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ABSTRACT
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Master of Science Thesis

Tampere University

Biomedical Engineering, MSc

April 2021

The aim of this thesis was to construct and characterize a fluorescence measurement setup
that would serve as a basis for the development of a subsystem that could eventually be
integrated to an existing in vitro illumination device. This added functionality would grant the
illumination device the means to measure fluorescence intensity from in vitro samples while
maintaining the capability to illuminate the samples.

The work began by outlining the design of the layout of the optical system, which followed the
principle of the Ploem system to an extent. This type of system is frequently used in for example
fluorescence microscopy and typically contains a light source for fluorescence excitation, a
sample containing substance that can emit fluorescence and an optical detector that can sense
the fluorescent light such as a photomultiplier. Furthermore, the system contains optical elements
such as optical filters and lenses that allow the fluorescent properties of the sample to be studied
without encumbering the detector-side with the excitation light.

The targets for the design were to illuminate the sample with laser light at 488 nm wavelength
and to measure the intensity of the emitted fluorescence occurring at the wavelength of 515 nm.
The optical setup constructed in this thesis would function as a proof-of-concept for integrating a
fluorescence measurement subsystem to an in vitro illumination device. Hence, design guidelines
such as compatibility with common sample holders and modularity were taken into account during
the design and construction of the measurement setup.

After the necessary components had been selected and their arrangement decided, the
components were assembled together to form the optical assembly. The entire measurement
setup consisted of smaller subassemblies, which were the excitation source, collimation
assembly, dichroic filter assembly, excitation light focusing and fluorescence collection assembly
and finally the detector assembly. The collimation assembly and the emission filter within the
detector assembly were characterized to study their performance and compare their properties.

Finally, the functionality of the constructed setup was evaluated by performing actual
fluorescence measurements. The system did function as intended, being able to detect
fluorescence taking place at 515 nm wavelength when the samples were excited with 488 nm
wavelength laser light.

On the other hand, the setup was rather prone to noise artifacts resulting from various sources
such as mechanical vibration and the excitation light reaching the detector. Thus, the constructed
setup did not offer as stable performance as desired. This leaves room for improvement in future
development, where the entire setup would also need to be scaled down in its physical size to
allow its integration as a subsystem. In addition, the performance of the fluorescence detection
could be improved by optimizing the optical layout.
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Taman tydn tavoitteena oli rakentaa ja karakterisoida fluoresenssimittausjarjestely, joka tulisi
toimimaan perustana eraalle in vitro valotuslaitteeseen integroitavalle alijarjestelmalle. Kyseinen
lisdtoiminnallisuus mahdollistaisi fluoresenssi-intensiteettimittaukset in vitro —naytteistd samalla
yllapitaen jo olemassa olevan laitteen kyvyn valottaa naytteita.

Tyo alkoi mittausjarjestelyn optisen puolen suunnittelusta, joka pohjautui niin kutsuttuun
Ploemin jarjestelmaan. Taman kaltainen jarjestely on yleisesti kaytetty
fluoresenssimikroskoopeissa ja sisaltaa yleensa valonlahteen, jolla naytteita voidaan virittaa, jotta
ne saisivat aikaan fluoresenssia. Taman lisaksi jarjestelyyn kuuluu nayte, joka sisaltda
fluoresoivaa ainetta, sekd optinen anturi kuten valomonistin, jolla naytteestd emittoituvaa
fluoresenssia voidaan havaita. Muita tyypillisida jarjestelmaan kuuluvia osia ovat esimerkiksi
optiset suodattimet ja linssit, joilla ndytteen ominaisuuksia voidaan tutkia fluoresenssin avulla
ilman, etta anturipuoli saturoituu naytteen viritykseen kaytetysta valosta.

Tavoitteet mittausjarjestelylle tassa tydssa oli asetettu niin, etta silla voitaisiin virittda naytteita
kayttden 488 nm aallonpituudella olevaa laservaloa ja mitata naytteestd emittoituvaa
fluoresenssia 515 nm aallonpituudella. Ajatuksena oli, ettd tassa tydssa rakennettu
mittausjarjestely voisi toimia lahtdkohtana alijarjestelmalle, joka aikanaan tultaisiin asentamaan
osaksi in vitro —naytteiden valotuslaitetta. Tasta johtuen suunnittelussa otettiin huomioon muun
muassa yhteensopivuus yleisten nayteastioiden kanssa sekd modulaarisuus, joka mahdollistaisi
jarjestelyn muokkaamisen sovelluskohteesta riippuen.

Komponenttien valitsemisen ja niiden keskindisen sijoittelun suunnittelemisen jalkeen
mittausjarjestely voitiin rakentaa. Koko jarjestely koostui pienemmistd kokonaisuuksista, joita
olivat viritysvalon I&hde (laserlaite), valon kollimointi, ohutkalvosuodatin ja sen pidin, viritysvalon
ja fluoresenssin kerdyksestd vastaava kokonaisuus sekd optisen anturin sisaltdvad osa. Valon
kollimoinnista vastaava osuus ja optisen anturin yhteydessd oleva emissiosuodatin
karakterisoitiin mittausjarjestelyn suorituskyvyn ymmartamiseksi ja eri komponenttivaihtoehtojen
vertailemiseksi.

Mittausjarjestelyn suorituskykya arvioitiin suorittamalla fluoresenssimittauksia fluoresoiville
naytteille. Jarjestelma toimi suunnitellusti ja kykeni mittaamaan 515 nm aallonpituudella olevaa
fluoresenssia, kun naytteitd viritettiin laservalolla 488 nm aallonpituudella.

Jarjestely oli kuitenkin lopulta melko altis hairidille, jotka aiheutuvat erilaisista lahteista kuten
mittausjarjestelyyn kohdistuvasta mekaanisesta tarinasta ja naytteen virityksessa kaytetyn valon
liiallisesta vuotamisesta anturille, minkd johdosta jarjestelyn toiminta ei ollut niin vakaata kuin
toivottiin. Naitd heikkouksia voidaan pyrkia kehittdmaan tulevaisuudessa, kun jarjestelya
ldhdetddn muokkaamaan alijarjestelmaksi. Talléin suunnittelussa tulee ottaa my6s huomioon
jarjestelyn toteuttaminen pienemmassad koossa ja mahdollisesti optisen puolen optimointi
havaitsemispuolen suorituskyvyn parantamiseksi.

Avainsanat: karakterisointi, emissio, fluoresenssi, in-vitro, laser, viritys, valotus
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1. INTRODUCTION

Instruments with the capability of measuring fluorescence emission from samples have
been around already for years and are constantly under development, especially now
with the current status of the world that is struggling with the COVID-19 pandemic. In
fact, fluorescence-based screening methods and systems which have been studied
could offer more rapid, field-deployable alternatives to the traditional PCR testing. [1]
Such tests, given that they are accurate and sensitive enough, could make the on-site
testing at public spaces considerably more convenient and higher throughput. Hence,
the overall development of instruments that can detect and measure fluorescence from

samples is going to be important and topical in the times to come.

Different types of fluorescence measurement devices are nowadays routinely used in
laboratories to study various properties of biological samples, such as the viability of cells
after cancer treatments. [2] One category of these devices is known as fluorescence
plate readers, due to accepting samples that are placed in microplates. Plate readers in
general come in many different shapes and forms, allowing for various types of
measurements to take place in addition to fluorescence-based measurements. As such,
they are accurate instruments that are primarily dedicated to performing measurements
on the samples but do not extend their utilities further — for example to the
photoillumination of samples to activate their light-sensitive component, such as a photo-
activated drug. If one would like to perform both the task of photoillumination and taking
a fluorescence intensity measurement from a sample, one would typically have to resort
to using two separate devices, which would increase the time and effort spent as well as

increase the risk of environmental factors taking their toll on the samples.

In order to mitigate these factors, in-vitro illumination devices have been developed
which allow both of these tasks to take place within a single system [3]. Usually, the first
and foremost task of these devices is the photoillumination of samples housed in different

types of containers, such as microplates or petri dishes, as illustrated in Figure 1.1.



Figure 1.1 Microplate being illuminated with an automated in vitro illumination device.
In this system, the sample is placed on a holder which moves relative to a fixed
illumination position, sequentially illuminating the selected wells with adjustable intensity
and light dose.

The motivation to measure fluorescence intensity from samples before, during and after
the photoillumination could be for example to study the treatment time of photoactivated
drugs, which is dependent on the gradual decrease of fluorescence intensity, a
phenomenon known as photobleaching. This would allow the optimization of treatment

parameters already with in vitro conditions before moving to in vivo studies [4].

The aim of this thesis was to design and construct a proof-of-concept fluorescence
measurement setup that could be used as a basis for development of a subsystem which
could be integrated to an existing in vitro photoillumination device. This subsystem would
grant the illumination device the functionality to measure fluorescence from the studied
in vitro samples in addition to the existing photoillumination capabilities. The work

conducted in this thesis was done as a part of a project within the COMPANY.



2. FLUORESCENCE IN BIOMEDICINE

2.1 Fluorescence process

Fluorescence is designated as an event during which electromagnetic energy is first
absorbed by a substance and then followed by a radiation of energy in the form of
photons. Typically, the former is referred to as excitation and the latter as emission. The
substance can be an atom or a molecule and are often referred as fluorophores. [5, p. 1]
What allows this phenomenon to take place, are the different electronic and vibrational
states that can exist within a substance. The transitions of electrons between these
states are what permit the absorption and emission of electromagnetic energy, or

photons.

Figure 2.1 displays an example of Perrin-Jablonski diagram, which is commonly used to
depict these states and transitions. The ground electronic energy state, or the state of
lowest energy, is denoted as Sg and the excited electronic states as S1, S, and so on
(marked as thicker black horizontal lines). The thinner black horizontal lines represent
vibrational energy levels that can exist for each electronic state. The vertical lines signify
transitions in energy — those that have arrow pointing up, signify that energy is being
absorbed into the system and in case of down-pointing arrows, energy is exiting the
system, either as fluorescence, i.e. photons, or as dissipated energy during an event

known as thermalization.
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Figure 2.1 Perrin-Jablonski diagram illustrating the electronic (thick horizontal lines)
and vibrational (thin horizontal lines) states of a substance. Vertical lines denote to
transitions in energy. The incident waves depict photons being absorbed and
consequently emitted. Adapted from [5, p. 62][6, p. 3].

