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Abstract

Optical imaging technologies can assess the metabolic activity of biological tissues.
This study focus on developing a system capable of studying thick ocular tissues,
like corneas. The system was based on non-invasive fluorescence lifetime imaging
microscopy techniques. These techniques may help detect dysfunction and prevent

disorders from developing into irreversible states.

In order to image fluorescence between 520 and 570 nm in thick biological tissues,
this project focused on the development of a Time-Gated fluorescence lifetime microscope

with light-sheet illumination at 440 nm.

The microscope was characterized through testing of its optical and timing properties.
The system has an axial resolution of around 8.6 pym. This result represents an
improvement between 14 to 42% over what was initially required. The measured
fluorescence lifetime has a relative accuracy error that ranges from 3 to 13%, depending

on the used gate width.

Animal corneas and induced fluorescent onion cells were imaged to test the microscope.

The results obtained did not fulfill the main objective of this project.

Except for the optical sectioning performance, the acquired values satisfied the
system requirements. The implemented microscope, however, performs as expected
and enables assessment of its use for imaging biological tissues. In order to image thick
tissues with good contrast, the microscope must be modified to further decrease the

light-sheet thickness, which helps to improve the optical sectioning.

Keywords: Time-Gated, Fluorescence lifetime imaging microscopy, Light-sheet,

Corneas, Flavin Adenine Dinucleotide
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Resumo

As tecnologias de imagiologia Otica sao ferramentas que permitem avaliar a atividade
metabdlica de tecidos bioldgicos. Este estudo foca-se no desenvolvimento de um
sitema capaz de adquirir imagens de tecidos oculares espessos como, por exemplo,
coneas. O sistema é baseado em técnicas microscopia de tempo de vida de fluorescéncia.
Estas técnicas poderao ajudar a detetar disfuncoes e previnir que disturbios possam

progredir para estados irreversiveis.

De modo a adquirir imagens de fluorescéncia entre 520 e 570 nm em tecidos bioldgicos
espessos, este projecto focou-se no desenvolvimento de a um microscépio de tempo

de vida de fluorescéncia com iluminagao light-sheet a 440 nm.

O microscopio foi caracterizado com recurso a testes que avaliaram as suas propriedades
Opticas e de temporizagao. O sistema tem uma resolucao axial de cerca de 8,6 pm.
Este resultado representa uma melhoria entre 14 a 42% relativamente ao que era
inicialmente requerido. O tempo de vida de fluorescéncia medido, tem um erro

relativo de exactidao que varia de 3 a 13%.

Foram utilizadas coérneas de animais e células de cebola com fluorescencia induzida
para testar o microscopio. Os resultados obtidos nao cumprem o objetivo principal

deste projeto.

Constata-se que, excetuando o desempenho do seccionamento 6ptico, os valores
medidos satisfazem com os requisitos do sistema. Para obtencao de imagens de
tecidos espessos com bom contraste, o microscopio deve ser melhorado para diminuir

ainda mais a espessura da light-sheet e melhorar o seccionamento 6ptico.

Palavras-chave: Time-Gated, Microscopia de tempo de vida de fluorescéncia,

Light-sheet, Corneas, Flavin Adenine Dinucleotide
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Introduction

1.1 Objectives

This work aims to re-design and implement a Time-Gated fluorescence lifetime
microscope with light-sheet illumination to image thick biological tissues. Hence,
the work was divided into three phases. The first phase involves re-designing and
modifying the microscope setup used in the previous study [1]. The second stage
is the microscope’s test and characterization to estimate the image and the lifetime
determination quality. The third and last phase consists of ex vivo tests, in this

case, corneas.

The system’s design had to be slightly changed some months before the end of this
study due to limitations of the microscope detection objectives. These objectives
provided a 20x and 40x magnification. However, the working distance was very
short and incompatible with this study’s objectives due to the proximity between
the sample and the objective. The incorporation of a new objective solved this

problem.

1.2 Context and motivation

This study occurs in the context of research projects carried out at Coimbra Institute
for Biomedical Imaging and Translational Research’s Instrumentation Group (CIBIT).
One of the primary goals of this group is to investigate and develop optical imaging
technologies for imaging and evaluating the metabolism of biological tissues, particularly

ocular tissues.

The thin transparent tissue in front of the eye is the cornea. It is a highly differentiated
tissue with particular properties to preserve transparency and withstand harmful
external elements, including dehydration, microbial invasion, and trauma. It also

allows for the refraction and transmission of light. This tissue is responsible for
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about 70% of the total refractive power of the eye [3, 4]. Corneal pathologies are
the second major cause of blindness worldwide. These pathologies can affect vision,
cause pain, and even lead to blindness. For example, in some African areas, 90%
of blindness is from corneal pathology [5]. Thus, a non-invasive early detection
technique that may detect dysfunction and avoid disorders from developing into

irreversible states may be of therapeutic importance.

Structural imaging is the most common method of clinical imaging of the cornea.
However, this method is not able to identify the cellular abnormalities that are
involved in the development of the disease. Therefore, a functional imaging method
should be developed to fulfill this goal.

This work followed a previous project with the same aim [1]. Unfortunately, the
results obtained with the previous system lack good optical sectioning and working
distance. During this project, two new objectives were bought. Therefore, it was

reasonable to anticipate an improvement in the performance of the system.

1.3 Requirements analysis

System requirements can be divided into functional and non-functional. The functional
requirement is that it must be possible to obtain lifetime fluorescence images in thick,
low scattering biological tissues, with a thickness of less than 500 pm, for excitation
at 440 nm.

The system’s non-functional requirements are presented in table 1.1.

Table 1.1: Non-functional requirements.

Parameter Value
Optical sectioning 15-20 pm
Temporal resolution 300-400 ps
Lateral resolution 20 pm
Field of view 200x300 pm

Accuracy error on the lifetime < 10%
Precision error on the lifetime < 10%

1.4 Thesis content

This thesis is divided into six chapters. This first chapter holds the objectives and

context of this work. In addition, it includes the context and motivation for doing
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this project and the critical requirements the system must achieve.

The second chapter describes the principles of the fluorescence process, Fluorescence
Lifetime Imaging Microscopy (FLIM), light-sheet illumination, and the standard
technologies used to measure fluorescence lifetime. This chapter also includes some

historical context and evolution over the years.

The third chapter presents the microscope implementation. It contains a description
of each component and module of the microscope, including their function and

specifications.

The fourth chapter addresses the microscope evaluation. It contains the evaluation

of the field of view and lateral, axial, and temporal resolutions.
The fifth chapter contains the results of all imaging experiments done in this study.

The last chapter includes the discussion and critical review of the results and

indications for future work.
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State of Art

This chapter describes principles of the fluorescence process, FLIM, light-sheet
illumination, and the standard technologies used to measure fluorescence lifetime.

It also describes some techniques and technologies addressed in this dissertation.

2.1 Fluorescence Lifetime Imaging Microscopy

FLIM is a technique that sits on the fluorescence spectroscopy and microscopy
principle. This technique introduced the capability of imaging fluorophores spatial
distribution based on the fluorescence lifetime (7) [6]. Therefore, knowing how the
fluorescence process occurs and studying a sample decay process is essential to better

understand this technique.

