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Abstract

The research presented in this thesis focuses on the advancement of optoelec-

tronic oxygen sensing with the vision of medical translation and commerciali-

sation. The motivation stems from medical applications and the physical prin-

ciples of operation rely on quenching of phosphorescence. The methodology

followed is based on optoelectronic instrumentation and off-the-shelf compo-

nents. The phosphorescent dye PtOEP is encapsulated in polymer matrices and

inexpensive fabrication techniques are applied for morphology control. First,

optimal windows of performance are identified through parametric variation of

configuration and signal variables with the aim of maximizing output signal to

noise ratio. Results showed the existence of favourable positioning of optical

components and specific input signal characteristics, leading to an improvement

of up to ∼ 3.3 in output dynamic range. By extension, readily available polymers

in tandem with simple fabrication techniques are employed to enhance the sen-

sitivity of oxygen indicators by inducing porosity. As a result, a ∼ 7 fold increase

in sensitivity was achieved. Additionally, an oxygen sensing and surface mor-

phology analysis showed that the desirable characteristics depend on the type

of setup (reflection or transmission based) and that the Breath Figure technique

is preferable. Finally, spray drying is used towards the creation of microfibers

embedded with the oxygen sensitive dye with the purpose of cell culture moni-

toring and a simultaneous mammalian cell proliferation. Their potential use for

wearable applications via coating with polymer rubbers was also proposed due

to the improved mechanical properties, with an elongation of up to ∼ 10 demon-

strated. In conclusion, it was shown that the effective use of widely available
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materials in conjunction with simple fabrication techniques lead to significant

improvements in optoelectronic oxygen sensing and consequently aid in its fu-

ture commercial adoption.
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Impact Statement

In recent decades, as technology has advanced and electronics have become

miniaturised, the door for on/in-body monitoring and connected healthcare has

opened. This leads to improved clinical practices and patient care linkage which

contribute to the betterment of quality of life.

Over the years, photonic biosensors have developed rapidly, driven by the

miniaturisation of electronic circuits. One of the newest and most interesting

applications that has emerged is healthcare sensing. Several technological do-

mains have began adopting applications ranging from pulse oximetry in soft tis-

sue through to infectious disease detection and quantification by imaging of mi-

crofluidic tests, among others. When combined with real-time monitoring and

data analytics, diagnosis and treatment of illnesses can be accelerated and con-

stantly monitored. This can lead to personalised care as opposed to the one-size-

fits-all approach traditionally deployed.

In the opinion of the author, this is one of the most exciting emerging areas

since both in the literature and in their respective commercial implementations

the optical systems are not optimised in many cases. There are significant im-

provements that can be made, leading to active contributions within the health-

care research community. This is particularly important in developing nations

where specialised equipment is often scarcely available. Furthermore, apart from

the healthcare aspect of oxygen sensing, a multitude of research and industry

fields could benefit from their progress. For example, in food monitoring, the

need for cost effective sensing solutions for their wide-scale adoption has been

deemed critical

To this end, the work presented here focuses on the advancement of abso-

lute oxygen sensing via phosphorescence measurements. The primary objective

is the facilitation of future commercialisation and medical translation of devices

with similar working principles. Emphasis is put on improving the capabilities

of existing sensing methodologies and providing new solutions towards future

applications.
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First, by employing existing solid state electronics, such as light emitting

diodes and photodiodes, along with digital filtering we proceeded with the iden-

tification of optimal configuration and signal parameter windows for increased

sensing performance. Secondly, the use of self assembly fabrication methodolo-

gies with drop casting of solvent based solutions allowed for significant reduction

in response/recovery times and a simultaneous increase in sensitivity. Further-

more, the use of air spraying allowed for micro-fiber meshes fabrication encap-

sulated with the phosphorescent dye, targeted towards cell culture monitoring

and complex cell proliferation. Finally, the encapsulation of fiber meshes with

silicone rubbers led to mechanically robust phosphorescent films.

Distinctively, the choice of off-the-shelf components combined with simple

and cost effective fabrication techniques allows for efficient use of available re-

sources and a targeted design of sensor configuration. Taken together, the work

presented here has the potential to aid the betterment of quality of life through

the broadening of oxygen sensor capabilities and widening the range of their ap-

plications; from clinical research such as in regenerative medicine and cancer

studies to everyday practices like remote health sensing and food monitoring.
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Chapter 1

Introduction

Measuring and monitoring the oxygen concentration of an environment has

been the subject of study for many scientific research fields that span nearly a

century. The role of oxygen in sustaining life is the best example to illustrate its

importance; every aerobic respiration process in the cellular level involves the

use of molecular oxygen to convert glucose, amino and fatty acids into energy

in the form of adenosine triphosphate (ATP). In medical sciences, this translates

into a crucial need to understand the physiological implications of its presence

as well as absence. The main focus of this thesis lies in exploring, implement-

ing and improving an optical oxygen sensing technique based on quenching of

phosphorescence. This type of sensing methodology was preferred due its versa-

tility, which stems from the ability to monitor the absolute concentration of oxy-

gen and thus allows for a wide range of potential applications. Specifically, this is

performed with the goal of future implementations in tissue and cell cultures for

the provision of a new insight in physiological processes as well as to aid the ad-

vancement of medical monitoring with the purpose of wide spread commercial

availability.

1.1 Motivation

Quantification of gaseous oxygen in humans dates as far back as 1938 (Karl

Matthes) when the saturation of blood was first measured [1]. Today, pulse

oximetry is a vital part of every hospital and is considered one of the basic phys-



1.1. Motivation 27

iological parameters that clinicians rely on for a first approach with the patient.

This technique provides a quantification of blood oxygen saturation and is based

on calculating the difference between light absorbance of oxygenated and deoxy-

genated haemoglobin. However, this is only one out of many methods for oxygen

content determination either in the form of oxygen saturation or partial pressure,

which is directly related to concentration via Henry’s law [2, 3].

Technological advances in the domain of biosensing have opened the doors

for miniaturised and flexible sensor systems that have the potential of revolu-

tionising healthcare by replacing the bulky and expensive existing equipment as

well as introducing new medical practices [4, 5]. Increasing costs in the health-

care sector along with the need for continuous and unobtrusive health monitor-

ing in modern medicine have propelled the development of affordable scaled-

down biosensors capable of delivering accurate vital sign measurements in real

time [6]. One of the most important examples is the arrival of wearable oxygen

sensors that provide vital information for the patient’s pulse and tissue oxygena-

tion [7]. Towards a similar direction, measuring the concentration of oxygen in

localised areas of the body that exhibit great clinical interest, such as in tumors,

has also been proven to be of crucial importance [8]. Therefore, it is necessary to

investigate the feasibility of such sensing systems for their widespread integra-

tion in medical procedures while overcoming current limitations. It is essential

to push the technological boundaries of biosensing in parallel with the advance-

ment of the manufacturing processes to increase their capabilities and reliability

while simultaneously provide wide scale availability.

To begin with, it is imperative to underline the benefits of an easily appli-

cable health monitoring system from a medical point of view. It is already evi-

dent that wearable and non-invasive technology as well as miniaturised invasive

techniques applied to physical medicine and rehabilitation can have a great im-

pact on practices in and out of a clinical environment [9]. The promising and

newly emerged data obtained from wearable medical devices outside hospitals

have allowed the identification of the impact that clinical interventions have on
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the quality of life of the patients and subsequently reduce it with remote moni-

toring [10]. Additionally, continuous monitoring of vital signs can provide prac-

titioners the necessary tools for early prognosis and real time decision making,

two aspects that have been outlined time and again from the medical commu-

nity to be critical in the prevention and effective treatment of diseases [11]. The

above also contribute to the further reduction in healthcare costs.

Thus, with a clear motivation in mind a significant amount of research has

focused on the creation of externally and internally mounted, miniaturised, bio-

compatible and in some cases wirelessly operated and powered oxygen sensors

aiming to provide quantitative measurements.

The scope of this thesis entails optoelectronic solutions which involve a

setup consisting of; an optical source (e.g. light emitting diode), an optical re-

ceiver (e.g. photodiode) and electronic instrumentation to process the signal

(e.g. oscilloscope). For example, due to recent advancements in this area the

seamless bio-integration of ultraminiaturised devices with the use of organic and

flexible electronics has been accomplished. Nevertheless, it should be noted that

for continuous and chronic use, the deployment of the device on hard surfaces of

the body is necessary [12]. Another promising feature has been presented from

efforts to extend the device’s lifetime by removing the battery components and

exploiting Near Field Communication (NFC) technology to power the on-board

LED and antenna for wireless communication [13], [14].

A key area of sensing is oxygen concentration determination in complex bi-

ological systems, where demand for high accuracy and precision have inspired

the development of a multitude of bio sensors employing a variety of methodolo-

gies [15,16]. Up to now, the golden standard for measuring oxygen concentration

has been Clark’s Electrode which is based on amperometric measurements [17].

Nowadays, optical solutions lead the way due to their versatility in terms of sens-

ing range, robustness and minimal consumption of the analyte under observa-

tion [18, 19]. Among other advantages, optical means have the capability of scal-

ing the measurements to multi point sensing through imaging or arrays of planar
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sensors [20, 21]. Overall, future efforts should focus on providing characteristics

that will render devices inexpensive, application specific and minimally invasive

for the system they are characterising.

The majority of optical sensors developed rely on reflection or transmission

intensity-based absorption measurements (direct detection of light) to acquire

the clinically relevant information. Namely, light emitted from the optical source

is either transmitted or backscattered onto a photodetector. A common example,

the pulse oximeter achieves its readings through the intensity variations of the

signal to extract the pulsatile variations in haemoglobin and deoxy-haemoglobin

concentrations [22]. In most cases, two sources that have a peak at different

wavelengths are used and this allows the calculation of arterial oxygen satura-

tion, heart rate and heart rate variability [23]. The importance of measuring

oxygen saturation in a non-invasive manner led to the global adoption of pulse

oximetry as the standard for oxygen saturation and pulse rate monitoring. Im-

portantly, this is achieved without the need for the time consuming, complex

and costly laboratory analysis which involves the use of electroanalytical and

pressure-based techniques [24]. This has been proven extremely important for

patient monitoring in cases such as anaesthesia, surgery, critical care, hyperoxia

and hypoxia [25].

Despite the advantages this has brought forth, it is still the case that, due

to current limitations (see also table 1.1). In detail, some of the drawbacks of

pulse oximetry include; its reliance on the presence of haemoglobin, the vari-

ability of measurements from patient to patient due to differences in skin pig-

mentation [26,27], the low accuracy in low saturation regions [28] and its depen-

dence on blood volume [29]. Thus, physicians often depend on bulky and costly

equipment that can be used only in a clinical environment. Such an example is

Near Infrared Spectroscopy (NIR) for monitoring tissue oxygenation [30]. Over-

all, there are significant improvements still to be made that have the potential of

leading to impactful changes towards medical translation and widespread adop-

tion, especially in cases where low cost is of vital importance.
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Safe Dangerous
Technical Mechanical artefacts Accuracy

Electromagnetic interference Calibration
Magnetic resonance imaging Delay

Physiological Pulse dependence Abnormal Haemoglobins
Blood Volume Other absorbents
Heart Rhythm Dyes

Delay
Pulsatile veins
Pigmentation

Table 1.1: Limitations of Pulse Oximetry [31].

Oxygen sensing has also been achieved with more complex executions such

as time diffuse optics [32] or fluorescence spectroscopy [33] to address some of

the limitations mentioned. For instance, it has been demonstrated that diffuse

optics configurations (originally developed for time of flight range finding mea-

surements) can provide reliable results in noisy environments for non-invasive

medical diagnostics applications [34]. Specifically, they offer deeper penetration

(6 cm against 3 cm), wider applications due to their intrinsic capability of distin-

guishing absorption spectra from different layers (i.e. of the skin) and a higher ac-

curacy advantage because of their reduced sensitivity to movements of the body

compared to their counterparts Continuous Wave and Frequency diffuse opti-

cal systems [35]. Additionally, other recent imaging techniques for oxygen map-

ping include photoacoustic imaging and optical coherence tomography [36], and

have shown promising results for in vivo monitoring by demonstrating capillary-

level oxygen saturation and arteriolar-level blood flow rates [37]. However, an im-

portant limitation of this kind of optics along with other microscopy techniques

is that it remains a considerable challenge to offer a robust solution that would

allow imaging and monitoring for a wide scale applicability.

For spectroscopic invasive and non-invasive sensing, due to the nature of

signal processing required, a larger form factor of their respective instrumen-

tation is often necessary. Additionally, they cannot cover cases where the light

penetration required is in the range of tens of centimeters [38] thus necessitating

invasive alternatives for tissue monitoring. Moreover, when the illumination of
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the tissue from the light source exceeds a certain level (usually in order to achieve

a greater depth) the measurements cannot be trusted due to photochemical oxy-

gen consumption [39]. A myriad of studies have been dedicated towards the im-

provement and implementation of such methodologies from a wide variety of

research fields but will not be discussed in detail in this thesis.

As an alternative, phosphorescence based methodologies have been devel-

oped to tackle previous shortcomings. The goals behind their implementation

was the expansion of existing sensors to encompass absolute concentration mea-

surements, detection of a multitude of chemical substances relevant to clinical

studies as well as provision of accurate real time data for invasive techniques [17].

The reliance on optical signals coupled with the absolute determination of oxy-

gen content renders it a promising candidate for both invasive [40, 41] and non

invasive [42] health monitoring.

Furthermore, this type of sensor has been presented as a solution to the nu-

merous limitations currently faced by pulse oximetry [43, 44]. One of the main

benefits of this approach, in relation to the currently used devices that focus on

the ratiometric working principle of haemoglobin-based detection, is the abso-

lute quantification of gaseous oxygen concentration in any type of environment.

It is crucial to underline that pulse oximetry relies on haemoglobin as an indica-

tor therefore its use is not applicable in systems where gaseous oxygen is present

but not tied to haemoglobin. On the contrary, phosphorescence based tech-

niques can provide accurate measurements in environments with and without

the presence of blood [43] and are complemented by the ability to monitor low

oxygen environments, where their counterparts lack in accuracy [44,45]. Another

key advantage is the insensitivity of phosphorescence based measurements on

skin pigmentation for transcutaneous measurements, a current bottleneck for

haemoglobin based tissue oximetry for free flap monitoring [46, 47].

To re-emphasise, this is especially important for healthcare applications

such as cancer studies where the accurate monitoring of local oxygen consump-

tion can lead to improved treatment outcomes [48, 49]. In detail, cancer treat-
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ment has been shown to strongly depend on oxygenation levels of tumour cells

[50] and cannot be tracked via pulse oximeters due to the combination of low

levels of oxygen concentration seen in tumors and reduced capacities of pulse

oximeters in these ranges (below 80% of saturation) [31]. Specifically, the lack of

oxygen -namely hypoxia or anoxia- negatively affects the success of the treatment

and thus a reliable technique to measure this would impact cancer research in

terms of effective treatment and patient outcome monitoring [51]. Another great

example is cell culture monitoring in the absence of haemoglobin for regenera-

tive medicine purposes [52]. The devices developed for these tasks utilise a wide

range of chemical and optical sensing techniques and are also of critical impor-

tance in various fields outside medical applications, ranging from environmental

studies [53] to food packaging [54].

To this end, oxygen sensors based on quenching of phosphorescence can be

realised in many ways such as optical fibre implementations with sensor mate-

rial on the tip or simple opto-electronic setup with an LED - Photodiode based

configuration. This method provides absolute quantification of gaseous oxygen

concentration and easily modifiable sensors to fit the needs of several applica-

tions in terms of range, sensitivity and response time.

The solutions proposed range from robust and simple systems similar to

pulse oximetry, [55] to large and complex instrumentation for invasive and non-

invasive sensing [56]. The phosphorescent signal is emitted from optically ex-

cited, oxygen sensitive dye molecules and then analysed by processing the sig-

nal after its electronic conversion. The oxygen sensitive, phosphorescent based

dyes that are preferred have specific spectroscopic properties [57]. The choice of

wavelengths, for example, depends on the system being characterised. Hence,

rigorous research has been conducted in order to achieve photoluminescent

emission that is reversibly affected by the presence of oxygen in the near infrared

region, for reduced scattering effects in biological environments [58].

Applications, underlying physical mechanisms, methodology and instru-

mentation of optoelectronic oxygen sensing techniques will be discussed in



1.2. Research Question 33

greater detail in the following chapters. Nevertheless, a critical understanding

behind the motivation of the research presented in this thesis has been estab-

lished based on the current challenges and intended future uses.

1.2 Research Question

The work presented here aims to improve optical oxygen sensors with the goal of

commercialisation and translation into medical practices. Specifically, the main

questions we set out to answer are: i) What is the most versatile sensing method-

ology for medical applications? ii) What is the most suitable instrumentation that

can lead to their wide-scale adoption? and iii) What are the preferred optimisa-

tion strategies in order to increase sensing capabilities while reducing fabrication

costs?

Hence, the principles of operation are founded on quenching of phospho-

rescence and optoelectronic instrumentation. This is combined with setup opti-

misation along with cost effective fabrication techniques towards increased per-

formance and availability of material.

To be more precise, an optoelectronic approach based on phosphorescence

was chosen as the preferred optical sensing technique due to its high accuracy

and wide range of applications. Furthermore, the use of off-the-shelf, solid state

optoelectronic components was preferred, while the focus of our efforts was di-

rected towards the optimisation of the configuration and signal variables through

parametric variation. In other words, the placement of components, optical

properties of background material and signal characteristics were investigated

in terms of output sensor performance.

Further on, with the purpose of increasing the sensing capabilities of phos-

phorescent films, self assembly morphology manipulation methods were chosen

on the basis of ease of implementation and availability of materials used. To this

end, porosity inducing techniques based on phase separation and the breath fig-

ure method were chosen in addition to broadly accessible polymers. To add to

this, the non woven fabrication of fiber meshes embedded with a phosphores-
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cent dye was proposed in order to broaden the mechanical properties of the in-

dicator while retaining favourable sensing properties.

1.3 Objectives

The objectives of the work presented in this thesis can be summarised as follows:

• Identification of windows of optimal configurational and signal parameters

for an optoelectronic oxygen sensor with a reflection based setup. Specifi-

cally, a key goal was the investigation of favourable positioning of the opti-

cal components and its effects on both types of measurements, i.e. lifetime

and intensity, via parametric optimisation. Also, the implementation of an

error analysis along with the variation of the signal characteristics aimed to

identify zones of optimal signal to noise ratio (SNR).

• Improvement of sensor performance in terms of sensitivity, detection

range and response time through morphology modification of polymer

based phosphorescent films. Specifically, the use of self assembly and

solvent based techniques were chosen, such as phase separation and the

breath figure method, in order to induce porosity into readily available

polymers and lead to ameliorated mechanical and sensing properties.

• Achievement of characteristics that are favourable for both cell prolifera-

tion and oxygen sensing. In particular, the fabrication of nonwoven, poly-

mer fibre meshes embedded with a phosphorescent dye through dry spray-

ing was proposed for improved morphological and sensing properties. To

add to this, the additional encapsulation with polymer rubber coatings

onto the films was carried out with the purpose of rendering the films suit-

able for mechanically robust applications.

1.4 Thesis outline

This thesis is organised in seven chapters, including the introduction and a con-

clusions section. An outline of the contents can be summarised as follows:
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• The second chapter of the thesis consists of a literature review which pro-

vides current applications and the necessary background physical princi-

ples for the comprehension of the subject under study. It is to be noted that

only optical means of measuring oxygen are described here.

• The third chapter describes the identification of parameter windows with

optimal oxygen sensing performance for a reflection based optoelectronic

sensor. Configurational and signal characteristics are analysed based on

dynamic range and an error analysis is performed for both intensity and

lifetime measurements.

• The fourth chapter presents the sensing properties and morphological

characteristics of polymer films produced via self assembly fabrication.

The use of specific polymer/solvent combinations, fabrication procedures

and type of sensor configuration (i.e transmission vs reflection) is dis-

cussed. The resulting morphologies are related to the sensing properties

of the films and their sensitivity to humidity is established.

• The fifth chapter discusses the use of spray drying for the fabrication of

polymer fiber meshes that are favourable for cell culture monitoring. The

morphology of the samples is investigated via microscopy and is related to

their sensing properties.

• The sixth chapter focuses on the fabrication of films suitable for wearable

applications by coating the fibre meshes presented in the previous chapter

with silicone rubbers. The flexibility of the films is evaluated via tensile

strength tests and their sensitivity to humidity is calculated.

• The seventh chapter consists of a summary of the findings presented in

the thesis, an outlook towards future work and prospective improvements

in the field of oxygen sensing.

• Appendices provide supplementary information for the clarification of

ideas and procedures described in the main parts of the thesis.
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Chapter 2

Literature Review

The multidisciplinary character of this field, along with its importance in a range

of scientific domains, has led to a staggering volume of literature produced

around oxygen sensing. To put this into perspective, one has to acknowledge the

different aspects involved in the design of a sensor along with its end-use. This

review, starting from potential applications, proceeds by explaining the physi-

cal background mechanisms, as well as the characterisation of materials and

optoelectronic instrumentation utilised. The scope of this thesis entails opti-

cal oxygen sensing strategies with a larger emphasis given on oxygen-dependent

quenching of phosphorescence and healthcare applications.

2.1 Applications

In this section, the current and potential applications of oxygen sensors are dis-

cussed, with an emphasis on cancer studies, cell cultures and other medical uses.

2.1.1 Cancer Studies

Oxygen is a crucial biological marker in any type of aerobic cell respiratory pro-

cess and its absence affects all kinds of tissue, including malignancies. Hypoxia

(i.e. oxygen deficiency) has been well established as a principal characteristic

of solid tumours and is associated with their progression and resistance to ther-

apy [59]. In addition to other standard pathological tumour indicators, blood

saturation and oxygenation of the areas affected have been suggested as a prog-

nostic and predictive factor [60, 61]. In advanced stages of cancer, even anoxia



2.1. Applications 38

(i.e. complete lack of oxygen) has been observed. This combined with the vari-

ability of tumour oxygenation depending on the type of cancer and each indi-

vidual patient underlines the importance of developing a rigorous approach to

oxygen sensing in solid tumours.

Figure 2.1: Oxygen partial pressure measurements over a transparent dorsal skinfold
chamber that engulfs both normal and tumour tissue. (a) Transillumination
image of the chamber tissue with the white circle marking the implanted tu-
mour. (b) Partial oxygen pressure map of the same area as a 2-D colourmap.
The colour bar shows the colour/pO2 relation. (c) The overlay of transillu-
mination and oxygen partial pressure image; nondestructively displaying the
micro-vascular structures and the corresponding oxygen partial pressure val-
ues [62].

Before proceeding to the sensing techniques that have been applied in this

field and their shortcomings, it is important to give a brief overview of the ori-

gins as well as the pathogenic effects of tumour hypoxia. Generally, the differ-

ence between hypoxic areas versus normally functioning tissue arises from the

fact that oxygen consumption outweighs the supply as a result of oxygen home-

ostasis deregulation. Three main passages can lead to this phenomenon; lim-

ited diffusion due to the microenvironment’s spatial distribution and geometry

of cells, limited perfusion due to similar defects in tumour vessels and limited ca-

pacity of the blood to carry oxygen to the tumour (this can even be a result of the

therapy followed) [63]. Subsequently, hypoxia and anoxia can lead to cell death

after a reduction in protein production but more importantly can trigger genetic
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changes prompting tumour progression and malignant metastasis. This comes

as a result of the cell’s effort to adapt to the variations in oxygen levels [63]. This

can also lead to a new tumour phenotype that limits prognostic capabilities and

increases resistance to therapy. Specifically, the Hypoxia-Inducible Factor (HIF)

system has been associated with cancer cell’s ability to adapt and grow rapidly

under hypoxic conditions [64]. To add to this, no correlation between the oxy-

genation of the metastasis and the original malignancy has yet been established,

although there is some evidence that spatial oxygen distribution is similar in both

cases [65].

It must be underlined that resistance to treatments plays a crucial role in

the clinical outcome. To this end, amperometric (Clark’s electrode principle of

function) type of measurements have shown that assessing the oxygenation of

the cancerous tissue can lead to imperative predictions of the growth’s radiosen-

sitivity which can lead to successful treatment [66]. Apart from therapy-oriented

benefits, the characterisation of the tumour’s microenvironment in terms of oxy-

gen levels can improve prognosis, especially since it is often the case that exoge-

nous parameter monitoring has been inadequate. Consequently, a direct mea-

surement of the oxygenation of tumours is crucial for both prognosis and treat-

ment [65].

The golden standard of oxygen concentration measurements has tradition-

ally been the Clark electrode. The Clark electrode is an electrochemical (based

on the net ionic reaction) sensor and specifically uses silver/platinum catalytic

surfaces as electrodes in combination with electrolytes to measure the amount

of oxygen present in a fluid (oxygen permeable polymer membranes are also

often used for insulation purposes). Among its many disadvantages is that it

only provides a single point measurement, thus spatial resolution becomes an

issue [68]. Nonetheless, an approach for spatial mapping was addressed by us-

ing computerised movements of the Clark electrode to cover an area of cancer

tissue in vivo [63]. This revealed the variability of oxygen concentrations in can-

cer cells inside and around the tumour and concluded the inability to predict
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Figure 2.2: Oxygen mapping of a subcutaneous tumour in a rat using phosphorescent
lifetime imaging and the Stern-Volmer equation [67].

the partial pressure beforehand, while these differences can also be found from

one patient to another [63]. Furthermore, the spatial distribution of oxygena-

tion could not be directly linked to any pathological stages, histological grades

or other bio-chemical parameters [63]. This once more underlines the impor-

tance of developing a robust and reproducible technique for oxygen mapping

measurements that will not perturb the local environment under study.

Although the use of Clark’s electrode has shown the perfusion and diffu-

sion limitations that give rise to hypoxic conditions, at the same time it has

been heavily criticised due to its interference with the environment under ob-

servation which leads to artificial changes in measurements stemming from cell

damage. Many efforts have focused on improvements but alternative solutions

have been deemed favourable. Towards this direction, novel approaches using

oxygen-dependent phosphorescence quenching have been applied for non in-

vasive oxygen imaging of tumours [67, 69, 70]. In some cases, oxygen imaging is

combined with other medical imaging techniques to produce depictions corre-

lating multiple parameters of physiological importance, such as in tumour mi-

crocirculation studies [62] (Fig. 2.1).
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Other efforts to study cancer cell oxygenation in vivo have been focused on

the use of such xenografts (transplant of tissue from an organism of a species that

is different from the recipient of the specimen) from humans to rats due to the

inability to take direct measurements. The methods applied mainly relied on the

use of Fick’s law (describing the amount of a substance that will flow through a

unit of area in a unit time interval) and fluorescent proteins that are correlated to

oxygen concentration [71]. In recent decades this has been also achieved through

the use of phosphorescent dyes to directly relate luminescent decay profiles to

oxygen partial pressure [72].

Up to now, the majority of research efforts have been focused on xenograft

studies mainly on other mammalian species [73–75]. Thus, further research is

necessary to provide an invasive method for real-time monitoring of tumours

in patients, while avoiding disturbance of the local microenvironment. Such a

robust method has not been suggested for any type of tumour up to date.

2.1.2 Cell Cultures

The quantification of oxygen consumption in cell cultures has attracted a lot of

interest in a variety of fields such as respirometry due to the critical role of oxygen

in the metabolic process of cells. This is particularly important in the develop-

ment of bioartificial tissue where the sufficient supply of oxygen is imperative to

its growth and survival [76]. Tissue engineering strides to meet the need for ar-

tificial tissue replacement and contributes towards the clinical outcome for de-

fective tissue treatment, which is necessary for a multitude of medical areas [77].

Currently, attempts to grow tissue in macro-scale geometry or even whole organs

in the lab have led to the exploration of new promising techniques (e.g. 3 D bio-

printing) and have exhibited successful implants for a small number of tissue

types [78, 79].

It is generally acknowledged that to study an ex-vivo physiological system it

is necessary to monitor the parameters that determine its success in a spatially

resolved manner as well as identify the correlations between them [80]. Thus, an

important goal is also to relate oxygen measurements to other parameters used
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in the characterisation of tissue development such as cell number, biochemi-

cal composition, vascularisation, histological heterogeneities, glucose concen-

tration and diffusion properties [81, 82]. Furthermore, it has been shown that

a 3D characterisation is necessary as the main source of oxygen for the cells is

diffusion, which results in oxygen gradients within the culture [83]. Once more,

the first efforts to quantify oxygen partial pressure in cell cultures was the use

of the Clark electrode but, as previously mentioned, this is not sufficient for the

mapping of gradients and changes of oxygen within a 2D or 3D space. In ad-

dition, amperometric and chemical methods of acquiring measurements would

not suffice due to their destructive interaction when in contact with cells, which

result in false measurements, and miniaturisation difficulties [19].

Figure 2.3: Two dimensional oxygen map of (A) natural cartilage and (B) construct cell
culture where the height represents the oxygen partial pressure [81].

Up to now, there have been a number of successful attempts in oxygen sens-

ing with spatial distribution by using optical means (Fig. 2.3). This has provided

insights into artificial cell constructs in terms of oxygen distribution, correlation
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with other parameters and differences with natural grown tissue [81, 84]. Im-

portantly, results from luminescent based data also helped form and confirm

mathematical models that describe nutrient transport and cell growth in biore-

actors [85], which showed non-trivial effects especially when the material used

for the incubators were silicone derivatives such as PDMS, due to continuous

perfusion [86]. In most cases, the setup implemented to arrive at such data (see

figure 2.3) involves the use of a phosphorescent film while the excitation light

is produced by an LED and the collection source is a CCD camera with an op-

tical filter in between [81]. In microfluidic bioreactors, another advantage of

using luminescent dyes is their ability for encapsulation in polymer materials.

Thus, seamless integration with the setup was achieved by embedding it to a

polymer host support, which constituted at the same time the structural basis

of the microchambers [87]. Thus, it is the author’s opinion that the most suitable

approach would involve a minimally invasive process via optical means. Con-

sequently, a promising candidate is oxygen-dependent quenching of phospho-

rescence with the use of imaging instrumentation, solid-state optoelectronics or

fibre optics.

2.1.3 Other Medical Applications

Other medical research topics involve real-time imaging of tissue with the pur-

pose of studying microcirculation and vascularisation [88]. Similarly, perfused

tissue has also been the subject of oxygen mapping using photoluminescence

with the goal of monitoring and visualising re-oxygenation patterns for the deter-

mination of regional inhomogeneities [89]. Additionally, wound oxygenation has

been the focus of many clinical studies which have driven successful attempts

to map the oxygen concentration of skin undergoing a cutaneous healing pro-

cess using 2-D phosphorescent measurements [90]. Such experiments often rely

on the use of transparent dorsal skinfold chambers from rats to achieve the de-

sired images and overcome the problem of light penetration depth [62]. More

recently, oxygen sensing bandages have been used to monitor flaps postopera-

tively using a phosphorescence based sensing methodology [91], which allowed
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for measurements independent of the patient’s skin colour (a significant issue in

haemoglobin based oximeters).

As mentioned in the introduction, a significant portion of literature pro-

duced in the last years has been focused on health monitoring. There are unde-

niable benefits from the use of pulse oximeters in both clinical and non-clinical

environments for monitoring patient vital signs. In this direction, efforts have

been made towards miniaturisation, wireless transmission of information, re-

mote or even self-powering and in some cases stretch-ability and rendering them

fit for implantable applications [92]. Specifically, biocompatible, breathable and

flexible electronics have been developed along with composite materials to sup-

port them onto the body [93]. Furthermore, the communications aspect of the

devices involving software and hardware implementation of previously existing

technology (e.g. wireless communications [94]) has provided the possibility for

easy access to data for both physicians and patients via implantable and wear-

able sensors [95]. Even network designs for wireless communications studies

have been implemented [96]. Additional to pulse and tissue oximeters, relying

on haemoglobin based detection methodologies, transcutaneous measurements

have been achieved by exploiting oxygen-dependent phosphorescence quench-

ing [97]. The principles of operation as well as the optoelectronic configuration

of such sensor applications will be analysed further in this chapter.

2.1.4 Additional Applications

In addition to medical applications, oxygen sensing has been employed in a va-

riety of fields. For example, a vital part of studying microbial communities relies

on monitoring the oxygen concentration of their environment. This leads to the

understanding of how different micro-organisms adapt to different conditions

and what kind of chemical surroundings they thrive under. Spatial distribution

is once more a key parameter when studying the correlation of the microbial

communities and their habitat as heterogeneities play an important role [98].

Such experiments are often undertaken in aquatic environments and thus sen-

sors have been adapted equivalently [99]. In the same direction, limnology and
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oceanography utilise oxygen measurements to characterise sediments in envi-

ronments with high variability of oxygen concentrations [100]. Likewise, studies

have been conducted to measure intracellular plant oxygen concentrations in or-

der to shed light in the molecular pathways of oxygen transport in plants [101].

Finally, some promising applications involve pressure sensing in aerodynamic

studies where spatial mapping of air pressure is necessary [102].

2.2 Theoretical Background

In this section, the underlying physical mechanisms and principles of operation

of two prominent optical methods for oxygen sensing will be discussed. First,

a brief overview of two wavelength absorptiometric oximetry is given and sec-

ondly, a detailed description of phosphorescence based oxygen sensing is pre-

sented.

2.2.1 Haemoglobin based detection

In pulse oximeters, the intensity based Beer Lambert’s law is implemented to

relate the difference in the received intensity from two different wavelengths

of excitation light to the absorbance of light by oxygenated and deoxygenated

haemoglobin. This approach allows for pulse and oxygen saturation monitor-

ing in blood rich environments. Specifically, an optical source emits light which

is reflected and attenuated by the various layers of tissue, venous blood, non-

pulsating and pulsating arterial blood (Fig. 2.4). The intensity of light received

at the detector is the transmitted or in some cases reflected light from the tissue

and blood under investigation. It should be noted that the angle dependence of

back-scattering is not taken into account and is assumed geometrically uniform

in reflectance based sensing [103].



2.2. Theoretical Background 46

Figure 2.4: Schematic depicting the absorption of light from the various layers of skin
and the method of pulse and arterial blood extraction [103].

Following the light excitation, the absorption reaches a peak when the heart

is contracting (systole), due to the influx of arterial blood, and reaches a mini-

mum when the heart relaxes (diastole) (Fig. 2.4). The difference between the two

phases of the cardiac cycle is the pulsating arterial blood which results in the AC

part of the signal, or else the photoplethysmogram (PPG) signal. This provides

clinicians with the means to monitor pulse rate and can help identify irregulari-

ties in the heart’s function.

The received signal from the two wavelengths is related to the intensity of

light absorbed by both deoxy-haemoglobin and oxy-haemoglobin, i.e. deoxy-

genated and oxygenated haemoglobin, respectively. In order to calculate the

oxygenation of blood the saturation is measured ratiometrically (eq. 2.1), by ex-

ploiting the fact that the two types of haemoglobin have different absorptivities

at two different wavelengths. In most cases, the wavelengths preferred are in the

red and infrared region but recent studies have achieved adequate results with

green light instead of infrared (which has also been achieved using OLEDs). This

is possible since the difference in molar extinction coefficient of Hb and HbO2 is

comparable in the two cases [104].

In detail, blood oxygenation is quantified by oxygen saturation SO2 ex-

pressed in eq. 2.1.

SO2 =
CHbO2

CHbO2 +CHb
(2.1)



2.2. Theoretical Background 47

Where C denotes the concentration.

At this point it is necessary to introduce Beer-Lambert’s law [105];

T = e−A (2.2)

where T is the transmittance and A the absorbance and;

T = I

Io
, A = lcε (2.3)

where I the transmitted intensity, Io the initial incident intensity, l the path

length, c the concentration and ε is the molar absorption coefficient.

Using Beer-Lambert’s law the ratio between the absorbance of red and in-

frared light is related to the transmitted (or reflected) light;

Ros = Ar d

Ai r
= Aλ1

Aλ2

= l n(T1)

l n(T2)
(2.4)

where T is the transmittance and A the absorbance and the subscript denotes the

wavelength (λ1,2).

Thus, with the use of the above equations and the known ratio of molar ab-

sorptivities of oxygenated and deoxygenated haemoglobin at two different wave-

lengths, one can ratiometrically calculate the arterial oxygen saturation (see eq.

2.5, [103]). It should be noted that it is assumed that the addition of the trans-

mitted, reflected and absorbed light is equal to the incident light from the optical

source.

SO2 = εHb(λ1)−εHb(λ2)Ros

εHb(λ1)−εHbO2(λ1)+ [εHbO2(λ2)−εHb(λ2)]Ros
(2.5)

Up to now, it has also been assumed that the path lengths of light travelled

through the medium are the same for the two sources. However, it must be un-

derlined that the length that the light signal travels also depends on the refractive

index of the materials in its path, a factor that changes depending on the wave-
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length (eq. 2.6);

l ∝ DPF (λ) (2.6)

where DPF is the Differential Pathlength factor (i.e. the mean pathlength that

light travels, used to compensate for the changes in the refractive index along its

path).

In order to take this into account, a modified Ros is calculated with the pur-

pose of a better referencing and normalisation process that leads to more ac-

curate data (see [106]). Importantly, pulse oximeters are type-calibrated by the

manufacturer and have been based on sample groups of people for an oxygen

saturation in the range 80-100%, due to ethical concerns to perform tests under

this point [31]. This calibration is performed for in-vitro arterial blood with the

use of other devices such as spectrophotometers. Also, depending on the man-

ufacturer, different algorithms are implemented electronically in order to reduce

erroneous data.

Finally, to measure the intensity of the light received photodiodes are usually

employed to convert luminous power into photocurrent;

P = I /R (2.7)

where P is the intensity of the illumination light, I is the current profused via the

photoelectric effect and R is the responsivity of the detector.

