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summary

During most cardiac surgeries, a Cardiopulmonary bypass (CPD) is used. This is a machine which
takes over the respiration and circulation functions of the heart during surgery. However, the blood
supply to the heart and thus the supply of oxygen and nutrients, will be cut off when this occurs. This is
also known as myocardial ischemia, which can lead to damage to the heart tissue and could even be
fatal. Therefore, it is of paramount importance to detect ischemia before it causes irreversible damage.

There are several parameters that can indicate ischemia, including pH, oxygen and lactate. This
work focuses on measuring the pH level of the heart tissue, since this could be measured noninvasively
and is relatively simple. In order to get a clear picture of the consequences of ischemia throughout the
heart, the pH level should be measured at different locations. To achieve this an optical fluorescence
sensor is designed. This sensor consists of a sensor layer, two LEDs and an optical fibre connected
to a spectrometer.

The fluorescent indicator dye used in the sensor layer is 8-Hydroxypyrene-1,3,6-trisulfonic acid
trisodium salt (HPTS). This fluorescent dye has two excitation peaks, one at 405nm and one at 470nm
and two emission peaks one at 440nm and one at 515nm. These different excitation and emission
bands enable ratiometric sensing which improves accuracy and sensitivity. This is due to the fact that
the intensity of the fluorescent emission at 515nm is directly proportional with the pH level, where the
intensity of the fluorescent emission at 440nm is inversely proportional to the pH level. By taking the
ratios of these measured intensities the pH can be determined.

The indicator dye is immobilized in a hydrogel which is thereafter deposited on a thin glass slide.
This slide is placed above two LEDs which are matched with the excitation peaks of HPTS. Adjacent to
the LEDs an optical fibre is placed to capture the fluorescent emission and direct it to the spectrometer
which is connected to a computer. The designed sensor system shows a 5 fold increase in ratio of
intensities over a pH range of 6.2-8.2, with a significant improvement in response time compared to
other HPTS and hydrogel based pH sensors reported in literature.
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Introduction

According to the NHLBI (National Heart Long and Blood Institute) over 2 million people each year
around the world undergo cardiac surgery in order to solve various health problems [1]. The mortality
rate of all the combined cardio surgical procedures is between 3-6% [2]. During most cardio surgical
operations a Cardiopulmonary bypass (CPB) is used. A CPB takes over the functions of the heart and
the respiratory system alongside temperature management, in order to maintain systemic perfusion
during cardiac surgery [3]. However, the blood supply to the heart and thus the supply of oxygen and
nutrients, will be cut off when this occurs. This is also known as myocardial ischemia, which can lead
to damage to the heart tissue and could even be fatal [4]. According to Fan et al. [5], myocardial
damage is one of the most common causes of morbidity and mortality after heart surgery. One of the
most common methods of preventing the negative consequences of ischemia from happening, is the
use of cardioplegia. Cardioplegia means, literally speaking, the artificial diastolic cardiac arrest. By
arresting the heart, the energy demand of the heart tissue can be decreased with a factor of hundred
[6]. This means that the heart can be in ischemic conditions for a prolonged time with decreased risk
of irreversible damage. Therefore, it is important that the cardioplegic solution is distributed uniformly
through the heart tissue. However, this can be impaired by anatomic and/or functional conditions [7].
These impairments include coronary stenosis and aortic regurgitation [5]. This would mean that in
some parts of the heart tissue, the negative consequences of ischemia would occur earlier than would
be expected. Therefore, itis of paramount importance to detect the negative consequences of ischemia
as soon as possible to be able to counteract them.

It has been shown in multiple works that the pH level of the heart tissue is a clear indicator of the
extent of ischemic stress [8], [9], [10]. This is mostly due to the changed metabolic processes in the
heart tissue during ischemia. In this thesis a non invasive fluorescence sensor system is designed with
the objective to monitor the heart during the cardiac surgery and to detect changes in the health status
of the heart tissue. In order to achieve this objective, the following research questions will be answered.

RQ1: What are the key principles of fluorescence sensing and how can they be used for measuring
acidity of heart tissue?

RQ2: What kind of materials are needed to produce the sensor?

RQ3: How should the optical system be designed to ensure accurate measurement results and sim-
plicity?

In order to answer these research questions the thesis is outlined as follows. In the next section
the medical background of myocardial ischemia and the relation with the acidity of the tissue will be
discussed in more detail. Thereafter, the relation between the optical measurement methods will be
discussed, in particular fluorescence sensing. Subsequently, the basic components of the optical sys-
tem will be explained. In Chapter 2, the design choices made for the sensor system will be motivated
and explained. In Chapter 3, the materials and methods used for the experiments will be discussed.
Thereafter, in Chapter 4, the results are shown. Lastly, in Chapter 5 these results will be discussed
and explained.
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1.1. Medical Background

In this chapter the medical background of cardiac surgery and the causes and consequences of my-
ocardial ischemia will be discussed.

Cardiac surgery is the speciality of medicine which is concerned with performing surgical treatment
of the heart [11]. There are several types of cardiac surgeries. However, in this thesis we will be dis-
cussing open heart surgeries as opposed to minimally invasive surgeries. Open heart surgery is the
traditional method to access the heart by opening the thorax [11]. During most open heart surgeries a
cardiopulmonary bypass (CPB) is required. Sarkar et al. [3], defined CPB as: "A form of extracorporeal
circulation whose function is circulatory and respiratory support along with temperature management
to facilitate surgery on the heart and great vessels”. In other words CPB takes over the functions of
the heart and the respiratory system to maintain systemic blood flow during cardiac surgery. However,
when CPB is used myocardial ischemia will occur. In order to understand why this is the case, the
principle of myocardial ischemia will be explained.

Myocardial ischemia will occur when the blood flow to the heart tissue is halted [12]. This results
in a loss of oxygen and nutrients supply. This will rapidly cause problems in the metabolism of the
myocardium. When the oxygen supply to the myocardium becomes limited the cells switch from aer-
obic to anaerobic metabolism [13]. This has a significant influence on the production of Adenosine
triphosphate (ATP), which are molecules that can be seen as the chemical fuel which provides energy
for intracellular processes [14]. Normally during aerobic metabolism about 97% of the ATP formed in
the heart is generated by the oxidation of fatty acids and pyruvate in the mitochondria [15]. Around
60% of this ATP is used for the cardiomyocyte contractile function. The rest is used for the ion pumps
which among other things make diastolic relaxation possible [15]. When the metabolism changes form
aerobic to anaerobic due to ischemia, the ATP production efficiency decreases significantly. One glu-
cose molecule produces 2 ATP molecules during anaerobic conditions as opposed to 36 in aerobic
conditions. Due to this change in cellular metabolism, the pyruvate is broken down into lactate and
residual protons which lead to a lower intracellular pH level. This change in pH level is what will be
the focus on in this thesis, since this is what will be measured. However, in order to understand the
detrimental effects of myocardial ischemia, the cascading events resulting from this change in pH have
to be discussed further.

Due to the excess protons, the Na*-H" ion gate is activated which leads to an efflux of H" and an
influx of Na* ions [16], see Figure 1.1. This leads to an increase in the Na* concentration in the cytosol.
Due to this increase the Na*-Ca?" ion gate is activated which transports the accumulated Na* out of
the cell and Ca®* into the cell. Moreover, due to the decrease in ATP in the cell which is the result of the
switch between metabolism pathways, the activity of the active ion pumps is inhibited. Therefore, the
pumps which normally pump Na® out of the cell and K" into the cell in order to maintain homeostasis,
will no longer function. This leads to an even higher Na* concentration. The increased concentration of
Na* and Ca?* leads to inhibited repolarization and therefore leads to suppressed myofibril contracture.
Furthermore, high Ca®" levels leads to the activation of certain enzymes which are related to reactive
oxygen species (ROS), lipid peroxidation, cell function loss and ultimately cell death [16].

As can be read above myocardial ischemia itself can already do significant damage to the my-
ocardium. However, there is also another mechanism which is related to myocardial ischemia which
also causes cell damage. This phenomenon is called myocardial reperfusion injury. Upon reperfusion
the oxygen supply to the myocardium is restored. This results in a restoration of the pH level by wash-
ing out the lactic acid and transporting H" out of the cell. Furthermore, due to the sudden inflow of
oxygen, reactive oxygen species (ROS) are created [17]. These free radicals damage the sarcolemma
which in turn contributes to a intracellular Ca®* overload. This intracellular Ca®* overload in combina-
tion with the restored pH level make the mitochondrial permeability transition pore (mPTP) open which
leads among other things to the release of Cytochrome c which is in turn responsible for apoptosis [18].

One of the most common measures to prevent the previously mentioned consequences of cardiac
surgery, is cardioplegia. This is a pharmacological substance that can be administered to the patient
in order to arrest the heart [20]. The main component of the most used cardioplegic solutions are
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Figure 1.1: Schematic representation of the cascade of reactions following myocardial ischemia: When ischemia occurs the
myocardial cells will switch from aerobic to anaerobic metobolism due to the lack of oxygen. This will result in an accumulation
of lactate and a decreased pH level. This triggers Na*-H* ion gate to start working which leads to the influx of Na* which in turn

triggers the influx of Ca?*. The acidic conditions and the overload of intracellular Na* and Ca* prevents repolarization and
thus myofibril contracture. Furthermore high Ca?* levels leads to the activation of certain enzymes which are related to reactive

oxygen species (ROS), lipid peroxidation, cell function loss and ultimately cell death [16]. Upon reperfusion the H* is flushed
out of the side to restore physiological pH. This results in an even larger Ca?* overload and results in combination with the
ROS to the opening of the MPTP pore which can lead to cell death. Figure is reprinted from [19]
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potassium ions, which will induce hyperkalemia [21]. Hyperkalemia indicates a potassium concentra-
tion higher than normal. The normal resting membrane potential of cardiomyocytes is around -85mV
[22]. However, when the potassium concentration will increase, this membrane potential will increase
as well and become less negative. When the resting potential is increased to -65mV it will no longer
pass action potentials and diastolic arrest is initiated. By inducing this arrest the metabolic processes
of the cardiomyocytes are slowed down which means less oxygen and other nutrients are needed. This
means that the effects of myocardial ischemia and reperfusion injury will be reduced. Another reason
why surgeons apply cardioplegic solutions for cardiac surgery is that it will also provide a motionless
surgical field.

However, according to the results obtained in [7], not in all cases cardioplegia is distributed uni-
formly through the whole heart. This would mean that in some heart cells the metabolic processes
are not halted and ischemia will occur at an increased rate. For this purpose, it would be convenient
to monitor the tissue to detect the onset of ischemia before it can do permanent damage. There are
several indicators for ischemia, such as lactate concentration, oxygen concentration, carbon dioxide
concentration and pH level. In this research the focus will be on monitoring the pH-level. How this will
be achieved will be discussed in the next section.

1.2. Fluorescence

In order to understand the design of the pH sensor, first the basic principles of fluorescence must be
explained. These principles will be mostly derived from the books Molecular Fluorescence [23] and
Principles of Fluorescence Spectroscopy [24].

Fluorescence is defined as the emission of visible light due to the absorption of photons. When a
photon of sufficient energy is absorbed by a fluorescent material, it can promote the electrons in this
material from a lower energy level (ground state) to an higher energy level (excited state). Typically
electron pairs reside in the singlet state when in the ground state (denoted by Sy). In this state, electron
pairs possess opposite spins, resulting in a spin quantum number S equal to zero as can be seen from
Equation 1.1, where s; = i%. Therefore, the multiplicity of states, given by Equation 1.2, is one. This
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Figure 1.2: Visual representation of the singlet and triplet state reprinted from [25]

is why this state is called the singlet state. The visual representation of the singlet and triplet state can
be seen in Figure 1.2. Upon excitation one of the electrons can be excited to a higher energy level.
When the electrons keep opposite spins during this transition they will be in the excited singlet state,
typically denoted by S, S> and so forth.

S=> s (1.1)

M=2S+1 (1.2)

After excitation de-excitation will occur. This can happen through different pathways.

The first pathway that will be discussed is internal conversion. This is a non radiative transition
between energy states with the same spin multiplicity and typically occurs in higher energy states [23].
For example when an electron is excited to an energy state higher than S;, so to S, or S3, internal
conversion will take place. The electric energy is converted to vibrational energy. Which is thereafter
typically dissipated as heat to the surrounding environment.

which will temporarily heat up the material, the excess energy is dissipated and the electron will be
relaxed to the zero vibrational level of the state of S;. This all happens in a timespan of 10713 - 10~ !!s.
Due to the fact that this process does not involve the emission of a photon, it is called a non radiative
transition.

The most important de-excitation pathway is that of fluorescence. This is typically the transition
from the S; to the S, state accompanied by the emission of a photon. The wavelength of this photon
it typically higher than that of the excitation wavelength. This is mostly due to the energy losses that
occurs due to internal conversion which is described before. This difference between the excitation
wavelength and the emission wavelength is also known as the Stokes shift. The Stokes shift is a
fluorescent material property and will be discussed in the next section. Another aspect that connects
internal conversion to the fluorescent emission is Kasha’s rule. This rule states that the emission
wavelength of a fluorophore is independent on the excitation wavelength. This is due to fact before
fluorescence can take place the internal conversion has occurred. Therefore, the electrons will almost
always be in S; prior to relaxation to Sy. The energy difference between these states is a material
property and thus will be the same for different excitation wavelengths, which means that the emission
wavelengths will also be the same for the same material.