2.1.1 Fluorescence

The first fluorescence lifetime measurements took place around 1920 [7]. Fluorescence
is the emission of light within nanoseconds after absorbing light of a shorter wavelength.
The average time the molecule remains in its excited state before returning to
the ground state is fluorescence lifetime (7). This process occurs in fluorophores,
molecules, such as proteins, organic compounds, or polymers. These molecules
absorb light of specific wavelengths and, subsequently, emit light at longer wavelengths
8, 9].

FLIM is an imaging technique capable of showing molecular contrast based on
fluorescence lifetime information. Furthermore, the detected information shows the
intensity of the signal and helps estimate intrinsic properties of the fluorophores and

their microenvironment [10, 11, 8, 9].

The Jablonski diagrams are typically simple illustrations of the processes between

absorption and emission of light by a molecule. For example, the diagram shown in
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Figure 2.1: Jablonski diagram based on [11, 12].

figure 2.1 is one of the many diagrams used to represent diverse molecular processes
that occur in excited states. This diagram shows the singlet second, first, and ground
electronic energy states represented by Ss,.S; and Sy, respectively. The vertical lines
between the vibrational energy levels represent the absorption (red) and fluorescence

(green) characteristic transitions between states.

After the absorption of one photon, the molecule can be excited to a given vibrational
level of the higher energy singlet states (S or S3), depending on the energy of the

photon, given by:
_he

A
where h is the Plank constant, c is the speed of light, and A is the wavelength. The

E (2.1)

minimum energy to cause the fluorescence effect is the one that takes an electron

from Sy to S;. The absorption transition is a fast process (femtoseconds) [11, 7, 9].

After absorption, part of the energy dissipates by internal conversion and vibrational
relaxation, leaving the molecule in the lowest vibrational state of the electronic
state S;. These processes occur within or even less than 107'%s. Therefore, the
fluorescence process is a consequence of a thermally equilibrated excited state [11, 9].
Returning to the ground state happens either by a non-radiative or a radiative decay.
This radiative decay is called fluorescence. The thermal equilibrium is then rapidly
reached, typically within 10~2s. The difference between the absorption and emission
wavelengths is called the Stokes shift [11].

As mentioned, the fluorescence lifetime (7) is an intrinsic parameter of a fluorophore
molecule, although it can be modified by conditions of the fluorophore’s micro-

environment. Equation 2.2 shows how it is defined with k, and k,r being the
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radiative and non-radiative rate constants [13, 11].

1

= 2.2
kr + knr ( )

T

We can also assess the efficiency of the fluorescence process by measuring the
quantum yield, given by equation 2.3 (®). Quantum yield is the ratio between
emitted photons and absorbed photons [13, 11].

Ky

= - 2-3
kr + knr ( )

Fluorescence intensity decay curves of fluorophores express themselves by electron
depopulation of excited states. For example, suppose N is the number of fluorophores
in the excited state S;. In that case, dN is the number of excited fluorophores

returning to ground level in the instant dt. Equation 2.4 shows that relation [7].

AN = (ky + k)N ()dt (2.4)

Where N(t) is given by:

N(t) = Noe (2.5)

The intensity decay function, I(t), is obtained it by integrating equation 2.4 and also
considering equation 2.2. It is assumed that the intensity [, is proportional to the
number of excited fluorophores, Ny, at t = 0 after the excitation pulse [13, 1, 10].

So, the fluorescence intensity decay is given by equation 2.6.

I(t) = Ipe™ (2.6)

When considering more than one fluorophore, we may describe the fluorescence
decay with a multi-exponential form. The equation 2.7 represents the fluorescence
decay of the sample with several fluorophores with different lifetimes and intensities
at t=0 [1].

i=1

I(t)=Y Len (2.7)
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2.2 FLIM acquisition techniques

FLIM has two standard options for acquiring the emission signal: frequency domain
and time domain. The most significant difference between these two techniques is
how the time-resolved fluorescence data are acquired [6, 14]. Figure 2.2 shows how

these two acquisition techniques work.

(@  Time domain (b) Frequency domain
Excitation Sample Fluorescence Excitation Sample Fluorescence
JL . @”’J\ e
It)
1 M = F,E,/F,E,

F, | I(t)

0.37 Fy

EUF

Ik

T, = o "Tan(A¢)
=0/ (M2

Figure 2.2: Visual representation of time domain (a), frequency domain (b) and
the respective output fluorescence signal [15].

The frequency domain uses a sinusoidal intensity-modulated excitation light, as
shown in figure 2.2, and gain-modulated detectors. In this technique, the fluorescence
emission shows a phase shift and a decrease in modulation due to the delayed

fluorescence decay [6, 14, 7).

The time domain uses pulsed excitation sources and time-correlated or time-gated
detection. With this technique, after the pulse of excitation, the emitted fluorescence
is measured using a time-resolved technique, resulting in decay curves like the ones

we can see in figure 2.2 [6, 7].

The most standard time-domain measurement for time-correlated detection is time-
correlated single-photon counting (TCSPC). On the other side, the other standard
detection technique is time-gated. Time-domain measurements were only possible
roughly 40 years later than frequency-domain because of the need for pulsed excitation
sources [6, 10, 7].

According to statistical tests, there is an excellent correlation between the lifetimes

estimated by the time-domain and frequency-domain fluorometry [14].

8
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2.2.1 Time-Correlated Single Photon Counting technique

Time-Correlated Single Photon Counting technique (TCSPC) uses a detector, followed
by a timing discriminator and a time-to-digital converter (TDC) [16, 17]. A laser
pulse is sent to a given sample, and the acquisition process is based on timing
only the first detected photon. Then, the excitation pulse is timed by a second
photodetector or through an electrical synchronization signal provided by the laser.
This way, the system measures the time interval between the excitation and the

detection of the first fluorescence photon [16, 13, 18].

Optical Waveform

Detector Time 7
Signal:
Period 1
Period 2 A
Period 3
Period 4 A_
Period 5 A

Period 6
Period 7
Period 8
Period 9 A
Period 10

Period N

Photon
distribution
built up in
memory

Figure 2.3: Time-Correlated Single Photon Counting technique example [16].

In the TCSPC technique, the light intensity is very low, which means the probability
of detecting one photon in one signal period is quite rare. Therefore, it is not
necessary to provide the possibility of detecting several photons in one signal period.
So, when a photon is detected, the time of the corresponding detector pulse in the

signal period is measured [16, 19].

The final result of all the detected photons in many period acquisitions is of the
arrival times of the first fluorescence photon, like the one shown in figure 2.3, which,
in an ideal system, corresponds to the fluorescence decay curve of the sample.
TCSPC has the advantages of recording light signals with high timing resolution
and efficiency. The ratio of recorded and detected photons is roughly one. [16, 18].

9
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2.2.2 Time gated

A usual time domain FLIM acquisition method is the time gated (TG) technique.
TG consists in accumulating intensity images at specific time windows, called gates.
Unlike TCSPC, this technique collects the fluorescence signal while the time gates
are opened. This gates are delayed relative to the laser excitation pulse. We can then
measure the fluorescence lifetime with the information on the number of photons

collected in, at least, two windows [20].

