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The Fascination of Stem Cells

Pluripotent stem cells have two impressive properties: immortality and
pluripotency. The first property, the immortality, gives them the capacity of
indefinite self-renewal. The second property, the pluripotency, makes them

able to give rise to all the tissues of the adult body [11.

The first time I heard about stem cells, they reminded me a concept which
was developed in Art and Philosophy, during the Romanticism period but had
already the basis in Latin Literature: the concept of the "Sublime". The "Sub-
lime" is the quality of greatness or vast magnitude, whether physical, intel-
lectual, metaphysical or artistic. The concept especially refers to a greatness
with which nothing else can be compared and which is beyond all possibility
of calculation, measurement or imitation. The men are fascinated and at-
tracted by objects which express the sense of sublime because they can see

this enormous potential but they cannot comprehend it throughly.

Pluripotent stem cells represents worthily this kind of sensation. We can
see the big potentiality they have, but many of their features are still un-

known.

Pluripotent stem cells have been derived from the human embryo (hu-
man embryonic stem cells hES) [2][3] and induced pluripotent stem cells GPS)
have been developed through the reprogramming of adult human cells [4][5]].
hES and iPS keep in themselves the promise of revolutionizing biomedical
research. Investigations into how pluripotency is maintained and about the
mechanism of lineage commitment, are important not only to understand cel-
lular differentiation but especially to develop stem-cell-based therapies for
regenerative medicine. Stem cell plasticity might enable the body to compen-
sate for cellular loss and to respond to the demands for cell production during

tissue maintenance, remodelling, regeneration and repair.

One crucial point with respect to stem cells is understanding their divi-
sion, which can be symmetric or asymmetric. Pluripotent stem cells are self-
renewing. This means that they are able to product exclusively daughter
cells which maintain stem-cell identity, or they can divide both into undiffer-

entiated daughters and daughters which start differentiating in specialized
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tissues. The first type of division is called symmetric while the second one
is called asymmetric. Many studies are investigating the possible extrinsic
and intrinsic signaling involved in the two different divisions [1]. Especially,
we are interested in understanding when the specific division is decided, and
the possible answers to this question would influence the directions of the
research. If the cell fate is already decided by intrinsic transcription factors,
the direction of research would be discriminating the different cell fates in or-
der to choose the appropriate cells for different applications. If the cell fate is
only conditioned by extrinsic signaling, the direction would be understanding

which external factors can induce the stem cells to follow the desired pathway.
ASYMMETRIC SYMMETRIC

Figure (1). Representation of asymmetric and symmetric division. Asym-
metric division products both undifferentiated stem cells and cells which start

differentiation. Symmetric division generates only undifferentiated stem cells.

Recently, several transcription factors showed to be extremely useful to
identify the stage of stem cell differentiation in vitro. Among them, Oct4,
Nanog and Sox2 are the most common [1]. These transcription factors are
highly expressed by pluripotent stem cells and when stem cells start differ-
entiating their expression becomes lower and lower. However, transcription
factors can show the stage of differentiation but they are not able to give infor-
mation about cellular signaling. Besides, their visualization require strongly

invasive procedures which can be performed only in vitro.




CONTENTS

Following these lines of thought, the project I followed for this thesis work
was conceived. We wanted to investigate stem cells differentiation not only
to measure the stage of differentiation, but also to try to comprehend a little
bit more about factors and chemical changes involved in stem cells division.
Furthermore, the optical method we developed has the potential of being non
invasive and of allowing dynamic investigation in vivo.

Substantially, this thesis work has been an attempt to decrease, even just

a little bit, the sense of "Sublime" and mysterious which stem cells inspire.
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Summary

In this thesis work, we developed a label-free imaging method to monitor
stem cells in vivo. We performed the following steps.

We used intrinsic fluorescence biomarkers of biological samples and we ac-
quired Fluorescence Lifetime Microscopy (FLIM) images of undifferentiated
and differentiating stem cells . We used the phasor approach to analyze the
acquired FLIM images [6]. The phasor approach is an innovative approach
which differs completely from the usual approach of multiexponential fitting
of lifetimes decay. It allows a straightforward interpretation of intrinsic flu-
orescence signal in living tissues directly in terms of physiological relevant
fluorophores, without the calculation of fluorescence lifetimes. The phasor
approach offers a label-free imaging method to monitor stem cells in vivo and
to measure their stage of differentiation.