Furthermore, recent advances in this field have led to tissue oxygenation

mapping in humans by utilising similar principles to the ones discussed above

[107]. Specifically, cerebral and tissue oximeters do not measure the saturation

of pulsating blood delivered by monitoring a specific body part (usually the tip

of the finger or earlobe), but rather focus on monitoring oxygen homeostasis in

a specific tissue. With the use of intensity absorptiometric reflectance oximetry

and utilising the DC part of the signal (Fig. 2.4) it was possible to arrive at oxygen

saturation levels in tissue with spatial distribution [106]. In this direction, the

flexibility of organic materials has aided in the mapping of areas not possible in
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Figure 2.5: Top : Absorptivity of oxygenated (orange solid line) and deoxygenated (blue
dashed line) haemoglobin in arterial blood as a function of wavelength. The
wavelengths corresponding to the peak OLED electroluminescence spec-
tra are highlighted to show that there is a difference in deoxy- and oxy-
haemoglobin molar absorption coefficient at the wavelengths of interest.
Bottom : OPD EQE (black dashed line) at short circuit, and normalised elec-
troluminescence spectra of red (red solid line) and green (green dashed line)
OLEDs [6].
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the previous years, without significant degradation, and could provide valuable

insights into body positions of great interest to clinicians such as the forehead

[106]. This opens up the possibility to monitor the spatial distribution of tissue

oxygenation from skin grafts, organ transplants and damaged tissue (Fig. 2.6).

Figure 2.6: Device for spatially resolved tissue oxygen saturation levels based on an array
of OLEDs and OPDs [106].

Another oxygen sensing modality based on blood oxygen saturation mea-

surements is photoacoustic imaging (PAI). This type of biomedical imaging tech-

nique has the capacity to perform high resolution, spatially resolved saturation

measurements of tissue by combining the spectroscopic capabilities of optical

imaging along with the depth penetration of ultrasound procedures [108]. The

use of focused coherent light of high intensity onto tissue results in a thermoelas-

tic response of the biological material which can then be accurately detected by

ultrasound devices. Therefore, by implementing a hybrid use of the two imaging

techniques, tomogrpahy representations and molecular composition of tissue

can be acquired with an order of magnitude higher depth penetration [109, 110].

Essentially, PAI can produce 3D representations of oxygen saturation in all kinds

of tissue non-invasively.

A great example of this was presented in a study by Wang et al., which si-

multaneously showed the results from both phosphorescence quenching using
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confocal microscopy and PAI in order to map the oxygenation of blood vessels

(Fig. 2.7) [111].

Figure 2.7: Imaging of the ear of a mouse in hyperoxia in vivo: (a) Photoacoustic im-
age of total concentration of hemoglobin acquired at 570 nm (isosbestic);
(b) Photoacoustic image of oxygen saturation acquired at wavelengths of 570
and 578 nm; (c) Confocal image of time-integrated phosphorescence excited
at 523 nm. It should be noted that Sebaceous glands and blood vessels are
separated in the confocal images by integrating the phosphorescence signal
(d) before and (e) after 5 µs; (f) Phosphorescence decay curves from two re-
gions of 15×15 pixels each in the artery and vein indicated by the arrows in
(e); (g) Confocal image of the phosphorescence lifetime; (h) Confocal image
of partial oxygen pressure: PA, photoacoustic; FL, fluorescence; HbT, total
hemoglobin concentration and; , phosphorescence lifetime [111].

2.2.2 Quenching of Phosphorescence based detection

Miniaturised optical sensors have been successfully developed based on the rel-

ative intensity measurements described in the previous chapter [112, 113]. How-

ever, the literature has clearly demonstrated the numerous limitations of such a

methodology in terms of clinical outcome [43, 44]. Such limitations are their re-

liance on haemoglobin, variability depending on the skin colour and blood vol-

ume and inaccuracy at low oxygen saturation levels, among others. A promis-
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ing optical oxygen sensing technique that relies on quenching of phosphores-

cence from oxygen sensitive dyes [114] has shown improved sensitivities [74,115]

(measurements with a precision of up to 0.4 ppm of dissolved gaseous oxygen

and a relative standard deviation of 1% [116]) and can provide absolute mea-

surements even when haemoglobin is not present [57]. Presuming rudimen-

tary knowledge of photoluminescence and fluorescence (refer to [115]), phos-

phorescent quenching occurs when an intermolecular interaction between the

luminophore and a quencher results in non-radiative deactivation of the excited

state. This leads to a phenomenon where the phosphorescent light emitted varies

in intensity and decay time depending on the presence (and quantity) of oxy-

gen [117, 118]. In this section, the background physics and the principles of op-

eration of such devices are presented.

Photophysics

In general, phosphorescence based optical measurements of oxygen involve the

exploitation of photoluminescence. This is a phenomenon where energy in the

form of light is absorbed by matter, leading to higher excitation electron states,

(S1,S2), and then is emitted, after de-excitation to the ground level (S0), in pho-

tons of longer wavelength. This decay can occur via numerous possible se-

quences involving different mechanisms before reaching the ground state. Such

processes are characterised as radiative (i.e. production of a photon) and non-

radiative (i.e. internal conversion, vibrational relaxation, intersystem crossing).

Specifically, when a molecule of a luminescent material absorbs a photon it is ex-

cited from the ground state to a higher vibrational energy electronic state. In flu-

orescence and phosphorescence, non-radiative decay phenomena result in the

lowering of the energy state of the electron before its de-excitation to the ground

level. Thus when the light is emitted, with a radiative decay process after de-

excitation and a succeeding return to the ground state, lower energy and thus

higher wavelength light is produced compared to that of the excitation light.

In one such process, namely fluorescence, photons that carry less energy

than the equivalent excitation photons decay from the first vibrational levels of
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the first excited, singlet state (see appendix A.1) to the ground state, producing an

emission light of longer wavelengths (Stokes shift). In most cases, this decay path

has the highest possibility to occur for luminescent material and has a duration

of ∼ 10−7 to ∼ 10−9 s.

However, there is a second possible transition where the de-excitation hap-

pens from the lowest vibrational energy of the singlet, first excited electronic state

(S1) to a triplet state (T1) (which inherently has lower energy). This transition is

characterised by the term "spin forbidden" to indicate the change in the spin of

the electron. In order for this to be possible, a non-radiative decay has preceded

where an intersystem crossing event (transition between two states of different

multiplicity, see appendix A.1) allowed the decay to a lower electronic state of the

same vibrational but different spin energy level. The change of spin results in

a triplet electron state, which when followed by a radiative relaxation, produces

longer decays and lower energy photons when compared to fluorescence (10−5

to 102 s). This luminescent phenomenon is defined as phosphorescence [115].

Figure 2.8: Jablonski diagram of Quenching of Phosphorescence by molecular oxygen
[57].

In detail, Fig. 2.8 shows the energy states (S0,S1,S2,T1) and the different

vibrational energy levels of each state vertically, while horizontally the different
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scenarios of de-excitation paths are represented for both the luminophore and

the quencher. This type of schematic representation is described as a Jablonski

diagram. The two main luminescence phenomena are indicated, namely flu-

orescence and phosphorescence (green and red respectively), by showing spe-

cific combinations of non-radiative and radiative relaxation paths. Namely, the

non-radiative relaxation processes for the luminophore are presented as ki c (in-

ternal conversion due to vibrational relaxation), kS
i c and kT

nr (internal conver-

sion from the excited state to the ground state for fluorescence and phospho-

rescence respectively) and ki sc (intersystem crossing from S1 to T1). The radia-

tive excitation is denoted by hνex and the radiative luminescent phenomena as

K S
f - hνem , for fluorescence, and K T

f - hνem for phosphorescence. In this dia-

gram, the quenching of phosphorescence is also depicted using oxygen (O2 as

the quencher) and kq as the quenching non-radiative process, while KO repre-

sents the non-radiative relaxation from the excited state of the oxygen molecule

(singlet state) to the ground state (triplet state). Note here that oxygen has an

excited singlet state and a ground triplet state contrary to luminophores.

Quenching of phosphorescence takes place when an intermolecular inter-

action between the luminophore and the quencher results in a non-radiative

deactivation of the excited state of the luminophore and the excitation of the

quencher’s electrons. Such a process is characterised by energy transfer from one

molecule (the donor) to another (acceptor). The donor acts as a sort of catalyst

which absorbs incoming energy (photons in this case) and transfers it to the ac-

ceptor with mechanisms that could be both radiative and/or non-radiative. This

subsequently leads to the lowering of the energy of the excited triplet state of

the luminophore T1 and simultaneously to the decrease in the time the electrons

take to radiatively decay from the triplet state. Consequently, the increase in the

number of quenchers results in faster radiative decay rates (shorter phosphores-

cent decay lifetimes) but decreased intensity of emission. An explanation for the

fact that the time the electron takes to decay from a triplet state is accelerated

from the presence of a quencher is that this is caused due to the increase in the
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number of decay pathways. This leads to the phenomenon where the phospho-

rescent light that is emitted has a different intensity ( [119]) and decay lifetime

( [120]) depending on the presence and the amount of oxygen (best described in

terms of concentration). It should be noted that decay lifetime can be defined in

numerous ways (is described further in this chapter, see also appendix B) and is

related to the intensity decay profile over time after an initial excitation.

A good quencher for many phosphors is oxygen. In detail, oxygen atoms

bond together to form di-oxygen molecules which result in two unpaired elec-

trons in different orbitals, thus rendering the ground state a triplet state (3O2).

After excitation, it is possible that the unpaired electrons enter a singlet, first ex-

cited electronic state (1O∗
2 ). However, a singlet oxygen cannot be produced by

radiative processes alone and thus a "catalyst"/donor is necessary. Most organic

triplet states are such donors (see section 2.3.3 for examples of such molecules).

The quantification of changes in intensity and lifetime, due to the quench-

ing of luminophores from oxygen and their relation to oxygen concentration, has

been established with remarkable accuracy. Nonetheless, the underlying mech-

anism of the interaction between the two molecules is not certain, with the most

promising candidate being dynamical collisions. The after-effect of this collision

is the non-radiative intersystem crossing of the luminophore to a lower energy

state before de-excitation to the ground energy state (radiative decay). This is ac-

companied by the production of a higher state oxygen (singlet state), a process

that can be described by [121]:

L∗+O2 =O2
∗+L+ r adi ati on (2.8)

where ∗ represents the excited state, and L and O2 are the luminophore and the

oxygen molecule (which acts as a quencher), respectively.

The high probability of the production of an oxygen singlet (excited state) is

a strong indication of this process but quenching has been reported via electron

transfer also. If the indicator is a heavy atom or in the centre of a ligand (com-

monly metal complex ligands) then this process is highly probable and a strong
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quantum yield is possible (see appendix A.2). The collisional quenching mecha-

nism can be described by the Stern-Volmer equation;

Io

I
,
τo

τ
= 1+KSV Q (2.9)

where I0 and τ0 are the emitted luminescence intensity and decay time in the

absence of the quencher respectively. Furthermore, I and τ are the same as pre-

vious but for a certain concentration of the quencher. Finally, Q is the concentra-

tion of the quencher and KSV is the Stern-Volmer dynamic quenching constant

given by [122]:

KSV = kqτo (2.10)

where kq is the bimolecular quenching constant.

To understand the origin of this equation, one has to assume that the emis-

sion intensity is directly proportional to the population of the excited state of the

luminophore and that under continuous illumination that population does not

change as follows [115]:

d N

d t
= f (t )−γN0 = 0 (2.11)

d N

d t
= f (t )− (γ+kqQ)N = 0 (2.12)

where N , No are the populations of the excited state in the absence and presence

of the quencher respectively, f (t ) is the equation of the intensity of illumination

light and γ is the radiative decay rate in the absence of the quencher.

Combining equations 2.11 and 2.12;

N0

N
= γ+kqQ

γ
(2.13)

which clearly shows that the rate is inversely proportional to the lifetime (will be

shown also in eq. 2.15).
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It must be noted that quenching of phosphorescence is a rate process of

depopulation of the excited states thus the following equations are true;

τo = 1/γ (2.14)

τ= 1

γ+kqQ
(2.15)

Thus, combining 2.13, 2.14 and 2.15 yields the Stern-Volmer equation as fol-

lows:
τ0

τ
= γ+kqQ

γ
= 1+ kqQ

τ
= 1+kqτ0Q = 1+kSV Q (2.16)

Also, the same can be applied to Intensity measurements by considering

equations 2.17 and 2.18 to arrive at 2.19:

N ∝ I (2.17)

with the assumption that intensity of emitted light is directly proportional to the

number of excited electrons decaying to the ground state.

N0

N
= I0

I
(2.18)

I0

I
= γ+kqQ

γ
= 1+ kqQ

τ
= 1+kqτ0Q = 1+kSV Q (2.19)

During the quenching process, due to the conservation of energy laws, the

intensity is lowered as energy is removed from the system. However, the result-

ing variation in decay time can be attributed to the fact that, during dynamic

quenching, there are multiple paths for non-radiative decay, and therefore the

rate at which the excited state is depopulated increases.

To add to this, the concentration of oxygen can be related to the partial pres-

sure by using Henry’s law and the solubility constant (eq. 2.20) and by extension

to the permeability (eq. 2.21). In a state of equilibrium, in a solution of gas phase,

the product of the solubility of oxygen (sO2 ) and the partial pressure of oxygen
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(pO2 ) gives us the oxygen concentration (QO2 ) [123]:

QO2 = sO2 pO2 (2.20)

thus substituting into (eq. 2.16) yields:

τ0

τ
= 1+K D

SV QO2 = 1+K P
SV pO2 (2.21)

where K D
SV and K P

SV correspond to the Stern-Volmer coefficients for oxygen dif-

fusion and permeability coefficients, respectively.

Additional parameters that affect this process involve differences in the bi-

molecular quenching rate, which give a sense of the efficiency of the quenching

process. With the assumption that the process is diffusion-limited, the rate can

be evaluated by correlating it to the frequency of collisions ko and the diffusion-

controlled bimolecular rate constant fc (eq. 2.22) .

kq = ko fc (2.22)

where k0 can be described by the Smoluchowski equation (eq. 2.23):

ko = 4πRDN = 4πN (R f +Rq )(D f +Dq ) (2.23)

where R is the collision radii, D the diffusion coefficients for the quencher and

luminophore and N is the Avogadro number. The diffusion coefficients can be

calculated from the Einstein-Stokes equation and fc is usually between 1/9 and

1 [124].

At this point, the effects of temperature should be mentioned. To begin with,

the changes in temperature of such a complex system of dynamic parameters

are difficult to model. It affects most of the characteristics that govern the sensi-

tivity of the oxygen-dependent quenching of phosphorescence. Specifically, the

transitions from singlet to triplet in the oxygen are facilitated due to the increase

in dynamical collisions (if such is the nature of the quenching) and at the same
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time, the electronic transitions that produce the phosphorescence are hindered.

To add to this, factors such as solubility of oxygen, the permeability and diffu-

sivity in the sensing film as well as the quantum yield of the phosphor vary as a

function of the temperature. Even the response time of the sensor is altered. The

use of long-lived metalophorphyrins and referencing techniques can minimise

these effects as a source of error. It must be stated that temperature also affects

the instrumentation used to measure the quenching effect such as that any elec-

tronic equipment (such as solid-state optoelectronic devices) would also have

their performance affected due to the variations but in a more predictable fash-

ion. Thus, experimental calibration is necessary.

Experimental Data Analysis: Saturation at high oxygen levels

Up to now, a straight line Stern-Volmer equation has been assumed. However,

in most applications, the phosphorescent molecules are embedded in polymer

hosts for mechanical stability (further details in the later sections of this chapter).

In the vast majority of these cases, the heterogeneities of the microenvironment

(something inherently true in polymers), in which the interaction between the

luminophore and the quencher happens, result in deviations from this model

(Fig. 2.9).

A plethora of studies have focused on explaining the non-linearity of Stern-

Volmer plots and in most cases, this has been attributed to the distribution of

the phosphorescent probes on sites in a polymer medium. Specifically, the dis-

tribution of occupancy of sites depends on the attachment of luminophores on

site-specific parts of a thin layer of polymer but the quenching process rate distri-

bution depends on the site-specific oxygen permeability and/or oxygen diffusion

coefficients on top of that. To add to this effect, macro-heterogeneities in terms

of uneven distribution of the dye onto the host plays a significant role in inten-

sity based measurements while some indications have shown that this effect is

smaller for lifetime based measurements [126–128].

It must be noted that this also means not observing a mono-exponential

type of decay in time and frequency type of measurements (further in this chap-
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Figure 2.9: Stern–Volmer plot for TCPP (Tri[2-chloropropyl]phosphate) metal
complex films. Each plot is indicated as; PtTCPP (■) (Plat-
inum Tri[2-chloropropyl]phosphate), PdTCPP (N) (Paladium Tri[2-
chloropropyl]phosphate) and H2TCPP (•) (Tetraphenylporphyrin), re-
spectively. The solid lines are the best-fit curve using the two site model (eq.
2.24, j = 2) [125].

ter) and thus multiple exponential models have also attempted to explain such

phenomena. Many efforts have been made to model various such systems with

either distribution functions of key parameters, decay kinetics or even simple

semi-empirical approaches. A brief description will be given for some of them.

A good understanding of these models could also lead to a better or more phys-

ically plausible fit of experimental data with respect to calibration procedures in

order to achieve higher accuracy for a range of methods of acquiring measure-

ments.

Focusing on the distribution based models, one of the most applied cases

is the two-site model (eq. 2.24), which is the simplest case of the general idea

of fractional contributions from each site with a different Stern-Volmer constant

(multi-cite model) [118]. It is obvious that a two-site kind of interpretation does

not correspond to a plausible physical explanation of such a complex system.

This is specially true in cases where there is microheterogeneity such as when the

encapsulating material is a polymer. Nevertheless, it has been proven to exhibit

high goodness of fit in various applications of oxygen-dependent quenching of
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phosphorescence.
Io

I
= 1∑

j=1

f j

1+K j
SV Q

(2.24)

where f j is the fraction of each site j (for two site model j = 1,2).

It should be underlined that if Henry’s law is assumed (i.e. that there is a

direct correspondence between the partial pressure and the concentration) then

oxygen concentration can be written as a function of the partial pressure and

thus with the use of the correct constants, as seen in eq. 2.21 [121], measure-

ments can be presented in terms of partial pressure.

This approach is based on a random distribution model with arbitrary frac-

tional weights. Thus, this corresponds to a multi-exponential model for the decay

characteristics [129];

I (t ) = ∑
j=1

[
f0 j

τ0 j

]
e−t/τ j (2.25)

where I (t ) is the intensity over time of the received optical signal.

A more physically plausible scenario that has given promising results is the

log-Gaussian distribution in the lifetime and the bimolecular quenching rate

[130]. The choice of the specific parameters was based on the fact that the two

main kinetic processes involved in this type of devices are: i) the deactivation

process of the excited state of the luminophore which is manifested mainly as

changes in the lifetime in the absence of oxygen τ0 and ii) the quenching of

the excited state by oxygen manifested as changes in the bimolecular constant

kq [131]. This model is based on the assumption of the following distribution

equations;
τ0, j

τ0,mod
= kq, j

kq,mod
= e−x2

(2.26)

where x is the oxygen concentration.

ρ1,x = ln

[
τ0, j

τ0,mod

]
(2.27)

ρ2,x = ln

[
kq, j

kq,mod

]
(2.28)
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where ρ is the natural logarithm of the ratio
τ0, j

τ0,mod
and the subscript mod indi-

cates a modular value which is gained from the optimisation process.

To fit the data, optimal solutions are sought after by fitting the observed data

to some values of ρ as well as KSV , usually for intensity measurements. Experi-

mental data when viewed through this model indicate that in most cases non-

uniformities arise from the variation of kq and not τ0. Additionally, when the

distribution widens, the sensitivity of the sensor is reduced. This has also led

to partially successful predictions of lifetimes. By using this approach, different

sensitivities manifested as complex decay kinetics have been given quantitative

interpretation from simple distributions [131]. In other studies that used an op-

timisation process via phase and lifetime measurements and different multiplic-

ity of parameter models, a similar success with the two-site double exponential

model was shown.

Among others, empirical models have also been suggested based on adap-

tations of mathematical formulas from adsorption studies of heterogeneous sys-

tems, e.g. the Langmuir and the Freundlich isotherms [118, 122]. The Langmuir

hypothesis states that only a fraction of the oxygen is adsorbed in monolayer phe-

nomena [121, 132]:
Qad s

Qad sM
= bp

1+bp
(2.29)

where Qad s and Qad sM are the total and monolayer volumes of the adsorbate

respectively, b is the film thickness and recalling that p is the partial pressure.

The Freundlich isotherms correspond to gas-solid adsorption phenomena

[118, 132]:
Qad s

Qad sM
= aP 1/n (2.30)

where n and a are the fitted empirical parameters.

Thus, their respective applications on the Stern-Volmer equation are as fol-

lows for Langmuir [133]:
I0

I
= 1+ KSV Qbp

1+bp
(2.31)

where b is the fitted parameter.
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and for Freundlich [122]:
I0

I
= 1+Bβ(τ0pO2)β (2.32)

where B = f L4π(rO2 + rL)PO2 is the polymer dependent parameter and β is the

fitted parameter.

Another model is based on the non-linear solubility assumption, where all

non-linearities arise from the non-uniform solubility of oxygen in the polymers

(when such are used) interpreted as a Langmuir addition to the classical Henry’s

law [134]. The non-linear solubility model for gases in polymers assumes the

following:

QO2 =CH +CL +kH p +C ′
LbP/(1+bP ) (2.33)

where CH and CL are the Henry’s law and Langmuir contributions to the solubil-

ity, kh is the Henry’s law parameter, C ′
L is the Langmuir adsorption capacity and

b is the affinity constant of the gas for the Langmuir sites.

Combining with the Stern-Volmer equation this becomes;

τ0

τ
= 1+ AP +BP/(1+bP ) (2.34)

where A = KSV kh , B = KSV C ′
Lb and b is the parameter in the non-linear solubility

model.

where A,B are composite parameters to be fitted, hence the difficulty in the

application of this method as the solubility coefficient B includes rate constants

and has to be investigated and fitted from the experiments as well.

Approaches based on such models often produce less satisfactory results in

terms of fitting compared to the two-site model even though they are based on a

more plausible physical mechanism [121]. Nevertheless, the simplicity of a Fre-

undlich based model via the assignment of a power law has provided insights

into the nature of the heterogeneity that lead to non-linear Stern-Volmer plots.

The most probable cause of these has been attributed to the distribution of the

permeability of oxygen within the polymer-dye film [122].

Finally, apart from the multi-exponential models used to fit the decay pro-
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files (eq. 2.25), studies have focused on explanations based on fundamental

physical mechanisms. Such studies focus on explaining the dye - host poly-

mer molecule interactions, during the de-excitation phase from higher electronic

states, to reach to a single exponential analysis of the decay profile. One of the

most interesting cases involves correlating the evolution of the population of the

excited state to the relaxation probability of a luminescent molecule depending

on its interaction with the surrounding polymer sites. This interaction assumes

that the scaling of the interaction is according to dipole interaction in a uniform

way [127]. The final equation of the time-dependent intensity decay in such a

case is given by equation 2.35 (see also in the next section eq. 2.38).

I (t ) = exp
[
−a

p
t/τ− t/τ(1+ c)

]
(2.35)

where a is a constant that depends on the type of interaction and c is the quench-

ing parameter.

Response and Recovery time

Another critical parameter that must be taken into consideration when design-

ing an oxygen sensor is the time dependence of the measurements described by

the response and recovery times. Their existence is attributed to the nature of

the encapsulating material since there is a diffusion barrier between the film and

the phosphorescent dyes. To characterize the time it takes for the oxygen sen-

sor measurements to reach a stable point the terms response/recovery times are

used in order to indicate the time necessary for the stabilisation of the measure-

ments in an equilibrium state coming from lower/higher oxygen concentrations.

These two values are defined as follows: the response/recovery times are t ↑90%

and t ↓90% respectively, i.e as the time necessary for the measurements to reach

90% of the stabilised oxygen plateau value for a constant oxygen concentration.

An example of this is shown in Fig. 2.10 where alternating environments of oxy-

gen free and oxygen saturated water are used to show the response and recovery

times of the particular sensor [135]. This is important especially in dynamic sys-



2.3. Methods and Materials 65

tems where the goal is to monitor rapid alterations in the oxygen content of the

environment.

In some studies, the response/recovery times were described with empiri-

cal equations (eq. 2.36, [136]). This originated from the assumption of the sensor

film as a planar sheet of some constant thickness and a single diffusion coeffi-

cient. This model was first adopted to explain the differences observed exper-

imentally from the gradients of concentration drops near oxygen impermeable

interfaces [137]. Thus, the fitted equation was obtained by correlating it to the

Stern-Volmer equation and the sensor’s sensitivity for the specific case of the sen-

sor developed [136];

t↑90% = 3.06

(
b2

D

)
ln

[
10+ 9KSV

(
pO2

i −pO2
f
)

1+pO2
i KSV

]
(2.36)

where t is for the response time measured from the beginning of the recovery up

to 90% of the maximum value of the next stable oxygen plateau, b is the diffusive

length, D the diffusion coefficient and O2
i and O2

f are the initial and final oxygen

levels.

It must be pointed out that the recovery time, or in other words the time it

takes for the emitted luminescence in terms of the signal characteristics to fol-

low the reduction of oxygen content in the environment under test, can vary sig-

nificantly from the response time [138]. Generally, both response and recovery

periods vary with phosphorescent dye, sensitivity of the indicator to changes in

oxygen content, the polymer encapsulating material in terms of permeability and

diffusion coefficients, thickness of the sensor as well as the oxygen content of the

initial and final state [136]. This helped in understanding and developing the

methods to tune this property depending on the application requirements.

2.3 Methods and Materials

In this section, the main methodologies and materials employed in optoelec-

tronic implementations of oxygen-dependent phosphorescence measurements

are presented.
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Figure 2.10: a) Plot of the intensity versus the time for a reversible response of the intelli-
gent DO sensor showing variations from oxygen-free and oxygen-saturated
water samples. b) The partial enlarged curve of (a) which indicates the re-
sponse and recovery time (from left to right) with red lines and the number
of seconds [135].
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Figure 2.11: Plot of the intensity versus the time for 6 different oxygen concentrations
displayed in micromoles (µM) for an intelligent DO sensor [135].

2.3.1 Theoretical basis of Measurement Methods

Measurements to quantify the oxygen levels of a system that is in contact with a

phosphor utilising its oxygen-dependent quenching properties have led to three

main ways of extracting the information from the light signals; (i ) intensity, (i i )

phase and frequency (frequency domain) and (i i i ) direct lifetime (time domain)

measurements.

Intensity measurements

Steady-state intensity measurements, such as the ones used in pulse oximetry

can be also used in the case of quenching of phosphorescence by taking advan-

tage of the Stern-Volmer equation, thus correlating the intensity of emission with

the oxygen concentration (as shown for example in Fig. 2.11). These measure-

ments are in essence the sum of the photons produced by electron de-excitations

under constant illumination, i.e. under equilibrium.

Nonetheless, they suffer from requiring additional calibration processes due

to their dependence on the geometry of the system in terms of distance and ori-

entation of the light source and detector. In addition to this, any type of param-
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eter that varies with time can also cause additional instabilities and introduce

errors in the measurements [139]. Optical properties related to intensity mea-

surements are also, to a large extent, dependent on the measurement appara-

tus. This is true since differences in solid-state devices, such as their ability to

transform electrons into photons and vice versa, can vary largely. Moreover, the

indicator and its concentration variations (especially after its encapsulation in

heterogeneous systems) also introduce uncertainties [140].

One of the most prevalent issues with this methodology is also the photo-

bleaching of the luminescent dye used. Photobleaching is the process where

the luminophores permanently lose their ability to emit light due to their inter-

action with their surroundings. In the case of phosphorescent indicators, this

phenomenon depends on oxygen concentrations, light intensity absorbed and

duration illumination and is strongly related to the production of singlet excited

oxygen states [141]. With the goal of partially circumventing these limitations,

smart referencing techniques are often employed (see section 2.3.4).

Time Domain Lifetime measurements

Direct lifetime measurements rely on the analysis of the luminescent emission

after pulsed excitation by focusing on the intensity of emission over time in the

decay profiles [142]. In order to achieve this, numerical based logarithmic proce-

dures are used by fitting parts of or the entire decay into exponential models and

subsequently extracting the lifetime based on least squares regression (linear or

non-linear). In simpler cases, this involves the monitoring of the time it takes to

reach a checkpoint intensity or of the areas under the curve in the decay profiles.

The lifetime is then inserted into the Stern-Volmer equation which in turn cor-

relates it to the oxygen concentration as well as a multitude of other parameters,

such as the indicator material and its surrounding environment. One of the sim-

plest implementations of this type of measurements is the use of solid-state in-

strumentation (e.g. light emitting diodes and photodiodes) and post-processing

methodologies.

This approach allows for information extraction that is to a large extent not
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dependent on luminescent dye concentration and the macroscale uniformity of

the distribution of the indicator onto the support medium [127]. One impor-

tant aspect of this type of approach is that direct lifetime determination through

pulse decays is much simpler than the corresponding frequency domain mea-

surements in terms of instrumentation and complexity of experiments. The rea-

son for this is that they do not require reference points as well as optical wave-

length filters, since the light source is switched in a pulsed configuration. An ad-

ditional benefit is that the production of such pulsed excitations is easy to gen-

erate and miniaturise [143]. It must be noted that the lifetime of the indicator

should be known a priori since the instrumentation must be operational and op-

timised over the time scale of the decays involved.

In order to arrive at a lifetime from a luminescent decay, a wide variety of

models have been adopted to explain the decay profile observed in the optical

sensors. Primarily, the exponential models are preferred due to their good fitness

and connection with the underlying physical mechanisms used to explain phos-

phorescence [118, 130, 144]. Single exponential models seem to be a good fit in

the absence of the quencher, i.e. oxygen in this case, for most dyes and their en-

capsulation media but deviate for higher concentrations. To attribute a lifetime

in such cases, the curve is fitted to a multiple (with the simplest case being the

double) or “stretched” exponential [145].

Moreover, in some cases an additional term was added to compensate for

possible shifts in the y axis due to external factors such as ambient light as follows

[145]:

Ide(t ) = ae−t/τa +be−t/τb + c (2.37)

while in general terms, the ‘stretched’ exponential follows [145]:

Ise(t ) = a exp

[
−

(
t

t aua

)β]
+ c (2.38)

recalling that I (t ) is the decay as a function of the intensity of the signal over time

(refer to Fig. 2.12). The subscripts ‘se’ and ‘de’ denote the double and stretched
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exponential models, respectively, and a and b are the fractional contributions

from each exponential decay. The terms τa and τb are the respective pseudo

lifetimes, β is the power law coefficient of the stretched exponential model and

c the coefficient to compensate for the displacement away from the y axis. An

example of this type of fitting is shown in Fig. 2.12.

In order to arrive at an average lifetime for the double exponential model

(eq. 2.37), both contributions must be taken into account, yielding:

〈τde〉 =
aτa +bτb

a +b
(2.39)

For the double exponential model, the existence of two distinct lifetimes re-

flects two different sites that each give a different fractional contribution towards

the decay. For the stretched exponential, it is assumed that the decay originates

from the sites-lifetimes distribution ρ(τ), given by [146]:

Ise(t ) =
∫ ∞

0
exp

[
− t

τ

]
ρ(τ) dτ (2.40)

To give the lifetime for the stretched exponential function, the ensemble av-

erage is used [145] (see also Fig. 2.12):

〈τse〉 = τa

β
Γ

(
1

β

)
(2.41)

where Γ(.) is the the gamma function [145].

With this method, the standard deviation and the width of the distribution

can also be calculated:

σ1/2 = 〈τse〉w = 〈τse〉
βΓ

(
2β−1

)−Γ2
(
β−1

)
Γ

(
β−1

) (2.42)

where σ is the standard deviation and w is the width of the distribution

The values of σ and the divergence of β from one (single exponential decay

case) can be correlated to the micro-heterogeneity that gives rise to a non-linear

Stern-Volmer plot.
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However, this type of measurement requires non-linear fitting methods

which tend to be more complex and time-consuming upon their implementa-

tion. Alternatively, models such as the phase plane method use linear processes

to analyse mono-exponential models by exploiting the relation between the inte-

grated decay profile with the original one in order to determine the lifetime from

the slope of (eq. 2.43) [147, 148]:

Y (t ) =−1

τ
I (t )+C (2.43)

where Y (t ) is the original mono-exponential decay profile over a certain window

of time, I (t ) is the integrated values of the same window time and C is a constant.

It must be noted that for double exponential models additional steps are required

for its application.

Furthermore, arguably the simplest case of deriving the lifetime from a de-

cay profile, rapid lifetime determination algorithm, does not require any form of

fitting but rather relies on the integrated values from a multitude of time windows

from the decay curve [149]:

τ= ∆t

ln(D1/D2)
(2.44)

where ∆t is the time window length and D1 and D2 are the integrated values of

the corresponding window.
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Figure 2.12: Experimental data of the decays following a pulse LED excitation along with
the fitted curves of a single exponential and a stretched decay model (a), (b)
for an oxygen level of 40 ppm in a gaseous environment and (c) the single
exponential fit for a decay in a nitrogen or argon environment. The residuals
of each fitting method are also given [146].
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Frequency Domain Lifetime measurements

Measurements based on frequency domain variations, take advantage of the

phase change (i.e. time lag) that occurs, under continuous-wave excitation, be-

tween the excitation and emission light. The correlation between the phase

change and the lifetime of the phosphorescence allows time domain measure-

ments of oxygen concentration by indirectly measuring light wave properties of

the emission using direct or cross-correlation phase detection systems [150].

In particular, the frequency and phase of the signal can be related to the

oxygen concentration via the phase and frequency based apparent lifetimes cal-

culation. This can be achieved by monitoring (i ) the phase of the received signal

with respect to the initial using a constant frequency (i i ) the demodulation factor

(defined later on, see eq. 2.48) as the frequency is varied and (i i i ) a combination

of the two. The first category is thus based on phase measurements by monitor-

ing the phase change (i.e. time lag) that occurs with an increased presence of

oxygen, under continuous-wave excitation, between the excitation and incident

light while keeping the frequency constant. This technique has had significant

benefits for fluorescent measurements due to the short lifetimes of fluorescent

phenomena and the difficulty of monitoring the decays in terms of the equip-

ment used. Nevertheless, it has also shown promising results in phosphorescent

measurements of oxygen. The second technique is achieved with the variation

of the frequency component of the signal passing through the medium under

test, which leads to a lifetime-dependent change in the demodulation factor de-

pending on the oxygen concentration [151]. It should be noted that the apparent

phase-based lifetime and apparent demodulation factors are calculated when

using this technique. This is due to the inability to directly calculate the precise

modulation depth and phase change stemming only from the oxygen concentra-

tion variations (i.e. inherently there will be an addition constant in time due to

the equipment used, eqs. 2.45 to 2.50).

The equations of phase modulated fluorescent measurements stem from

simple kinetic equations that are assumed to be true [115]. In detail, the illu-
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mination light L(t ), when sinusoidally modulated, has the same frequency as the

emitted light since the excited state population N (t ) is expected to respond with

the intensity variations with the insertion of a phase difference as a result of a

"time lag".

L(t ) = a +b sinωt (2.45)

where b/a is the modulation depth of the incident light. The excited state pop-

ulation N (t ) responds to the intensity variations with the insertion of a phase

difference which appears as a ”time lag” at the receiver:

N (t ) = A+B si n(ωt −φ) (2.46)

where φ is the phase induced. The intensity decay is then assumed to follow

a single exponential after a hypothetical delta function point excitation. The

time-dependent intensity of emission is given by the convolution integral of the

illumination light with the impulse response function (which essentially is the

mono-exponential decay we assumed to be true) [115]. This leads to an emission

intensity governed by:

I (t ) = I0τ
[
a +bmω cos

(
ωt −φ)]

(2.47)

where the induced phase is given by:

tan
(
φ

)=ωτφ (2.48)

and τφ is the apparent phase-based lifetime. Furthermore, mω is the apparent

demodulation factor for the specific frequency and is given as follows [152]:

mω = 1√
1+ω2τ2

D

(2.49)
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where τD is the apparent demodulation based lifetime given by [153]:

τD =
√

m−2
ω −1

ω
(2.50)

It must be noted that this method does not give the full picture of the com-

plex decay characteristics since the multi-exponential and non-linear models are

simplified to an apparent phase and demodulation correlated lifetime measure-

ments. However, it does allow for precise and accurate determination of the oxy-

gen quenching. In some cases, the ratio of the two apparent measurements was

used for this purpose.

Figure 2.13: Frequency time-domain measurements and the modulation parameter def-
inition [115].

This method was initially introduced as an alternative to time decay mon-

itoring since it allows the correlation of measurements to the lifetime without

directly measuring it. Instead, it allows either detection of phase changes in the

received signals or the observation of intensity changes whilst varying the sinu-

soid frequency. There is a direct analogy with the first-order filtering of analogue

electronic signals where either HPF (high pass filter) or LPF (low pass filter) re-

sponses can significantly dampen the amplitude of the input AC signals if they

are above or below the cut-off frequency. In the same manner, a phase difference
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can also be introduced depending on the proximity of oscillation and the cut-off

frequency. In this case, the cut-off frequency is analogous to the frequency of ex-

citation and the RC constant to the lifetime of the luminophore. The differential

equations describing both cases are interchangeable.

An important method of determining the lifetime is via the demodulation

factor by alternating the modulation frequencies over a certain range and us-

ing eq. 2.49. Simultaneously, this range of useful frequencies also gives a good

indication of the modulation frequency applied for phase sensitive methods de-

pending on the lifetime of the luminophore. This is calculated by varying the

frequency and monitoring the demodulation as well as the phase changes (see

fig. 2.14). It is different for every unique lifetime situation.

The optimal modulation point is situated where the phase changes are the

most significant in terms of lifetime variation. Such sensing platforms are usually

calibrated in situ to give the best result according to the system at hand, but a

good indication can be the plotting of the aforementioned graph. Theoretically,

the optimal modulation frequency for phase measurements is given by ; fopt =
1/2πτ (angular frequency coincides exactly with the reciprocal) [154]. However,

one must consider that the optimal frequency changes for experiments of varying

oxygen concentration. Also, when considering the errors introduced from the

detectors this has to be divided by
p

2 [154].

