively. For
the absorption at 254 nm, the slopes for measurement series one to six are respectively
0.068, 0.067, 0.033, 0.033, 0.033, and 0.035.

5.5 Discussion

To develop a reference system for dissolved ozone sensors, various essential requirements
are listed in Tab. 5.1. After reviewing the requirements, it is concluded that while
some of them have been successfully met, others need further research. The results are
summarised, compared to Tab. 5.1, and discussed hereafter.

Enclosed design The requirement to achieve an enclosed design is fulfilled since the
measurement chamber provides a lid and is sealed with a silicone rubber sheet.

Measurement range The target is to enable measurements for ozone concentrations of
up to 70 mg1~1. With the presented reference system, only ozone concentrations of up to
20.3mg1~! can be generated. To generate higher ozone concentrations, the ozonation
process requires increased pressure or a decreased temperature. This can currently not
be provided by the presented reference system. However, measurement of 70 mgl~!
should be possible theoretically with the reference sensor when using a path length of
2 mm while still achieving absorbance values below 1 AU.
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In-line measurement In-line measurement is possible with the reported reference sys-
tem. All sensors, reference sensors, and novel sensors measure continually in the same
measurement substance.

Response and recovery time The reference sensor used is based on the optical absorp-
tion measurement principle, so real-time measurement is possible.

Flow For the applied reference sensor, no flow is necessary in order to ensure opera-
tion.

Measurement temperature This requirement is fulfilled because it is possible to conduct
measurements at 37 °C.

Selectivity against oxygen Since the used reference sensor is based on the optical ab-
sorption principle and measures at wavelengths between 200 nm and 360 nm, selectivity
against oxygen is ensured.

Root-mean-square percentage error The spectroscopic reference sensor and colouri-
metric photometer measurements have a low RMSPE of less than 8.2% when compared.
Thus, the target of being below 10% for the RMSPE is fulfilled. The data also shows high
linearity with a R-value of 0.998, and even with repeated measurements on the same
sample, there is no significant scattering or change in colourimetric ozone concentration
within the display and measuring accuracy of +£0.01 mgl~!. The ozone decay curves
obtained with the spectroscopic sensor calibrated with the colourimetric photometer are
consistent with previous research [176]. The RMSPE between measurement series one
to four and previous research at 20°C is 11.001%, while for measurement series five
and six at 30 °C the RMSPE is 10.995%. To further assess the system, calibration with
iodometric titration or the indigo method may also be performed.
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Overview Part Il

For medical sensors, biocompatibility is essential for their utilisation. This must be
taken into account during the entire design process in order to prevent harm to the
patient during the treatment. The term "biocompatible" refers to a sensor that does
not cause an adverse reaction in the body, such as an allergic or toxic reaction. Several
amperometric and impedimetric sensors, including acetone, glucose, sweat lactate, and
ozone sensors, are made from the same or overlapping material sets. These sensors
are often produced by screen printing [178], chemical gold plating [179], or metal
evaporation. In general, such sensors can be made using additive process steps with
organic and printed electronic (OPE) technologies. Inkjet-printing (IJP) is a substitute for
conventional manufacturing. It provides a wide range of manufacturing process flexibility.
Layouts are easily adaptable, and IJP is a cutting-edge technology that leads to low-waste
and low-cost production [180]. Here, the biocompatibility of materials for exemplary ILJP
amperometric, impedimetric, and optical absorption ozone sensor structures is assessed.
Thus, the following part focuses on the foundation of research question (RQ) RQ2: How
can novel dissolved and ozone gas sensors be realised as electrochemical or optical
sensors? Therefore, each material is assessed with regard to the international standard
ISO 10993 [181]. According to the assessment, an amperometric sensor made of gold
and silver nanoparticle (NP) inks, inkjet-printed on an polydimethylsiloxane (PDMS)
membrane, and passivated with SU-8 ink gives the maximum biocompatibility. Moreover,
biological characterisation studies are necessary to certify the biocompatibility for the
specific medical application. From this investigation, the conclusions about biocompati-
bility can also be transferred to other sensors built of the same materials but intended
for different purposes. This is applicable for sensors that measure glucose, oxygen, pH,
sweat lactate, hydrogen peroxide, and acetone and use the same or an overlapping set
of materials.




Biocompatibility of medical
0zone sensors

Parts of this chapter are based on: L. Petani, V. Wehrheim, L. Koker, M. Reischl,
M. Ungerer, U. Gengenbach, and C. Pylatiuk, “Systematic assessment of the
biocompatibility of materials for inkjet-printed ozone sensors for medical therapy”,
Flexible and Printed Electronics, vol. 6, no. 4, p. 043 003, 2021. por1: 10.1088/2058-
8585/ac32ab.

Medical devices can be grouped into three types based on their health risk, according to
the European Commission of Health and Consumers for the European Union, the Health
Risk Assessments of the Food and Drug Administration (FDA) for the United States of
America, and the National Medical Product Administration for China. The groups range
from low-risk (group I) equipment like bandages and wheelchairs to high-risk (group III)
devices like pacemakers, cardiac catheters, and hip replacements [182]. According to the
European Commission of Health and Consumers, group IIb, which includes brief contact
with bodily fluids, is where ozone sensors for oxygen-ozone injection are classified.
There are various methods to achieve biocompatibility, including encapsulating the
sensor, using only biocompatible materials, and coating the medical device with anti-
inflammatory chemicals. Membranes (porous or non-porous) can be used for encap-
sulation; however, hydrogels are more frequently used in medical devices [183]. Anti-
inflammatory drugs can be applied to the surface of a medical device to reduce inflam-
mation in the body, or they can be injected into the encapsulation, such as acetylsalicylic
acid (e.g. aspirin) or glucocorticoids (e.g. dexamethasone) [184], [185]. According to
ISO 10993 [181], the properties shown in Fig. 6.1 for functionality and biocompatibility
must be evaluated for the sensor and production process.
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Fig. 6.1: According to the international standard ISO 10993 [181], the properties of materials
are listed in descending order of relevance for biocompatibility. A blue frame denotes
the key biocompatibility factors. The impact on biocompatibility of criteria that aren’t
in a blue frame is minor. [12]

The critical elements for biocompatibility are described in the following: To characterise
a material biologically, it is researched how it behaves in a living biological environ-
ment [186]. As a result, biological characterisation tests must be carried out, with the
tests varying depending on the type of interaction and duration of contact with the bodily
tissue. In the here-focused application, the single-use sensor comes into brief contact
with the intervertebral disk tissue but not with blood from the circulatory system [7].
This leads, in accordance with ISO 10993 [181], to group assignment 2A, from which the
necessary tests are deduced. An extra hemocompatibility test is necessary if the sensor
makes additional contact with the circulatory system’s blood. For the focused application,
the finished sensor must pass the following tests under ISO 10993 [181]: cytotoxicity,
sensitisation, irritation and intracutaneous reactivity, pyrogenicity, and acute systemic
toxicity.

Using cytotoxicity tests, researchers can determine how a substance affects nearby
cells [181]. These can be carried out in-vitro and are the initial stage in determining a
material’s biocompatibility. To ascertain the likelihood of allergic reactions, sensitisation
tests are used [181]. These tests must be carried out in-vivo. To assess the local response
of tissue, irritancy and intracutaneous reactivity tests are required [187]. In order to
conduct these tests, it is necessary to have information about the application method and
the duration of contact [181]. Only pure compounds can be tested in-vitro; the finished
sensor cannot. A medical device’s irritability and intracutaneous reactivity are examined
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for the final sensor in-vivo [181]. Pyrogenicity tests determine whether substances cause
inflammatory responses in the body [181]. In-vitro and in-vivo tests for the materials
are therefore required. Investigations into acute systemic toxicity are also necessary.
Systemic toxicity studies look at how a toxic chemical spreads from its source of entrance
to different areas of the body where it can cause cell damage. Since a living organism
must be used to simulate the system, in-vivo testing is the only way to determine a
substance’s systemic toxicity. All testing must be carried out on all utilised materials.
The appropriate bioactivity examines how the substance reacts with the host and can
be categorised as toxic, biotolerable, bioinert, bioactive, and degradable [186], [188].
The sensor needs to be non-toxic and bioinert for the focused application. The sensor
also needs to be biodegradable or at the very least recyclable, because it is a disposable
product and thus has a major effect on the environment.

Chemical property characterisation is vital for determining biocompatibility and can
be used in conjunction with biological testing. Further reducing the number of in-vivo
tests is possible by applying the characterisation of the chemical characteristics to detect
discrepancies between existing and newly developed devices [189]. Each manufacturing
component, the material’s composition and physical structure, and the interactions be-
tween the material and biological fluids or tissues must be identified in order to carry
out the characterisation.

In order to determine the biocompatibility, it is also necessary to analyse the surface
properties because surface alterations (surface oxidation or coating) affect how a ma-
terial interacts with a biological system and, consequently, its biocompatibility [188],
[190]. This comprises describing a material’s surface tension, wettability, and surface
roughness [186].

The sterilisability and processability of medical equipment are also fundamental. Because
the material’s surface and properties may change during sterilisation, its biocompatibility
may be affected [191]. The sensor should ideally be created in a sterile environment to
reduce any potential for pathogen interaction.
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6.1 Structure and materials of ozone sensors

An overview of materials used for substrates, membranes, and the main components of
amperometric, impedimetric, and optical sensors is shown in Tab. 6.1 and Tab. 6.2.

Tab. 6.1: Overview of the materials in previous work for the electrodes, light activation or heating
element, and sensing material of ozone sensors. Thereby, amperometric, impedimetric,
and optical absorption sensors are considered. (Modified according to [12])

amperometric impedimetric optical
Au [131], [192] Au [93], [102] Ti [98] ZnO [76], [193]
Pt [131], [192] Ag [93], [102] Cu [85] PEDOT:PSS [165]
Ag/AgCl [151] Pt [93], [102] SnOy [194]
BDD [711, [92] InGaN [195] WOs3 [75]
Ag [131], [192] CNTs [196]-[198]  ZnO [95]

Inp03 [199] ITO [110]

Tab. 6.2: Overview of the materials in previous work for the substrate and membrane of ozone
sensors based on the amperometric, impedimetric, and optical absorption measurement
principles. (Modified according to [12])

substrates membranes
Al [200] PDMS [201], [202] Al>O3 [74], [88]
Al>O3 [74], [88] PVC [131] ZrO2 [88]
glass [70], [133], [200] PVA [203] PDMS [201], [202]
quartz [110], [204] PTFE [150] PTFE [150]
SiO2/Si [95] PMMA [205] PVDF [89]
Si [206], PI [207] PET [131]

Suitable materials are required for the electrodes, substrate, membrane, passivation,
and electrolyte in amperometric dissolved ozone sensors. Most electrodes are made
of precious metals like gold, silver, and platinum or are made of metal and non-metal
combinations like AgCl for reference electrodes (REs) or BDD for working electrodes
(WEs) [71], [92], [131], [151], [192]. For the substrates, Al, glass [70], [133], [200],
quartz [110], [204], AloO3 [74], [88], Si [206], borosilicate wafers [173], SiO2/Si [95],
or fused silica [173] are used. Also, for the substrate, polymers like PET [131], PI [207],
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PVC [131], PMMA [205], PTFE [150], PVA [203], or PDMS [201], [202], [208] are
applied. The here-focused application necessitates a flexible substrate since it allows the
sensor to be integrated onto an injection syringe’s needle. A membrane is required for
amperometric sensors to ensure selective measurement. A substance that serves as both
a substrate and a membrane is therefore recommended. For the membrane, a variety of
materials, including ZrOy [88], AloO3 [74], [88], PTFE [88], [89], [150], PDMS [209],
or PVDF [89], are used. Here, PDMS is preferable because it can be processed with
IJP [201] and has a gas permeability for ozone that is four times greater than that of
oxygen [209]. For the passivation, SU-8 is a regularly used passivation ink [150], [210].
Moreover, the electrolytes potassium nitrate (KNO3), potassium sulfate (K2SO4), and
sodium chloride (NaCl) are widely used in amperometric sensors.

Impedimetric sensors require various components, including electrodes, made of Cu [85],
Ti [98], ITO [110], or noble metals [93], [102], a sensing material, such as WO3 [75],
SnO2 [194], ZnO [95], CNTs [196]-[198], or Ino0O3 [199], a substrate and membrane
(similar to those used in amperometric sensors), and a heating or light activation element.
The heating or light activation elements are made of materials with good thermal con-
ductivity. Thus, the same materials as for the electrodes can be used. The light activation
element can be made of aluminium gallium nitride (AlGaN) [211], InGaN/gallium nitride
(GaN) [212], or InGaN [195]. The same materials that are used for optical ozone sensors
can be selected for the light activation components of impedimetric sensors.

Optical sensors typically include a photosensor with a sensing component and a light
source. The glass or quartz substrate that serves as the foundation for the photosensor
with sensing material is covered by the sensing material. For sensing substances, methy-
lene blue [77], ZnO [76], or PEDOT doped with PSS forming PEDOT:PSS [165], [213]
are used.

In order to categorise currently used materials, a toxicity rating is necessary. Tab. 6.3
presents a toxicity rating for rats based on single oral doses using lethal doses (LDs) [214].
The individual biocompatibility of the materials in Tab. 6.4 is examined in the following.
They are used for ozone sensors that measure with the amperometric, impedimetric, and
optical absorption measurement methods.
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Tab. 6.3: Overall rating of toxicity for rats following administration of single oral doses. Modified
according to [214]. [12]

rating description LD5g [mgkg ]

moderately toxic

Tab. 6.4: Materials of assessed amperometric, impedimetric, and optical dissolved ozone sen-

sors. [12]

component amperometric impedimetric optical
electrodes Au and Ag NP inks Pt NA
sensing material NA In203 ZnO
substrate PDMS Al2O3 ZnO
membrane PDMS PDMS NA
passivation SU-8 NA NA
electrolyte KNOs3, K2SO4, and NaCl NA NA
heating element NA Pt NA
light activation NA InGaN InGaN

NA: not applicable.

Amperometric sensor The examined sensor is based on a previously published oxygen
sensor [215] and can be made using IJP. The sensor reacts to all oxidising substances, but
selective measurement for ozone can be enabled by a suitable membrane. The selection
of inks for the WE and counter electrode (CE) includes an gold nanoparticle (AuNP) ink
(Au-LT-20 by Fraunhofer IKTS, Germany) and a silver nanoparticle (AgNP) ink (DGP
40LT-15C by ANP, Korea) for the RE. The SU-8 ink (XP PriElex SU-8 1.0 by MicroChem,
USA) is chosen for passivating the electrodes. In addition, PDMS (Sylgard 184 Elastomer
Kit by Dow Corning, USA) is utilised for the membrane and substrate. Also, the following
electrolytes are investigated: KNO3, K2SO4, and NaCl.

Impedimetric sensor The assessed sensor is an impedimetric dissolved ozone sensor
that can be manufactured using IJP. It is based on a conventionally manufactured ozone
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sensor and consists of an AloO3 substrate, an InpO3 sensing material, and Pt for the
electrodes and the heating element [216]. The sensor includes a PDMS membrane, and
InGaN is studied as a light activation element. A water-based platinum nanoparticle
(PtNP) ink (PT-LT-20 by Fraunhofer IKTS, Germany) is assessed.

Optical absorption sensor The investigated optical absorption sensor is based on ZnO
as the sensing material and InGaN as the material for the light-emitting diode (LED)[193],
[217].

Tab. 6.5 displays a summary of the toxicity of the materials listed in Tab. 6.1 and
Tab. 6.2. The amount of a chemical consumed that results in death of 50% of a sample
set is known as LD5g. To assess toxicity in various species, such as mice, rats, or rabbits,
various techniques, e.g. oral, inhalation, or skin contact (dermal), are applied. Rats were
the main emphasis of the table, with oral being the only value accessible for practically
all materials. The adjustments to the NPs size, shape, surface charge, and composition
also impact how hazardous they are [218].

6.2 Biocompatibility in the context of
inkjet-printing

Inks that are applied for IJP contain NPs that are included as functional solvents and
components for enabling the printing process. After drying and curing, the solvent is
removed, and the NPs agglomerate forms on the substrate surface. The resolution of IJP
is just average at 10 pym to 50 pm, compared to gravure printing and photolithography.
However, the waveform used during IJP can be used to alter the drop size [247]. Spe-
cialised inkjet-printers, such as electrohydrodynamic inkjet-printers or micro-plotters,
are required when greater resolutions of 1 um are required [248]-[251]. The substrates
and inks used must be compatible with the IJP process. The sintering temperature is a
variable that must be adjusted between the substrate and the ink. The substrate’s glass
transition or melting temperature may be exceeded by the high sintering temperatures
needed to create a coherent porous NP layer, which may be necessary for some inks.
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Tab. 6.5: Summary of the toxicity for the material listed in Tab

. 6.1 and Tab. 6.2. [12]

a =
material LD3 1 conditions toXIaty of

mg kg *]? rating

280 rats, oral 3
Ag 800 rabbits, oral [219]
AgCl > 5000 rats, oral [220]
Al 1000 oral [221]
Al»O3 > 2000 rats, oral [222]
Au > 2000 rats, single dose, 10-50 nm NPs [223]
BDD NR NR NR [92]
CNTs > 5000 single-wall CNTs B (224]
Cu 30 (LD1gq) rats, copper sulphate ] [225]

10-20 g (LD)  humans, copper sulphate [226]
glass NR NR NR [70]
InGaN NR NR NR [195]
InpO3 396 mice, oral 3 [227]
ITO > 10000 rats, oral [228]
PDMS > 4800 rats, oral [229]
PEDOT 650 oral [230]
PSS > 8000 rats, oral [231]
PET > 8000 rats, oral [232]
PI NR NR NR [207]
PMMA > 8400 - 9400 rats, oral [233]
Pt > 5000 rats, oral [234]
PTFE > 11280 rats, oral [235]
PVA 5000 rats, oral [236]
PVC > 10000 rats, oral [237]
PVDF 6000 rats, oral [238]
quartz > 2000 rats, oral [239]
Si 3160 rats, oral [240]
SiO9 10000 rats, oral [241]
SnO»- > 20000 rats, oral [242]

. no systemic toxicity, mice

TiO; > 5000 and };abbits, oral, 1};9.4 nm NPs [243]
WOs3 > 5000 rats, oral [244]
ZnO > 5000 single dose, oral [245]
Z1rO2 > 5000 rats, oral [246]
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This reduces the substrate’s functionality, stability, and biocompatibility. Piezoelectric
drop-on-demand additive manufacturing offers a great prospect for the cost-effective
fabrication of these sensors because it does not require a mask or template and can be
digitally controlled. Moreover, printing on flexible surfaces is conceivable and ink may
be applied without direct contact and at low temperatures [147], [158].

On the basis of 1JP, sterilisation procedures can also be incorporated into production
process chains. In general, the sensor can be sterilised using heat, ionising radiation,
aqueous solution disinfection, or the low-temperature gas technique [252]. Medical
equipment should ideally be produced immediately under sterile circumstances [252].
Thereby, pathogenic interaction can be reduced [252].

6.3 Biocompatibility assessment

First, literature references to bulk materials, inkjet-printed sensors, and the respective inks
are evaluated. Then, the influence of the manufacturing process on the biocompatibility
of the materials is considered. Finally, references on the transferability of the assessments
are evaluated.