Another de-excitation pathway is intersystem crossing. This happens when an excited electron
changes it spin, which then results in electron pair with parallel spins. From Equations 1.1 and 1.2 it
can be seen that this results to a spin quantum number of one which means the multiplicity of states
becomes three. Therefore, this state is called the triplet state. The probability of intersystem crossing is
dependent on the singlet and triplet states and is therefore a material property. The difference between
the spin configuration of the singlet and triplet state causes the triplet state to have a lower energy level
than the singlet state. From the triplet state 77, an electron can de-excite to Sy, accompanied by the
emission of a photon. However, due to the difference in multiplicity of states this process occurs at a
significantly lower rate. This means that the effect of phosphorescence can be observed for seconds
or even minutes.

1.2.1. Fluorescent material properties
In this section the material properties that attribute to fluorescence along with their relevance to fluo-
rescent sensing will be discussed.
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Figure 1.3: Jablonski diagram from reprinted from [26]

Stokes shift

As said in the previous section, one of the consequences of internal conversion which leads to vibra-
tional relaxation is the Stokes shift. The Stokes shift is the difference in energy between the absorption
band maxima and the lower energy emission. This lower energy emission can be observed to be red
shifted and thus has a longer wavelength. The difference in energy is due to the energy loss during the
excitation state of the electrons. The principle of the stokes shift makes fluorescence useful for sensor
applications, since because of the stokes shift distinction can be made between the excitation light and
the fluorescent emission light. This drastically increases the sensitivity of the sensor.

Absorption  Emission

Apax o A
Stokes Shift (Wavelength) A =A% Apax

Figure 1.4: Visual representation of the stokes shift which is the difference between the wavelength of the emission peak and
the wavelength of the absorption peak. Reprinted from [27]

Quantum yield

Another important characteristic of a fluorophore is the quantum yield. This is the ratio between the
absorbed photons and the emitted photons. The quantum yield is commonly expressed in rate con-
stants of radiative and non radiative decay which are denoted as k,. and k,,,- respectively in Equation
1.3. The rate constants are the first derivative of the exited electron concentration of the material. Note
that there are multiple non radiative processes that have influence on the quantum yield. As can be
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seen from the Equation, the quantum yield can approach unity when &, » k,,,., which is the case for
strong fluorophores.

ky

o=
kr+2knr

(1.3)

Fluorescent life time

The fluorescent life time of a fluorophore indicates the time electrons spend on average in the exited
state before it returns to the ground state. The expression for the fluorescent life time is shown in
Equation 1.4. As can be seen from the equation the lifetime is directly related to the quantum yield. The
lifetime of a fluorophore can be influenced by multiple material properties like the chemical structure,
molecular environment and the fluorophore concentration. Another influence on the fluorescent life
time of a fluorophore is the pH of the environment. This is utilized in pH sensor which are based on the
lifetime of fluorophores. This dependence will be discussed in more detail in the next section.

- 1
B kr + anr

T

(1.4)

Quenching

Fluorescence quenching is defined by the IUPAC goldbook to be: "Deactivation of an excited molecular
entity intermolecularly by an external environmental influence (such as a quencher) or intramolecularly
by a substituent through a non-radiative process” [28]. What is meant by this is that quenching de-
creases the fluorescence intensity due to interactions with other molecules also known as quenchers.
A distinction can be made between static and dynamic quenching.

Static quenching occurs when a fluorophores forms a complex with an quenching molecule in de
ground state. When such a complex is excited it will quickly return to the ground state without the
emission of a photon.

Dynamic quenching occurs when the fluorophore is in the excited state. When such a molecule
interacts with a quencher it will transfer its energy to the quencher and will return to the ground state
without the . emission of a photon. It should be noted that the structure of the molecules themselves
are not chemically altered in this process as opposed to static quenching. The decrease of intensity
due dynamic quenching is described in the Stern-Volmer Equation 1.5, where F' and Fj are the fluo-
rescence intensities with and without the quencher present respectively and K, is the Stern-Volmer
constant which is the product of the quenching rate constant k, and 7, the fluorescence life time of the
fluorophore when the quencher is not present. Lastly, [Q] denotes the concentration of the quencher
[24].

Fy

F:].-FKSU[Q]:l-’-qu()[Q} (15)

Another cause of quenching is photoinduced electron transfer (PET). When certain fluorophores
absorb light it can change its redox properties which might enable photoinduced electron transfer [29].
This occurs when an excited donor molecule D transfers an electron to an acceptor molecule A or vice
versa, which results in charged ion pair which relaxes to the ground state and non radiative dissipation of
excited state energy. The Rehm-Weller equation1.6 is used to predict the efficiency of the photoinduced
electron transfer and to determine whether the donor and acceptor pairs are suitable for the transfer. In
this equation the Gibbs free energy change (AG)is calculated which represents the driving force behind
the photoinduced electron transfer [30]. This means that the more negative AG becomes the more
likely PET will occur. In Equation 1.6, the oxidation potential of the donor and the reduction potential
of the acceptor are indicated by E(D/D*) and E(A/A*) respectively. The term AG, represents the
energy thatis needed for the Sj to S, transition. The last term describes the coulombic attraction energy
between the donor and acceptor ions.

AG = E(D/D") = B(A/A") = AGo — = (1.6)

From Equation 1.6, it can be seen that careful matching of the fluorophore and the quencher is
needed to enable PET. In [31], several applications of PET are are shown. These include a case were

e2
€
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a fluorophore and a quencher are matched for PET which results in Fluorescence quenching. How-
ever, when the the pH of the environment decreases and the fluorophore is protonated, it will increase
the oxidation potential. This will result in a inhibition of PET and thus in an increase of fluorescence
emission.

1.3. Relation pH and fluorescence

In the previous section some of the basic characteristics of fluorescent materials are discussed. In this
section the relation between those characteristics and the pH will be explained.

In order to understand how pH can be measured using fluorescent materials first the definition of pH has
to be briefly revisited. pH refers the acidity of an aqueous solution. Itis defined as the negative logarithm
of the activity of Hydrogen ions which is in most cases a good approximation of the concentration of
hydrogen ions, see Equation 1.7.

pH = —log(ag+) ~ —log[H™] (1.7)

However, in most fluorescent measurements techniques not the activity of hydrogen atoms are mea-
sured, but the concentration of protonated (A) of deprotonated (B) forms of the fluorescent indicator,
see Equation 1.8. In this equation the protonated concentration (A) of the fluorescent indicator repre-
sents the concentration of indicator molecules that has gained a hyrdogen atom (H*). This indicates
that the indicator molecule is in an acidic environment. The depronated concentration (B) of the indica-
tor dye represents the concentration of indicator molecules that has lost a proton which indicates that
the molecule is in a basic environment. The term pK, is the acid dissociation constant and denotes
the equilibrium point of the acid or base. This means that if the solution has a pH value of pK, then no
reactions will take place.

[A]
pH = pK, +log ] (1.8)
The change in protonation state of an indicator molecule influences the electronic structure of the
material. This means for that the addition or subtraction of a Hydrogen atom can alter the position of
the energy levels within the molecule. This results in a shift in the absorption and emission spectrum
of the fluorophore. Furthermore, the quantum yield can also be influenced by changes of pH. This is
due to the fact that protonation can influence the rate of radiative or non radiative relaxation.
These relations between the pH and the characteristics of a fluorophore are utilized by various fluores-
cence measurement techniques. These different techniques will be discussed in the next section.

1.4. Fluorescence measurement techniques

In this section the three most used techniques to measure pH by using fluorescence will be discussed.
These different measurement methods are described in detail by Steinegger et al. [32] and Valeur [23].

1.4.1. Fluorescence intensity sensing

One of the most widely used measurement techniques are based on the change in fluorescence inten-
sity as function of pH. As described in Section 1.3, a change in pH can cause a change in the quantum
yield and a shift in the emission spectrum of the fluorophore. In order to perform fluorescent intensity
measurement the following elements are needed: constant illumination by light source, fluorescent
material which changes its properties as a function of pH and an image capturing device. Due to the
fact that a constant illuminating light source is used this kind of measurement is classified as a steady
state measurement.

In the ideal case the fluorescent intensity would be solely dependent on the pH value of the environ-
ment. Unfortunately, this is not the case. In Equation 1.9, the formula for the intensity of a fluorescent
material is shown. It can be seen that the fluorescence intensity (F) is dependent on the following as-
pects: The illumination intensity of the light source (I), the absorbance of the indicator base or acid (),
the concentration of the fluorophore’s acid or base form (c), the quantum yield (®) and a geometrical
factor k which represents the geometrical alignment of the measurement instruments [32].

F=I-ecl®k (1.9)
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It can be concluded from Equation 1.9 that the fluorescence intensity is not a robust parameter,
since it is influenced by a large number of factors. Therefore, when using this method for optical pH
sensing careful calibration is needed in order to compensate for the other factors than the fluorophore’s
acid or base form. Another method to compensate for the other parameter is to make using of ratio-
metric measurements. In ratiometric fluorescence sensing instead of measuring the intensity at one
wavelength, the ratio of fluorescence intensities of two wavelengths is taken. By using this method the
influence of factors such as illumination intensity, detector sensitivity and geometry is minimized. Ratio-
metric measurements can be implemented in using two different methods. The first method makes use
of two fluorophores in the same support matrix, one which is responsive to changes in pH and one who
does not. Ratiometric measureent are made possible by taking the ratios of the intensities of fluores-
cence emission of both the dyes. However, special care must be taken in the selection of these dyes
since it the emission of both fluorophores should be clearly distinguishable. Moreover, more complex
optical systems are needed since most of the time excitation spectra of the two fluorophores are not the
same. For example in [33], the use of pH responsive fluorophore diazaoxy-triangulenium (DAOTA) in
combination with the pH insensitive fluorophore bis(2,6-diisopropylphenyl)terrylene diimide (TDI) was
discussed. These dyes have different emission peaks so both have to be measured. Another method
of ratiometric measurements is the use of fluorophores which have two excitation bands and/or two
emission bands. This would mean that only one fluorophore is needed to be able to implement ratio-
metric sensing. Examples of such fluorophores include HPTS [34] and BCECF [35]. The disadvantage
of using this kind of measurement methods is that a more complex measurement system is needed
alongside a carefully chosen fluorophore which has two excitable wavelengths.

1.4.2. Fluorescence lifetime sensing

As discussed in the previous section the intensity of fluorescence emission decays over time when
excited with an light pulse. This process happens in a very short time span, generally around 10 ns [24].
When a fluorophore is excited with a light pulse the intensity of the fluorescence after the termination
of the light pulse can be given by Equation 1.10. In the equation I, denotes the fluorescence emission
intenisity at the precice moment the light pulse is terminated. Furthermore, 7 give is the fluorescence
lifetime of the fluorophore, which is the average amount of time the fluorophore remains in the excited
state. The principle of lifetime sensing is a change in decay time when the sensor is in the presence of
the analyte, in this case pH changes. In other words fluorophores that are suitable for lifetime sensing
have a different lifetime in their protonated form than that of the deprotonated form. These changes are
mostly in the nanoseconds which can be measured in the time domain, by observing the lifetime after
the excitation by a short light pulse or in the frequency domain were the excitation source is modulated
[36]. The schemes for these two methods are shown in Figure 1.5. On the top of top of the figure
an idealised case shown were the illumination source is a perfect pulse this then leads to an intensity
decay with time constant 7. Of course in the real application an ideal pulse is not possible but when the
pulse duration is significantly shorter than the lifetime of the fluorophore than it is a good approximation.

I(t) = Ipe = (1.10)

In the bottom of the figure the scheme for phase modulation sensing can be seen. In this case
the excitation source is sinusoidal signal with a predetermined frequency. When this source is used
to illuminate the fluorophore the fluorescence emission will have the same frequency but due to the
decay times it will be phase shifted. This phase shift can thereafter, be measured. The advantages of
lifetime sensing include: independence of probe concentration, detector sensitivity and low influence of
photobleaching [37]. The disadvantage of lifetime sensing is the need or more sophisticated equipment
when compared to for example fluorescence intensity sensing. This is due to the fact that the light
source used should be able to make short enough pulses. Furthermore, the detector should be able
to be gated with a high enough frequency in order to record the intensity decay with a high enough
resolution. This all should be combined with a fluorophore with a large enough lifetime to be observable.
A typical time domain life time sensing scheme can be seen in Figure 1.6. In the figure it can be be
seen that for short period of time the light source is turned on. Thereafter, when it is turned off the
detector will be turned on after a short period of time to make sure that all background fluorescence
is decayed. Thereafter, it will make two recording at different time intervals. Then the life time can be
calculated using Equation 1.11.
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1.4.3. Forster resonance energy transfer (FRET)

Energy transfer is another phenomenon that can occur in fluorescent materials. It starts with a donor
molecule in the excited state and an acceptor molecule in the ground state. Typically the wavelength of
emitted photon of the donor molecule is longer than the absorbed photon, see 1.2.1. This wavelength
can then overlap with the absorption spectrum of the acceptor molecule and thus can be absorbed
by it and can emit a photon of a longer wavelength. This means that an energy transfer has occurred
between the donor molecule and the acceptor molecule. The rate of the energy transfer is dependent on
the following parameters: the amount of overlap between the emission spectrum of the donor and the
absorbance spectrum of the acceptor, the distance between the donor and acceptor and the quantum
yield of the donor. Therefore, the transfer rate k;(r) is defined as can be seen in Equation 1.12, where
74 is the decay time of the donor molecule, r is the distance between the donor and acceptor molecule
and Ry is the Forster distance. The Forster distance defined as the distance where the efficiency of
the resonance energy transfer is 50%. It depends on the spectra of the donor and acceptor molecules
and their orientation.

hm=l<%f (1.12)

Td T

FRET can be used for pH sensing by making the donor or acceptor a pH dependent material. This
means that the donor or acceptor would change its emission/absorption spectrum or its orientation
as a function of pH. This change can thereafter be measured as the emission of the acceptor. The
advantage of FRET is the sensitivity as can be seen in Equation 1.12 as it has a sixth order dependence
on the Forster distance and the distance between the donor and acceptor. Furthermore, ratiometric
measurements are possible due to the use of two different materials as donor and acceptor. However,
this sensitivity for distance can also be disadvantage for pH sensing since for the sensor to operate
accurately the initial distance between the donor and acceptor molecule have to be accurately defined.
Furthermore, two different dyes are needed for a Forster sensor to work and careful selection is needed
since the emission and absorption spectra have to overlap.
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1.5. Indicator dyes

In the previous section the fluorescent material properties are discussed. In this section fluorescent
pH indicators themselves will be outlined. First a general view of an fluorescent pH indicator will be
given. Thereafter, several commonly used pH indicators will be discussed with their specifications,
advantages and disadvantages.