TG technique performance depends on the detection method. Typically TG uses a
Gated Optical Intensifier (GOI). This consists of a photocathode, a Microchannel
Plate Detector (MCP), and a detection system. As a fluorescence photon reaches the
photocathode, an electron is generated and heads to one of the MCP channels. In the
MCP channel, that electron will generate, by ionization, several secondary electrons
until they all reach the end of the channel, hitting the detection system. The number
of times the electron is multiplied depends on the voltage gradient applied to the
MCP. When the electrons hit the detection system, typically a phosphor screen,
they generate photons. So, the GOI amplifies the number of photons that will reach
the imaging device (CCD camera). This is a crucial process due to the usually small

intensity of fluorescence signals [20, 10, 21].

The gate control is done by the voltage applied to the photocathode. This voltage
is set by a gate pulse that also defines the gate width. This width corresponds to
the interval during which the photoelectrons generated at the photocathode of the
GOI are able to reach the MCP and, therefore, be multiplied. The gate width is the

main contribution to the system’s temporal resolution [20].

Termination of excitation 'y
Excitation pulse

1 \ TG delay TG detection window |_| —|

I'G detection window

NN

Time Time

(a) (b)

and states

§I(E) = Lexp(— £/7)

Intensity

Luminescence Intensity

elime Long lifetime 7,

Figure 2.4: Time gated signal acquisition for: (a) a single fluorescence decay; (b)
multiple cycles of fluorescence decay [10].

Figure 2.4 shows time gated acquisitions for single exponential decays. In order to

determine fluorescence lifetimes of single-exponential decays, two gates are enough.

10
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However, for multiexponential decays, we need more than two time gates. This

demands a more complex analysis and longer acquisition time [20].

Compared to TCSPC, the TG technique is less accurate and has a lower time
resolution. However, it has shorter electronic dead times and faster acquisition
times [10, 20].

2.3 FLIM imaging techniques

There are different techniques to do the imaging process in FLIM images. We can
group them by their illumination method: with and without scanning. The most
popular technique in scanning optics is confocal microscopy; on the other side, wide-

field microscopy does not need scanning illumination [6].

For many years, before confocal microscopy and other scanning methods were available,
wide-field microscopy was the only way to perform microscopy. As the name suggests,
the entire sample is exposed simultaneously to the light source. The image is created
directly on the lens, which then projects it on a camera for digital acquisition. The
camera must have the capability of being time-resolved. If the light source is a laser,
the setup needs to expand the beam to illuminate the entire sample. Despite being

a simple fluorescence imaging technique, it does not have optical sectioning to image
thick samples [6, 22].

Confocal fluorescence microscopy is the most popular technique to obtain three-
dimensional data sets [22]. It uses a pinhole in the image plane that rejects the
signal from out-of-focus regions. As a result, this technique improves axial and
lateral resolution. The illumination setup, based on a pulsed or modulated laser

source, only illuminates one point at a time. The entire sample is then scanned

[6, 22, 18].

2.4 Light-Sheet Fluorescence Microscopy

Light-Sheet Fluorescence Microscopy (LSFM) is an imaging technique based on the
illumination of a sample by a laser beam shaped by a cylindrical lens. The beam
passes through an illumination objective and forms the light sheet, as shown in figure
2.5. In addition, this method allows scanning the sample along several illumination
planes, which are then imaged perpendicularly by the detection objective, and

acquired by the camera [23].
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Sample

Figure 2.5: LSFM excitation and acquisition. Excitation with the thin optical
slice is perpendicular to the detection [24].

The great benefit of this technique is creating a thin plane of light that provides an
optical section that only illuminates the area of interest, leading to the excitation
of fluorophores only inside the optical section. This characteristic provides optical

sectioning [25, 23].

Comparatively to wide-field and confocal microscopy, there is no need to use a beam
splitter to separate the illumination, and detection light [22]. As a result, LSFM
shows good contrast, fast (2D) high-resolution imaging, and better penetration
depth than wide-field and confocal microscopy. Moreover, due to optical sectioning,

photobleaching and phototoxicity are also reduced [23, 26].

Light-sheet illumination can be separated into two categories. One is DSLM (Digital
Scanned Laser Light-Sheet Fluorescence Microscopy), where a focused beam is
quickly moved to the focal plane of the detection lens, resulting in a virtual light
sheet. The other is SPIM (Selective-Plane Illumination Microscopy). This technique
uses a cylindrical lens to focus the excitation light, resulting in a static light sheet
[24].

2.5 Fluorescence lifetime determination

2.5.1 Impulse Response Function

The IRF (Impulse Response Function) is commonly defined as the system response
to a Dirac delta function. As FLIM instruments are linear, time-invariant systems,
the acquired data corresponds to the convolution of the actual fluorescence decay
curve with the IRF of the instrument [13].
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The IRF can be measured using non-fluorescent scattering samples or using a known

fluorophore with an ultrashort lifetime [13, 27].

2.5.2 FLIMfit

FLIMfit is open-source software that fits the fluorescence decay data for a time-
domain system. It uses global analysis to simultaneously fit the decay data of
all pixels in the dataset to a multi-exponential model. It assumes the lifetime
components are invariant across the dataset. The goodness of the fit is evaluated
by the chi-square (x?) value and other statistical tests. This open-source software

can work with large data sets [28].

This software used the Rapid Global Fitting Method, a method based on a different
interpretation of least-squares deconvolution, opening the possibility of fitting large
datasets. It also considers parameters like stray light and scattered excitation light,

which can influence fluorescence decay [13].

2.5.3 Rapid Lifetime Determination

As mentioned before, one of the standard algorithms to determine fluorescence
lifetime is rapid lifetime determination (RLD). With the RLD method, the decay
parameters are determined from two (single-exponential decay) or four (double-
exponential decay) images, acquired during time gates of equal width, instead of

taking multiple images to sample finely the decay curve [29, 13, 30].

The single-exponential decay, I(t), can be calculated using the values of two images,
10 and I1, acquired at two contiguous gates, of width At, located over the decay
curve [29, 13].

The equation 2.8 gives the fluorescence intensity decay curve, I(t), for a sample
with a single fluorescence lifetime, with a pre-exponential factor k. The fluorescence
lifetime, 7, is determined using equation 2.9 where Iy and I; are the numerical
arrays corresponding to the two acquired images, and A t is the gate width. The

pre-exponential factor k is given by equation 2.10 [13, 29, 30].
I(t)=Fk-exp (——) (2.8)
T

(2.9)

13



2. State of Art

At At

-«
Intensity %

IO Il

P

Time

Figure 2.6: Rapid lifetime determination acquisition for a single-exponential decay,
based on [13].

(2.10)
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Microscope implementation

As the first chapter tells, this study seeks to measure the fluorescence lifetimes and
image biological tissues with a thickness inferior to 500 pm, like corneas tissues,
through fluorescence lifetime imaging. To achieve this goal, we implemented a
Time-Gated FLIM instrument. The illumination is done perpendicularly to the
detection axis by a Light-sheet technique. This illumination technique provides

suitable optical sectioning.

Eye corneas contain Flavin Adenine Dinucleotide (FAD) molecules, which, if well
measured, can help to indicate anomalies in the metabolic state of corneal cells
[13, 31, 32, 33].