The electronic states are separated by discrete amounts of energy, meaning that only a
photon with specific energy can excite an electron from the ground state to an excited

state. This energy can be defined with the equation

E=hv = h%, (2.1)

where h ~ 6.626 - 10734 ]/Hz is the Planck’s constant [6], ¢ ~ 2.998- 108 M/ is the

speed of light in vacuum [7] and 4 is the wavelength of the light. [8, p. 6]



The excitation happens in the order of femtoseconds (10'° s) and according to Franck-
Condon principle, the transitions in electronic distribution are much faster than changes
in the substance’s nuclear configuration. What this essentially means for the excitation
process is that it is possible for the electron to be excited to a vibrational state, given that
the absorbed energy is of suitable quantity. [5, p. 17] This can be observed from Figure

2.1 as the electrons are excited to vibrational states of the electronic states S1 and S..

After the excitation, an event known as thermalization [5, p. 62] (also known as internal
conversion [9, p. 5] or nonradiative decay [8, p. 14]) takes place. During this process, the
excited electron relaxes without radiating a photon from its vibrational state to the lowest
vibrational state that exists for Si. The timescale for this event is measured in
picoseconds (10'? s) [5, p. 62]. Two important observations can be made from the
thermalization process that are also evident from Figure 2.1, where the thermalization

processes are illustrated as dashed lines:

1. In fluorescence, the emission occurs from the lowest-energy vibrational state of
S1, property known as Kasha’s law or Kasha'’s rule. [8, p. 19] It means that the
energy of the emitted photon is independent from the energy, or wavelength, of
the absorbed photon. As an example, two absorbed photons with slight
differences in their wavelengths will both produce similar wavelengths of

fluorescent light.

2. Energy is dissipated as heat during the thermalization, and as per the law of
conservation of energy this means that the emitted photon must have lower
energy, or longer wavelength, than the absorbed photon as described by
equation (2.2). The difference in excitation and emission wavelengths is called
the Stokes shift [8, p. 15].

Eemittea = Eabsorbed — Edissipated (2.2)

Finally, during emission, the electron returns to the ground state level, generally to one
of its excited vibrational states while emitting a photon. From this state, the electron
further relaxes to the lowest vibrational state, essentially going through a second round
of thermalization. As described before, the system experiences a Stokes shift, and the
emitted photon has a longer wavelength than the absorbed one. As a summary, the order

of different events during the fluorescence process from first to last is as follows:



1. photon absorption and transition to excited state from the ground state
2. thermalization to the lowest-energy vibrational state of S

3. return to ground state and photon emission (fluorescence)

Due to the existence of vibrational states and the thermalization events related to them,
the system allows photons with varying amounts of energy to be absorbed and emitted.
Hence, the absorption and emission wavelengths are not monochromatic, but form a
range of wavelengths, or a spectrum. They are typically addressed as the absorption
and emission spectra. This is apparent from Figure 2.2, which illustrates an example of
these spectra paired with a Perrin-Jablonski diagram to show the transitions of energy
that are related to them. The Stokes shift is presented here as the difference in

wavelength between the maxima of the absorption and emission spectra.

Stokes shift
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< >
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Figure 2.2 Example of absorption and emission spectra being Stokes shift apart from
each other with corresponding energy transitions presented below in Perrin-Jablonski
diagram. 4 incident photons A-D with varying levels of energy are being absorbed to the
system which all yield fluorescence emission. Adapted from [8, p. 15].



The above figure illustrates 4 different photons (A, B, C and D) from the highest energy
photon (A) to the lowest energy photon (D) being absorbed into the system. This results
in an excitation to the vibrational level that matches the energy of the absorbed photon.
Photon (A) causes excitation to the highest vibrational level, being the most energetic,
and photon (D) to the lowest level respectively with photons (C) and (D) falling in

between.

Following the Kasha'’s rule, we can see that fluorescence emission takes place from the
lowest level of S4, yielding similar emission spectra for all 4 absorbed photons. What can
be seen to differ between the spectra, however, is the intensity of the emitted
fluorescence. Photons with wavelength deviating (A, B and D) from the excitation peak,
here targeted with photon (C), will cause overall decrease in the intensity of the

fluorescence emission, as illustrated in Figure 2.2.

Another typical feature in these spectra of absorption and emission is that they are
usually mirror images of each other. This is because the vibrational levels that exist
around the ground and excited states are approximately equally spaced, demonstrated
in both Figure 2.1 and 2.2. [5, p. 62]

2.2 Fluorescence spectroscopy and detection

Spectroscopy can be defined as a field that employs electromagnetic radiation to study
matter. [10, p. 1] However, when considering fluorescence spectroscopy, it is typically
adequate to stay within the limits of the visible spectrum from the whole electromagnetic
radiation spectrum. The range of wavelengths in this portion are commonly referred as
light, due to being observable and distinguishable with the human eye. Figure 2.3
displays the visible spectrum, showing the perception of different colours at different

wavelengths.

400 Wavelength (nm) 700

Figure 2.3 The visible spectrum, showcasing the gradual change from ultraviolet light
all the way to near-infrared light. The energy of the photon is inversely proportional to
the wavelength as per Equation 2.1. Adapted from [11].



Following the colour gradient of this spectrum from ultraviolet light (UV) to near-infrared
light (NIR), it is easy to understand fluorescence in action. As described earlier, a
fluorescing sample will emit light at longer wavelengths than it absorbs. A practical
example of this, requiring no measurement instrumentation except visual perception, is
shown in Figure 2.4, where a bottle of tonic water was illuminated with light-emitting
diode (LED) flashlight as the light source.

Figure 2.4 Quinine, found in tonic water, being illuminated with 365 nm light source.
The bottle glows blue with fluorescence emitted at around 481 nm. Tonic water is readily
available from grocery stores, allowing for demonstrative example of fluorescence.

Tonic water contains quinine, which is a well-known fluorophore that has an absorption
maximum at around 350 nm [12]. The light source used here is an UV-flashlight whose
wavelength peaks at 365 nm, which is close enough to target the absorption spectrum
of quinine. The wavelength of the flashlight is almost invisible to the eye, being so near
to the lower limit of the visible spectrum. However, when absorbed by quinine, bright
blueish fluorescence emission can be seen and is reported to have emission spectrum
with a maximum at 481 nm [12]. The reported value is in line with the observed colour

and spectrum of Figure 2.3.

The example above outlines some of the key elements that are needed in the detection
of fluorescence. Those include a substance with fluorescent properties, a light source

and a way of detecting the fluorescent light. This kind of detection system also typically



requires some sort of way to selectively pass through only specific wavelengths of light.
[5, p. 27] This process is known as optical filtering and is discussed in Chapter 3 in more
detail. In fact, all the components that make up this detection system are detailed in
Chapter 3. In the above example no filter was needed since the human eye already
somewhat cancels out the excitation light at 365 nm, as it is out of bounds of the visual
spectrum leaving only the fluorescence visible. However, in almost all fluorescence
measurements that are conducted with appropriate instrumentation, optical filters are a

must.
A common arrangement in which these components are set out respective to each other

is presented in Figure 2.5. This type of setup is known as the Ploem system, after J. S.

Ploem who pioneered the system when working with fluorescence microscopy [8, p. 36].

Detector

ﬁ

Emission filter

Light source

Dichroic filter

Excitation filter

Sample

Figure 2.5 The Ploem system. Excitation light (blue arrow) emerges from its source
and travels through the excitation filter. The dichroic filter reflects the excitation light at
90° to target the sample. Fluorescence (green arrow) is emitted from the sample, which
the dichroic filter passes straight through, allowing it to reach the detector after bypassing
the emission filter. Adapted from [8, p. 37].
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There are several different types of light sources that are used to excite the sample. In
non-specific applications such as in microscopy, it is often beneficial to have a source
that can cover a whole range of wavelengths so that the absorption spectra of many
different fluorophores can be targeted. These include for example xenon arc lamps and
quartz-tungsten halogen lamps. They offer rather continuous spectra in the visible
spectrum with sufficient illumination intensities and are consequently suitable for use with
a variety of fluorophores. [9, p. 37] However, using these types of sources means that
the system must include an excitation filter. As the spectrum of the excitation light is
continuous, it means that it will also contain the wavelengths at which the sample is
supposed to emit fluorescence. Hence, the excitation filter is placed right after the source

to only pass the wavelengths that cover the fluorophore’s absorption spectrum.

Other types of light sources are LEDs and lasers, which in contrast to continuous sources
offer more narrow spectra in terms of wavelength. They can be utilized in applications
where it is necessary to only target specific absorption bands of fluorophores instead of
being the jack-of-all trades that might be needed in a research lab to cover a vast range
of needs. LEDs have the perks of being inexpensive, easily available and consume low
amount of power [9, pp. 34-35]. On the other hand, lasers can offer much greater
illumination intensities and typically have a better beam quality, which means that the
excitation light can be easily shaped to suit one’s needs. Also, as the spectrum of light
which lasers output is very narrow compared to LEDs, it can remove the need of having
excitation filters since the spectrum is already confined enough to not interfere with the
detection. [9, p. 34] However, in cases where the absorption and emission peaks are
located close to each other, filtering the laser excitation source can be a viable option to
remove background noise and ambient light. [13] This thesis will focus on using a laser

as the light source, and they are further discussed in Chapter 3.

The Ploem system can include a light-sensitive detector as shown in Figure 2.5. This
makes it possible to extend the system’s range of operation to cover also industrial
applications, where the detection of fluorescence is not reliant on visual perception but
rather on suitable equipment. Typically, the light is filtered with a spectral optical filter
known as emission filter prior to reaching the detector to allow the detection of desired
wavelengths. [5, p. 38] Different types of detectors include photodiodes, photomultiplier

tubes (PMTs), spectrometers and CCD cameras.

As the Ploem system is commonly used in fluorescence microscopy, in those cases an

objective is typically placed just before the sample to focus the excitation beam to the
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sample as well as to collect the emitted fluorescence to the system. Furthermore, the
detector is replaced with an eyepiece which allows the viewer to look at the sample and

further magnifies the image.