Understanding of physiological processes in tissues usually requires com-
plex and invasive labeling procedures, such as Immunostaining of Oct4. This
standard and currently used procedure requires the fixation and the extrin-
sically labeling of the cells through antibodies and Alexa Fluor 568.

The method we developed is label-free and completely non invasive. We
used our method to locate intrinsic fluorophores, such as collagen, retinol,
retinoic acid, flavins, nicotinamide adenine nucleotide (NADH) and porphyrin
by their phasor signature. We provided images of fluorescent species based on
their decay properties rather than resolving the lifetime of molecular species.
We separated multiple intrinsic fluorophores by cluster analysis of the phasor
distribution in FLIM images of human embryonic stem cells (hES). We used
intrinsic fluorescence biomarkers to identify the stem cells and map their
differentiation state. In particular, we mapped the relative concentration
of porphyrin and Mouse Embryonic Fibroblasts (MEF's) autofluorescence to
distinguish differentiating from undifferentiated hES. Finally, we confirmed
these results with classical immunostaining technique.

Applying the phasor approach to FLIM in label-free tissues provides a
new tool to characterize local microenvironment and to monitor differentia-

tion and proliferations of stem cells and cancer cells in vivo.
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Chapter 1

INTRODUCTION

1.1 Pluripotent Stem Cells

Stem cells are unique cells capable of self-renewal and they have the capacity
to give rise to at least one, and sometimes many, specialized cell types. These
stem cells are present in many tissues of adult animals and are important in
tissue repair and homeostasis. Stem cells belong to different categories de-
pending on the type or types of cells they are able to generate. For example,
spermatogonial stem cells in the testis are unipotent and produce only one
type of differentiated cell (a spermatozoon). Instead, haematopoietic stem
cells are multipotent and produce erythrocites and all the types of white blood
cells. Finally, pluripotent stem cells can form theoretically every kind of cell
in the animal body and they are not derived from adult but rather from em-
bryonic tissues [7]]. Recently, induced pluripotent stem cells (iPS) have been

developed through the reprogramming of adult human cells [4][5].

The hallmark of stem cells is their ability to self-renew while generat-
ing daughter cells which are committed to differentiate and to form special-
ized tissues [7]]. The modulation of the balance between self-renewing divi-
sions and differentiation is a central mechanism during early embryo devel-
opment, adult tissue regeneration and homeostasis [8]1[9]. Tissue develop-
ment through stem cell differentiation is a complex process mediated both by
intrinsic molecular mechanism and extrinsic signaling. The influence of ex-

ternal chemical and physical stimuli on stem cells differentiation and tissue
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Figure (1.1). Stem cell differentiation. The pluripotent stem cells can give
rise to all cell types in a given organ. They have the big potential of being self-
renewing, stem cells are able to product both differentiating daughters and

daughters that maintain stem-cell identity.




1.2 Two-photon Microscopy and FLIM

development, i.e. molecular gradients, extracellular matrix remodeling and
niches signaling, are still relatively unexplored [101[11]112][13I.

There are several methods which can be used to measure stem cells differ-
entiation and to monitor their metabolism, either in vitro or in tissues. These
methods are very important for cell sorting, in the perspective of using stem
cells for tissue engineering. Some of the most promising studies regards ex-
actly the capability of identifying undifferentiated hembryonic stem cells hES
and induced pluripotent stem cells iPS [14]].

A very common method is immunostaining and it is able to offer reliable
information about cellular processes. However, generally this kind of meth-
ods require long and invasive procedures that make the cells unviable and
unrecoverable and indeed they are incompatible with in vivo dynamic obser-
vations.

Recently, optical non-invasive techniques have been developed to obtain
information on cell differentiation and to distinguish between different states
of cells and cancerous tissues [15]1[16[[171[181[19][20]. These methods exploit

intrinsic autofluorescence of cells and tissues and multi-photon microscopy.

1.2 Two-photon Microscopy and FLIM

Multiphoton microscopy is suitable for high resolution and long term imaging
of living cells. The beneficial characteristics are its intrinsic three-dimensional
resolution, high penetration depth, negligible out-of-focus photobleaching and
reduced photodamage [21]. Autofluorescence in live tissues is generated by
endogenous proteins and physiologic fluorophores such as collagen, elastin,
porphyrin, retinoids, flavins, nicotinamide adenine nucleotide (NADH), haemoglobin
and serotonin. For example, NADH and FAD are the main metabolic coen-
zymes involved in oxidative phosphorylation and glycolysis and they are in-
dicative of metabolic changes associated with cell differentiation and carcino-
genesis [19]. However, two-photon fluorescence alone is not able to assign
autofluorescence signal to specific intrinsic molecular sources.