6.3.1 Biocompatibility of nanoparticle inks

For the electrodes or heating element, for example, metallic NP inks are frequently used.
After being sintered, the NPs link to the substrate surface and create a cohesive porous
layer. For the evaluation of biocompatibility, there are two risk variables. First, if not all
NPs are sintered during the production process and afterwards detach, non-connected
NPs may still be present on the printed structure. Moreover, when a flexible sensor is
utilised, NPs have the potential to separate. Particularly, NPs that are not entirely or
securely bound may separate. Only once the solvent and the coating on the NPs have
been removed will the sintering process be working. The layer does not entirely sinter
and the maximum conductivity is not obtained if there is still a sizable amount of residue.
Post-processing, such as solvent expulsion, stabiliser removal, and actual sintering, can, in
some circumstances, be accomplished in a single oven process step. However, the solvent
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may not have been entirely eliminated. The removal of stabilisers and other organic
components is significantly more challenging. Moreover, there is a risk associated with
inserting the sensor into the spinal disk due to shear forces. In strategies based on NPs,
the NPs must be taken into account individually in terms of risk because of this. If most of
the NPs are not bound, a conductive layer cannot exist. Conductivity tests on the printed
structure can verify that the layer has not entirely broken down into individual NPs.
When it comes to measurement, the target conductivity can be used for quality assurance
to check for layer cracks. This implies that multiple printed structures are initially created
and then examined under a microscope. The target conductivity is then compared to the
conductivity of these printed objects. The target conductivity value can be used as a single
measurement to perform quality control for subsequent testing. NPs can still detach in
very small numbers, which doesn’t affect conductivity but does affect biocompatibility.
Because of this, additional testing is required. The size, shape, surface chemistry, and
surface charge of NPs play a role in biocompatibility [253]. Whereas a smaller particle
size results in a higher surface-to-volume ratio and a higher risk of cytotoxicity, a larger
particle size increases surface reactivity, mass diffusivity, sedimentation velocity, and
attachment efficiency [254]. In addition, particle size affects system toxicity, while it is
unclear whether larger or smaller particles are more toxic [255], [256]. Moreover, the
biocompatibility of the ink is significantly impacted by the aggregation of the NPs [257].
For instance, larger titanium dioxide (TiO2) aggregates have a greater impact on cell
viability compared to smaller ones [258]. Moreover, the shape of the NPs can affect their
ability to penetrate a cell; for example, spherical NPs are less toxic and reactive than
fiber-shaped ones [257], [259], [260]. A larger contact area results in lower penetration
efficiency into a cell but also carries a higher risk of cytotoxicity [261], [262]. The
molecular structure and bonding types at the surface of the NPs also have an impact
on their cytotoxicity since these characteristics alter how the NPs are recognised by
biomolecules like cells or proteins [263]. An immune response may happen if some
particles are recognised by the body as foreign. Moreover, the biocompatibility may
be impacted by the surface charge, depending on the density and polarity. In contrast
to neutral or lightly charged surface charge densities, a higher surface charge density
generally has a higher toxicity [264]. For instance, negatively charged NPs have an
adverse effect on phagocytic cells, while positively charged NPs are more hazardous to
non-phagocytic cells [257], [265]-[267]. The overall impact of a medical device’s size,
morphological characteristics, surface structure, and surface charge might be significant
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for the resulting biocompatibility. According to the particular material, there are other
affects on biocompatibility as well. They are evaluated in the following section for the
exemplary sensors.

6.3.2 Exemplary amperometric sensor

The biocompatibility of the individual materials of an exemplary amperometric sensor
is evaluated in the paragraphs that follow. As a test that considers several materials,
previous work cultured hepatocytes over a membrane that was placed on top of printed
patterns to test the cytotoxicity of the gold, silver, and SU-8 inks [150]. The cells’ viability
was preserved, which suggests that these materials are not cytotoxic in the context of the
setup described [150]. Here, it’s essential that the processed ink be biocompatible. It is
necessary to take into account the characteristics of NPs that are already bonded to a
surface.

Gold nanoparticle ink as working and counter electrode material The optical properties
and potential biocompatibility of AuNPs make them suitable for various biomedical appli-
cations, including medical imaging, drug delivery systems, and cancer treatment. The
biocompatibility of these particles is determined by their size, shape, surface chemistry,
and surface charge [253]. To create an amperometric sensor, the biological and printing
properties of the gold ink from Tab. 6.4 are evaluated. The AuNP ink is used for the WE
and CE of the sensor, after being dissolved in water and ethylene glycol. The manufac-
turer states that the NPs are non-toxic and biocompatible, and hepatocytes cultured on
top of the printed ink show no signs of toxicity, as the cells remain viable [150]. However,
the solvent ethylene glycol should be considered, as it is toxic to humans [268]. Since
ethylene glycol has a boiling point of 196°C [269], some residues may remain after
curing or sintering below this temperature.

Silver nanoparticle ink as reference electrode material Due to their antibacterial quali-
ties, AgNPs are used in medicine, such as in catheters and wound dressing [182], [270],
[271]. Here, the RE of the amperometric sensor is made of AgNP ink. A higher quantity
used in a medical ozone sensor may be hazardous to human cells [270]. A herniated
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disk’s nucleus pulposus can be conceptualised as an aquatic habitat. AgNPs release silver
ions that can attach to sulphur groups in biomolecules in an aqueous environment [270].
Cytoxicity, genotoxicity, or immunological reactions may ensue from this. Moreover, be-
cause AgNPs can cross the blood-brain barrier, they are categorised as neurotoxins [272].
The morphology of the AgNPs in the different inks has an impact on their biological
characteristics. The silver ink according to Section 6.1 is examined for the exemplary am-
perometric sensor. The AgNPs are resolved in triethylene glycol monoethyl ether (TGME)
and the ink adheres well to glass and polymer substrates. The AgNPs encapsulation is
formed of polyvinylpyrrolidone (PVP) [273]. At the designated curing temperature, the
PVP turns liquid and stays in the structure or on the substrate, meaning that it is not
entirely evacuated [273]. According to regulation (EC) No. 1272/2008 [274], the ink
is not classified as a hazardous product and does not include carcinogenic components
in doses greater than 0.1% [274], [275]. Earlier studies utilising cultured hepatocytes
on a membrane on top of the printed material indicated that this ink was well biocom-
patible [150]. No toxic components are present in the solvent TGME [276]. TGME
residuals persist in the final sensor because its boiling temperature of 256 °C is higher
than the ink’s curing temperature. Prior to drying, the printed ink can be rinsed with
polar solvents like ethyl alcohol or isopropyl alcohol (IPA) and then given a vacuum
treatment to allow the solvent to completely evaporate. Hepatotoxicity, which can result
in liver damage, occurs when large doses of ethyl alcohol are ingested or absorbed into
the bloodstream [277]. The rinsing of the printed structure is intended to be safe because
the two primary disinfectants used in the medical industry are ethyl alcohol and IPA. To
ensure the product’s biocompatibility, the amount used must be kept to a minimum.

Polydimethylsiloxane as substrate and membrane material The substrate and mem-
brane are made of PDMS. As a result, the membrane has regulated permeation properties,
and the substrate is made of strongly cross-linked PDMS. This allows for the membrane
properties required for the specific application, such as high ozone and low oxygen perme-
ability for an amperometric ozone sensor. It is beneficial to use photonic sintering to cure
the gold and silver ink because of the PDMS substrate. Due to the fact that it does not heat
up, photonic sintering is less harmful to the substrate. A membrane is required for the
amperometric sensor in order to ensure selective ozone measurement. For this particular
application, non-porous PDMS is seen as a promising membrane material. For instance,
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the porosity and the kind and number of functional groups on the surface affect the
membrane’s functionality. PDMS is described as non-flammable, hydrophobic, non-toxic,
and bioinert [278]. It is used in medicine for things like contact lenses and the outer shell
of breast implants [279]. Moreover, PDMS is printable; for instance, an elastomer matrix
can be printed using Sylgard 184 ink [201], [208]. Sylgard 184 must be thinned out
before printing, using extra solvents like octyl acetate (OA) [201], [208]. After printing
and curing the PDMS layer, there was no evidence of OA residues [201], [208]. Although
the biocompatibility of PDMS is documented, it also depends on the production and
post-processing processes [280]. PDMS must undergo complete oligomerisation and be
free of all short-chained molecules in order for its biocompatibility to be guaranteed. A
PDMS (Sylgard 184)-coated device’s in-vitro biocompatibility was also reported by Lee
et al. [281].

SU-8 ink as passivation material SU-8 is used for the passivation of the electrodes. To
prevent short-circuits, areas of the electrodes that aren’t supposed to be exposed to the
measurement substance must be passivated. Moreover, if the substrate is porous, the
pores must be sealed with a passivation substance [150]. There are several different
SU-8 types available, including the XP PriElex SU-8 1.0 and SU-8 2002. Whereas XP
PriElex SU-8 1.0 is an ink that was especially created for IJP, SU-8 2002 was developed
primarily for the spin coating process. It can, however, also be used for IJP. Earlier
studies investigated SU-8 2002, a compound in which cyclopentanone serves as the
solvent [150]. The biocompatibility of this ink has already been examined [150]. The
epoxy-based photoresist jettable ink XP PriElex SU-8 1.0 is made up of resin, solvent,
and a photosensitive element containing antimony. The printed layers undergo curing
to generate stable isolation and dielectric layers that are also used as passivation layers
for sensors [210]. The cross-linked polymer network, which is produced by ultraviolet
(UV) light and heat, has good chemical resistance, thermal stability (up to 315 °C), and
mechanical strength [282]. Previous work, however, disagrees on the issue of SU-8’s
biocompatibility. Several biological characterisation experiments in accordance with
ISO 10993 [181] were performed, and the majority of them [282]-[284] concluded
that SU-8 is non-toxic and non-irritating. Yet, according to other investigations [285],
SU-8 is cytotoxic. According to [282], antimony’s valency determines how poisonous it
is. With more UV and heat exposure, the removable antimony content may be lowered.
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To increase the biocompatibility of SU-8, a variety of surface treatments have been used,
including chemical treatment with acid and base, surface grafting with polyethylene
glycol, and oxygen plasma treatment [150], [282]. As a result of the oxygen plasma
treatment, the surface’s oxygen and carboxyl groups rise, increasing both the surface’s
wettability and surface energy [150]. When the ink has been applied, it is essential to
treat SU-8 so that the solvents can be extracted as much as possible. To conclude, in-vivo
testing is required to support or disprove the biocompatibility.

Potassium nitrate, potassium sulfate, and sodium chloride as electrolyte material To
ensure optimal conductivity between the electrodes and hence the operation of the
amperometric sensor, an electrolyte covering the active electrode area is required. If the
sensor is used to measure bodily fluids and tissues, such as the nucleus pulposus, they may
act naturally as an electrolyte, making the electrolyte superfluous. The biocompatibility
of the electrolytes KNO3, K2SOg4, and NaCl is evaluated here. The human body naturally
contains sodium and potassium. Potassium governs enzyme responses as well as the
degrees of acidity, water balance, and blood pressure. Potassium and sodium are responsi-
ble for the transmission of signals in the body, including neurotransmission and muscular
contradiction [286], [287]. Nitrates from meals enter the body and are converted to
nitrites, which hinder haemoglobin from delivering oxygen and may result in an oxygen
shortage in the cells [288]. Moreover, nitrate is converted into nitric oxide, which has a
favourable impact on metabolism and blood flow rates [289]. Current research suggests
that naturally existing quantities of nitrate do not raise the risk of tumours, contrary to
previous studies that were highly disputed on nitrate and a correlating cancer risk [290].
Sulfates are necessary both inside the human body and in medicine, for example, during
colonoscopies and cell growth processes [291], [292]. Nonetheless, sulphates can also
cause skin or eye irritation [287]. KNOs3 is used in toothpaste and the food industry
to boost product longevity [293]. There are no maximum addition limitations for the
food additive K2SO4 (E515) in the European Union [294]. The primary human mineral
NaCl can be administered intravenously as an isotonic saline solution by being greatly
diluted [286].

The most promising electrolyte in terms of biocompatibility is NaCl, which can be admin-
istered intravenously as an isotonic saline solution without toxicity.
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6.3.3 Exemplary impedimetric sensor

The biocompatibility of an exemplary impedimetric sensor is evaluated in the paragraphs
that follow.

Platinum as electrode material Mostly, noble metals with excellent electrical conduc-
tivity are used as electrode materials [10]. In this case, Pt is evaluated due to its
high biocompatibility, inertness to bodily fluids, low corrosivity, and strong mechanical
strength [295], [296]. As a result, Pt is frequently used for medical devices, such as
catheters, pacemakers, and stents [297]. PtNP or a Pt solution, such as chloroplatinic
acid hydrate, are used to create inks that contain Pt [298]. In terms of biocompatibility,
PtNPs are more promising because Pt solutions frequently contain hazardous materials.
For the PT-LT-20 NP ink, Schubert et al. [299] found nearly 100% cell survival and the
development of a highly biocompatible surface. They tested the cytotoxicity of the NP
ink in in-vitro settings, in accordance with ISO 10993 [300]

Indium oxide as sensing material Frequently used as sensing materials for impedimetric
sensors include ZnO, In203, WO3, and SnO2 [199]. Due to its high sensitivity, low cross-
sensitivity, and quick response and recovery times, InpO3 was investigated here [301].
In203 is used as an impedimetric sensor’s sensing material in a crystalline, water-insoluble
form [302], and it performs best between 200 °C and 400°C [301]. Commercially
available InpO3 inks are not offered; however, they can be manufactured from oxide
precursors based on sol-gel or NPs [303], [304]. Oxide precursors based on sol-gel require
higher temperature treatments than NPs. Previous work [158] used a printed sodium
alginate insulator layer on top of a printed InpO3 layer to test the lactate dehydrogenase
(LDH) cytotoxicity of the combination. The test results in a non-cytotoxic finding. The
applied In203 NP ink consists of deionised water and sodium polyacrylate. After the IJP
procedure, the NP ink must be thermally treated at 150 °C. The diameter of the NPs is
between 20 nm and 70 nm. More research is necessary regarding the interaction of In2O3
with bodily fluids and tissues. Numerous studies have focused on the effects of breathing
in In2 O3, which can be hazardous to the lungs [305], [306]. In addition, it is toxic for the
kidneys when indium (III) ions are introduced into the bloodstream. Moreover, hydrated
In203 is 40 times more hazardous than the equivalent ions [307]. Overall, there is not
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enough information in the literature to assess InpO3’s biocompatibility reliably. More
studies are required, particularly in relation to IJP and InpO3z-based inks.

Alumina as substrate material The electrodes and the heat or light activation element
are separated by a substrate for an impedimetric sensor. The substrate must be heat-
conductive, heat-stable, and compatible with the ink that is used for the electrodes,
heating element, and light activation element. Due to phonon resonance, AlpO3 is
used as the substrate in the exemplary sensor, making it a good heat conductor and
insulator [308]. If AloO3 and NPs are disseminated in water or ethylene glycol, AlpO3
can be used via IJP [309]. Based on the biological characterisation tests [181], Denes et
al. [310] reported satisfactory biocompatibility for AloO3. Contrarily, Mestres et al. [311]
found that macrophages release more reactive oxygen species (ROS) after being exposed
to high concentrations of 20 nm AlpO3 NPs. This results in oxidative stress and may
lead to cell death. The biocompatibility of the sensor may also be affected by additional
chemicals needed for the manufacturing process, such as solvents to make the substances
printable.

Polydimethylsiloxane as membrane material For the amperometric measuring principle,
the biocompatibility of PDMS is already investigated in Section 6.3.2.

Platinum as heating or indium gallium nitride as light activation element

Section 6.3.3 already covered the biocompatibility of Pt. Histology investigations, in-vivo
immunological response analyses, and in-vitro and in-vivo cytotoxicity testing were
carried out for InGaN LEDs [312]. No cytotoxicity or immunological side effects were
observed for the tested LEDs [312]. Gallium nitrate’s immunosuppressive impact can
generally reduce local inflammation [313], [314]. The LEDs material exhibits good
biocompatibility. However, the usage of UV light may be a significant problem because
UV light exposure increases the production of ROS, which can harm biomolecules [315].
Moreover, depending on the wavelength of the UV light, the deoxyribonucleic acid (DNA)
may be harmed directly or indirectly [316].
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6.3.4 Exemplary optical absorption sensor

The biocompatibility of an exemplary optical absorption sensor is investigated in the
following paragraphs.

Zinc oxide as sensing material ZnO is frequently used in medicine, for example, in drug
delivery systems, bioimaging, and biosensors, such as glucose sensors [317]. Moreover,
it is a typical sensing component for impedimetric sensors [98], [318]. According
to [319], [320], it is feasible to measure gas at room temperature (RT) with visible light
enhancement. To analyse the dissolved ozone measurement under these circumstances,
more research is required. Commercially available n-butanol dissolved ZnO NP ink is
available under the trade name Helios’Ink H-SZ01034 from GenesInk, France. n-Butanol
causes irritation when it comes into contact with the skin or eyes [321]. ZnO NPs,
on the other hand, have anti-inflammatory, anti-bacterial, and biodegradable qualities.
Moreover, the FDA has recognised ZnO NPs as safe substances [322].

Indium gallium nitride as light activation element For the impedimetric measuring prin-
ciple, the biocompatibility of InGaN is already investigated in Section 6.3.3.

6.4 Potential alternatives with a higher
biocompatibility

The likelihood of a biocompatible sensor is increased by the use of biocompatible materials,
though the actual sensor still needs to be evaluated. Overall, the materials in Section 6.3
reveal PDMS for the membrane and substrate and Pt and AuNP inks for the electrodes
as having the highest potential for biocompatibility. In contrast, the RE made of AgNP
inks and the sensing material made of InpO3 have the lowest potential. The RE could be
replaced by Ti, and the sensing material could be TiO2 or ZnO. However, it is vital to
remember that the size and shape of the NPs determine how poisonous TiO2 and ZnO
are [323].

6.4 Potential alternatives with a higher biocompatibility 83



84

Titanium as reference electrode material and titanium dioxide as sensing material Ti is
frequently used in medical applications, including dental implants and prosthetics [188],
[191], [324]. This is made feasible by Ti, which has exceptional biocompatibility, superior
mechanical strength, and great corrosion resistance [325]. The primary cause of the
high biocompatibility is that the surface of Ti oxidises to TiO2, which exhibits non-
toxic behaviour [325]. Although having a higher level of biocompatibility than silver,
Ti has an electrical conductivity that is more than ten times lower [326]. However,
using other noble metals, such as Pt, in conjunction with Ti can increase the electrical
conductivity [98]. Earlier studies have demonstrated the usefulness of TiO2 as a sensing
material for impedimetric sensors with a heating element for the detection of oxygen,
ozone, and other gases [327], [328]. The high temperatures required for the sensing
material’s performance limit the wide applicability of TiO2, whose resistance is strongly
correlated with temperature. In order to improve the electrical conductance of Ti, to
lower the temperature required for the TiO2 sensing material, and to examine the effects
of the IJP process on the material’s biocompatibility, more research is required.

Zinc oxide as sensing material For the optical absorption measuring principle, the
biocompatibility of ZnO is already investigated in Section 6.3.4.