A common approach to the determination of the fluorimetric phase changes

is cross-correlation detection. The main functionality of this type of measure-

ments is the transformation of the high frequency emitted signal to a low fre-

quency electronic signal and preserving at the same time the phase and demod-

ulation information. The benefits that stem from this were prevalent in fluores-

cent spectroscopy, where the modulation frequencies were high and difficult to

process [155]. The basic principles of operation are found on the multiplica-

tion of the signal with another and then filtering the unnecessary part. This is

achieved by transmission and reception of a reference signal which maintains its

frequency characteristic over the medium as before.
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Figure 2.14: Plot of the phase angle versus the frequency for different lifetimes and a sine
wave excitation [124]. It should be noted that the frequency of the signal is
varied and the phase is measured in degrees for each frequency.

In detail, a “gain” or reference signal that has a matched frequency to the

original emitted signal is multiplied with the initial signal, by using gated im-

age intensifiers in the case of the first fluorimeters based on frequency domain

method [155] or by using simple electronic processing when performing phos-

phorescent measurements [150]. Then, electronic filters are applied to get rid of

the high frequency components and keep the non-alternating signal that has the

information about the phase and the demodulation, shown as follows [150]:

IR (t ) = IR0
[
1+mR cos

(
ωt −φR

)]
(2.51)

IT (t ) = IT 0
[
1+mT cos

(
ωt −φT

)]
(2.52)

where the T and R subscripts indicate the transmitted and received signals, re-
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spectively, and m is an amplitude scaling factor.

The next step is to filter to remove the unwanted high frequency component,

which leaves just the phase and demodulation information [150]:

∫
IT (t )IR (t )dt = (IR0mR ) (IT 0mT )

2
[cos

(
∆ωt +∆φ)

] (2.53)

where ∆ω is the angular frequency difference of the two signals and ∆φ is the

phase difference between the two signals. Equation (eq. 2.53) does not oscil-

late in time or slowly drift since the frequency difference between the signals is

preferably designed to be small. Thus, by controlling the properties of the refer-

ence signal, it is possible to get information about the phase and the demodula-

tion factor.

In most cases of frequency domain experiments, the same electrical signal

used for excitation of the light source is used as the reference signal in order

to have high precision in phase measurements while not requiring a phase lock

loop system. This leads to a case where the difference in frequencies is zero thus

requiring an additional way of differentiating the phase difference information

from the modulation depth (Eqs. 2.52 and 2.52 - mT , mR ). The most common

solution is the insertion of an additional phase shift φs in the excitation signal

to form a third electrical signal in order to arrive at an equation in a form that

can be directly related to the measurement, without depending on the intensity

of the signal. Usually, the phase shift is π/2 in order to arrive to an equation that

depends directly on the phase difference and thus lifetime of the emission (eq.

2.56).

IR ′(t ) = IR ′
0 [1+m3cos(ω3t −φ3 +φs)] = IR ′

0
[1+m3si n(ω3t −φ3)] (2.54)

where φs =π/2 and IR ′ is the π/2 phase shifted reference signal.

∫
IT (t )IR ′(t )d t = (IT0 m)(IR ′

0 m3)

2
[si n(∆ωt +∆φ] (2.55)

In principle, it is possible for this new reference signal to have the same in-
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tensity characteristics thus leading to a division that has direct linkage with the

lifetime of the phosphor by combining equations 2.53 and 2.55 (eq. 2.56):

(IT0 m)(IR′
0

m3)

2 [si n(∆ωt +∆φ)]
(IT0 m)(IR0 m2)

2 [cos(∆ωt +∆φ)]
= t an(∆φ) (2.56)

∆φ has the phase shift information of the emitted light wave but also an

error originating from the system (expressed in a phase shift "lag") due to the

conversion from electric signal to photonic and vice versa and due to the pro-

cessing time of the system’s electronics. This is considered to be constant, for

a specific frequency, thus with the correct calibration and referencing accurate

determination of the oxygen concentration is possible.

Polarisation

Another effect that can be used to predict the oxygen concentration of a system

is the anisotropy of the emitted light. Polarisation has been used in fluorescence

spectroscopy for the detection of antibody-antigen systems due to its substantial

dependence on the molecular size [156]. For this purpose, the Perrin equation

that describes the difference in anisotropies (r0,r ) with respect to the lifetime

and the rotational correlation time (θ) is used (eq. 2.57):

r0

r
= 1+ τ

θ
(2.57)

This essentially states that the changes in the orientation of the emission of

the molecule (given by θ) compared to the lifetime can be related to the changes

in anisotropy using the Perrin equation. This is valid when these changes in the

axis of emission are comparable to the lifetime. The origin of the difference be-

tween the axis of emission and absorption originates from the existence of tran-

sition dipole moments that can be explained by the fact that there is a partial

preference from some of the molecules to emit in the orientation of the incom-

ing light [115].

Oxygen sensing via this mechanism relies on a wavelength ratiometric ap-
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proach of two emissions, one short-lived (fluorescence) and one long-lived

(phosphorescence). This of course requires either having two distinct dyes for

a referencing system or the use of a single dye that exhibits both types of emis-

sion. The changes in oxygen concentration affect one of these peaks and thus the

ratio can provide reliable and accurate predictions [157]. In essence, fluorescent

anisotropy measurements are based on intensity differences at different polari-

sation with the use of polarisers. The most common axes used are perpendicular

(I↑) and parallel (I→) orientations (eq. 2.58):

r = I→− I↑
2I↑+ I→

(2.58)

Taking into account simplifications of the Perrin equation, because for the

short-lived decay the contribution from θ/τ) is negligible and for the long-lived is

immense, where depolarised (meaning r = 0), one can derive equation 2.59 [157].

r = rs
Il
Is
+1

(2.59)

where the subscripts s and l denote short- and long-lived lifetimes.

With the addition of the Stern-Volmer equation this becomes:

r = rs
(Il /Is )0

1+KSV Q02
+1

(2.60)

where the subscript 0 denotes the absence of oxygen.

These measurements are possible with the use of LED light sources but the

detectors have yet to be simplified with this method due to the low power of the

emitted light reaching the detectors after the polarisers. Nevertheless, high accu-

racy results have shown promising prospects [157].

Other Approaches

A promising candidate for future oxygen sensing studies relies on colorimetry

[158]. This method is founded on the idea of visual colour indication for changes



2.3. Methods and Materials 81

in the oxygen concentration by using two different luminophores that have dis-

tinct emission wavelengths and sensitivities to oxygen [159]. Other smart appli-

cations of such an idea involve the use of a single phosphor with a single LED and

the change in oxygen concentration results in the change of colour in the light

("traffic light response") seen due to the quenching effect on the intensity of the

light emitted from the phosphorescent material [160]. By combining the ability

to select the response characteristics of the phosphorescent indicators and quan-

tification of the colour changes along with the use of RGB cameras one can arrive

at a plausible sensing platform of high accuracy and easy implementation [161].

There have been cases where a combination of such methods was applied

along with various referencing systems that have been envisioned to overcome

limitations in terms of accuracy and precision. These will be further discussed in

the calibration and referencing section (2.3.4).

2.3.2 Instrumentation

In this section, the equipment and experimental setups that have been applied

for the development of oxygen sensors are described. It must be noted that this

section is divided into two main categories depending on the spatial resolution of

the sensors (i.e. pixels); i) single point sensing and ii) imaging techniques. Basic

arrays of photodiodes will be considered in the first category due to their limited

resolution and greater similarities with the single point type of devices.

Single Point Sensing

In the case of optical haemoglobin based ratiometric sensors, the main compo-

nents of the system consist of the solid-state light source and detectors, i.e. LEDs

and photodiodes, and the processing as well as transmission of the electrical sig-

nals produced. As explained in the previous section, the principles of operation

of such systems rely on dual-wavelength measurements thus most cases used IR

and red LEDs for better tissue penetration and reduced scattering effects [162].

In some cases, arrays of OLEDs and organic photodiodes have been used

[106] with the choice of organic based semi-conductor devices seeming prefer-
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Figure 2.15: Experimental setup for planar optode time resolved measurements using an
avalanche photodiode (APD) [161].

able due to their mechanical properties and specifically, that of high flexibility

and stretchability [163], (see Fig. 2.6 for an illustrative example). Moreover, pla-

nar optodes have been extensively used with various phosphorescent based oxy-

gen measurements (Fig. 2.15). Systems involving simpler time domain measure-

ments rely on pulse excitation of the light source (usually LED) and the use of

a digital oscilloscope to measure the signal from the photodiode to observe the

decay. Also, detection is sometimes performed by avalanche photodetectors in

order to achieve a higher intensity electronic signal [164].

Fascinatingly enough, such optode-based detectors have been miniaturised

with instrumentation that employs frequency domain time-resolved measure-

ments [165] (Fig. 2.17). Newer approaches in this domain involved basic ana-

logue and digital processing solutions that led to simple and accurate phase mea-

surements. [150, 151]. Later studies have explored the use of all three main ways

of extracting the quenching effect of oxygen as described in the previous section.

Interestingly, phase-resolved phosphorimetry has been extensively studied with

novel implementations for high accuracy results [166]. This has also led to dual

luminophore implementation for a two wavelength referencing system [167].

A wide topic of research has been the implementation of oxygen sensing via

fibre and more generally plasmonic optics. The first implementations for moni-
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toring oxygen partial pressure involved using a phosphorescent indicator dye en-

capsulation onto the fibre optic tip material and led to in vivo studies of oxygen

partial pressure in the bloodstream [119,168] (Fig. 2.16). The phosphor should be

embedded in or placed prior to an oxygen permeable glass substrate. For higher

sensitivities, an optically insulating layer is desirable [169]. In this direction, mul-

timode fibres have been implemented to monitor both intra- and inter-cellular

oxygen concentration [170].

Fibre optic based sensing strategies usually provide single point measure-

ments but there have been novel devices developed where spatially resolved

measurements were applied by relying on multiple bundles of fibre. Particularly,

pulsed excitation measurements were used in combination with a stepper motor

to move through a 2D area [171] or a fibre plasmonic array [172]. Impressively,

some fluorescent based sensors have appeared to embed the luminophore in the

cladding layers so that the evanescent wave properties can provide spatially re-

solved readouts [173–175].

Interestingly, other plasmonic techniques have focused on analyte detec-

tion without the use of optical fibres but other simpler waveguide/lightguide

systems [176]. Efforts have led to multimode waveguides with a multitude of

embedded fluorophores and phosphors for simultaneous multi-analyte detec-

tion [177]. This also takes advantage of the use of simple solid-state detector

systems and light sources as well as low-cost manufacturing. Simple microcon-

troller processing units have been used both for capturing and processing the

indicator luminescence [143, 178] as well as wireless implementations of pulse

oximeters [179]. This allows for the development of simple, cost-effective and ro-

bust devices for single-point monitoring which can be also easily scaled to multi-

ple photodiodes. There is a wide variety of microcontrollers with ADCs that have

a 12-bit resolution and numerous ports to allow for arrays of photodetectors to

be used in future implementations.

For the transduction of the light detector signal, transimpedance amplifiers

have generally been used with the goal of transforming the current signal, from
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Figure 2.16: Fibre Tip for luminescent indicator implementation [165].

Figure 2.17: Schematic of an experimental setup of a phasiometric, optical fibre, single
light type source [151]. It should be noted that a lock-in amplifier is used in
this case to isolate the signals with specific frequencies in order to increase
the SNR (signal to noise ratio) of the measurements.

the photodiodes, into voltage and, at the same time, enhancing it. To power the

light sources, in the case of LEDs, function generators and T-transmitter were

sometimes used [180]. It must be pointed out that optical as well as analogue

electrical filtering have been extensively used throughout luminescent oxygen

sensor development. Their purpose has focused on filtering the carrier (opti-

cal filters) and modulation frequency spectra of the signal towards achieving a

better Signal to Noise Ratio (SNR) by blocking the unnecessary frequencies, i.e.

source of error. In some cases, RC filters have been used for analogue integration

and multipliers for the extraction of the phase characteristics of the light signal.

Along this direction, comparators have been used as a part of analogue signal

processing equipment to get a direct sense of the phase shift in terms of time

delay [165] instead of intensity differences, as shown in eq. 2.56.



2.3. Methods and Materials 85

Imaging techniques

On the other hand, the most common imaging setup involves the use of a CCD or

CMOS camera with the goal of monitoring the emitted light with a 2D resolution

(Fig. 2.18 & 2.19). A thin luminescent film is usually preferred as the indicator

of oxygen content. Optical filters are, in most cases, employed for either exci-

tation or emission wavelength selection, or both. This method usually requires

the use of a computer to log the data and manage the processing [181]. Lifetime

measurements require time gated CCD cameras, whose basic principle of oper-

ation involves turning on and off the camera, while being synchronised to start

the measurements after the decay of the luminophores has started, and then in-

tegrate the intensity of illumination over the time to acquire the integrals. The

lifetime is calculated via eq. 2.61 [81]. Advancements in this field have even led

to miniaturised cameras that have been applied in in-vivo studies [182].

r = t2 − t1

ln( A1
A2

)
(2.61)

where the fraction r gives a sense of the lifetime of the decay and A1, A2 are the

areas under the decay curve for the two identical sets of time intervals starting at

t1, t2.

Figure 2.18: Principles of operation of a basic time gated CCD camera system [81].

Fibre optic solutions usually provide single-point measurements due to the
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Figure 2.19: Experimental setup for CCD camera [16].

measurement of light at one face of the fibre thus requiring one fiber for each

single point measurement. However, there have been novel devices developed

where spatially resolved measurements were applied by simultaneously relying

on multiple bundles of fibre. Particularly, pulsed excitation measurements were

used in combination with a stepper motor to move through a 2D area [171] or a fi-

bre plasmonic array [172]. As mentioned earlier, some fluorescent based sensors

have embedded the luminophore in the cladding layers so that the evanescent

wave properties can provide spatially resolved readouts [173].

More accurate optical methods have been deployed with the use of two-

photon imaging techniques resulting in a spatial resolution of sub-millimetre

accuracy in three dimensions [183]. This involved the use of a two-photon mi-

croscope that encompasses excitation laser sources and high accuracy scanning

platforms along with optical filters. A good example of implementation of such

equipment in studies was the use of two photon phosphorescent lifetime mi-

croscopy for the monitoring of blood flow and oxygenation in small blood vessels

of rats [183].

Fluorescent lifetime imaging (FLIM) studies involved the use of a modified

Time Correlated Single Photon Counting (TCSPC) platform. This achieved the

imaging of cellular oxygen consumption in micrometre resolution [184]. This
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Figure 2.20: Fluorescent measurements with a modified TCSPC platform [172].

was then used for phosphorescence lifetime measurements (PLIM), in combina-

tion with FLIM techniques for referencing purposes, and thus oxygen-dependent

quenching was monitored with accurate predictions in the longer time-scale of

phosphorescence [185, 186]. It must be noted that conventional TCSPC equip-

ment is not suitable for phosphorescent measurements but have to be subjected

to the appropriate modifications in order to capture the long-lived decay (phos-

phorescence decay times are much larger than equivalent fluorescence). The

applications range from in vivo studies to monitoring microfluidic bioreactors

and cell cultures [187] (Fig. 2.20). In this direction, multi-photon microscopy

has been also applied to achieve even greater sub micron resolution (Fig. 2.21).

This requires frequency multiplexing (parallel excitation - detection) and a line-

scanning lens microscope system [56].

At this point, it must be noted that an important limitation of such

microscopy-based methodologies stems from the complexity of the equipment

used, which poses considerable obstacles in terms of scalability. Such techniques

are out of the scope of this thesis and will not be discussed in detail.

2.3.3 Indicators

An area of interest when it comes to optical oxygen sensing via luminescent pro-

cesses is the fabrication and analysis of the chemical indicators with the ap-
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Figure 2.21: Phosphorescent based imaging with PLIM measurements [173].

propriate optical properties. The terminology indicators refers to the combina-

tion of phosphorescent dye and its encapsulating material. In phosphorescence

based measurements, the luminescent indicators preferred are materials that, af-

ter light excitation, emit output signals that depend on the oxygen concentration

of the environment they are in contact with. Hitherto, studies have focused on

tweaking the properties of the luminescent dye itself as well as those of the en-

capsulating material. The main goal is the achievement of favourable character-

istics such as sensitivity, response time and wavelength of luminescence, which

vary depending on the application-specific oxygen concentration range and the

accuracy requirements of the intended use. For the polymer supports, additional

requirements involve permeability to oxygen, mechanical stability and biocom-

patibility, to name a few.

Crucially, it should be noted that different applications require different

characteristics, e.g. different sensitivity, range and response/recovery times, and

therefore a characterisation of one type of indicator as superior to all the rest

would not be prudent. On the other hand, emphasis should be given to a careful

analysis of the advantages and disadvantages of each set of luminescent probes

and their respective supports.



2.3. Methods and Materials 89

Definitions

Before proceeding it is important to state that various definitions for the sensitiv-

ity of an indicator/support combination have been given but the most common

is given in eq. 2.62 below;

S I = I0/I100, Sτ = τ0/τ100 (2.62)

where I0,τ0 is the intensity and lifetime in the absence of oxygen and I100,τ100 in

the case of 100% of oxygen. S I and Sτ are the sensitivities based on intensity and

lifetime measurements respectively. Other target percentages of oxygen are also

often used as a reference, depending on the goal of the experiment.

A crucial remark would be that the non-linear character of the Stern-Volmer

equation means that this is not an absolute criterion based on which the sensi-

tivity range can be judged. An improved value that gives a good idea of what the

sensible range of use of the indicator would be is the partial pressure of oxygen

(or equivalently the concentration or percentage of flow in calibration experi-

ments) at the oxygen point where the sensitivity is half of the maximum; i.e. the

3dB point or else O2(S = 1/2) (eq. 2.63 ). This stems from the fact that, in most

cases, the curvature of the plot is more pronounced at the higher oxygen ranges

(Fig. 2.9).

S1/2 = I0

IO2(S=1/2)
= 1/2 (2.63)

Detailed information about definitions can be seen in the previous section

(2.2) and Appendix B (Definitions).

Phosphorescent Dyes

As mentioned previously, the most common dyes for oxygen-dependent quench-

ing of phosphorescence are based on heavy metal-ligands (i.e. transition metals).

Their long-lived excited states result in a high probability of dynamical collisions

and thus oxygen quenching of the luminescence. The most common solutions

involve Ruthenium (Ru) complexes, Platinum (Pt) and Palladium (Pd) in the cen-
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tre of Porphyrin complexes (also referred to as metaloporphyrins) as well as the

less popular for medical applications; Osmium, Rhenium, Lanthanide and Irid-

ium complexes (Table 2.2 & 2.3).

Table 2.1: Photophysical properties of the most common phosphorescent dyes used as
oxygen indicators [188].

It must be stated that these are the most common chemical sensors used

due to their high quantum yield and long lifetimes but in earlier studies, a wide

variety of organic compounds were used for oxygen luminescence measure-

ments. The first studies focused on ruthenium complexes such as Ru(bpy),

which was water-soluble, and Ru(d pp). Some advantages of the use of such

probes is their absorption in the visible range of light, a large Stokes shift and

relative photostability. This allowed simple solid-state light sources and detec-

tors to be applied. However, they had low quantum yields and this led to the

exploration of different compositions and supporting complexes to increase the

sensitivity. Even though new classes of phosphorescent dyes emerged these are

still viable candidates for solid-state monitoring. However, the relatively short

lifetime and smaller Stokes shift compared to metaloporphyrins has led to the
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widespread use of the latter.

Among the most commonly used chemicals are metalloporphyrins due to

their long-lived decays and strong luminescence [189]. In detail, the inclination

towards metaloporphyrins is the result of their primary benefits; 1) high bright-

ness peaks at the red region (usually around 630-660 nm) 2) long luminescent

lifetimes of the order of even hundreds of microseconds 3) good chemical sta-

bility and 4) tunability in terms of their spectral properties [17]. The porphyrin

complex rings usually consist of coproporphyrin (CP), octaethylporphyrin (OEP)

and Tetraphenylporphyrin (TPP) with the latter exhibiting the highest stability

in terms of photobleaching. One of the best examples is PtOEP (platinum oc-

taethyloporphyrin) which has one of the highest quantum yields (0.41), reason-

able stability and wide commercial availability. It should be stated that out of

the most common metals platinum and palladium stand apart because of their

long-lived decay lifetimes and the high quenching rate by the presence of oxygen.

Specifically, platinum octaethylporphyrin (PtOEP) has been extensively studied

due to its favourable characteristics of high quantum yield, long decay lifetime

and emission/absorption peak within the visible range [190, 191]. Similarly, pal-

adium octaethylporphyrin (PdOEP) is preferred for hypoxic environments due

to its similar characteristics with PtOEP but with longer decay lifetimes (∼100 µs

versus ∼770 - 1000 µs [192–194]) and higher sensitivity in low oxygen level en-

vironments [195]. Palladium has much longer decay times originating from the

increased spin-orbit coupling [189]. Additional drawbacks of Palladium based

porphyrins are the smaller quantum yield and detectable range and a reduced

photostability [195].

In terms of toxicity of the dyes, some initial studies showed that Pd copro-

porphyrins where not toxic to cells in the tested concentrations indicating their

potential use even in cases of direct contact with tissue [89, 196–198]. Addition-

ally, further encapsulation in polymer materials would significantly reduce cyto-

toxic effects for porphyrin based phosphorescent dyes [88]. However, the pro-

duction of superoxide radicals or singlet oxygen, which is true for triple-state
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Table 2.2: Photophysical properties of transition metals polypyridyl complexes [57].

oxygen sensitive phosphorescent molecules under illumination in oxygen rich

environments, has to be closely monitored due to their high chemical reactive-

ness. Thus, testing of each individual indicator produced is necessary, especially

for invasive monitoring in medical applications [117, 198].

With the goal of photostability, several halogens were introduced in the por-

phyrin complexes (in most cases Platinum was used for the transition metal).

This led to the use of fluorine as the halogen to fabricate Platinum PtTFPP (Plat-

inum(II) tetrakis pentafluorphenyl porphyrin) which is the preferred choice in

terms of photostability. To increase these capabilities, efforts were also made

towards its encapsulation in numerous polymers where it exhibited high sen-

sitivities and quantum yields for prolonged periods of time [199]. To add to

these characteristics, higher emission wavelengths were sought after since for

most biomedical applications the NIR region is more preferable due to its in-

creased tissue penetration [200]. The closer to the IR region, the less scattering

and less interference to the light signal is observed, thus less error induced and

greater penetrations depth achieved. This resulted in the fabrication of PtTEPL

and PdTFPL that had a red shifted emission at 730 nm and a wide absorption re-

gion [201]. Besides this, even higher emission peaks (around 800 nm) have been
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Table 2.3: Photophysical properties of the most common metalloporphyrin oxygen indi-
cators [57].

reported for benzoporphyrins (PtTPTBPF) [202] and ketone porphyrins (PtOEPK)

which also have greater absorption peaks (for the latter, this is located in the blue

region 590 nm) [203]. Nonetheless, this usually involved lower quantum yields

and significantly more complex fabrication processes. Other more modern ap-

proaches have achieved further elongation of the spectral characteristics using

tetranaphthoporphyrin (TNP) groups [204].
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Efforts have been made to introduce new possibilities such as water solu-

bility, functionalisation through co-polymerisation and two-photon excitation;

but will not be analysed in this review. Another candidate with desirable oxygen

quenchable long wave emission is fullerene; C60, C70 [205]. This relatively new

oxygen probe has a wide absorption region, 400-530 nm, and a long emission

wavelength, at 860 nm with the use of polystyrene as a polymer host support.

Additionally, using the same polymer support, it has exhibited a large oxygen

sensitivity (S ' 400) and a long lifetime (τ0 ' 410 µs) [206]. The physical mecha-

nism behind this process has been associated with triplet-triplet quenching. In

other mediums, lifetimes up to 25 ms have been reported. It must be noted that

their fundamental disadvantage lies in their low quantum yield which remains

much lower than their metal-ligand complexes.

To summarise, the choice of chemical probe depends mostly on: the com-

plexity of fabrication, the quantum yield, the spectral properties of absorption

and emission as well as the Stokes shift displayed, the emission lifetime and fi-

nally its ability to be incorporated in a preferable polymer (which also depends

on the use of suitable solvent). Nonetheless, the study of their encapsulation

into polymers has also been extensive, especially since a plethora of properties

are dictated by the host material as well as the fabrication and encapsulation

process.

Host Polymers

A wealth of different materials have been suggested as suitable support matrices

(Table 2.4). Their primary function is to restrain them physically (macro- and

micro-geometrically) as well as induce selective permeability properties favour-

ing oxygen sensing properties. Explicitly, the matrix polymer support gives the

ability to tune a) the interference with the dye, i.e. with which substances the

phosphorescent dye comes in contact and b) permeability characteristics that

subsequently lead to the regulation of the oxygen sensitivity and range of mea-

surements [207]. It must be noted that the more permeable the support is the

greater access to oxygen the luminescent molecules have, which affects both the
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sensitivity and the response/recovery time [17]. A good example of the impor-

tance of the selection of support materials is the fact that oxygen permeability of

the solid support plays an even greater role than the probe itself in terms of the

sensitivity and responsivity to oxygen changes [208].

Table 2.4: Indicative polymers and their respective permeabilities to oxygen measured
in 10−13 cm2 cm (cm3 s Pa)−1 units, along with comments for each [17].

In general, the preference of material for the combination of dye and its

host should be based on: a) the required permeability (thus the desired diffusion

coefficient and solubility of the target gas should be investigated), b) mechan-

ical properties depending on the application c) the optical properties in terms

of spectral characteristics (high transparency in the visible and NIR part of the
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spectrum is the ideal case for medical applications) d) the solubility in solvents

of choice e) aging properties f) the chemical stability in the specific environment

to be applied to (e.g. not degradable and not reactive in biological aqueous solu-

tions) g) the compatibility of the dye with the polymer (e.g. the polarity in some

rubber matrices differs significantly with some dyes thus solubility of the dye

in the matrix is low) and finally h) the toxicity of the dye-polymer combination,

which is particularly important in medical applications.

Some common examples of polymer support applications involve the use

cellulose acetate butyrate (CAB), poly(methyl methacrylate) (PMMA) [134],

polyvinyl chloride (PVC) and more commonly Polystyrene (PS), among many

others. In order to evaluate the oxygen sensing performance of the host poly-

mers used, the parameters of interest are; a) how they affect the lifetime and

intensity (quantum yield) of the indicators emitted light, b) how they affect the

quenching rate by controlling the diffusion coefficients and the solubility of oxy-

gen in the reaction medium (as mentioned before this affects how permeable

they are to oxygen and thus directly relate to sensitivity) and c) how they affect

the response/recovery time.

Table 2.5: Oxygen sensing properties of the porphyrin based dyes PtOEP and PdOEP in
CAB and PMMA [136].

It should be underlined that for polymers, high permeability to oxygen is

generally thought to also coincide with higher chain mobility. This is turn can

be linked to their distinct characteristic of high flexibility and elasticity (such

found in rubbers). This would suggest that high polymer chain mobility of host

supports of phosphorescent dyes also leads to higher sensitivity for oxygen mea-

surements. A great indication of this assumption stemmed from studies that fo-

cused on varying the polymer chain mobility with the addition of plasticisers.
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Figure 2.22: Plot of the ratio τ0/KSV versus h (in cPa) for [Ru(bpy)2+
3 (Ph4B−)2] dissolved

in the plasticisers of different viscosity, h. Phosphates and phthalate data
points are represented by ä and N symbols, respectively. A least squares
analysis of the line of best fit revealed the following: number of points; 14;
gradient, 0.0072 ms Torr cPa1; intercept, 0.0814; and correlation coefficient,
0.9743 [136].

It was shown that an increase in sensitivity was accompanied by a concurrent

increase in plasticiser [209] (Fig. 2.22). It is generally understood that the addi-

tion of a plasticiser, once dissolved and intermixed with the inter-polymer chain

bonds (secondary bonds), leads to a higher degree of mobility in the polymer

chains [210]. Other studies have suggested that their greater ability to reorganise

around the probes when the molecular weight was reduced added to this phe-

nomenon [195]. Surprisingly, this effect is so prevalent that PS and even PVC,

which are rigid plastics, reached similar sensitivities to silicone polymers by sim-

ply increasing the amount of plasticiser in the mixture.

Nonetheless, in some early studies, silicone rubbers showed worse results

in terms of sensitivity despite their faster response rates and high chain mo-

bility, while Polystyrene dissolved in THF was presented as an ideal candidate

[211,212]. It was hypothesised that chemical reactions during the curing process

of the rubbers were the primary cause of their low performance. Additionally, in

the same study, the choice of solvent was also shown to affect the oxygen sensing
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properties. This indicates that the correct choice of solvent, which both dissolves

the dye and optimises the oxygen sensing performance, is crucial (Table 2.6 and

2.7).

Table 2.6: Lifetime values in different oxygen concentrations for different solvents used
for the polymers PVC, PMMA and PS [212].

Table 2.7: Response times for different solvents used for the polymers PVC, PMMA, PS
and Silicone [212].

Nevertheless, Polydimethylsiloxane (PDMS) (a type of silicone polymer) has

been the topic of numerous studies surrounding silicone rubbers. It has been

shown to have one the largest diffusion coefficients among many silicone poly-

mers [213]. However, the variations in the polar functionality in different parts of

PDMS may result in reduced oxygen sensing capabilities. In order to increase the

sensitivity of PDMS, efforts have been made to increase the surface contact area

by fabricating micropillars on the surface so that the accessibility of the oxygen

molecules to the indicators becomes even greater [214, 215]. This seems to be

a promising prospect for sensing highly anoxic systems. However, Poly - TMSP

films have shown greater sensitivity than PDMS [216].

In addition, the incorporation of nanoencapsulation techniques in fabrica-

tion procedures has led to the creation of biosensing nanosensors. This category
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of optical probes, namely PEBBLEs (Probing Explorers for Bioanalysis with Bio-

logically Localised Embedding), consist of spherical nanoparticles that are em-

bedded with oxygen sensing luminescent materials [217]. To this day, PDMA,

organically modified silica nanoparticles (ORMOSILS) and their hydrogel equiv-

alents have been successfully presented [218].

The benefit of this category of indicators is their excellent biocompatibility

displayed with no leaking of the dye and no cytoxicity. This led to the adoption

of the luminescent quenching sensing methodology in inter- and intracellular

imaging of in vivo experiments [219]. For this purpose, some experiments fo-

cused on the introduction of silica nanoparticles in the polymers and thus phos-

phorescent dyes were embedded into fumed mesoporous silica particles [220]. It

must be noted that dual emission of fluorescence and phosphorescence has also

been achieved by staining the PEBBLE with both fluorophores and phosphors in

order to achieve a greater referencing procedure.

2.3.4 Calibration and Referencing

An important step in the development of a sensor is the calibration process which

determines the relation between the measured value and the end goal calculated

variable, e.g. the photodiode photocurrent and the oxygen concentration of the

environment under study, respectively. This also allows for the determination of

the accuracy and repeatability of measurements and in turn assesses the reliabil-

ity of the sensing device. Nonetheless, additional referencing is often necessary,

especially in the case of luminescence based oxygen sensors, due to the multi-

tude of parameters affecting the measurements. These typically vary depending

on the application and cannot be simulated in a lab environment (e.g. biological

tissue in live organisms).

For calibration purposes, in quenching of phosphorescence oxygen mea-

surements, the most common technique consists of testing the sensing device in

an environment of different oxygen concentrations. For this purpose, a mixture

of two gases has been mostly used; one oxygen and the other a reference inert gas

that would not chemically react with oxygen and not induce quenching to the in-
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dicator dye [221]. To this end, mass flow controllers are usually preferred due

to their precision, which is crucial in the development stage of a device [150].

Equivalently, a similar approach is followed for aqueous measurements where

oxygen is either pumped in different flows into the liquid of interest or measure-

ments are taken in humid environments [222]. These methods give a relative

percentile change in the concentration of the oxygen but can be directly related

to the partial pressure (assuming that the total pressure of the test environment

is a known quantity) and thereafter, through Henry’s law, to the oxygen concen-

tration (which is true only for systems in equilibrium). Other studies focused on

taking into account temperature and pH effects on the sensing properties [223].

In intensity based measurements, the geometry of the optical setup and thus

the differential path length of the light from the LED to the sensor can vary sig-

nificantly depending on the specific environment. Hence, it is almost impossible

to calibrate a single device with high accuracy for every type of application. To

add to this, drifts in the performance of the light source and receiver as well as

the phosphorescent indicator used due to photobleaching or leaching of the dye

can induce significant errors. Additionally, ambient light, auto-fluorescence (es-

pecially in biological systems) or any type of variations in the geometry of one of

the many components involved in the optical system can handicap the precision

and accuracy of the sensor. It should be noted that this is also true even in the

case of Haemoglobin based, anisotropy and FRET measurements. Concluding,

referencing has been deemed crucial for a plethora of sensing applications.

Even in the case of lifetime based measurements, which have time and again

been generally described as highly accurate and less dependent on referenc-

ing, there are many studies that focus on such means to improve output per-

formance. Specifically, it is often the case that both frequency and phase mea-

surements are used simultaneously for self-referencing purposes, i.e. the ratio

of their apparent lifetimes is the basis of their measurements. Similarly, multi-

frequency phase measurements are applied and the apparent phase lifetimes are

then referenced with each other [101].
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To add to this, a common referencing technique in the literature is the dual-

wavelength referencing method. This includes a) using a dual emitting indica-

tor that has two different emission spectra (either from a single phosphorescent

probe or two of them embedded in the same support [224]) that each one is

quenched at a different extent b) an additional fluorescent signal that is not per-

turbed by the presence of oxygen (theoretically can even partially overcome the

effect of temperature drifts) [170] c) referencing via Raman spectroscopy. These

mostly rely on ratiometric approaches between one signal and the other and re-

semble the method used for deoxy- and oxy-haemoglobin quantification. For

example, this principle has been applied using an RGB CCD camera, to monitor

a microfluidic system, where one channel was measuring the green input sig-

nal, i.e. the reference wavelength, and the other (red) channel the phosphores-

cent emission [225]. Other referencing efforts focused on alienating the effects of

photobleaching by monitoring the luminescence with and without the presence

of the indicator.

Additionally, in one regenerative medicine study, which employed a phos-

phorescence based setup, cartilage tissue populated by both live and deceased

cells was studied in order to use the latter as a reference [81]. This allowed for

the correct depiction of the oxygen mapping and helped negate any effects that

might arise from the unique geometrical characteristics of the tissue under study

that resulted in non-trivial gradients due to oxygen diffusion (Fig. 2.3). As far as

imaging purposes are concerned, the use of initial baselines before every mea-

surement (that can be reliably referenced) were used to account for intensity

fluctuations of the light sensor or due to a variable optical differential path length

for each pixel. However, there have been cases where motorised movement of a

single sensor can reduce the need for referencing significantly [221].

2.4 Open Problems

Despite the existence of a plethora of studies on phosphorescence based oxygen

sensing in the existing literature, there still remain a number of obstacles to sur-
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mount for their unilateral adoption.

Besides manufacturing and tailoring the phosphorescent indicators, the

physical mechanisms of dye-oxygen interaction are still being extensively stud-

ied in terms of physical models in order to lead to improved signal processing

[127,128]. Crucially, phosphorescence lifetime based sensing often relies on time

or frequency domain measurements and thus subsequent analysis of the signal

often still requires a higher complexity and cost for the detection system [115].

The adoption of direct time domain measurement methodologies has been pre-

sented as a solution, but the optimal method of lifetime determination and their

respective signal characteristics, using PDs and LEDs, has not been shown. Also,

the use of digital filtering has not been studied extensively in order to increase

the SNR of such measurements.

From an instrumentation point of view, efforts have been made so that LEDs

and photodiodes are recruited as the simplest optical system to put in place. This

has lead to their application in wearable transcutaneous monitoring of oxygen

blood levels by exploiting diffusion through the skin [42, 97, 226, 227]. To add to

this, quantification of gaseous oxygen content via photoluminescence has been

employed for cell culture [54] and environmental studies [53]. The low-cost in-

strumentation of solid-state electronics has also led to the investigation of their

suitability in food packaging oxygen monitoring where robustness and reliabil-

ity are crucial elements [228]. However, up to now, there has not been a sensor

with the required reproducibility and low-cost characteristics that will allow their

commercial use [229]. An optimisation of this type of sensing device based on the

optical properties of the components and their configuration as well as the sig-

nal characteristics has not been shown up to date. To add to this, no rigorous

approach has been proposed towards the study of the SNR properties depending

on the physical characteristics of the optical setup, as well as the excitation signal

modulation parameters in the case of direct lifetime measurements.

Furthermore, it is well understood that in pursuit of effective miniaturised

sensors one should closely consider the factors that determine their performance
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in terms of sensitivity, response time and overall reliability by focusing on the

accuracy and precision of measurements. Towards this goal, the most suitable

indicator-support combinations have been extensively studied by concentrating

on the parameters that affect the sensing properties from a chemical composi-

tion and fabrication point of view [57, 230]. In most cases, the dyes have to be

embedded onto a host, usually of polymeric nature, which affects a multitude

of properties such as range of oxygen measurements, sensitivity and response

time [122]. These depend on the intended use and can vary significantly. For this

reason, morphology manipulation of the polymer films has been applied but a

universal solution that combines low recovery/response times and high sensitiv-

ity improvements has not been shown up to date for an LED-PD based device.

To conclude, it is clear that further studies are required towards the devel-

opment of optoelectronic solutions that are easily translatable to medical appli-

cations and widely available.