Alternative methods have been proposed to assign autofluorescence to spe-
cific tissue components. These methods are spectral imaging and Fluores-

cence Lifetime Microscopy (FLIM). The fluorescence of organic molecules is
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characterized by the emission spectrum and the fluorescence lifetime. The
principle component analysis of emission spectra need additional informa-
tion on the tissue biochemical composition and they are able to separate a
limited number of tissue components. Another problem, which hinders the
discrimination between intrinsic fluorophores sources by the wavelength of
the emission, is the overlapping of emission spectra of different fluorescent
species.

Multi-exponential fitting of complex fluorescent intensity decays consists
on a fitting procedure which needs a priori assumptions on the biological sam-
ple, considering that multiple fluorescent species coexist in the focal volume.
The majority of intrinsic fluorophores and proteins are characterized by con-
formational heterogeneity and have complex lifetime distribution with sev-
eral exponential components [22]. Hence, the choice of a decay model for the
intensity decay fitting is arbitrary. Furthermore, associating specific tissue
components to exponential decays is a hard task [23].

The phasor approach we used in this thesis work is able to simplify sig-
nificantly FLIM analysis, allowing a direct interpretation of intrinsic fluores-
cence signal of living tissues in terms of physiological relevant fluorophores.
The phasor approach applied to FLIM is an innovative approach completely
different from fitting of exponentials, able to overcome many of the previous
problems. The analysis of FLIM images through the phasor approach does
not need any a priori assumption and it is label-free, in vivo and in real-time.

The phasor approach can be successfully applied to analyze FLIM images
of stem cells. It showed to be a suitable and optimum tool to measure their
stage of differentiation and to monitor metabolic and chemical changes in

vivo.
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Chapter 2

TWO-PHOTON MICROSCOPY

Fluorescence microscopy is a very important tool among biophysicists and
biologists because it enables to achieve information about a biological sample
in its natural microenvironment. By using different and specific fluorescent
dyes, called fluorophores, different molecules can be identified and observed

simultaneously in the same biological sample.

Fluorescence microscopy was invented at the beginning of the last century
when microscopists, trying to achieve higher resolutions, were experimenting
ultraviolet light on biological samples. In the very beginning, obervations
were limited to specimens that are naturally fluorescent; few years later, flu-

orescent dyes, which are able to stain tissues and cells, were investigated.

When coupled to the optical microscope, fluorescence allowed to study a
large number of phenomena in modern biology. After conventional widefiled
microscopy, in which the entire specimen was bathed in light, and confocal
microscopy, where the use of the pinhole enabled to exclude the out-of-focus
fluorescence, now multiphoton microscopy is the most used because of its ben-

eficial characteristics.

Multiphoton microscopy offers several advantages. An intrinsic optical
sectioning without the use of pinholes is performed and also the photodam-
age is reduced. The depth of penetration and the spatial resolution with
respect to the confocal microscope result considerably increased. Although
two-photon excited fluorescence is usually the primary signal source in multi-
photon microscopy, three-photon excited fluorescence [24][251[26]1[1271[1281[29]

11



TWO-PHOTON MICROSCOPY

and second [30][311[32] (SHG) and third-harmonic generation [33][134] (THG)
can also be used for imaging. In the last 20 years, the multiphoton micro-
scope underwent an impressive growth, making it one of the most used tools
in biological imaging of cells and tissues.

Maria Goppert-Mayer showed that photons of lower energy together can
produce excitation similarly obtained by the absorption of a single photon of
higher energy [35]. This process is called multiphoton or two-photon excita-
tion.

Two-photon microscopy put into practice the simplest version of the theo-
retical prediction: two photons, each having the same amount of energy (from
the same laser), interact with a molecule and the excitation corresponds to

the absorption of a single photon possessing twice the energy.

A =4 A=A
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Figure (2.1). Energy transition for one photon and two photon excitation.

Two photons, each having the same amount of energy (from the same laser),
interact with a molecule and the excitation corresponds to the absorption of a

single photon possessing twice the energy (Slides Enrico).

A fluorescent excited molecule emits a single photon of fluorescence, as
if it were excited by a single higher energy photon. This event occurs be-
cause both the two photons interact with the excited molecule nearly simul-
taneously (about 10716 s). The result is a quadratic dependence on the light
intensity rather than the typical linear dependence of conventional fluores-

cence. Two photon processes are called non linear for this reason: the rate at

12



which they occur depends non linearly on the intensity of the radiation.The
dependence on the intensity is squared and this justifies the localized nature
of two-photon excitation: if the intensity is doubled, the fluorescence becomes

four times higher.