In order to select the best fitting fluorescent pH indicator several aspects have to be taken into
account. First of all the pH range of the fluorophore should be known. Mostly this is around the pKa
of the material which gives the equilibrium point between the acidic and basic form of the fluorophore.
This pKa is mostly dependent on the chemical structure of the fluorophore and the environment in which
the fluorophore is submerged. Typically, single fluorophore sensors have a relatively small pH range of
2-3 pH units. However, this range can be increased by using two fluorophores in the same sensor as
has been done in [38] and [39]. Thereafter, the excitation and emission spectra have to be considered.
Each fluorophore has its own optimal excitation wavelength, therefore careful selection is needed to
receive the maximum fluorescence intensity. The same can be said for the emission of the fluorophore.
Since the wavelength of this emission should be in the detectable range of the photodetector used in
the sensor system. Furthermore, the Stokes shift, see section 1.2.1, needs to be considered since
this can determine the background noise in the fluorescent signal. Another parameter is the quantum
yield and the sensitivity of the fluorophore since this determines the magnitude and difference in signal
strength of your fluorophore. Lastly, the costs and manufacturing difficulty should be taken in to account
to make sure that the overall sensor system does not become to costly and does not take to much time
to manufacture. In the following subsections the most used fluorophores will be discussed.

1.5.1. Fluorescein

One of the most used fluorescent pH indicators is Fluorescein and its derivatives [40]. This popularity
is mostly due to its high intensity fluorescence, reversible pH sensitivity, low cytotoxity and stability [41].
In Figure 1.7, the chemical structure of two fluorescein forms can be seen. These are the two forms in
which fluorescein can be present in the pH range of 6-10 which is within the scope of this work. The
pH dependent fluorescent properties are related to these two forms. This is due to the fact that by
transitioning to a lower pH level the dianionic form is converted to the mono-anionic form. This can
be observed in the fluorescent intensity of fluorescence since the dianionic form has quantum yield of
0.9 and the mono-anionic form has a quantum yield of 0.3 [42]. Therefore, a significant decrease in
fluorescent emission can be observed when transitioning from a higher pH value to a lower pH value.
This difference can be seen in the emission spectrum which is shown in Figure 1.8. Fluorscein has a
maximum excitation intensity at a wavelength of 490nm and a maximum emission intensity at 512nm.
From these two wavelengths it can be concluded that the stokes shift is relatively small. Therefore,
care must be taken to separate the excitation and emission wavelengths. However, the most prob-
lematic disadvantage of using fluorescein is photobleaching. This means that its fluorescent intensity
decreases over time. This would make the sensor unreliable when used for a longer period of time.

OH O~ 0O 0
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Figure 1.7: Fluorescein molecule proton interaction between the monoanion form and the dianion form [43]
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Figure 1.8: Fluorescence emission spectrum of fluorescein depicted for different pH levels. Reprinted from [43]

1.5.2. HPTS

Another widely used fluorescent indicator dye is 8-Hydroxypyrene-1,3,6-trisulfonic acid (HPTS). This
is due to the fact that HPTS is water soluble, non-toxix and highly photostable [34]. Furthermore, it
has a pKa of 7.3 [44] which is in the physiological range. Moreover, it has a bright yellow fluorescence
emission which has a 600 fold increase in intensity over the pH range of 4-8 [45]. In Figure 1.9, the
molecular structure of HPTS is shown. In the figure both the protonated and the deprotonated form of
HPTS are shown. These two forms of HPTS both have their own excitation peak wavelength, which is
405nm for the protonated form and 460nm for the deprotonated form and both emit at 510nm. When
using recordings of emission at 510nm for both excitation wavelengths and taking the ratio of them
as is shown in Equation 1.13, ratiometric sensing is made possible. As described in 1.4.1, the use
of ratiometric sensing decreases the influence of indicator concentration, illumination intensity and
detector sensitivity. HPTS is widely used in biosensing applications due to its biocompatibility. However,
due to the high water solubility of HTPS, it needs to be physically entrapped or covalently bonded to a
support matrix in order to prevent dye leaching. Which would decrease the performance of the sensor
significantly. Different types of support matrices will be discussed in Section 1.6. Another disadvantage
of HPTS is the sensitivity to ionic strength. This is due to the amount of nagatively loaded function
groups of the molecule which is 3 in the acidic form and 4 in the basic form [23]. This leads to a shift
in pKa values which can be of the magnitude of 0.5pH units. Therefore, special care must be taken to
correct for this influence on the pH measurements when the ionic strength of the sensor environment
differs significantly.

R I510(excited at 460nm)

B 1.1
I510(excited at 405nm) (1.13)
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Figure 1.10: Excitation spectrum of HPTS measured at 510nm. As can be seen in the Figure the excitation peaks lay around
400nm and 460nm [47]

1.5.3. Benzoxanthene Dyes

The next group of indicator dyes that need to be discussed are the Benzoxanthene dyes. Among these
dyes are the seminaphthofluoresceins (SNAFLs) and the seminaphthorhodafluors (SNARFs) which
are recognizable by their benzene and naphthalene component [48]. These indicators typically have
a pKa of around 7.5, which is close to the physiological range [49]. Moreover, they show distinctive
emission from protonated and deprotonated molecules which enables ratiometric sensing. In SNARF,
the fluorescence is stronger in the basic form, while in SNAFL, the acidic form is more fluorescent.
A wide range of derivatives of these fluorophores are discussed in [49], with each a slightly different
emission and excitation spectrum.

Another property of these dyes is that the absorption peaks shift as a function of pH. This can be
seen in Figure 1.11 from [49], where absorption and emission spectra of the Benzoxanthene derivative
C-SNARF-1 is shown. In the left image the absorption spectra can be seen for various pH level. It
can be observed that the absorption peak is red shifted with increasing pH. In the right image the two
emission peaks of the fluorophore can be seen which enables ratiometric sensing. Another example for
this phenomenon is shown in [50], where C-SNAFL-1 was used as indicator dye for pH measurements
in tumorous tissues of mice. It was observed that the indicator dye had two emission peaks one which
was non sensitive for pH and stayed at 545nm but the other peak shifted from 587nm to 605nm when
the pH was decreased from 7.25 to 6.3. The main disadvantage of the use of SNAFL is the low quantum
yield which lays in the best cases around 0.5 [49]. Moreover, due to the shift in spectra as function of pH
the efficiency of the fluorescence can be even lower. Another disadvantage is that the Benzoxanthene
dyes are relatively expensive when compared with HPTS for example.

1.6. Support matrix

In the previous sections the properties of fluorescent materials are described. However, in practise
these materials can seldom operate by themselves. Therefore, in most non invasive sensor applica-
tions the fluorescent material is used in combination with a support matrix. A support matrix is a material
in which the fluorescent material is immobilized. The immobilization of the fluorescent dye is needed
in most cases to offer stability, flexibility and permeability [51]. This is needed to prevent dye leaching
and thus maintain the fluorescent capabilities of the material over a longer period of time. At the same
time the matrix should be porous enough to facilitate the interaction between the analyte, in this case
the H* particles, and the indicator dye [52]. Furthermore, it should be noted that after immobilization
the indicator dye can alter some of its characteristics which can have a significant effect on the perfor-
mance of the overall sensor.

The immobilization of indicator dyes can happen using multiple methods. These include adsorption,
electrostatic binding, physical entrapment and covalent binding [53]. However, of these methods only
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Figure 1.11: Absorption and emission spectrum of C-SNARF-1. It can be observed that the absorption peaks shown in the left
figure are significantly red shifted with increasing pH. Furthermore, in the right figure two emission peaks can be seen, which
enables ratiometric sensing. Reprinted from [49]

physical entrapment and covalent binding result in a stable and reproducible sensor material. Specifi-
cally covalent immobilization is preferred since this prevents the indicator dye from leaching from the
supporting material [54]. An overview of the advantages and disadvantages of these immobilization
techniques are shown in Figure 1.12 from [55].

The most widely used support matrices can be divided into two groups the organic and inorganic
polymers. In the following part the characteristics of these two groups will be discussed alongside their
advantages and disadvantages.

Organic polymers Organic polymers are the most used kind of support matrices for fluorescence
pH sensing applications [32]. Most of these polymers have a high affinity with water and are commonly
called hydrogels. Hydrogels are a network of hydrophilic polymeric networks which have as main char-
acteristic their water absorbing capabilities, hence their name hydrogel [56]. Aside from their water
holding capabilities, hydrogels are also know for their permeability and biocompatibility [57]. Further-
more, due to their high water content hydrogels have a high flexibility making them well suitable for use
as support matrix for a sensor layer [58]. However, the ability to absorb large amount of water also
results in varying volume and geometrical orientation of the gel [59]. Therefore, when used for sensor
applications this should be taken into account . Several different hydrogels are used as support matrix
for fluorescence pH sensors such as the polyurethane based hydrogel D4 in [60], a natural occurring
anionic polymer called alginate in [61] and PEG-diacrylate in [62].

Inorganic Sol-gels are a type of inorganic support matrices that are commonly used for fluorescent
sensors. The sol-gel process typically entails the hydrolysis of a silicon alkoxide in solution (the sol).
Whereafter, a network is formed by condensation polymerization at room temperature (the gel) [63].
Thereafter, an aging process takes place to remove the extra fluids in the gel and thus to densify
the sensor layer [53]. At the sol stage the analyte sensitive dyes can be added, whereafter they will
be completely entrapped which prevents dye leaching. Another, advantage of using sol-gels is their
unique tailorability [64]. This is due to the fact that by varying the precursor types and aging procedure,
the properties of the material can be altered significantly. However, this can also be counted as a
disadvantage since this also complicates the production of a sensor layer which will fulfill very specific
requirements. Examples of sol-gels that are used for fluorescence ph sensing include: Wencel et al.
[64], where a combination of GPTMS and ETEOS was used as the precursors of the sol gel matrix
which entrapped the indicator dye HPTS. This sensor was able to operate in the pH range from 5 to 8
with a response time of 12s. Another example by Grant et al. [65] made use of a combination of TMOS
and PBS as the precursors of the support matrix. Thereafter, the indicator dye SNARF-1C was added.
This resulted in a sensor which was able to sense in the pH range from 6.8 to 8 with a response time of
less than 15s. The main disadvantage of this sensor is the fabrication which was reported to be more
than a month.
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Figure 1.12: Main immobilization methods and their advantages and disadvantages. Reprinted from [55]

1.7. Optical system

In the previous sections the properties and choices of the sensor layer are described in detail. The
function of the sensor layer is to change its fluorescence properties as function of the pH value of its
environment. However, in order to measure this change in fluorescence an optical system is needed.
This optical system will be discussed in this chapter. In the first section the general overview of a
typical optical system for fluorescence sensing will be discussed. Thereafter, in the next sections the
components of this system will be discussed and the different design choices will be compared. Lastly,
the signal processing and the data analysis will be explained.

1.7.1. General overview

In Figure 1.13, a simple schematic of a optic system for detecting fluorescence can be seen. As can
be seen from the figure the system begins with a light source. This source ideally transmits light in
the range of the optimum excitation wavelength of the sensor layer. This light can be tuned in a more
accurate way when a filter is placed between the light source and the sensor layer. However, this
would make the whole system larger and more complicated. Therefore, this will only be used when it
is absolutely necessary. Thereafter, the light will be absorbed by the sensor layer after which the layer
emits fluorescent light which will be captured by a detector device whereafter the received signal will
be processed by a computer to extract the measured pH value. In the next section these components
will be discussed in more detail.
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Figure 1.13: Typical fluorescence sensing setup. Reprinted from [66]

1.7.2. Optical components

The components of the optical system play a crucial role to obtain accurate and reliable measurement
results. In this section the required properties and characteristics of the individual components will be
discussed. Furthermore, different component options will be compared.

Light sources

Choosing the correct light source for your fluorescent sensing application is essential for its operation.
A wide variety of light source are available to chose from and each of them has its own advantages
and disadvantages. The important parameters of light sources include: emission wavelength, intensity,
stability, power consumption and cost.