Chapter 3

Role of configuration parameters*

Chapter Summary

Oxygen sensing based on phosphorescence quenching has emerged as a promis-

ing candidate for a wide range of applications. For biomedical translation and

commercialisation, simple and cheap solid state instrumentation is required. To

this end, it is imperative to study both the optical properties of the optoelectronic

configuration and signal characteristics of the excitation light in relation to sen-

sor performance. Here, five parameters were identified to play a vital role for

output dynamic range: i) input LED voltage, ii) position of the photodiode, iii)

background material reflectance, iv) frequency of input signal and v) dye con-

centration in the polymer film. Both intensity and lifetime based measurements

were performed to determine windows of high dynamic range for the sensing

film. It was shown that there is a trade-off when choosing the position of the

detector relative to the excitation source as well as the power input to the latter

depending on the type of measurement. The improvement achieved was an in-

crease of ∼81% in peak photodiode dynamic range for intensity measurements.

Equivalently, for lifetime readings a concurrent linear increase in dynamic range

followed the voltage amplitude powering the LED with an improvement of a fac-

* Contents of this chapter have been submitted for peer review; Title: "On the performance
of phosphorescent optoelectronic oxygen sensors: Role of configuration parameters". Authors:
Nikolaos Salaris, Paul Haigh, Ioannis Papakonstantinou, Manish K. Tiwari. Journal: Sensors and
Actuators B: Chemical.
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tor of ∼4.3, when comparing the results between 2 and 5 V of input LED voltage.

Background reflection was shown to negatively influence both types of readings

with a reduction of up to ∼26% for highly reflective surfaces. The input signal

frequency was also shown to play a crucial role in both intensity and direct time

domain calculations, yielding a maximum of ∼30% and ∼50% increases in peak

dynamic range, respectively, when comparing the worst and best case scenario.

Similarly, the changes in the PtOEP dye concentration in the polystyrene film

produced ∼36% and ∼20% improvements. A non-linear fitting of a stretched ex-

ponential was considered as the preferred model and digital filtering was neces-

sary due the disuse of an amplifier for the photodiode. Although using specific

combination of dye and host polymer, our study should offer insights into pre-

liminary set-up optimisations for best performance in similar oxygen measure-

ment setups.

3.1 Introduction

The growing need for monitoring oxygen content in complex biological systems

with high accuracy and precision has led to the development of a plethora of

biosensors [15, 16]. Optical sensing strategies are at the forefront of these ef-

forts due to their versatility in terms of sensing range, robustness as well as min-

imal consumption of the analyte under observation [18, 19]. As described in

the previous chapter, one of the most promising candidates is based on photo-

luminescence and specifically on quenching of phosphorescence which has ren-

dered the use of simple optoelectronics viable through their rational choice and

synthesis of oxygen sensitive dyes [115, 165, 198]. An important feature of such

optoelectronics approaches is their ability to measure absolute oxygen concen-

tration, which makes them highly attractive for a wide variety of applications

[40–43, 53, 54].

The intensity and decay characteristics of the emission constitute the ob-

served variables based on which measurements are performed [117, 231], while

their relation to the concentration of oxygen is ideally described by the Stern-
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Volmer equation [198] (see section 2.2). Nowadays, calculations based on decay

characteristics are possible with small scale electronics due to the progress of

solid state components. In most cases, the luminophores of choice are metallo-

porphyrins which are embedded in polymer host supports for mechanical stabil-

ity [122, 232]. Pulsed, square or sine wave excitation signals are most commonly

employed in such optoelectronic luminescence-based sensors (see section 2.3).

By recording and fitting the intensity of resulting emission over time, i.e. the de-

cay profiles, the lifetime can be determined [142, 143]. The fitting is commonly

performed by using a numerical nonlinear least squares technique. Stretched

exponential is a frequent choice of fitting function because it captures the inter-

actions of the indicator with the quencher and its environment [127, 128]. In a

general form this equation can be expressed as [145, 146, 233]:

Ise (t ) = a exp

[
−

(
t

τa

)β]
+ c (3.1)

where Ise (t ) is the intensity of the signal over time, τa is the pseudo lifetime, β

is the power law coefficient of the stretched exponential model and c is a com-

pensatory coefficient for displacements in the y-axis due to experimental errors.

The negative sign inside the exponential captures the decaying nature of signal

intensity.

Furthermore, the use of inexpensive microcontrollers and miniature optical

and electronic components such as light emitting diodes (LEDs) and photodi-

odes (PDs) have led to the emergence of additional applications such as wear-

able devices [42, 143]. To this end, a new field of application focuses on tran-

scutaneous monitoring of blood oxygen levels by exploiting diffusion through

the skin [42, 97, 226, 227]. The low-cost instrumentation also enables their suit-

ability for oxygen monitoring in food packaging, where robustness in addition

to reliability are crucial elements [228]. In fact, a solution with the required re-

producibility and low-cost characteristics that will allow their widespread use re-

mains to be achieved [229].

Suitable indicator-support (i.e phosphorescent dye and the host polymer)
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combinations have been extensively studied, with a variety of different fabrica-

tion techniques and chemical compositions that influence the sensing proper-

ties [57, 124]. The choice of materials in terms of dye and polymer support as

well as method of encapsulation are critical for achieving the best sensing char-

acteristics [140,234]. The emission wavelength and lifetime vary significantly de-

pending on the dye, but the use of the polymer is what determines, to a large

extent, the sensitivity and response time of measurements [102, 124, 235].

Additionally, background light suppression using expensive filters is often

employed and has proven vital for the success of windowed, time domain life-

time calculations [236,237]. In some cases this effect has been mitigated without

emission filters [238] but studies to date have focused mainly on suppression of

background light interference and not the effect of background reflectance of the

materials used. Also, for all cases of time domain measurements it is well under-

stood that there exists a suitable range of frequencies for the input signal, which

depends on the lifetime of the dye, and that the signals with a large dark period

present the least uncertainty [239]. Nonetheless, for lifetime measurements, the

relation between final sensitivity and accuracy with the period of the square wave

excitation signal remains to be investigated. In one study using flexible sensors,

the frequency response of the PD was investigated in relation to the bending an-

gle of the sensor but its effects on lifetime calculations was not considered [41].

Clearly, there have been a wide swathe of reports on the important differ-

ence that the exact configuration makes on the sensitivity of phosphorescence

based, optoelectronic oxygen sensors. However, a systematic investigation fo-

cusing on elucidating the role of configuration variables such as LED driver signal

amplitude and frequency, photodiode position, background reflectance etc. has

not been considered. In this study, we seek to address this by using a standard

dye/host combination of PtOEP/Polystyrene. We showed that the best perform-

ing configurations can achieve as much as 3.8 fold and 81% improvements in the

sensor dynamic range for lifetime and intensity, respectively, when comparing

the best and worst case scenarios for a single parameter (in this case LED voltage
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and photodiode position, respectively).

3.2 Experimental Procedures

3.2.1 Materials and Fabrication

Platinum Octaethylporphyrin( PtOEP, 95%, Merck) purchased as nanopowder

was chosen as a standard oxygen sensitive, phosphorescent dye and was encap-

sulated in the polymer host polystyrene (PS) (Mw ∼ 230,000, Merck). The em-

bedding of the dye into a thin luminescent film was achieved by first mixing and

sonicating the dye in chloroform (CHCl3) (≥ 99.5%, Merck) and then adding PS

to obtain a final blend with a polymer to solvent w/w ratio of 1:20. The mixture

was stirred at room temperature for two hours and then drop cast onto a teflon

petri dish to dry out.

Films with three different dye concentrations, 0.44, 0.89 and 1.11 wt.% of

PtOEP in polystyrene (corresponding to 0.4, 0.8, and 1 mg of PtOEP for 90 mg

of polystyrene) were produced. The film thicknesses were 70-75 (±1) µm, mea-

sured using a micrometer precise vernier caliper, and the pieces used for the ex-

periments were 1×1 cm squares. To reduce variations, a cavity to allow light only

from the surface with the specified dimensions was produced using a submil-

limetre precise laser cutter.

3.2.2 Instrumentation

A reflection based optoelectronic setup was developed to observe variations in

luminescence from the dye doped fibre meshes, via a square wave signal excita-

tion, and relate them to oxygen concentration in a controlled environment. This

type of placement of the optical components (reflection based as opposed to a

transmission equivalent configuration) was chosen due to the scope of this study,

which was focused on the parametric optimisation of sensors applied in health-

care monitoring. Therefore, the predominant configuration would involve the

use of the photodetector and light source in the same plane while the phospho-

rescent film or in general the phosphorescent indicators are in touch with the

organic tissue under investigation (see also Fig. 4.3). Such medical applications
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can be found in healthcare monitoring [91, 240], cancer studies [70] and tissue

oxygenation measurements [89, 241].

In detail, direct square wave decay measurements were employed, using an

LED (Wurth Elektronik, WL-SUMW Series UV LED, 395nm, 1100 mW) as the ex-

citation light source and photodiodes (Osram Opto, SFH 2440) with a peak re-

sponse at 620 nm as the receivers of the emitted light (PD radiant sensitive area

is 7.02 mm2). The choice of output light wavelength was based on the point of

maximum absorption region of the dye and equivalently, the photodiode cho-

sen yielded maximum responsivity at emission wavelength (of the phosphores-

cent dye). As illustrated in Fig. 3.1, the photodiode picks up the reflected light

from the sensor film, which is placed in direct contact with the medium studied:

a controlled gaseous mixture of nitrogen and oxygen. The percentage of each

gas was controlled by using mass flow controllers (El-Flow prestige Bronkhorst)

(± 0.01 ln/min). An amperometric device (Hanna Dissolved oxygen meter) was

used to verify that conditions inside the enclosure were stable, in terms of oxy-

gen and temperature. However, the measurements obtained via this technique

are not presented since electrochemical principles of operation did not allow for

prolonged stable measurements.

The LEDs were driven by a signal generator (Tektronix AFG106) and the out-

put voltage from the photodiodes was measured using an oscilloscope (Tektronix

TDS 2024C) after conversion from current to voltage using a 100 Ω resistor for

each photodiode (see Fig. 3.2 for electrical circuit). The amount of current to the

LED was not controlled directly using a current generator but by varying the volt-

age to the LED with a 100 Ohm resistor to connect the two. The LEDs and PDs

were surface mounted onto a PCB with SMA cables connecting them to the oscil-

loscope and the signal generator. Three photodiodes were soldered in place with

distances, between their central points, of 5.5, 15.4 and 20.1 mm from the LED

(positions 1-3 in Fig. 3.3). The separation between the film and the PCB was kept

at 15 mm. Also, three different background materials were used: a) cast acrylic

coated with black matte paint b) black cast acrylic c) flexible mirror (Fig. 3.5).
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The enclosure consisted of an opaque 6×6×6 cm acrylic box, made in house

using a submillimetre precise laser cutter, which did not allow stray light from the

environment to influence the PD readings. Grooves were added to keep the PCB

in place while a clamp was employed to place the open side of the box against

a silicone insulating rubber, for sealing purposes (Fig. 3.1). The mass flow con-

trollers, the signal generator and the oscilloscope were all controlled using Lab-

View software through a computer.

The open source Python Scipy library was utilised for nonlinear least

squares fitting of the decay curves, using Levenberg-Marquardt and trust re-

gion based algorithms, and to apply a low-pass Kaiser window finite impulse

response (FIR) filter to reduce out-of-band noise.

Figure 3.1: Schematic of the test setup.

Images of the PCB (Fig. 3.3), the experimental set-up and mass flow con-

trollers (Fig. 3.4) and the different background surfaces (Fig. 3.5) are presented

below, Specifically, Fig. 3.3 shows the PCB and the soldered optoelectronic com-
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(a) (b)

Figure 3.2: (a) Images of the setup configuration inside the enclosure along with the an-
notated components and (b) schematic of the electrical circuit connections
of the components.

ponents, which are highlighted (i.e LED, PDs 1 - 3). In Fig. 3.4, an image of the

configuration is presented including: the computer, the oscilloscope, the signal

generator, the calibration enclosure, the amperometric oxygen sensor and the

gas cylinders. In the same figure a close-up image of the mass flow controllers

used is shown. Fig. 3.5 shows the three different background surfaces on which

the phosphorescent film was placed (i.e flexible mirror - R3, acrylic black - R2

and matte black coating - R1).

Figure 3.3: Image of the PCB with indicated positions for the LED and the photodiodes.
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(a)

(b)

Figure 3.4: Images of Setup configuration (a) and Mass flow controllers (b)

Figure 3.5: Images of the three background surfaces with different reflectances; R3 (left),
R2 (middle) and R1 (right).

Limitations

It should also be underlined that a number of limitations were present due to

the use of a simplified setup (in terms of optoelectronic components) consisting

only of an LED, powered by a signal generator, and simple photodiodes, without
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the incorporation of an amplifier or an optical filter.

Specifically, the partial filtering of the light originating from the LED and

background reflections was a significant limitation of the photodiodes used and

one of the reasons why validation and comparison measurements were per-

formed. Thus, an important part of this study was the additional use of a pho-

todiode with inbuilt amplification (Thorlabs DET100A2 - Si Detector), higher re-

sponsivity and an additional longpass optical filter. The results will be discussed

in greater detail further on in this chapter (see section 3.3.2).

It should be underlined that the low responsivity of the detector and the low

radiant flux of the LED onto the phosphorescent film (compared to other sources

such as lamps, optical fibres and lasers) also hindered the results in terms of sen-

sitivity of the oxygen sensor. Therefore a direct comparison with the absolute

values of the sensitivities presented elsewhere is not possible. This is also the

main reason why a comparative analysis is given in order to determine the im-

provements achieved from a parametric optimisation; performed for 5 different

parameters.

Furthermore, an amplifier was not used after the photodiodes so that no ad-

ditional noise is added to the input signal into the oscilloscope. The reason be-

hind this was the preservation of the decay curves were recovered for the lifetime

measurements. Additionally, the use of digital filtering was deemed necessary

since no analogue filtering was used in order to preserve the decay characteris-

tics coming directly from the phosphorescence emitted by the film. Also, digital

filtering as well as fitting of the curves obtained were crucial since the resolution

was low due to the use of an oscilloscope (±0.4 mV) and the small output currents

of the photodiode. Finally, by using a signal generator, and not a power supply,

additional measurements were required to determine the behaviour of the input

LED voltage and current, and output LED luminosity (see section 3.3.1).

3.2.3 Methods

The amplitude of the square wave driving the LED was varied from 1.8 to 5 Volts

in steps of 0.05 V with the aim of assessing the changes in the dynamic range
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of the sensor with different input LED voltages. The voltage and current as well

as the current and the output power of the LED are linearly related in this range

(Figs. 3.8b and H.1 from appendix). On the receiver end, the photodiodes pro-

duced a photocurrent which was linearly related to the voltage measured by the

oscilloscope, based on Ohm’s law. The results here are presented in terms of volt-

age due to the use of the oscilloscope. This was performed for three different

dye concentrations of the phosphorescent film. In a separate experiment, it was

observed that the current powering the LED was constant within±0.5% for a con-

stant voltage powering the LED, thus indicating that the heating of the LED and

the resistor connecting it to the oscilloscope did not affect the output luminosity.

Oxygen sensing characteristics were not defined via the Stern-Volmer equa-

tion due to the large amount of data sets required to fit an oxygen calibration

curve for every voltage amplitude powering the LED. Instead, a comparative

analysis between the readings at two specific oxygen levels was performed to de-

duce the sensor performance in terms of sensitivity, dynamic range and SNR.

Sensitivity is the ratio of intensity (or lifetime) at at a given oxygen concentration

to the intensity (or lifetime) at zero concentration. Intensity of light is assumed

to be related linearly with the current from the photodiode (which is converted

here into voltage to measure using an oscilloscope). Thus, in this study the sen-

sitivity and dynamic range are calculated using the voltage from the photodiode.

Here, the performance of the test setup was determined using the dynamic range,

i.e the difference between the readings at two different oxygen levels. The mea-

surements at each oxygen concentration were analysed in terms of SNR, defined

as the dynamic range over the coefficient of variation (CV), i.e the root mean

squared error (RMSE) over the mean. The CV is used here instead of RMSE in

order to compare oxygen sensitivity at different voltage baselines.

In detail the definitions are given as follows (also shown in appendix B):

a) Dynamic range (DR) is defined as the difference between the measurements

at the two different oxygen levels for both intensity and lifetime readings (eq. 3.2
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and 3.3).

DRI = I0 − Ix% (3.2)

DRτ = τ0 −τx% (3.3)

where the underscores I , τ refer to intensity and lifetime measurements respec-

tively and the underscores 0 and x% to the oxygen content in the environment

under study (percentile flow from the mass flow controllers in the case of our

experiments).

b) The sensitivity is defined as the ratio of the measurements at two oxygen lev-

els, either intensity of lifetime, where the numerator is the 0% oxygen level and

the denominator a specific oxygen concentration or percentage of the total envi-

ronment’s content (eq. 3.4).

Sensitivity = Sx = I0

Ix%
,
τ0

τx%
(3.4)

where x% is the percentage of oxygen content in the environment under study.

c) The error is defined as the the Coefficient of Variation (CV) (eq. 3.5).

CV = σ

µ
(3.5)

where σ refers to the standard deviation and µ to the mean value.

d) The Signal to Noise Ratio (SNR) is defined as the DR over the CV (eq. 3.6).

SN R = DR

CV
(3.6)

The two oxygen levels used for the tests were: 0 and 20% (V/V), controlled

by the mass flow controllers. For each LED voltage five measurements were per-

formed and averaged. This range of oxygen measurements was chosen based
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on the sensors performance, which was determined by the chemical compo-

sition of the dye-doped film and the optoelectronic components used. An as-

sumption in our calculations was oxygen invariance at the time period after the

response/recovery time, defined as the period necessary for the stabilisation of

the measurements at a particular level starting from a lower/higher oxygen con-

tent [195]. The response/recovery times had to be taken into consideration so

that measurements were performed in regions of stable conditions. This was

deemed a valid assumption since the oxygen content was also monitored with

the use of a separate amperometric detector with a precision of ±0.1 ppm.

A square wave excitation was used instead of a constant voltage in order

to analyse the lifetime and intensity measurements in parallel. Three different

square wave signal frequencies were tested: 500, 750 and 1000 Hz. Following a

parametric variation of the signal frequency, 500 Hz was found to be optimal for

dynamic range and chosen for the subsequent tests. It is noteworthy that fre-

quencies smaller than 500 Hz did not exhibit any different results compared to

500 Hz and are not displayed here for brevity. It should be noted that the LED

signal was set at a frequency of 500 Hz for all measurements apart from the fre-

quency variation tests in section 3.3.5. Different models were employed to fit the

decay curves and the resulting lifetimes were compared. These were calculated

from the non-linear least square fitting of the decay profile with (eq. 3.1), i.e a

stretched exponential model, single and double decay models as well as applying

the phase plane method [242]. It should be noted that both lifetime and intensity

measurements were calculated after the application of the FIR filter.

Photodiodes were placed at three distinct distances from the LED with the

purpose of identifying, through parametric variation, windows of optimal perfor-

mance. It should be noted that the film was kept in the centre of illumination at a

fixed distance from the LED. In order to show the dependence of oxygen sensing

performance on background light scattering from the film’s surrounding, three

distinct background surfaces were used: matte black coated cast acrylic (R1), cast

acrylic with an uncoated smooth surface and a black color (R2), and cast acrylic
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with flexible mirrors attached to it (R3).

3.3 Results and Discussion

The intensity based measurements are presented first followed by the lifetime

calculations. The five parameters shown here to influence the performance of

the sensor are: LED voltage, dye concentration, PD position, background surface

reflectance and signal frequency (Table 3.1). Further on, a discussion of the error

in the measurements is given along with a comparison between the two type of

readings.

Parameters
Photodiode

position
Dye

concentration
LED

voltage
Background

material
Frequency

Intensity 81% 36% 267% 20% 30%
Lifetime 257% 20% 277% 26% 50%

Table 3.1: Table summarising the results obtained from the variation of each parameter
for both intensity and lifetime measurements. The results are presented in
terms of maximum improvement in dynamic range achieved by comparing
the worst and best case scenario of the specific parameter varied (while all the
rest were kept constant).

It should be noted that all improvements or decreases are shown in terms of

the relative change, i.e. the change over the initial value. This is also true in the

later chapters of this thesis.

3.3.1 Intensity measurements

The first set of experiments involved the measurement of the sensitivity and dy-

namic range of intensity based calculations while the LED voltage was varied

from 2 to 5 V. Fig. 3.6a presents the sensitivity versus the LED voltage and Fig.

3.6b and 3.7 the dynamic range over the LED voltage. Fig. 3.6 shows the results

obtained from the PD in position 2 and Fig. 3.7 from positions 2 and 3. It should

be pointed out that the resolution of the oscilloscope was ± 0.4 mV for all voltage

measurements obtained.

It is clear from Fig. 3.6a that a continuous decrease in sensitivity of inten-

sity based measurement follows an increase in the driver LED voltage while for

the dynamic range a peak is observed (Fig. 3.6b). From Figs. 3.6b and 3.7 it is
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evident that the position and height of the peak is different for each PD position,

thus indicating a different maximum dynamic range (in value and corresponding

voltage) for each LED-PD distance.

In detail, position 2 showed the largest peak dynamic range (Fig. 3.6). For

position 1 (Fig. 3.7), the peak dynamic range was located outside the measured

boundaries, thus only a decrease in dynamic range is observed, whereas for po-

sition 2 (Fig. 3.6b) there was a peak at 2.4 V, and for position 3 (Fig. 3.7) at 2.75 V.

These peak values corresponded to the highest dye concentration of 1.11 wt.%.

The equivalent maximum value of dynamic range was 6.05, 10.4 and 5.75 mV for

positions 1, 2 and 3, respectively. As mentioned earlier the film was kept in the

centre of illumination at a fixed distance from the LED.

Additionally, for films with increasing dye concentration the same pattern

was observed with an overall increase in the dynamic range. This suggests that

the existence of a peak response in terms of LED voltage is related to the opti-

cal configuration, rather than the dye concentration. In terms of peak dynamic

range shift in relation to dye concentration, an increase of 2.73 mV was observed

from 0.44 to 1.11 wt.% PtOEP/ PS, for the PD in position 2 (Fig. 3.6b). This in-

crease was expected due to the rise in the number of phosphorescent dye parti-

cles available to emit, and thus quenched by oxygen.

The emergence of a peak in intensity measurements (Figs. 3.6 and 3.7) can

be understood by analysing the amplitude response of the optoelectronic setup

shown in Fig. 3.8a, which plots the output PD voltage versus input LED voltage

without using any phosphorescent film. The response clearly exhibits a linear

rise in PD voltage at low LED voltages and a PD position dependent saturation at

high LED voltages.

It should be underlined that the forward LED voltage from the signal gener-

ator was linearly related to the LED current (Fig. 3.8b), for the ranges tested, and

thus the saturation was not a result of saturation in output LED power (see also

Fig. H.1 in Appendices) or changes in the dynamic resistance of the LED. This

was tested using a digital multimeter (RS - RSDM 3055) connected in series with
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(a) (b)

Figure 3.6: Plot of a) the sensitivity and b) the dynamic range of intensity measurements
against the amplitude of the LED for three different dye concentrations, de-
picted here in mg of PtOEP per 90 mg of PS. The PD was kept in position 2 for
these measurements. The LED signal was set at a frequency of 500 Hz.

Figure 3.7: Plot of the dynamic range of intensity measurements against the amplitude
of the LED for two different dye concentrations for both PDs in positions 1 (◦ ) and 3 (� ).

the signal generator and the LED (same setup as in Fig. 3.2b was used. Addition-

ally, the input LED voltage does not reflect the real values of the voltage input to

the LED but the values displayed by the signal generator, which possibly has a

current limiter and would explain the linear voltage-current plot. This was con-

firmed when using the photodiode from Thorlabs which showed a linear relation
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between the luminosity received and the input LED voltage (Figs. 3.12, 3.13, see

section 3.3.2). Importantly, Fig. 3.9 shows the voltage-current characteristics of

the LED when tested in a separate experiment with a power supply (KEYSIGHT

E3631A).

(a) (b)

Figure 3.8: Plot of a) the PD voltage against LED voltage for increasing LED voltage am-
plitude in steps of 0.1 V, for a range of 1.8 to 5 V and b) the current versus the
voltage from the signal generator powering the LED. Note that the LED volt-
age indicated is not the real value of input voltage to the LED but the value at
the signal generator which has a current limiter.

Figure 3.9: The voltage against the current powering the LED when tested with a differ-
ent setup. The asterisks are used to indicate that the LED input voltage and
current displayed here were measured with the power supply, in separate ex-
periments compared to the rest of the results presented.

In order to relate the decrease in dynamic range of intensity measurements
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for high voltages to the response curve (Fig. 3.8a); a plot of the differentiated re-

sponse curve (i.e the slope at each point for all 3 PDs, i.e. dVPD /dVLED ) over the

LED voltage is provided (Fig. 3.10). It is evident that the reduction in dynamic

range capabilities follows an increase in the rate of change of voltage at the pho-

todiode over the change in the voltage from the LED. Thus, this can be explained

by the existence of certain regions of the system in terms of LED voltage and

PD position (i.e. luminosity levels at the photodiode) where the output dynamic

range correlated to oxygen measurements reaches a peak.

Figure 3.10: Plot of the differentiated PD voltage against LED voltage for increasing LED
voltage amplitude in steps of 0.1 V, for a range of 1.8 to 5 V.

The linear rise in PD voltage would explain the increase in dynamic range

with voltage at low input voltages. The saturation at high LED input voltage was

also observed with the phosphorescent films and is not shown here for brevity.

The slope of PD voltage variation clearly diminishes at high input voltages de-

pending on the PD position (Fig. 3.10). This implies that at high voltages, the

changes to sensing system output (PD voltage) with oxygen concentration will be

minimal and thus the dynamic range should drop off. In other words, the change

in PD voltage introduced by the presence of oxygen is relatively small and this

saturation effect dominates, leading to a sharp reduction in the dynamic range.

This would also explain the shift in the position of peaks towards higher LED

voltage for the photodiodes positioned further away from the excitation source.
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Note that Fig. 3.6b and 3.7 also highlight the importance of optimal PD position

because the peak dynamic range for PD2 position (Fig. 3.6b) is higher than the

PD3 (Fig. 3.8a); for PD1 the dynamic range falls off too quickly with LED voltage

due to rapid saturation.

It is noted that the existence of a saturation is not due to LED output. This

was supported from tests with the same LED while using a PD with in-built am-

plification and an optical longpass filter, which did not show a saturation curve

(see Figs. 3.8a-3.14). Moreover, another explanation of the reduction in dynamic

range for higher LED voltages (Figs. 3.6 and 3.7) is the partial filtering of light

by the photodiode’s coating. This was observed even though the peak response

of the detector coincided with the phosphorescent emission peak but was not

present in the case where the configuration was comprised of the longpass fil-

ter with the amplified photodiode (Fig. 3.12). In detail, an increase in the LED

output luminosity results in the increase of excited dye molecules until a satura-

tion (as also shown in the literature [243]) and any subsequent increase should be

proportionally attributed more to the light originating directly from the LED and

the scattered light from the surroundings. Higher scattered light from the sur-

roundings would result in shifts towards the aforementioned saturated regions of

the LED-PD response (Fig. 3.8a) which would explain the reduction in dynamic

range observed.

It should be underlined here that focusing lenses would help ameliorate the

sensing capabilities by focusing the light coming from the phosphorescent films

to the detectors or focusing the light from the LED to the film. However, the main

objective of this chapter is the use of simple solid state LEDs and photodiodes

and provide a parametric optimisation with the basic components required. This

is performed with the purpose of presenting a cost efficient solution that would

lead to the facilitation of their future commercialisation.

From Fig. 3.8a it is also apparent that the PD voltage is, for all LED volt-

age values, lower for further placed photodiodes, due to the increased distance

between the PDs and LED and, consequently, between the PDs and the phos-
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phorescent film (see also Figs. 3.1 and 3.3). These differences can be related to

the solid angle of the LED light and its fraction reaching each PD. Estimations

based solely on irradiance calculations (with the assumption of a semi-spherical

excitation source and a Lambertian distribution, appendix D) give rise to a ∼ 84%

reduction in luminous power between the photodiodes in positions 1 and 3 (Fig.

D.1, appendix D). Experimentally, at maximum input LED voltage (5 V) there was

16.55 mV difference, which corresponds to a decrease of ∼ 20.8%, while at min-

imum voltage (1.8 V) it was 48.13 mV, corresponding to a ∼ 74% decrease. Dif-

ferences between theoretical calculations and experimental results for the low

voltage case could be explained by the dependence of the angle of radiance on

input LED voltage, hence resulting in a different irradiance on the photodiode

and different amount of backscattered light reaching the photodiode depending

on the PD position. For the high voltage case the saturation of the response plays

once more a key role in minimising the differences between the photodiodes. It

should be noted that the saturation of the photodiode voltage does not happen

for all PD positions at the same value because of the saturation for light incoming

at different angles and distances for each PD.

Another parameter that was shown to play a vital role in the outcome perfor-

mance of the sensor is backscattering of light. In Fig. 3.11 the dynamic range is

plotted against the LED voltage for three different background surfaces with dif-

ferent reflectances, for the photodiode in position 2. The influence of backscat-

tered light is clearly shown by observing a reduction in the peak dynamic range

(Fig. 3.11). The significance of these findings becomes apparent by comparing

Figs. 3.7 and 3.11. In detail, a 2.75 mV increase in dynamic range was observed

when comparing background surfaces R1 and R3. For comparison, changing the

dye concentration from 0.44 to 1.11 wt.% (PtOEP/ PS) resulted in a 2.73 mV in-

crease. It should be noted that the small shift in the peak position of dynamic

range observed in Fig. 3.11 may have possibly resulted from the misalignment of

components.

Incidentally, we also observed that for some cases (not shown in Fig. 3.11 for
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brevity), the background reflectance could even lead to negative dynamic ranges

in regions of high LED luminosity. A possible explanation is that for high re-

flectance, the reflected light passing through the film may make it back to the

PD. Moreover, a smaller scattering angle in the presence of oxygen should also

facilitate relatively more light returning back to the PD compared to the nitrogen

environment, due to reduced phosphorescence.

Figure 3.11: Plot of the dynamic range of intensity measurements against the LED volt-
age for the three different backscattering surfaces R1, R2 and R3. The pho-
todiode was kept in position 2 and dye concentration at 1 mg of PtOEP per
90 mg of PS.

It is to be noted that in the literature, the existence of a sensitivity satura-

tion in intensity measurements has been reported to be in good agreement with

the Langmuir-Hill equation [243]. We observe a non-monotic behaviour for the

dynamic range as a fuction of of LED voltage (see Fig. 3.7 and 3.11). The dif-

ference can be explained by the crucial lack of filtering of the incoming light,

the difference in the optical configuration of the setup and the use of a different

and bulkier photodiode with built-in amplification. This was confirmed through

additional tests performed with the use of an amplified photodiode and an opti-

cal longpass filter in both transmission and reflection based configurations pre-

sented in 3.3.2.



3.3. Results and Discussion 125

3.3.2 Additional tests with Thorlabs photodiode

A low concentration PtOEP - PS film was tested with the use of a thorlabs photo-

diode with inbuilt amplification ( DET100A2 - Si Detector ) in order to compare

with the results described in 3.3.1 and relate the measurements between the two

setups. The reason for the use of this photodiode is its increased responsivity and

its integrated amplifier (i.e. higher accuracy and higher precision), which allows

for the referencing of the LED behaviour and thus for a direct comparison with

the sensing setup under study. Both a reflection and transmission based setup

were applied. Another comparison was performed with the addition of a long-

pass filter at 620 nm, with the purpose of detecting only the light emitted from

the film avoiding any back scattering of the source light reaching the photode-

tector. Transmissive measurements meant that the film was placed in between

LED and photodiode. For the purposes of this study the two oxygen levels chosen

were once again 0% and 20% of oxygen flow (V/V), controlled by the mass flow

controller.

Figure 3.12: Plot of the response of the amplified photodiode in terms of output volt-
age versus input LED voltage, in the range of 1.8 to 5 V in steps of 0.1 V (30
tests for each step). Three different setup configurations are shown: Trans-
missive, Reflective and Reflective without the use of the longpass filter (620
nm).

The resulting plots show the dependence of the response of the system in

terms of input LED and output PD voltage (Fig. 3.12), dynamic range (Fig. 3.13)
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and sensitivity (Fig. 3.14). The two setup configurations (i.e transmission vs re-

flection based) and the use of the optical filter are plotted as separate curves in

the same graph. Without the use of the filter for reflective measurements the

response exhibited similar saturation problems described in the case of the sim-

ple PCB used in our experiments (Fig. 3.8a), with this case differing in terms

of an abrupt plateau due to the maximum amplification of the system at 12V

(Fig. 3.12). Transmission and reflection based configuration tests with the filter

showed a linear increase in output PD voltage with increase of LED voltage. This

implies that the saturation curve in Fig. 3.8a is not an effect caused by saturation

of output LED power in the specified voltage range.

In Fig. 3.13 the dynamic range versus the LED voltage for the three configu-

rations is plotted. From this plot it is clear the transmission based measurements

show the greatest dynamic range while the increase is linear. Without the use of

a filter the dynamic range becomes zero at the point where the saturation occurs

and with the use of the longpass filter a linear increase with a smaller slope is

observed.

Figure 3.13: Plot of the dynamic range against the LED voltage of the amplified photo-
diode setup in three different setup configurations: Transmissive, Reflective
and Reflective without the use of the longpass filter (620 nm).

In Fig. 3.14 the sensitivity is plotted against the LED voltage for all three con-

figurations. For the transmissive experiments the plot is a rising curve while for
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Figure 3.14: Plot of the sensitivity against the LED voltage of the amplified photodiode
setup in three different setup configurations: Transmissive, Reflective and
Reflective without the use of the longpass optical filter (620 nm).

reflective measurements with the filter; sensitivity is constant. Without a filter

it drops at the point where the photodiode is saturated. Thus, it is evident that

transmission mode experiments presented the best results in terms of both dy-

namic range and sensitivity (Fig. 3.13 and 3.14 respectively). It should be noted

that the use of the filter showed an increased sensitivity but decreased dynamic

range of measurements when compared to the no filter case (up to the saturation

point) suggesting that additional studies are required (Fig. 3.13 and 3.14).

A key note is that in the literature, the results reported by Lee et al. [243]

showed a rising curve of sensitivity for increasing LED voltage and thus is similar

to the transmissive case depicted here. This is possibly due to the differences in

the setup and in particular the higher luminosity levels in combination with the

small distances of PD - LED and PD - film.

3.3.3 Lifetime measurements

The same experimental methodology was followed for lifetime measurements

and the sensitivity and dynamic range was once more obtained for all cases

of photodiode position, dye concentration and background surface reflectance

while varying the LED voltage. The lifetime measurements presented here are

derived with the use of the stretched exponential model after a non-linear least
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squares fitting based on the Levenberg - Marquardt algorithm, applied using the

open source Python library scipy. In Fig. 3.15a and 3.15b the resulting sensitiv-

ity and the dynamic range are plotted against the LED voltage, from 2 to 5 V, for

the PD in position 1. In Fig. 3.16 shows the variations in dynamic range for all

three PD positions (Fig. 3.16a) and all three backscattering surfaces (Fig. 3.16b).

It should be noted that the resolution for the lifetime measurements stems from

the sampling frequency of the oscilloscope and was ±0.4 µs.

(a) (b)

Figure 3.15: Plot of a) the sensitivity and b) the dynamic range of lifetime measurements
against the LED voltage amplitude for three different dye concentrations.
The PD was placed in position 1.

Fig. 3.15, shows a linear increase in both the dynamic range and sensitivity

up to a maximum of ∼52.3 µs and ∼0.38 for change in the input voltages from 2

to 5 V. From the same figure, it is clear that the dynamic range also followed the

sensitivity increase for all dye concentrations tested (Fig. 3.15).

Similar to intensity measurements, the position of the photodiode once

more played a significant role, but the trend was the opposite; the lifetime dy-

namic range decreased with increase in photodiode distance (see Figs. 3.7 and

3.16 for intensity and lifetime based readouts, respectively). At maximum LED

voltage, the difference in dynamic range between PD positions 1 and 3 was 41 µs

(Fig. 3.16a).

The square wave decay monitoring approach used can help explain the rise

in lifetime (Figs. 3.15 and 3.16a) with LED voltage. This allows for the detec-
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tion during the “dark” window of the signal (corresponding to the "off" state of

the LED), enabling only the long lived phosphorescent emission to be observed.

In other words, during the “dark” period, quenched dye molecules continue to

emit light and an increase in their number to help increase the sensitivity and

dynamic range of these measurements. This would also explain the increased

dynamic range from larger dye concentrations due to the increased number of

dye molecules which resulted in a maximum increase of 20%. This also explains

the improved dynamic range for PDs closer to the LED, due to higher luminosity

reaching the detector, (Fig. 3.16a).

In addition, lifetime measurements were not influenced as much by the sat-

uration of the PD voltage amplitude (Fig. 3.8a). This is because of at low output

voltage levels (observed at the PD during the “dark” period of the LED square sig-

nal), the gradient of PD voltage with respect to LED voltage is larger (Fig. 3.10).

(a) (b)

Figure 3.16: Plot of the dynamic range of lifetime measurements against the LED voltage
for a) the three positions of the LED and b) the three different background
surfaces (PD1) (note that these refer to the same surfaces as in the case of the
intensity measurements). The plotted values were calculated by imposing
the stretched exponential model on measurements.

In Fig. 3.16b the dynamic range of lifetime measurements is plotted against

the LED voltage for all three different background surfaces tested. From this

graph it is observed that, just as in the case of intensity calculations, the dynamic

range of lifetime measurements were lower for higher reflectance surfaces (Fig.

3.16b). This shows that background reflectance of light hampered the output.
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The change in phosphorescent emission is small, thus the changes in total light

reaching the film can alter the dynamic range strongly. This implies that for a

given LED luminescence, an increase in backscattered light will affect the dy-

namic range noticeably. At maximum LED voltage, the change in dynamic range

between surfaces R1 and R3 was ∼20% and ∼26% for lifetime (Fig. 3.16b) and

intensity (Fig. 3.11) measurements, respectively. Thus, both quantities seem to

be strongly affected by background scattering.