Also, what is not shown in Figure 2.5, are the optical elements that are used to shape
both the excitation and emission beam. They include for example lenses that are used
to collimate, focus and shape the beam, and mirrors which direct the beam to follow
desired paths inside the system. Their configuration, placement and function vary from
system to system meeting different requirements for light manipulation and fluorescence
collection. For example, the excitation beam can be shaped to have a circular or line
beam profile depending on the application. Also, the collection of fluorescence can be
improved with collection lenses that gather more of the emitted light to the detector [8, p.
53]

2.3 Fluorophores

This chapter will focus on the key properties of fluorophores and provide examples of
them and their application areas. The definition of a fluorophore was already introduced
in Chapter 2.1. Some of the features that are typically related to fluorophores include the

following:

e absorption and emission spectra (including Stokes shift)

quantum yield

excited state lifetime

photobleaching and quenching

polarisation and anisotropy. [8, p. 63][9, p. 8]

Quantum yield, @, denotes to the ratio of emitted photons to absorbed photons,

described by the following equation

ky

- kr+X knr’ 23
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where k, refers to the rate constant of radiative processes and sum of k,,- to the rate
constant of all non-radiative processes. [14, p. 74] It can also be understood as a
probability of emitting a photon as a result of absorbing one. In case of an ideal
fluorophore, the quantum yield would be 1, meaning that for every absorbed photon,
there is one photon being emitted as fluorescence or in other words, a 100 % chance for
fluorescence to occur after every absorption event. However, in practice there exists
non-radiative processes such as thermalization as already discussed in Chapter 2.1,
which make @ < 1, but nonetheless, there are fluorophores that have quantum yields
close to the ideal value of 1. When comparing the quantum vyields of fluorophores, one
with a higher value will yield brighter fluorescence under excitation compared to one with
a lower value [8, p. 21], if we assume that our measurement equipment is equally
sensitive to all wavelengths. In practice, photodetectors are often dependent on the
wavelength they measure and thus can be more sensitive to some wavelengths than
others [15].

The excited state lifetime, 1, of a fluorophore population, i.e. multiple atoms or molecules
of the same fluorophore, is defined as the time that the fluorophore spends in the excited
state prior to returning to the ground state. This time typically obeys the law of
exponential decay, and thus the excited state lifetime can be described as the time it
takes for the fluorescence intensity to decay to 1/e = 36.8 % of its original intensity [14,
p. 770]. Figure 2.6 displays the exponential decay of the excited state lifetime as a

response to an excitation event.
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Figure 2.6 Exponential decay of the lifetime of the excited state, demonstrating the
definition of the excited state lifetime at 1/e of the original intensity. Adapted from [5, p.
103]

The excited state lifetime is an inherent attribute to each fluorophore and thus it can be
used as a parameter to distinguish between different fluorophores, similarly to the
absorption and emission spectra that are inherent for each fluorophore. This property is
utilized for example in fluorescence microscopy, more specifically in fluorescence
lifetime imaging (FLIM). The typical lifetime for a fluorophore is in the range of

nanoseconds (10°s) [9, p. 86].

The fluorescence polarization, or anisotropy, relate to a case where the fluorescent light
has an uneven intensity distribution in its polarization and is therefore not randomly
polarized light, or unpolarized light, as for example sunlight is [16]. This phenomenon is
based on the fact that fluorophores are selective when it comes to the polarization of the
excitation light [9, p. 12]. Some fluorophores might absorb only light that is polarized
along a certain axis relative to the molecular shape of the fluorophore. During the excited
state, the molecule rotates, and this affects the polarization of the subsequent emission
light. This can be used to study the volumes and molecular weights of certain
substances, such as proteins, where larger-massed compounds rotate slower than

lighter ones. For example, a protein binding to another protein would cause an increase
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in mass, which would result in slower rotation and thus this binding could be detected

when studying the fluorescence polarization [9, p. 18].

Photobleaching is a phenomenon where the fluorophore undergoes a process where the
intensity of the emitted fluorescence is permanently decreased. This event takes place
due to chemical damage that is induced by the photons of the excitation light as well as
covalent modification. Fluorophores have a finite amount of light absorption—
fluorescence emission cycles which they can endure before losing their fluorescent
abilities due to photobleaching. Photostability is a term used to describe the fluorophores
capability to withstand photobleaching, which is dependent on the chemical structure of
the fluorophore as well as the surrounding environment. [14, p. 774] Fluorophores are
more likely to chemically react with the molecules in their local environment when
excited, often destroying the fluorophore in the process. Environments containing
molecular oxygen, living tissue for example, allow the fluorophore to react with the
oxygen and produce free oxygen radicals, which can then destroy local cells. This effect

is utilized for example in cancer treatments in photodynamic therapy. [5, p. 202]

In comparison to the permanent nature of photobleaching, quenching is most often only
a temporary loss in the intensity of the fluorescence, where the fluorophore does not
undergo a change in its chemical structure. [9, p. 11] Quenching is typically observed
when non-radiative transitions from the excited state to the ground state increase,
essentially lowering the quantum yield of the fluorophore. It can take place in one of two
ways known as collisional and static quenching. In collisional quenching, the transition
from the excited state to the ground state in a non-radiative manner is facilitated by an
external molecule called the quencher. In static quenching, the quencher and fluorophore
form a complex that has a non-fluorescent ground state, thus removing the possibility to

emit fluorescence while transitioning to the ground state. [5, pp. 135-138]

Table 2.1 displays some common fluorophores that are used in biomedical applications
and compares some of the beforementioned attributes. The fluorophores presented here
were selected on the basis of having excitation peaks at around 488 nm and emission
peaks at around 515 nm, thus being applicable for use with the measurement setup

constructed in this thesis and described in Chapter 4.
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Table 2.1 Comparison of some common fluorophores used in biomedicine and life
sciences.

Excitation Emission peak Quantum Lifetime
Fluorophore .
peak (nm) (nm) yield (ns)
Alexa Fluor
488 494 519 0.92 4.1
Cy2 489 506 N/A N/A
eGFP 488 507 0.60 2.6
FITC 495 525 0.92 4.1

The data in Table 2.1 for each fluorophore can be found from:

Alexa Fluor 488 [17,18]

Cy2 — Cyanine [18]

eGFP — enhanced Green Fluorescent Protein [19]

FITC — Fluorescein isothiocyanate [18][20].

It should be noted that certain parameters, such as the excited state lifetime and
quantum vyield, are dependent on the physical and chemical environment of the
fluorophore. [8, p. 31] For example, the quantum yield of a fluorophore can be affected
by the viscosity of the environment or by the presence of a quencher molecule as
described earlier. The excited state lifetime is typically shortened in collisional quenching.
[5, p. 136] In some cases, a low-viscous environment may increase nonradiative decay
and thus decrease the quantum vyield whereas a high-viscous environment would

promote the radiative decay, causing an increase in the quantum yield [9, p. 81].

2.4 Applications of fluorescence in biomedicine

Fluorescence is utilized extensively in biomedicine and life sciences. This chapter will
highlight some of those application areas and focus on those that are most relevant
within the scope of this thesis. The key areas considered here are:

o fluorescent labeling

o fluorescence intensity detection
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o flow cytometry.

Fluorescent labeling serves as the foundation to the detection of biomolecules by acting
as a sort of a beacon that makes otherwise near-invisible events or structures visible.
The labels, also known as tags or dyes, are fluorophores that have the capability to
specifically bind to a target, or alternatively they can be present in the environment and
become activated by cellular activity [21]. As mentioned in the previous chapter, a single
fluorophore can exist in many different variants that have been chemically modified to
adjust the selectivity of the binding. For example, they can be modified so that they only
bind to a specific antibody, known as immunolabeling, or to a specific part of protein,

either covalently or non-covalently, known as protein labeling [9, p. 67].

One method of applying a fluorescent tag is depicted in Figure 2.7, where the receiving
molecule A is fixed to a surface in a solution, and a probing molecule B is introduced to
the mix. This probe then specifically binds to the fixed molecule, illustrated here with
lock-key principle, which then allows the solution to be washed with solvent to get rid of
contaminants (in blue). Finally, a fluorescent tag C is introduced, which in turn specifically
binds only to the combination of previously bounded molecules A and B. The function of
the fluorescent tag here is to serve as an indicator that the binding between A and B has

taken place. This type of process is known as a heterogenous assay. [14, p. 3]
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Figure 2.7 Fluorescent labeling process taking place in a heterogenous assay. A and
B represent the binding molecules and C the fluorescent label. The process starts with
the introduction of the molecule B to an environment where there is already molecule A
present. After successful binding and a wash, the fluorescent label C is introduced into
the mix. Adapted from [14, p. 3].

Fluorescent labels allow biomolecules to be visualized or otherwise detected with the
means of sensing the fluorescence emitted by the label when excited with appropriate
light. They offer several benefits that include for example high sensitivity in low
concentrations and the ability to not disturb the normal function of the targeted
biomolecule [22]. The other application areas listed above would not be practical or even
feasible without the use of fluorescent labels, so they truly are a backbone of

fluorescence detection in biomedicine.

In fluorescence intensity detection, emitted light is gathered from the sample to analyse
its properties. The measurement setup is typically arranged similarly as in the Ploem

system, illustrated in Figure 2.5.
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The applications of fluorescence intensity measurements include for example cell
viability assays, where the increase in measured intensity corresponds to a higher level
of cell death. This effect is based on fluorescent labels that in normal conditions are
unable to enter the cells and thus remain inactive even during illumination of the sample.
After the cell experiences cell death, or apoptosis, the membrane breaks down and
releases DNA matter into the same surroundings where the labels are, activating them,
and causing them to emit fluorescence when excited with light [2]. This process is
illustrated in Figure 2.8. The increase in detected fluorescence intensity can then be
related to the level of cell death. It is also possible to study the decrease of fluorescence

intensity as a result of photobleaching or quenching.
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Figure 2.8 Basis of cell viability measurements based on fluorescence intensity
detection. In case of a living cell, the labels are inactive and only low intensity
fluorescence is detected. When the cell dies and breaks down, the labels get activated,
resulting in a higher-intensity fluorescence. Adapted from [2].

Flow cytometry is a method where particles (often cells) rapidly travel through a narrow
capillary and are analysed as they pass a detection point, known as the point of
interrogation. In fluorescence-based approaches, certain particles are labelled with
fluorescent tags, which allows to distinguish them from the non-fluorescent particles. [14,
p. 769] Based on the measurement output, a variety of things can be done: the

fluorescence-positive particles can be physically separated from the negative ones,
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essentially creating a concentrated solution of the positive particles. Also, the number of
positive particles passing by can be counted. State of the art flow cytometry devices are
capable of analysing over 20 000 cells per second [14, p. 530]. An example layout of the

optical setup inside a flow cytometry device is shown in Figure 2.9.