One of the most conventionally used light sources are arc or halogen lamps. These light sources
typically emit a broad range of wavelengths from near infrared to ultraviolet. This means that these
lamps can be used for the excitation of multiple fluorophores which have different excitation wave-
lengths. However, the broad wavelength spectrum of arc and halogen lamps is normally not uniform,
which means that for the use of multiple fluorophores compensation will be needed to account for the in-
tensity difference [67]. Furthermore, arc and halogen lamps have a relatively high power consumption.
This means that these light sources will generate a substantial amount of heat which can be detrimental
in medical applications. Another disadvantages of these lamps are that they are relatively large and
are used mostly in a laboratory setup, which make them not suitable for the desired application.

Lasers (Light Amplification by Stimulated Emission of Radiation) are also widely used as light
sources for fluorescence sensing applications. This is mostly due to their monochromatic characteris-
tics, which means that lasers have a exceptionally narrow emission spectrum. This renders them highly
suitable for fluorescence sensing applications. When the narrow emission spectrum of a laser aligns
with the excitation spectrum of a fluorophore, the efficiency can be maximized. Another characteristic
of lasers is their narrow light beam which makes it possible to focus the full intensity of the light beam
on a small target surface area. Despite these advantages lasers are not suitable for the application
described in this thesis. This is due to the fact that lasers are costly and require a relatively large and
complicated system [68].

The last light source that will be discussed in this section are Light emitting diodes (LED). LED’s
are semiconductor devices which emit photons when a current is sent trough them. The wavelength
and energy of this emitted light is related with the bandgap energy which is a material property of the
semiconductor material [69]. Therefore, LEDs can emit light of a very specific wavelength. Therefore,
when making use of several fluorophores with different excitation wavelengths, multiple LEDs will be
needed. Other advantages of LEDs are their high power efficiency, long lifespan and offer good stability
over time [70]. Furthermore, they can be very small and are inexpensive.

Detectors

Another key component of the optical system is the photodetector, which is responsible to capture the
light emission of the fluorescent material and to convert it to an electronic signal, which can thereafter
be processed. A good photodetector has a linear response to the intensity of the incident light over at
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least several orders of magnitude [71]. In the past the most commonly used photodetectors for fluo-
rescence applicationns were photomultiplier tubes (PMT). These devices consisted of a photocathode
on which incident photons will trigger a flow of electrons. After a few cascading stages this flow of
electrons can be measured. The advantage of these devices is that it can detect very low light levels
as well as relatively high light levels. Furthermore, these device can measure with a very high accuracy.
However, PMTs are relatively expensive, large and operate on a very high operating voltage of 2400
- 3000V. Therefore, these devices were commonly used in laboratory setups but are not suitable for
compact applications such as described in this thesis.

A smaller and less costly alternative for the PMTs are the photodiodes. These are semiconductor de-
vices which converts light into electric current. When the photons hit the photodiode electron hole pairs
are generated. This process is called the photoeletric effect. The generated electron hole pairs are
separated by the applied electric field. This movement of charge carriers generates a current which is
proportional to the intensity of the incident light. The advantage of these devices is that they are cheap
and small. However, it does not have intrinsic amplifier functions so for most sensor applications an
external amplifier is needed. Furthermore, it can not accurately differentiate wavelengths so when a
certain wavelength needs to be measure a filter will be necessary.

Other detectors that can be used are charge coupled devices (CCD) and complementary metal
oxide semiconductor (CMOS) cameras. These are generally used when a two dimensional image is
needed. CCD cameras are based on an array of capacitors which are able to store electric charge
generated by incident light. After some time, also known as the integration time, the charge stored in
the individual capacitors (pixels) will be transferred out of the CCD device and converted to a digital
value. This is done sequentially for the individual pixels. Due to the sequential readout of the pixels
the time it takes to capture a whole image is relatively long [72].

CMOS are comparable to the CCD devices. However, they do not consists of an array of capacitors
but an array of pixels. These pixels consists of an photodiode, a capacitor and up to three transistors
[73]. In this configuration the capacitor will be charged or discharged by the photodiode at an rate
which is directly proportional to the incident light on the photodiode. After the integration time, the
charge of the capacitor will be readout and converted into a digital value. The main difference between
the CCD and the CMOS device is the fact that CMOS devices are able to perform the readout at the
pixel itself and does not need sequential charge transfer as in the CCD. this means however, that in
each pixel additional components are present which are not sensitive to incident light, which reduces
the fill factor of the device. This problem can be solved partly by using lenses to direct the light onto
the photodiode. The main advantages of these devices are their capability to supply high resolution 2
dimensional images. However, these do need more sophisticated software and signal processing to
convert to an pH value than for instance compared with single photodiodes. Furthermore, the costs of
these devices is significantly larger.

The last device that will be highlighted in this section are optical spectrometers. These devices
are widely used in fluorescence microscopy. Spectrometers usually include one or more diffraction
gratings, an optical path, and a detector array. Light enters through an input slit and is then directed
onto a diffraction grating, which separates the light into its spectral components. A concave mirror then
focuses this dispersed light onto the detector array [74]. A simplified schematic of spectrometer can be
seen in Figure 1.14. The main advantage of these devices are their ability to precisely differentiate be-
tween wavelengths. However, they are relatively expensive when compared to photodiodes or CMOS
cameras.

Filters

Depending on the fluorescence application and system configuration optical filters will be needed. The
most commonly used filters in fluorescence applications are the excitation and emission filters and
dichroic beamsplitters [76].

Excitation filters are used to selectively transmit light at the desired excitation wavelength. This is
particularly needed when the excitation light source has a wide bandwidth and thus the filter can be
used to make sure only the light at the excitation wavelength will be transmitted to the sample. This
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Figure 1.14: Inner workings of a typical optical spectrometer. Reprinted from [75]

will lead to less background noise and thus a larger signal to noise ratio. Excitation filters are typically
bandpass filters narrow pass band around the optimal excitation wavelength.

Emission filters used to specifically transmit the fluorescent light emitted by the sample while block-
ing all other light. This ensures that only the light which contains the information of the sample is passed
to the detector which increases sensitivity of the sensor. These filters are typically bandpass or long-
pass filters. However, as discussed in the previous section 1.7.2, this type of sensor is only needed
when a camera or photodiode is used since a spectrometer is already able to distinguish between dif-
ferent wavelength and the intensity at specific wavelengths can easily be extracted.

Dichroic beamsplitters are another possible filter that can be used in a fluorescence sensing setup.
A dichroic beamsplitter is usually positioned at a 45°angle with the light paths. Their function is to reflect
the shorter wavelength excitation light from the light source to the sample and to transmit the longer
wavelength emission light from the sample to the detector [77]. This kind of configuration is commonly
used in fluorescence microscopes. In Figure 1.13, a typical schematic of such a configuration can be
seen. In Figure 1.15, typical transmission characteristics of both the emission and excitation filters
alongside the transmission characteristic of the dichroic beamsplitter is shown.
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Figure 1.15: Typical transmission characteristics of the excitation and emission filters and the diochroic beamsplitter.
Reprinted from [78]



Design choices

In the previous chapter, the basic principles of fluorescence sensing for pH measurements are dis-
cussed. In this chapter the design choices made for the design of the new pH sensor will be explained.
In the first section several state of the art sensor will be highlighted. Thereafter, a choice of indicator
dye in combination with support matrix will made.

2.1. State of the art

Before the design process of the new pH sensor first state of the art sensors need to be examined.
This is to pick up on existing knowledge on which can be built on. Furthermore, the current limitations
and pitfalls can be identified. In this section five state of the art sensors which are published in papers
will be discussed.

The first sensor that will be discussed is the sensor designed by Li et al. [79]. This sensor was
designed to track tumor micro environments. As indicator dye an HPTS derivative HPTS-IP is used.
This dye is thereafter entrapped in a sol-gel consisting of 3-glycidoxypropyltrimethoxysilane (GPTMS)
and Ethyltriethoxysilane (ETEOS), together with an anti-bleaching agent 1,4-diazabicyclo [2.2.2] octane
(DABCO). Thereafter, a tapered optical fiber was dipped in this sol-gel mixture after which it was cured
in an oven. The sensor thereafter, reported a resolution of 0.0050 ph units over a pH range of 5.5-7.4
and a response time of 4s. Furthermore, the sensor showed great reproducibility and biocompatibility.
The main disadvantage of this sensor is the long and complicated fabrication as the total production
time took 10 days. Furthermore, sophisticated laser equipment is used for excitation of the sensor layer.

The next sensor that will be discussed is the sensor designed by Bian et al. [80]. In this work a
sensor was fabricated with the use of the fluorescent indicator dye 5(6)-carboxyfluorescein (5(6)-FAM),
which is a fluorescein derivative, see section 1.5.1. This indicator dye was encapsulated in a hydrogel
which was thereafter coated on an optical fiber. The sensor reported a resolution of 0.07 pH units in
the range of 6-8 pH. Furthermore, the sensor was tested on pork tissue which proofs biocompatibility
and feasibility for tissue measurements. The main disadvantage of this sensor is the low response time
which was reported to be around 13 min.

Another fluorescent pH sensor was developed by Gong et al. [81]. The indicator dye used is the
same as in the sensor described above by Bian et al. [80], 5(6)-FAM. However, in this sensor the 5(6)-
FAM was combined with the reference dye PdTFPPT. The combination of these dyes made ratiometric
measurements possible. These dyes are thereafter entrapped in polymer PA101. The sensor layer
was fabricated with the use of an inkjet printer which deposited the polymer mix on glass slides. The
sensor reported a good photo stability and robustness.Furthermore, the response time was around 16s.
The same process was used in a later work of Gong [82], where a precision of 0.1 pH units was reported
over a rang of 5.5 - 8 pH. The main advantage of these sensor is the complexity in the fabrication and
the expensive and sophisticated machinery needed for this fabrication.
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The last sensor that will be discussed is the sensor devised by Huo et al. [83]. This is combination
of a colorimetric and fluorescent pH sensor. It uses the carbon quantum dots as indicator material
which were used in combination with the support matrix Poly(m-phenylene isophthalamide) (PMIA).
This sensor is based on the colorimetric changes of the fluorescence emission of the qunatum dots.
These changes wawer measured by taking images with a smartphone and then processed using pho-
toshop to get the RGB values of the captured images. This resulted in an accuracy of 0.2pH units and
a response time of around 5s. The main disadvantage in this work is the complexity in the fabrication
of the carbon dots and PMIA layer.

2.2. Fluorescent indicator dyes plus support matrix

In this section the result of the literary search for indicator dyes in combination with their support matrix
will be discussed. In order to find the most suitable indicator dye, first the required specifications must
be determined. This was done by Maurits Vriesendorp in his thesis in collaboration with a medical
specialist [84]. A summary of the minimal specifications are listed in Table 2.1

Table 2.1: pH sensor requirements

pH range 6-7.5
Response time | 30s
Accuracy 0.01

Size 3x3 cm

Drift 0.01 per hour

Along with these requirements the indicator dye should also be relatively simple to fabricate in order
to make it feasible for the time period of the thesis. With these requirements in mind the literary search
was performed.

The results of the search can be found in Table 2.2. As can be seen in the Table the advantages
and disadvantages of the sensors mentioned in the papers are listed.

As can be seen from the Table, the sol-gel sensors have a better response time but are generally
more complex to fabricate and require more time. The method used by Kermis [62] and Cattini [85], was
already used in the thesis of Maurits Vriesendorop [84], this was due to the fact that it has a relatively
simple fabrication process and good pH characteristics. Therefore it was chosen to continue the work
described in [84]. In this work HPTS was used as a fluorescenct pH indicator dye in combination with
the hydrogel Hydromed D4. However, due the high water solubility of HPTS and the large pore size of
the hydrogel, HPTS would quickly leach out if not sufficiently immobilized. Therefore, anion exchange
resin microbeads are used to immobilize the HPTS. Thereafter, the microbeads loaded with HPTS can
be easily entrapped in the hydrogel support matrix.

2.3. Optical system

In this section the design choices regarding the optical system will be discussed. In order to make the
correct choice first the requirements of the system should be considered.

As described in the previous section HPTS is chosen as indicator dye. This dye has two excitation
peaks one at 405nm and one at 465nm. Therefore, the light sources uses in the optical system should
be able to emit at these wavelengths or optical filters are needed. Furthermore, the detector of the
system should be able to detect the emission peak wavelength of HPTS which is at 510nm. Alongside
these requirements the system should be simple, small and inexpensive.

Taking these requirements into consideration. LEDs are chosen as light source for this sensor
system. This due to the fact that they are small, inexpensive and are able to emit at very specific wave-
lengths. This also means that no excitation filter is needed which decreases the cost and size of the
sensor system. As detector an optical fibre connected to a spectrometer is chosen. This combination
makes it possible to have a sufficiently small detector area and to record a wide range of wavelengths.
Moreover, the spectrometer can be connected to a computer which is able to select specific wavelength
which ensures that no emission filters are needed decreasing the size of the system even more. In the
next section the fabrication of the eventual sensor and sensor system will be discussed alongside the
testing methodology.