When comparing intensity and lifetime measurements in terms of the dye

concentration variable and its influence on the sensor performance, it was clear

that the latter was not affected to the same degree (Figs. 3.6 and 3.7 versus Fig.

3.15). For intensity measurements the increase in dynamic range for the different

dye concentrations was ∼36% (Fig. 3.6b) while for lifetime measurements it was

∼20% (Fig. 3.15a). However, this does not fully account for variations and irreg-

ularities in the film microstructure and/or inhomogeneities in dye distribution

and the incident light intensity. In literature, lifetime measurements are reported

to be less prone to variations [126–128], [244]. The differences between our study

and the literature could be attributed to the less sensitive phosphorescent film,

the reflective type of light coupling from the source to the detector and the low

cost components chosen here, in combination with the lack of an optical filter.

Furthermore, the lifetime response of the LED - PD system to LED voltage is pre-

sented for the three different PD positions in Fig. 3.17. It should be noted that

the results plotted in Fig. 3.17 were obtained using the same setup as in the case

of the intensity measurements (see Figs. 3.1, 3.2); both types of measurements

were performed in parallel.

Overall, for our films the lifetime measurements showed an increase of 82%

with LED input varying from 2 to 5 V (Fig. 3.17), while the maximum possible

luminous power per area (irradiance) reaching the film being ∼ 19 µW/mm2 (see

appendix section D). Our results are obtained for much lower luminosity levels

than previously reported. To exemplify, using a a fibre-optics based configura-

tions, Larndorfer et al. [245] reported deviations up to 50% for a luminosity of
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Figure 3.17: Plot of lifetime against LED voltage for increasing LED voltage in steps of 0.1
V. Three different photodiode positions are shown denoted as PD1 - PD3.

50 mW /mm2. The differences could be attributed to the instrumentation of the

set-up.

3.3.4 Error analysis

In this section a more in depth analysis of sensor output performance is given

based on an error analysis of the measurements. Fig. 3.18 plots the normalised

noise, in terms of CV and dynamic range for lifetime measurements for the PD

in position 1 and a dye concentration of 1.11 wt.% PtOEP/ PS (W/W) using the

matte black background surface. The noise levels decreased exponentially as the

voltage was increased, but the trend was not observed for the equivalent intensity

measurements where the noise was mostly unbound and uncorrelated. It should

be noted that due to the large number of experiments required to determine the

uncertainty at each voltage for all cases, Fig. 3.18 should be considered as an

indicative trend only where the CV was calculated in separate experiment from

averaging 30 values for each LED voltage step, for a stable oxygen concentration.

The two dashed lines in Fig. 3.18 indicate a linear fit and an exponential decay

for the normalised dynamic range and the normalised coefficient of variation,

respectively.

From Fig. 3.18 it is observed that the uncertainty was at a minimum for
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Figure 3.18: Plot of the normalised lifetime dynamic range and coefficient of variation
against the LED voltage.

high luminosity levels. This indicates that the highest LED voltage is preferable

for high SNR in lifetime measurements since both the dynamic range increased

and the CV decreased (Fig. 3.18). The results below 2 V of LED voltage were

ignored due to high levels of noise. Nonetheless, the uncertainty presented in

Fig. 3.18 is related to a single photodiode position and oxygen level. Graphs of

pure SNR were not possible for all cases because of the varying nature of the CV

for each oxygen level and photodiode position. Further investigation is required

due to large data sets necessary for results of higher statistical significance. Some

indicative errors in terms of CV are given further on (Table 3.2), for the different

models used to fit the decay as well as for intensity measurements.

Photodiode Intensity PPL Single Double Stretched
PD 1 0.05 0.47 0.51 0.51 0.51
PD 2 0.48 0.50 0.53 0.76 0.48
PD 3 0.55 0.46 0.46 0.56 0.47

Table 3.2: Table presenting the coefficient of variation for lifetime and intensity based
measurements at 20% oxygen at 4 V of LED voltage for all three positions of
the photodiode.

Specifcially, in Table 3.2, a comparison between lifetime fitting models as

well as intensity based measurements in terms of sensing output CV is presented

for an LED voltage of 4 V. For this power level the uncertainty in measurements
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was not found to be the crucial parameter in determining the output accuracy of

readings.

In intensity measurements for the PD 1 case, the relatively smaller error was

accompanied by a low dynamic range (Fig. 3.7). The error was calculated via the

use of the coefficient of variation chosen as such to avoid the influence of dif-

ferent lifetime ranges depending on the model fitted among the direct lifetime

calculation methodologies. The total points from which the RMSE was calcu-

lated were 40. The use of FIR filters (appendix C) significantly reduced the noise

in the case of intensity measurements with a maximum improvement of a 20 fold

decrease in the coefficient of variation (see Fig. 3.19b for the filtered and unfil-

tered decays). It should be emphasised that the lack of amplification rendered

the use of filtering crucial for the purposes of this study. An additional argument

for the use of digital filtering and specifically an FIR filter is the precise choice of

desired bandwidth without expecting a significant fall in intensity of the signal or

phase shift.

By comparing the different strategies all errors in the form of CV were rel-

atively low between curve fitting models; thus the use of the dynamic range as

a way to determine the accuracy was once more considered a valid assumption.

The use of the stretched exponential provided better results in terms of dynamic

range but similar errors.

A key note here should be that the errors do not substantially vary for dif-

ferent PD positions except for the intensity based measurements where the first

position had substantially less noise but also significantly lower dynamic range.

When designing a sensor the limitations in precision of the device in terms of

measured voltage should be taken into consideration so that the dynamic range

is not the limiting factor. Nonetheless, these measurements correspond to a

point where the voltage is high enough such that errors have stabilised in the

lifetime case. This comes in support of Fig. 3.18 that shows the CV falling off at

high voltage regimes for lifetime measurements.

Therefore, from the above one can deduce that a preference between the use
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of intensity and lifetime based approaches depending on the output of the LED

becomes apparent. Also, a key result when comparing sensitivity between the

two approaches is that higher values are obtained for lifetime measurements,

as described also in the literature [246]. However, one of the drawbacks of the

lifetime determination technique is the existence of the prerequisite of additional

computational processing.

(a)

R
2
 coefficient= 99.99%

(b)

Figure 3.19: a) Plot of the filtered and unfiltered decay. b) Plots of an indicative filtered
decay profile (red) and the curve fitted equivalent, using the stretched ex-
ponential model (blue). The coefficient of determination is also indicated.

Additionally, in terms of models used to fit the decay, the stretched expo-

nential model displayed a crucial advantage over the other curve fitting models.

It was able to ensure that the calculated lifetime values were, to a large extent,

unaffected by the choice of starting and ending points in the decay profile. Table

3.2 compares the performance of the stretched exponential with other pertinent

models and 3.19a gives an example of the fitting of a decay. An indicative decay

profile is shown presenting: a) before and after applying an FIR filter (Fig. 3.19b)

and b) the filtered decay and the respective fitted decay using the stretched ex-

ponential model with the coefficient of determination also indicated (Fig. 3.19a).

3.3.5 Frequency effects

An additional parameter that resulted in changes to the output dynamic range

was the frequency of the LED driver signal. In Fig. 3.20 the dynamic ranges for
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both intensity and lifetime measurements are plotted against the LED voltage for

three signal frequencies: 500, 750 and 1000 Hz. Once more, it should be noted

that lower frequencies exhibited the same results as 500 Hz and were not pre-

sented here for brevity.

(a) (b)

Figure 3.20: Plot of the dynamic range of a) intensity and b) lifetime measurements
against the LED voltage for three different frequencies of increasing mag-
nitude. The PD was kept in position 2 and position 3 respectively and film
concentration was 1 mg PtOEP per 90 mg of PS.

It is clear that the choice of 500 Hz maximises the dynamic range for both

intensity and lifetime measurements, as shown in Fig. 3.20. By raising the fre-

quency from 500 Hz to 1000 Hz the respective increases observed for intensity

and lifetime measurements are ∼7.25 mV and ∼283 µs.

These results imply that lifetime measurements are preferable at 500 Hz,

because for higher frequencies the measurements were impeded by the shorter

“dark” windows of the signal (corresponding to “off” state of the LED) which lead

to an only partial fitting of the total decay. In other words, although the frequency

is above the reciprocal of the lifetime value, frequencies above 500 Hz lead to the

partial capture of the decay, which in turn leads to lower output dynamic ranges

for the sensor. This was observed when the period of the signal was within an

order of magnitude of the natural decay lifetime.

The existence of a similar trend in terms of intensity based readings can be

attributed to the dynamic, frequency dependent nature of long lived phospho-
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rescence after excitation. Specifically, this affected the amplitude of measure-

ments at higher frequencies, possibly because it allowed only partial capture of

the longlived phosphorescence signal. However, this issue clearly requires addi-

tional future investigation to establish a quantitative relationship. Also, the use

of constant LED voltage powering the LED instead of a square wave was not stud-

ied here. It should be noted that the small differences in peak dynamic range are

observed in Fig. 3.20 in comparison with the intensity measurements presented

previously (Fig. 3.6), since the frequency variation was performed in a separate

experiment for a larger distance of 20 mm between film and detector.

3.4 Chapter Conclusions

In this study, a robust approach was followed with the use of a reflective based

optoelectronic configuration and a standarised calibration procedure with the

purpose of identifying parameters towards optimal performance of miniaturised

oxygen sensors. The sensing performance was characterised for both intensity

and lifetime measurements and was analysed in terms of dynamic range and

SNR.

For the reflective configuration considered, five parameters were identified

to play a vital role: input LED voltage, position of photodiode with respect to

light source, background material reflectance, frequency of input signal and dye

concentration in the polymer film. The main outcomes are:

i For intensity measurements, peaks of output dynamic range, and thus oxygen

sensing capabilities, were observed depending on the position of the pho-

todiode and the LED input voltage (from the signal generator), which was

shown to be linearly related to output luminosity. This was explained by the

rate of change of PD voltage over LED voltage, which showed the existence of

favourable regions for oxygen sensing experiments to be performed, both in

terms of LED input voltage and PD position.

ii For intensity measurements, an increase of ∼81% in peak PD dynamic range

was observed when comparing the different photodiode positions to the op-
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timal (10.3 mm from the LED) at an LED voltage of 2.4 V. Lifetime measure-

ments showed a linear increase with the LED voltage amplitude, demonstrat-

ing up to ∼3.8 fold increase in the dynamic range, while the favourable PD

position was observed at 5.1 mm from the LED.

iii The reflectance of the background surface was shown to negatively influence

both types of measurements, leading to a decrease of up to ∼26% for changes

from a matte black coating to a specular reflection background.

iv Among the frequencies tested, best performance was observed at 500 Hz with

an increase of ∼30% and ∼50% in peak dynamic range, for intensity and life-

time calculations respectively, when compared to 1000 Hz.

v The intensity and lifetime increased by ∼36% and ∼20%, upon varying PtOEP

dye in Polystyrene from 0.44 to 1.11 wt.% concentration.

vi Non linear least squares fitting of the stretched exponential was the preferred

model for lifetime calculations.

vii Digital filtering was necessary for improved SNR due to the lack of an ampli-

fier after the photodiode.

Overall, our study indicates that the sensor performance can vary signifi-

cantly on the choice and configuration of the optoelectronic components that

comprise a phosphorescent based oxygen sensor; a result not shown previously

for a reflective type setup. This, in combination with the choice of the appropri-

ate oxygen indicator, is imperative for the set-up design to miniaturise such sen-

sors and widen their availability and biomedical translation. In parallel, distinct

zones of high performance were observed depending on signal characteristics

and type of measurement methodology (i.e intensity and lifetime based). This

allows for targeted choices in the design of a sensor with similar principles of

operation and could be generalised for any type of optoelectronic luminescence

based device.
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For further studies a more detailed analysis of the uncertainties emerging

with respect to the oxygen levels should be performed. Also, the application of

a similar reflective setup in a flexible and miniaturised configuration needs in-

vestigating to assess the dependence of sensing properties on the mechanical

properties of the sensor.



Chapter 4

Self-assembled porous polymer films

for oxygen sensing

Chapter Summary

Phoshporescent dye doped polymer films with high sensing performance and

simple fabrication procedures have been the subject of numerous studies aiming

towards the improvement of absolute oxygen sensors. To this end, morphological

manipulation of widely available polymers with simple fabrication techniques

has emerged as a potential solution. Here, porosity is induced in readily avail-

able polymers using solvent based evaporation approaches, namely: phase sep-

aration and the breath figure technique. The fabrication of self assembly porous

structures involved the encapsulation of the phosphorescent dye PtOEP in CAB

(Cellulose acetate butyrate) and PS (Polystyrene) using specific polymer/solvents

combinations and drop casting. The morphology characterisation was achieved

with image analysis using three different imaging techniques; SEM, Micro-CT

and Digital Microscopy. It was shown that a wide range of pore sizes and poros-

ity levels were possible using different combinations of polymers and solvents.

Using the breath figure technique, the pores ranged from ∼ 37 nm to ∼ 141µm,

while a maximum average porosity of ∼ 74% was achieved. The oxygen sensing

performance was evaluated with an optoelectronic based device in both trans-

mission and reflection based configurations. The breath figure method exhib-
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ited the highest increase in sensing performance with THF/CAB as the preferred

solvent/polymer combination for transmission measurements and DMF/PS for

the reflection based. The improvement achieved, when comparing dense and

porous films, was a factor of ∼ 7.9 in dynamic range and ∼ 6.3 in maximum sen-

sitivity, with a transmission based setup. This was followed by an improved lin-

earity, with a 3dB point at 43%O2 (V/V). For the reflection based setup, a max-

imum increase of a factor of 3.83 and 2.29 was observed in dynamic range and

sensitivity, respectively (when comparing the porous and dense films), accom-

panied by a 3dB point at 27 %O2 (V/V). The recovery time was reduced by an

order of magnitude in the high porosity film and noticeably, was not strongly re-

lated to the change in the thickness of the film, within the range tested. Also, the

samples prepared did not exhibit sensitivity to variations in the humidity of the

surrounding environment. Despite the use of common polymers, the fabrication

techniques employed here led to the significant amelioration of sensing proper-

ties and illuminated the relation between four types of porous morphologies and

their resulting sensing properties.

4.1 Introduction

As described in the previous chapter, targeted choices for sensor configuration

in terms of positioning of optoelectronic components and signal characteristics

can have a significant impact on sensing performance. Nonetheless, this is only

one of many research areas devoted to oxygen sensor improvement.

To begin with, a multitude of studies have focused on improving the char-

acteristics of the phosphorescent dye in terms of quantum yield, photostabil-

ity and wavelength of maximum absorption and emission depending on the in-

tended application [57, 203, 247, 248]. Among the most commonly used chem-

icals are metalloporphyrins due to their long lived decays and strong lumines-

cence. Specifically, platinum octaethylporphyrin (PtOEP) has been extensively

studied due its favourable characteristics of high quantum yield, long decay

lifetime and emission/absorption peak within the visible range [190, 191]. The
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chemical indicator requires immobilisation onto a polymer for mechanical sta-

bility in the majority of sensing applications [122, 234]. Encapsulation of the dye

onto the polymer affects the oxygen sensing properties of interest, namely; the

response/recovery time defined as the the time period necessary for stabilisa-

tion of measurements from one level to another, the sensitivity usually defined

as the ratio of the observed variables in the absence and presence of the ana-

lyte and finally, the range of detectable oxygen levels [118, 124, 234]. The lin-

ear relationship between the observed variables and oxygen content becomes

a downwards curvature when the indicators are placed in a microheterogeneous

environment [126, 249, 250], which is inherently true for: a) most polymer sup-

port matrices b) under inadequate luminescence c) use of low sensitivity of re-

ceiver devices and d) dye aggregation [251]. It is common to empirically fit the

resulting curves with a multi site model (eq. 2.24) and in most cases the two

site model based on the assumption that different binding sites exhibit different

solubilities. This has also been shown to be equivalent to non-linear solubility

model [252]) [118, 253]:

I0

I
,
τo

τ
=

j=n∑
j=1

f j

1+K j
SV [O2]

(4.1)

where f j is the fraction of each site j and their sum is equal to 1 (for two site

model j = 1,2). The parameters are empirically fitted, as mentioned, and provide

a metric for the sensitivity and the range of oxygen sensing measurements.

Numerous studies have focused on achieving favourable sensing character-

istics via the correct choice and manipulation of the polymer host to which the

dyes are attached to [16]. The most important properties of the host polymer are;

permeability to oxygen, thickness and solubility in common solvents used to dis-

solve the phosphorescent dyes [202, 254–256] (see section 2.3.3, Host Polymers).

A reduction in the response time and simultaneous increase in sensitivity has

been achieved by using high surface area and high accessibility to gas molecules

polymer host supports [243]. Microporosity has been presented as a solution that

combines the aforementioned qualities along with the simultaneous increase of
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scattered light inside the film, leading to higher luminescence signals [243, 257].

Porosity was introduced to the polymer/dye film via ternary based phase separa-

tion methods of Polyethylene Glycol (PEG)/Ps/Choloroform solutions [258, 259].

This technique relies on solution based fabrication of films and resulted in a ∼4

fold increase in photoluminescence due to increased scattering from the voids

formed. This led to an increase of up to 72% in sensitivity [243]. In the same

study, it was shown that surface porosity played a pivotal role in increasing the

sensitivity. It was proposed that this was a result of the higher accessibility to

oxygen molecules and the shortening of the outer layer diffusion barrier. The re-

sulting phosphorescent film was affected by relative humidity but this was over-

come with the substitution of PEG for Ethyl Cellulose [260]. For a comparison

of the different polymers and dyes used; Table 4.1 presents the sensing proper-

ties achieved with the use of different polymers and dyes and Table 4.2 shows the

increase in sensing performance with the use of sol gels.

Figure 4.1: Table comparing the sensing properties of various polymer films developed
[261].

Another common approach to increase the sensing capabilities of oxygen

indicators is the doping of the polymer films with high dielectric constant parti-

cles which resulted in a ∼10 fold increase in sensitivity with the incorporation of
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Figure 4.2: Table comparing the sensing properties of various polymer films developed
[207]. It is to be noted that QG and QDO refer to the relative improvement of
dynamic range (∆(DR)/DRd , see section 4.3.2) for a gaseous and an aquatic
environment, respectively.

360 nm diameter T iO2 nanoparticles [262]. Longer optical path lengths lead to

increased excitation light scattering which in turn increased light absorption in

the dye particles. Other solutions emphasised on nanoparticle formation using

amphiphilic acrylamide-based polymers resulting in additional superhydropho-

bic properties [263]. Also, a high sensitivity was achieved with microstructured

PtTFPP/PDMS pillar arrays using photolithography [215].

In terms of applications, the implementation of robust and cheap fabrica-

tion techniques while optimising the sensing characteristics is vital for newly

emerging fields such as food packaging [228, 264–267] and transcutaneous oxy-

gen sensors for wearable applications [42,97,226,227]. Reliable and low cost oxy-

gen sensors are necessary for wide-scale commercial availability. Key features

should include mechanical stability, high sensitivity, suitable detectable range,

photostabilitiy combined with cost efficient materials and fabrication processes.

In this study, porosity was induced in readily available polymers with self as-

sembly fabrication techniques to enhance the oxygen sensing properties of phos-

phorescent films. This was performed with the drying of solution based ternary

systems (solvent/non-solvent/polymer) and the breath figure method by relying

on simple drop casting polymer deposition. The morphology of the films was

characterised based on image processing techniques and was related to the sens-
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ing performance with the use of an optoelectronic setup and a standarised cali-

bration procedure. It was shown that despite the use of simple fabrication pro-

cedures and common polymers, a wide range of porosities was achieved leading

to significant improvements in oxygen sensing capabilities.

4.2 Experimental Procedures

The phosphorescent dye PtOEP was embedded in both porous and dense films

using two different host polymers. Porosity was induced via two separate

evaporation-based techniques and a comparison was performed to link the na-

ture of porosities to the oxygen sensing properties. An image analysis was per-

formed for the characterisation of the film morphology and calibration tests

based on an optoelectronic configuration were performed to determine the sens-

ing performance. Additionally, the samples were tested in two different relative

humidity environments.

4.2.1 Materials and Fabrication

The oxygen sensitive dye of choice was PtOEP (Platinum Octaethylporphyrin,

95%, Merck), purchased as nanopowder, and in turn was encapsulated in the

polymer hosts Cellulose Acetate Butyrate (CAB) (MW ∼ 30,000, Merck) and

Polystyrene (PS) (MW ∼ 230,000, Merck). The embedding of the dye into the

dense luminescent films was achieved by first mixing and sonicating the dye in

chloroform (≥ 99.5%, Merck) and then adding PS and CAB to obtain a final blend

with a polymer to solvent w/w ratio of 1:20 (∼ 4.8 wt.%). The mixture was stirred

at room temperature for two hours and then drop cast onto a teflon petri dish to

dry out. The dye concentration of each film was kept constant by using the same

ratio of dye per polymer; 1:2000 (W/W) (0.05 wt%) with the purpose of having

constant amount of dye particles in films of equal weight. This ratio was chosen

based on the saturated level of dye dissolved in acetone (which PtOEP has the

lowest solubility in). The resulting polymer films were dense with a uniform dye

distribution in the centre. The thickness was measured in the centre of each film

using a micrometer precise Vernier caliper.
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Film Fabrication Polymer Solvent/Non-solvent Mixing ratio Weight range [mg]
A1 Ternary CAB Acetone/Water 1:8:1 90-150
A2 Ternary CAB Acetone/Water 1:9:1 90-150
A3 Ternary CAB Acetone/Water 1:10:1 90-150
A4 Ternary CAB Acetone/Water 1:11:1 90-150
B BF PS DMF 1:5 150-250
C BF CAB Acetone 1:4 150-250
D BF CAB THF 1:3 250-300
E Dense CAB CHCl3 1:20 90-300
F Dense PS CHCl3 1:20 90-150

Table 4.1: Film fabrication characteristics.

In this study, the choice for fabrication techniques that would lead to pore

formation on the polymers used for the embedding of the phosphorescent dyes

was based on the assumptions that: a) porosity leads to a higher permeability

of the phosphorescent films and thus results in higher sensitivities and lower re-

sponse/recovery times (see also section 2.2.2) and b) higher porosity leads to an

increased oxygen accessibility and photoluminescence [243]. Also, the use of in-

expensive methodologies to accomplish this would aid its future commercialisa-

tion and incorporation into clinical practices.

In detail, two different techniques were used to induce porosity to the films;

evaporation induced phase separation (EIPS) and the breath figure (BF) tech-

nique. Both are solution based and result in porous film formation with nano-

and macro-porosity throughout the interior of the polymer film. The first relies

on the use of solvent/non-solvent combinations in the mixture along with the

polymer under study and leads to pore formation due to differences in the sol-

vent and non-solvent evaporation rates. This essentially results in the initiation

of the phase separation while the non-solvent creates cavities of varying sizes.

The second technique relies on water from the surrounding environment (prefer-

ably of high humidity) to condense on the surface of the mixture (and later on

submerge into it) thus leading to pore formation as the solution solidifies. This

is again due to the different rates of evaporation of water and the solvent used.

More detailed explanations can be found in appendix E.

It should be mentioned that the coffee ring phenomenon often occurs dur-
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ing the evaporation of drop cast polymer solutions, or colloids in general, and

refers to the characteristic shape after the evaporation of the solvent due to the

distribution of the solidified material [268]. Here, the coffee ring effect is as-

sumed to remain the same for all films and was neglected. The amount of dye

particles per surface area was the same for all cases since the films have the same

dimensions apart from their thickness and the experiments are setup such that

light is received in the z direction (direction of the thickness) (Fig. 4.3).

Figure 4.3: Schematic of the film and LED positioning

The goal of the fabrication process was the development of porous films

with a wide range or porosities and pore sizes so that film morphology can

then be related to oxygen sensing properties. To this end, porosity control was

achieved here with the use of: i) two different fabrication techniques (BF vs phase

separation) ii) different combinations and ratios of solvents and polymers and iii)

different initial thicknesses of the solutions.

In the first case, ternary solutions were prepared by first mixing the polymer

and the solvent/dye into a homogeneous mixture, obtained by sonication, and

then adding the non-solvent. The resulting blend was stirred at room temper-

ature until a ternary homogeneous solution was obtained. The components in

this case were CAB, Acetone (≥ 99%, Merck) and deionised water, and they were

cast in teflon petri dishes to dry out in room temperature. The petri dishes were
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placed inside a 12×12×12 cm enclosure in groups of 4, in order to reduce the

evaporation rate, which plays a critical role in the pore formation [269]. Void for-

mation was observed after the drying of the films and specifically hierarchically

porous films were expected. The first set of solutions prepared were composed

of a polymer/solvent/non-solvent (CAB/Acetone/Water) mixture with a ratio of

1:8:1, 1:9:1, 1:10:1 and 1:11:1. Additionally, for each solution the initial thickness

of the mixture in the petri dish was varied in order to change the porosity char-

acteristics [270, 271]. It is to be noted that the increase in initial thickness leads

to lower densities [272]. To this end, three different quantities of polymer were

used for each solution, based on the amount of polymer: 90, 120 and 150 mg of

polymer (Table 4.1).

Figure 4.4: A schematic depiction of the Breath Figure technique in four stages: a) place-
ment of the initial polymer/solvent solution inside an enclosure with water b)
water begins to precipitate on the surface of the solution c) as solvent evap-
orates and the solution becomes viscous the water droplets sink within the
film and d) after the water droplet evaporation the pore formation is com-
plete

The second fabrication method was based on the BF technique and in-

cluded the use of PS and CAB as the host polymers [273, 274]. In this case,

binary solutions were prepared from PS/Dimethylformamide (DMF) (≥ 99.8%,

Merck) with a ratio of 1:5, PS/Tetrahydrofuran (THF) (≥ 99.9%, Merck) 1:4 and
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CAB/Acetone 1:4 (≥ 99%, Merck) (Table 4.1). The resulting solutions were stirred

and cast onto teflon petri dishes, left to dry out in a high humidity environment

(< 90%) at room temperature inside a 12×8×6 cm enclosure with water (Figs.

4.4 and 4.5). The same dye to polymer concentration was used in all cases once

more. However, due to higher viscosity, the amount of polymer for each solution

in the petri dishes was higher in this case. This was so that a uniform spatial dis-

tribution of polymer was obtained using the same petri dishes (equal same sur-

face area). Thus, 150, 200 and 250 mg of polymer were used. For both methods

the drying was performed in a fumehood with steady air flow in room tempera-

ture.

It is to be noted that the fabrication procedure with the highest levels of

porosity was expected to be favourable for oxygen sensing measurements due

to the increased surface area and thus increased permeability to oxygen (see sec-

tion 2.3 from chapter 2).

Figure 4.5: Breath figure fabrication setup schematic with the different components in-
dicated.
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4.2.2 Instrumentation

For the characterisation of the morphology of the polymer films three imaging

techniques were used, namely: SEM (Scanning Electron Microscopy), Digital Mi-

croscopy (DM) and Micro Computed Tomography (Micro-CT). The instrumen-

tation used for these measurements was: the Zeiss EVO 25 for SEM, Digital Mi-

croscope VHX-7000 by Keyence for DM and Nikon XT H 225 ST for micro-CT,

respectively.

The instrumentation for the characterisation of the oxygen sensing proper-

ties of the dye doped polymer films was based on a simple, reflection and trans-

mission based optoelectronic calibration setup (Fig. 4.6). This consisted of a

silicone Thorlabs photodiode with built amplification (DET100A2) as a receiver

and an LED (Wurth Elektronik, WL-SUMW Series UV LED, 395 nm, 1100 mW) as

the excitation light source. The photodiode picks up the reflected light from the

sensor film, which is in direct contact with a controlled gaseous mixture of ni-

trogen and oxygen and was placed 3 cm in front of the PD. Mass flow controllers

(El-Flow prestige Bronkhorst) (± 0.01 l/min) were used to control the percentage

of each gas and an amperometric device (Hanna Dissolved oxygen meter) was

employed to ensure that conditions inside the enclosure were stable. For trans-

mission based measurements, the same instrumentation was used with the dif-

ference being the placement of the LED on the other side of the film at a distance

of 2.5 cm.

In order to assess how the humidity influences the oxygen sensing proper-

ties, a digital humidity sensor (MP780117, Multicomp Pro) was used. Tests were

performed in two different relative humidity environments inside the enclosure

where the phosphorescent films were placed. The high humidity results were

achieved through the use of a bubbler, built in situ, using a simple air pump along

with a water container, and for the low humidity results the nitrogen and oxygen

tanks were used as in the previous measurements. The temperature was stable

within ±0.5° during the experiments.

The LEDs were driven by a voltage signal generator (Tektronix AFG106), with
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Figure 4.6: Schematic of the test setup.

a square wave signal of amplitude 3 V (∼ 21m A) and a frequency of 200 Hz, and

the output voltage measurements were performed using an oscilloscope (Tek-

tronix TDS 2024C) that was directly connected to the photodiode. The com-

ponents of the system were placed inside an enclosure, an opaque 6×6×6 cm

acrylic box, and the mass flow controllers, the signal generator and the oscillo-

scope were all controlled using LabView software through a computer. The open

source Python Scipy library was used to apply a low-pass kaiser window finite

impulse response (FIR) filter to reduce noise and a non - linear least squares re-

gression to fit the Stern - Volmer plots to the two site model. The measurements

were based on the amplitude of the square wave signal reaching the detector.
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4.2.3 Methods

For the morphological characterisation of the films, both bulk density calcula-

tions and imaging techniques were employed. For the density measurements

the thickness of each film was measured at the centre and was assumed to be

constant; experimentally the variation was within 10% for all cases. The small

differences between the sides and the centre of the film were attributed to the

coffee ring effect but were assumed negligible.

The first imaging technique used was digital microscopy due to the microm-

eter size of the pores expected from the phase inversion technique (A films).

Micro-CT was employed to investigate the asymmetry and the pore distribution

in the interior of the films. The images obtained with micro-CT and digital mi-

croscopy were processed using the open source software ImageJ and the python

implementation of the open library scikit-image. The main objective was pore

size calculation and its distribution along the thickness direction. Additionally,

SEM images were obtained to discover potential nanoporosity due to a finer res-

olution possible. This also verified whether the pores were open or closed on the

surface, due to the gold coating necessary to capture the images. It is notewor-

thy that in the SEM images, the pores were identified by looking at the sides of

the film after breaking them, which revealed the porosity at the different layers

beyond the top surface.

For both the micro-CT and the digital microscopy cases, the first step in the

image processing procedure followed included the transforming of the image

into gray scale using equation 4.2 and then thresholding (Fig. 4.10a), i.e defin-

ing the limit above which all pixels are turned to white and below black) in order

to arrive at a black and white image. For digital microscopy, contrast enhance-

ment and filtering was necessary in order to deduce the correct threshold point

(Fig. 4.10a and 4.10b). In the case of micro-CT, black related to air and white to

the dense material present around the cavities and the porosity was calculated

as a percentage of black pixels over the total (eq. 4.3). For digital microscopy this

was performed in order to focus on specific pore sizes (Fig. 4.9 and 4.11b). The
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contrast enhancement and filtering algorithms (from the Pillow python imag-

ing library) were used in order to focus on the film characteristics of interest, i.e

reducing the noise from other features in the images such as noise or pores of

smaller size (Fig. 4.11b).

Y = 0.2125×R +0.7154×G +0.0721×B (4.2)

where R, G and B are the red, green and black pixels respectively.

Porosity = NB

NB +NW
×100% (4.3)

where NB is the number of black pixels and NW of white pixels.

For the micro-CT images, an algorithm was constructed to identify the black

and white percentage of each pixel line in the z-direction, representing in this

case the depth of the film, with the purpose of evaluating the porosity as a func-

tion of depth. Moreover, an estimation of the pore size was based on computing

a value correlated to the Feret diameter (i.e the longest distance between any

two points along the selection boundary). This was based on the procedure of

counting the length of the continuous black pixels for each line in the thickness

and horizontal direction (see y and z directions in Fig. G.1, appendix G). Thus,

a relation between the pore diameter and depth could be deduced along with

the histogram of the pore sizes. At the same time, the scale was related to the

real size through the scale bar and the use of ImageJ software. For comparison

reasons, the diameter range was compared to the respective Feret diameter dis-

tribution for the same film using ImageJ software and the particle analysis proce-

dure [275]. Furthermore, the SEM images obtained along with the use of ImageJ

software allowed the determination of the pore sizes in the cases were they were

of a nanoscale order due to the higher magnification capabilities. Additionally,

the gold coating used in order to obtain a thin layer of conductive material so the

that SEM imaging was possible allowed the verification whether the pores were

open or closed on the surface. Thus, the pores were identified by looking at the
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sides of the film after breaking them, which revealed the porosity at the different

layers beyond the top surface.

The main characteristics of interest in terms of oxygen sensing properties

are: a) oxygen sensitivity, S100 = I0/I100 (measured here as the value of the ra-

tio of intensity measurements at 100% and 0% of oxygen flow) b) recovery time,

t ↓90 (measured here as the value of time it takes to reach 90% of the maximum

intensity value starting from 20% and ending at 0% of oxygen flow) c) oxygen

range, given as the 3dB point O2(S = 1/2) (i.e measured here as the point of oxy-

gen flow where the sensitivity is half of its maximum value) and d) dynamic range

(DR) (measured here as the difference in voltage levels between 100% and 0% of

oxygen flow). Detailed definitions of the aforementioned values and their cal-

culations can be found in the previous chapter (section 3.2.3) and appendix B.

The oxygen range (3dB point) and recovery time calculations are given in detail

below.

The oxygen sensing capabilities of each film were assessed by first looking

at the recovery time from 0% to 20% of oxygen flow percentage (V/V), set by the

mass flow controllers (equivalently 100 and 80% flow of nitrogen). To character-

ize the time it takes for the oxygen sensor measurements to reach a stable point;

the terms response/recovery times are used in order to indicate the time nec-

essary for the stabilisation of the measurements in an equilibrium state com-

ing from lower/higher oxygen concentrations. These two values are defined as

follows: the response/recovery times are t ↑90% and t ↓90% respectively, i.e as

the time necessary for the measurements to reach 90% of the stabilised oxygen

plateau value for a constant oxygen concentration (see also Fig. 2.10 for an ex-

emplary calculation taken from the literature).

This was important in order to allow for the intensity of phosphorescent

emission to reach a plateau of constant oxygen concentration (Fig. 4.7). Thus,

depending on the recovery time values, the films were tested sequentially for 8

levels of constant oxygen concentration; 0, 5, 10, 20, 40, 60, 80 and 100% of oxy-

gen flow, which corresponded to 100, 95, 90, 80, 60, 40, 20 and 0% of nitrogen
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flow (see Fig. 4.7, where each plateau corresponds to a specific oxygen concen-

tration). It should be mentioned that at 100% the flow was 10 l/min. Moreover,

to determine the 3dB point, the Stern - Volmer plots were fitted with the two site

model using a least squares fitting with the SciPy Python library.

To characterize the calibration curve of an oxygen sensing device in terms of

the range of oxygen measurements analysed in sensitivity at each concentration

is the use of the 3dB point. This is defined as the oxygen point where the sensi-

tivity is half of the maximum; i.e the 3dB point or else O2(S = 1/2) (eq. 4.4) (see

also appendix B):

SO2(S=1/2) = I0

IO2(S=1/2)
= 1/2 (4.4)

Figure 4.7: The calibration test performed for film B.2 presented by showing the voltage
over the time.

The amplitude of the signal powering the LED and the distance between the

film and the photodiode were kept constant throughout the calibration proce-

dure at 3 V (∼21 mA) and ∼ 3 cm, respectively. This allowed for a direct compari-

son of the sensing properties mentioned previously.

Also, tests were performed to determine the oxygen sensing properties of

the films developed for a transmission based configuration. The same distance

was kept between film and photodiode, while the LED was placed closer at ∼ 2.5

cm. In essence, both reflection and transmission based measurements were per-

formed in order evaluate the properties of the films in the two configurations.
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The reason for this is to suggest the best candidate for each type of application;

where such an implementation is possible. For example, environmental mon-

itoring of air or water and large scale packaging could be easily achievable via

transmission measurements [256, 276], whereas tissue oxygenation would have

to rely on a reflection based sensing configuration. Thus, it was important to de-

termine the preferred film and type of fabrication procedure for the optimal use

of each film.

For humidity tests, the use of the mass flow controllers in combination with

the gas tanks lowered the humidity of the enclosure. Thus, the measurements

were taken for two relative humidity values; the high relative humidity measure-

ments were performed in air with the use of the bubbler and for the low relative

humidity tests the gas tanks were used with a ratio of volumetric flow of 21:79 of

oxygen and nitrogen, controlled by the mass flow controllers. The relative hu-

midity achieved was 10-15% for the low case and 80-85% for the high case. It

should be noted that the tests were performed for a reflection based configura-

tion in ambient room conditions while the temperature was stable at 22±0.5oC .

4.3 Results and Discussion

In this section, the results from the morphology characterisation are presented

with bulk calculations and image analysis via Digital Microscopy, Micro-CT and

SEM. This was followed by an oxygen sensing characterisation using an opto-

electronic configuration and a sensor calibration procedure. Additionally, a com-

parison between transmission and reflection measurements is presented and an

overview of the error induced by humidity variation is given. Finally, the relation

between film morphology and sensing properties is discussed.

4.3.1 Film Morphology Characterisation

For the characterisation of the morphology of the films bulk calculations and

three imaging techniques were used, namely: Digital Microscopy, Scanning Elec-

tron Microscopy and Micro Computed Tomography.
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Bulk Calculations

Table 4.2 presents the bulk dimensional characteristics of the films. First, it is

clear that the density of all porous films with both fabrications methods yielded

a lower density compared to their dense counterparts, as expected. Furthermore,

the larger weight of the initial solution resulted in lower densities in the case of

the A films (e.g. from 0.76 to 0.64 g/cm3 and 0.83 to 0.61 g/cm3, from 90 to 120

mg of CAB, in cases A1 and A2, respectively). This clearly indicates that the pore

characteristics change depending on the initial thickness of the A films, as ex-

pected (see [277]). Also, beyond a threshold the density stabilises but additional

experimentation is needed as higher thickness films were out of the scope of this

study.