The wavelength intervals are crucial to a successful acquisition, being one of the most
critical parameters to have in account when designing a system of this complexity.
For FAD, the typical excitation goes between 420 and 500 nm, and the emission
between 520 and 570 nm [34].

The previous implementation of this system lacked physical stability and needed
changes in optical components [1]. For this reason, the first step was redesigning the
system. First, a clear one-direction illumination path was created, removing mirrors
and unstable elements. Next, the components were placed in just one solid aluminum
optical breadboard instead of multiple different-sized boards of the previous study
[1]. This way, all the elements are attached to the same board, and the stability

problem is solved.

Lastly, two identical new objectives, more suitable for the system requirements,
were achieved. These objectives replaced the previous ones providing a considerable

increase in working distance (WD) and a better matching to the wavelength range.

The block diagram of the complete setup of the Time-Gated fluorescence lifetime
microscope with light-sheet illumination is shown in Figure 3.1. This diagram

includes all the system and optical elements of the system. It also gives a representation
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of the connection between them.

At the end of the chapter, Figures, 3.16a and 3.16b ,show the new instrument setup.
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Figure 3.1: Diagram of the complete setup extracted from [1].

3.1 Microscope main units

Several requirements need to be met, from lighting to the ability to acquire the time-
gated technique. A pulsed diode laser with a central wavelength of 440 nm ensures
that the system can excite the sample. This laser module also sends a trigger signal
for every pulse, giving the needed input to an HRI (High Rate Imager) delay module.
The generated delay is controlled via the computer. After the delay ends, a GOI
(Gate optical imaging) HRI is responsible for creating the gate signals that allow
the acquisition of fluorescence photons by a gated-intensified CCD camera. For

fluorescence lifetime analysis, it was used the FLIMfit software.

3.1.1 Laser source

The microscope light source is a pulsed diode laser. This laser system is composed
of a laser head (PicoQuant LDH-P-C-440M, Berlin, Germany) and a multichannel
picosecond driver(PicoQuant PDL 828 “Sepia II”), Figures 3.2a and 3.2b, respectively.

The laser’s main specifications are presented in table 3.1.

The laser driver is also responsible for sending the trigger signal to the delay

generator. This trigger coincides with each laser pulse.

The laser parameters are adjustable through a computer interface, via USB [35].

16



3. Microscope implementation
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Figure 3.2: Diode laser setup from PicoQuant. LDH-P-C-440M laser head and
PDL 828 “Sepia II” multichannel controller, (a) and (b), respectively.

Table 3.1: Specifications of the pulsed diode laser [35].

Pulsed diode laser

Central wavelength (£ 10) (nm) 440

Maximum Mean Laser Power (mW) 22.50
Maximum Pulse Repetition rate (MHz) 40
Minimum pulse Width (FWHM) (ps) 63
Maximum pulse Width (FWHM) (ps) 190

Elliptical shape laser beam dimension (mm) 1.5 x 3.5

3.1.2 High Rate Imager (HRI) delay unit

When the excitation pulse occurs, the HRI module receives a trigger signal from
the laser controller. This HRI delay unit is vital for acquiring a fluorescent signal
in different areas of the fluorescence decay curve. This unit is essential because it is
responsible for generating a delayed trigger signal sent to the HRI before starting the
acquisition. The HRI trigger delay unit signals have a repetition rate from 20 MHz
to 80 MHz. It also has a resolution of 1ps and a delay range of 0 to 50ns. This unit
is from Kentech Instruments (Kentech Instruments Ltd., Wallingford, England), as

shown in Figure 3.3.

The delay unit receives its input from the laser controller and sends its output to the
HRI control module. Its control is done on the computer using dedicated software.
The delays are set via RS232 interface [36].
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Figure 3.3: HRI delay module.

3.1.3 High Rate Imager (HRI)

The HRI system is separated into two units, the PicoStar HR gated image intensifier
and its HRI control module, Figure 3.4a and 3.4b, respectively. PicoStar HR is from
LaVision (LaVision GmbH, Groningen, Germany) and HRI module is from Kentech
Instruments (Kentech Instruments Ltd., Wallingford, England).

D

LAVISION
abew

PicoStar HR

7
(a) PicoStar HR. (b) HRI controller.

Figure 3.4: High rate imager modules used on the setup.

The PicoStar HR is an image intensifier GOI (Gated Optical Intensifier). This GOI
consists of an 525 photocathode, a Microchannel Plate Detector (MCP), and a P43
phosphor screen [36].

The HRI control module is responsible for creating the temporal gates to the acquisition
and controlling the MCP gain. The HRI gain is controlled by the MCP’s voltage
(Umcp), that defines the electrical field within the intensifier.

Figure 3.5 shows the spectral quantum efficiency(%) and the spectral cathode’s
photoresponse(mA/W). The luminous sensitivity is 343 pA/Lumen [36].

The parameters of the HRI module, crucial to time-gated fluorescence microscopy,

are controlled by the user computer, via RS232 interface.
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Figure 3.5: Quantum efficiency(%) and the cathode’s photoresponse(mA /W) in
order to the wavelength [36].

3.1.4 CCD camera

The acquisition and digitalization of the image signal is done by the Imager Compact

CCD camera, from LaVision LaVision (see Figure 3.6).

The electrical signal is digitalized with a 12-bit intensity resolution. The data is then
transferred to the computer’s PCI (Peripheral Component Interconnect) board. The
PC RAM defines the maximum number of images that can be held. It is necessary to
mention that the performance of the CCD regarding the actual sample data depends
on the HRI [36].

Figure 3.7 shows the spectral response of the VGA CCD sensor, and table 3.2 its

technical specifications [36].

Figure 3.8 and table 3.3 shows overall gain of the microscope detector, expressed
in ADC output counts in order to the electrons produced at the photocathode [36].
This includes contributions of the MCP, the CCD camera, and the camera ADC.
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Figure 3.6: Imager compact CCD camera.

Table 3.2: Imager compact CCD specifications [36]

CCD
Number of pixel 640 (H) x 480 (V)

Pixel Size (um x pm) 9.9x9.9
Scan area (pm x pm) 6.3 x 4.8

Scan Rate (MHz) 12.5
Readout noise (e7) 13-14
A /D-converter (bits) 12

Spectral range bandwith (nm) 280 - 1000

Spectral range color primary color, RGB

Spectrale Response
(typical values)
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Figure 3.7: Spectral response of the VGA sensor [36].
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Table 3.3: HRI gain (counts / e~) for different voltages applied to the MCP [36].

Umep (V) Gain [cnts / e7]
260 0.01
300 0.02
350 0.06
400 0.17
450 0.43
500 1.05
550 2.41
600 5.2
650 11.1
700 21.6
750 45
800 83
850 140
Il Gain (Umcp)
= =
2 /
//, ==
10 4
y A

200

300

400

500 600 700
Umcp[V]

800 900

Figure 3.8: MCP gain (counts / e¢7) as a function of the voltage applied to the

MCP (Umcp) [36].

3.1.5 DaVis software

DaVis software enables the users to control the HRI delay unit, the HRI controller

module, and the CCD. After setting all the information, the user can see the

acquisition in real time.
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Crucial parameters to acquire good data are the CCD acquisition time, the voltage
gain of the HRI, and the gate width of the HRI [37].
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Figure 3.9: DaVis software interface.