6.5 Transfer of the assessment to other sensors

Other sensors made from the same or overlapping material set as the exemplary am-
perometric, impedimetric, and optical absorption ozone sensors previously discussed
include glucose, hydrogen peroxide, pH, sweat lactate, oxygen, and acetone sensors.
The results can be transferred to hydrogen peroxide sensors, such as those described
by [179], which are composed of a PDMS substrate, gold for the WE and CE, and silver
for the RE. Transfer is also achievable for inkjet-printed electrochemical pH and glucose
sensors, as demonstrated, for example, by [329]. WE and CE are made of gold, RE is
made of silver, and PDMS is used for passivation [329]. Also, a polyaniline film is used on
the WE for the pH sensor, and a poly(3,4-ethylenedioxythiophene) layer is used on the
WE for the glucose sensor [329]. A transfer to sweat lactate measurement is conceivable
using sensors made of a flexible silver electrode coated in Nafion with lactate oxidase
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as an enzyme [330]. A dissolved oxygen sensor made of AuNP ink for the WE and
CE, AgNP ink for the RE, SU-8 ink for the passivation, and a polyethylene naphthalate
(PEN) substrate are also similar [215]. It is also possible to create an oxygen sensor
using Pt-doped In203, which is comparable to the evaluated impedimetric sensor and
operates at RT [331]. Moreover, the electrolytes KNO3, K2SO4, and NaCl are frequently
used for amperometric sensors. Additionally, acetone sensors for biological applications
incorporate Pt-decorated InpO3 NPs [178]. Other than for ozone measurement, InpO3 is
frequently used for inkjet-printed transistors [157]-[159]. Transistors can be used in
medical applications for skin and health surveillance [332]. In addition, refractometers
in laboratory medicine use InGaN-based chips to measure the total plasma protein in
blood and urine samples [333]. Overall, a wide range of medical applications make use
of the same or overlapping materials used to measure dissolved ozone. The assessments
made here can therefore be transferred to these overlapping materials.

6.6 Discussion

Using materials that are compatible with biological systems enhances the probability of
developing a biocompatible sensor. In addition, the likelihood is further increased by
the use of non-toxic additional chemicals and solvents. However, the IJP procedure and
post-processing steps also affect the sensor’s biocompatibility by altering the material’s
characteristics. After completing all production procedures, biocompatibility testing must
be carried out on the finished sensor. A last heating step can increase the biocompatibility
of sensors used in medical technologies. By removing the bound water, the electronics’
ability to corrode may be prevented. Moreover, the solvents’ volatile parts are removed.
Since amperometric, impedimetric, and optical absorption sensors are now the most
promising for an inkjet-printed sensor for the oxygen-ozone treatment of a disk herniation,
they are the main focus of this research. However, other materials for impedimetric
sensors, such as a combination of metal oxide semiconductors (MOS) materials and
CNTs or polymers, may be preferable after more fundamental research is conducted.
Polymers are frequently used as sensing components for sensors, but further study
is needed before they can be used to measure ozone [334]. Here, the stability and
miniaturisation of the sensor are not considered. Various cytotoxicity tests have already
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been published. However, the test findings depend on both the cells and the used material;
thus, these tests must be repeated for the cells present during the specific application, in
this example, the intervertebral disk tissue. Also, depending on the nation in which the
medical device is made and sold, the biocompatibility of the sensor needs to conform
to different regulations. Manufacturers must abide by the Medical Device Regulation in
the European Union and the FDA in the United States. Here, the international standard
ISO 10993 [181], which is a standard for determining whether a product is biocompatible
and is fundamental for the technical documentation of a medical device, is taken into
consideration.
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Overview Part Il

For medical therapy, measuring the dissolved and gas concentrations of ozone is important
to enable reliable and safe patient care. The following chapters build upon Part IT and
further investigates research question (RQ) RQ2: How can novel dissolved and ozone
gas sensors be realised as electrochemical or optical sensors? Optical absorption ozone
gas sensing, optical absorption dissolved ozone sensing, and electrochemical dissolved
ozone sensing are investigated. First, a photometer is presented for the measurement
of ozone gas with optical absorption. Currently, the high cost of these instruments
limits the application range of commercial photometers. Thus, a simplified photometer
is presented here. The photometer can measure ozone gas with an accuracy of 2.5%
compared to a reference sensor. Second, a photometer is reported for the measurement
of dissolved ozone with optical absorption. The majority of the pieces are 3D-printed,
with all other parts readily accessible in the marketplace. The proposed photometer’s
root-mean-square percentage error (RMSPE) is 14.7% compared to a commercially
available reference sensor for dissolved ozone. The reference sensor has a RMSPE value
of 8.2%, while at the same time it is 17 times more expensive than the photometer
presented here. Thus, it is concluded that the photometer yields good measurement
results, considering it’s simplified design. Third, the measurement of dissolved ozone with
an electrochemical sensor is investigated. As a preliminary assessment, the manufacturing
of an exemplary oxygen sensor structure with inkjet-printing (IJP) is evaluated. This
preliminary assessment is conducted because the conclusions can be transferred to an
ozone sensor due to overlapping materials and production steps. In addition, a new
dissolved ozone sensor that uses screen-printed electrodes from a commercial supplier
together with various porous polytetrafluoroethene (PTFE) membranes and non-porous
polydimethylsiloxane (PDMS) membranes is presented. With PTFE, it is possible to
achieve a RMSPE of 30.41%. Also, using boron-doped diamond (BDD) electrodes without
a membrane or an electrolyte, the detection of dissolved ozone in blood is investigated.




Optical ozone gas sensing in
medicine

10079356.

Parts of this chapter are based on: L. Petani, R. Barth, L. Wiihrl, I. Sieber, L.
Koker, M. Reischl, U. Gengenbach, and C. Pylatiuk, “Investigation of a simpli-
fied photometer design for the measurement of ozone gas concentration”, Kuala
Lumpur, Malaysia: IEEE-EMBS Conference on Biomedical Engineering and Sci-
ences (IECBES), Dec. 7-9, 2022, pp. 1-6. por: 10.1109/IECBES54088 . 2022 .

First, the current state of the art in optical ozone gas sensing is investigated. A compre-
hensive literature review revealed that this is the first study to introduce a minimalist
setup for measuring ozone gas without the use of lenses or mirrors, thus meeting the

requirements detailed in Tab. 7.1.

Tab. 7.1: Overview of the most important requirements for a photometer for ozone gas.

parameter requirement

design needs to be enclosed, no leakage of gaseous ozone into the ambient
air

range ozone gas: between 0.4 vol% and 2 vol%

in-line needs to be enabled for continuous measurement

response time
costs
selectivity

size

parts
manufacturing
RMSPE

below 1 s

below 1850 €

high selectivity against oxygen
below 35 cm x 20 cm x 15 cm
staple parts

no machining

below 5%
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Subsequently, the used materials and methods for the photometer are presented. Overall,
two photometer setups are introduced and assessed in the following. One setup is based
on a minimal design, while the other uses collimating optics. Both setups are evaluated
by comparing them to a commercial reference sensor. The photometer with collimating
optics serves as an additional reference to the commercial reference sensor.

The following requirements are important for the developed photometer: The photometer
needs to be enclosed, and there should be no gaseous ozone released into the ambient
air. Also, the concentration range that can be measured should be between 0.4 vol%
and 2 vol%. Continuous measurement should be enabled. The response time should be
below 1 s. For the measurement, there should be a high selectivity against oxygen. The
device should be portable and therefore not exceed the size of 35 cm x 20 cm x 15 cm.
Only commercially available components should be used, and no mechanical processing
should be necessary. For the RMSPE, the developed photometer should achieve values
below 5%.

7.1 Current state of the art in optical ozone gas
sensing

Previous work regarding photometric ozone measurement included relatively large
absorption chambers in the visible light range (e.g., close to the Chappius band with an
absorption chamber length of 70 cm [335] or of 50 mm [336]) to realise long path lengths,
which leads to an overall larger design. Furthermore, for photometers in the ultraviolet
(UV) range, optical components, such as lenses and mirrors, are used, which leads to an
increase in the design size. Also, previous work often involved fibre-optics [119], [337] for
light-emitting diodes (LEDs) in the Hartley band, which requires expensive peripherals
and are not easily obtainable, or conventional UV lamps [119], which also yield an
increase in the design size. In addition, there is also previous work where the authors
manufactured their own UV LED [211], which is very interesting for the development of
new light sources, but for the here presented application, it is not accessible enough due
to their lack of commercial availability. In another approach, LEDs in the visible light
range (i.e., the Chappius band) are applied [335]. Since the absorption in the Huggins,
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Chappius, and Wulf bands is significantly lower than in the Hartley band, longer path
lengths are required to get a good signal, which results in a larger design. With an
UV-LED, a high attenuation coefficient « is ensured.

7.2 Materials and methods

For the realisation and evaluation of the ozone gas photometer, the materials described in
previous work [15] are used. The materials for the evaluation include an ozone generator,
medical oxygen, an ozone destructor, and the ULTRA.sens AK25 reference ozone gas
sensor. The error of the photometers presented here is determined by measuring the
difference between their readings and those of the reference sensor. For connections be-
tween the ozone generator, photometer, and reference sensor, PTFE and silicone tubings
and PTFE Luer lock connectors are selected. The final setups are shown in Fig. 7.4, while
the schematic of all included parts is illustrated in Fig. 7.2. For the realisation of both
photometer setups, the following components are used: an LED with a wavelength range
between 270 nm and 286 nm, a Raspberry Pi (RPi) 4 model B, a heat sink attached to the
LED, and an LED driver. Furthermore, an UV quartz glass cuvette with a path length of
5 mm, a photosensor, a temperature sensor, a pressure sensor, a 16-bit analog digital con-
verter (ADC), a heatsink for the RPi, a real time clock for the RPi, and a touch-screen are
used. The photometer that uses collimating optics includes several optical components
that are not present in the minimal photometer. These components are a collimation
lens, a spherical mirror, and a focusing lens. To accommodate the optical components
as well as additional sensors, optical benches are created using additive manufacturing
techniques with a Stratasys uPrint SE Plus 3D printer and acrylonitrile butadiene styrene
(ABS) filament. A monolithic optical bench is designed for the minimal photometer,
enabling passive alignment of the optical components against mechanical stops. For the
photometer with collimating optics, an adjustable optical bench is designed, featuring a
baseplate and adjustable submounts for the optical components.

To calibrate the photometers, three measurement series are conducted for each of the
two photometers, covering the entire range of concentrations (0 vol% to 3.79 vol%)
provided by the ozone generator. This resulted in a total of 94 measurement values.
The concentration levels are predetermined by the ozone generator, and only specific
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values can be set. The reference sensor is placed between the cuvette and the ozone de-
structor. The resulting absorption measurements are adjusted for temperature, pressure,
and LED reference beam photosensor measurements according to [338] and result in
Equation 7.1.

A— E ) E log Sref — Sref,d

(
Tg P (Sprobe - Sprobe,d) "7

Iy

)= log(@). (7.1)
T and P are the measured temperature and pressure, while Tq and Pg represent the
standard temperature (273.15 K) and standard pressure (1000 hPa). S refers to the
photosensor signal, and Z represents the zero factor. The term ref refers to the LED
reference beam photosensor, while probe represents the probe beam photosensor, and
d corresponds to the dark photosensor signal. Both the LED reference beam and the
probe beam photosensor are utilised in both photometers. During the measurement
series, the LED is warmed up, the dark signal is measured, a second warm-up of the LED
follows, and afterwards the zero factor is calculated. The purpose of the warm-up is to
stabilise the signal of the LED. The LED is turned on for the entire measurement, except
for the dark signal measurements. The zero factor is then determined to establish the
correlation between the probe beam and LED reference beam photosensor signals when
no ozone is present. The Lambert-Beer law is used to describe the relationship between
the initial and measured intensity after absorption in the cuvette. The initial intensity,
Iy, corresponds to the LED reference beam signal, which is independent of the ozone
concentration, and I represents the probe beam photosensor signal, which depends on
the ozone concentration. The correlation is used to determine the zero factor. A linear
regression is typically adequate for the lower concentration range, while a quadratic
regression is appropriate for the full concentration range, and these are calculated using
the least-squares method with NumPy [339].

The measurement method is shown in Fig. 7.1, which outlines the overall process.
10 measurement values are recorded for each output value, and their median value is
calculated. Then, the ozone concentration is determined using the calibration function.
The performance of the photometers is evaluated using different ozone concentrations
according to Fig. 7.1. The ozone concentration measured by the photometers is compared
to the reference sensor after the measurements. Five measurement series are conducted
with concentrations ranging from 0 vol% to 3.79 vol%. A total of 143 measurement
values are recorded to evaluate the photometers. The parameters used to evaluate the
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DS: dark signal of photodiode, T: temperature signal, Ts: standard
temperature, P: pressure signal, Ps: standard pressure, A: absorbance,
S: signal of photodiode, Z: zero factor, ref: reference.

- m - _ 1
sample

E EI
-

measurement

aln

DS
acquisition

Fig. 7.1: Tllustration of the process of the measurement method. Once the dark signal is acquired
and zeroed, the measurement proceeds continuously until it is manually terminated or
the timer expires. [15] © 2022 IEEE

instruments are relative error, accuracy, resolution, and response time. The empirical
standard deviation is calculated [340]. Since the ozone generator produces varying output
concentrations during measurements, the empirical standard deviation is determined
using photosensor values obtained when there is no ozone in the cuvette. Additionally,
the residual standard deviation is determined [341]. The measurement error and relative
error between the photometers and the reference sensor are determined [342]. The
resolution is determined by finding the smallest difference between two concentrations
that can be identified [119]. To evaluate the response time, only the computation and
sensor inquiry time are considered, while any delays caused by the connecting tubes and
buffer flask length are not taken into account.

7.3 Setup of the novel photometers for ozone gas

The schematics of the minimal photometer and the photometer with collimating optics
are illustrated in Fig. 7.2.
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Fig. 7.2: (a) Minimal photometer. [15] © 2022 IEEE (b) Photometer with collimating optics.
Oxygen connections are coloured blue, oxygen-ozone as purple, electrical as black
dashed lines, and the UV light encapsulation as a grey box. Included are oxygen (1),
ozone generator (2), buffer (3), cuvette (4), ozone destructor (5), LED driver (6), heat
sink (7), LED (8), reference beam photosensor (9), probe beam photosensor (10),
ADC (11), and temperature (15) and pressure sensor (16). For the collimating optics
photometer, the following components are additionally included: aspheric lens (12),
spherical mirror (13), and double convex lens (14). [15] © 2022 IEEE
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The minimal photometer design is expanded with collimating optics to increase the light’s
interaction with the gas volume. An optical design for a photometer with collimating
optics is created using off-the-shelf components. In the photometer with collimating
optics, the light source emits light that is collimated by a planoconvex aspheric lens to
pass through the gas cuvette as a parallel beam. However, due to the limited availability of
components, the lens can only capture about 53°, while the nominal radiance angle of the
LED is 60°. A concave mirror reflects a portion of the light and focuses it on the reference
photosensor to create the reference beam path. The remaining light that passes through
the cuvette is focused by a biconvex lens onto the photosensor. To achieve the minimal
photometer design, there is no need for optical components, and instead, the LEDs wide
beam angle and high intensity are used for direct irradiation of the photosensors. The
minimal photometer is designed to use a minimal number of components mounted on a
monolithic optical bench, eliminating the need for complex alignment. The use of a wide
beam angle (60°) LED is beneficial because both photosensors can be placed in the beam,
removing the need for a beam splitter or mirror for the LED reference beam path. For
both designs, the components must be precisely aligned to obtain a high and stable signal.
This is accomplished by designing tailored optical benches, where the components are
either actively adjusted during instrument assembly or passively aligned against well-
designed reference surfaces [343]. The complexity of the design, represented by the
number of components, is directly proportional to the optical bench complexity and
alignment effort required. The monolithic optical bench serves as the central component
of the minimal photometer. At the back of the bench, the LED with heat sink is mounted,
while at the front, the gas cuvette and two photosensors are mounted at an angle of 22°
against mechanical stops. To protect the user, a cover with two holes for gas inlet and
outlet is attached to the optical bench and encloses the UV light. The final version of the
minimal photometer without a cover is depicted in Fig. 7.3a. The minimal photometer is
connected via a cable to the same evaluation unit, which includes a touch-screen and
an RPi as the photometer with collimating optics. The photometer with collimating
optics is intended to optimise the utilisation of the light source and to allow for greater
flexibility in the positioning of components, in contrast to the minimal photometer. The
final version of the photometer with collimating optics is presented in Fig. 7.3b. Fig. 7.4
shows the realisation of the final minimal photometer setup and the photometer setup
with collimating optics.
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Fig. 7.3: (a) The final version of the minimal photometer includes the following components
attached to the monolithic optical bench (1): the LED (2), heat sink (3), cuvette (4),
probe beam photosensor (5), and LED reference beam photosensor (6). [15] © 2022
IEEE (b) Final version of the photometer with collimating optics, including LED (1),
heat sink (2), cuvette (3), aspheric lens (4), double convex lens (5), probe beam
photosensor (6), monolithical optical bench (7), external evaluation unit (8), and
touch-screen with Raspberry Pi (9). The LED reference beam photosensor (not shown)
and spherical mirror (not shown) are mounted on adjustable holders on the optical
bench. [15] © 2022 IEEE
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Fig. 7.4: (a) Shows the minimal photometer setup. (b) Depicts the photometer setup with
collimating optics. [Images: Markus Breig, KIT]
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7.4 Evaluation of the photometers for ozone gas

The photometer with collimating optics has 36% of the intensity in the probe beam path
and 13% in the reference beam path, while the minimal photometer without any beam
shaping optics only has 0.4% usable intensity in both paths [344]. However, despite the
low amount of light being used for the measurement in the minimal design, the high
power of the UVC-LED still allows for good measurement results.
The light absorption during calibration demonstrated an almost linear trend within the
targeted concentration range of 0.3 vol% to 2.5 vol%, with a slight deviation outside
of this range. As a result, quadratic regressions are calculated for the complete concen-
tration range of 0 vol% to 3.79 vol%, with linear regressions being used for the lower
concentration range of 0.3 vol% to 2.5 vol%. For the minimal photometer, the linear
regression yields

Clincar,minimal = 2-1760 - A — 0.0950. (7.2)

The quadratic regression for the minimal photometer results to
Cquadraticminimal = 0-3285 -+ A% 4 1.8003 - A — 0.0089. (7.3)
For the photometer with collimating optics, the linear regression results to
Clinear,collimation = 2-4311 - A —0.1012. (7.4)
The quadratic regression for the photometer with collimation optics yields
Cquadratic.collimation = 0-5144 - A% +1.9140 - A + 0.0008. (7.5)

Here, c represents the concentration in vol%, and A represents the normalised absorbance
value in absorbance units (AU), which ranges between 0 AU and approximately 1.6 AU.
The regression’s residual standard deviation for the collimation linear regression is
217.8 parts per million (ppm), for the collimation quadratic regression 182.8 ppm, for
the minimal linear regression 486.9 ppm, and for the minimal quadratic regression
240.4 ppm. Fig. 7.5 displays the calibration measurements and both regressions for the
minimal and collimation photometers. In general, quadratic regression is a more precise
method of analysis than linear regression.
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Fig. 7.5: The minimal photometer’s calibration measurements are represented by black dots,
while the blue solid line indicates the linear regression and the red dash-dotted line
represents the quadratic regression. The collimation photometer’s measurements are
shown as purple crosses, with the green dashed line indicating the linear regression
and the light blue dotted line representing the quadratic regression. The calibration
process of both setups recorded 94 measurement values, and the absorption values are
normalised. [15] © 2022 IEEE

However, within the specific measurement range being examined (up to 2.5 vol%), the
linear regression still produces good results. Outside of this range, as demonstrated in
Fig. 7.5, the quadratic regression is superior. The evaluation process involves performing
five separate measurement series using both the minimal photometer and the collimating
optics photometer. The results of this evaluation within the measurement range up to
2.5 vol% are displayed in Tab. 7.2. For the entire concentration range, the photometer
with collimating optics and the minimal photometer both have a relative error below
15% and 11%, respectively. The relative error of these photometers is similar to that of
other low-cost ozone sensors currently available on the market [345]. Fig. 7.6 displays
the relative measurement errors for both photometers, indicating that the same pattern
of behaviour for the linear regression versus the quadratic regression can be seen as in
Fig. 7.5. According to the accuracy values presented in Tab. 7.2, the minimal photometer
has better accuracy than the collimation photometer.
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Tab. 7.2: The results of the assessment are presented, whereby reg. represents the type of
regression used, s indicates the empirical standard deviation at zero concentration,
Sest refers to the residual standard deviation, and a reflects the photometer’s accuracy
in relation to a reference sensor. [15] © 2022 IEEE

minimal photometer collimation optics photometer
parameter . . . .
linear reg. quadratic reg. linear reg. quadratic reg.
S 107.9 ppm 89.6 ppm 67.9 ppm  53.6 ppm
Sest 194.4 ppm 205.0 ppm 200.9 ppm 175.4 ppm
a 4.03% 2.50% 4.21% 2.64%
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Fig. 7.6: The relative measurement errors of both photometers are determined by comparing
their measurements to those of a reference sensor. A total of 143 measurement values
are recorded to evaluate both photometers. [15] © 2022 IEEE

However, more data needs to be collected to make a significant comparison of accuracy
between the two photometers. The resolution of the collimation photometer is less than
290 ppm, while the minimal photometer’s resolution is less than 510 ppm, although the
actual resolution is even smaller. An ozone generator that enables continuous adjustment
of ozone concentration is necessary to determine the actual resolution. The quadratic
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regression for both photometers has an error of less than 5% for concentrations up to
4 vol%. The reaction time for one measurement for both photometers is 210 ms. This
implies that the final concentration value is presented as measurement output to the user
based on the average of 10 measurements.