Table 2.2

Author

Indicator dye

Support matrix

| pH range |

Response time \ Advantages

| Disadvantages

« High accuracy » Complicated fabrication process
Kefeng Huo et al. Carbon Quantum dots PMIA 5-9 5s * Broad pH range » Combination colorimetric en fluorescence sensor,
« Fast response so more complex read-out system needed.
cresol red, * Good repeatability * Relatively complicated process
Saying Dong et al. bromophenol blue and TEOS and TRITON 4.5-13 5s « Broad pH range Hvely plc proc o
* Design of sensor is for liquid applications
chlorophenol red « Fast response
» Wide enough pH range Ik ) .
Jingjing Gong etal. | (5(6)-FAM and Porphyrin TMSPMA 5.5-8 30s « Fast response Inkjet printer is needed . .
) R + Polymerisation process is not precisely mentioned
« Biocompatibility is proven
» Wide enough pH range . Not verv fast
Dorota Wencel et al. | HPTS GPTMS-ETEOS solgel 6-8 2min  Biocompatibility is proven /ery . L
. ] * sensitive to lonic strength variations
« relatively simple process
« Fast response time » Experiments are performed in a flow cell
Dorota Wencel et al. | HPTS-IP GPTMS-ETEOS solgel 6-8 12s ) ponse t so different application
« Simple fabrication process " : L
« Sensitive to lonic strength variations
. o * Response time not mentioned
* Simple fabrication process * HPTS used so probably also sensitvie
Qingsong Cui et al. HPTS and CTAB ETES:GLYMO 5.75-7.25 | Not mentioned | * Spin coating is used and . probably
. to lonic strength variations
parameters used are mentioned
* Not vary broad pH range
* Fast response time * Long fabrication time;vv
Zesen Li et al. HPTS-IP GPTMS-ETEOS solgel 55-74 4s « Great reproducibility 9r . ’
. . Sophisticated equipment needed
« High resolution
. « High accuracy
Zhenglan Bian Cgrboxyfluoresceln (5(6)-FAM) polymer PA101 5.5-8 13min « Great reproducibility * Long response time
with PATFPPT . ;
« Tested with pork tissue
Haley Kermis et al. HPTS PEG hydrogel + microbeads | 6-9 13min  High accuracy * Long response time
« Easy fabrication
« High accuracy
Stefano Cattini et al. HPTS Hydromed D4 4.11-9.50 not mentioned < Easy fabrication * response time not menstioned

* Chemicals already in house
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Method and Materials

During the project several experiments were conducted to come towards a functioning prototype sen-
sor. In this section the methods and materials used to fabricate the sensors and conducting these
experiments will be discussed.

3.1. Materials and Instruments
This section will discuss the materials, instruments, and equipment used for fabricating the sensor
layers and conducting the measurements.

3.1.1. Materials

In this subsection the chemicals that have been used for the fabrication of the sensor layers and the
pH buffers will be shown. Most of these chemicals have been reused from the thesis of Maurits Frans
Vriesendorp [84]. 8- Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS product no. H1529),
AmberChrom® 1X8 chloride form, strongly basic, 200x400 mesh (Dowex 1X8, product no. 44340),
Ethanol (product no. 443611), Sodium phosphate dibasic dihydrate (NaH,PO,4 product no. S0876-
100G), Sodium Hydroxide solution 50% (NaOH product no. 415413- 25ml), Sodium Chloride 99.9%
(NaCl, product no. S9888) and Hydrochloric acid 37% (HCI, product no. 320331) were all ordered
from Sigma Aldrich (www.sigmaaldrich.com). Hydromed D4 (product no. 100028) was purchased
from AdvanSource Biomaterials Corp (www.advbiomaterials.com).

3.1.2. Instruments and equipment

In order to fabricate the sensors and pH buffers, the following instruments were used: precise weight
measurements of the chemicals were taken with a VWR microscale, and a magnetic stirrer from Sl
Analytics GmbH was used for mixing the chemicals. Additionally, two micro pipettes from VWR were
employed for accurate volumetric measurements of fluids, one with a range of 50-200 pL and the other
with a range of 200-1000 uL. Different glass slides have been used to deposit the HPTS hydrogel mix-
ture upon. These include 75x21mmm glasses and 21x26mm glasses by Menzel-Glaser. Furthermore,
for the production of the phosphate buffers the VOLTCRAFT PH-410 pH meter was used.

3.2. Methods

3.2.1. Fabricating the sensor layer
In this section the steps which were needed to create the first sensor will be explained in detail.

To start with, 35mg of HPTS is added to 100mL of deionized water and mixed together. Subse-
quently, 10g of Dowex microbeads is mixed with 10ml of deionized water. Thereafter, these two solu-
tions are mixed together for 24 hours with a magnetic stirrer. After this time, a pipet is used to extract
the excess water from the resulted solution so only the HPTS loaded microbeads are left.

In order to make sure the HPTS loaded microbeads would show the expected behaviour a small
amount was divided over a basic and an acidic solution. According to the characteristics of HPTS the
acidic solution should become transparant and the basic solution should become a yellow/green colour.
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Figure 3.1: Microbeads added to basic and acidic solutions. Where the basic solution is shown on the left side and the acidic
solution on the right side

As can be seen in Figure 3.1, the HPTS loaded microbeads function as expected.

In order to make the hydrogel, 1g of hydromed is suspended in a mixture of 9ml ethanol and 1ml
deionized water. This is mixed with a magnetic stirrer for 6h until the hydromed is fully dissolved.
Thereafter, 3.5g of the HPTS loaded microbeads are added to the hydrogel solution and mixed together
for another 4 hours, see Figure 3.2a. After this time, 200 uL of this mixture is pipetted on thin glass

slides, to create the actual sensor layer. This is then dried at room temperature for 12h. The result can
be seen in Figure 3.2b.

\
\

(a) HPTS, microbeads and hydrogel mixed together (b) The first fabricated sensor layers on thin glass slides

Figure 3.2: Last step and result of the production process of the sensor layers
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3.2.2. Preliminary measurements
In the previous section the fabrication of the sensors is discussed. In this section the performed tests
on these sensors will be explained.

The objective of the first tests was to see the relation between pH levels and measured intensity of
the sample. This test was performed using a test setup which can be seen in Figure 3.4. As can be
seen from the figure, the setup consists of a standard on which the sensor can be placed. Underneath
the standard the LED is placed to illuminate the sensor layer from the bottom. Alongside the LED an
optical fiber is placed which collects the excited fluorescent light and sends it to the spectrometer. By
positioning the LED and the optical fiber underneath the sensor layer it makes it possible to pippet the
pH buffer solutions on the layer from the top. A picture of the used led circuit can be seen in Figure 3.3.
As can be seen in the figure, a light pipe is attached to the led in order to focus the light to a specific
point.

The used LED was rated for a maximum intensity at 475nm which is the excitation peak for HPTS.

Figure 3.3: LED with light pipes used for the first measurements

In order to obtain the relation between the measured fluorescence intensity of the sensor layer and
the pH level, pH buffers were used ranging from a pH level of 6.2 to 8.2 with increments of 0.4 pH
units. These pH buffer solution were applied to the sensor layer using a micropipette which deposited
50uL of the solution on the sensor layer. Thereafter, 15 minutes was waited to be sure the sensor layer
reached its equilibrium state, whereafter the sensor layer was rinsed with deionized water and patted
dry with a paper towel. Thereafter, the next pH buffer solution was deposited on the sensor. This pro-
cess was repeated for each pH buffer solution. This measurements showed the relation between the
pH level and the intensity of the fluorescence. The measurements themselves were made by the flame
spectrometer. This spectrometer was connected to a laptop with an USB cable. The spectra could
than be seen in the program OceanView. This program was capable of saving the measured spectra
as .txt files which thereafter, could be loaded into MATLAB, where the spectra could be plotted using
the script shown in Appendix A.3. Another MATLAB script was used to extract the measured intensity
at 525nm from the spectrum. This script can be found in Appendix A.1. This was done for all the mea-
surements, whereafter the pH curve could be plotted which can be seen in chapter 4. Furthermore,
from the obtained data points a calibration curve could be fitted. This was done by fitting a sigmoid
function to the plotted data point, see Equation 3.1.
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(a) Setup from the side (b) Setup from the top

Figure 3.4: A figure with two subfigures
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Another important parameter that needed to be measured was the response time, since this needs
to be sufficiently small to detect pH differences in a timely manner. This experiment was conducted
by first applying the pH buffer of 6.2 pH. Then 20 min was waited to be sure that the sensor reached
an equilibrium state. Then the measurements was started and each half second a measurement was
recorded. Subsequently the pH buffer of 8.2 pH was deposited on the sensor. After 5 minutes of
recording, the measurements were stopped since it became abundantly clear that the sensor reached
an equilibrium again. The MATLAB code used for these measurements can be found in Appendix A.2.

3.2.3. Ratiometric measurements

The objective of the second measurements is to implement ratiometric sensing. As said in Section
1.4.1, fluorescence intensity is dependent on a lot of parameters. The influence of some of these pa-
rameters, including the geometrical alignment of the measurement setup and photobleaching, can be
negated by using ratiometric sensing. In order to achieve ratiometric measurements for this applica-
tion, two LED’s are needed. One with a peak wavelength at 450nm and one with a peak wavelength
of 405nm. This is due to the fact that it was stated that HPTS has two excitation peaks, see Section
1.5.2. These two LEDs are soldered on a prototype board after which light pipes were installed on the
LEDs to ensure that both LEDs illuminate the same area. The built LED circuit ended up looking like
the one shown in Figure 3.3.

Thereafter, the same measurements as discussed in the previous section were performed using
the same spectrometer. The difference was that this time two recordings were made per pH value:
one with 450nm LED on and one with the 405nm LED. Thereafter, the measurements are processed
by using a MATLAB script. This script locates the peaks at the specified 525nm wavelength for both
illumination wavelengths. The code of the script can be seen in the Appendix A.1

According to literature the fluorescence intensity of HPTS should be proportional to pH when illumi-
nated with 450nm. Subsequently, the intensity should be inversely proportional to pH when illuminated
with 405nm. For both these measurements the emission of 525nm is taken. By using both these
measurements, the sensitivity of the whole sensor should be increased.
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Figure 3.5: Schematic of the LED circuit. This circuit made it possible to control the LEDs using the ESP module which
subsequently could be controlled using Matlab

3.3. Fabrication of whole sensor system

After the implementation of ratiometric sensing in the previous chapter, all the sensor components were
in place to fabricate the whole sensor system. First the LED circuit was designed which can be seen
in Figure 3.5. As can be seen from the figure two LEDs, one who emits 405 nm light and the other
who emits 450 nm light, are connected to MOSFETs. Subsequently, the gates of the MOSFETSs are
connected to the ESP module. Therefore, the ESP module is able to open and close the MOSFETs
and thus to turn the LEDs on or off.

The circuit described in Figure 3.5, was implemented on a prototype board of the ESP-module.
This module was connected to a computer using an USB-cable. Furthermore, the ESP-module and
the LEDs were connected to a power supply. As detector the flame spectrometer was used in com-
bination with an optical fiber, just as in the previous measurements. In order to align the LEDs and
the spectrometer in such a way that the sensor layer can be illuminated efficiently and the fluorescent
light falls directly on the optical fiber, a case was designed. This case was designed in SolidEdge and
thereafter, 3D printed. This case consists of two parts. On one part the LEDs are mounted. In this part
also a hole is made to tightly fit the optical fiber. The other part of the case is the cover on which the
glass slide with the sensor layer is glued. Thereafter, the cover part can slide over the first part with
the LEDs which results in a closed off square box. In Figure 3.6, the a diagram of the whole system
can be seen. On the right part of the figure a cross section of the sensor is shown. As you can see
from the figure the sensor itself is connected to the esp module via power cables to turn the LEDs on
and off. Furthermore, the sensor is connected via an optical fiber to the flame spectrometer in order
to obtain the fluorescence measurement. Thereafter, the spectrometer sends the obtained data to the
computer where it can be processed.

3.3.1. Total system testing
Now that the whole sensor system is produced it needs to be tested. The test setup can be seen in
Figure. As said in the previous section both the ESP module and the spectrometer are connected to
the computer. This makes it possible to control the whole system with MATLAB. Therefore, a MATLAB
script has been written which is able to switch the LEDs on and off and trigger the spectrometer to
obtain the spectra and save them. This script can be found in Appendix A.4. The first measurements
that were performed, were comparable with the measurements discussed in the previous section. The
main difference was that with this configuration the LEDs did not have to be manually connected and
disconnected to the power supply, since that is now done by the ESP module.

Several batches of sensor layers are made to test different aspects and fabrication methods. The
result are plotted using the MATLAB script shown in Appendix A.5.
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Figure 3.6: Schematic overview of sensor setup

Batch 1

The first batch of sensor layers are fabricated the with same procedure as discussed in section 3.2.1.
The batch consisted of two sensors: one which was stored in a dry environment and the other was
stored in deionized water. These two sensor layers were then tested using the same pH buffers as in
the previous measurements. The spectrometer settings were set to an integration time of 1ms and 30
scans averaged for one measurement. The measurements started with the pH buffer of 6.2 which was
deposited on the sensor layer. After 15min the measurement was taken after which the sensor was
patted dry and the next buffer was deposited on the sensor layer. This was done for all the buffers up
to a pH value of 8.2. The results are shown in Section 4.3.1.

Batch 2

The second batch of sensors was made to test the reproducibility of the results. In other words the
sensors are tested to see if they give the same results in subsequent measurement. Therefore, the
same methodology is used as in the previous section. So at the start of the measurement the pH buffer
of 6.2 was deposited on the sensor. Thereafter, 15 minutes was waited after which the recording was
made, whereafter the following pH buffer solution was applied. This was done for all buffers till 8.2.
This measurement was performed three times with 20 min between the measurements. The results
are shown in Section 4.3.2.