3.2 Optical setup

The optical setup can be separated into two main parts: excitation and detection.

Figure 3.10 shows schematic of the optical setup.

The excitation part is responsible for implementing the light-sheet illumination
technique. The blue laser light goes first through two spherical lenses (1 and 2)
responsible for expanding the beam. Next, the light sheet is created by a cylindrical
lens (3) and coupled to the sample through a microscopy objective (4).

The detection part contains another microscope objective (A), for collecting the
photons emitted and scattered by the sample, spectral filters (B), for rejecting
excitation photons scattered by the sample, and a tube lens (C) for relaying the

fluorescence photons to the gated-intensified CCD camera.

3.2.1 Optical components

The optical setup contains four discrete lenses and two microscope objectives. The

following subsections are based on Figure 3.10.
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Detection:
A - MY10X-803 objective Camera
B - Filters

C - MS-200-SHORT tube lens

Excitation: C
1 - LB1761 spherical lens B
2 - LA1509-ML spherical lens
3 - LJ1703RM cylindrical lens
4 - MY10X-803 objective A

1 2 3 4
Figure 3.10: Schematic of the optical setup.

3.2.1.1 Spherical and cylindrical lenses

The initial shape of the laser beam is not adequate to create a light-sheet. Therefore,
it is necessary to shape it before the beam reaches the back focal plane of the
excitation objective. Firstly, a beam expander is implemented by two spherical
lenses (1 and 2), LB1761 and LA1509-ML.

The cylindrical lens (3), LJ1703RM, was used to help create the light sheet. These
lenses have optical power in only one direction and do not affect the light in the
perpendicular dimension. Since the laser beam is already horizontally elliptical, we
just need to use one cylindrical lens. Thus, this lens generates a vertical light line
that fills the excitation objective back aperture, controlling the height of the light
sheet [38].

Figures 3.11 and 3.12 shows the three lenses and the respective specifications are
listed in table 3.4. All lenses are from Thorlabs (Thorlabs GmbH, Munich, Germany).

. ik"NQ QLQ’}J\?S)?}"!;'OO‘O"W s %:;75032!
(a) LB1761 lens (b) LA1509-ML lens (c) LJ1703RM lens

Figure 3.11: Lenses used in the microscope excitation path.
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Figure 3.12: Detail of the optics on the exciation path. The beam expander is
on the left. The cylindrical lens is mounted on a micrometric precision holder for
accurate placement of the its power axis.

Table 3.4: Specifications of the spherical and cylindrical lenses.

LB1761 LA1509-ML LJ1703RM
Classification Bi-convex spherical Plano-convex spherical Plano-convex cylindrical
Design wavelength (nm) 587.6 587.6 587.6
Focal length (mm) 25.3 99.7 75.0
Working distance (mm) X 93.5 66.4

3.2.1.2 Microscope objectives

We used the same type of objective in the illumination (4) and detection (A) setup,
the infinity-corrected MY 10X-803. This objective from Thorlabs (Thorlabs GmbH,
Munich, Germany) is shown in Figure 3.13. These objectives were one modification
done on the current version of the instrument. The MY10X-803 objective is specified
in table 3.5

For the illumination optics, the goal is to create the light sheet illumination that
will excite the sample. Compared to the LSM04-BB telecentric objective used in
the previous version of the instrument, the current objective represents a significant
improvement by providing a larger numerical aperture (NA). In addition, given the
light source characteristics, the optimal wavelength range is now matched to the
objective, resulting in much better transmission efficiency. All the specifications are
presented in the table 3.5.

In the case of the detection setup, the previous system had severe restrictions

concerning sample placement, due to the very short working distance (WD) of the
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two objectives then used (1,2mm and 0,6mm). The current detection objectives
correspond to a very significant improvement of the instrument usability, by providing

a substantially larger working distance.

Figure 3.13: Microscope objectives MY 10X-803.

Table 3.5: Objective specifications.

MY10X-803
Magnification 10x
Numerical Aperture 0.28
Optimal wavelength range (nm) 436 - 656
Working Distance (mm) 34
Effective focal length (mm) 200

3.2.1.3 Optical filters

Optical detection filters (B) are vital in fluorescence imaging instruments. This
component assures that the only photons reaching the detector are fluorescence

photons. Therefore, they must block the scattered excitation photons.

As said before, the sample’s emission wavelength range is between 520 and 570 nm.
Therefore, the ideal filter should have a transmission as high as possible in this
range, and as low as possible for the excitation wavelengths. In this case, in Figure

3.14, the detection filter’s spectral response blocks most unwanted wavelengths [1].

3.2.1.4 Tube lens

The tube lens function is to focus the collimated beam, exiting the infinity-corrected
detection objective, forming an image of the sample on the photocathode of the HRI.
The MS-200-SHORT tube lens (C) with a 200 mm focal length, was used. This tube

lens is from Seiwa (Seiwa Optical Europe GmbH, Frankfurt, Germany).
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Figure 3.14: Spectral light transmission of the detection filters [1]

Figure 3.15: Tube lens setup.

The complete optical microscope setup is shown in Figure 3.16.

5 ﬂ//////////'
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(a) Side view. (b) Top view.

Figure 3.16: Setup images from two different perspectives.

3.3 Sample positioning and sectioning

Positioning control of the sample is done by two actuators that allow the user to move

the sample on the x (detection) and y-axis (illumination) with reasonable accuracy:
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on the x-axis, the T-LA28A from Zaber (Zaber Technologies Inc., Vancouver, Canada)
and, on the y-axis, the MT1A from Thorlabs (Thorlabs GmbH, Munich, Germany).

The T-LA28A has a micro-step of 0.0992 um and a range of 28 mm. The software
from Zaber was used to control this device through an RS-232 communication
interface. The movement of the sample on the x-axis, through the excitation light
sheet, provides optical sectioning of the sample. On the other hand, the MTI1A
is a manual actuator. It consists of a translational stage platform with a 0.5 pym
displacement per single rotation and a 12.7 mm travel range. These two elements

are crucial to placing a sample area on the focal plan.
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Microscope evaluation

Before starting the imaging trials, it is essential to assess the performance of the
designed system. Therefore, this chapter is divided into subsections evaluating
optical and timing parameters. Field of view, lateral and axial resolution were
the optical parameters assessed to determine if the microscope fulfilled the initial
requirements. Fluorescent solutions with well-known fluorescence lifetimes were

studied to evaluate the timing accuracy of the system.

4.1 Field of view

Field of view (FOV) can be defined as the physical area that the microscope can
image. This parameter depends on the properties of the detection objective, and
CCD Camera [39]. FOV was measured for the MY 10X-803 infinity-corrected microscope

detection objective.

The method used to measure this parameter was using the 1951 USAF resolution
test target from Thorlabs (Thorlabs GmbH, Munich, Germany). This test target
comprises multiple groups of dimension-known element bars. Each group has six
elements, and each element is composed of three same-sized horizontal and vertical
bars—the higher the group number, the smaller the bars. This also applies to the
groups. The widths of the bars range goes from 2.00 x 1073 pm to 4.38 x 107% ym
[40].