To summarise, the cost of materials for the collimating optics photometer is approximately
1215 €, whereas the minimal photometer’s cost is approximately 605 €. Additionally,
assembly costs, including adjustment of optical components, are higher for the colli-
mating optics photometer, while the minimal photometer can be easily assembled by
appropriately designing the monolithic optical bench. The size advantage of the minimal
photometer is also substantial, with dimensions of 7.5 cm x 7.5 cm x 7.5 cm compared
to 20 cm x 12 cm x 16 cm for the collimating optics photometer (both excluding the
external evaluation unit with touch-screen).

7.5 Discussion

Here, two different designs for an ozone gas photometer, one with a minimal number of
optical components and the other with beam collimating optics, are investigated. In the
following, the fulfilment of the requirements according to Tab. 7.1 is summarised and
discussed.

Enclosed design The enclosed design is effectively implemented for both photometers.
Gaseous ozone that may normally be released into the environment and inhaled by the
operator is not present. The gaseous ozone measurement substance is enclosed by tubes
and directed through an ozone destructor before being released into the surrounding
air.

Measurement range The target for the photometers is to measure ozone gas concen-
trations up to 2 vol%. This requirement is fulfilled; measurements up to 2.5 vol% are
possible with the photometers. Both photometers can detect ozone gas concentrations
ranging from 0 vol% to 2.5 vol% (= 0 ppm to 25000 ppm) within a wavelength range of
275nm to 286 nm.
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In-line measurement In-line measurement is possible for both photometers. The mea-
surement is conducted without the requirement of taking a sample, thus without a
separation.

Response time The requirement for the response time is to be below 1 s. Both pho-
tometers provide a response time below that requirement. The response time for both
photometers is 210 ms.

Costs The requirement regarding the costs is that the photometers cost each below
1850 €. This requirement is met; the photometer with the minimal number of optic
components costs about 605 €, while the photometer with beam collimating optics costs
about 1215 €.

Selectivity against oxygen The requirement of measuring selectively is fulfilled because
both photometers are based on the optical absorption principle.

Size Regrading the overall design size of the photometers, the aim is to be below
35 ¢cm x 20 cm x 15 cm. This requirement is fulfilled for both photometers. The minimal
photometer has a size of 7.5 cm x 7.5 cm x 7.5 cm, while the collimating optics photometer
has a size of 20 cm x 12 cm x 16 cm.

Staple parts, no machining necessary This requirement is fulfilled, and the presented
ozone gas photometers can be developed using only standard components, 3D printing,
and soldering.

Root-mean-square percentage error For the RMSPE the aim is to be below 5%. For the
minimal photometer, the RMSPE is 2.5% and for the collimating optics photometer, the
RMSPE is 2.64%.
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Overall, the performance of the minimal design is as good as that of the more com-
plicated design with collimating optics, which is a promising result for the development
of compact and low-cost instruments.
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Optical dissolved ozone
sensing in medicine

Parts of this chapter are based on: L. Petani, D. Tils, L. Wiihrl, I. Sieber, and
C. Pylatiuk, “Design, simulation, and evaluation of a low-cost photometer for
dissolved ozone measurement”, (accepted), Tel Aviv, Israel: IEEE International
Conference on Microwaves, Communications, Antennas, Biomedical Engineering
& Electronic Systems (COMCAS), Jul. 9-11, 2024.

In the following, the state of the art in optical dissolved ozone sensing is assessed.
Currently, there is no photometer available that meets the requirements listed in Tab 8.1.
Here, a photometer for dissolved ozone sensing in medicine is developed. First, the used
materials and methods are presented. Afterwards, the proposed photometer is reported,
and the results are provided and discussed.

As reported in Tab. 8.1, the photometer needs to be encapsulated and to measure
dissolved ozone up to 70 mg1~1. Furthermore, the photometer should measure with the
direct optical absorption principle and thus not require the addition of supplementary
chemicals. The response time should be below 10 s and the cost of the photometer below
1406 €. Additionally, a high selectivity against oxygen and a size below 35 cm x 20 cm x
15 cm are essential. Also, only commercially available staple parts should be used, and
no machining should be used during the manufacturing process. The RMSPE should be
below 15%.
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Tab. 8.1: Overview of the most important requirements for a photometer for dissolved ozone

parameter requirement

design needs to be enclosed, no leakage of
gaseous ozone into the ambient air

range dissolved ozone: up to 70 mg1~1

measurement principle direct optical absorption

response time below 10 s

costs below 1406 €

selectivity high selectivity against oxygen

size below 35 cm x 20 cm x 15 cm

parts staple parts

manufacturing no machining

RMSPE below 15%

8.1 Current state of the art in optical dissolved
0ozone sensing

In comparison to electrochemical measurement, optical ozone measurement is generally
promising due to the possibility of real-time observations and the resulting shorter reaction
and recovery durations [10], [347]. According to Equation 3.1, which represents Lambert-
Beer’s law, the light absorption is directly proportional to the ozone concentration.
There are two possible methods for measuring ozone optically: optical absorption or
colourimetric methods. Ozone concentration is measured indirectly using colourimetric
photometers such as the PF-3 photometer (Macherey-Nagel GmbH & Co. KG, Diiren,
Germany). This photometer costs approximately 445 € and measures at a wavelength of
530 nm. With colourimetric photometers, continuous measurement is not feasible, and
additional chemicals are required. Hence, for use in medicine, direct optical absorption
measurement is better suited. Devices for measuring direct optical ozone that are currently
on the market are rather costly. For instance, the BMT 964 AQ (BMT Messtechnik GmbH,
Stahnsdorf, Germany) and the OPUS sensor (TriOS Mess- und Datentechnik GmbH,
Rastede, Germany) cost, respectively, more than 7032 €. The BMT 964 AQ has the
following dimensions: 260 mm x 160 mm x 91 mm, and the OPUS sensor has a length of
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470 mm and a diameter of 48 mm. As their size already indicates, they are not intended
for integration in small bioanalytical devices.

8.2 Materials and methods

Materials The OPUS Sensor (TriOS Mess- und Datentechnik GmbH, Rastede, Germany)
is used as a reference sensor during the evaluation. The RMSPE of the commercial
optical sensor is less than 8.2% [14]. Also, the ozone production and dispersion in water
are comparable to previous research [14]. During the tests, bi-distilled water is used.
The following components, shown in Fig. 8.3, are used in the photometer: the quartz
glass cuvette 100-QS with a 10 mm light path (Hellma GmbH & Co. KG, Miillheim,
Germany), the 260 nm LED ILR-XN01-S260-LEDIL-SC201 (Intelligent Group Solutions
Ltd, Thatcham, UK), an LED heat sink, and heat-conducting paste. To prevent rapid
photosensor saturation, the power of the LED is decreased via pulse-width modulation
to 35%. The GUVA-S12SD photosensor (Adafruit Industries, New York City, NY, USA)
is additionally applied. Also, a voltage regulator (MF-6402402), an LED driver with an
output current of 350 mA (RCD-24-0.35), a 22-bit analog digital converter (ADC) (MCP
3551) installed on a breakout board, a fan, and a safety switch are applied. The voltage
regulator lowers the sensor voltage from 5.7 V to 3.3 V. A Raspberry Pi 3B+, a 4.3"
touch-screen, and the ultraviolet (UV) plano-convex lens 48-814 (Edmund Optics Ltd,
York, UK) are also used. The Stratasys uPrint SE Plus fused deposition modelling (FDM)
3D-printer is used to create the 3D-printed components, made of acrylonitrile butadiene
styrene (ABS). Measurements are carried out using ozonised olive oil, which is used in
medical therapy, in addition to ozonised water [40]. Commercially available olive oil
purchased from a supermarket is compared with ozonised olive oil (Kastner-Praxisbedarf
GmbH, Rastatt, Germany) for the purpose of measuring the ozone content in olive oil.

Lambert-Beer’s law An optical absorption photometer, which is based on a direct mea-
surement method, can measure the ozone concentration. Concentration and light ab-
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sorption are inversely related. Equation 8.1 results by calculating the photometer’s
concentration using Lambert-Beer’s law [126].

A:log(IIO) =c-c-d (8.1)

The absorption is A, the light’s intensity without the sample is I, the light’s intensity
with the sample is I, the molar absorption coefficient is ¢, the concentration is ¢, and
the path length is d. Lambert-law Beer’s can only be applied if monochromatic light is
present and the light’s path length is known [126]. The molar absorption coefficient for
ozone at 260 nm is 3000 cm 1M1 [348].

Simulation Ray Optics Simulation [349], an open-source online application that simu-
lates light refraction and reflection, is used to replicate the photometer setup. Before
assembly, the simulation is run to determine the initial configuration for the positions of
the light-emitting diodes (LEDs), optical components, and photosensor.

Evaluation Preliminary tests are performed using a setup that allows easy movement of
all included parts to identify the ideal positions for the strongest photometer signal. Then,
using these positions, a second configuration is created. Two measurement series are
conducted with a total of 66 measurement values for the evaluation of the photometer’s
second configuration. Measurements are done every 2 min to 4 min with gradually rising
ozone concentrations during the first measurement series. A second series of measure-
ments is conducted in a similar manner, but with decreasing ozone concentrations. The
measurements are performed with increasing time intervals because the concentrations
decline logarithmically rather than linearly. The ozone concentration is raised in the
first measurement series during the course of 83 min, reaching a maximum of 19 mg1~1.
Since ozone decay takes significantly longer than it does to ozonate water and hence raise
the ozone concentration, additional measurements are made in the second measurement
series with decreasing ozone concentrations. Thus, the second measurement series lasts
135 min. Non-ozonised and ozonised water are used for the measurements. Both the
root mean squared error (RMSE) and the RMSPE are calculated after determining the
linear regression.

The photometer is also used to measure the amount of ozone in both pure and ozonised
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olive oil, in addition to bi-distilled water. The utilised ozonised olive oil has a distinct
look from pure olive oil. Instead of the pure olive 0il’s golden yellow colour, it looks
more translucent and white. At room temperature (RT), the ozonised olive oil appears
more viscous than the non-ozonated oil. For a comparison with Lambert-Beer’s law, the
viscosities of the various measuring substances (in this case, ozonised and pure olive oil)
must be comparable [126]. In order to get a comparable viscosity for both samples, the
oils are heated to 40 °C. Four measurements are taken for both oils. The average is then
determined for both the pure and the ozonised olive oils.

Software Python 3 is used to create the software that controls all electronic components,
conducts measurements with the photometer, communicates with the user through the
graphical user interface (GUI), and displays the results on the GUI. A zero measurement,
a single measurement, or a continuous measurement may all be performed using the GUI.
Using the Lambert-Beer law, the concentration is determined by the observed intensity
of the photosensor signal. The current readings, the moving average over the past 10s,
and the current ozone concentration are all shown for each measurement.

8.3 Setup of the novel photometer for dissolved
ozone

The manufacturing technique for the photometer uses 3D-printing to enable low-cost
production, and the device has a single-board microprocessor inside. The ideal positions
for the LED, photosensor, and both lenses, according to simulation findings, are shown in
Fig. 8.1. Moreover, Fig. 8.1 depicts the photometer’s simulated light path. Fig. 8.2 shows
a schematic overview of all electrical connections between the included components. The
essential components for one photometer cost less than 843 € (for a quantity of 1 piece)
and less than 496 € (for 100 pieces), making the photometer much less expensive than
existing photometric ozone sensors. And this despite the fact that lenses and cuvettes
constructed of borosilicate glass, which are expensive, high-quality optical components
for UV light, are utilised. For manufacturing and assembly, only standardised or 3D-
printed components that are easily available are selected.
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Fig. 8.1: Setup and initial positions of the LED (1), both lenses (2), and the photosensor (3).
With the use of Ray Optics Simulation [349], the image is obtained. Both rulers display
the scale in pixels. Calculated and presented for the photosensor are the rates of energy
flow P, perpendicular momentum flow F 1, and parallel momentum flow F|| across the
shown line segment. [346] © 2024 IEEE
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Fig. 8.2: Circuit of the final photometer setup for each of the following electrical components:
photosensor (1), ADC (2), LED driver (3), LED (4), Raspberry Pi (5), touch-screen (6),
and LED fan (7). [346] © 2024 IEEE
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The photometer may therefore be easily rebuilt. An exploded view of all components,
including the optical bench (depicted in green) and the housing (shown in blue) with
touch-screen for the photometer setup, is shown in Fig. 8.3. The photometer’s entire
assembly size measures 11.5 cm x 16.1 cm x 9.8 cm.

Fig. 8.3: LED heat sink (1), LED (2), lenses (3), cuvette (4), photosensor (5), and touch-
screen (6) are shown in an exploded view of the photometer setup. The housing (7) is
shown in blue, while the optical bench is depicted in green (8). [346] © 2024 IEEE

The final photometer that measures the dissolved ozone concentration through optical
absorption is shown in Fig. 8.4.
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Fig. 8.4: Shows the final photometer configuration with touch-screen; the sliding cover is re-
moved from the photometer’s top side. [346] © 2024 IEEE [Image: Markus Breig, KIT]

8.4 Evaluation of the photometer for dissolved
ozone

The developed photometer’s measurement values in comparison to an optical reference
sensor submerged in water are shown in Fig. 8.5. As a result, the linear regression is
calculated, yielding

y = 1.1152 - x. (8.2)

The linear regression’s R? value is 0.9977. The proposed photometer has a RMSPE of
14.68% and a RMSE of 1.04 mg1~1.

Moreover, studies are carried out to determine the concentrations of ozone in both pure
and ozonised olive oil. Pure olive oil has an average photosensor output voltage of 2.2 mV,
while ozonised olive oil has a value of 2.5 mV. Here, the intensity I from Equation 8.1
corresponds to the output voltage of the photosensor. Lambert-Beer’s law predicts that
when ozone is present, the output intensity I and consequently the photosensor’s output
voltage will be lower than they would be in the absence of ozone. The intensity in the
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absence of ozone yields I;. The photosensor output voltage values indicate that there
is a discernible difference between the two oils; however, the ozonated oil has a lower
absorbance than pure olive oil. This demonstrates that Lambert-Beer’s law does not apply
here, making it impossible to determine the ozone concentration in ozonated oils with
the presented photometer.
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Fig. 8.5: Measurements for dissolved ozone and linear regression for the obtained photometer
results in comparison to an optical reference sensor. The first measurement series with
increasing ozone concentrations is displayed in blue, and the second measurement
series with decreasing ozone concentrations is displayed in orange. For the combination
of both measurement series, a linear regression is calculated. [346] © 2024 IEEE

8.5 Discussion

Here, a design for a dissolved ozone photometer is investigated. The following summarises
and discusses the requirements that are fulfilled or need further research in accordance
with Tab. 8.1.
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Enclosed design The enclosed design was successfully implemented for the photometer.
The dissolved ozone is separated from the operator by a lid.

Measurement range For the reported photometer, dissolved ozone concentrations of up
to 20mg1~! are investigated. Further research is necessary to measure dissolved ozone
up to 70mgl~1. These ozone concentrations are currently not investigated because
higher ozone concentrations could not be generated with the ozone generator. In general,
measurement of higher ozone concentrations is possible with the photometer, but they
need to be generated first. This is only possible if either the temperature during ozone
generation is lower or an increased pressure is enabled during the ozonation process.

Measurement principle The measurement principle used for the photometer should be
based on direct optical absorption. This requirement is fulfilled because this measurement
principle is implemented for the photometer.

Response time The response time should be below 10 s. This is achieved because the
current concentration is always calculated as an average over the last 10 s. Thus, every
10 s the ozone concentration value is calculated.

Costs The target regarding the costs of the photometer is a value below 1406 €. For
a quantity of 1 piece, the photometer costs less than 843 €, and for a quantity of 100
pieces, the photometer costs less than 496 €.

Selectivity against oxygen The requirement of measuring ozone selectively is achieved
because the photometer is based on the optical absorption measurement principle.

Size The photometer’s dimensions should not exceed 35 cm x 20 cm x 15 cm. This
target is reached, as the photometer has only a size of 11.5 cm x 16.1 cm x 9.8 cm.
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Staple parts, no machining necessary Only commercially accessible or 3D-printed
components are used in the proposed photometer, making it simple to build.

Root-mean-square percentage error The RMSPE for the photometer should be below
15%. The presented photometer has a RMSPE of 14.68% compared to 8.2% of the
reference sensor. Thus, the presented photometer shows accurate measurement results
while costing around 17 times less than the reference sensor.

Additionally to the presented photometer, the measurement of the ozone concentra-
tion in olive oil with the photometer is investigated. However, it is not possible to
measure the ozone concentration in olive oil with the presented photometer. Probably,
this is resulting from the oil’s structure changing during the ozonation process.
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Electrochemical dissolved
ozone sensing in medicine

Parts of this chapter are based on: L. Petani, A. Schweizer, C. Pylatiuk, P. Stiller,
U. Gengenbach, and M. Ungerer, “Optimised inkjet-printing parameters and pro-
cessing techniques for an exemplary structure of an oxygen sensor on a polyimide
substrate”, Boston, MA, USA: IEEE International Conference on Flexible, Printable
Sensors and Systems (FLEPS), Jul. 9-12, 2023. por1: 10.1109/FLEPS57599.2023.
10220420.