Batch 3

The third batch was fabricated with the objective to see how reproducible the sensor results were. This
was done by fabricating 6 the same sensors following the protocol described in Section 3.2.1. These 6
sensor were fabricated to deposit a different pH buffer on each sensor. This differs from the procedure
used previously, since now the influence of earlier applied pH buffers will be negated. A picture of these
six sensors can be seen in Figure 3.7. This measurement was repeated for 4 times with the objective
to investigate the reproducibility of the sensor layers. The result of these measurements are shown in
Section 4.3.3.

Batch 4

For the fourth batch of sensor layers a small change has been made in the fabricating procedure. This
is due to the fact of the variability in the results of the previous batches. This means that the stability of
the sensor layers was poor. This could have many reasons. On of which was the fabrication procedure.
During the fabrication of the previous batches the microbeads are mixed with the HPTS solution. This
should result in HPTS loaded microbeads. Thereafter, the resulting solution is left for a certain amount
of time to make sure the microbeads have sinked to the bottom of the glass. Whereafter, the fluid
can be extracted leaving only the microbeads in the glass beaker. However, this does not guarantee
that some of the HPTS that is not bonded with the microbeads is fully removed from the solution.
Therefore, it could be that once the microbeads solution is added to the hydrogel mixture, some loose
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Figure 3.7: Six sensors used in the measurement where on each sensor a different pH buffer is deposited, ranging from the
6.2 pH buffer solution on the left to the 8.2 pH buffer solution on the right.

HPTS molecules can be transferred with it. This could then lead to a sensor layer with unbounded
HPTS molecules which leach out over time and would thus result in a varying response.

In order to mitigate this effect, in this batch HPTS microbeads are rinsed two times to make sure
that at least most of the HPTS molecules are removed so they cannnot have large influence on the
response of the sensor layer. The measurements themselves are performed in the same way as in the
previous batch. This time the measurement was performed 3 times for the same sensor to see if the
reproducibility of the results have improved. The results are shown in Section 4.3.4.

Batch 5

For this batch of sensors new pH buffers were made. This had two reasons: One was to obtain more
data points. Since in previous measurements only 6 pH buffers were used resulting thus in 6 data
points. In order to get a better view of the behaviour of the sensors more data point are needed. The
second reason was to make sure that the whole sensor layer could be submerged in the pH buffer.
This is to make sure their can be no discrepancies between measurements due to non uniform buffer
distribution on the sensor layer.

The pH buffers are produced using the fabricating procedure discussed in the thesis of Vriesendorp
[84]. First a phospate buffer solution was made by dissolving 1.2g of Sodium Dihydrogen phosphate
NaH2,PO4 in 1 L of deionized water. Thereafter, an acid solution and a basic solution was made by
using hydrogen chloride (HCL) and Sodium hydroxide (NaOH) respectively. For each pH buffer 90mL
of the phosphate buffer was put in a glass beaker thereafter sodium chloride is added to obtain the
same ionic strength as blood 150mmol. Thereafter, a pH meter is put in the beaker and by titration
of the acid or base solutions the desired pH value is obtained. In Figure 3.8, the setup used for the
fabrication of the pH buffers is shown. Using this method pH buffers ranging in pH value from 6.2 to
8.2 with increments of 0.2 pH unit were obtained, which resulted in 11 separate pH buffers.

After the fabrication of the pH buffers. The measurements were performed. This was done by
putting a small portion of the pH buffer in a plastic container in which the sensor could be put in, with
the sensor layer facing downwards. Thereafter, 10 minutes were waited after which the recording was
made. This was then repeated for all the 11 pH buffers. This measurements was repeated for three
times to see if the reproducibility was improved using this method. The results can be seen in Section
4.3.5

Batch 6

The last batch was fabricated to measure the response time again, but now for the whole sensor system.
Furthermore, a new MATLAB script was written to do these measurement. This script can be found in
Appendix A.6. This code takes a ratiometric measurement each second. The runtime was set to 400
cycles, ensuring the sensor would definitely be in equilibrium by then.
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Figure 3.8: Fabrication of the buffer solutions using a magnetic mixer and pH meter

Two different measurements have been performed to see the response time of the sensor. The first
measurement was performed by taking the following steps:

» The sensor was placed in a buffer solution with a pH of 6.2 for 15 min

* The measurement started

+ After a couple of seconds, the sensor was transferred from the 6.2 pH buffer to a 8.2 pH buffer
+ After 400 cycles the measurement stopped

The sensor was not immediately transferred from 6.2 to 8.2 to be sure that the initial sensor value
could be measured.

Thereafter, the second measurement was performed which is followed the same steps shown above.
However, in this case the pH sensor started in a pH buffer solution of 8.2 and was transferred to a buffer
solution of 6.2. These measurement were then plotted using the MATLAB script shown in Appendix
A.7 The results of these measurements can be seen in Section 4.3.6



Results

In this chapter the results of the measurements discussed in Chapter 3, will be shown and discussed.

4.1. Preliminary measurements
The spectra of the fluorescence emission due to excitation by the 475nm LED are shown in Figure
41a.

As discussed in earlier chapters the emission wavelength of interest is 520nm. From the picture it
can be seen that the peaks of the spectra at this wavelength increase as function of pH which is as
expected.
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Figure 4.1: Result of the first measurement using only the LED with peak illumination at 475nm

In Figure 4.1b , the maximum of the spectra are plotted against the pH value, whereafter, fitting
curve is used to estimate the relation between the data points. As can be seen from the figure the
curve is well fitted with a root mean square error of 0.0150.

In Figure 4.2, the intensity of the fluorescence is plotted over time when the pH is increased from
6.2 to 8.2. The red dotted line indicates the time instance at which the pH buffer of 8.2 is applied to
the sensor layer. As can be seen from the figure the response time is well below 20s. The difference
between the normalised intensities of Figure 4.1b and Figure 4.2 can be attributed to the fact that
during this first stage of measurements the measurements setup was not as unchanging as wanted.
Therefore, slight changes in the position and orientation of the spectrometer occurred which led to
differences in the measured intensities. This being preliminary measurements with the objective to find
out if the material behaved satisfactory and as expected, these slight difference were not a problem.
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Response time measurement
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Figure 4.2: Response time measurements with the first designed sensor

Furthermore, in the figure a wide spread in measurement points can be seen. This is due to the fact
that the measurements have been conducted without the use of the averaging function. This will be
used in the future to get a more stable output response.

From both measurements discussed in this section it can be concluded that a clear relation between
the pH and fluorescence emission is showing. Furthermore, response time of the fabricated is already
within the required time which shows great promise for the final sensor.

4.2. Ratiometric measurement

As discussed in Section 3.2.3, the objective of these measurements were to see the effect of the im-
plementation of ratiometric sensing. The spectra of the first measurements can be seen in figure 4.3.
in Figure 4.4, both the intensities at 520nm are taken for different pH values. As discussed in Section
1.5.2, the intensity measured at this wavelength should increase with pH when illuminated with 475nm
light and should decrease with pH when illuminated with 405nm light. However, as can be seen from
both Figure 4.3 and Figure 4.4, for both illumination sources the fluorescence emission intensity in-
creases with pH, which is thus contradictory to literature discussed in section 1.5.2.
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Figure 4.3: Spectra of fluorescence intensities at different pH values

In order to find the cause of this unexpected behaviour of the sensor layers, several small tests
have been conducted. The first test was to see whether the microbeads and hydrogel would have an
influence on the fluorescence behaviour of the sensor layer. This was done by making a sensing layer
with only the microbeads and the hydrogel. This way it can be seen if by exciting it with the LEDs,
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Figure 4.4: Normalised fluorescence intensity for different illumination wavelengths measured at 520nm

a pH dependency can be seen. If this is not the case, the microbeads and hydrogel do not have an
influence on the fluorescence emission and are therefore, not the cause of the unexpected behaviour.
The results of these test can be seen in Figure 4.5. As can be seen from the figure, there is clearly no
relation between the pH value and the fluorescence emission. Therefore, it can be concluded that the
microbeads and hydrogel are not the cause for the unexpected behaviour.
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Figure 4.5: Spectra of fluorescence intensities at different pH values for sensor layer without HPTS

Another plausible cause is that the measurements are performed with relatively high powered LEDs
using 100mA. Therefore, it was tested to see if the use of lower current would make difference for the
pH sensitivity. This has been done by turning the power supply to 20mA. Thereafter, two measurements
were made one when the pH buffer of 6.2 was deposited on the sensor layer and one where the pH
buffer of 8.2 was used. The results can be seen in Figure 4.6. From the figure it can be seen that the
fluorescence emission increases with pH for illumination by 405nm (figure 4.6b) and for illumination
by 450nm (figure 4.6a). Which means that the current level did not have a significant influence on the
sensitivity to pH.

These two tests did not give a satisfying explanation for the observed behaviour. This will be dis-
cussed in more depth in Chapter 5.

However, it can be seen from the spectrum shown in Figure 4.3b, that the UV emission is inversely
proportional with the pH value when observed around the wavelength of 435nm which is not as ex-
pected, but can be used instead of the expected emission at 520nm.
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Figure 4.6: Spectra of fluorescence intensities when 20mA is used

By using the emission peaks obtained by measuring the 435nm and 520 fluorescence emission
of the samples when illuminated with 405nm and 450nm respectively, the plots shown in Figure 4.7a
are obtained. The blue one represents the fluorescence emission measured at 520nm when illumi-
nated with 450nm light. The red line represents the fluorescence emission measured at 435nm when
illuminated with 405nm light. When taking the ratio of these two plots ratiometric sensing can be imple-
mented, by changing Equation 1.13, to Equation 4.1.

_ Isio(excited at 450nm)
 I435(excited at 405nm)

The result can be seen in Figure 4.7b. As can be seen from the figure the ratio of measured
intensities shows a more than 8 fold increase over the pH range from 6.2 to 8.2.
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Figure 4.7: Implementation of dual excitation/dual emission ratiometric sensing

4.3. Total system

In this section the measurement results of the whole sensor system will be shown and discussed. As
said in the previous chapter, the several batches of sensor layers have been produced to to test different
aspects of the sensor and various fabrication methods.
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4.3.1. First batch

In Figure 4.8, the first ratiometric measurement results can be seen for the fist two sensor layers which
are measured using the whole sensor system. The sensors were stored for one day after fabrication.
One of the sensors was stored dry and one of the sensor was stored in deionized water. As can be seen
from the Figure the sensor which was stored in deionized water had a significantly better sensitivity.

Ra|5tiometric measurement with whole sensor system
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Figure 4.8: Ratiometric measurements with the use of the whole sensor system

4.3.2. Second batch

In this section the results of the first reproducibility tests are shown. As can be seen in Figure 4.9, the
sensor shows no great reproducibility, since there is a large difference between the plots of the different
measurement, both in magnitude as well as in sensitivity. One of the main reasons could be that for
each measurement the buffer solution is distributed differently over the sensor layer, this mostly due to
the fact that the hydrogel deforms when it comes in contact with water. However, in order to asses the
true nature of these discrepancies, several other measurements will be necessary.
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Figure 4.9: Ratiometric measurements with the use of the whole sensor system performed 3 times with the same sensor

4.3.3. Third batch

In Figure 4.10, the result of the measurements discussed in Section 3.3.1 are shown. The objective of
these measurements was to determine with new measurement protocol the reproducibility and stability
of the sensor layers. However, as can be seen in the figure the result does not show great reproducibility
as there are significant differences between the measurements and also the trend is not as it should.
For example when looking at the transition from pH 7.0 to pH 7.4 it can be seen that the curve goes
downwards instead of upwards, which is opposite to what is seen in previous measurements. This
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Figure 4.10: Ratiometric measurement where each point is a different sensor on which a different pH buffer is deposited. This
measurement has been repeated 4 times

can mostly be attributed to the large difference in response between the different sensor layers, which
makes them not comparable.

4.3.4. Fourth batch

As said in Section different sensor were fabricated with a slight change in the fabrication process. The
results are shown in Figure 4.11, where three measurements of the same sensor are shown. As can
be seen from the figure the result is not perfect but shows a large improvement over the reproducibility
shown in earlier measurements. Especially in the pH range of 6.6-7.4, the slope of the curves are
almost equal allowing for one point calibration. Although some measurement error can be seen in the
curve of measurement 3, the yellow line. It can be seen that the measurement of the pH value 6.2 re-
turned an unlikely high result. This can be attributed to the fact that the measurements are performed
after previous measurement which ended with the pH buffer of 8.2. It could be that this buffer solution
is not yet cleared completely out of the sensor layer which would result in a higher resulting measure-
ments.
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Figure 4.11: Three measurements with the same sensor after using the new fabrication method

4.3.5. Fifth batch

In Figure 4.12, the result of the measurements using the newly fabricated pH buffers is shown. As can
be seen from the Figure the variance between the different measurements are considerably smaller
than in previous measurements. Therefore, it can be concluded that the method of rinsing the mi-
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crobeads and submerging the sensors fully in the pH buffer result in significantly better reproducibility.
However, as can be seen from the figure the sensor is not very sensitive in the lower pH range. This
could pose a challenge when the sensor would be implemented in the application
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Figure 4.12: Measurements using the new fabricated pH buffers. Three measurements of the same sensor are shown

4.3.6. Sixth batch

In this section the results of the response time measurements, explained in Section 3.3.1, will be shown.
In Figure 4.13, the result of the first and second response time measurement can be seen. In Figure
4.13a, the normalised intensity ratio is shown for an increase in pH value from 6.2 to 8.2. The red dotted
line indicates the moment of the transfer from 6.2 to 8.2. In order to have standardised and comparable
response time measurement, the time constant (7) is calculated. This is done by using Equation 4.2.
In this equation R is the response time curve, Requiibrium 1S the equilibrium value of the curve which
as can be seen from the figure is approximately 0.9. Furthermore, R;,i:;.; is the initial value of the
measurement which is 0.72. By putting these values in Equation 4.2, the curve value at time 7 can be
calculated. Thereafter, using the curve the time constant can be found. Which is 43s as can be seen
in Figure 4.13a.