Fluorescence
detection

Optical filtering

Laser

Lenses for collection and
collimation

Point of
interrogation Forward
scatter
detection

Figure 2.9 Optical layout of a flow cytometry system. The blue light denotes to laser
light and green light to fluorescence. The fluorescence measured from the point of
interrogation is used to analyze and count the contents traveling at high speeds within a
small capillary. Adapted from [23].

The system in above figure shows some similarities to the Ploem system but differs too
— for example, the sample placement is different, as the particles need to travel inside a
capillary. Also, the system contains instrumentation for measuring a non-fluorescence-
based parameter, known as the forward scatter, which simply measures the laser light
diffracting around the particle. The measured intensity of this scattered light is used to
evaluate the size of the particle and is proportional to the particle’s diameter [24]. In front
of the forward scatter detector, there is a small light-blocking element, known as the
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obscuration bar, which is usually a piece of metal that prevents the laser beam facing

directly to the sensor and consequently saturating it. [23]
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3. COMPONENTS OF THE SETUP

This chapter introduces and covers the components and equipment that are of
importance in the scope of this thesis. The measurement setup constructed and
characterized in this thesis utilized these tools to create an optical assembly, a
fluorescence measurement setup, which would be used to measure fluorescence

intensity from samples.

3.1 Lasers in fluorescence

Lasers are devices capable of emitting light confined within a very narrow spectrum,
compared to the light derived for example from more traditional and natural sources such
as lamps, candles and sunlight. In addition, the light outputted from a laser can be rather
easily manipulated to follow desired paths within optical systems, which makes them
especially useful in applications such as those related to fluorescence. [25] The lasers
utilized in this thesis were semiconductor lasers, where an electrical current applied to a
doped semiconductor structure gives rise to a stimulated emission of light [26, p. 33].
This light can then be coupled to an optical fiber that allows it to be connected to external
systems to make use of the laser light. Figure 3.1 shows an example of such laser
enclosed in a sealed packaging. The characteristics of a semiconductor laser relevant in
the scope of this thesis include its wavelength, optical output power, physical enclosure

and method of coupling to external systems.

Figure 3.1 Fiber coupled semiconductor laser module. The metallic pins allow for an
electrical connection and the optical fiber for an optical connection to external systems.
The module is typically mounted on a flat surface that also functions as a heat sink for
the module.
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The advantages of using a semiconductor laser to excite fluorophores are numerous.
Thanks to their narrow spectrum, fluorophores can be specifically excited where their
absorption peaks are located, thus yielding the highest-intensity fluorescence possible
for a fluorophore. This also helps with the design of the optical filters, where the
transmission at the excitation wavelength can be greatly attenuated at the emission filter.
As the optical output power of the laser can be easily tuned by altering the current driven
to the laser, it essentially allows to adjust the intensity of the emitted fluorescence and
find a balance between below-threshold and saturated signal. Also, considering from the
end-application’s system integration perspective, semiconductor lasers have a long

lifecycle and relatively low power consumption [9, p. 16].

3.2 Optical lenses

Optical lenses are used to manipulate light in various different ways by means of
diverging or converging the light that travels through them. The physical phenomenon
that allows this manipulation to take place is the refraction of light on the surfaces of the
lens. [27, p. 16] Typical characteristics of a lens include its shape, focal length, type and

intended wavelength range.

Lens shapes can be roughly divided into two categories — those that converge the light,
known as convex or positive lenses and those that diverge the light known as concave
or negative lenses. [27, p. 87]. The different variants of convex and concave lenses are

presented in Figure 3.2.
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Bi-convex Plano-convex Positive meniscus

Bi-concave Plano-concave Negative meniscus

Figure 3.2 The most common lens shapes. The top row consists of convex (positive)
lenses and the bottom row of concave (negative) lenses. Adapted from [27, p. 87].

A common application for positive lenses is to focus a collimated beam into a small spot
or do the opposite, i.e., to collimate a beam emerging from a small spot, for example
from the end of an optical fiber. Negative lenses on the other hand can be used to diverge

the incident collimated beam and are often used as beam-expanders [28, p. 44].

The focal length of a lens, f, is defined as the distance between the lens and its focal
point. [29] For a thin lens approximation, the focal length is measured from the center of
the lens, whereas for a thick lens there is usually different lengths defined for the front
focal length (FFL) and the back focal length (BFL), which are measured from the front

and rear optical surfaces of the lens relative to the focal point [30, p. 15].

The value for focal length is positive for convex lenses and negative for concave lenses,
hence the nomenclature for positive and negative lenses. The focal length of a convex

and a concave lens is illustrated in Figure 3.3.
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Figure 3.3 Focal lengths of a positive (top) and a negative (bottom) lens. The blue
arrows illustrate the propagation of rays of light. The rays of light, or their extensions in
the case of negative lenses, converge in the focal point, illustrated here as a black dot.
Adapted from [31].

In the focal point of the lens, rays of light converge to a single spot, but in reality, there
is a finite limit of how small the beam can get, defined by the diffraction limit [32]. To
achieve collimation from a point source, the lens should be placed at a focal distance
away from the source as shown in the top part of the figure above. In the case of the
concave lens, there exists a virtual focal point where the rays would converge if they

would be extended to the other side of the lens, illustrated above as the dashed lines.

Different types of lenses include for example spherical, cylindrical and aspheric lenses.
Spherical lenses are the most common type of lenses and are capable of producing a
focused round spot at the focal point. Cylindrical lenses differ from the spherical ones in
the sense that they only focus light along one axis, thus yielding a focused line rather
than a round beam. [28, p. 33] Aspheric lenses are something in between the two having
more complex-shaped profiles and are typically used to reduce optical aberrations within
the optical system. Their unique profiles allow for light manipulation that would otherwise

be only possible with designs containing multiple lenses. [28, pp. 33-34]
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Commercially sold optical lenses are often available with different optical coatings that
determine the range of wavelengths which the lenses are intended to be used at.
Typically, these coatings are antireflective (AR), meaning that they are designed to
decrease the amount of surface reflections taking place on the optical surfaces of the
component, which would otherwise cause optical losses within the system. This is
especially important in systems with multiple optical elements, as each component
typically introduces at least two additional optical surfaces that will account for further

optical power losses. Optical coatings are discussed in more detail in the next chapter.

Objectives are optical components used in imaging and typically consist of an assembly
of lenses and other optical elements. They are most commonly found in microscopes,
where they are used to form an image from the viewed sample. The parameters related
to an objective include its working distance and numerical aperture. The first term
denotes to the smallest physical distance between the imaged sample and the objective.
An objective with a suitable working distance can be selected on the basis of what type
of samples it is used to image. Numerical aperture (NA) of an objective describes its
capability to collect light from a sample and higher the NA, the larger the angle of the
light rays entering the objective can be, resulting in a wider angular aperture and shorter
the focal length for the objective. [33] The increase in NA typically results in a decrease
in the working distance, but there also exists lenses that have both a long working
distance and high NA. [34] The effect of wavelength on the objective is also an important
factor and affects the resolution of the objective, i.e. the shortest distance between two
distinguishable points on the cast image. Resolution is dependent also on the numerical

aperture of the objective and can be expressed with the following equation:

Resolution(r) = ﬁ, (3.1)

where A denotes to the wavelength and NA to the numerical aperture. The value of r
increases as the wavelength increases, meaning that details can be resolved in higher
accuracy at lower wavelengths than in longer wavelengths, for example in the near-Uv

region compared to NIR-region. [35]

3.3 Optical filters

The key principle behind an optical filter is the same as with almost any filter — to let

some things pass through the filter while prohibiting others from doing so. In the case of
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a spectral optical filter, this type of selectivity applies to the range of wavelengths which
the filter either transmits or rejects. [36] Other types of optical filters exist as well, such
as polarizers and spatial filters, but they are not discussed in detail in this thesis. The
transmission of a spectral optical filter at any given wavelength can be calculated as the
ratio between the intensity of the transmitted light and the light entering the filter. The

transmission of an optical filter illustrated in Figure 3.4.

Optical filter

Iin Ir:)ut

> >

Incident light Transmitted light

Figure 3.4 Transmission through an optical filter. The opaque blue arrow denotes to
the unattenuated light incident on the filter, and the transparent blue arrow to the
attenuated light. The light rejected by the filter is either absorbed into the filter or reflected
depending on the filter type.

A more practical way of determining the transmission of an optical filter at certain
wavelength is to calculate the ratio between the measured optical power before and after

the filter. The transmission can be calculated with the equation

P
T = =% (3.2)
Pin

where P;,, and P, correspond to [;,, and I, of the above figure. The ratio can be
expressed as the percent transmission T(%) = T - 100%, allowing for straightforward
conclusions about the performance of the filter, e.g. that a certain filter transmits 50% of
the light at one wavelength and 80% at some other wavelength. Alternatively, the
transmission can also be expressed as the optical density (OD), which can be calculated

with the following equation:
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OD = log;, (%) (3.3)

where T is the transmission calculated with Equation (3.2). The logarithmic
representation of the transmission as optical density is especially convenient when the
system contains multiple filters in series and their OD values can be simply summed to
calculate the total transmission. [37, p. 130] Also, as the transmission values are often
rather small for the wavelengths being rejected, presenting them as corresponding OD

values is usually visually more sensible when typed in tables for example.

The typical characteristics which optical filters are classified by include: center
wavelength (CWL), full width-half maximum (FWHM) bandwidth, cut on/off wavelengths
and optical density. [32] Furthermore, different types of optical filters include shortpass
(lowpass), highpass, bandpass and bandstop filters, whose nomenclature and shape of
frequency (wavelength) response are analogous to the filters frequently used in
electronics and signal processing. The transmission spectra of these different filter types

are presented in Figure 3.5.
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Figure 3.5 Example transmission spectra of the filter types shortpass, longpass,
bandpass and bandstop. The cut-off wavelength for the shortpass filter and the cut-on
wavelength for the longpass filter are 600 nm. The CWL of the bandpass filter is 600 nm
and FWHM 40 nm, whereas for the bandstop filter CWL is 561 nm and FWHM 18 nm.
Adapted from the data available at [38-41].

The terms CWL and FWHM bandwidth are mainly associated with bandpass and
bandstop filters, where the first term denotes to the centerpoint wavelength of the
transmission or rejection band and the second to the range of wavelengths that are
contained within the full-width half maximum value. This value is defined to be the
wavelength difference between the transmission values that are equal to half of the
maximum transmission value, thus giving the transmission band a lower limit, known as

the cut-on wavelength and a higher limit, known as the cut-off wavelength. For example,
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for a bandpass filter with 80% maximum transmission the FWHM limits would be at
wavelengths where the transmission drops down to 40%. Furthermore, the term FWHM
is frequently used when describing the diameter or radius of a laser beam [42]. The two
terms cut-on and cut-off wavelength also apply for the other filter types — the first for
longpass filters and the second for shortpass filters. [32] It is also quite common to
present the accompanying OD values of the spectrum together with the transmission

spectrum for optical filters.