Parts of this chapter are based on: L. Petani, L. Llupa, Z. Peng, G. Ogata, L. Koker,
U. Gengenbach, Y. Einaga, and C. Pylatiuk, “Dissolved ozone sensing in water and
blood based on commercial screen-printed and BDD electrodes”, Toronto, Canada:
IEEE Biomedical Circuits and Systems Conference (BIOCAS), Oct. 19-21, 2023.
DOI: 10.1109/BioCAS58349.2023.10388985.

As a preliminary assessment, the manufacturing of an exemplary oxygen sensor struc-
ture with inkjet-printing (IJP) is evaluated. Comparatively to traditional subtractive
fabrication, additive manufacturing of sensors utilising printing methods minimises the
consumption of functional materials and the generation of waste. It is also possible
to meet new challenging criteria for healthcare, industrial, or environmental applica-
tions. Among these, electrochemical sensor-based healthcare monitoring applications
are expanding rapidly [352]. Digital technologies, such as IJP [215] and aerosol jet
printing [353], are reviewed in this context, with a focus on IJP as the most popular
additive manufacturing technique for printed electronics [354]. There are two primary
categories of IJP processes: raster- and vector-based IJP. Raster-based IJP includes
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moving a multi-nozzle printer across a substrate line-by-line and depositing droplets
in accordance with an image of the target geometry that is represented as a bitmap.
The quality of edges that are not parallel to the printing direction, however, may suffer
from the staircase effect as a result of this line-by-line printing method unless particular
steps, such as modifying droplet volume, are conducted. However, raster-based 1JP is
straightforward and yields uniform results when printing larger filled regions. In contrast,
a single-nozzle printer is used in vector IJP to travel in every direction. As a result,
high-quality printing may be achieved on edges that are not parallel to the main axis.
Polygons are typically used to approximate non-straight lines. Parallel lines with an
overlap are printed to fill up areas [355]. In conclusion, vector-based IJP provides greater
flexibility in making high-quality prints with complicated forms and curves, whereas
raster-based LJP is better suited for larger filled areas. Applications for printed sensors
include biomolecule detection, pH measurement, ion detection, and gas sensing (for
example, oxygen detection) [180]. For the performance of the final sensor, it is essential
to investigate various IJP settings and sintering techniques [356]. As polyimide (PI)
has exceptional thermal stability, it is frequently used as a substrate for flexible elec-
tronics, especially for high-temperature curing inks [207]. Pre-processing techniques,
such as plasma treatment, may be considered since printing on a PI substrate presents
difficulties with wetting [207]. The particular material combination must be taken into
consideration while setting the pre-processing, post-processing, and IJP parameters.
Here, the best pre-processing, IJP parameters, and sintering conditions are identified for
the combination of a PI substrate with inkjet-printed commercial gold, silver, and SU-8
passivation inks. The processing conditions for this material combination have not yet
been comprehensively examined, according to a survey of the literature.

In addition, novel electrochemical sensors for measuring dissolved ozone are investigated.
While the metabolic processes that occur during ozone therapy are well understood, it is
currently impossible to determine the amount of ozone present in tissues and blood [45].
Hence, a precise measurement of the ozone concentration is essential for the ongoing
development and use of ozone treatment in order to prevent over- and under-dosing
and to construct patient-specific therapies. Tab. 9.1 summarises the requirements for
such an electrochemical ozone sensor. In the following, an electrochemical dissolved
ozone sensor that is based on screen-printed electrodes from a commercial source is
presented. Thereby, the modified commercial sensor with a polydimethylsiloxane (PDMS)
or polytetrafluoroethene (PTFE) membrane costs in the low single-digit US dollar range.
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Tab. 9.1: Overview of the most important requirements for an electrochemical ozone sensor

parameter requirement

measurement temperature below 40 °C

response time below 15 s

wavelength no UV light

size integration in a 22-gauge spinal needle
measurement range dissolved ozone: up to 70 mg1~1
costs below 100 €

in-line measurement enabled for continuous measurement
RMSPE below 20%

The achieved accuracy for measuring ozone using various PTFE and PDMS membranes
is examined, as both of the membranes are promising for an ozone sensor [138], [209].
Also, a proof-of-concept for the use of membrane-free and electrolyte-free boron-doped
diamond (BDD) electrodes to monitor ozone in blood is presented. This establishes the
basis for monitoring dissolved ozone concentrations with a compact design and low-cost
sensors in a variety of applications.

9.1 Current state of the art in electrochemical
dissolved ozone sensing

First, the manufacturing of an exemplary oxygen sensor structure with IJP is focused.
In earlier research, the IJP parameters for a commercial silver nanoparticle (AgNP) ink
on a paper substrate were examined [356]. Evaluation is also conducted for the ink
ejection properties for commercial AgNP ink on a PI substrate, including drop spacing
values, track widths, and gap sizes [357]. Also, it has been determined what the ideal
printing layer number and sintering conditions are for a non-commercial gold ink when
it is printed on paper or a silicon wafer [358]. In addition, the sintering procedures and
IJP conditions for nano copper (Cu) ink on a polyethylene terephthalate (PET) substrate
are investigated [359].

There are dissolved ozone sensors, as reported in Tab. 3.5, that are generally accessible
on the market; however, they are often large and expensive [10]. For instance, the
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dissolved ozone monitor (Eco Sensors, Inc., Newark, CA, USA) measures ozone between
0mgl~! and 2mgl~! and has a size of 79.5 mm x 39.6 mm x 34.5 mm. The sensor costs
515 € and has an accuracy of 20%. For the measurement of the ozone concentration in
blood, only indicators that change in response to ozone concentration, such as protein
thiol groups, total antioxidant status, or thiobarbituric acid reactants, are presently
used [32].

9.2 Material and methods

For the manufacturing of the exemplary oxygen sensor structure, the materials and
methods are reported in the following. Afterwards, the materials and methods for the
manufacturing of the novel ozone sensors are presented. Thereby, a novel sensor that
uses either PTFE or PDMS membranes and commercial screen-printed electrodes is
reported for measuring dissolved ozone in water. In addition, another novel sensor is
presented that uses BDD electrodes and can measure dissolved ozone in blood. By using
BDD electrodes, the use of an electrolyte and a membrane can be omitted.

Oxygen sensor layout The sensor layout is defined as a rectangular pad for the reference
electrode (RE), a round pad for the working electrode (WE), and a circular arc pad for
the counter electrode (CE), based on earlier work [215], and the commercial electrodes
8DS.C220AT (Metrohm GmbH & Co. KG, Filderstadt, Germany). Three conductor lines
are added with rectangular pads at their ends to link the electrodes to the readout
electronics. Fig. 9.1a shows the complete sensor layout, and Fig. 9.1b depicts the sensor
layout without the passivation layer in order to visualise the conductor lines below. The
commercial electrodes 8DS.C220AT use active sensor areas with the same dimensions as
the electrodes, which are reported in the following. This causes the WE to be larger than
in earlier studies [215], which results in a higher measured current of the amperometric
sensor. It is important for repeatability that there is low fluctuation between the active
electrode area’s pads between multiple sensors on the same substrate or other substrates.
Several filling techniques are examined for the vector IJP procedure used. The printed
circuit board (PCB) design tool Altium Designer (Altium Europe GmbH, Karlsruhe,
Germany) [147], [355] is used to design the sensor layout. This involves exporting the
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Fig. 9.1: (a) Oxygen sensor layout, including WE (1), CE (2), RE (3), passivation layer (4),
rectangular pads for the readout electronics (5), and substrate (6). (b) Oxygen sensor
layout without the passivation layer to show the conductor lines (7) below that layer.

layout file to the CAD-to-CAM data interchange format, known as odb+ +. A software
application is used to post-process these files in order to build optimised machine paths,
such as those for filling the pads. The files are then exported as job files for NC printing.

Materials used for the oxygen sensor structure For the manufacturing of the exem-
plary oxygen sensor structure, the following materials are used: the vector IJP printer
MIBBS 1II [147], [355] with piezo jetters MJ-AL-01 (MicroFab Technologies, Inc., TX,
USA), the plasma lab system Atto (Diener Electronic GmbH + Co. KG, Ebhausen, Ger-
many), and ancillary laboratory equipment, such as ovens. The IJP system is shown in
Fig. 9.2. The PI film Kapton® HN (DuPont de Nemours, Inc., DE, USA) is used as the
substrate. It has a thickness of 125 um and measures 152 mm by 214 mm. The AgNP
ink S-CS01130 (GenesInk, Rousset, France), gold nanoparticle (NP) ink UTDAu401J
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Fig. 9.2: The automated inkjet-printing system MIBBS II, reported by Gengenbach et al. [147],
is shown. Included are the vacuum chuck where the substrate is printed (1), the
print head (2), the printer reservoir (3), the controller for the printing head’s vacuum
pressure (4) the printer’s user interface (5), where the settings are specified, and the
inspection camera’s detail view (6). (Modified according to [12])

(UT Dots, Inc., IL, USA), and passivation ink XP PriElex SU-8 1.0 (Kayaku Advanced
Materials, Inc., MA, USA) are used for the IJP procedure. Prior to printing, all of the inks
are filtered and degassed. Moreover, the UV curing system UJ35 (Panasonic Holdings
Company, Osaka, Japan) is utilised. It has a hand-guided LED head (ANUJ6170) and
lens (ANUJ6426). At a working distance of 20 mm and a spot diameter of 3 mm, it
offers a peak intensity of 3010 mW cm~2. The VHX-7000 digital microscope (Keyence
Cooperation, Osaka, Japan) is used to capture the microscope images. The probe station
Cascade MPS150 (FormFactor Inc., Livermore, CA, USA), tungsten probe tips with a
tip size of 150 pm, and the DC resistance measurement function of the LCR-Meter 981
(B&K Precision Corporation, CA, USA) are used to measure the electrical resistivity
values. Cross-section measurements are performed using the S Neox 035 Optical Profiler
(Sensorfar Group, Barcelona, Spain) in confocal measuring mode with a 50x bright field
objective.

Selection of pre-processing, inkjet-printing, and post-processing process for the oxygen
sensor Various pre-processing, vector IJP, and post-processing processes are investi-
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gated for gold, silver, and passivation inks. Moreover, several filling structures for the WE,
CE, and RE are examined. The resulting structures are examined under a microscope for
all variants and parameter changes, and the conductor tracks’ resistivity is determined.
The process with the best electrical resistivity values is then chosen. The electrical resis-
tivity is always determined for three sensors of the same process, and the mean value
is then calculated in order to compare various parameters and processing variants. For
amperometric sensors, a higher conductivity and a lower electrical resistivity value are
preferable [360].

Materials used for the novel ozone sensors An ozone generator and a reference sensor
from an earlier published experiment [14] are used to produce and analyse dissolved
ozone in water. The used reference sensor, the OPUS sensor (TriOS Mess- und Datentech-
nik GmbH, Rastede, Germany), has a RMSPE of less than 8.2%. Commercial electrodes
8DS.C220AT (Metrohm GmbH & Co. KG, Filderstadt, Germany), a potentiostat SAUT204
Autolab PGStat 204 with multiplexer (Metrohm GmbH, Filderstadt, Germany), double-
sided silicone tape 96042 with dimensions of 9 mm in width and 0.127 mm in thickness
(3M Coperation, Maplewood, MN, USA), and an 8 mm stamping tool are also utilised.
The commercial electrodes have the following size: 3.4 cm x 1 cm x 0.05 cm. Potassium
nitrate 0.1 M is used as the electrolyte for the screen-printed electrodes, and bi-distilled
water is applied as the measuring substance. 47 mm-diameter PTFE unlaminated hy-
drophilic membranes (Sterlitech Cooperation, WA, USA) are used. These membranes
have the following pore sizes (thicknesses): 10 pum (thickness of 130 um), 1 pm (thickness
of 203 um to 305 pm), 5 pm (thickness of 152 pm to 254 pym), 0.45 pm (thickness of
25 ym to 51 ym), and 0.2 pm (thickness of 25 ym to 51 um). Also, 125 mm x 125 mm
PDMS sheet membranes GASKET-UT-200PK, GASKET-UT-50PK, and GASKET-UT-20PK
(SiMPore Inc., NY, USA) are applied. These membranes are non-porous and have the
following thicknesses: 200 um, 50 pm, and 20 um. Fig. 9.3a shows all used materials for
the application of the membranes on the commercial sensors.

BDD electrodes are used, which can measure ozone without utilising a membrane and
electrolyte [71], to quantify the amount of ozone in blood. Shorter diffusion paths are
achieved without a membrane. In addition, omitting an electrolyte makes the sensor
design simpler. The Handlex ozone generator (Nikka Micron Co. Ltd., Waseda, Japan),
as well as potentiostat SAUT204 Autolab PGStat 204 (Metrohm GmbH, Filderstadt,
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Germany), and 1% BDD as WE and CE are applied. The production of the 1% BDD
electrodes follows the electrochemical methods described in earlier work [361]. For the
RE, Ag/AgCl is connected with a salt bridge. Also, porcine blood (Tokyo Shibaura Zoki
K.K., Tokyo, Japan) is purchased. The V-570 UV/VIS/NIR Spectrometer is used as the
reference sensor for the blood ozone measurements (Jasco Cooperation, Tokyo, Japan).

1

a b

Fig. 9.3: (a) Materials that are used for the application of the membranes on the screen-printed
commercial electrodes (1), including stamping mask (2), stamping tool (3), scalpel (4),
sciccors (5), PTFE membrane (6), and PDMS membrane (7). (b) Applied double-sided
silicone tape (8) on the screen-printed electrodes (1).

Preparation and modification of the ozone sensors An intermediate adhesive layer
(shown in Fig. 9.3b), consisting of double-sided silicone tape, is created before the mem-
brane is attached to the sensor. Three layers of double-sided adhesive tape make up
the intermediate adhesive layer, creating a chamber above the sensor’s active electrode
area. Two circles with an overlapped diameter of 8 mm each make up the chamber.
Afterwards, electrolyte is injected into a chamber between the membrane and the active
electrode area of the commercially available screen-printed electrodes. The schematic of
the overall preparation and modification process is shown in Fig. 9.4
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Fig. 9.4: (a) Original sensor. (b) Sensor with the first layer of double-sided adhesive tape.
(c) Sensor with the second layer of tape. (d) Sensor with the third layer of tape.
(e) Sensor with the attached membrane. (f) Final prepared ozone sensor with injected
electrolyte.

Fig. 9.5a depicts the injection of the electrolyte into a sensor with a transparent PDMS
membrane. Fig. 9.5b shows a sensor with a PTFE membrane and an injected electrolyte.

a b

Fig. 9.5: (a) Injecting 0.1 M potassium nitrate electrolyte (1) into the space (2) between PDMS
membrane (3) and the active electrode area (4). (Modified according to [351] © 2023
IEEE) (b) Ozone sensor based on commercial screen-printed electrodes (5) with a
PTFE membrane (6). The o-ring sealing (7) and silicone sealing (8) are above the
conductor paths (9) between the sensor and the potentiostat connection.
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Furthermore, for the measurement of dissolved ozone in blood, BDD electrodes are
used. The BDD electrodes are produced in accordance with prior work [362]. As a result,
the electrodes are first pre-treated with cyclic voltammetry (NaClOy, start potential at
0 V, upper potential at 3.5 V, lower potential at -3.5 V, 20 scans, and a scan rate of
1Vs™1) and then hydrogen terminated using chronoamperometry (NaClOy, -3.5 V for
50 s).

Evaluation of the ozone sensors The experimental setup for measuring ozone in water
to assess the performance of the screen-printed sensors is shown in Fig. 9.6a. Fig. 9.6b
shows a detailed picture of the measuring chamber with all of the sensors it contains,
including the novel ozone sensors. The measurement chamber with the reference sensor
is filled with bi-distilled water prior to conducting the ozone concentration measurements
in water using the modified commercial, screen-printed electrodes. The measurement
chamber’s dissolved ozone concentration is determined using the reference sensor. The
chamber is entirely sealed off during the experiments by a lid with sealing. This lid has
four apertures for the modified electrochemical sensors as well as additional apertures
for an ozone disperser, oxygen sensor, and temperature sensor. The water is ozonised
using an ozone generator until the target ozone concentration is obtained.

Every membrane type is subjected to three to four measurement series, each of which has
between 15 and 18 measurement points with an ozone concentration range of 0 mg1~!
to 15mgl~1. The measuring chamber is refilled with fresh bi-distilled water for each
measurement series, and new ozone sensors are selected. Using a potentiostat and the
NOVA software (Metrohm GmbH & Co. KG, Filderstadt, Germany), linear voltammetric
measurements are conducted. With the start potential at O V, the stop potential at 1V,
the scan rate at 0.1Vs~1, and the step at 2.44 mV, the NOVA process includes a linear
sweep voltammogram with a staircase profile. A multiplexer is used to record the four
channels’ findings directly, one after the other. Following that, the peak current of the
linear voltammetric readings is calculated using Python. The reference sensor’s measure-
ments of the dissolved ozone concentration levels are plotted against the peak currents
of each measurement series. The ozone concentration is determined using the modified
screen-printed electrodes and the obtained linear regression. Outliers are then located
using the Z-score approach. When a measurement’s Z-score is either -1 or 1, it qualifies
as an outlier.

9.2 Material and methods 123



124

Fig. 9.6: (a) Ozone generator (1), medical oxygen (2), reference sensor processing unit (3),
laptop (4), potentiostat (5), multiplexer (6), reference oxygen sensor processing
unit (7), measurement chamber (8), and mobile filtration cupboard (9) are all parts of
the experimental setup used for the evaluation. [351] © 2023 IEEE (b) Measurement
chamber (10), lid with sealing (11), bi-distilled water (12), reference sensor for
dissolved ozone (13), novel ozone sensors (14), ozone-oxygen disperser (15), dissolved
oxygen sensor (16), and temperature sensor (17). [351] © 2023 IEEE

The number of outliers varies from measurement series to measurement series, between
six and twenty-four outliers per membrane type.

The experimental setup for evaluating the BDD electrodes for the detection of the dis-
solved ozone concentration in blood is shown in Fig. 9.7. When using BDD electrodes to
measure dissolved ozone in blood, cyclic voltammetry is used. Thereby, a start potential
at 0.7 V, an upper potential at 0.7 V, a lower potential at -0.1 V, a stop potential at 0.69 V,
one scan, and a scan rate of 0.1 Vs ™1 are applied. Between each measurement, hydrogen
termination is carried out. Using the reference sensor, the concentration is calculated for
each measurement value. Also, a calibration curve is carried out, in which the reference
sensor and BDD electrodes are used to detect the amount of dissolved ozone in water.
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Fig. 9.7: (a) RE (1), CE (2), and WE (3) are part of the experimental setup for the assessment
of the BDD electrodes for measuring ozone in blood. [351] © 2023 IEEE (b) Shows a
close-up view of the measurement chamber, including CE (2) and WE (3).

Summary of the preparation process for the ozone sensors Fig. 9.8 shows an overview
of the preparation, modification, and evaluation process for the screen-printed ozone
Sensors.

water ozonisation
and start of the
analytical experiments

preparation of PDMS
and PTFE membranes
and the adhesive tape

preparation of the filling the sensor cham- :
: . analysing the results
optical reference sensor ber with electrolyte

preparation of
the electrolyte

attaching the mem-
brane to the sur-
face of the sensor

preparation of the
measurement chamber

Fig. 9.8: Overview of the process for preparing, modifying, and evaluating the screen-printed
0ZOne Sensors.
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9.3 Evaluation and results of the oxygen and
0ZOone Sensors

First, the evaluation and results of the exemplary oxygen sensor structure are reported.