The target was illuminated by a green light -the same wavelength as the fluorescence
photons under study- and placed at the objective focal plane. Acquired images are

then processed and used to measure the FOV of the microscope.
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4.1.1 Angle determination

Before FOV measurement, it was essential to verify the alignment between the
target and the detection unit. We measured the FOV by determining the size of
each image pixel, using the known dimensions of the 1951 USAF target elements. So,
if the target is rotated by an angle « in relation to the detection unit, the measured
value of FOV is not an accurate estimation of the real FOV. Figure 4.1 illustrates

this condition for a single element of the test target.

The procedure to calculate o was simple. Using MATLAB®) (The MathWorks Inc.,
Natick, Massachusetts, United States), we selected two points that were supposed
to be aligned—for example, selecting the top left and top right corner of a given bar.
This way, knowing the (X, Y) coordinates of each point, we could determine if there
is a rotation on the target. The value of o was calculated using the simple equation
tan a = f;’z%i“l The method of selecting the points is not completely precise, but it
is a reasonable approximation. This procedure was repeated seven times for each

axis. Table 4.1 presents the mean and standard deviation of « relative to x-axis.

a

Figure 4.1: Rotation by an angle alpha between the test target and the detecion
unit.

Table 4.1: Angle of rotation for both objectives.

Target angle of rotation
Angle of rotation (degrees) 1.547 £ 0,003

4.1.2 FOV determination

Determining FOV is a basic association procedure. The tricky part is calculating
the number of pixels corresponding to a single bar. As we know the value of any

selected bar’s dimensions, given by the test target specifications, we need to know
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how many pixels correspond to those dimensions. As we already know, the CCD has
640 pixels on the x-axis and 480 on the y-axis. Given this, it is then easy to calculate
the FOV. The value of FOV is easier to calculate and more reliable for larger bars.

Figure 4.2 shows the image of the target test obtained by the microscope.

As mentioned, the tricky part is to select the valid pixels for a given bar. This
selection was made by setting a threshold based on the greyscale. The threshold
value must be accurate because it will define the limits of what is and isn’t representative
of the bar. The pixel dimension was calculated six times for each axis, and the

measured FOV values are presented in table 4.2.

¥ o)

Figure 4.2: Target test image with MY10X-803 objective.

Table 4.2: Microscope Field of View. Values are mean + standard deviation.

MY10X-803 objective FOV
x-axis (pm) 876 £ 40
y-axis (pum) 652 £ 20

4.2 Lateral resolution

The lateral resolution may be defined as the separation distance at which two objects
are imaged with a specific contrast value. Theoretically, this resolution can be

determined by the equation:

0.61X

R.lateral =
atera VA

(4.1)
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where A is the wavelength and NA is the Numerical aperture of the detection
objective [41, 23, 42].

The lateral resolution of the microscope was also measured using the USAF 1951
test target. The image of this target, shown in Figure 4.2, was acquired for a gain
of 260 V.

According to the Rayleigh criterion, when the condition of minimum separation
occurs, the contrast between the point spread functions (PSF) and the valley between
the two neighboring peaks is 26.4%. This condition of relative amplitude of peaks

and valleys intensities determines the lateral resolution [43, 41, 23].

MATLAB®) improfile function was used to analyze images obtained with the test
target. This function allows the user to draw a perpendicular line over the bars of
the test target and then plot the intensity profile along that line. For the x-axis,
the element and group number closer to the 26.4% contrast limit was group 7 and
element 2. For the y-axis, it was group 7 and element 1. The corresponding lateral
resolution values are shown in table 4.3. Images A.1 and A.2 show the plots of
the intensity for both axis. The precision of this measurements is hampered by the

reduced number of data points used to obtain the intensity profiles.

Table 4.3: Lateral resolution values.

MY10X-803 objective

x-axis resolution (pm) < 3.48

y-axis resolution (um) < 3.91

4.3 Axial resolution

The axial resolution is a crucial parameter in this study. This parameter is related to
the optical sectioning capacity of the microscope. Optical sectioning is the capacity
of imaging thin slices of the sample, getting a signal just from a thin plane coinciding
with the focal plane of the detection unit [23]. As this project aims to image
transparent tissues with a thickness of around 500 pum, it is essential to be capable

of imaging much smaller slices.

Green fluorescent microspheres (Thermo Fisher Scientific, Massachusetts, EUA)
were used to measure the axial resolution. These polystyrene microspheres have
a 2.9 pm diameter and the same emission and absorption spectra matching the

illumination and detection bands of the microscope as the system. Observing
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stable microspheres was only possible by embedding them on agarose phantoms.
Moreover, these phantom enables the retention of the microspheres in a transparent
and nonfluorescent environment. Given these advantages, two phantoms of different

quantities of microspheres were prepared.

The method consists of imaging a series of images of the microspheres while scanning
the sample along the axial direction, through the focal and illumination plane of
detection. The data is then analyzed, fitting the axial intensity distribution for
one particular to an adequate peak function and calculating the Full Width at
Half Maximum (FWHM) of that function. The FWHM can be regarded as the
axial resolution. This procedure is commonly used and effective in measuring axial
resolution in fluorescence microscopy [23, 44, 45]. The small-step axial scan is
implemented with the T-LA28A actuator.

After the acquisitions, MATLAB®) ROI (region of interest) tools were used to obtain
the intensity of a selected microsphere. First, a microsphere was chosen. After that,
an 8x8 pixel ROI was used to obtain the intensity sum of all the pixels. Finally, the

fitting was done on OriginLab software.

Gaussian and Lorentzian functions were used to fit the axial intensity profile. The
goodness of the fit was assessed by the reduced chi-square. The best fit was obtained
with a Lorentzian function and produced an axial resolution value of 8.60 ym. The
actual value of the microscope axial resolution value may be even lower, since it
seems possible to image microspheres with higher stability. The measured value
represents a very significant improvement over the one obtained with the previous
configuration of the microscope, and it is adequate for fulfilling the goals of the

project.

Figure 4.3 shows the highest intensity plane of the image volume acquired for
measuring the axial resolution, while Figure 4.4 shows the lowest intensity one.
A red circle identifies the selected microsphere. Figure 4.5 shows the Lorentzian fit

and its parameters.
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Figure 4.3: Image of the axial plane where the selected microsphere is is imaged
with the highest intensity.
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Figure 4.4: Image of an axial plane where the studied microsphere is no longer
imaged.
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Figure 4.5: Lorentzian fit to the microsphere data and the corresponding fit
parameters.

4.4 Time-resolved measurements

The software used to fit the acquired data and obtain the values of the fluorescence
decay parameters is FLIMfit [1]. This free software is commonly used in FLIM
studies. In FLIM, the acquired data does not correspond to the decay but to the
convolution of the real decay and the instrument response function (IRF). Hence, it

is obligatory to measure the IRF of the system [46, 1].

4.4.1 Instrument response function

For measuring the IRF, we used a standard fluorophore with a lifetime significantly
shorter than the system time resolution. This way, the obtained signal can be
considered the IRF of the system [46, 1]. The fluorophore must have absorption and

emission spectra within the spectral range of our system.

A solution of Erythrosin B in water was chosen. It has a single-exponential decay
with a lifetime of 90 ps. Furthermore, this solution was already successfully used

for the same purpose in other studies [46].