Two different types of optical filters exist — absorptive filters and dichroic or thin-film
filters. Their means of filtering the light differ from each other in the sense that absorptive
filters absorb the wavelengths of light intended to be filtered, whereas dichroic filters
perform the filtering by reflecting the light away [9, p. 761]. Absorptive filters are typically
pieces of coloured glass or plastic that have the capability to absorb certain wavelengths
and transmit others. Compared to dichroic filters, they are more affordable, and the angle
of the incident light has little effect on the effectiveness of the filter. However, the slopes
of the transmission curves are typically gentler for absorptive filters than they are for
dichroic filters. Also, because of the composition of the absorptive filters, they can emit

fluorescence when being illuminated. [43]

Dichroic or thin-film filters on the other hand have sharp transitions between their
transmission and rejection bands, allowing them to be used with small Stokes-shift
fluorophores. Their functionality is based on thin layers of optical coatings deposited on
top of a substrate [37, p. 4]. An example of thin-film filters on a fused silica substrate is

shown in Figure 3.6.
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Figure 3.6 A set of thin-film filters deposited on fused silica substrate. The substrates
shown here are of rectangular shape, but filters structures are often deposited on square
substrates which allows them to be used in lens tubes for example.

The layers typically alternate with low and high refractive indexes, creating a structure
which causes certain wavelengths to interfere destructively, and thus pass through the
filter and other wavelengths to interfere constructively and be reflected back. [8, p. 36]
The design and fabrication of thin-film filters is an entire field of science and as such will

not be discussed in depth in this thesis.

3.4 Optical detectors

Optical detectors or photodetectors are devices that accept optical energy as an input
and produce an electrical signal as an output. These types of detectors can be divided
into two categories — single-element detectors and image detectors. The photodetectors
in the first category produce an electrical signal that is relative to the incident optical
power at the entire active area of the detector. Examples of photodetectors falling into
this category include photomultipliers and photodiodes. In image detectors, the active
area is sectioned into small elements, commonly referred to as pixels, which allow for
example the signal to be constructed into an image. Well-known examples from this
category are charge-coupled devices (CCDs). [44, p. 2]
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The method of converting the optical signal into an electrical one can also be used to
categorize photodetectors. The basic principle of how this conversion takes place is
known as the photoelectric effect, where an electron is released as a result of absorbing
the energy of a photon into a material [45, p. 1254]. The released electron can be
detected in two different ways, either with external or internal photoelectric effect. Using
the first method, the electron is emitted out of the material and collected to produce the
electrical signal. Detectors that function in this manner are known as photoemission
devices and include for example photomultipliers. In the second method, the electron is
not emitted out of the material, but is rather excited to a higher energy level while still
confined within the material. This phenomenon gives rise to a detectable photocurrent
that can be further amplified. The devices in this category include semiconductor-based
photodetectors, such as photodiodes and phototransistors. [46] Photoemission devices
typically have a better single-photon detection performance but are fragile and not
suitable for large volume manufacturing, whereas semiconductor devices can be made

in bulk and are typically relatively robust [44, p. 3].

Perhaps the most common single-element photodetector is the photomultiplier tube
(PMT). The technology behind the PMT has existed for over a century [44, p. 31], and it
continues to be utilized extensively in a variety of light-detection applications, where it
offers high detection sensitivity with relatively low noise and fast response speeds. More
recent technologies in the field of photodetectors include avalanche photodiodes (APDs),
single-photon avalanche diodes (SPADs) and silicon photomultipliers (SiPMs). [47] In
this thesis, the detectors used in the measurement setup were single-element detectors
utilizing internal photoelectric effect, apart from the CCD detector that was used in the

additional camera setup.

3.5 Optical fibers

Optical fibers are cord-like components made from fibers of glass or plastic and are used
to guide light from one end of the fiber to the other. They consist of a core, a cladding

and a protective tubing around them, arranged as illustrated in Figure 3.7. [48]
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Figure 3.7 Insides of an optical fiber (right) and light traveling inside the fiber (leff).
The internal structure of the fiber contains its core, cladding and protective tubing around
them. Adapted from [48][49, p. 1].

As shown above, the light travels inside the fiber within its core and is unable to escape
into the surrounding cladding due to total internal reflection taking place at the core-
cladding interface. In the event of total internal reflection, no light is transmitted to the
second material (cladding) and all light is reflected back and contained within the first
material (core) [45, p. 1086]. In order for this to happen, the refractive index of the
cladding needs to be slightly lower than that of the core and the angle of the entering

beam must fulfil the following condition

sina < NA = \/ngore —-n (3.4)

2
cladding

where NA stands for the numerical aperture of the fiber and n the refractive indexes of

the fiber core and cladding. [49, p. 1]

There exist two different types of optical fibers — multimode and singlemode fibers. As
per their name, multimode fibers allow multiple modes or rays of light to travel inside
them and thus have a larger sized core diameter, typically in the range of 50-800 um [49,
p. 14]. Singlemode fibers on the other hand have core diameters of around 8-11 ym and
permit only one mode to travel inside them [48][49, p. 13].

The light propagating inside an optical fiber typically experiences small losses when
comparing its optical input power to the output power. This is due to wavelength
dependent attenuation that takes place for example because of the fiber material

absorbing the light or physical bending of the fiber that allows some of the light to escape
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from the fiber. The losses that take place due to material absorption are typically
minimized by having suitable fiber material for different wavelength ranges. Also, the
attenuation caused by the physical bending is countered by specifying a minimum bend

radius for the fiber that should not be exceeded by the user. [50]

Optical fibers that are intended for quick-connect applications typically have a fiber optic
connector on one or both ends of the fiber. They are mating connectors and optical fibers
most often have the male-gendered connector that allows to connect them to the female
mating sleeve featured in various devices such as illumination systems and
measurement instrumentation. There exists a wide range of different types of
connectors, most of which are solely used in telecommunications, and as such not in the
focus of this thesis. The two most relevant connector types with regards to this work were

the FC/PC and F-SMA connectors, which are presented in Figure 3.8.

Figure 3.8 Examples of FC/PC and F-SMA fiber connectors, starting from the left:
FC/PC (female), FC/PC (male), F-SMA (male) and F-SMA (female). The female
connectors are most often panel mountable whereas the male connectors are found in
fiber ends for example. Image constructed from 3D-models available at [51-54].

The mechanical dimensions and other specifications related to these fiber connector
types are standardized as per IEC 61754-13 for the FC/PC connector [55, p. 49] and IEC
61754-22 for F-SMA (SMA905) [55, p. 54]. The main difference between the connector
types is that FC/PC male connector has a small key that locks the fiber in place in its
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female counterpart and prevents rotation whereas F-SMA connector only needs to be

concentric with the fiber.

3.6 Optomechanics

Optomechanics refers to the mechanical components that are used to mount and move
optics. They include for example simple mechanic holders for individual lenses all the
way up to the structural components of complex optical systems, such as microscopes.
[56]. Examples of different types of optomechanics with optics attached are presented in
Figure 3.9.

Figure 3.9 Examples of optomechanics for different types of optics, such as lenses,
filters and mirrors. The components shown here are attached to their holders with an
optical adhesive.

The work conducted in this thesis did not include the design of new optomechanical
components. However, different existing and commercially available optomechanics
were used as the building blocks of the optical setup described in Chapter 4. The key
components of the assembly were the lens tubes, which are essentially hollow metallic
cylinders that typically have internal threading running through them. This threading
allows retaining rings to be screwed inside the tube and optical components such as
lenses or filters to be securely fastened in between them. The multitude of different off-
the-shelf optomechanics allows for a plethora of assemblies that can be constructed from

them, allowing for low threshold prototyping in the laboratory.
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3.7 Optical adhesives

Off-the-shelf optomechanics are often too bulky for custom designed optical assemblies
where miniaturization and a small form factor are important. This gives rise to custom
designed optomechanics, where the method of attaching the optics to their mounts is
frequently done by using an optical adhesive. These adhesives are also used to bond
different optical components together. UV-curable adhesives are commonly used for
bonding optical elements because the adherent takes only a small amount of time to
cure under UV-illumination and are user friendly. [57, p. 99]. Different types of adhesives
are manufactured for use with different material interfaces, which include glass-on-glass,
glass-on-metal and glass-on-plastic. Optical adhesives can be divided into two
categories, which are optically transparent and opaque adhesives. The transparency of
the adhesive is especially important in applications where the bond between optical
elements should optimally interfere as little as possible with the incident light in order to
maximize the transmission through the optics. Opaque adhesives on the other hand are
often used to bond optical elements to their mounts and as such the light does not need
to travel through them. [57, pp. 99-101].

Problems that may arise when using optical adhesives are bond failures and they are
usually not related to the quality of the adhesive but rather on matters such as poor
compatibility of the adhesive on the application materials or anomalies, such as dust, on
the surfaces to be adhered together. Events such as adhesive shrinkage during curing,
decentering, bubbles within the adhesive and fogging can also have an effect, usually a

negative one, on the quality of the bonding. [57, pp. 100-102].

Some adhesives have fluorescent properties, which can be useful for example when
applied in inspection processes at factory production lines [58]. However, in applications
related to fluorescence detection, it is important that the adhesives do not account to
erroneous results at the detector. Hence, when selecting the adhesive to use in an optical
assembly, its fluorescent properties should be understood. It is possible to contact the
vendor or manufacturer of the adhesive to gain this information or alternatively the
fluorescent properties can be empirically tested with the application wavelength and

optical setup.
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4. CONSTRUCTION AND CHARACTERIZATION
OF MEASUREMENT SETUP

This chapter describes the construction and characterization of the proof-of-concept
measurement setup. The overall layout of the setup is presented first, followed by
detailed descriptions of the design blocks and their components. These design blocks
include the excitation source, the collimation assembly, the dichroic filter assembly, the
excitation light focusing and fluorescence collection assembly and finally, the detector
assembly. The chapter also includes descriptions of the characterization measurements
performed on the collimation assembly and the emission filter in the detector assembly.

Lastly, an auxiliary camera setup that was used in the prototyping is presented.