Filling strategy for the vector inkjet-printing process Several electrode boundaries, fill-
ing procedures, and directions for each ink and electrode shape are examined in order
to produce electrode surfaces with consistent morphology. All active gold electrode
pads have polygonal boundary lines printed around them for good sensor repeatability
with regard to electrode edge quality. Sufficient edge quality is attained for the active
electrode region formed of silver ink without the use of an additional boundary line.
Lines parallel to the long pad axis produce the best results as a filling approach for the
vector IJP procedure of the rectangular pads. For the circular arc pad, optimal results
are attained with parallel lines printed perpendicular to the conductor tracks. For the
circular pad, optimal results are achieved when filled with parallel lines.

Final process chain for manufacturing the sensors Here, the whole workflow is out-
lined that enabled the best possible electrode surface morphology and electrical resistivity
measurements for the exemplary oxygen sensor structure. First, the silver ink is printed,
then the gold ink, and subsequently the passivation ink. The schematics of the final
process chain is shown in Fig. 9.9.

The PI substrate is first thermally pre-processed for 60 min at 300 °C in a preheated
oven. Then, using a MJ-AL-01-050 piezo jetter, the silver ink is printed at a substrate
temperature Tgq of 50 °C. For this IJP process, the following parameters are selected: a
backpressure p of -5.17 mbar, a single-pulse waveform (44.0V for 25 p1s), an axis accel-
eration a of 1500 mms~2, and a printing velocity v of 12.5mm s~ . The drop distance
(centre to centre) is 50 pum for both printed conductor tracks py, and pad filling lines
pp. The distance between two consecutive pad filling lines I, is 80 pm. The conductor
tracks and pads’ overlap D measures 0.5 mm. The ink droplets have a mean velocity of
2.91ms~! and a mean volume of 153 pl at a frequency of 2 kHz. The vacuum chamber
drying process is followed by oven sintering in the post-processing of the printed silver
structures. Drying is conducted with the plasma lab system. The substrate is held in the
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Fig. 9.9: Shows an overview of the final process chain, including initial PI substrate (1), oven (2),
IJP (3), vacuum chamber (4), post-processed silver ink (5), vacuum plasma chamber (6),
and post-processed silver and gold ink (7), UV radiation step (8), and post-processed
silver and gold ink passivated with SU-8 ink (9).

vacuum chamber until a 0.24 mbar chamber pressure is attained. The oven sintering is
carried out for 10 min at 150 °C.

Following the post-processing steps for the silver ink, plasma pre-processing for the gold
ink is carried out. In the vacuum plasma lab system, the substrate with the printed silver
structures is placed. The chamber is then evacuated to 0.26 mbar, argon is injected at
0.221min~ !, and plasma is ignited at 0.3 mbar and maintained for 3 min at 50 W. The
gold ink is then printed using a MJ-AL-01-050 piezo jetter with the following settings: a
backpressure p of -5.17 mbar and an adjusted double-pulse waveform (50.0V for 15 ps
followed by an idle time of 12 ps and then again 50.0V for 9 ps). Additionally, the param-
eters pr,=30um, pp=40 pm, lp=90 pm, D=0.5 mm, v=50 mm s_l, a=1500 mm s_z,
and Tq=75°C are determined with preliminary experiments for the selected ink and
substrate combination. The ink droplets have a mean velocity of 1.69 ms~! and a mean
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volume of 91 pl at a frequency of 2 kHz. The substrate is sintered in the oven for post-
processing following printing with the gold ink, using a heating curve that consists of
three heating ramps, each followed by a dwell period. The initial ramp begins at room
temperature (RT) and rises to 100 °C in 30 min, followed by the same amount of dwell
time. A dwell duration of 60 min follows the second ramp to 250 °C in 30 min. Following
the third ramp, which takes place within 20 min and gets the temperature to 300 °C,
there is a 30 min dwell period. The oven is then cooled down to 50 °C in 6 h. When RT is
once more attained after 6 h, the substrate is taken out of the oven.

The pre-processing for the SU-8 ink is carried out using an additional argon plasma treat-
ment, using the same plasma process settings that were used prior to printing the gold
ink. Following that, the SU-8 ink is jetted using a MJ-AL-01-025 piezo jetter with the fol-
lowing settings: backpressure p of 3.79 mbar, a modified double-pulse waveform (35.0V
for 29 ps, followed by 5 us of idle time, and then 40.0V for 5 ps), pp=8 pm, lp =65 pm,
D=0.5mm, v=25mms~ !, a=1500 mms~2, and Tg=50°C. The ink droplets have a
mean velocity of 5.67ms~! and a mean volume of 69 pl at a frequency of 2kHz. The
four processes that follow are post-processing procedures that adhere to the criteria set
out by ink manufacturer Kayaku. The substrate is first heated for 5min at 110 °C. The
SU-8 structures are exposed to UV radiation in the next step. At maximum power, the
UV curing is carried out at a distance of about 30 mm at a speed of 4.5mms~!. The
substrate is then post-processed in the oven for 5min at 110 °C. The substrate is placed
in an oven for the last phase of the process, during which the oven is heated from RT to
160°C in 45 min. For 30 min, the temperature is maintained at 160 °C. After that, the
oven is turned off, and the substrate is left inside the enclosed oven for the rest of the
night to slowly cool down.

Results for the exemplary oxygen sensor layout The finished exemplary structure of
the oxygen sensor, obtained with the final process chain, is depicted in Fig. 9.10a, and
Fig. 9.10b displays a close-up of the inkjet-printed structure. These images demonstrate
the very consistent surface morphology of the electrodes made possible by the vector
IJP process chain optimisation. The RE is created of silver ink, while the WE and CE are
made of gold ink. The three conductor tracks are all SU-8-passivated. Measurements of
resistance and profile with the final process chain are used to determine the electrical
resistivity values (p). An overview of these results is shown in Tab. 9.2.
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Fig. 9.10: (a) Shows the sensor obtained with the final process chain, including WE (1), CE (2),
RE (3), passivation layer (4), conductor tracks (5), and connection pads to readout
electronics (6). (b) Depicts a detailed view of the active electrode area of the final
sensor. Silver is the first printed layer, gold the second, and SU-8 passivation the
third. [350]

Tab. 9.2: Electrical resistivity values ¢ (average, maximum, and minimum) for gold and silver
ink for the exemplary oxygen sensor structure and maximum temperature during the
final process chain. The maximum process temperature is determined by the gold ink
because it is printed after the silver ink. Therefore, the silver ink is also exposed to
the sintering temperature of the gold ink. Also, the resistivity of the bulk material is

provided.
ink maximum process Paverage Pmaximum Pminimum Pbulk Paverage
temperature [MQcm] [pQcem] [pQcem] [nQ cm] Pbulk
gold 300°C 5.25 6.00 4.16 2.214 [363] 2.37
silver 300°C 2.56 2.78 2.33 1.587 [363] 1.61

Thereby, ¢ yields for silver 2.56 pQ cm with a maximum value of 2.78 pQ cm and a mini-
mum value of 2.33 nQ cm. For gold, p results in 5.25 pQ) cm with a maximum value of
6.00 p1Q cm and a minimum value of 4.16 nQ cm. This is equivalent to about 1.61 times
the specific bulk resistivity of silver (1.587 1Q ¢cm) and approximately 2.37 times the
specific bulk resistivity of gold (2.214 nQ cm), respectively at 293 K [363]. Additionally,
after being post-processed in a tunnel furnace for 5min at 200 °C, the obtained resis-
tivity of the silver lines is even lower than the lowest resistivity recommended by the
manufacturer, GenesInk (2.8 n1Q cm). The producer UT Dots states that the resistivity
of the gold ink is 2 to 7 times that of bulk gold after curing at 200 °C to 400 °C. The
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achieved resistivity of 2.37 times the bulk gold is close to the minimum specified by the
ink producer, even though the ink was never heated above 300 °C.

Results for the novel ozone sensors The findings (root mean squared error (RMSE)
and RMSPE) for the various membranes for the novel sensors measuring ozone in water,
either composed of PDMS or PTFE, are shown in Tab. 9.3. Because PDMS is a non-porous
material, the pore size is not specified for any of the membranes and is not listed in the
table. No measurements are conducted for the PDMS membrane, which has a thickness
of 20 ym, because it was impossible to fill the chamber with electrolyte because of the
thin thickness. The PTFE membranes with 0.2 pym pore sizes and thicknesses between
25um and 51 pm yield the lowest error and, thus, the lowest difference between the
novel sensor and the reference sensor. The RMSE and RMSPE values for this membrane
are 3.62mgl~! and 30.41%, respectively.

Tab. 9.3: RMSE and RMSPE values for several membranes with diverse materials, pore sizes,
and thicknesses.[351] © 2023 IEEE

material pore size [pm] thickness [pm] RMSE [mgl_l] RMSPE [%]
PDMS - 200 6.34 62.60
PDMS - 50 5.14 106.47
PDMS - 20 - -
PTFE 10 130 5.38 49.02
PTFE 5 152-254 3.12 38.87
PTFE 1 203-305 3.06 37.30
PTFE 0.45 25-51 3.57 35.51
PTFE 0.2 25-51 3.62 30.41

In order to determine the concentration of dissolved ozone in water, several series of
measurements are conducted. In the following, the results for a PTFE membrane with a
pore size of 0.2 um are reported. The results of the linear voltammetric measurement
with a staircase profile between 0 V and -0.5 V, the reference sensor values for the peak
absorption value, and the resulting linear regression are shown in Fig. 9.11. For the
linear voltammetric measurement, the start potential is at O V, the stop potential is at
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-0.5 V, the scan rate is 0.1Vs™1, and the step is 0.00244 V. As a result, the R? of the
linear regression is 0.94 and the linear regression for this measurement series yields

y=(25-107) x+(-5.4-107). (9.1)
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Fig. 9.11: (a) Measurement of the dissolved ozone concentration in water using a linear voltam-
metric procedure. [351] © 2023 IEEE (b) Resulting reference sensor values for the
peak absorption.
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Fig. 9.11: (c) Displays the calibration curve (shown in grey) and the difference between the
novel ozone sensors (represented in blue) and the reference sensor’s ozone concentra-
tion. [351] © 2023 IEEE

The calibration curve for measurements of the dissolved ozone concentration in water
(shown in blue) using BDD electrodes is presented in Fig. 9.12a. The R? is 0.95 and the
linear regression yields

v =-1.31-x + 0.268. (9.2)

Also, the results of the measurement of the dissolved ozone concentration in blood are
displayed in red, and the peak current values are mapped with the linear regression to
the concentration values. A proof-of-concept for the detection of dissolved ozone in blood
using BDD electrodes is shown in Fig. 9.12b. The different ozone concentrations can be
differentiated with discernible peak currents. When different materials are applied for
the electrodes in the two sensor designs, the position of the peak current changes [71],
which can be observed in Fig. 9.11a and Fig. 9.12b. Only the electrochemical sensor
with the BDD electrodes can distinguish between the changing concentrations of ozone
in blood; the UV sensor cannot measure its concentration. Due to the strong reactivity of
blood and ozone, it is feasible to quantify residual ozone levels in blood using the BDD
electrodes even at low residual ozone concentrations of around 0.2 mg1~1.
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Fig. 9.12: (a) Dissolved ozone measured with BDD electrodes in blood (shown in red) are
mapped with the calibration curve for dissolved ozone in water (shown in blue)
compared to the reference sensor. The resulting regression is displayed in grey. [351]
© 2023 IEEE (b) Detail view of the cyclic voltammetry used to measure ozone in
blood with BDD electrodes. [351] © 2023 IEEE
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9.4 Discussion

First, several inks, pre-processing variants, sintering methods, and post-processing vari-
ants are examined to determine the best parameters for an exemplary oxygen sensor
structure to be printed using IJP. This preliminary experiment builds the foundation for
printing an ozone sensor. Here, the workflow that produces the highest conductivity
results is outlined. Gold conductors with an electrical resistance of 5.25 nQ cm and silver
conductors with 2.56 1Q cm are produced using these optimal processing settings. This
creates a foundation for the repeatable manufacturing of electrochemical sensors using
vector IJP and electrodes made of gold and silver.

Secondly, a sensor is presented for the detection of ozone in water based on either non-
porous PDMS or porous PTFE membranes and commercial screen-printed electrodes. The
following summarises and discusses the requirements that are fulfilled or need further
research in accordance with Tab. 9.1.

Measurement temperature The presented sensors do not need a heated substrate, thus
this requirement is fulfilled.

Response time The response time should be below 15 s. Currently, the measure-
ments are conducted with a linear voltammetric measurement. Thereby, the scan rate is
0.1Vs~1 and the range between 0 V and -0.5 V is measured. Thus, the duration for one
measurement is 5 s.

Wavelength For the electrochemical measurement principle, there is no need for a light
activation. Thus, no UV light is present during the measurement.

Size The requirement for the developed sensor is that it needs to be integrated in a
22-gauge spinal needle. The current size of the presented sensor is 3.4 cm x 1 cm x
0.05 cm. Thus, additional work is necessary to further improve the miniaturisation.
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Measurement range The aim for the sensor is to be able to measure dissolved ozone
concentrations up to 70 mg 1~ 1. With the reported sensors, measurements up to 15 mg1~1
are conducted. Currently, higher ozone concentrations are not investigated because of
the ozonation process with the ozone generator.

Costs The target for the presented sensor are costs below 100 €. This requirement is
fulfilled. The cost of the sensor is below 5 €. Thereby, the commercial sensor costs about
3.5 € per sensor. The PDMS membrane costs about 0.36 € and the PTFE membrane
1.13 € per sensor.

In-line measurement The requirement to measure in-line with the sensor is enabled.
The sensor measures in the same measurement substance as the reference sensor. Thus,
continuous measurement is possible.

Root-mean-square percentage error The RMSPE for the reported sensor should be be-
low 20%. A RMSE of 6.34mgl1~! and a RMSPE of 62.60% is achieved for the PDMS
membrane. Also, a 3.62mgl~1 RMSE and a 30.41% RMSPE is attained for the PTFE
membrane. However, additional work is important to further reduce the RMSPE of the
Sensor.

The reported dissolved ozone sensor, which has a compact size, provides an effective
substitute for low-cost monitoring of dissolved ozone concentrations in a range of applica-
tions. A proof-of-concept for the use of BDD electrodes is also provided to assess blood’s
dissolved ozone content. Ozone measurements can be performed without a membrane
and without electrolyte by utilising BDD electrodes.
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Antibacterial effects of ozone



Overview Part IV

In the following part, the focus is on investigating research question (RQ) RQ3: Can
ozone be further used in medicine as an antibacterial agent for the treatment of, e.g.,
chronic wounds? First, the outcomes of earlier investigations into the antibacterial
properties of ozonated oils are compared. Subsequently, the aim is here to investigate
the antibacterial activity against Escherichia coli (E. coli) for two distinct ozonated oils in
relation to the exposure amount and time. The minimal inhibitory concentration of the
oils is investigated using agar dilution. Bacterial growth is seen at all of the doses that
are tested using the agar dilution method. To assess the inhibitory zone with and without
an emulsifier, spread-plating combined with agar dilution is also used. Here, ozonated
oils do not prevent bacterial growth in the emulsifier-free and emulsifier-containing
experiments with agar dilution combined with spread plating. In order to ascertain the
ozonated oil’s time-dependent antibacterial activities, the bacteria are also exposed to the
oils for varying lengths of time before being cultivated on either a solid or liquid medium.
The outcomes for each medium are compared with non-ozonated oil and NaCl solution
as a negative control. After 5 min of exposure to the ozonated oil, the bacteria on solid
medium are already fully inactivated. Shorter exposure periods are also investigated
for the liquid medium. After 1 min, the ozonated oils in the liquid medium show no
inhibition. The bacterial growth in the ozonated oils in the liquid medium is significantly
reduced after 5 min.
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Investigation of antibacterial
effects of ozone in medicine

Parts of this chapter are based on: L. Petani, A.-M. Jung, R.-R. Frietsch Musulin,
G. Sturm, A.-K. Kaster, and C. Pylatiuk, “Exploring the antibacterial effects of
ozonated oils in medicine: A study on Escherichia coli inhibition”, Ozone: Science
& Engineering, pp. 1-8, 2023. por: 10.1080/01919512.2023.2233746.

In the following, the focus is on exploring the antibacterial effects of different ozonated
oils. First, the related work in this area is summarised. Second, the materials and methods
of the present investigation are described. Afterwards, the results of the conducted
experiments are reported and discussed.

10.1 Related work regarding antibacterial effects
of ozone

Many studies using various methods, different strains, and yielding conflicting results
investigated the antibacterial properties of ozonated oils. The Gram-negative strain E.
coli [364]-[372] is used in the majority of studies, whereas Staphylococcus aureus (S.
aureus) [8], [364]-[367], [369]-[373] is primarily used to represent Gram-positive
species. Just a small number of research focused other strains, such as Staphylococcus
epidermidis (S. epidermidis) [364], [365] and methicillin-resistant Staphylococcus aureus
(MRSA) [8]. Table 10.1 and Table 10.2 provide systematic summaries of the findings of
previous research.
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Tab. 10.1: A summary of the techniques currently being utilised, together with experimental data, such as measurement
parameter, oil type, peroxide value, culture medium, additive, and bacterial species. [16]

measurement . peroxide value culture .. bacterial
ref. method oil type 1 i additive )
parameter [meqkg™ "] medium species
[364] agar dilution MIC sunflower 1300 MH Tween-80 E. coli
[364] makrodilution MBC sunflower 1300 MH NR . aareus,
S. epidermidis
[364] kinetic analysis LCC sunflower 1300 MH Tween-80 . adreus,
S. epidermidis
[365] agar dilution MIC sunflower 1300 MH Tween-80 S atreus, E .COll’
S. epidermidis
[366] agar diffusion Hemmbhof diameter sunflower 1400 BHB NR S. aureus, E. coli
[366] makrodilution MIC sunflower 1400 BHB - S. aureus, E. coli
[367] agar dilution MIC sunflower, - 35 5506 NR NR 5. aureus,
olive E. coli
[367] makrodilution MBC sunflower, - 735 2507 NR NR - GUPELS,
olive E. coli
[368] PP peroxide value sunflower 204-1187 NR NR E. coli
[369] agar dilution MIC sunflower 361-675 NR NR S. aureus, E. coli
[369] makrodilution MBC sunflower 361-675 NR NR S. aureus, E. coli
[373] agar diffusion Hemmbhof diameter olive 560-590 MH NR S. aureus
sunflower, S. aureus,
[370] agar dilution MIC linseed, 1617-2619 MH Tween-80 F coli
baru
[371] mikrodilution MIC sunflower 150-1800 MH Tween-80 S. aureus, E. coli
[372] modified agar diffusion Hemmhof diameter sunflower 335 LB NR S. aureus, E. coli
[8] agar diffusion Hemmbhof diameter camellia 2000-2200 NR NR S. aureus, MRSA
[8] kinetic analysis inactivation rate camellia  2000-2200 NR DMSO S. aureus, MRSA

LCC: live cell count depending on the time; MBC: minimum bactericidal concentration; NR: not reported; PP: pour-plating and moisted

with oil; ref.: reference



Tab. 10.2: Results of the techniques from Tab. 10.1 for various oils with different peroxide
values and in relation to E. coli, S. aureus, and S. epidermidis. The number of hours
represents the length of time that the particular oil was ozonated. The text "H5O",
"air", or "O5" adds information on how the oil is ozonated. [16]