Figure 4.6 shows the acquired data for the gate width of 1000 ps. This figure also
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shows the gaussian fit to the data, yielding a temporal resolution, given by the
FWHM value, of 689.96 ps [46]. IRF was also measured for other gates widths such
as 900, 800, and 200 ps. Figure A.3 shows the acquisition plot for all four gates.

Intensity Decay

10000
Delay (ps)

Figure 4.6: Data acquired for a solution of Erythrosin B in water and its gaussian
fit. This fitting curve corresponds to IRF.

4.4.2 Timing accuracy

The timing accuracy of the Time-gated microscope was measured using well-known
fluorescent samples. Coumarin 153 in methanol and Riboflavin were the chosen
samples. Both solutions follow the wavelength requirements. The selected gate

width was 1000 ps to acquire the maximum possible number of photons.

Figure 4.7a and 4.7b show the best fits obtained with FLIMfit for Coumarin 153
in methanol and Riboflavin, respectively. Coumarin 153 data was fitted with a
mono-exponential decay function, and Riboflavin data with a bi-exponential decay

function.

The goodness of the fit was evaluated by the reduced chi-square 2. When the
theoretical module explains well the experimental data, the reduced chi-square
should be approximate to one. Values significantly higher than one indicate a
poor quality fit. On the other hand, values lower than one do not correspond an
improvement in the fitting process. Usually they indicate insufficient statistics. In
a real experiment, the reduced chi-squared is usually greater than one and is not
possible to establish a threshold value defining a good fit. In TCSPC experiments,
chi-square values between 0.8 and 1.2 are considered as indicators of an adequate

fit. For Time-gated FLIM measurements, data fits are considered as adequate with
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chi-square values higher than those accepted for TCSPC.
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Figure 4.7: Fluorescence decay data and their fits for the test solutions used
to assess the timing accuracy of the microscope: (a) Coumarim 153 in methanol;
(b) Riboflavin in methanol. Fits were done using FLIMFit and included IRF
deconvolution. Normalized residuals are shown for each fit.
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The results obtained with the Coumarim 153 solution show a good performance
of the system on measuring fluorescence lifetimes close to four times longer than
the 1000 ps gate width. In addition, given the literature reference value, the fit
result shows an improvement in the system timing accuracy, when compared to the

previous version of the microscope [1].

The fluorescence emission of Riboflavin was fitted to a bi-exponential decay function
with lifetimes 7 equal to 0.13 ns, 7 equal to 2.94 ns, with the respective pre-
exponential factors 5, and 5 being 0.12 and 0.88. We believe that the longer lifetime
component corresponds to the fluorescence emission from Riboflavin, while the fast
component is probably due to contaminants since the solution was in contact with
animal corneas in previous studies [46]. Another common aspect of the Riboflavin
compound is the relationship between pH and the value of the fluorescence lifetime
[47]. At the time of the measurement, the pH was 6.28. Table 4.4 condenses all the

information about the results on both samples fit.

Table 4.4: Fluorescence lifetimes for the solutions used to assess timing accuracy.
The goodness of the fit was evaluated by the reduced chi-square x2. The reference
values are based on literature [48, 49]. Experimental values correspond to mean +
standard deviation.

Parameters Coumarin 153 in methanol Riboflavin
Reference values (ns) 4.3 3.37
T 4.16 4+ 0.02 0.13 £ 0.04
51 1.0 0.12
Ty - 2.939 4+ 0.002
Ba - 0.88
X2 1.23 1.07

The aging of Erythrosin B, Coumarin 153, and Riboflavin solutions might modify

their fluorescence properties and is a factor that we must consider.

Is important to note that the standard deviations of table 4.4 do not correspond to
the true uncertainty on the fluorescence lifetime measurements. They only indicate
the variability in the measurements obtained from a uniform sample. The true
uncertainty will depend on the fluorescence lifetime resolution of the microscope.
This can be inferred from the FWHM of the IRF of the microscope (689.96 ps).
Deconvolution of the experimental data with the IRF allows to resolve lifetimes
corresponding to a fraction of the IRF FWHM. In TCSPC it is considered a lifetime
resolution of FWHM /10, for single exponential decays, and FHWM /5 for bi-exponential
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decays. In Time-gated systems, the lifetime resolution is closer to the FHWM value.
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5.1 Introduction

The main objective of the implemented microscope is the study of thick biological
tissues, such as corneas. Since ex-vivo human corneas were unavailable during this
study, we used porcine corneas. These corneas have similar anatomy to human ones
[2].

The cornea is the most external layer of the eye. The human cornea consists of
five layers: the epithelium, Bowman’s layer, stroma, Descemet’s membrane, and
endothelium. In the case of the porcine cornea, the Bowman’s layer does not exist.
This means that there is no membrane between epithelium and stroma [1, 2, 50].

Figure 5.1 shows all the mentioned layers.

Epithelium

Bowman's Layer

Stroma

Descemet's Membrane
Endothelium
Anterior Chamber

Figure 5.1: Human cornea layers representation [51].

The epithelium is composed of superficial, wing, and basal cells. The stroma
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constitutes around ~ 90 % of the porcine cornea and more than 85% of the human
one. Its composition is mainly collagen fibrils. The Bowman’s layer and Descemet’s
membrane are composed of collagen and glycoproteins. Descemet’s membrane usually
is thinner than Bowman’s layer. Lastly, the endothelium is a single layer of cells.

These cells usually have a standard form and dimensions [1, 50].

Table 5.1: Differences between the layers thickness of human and ex-vivo porcine
cornea [1, 2].

Cornea layer Human (um) Porcine (pm)
Epitelyum ~ 50 - 52 ~ 80
Bowman’s layer 8-10 -
Stroma ~ 470 ~ 900
Descemet’s membrane ~ 7 ~ 30
Endothelium 4-6
Total ~ 540 ~ 1010

Since we had to wait a long time before imaging animal corneas, we tried other
solutions to image biological tissues. The most reasonable solution was onion

imaging due to its characteristics.

5.2 Onion imaging

Onions have a relatively transparent layered structure. We also decided to test the
microscope in reflectance mode, that is, without optical filters mentioned in 3.2.1.3,

since onions do not exhibit intense fluorescence.

5.2.1 Non-fluorescence imaging

The acquisitions in reflectance mode were quite good. We were able to image onion
cells. Figures 5.2, 5.3, 5.4, and 5.5 show the acquisitions for the axial depth of 0, 54,

105, and 147 pm, respectively. We assume Figure 5.2 as the reference image plane.

As we see, the onion cell layer is the same for all the acquired figures. This is
because the onion was imaged on a cornea holder. Figure 5.6 shows how the onion
was fastened to the holder. This holder helps the sample maintain a curved shape.
As the onion is curved, it was necessary to move the cells through the focal plane

using small axial steps.
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Figure 5.3: Onion cells. This image was at a distance of 54 ym from the reference
plane.

43



5. Imaging trial results

100 200 300 400 500 500

Figure 5.4: Onion cells. This image was at a distance of 105 pum from the reference

plane.

| {cownits)

Figure 5.5: Onion cells. This image was at a distance of 147 pum from the reference

plane.
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Figure 5.6: Cornea holder setup used to image the onion.