1
R(T) = E(Requilibm’um - Rinitial) + Rinitial (42)

The response time measurement of the sensor for decreasing pH can be seen in Figure 4.13b. The
vertical red dotted line indicates the time of transfer from the 6.2 pH buffer to 8.2 pH buffer. The same
time constant calculation can be done for this curve. This resulted in a time constant of 30s which is
very fast. However, as can be seen from the Figure,it is not a good representation of response time of
the sensor, since it takes the sensor more than 5 minutes to reach equilibrium.

4.4. Results Summary

In this section the results obtained in this work will be summarized in order to give a clear view of what
has been accomplished. The objective of the first measurement was to see if the concept of the sensor
layer worked. Therefore, a clear relation between the fluorescence emission and the pH value that is
deposited on the sensor layer. As can be seen in the first result a clear relation between the pH and the
fluorescence emission is shown, see Figure 4.1a and 4.1b. Furthermore, the response time of the sen-
sor layer is depicted in Figure 4.2, where it can be seen that the response time is well below one minute.

In the first measurement only one 475nm LED was used. This is changed to two LEDs in the second
measurement in order to implement ratiometric sensing. This is done by using one LED of 450nm and
one of 405nm. It was hypothesized and also shown in literature [62], [85], [34], that by using a dual
excitation single emission sensing scheme ratiometric sensing could be implemented. However, as
shown in Figures 4.3 and 4.4, this was not the case. The fluorescence intensity of the sensor layer
should decrease when the pH value would be increased when excited with the 405nm LED, but as can
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Figure 4.13: Response time measurement with decreasing pH

be seen in the figure it increases. Therefore, a new dual excitation dual emission scheme was used
which did give the desired result as can be seen in Figures 4.7a and 4.7.

After this the final sensor system was build and tested where the most challenging parameter was
found to be the reproducibility. Several different measurements have been conducted to see how the
reproducibility of the sensor layers could be improved. It was found that the combination of rinsing the
produced HTPS loaded microbeads a few times to remove residual free HPTS molecules and submerg-
ing the whole sensor layer in the pH buffer solutions, yielded the best result as can be seen in Figure
4.12.

Lastly, the response time is measured. This resulted in a response time of less than a minute for
increasing pH. However, for decreasing pH the response time is significantly higher with more than 5
minutes before equilibrium was reached.

In this Chapter various results have been obtained. The main challenges of these measurements
were to improve the reproducibility and to find out why the sensor layers did not show the dual ex-
citation/single emission behaviour which was expected from the material. These two aspects will be
discussed in more detail in the next chapter.



Discussion

The objective of this thesis was to design a noninvasive sensor system with the objective to monitor
the heart during the cardiac surgery and to detect changes in the health status of the heart tissue. As
can be seen in previous chapters this objective is achieved by designing a prototype fluorescent pH
sensor consisting of the following main components:

» Sensor layer: This layer consists of the fluorescence indicator dye 8- Hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt (HPTS) which is bonded to anion exchange resin beads. These mi-
crobeads are thereafter immobilized in a hydrogel support matrix, whereafter the layer deposited
on thin glass using drop casting.

+ Optical system: The system consists of two LEDs with two different wavelenghts, one at 405nm
and the other at 450nm. Due to the dual excitation bands of HPTS ratiometric sensing could be
implemented. The fluorescent emission of the sensor layer due to excitation by the LEDs was
thereafter captured by an optical fibre which guided the signal to a spectrometer.

» Data processor The collected data from the spectrometer is thereafter processed with a com-
puter. On this computer MATLAB is used to extract the peak emission on the specific wavelengths
and the calculates the ratio.

With this design the main research objective has been achieved. However, by testing the designed
sensor system some discrepancies and limitation were discovered. These will be elaborated and ex-
plained in this chapter. First the stated research questions in Chapter 1 will be answered, whereafter
the measurement results will be discussed alongside with the discrepancies with literature and the
discovered limitation will be explained. Lastly, recommendations for future research will be made.

5.1. Research questions revisited

The research questions state in Chapter 1 will be revisited and answered using the research conducted
during this thesis.

RQ 1: What are the key principles of fluorescence sensing and how can they be used for measur-
ing acidity of heart tissue?

As stated in Section 1.2, fluorescence is defined as the emission of visible light due to the absorp-
tion of photons by a certain molecules called fluorophores. These molecules absorb light of a certain
wavelength and then emit it at a longer wavelength. These wavelengths are called the excitation and
emission wavelengths respectively and are a material property. Other properties of fluorophores are
there quantum yield and the fluorescence life time. Where the quantum yield is the ratio of between
the absorbed and emitted photons, which is effectively the fluorescence efficiency. The fluorescence
lifetime is the the average time the photons will spend on average in the excited state before it returns
to the ground state accompanied with the emission of a photon. These properties can be utilized for
fluorescence sensing of pH values due to the fact that certain fluorophores change their molecular
structure when the acidity of their environment changes. This could result in a change in quantum yield
and/or a change in fluorescence lifetime.

38
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Several sensing schemes have been discussed in Section 1.4, including fluorescence intensity
sensing, lifetime sensing and Forster resonance energy transfer (FRET). The choice was made to
fluorescence intensity sensing, where the intensity of the fluorophore would change as a function of
pH. This choice was made since this is the most simple sensing scheme and does not need complex
electronics as opposed to lifetime sensing or two fluorophores and careful calibration which is needed
for FRET.

RQ 2: What kind of materials are needed to produce the sensor layer?
The first type of material that is needed for the fabrication of the sensor layer is the fluorescent indicator
dye. This is a material that alters its fluorescence properties when the acidity of the environment
changes. In Section 2.2, several of these dyes have been listed of these indicator dyes Hydroxypyrene-
1,3,6-trisulfonic acid trisodium salt (HPTS) was chosen for this application. This indicator dye has two
excitation peaks one at 405nm and one at 460nm. By using both wavelengths ratiometric sensing is
possible which increases the accuracy and stability of the measurements. Furthermore, it has a great
sensitivity at near neutral pH values which is desired for this application. Other advantages of HTPS
include: relatively low cost, non toxicity and high water solubility. However, the main disadvantage of
this dye is the difficulty to immobilize it in support matrices. This immobilization in a support matrix is
needed to provide stability flexibility and to prevent dye leaching.

Therefore, the method described Kermis [62] and Cattini [85] is used in this thesis. In these works
the HPTS is bounded to anion exchange resin microbeads which can thereafter, be immobilized in a
hydrogel support matrix.

RQ 3: How should the optical system be designed to ensure accurate measurement results and
simplicity

The design of optical system is highly dependent on the properties of the sensor layer. Since in this work
HPTS is used the optical system should be able to excite the sensor layer with two different wavelengths.
Furthermore, it was found that the sensor layer did not exhibit the expected single emission band
behaviour which is described in literature but dual emission bands. This finding will be discussed later
in this chapter. Therefore, in order to implement ratiometric sensing, the optical system should be
able to detect fluorescence emission of different wavelengths. Therefore, the choice was made to
use a combination of an optical fibre and spectrometer as detector. This had the advantage that the
whole spectrum could be analyzed which resulted in a more clear understanding of the behaviour of
the sensor layer. Furthermore, since the whole spectrum is recorded and signal processing can be
used no physical filters are needed. This significantly decreases the size, costs and complexity of the
sensor system. As excitation sources two LEDs are used one of 405nm and one of 450nm which are
able to excite both the protonated and deprotonated forms of HPTS respectively. The optical system
and the glass slide on which the sensor layer was deposited, were placed in a 3D printed housing to
form a small 2x2x2cm package.

5.2. Challenges

The main focus of this thesis has been to get a stable and reproducible sensor which meets the require-
ments set by a medical specialist in [84]. The measurement methods and results are shown in Chapter
3 and 4. Two of the aspects of these measurements results will be discussed in this section in more
detail.

The first unexpected result that will be discussed is the result obtained in Section 4.2. In this section
it was shown that the sensor layer did not shown the expected ratiometric behaviour. As described in
Section 1.5.2, HTPS should have two excitation bands ,one around 405nm and around 450nm, and
a single emission band at 510nm. It is shown in several works[64] [34] [62], that emission at 510nm
should decrease with increasing pH when excited with 405nm and that the emission should increase
with increasing pH when excited with 450nm. However, as can be seen in Figure 4.4 both emission
increase with increasing pH which is opposite to the expected behaviour. In order to find out what the
cause of this unexpected behaviour several tests have been performed. As can be seen in Section
3.2.3, the proportionality with pH of the sensor layer when excited with 405nm was not due to the use
of microbeads and hydrogel. Furthermore, it was tested whether the supply current of the LED played
a role in this behaviour but it was found out that this is not the case.
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Figure 5.1: Fluorescence mechanisms of HPTS from [87]

The main hypothesis why this behaviour is shown is based on the work of Hakonen [86] and Nandi
[87]. In these works the principle of the single vs dual emission bands of HPTS are discussed. It is
said that in normal solutions HPTS has only one significant emission band. This is due to the fact
that when ROH is illuminated with 405nm it will get excited and become ROH*. Thereafter, in the
excited state, proton transfer takes place which transforms ROH* to RO~* whereafter it relaxes to the
ground state accompanied by the emission of a photon 510nm. So both the excitation of ROH and
ROH ™ results in the emission of 510nm. However, as is stated in [86] when HPTS is immobilized to
a surface proton transfer in the excited stated is inhibited which means that the transition from ROH*
to RO~ * is less likely and the transition from ROH* to RO H will be more likely. Therefore, in this case
the emission of photons at 445nm will be more pronounced, see Figure 5.1. That is the reason why
the dual excitation dual emission scheme can be used in this application. However, this does still not
explain why the fluorescence emission of the sensor layer increases with increasing pH when excited
with 405nm. This can be explained by the large excitation band of the sensor layer. This means that
the UV LED does not only excite the protonated form of HPTS but also ‘the deprotonated form. This
result in the proportionality to pH which can be seen in Figure 4.4.

The second unexpected behaviour is the relatively poor reproducibility. This can mostly be attributed
to the deformation of the sensor layer, which occurs upon contact with water solutions. This deforma-
tion which is not'the same for each measurement is most likely the result for the variability in the
fluorescence emission of the sensor layer.

5.3. Recommendations

This thesis has delivered a sensor which is able to sense pH. However, before the sensor can be used
some issues should be solved. In this sections the recommendation derived from this research will be
stated.

lonic strength: In this thesis the consequences of ionic strength have not been elaborated. This
due to the fact that the main focus was on making a stable and reproducible sensor. Furthermore, the
effects of ionic strength on the chosen indicator dye has been reported in earlier work [84]. Due to the
fact that changes in ionic strength of the measurement environment can have significant consequences
on the output of the sensor, this should be accounted for. The most simple method for this is to use
a HPTS derivative called DPHDS which has one sulfonic group less which means it is less negatively
charged which leads to a slight decrease in sensitivity to ionic strength [88]. Another way to compen-
sate for the ionic strength is to conduct parallel conductive measurement to make an estimate of the
ionic strength of the sample [64]. However, this would also be just an approximation.

pH range: As can be seen in Figure 4.12, the sensitivity of the sensor layer is not as desired for low
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pH values. It can be seen that the sensor layer starts to show significant sensitivity from a pH value of
6.8. However, for the application of this thesis the lower ranges are also needed as well. In order to
shift the pKa to the lower pH ranges, the concentration of HPTS can be altered [84]. Furthermore, the
combination with another support matrix could also cause a shift in the pKa of the sensor layer. Lastly,
other indicator dyes could be used with a lower intrinsic pKa.

Optical system: The current system uses two LEDs at different positions and an optical fibre lead-
ing to a spectrometer as detector. In order to make the system cheaper the detector could be replaced
with photodiodes with optical filters attached to them in order to detect only the wavelengths in which
the signal is present. Furthermore, the LEDs are now located in different places as can be seen in
Figure 3.6. The fact that the light does therefore not reach the exact same location for each LED a
slight difference in the fluorescence excitation and emission could occur. This could potentially have
negative consequences for ratiometric sensing. This is due to the fact that the principle of ratiometric
sensing should make the influence of non analyte specific factors such as detector orientation, indicator
concentration and geometry of the sensor layer. However, if the LEDs that are used are not properly
aligned this could result in the decrease in the effectiveness of ratiometric sensing. Therefore, in future
work it should be examined if the LEDs could be coupled through an optical fibre in such a way that
both the light sources point to the exact same area.

Support Matrix: As discussed in the previous section, the hydrogel support matrix shows significant
deformation upon contact with water which results in variability in measurement result. Therefore in fu-
ture work other support matrices should be examined. It was not done in this work since these support
matrices have mostly a complicated fabrication process which is not the area of expertise of the author.

Combination pH and oxygen sensor: The work in this thesis will be continued by Dr. Avik Sett,
who will incorporate the knowledge obtained in this research in a new sensor design which will be able
to sense both pH and oxygen. This will be done by making a sensor layer which not only consists
of the indicator dye HPTS but it will add ruthenium particles which shows fluorescence sensitivity to
oxygen. The challenges that needs to be faced are that special care must be taken to ensure no cross
sensitivity occurs between the two indicator dye. Furthermore, it should be examined which support
matrix is able to hold both of the indicator dyes.