However, this was not the case for films fabricated using the breath figure

method. Specifically, films C and D showed a concurrent increase in the den-

sity with weight of the polymer in the solution, whereas for films B the density

remained unaltered. This points towards an asymmetry in the C and D films.

An explanation could be based on the condensation of water in layers that re-

sulted in gradients of pore size and porosity, an effect that diminished at higher

thicknesses. For films B, it is possible that in order for this effect to influence

the bulk characteristics, larger thicknesses are required. Bulk calculations point

towards the high porosity of the B films due to lower density values but a more

detailed analysis of the film morphology is necessary towards a characterisation

of porosity levels and pore sizes. It will be shown later on that gradients of both

the porosity and pore size exist along the z axis (Fig. 4.18).

In the case of the dense films, density decrease with increasing thickness

might have originated from experimental errors. The predominant explanation

would be the coffee ring effect which led to the underestimation of the average

thicknesses and thus the overestimation of the density (which was more promi-

nent in the low thickness films). Comparing CAB and polystyrene, the latter ex-

hibited lower density.

In total, bulk calculations indicate smaller densities for the porous films pro-
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duced, as expected, and point towards the high porosity of the B films due to

significantly lower density values. Nonetheless, a more detailed analysis of the

morphology is necessary for the quantitative characterisation of the porosity lev-

els and pore sizes and will be expanded upon in the next section using image

analysis techniques.

Film Polymer [mg] Thickness [µm] Density [g/cm3]
A1.1 90 110 0.76
A1.2 120 174 0.64
A1.3 150 221 0.63
A2.1 90 101 0.83
A2.2 120 184 0.61
A2.3 150 230 0.61
A3.2 120 155 0.72
A3.3 150 208 0.67
A4.2 120 170 0.66
A4.3 150 223 0.63
B.1 150 630 0.22
B.2 200 874 0.21
B.3 250 1056 0.22
C.1 150 144 0.97
C.2 200 164 1.13
C.3 250 197 1.18
D.1 250 220 1.06
D.2 300 292 1.13

E.1 90 60 1.4
E.2 120 80 1.4
E.3 150 103 1.35
E.4 200 136 1.37
E.5 250 182 1.28
E.6 300 217 1.29
F.1 90 72 1.16
F.2 120 98 1.14
F.3 150 128 1.09

Table 4.2: Bulk calculations for the films in terms of thickness, weight and density.
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Image analysis

The first set of images were obtained using digital microscopy (Figs. 4.8 - 4.14c).

For the phase inversion fabrication technique, film A2.2 was analysed as an ex-

ample. The hierarchical nature of the porosity was evident due to the existence

of macrovoids along with smaller diameter pores. Figs. 4.8 and 4.14a clearly de-

pict this by showing film A2.2 at different magnifications and specifically in 4.8b

where the camera has focused next to a single macrovoid. Indications of closed

pores were also an observation from DM in the case of A2.2.

(a) (b)

Figure 4.8: Images of film A2.2 obtained with digital microscopy for two different mag-
nification lenses; a) ×20 and b) ×50.

(a) (b)

Figure 4.9: Image of film A2.2 obtained with digital microscopy for the magnification
lens ×20 after a) grayscaling and b) contrast enhancement and filtering.
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(a) (b)

Figure 4.10: Color histogram of a) grayscale image of A2.2 for the magnification lens ×20
where the final threshold used is displayed with a red dashed line and b) the
contrasted image of A2.2 for the magnification lens ×20 where the threshold
used is indicated with a red dashed line

(a) (b)

Figure 4.11: a) Result after thresholding b) End result after Blob identification (red line),
for the image of film A2.2 obtained with digital microscopy for the magnifi-
cation lens ×20.

Images obtained with digital microscopy were useful in analysing the

macrovoid characteristics of film A2.2 using imaging analysis techniques. Specif-

ically, after applying contrast enhancement and median filtering (Fig. 4.9) as well

as thresholding (Fig. 4.11a) the use of the blob detection algorithm was possible

in order to determine the position and size of the macrovoids (Fig. 4.11b and

4.12, respectively). It should be underlined that differences in macrovoid forma-

tion varied significantly on the ratio used for the fabrication of A films but are
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Figure 4.12: Histogram of the blob diameter detected in image of A2.2 obtained with dig-
ital microscopy for the magnification lens ×20.

not presented here.

Figure 4.13: Image of the side-view of film A2.2 obtained with micro-CT.

The images obtained via micro-CT for the A2.2 film showed that the pore

number inside the films was low and the porosity (defined in 4.3) was 45% with

and 25% without including the blobs (Fig. 4.13). Moreover, closed pores on the

inside of the film were irregularly sized (ranging from ∼ 77 µm to ∼ 14 µm) and

randomly distributed along the z direction. The two blobs identified had a diam-

eter of ∼ 354 µm and ∼ 460 µm, which was within the range of observed values
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seen in the images obtained with DM (Fig. 4.12). Additionally, the two large blobs

(as also seen from DM. Fig. 4.8a) were identified to go through the entire z di-

rection leaving only thin connections with the bottom and top surface, whereas

images of the top surface of the film indicate that a number of them were open

(not shown here for brevity).

(a) (b)

(c) (d)

Figure 4.14: Images of films a) A2.2, b) B.2, c) C.2 and d) D.2 obtained with digital mi-
croscopy for the magnification lens ×700.

For the films based on the breath figure technique, the pores were signifi-

cantly smaller and DM did not offer much insight. To be specific, the DM images

of film B.2 (Figure 4.14b) showed that the distribution of pore size is considerably

lower compared to that of film A and that the average pore size was much smaller.

This can be seen by comparing Figs. 4.14a and 4.14b, where the magnification

was the same. Thus, it was clear that the size of the smallest pores observed in

film A2.2 were of comparable size to the ones in B.2. Differences in pore size be-

tween the same weight of the B films were not observed or quantified and were
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Figure 4.15: Plot of the histogram of the color scale for the micro-CT image of the B film
with the threshold indicated with a red dashed line

considered negligible. Importantly, the surface pores observable from Fig. 4.14b

could not be categorised as open or closed from digital microscopy. Additionally,

image processing with blob detection for film B.2 was not possible due to low cir-

cularity of the pores and the low contrast of the sides of the pores and the dense

part. Nonetheless, the range of micropore diameters was identified as 3.8 to 51.5

µm.

For both films C.2 and D.2 the characteristics observable from digital mi-

croscopy (Figs. 4.14d and 4.14c) were similar. However, at the maximum possi-

ble magnification and resolution of the equipment, the size of the pores was not

discernible for a quantitive analysis with image processing. However, from DM

there were some indications that D films had smaller pores compared to their C

counterparts. As a result, the differences between C.1 and C.2 as well as D.1 and

D.2 were not discernible with this method.

Consequently, for film B.2 the use of micro-CT was necessary for the analysis

of the pore distribution and pore sizes. The maximum resolution of the equip-

ment for the detection of morphological features was ∼ 1−10 µm, depending on

the film and the settings of the micro-CT equipment. It should be underlined

that due to the low density of the film a strong contrast (between air and the film)

for the pore detection was difficult to achieve.
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Figure 4.16: Part of original micro-CT image for film B before (left) and after (right)
thresholding and contrasting.

Figure 4.17: Histogram of the length of the Feret diameter above the minimum diameter
resolution (∼10µm for the micro-CT image of the B film).

Thus, the analysis for film B involved first the conversion to grayscale and

then thresholding (Fig. 4.15 and Fig. 4.16). The threshold was determined using

the isodata point, defined by eqs. 4.5 and 4.6. The range of porosities calculated

was 69 - 87% (average porosity of ∼ 78%) and the pores detected ranged from

10 to 140 µm (average pore size of ∼ 48µm). The measurements presented ne-

glect the Feret pore diameters smaller than 2 pixels (corresponding to less than

10µm). It should be emphasised that the Feret diameters along the z and y axis

were calculated in iterations of 1 pixel (Fig. 4.19a).
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(a) (b)

Figure 4.18: The porosity in percentage over the a) z and b) y direction of the thresholded
micro-CT image for film B. The plots have been filtered with the use of an
FIR filter in order to reduce the noise levels.

(a) (b)

Figure 4.19: Plots of a) average Feret diameter of the pores versus the thickness (z di-
rection) of the thresholded micro-CT image for film B and b) Normalised
porosity and Feret diameter over the thickness (z direction).

The results from Figs. 4.18a and 4.19a clearly indicated a gradient for both

porosity and pore size from the top surface (z = 0) until the bottom layers of the

film. This asymmetry was expected due to the use of an evaporation based breath

figure fabrication technique [278]. From figure 4.19b it was clear that the level of

porosity coincided with the size of the pores along the z direction, i.e the larger

the Feret pore diameter the larger the percentage of total porosity (defined in

the methodology section). From figure 4.18b it was clear that the variations in
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porosity were not as prominent in the y direction with no clear trend becoming

apparent other than verifying the slight curvature of the film (Fig. G.1) and the

lack of an orderly distribution from this type of fabrication. The regularity of

pores was not assessed, but the images depicted here resembled the equivalent

presented elsewhere for inter-facial tensions of ∼ 40 mN/m [279].

m(t ) = ML +MH

2
(4.5)

where t is the threshold, ML is the mean of all pixels in the image with a gray value

less then or equal to t and MH greater than t.

ti+1 = m(t ) (4.6)

where i is the value of an iteration that goes through all the points in the his-

togram until the threshold is the closest value to m(t).

Lastly, SEM was used for all films but was especially important for C.2 and

D.1 due to the size of their pores. This was performed in order to obtain higher

magnification images of the films’ surface morphology and verify whether the

pores are closed or open. In all cases apart from film A2.2 the top surface was

comprised of closed pores (opaque image with SEM) whereas on the sides (after

breaking the films) the porosity was observable. It should be underlined that the

order and pore size gradient was not quantifiable using SEM images.

In detail, for film A2.2 the pores were not clearly identifiable but cavities up

to ∼54 µm were seen (Fig. 4.20a). The nature of the morphology of A2.2 seems to

be characterised by low porosity as expected from Figs. 4.8a and 4.13. Addition-

ally, high brittleness is expected due to the rough and flaky surface of the sides

where the film was broken.

For film B2.2 the large size of the pores as well as the high levels of micro-

porosity allowed their clear depiction from SEM on the sides (Fig. 4.20b). The

pore sizes observed ranged from ∼ 37 to ∼ 141 µm but it should be underlined

that their identification throughout the whole thickness of the film was not pos-
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(a) (b)

(c) (d)

Figure 4.20: Images obtained with SEM for films a) A2.2, b) B.2, a) C.2 and b) D.1.

sible. Also, small diameter holes (ranging from ∼ 35 to ∼ 11 µm) were observed

on the top surface but were infrequent (low number compared to the mcaropores

inside the film) and randomly distributed.

For film C.2 the pore sizes ranged from∼ 0.47 to∼ 3.42µm (Fig. 4.20c) which

would also explain the inability of the DM to obtain clear pictures of the pores

(Fig. 4.14c). The morphology of the surface analysed exhibited many similarities

to film A2.2 validating the brittleness and fragility for both cases. For film D.1,

pores with a diameter ranging from ∼ 37 nm to ∼ 1.07 µm were observed (Fig.

4.20d). This was expected as smaller pore sizes have been reported with the use

of THF as a solvent in combination with PS using the breath figure technique in

the literature [280] and the indications from digital microscopy (Fig. 4.14d).
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4.3.2 Oxygen Sensing Properties

First the oxygen calibration measurements from the reflection based configura-

tion are presented in Tables 4.3 and 4.4. In detail, table 4.3 presents the results

for the porous films and Table 4.4 for the dense films, in terms of: 1) amount of

polymer (and thus indicating also the amount of dye present in each film and the

initial thickness of the solution), 2) thickness, 3) density, 4) maximum sensitivity,

5) recovery time, 6) 3dB point and finally 7) dynamic range.

Film Polymer [mg] Thickness [µm] Density [g/cm3] I0/I100 t ↓90% [s] O2(S = 1/2) [%] DR [V]
A1.1 90 110 0.76 4.79 64 4 0.37
A1.2 120 174 0.64 6.93 124 8 0.62
A1.3 150 221 0.63 8.15 236 10 0.85
A2.1 90 101 0.83 6.17 44 7 0.52
A2.2 120 184 0.61 7.53 104 8 0.68
A2.3 150 230 0.61 8.11 156 9 0.85
A3.2 120 155 0.72 5.10 60 5 0.38
A3.3 150 208 0.67 7.80 172 8 0.72
A4.2 120 170 0.66 7.00 144 7 0.68
A4.3 150 223 0.63 9.16 264 10 0.90

B.1 150 630 0.22 11.66 8 26 1.90
B.2 200 874 0.21 11.89 24 26 2.06
B.3 250 1056 0.22 12.00 24 27 1.68
C.1 150 144 0.97 9.19 56 10 1.01
C.2 200 164 1.13 9.17 156 10 1.05
C.3 250 197 1.18 10.24 276 12 1.23
D.1 250 220 1.06 11.20 188 13 0.96
D.2 300 292 1.13 12.43 292 15 1.19

Table 4.3: Oxygen sensing properties of the porous films given along with their respective
thicknesses and densities for a reflection based configuration.

A direct link between densities and recovery times was not established when

comparing all the films. Nonetheless, a key finding was that B films which had

significantly lower densities compared to the rest had an order of magnitude

smaller values of recovery time. Importantly, the recovery time of B films seemed

to stabilise after a 200 mg and any further increase in thickness did not result in

a rise of recovery times. This has not been shown previously in the literature.

The low recovery of B.1 (8s) is possibly due to experimental error though because

the stabilisation of the concentration was achieved after 10s with the use of the

amperometric reference device; or the response of this film was quicker than the

reference oxygen sensing method. Also, dense polystyrene films exhibited much

higher recovery times as expected due to the higher density of the polymer (Table
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4.4).

In all cases, increasing the amount of polymer led to an increase in S100,

3dB point and DR of the measurements - as expected due to the increase in the

number of dye molecules (the dye concentration was the same in all cases). It

should be noted though that contrary to the dense films, the amount of polymer

in the ternary based fabrication methodology affected the initial thickness which

in turn altered the nature porosities of the films. This was the key reason that

changes in the sensing properties did not vary with increase of amount of poly-

mer in the solution in a similar manner in all cases, especially when analysing

the ternary based films. Nonetheless, similar S100, 3dB points and DR measure-

ments were observed when the amount of polymer was 150 mg for films A1.3,

A2.3, A3.3, A4.3, although A1.3 and A4.3 performed marginally better compared

to the rest.

Figure 4.21: Plots of I0/Ix% −1 against the oxygen percentage of flow from 0 to 100% for
films A2.2, C.2, D.1, E.2, F.2 (for a reflection based configuration) after the
fitting of the curve with the two site model. The O2(S = 1/2) point for each
curve is also highlighted.

The use of PS and DMF (films B) produced overall the best results in terms

of low density, low recovery times coupled with high S100 and DR. Additionally,

it was observed that film C.1 presented the same S100 with the same polymer

amount as A4.3 but with a fraction of the recovery time and a higher DR (it should

be noted that the 3dB points were equal) (Table 4.3). In terms of 3dB point, films
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B once more presented significantly better results indicating that the sensitivity

was higher at higher oxygen concentrations compared to the rest of the films.

Despite the longer recovery times, the D films showed improved sensing prop-

erties compared to the ternary based fabricated films in terms of DR and 3dB

points It should be underlined that the amount of polymer and thus the number

of dye molecules was higher when comparing the D films with the rest but it was

shown (in separate tests of varying amount of dye per polymer - not presented

here for brevity) that this had a significantly lower effect towards the outcome

performance of the films.

Figure 4.22: Plots of I0/Ix% −1 against the oxygen percentage of flow from 0 to 100% for
films B.2 and D.1 (for a reflection based configuration) after the fitting of the
curve with the two site model. The O2(S = 1/2) point for each curve is also
highlighted.

Film Polymer [mg] Thickness [µm] Density [g/cm3] I0/I100 t ↓90% [s] O2(S = 1/2) [%] DR [V]
E.1 90 60 1.40 4.02 36 2 0.26
E.2 120 80 1.40 3.58 28 2 0.26
E.3 150 103 1.35 4.19 52 2 0.29
E.4 200 136 1.37 4.94 88 3 0.38
E.5 250 182 1.28 6.48 208 5 0.53
E.6 300 217 1.29 7.00 ∼ 286 6 0.60
F.1 90 72 1.16 3.83 164 6 0.44
F.2 120 98 1.14 5.20 296 11 0.26
F.3 150 128 1.09 - < 400 - -

Table 4.4: Oxygen sensing properties of the dense films given along with their respective
thicknesses for a reflection based configuration.

In Table 4.4 the results from the dense films E and F are presented. In

comparison to the porous films they performed worse in all sensing proper-
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ties analysed apart from the recovery time. Specifically, upon inspection, their

3dB points, DR and S100 were much lower when compared to the equivalent

amount of polymer used for the porous films. In addition, the increase in poly-

mer amount resulted in increase in the S100, DR, 3dB point and recovery times,

as expected, but this was not significant enough to surpass the properties of the

porous films. It should be further noted that E.2 did not follow this trend pos-

sibly due to experimental error during the fabrication procedure, which is also

supported from the lower recovery time it exhibited.

It is noteworthy that although polystyrene based films showed relatively

high sensitivity for 120 mg of polymer they also presented the highest recovery

times and a low DR. Moreover, the density of CAB (E) and PS (F) dense films was

similar in all cases of polymer amount and were higher compared to the porous

films (A, B, C, D), as expected due to the lack of porosity induced during the fab-

rication procedure. Relatively small differences in density in E.5 and E.6 films

could be explained by the decreased coffee ring effect for higher polymer con-

centrations, but this was not quantitatively determined.

The comparison of the oxygen sensing performance between the dense and

porous films was presented in terms of: the relative change in the maximum

sensitivity (∆S100/Sd
100, eq. 4.7 ), the recovery time (∆t ↓90 /t ↓d

90, eq. 4.8) and

dynamic range (∆(DR)/DRd , eq. 4.9) along with the absolute change in the 3dB

point (∆O2(S = 1/2), eq. 4.10)(see Table 4.5). It is to be noted that the equivalent

dense film, against which the porous sample is compared to, was chosen based

on the type of polymer and its weight where possible (e.g. B.2 was compared with

F.2). Additionally, in the literature ∆(DR)/DR is denoted as Q.

∆S100/Sd
100 =

Sp
100 −Sd

100

Sd
100

(4.7)

∆t ↓90 /t ↓d
90=

t ↓d
90 −t ↓p

90

t ↓d
90

(4.8)
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∆(DR)/DRd = DRp −DRd

DRd
(4.9)

∆O2(S = 1/2) =O2(S = 1/2)p −O2(S = 1/2)d (4.10)

where the notations d , p represent the dense and porous films respectively.

Thus, by comparing the two cases for dense and porous films (Table 4.5) it

is evident that dense films produced worse results in terms of S100, 3dB point

and DR. Nevertheless, in the case of the recovery times, lower values were ob-

served for dense CAB films when compared to the A films produced with the

ternary based method. Noticeably, despite the lower densities of A films com-

pared to their dense counterparts, higher recovery times were observed. This

was attributed to the lower porosity of the films coupled with their high thick-

ness due to the existence of the blobs (see section 4.3.1). Thus, an important

result was that the size of the pores greatly affects the recovery times and conse-

quently large macrovoids lead to higher recovery times.

Film ∆S100/Sd
100[%] ∆t ↓90 /t ↓d

90 ∆O2(S = 1/2) [%] ∆(DR)/DRd

A1.3 94.51 -3.54 8 1.93
A2.3 93.56 -2 7 1.93
A3.3 86.16 -2.31 6 1.48
A4.3 118.62 -4.08 8 2.10
B.2 128.65 0.92 15 6.92
C.2 85.63 0.17 7 1.76
D.1 72.84 0.10 8 0.81

Table 4.5: Comparison of the oxygen sensing properties between the dense and porous
films for the reflection based setup. Note that B.2 was compared with F.2 while
the rest of the porous films were compared with the equivalent dense film that
had the same polymer weight.

In summary, for reflection based measurements (Table 4.5) the best case of

the ternary based methodology (A4.3) showed a factor of 2.19 increase in maxi-

mum sensitivity corresponding to a ∼ 119% increase, 8% 3dB point (O2(S = 1/2)),

(0.61 V) a factor of 3.1 in DR from their counterpart CAB dense film (E.3) fol-

lowed though by a factor of 5.08 increase in recovery time. With the use of the BF
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method films C.2 and D.1 exhibited a ∼ 86% and ∼ 73% increase in sensitivity, a

7 and 8 units in 3dB point and 176% ,81% (0.7, 0.43 V) of DR compared to their

counterpart dense CAB film (E.5), respectively. Moreover, when comparing the

dense and BF fabricated films with the same weight using polystyrene (F.2 and

B.1); an increase of a factor of 2.24 in sensitivity, 15 in 3dB point and 1.64 V of DR

(factor of ∼ 6.3 increase) was observed while the recovery time was reduced by

92%.

A key note is also the fact that by increasing the amount of polymer and thus

the number of dye molecules the sensing properties did not show a dramatic in-

crease in both the cases of dense films, e.g. from E.3 to E.6 the polymer weight

was doubled but the sensitivity increased by 67%. This was also true for most

porous films, e.g. from B.1 to B.3 the polymer weight increase was 66.7% while

the sensitivity remained to a large degree the same (negligible increase by 3%).

Exceptions to this rule were the A1 films because, as mentioned earlier, the in-

crease in amount polymer changed the porosity characteristics of the films, e.g.

from A1.1 to A1.3 the increase in sensitivity observed was 95%. Thus, this clearly

indicates that the fabrication procedure allows for large increases in sensing ca-

pabilities using the same robust polymers with a small amount of polymer and

phosphorescent dye.

A probable effect from the introduction of a porous film morphology was

the increased scattering of the excitation light within the film. This would have

resulted in increased levels of light reaching the dye molecules and thus would

increase phosphorescent absorption and emission. This could explain the large

improvements in sensing performance between porous and dense films. How-

ever, the difference between configurations were possibly due to additional dif-

ferences in the optical scattering properties of the films in relation to the direc-

tion of the excitation light.

The second part of the oxygen sensing characterisation involved the use of

a transmission based configuration. In Table 4.6, 4.7 and Fig. 4.23 the results for

a transmission based configuration are presented. It is evident from comparing
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Figure 4.23: Plots of I0/Ix% −1 against the oxygen percentage of flow from 0 to 100% for
films A2.2, B.2, D.1 , E.2 and F.2 and D.1after the fitting of the curve with the
two site model for the transmission based configuration. The O2(S = 1/2)
point for each curve is also highlighted.

Film Thickness [µm] Density [g/cm3] I0/I100 t ↓90[s] O2(S = 1/2) [%] DR [V]
A1.2 158 0.71 16.96 120 19 8.05
A2.2 169 0.66 18.17 100 20 7.84
A3.2 164 0.69 13.15 72 14 5.56
A4.2 175 0.64 19.16 144 21 8.82
B.2 874 0.22 18.63 24 38 5.67
C.2 160 1.16 33.45 152 35 11.67
D.1 205 1.13 42 184 43 11.35
E.2 80 1.40 5.73 24 4 3.05
F.2 98 1.14 8.24 276 19 4.90

Table 4.6: Oxygen sensing properties for the transmission setup measurements along
with their respective thicknesses and densities.

results between transmission and reflection based setups, Tables 4.3 and 4.6, that

the later presented much higher S100, 3dB and DR values. This could only par-

tially be explained by the increased luminosity reaching the film in the first case

due to the differences in the optical setup. However, estimates based on irradi-

ance calculations showed an ∼ 18% increase in irradiance onto the film from one

setup to the other. Experimentally, the maximum voltage observed for each film

is not an adequate measure of the change in the light reaching the film between

reflection and transmission based measurements. This is due to variations in the

phosphorescence emitted and subsequently captured by the PD; a maximum of

an ∼ 9.5 fold increase in voltage was measured between the two cases, at 0% of
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Film ∆S100/Sd
100 ∆O2(S = 1/2) [%] ∆DR/DRd

A1.2 1.96 15 1.64
A2.2 2.17 16 1.57
A3.2 1.29 10 0.82
A4.2 2.34 17 1.89
B.2 1.26 19 0.16
C.2 4.84 16 2.83
D.1 6.33 24 2.72

Table 4.7: Comparison of the oxygen sensing properties between the dense and porous
films for the transmission based setup.

Polymer Dye Metric Improvement Fabrication Reference
PS/PEG - Luminescent Intensity 60% Dropcasting [259]
pSiMC EuA Luminescent Intensity 100% Etching [281]
MTEOS R(Ph2phen)2+

3 ∆(DR)/DRd 73% Drop casting [282]
MTEOS/TEOS RuCl33H2O ∆(DR)/DRd 92% Dropcasting [207]

CAB (C.1) PtOEP ∆(DR)/DRd 2.8 Breath Figure -
PS/PEG PtOEP ∆S100/Sd

100 91% Dropcasting [258]
PS/PG PtOEP ∆S100/Sd

100 72% Phase Separation [243]
PDMS-MPA PtTFPP ∆S100/Sd

100 30 photo-lithography [215]
CAB (D.1) PtOEP ∆S100/Sd

100 6.3 Breath Figure -

Table 4.8: Table comparing the improvement in sensing performance via polymer film
modification from various studies in the literature and the films proposed
here.

oxygen concentration (V/V). In any case though, the large increase in DR was

a clear indication that small irradiance differences between the two set-ups are

insufficient to explain the large increase observed for the same films under the

same oxygen concentration. Thus, the differences were attributed to both the

asymmetry in the pore formation [283] and the different light diffusion proper-

ties of the films in relation to the direction of the excitation light. To this end, it

is expected that thickness, pore size and porosity (and their distribution) were all

contributors to this effect.

In detail, during transmission based measurements, contrary to the results

discussed previously for reflection based measurements, C.2 and D.1 presented

significantly improved sensing capabilities in terms of S100, 3dB and DR com-

pared to the other films (Table 4.6). Hence, it is clear that there exists a pref-

erence for the use of different porous films in each separate case of reflective

and transmissive measurements, i.e use of B films for reflection based and D for
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transmission based. To add to this, there was no universal relation established

between the sensing capabilities of the films in a transmission mode compared

to a reflection mode setup, e.g. A3.2 performed worse compared to the rest of the

ternary based films for 120 mg of polymer and at the same time B.2 performed

worse than A4.2. However, for the breath figure technique it was obvious that B

films exhibited significantly less favourable properties in the transmission setup

(apart from recovery time which remained unaltered) whereas for the reflection

measurements they yielded the largest increase in sensing properties.

Moreover, for a transmission based configuration (Table 4.7), the best case of

ternary based film tested (A4.2) showed a factor of 3.34 increase in the sensitivity

compared to E.2. Equivalently, for the BF technique and CAB as the host polymer,

D.1 showed an improvement of a factor of 7.33. In the case of polystyrene as a

host polymer, B.2 presented a 2.26 fold larger sensitivity compared to F.2. The

respective changes for the DR obtained were: a factor of 2.89 for A4.2, 3.72 for

D.1, 16% for B.2 and 3.83 for C.2.

To summarise, the resulting increase in DR when comparing porous and

dense films (∆DR/DRd ) was a maximum factor of 3.83 and 7.92 for transmis-

sion and reflection based setups; the equivalent sensitivity increase was a factor

of 7.33 and 2.29. In the literature, with similar techniques based on the modi-

fication of polystyrene to induce porosity via phase separation, a maximum of

72% [243] increase in sensitivity was observed (4.8). It should be mentioned that

in one study, with the use of a silicone mold fabricated using photo-lithography, a

higher improvement has been shown ( [215]). Additionally, significant improve-

ment on the linearity of the resulting Stern-Volmer calibration curves was ac-

complished, namely; 15% and 24% in 3dB points (∆O2%(S = 1/2) (V/V)) for re-

flection and transmission based setups, that correspond to a 3db point of 27 and

43 O2%(S = 1/2) (V/V).

The most probable reason behind the differences from one configuration

to another (reflection vs transmission) was the asymmetrical nature of the films

produced with both methods [283]. Differences in terms of thickness possibly
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also contributed to this effect. To demonstrate this, additional experiments were

performed between F and B films, which constituted the most and least transpar-

ent polystyrene films, respectively. In detail, using UV–visible spectrophotom-

etry, the total transmitted and reflected light was measured and compared for

both types of films (using equal amount of polymer/dye concentration, W/W).

The comparison was performed by looking at the ratios of films B.2 and F.3 in

terms of transmittance (TB /TH ) and reflectance (RB /RH ) over the range of ex-

citation light from 300 to 1000 nm (Fig. 4.24). It should be noted that this was

performed for comparison reasons between dense and porous films and these

measurements do not reflect the properties of the films without the dyes.

From Fig. 4.24 it can be concluded that the reflected light from the B film

is much larger compared to its dense counterpart for the entire spectrum tested.

In contrast, the equivalent ratio for the transmitted light is significantly smaller

than 1. This is a clear a indication that B films would be ideal for reflection based

measurements but not for transmission. Additionally, sharp peaks at the absorp-

tion wavelengths of the dye molecules (∼ 390 and ∼ 530 nm) were observed for

the reflection ratio, and valleys at the equivalent wavelengths for the transmis-

sion ratio. This points towards an augmented effect at these wavelengths due to

the existence of the dye molecules. In other words, apart from the increased re-

flectance or transmittance of one film versus the other, the sharp rise and fall in

the light reaching the detector indicates that additional differences were present

due to the absorption and emission from the dye molecules in each film.

The same effect is expected to take place for measurements performed dur-

ing the oxygen calibration procedure (where the excitation light was 395 nm).

Fundamentally, this shows that the level of phosphorescent emission is analo-

gously higher for films B when compared to F for a reflection based setup. Con-

sequently, this constitutes an additional reasoning behind the preference of film

B. However, it should be underlined that the increase in emitted light from films

B could have stemmed from the higher light scattering and/or the increased per-

meability to oxygen. On the other hand, from the transmission ratios, it was seen
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that although the transmitted light yielded a peak for film F compared to film B

(shown as a valley in Fig. 4.24), the latter exhibited higher sensing performance

(Table 4.6). Thus, this was an indication of the role oxygen diffusion plays to-

wards higher sensing performance apart from the increased light absorbed and

emitted by the dye molecules.

Figure 4.24: Plot of the reflectance (blue) and transmittance (red) ratios of film B.2 over
F.3 versus the wavelength of the excitation light.

It should be noted that for a comparison with the literature the transmission

based measurements should be the reference point since the luminescent inten-

sity reaching the film was significantly lower for the reflection based tests when

compared to most studies (see Chapter 3). For example, in the studies by Lee et

al. [243], the levels of light reaching the detector are much higher than the reflec-

tive setup here. Additionally, it should be underlined that the porous films used

for transmission measurements were different compared to the previous tests in

order to reduce effects of ageing and photobleaching. Hence due to experimen-

tal error the thicknesses and thus the density were slightly different. Specifically,

from Tables 4.3, 4.4 and 4.6 it is clear that this led to small differences in the re-

covery times of films which were produced with the same fabrication procedures.

In both transmission and reflection cases, a general observation was that

the dynamic range of oxygen measurements was a measure of the combination

of the linearity of the Stern - Volmer plot and the sensitivity. In essence, the dy-
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namic range given at a specific oxygen point represents the total accumulated

changes from one oxygen concentration to the next (by means of difference in

voltage in this case) rather than the sensitivity of the sensor presented only at

that point. This is due to the nature of the Stern-Volmer plot which related to

the inverse of the measured quantity (in this case the intensity of light reaching

the detector) leading to a sensitivity that is measured in ratios rather than differ-

ences. Thus, it is the author’s opinion that the DR allows for a more represen-

tative value of the sensor’s performance over a range of oxygen concentrations

whereas the sensitivity provides targeted information about the sensor’s output

in a specific concentration.

4.3.3 Humidity Effects

The effect of variations in the relative humidity of the environment under which

the oxygen sensing characterisation took place was also analysed. The sensitivity

of oxygen measurements to humidity was investigated for both the porous films

and their dense counterparts, for a reflection based configuration, and a com-

parison is given.

In detail, the relative humidity tests were based the voltage difference in-

duced by monitoring a single oxygen concentration in high (Vh) and low (V21)

humidity environments (∆Vh) and is also presented as a percentage of the total

DR of each film (Table 4.9). Additionally, in order to estimate the effect on the

oxygen sensing capabilities at that specific oxygen concentration; ∆V is com-

pared with the derivative of the calibration curve which relates the voltage at the

oscilloscope to the oxygen concentration, after fitting with the two site model.

The derivative is chosen at the specific oxygen point where the experiments were

performed (i.e 21%, denoted as DV21) and corresponds to the predicted differ-

ence in voltage measurements for a 1% incremental change in oxygen flow (Table

4.9). For this type of calculations, a linear relationship is assumed between two

adjacent points in the calibration curve. Thus, by exploiting DV21, the error in

the oxygen measurement is given as the ratio of the induced difference in voltage

over the predicted change for a 1% variation in percentile flow (∆O2%, eq. 4.12).
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∆Vh =Vh −V21 (4.11)

∆O2% = ∆Vh

DV21
×1% (4.12)

Film ∆Vh [mV] ∆Vh/DR[%] DV21 [mV] ∆O2%
A2.2 2.0 0.29 2.3 0.87
B.2 4.7 0.23 15.7 0.30
C.2 1.9 1.80 4.8 0.40
D.1 1.7 1.77 6.2 0.27
E.2 0.7 2.69 1.1 0.64
F.2 0.5 1.92 4.5 0.11

Table 4.9: The influence of relative humidity on the oxygen sensing properties of the
films (6 indicative films were chosen).

The largest induced error was seen on film A2.2 and the lowest in D.1 (Table

4.9). It should be noted that the dense film of polystyrene showed the smallest

error compared to all films. Also, D.1 and and C.2 presented a smaller variation

than the CAB dense film. This is either due to the increased sensitivity of the

films to oxygen (the percentage shown is a relative comparison) or due to an ad-

ditional hydrophobicity of the porous films. Further studies are required to test

the latter. In all cases, the breath figure method showed better results compared

to the phase inversion technique in terms of error induced by humidity. This was

possibly the result of the larger macrovoid pores found on the latter and their

lower sensitivity. In general, the error introduced was small and comparable to

the dense films, therefore showing that the fabrication procedure did not intro-

duce a significant humidity sensitivity.

Relative humidity tests showed overall that the film fabrication methodolo-

gies did not induce significant error in the oxygen sensing capabilities while the

best cases corresponded to the BF technique and the use of CAB as a polymer.

4.3.4 Discussion: Morphology and Sensing Performance

By relating the oxygen sensing capabilities of the films with their morphologi-

cal characteristics, some general conclusions were drawn. First, by comparing
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the two fabrication procedures in terms of resulting structure, the breath figure

technique produced a wider range of bulk densities of films, pore sizes, porosi-

ties and surface morphologies. Simultaneously, the resulting films achieved the

highest improvement in terms of their oxygen sensing properties compared to

their dense and ternary based porous counterparts.

For a reflection based methodology, films B yielded the best oxygen sensing

performance and exhibited the highest porosity. In particular, the most notice-

able advantage was the lower recovery time which was reduced by an order of

magnitude. It is clear that, despite the high total thickness of the film, the in-

creased porosity and low thickness of the dense parts within the film (thinner

inner walls translate into smaller diffusion barriers) contributed greatly towards

the lowering of the recovery time. This was in part expected since the response -

recovery times have been shown to be related to the thickness by a power law (for

dense films) [136] (eq. 2.36). Also, the constant value of recovery times regardless

of the total thickness of the film above a certain point (seen for 200 and 250 mg),

consisted of an additional indication towards this direction. In separate experi-

ments, it was observed that the density and the recovery time were stable (± 10%)

up to 450 and 350 mg of polymer weight in the initial solution (corresponding to

∼ 1.5 and 1.7 mm of resulting thicknesses respectively).

It should be underlined that this is an outcome of crucial importance since

the thickness of film B does not require to be restricted in order to achieve low

recovery times. This is not the case in dense and porous films fabricated with

other methodologies and has not been shown for a solid film in the literature, to

the best of our knowledge. By extension, this could lead to much higher sensitiv-

ities for indicators and oxygen sensing devices where the limiting factor was the

long recovery time; either due to the need (of a high thickness film) for a greater

amount of dye particles or increased robustness in terms of their mechanical

properties. However, it should be noted that the maximum sensitivity was sat-

urated after 200 mg of PS. This suggests that additional studies are required to

evaluate the potential benefits of a further increase in thickness for B films in
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terms oxygen sensing performance. Also, doubling the dye concentration pro-

duced minimal changes in the film’s performance. This is an indication that the

dye concentration used for the B films was in the saturation region in terms of

concentration of dye versus output performance (which was not the case for the

dense films). Additional studies though are required to verify this.

A key remark should also be that the total surface area (SA) inside the film

is considered to play a crucial role, since oxygen diffuses through the entirety

of the film. Based on bulk calculations of the volume change between the B.1

film and its dense closest counterpart (F.3), a ∼32.3 fold increase in the total sur-

face area is expected (see appendix F). This was performed assuming that the

average pore size is the same for B.1 and B.2 and was calculated by taking into

account the average Feret diameter of all the pores. Additional assumptions in-

cluded the spherical nature of the pores and the completely flat surfaces of the

dense film for both outer and inner walls. To consider what happens in the exter-

nal surface of the film, by neglecting diffusion into the deeper layers, additional

calculations are required or the use of another technique for SA calculations (e.g.

Brunauer–Emmett–Teller (BET) adsorption tests).