5.2.2 Fluorescence imaging

As mentioned, onions do not have significant natural fluorescence properties. Due
to that, we placed the sample onion partially in contact with a solution of Coumarin
153 in methanol. We studied this solution in section 4.4.2.

Figure 5.7 shows that we can image the superficial onion cells with a fluorescence

signal. The cell structure can be imaged with reasonably good contrast.

For the same acquisition, we measured the value of the fluorescence lifetime. We
expected that the fluorescence lifetime was roughly identical to the one presented in
section 4.4.2. The best fit to the acquired data was obtained with a bi-exponential
decay function. The decay parameters are shown in table 5.2. These results show
that the chi-squared value is high. The value of 7; is similar to the one previously
measured for Coumarin 153. The second decay component, which exhibits a shorter
lifetime, might result from an interaction between the onion molecules and the
Coumarin solution. Measurements done on natural onion cells (i.e. not instilled
with Coumarin) revealed a very weak signal which most probably will influence this

results.
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Figure 5.7: Onion fluorescence imaging. The fluorescence properties are due to
the partial immersion of the onion in a Coumarin 153 solution.
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Figure 5.8: Fluorescence decay data and respective fit for the onion sample.

5.3 Porcine cornea imaging

The ex-vivo porcine cornea imaging was done only for the epithelium. The goal
was to obtain the fluorescence signal of FAD, described by a bi-exponential decay
function. Several values of MCP gain and exposure time were evaluated. The best

combination was to set MCP gain to 550V and an exposure time of 5.0s. The
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Table 5.2: Fluorescence lifetimes for onion cells in contact with Couramin 153 in
methanol. The goodness of the fit was evaluated by the reduced chi-square 2. The
reference values are based on the results previously obtained in section 4.4.2. Values
correspond to mean + standard deviation.

71 (ns) B 7y (ns) Bs X2

Onion with Coumarin 153 4.33 &£ 0.06 0.49 + 0.01 0.97 £ 0.05 0.51 £ 0.01 5.00

cornea was placed on the mentioned cornea holder, and viscoelastic gel was used to

maintain the cornea’s natural curved shape.

Figure 5.9 shows the highest intensity plane of the porcine epithelium volume acquired.
The figure shows that we cannot see the epithelium cells. This shows that the optical

sectioning and the contrast are still insufficient to obtain the desired results.

comea_2/BO02.imx

3500

3000

2500

el |
g

1500

1000

500

[+]

100 200 300 400 500 600
® {[pix]

Figure 5.9: Image of the porcine epithelium plane with the highest intensity.

We also measured the fluorescence lifetime of the epithelium. The intensity data
were fitted to a bi-exponential decay function. The results are summarized in table
5.3. Figure 5.10 shows the data, and the respective fit made using FLIMfit software.

There are significant differences when comparing the measured values of fluorescence
lifetime of FAD in porcine corneas with the reference ones. For example, we see that

for 71, the accuracy error is around 38%, and for 7, is around 25%.

Several factors may contribute to the differences between measured and reference

values. Optical sectioning is larger than one cell layer. That means we can have
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Table 5.3: Fluorescence lifetimes for porcine cornea. The goodness of the fit was
evaluated by the reduced chi-square x2?. The reference values are based on other
studies which used porcine corneas [50]. Values correspond to mean + standard
deviation.

1 (HS) B T2 (HS) Bo X2
Porcine epithelium 3.78 4+ 0.03 0.242 £+ 0.003 0.69 £ 0.01 0.758 £ 0.003 1.25
Reference values  2.47 4+ 0.89 - 0.55 + 0.07 - -
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Figure 5.10: Fluorescence decay data and respective fit for the fluorescence porcine
epithelium.

different layers, with different metabolic activity, emitting photons, leading to signal
overlap and decreasing fluorescence lifetime accuracy. On the other hand, it is known
that a living cornea has a naturally low concentration of FAD. Given that we imaged
an ex-vivo cornea, the fluorescence signal is necessarily lower [13]. This leads to the
necessity of imaging with a longer exposure time. This may cause irreversible losses

in the fluorescence properties of the fluorophores due to photobleaching.

Even though the results were not as good as we would like, it is essential to
mention that they were better than those obtained with the previous version of

the microscope. This gives the confidence to keep developing the system.

48



§

Conclusions

6.1 Discussion and conclusions

The system aimed to measure thick biological tissues’ FAD fluorescence signals. To
do this, it uses a 440 nm central wavelength laser to excite the fluorophores and

collects the fluorescence photons that are emitted between 520 and 570 nm.

About the microscope evaluation, it was expected that FOV results were higher when
compared to the previous version of the microscope, since the detection objective
changed [1]. This new objective magnification reduction led to a greater FOV than
the initial requirements. This does not affect negatively the microscope performance

since the samples will be larger than the estimated FOV.

The initial requirement for lateral resolution was to obtain a result smaller than 20
pum. Given that for both axes, we got less than 80% of that reference values, the

requirement is fulfilled.

The axial resolution results provided at least 14 to 42% better resolution than
required. Microspheres imaging tests showed that axial resolution and light-sheet

thickness significantly impact optical sectioning.

The last item to review was the timing accuracy. The errors relative to the reference
values for Coumarin 153 and Riboflavin samples were, respectively, 3,3 % and 12.8%.
The justifications given in the previous section support the claim that the system
has a reasonably good timing accuracy. In addition, the ability to measure the
fluorescence signal from samples showed that the system is operational. With that

said, it was considered that this system was ready for imaging trials.

The imaging trial with onions was a good indicator that the development of this
project should move forward. The trials with porcine cornea show that we can still
not image the cells, due to the lack of adequate contrast. In addition, the fact

that the ex-vivo porcine cornea has a low concentration of FAD makes imaging the
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fluorescence signal even more difficult. The measured FAD fluorescence lifetime is
not similar to the reference values. The lack of adequate rejection of out-of-focus
signal leads to insufficient performance of the detection system in tissues like porcine

corneas.

We consider that, compared with the previous study [1], the changes in the system
improved essential parameters like the working distance, axial resolution, and optical
sectioning. However, even though there were improvements, the system is still

unable to perform as required.

6.2 Future work

This study is the second implementation of light-sheet illumination in this group.
Combining this kind of illumination with Time-gated acquisition is a challenging

project requiring considerable development time to achieve the required performance.

We must improve sample positioning methods. Since we have only one sample axis
controlled via software, it would be a significant improvement if that could also be
done for the other two axes. A rotational sampling plate would also be interesting
because it would help get better optical sectioning. When we acquired, for example,
the microspheres signal, it was challenging to stabilize the phantom. Getting better

and more stable holders that are not available in the laboratory is essential.

Finally, as mentioned throughout the dissertation, the main goal is to improve the
optical sectioning and contrast. It would also be interesting to test the system with

human ex-vivo corneas.
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Appendix A

A.1 Data analysis
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Figure A.1: Plot of the intensity data along x-axis pixels, corresponding to a
perpendicular line over target test element 2 of group 7.
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Figure A.2: Plot of the intensity data along y-axis pixels, corresponding to a
perpendicular line over target test element 1 of group 7.
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Figure A.3: Measured IRF for gates widths of 1000, 900, 800, and 200 ps.
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