5.4. Conclusions

In this work a fluorescence pH sensor is designed and fabricated. The measurement result show a
good relation between the emission ratio and the pH since a five fold increase can be seen in the
emission ratio over pH range of 6.2-8.2. This was achieved by using a dual-excitation/dual-emission
ratiometric sensing scheme. Furthermore, the response time is significantly improved when compared
to the work described in [84]. However, for future work the reproducibility of the sensor system could
be improved by working with different materials for the support matrix. Furthermore, to ensure the
sensor would work for the intended application, it should be tested on actual tissue. This was not done
during this thesis due to time constraints. Lastly, the combination with the oxygen sensor which will be
implemented in the work of Dr. Sett, would give a significantly better view of the health status of the
heart tissue.
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Matlab scripts

A.l. Code for plotting the data obtained from Oceanview

folder = "2ledsFirstUP";

fileNameblue = '*475%"';

fileNameUv = '*405%*';

wavelength 520;

wavelength_uv = 435;

blue = dir(fullfile(folder,fileNameblue)) ;
uv = dir(fullfile(folder,fileNameUv)) ;
peaksblue = zeros(1l,length(uv));
peaksUV_450 = zeros(1,length(uv));
pH_values = [6.2 6.6 7 7.4 7.8 8.2];

for i = 1:length(peaksblue)
peaksblue(i) = findWavelength(wavelength,table2array(readtable(

fullfile(folder,blue(i) .name), 'decimal',',"')));
peaksUV_450(i) = findWavelength(wavelength_blue,table2array(readtable(
fullfile(folder ,uv(i) .name), 'decimal',"',"')));
end
x0=10;
y0=10;
width=400;
height=300;

set (gcf, 'position', [x0,y0,width,height])
ratio = peaksblue./peaksUV_450;

[f, gof] = fit(pH_values(:), ratioblue(:), 'logistic4d');
plot(f, pH_values, ratioblue);

xlabel ("pH") ;

ylabel ("Intensity ratio");

grid on;

4 legend("Location","southeast");

title("Ratiometric measurement") ;
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A.2. Plotting response time from data obtained from Oceanview

close all;

files = dir('xtxtx*x');

sortfiles = natsortfiles(files);

data = cell(1,length(sortfiles));

peaks = zeros(1l,length(sortfiles));

wavelength = 515;

portion = 3;

tot_time = 0.5*xlength(sortfiles)/portion; /time in seconds when every 0.5s
a file 2s generated

time = linspace(0,tot_time,(length(sortfiles)/portion));

x0=10;
y0=10;
width=400;
height=300;

set (gcf, 'position', [x0,y0,width,height])
for i=1:length(sortfiles)
/4 data{i} = table2array(readtable(sortfiles (i).name, 'decimal ', ', ")) ;

data{i} = table2array(readtable(sortfiles(i).name));
peaks (i) = findWavelength(wavelength,data{il});
end
normpeaks = peaks./max(peaks);
halfpeaks = normpeaks (l:length(normpeaks)/portion);
[f, gof] = fit(time(:),halfpeaks(:), ' 'gompertz');
plot (f,time,halfpeaks);
xline(20,"--r",{"t = 20"})
grid on;
xlabel ("Time [s]");
ylabel ("Normalised intensity");
title ("Response time measurement ")
legend ("Location","southeast");
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A.3. Plotting full spectra

/4 close all;

files = dir('*xuvx*');

fileNameUv = 'x*405%"';

uv = dir(fileNameUv) ;

data = cell(1,length(uv));

ulegend = ["6.2","6.6","7.0","7.4", "7.8","8.2"];

newLegend = ["6.2 405nm","6.2 475nm","6.6 405nm","6.6 475nm","7.0 405nm
","7.0 475nm","7.4 405nm","7.4 475nm","7.8 405nm","7.8 475um","8.2 405
nm","8.2 475nm"];

x0=10;
y0=10;
width=400;
height=300;

set (gcf, 'position',[x0,y0,width,height])

for i=1:length(files)
/4 data{i} = tablel2array(readtable(files(t).name, 'decimal ', ', "'));
/4 Oceanviewdata
data{i} = table2array(readtable(files(i).name)) ;
smatlab data

data{1,i}(50:800,1);
data{1,i}(50:800,2);

X

y

plot(x,y,"LineWidth",1);
hold on;
end
legend (ulegend ,Location="northeast") ;
grid on;
xlabel ("Wavelength [nm]");
ylabel ("Measured intensity [counts]");
title("Spectrum of fluorescence emission")
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A.4. Script for controlling the spectrometer and the LEDs

/ close all;

sensor = '_2';

ph_value = '8_2"';

4% commect to spectrometer and LED controller
port = 'COM20';

s = serialport(port,115200) ;

flame = icdevice('OceanOptics_OmniDriver.mdd');
connect (flame) ;

A% initialize spectrum parameters

int_time = 1000; /integration time in us normal 250

scans = 30; /scans to average

enable = 1; 7 enable signal

spectrometerIndex = 0; /7 Spectrometer indexr to use (first spectrometer by
default).

channelIndex = 0; / Channel index to use (first channel by default).

A% Set the parameters

invoke(flame, 'setIntegrationTime', spectrometerIndex, channelIndex,
int_time) ;

invoke (flame, 'setCorrectForDetectorNonlinearity', spectrometerIndex,
channelIndex, enable);

invoke(flame, 'setCorrectForElectricalDark', spectrometerIndex,
channelIndex, enable);

invoke (flame, 'setScansToAverage', spectrometerIndex, channellndex, scans)

’

writeline(s,'o');

A

[wavelength, backgroundIntensity] = getSpectrumBlue(s,flame,'o');
[Wavelengthblue, intensityblue] = getSpectrumBlue(s,flame,'b');
[wavelengthUV, intensityUV] = getSpectrumBlue(s,flame,'u');
writeline(s,'o');

outputArrayBlue = [wavelengthblue (intensityblue-backgroundIntensity)];
outputArrayUv = [wavelengthUV (intensityUV-backgroundIntensity)];

writematrix (outputArrayBlue,strcat(ph_value,sensor,' _blue'));
writematrix (outputArrayUv,strcat (ph_value,sensor,' _uv'));

A % writematriz (outputdrrayBlue, strcat (ph_value, '_blue'));

4 writematriz (outputdrraylv, strcat (ph_value, '_uv'));

A% Plot Data

plot (outputArrayBlue(:,1) ,outputArrayBlue(:,2));
hold on;

plot (outputArrayUv(:,1) ,outputArrayUv(:,2));

4% Disconnect from spectrometer and LED controller

clear s;

disconnect (flame) ;
delete (flame);
delete(instrfindall);
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A5. Plotting data obtained with MATLAB script

folder = '611 _6"';
fileNameblue = '*bluex*x';
fileNameUv = 'xuv*';
wavelength = 520;

wavelength_uv = 435;

blue = dir(fullfile(folder,fileNameblue)) ;

uv = dir(fullfile(folder,fileNameUv)) ;

peaksblue = zeros(1l,length(uv));

peaksUV_450 = zeros(1l,length(uv));

pH_values = [6.2 6.6 7 7.4 7.8 8.2];

newpH_values = [6.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8.0 8.2];

for i = 1:length(ratioblue)
peaksblue (i) = findWavelength_max(wavelength, table2array(readtable(
fullfile (folder,blue(i) .name))));
peaksUV_450(i) = findWavelength_max(wavelength_uv,table2array (
readtable (fullfile(folder ,uv(i) .name))));
end

ratio = peaksblue./peaksUV_450;

x0=10;

y0=10;

width=750;

height=500;

set (gcf, 'position',[x0,y0,width,height])
ratio_norm = ratio./max(ratio);

plot (newpH_values,ratio_norm, 'LineWidth',1 );

grid on;

hold on;

xlabel ("pH") ;

ylabel ("Normalised intensity ratio");

title("Ratiometric measuremnent with whole sensor system");
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A.6. Response time measurement script

/4 close all;

sensor = '_1';

ph_value = '8_2"';

4% commnect to spectrometer and LED controller
port = 'COM20';

s = serialport (port,115200);

flame = icdevice('OceanOptics_OmniDriver.mdd') ;
connect (flame) ;

A% initialize spectrum parameters

int_time = 1000; /integration time in us normal 250

scans = 200; /scans to average

enable = 1; /[ enable signal

spectrometerIndex = 0; /7 Spectrometer indexr to use (first spectrometer by
default) .

channelIndex = 0; / Channel <ndex to use (first channel by default).

4% Set the parameters

invoke (flame, 'setIntegrationTime', spectrometerIndex, channellndex,
int_time) ;

invoke(flame, 'setCorrectForDetectorNonlinearity', spectrometerIndex,
channelIndex, enable);

invoke (flame, 'setCorrectForElectricalDark', spectrometerIndex,
channelIndex, enable);

invoke (flame, 'setScansToAverage', spectrometerIndex, channelIndex, scans)

writeline(s,'o');
N = 400;

peaksblue = linspace(1,2,1000);
peaksUV_450 = linspace(1,2,1000);
ratio = zeros(1,N);
wavelength_blue = 520;
wavelength UV = 435;

Tstart = tic;
for i = 1:N

[wavelength, backgroundIntensity] = getSpectrumBlue(s,flame,'o');
[wavelengthblue, intensityblue] = getSpectrumBlue(s,flame,'b');
[wavelengthUV, intensityUV] = getSpectrumBlue(s,flame,'u');
writeline(s,'o');

outputArrayBlue = [wavelengthblue (intensityblue-backgroundIntensity)];
outputArrayUv = [wavelengthUV (intensityUV-backgroundIntensity)];
peaksblue = findWavelength(wavelength_blue,outputArrayBlue); /important
peaksUV_450 = findWavelength(wavelength UV ,outputArrayUv);

ratio(i) = peaksblue./peaksUV_450;

writematriz (outputdrrayBlue, strcat (ph_value, sensor, '_blue'));
writematriz (outputdrraylUv, strcat (ph_value, sensor, '_uv'));

4 writematriz (outputdrrayBlue, strcat (ph_value, '_blue'));

writematriz (outputdrraylv, strcat (ph_value, '_uv'));
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pause (1) ;

i

end

Tstop = toc(Tstart);

4% Disconnect from spectrometer and LED controller

clear s;

disconnect (flame) ;
delete (flame);
delete(instrfindall);




A'7. Script to plot the Response time curve 56

A.7. Script to plot the Response time curve

load('703_responseb.mat');

t = linspace(1,Tstop,length(ratio));

part = 200;
x0=10;
y0=10;
width=400;
height=300;

set (gcf, 'position', [x0,y0,width,height])

plot(t(1:part),ratio(l:part)./max(ratio) ,"LineWidth",1);

4 plot(t(:),ratio(:)./maz(ratio),"LineWidth",1);

xline (10, '--r',"LineWidth",0.5) ;

xline (43, '--b', 't = 30 s', 'LineWidth', 0.5, 'LabelVerticalAlignment', '
top');

yline (0.8, '--b', '8.2', 'LineWidth', 0.5, 'LabelHorizontalAlignment', '
right')

yline(0.35, '--r', '6.2', 'LineWidth', 0.5, 'LabelHorizontalAlignment',k '
left')

grid on;

xlabel ("Time [s]");

ylabel ("Normalised intensity ratio");

title ("Response time measurement") ;




Fabrication protocols

B.1. Protocol producing HPTS loaded Microbeads

Materials needed:

» Glass beaker 150 mL » Magnetic stirrer
» Glass beaker 50 mL * Pipet
+ DM water 110 mL * Precision scale
» Amberchrom microbeads 1g - Plastic storage container
* HPTS 35mg
Method:

Step 1: Produce HPTS solutions

1. Prepare 100 mL of DM water
2. Weigh 35 mg of HPTS on the precision scale
3. Mix together using the magnetic stirrer

Step 2: Produce microbeads solution

1. Prepare 10mL of DM water
2. Weigh 10g of microbeads on the precision scale
3. Mix together using the magnetic stirrer

Step 3: Mix HPTS and microbeads

1. Pour the microbeads solution into the HPTS solution
2. Mix together using the magnetic mixer for one day
3. Store in plastic container for further use.

Step 4: Extract HPTS loaded microbeads

1. Extract the water from the solution leaving only the microbeads in the glass beaker
2. Rinse the microbeads two times to ensure all unbounded HPTS is flushed out
3. Store the microbeads in a plastic container for further use.
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B.2. Production Hydrogel and sensor layer
Materials needed:

» Glass beaker 50 mL * Magnetic stirrer

+ DM water 1 mL * Pipet

» Hydromed hydrogel 1g * Plastic storage container

» Ethanol 9 mL *» Glass slides

* Precision scale * HPTS loaded microbeads 3.5g
Method:

Step 1: produce hydrogel

1. Weigh 1g of Hydromed hydrogel on precision scale
2. Prepare 9 mL ethanol and 1 mL of DM water in the glass beaker
3. Put the hydrogel in the ethanol solution and stir for 6h until fully dissolved.

Step 2: Mix hydrogel and HPTS loaded microbeads

1. Weigh 3.5g of HPTS loaded microbeads on the precision scale
2. Put the HPTS loaded microbeads in the hydrogel solution and stir for 1h
3. Deposit the hydrogel mixture on glass slides using a pipet

B.3. Fabrication pH buffer solutions
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