Furthermore, an important result from the use of the films proposed in this

study was the improved linearity of the Stern - Volmer calibration curve. This

was described here with the high 3dB points and dynamic ranges, which essen-

tially translate into greater relative sensitivities in the high oxygen concentration

regions. This clearly shows the versatility of the porous films proposed here, by

allowing the monitoring of a wider range of oxygen concentrations. Notably, this

could aid towards the unilateral adoption of dyes that have a short range of high

performance but saturate considerably in high oxygen environments (such as

PdOEP).

Moreover, it has been shown in the literature, by Lee et al. [243], that surface

morphology plays a greater role for oxygen accessibility and thus improves sensi-

tivity proportionally more. Nonetheless, the results presented in this study show

that much higher sensitivity improvements were possible even when retaining a
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thin dense layer on the surface facing the input light (such as in films B). This was

evident from the dense opaque “barrier” seen on the top and bottom surface of

the films but porous nature on the sides, for all the samples tested (e.g. Fig. 4.20).

However, the dense outer layer could be essential for the mechanical properties

of the film and thus a trade-off might be present. Additional studies are required

to investigate this.

Furthermore, an asymmetry in the films’ sensing properties with respect to

the placement of the optoelectronic components of the setup became appar-

ent when comparing the two configurations; transmission and reflection based.

Notably, B films yielded the worst performance compared to the other films for

transmission based measurements but the most favourable for reflection based.

This could be attributed to the different reflectance and transmittance of the

films as well as their optical scattering properties. Specifically, the two configu-

rations differ in the amount and angle of source light reaching the dye molecules

in different parts of the film, which then re-emit phosphorescence back to the

photodiode and the surroundings. To this end, it is assumed that the increased

thickness of films B also played a pivotal role.

In essence, the opaqueness and reflectance of film B benefited the sensing

properties in one case but were detrimental for the opposite direction. On the

other hand, film D and C significantly increased their sensing output with trans-

mission measurements. Moreover, D and C films had the largest density and thus

lowest thickness from the set of porous films. This pointed out that low thick-

ness films in combination with smaller pores constitute ideal dye host supports

for transmission based measurements. Nonetheless, the drawback of high re-

covery times persisted (with the exception of C.1). Subsequently, the fabrication

of nano-porous films with high porosity and low thickness would be optimal.

Further studies should focus on separating the contributions towards improved

performance due to excitation light scattering within the film and increased per-

meability, which were both introduced here by the porous structures.

Further investigation is suggested for the determination of the optical prop-
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erties of the films with and without the phosphorescent dyes. This would demon-

strate and separate the contributions towards improving oxygen sensing com-

ing from the enhanced optical properties versus the increased permeability of

the films. Studies should focus, both via theoretical simulations and experi-

mental procedures, on tests with films of constant thickness and number of dye

molecules coupled with measurements of the dependence of scattering angle on

the microstructure of the material. This could point towards a waveguide ap-

proach for oxygen sensing with porous materials and hence combine: i) an in-

crease in oxygen permeability ii) an increase in excitation light reaching the dye

molecules and thus output emission and iii) control of the angular distribution of

output emission. This could potentially lead to much higher sensing capabilities

of the devices.

4.4 Chapter Conclusions

In this study, an oxygen sensitive dye was embedded in widely available poly-

mers by implementing self-assembly fabrication techniques to tune the result-

ing film morphology with the purpose of increasing sensing performance. The

experimental methodology included a morphological investigation based on im-

age analysis in order to correlate specific traits to favourable sensing properties.

This was followed by the use of a standardised calibration procedure, for both

transmission and reflection based optical configurations, to determine oxygen

sensing properties. Sensitivity to humidity of the resulting films was also investi-

gated.

Porosity was induced via two different self assembly, solvent based fab-

rication techniques using drop casting, namely; phase separation of ternary

solutions and the breath figure technique. Two different polymers, CAB and

Polystyrene, and three solvents (THF, DMF and Acetone) were employed for the

fabrication of four different types of films with different porosity characteristics.

The films developed were compared with their dense counterparts to directly as-

sess the improvement from the new morphology. The conclusions can be sum-
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marised as follows:

i The breath figure technique was shown to be the preferable choice from the

two fabrication methods due to a wider variety of morphologies produced

and improved sensing. Pore sizes were shown to range from ∼ 37 µm to ∼
141 nm and a maximum increase of a factor of ∼ 7.9 in dynamic range was

observed.

ii High porosity and small pores were linked to improved sensing. Notably, with

the use of the Breath Figure method, the combination of THF and CAB (films

D) displayed the smallest pore sizes and DMF and PS (films B) the largest

porosity. It was observed that in the case of the film with the highest porosity

(B.2, ∼ 74% average porosity) recovery time does not strongly depend on film

thickness.

iii For a reflection based setup, the combination of Polystyrene and DMF (film

B) using the breath figure technique exhibited the most favourable charac-

teristics in terms of maximum sensitivity (∼ 12), dynamic range (2.06 V), and

3dB point (27% V/V) in combination with a low recovery time (8 s). This was

accompanied by the lowest density, ∼ 0.22 g/cm3.

iv For transmission based measurements and using the breath figure technique,

the mixture of THF and CAB (film D) exhibited a maximum sensitivity of 42,

dynamic range of 11.67 V and 3db point at 43% (V/V).

v When comparing the two types of configurations in terms of increased sens-

ing performance of the porous versus the dense films; the transmission based

setup saw a larger increase in sensitivity (factor of ∼ 7.9 and ∼ 2.3, respec-

tively) and 3dB point (24% and 15% V/V) but a smaller in terms of dynamic

range (factor ∼ 3.83 and ∼ 7.3).

vi All films yielded a small sensitivity to humidity with an error of 0.29 to 0.86%

of oxygen concentration (at 21% V/V). Also, after a comparison with their
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dense counterparts it was concluded that the resulting films did not exhibit a

newly introduced sensitivity to humidity.

On the whole, the implementation of self assembly fabrication techniques

based on evaporation of ternary solutions and the breath figure method pro-

duced a significant increase in sensing performance and a wide range of pore

sizes. It should be emphasised that key benefits include the use of widely avail-

able materials and straightforward fabrication procedures, accomplished via sol-

vent evaporation and drop casting. In parallel, an image based analysis of the

porosity using three different techniques allowed for a detailed investigation of

the resulting morphology. This provides a critical insight into the preferable ma-

terial composition and morphological structure of the polymer supports for fu-

ture devices. In total, this opens the road for commercial availability.

For further studies, an investigation of the resulting optical properties per-

formed in parallel to a surface area analysis should be applied to identify their

respective contribution towards improvements in oxygen sensing. To this end,

the use of BET surface calculations should be performed for a detailed charac-

terisation of the films’ surface area. It should also be mentioned that humidity

was the only parameter that affects the oxygen sensing capabilities of phospho-

rescent films investigated in this study. Other such examples would be tempera-

ture and the use of different mediums in which the indicator film is submerged

in. For future investigations, their effects on the films developed here should be

analysed for studying cell cultures and organic tissue.



Chapter 5

Fabrication of nonwoven fibre

meshes for oxygen sensing

Chapter Summary

The morphological manipulation of polymer surfaces for cell proliferation has

been the subject of many studies, especially for the development of bioengi-

neered tissue. This, coupled with the need for accurate oxygen sensing, led us to

the adoption of an air spray-based fabrication of microfibre polystyrene meshes.

The fibres were used as a host support for the phosphorescent dye PtOEP and the

sensing properties were evaluated with a standardised optoelectronic calibration

procedure. The main results included: identifying the ratio 1:6 (PS/THF, W/W)

as the preferred spraying solution, a maximum sensitivity of ∼ 11, 3dB point at 23

% oxygen concentration (V/V), a dynamic range of 1.84 V and a minimum recov-

ery time of 24 s. Overall, the microfibre meshes proposed have the potential to

revolutionise complex mammalian cell cultures by providing simultaneous cell

proliferation and high accuracy oxygen monitoring.

5.1 Introduction

As mentioned in the previous chapter, the choice of matrix material for the en-

capsulation of phosphorescent dyes is of crucial importance. This is especially

true for monitoring the oxygen concentration in biological environments. The

main host characteristics of interest are; permeability to oxygen, mechanical and
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chemical stability, solubility in solvents used to dissolve the dye, biocompatibility

and optically favourable properties.

Among many choices, a common approach is the use of silicone based rub-

bers to encapsulate the dye molecules. Such an example is polydimethylsiloxane

(PDMS), which exhibits high permeability to oxygen, chemical and temperature

stability and optical transparency, while also providing a flexible and robust en-

capsulating matrix [138,261]. The encapsulation has been achieved with a multi-

tude of fabrication techniques, with the most promising examples being; the use

of functionalised flexible PDMS micropillar arrays on the surface [214, 215], sol-

vent spotting on hydrophilic polyolefin fabrics [284] and the use of electrospin-

ning to create fibrous structures [138]. These methodologies allow for high sensi-

tivity and low response times. Improvements towards better sensing capabilities

have also been achieved with the use of outer layers of polycaprolactone (PCL),

which provide additional biocompatibility [138], and the copolymerisation of the

dye with acrylic/vinyl monomers for an increased sensing performance [285].

Another application for embedding oxygen sensitive dyes in polymer ma-

trices is found in cell culture monitoring [286]. Hitherto, there has not been a

solution that combines 3D scaffolding towards complex mammalian cell pro-

liferation with concurrent oxygen monitoring capabilities. Towards this direc-

tion, a number of disadvantages exist for the use of PDMS in tissue engineer-

ing for both oxygen monitoring and as a scaffold. These include the hydropho-

bic nature of the polymer, which renders it ineffective for bio-engineered tissue

growth [287] and its characteristic tendency to induce dye aggregation during

curing, which inherently results in an inhomogeneous dye distribution [288]. Ad-

ditionally, issues with their use in microfluidic chambers include the adherence

and absorption of biological molecules onto their surfaces and the high perme-

ability of PDMS to water vapor, which leads to the drying of the chambers [289].

On the other hand, a widely accepted polymer, that over time became the pre-

dominant material for cell culture growth, is polystyrene. Its cost effective fab-

rication, coupled with the ability to modify its surface structure characteristics
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with straightforward techniques, and its biochemical inertness render it an ideal

candidate [290].

Apart from the appropriate scaffolding material, vital growth factors and

chemical differentiators used, a great deal of research in tissue engineering

and regenerative medicine has focused on the manipulation of mechanical and

structural characteristics of the cell’s microenvironment. The goals of such ef-

forts lie in producing the appropriate stimuli that mimic in vivo conditions and

lead to cell multiplication and differentiation [291–293]. Furthermore, it is crucial

that the substrates of choice exhibit a micrometer resolution and provide means

for the cells to organise in 3D structures since it has been shown to aid cell pro-

liferation, especially in complex mammalian cells cultivated in vitro [294].

Thus, a great deal of the literature focuses on surface treatment of materials

used in bioreactors with the purpose of facilitating cell adhesion, proliferation

and differentiation [295]. To this end, common and inexpensive methodologies

followed in the literature include the use of the breath figure (BF) technique to

induce porosity on the substrate surface of the petri dishes [273, 296, 297] as well

as the development of polymer fibre meshes [298, 299]. In the previous chapter,

the study of porous materials used for oxygen sensitive dye encapsulation was

presented with the use of phase inversion and the BF technique. Nonetheless,

the brittle nature of the polymers obtained do not allow for complex macroscale

bio engineered tissue development. This has been described as crucial in regen-

erative medicine studies elsewhere, such as patient specific trachea tissue scaf-

folds [300] and cancer research [301]. Thus, fibre meshes present themselves as

a promising solution.

For the fabrication of fibrous materials from polymers, electrospinning has

shown promising results while offering at the same time scalability in the pro-

duction of micropatterned surfaces [302–304]. A crucial advantage of this fab-

rication technique is the ability to vary the size and porosity of the electrospun

fibres, which results in the capacity to mimic the tissue microstructure depend-

ing on the application [305]; a fact especially important in extracellular matri-
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ces for load-bearing tissue such as cartilage, tendons and ligaments [306, 307].

Other techniques include solution blowing spinning (a spray-based technique

using a drum rotator) for achieving fibrous polymer surfaces towards 3D cell cul-

tures [308, 309].

Evidently, numerous studies have successfully achieved polymer encapsu-

lation of phosphorescent dyes for oxygen sensing but the simultaneous use of

the host support as a flexible 3D cell culture scaffold has not been reported up

to date. Here, we propose the embedding of the phosphorescent dye PtOEP in

a fibre mesh by spray drying a solvent based polystyrene solution with the use

of Tetrahydrofuran (THF) and Dimethylformamide (DMF). It was shown that the

meshes consisted of micrometer-sized fibres and that a high sensitivity and low

response time for oxygen measurements was possible.

5.2 Experimental Procedures

5.2.1 Materials, Fabrication and Instrumentation

For the fabrication of the polymer fibre meshes an air spray based technique was

applied. Specifically, a spray gun (Iwata LPH-80 LVLP) with a 1.0 mm nozzle was

used along with a nitrogen gas tank provided by BOC. The polymer of choice was

polystyrene (PS) (MW ∼ 230,000, Merck), the oxygen sensitive, phosphorescent

dye used was PtOEP (Platinum Octaethylporphyrin, 95%, Merck), purchased as

nanopowder and the solvents used to dissolve polymer were Chloroform (CHCl3)

THF (≥ 99.9%, Merck) and DMF (≥ 99.8%, Merck).

The first step of the fabrication process involved the use of the solvents to

dissolve the phophorescent dye PtOEP by stirring in room temperature for 2

hours. Then, the resulting solution was mixed with the polymer while keeping

the ratio of dye to polymer constant at 1:1000 (w/w). The ratios of polymer to

solvents used for the tests were 1:5, 1:6, 1:7 for THF and 1:5 for DMF. The choice

of ratios was based on the viability of the resulting mechanical properties after

dry spraying. It should be noted that the standardisation of the fabrication pro-

cess was difficult to assess with the use of air spraying due to the nature of the
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procedure and the equipment used. Nonetheless, the diameter of the nozzle and

the volumetric flow through the air spray gun was kept constant throughput the

sample preparation.

Film Solvent Mixing ratio Polymer
FA1.1 THF 1:5 Polystyrene
FA2.1 THF 1:6 Polystyrene
FA3.1 THF 1:7 Polystyrene
FB.1 DMF 1:5 Polystyrene
DC.1 CHCl3 1:10 Polystyrene

Table 5.1: Sample fabrication information. The notation F in front of the names indicate
the fibrous nature of the film produced while D is for the dense samples. All
samples were prepared with polystyrene as a base polymer.

5.2.2 Methods

For the characterisation of the fibre mesh morphology and the calculation of the

fibre diameters SEM imaging was used along with the software ImageJ. To as-

sess the oxygen sensing properties of the fibre meshes the same procedure and

setup described in chapter 4 was followed. The properties of interest described

here were: a) oxygen sensitivity, S100; b) recovery time, t ↓90; c) dynamic range

DR (measured here as the difference in voltage levels between 100% and 0% of

oxygen flow) (see section 3.2.3 and appendix B for detailed explanations of the

definitions) d) oxygen range, given as the 3dB point O2(S = 1/2) (see section 4.2.3

of the previous chapter).

5.3 Results and Discussion

In this section the results and analysis are presented for: a) the surface morphol-

ogy characterisation using SEM images and b) the oxygen sensing tests based on

an optoelectronic setup.

5.3.1 Film Morphology Characterisation

First, SEM was used in order to visualise the resulting morphology of the fibre

meshes and calculate the fibre diameters. Among the first observations was that

all FA fibre meshes presented a similar microstructure. Specifically, FA fibres ex-
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hibited similar features in terms of fibre diameters, with the exception of the

FA1.1 which ranged from 0.13 to 0.97 µm, whereas for FA2.1 and FA3.1 ranged

from 3.4 to 10.6 µm and 3.7 to 7 µm (table 5.2). Additionally, for FA fibre meshes,

it was clear that fibres merged (Fig. 5.1), explaining the different range of fibre

diameters.

Figure 5.1: SEM images of FA3.1 for two different magnifications.

Another clear feature was the existence of ball shaped blobs that were

present throughout the mesh randomly distributed for FA fibres. It is to be noted

that the sizes increased with higher solvent ratios in the solutions sprayed and

their presence was not observed for fibre mesh FB1.1. Also, fibres from FB1.1

seemed to form more dense layers compared to FA meshes explaining the higher

density measured (table 5.3). In total, from comparing SEM images of the films

produced no conclusions were made for the oxygen sensing and mechanical

properties of the two films apart from the higher density of FB.1 and the larger

blob sizes for the use of higher amount of solvent in the solution sprayed (table

5.2). This possibly could indicate that lower viscosity solutions produce larger

blobs but this was not quantitatively determined.

5.3.2 Oxygen Sensing Properties

From the oxygen sensing experiments it was concluded that all fibre meshes out-

performed their dense counterparts in terms of sensing properties. In detail, the

range of improvements achieved, when comparing the dense and fibre meshes,

was approximately: a) 53 - 189% increase in maximum sensitivity b) 4 to 11 fold
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Fibre Mesh Smallest Fibre [µm] Largest fibre [µm] Blobs Blob size [µm]
FA1.1 0.13 0.97 YES 7.25
FA2.1 3.4 10.6 YES 46.3
FA3.1 3.7 7.0 YES 115.9
FB1.1 0.8 6.7 NO -

Table 5.2: Measurements of the fibre sizes for the meshes without coating using imageJ
and images obtained using SEM.

(a) (b)

(c)

Figure 5.2: SEM images of a) FA1.1 b) FA2.1 and c) FB1.1

decrease in recovery time c) 3 to 17% (V/V) in half-sensitivity and d) 2.84 to 7 fold

increase in DR.

The tests of alternating oxygen concentrations showed that, despite differ-

ences in the density of the films, the properties displayed were similar in all cases

for the fibre meshes using THF as the solvent (FA1.1, FA2.1 and FA3.1) (table 5.3).

This indicates that surface morphology plays a larger role than the amount of dye

per volume expressed by the density of the fibre meshes (note that the amount of
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dye was kept constant per polymer weight), for the same solvent. Nonetheless, a

small concurrent increase in maximum sensitivity was observed when increasing

the density since the highest sensitivity observed for the FA cases corresponded

to the highest density FA film FA3.1 (∼11). This was not the case for the FB film

which showed the lowest DR and sensitivity and thus the use of DMF as a solvent

showed diminished sensing performance. The recovery times were similar in all

cases ranging from 24 to 32 s. The highest linearity of Stern - Volmer calibration

curve was achieved by FA2.1 by showing a 3dB point 7% (V/V) higher than the

film FB.1 (which was the lowest). Thus, it was concluded that THF/PS was the

preferred combination of polymer/solvent combination (FA films compared to

FB).

When comparing the results between the fibre meshes and dense films, it

was evident that the latter yielded inferior sensing performance in all cases. De-

spite the smaller thicknesses, the recovery times were significantly higher com-

pared to the fibre meshes while the sensitivity, 3dB point and DR were all re-

markably lower (Tables 5.3 and 5.4). The larger density of films DC.2 and DC.3

(a maximum factor of ∼ 78 larger) was detrimental for the oxygen sensing prop-

erties even though the same amount of dye per polymer was used in both cases.

This was an expected result as the literature suggests that high permeability poly-

mer host supports show higher sensitivities and lower response times [254]. It is

to be noted that a larger sensitivity and dynamic range could have been achieved

with dense films of larger thicknesses but the recovery times were much larger

than 300 s and thus were ignored for the purposes of this study.

Film Density [mg/cm3] I0/I100 t ↓90% [s] O2(S = 1/2) [%] DR [V]
FA1.1 15.0 8.29 32 19 1.26
FA2.1 17.9 9.76 28 23 1.84
FA3.1 46.4 11.07 24 19 1.58
FB.1 111.1 7.94 24 14 1.25
DC.2 1.16×103 3.83 164 6 0.44
DC.3 1.14×103 5.20 296 11 0.26

Table 5.3: Oxygen sensing properties of the fibre meshes and the dense C films from the
previous chapter.
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Polymer Dye Metric Improvement Fabrication Reference
PS/PEG - Luminescent Intensity 60% Dropcasting [259]
pSiMC EuA Luminescent Intensity 100% Etching [281]
MTEOS R(Ph2phen)2+

3 ∆(DR)/DRd 73% Drop casting [282]
MTEOS/TEOS RuCl33H2O ∆(DR)/DRd 92% Dropcasting [207]

CAB (C.1) PtOEP ∆(DR)/DRd 2.8 Breath Figure -
PS fibre (FA2.1) PtOEP ∆(DR)/DRd 3.2 Spray Drying -

PS/PEG PtOEP ∆S100/Sd
100 91% Dropcasting [258]

PS/PG PtOEP ∆S100/Sd
100 72% Phase Separation [243]

PDMS-MPA PtTFPP ∆S100/Sd
100 30 photo-lithography [215]

CAB (D.1) PtOEP ∆S100/Sd
100 6.3 Breath Figure -

PS fibre (FA3.1) PtOEP ∆(DR)/DRd 1.1 Spray Drying -

Table 5.4: Table comparing the improvement in sensing performance via polymer film
modification from various studies in the literature and the films proposed here
and in Chapter 4.

Notably, the high surface area of fibre meshes in general ( [310]) is an indica-

tion that the resulting improved oxygen sensing properties were in part a result

of their improved surface properties and possibly partially due to the improve-

ment of their optical properties. Nonetheless, additional tests are required. Fur-

thermore, the recovery time was not dependent on the thickness of the material,

possibly due to the high permeability; as a result of the micrometer size of the

fibre diameter and the fibrous nature of the fibre mesh. However, difficulties in

controlling the thickness of the fibre meshes did not allow for a detailed analysis;

it is suggested that further studies focus on the variation of the properties based

on the thickness of the films.

In comparison with the porous films prepared in the previous chapter and

tested in a reflection based setup, it was observed that all fibre meshes exhibited

similar sensitivity and DR with the B, C and D films. For recovery times, improved

values were achieved when compared to all films apart from B.1 to B.3, with pro-

duced similar results. Also, the 3 dB point was significantly improved compared

to all films except for B.1 to B.3 (19-23 compared to 26-27, table 4.3).

The low density of the fibre meshes presented here indicates that the result-

ing improved oxygen sensing properties of films B in the previous chapter were

in part a result of their decrease in density but also due to their improved opti-

cal properties. Specifically, in terms of density, the fibre meshes had significantly

lower values, 15-46.4 (for THF based solutions) versus 220 mg/cm3 (for B films),
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yet exhibited lower sensing properties. In detail, films B had higher 3dB points

and DR while the maximum sensitivity was only marginally better (tables 5.3 and

4.3 for films B and FA, respectively). The exception to this were the similar recov-

ery times. Nonetheless, additional tests are required.

Furthermore, the recovery time was not dependent on the thickness of the

material, similarly to films B. However, difficulties in controlling the thickness

of the fibre meshes did not allow for a detailed analysis; it is suggested that fur-

ther studies focus on the variation of the properties based on the thickness of the

films. In total, the fibre meshes fabricated here retained most of the favourable

oxygen properties introduced in Chapter 4 with self assembly fabrication tech-

niques but with lower 3dB point compared to films B.

5.4 Chapter Conclusions

In summary, we demonstrated the development of phosphorescent indicators

with favourable oxygen sensing properties by making use of air spraying for the

fabrication of nonwoven fibre meshes. The phospohrescent dye PtOEP was em-

bedded onto the Polystyrene fibre meshes and the characterisation of the sens-

ing properties was achieved via an optoelectronic calibration procedure. Similar

surface morphology and micrometer sized fibres were observed with SEM imag-

ing for all samples prepared while oxygen measurements showed high sensitivity

and low recovery times.

i SEM images indicated similar morphology for all cases of fibre meshes, with

micrometer diameters and blobs for the THF based solutions.

ii High oxygen sensing performance was observed for all FA fibre meshes, with

a maximum sensitivity of ∼11 at 100% O2, a 3dB point of 23 % (V/V), a dy-

namic range of 1.84 V and recovery times ranging from 24 to 32 s.

iii In comparison to the dense films, the fibre meshes presented here exhibited

a lower recovery time (a maximum ∼ 12 fold decrease) and higher sensitivity

(up to 189% of improvement), range of detection (up to a change in 3dB point

of 12% V/V) and output dynamic range (a maximum ∼ 7 fold improvement).
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iv THF/PS solutions were preferred due to better sensing properties. A mixing

ratio of 1:7 showed the best performance in terms of sensitivity (∼11), while

1:6 the largest dynamic range (1.84 V).

Overall, our study proposed the fabrication of flexible phosphorescent films

with favourable sensing properties via spray drying of solvent/polymer solu-

tions. The resulting fibre meshes allow for the development of 3D microstruc-

tured polystyrene scaffolds for simultaneous cell culture monitoring and oxygen

sensing. An example of such application can be found in the field of regenera-

tive medicine where the monitoring of bioengineered tissue in terms of oxygen

concentration is pivotal during their incubation.

For further studies, the comparison of the fibre meshes proposed here and

the porous films described in the previous chapter with other state of the art 3D

cell culture scaffolds should be performed for the determination of their cell pro-

liferation characteristics. In that direction, the application of additional tech-

niques for fibre mesh production, such as solution blowing spinning, should be

investigated. In parallel, micro-CT scanning and BET surface calculations should

be performed for a more detailed characterisation of the surface area of the fibre

meshes.



Chapter 6

Flexible phosphorescent films:

polystyrene fibre/silicone rubber

composites

Chapter Summary

Healthcare monitoring has been a growing subject of study due to its wide variety

of applications in every day life as well as the clinical setting. Here novel fabrica-

tion methods are investigated towards the development of robust phosphores-

cent films, The polymer composites were developed by dip-coating polystyrene

fibre meshes with silicone rubbers to enhance their mechanical properties. Ten-

sile tests were performed to identify their stress-strain characteristics and an

oxygen sensing calibration procedure was used to determine the sensing per-

formance. A maximum elongation of ∼ 9.3 and a maximum sensitivity of ∼ 7.5

was achieved with the use of the silicone rubber ECOflex. However, the result-

ing composites showed a significant increase in recovery times and sensitivity to

humidity compared to their fibre mesh counterparts; a minimum increase of a

factor of ∼ 7 and a minimum error of ∼ 1.28% in oxygen concentration (V/V) at

21%, respectively.
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6.1 Introduction

Wearable electronics with mechanical characteristics that allow them to con-

form to the human body has emerged as a new research field that strives for im-

proved health monitoring, both in and out of the clinical setting. Commercial

wearables are still composed of rigid materials which renders their use obtru-

sive and in need of additional supports (such as belts or bendable strips). Addi-

tionally, numerous clinical devices that are in use today limit the monitoring of

physiological parameters in the laboratory rather than providing on-patient re-

mote health monitoring [311]. Fundamentally, this poses a bottleneck for their

universal adoption, which could help reduce the ever increasing cost of health-

care [312]. Therefore, it is imperative to replace existing materials with skin-like

alternatives for enhanced wearability and functionality. Flexible sensors based

on silicone rubbers pose as a possible solution to address these difficulties by

providing the user comfort and compliant mechanics [313].

An exemplary application that requires the use of flexible and robust mate-

rials, which yield both high sensitivity and low response time for oxygen sensing,

is tissue monitoring [91,240]. In some studies, efforts have been made to develop

wearable sensors for transcutaneous oxygen measurements using quenching of

phosphorescence as the primary modality of sensing methodology [42, 55]. In

one such application, the necessary biocompatibility and flexibility of the sup-

port matrix was achieved by using a liquid bandage formulation by combining

an in house built dye with an off-the-shelf bandage [91]. In this case, the goal

was monitoring the oxygen concentration in a postoperative flap reconstruction.

In this study, nonwoven fibre meshes were coated with silicone rubbers and

a stress-strain analysis was performed for the characterisation of their mechani-

cal properties. It was concluded that both the mechanical and the sensing prop-

erties were improved significantly compared to dense polymer films and thus the

potential use of the composites for wearable sensors was shown. Additionally,

the effect of relative humidity on the sensing performance was investigated.
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6.2 Experimental Procedures

6.2.1 Materials, Fabrication and Instrumentation

The fabrication procedure for the fibre meshes used her and their oxygen sensing

properties are described in the previous chapter (see sections 5.2 and 5.3). The

silicone rubbers used to coat the fibre meshes were ECOflex 00-50 (shown as ECO

in the tables presented in this section) (Smooth-On Inc.) and Polydimethylsilox-

ane (PDMS) (Sylgard 184). SEM (Zeiss EVO 25) was used to obtain images of the

resulting fibre meshes. The fibre meshes were coated with the silicone derivative

rubbers by dip coating, and were cured in room temperature for ECOflex and

in 120°, using an oven for two hours, for PDMS. Before the curing process, the

fibre meshes and with the uncured polymer coating were placed in a vacuum en-

vironment to reduce the air bubbles in the rubber and also, to completely wet

the fibre mesh throughput the entire sample by collapsing the larger air pock-

ets. This was essential due to the existence of air pockets inside the fibre meshes

which could not escape during dip coating due to the viscosity of the uncured

silicone solutions. Also, for the same reason, a weight was applied on top of the

PDMS samples during curing, which resulted in improved mechanical proper-

ties (see results section Fig. 6.4). To emphasise on the different outcomes for two

different curing-drying techniques for PDMS, two samples were prepared with

different methodologies; one was left to dry by hanging and and for the other a

weight was placed on top of the coated mesh (FA2.3 and FA3.3 respectively). It is

to be noted that for the PVA coating, the sample additionally required storage in

a high humidity environment in order to preserve its mechanical properties.

The mechanical strength properties were assessed based on stress-strain ex-

periments using a mechanical testing system (Instron, model 5969) and the mold

ASTM D412 Type 4 (Fig. 6.1). For the characterisation of the oxygen sensing prop-

erties the same instrumentation and methodology was used as in chapter 4 (see

sections 4.2.2 - 4.2.3).
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Film Solvent Mixing ratio Encapsulant
FA1.1 THF 1:5 None
FA1.2 THF 1:5 ECO
FA1.3 THF 1:5 PDMS
FA2.1 THF 1:6 None
FA2.2 THF 1:6 ECO
FA2.3 THF 1:6 PDMS
FA2.4 THF 1:6 PVA
FA3.1 THF 1:7 None
FA3.2 THF 1:7 ECO
FA3.3 THF 1:7 PDMS
FB.1 DMF 1:5 None
FB.2 DMF 1:5 ECO
FB.3 DMF 1:5 PDMS
DC.1 CHCl3 1:10 None

Table 6.1: Sample fabrication information (see also Table 5.1 from section 5.2.1). The no-
tation F in front of the names indicate the fibrous nature of the film produced
while D is for the dense samples. All samples were prepared with polystyrene
as a base polymer.

6.2.2 Methods

For the tensile strength measurements, the fibre mesh/silicone rubber compos-

ites were cut into specific molds (Fig. 6.1 and table 6.2). Additionally, the same

measurements were performed for pure PDMS, ECOflex and polystyrene (pro-

duced by dissolving it in CHCl3 and drop casting) for comparison reasons. The

stress-strain plots were obtained after transforming the graphs obtained for the

force exerted from the clamps to the sample. The sample’s elongation was cal-

culated from the displacement of the clamps as a factor of its initial length eq.

6.1). It is important to underline that the moving average algorithm was used to

reduce the noise from the tensile tests (see appendix section C, eq.C.4 and C.5).

σ= F /A, ε=∆L/L (6.1)

where σ is the stress, F is the force applied on the sample under test, A the cross

sectional area, ε is the strain, ∆L the elongation (which equals to the displace-

ment of the clamps during the test) and L the initial length of the sample.

Furthermore, the characterisation of the mechanical properties of the films
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involved the calculation of the elastic modulus (Young’s modulus) defined as the

ratio of stress over strain and calculated for the linear parts of the stress - strain

curve (Fig. 6.3).

E =σ/ε (6.2)

where E is Young’s modulus.

Figure 6.1: Schematics of the mold used for the tensile strength tests.

A B C D E F
35 6± 5 12.05 2± 0.1 3± 0.1 3± 0.1

Table 6.2: Dimensions of the mold in figure 6.1 in mm.

For the characterisation of the sensing properties of the composite films

the same procedure was followed as in the previous chapters (see sections 4.2.3,

5.2.2). However, the oxygen sensing tests are not presented for the PDMS encap-

sulation due to the large recovery time (> 6 minutes).

6.3 Results and Discussion

In this section the results and their analysis are presented for: a) the mechan-

ical properties of the composite films based on tensile stress - strain tests and

b) the oxygen sensing tests based on the calibration procedure described in the

previous chapters.
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6.3.1 Film Morphology Characterisation

The mechanical properties of the composite films were evaluated by employing

stress-strain experiments. The data readings from the equipment were force ver-

sus the displacement and were converted to strain and stress (eq. 6.2). Graphs of

stress versus strain were produced and analysed in terms of linear and non-linear

regions in order to: define elasticity and plasticity of the material and determine

their elongation and tensile strength. Additionally, their elastic moduli were cal-

culated based on the linear parts of the graphs.

Figure 6.2: Plot of the stress over strain from the tensile tests for the sample A1.2. Both
original data and the results after applying the moving average algorithm are
shown.

Fundamentally, the results presented in table 6.3 capture the main points of

interest from the stress - strain plots and by extension allow for the description

of the mechanical properties of the samples. In detail, after using a moving av-

erage filter for noise reduction properties (Fig. 6.2), the different sections of the

stress strain plots were first identified (Fig. 6.3a - 6.3c). Depending on the specific

sample and the coating used, differences in the nature of the curves obtained are

apparent.

For the majority of the fibre meshes coated with ECOflex four distinct areas

(types of stress versus elongation) were observed. The first part involved an elas-

tic linear increase followed by an elastic, non - linear increase, a plateau of con-

stant stress with increasing elongation and lastly, a rapid linear increase in stress
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(a) (b)

(c)

Figure 6.3: Plots of the stress over strain from the tensile tests for the samples: a) A1.2,
where four regions are highlighted indicating the different phases of the
strain stress experiment; elastic linear, elastic non-linear, densification and
plateau for and b) A2.2, where three regions are highlighted indicating the
different phases of the strain stress experiment; elastic linear, densification
and necking. c) B.1. where three regions are highlighted indicating the dif-
ferent phases of the strain stress experiment; plateau, non-linear elongation
and densification.

(densification) was observed before the fracture point. Densification could be

explained as the hardening of the material due to large scale orientation of chain

molecules (in the direction of the forces applied) under high stress which results

in plastic deformation. It should be highlighted that linearity is an approximation

in all regions and was assumed in order to arrive at an elastic modulus. Nonethe-

less, all fittings had an R coefficient of over 99%. Specifically, each section of the

graph was fitted with a linear equation (using a least squares algorithm) and the

slope was used to define the moduli (table 6.3).
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For most cases of ECOflex coating, between the first linear increase and den-

sification a plateau was present before and after a non linear part. For sample,

A2.2 no plateau was observed but an important observation was the existence of

a small non linear section and a plateau after densification and before the frac-

ture point, defined as necking. Necking is related to the deformation of the ma-

terial while the cross sectional area decreases rapidly compared to the hardening

due to strain previously occurring in densification. For PS the resulting stress

strain curve had significantly different regions due to its solid (glassy) nature at

room temperature. It started off with a mostly flat region (plateau), then contin-

ued into a non-linear increase and lastly was followed by a densification region.

Additionally, the yield strength point (YS) was defined as the last point of the

linear section, the densification point (D) as the first point where the densifica-

tion started and the ultimate strength point (US) as the point of maximum stress.

It should be noted that the deformation is assumed to be homogenous through-

out the specimen up to the point where densification stops (and either fracture

or necking occurs). In the definition of these points both elements in the coor-

dinates are important; in terms of stress, as a measure of tensile strength for that

amount of stretch induced, and strain, as a measure of elongation at that point.

The results for the PDMS coating were presented for comparison reasons

since their oxygen sensing properties were not determined due to the increased

recovery time. Also, for reference purposes films of pure ECOflex (2.6 mm thick-

ness), PDMS (4 mm thickness) and PS were tested.

Film Young’s moduli [kPa] YS point [-,kPa] D point [-,kPa] US point [-,kPa] Encapsulant
FA1.2 48.7 - 9.4 - 70.9 [0.38, 32] [1.7, 58.8] [7.3, 398] ECO
FA2.2 46.2 - - 105.5 [3.4, 190.7] - [9.3, 721] ECO
FA3.2 90 - 15.8 - 77.2 [0.45, 53.3] [1.1, 71.7] [9.0, 593] ECO
FB.2 217 - 23.0 - 151 [0.25, 78.0] [1.4, 158] [4.9, 598] ECO

FA2.3 527 - - 602 [0.04, 23.3] [0.40, 359] [0.86, 623] PDMS
FA3.3 1485 - - 3152 [0.38, 649] [0.58, 1189] [0.76, 1690] PDMS
FA2.4 1203 - - 542 [0.1, 259] [1.0 654] [2.32 141] PVA
FC.1 - - 923×103 [0.01, 94] [0.024, 12.7×103] [0.037, 24×106] None
ECO 32.1 - - [2.2, 78.9] - [10.09 1715] -

PDMS 1563 - - 3092 [-.24, 410.8] [0.78 1275] [1.10 2197] -

Table 6.3: Tensile stress test results for the fibre meshes coated with ECOflex (ECO),
PDMS and PVA.
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From table 6.3 it is clear that the different materials have significantly dif-

ferent elastic moduli and ultimate strength points. In particular, FA films coated

with ECOflex presented the most favourable properties. Film A2.2 showed the

largest ultimate strength point at 721 kPa and an elongation at the fracture point

of 9.3. Also, no plateau was observed and the yield strength point was much

higher; indicating that the linear elastic properties persisted much longer before

plastic deformation occurred. FB.2 had a lower elongation at the US point but

had the largest Young’s moduli at all three sections of the plot. Compared to the

pure ECOflex case, the composites presented here exhibit a much higher linear-

ity and a higher elastic modulus, at the linear elastic section, when compared to

FA2.2. However, at the ultimate strength point the elongation was slightly higher

and the maximum tensile strength was ∼ 2.4 times larger than FA2.2. An expla-

nation for the reduced US would be the fragility of the fibres themselves. For the

increased linearity compared to FA2.2, the composite possibly acted as a better

scaffold for the ECOflex coating. In the other cases, where a plateau was observed

much sooner, an explanation could be based on the fibres not being completely

coated and thus a plastic deformation occurring much sooner as the fibre were

the first to break apart. Additional studies should focus on wetting FA2.2 with dif-

ferent quantities of ECOflex and analyse resulting variations in the stress strain

curves.