. PV . S. epi-
reference oil 1, E coli S. aureus o
[meqkg™ -] dermidis
agar dilution method - MIC for the bacterial species in [mg ml ]
SO151 1761 NA NA -
SOqap 2065 NA  NA -
SOs6h 2151 7 7 -
LOq51, 1617 10 10 -
[370] LOs4p 2016 10 5 -
BO15p 2324 NA NA -
BOqap 2619 7 NA -
BO3¢p, 1988 10 10 -
geloan 1933 <3 <3 -
SOm,0 862 9.5 45 -
(367 SOH,0 2506 0.95 0.95 -
00n,0 735 9.5 4.5 -
OOn,0 2439 095 0.95 -
SOyith air 361 285 19 -
(369] SO,y 675 19 9.5 -
SOo, 376 19 9.5 -
SO0, 658 85 475 :
[364] Oleozén 1300 - 9.5 9.5
[365] Oleozén 1300 475 9.5 2.37
agar diffusion method - Hemmbhof diameter in [mml]
[366] Bioperoxoil 1400 35.6 42.2 -
[8] CO 2200 - 17 -

Continued on next page
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Tab. 10.2 — Continued from previous page

. PV ) S. epi-
reference oil _1, E coli S. aureus o
[meqkg™ "] dermidis
[373] Novox 590 - 30 -
[372] 0z.0r.0il30 335 22.5 23 -
mikrodilution method - MIC in [mg ml 1]
SO 1250 5-10 2.5 -
SO, 0, sh 1800 5 1.25 -
mikrodilution method - MIC in [mg ml 1]
SO 150 NA 40 -
[371] 2h
SOs;, 250 20-40 10-20 -
mikrodulution method - MIC in [mg ml 1]
[366] Bioperoxoil 1400 2-3.5 2-3.5 -
makrodilution method - MBC in [mg ml 1]
[364] Oleozo6n 1300 - 356 356
SOgir 361 285 128 -
SO.; 675 178 22.5 -
[369] ar
SOo, 376 285 178 -
SOo, 658 89 22.5 -
SOH2O 862 22.5 22.25 -
SO 2506 11.12 11.12 -
[367] H20
00g,0 735 22.5 2225 .
00g,0 2439 11.12  11.12 -
kinetic analysis
, linear correlation between cell
[364] Oleozon 1300 - .
count and contact time
[8] CO 2200 - 100% after 5 min

pour plating and wetting with oil - minimum peroxide value in [meqkg ']
[368] SO 204-1187 864 - -

BO: baru oil; CO: camellia oil; LO: linseed oil; MBC: minimum bactericidal concentration; MIC: minimum
inhibitory concentration; NA: not active; OO: olive oil; PV: peroxide value; SO: sunflower oil.
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Mueller-Hinton (MH), Brain Heart Blood (BHB), or lysogeny broth (LB) were the three
major culture media applied (e.g. [364], [372], [374]). Emulsifying agents, such as
Tween-80 [364], [365], [370], [371] or dimethyl sulfoxide (DMSO) [8], were added
to enable improved dispersion of oil in water-based media. Numerous research, includ-
ing [8], [366]-[369], [372], [373], do not specify the media or emulsifiers that were
utilised. The oil type containing the antimicrobial agent (here ozone) applied in earlier
investigations was primarily ozonated sunflower oil [364]-[372]. Moreover, ozonated
olive oil [367], [373], ozonated linseed oil [370], ozonated baru oil [370], and ozonated
camellia oil [8], were used. The minimum inhibitory concentration (MIC) was primarily
determined by agar dilution [364], [365], [367], [369], [370] and microdilution [371].
Also, agar diffusion experiments were used to identify the inhibitory zone (see [8], [366],
[372], [373]). Moreover, the minimal bactericidal concentration was utilised as the
primary measuring parameter for the makrodilution approach (see [364], [367], [369]).
While minimal peroxide value was the main factor in the study conducted by [368], [364]
determined the relation of contact time (ozonated oil with bacteria) and live cell count.

The following investigation is conducted to evaluate the time-dependent effects of expos-
ing E. coli cells to ozonated oils in a kinetic analysis due to the conflicting information and
lack of systematic assessments of the antimicrobial action of ozonated oils. In the follow-
ing, the experimental design and the outcomes of an investigation into the antibacterial
effects of ozonated oils on E. coli K-12 are described.

10.2 Materials and methods

Materials As test strain, E. coli K-12 MG1655 is utilised. Growth is conducted on plates
with 2% agar-agar or in LB broth (10 g I-1 tryptone, 5 g -1 yeast extract, 10 g I-1 NaCl).
If necessary, Tween-80 (2%, v/v) is applied as an emulsifying agent. Ozonated oils are
purchased from ACTIVOZONE (Pontevedra, Spain, Ozone Oil 1200) and Ozolife® (Va-

1 and

lencia, Spain, Ozone Oil 600). The peroxide values of the oils are 600 meq kg™
1200meq kg1 + 10%, respectively, as stated by the manufacturers. Ozone Oil 600 con-
sists of sunflower oil that has been ozonated, olive oil, tea tree oil, ascorbyl palmitate, and

tocopherol acetate, while Ozone Oil 1200 contains ozonated sunflower oil and ozonated
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olive oil. All experiments utilised sunflower oil (Brolio, Hamm, Germany) as a negative
control. For both ozonated oils, a test in a third-party laboratory is requested to ascertain
the peroxide value’s real concentration (my-lab International GmbH, Berlin, Germany).

According to the test results, Ozone Oil 1200 has a peroxide value of 428.4 meqkg™!,

while Ozone 0il 600 has a peroxide value of 92.1 meqkg~!.

Preliminary experiments To ensure that the used oils contain ozone and that it has
not decomposed due to incorrect storage or transport conditions, or that the oils are
falsely declared, qualitative experiments are carried out using potassium iodide starch
paper (Macherey-Nagel, Diiren, Germany) [375]. Depending on the concentration,
the iodide paper turns between brown to blue-violet. The first experiment is for the
qualitative detection of ozone. Since the ozonated oil is heated by melted agar during
some experiments, it is examined whether ozone outgasses from the oil at increased
temperatures. The experiments are carried out with both ozonated oils and, as a negative
control, with non-ozonated oil and distilled water. The iodide papers are dipped into the
respective oil and the discolouration is recorded with images after 15 min, 45 min, 2 h,
and one day, respectively.

Plating and CFU counts E. coli cultures are cultivated over night and diluted to an
optical density at a wavelength of 600 nm (ODgp) of 0.1, i.e. 1.5 x 108 CFUmlI~! [376].
The lowest temperature achievable (55 °C) is used for plate casting in order to reduce heat-
based ozone degradation. Oil is added to the medium at the following concentrations:
1mgml~!, 15mgml~1, and 30 mgml~!. The mixture is then vortexed for 60s. Each
plate received 100 pl of a standard bacterium dilution, and each plate is then incubated
at 37°C for 18 h. Manual counting and various automatic cell counters are used to
assess the colony forming unit (CFU) count (Promega Colony Counter by Promega
Cooperation, APD Colony Counter by APD Lab, and Microbial Colony Counter by MLTool
Technologies)

Minimum inhibitory concentration determination The agar dilution procedure without
an emulsifier in accordance with the Clinical and Laboratory Standard Institute (CLSI)
is used to determine the MIC [364], [365], [367], [369], [370]. Ozone Oil 1200 is
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used in all experiments in triplicates at concentrations of 30 mgml~! and 45 mgml~1.
A bacterial suspension with an ODgq of 0.01 is created. On agar plates, a spot of 2 ul of
the suspension is placed. The inoculated plates are incubated until the spots are absorbed
at room temperature (RT). Then, they are incubated for 18 h at 37 °C.

Inhibition zone determination Spread-plating CFU counts are also performed in addi-
tion to the CLSI method, where bacteria are distributed evenly across the plate rather
than in spots. Plates are incubated at 37 °C for 18 h with oil concentrations of 1 mgml~1,
15mgml~!, and 30mgml~! (Ozone 0il 600). The experiments are performed in tripli-
cates. For CFU counts without an emulsifier, oil and medium are combined by vortexing.
In 2 ml eppis, a bacterial suspension is made using LB medium as the diluent and an
ODgpp of 0.1. They are diluted by a total of 37! x 10~* using LB medium. 2% Tween-80 is
added to plates that included emulsifiers [365], [370]. 100 ul are used for the inoculation.
For combining the medium and emulsifier, two potential scenarios are examined since
they can affect how well the oil disperses in the agar medium. Before adding oil, 500 pl
of Tween-80 and 25 ml of agar are first combined in a flacon tube and stirred for 10 s.
Plates are cast after a second 10 s vortexing period. For the second scenario, 500 pl of
Tween-80 and oil are combined in a falcon tube, vortexed for 10 s, and then 25 ml of the
agar medium is added and vortexed. Three alternative mixing times of 20s, 40 s, and
60 s are evaluated here.

Kinetic analysis with liquid and solid medium With a few minor adjustments, Kinetic
studies in a liquid medium are carried out in accordance with [8]. 900 ul of ozonated
oils are combined with 100 pl of oil/bacteria suspension (cell count ml~! in 0.9% NacCl),
vortexed for 10 s, and then incubated for 5 min, 10 min, 20 min, or 60 min in Eppendorf
tubes, respectively. 10 ml of liquid LB is added to 50 ul of the oil/bacteria solution in
culture tubes. At 37 °C, incubation is done for 20 min, 60 min, and 120 min while being
shaken (at 180 rpm). The ozone exposure times ranged from 1 min to 60 min, and the
ODgqg is measured at 0 min, 20 min, 60 min, and 90 min. ODg( is calculated after 18 h
of growth.

Kinetic evaluations are carried out using both a solid medium and a liquid medium. For
the solid medium, 50 pl of the same mixture are placed onto agar plates and distributed
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equally, using the same process as is outlined for the liquid medium. Before counting
CFUs, plates are incubated for 18 h at 37 °C.

10.3 Results of conducted experiments

Preliminary experiment - potassium iodide starch paper for the detection of ozone In
the following, the results of dipping the iodide paper into the respective oil and the
yielding discoloration are reported. After 15 min, no colour change is visible in any of the
iodide papers. Since ozone is not present directly in the oil, but binds to the double bonds
of the fatty acids during ozonisation and forms stable ozonides there, it may be that the
iodide paper does not react to it in the first few minutes. After 2 h, the iodide paper
dipped in non-ozonated oil shows no significant discolouration apart from the oily stain.
The iodide paper immersed in Ozone Oil 600 shows a slight yellowish discolouration over
the entire iodide paper and a yellowish-brown discolouration of the tip. The iodide paper
dipped in Ozone Oil 1200 shows a light brown discolouration of the tip. The slightly
brownish colour after 2 h indicates that some of the ozonides have decomposed to ozone
due to external influences. After one day, a large part of the control iodide paper as well
as the ozone oil iodide paper with the Ozone Qil 600 is discoloured light brown with a
yellowish discolouration of the ends. The iodide paper treated with Ozone Oil 1200 is
completely dark brown.

In the second experiment, the ozone outgassing is examined as a function of temperature.
A slightly moistened piece of the iodide paper is clamped in the lid of a 1.5 ml eppi. Two
eppis are filled with 10 drops of the respective oil and incubated with the lid closed at
55°C or 65 °C for 10 min. After 2 min and after 10 min, images of the iodide paper pieces
are recorded. To determine how the ozonated oil behaves when mixed with heated
aqueous medium, 1 ml of distilled water together with 3 drops of the respective oil is
placed in two eppis each, homogenised with the vortexer, and the iodide paper pieces
are clamped in the lids. The eppis are incubated at 55°C and 65 °C, respectively, for
10 min and images are recorded after 2 min and 10 min. In the control experiments,
there is no significant discolouration at 55 °C after 2 min. The Ozone Oil 600 discolours
the paper yellowish, while the Ozone Oil 1200 turns it yellowish and slightly purple at
the edges. After 10 min the negative control still shows no changes. The paper treated
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with Ozone Oil 600 becomes slightly more yellowish, while the paper treated with Ozone
0Oil 1200 becomes mostly purple. The experiments at 65 °C show that both ozonated oils
turn the paper partially purple after 2 min and almost completely purple after 10 min.
The negative controls show no significant discolouration.

From the observations of the experiments, it can be concluded that both tested oils contain
ozone. The Ozone Oil 1200, as stated by the manufacturers, has a higher peroxide value
than the Ozone QOil 600. The peroxide value serves, among other factors, as an indicator
of the amount of ozone present in the oil.

Minimum inhibitory concentration determination This experiment tests the ozonated
oil’'s MIC against E. coli using agar dilution without an emulsifier. Bacterial growth is
seen at all chosen concentrations, despite very high ozonated oil concentrations. As
a result, no MIC can be established. The development of a stable emulsion of oil and
nutrient medium is more difficult to achieve at greater concentrations, hence testing at
even higher concentrations is not conducted.

Inhibition zone determination The emulsifier-containing and the emulsifier-free experi-
ment are both conducted. In contrast to the control plates with non-ozonated oil, the
results for the emulsifier-free experiment reveal no inhibition of bacterial growth by
ozonated oil. The findings of the manual counting of the CFUs on each plate are dis-
played in Tab. 10.3. In summary, no correlation between CFUs and ozone quantity is
apparent, and all values, including those of the control groups, are in the same order of
magnitude. Because just one sample can be achieved for some groups due to colonies
that can not be individually identified, no statistical analysis is done.

Furthermore, the emulsifier-containing experiment is an additional focus. Two methods
are used to conduct the Tween-80 emulsifier experiment, and they differ in the sequence
in which Tween-80, oil, and culture medium are mixed. To prepare the plates for the
first mixing option, Tween-80 and LB medium are mixed together first. Then, the oil is
added in the following step at the appropriate concentrations, and the entire mixture is
homogenised. The non-ozonated oil is used to make the control plates at concentrations
of Imgml~!, 15mgml~1, and 30 mgml~1, respectively. The same concentrations of
Ozone Oil 600 are used to create the experimental plates. Both for the experimental
plates treated with ozonated oil and for the control plates, the size and quantity of
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Tab. 10.3: Counting the CFUs in the experiments to determine the inhibition zone for the
emulsifier-free experiment using the test strain E. coli and the culture medium
LB. Ozone Oil 600 is used as an antibacterial agent, while pure LB medium and
non-ozonated oil are used as negative control agents. The oils (ozonated and non-
ozonated) are used in each experiment in triplicates (n=3) at three different concen-
trations (c1, c¢15, and ¢30). [16]

. . . 0zon. 0zon. 0Z0o1.
LB oil¢q oilcys  oailegg oiley oileys oilesg
1.8 x 107 45x107 8x107 3.4x107 4.8x10°7 3x107 3.15 x 107
2.4x107 NA NA 4x107  7.2x107 7.26x107 3.45x107
3.4x 107 NA NA NA 9.24x 107 NA 4.7 x 107

cl: 1mgml~!; c15: 15mgml~1; ¢30: 30 mgml~!; NA: not analysable because of too many cells in
non-distinct colonies; ozon.: ozonated.

individual colonies do not significantly vary depending on the concentration. Tween-80
aggregates can be detected in the medium of most plates. A quantitative analysis in
the form of CFUs counts is omitted due to anomalies, such as partially uncountable cell
clusters and air bubbles obstructing quantitative counts.

A second mixing option is used when doing the emulsifier-containing experiment. The
LB medium is added, and then the entire medium is mixed to prepare the experimental
plates for the second mixing alternative. The amount of time needed to thoroughly
merge the LB medium and Tween-80 oil mixture is tested between 20s, 40s, and 60 s.
Ozone Oil 600 is used to make all plates at concentrations between 15mgml~! and
30mgml~!. The quantity, shape, and size of colonies on the plates with concentrations
of 30mgml~! are comparable. Due to some cell clusters, the plates with a concentration
of 15mgml~1 are challenging to evaluate. Comparable to those of the emulsifier-free
mixing experiment are the control plates made with agar medium and Tween-80 as well
as with agar medium alone. The CFUs are also not counted here for the same reasons as
described above.

The first mixing alternative results in plates that have substantially more foam, air bubbles,
and Tween-80 clumps in the medium. Because of this, the second mixing alternative is
more promising than the first. When compared to the control plates with non-ozonated
oil, the results for the emulsifier-free and emulsifier-containing experiments both demon-
strate no inhibition of bacterial growth by ozonated oil.
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Kinetic analysis with liquid and solid medium ODgy) measurements are carried out for
the kinetic analysis in a liquid medium. Compared to the non-ozonated oil and NaCl
treated tubes, the ozonated oils’ initial ODg values at O min are noticeably greater.
For the majority of the examined groups, the ODg( decreases when incubator time is
increased. The experimental groups using ozonated oil have a higher decrease. The
results for the Ozone Oil 1200 are shown in Fig. 10.1a, while those for the Ozone Oil
600 are shown in Fig. 10.1b. The ozone oil exposure times are 1 min, 5 min, 20 min,
and 60 min, from left to right. After 1 min, the liquid is extremely turbid for both oils. It
starts to get considerably clearer at 5 min and stays that way for longer exposure times
after that. The Ozone Oil 1200 exhibits little and huge clumps after 5 min and 20 min,
respectively. In the last tube, there are only tiny particles. The control groups are shown
in Fig. 10.1c. The left tubes are made with an oil or NaCl suspension and incubated for
1 min, while the right tubes are incubated for 60 min. Liquids that are turbid and include
a few tiny particles are visible.

1 min 5 min 20 min 60 min 1 min 5 min 20 min 60 min

a Ozone Oil 1200 b Ozone Oil 600

1 min, oil 1 min, NaCl 60 min, oil 60 min, NaCl

c Control (NaCl and oil)

Fig. 10.1: Tubes filled with the test strain E. coli for liquid medium kinetic analysis. The an-
timicrobial agents utilised are Ozone Oil 1200 (a) and Ozone Oil 600 (b). The
used negative control agents (c) are non-ozoanted oil and NaCl and the used culture
medium is LB. All agents have exposure periods ranging from 1 min to 60 min. Cloudy
patches are seen in the Ozone Oil 1200 analysis, just like in the solid medium kinetic
analysis. [16]
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There are not many visual differences between the four tubes. The Ozone Oil 1200 and
the non-ozonated oil appear quite similar when exposed for 1 min, with the exception that
the liquid in the experimental group is clearer than that in the control group. Generally
speaking, there are a lot more particles in the experimental group than in the control
group. After 18 h of incubation, the ODg( is not calculated because the particles and
clumps affect the readings and bias the results. After 1 min, the brief exposure duration
is insufficient to significantly affect growth because there is no difference between the
experimental group and the control group. Both ozonated oils have less bacterial growth
after a 5-min exposure period. The results support the finding from solid medium
experiments that, for both oils, bacterial growth is significantly to entirely reduced even
after a 5-min exposure period. In the experiments, an emulsifier is not required.