4.1 Layout of the measurement setup

| initiated the design of the measurement setup with a specific target in mind — to enable
the detection of fluorescence intensity from samples that contain fluorophores which
absorb light at around 488 nm and emit fluorescence at around 515 nm. The intensity
would be measured with a semiconductor-based detector, such as a silicon
photomultiplier or a photodiode. The samples would be typically cultivated and housed
in microplates, which resulted in design considerations that needed to be addressed in
the design presented below. The constructed system would be useful for many different
applications, such as the detection of processes that involve change in fluorescence
intensity over time. | also took the modularity and possibilities for future development into
account in the design, making it relatively easy to modify the setup to support spectral

measurements or imaging by replacing the detector with a spectrometer or a camera.

A block diagram of the designed measurement setup with its components arranged in
their approximate positions relative to each other is illustrated in Figure 4.1. As can be
seen from the figure, the setup essentially follows the design of the Ploem system, shown
in Figure 2.5, although the sample is now on top rather than on the bottom, allowing for
a configuration where the illumination and fluorescence collection is done from below. |
chose this arrangement for two reasons, the first being project-specific requirements and
the second that when using microplates as the sample, it is often preferred to keep the
cover lid of the microplate in place in order to prevent the contamination of the samples
[59]. Additionally, in certain types of cell-based assays bottom detection is preferred due

to the cells growing on the plate’s bottom [60].
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Figure 4.1 Block diagram of the measurement setup, displaying its components and
their arrangement. The exact spacings between the components may differ in the real-
life implementation.

The type of samples, i.e. microplates, that the setup would be used with, presented
guidelines, or restrictions, to the system design. Using microplates would mean that the
sample could not be tilted to avoid spilling its contents. In other words, the sample would
need to be parallel with the horizontal axis of the setup. Furthermore, | determined that
the excitation and fluorescence detection would be carried out from the same side of the
sample — this decision was made to allow for a more compact design with the concept
of subsystem integration in mind as well as to further follow the design of the Ploem

system.

4.2 Design of the excitation light delivery

| used a laser system to provide the needed excitation light for the samples. This type of
laser system had already been previously integrated inside the in vitro illumination device
to serve as the light engine, so using the same platform was logical. As the targeted

fluorophores would absorb light at 488 nm, | selected this wavelength for the excitation
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source. The measured spectrum of the laser is shown in Figure 4.2. Overall, the
wavelength of 488 nm is very common in fluorescence measurements, as a great deal
of fluorophores have absorption spectra that can be targeted with this wavelength. It is
often by design, as many fluorophores are in fact tailored to be excitable at around 488
nm wavelength. [61] For example, all the fluorophores presented in Table 2.1 could be

excited to emit fluorescence at 488 nm.

Normalized intensity
o

480 482 484 486 488 490 492 494
Wavelength (nm)

Figure 4.2 Spectrum of the excitation laser, peaking at 488 nm. Measured with
Mightex HRS-VIS-010 USB Spectrometer.

| coupled the laser light into a multimode optical fiber that delivered the excitation light to
the optical system. The multimode fiber was used instead of a singlemode due to the
configuration of the excitation light source. The fiber connected with the system using a
female FC/PC fiber adapter plate that | mounted inside an optical lens tube. The female
connector type needed to be FC/PC because the multimode fiber had a male FC-PC

connector.

Finally, | included a plano-convex lens with a focal length of 15 mm to the same tube
after the fiber connector to act as a collimation element for the light that was diverging

from the end of the fiber. Next, the collimation assembly would be characterized.
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4.3 Design and characterization of the collimation assembly

| recorded the quality of collimation with an optical beam profiler camera at two separate
distances, 100 mm & 600 mm, measured from the end of the lens tube. This collection
of optics and optomechanics formed a subassembly within the entire measurement
setup, referred as the collimation assembly within this thesis. A 3D-model representation

of the collimation assembly is shown in Figure 4.3.

RN

Figure 4.3 Collimating lens and a fiber connector fastened inside a lens tube using
retaining rings. An optical fiber is attached to the fiber connector. The exact positions of
the components can be fine-tuned by moving the retaining rings and thereby the
components which they lock in place. The presented assembly is referred as the
collimation assembly in this thesis. Image constructed from 3D-models available at
[61][62-64].

| constructed a separate setup in order to perform and optimize the collimation for the
excitation light. The underlying principle in collimation is that it renders an otherwise
diverging beam into a one that does not spread while propagating. This represents an
ideal situation, but in reality, a perfect collimation is not possible because the light rays
do spread at least slightly due to a phenomenon known as diffraction [65]. Figure 4.4
presents a block diagram of the constructed collimation setup.
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Figure 4.4 Constructed collimation setup, which consisted of the collimation assembly
and a beam profiler camera. The collimation assembly included the collimation lens and
a fiber connector that were mounted using retaining rings. The distance fcoL could be
fine-tuned by adjusting the retaining rings with a tool called the spanner wrench.

| attached the collimation assembly and the beam profiler camera to a long, standing
optical post that served as a tree-like platform where | could easily alter the vertical
distance between the components. The camera was connected to a PC and could be
operated with its dedicated software. Figure 4.5 showcases the real-life construction of

the collimation setup.
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Figure 4.5 Collimation setup being used to fine-tune the position of the collimation
lens to achieve better-quality collimation. The collimation assembly on top is pointing
downwards to the beam profiler camera below, allowing for measurement of the diameter
of the beam at different distances. The tree-like construction of the setup made the
alteration of the vertical distance between the collimation assembly and the camera
possible.

| decided that the quality of collimation would be inspected at two discrete distances from
the end of the lens tube which housed the collimation lens and fiber connector. These

distances were x; = 100 mm and x, = 600 mm. This distance would be sufficient as

the total path travelled by the excitation light in the system would not exceed that of x,.

| measured the beam diameters at these two distances and compared them to each
other to determine if the beam was sufficiently collimated. Thus, the absolute size of the
measured beam would be off less importance whereas the relative change of the
diameter between the measurement points would be studied. The relative change in the

diameters at positions x; & x, could be calculated with the following equation:
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relative change (%) = %- 100 %, (4.1)

X1

where dy, denotes to the diameter measured at distance x; and dy, to x, respectively.
| could constantly compare the values of d,, & dy, to one another by moving the beam

profiler camera from one measurement position to the other while altering the lens-
position. My goal was to minimize the relative change by fine-tuning the distance fcoL
between the fiber connector and the collimation lens. The nominal focal length of the
lens, fco = 15 mm, served as the starting point for me at this procedure. | measured the
distances using a caliper and a lens tube compatible spanner wrench that had a
distance-scale engraved on it. The results from the collimation measurements are

presented in Chapter 5.1.

4.4 Design of the dichroic filter assembly

| attached the collimation assembly to a dichroic filter mounting cube, which housed a
dichroic filter with a reflection band at 470-490 nm and a transmission band at 508-675
nm. The filter had been designed to be suitable for use with the fluorophore FITC [66],
and therefore was suitable for my target fluorophores’ excitation and emission
wavelengths. The transmission data for this filter is shown in Figure 4.6, showcasing the

bands of reflection and transmission.
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Figure 4.6 Transmission data for dichroic filter. The transmission band is at 508—675
nm and the reflection band at 470-490 nm. Adapted from [66].

The optical coating of the filter had been designed so that the reflection & transmission
bands would function as illustrated above when the incident light was at 45° angle with
respect to the normal of the filter. Thus, | could use it to reflect the collimated excitation
light to the sample when placed at a 45° angle relative to the excitation source as shown
in Figure 4.1, while allowing the fluorescence to pass to the detector. At the same time,
the dichroic filter would help in preventing the scattered excitation light from reaching the

detector and causing false readouts.

4.5 Design of the excitation light focusing and fluorescence
collection

After the dichroic filter, | used a lens to focus the excitation light to the sample. The lens
served two purposes — it focused the collimated excitation light to a small spot, resulting
in high-intensity illumination on a small area and in addition functioned as a fluorescence

collection lens, essentially doing the reverse to the fluorescence than what it did for the
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excitation light. This meant that from the fluorescence-perspective, the lens collected
fluorescent light from a small spot at the sample and collimated it back to the optical
system. As described before, the collected fluorescence could then pass through the
dichroic filter and enter the detection side. The exact size and shape of the spot varied

depending on the used lens.

| experimented with several different types of focusing/collection lenses, each with their

own characteristics. A selection from the tested lenses included the following:

e Plano-convex lens, focal length of 15 mm. This lens was identical to that in the
collimation assembly. Similarly, it was mounted inside a lens tube to achieve a

focused circular spot at the sample.

e Rectangular cylindrical lens, focal length of 20 mm. This lens focused the
excitation light to a thin line rather than to a circular spot. It was mounted inside
a cylindrical lens mount. Focusing the excitation light to a line profile also meant
that the fluorescence was collected only from the region of the line, thus making

it less sensitive compared to regular spherical lens.

e Microscope objective (LL20x/0.40 P, Leitz Wetzlar). | used this objective,
containing an internal assembly of lenses, to create a circular beam profile
similarly to the plano-convex lens, although with better beam quality. | used it

also in the auxiliary camera setup described in the end of the Chapter 4.

4.6 Design of the detector assembly

The detector assembly formed another subassembly, and consisted of an emission filter,
a lens that focused the fluorescence to the detector and the detector itself. | arranged all
the components in this subassembly inside a lens tube, which | connected to the dichroic
filter mount. | selected the emission filter so that it would pass fluorescence emission of
the fluorophores peaking at around 515 nm. | chose not to utilize absorptive filters but
instead used thin-film filters in the setup, due to their superior filtering performance and
having no risk of the filter itself emitting fluorescence, as can happen with absorptive

filters.

Again, several variants were experimented with, and three of them are presented below:
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e 540 nm CWL, 56 nm FWHM bandpass filter (#86-344, Edmund Optics®).

e 514.5 nm CWL, 3 nm FWHM bandpass filter (FL514.5-3, Thorlabs Inc.)

o 525 nm CWL, 39 nm FWHM bandpass filter (MF525-39, Thorlabs Inc.)

The transmission spectra for the three filters are presented in Figure 4.7. All of the

presented filters have their pros and cons with respect to usage in this setup, which are

discussed below.
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Figure 4.7 Transmission spectra of three different bandpass filter experimented with
in the setup. The differences in the filtering characteristics of the filters are apparent from
the shape of the spectra. Adapted from [67-69].