For the PDMS coated samples, the composites yielded lower elongations by

a maximum factor of ∼ 13.2. Additionally, the difference between applying pres-

sure during the curing process resulted in significant changes; ∼ 3.8 and ∼ 6.2

fold increase in elastic moduli and a ∼ 3.72 fold increase in ultimate stress (cor-

responding to the comparison of FA2.3 and FA3.3). From the comparison with

ECOflex, it is clear that PDMS is a stronger material but less stretchable. It should

be noted that when comparing the composites with the pure PDMS case, similar

elastic moduli and US point where observed while for the YS point, an increase

was observed. For PVA, results showed lower US and YS points but high elastic

modulus at the linear section.
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For dense polystyrene (FC.1) the stress was much higher but the elongation

was much smaller for all points (four orders of magnitude larger stress and three

orders smaller elongations). This indicates the brittleness of glass polymers. It

should be underlined that the properties of FC.1 are expected to be similar to

the porous films described in the previous chapter. This further emphasises the

advantage of the fibre meshes described here for sensor applications that require

a high surface area (in the macroscale) and flexibility. Moreover, when the coated

fibre meshes were not placed under vacuum conditions the specimens were not

deformed homogeneously with increasing stress and were eventually split due to

the existence of air pockets inside (Fig. 6.4).

Figure 6.4: Plot of the stress over strain from the tensile tests for the failed application of
the PDMS fibre mesh coating. Both original (raw) data and the results after
applying the moving average algorithm are shown.

Altogether, the coating of the fibre meshes and the subsequent development

of the composites resulted in phosphorescent material with favourable mechani-

cal properties with high flexibility and strength; rendering them ideal candidates

for applications where mobility and robustness of the indicator is crucial.

6.3.2 Oxygen Sensing Properties

When comparing the results between the composites and dense films, it was ev-

ident that the latter yielded inferior sensing performance in all cases of coated
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samples (Tables 6.4 and 6.5). In detail, the composite films exhibited a maxi-

mum of ∼ 41% and ∼ 1.66 improvement in maximum sensitivity (∆S100/Sd
100) and

dynamic range (∆(DR)/DRd ), respectively, when compared to the dense films

(DC.2 and DC.3). At the same time, a maximum increase of 16% (V/V) in 3 dB

point and a maximum decrease of 72% in recovery time (for the thickest dense

film FC.3) was achieved. It is to be noted that better performance could have

been achieved with the dense films if larger thicknesses were used but the recov-

ery times were much larger than 300 s and thus were ignored for the purposes of

this study.

Film Density [mg/cm3] I0/I100 t ↓90% [s] O2(S = 1/2) [%] DR [V]
FA1.1 15.0 8.29 32 19 1.26
FA1.2 - 7.31 316 16 0.96
FA2.1 17.9 9.76 28 23 1.84
FA2.2 - 4.15 252 16 0.55
FA2.4 - 7.29 172 27 1.17
FA3.1 46.4 11.07 24 19 1.58
FA3.2 - 7.51 300 16 0.89
FB.1 111.1 7.94 24 14 1.25
FB.2 - 6.96 248 13 1.07
DC.3 1.14×103 5.20 296 11 0.26

Table 6.4: Oxygen sensing properties of the fibre meshes from chapter 5, the fi-
bre/silicone rubber composites and the dense C films from chapter 4.

Polymer Dye Metric Improvement Fabrication Reference
PS/PEG - Luminescent Intensity 60% Dropcasting [259]
pSiMC EuA Luminescent Intensity 100% Etching [281]
MTEOS R(Ph2phen)2+

3 ∆(DR)/DRd 73% Drop casting [282]
MTEOS/TEOS RuCl33H2O ∆(DR)/DRd 92% Dropcasting [207]

CAB (C.1) PtOEP ∆(DR)/DRd 2.8 Breath Figure -
PS fibre (FA2.1) PtOEP ∆(DR)/DRd 3.2 Spray Drying -

PS/ECOflex (FA2.1) PtOEP ∆(DR)/DRd 1.7 Spray Drying -
PS/PEG PtOEP ∆S100/Sd

100 91% Dropcasting [258]
PS/PG PtOEP ∆S100/Sd

100 72% Phase Separation [243]
PDMS-MPA PtTFPP ∆S100/Sd

100 30 photo-lithography [215]
CAB (D.1) PtOEP ∆S100/Sd

100 6.3 Breath Figure -
PS fibre (FA3.1) PtOEP ∆S100/Sd

100 1.1 Spray Drying -
PS/ECOflex (FA1.2) PtOEP ∆S100/Sd

100 41% Spray Drying -

Table 6.5: Table comparing the improvement in sensing performance via polymer film
modification from various studies in the literature and the films proposed here
and in Chapter 4.

For the ECOflex coating it was clear that for all composite films the oxygen
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sensing properties were negatively influenced. In all FA films the 3 dB point was

reduced by 3% (of change in the oxygen concentration). The largest decrease

for both the sensitivity and DR was found for FA2.1 to FA2.2 corresponding to a

reduction of ∼ 57% and ∼ 71%. The most noticeable difference were observed

for the recovery times that increased by a factor ranging from ∼ 10 to ∼ 13. It

should be mentioned that this meant that recover times were similar to their

dense counterpart. The use of the PVA coating showed a smaller increase in re-

covery time (a factor of 7.14). Noticeably. an increase in 3dB point from 23 to 27

was observed and further studying is required to identify the mechanisms that

led to this. An explanation could be based on the change of the optical prop-

erties of the film. However, a significant disadvantage of the use of PVA is the

requirement of a constant high humidity environment for storage purposes and

its dissolution in water.

Furthermore, the effect of relative humidity on the sensing performance

was evaluated for both the uncoated fibre meshes (see previous chapter) and the

composites presented here. This was based on calculations in terms of the volt-

age difference between the two different humidity levels (∆Vh) and the predicted

values of the voltage difference derivatives at 21% of oxygen (V/V). The latter was

obtained from the calibration curves after their fitting with the two site model

(table 6.6). In detail, the comparison was performed using eqs. 4.11 and 4.12 (see

section 4.3.3), which correspond to: a) the difference in the voltage measured be-

tween the high and low humidity environments (eq. 4.11) and b) its ratio over the

voltage derivative at 21% of oxygen (V/V) for a 1% incremental change in oxygen.

The latter was expressed as an error in oxygen (V/V) (∆O2%), and is explained in

eq. 4.12.

The uncoated fibre meshes showed similarly low errors with the films B, C

and D for the humidity variation tests (tables 4.9 and 6.6). In detail, the error in-

troduced to oxygen sensing as a result of relative humidity variation was small

for all cases of uncoated fibre meshes; ranging from 0.28 to 0.38 %. On the other

hand, it is evident that a polymer coating hinders the oxygen sensing perfor-
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Film ∆Vh [mV] ∆Vh/DR[%] DV21 [mV] ∆O2%
FA1.1 4.5 3.6 11.7 0.38
FA2.1 4.7 2.5 14 0.34
FA2.4 18.0 15.3 14.1 1.28
FA3.1 3.3 3.7 11.5 0.29
FA3.2 23.3 26.0 7.8 2.99
FB.1 2.7 2.1 9.5 0.28

Table 6.6: Relative humidity influence on the oxygen sensing properties of the films
shown as a percentage of the DR and the change in predicted value from the
calibration curve.

mance for all variables of interest and leads to a significant increase in the er-

ror introduced from variations in the humidity levels of the environment. It was

observed (Table 6.6) that after encapsulation with ECOflex and PVA the resulting

equivalent error induced was significantly increased to 3 and 1.28 %, respectively.

This clearly shows the introduction of a humidity sensitivity with the use of the

coatings. Further studies should be investigate ways of reducing this effect.

It is evident that a polymer coating hinders the oxygen sensing performance

for all variables of interest and leads to a significant increase in the error intro-

duced from variations in the humidity levels of the environment.

6.4 Chapter Conclusions

To summarise, silicone rubber composites embedded with the dye PtOEP were

developed in order to arrive at phosphorescent films with improved mechani-

cal properties and high sensitivity to oxygen. The fibre meshes were coated with

ECOflex, PDMS and PVA for mechanical sturdiness and the resulting compos-

ites were analysed via tensile stress tests. High flexibility and favourable sens-

ing properties were achieved but sensitivity to humidity was also observed. The

main results can be summarised as follows:

i High maximum strain was achieved using an ECOflex coating, indicating

high stretchability and flexibility of the composites. High tensile strength

but low elongation was achieved with PDMS. In total, significant improve-

ment in elongation was achieved for all cases when compared to the dense
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polystyrene films.

ii The silicone rubber ECOflex coating: decreased the sensitivity (maximum of

∼ 57%), 3dB point (maximum of 7), DR (maximum of ∼ 70%) and increased

the recovery (in a range of factors from ∼ 10 to ∼ 13).

iii Coating with PDMS did not allow for sensing measurements due to the large

increase in recovery time. The PVA coating required a humid environment

for storage but yielded an improved 3dB point (27% V/V).

iv In terms of oxygen sensing properties, the composite films exhibited higher

sensitivities (up to ∼ 41% of improvement), 3dB points (a maximum increase

of 16% V/V) and dynamic ranges (up to ∼ 2.7 fold improvement) while also

achieving lower response times (up to 72% decrease) when compared to their

thickest dense film counterpart. However, the silicone rubber coatings led to

the deterioration of all the aforementioned properties in comparison to the

uncoated fibre meshes.

v Sensitivity of the oxygen measurements to humidity was observed only for

the composites while the uncoated fibre meshes showed minimal error in-

duced. From the silicone rubbers used; the lowest error was observed for PVA

(1.28%) and the highest for ECOflex (2.99%).

In conclusion, composite materials with high maximum strain were pre-

sented after the coating of Polystyrene fibre meshes with silicone based rubbers.

Their potential application in wearable medical devices was proposed for cases

where high contact area and mechanical robustness is crucial. For further stud-

ies, investigation is required into preserving the favourable mechanical proper-

ties of the composites while lowering the recovery time.

It is suggested that a link between the wetting of the fibres, during the curing

process of the silicone rubber coating, and the resulting mechanical properties

of the composite is established with the purpose of achieving the optimal coating

thickness.



Chapter 7

Conclusions and Future Work

7.1 Contribution

The main goal of this thesis was the advancement of phosphorescence based

oxygen sensing towards large scale availability with an emphasis on healthcare

applications. The focus of the research presented was an optoelectronic sensor

implementation coupled with cost effective morphology manipulation methods.

Some of the current bottlenecks for the adoption of oxygen sensors based

on quenching of phosphorescence in clinical practices and for their commer-

cialisation involve: a) the high cost of fabrication of the phosphorescent indica-

tors [267] b) the poor reproducibility of the phosphorescent films on an industrial

scale [267] c) the lack of pre-clinical and clinical validation experiments and d)

the need for low response/recovery times and high sensitivities of the phospho-

rescent indicators [228]. Thus, this thesis focused on improving the sensing per-

formance via: i) parametric optimisation of signal and configuration parameters

of the optoelectronic setup and ii) morphology control of the phosphorescent

films. At the same time, the use of off-the-shelf components was preferred, while

highly scalable and cost efficient fabrication techniques were followed [314].

In particular, basic solid state optoelectronic components were employed

and optimal parameter windows were explored in terms of the setup of optical

components and the signal characteristics. Both lifetime and intensity calcula-

tions were studied and their respective increase in performance was investigated
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in terms of dynamic range. In this direction, the modification of dye doped poly-

mer films using the solvent based methodologies phase separation and breath

figure technique was proposed to induce porosity and increase sensing perfor-

mance. The resulting films were analysed in terms of morphology and sensing

characteristics. Both transmission and reflection based setups were considered

and the humidity sensitivity of oxygen measurements was presented. Finally,

making use of spray drying of solutions, polymer fibre meshes were produced

and their morphological and sensing properties were discussed. Further encap-

sulation using polymer rubbers was suggested and their resulting mechanical

properties were investigated towards more robust applications.

Altogether, the contributions from this thesis can be summarised as follows:

• Windows of optimal configuration and signal parameters were identified

for an optoelectronic oxygen sensor based on a reflection type of setup. In

particular, the existence of a favourable positioning of the detector with

respect to the transmitter was shown and its dependence on the type of

measurements (i.e intensity and lifetime) was analysed. Dynamic range

was related to the performance of the sensor and an error analysis was per-

formed based on SNR calculations.

• Improved sensor performance of polymer based phosphorescent films was

achieved through morphology modification. The self assembly and solvent

based techniques of phase separation and the breath figure method were

employed to induce porosity into the readily available polymers cellulose

acetate butyrate and polystyrene. The resulting mechanical and oxygen

sensing properties were analysed and their sensitivity to humidity was in-

vestigated. It was shown that depending on the resulting morphology of

the film, either transmission or reflection based configurations are opti-

mal. Importantly, a film of high thickness and high porosity was linked to

low recovery times and high sensing performance.

• Fabrication of nonwoven, polymer fiber meshes embedded with a phos-
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phorescent dye was performed through dry spraying and both their re-

sulting surface morphology and sensing properties were analysed. Fur-

ther coating with polymer rubbers was performed and an analysis based

on tensile strength tests indicated their adequacy for mechanically robust

applications. The films developed were characterised as suitable for cell

culture monitoring and wearable applications.

On the whole, the work presented in this thesis demonstrates that targeted

choices of sensor configuration, signal characteristics and morphology control

procedures for polymer encapsulation can lead to significant improvements in

the capabilities of existing devices. Thus, the novel research conducted here,

coupled with digital processing tools, automation of experimental setups and

a careful variable control of fabrication stratagems, has the potential to act as a

blueprint for future widescale implementations of sensors with similar operating

principles.

7.2 Summary of findings

The key findings can be summarised as follows:

1. Parametric variation of optoelectronic components and signal characteris-

tics:

• Windows of optimal performance were identified in terms of LED in-

put voltage, the position of the detector, reflectance of background

surface, input signal frequency and dye concentration.

• A trade-off was observed between the use of intensity and lifetime

measurements in terms of optimal positioning of the detector and

LED input voltage.

• Non - linear least squares fitting of the stretched exponential showed

significant improvements when compared to other lifetime models.

• The sensing characteristics were linked to dynamic range and in turn

to the SNR, while an error analysis was performed based on the latter.
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2. Self-assembly porous film fabrication towards improved oxygen sensing

properties:

• The breath figure method was proposed as the preferred fabrication

procedure due to larger pore size range and a higher increase in sens-

ing properties.

• Specific combinations of polymer/solvents were preferred depending

on the configuration of the setup, i.e transmission vs reflection based

measurements.

• For a specified ratio of PS/DMF, the thickness of the film did not alter

the sensor performance in terms of response/recovery times.

• All films proposed did not show significant errors due to humidity

variations.

3. Dry spraying based fabrication of fibre meshes encapsulated with PtOEP

and their polymer rubber coating for mechanical robustness:

• High sensing performance was observed for fibre meshes from a

THF/PS solution.

• The composite material, consisting of the fibre mesh and the silicone

rubber coating ECO-flex, exhibited the preferred mechanical proper-

ties with a large elongation and high tensile strength. This pointed

towards its high flexibility and durability. The use of PDMS and PVA

were shown to encompass detrimental disadvantages.

• Sensitivity to humidity variations was not observed for the fibre

meshes but was significant with the use of the silicone rubber coat-

ings.

7.3 Future Work

In continuation of the work presented in this thesis, it is imperative that a follow

up analysis and additional experimentation are performed. This, combined with
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crucial technological developments can lead to the realisation of high accuracy,

small factor and broadly accessible oxygen sensing devices.

It is suggested that a precision and error analysis is performed for this type of

sensors throughout the whole range of oxygen concentrations for both intensity

and lifetime calculations. An example of such is given here for a single oxygen

concentration in air (see Fig. 3.18). This type of studies are suggested towards an

accurate depiction of the SNR, based on repeatability tests, for the whole range

of oxygen levels of the environment under study. This is necessary so that the

precision and accuracy are determined reliably, which would allow for their use

in the clinical setting. Hitherto, such investigations have not been performed

due to a lack of an SNR-based approach to sensor optimisation and the need for

a large volume of experimentation to achieve this.

Additionally, devices specialised for a variety of environments should be in-

vestigated due to the influence of the encompassing material of the dye on the

sensing performance. This has not been quantified in all cases, especially for

the porous films presented here. Moreover, the use of digital filtering should be

further investigated to increase the SNR of measurements even more.

The optimisation of the configuration should be performed by taking into

account the flexibility of components for wearable applications and the use of

OLEDs and OPDs. To this end, waveguide solutions could replace the open air

sensors described here. To this effect, an in depth investigation, both experi-

mentally and with simulation models, of the scattering angle of emission from

the polymer films and its effect on measurements is suggested. This, coupled

with the polymer fabrication techniques described previously should be imple-

mented in wearable devices to improve sensing performance.

Additionally, the use of the fibre meshes and porous films presented in this

work should be explored as scaffolds for cell cultures to allow their monitoring

and cell proliferation. Also, the improvement of the mechanical properties of the

fibre meshes without bulk polymer rubber encapsulation seems imperative for

its general use in a wide range of applications. To this end, more targeted ap-
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proaches should take into account the reduction of the response/recovery times

for their use in highly dynamic biological environments.

To conclude, it is imperative that pre-clinical and clinical validation exper-

iments are performed successfully in order to demonstrate the reliability of this

type of sensors for medical purposes. This is a crucial step towards their incorpo-

ration into everyday clinical practices and has not been performed until today.

Future of oxygen sensing: Introducing new technologies

At this point, envisioned future implementations and innovations beyond the

scope of the proposed solutions are given with the hope of the evolution of oxy-

gen sensing.

The continuously evolving field of oxygen sensing has progressed signifi-

cantly over last decades. As sensor technology continues to expand forward there

exists significant room for improvement. Driven by the need for reliable moni-

toring in a great variety of applications it is important to exploit and incorporate

newly emerging technologies in oxygen sensors.

To this end, implantable device technologies could be used towards the suc-

cessful development of invasive oxygen sensors. In the field of implantable med-

ical devices; miniaturisation, wireless communication and self powering strate-

gies have been extensively researched [95]. For this purpose, implantable anten-

nas have been broadly researched to address the largest obstacles in this field

[315, 316]. Interestingly, wireless communication has also been achieved also

from the exploitation of conductive properties of the body [317, 318]. Another

example, in the field of optogenetics, simple circuitry has been applied for in-

jectable applications in in-vivo experiments paving the way for numerous other

fields of electronic sensory inside the body [94,319]. Flexible substrates with em-

bedded flexible light emitted sources have been tested in aqueous environments

and proven to withstand body-like conditions [320]. This successful integration

of electronics in biological living mammalian organisms give a sense of the future

in terms of health monitoring. With the rapid development of wireless powering

and communication in a miniature scale it is evident that the range of possibil-
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ities is continuously expanding. Additional potential applications of such tech-

nology could be oxygen sensing of damaged tissue that is difficult to approach,

or cancer sites that cannot be imaged with traditional non invasive methods.

For other applications such as food packaging, it has been suggested that

colorimetry will play an important role in the years to come [321]. This is the

case due to the simplicity and low cost sensors required in the characterisation

of nearly anoxic systems in conjunction with the robustness of the method pro-

posed. The quantification of the changes in color based on the humans eyes

capabilities was a detrimental step to introducing this to a wide market which

could lead to medical applications as well. Interestingly, advances in other fields

such as artificial neural networks, could allow for more accurate approaches

to oxygen measurements via colour change identification. For example, sim-

ilar approaches have been made towards diagnosis of illnesses via immuno-

chromatographic strip tests [322]. In these cases, neural network image analysis

has been suggested to aid the accuracy of the readings and thus could be em-

ployed in this field too.

Overall, oxygen sensors have much to gain from recent progress in sensor

technology and future efforts should focus on incorporating innovations from a

wide variety of fields with the goal of their translation into medical practices.



Appendix A

Photophysics

A.1 Singlet and Triplet state

The Pauli exclusion principle dictates that when a molecule has an even num-

ber of electrons they have opposite spins, therefore the total spin angular mo-

mentum defined as S is equal to zero. The multiplicity of a state is defined as

M = 2S +1 and therefore in the case of S = 0 then M = 1, which is defined as a

singlet state. This indicates that the molecule in a magnetic field will have a sin-

gle energy level. This is true regardless if an electron is in an excited state of the

ground state.

After excitation of an electron with a photon, if the electron rotates then the

total spin angular momentum will equal to one (S = 1/2+1/2 = 1) and thus M = 3,

which indicates that in a magnetic field this state will have three distinct energy

levels, since all electrons are paired (having opposite signs) apart from the two

that have the same direction. This is defined as a triplet state.

A.2 Quantum Yield

In fluorescence measurements quantum yield is defined as the ratio of emitted

to absorbed number of photons. In phosphorescence measurements it is de-

fined as the product of the fractions of the excited to absorbed photons for the

process of excitation from the ground state to the first excited state and from the

excited state to the lower state, after the intersystem crossing, which then led to

the phosphorescent emission upon radiative de-excitation.



Appendix B

Definitions

a) Dynamic range (DR) is defined as the difference between the measurements

at the two different oxygen levels for both intensity and lifetime readings (eq. B.1

and B.2).

DRI = I0 − Ix% (B.1)

DRτ = τ0 −τx% (B.2)

where the underscores I , τ refer to intensity and lifetime measurements respec-

tively and the underscores 0 and x% to the oxygen content in the environment

under study (percentile flow from the mass flow controllers in the case of our

experiments).

b) The sensitivity is defined as the ratio of the measurements at two oxygen lev-

els, either intensity of lifetime, where the numerator is the 0% oxygen level and

the denominator a specific oxygen concentration or percentage of the total envi-

ronment’s content (eq. B.3).

Sensitivity = Sx = I0

Ix%
,
τ0

τx%
(B.3)

where x% is the percentage of oxygen content in the environment under study.



220

c) The error is defined as the the Coefficient of Variation (CV) (eq. B.4).

CV = σ

µ
(B.4)

where σ refers to the standard deviation and µ to the mean value.

d) The Signal to Noise Ratio (SNR) is defined as the DR over the CV (eq. B.5).

SN R = DR

CV
(B.5)

e) One method to characterize the calibration curve of an oxygen sensing device

in terms of the range of oxygen measurements analysed in sensitivity at each con-

centration is the use of the 3dB point. This is defined as the oxygen point where

the sensitivity is half of the maximum; i.e the 3dB point or else O2(S = 1/2) (eq.

B.6):

SO2(S=1/2) = I0

IO2(S=1/2)
= 1/2 (B.6)

f) To characterize the time it takes for the oxygen sensor measurements to reach a

stable point; the terms response/recovery times are used in order to indicate the

time necessary for the stabilisation of the measurements in an equilibrium state

coming from lower/higher oxygen concentrations. These two values are defined

as follows: the response/recovery times are t ↑90% and t ↓90% respectively, i.e as

the time necessary for the measurements to reach 90% of the stabilised oxygen

plateau value for a constant oxygen concentration.



Appendix C

Discrete-Time Signal Processing

In digital signal processing it is often the case that recursive filtering algorithms

are employed in discretely sampled data sets with the goal of keeping the rele-

vant information and discarding a part of them as noise. In this thesis, filtering

involves making a choice based on a specified region in the frequency domain

after a transformation from one domain to the other.

Specifically, FIR filters are used by arriving at a new value for the input signal

at the specified point (n) by using a weighed sum of the values of the original

signal for a number of taps - weights equal to the length of the filter (eq. C.1).

The construction of such a filter and its specific weights involves the calculation

of a finite element vector that is the result of the convolution of an input and its

response to it (defined as the Impulse Response) (see eq. C.2). The filter was

designed by focusing on its response in the frequency domain after analysis of

the input signal’s frequency domain characteristics in order to have the desired

output in the original time (or space) domain.

y[n] =
N∑

i=0
fi ×x[n − i ] (C.1)

where y[n] is the output signal, x[n] is the input signal, N the order of the impulse

filter (resulting in N+1 elements) and f the impulse response vector in the dis-

crete experimental domain (original domain of the experiment). The values of

the filter is 0 for all points beyond the number of its elements (i.e its length).
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f (t ) = x(t )∗h(t ), f [n] = (x ∗h)[n] (C.2)

where f is the resulting filter, x is the input signal and h is the impulse response

of the filter for the continuous (t ) and discrete time domain (n) cases.

This assumes the linear time-invariant system theory, which is used to ex-

plain dynamic but deterministic systems and assumes that there is a linear map-

ping relating f and x. The output of a linear time invariant system is such that it

can always be described as equal to the convolution of the system input with the

unit impulse response.

It should be noted that data sets were not necessarily related to sampled data

points in the time domain but can be generalised to any relevant measurement

as long as it is sampled over regular intervals (e.g in intervals of space the system

analysed is assumed to be linearly translation-invariant). In some cases, linear

interpolation of experimental data sets is necessary to achieve the latter.

In this thesis, the weights of the filter are calculated mainly via the kaiser

windowed FIR filter. Additionally, a useful technique employed for noise reduc-

tion was the moving average algorithm, that constitutes a recursive filter applied

without the need for any knowledge of the frequency characteristics.

C.1 Kaiser FIR filter

In order to apply a FIR (Finite Impulse Response) filter it is necessary that the

coefficients of the filter are first calculated. The method with which the window

function is determined in this case is based on the modified Bessel function. For

discrete functions this a finite number of vector elements (eq. C.3);

w[n] = I0

β
√

1−
(

2n

N
−1

)2
 , 0 < n ≤ N (C.3)

where I0 is the zeroth-order modified Bessel function of the first kind, L = N+1 is

the window length, and β determines the shape of the window in the frequency

domain (gives a relation between the size of the main passpand and the parts
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that are minimized). The length and β factor of the filter are calculated based on

the width of the sample data set and the allowed size of the ripples outside the

frequency band chosen.

The filter length (the number of elements in the impulse response filter vec-

tor) is defined as the number of impulse response points in the FIR filter (which

can be expressed as a vector). The filter order is the highest power in a z - trans-

form representation of the filter, where this can be expressed as coefficients of a

polynomial in z and thus also represents the number of zeros. Thus, it should be

noted that the order is one point less in value compared to the length.

C.2 Moving Average

The moving average is an IIR low pass filter based on a convolution of the data

set using a mean averaging process. It relies on a straightforward methodology of

calculating the mean of the last k - points. One of the most common approaches

is to use a single sampling window k where the average is calculated around a

central value having equal points before and after that (eq. C.4 and C.5).

M Ak, j =
dn−k+1 +dn−k+2 + ....dn

k
= 1

k

n∑
i=n−k+1

di (C.4)

for a data set d1,d2...dn where j denotes the data point number corresponding to

the resulting filtered set.

M Ak, j+1 =
1

k

n+1∑
i=n−k+2

di = M Ak, j −
1

k
(dn+1 −dn−k+1) (C.5)
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Radiometry Calculations

D.1 Radiometry Definitions

The radiant flux Φ is equivalent to the power and refers to the radiant energy

emitted per unit time:

LPS =Φ (D.1)

where LPS is the luminous power of the source.

The radiant exitance (M) is defined as the radiant power per unit area of the

source (d AS):

M = dΦ

d AS
(D.2)

The irradiance (E) is defined as the radiant power incident to the receiver per

unit area (d AR ) :

E = dΦ

d AR
(D.3)

The radiance (L) is defined as the radiant power per unit of projected area

(d Apr o j ) per unit of solid angle (dΩ) and is conserved;

L = d 2Φ

d Apr o j dΩ
(D.4)

The intensity (I ) is defined as the radiant power per unit of solid angle:
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I = dΦ

dΩ
(D.5)

D.2 Lambertian irradiation

In general, it is an empirical observation that most incoherent sources, both

emitters and scatterers, produce a radiance that is independent of the viewing

angle (Lambert’s cosine rule). Thus, an appropriate approximation for the LED

and the phosphorescent emission coming from the film would be to treat them

as Lambertian sources.

Specifically, for a generic Lambertian source it can be shown that eqs. D.6

and D.7 are valid:

L = d 2Φ

d ASdΩR
= r 2 d 2Φ

d ASd AR
(D.6)

where dΩR is the solid angle extended from the light source to the receiver and is

equal to d AR
r 2 (when the angle connecting the source and receiver is 0), where r is

the distance from the source to the detector. Also, for any Lambertian source we

can assume [323]:

M =
∫

LdΩ'πL. (D.7)

For the measurements described Chapter 3, the LED is assumed to be a semi-

spherical Lambertian source of radius R. This approximation ignores the losses

from the diode to the semi-sphere lens (included in the packaging of the product)

and is valid since; the manufacturing company measured the flux after the use of

the semi-spherical lens and due to the radiance theorem, which states that the

rays do not change properties when passing through an optical medium apart

from a dampening factor.

ΦLED =
∫

MLED d ALED =
∫
πLLED d ALED 'πLLED

∫
d ALED (D.8)
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→ΦLED = 2π2R2LLED (D.9)

So, the outward intensity of light is given by:

ILED =
∫

LLED cosθd ALED =
∫

LLED d ALED ' LLED ALED (D.10)

(with the assumption that the radiance is uniformly distributed on the sur-

face of the LED) and thus:

ILED = ΦLED

π
. (D.11)

From the definition of a Lambertian source, the following is true:

Isour ce = cosθIr ecei ver (D.12)

Thus the following also holds for a receiver (in this case the film) placed at a dis-

tance rLED− f from the LED for an angle θ = 0:

Φ f i lm =
∫

I f i lmdΩ' ΦLED

π

∫
dΩ= ΦLED

π
× A f

r 2
LED− f

(D.13)

where A f is the surface area of the film, I f i lm is the intensity on the film and r is

the distance from LED to the film.

In the case of the experiments described in the main part of the thesis in

Chapter 3, the LED is considered a Lambertian source while the phosphorescent

film is both a receiver of the excitation light and a Lambertian emitter. In this

case we will assumes an ideally diffusing surface for the film (a perfect Lamber-

tian surface), where the outwards radiance depends only the incoming radiance.

Subsequently, the light emitted from the film can be described by the incoming

flux multiplied by the quantum yield (ignoring other losses):

ΦE− f i lm = ηΦLED A f

πr 2
LED− f

(D.14)
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where η refers to the average quantum yield of the film.

To calculate the irradiance at the photodiodes first we must calculate the

total flux onto the PD from the film :

ΦPD =
∫

I f −PD dΩ (D.15)

where I f −PD is the total film intensity of emission in the direction of the PD for a

unit of surface area (steady distance). Applying the cosine rule:

I f −PD = I f cosθ (D.16)

where θ is the angle between the line that connects the centre of the film and the

PD and the normal to the film line that connects the film with the LED (see Fig. ).

Also,

I f −PD =
∫

L f cosθd A f = L f A f cosθ (D.17)

where L f is the outwards radiance of the film.

Thus:

ΦPD =
∫

L f A f cosθdΩ=
∫ L f A f cos2θ

r 2
f −PD

d APD = L f A f cos2θ

r 2
f −PD

APD (D.18)

and thus, using the small angle approximation:

EPD = dΦPD

d APD
' L f A f cos2θ

r 2
f −PD

. (D.19)

Finally, to find the radiance:

ΦE− f i lm =
∫

Md A f =
∫
πL f d A f 'πL f A f (D.20)

and thus by combining eqs. D.19 and D.20:
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EPD ' ΦE− f i lmcos2θ

πr 2
f −PD

(D.21)

and then eq. D.14:

EPD ' ηΦLED A f cos2θ

π2r 2
LED− f r 2

f −PD

(D.22)

Figure D.1: Schematic of the placement of the LED, film and PDs from a side view an-
gle. Blue corresponds to UV LED light and red to phosphorescence emission
from the film.

Notes:

i) For chapter 3 the comparison between different positions of the PD was per-

formed by using three different PD-Film distances (r f −PD ) and angles (θ) for each

PD (measured from the centre of the film to the centre of the photodiode). The

calculations are based on the eq. D.22.

ii) The quantum yield of the dense Polystyrene film doped with PtOEP was not

calculated and was not considered for the measurements (i.e. η= 1).
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Fabrication Background Information

E.1 Breath Figure Method

The breath figure method is a self assembly fabrication procedure that has been

widely applied for the formation of porous films. This technique relies on water

droplet condensation on the surface of polymer/solvent blends that are left to

evaporate in humid environments (Fig. E.1). The resulting films exhibit micro-

and nano-porosity characteristics and with the appropriate conditions can form

highly ordered structures.

The precise mechanism has not been identified but it is generally agreed

that water droplets sink inwards of the polymer/solvent blend and result in

porous morphologies. It is suggested that the physical mechanism encom-

passes: evaporation of the polymer solution, nucleation and condensation of

water droplets, magnification and organisation in patterns of water droplets and

lastly the solidification of the polymer [324].

Porous films have been accomplished with a plethora of solvents and poly-

mers with some of the experimental variables of interest being: i) thermody-

namic affinity between solvent and polymer ii) boiling point, water miscibility

and enthalpy of the solvent iii) temperature iv) drying substrate surface v) hu-

midity vi) initial thickness of the solution and vii) contact angle of the water

droplets [327]. The resulting hexagonal ordered structures have been assumed

mainly a consequence of thermo- and soluto-capillary forces with kinetics of
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Figure E.1: Schematic of the ordered porous structure formation mechanism proposed
by Srinivasarao et al [325]. (A) solvent evaporation leads to the cold poly-
mer solution surface; (B) water condenses on cold surface to become wa-
ter droplets, which is the nucleation process; (C) water droplets from close
packed array because of the convective currents of the evaporation and moist
air flow; (D) water droplet array cools and sinks into solution; (E) new gen-
eration of water droplets; (F) new close packed array template by underlying
layer; (G) 3D array remains after solvent and water evaporation [325, 326].

evaporation playing a vital role [328, 329]. It should be underlined that ordered

porosities are not always observed.

One of the most common employments involve solution drying after drop-

and spin- casting in humid environments. Applications of the resulting struc-

tures include: soft lithography and masks for etching, growth of inorganic mate-

rials, surface enhanced Raman scattering substrates, filtration, micropatterning

of light emitting diodes and cell scaffolding for complex cell proliferation and

differentiation [330].
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E.2 Phase Inversion of Ternary solutions

Thermally induced phase inversion of ternary Polymer/Solvent/Non-Solvent so-

lutions has been tamed for the cost effective fabrication of porous polymer mem-

branes. A common application is drop casting the initial solution and leaving it

to dry. The process involves transitioning from the initial homogeneous solution

to an unstable thermodynamic equilibrium (liquid-liquid phase separation) due

to different evaporation rates of the components. This leads to polymer poor and

polymer rich phases, which means that the solution has a dynamic composition

and graded concentrations of components [331]. The modeling and character-

isation of this procedure throughout the solidification of the polymer is highly

complicated and any generalisation of the exact physical process would be diffi-

cult.

In general, one should consider the mass and heat transfer between each

one of the components as well as between the solution and its environment.

The main effects to be considered are the evaporative cooling and shrinkage

of the initial solution as the polymer precipitates, in combination with the dy-

namic composition of the film occurring in gradients along the thickness direc-

tion [332–334]. The complex boundary conditions of such a problem, the differ-

ent mechanisms that determine the behaviour of each component with respect

to each other along with the effects of environmental conditions dictate that a

careful control of the variables is pivotal for controlling output morphology.

The main parameters to consider are; the thermodynamic properties of the

individual components, their mass transfer and diffusion properties, their solu-

bility, their chemical affinity, their density (gravitational effects), the composition

ratio of the solution, the temperature of the experimental setting, the humid-

ity of the surroundings, the air flow during evaporation and the initial thickness

of the solution, among others. It should be underlined that composition paths

(the ratio of the components over time) greatly affect the end result in terms of

morphology. Thus, in most cases, experimental results are presented in terms of

composition paths and the regions which correspond to each phase are linked
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with the morphological characteristics of the resulting film (see Fig. E.2).

Figure E.2: Isothermal phase diagram of a hypothetical polymer, solvent and non-
solvent system showing four coagulation routes and representations of the
resulting morphologies [335].



Appendix F

Surface Area calculations from Bulk

changes

By relating the changes in volume and the average pore diameter (eq. F.1 and F.2)

it is possible to get an estimation of the change in surface area between dense

and porous films (eq. F.4):

|∆V | = (hB −h f )× A, A =
π×D2

f i lm

4
(F.1)

where ∆V is the change in volume, hB and hF are the heights of B.1 and F.3 and

A, D f i lm the area and diameter of the films.

Thus, by assuming that the change in volume is only a result of the pore

formation, that the pores have a spherical shape and by using the average pore

diameter from micro-CT calculations, we can find the number of the pores:

|∆V | = N × πD3
av

6
(F.2)

And by assuming that the surface area change is only due to the pores:

|∆(S A)|
S A

= NπD2
av

πD f h f + π
2 D2

f

(F.3)

Thus combining equations:
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|∆(S A)|
S A

= 3D f

2Dav

hB −hF

h f +D f /2
∼= 3(hB −h f )

Dav
(F.4)

Thus for films B.1 and F.3 (with the assumption of the same average pore size

of B.1 and B.2) the value is ∼ 31.3.



Appendix G

Images

Figure G.1: Image of film B.2 obtained with micro-CT for a magnification a magnification of
555% with the scale and the direction of the depth (z axis) indicated.



Appendix H

LED Datasheet Info

Figure H.1: Plot of the Relative radiant flux versus the Forward current for the LED used
in the experiments, provided by the manufacturer [336].
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