Fig. 10.2 displays the results of the kinetic analysis with solid medium. Ozone Qil 600 is
used to treat the plates in the top row, and Ozone Oil 1200 is used to treat the plates in
the second row. The two bottom rows show the control plates on which non-ozonated
oil or NaCl solution is distributed. The results from all of the replicate plates are similar.
From left to right, the exposure times are 5 min, 10 min, 20 min, 60 min, and 90 min.
Colonies have grown significantly in the two lower rows (control groups). Even after
only 5 min of exposure, the Ozone Oil 600 stopped bacterial growth. Individual circular
colonies are not visible on any of the Ozone Oil 1200 plates, but tiny areas are seen
on each plate, which appear milky and foggy in daylight. A microscope is also used to
examine the plates. Using a microscope, a sizable number of rod-shaped E. coli bacteria
are visible on the control plates. Cloudy patches are seen under the microscope on the
experimental plates that are exposed for 90 min to the Ozone Oil 1200. The foggy spots
on the experimental plates are not E. coli, according to the microscope investigations, but
rather another substance that may have been brought on by additives or impurities in
the oil. After incubating with ozone for 5 min, no growth is apparent. The CFUs count of
the control plates with NaCl solution or non-ozonated oil is therefore skipped. With the
exception of leaving out the additive, the kinetic analysis with solid medium is carried
out in accordance with [8]. With respect to the different cell types, the results can be
compared to the current study. The inactivation rate of S. aureus and S. epidermidis with
camellia oil is 100% after 5 min [8]. The outcomes are thus equivalent to the current
work.
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5 min 10 min 20 min 60 min 90 min 50 mm

Ozone 0il 600

Ozone 0il 1200

non-ozonated oil

0.9% NacCl

Fig. 10.2: Petri dishes containing the test strain E. coli for solid medium kinetic analysis, along
with various exposure durations, antimicrobial agents, and negative control agents.
At exposure times of 5 min, 10 min, 20 min, 60 min, and 90 min, respectively, non-
ozonated oil and NaCl are used as negative control agents, while Ozone Oil 600
and 1200 are compared as antimicrobial agents. 0.9% NaCl is used as the culture
medium. [16]
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10.4 Discussion

The tested Ozone Oil 1200 causes a decrease in the growth of the E. coli bacteria in
the agar dilution used to determine the MIC. However, a comparison with the literature
reveals that the oil under test has a significantly lower antimicrobial effect despite
having relatively high peroxide numbers, according the manufacturer. There is not
much information supplied in prior studies about the mixing and casting of the plates,
which may be the reason for this. Most of the time, the guideline is mentioned and
not the specific instructions on how to perform the experiment. Particularly, there is no
description of how to mix the different components. The guideline can not be followed
here either, as it is created for research of antibiotics, which behave differently compared
to oil. No emulsifier is applied, in contrast to the studies described in earlier works.
Based on the findings of preliminary experiments, an emulsifier is not used; instead, a
vortexer is used to combine the ozonated oil with the LB medium. Despite the fact that
emulsifiers like Tween-80 adversely affect the oils’ antibacterial effect [377], [378], the
oils outperformed the controls in the studies. Even for oils with comparable peroxide
values, a significant deviation from the MICs found in earlier studies is seen. This is also
true when comparing the most recent research findings to those from earlier studies. An
oil’s antibacterial activity can also differ among different bacterial species [365]. The MIC
values of two different E. coli strains are 4.75mgml~1 and 1.18 mgml ™1, respectively.
Therefore, only research using the same bacterial strain can be compared. The contrast
between the findings of this study’s results and between and within those of earlier
studies confirms the need for standardised norms for the production and assessment
of ozonated oils. Additionally, a more detailed record of the mixing procedure and the
casting of the plates is essential.

The inhibition zone is also determined through experiments using the agar dilution and
spread-plating method. Here, it is impossible to determine whether the examined oils have
antibacterial properties. Information on the mixing procedure is lacking for comparison
with earlier studies [364], [365], [370], which used Tween-80 as an emulsifier. The
exception is the experiment by [364], in which the mixing procedure is supported by
ultrasonic. Nevertheless, the precise experimental conditions are also unknown, making
replication difficult. Tween-80 may have had only modest success as an emulsifier in
the current studies because it is administered differently. Tween-80, according to [377],
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[379], decreases the antibacterial activity of oils. This assertion can not be evaluated since
no antibacterial impact of the oil is detected for both the emulsifier-free and emulsifier-
containing experiments. The plates prepared with the emulsifier-containing experiment
responded similarly to those made with the emulsifier-free experiment, while spreading
the bacterial solution. It is likely not the ozone in the oil that causes the variations in
bacterial growth when compared to the other control groups, but rather other elements
like the oil itself and the addition of an emulsifier. The medium’s high temperatures
of approximately 55 °C may be a contributing factor in the absence of an antibacterial
effect. At the temperatures required to cast the agar plates, ozone escapes from the
oil, as is seen in the preliminary experiments using potassium iodide starch paper. So,
even before the plates are cast and solidified, a significant amount of ozone may be lost.
Spread-plating in combination with diluted agar turned out to be less practical because
the oil on the agar surface prevented the bacteria from spreading effectively.

Due to no discernible growth, the inhibition rate for both ozonated oils is recorded
to be 100% for the kinetic study in solid medium. Although completely inhibiting E.
coli bacterial growth, the Ozone Oil 1200 left cloudy areas on the plates that can not
be attributed to a usual bacterial culture. Except for the cloudy areas, the oils exhibit
comparable activity in the liquid medium.

The efficacy of ozonated oil in medical therapy is significantly influenced by its quality.
Effectiveness of the ozone generator, ozonation settings, species concentrations, and
reaction kinetics all affect the quality of ozonated oil. The iodine value, acid value,
and peroxide value are three critical criteria that serve as indications of the quality
of ozonated oil. While the iodine value and the acid value are unavailable on the
manufacturer’s website, the peroxide value is here included because ozonated oil from
a commercially available source is utilised. It is significant to note that the European
Chemical Agency (ECHA) has authorised OZONIA 3000 sunflower oil (Innovares Srl,
SantTlario d’Enza, Italy) in conformity with Registration, Evaluation, Authorisation, and
Restriction of Chemicals (REACH) regulation. With its certification, more research into
this oil’s antimicrobial activity in medical therapy is important.

The findings support the therapeutically use of ozonated oils to treat wounds infected
with E. coli bacteria because they have an antibacterial impact. Nevertheless, further
research is still necessary.
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Conclusion and future work

Herniated disk pain is a significant and common health problem [380]. There are several
therapeutic options, including ozone therapy, pharmacological steroid injections, surgery,
and physical therapy [26]. Clinical investigations indicate that ozone therapy, which in-
cludes injecting an oxygen-ozone mixture into the nucleus pulposus of the intervertebral
disk, is effective in treating herniated disks [6], [7]. Despite awareness of the metabolic
processes involved, it is presently not possible to measure the concentration of ozone in
body fluids, tissues, and blood during ozone therapy [10], [45], [92]. It is essential to
develop sensors and conduct more research for enabling ozone monitoring at the point of
injection, which prevents over- or under-dosing and enables patient-specific treatments,
in order to assure the secure and broad use of ozone therapy.

The first part of this thesis focuses on the investigation of the first research question (RQ)
RQ1: How can novel dissolved and ozone gas sensors be references for their calibration,
characterisation, and evaluation? Accurate and reliable measurement of ozone gas and
dissolved ozone concentrations is critical in various fields, including environmental moni-
toring, water treatment, and medical therapy. The development of novel ozone sensors is
necessary, and to achieve this, an accurate and reliable ozone reference system that com-
prises ozone generation and measurement is important. Reference systems with sensors
that serve as references for calibration, characterisation, and evaluation of new ozone
sensors are essential to advance and ensure the accuracy, precision, and reproducibility
of new sensors. By using reference systems as a standard against which to compare the
performance of new sensors, researchers and developers can evaluate their new sensors’
accuracy, precision, and reproducibility. In this way, new and improved sensors can be
developed, leading to better ozone measurement and monitoring in various applications.
A reference system for ozone gas and a second reference system for dissolved ozone
are presented. A comprehensive description and evaluation of the reference systems is
provided, designed explicitly for the development, characterisation, and evaluation of
novel ozone gas and dissolved ozone sensors. The reference systems offer researchers
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and practitioners a reliable and accurate tool for the advancement of ozone sensing
technology, with potential applications in various fields. This provides a basis for the
widespread and secure implementation and further investigation of ozone therapy. Fur-
ther research regarding the ozone gas reference system is important to further increase
the measurement range of the reference sensors. In comparison to earlier studies, the
ozone gas reference system described here already increases the measurement range from
the ppb into the ppm range. There are several ways to further increase this measurement
range. It is possible to utilise sensors with a larger measurement range as soon as they
are available. Presently, this can only be achieved with optical sensors, which are, e.g.,
connected to the inlet and outlet of the measurement chamber. However, these sensors
are relatively expensive. For this, it is necessary to take into account how the gas tubes
affect the ozone’s chemical stability. Alternatively, the gas supplied by the ozone generator
may be diluted in a given ratio before the concentration is measured. The installation
of a flow controller that enables accurate continuous gas mixing is necessary for the
execution of this option. The concentration range of up to 100 mg1~1, which is the range
found in literature, may be mapped, for instance, by mixing one part oxygen-ozone
mixture with 99 parts oxygen. Ensuring that all of the elements contained in the flow
ratio are ozone-compatible is a major challenge here, in addition to the correct setting
of the flow ratio. A calibrated ozone gas sensor can be used to experimentally confirm
the fulfilment of these challenges. For the reference system for the measurement of
the dissolved ozone concentration, further research may be beneficial that considers
other liquids, such as drinking water, waste water, ozonated oil, blood, and body liquids.
In addition to referencing novel sensors for calibration, characterisation, and evalua-
tion, the biocompatibility, which is essential for a medical sensor, is also highly significant.

Thus, the second part of this thesis focuses on the foundation of RQ2: How can novel
dissolved and ozone gas sensors be realised as electrochemical or optical sensors? In
general, impedimetric, amperometric, and optical absorption sensors are frequently made
of the same materials. Here, the focus is on developing a dissolved ozone sensor when
treating a disk herniation with oxygen-ozone. Monitoring the ozone concentration is
essential, both during this therapy and generally during ozone-related therapies [9].
Throughout the design and manufacturing process, the biocompatibility of sensors for
use in medicine needs to be considered. Here, an exemplary amperometric, impedimetric,
and optical absorption sensor are assessed in accordance with ISO 10993 [181]. The
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following materials are chosen for the amperometric sensor: gold nanoparticle (AuNP)
ink for the working electrode (WE) and counter electrode (CE), silver nanoparticle
(AgNP) ink for the reference electrode (RE), SU-8 for the passivation of the electrodes,
polydimethylsiloxane (PDMS) for the substrate and membrane, and potassium sulfate
(K2S04), sodium chloride (NaCl), or potassium nitrate (KNO3) for the electrolyte. The
following materials are selected for the impedimetric sensor: aluminium oxide (Al203)
for the substrate, platinum (Pt) for the electrodes, indium oxide (In203) for the sensing
material, PDMS for the membrane, and Pt or indium gallium nitride (InGaN) for the
heating element or light activation element. The materials chosen for the optical sensor
are the following: zinc oxide (ZnO) for the sensing material of the photosensor and
InGaN for the light activation element. The materials of the investigated sensors are also
used in medicine to monitor acetone, glucose, hydrogen peroxide, sweat lactate, oxygen,
and pH. The biocompatibility evaluations can therefore be transferred to these sensors.
All of the materials under investigation are promising for use in biocompatible sensors.
The biological and chemical characterisation, bioactivity, cytotoxicity, sterilisation, and
packaging processes for the sensors need to be tested further because a literature review
cannot replace them. Further research may also investigate the feasibility of using ions
in the nucleus pulposus for the sensor’s operation instead of the electrolyte. To reduce
the negative environmental effects of single-use products, the biodegradability and recy-
cling process of the final sensor need to be taken into account. Using biocompatible or
non-toxic materials increases the likelihood of creating a biocompatible device. However,
it also needs to be considered that during the production process, the characteristics
and consequently the biocompatibility may change. Moreover, materials that are only
required during production may impact how biocompatible a device is. The sensors
need to be sterile in order to come into contact with body fluids and tissues. This can
be accomplished by establishing a sterile inkjet-printing (IJP) production process or
by performing a final sterilisation step. However, because of high sintering and curing
temperatures, which may sufficiently destroy microorganisms, sterilisation measures may
not be required. Overall, the biocompatibility of the device is influenced by the materi-
als used, the surface properties, the manufacturing process, and the level of pathogen
contamination. Further research regarding biocompatibility is important to examine the
final sensor after production through biological characterisation tests.

After presenting reference systems for sensor development and investigating the biocom-
patibility of sensor materials, prototypes of various sensors are reported. The third part

155




156

builds upon the second part and further investigates RQ2: How can novel dissolved and
ozone gas sensors be realised as electrochemical or optical sensors? A simplified optical
photometer for measuring ozone gas is presented as a step towards sensors that measure
ozone concentrations for medical purposes. Two designs of an ozone gas photometer
setup are focused. The first has a low number of optical components, and the second is a
more conventional setup with beam collimating optics. Prototypes of the two designs are
produced using just standard components, 3D-printing, and soldering. The photometers
have a fast response time of 210 ms and measure ozone concentrations up to 2.5 vol%
through a photosensor that operates between 275 nm and 286 nm. The performance of
the simplified design is almost as excellent as the more complex design with collimation
optics, according to the first characterisation of both setups. Thereby, the simplified
photometer yields a root-mean-square percentage error (RMSPE) of 2.5% compared to
a reference analyser. This serves as a proof-of-concept for a straightforward, inexpen-
sive photometer and illustrates the possibility of optical absorption measurement as a
method for determining ozone concentrations. Additional research may be conducted to
further reduce the size and cost of the photometer. Also, investigations are carried out
to assess dissolved ozone concentrations optically using comparable methodologies. A
low-cost photometer setup that makes it possible to quantify the concentration of dis-
solved ozone is presented. By absorbing UV light (260 nm), the dissolved ozone content
is measured optically. With a RMSPE of 14.68% compared to 8.2% of the reference
sensor, the presented photometer provides accurate measurement results, considering
the provided photometer costs around 17 times less than the reference sensor. Only
commercially accessible or 3D-printed components are used in the proposed photometer,
making it simple to reassemble. The photometer forms the basis for future research
and advancements in the detection of dissolved ozone in medicine. Also, an exemplary
inkjet-printed oxygen sensor structure is presented in order to get towards the objective
of a miniaturised ozone sensor on flexible substrates for medical purposes. This investiga-
tion has advanced the development of compact, flexible sensors that may be included in
medical equipment. Therefore, several inks, pre-processing methods, sintering variants,
and post-processing options are examined to determine the optimal settings for the
exemplary sensor structure produced with vector IJP. Here, the workflow that produces
the highest conductivity results is outlined. Silver and gold conductors with electrical
resistivity values of 2.56 pQ cm and 5.25 uQ cm, respectively, are produced by using the
optimised workflow. This creates a foundation for the reproducible manufacturing of
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electrochemical sensors using vector IJP and electrodes made of gold and silver. In
addition, commercial low-cost electrodes are modified to serve as ozone sensors, whereby
they are manufactured with alternative methods, such as screen-printing. Thereby, a
novel dissolved ozone sensor made of commercial electrodes that are modified with a
variety of non-porous PDMS and polytetrafluoroethene (PTFE) membranes is demon-
strated. A root mean squared error (RMSE) of 6.34mgl~1 and a RMSPE of 62.60%
is obtained for the PDMS membrane. In contrast, a 3.62mgl~1 RMSE and a 30.41%
RMSPE are attained for the PTFE membrane. The suggested dissolved ozone sensor
provides a substitute for low-cost monitoring of dissolved ozone concentrations in a
number of applications with a compact size. Additionally, a proof-of-concept that shows
how to assess the dissolved ozone concentration in blood using boron-doped diamond
(BDD) electrodes is provided, whereby the peak currents of the different dissolved ozone
concentrations are well discernible.

Further research is important to reduce the response time of the amperometric sen-
sors. For the optical sensors, the main challenges are a further reduction in size and
the presence of ultraviolet (UV) light, which may be toxic for human body liquids and
tissues. For impedimetric sensors, the main challenge are the necessary measurement
temperatures. The optical absorption ozone measurement in the visible spectrum light
range has previously been investigated [77], [381], but thereby long optical path lengths
are needed, which result in a large sensor size, which is challenging for the application
during medical therapy. Additional previous work [382] also examined the measure-
ment with visible light. The ability to use blue light with gold (Au)/titanium dioxide
(TiO2)-tungsten trioxide (WO3) sensing material is reported, although the response
time over 200 s needs to be improved for the here-focused application [382]. In order
to use optical absorption sensors with UV light or reduce the response time for light
activation with visible light during medical treatments, more research is required. Ad-
ditionally, a hybrid combination of impedimetric metal oxide semiconductors (MOS)
and carbon nanotubes (CNTs) sensors offers a chance to get beyond the shortcomings
of both sensor types, such as high measuring temperatures for MOS and long response
times for CNTs [383]. Positive findings at room temperature (RT) are reported; however,
further research is required to further decrease the response time for the here-focused
application [383]. The main remaining challenge in measuring dissolved ozone during
oxygen-ozone therapy is the current assumption that body liquids and tissues within the
herniated disk are water-based. The interaction of the sensor with body fluids and tissues
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may make it less effective. Because of the body’s high ion concentration, the liquid may
function as an electrolyte, making the sensor’s electrolyte unnecessary. Due to fewer
chemicals coming into contact with the human body when the sensor is manufactured
without an additional electrolyte, there is a greater probability of a final biocompatible
Sensor.

In the fourth part, the focus is on investigating RQ3: Can ozone be further used in
medicine as an antibacterial agent for the treatment of, e.g., chronic wounds? Exper-
iments are carried out to examine the impact of ozone on bacterial cultures, such as
Escherichia coli (E. coli), in order to identify other applications of the usage of ozone in
medical therapy. Numerous studies have demonstrated the effectiveness of ozonated oils
for the treatment of chronic wounds when antibiotic therapy is unavailable or ineffective
due to resistance. However, very different detection methods have been used, and the
methods are often incompletely described. Two ozonated oils are investigated regarding
their antibacterial effect on E. coli and, thus, for their suitability for treating infected
wounds. For evaluation, both agar dilution and agar dilution combined with spread-
plating are applied. Unlike previous studies, no complete growth inhibition of E. coli for
either of the two ozonated oils is found in both agar dilution methods despite high con-
centrations. In contrast, control experiments conducted without oil but with Tween-80
as an emulsifier showed inhibition of the formation of bacterial colonies. A comparison of
the literature of the agar dilution method revealed that high peroxide levels of ozonated
oils are more inhibiting to bacterial growth than low levels. Furthermore, the influence
of the ozone exposure time on the bacteria is investigated in a kinetic analysis for solid
and liquid media. On both media and for both oils, the experiments showed complete
inactivation of the bacteria after an exposure time of 5 min. In the liquid nutrient medium,
the oils showed comparable activity in inhibiting bacterial growth. A comparison of the
findings with previous research is difficult due to the fact that many different methods
and different parameters have been used in previous studies. Ozonated oils in previous
experiments have been produced in different ways. The peroxide number can differ
greatly from what the manufacturer has stated, as experiments on the purchased oils
have shown, which affects their effectiveness. Additionally, there is a lack of standardised
procedures or guidelines for accurately testing the antibacterial effect of ozonated oils.
Also, there is still no standardised process for the production of ozonated oils or which
oil with which peroxide number should preferably be used. Thus, further studies on
ozone concentrations, exposure times, and the effect of ozone on different bacteria,
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as well as the manufacturing of standardised oils and test procedures, are required to
further investigate the effectiveness and safety of using ozonated oils as a reliable and
safe therapy for the treatment of chronic wounds.

Overall, this establishes a basis for the assessment of ozone concentration during medical
therapy, which may expand the application of ozone in medicine and enhance patient
outcomes.
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