As can be seen from the above figure, the laser line filter FL514.5-3 has clearly the

narrowest passband out of the three filters, which is promising in the sense that it does

not transmit light that would be out of bounds of the fluorescence emission occurring at

515 nm. Therefore, using this filter should increase the signal-to-noise ratio by

eliminating readouts resulting from stray light. However, the transmission in the
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passband is rather low, even below 60%, compared to the other filter variants shown
here. This means that a considerable amount of the fluorescence emission reaching the

filter would actually be reflected away, decreasing the level of the detected signal.

The filter MF525-39 showcases a passband with transmission levels nearing 100% at
the region of fluorescence emission. The transmission band exists between about 500-
550 nm, meaning that 515 nm emission should pass through well. However, the lower
part of the passband is perilously close to the excitation source’s wavelength of 488 nm,
which increases the chances of the excitation light leaking through the emission filter and

possibly saturating the detector.

Lastly, the filter #86-344 exhibits the highest transmission in its passband out of the
three. It also has the highest bandwidth, ranging roughly from 515 nm to 570 nm. This
filter seems to fix the issue of the previous one, by not being too close to the laser
emission spectrum. Although the fluorescence emission peaks at 515 nm, it still extends
below and beyond this value, meaning that fluorescence light can still be collected with
filter #86-344. The filter's downside, however, is the large bandwidth that is has. It allows
a large range of wavelengths to pass through that are much larger in terms of wavelength
compared to the fluorescence emission, which could result in unwanted noise in the

signal.

| used another piece of plano-convex lens with focal length of 15 mm to focus the
collected and collimated fluorescent light to the detector. This would help in gathering
more signal, as the size of the collimated fluorescent beam could be gathered to a small
spot at the detector. | experimented with different types of detectors, such as a silicon
photodiode and a silicon photomultiplier. The signal measured with the detectors would
be amplified with a pre-built amplifier and studied with an oscilloscope. Due to the
modular design, the detector could be replaced for example with a camera or an optical
fiber connected to a spectrometer. In the end-application after integrating the setup as a
subsystem into the in-vitro illumination device, dedicated software and electronics would
be needed to make the detected signal accessible in a practical format for the user of

the device.

4.7 Characterization of the emission filters’ transmission

| characterized the emission filters presented in the previous subchapter in order to study

their true transmission values in contrast with the reported values at the wavelengths of
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interest. | constructed a dedicated measurement setup to allow for the optical power
measurements needed for the calculation of transmission and OD value as per
Equations (3.2) & (3.3). Figure 4.8 illustrates the setup used in the filter characterization

measurements.
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Figure 4.8 Optical setup for transmission measurements. A measurement was taken
with the emission filter (left) and without (right) to calculate the transmission and OD
value for each filter. The integrating sphere was connected to a power meter that
displayed the value for the measured optical power.

| performed the optical power measurements with an integrating sphere connected to an
optical power meter. | placed the emission filter in front of the beam and measured the
optical power. After this, | took the filter off and performed a second measurement without
the filter to determine the transmission. The setup contained a collimation assembly
presented in Chapter 4.3. All of the optics were housed in a light-tight lens tubing and
the lighting in the room was turned off during the measurements to reduce the overall

background signal. Figure 4.9 showcases the transmission measurement setup in use.
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Figure 4.9 Transmission measurement setup being used to characterize the emission
filters. The integrating sphere is the big red sphere in the figure. The light can be seen to
travel along the fiber, through the optics and filter and enter the sphere where the
transmitted optical power can be measured.

| used a total of three different laser light sources to determine the transmission of the
filters at three discrete wavelengths. These wavelengths were approximately at 488, 491

and 516 nm. The wavelengths of the used laser modules are presented in Figure 4.10.
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Figure 4.10 Laser wavelengths used in the transmission measurements. Excitation
light wavelengths 488 & 491 nm are shown on top and fluorescence emission simulation
wavelength 516 nm below.

| used the two lower wavelengths to study the filters’ capability to block the excitation
light. The 516 nm wavelength was used to simulate the fluorescence emission incident

on the emission filter. The results from the transmission measurements are presented in

Chapter 5.2.
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4.8 Remarks and analysis of the optical path in the setup

The approximate optical path of both the excitation and emission light within the
measurement setup are illustrated in Figure 4.11. The blue colour on the left part of the
figure denotes to the excitation light and the green on the right part to fluorescence

emission.

________________________________

Excitation light

Figure 4.11 The optical path for the excitation and emission light inside the optical
system. The excitation is depicted in blue on the left and the emission in green on the
right. The illustrated components, i.e. the fiber connector, lenses, filters, sample and the
detector are analogous to those in Figure 4.1.

| placed the collimation lens approximately a focal distance away (fco. = 15 mm) from
the end of the fiber connector to achieve collimation. The exact position of the lens
relative to the fiber connector was fine-tuned to achieve optimal collimation as described

earlier in Chapter 4.3.

The exact position of the focusing/fluorescence collection lens in the measurement setup

was trivial in the sense that the sample could be accurately positioned relative to the rest
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of the system, thus achieving the focal distance between the lens and the region of

interest at the sample.

As the lens responsible of focusing the fluorescent light to the detector was identical to
that used in the collimation, so was the distance (froc2 = 15 mm) between the lens and
the target, which in this case was the active area of the detector. The only difference
here was that no actual feedback could be used to measure the accuracy of the lens
positioning, and thus no additional fine-tuning was performed on the positioning of this

lens.

The fluorescent light would be slightly off-centre after passing through the dichroic filter,
as illustrated in Figure 4.12. This effect is known as the lateral shift of light, denoted here
as s, when passing through medias with different indexes of refraction. It can be

calculated with the following equation:

t .
S = ost, sin(6, — 6,), (4.2)

where t is the thickness of the filter, 6, is the angle of the incident ray of light entering
the filter with respect to the normal of the surface and 6, is the refracted angle inside the

filter relative to the normal. [70, p. 27]
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Figure 4.12 Lateral shift of light (also known as beam displacement) when passing
through the dichroic filter. The angles, distances and lateral shift shown here are only for
visualization and thus not in scale in the figure. Adapted from [71].

Snell’'s law or the law of refraction for the angles of incidence when passing through

media with different indexes of refraction, is presented below:
n,sinf; = n,sinb,, (4.3)

where n; is the index of refraction for the first media and n, for the second media,
respectively. [70, p. 53] In this case, n; = 1.00028 for air in standard temperature and
pressure (STP) for 515 nm [72] and n, = 1.4615 for the dichroic filter's fused silica glass
substrate for 515 nm [73]. The incident angle 6, is now equal to 45° and thus solving
Equation (4.3) for 6, yields 6, = 28.94°. Inputting the angles 6; & 8, and the thickness
of the dichroic filter (¢ = 1.0 mm [66]) into Equation (4.2) results in a lateral shift of s =

0.32 mm.

It should also be noted that the angle of the light relative to the surface normal after

exiting the dichroic filter is equal to the original entering angle of 45°. This means that
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displaced rays of light are parallel to the non-displaced rays, as is evident from Figure
4.12.

4.9 Auxiliary instrumentation

| used a separate camera setup in some instances to visualize the illuminated sample.
This information could be used to determine if the measured signal was actually resulting
from the emitted fluorescence or from some other source. The exact configuration,
arrangement and spacing within the camera setup were adjusted ad hoc during the
testing but its key components and arrangement in one configuration are presented in
Figure 4.13.

CMOS camera

Extension tubing

Emission filter

Adjustable aperture

m

'."_.‘
Objective i||||iuiM|||i

| Sample

Figure 4.13 Camera setup as block diagram (left) and as actual implementation
(right). Blue arrow on the left denotes to excitation light and green to fluorescence. The
components in the assembly on the right include CMOS camera, extension tubing,
emission filter, adjustable iris and an objective.
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The camera used in the setup was a monochrome CMOS camera. It could be operated
with PC using a dedicated software and provided almost real-time imaging from the

sample.

Varying lengths of extension tubing (optics lens tubes) were used to control the
magnification of the image. An emission filter was a necessary component in the camera
setup since the excitation light would be facing the camera sensor directly, resulting in
complete saturation without the filter. An adjustable iris aperture was added to the setup
with the idea to control the light exposure of the sensor and thus the depth of field.
However, this feature proved to be quite little of value and functioned mainly as a way to
block the light reaching the detector and so it was operated either completely open or
closed. The objective was used to gather light and produce an image from the imaged

sample.
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5. RESULTS

This chapter presents the results from the characterization of the collimation assembly
and the emission filters’ transmission at the application wavelengths. In addition, optical
adhesives were compared for their fluorescent properties — this information could be
used when selecting the optimal adhesive to be used with custom optomechanics in
future development. Finally, proof-of-concept results from the functionality testing are
presented which demonstrate the performance of the fluorescence measurement

system.

5.1 Beam profile measurements

Figure 5.1 displays the measured beam profiles from the collimated excitation light at
distances of 100 and 600 mm from the collimation assembly. The light intensity
distribution is visualized with a colour gradient, red being the highest intensity and blue

the lowest.

Beam at 100 mm Beam at 600 mm

Figure 5.1 The collimated beam measured at two different distances from the
collimation assembly. The images are in the same scale, already revealing that the
increase in the beam size is not significant.

The beam profiler camera software measured the mean FWHM sizes of the beam at

different distances, resulting in dy, = 1551.2 um and dy, = 1699.8 um. Entering these
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values into Equation (4.1) yields a relative change of approximately 9.6 %. In other
words, there is roughly a 10 % increase in the beam size between the distances 100 &
600 mm. A change of this size is detectable, but not significant in the scope of the rest
of the measurement setup. This is because the excitation beam does not travel even as
far as 600 mm from the collimation lens and thus remains sufficiently collimated

throughout its path.

5.2 Transmission measurements

The results from the optical power measurements needed in the calculation of the
transmission and related OD values for the emission filters are presented below. Table
5.1 shows the measured values without the filters in place for the used wavelengths 488,
491 and 516 nm.

Table 5.1 Results from the optical power measurements without filters for 488, 491
and 516 nm. A background power of around 30 nW was measured in all cases.

Wavelength Power wi/o filter Background power
(nm) (mW) (nW)
488 37.8 30
491 37.4 30
516 1.84 30

The excitation wavelength laser modules of 488 & 491 nm yielded almost identical levels
of optical power when both were operated with a current of 100 mA. The 516 nm laser
module simulating the fluorescence produced much lower output power with the same

current due to different current-power characteristics than the excitation laser.

The measured background power was the same for all wavelengths and in fact the value
also applies to the measurements performed with the filters on. This background power
was the residue of the optical power that was detected even when the measurement
room was darkened, and no laser light was turned on. The exact value for the
background noise constantly varied between some tens of nanowatts and so the roughly

average power of 30 nW was recorded.

Table 5.2 presents the results from the optical power measurements performed with the
different emission filters in place. The measured levels of power for the excitation

wavelengths 488 & 491 are presented in nanowatts and for the 516 nm in milliwatts.
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Table 5.2 Results from the optical power measurements using the different emission
filters at 488, 491 and 516 nm.

Power w/ filter
Wa‘zz':]')‘gth MF525-39 | FL514.5-3 | #86-344 | Unit
488 1310 250 560 | nW
491 1840 230 815 | nw
516 1.79 1.32 178 | mw

As can be seen from the above table, the detected power levels for the excitation
wavelengths are much lower than they are for the emission light. However, some
excitation light does still leak through and even at its lowest (230 nW), it is still easily

distinguishable from the measured background noise of 30 nW.

Table 5.3 presents the calculated transmission and OD values for the different filters at
all the wavelengths used in the measurements. The reported values for the filters are
also listed for reference. Certain reported values for the filter #86-344 were not included
in the table due to being inaccurate and having negative transmission values. This might
be caused by the measurement instrumentation or by an unknown error at the

manufacturer.

Table 5.3 Transmission and OD values for the different filters at 488, 491 and 516
nm. The reported values can be found from [67-69].

Wa‘(ﬁ':]')’gth MF525-39 | FL514.5-3 | #86-344
Transmission 488 3.47E-05 6.61E-06 | 1.48E-05
Measured OD 488 4.46 5.18 4.83
Reported OD 488 7.20 5.19 N/A
Transmission 491 4.92E-05 6.15E-06 | 2.18E-05
Measured OD 491 4.31 5.21 4.66
Reported OD 491 6.84 4.96 N/A
Transmission 516 9.73E-01 7.17E-01 | 9.67E-01
Measured OD 516 0.01 0.14 0.01
Reported OD 516 0.035 0.45 0.039
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When comparing the measured and reported OD values for the filters, the filter FL514.5-
3 seems have the most matching results, whereas the reported values for MF525-39 are
much higher than the measured ones. This difference might be due to different type of
measurement setup and instrumentation used when measuring the reported value. It is
also possible and perhaps likely that in the setup used in this work, some of the light rays
reaching the emission filters were not advancing directly parallel to the surface normal
but rather in an angle, which means that the thin-film coating does not function as

intended.

5.3 Comparison of optical adhesives

In relation to other objectives of the project, several optical adhesives were tested for
their fluorescent properties at the target wavelength of 488 nm. The measurement setup
consisted of the excitation light source, the adhesive samples and an optical spectrum

analyzer.

The course of action was to illuminate each sample with the excitation light at 488 nm
and measure whether or not it emitted fluorescence at the application wavelength of 515
nm. However, due to time-constraints the optimization of this setup was left undone, and
no fluorescence could be accurately measured with actual equipment. Instead, the
comparison between the adhesives was performed by visual inspection to see if the
samples would emit fluorescence light when illuminated with the laser light. The results

of the visual inspection test are presented in Table 5.4.

Table 5.4 Results of the fluorescent properties of the optical adhesives at around 515
nm. The samples were excited with 488 nm wavelength.

Adhesive Perceived level of
fluorescence
Glue type #1 High
Glue type #2 None
Glue type #3 Low
Glue type #4 None
Glue type #5 None
Glue type #6 Low
Glue type #7 High
Glue type #8 High
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The perceived levels of fluorescence in the above table were recorded on the basis of
the visual inspection, and as such are by no means definitive results, but rather offer
information that is useful in the comparing different the adhesive samples. Based on the
results, the samples with fluorescent levels of “None” or “Low” would be the best
candidates to use in fluorescent applications at these wavelengths, whereas samples

with “High” would not be applicable.

5.4 Functionality testing

Figure 5.2 showcases the measurement setup in one of its configurations under
illumination with the excitation source. The 488 nm laser appears turquoise or blueish

green under visual inspection.

Figure 5.2 Measurement setup with the 488 nm excitation source turned on. The
excitation light is coming out from below to the sample, where the focused beam is visible
as a bright turquoise spot. The surrounding objects are mostly various types of
optomechanics used in accurate positioning of the different elements of the system.
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| used laser safety glasses (UV400 #51, LaserShields) during active illumination of the
sample. They offered an excellent OD 7+ level of protection from the excitation light,
making the work possible without the risk of damaging my eyes. The OD 7+ level of
protection at a particular wavelength corresponds to 0.00001 % of the incident light being

transmitted through the filter, thus being greatly attenuated.

| tested the measurement setup for its functionality by utilizing a fluorophore with an
excitation peak at 488 nm and fluorescence emission peak at 515 nm. A solution
containing the fluorophore was injected to a narrow channel which | placed above the
system at the focal point of the collimation/fluorescence collection lens. This resulted in
a time-resolved signal that could be monitored. The idea behind the arrangement was
that every time a fluorescent particle would pass above the setup, it would be excited to
emit fluorescence and cause a peak in the signal measured with the oscilloscope. This
would mimic a situation where the fluorophore would be active only for brief intervals at
a time at the sample and in this way produce changes in fluorescence intensity. In
practice, these types of changes in fluorescence intensity can take place for example
due to cellular activity, such as the binding of fluorophore to Ca2*, which for certain
fluorophores increases their quantum yield and consequently the intensity of the
fluorescence [74][75]. Figure 5.3 displays an example of the fluorescence peaks
measured from the constructed setup using an oscilloscope and an amplifier circuit for

the detector.
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Figure 5.3 Fluorescence measurement results from the constructed measurement
setup. The three distinct peaks result from fluorescing particles passing by the zone of
illumination and detection. The baseline and smaller peaks are caused by noise, which
results from mechanics (vibration), electronics and ambient light.

The three prominent peaks in the above figure represent fluorophores passing by the
point of detection. | verified the peaks to be resulting from actual fluorescence by placing
the auxiliary camera setup on top of the measurement setup and compared the camera
footage to the measured signal. The peaks seen in the oscilloscope signal corresponded

to the fluorescing particles seen in the camera view.

Although the measurements were conducted in a dark room, the ambient light had a
significantly noisy effect on the detected signal. | added additional protection in the form
of matte black foil and blanketed the setup with it to reduce the noise caused by the

ambient light.
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6. DISCUSSION & CONCLUSIONS

Based on the results of the functionality testing, the measurement setup can be
determined to be functional and thus the objectives set for this thesis have been met.
The setup showed capability to excite samples at the wavelength of 488 nm with suitable
beam characteristics and was able to measure fluorescence occurring at 515 nm. This
results from a successful concept applied to both to the excitation and fluorescence
collection side. However, the system was subject to considerable noise in the measured
signal which resulted from different sources such as mechanical vibration and the
detection of the excitation light despite the optical filtering. This work was carried out as
a part of a project within the COMPANY and thus certain details regarding the

development and testing were not disclosed due to confidentiality.

Considering that the total path length which the excitation light must travel within the
measurement setup is somewhere between 100-300 mm depending on the exact
configuration, it can be concluded that the quality of collimation of sufficient with the 10%
relative change in the measured beam diameter. A possible development area for the
collimation assembly would be to increase the homogeneity of the collimated beam by
including a diffuser that would scatter the light into a more uniform profile intensity-wise.
However, diffusers typically cause divergence to a collimated beam, which would require
considerations in the optical design. For example, including an aperture of certain
diameter in the setup would help in confining the excitation beam to a suitable size at the

sample.

With respect to the rest of the measurement setup, the calculated lateral shift is
insignificantly small as the sensor of the detector is large enough to pick up the signal
regardless of the shift, especially as the light is also focused on the detector. However,
this might pose an issue if one would try to couple the focused emission light into an
optical fiber. In that case, the fiber would be connected to a fiber connector which would
be concentric with the lens tube. The lateral shift would cause the focused emission light
to hit slightly off-center of the fiber connector, meaning that it would not couple efficiently

into the fiber and therefore weaken the detected signal.

Out of the three tested emission filters, FL514.5-3 seems to be the most effective at
filtering out the excitation light, but at the same the has the lowest transmission (highest

OD) for the fluorescence emission. The same deduction was already made in Chapter 4
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when comparing the transmission spectra of the filters provided by the manufacturer.
Nevertheless, all of the tested filters have sufficiently low and high transmission
respectively in the excitation and emission region to be used in the actual measurement
setup. Depending on the optical design to be utilized in the subsystem integration phase,
it would most likely be sensible to design a custom optical emission filter to allow for the
customization of the filters’ physical size as well as the transmission and rejection bands.
Not only would this bring flexibility for the design itself, but it would also make it possible
to use other types of fluorophores with different excitation and emission spectra if the
filters could be tailored to suit the application. This would of course require some changes
in the excitation source and dichroic filter placed at 45° relative to the collimation and

fluorescence collection as well.

Although useful for fluorescence verification purposes, the camera setup had also its
drawbacks. By placing an additional setup that contained many reflective surfaces as an
add-on on top of the existing measurement setup, the excitation light reflected to the
detector was greatly increased, most notably by the reflective emission filter of the
camera setup. This meant that reading the detector output while viewing the sample with
the camera often resulted in a case where the detector was saturated. This would not be

a problem in the subsystem integration phase as it would not contain the camera setup.

These results and work serve as a good basis for the integration of the setup as a
subsystem to the in vitro illumination device. Next steps in the development would be to
first enhance the signal quality by mitigating the factors that contribute to the level of
detected noise. The amplification and signal processing of the detected fluorescence
signal are key areas of improvement in the electronics/signal processing side. The effect
of the ambient light could be further reduced by designing a light-sealed enclosure
around the setup. Furthermore, the optical system could be studied more extensively
using an optical design software and the design optimized with alternative component
selections or even considering a different approach in the optical path of excitation and
fluorescence detection. One such approach could be to place the excitation and
fluorescence collection on separate axis to reduce the amount of excitation light reaching
the detector. In future development, the entire setup would also need to be miniaturized,
i.e. scaled down in its physical size to allow its integration as a subsystem. Finally, in the
current state of the measurement setup, it could be used as a standalone, lab-based
construction to serve as a reference when developing other types of fluorescence

measurement systems for different applications.
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