Figure (2.2). Localization of excitation by two-photon excitation. a) Single
photon excitation of fluorescein by focused 488 nm light (0.16 NA). b) Two-
photon excitation using focused (0.16 NA) femtosecond pulses of 960 nm light
[36]]. It can be observed that away from the focal plane the two-photon excita-
tion decreases so rapidly that no appreciable fluorescence is emitted out of the

focal plane. In this way three-dimensional resolution is achieved.

In two-photon microscopy, a laser is focused and raster-scanned through
the sample, as in conventional laser-scanning confocal microscopy. The image
which is obtained consists of a matrix of pixels, every pixel represents the
fluorescence intensity measurement made by digitizing the detector signal as
the laser sweeps back and forth across the sample. Since the probabilities of
two-photon exciation are very small, focusing is necessary in order to increase
the local intensity at the focal point.

The intensity of a radiation is the number of photons passing through a
unit area per unit time, whereas the power of the radiation is energy per

second. So, intensity depends on the area and it is greater at the focus than

13



TWO-PHOTON MICROSCOPY
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Figure (2.3). General setup of a laser scanning microscope: one and two-
photon excitation [37]. The laser is fed into the optical path via a dichroic
mirror and focused into the sample by the microscope objective lens. In the
traditional confocal setup for one-photon excitation, the light goes through a
pinhole and light from outside the focal plane is not focused. In two-photon
microscope, excitation occurs only in the focus, so that no pinhole is required
to reject light from outside the focal plane.
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at a distant point, while the total power is equal in every point of the beam.
The intensity squared increases the two-photon excitation probability in the
focal plane by 10" compared to the unfocused beam. Finally, away from the
focal plane the two-photon excitation decreases so rapidly that no appreciable
fluorescence is emitted out of the focal plane. In this way three-dimensional
resolution is achieved.

However, focusing alone is not sufficient to make two-photon microscopy
practical. In order to generate two-photon excitation fluorescence that is suf-
ficient for imaging, a pulsed laser is used to increase further the probability
that the two photons will simultaneously interact with the molecule. The
pulsed laser lets also keep the average power relatively low. The most com-
mon laser used in multiphoton microscopy is a mode-locked titanium sapphire
(Ti:S) laser. It produces about 80 million pulses per second, each pulse having
a pulse duration of about 100 fs.

The two-photon cross-section oy, is the quantitative measure of the prob-

ability of a two-photon absorption. o, has units of cm* s, with 10-°° ¢cm*

s
called a Goppert-Mayer or 'GM’.

The two-photon cross-section is hard to measure directly and so, instead
of it, the two-photon ’action’ cross-section is usually measured. This ’action’
cross-section is calculated as the product of the fluorescence quantum yield ¢
and the absolute two-photon absorption cross-section o2, [28][38][39] . Both
the wavelength dependence and the absolute value of the product are rele-
vant. A good rule to determine an optimal two photon excitation wavelength
is obtained doubling the maximum single-photon excitation wavelength. Un-
fortunately, several molecules deviate from this approximation because the
selection rules for two-photon processes are different from those for single-
photon. Some fluorophores, for example Rhodamine B [39], show a clear dif-
ference between their one and two-photon absorption spectra.

In Fig. 2.4 we can observe the two-photon action cross section of common
biological molecules. When the wavelenght increases, the two-photon action
cross section of NADH becomes very low.

The intrinsic fluorophores in tissues have a wide action cross section val-
ues. For example NADH molecules have an extremely low ’action’ cross sec-

tion (< 10~* GM) and they have been successfully used with multiphoton

15



TWO-PHOTON MICROSCOPY
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Figure (2.4). Two-photon action cross-section. The two-photon cross-section
o9, 1S the quantitative measure of the probability of a two-photon absorption.
The ’action’ cross-section is calculated as the product of the fluorescence quan-
tum yield ¢ and the absolute two-photon absorption cross-section oa,. (A)

Two-photon action cross sections from a basic set of biological molecules [36].
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imaging [40]]. At the opposite side, some molecules, like CdSe-Zns quantum
dots, have cross-sections of about 50,000 GM [41] and thus they allow mul-
tiphoton imaging with a very low laser power (few microwatts). However,
besides extreme cases, most common fluorescence dyes have ¢05, values in
the range 1-300 GM [28][39]. It is also possible to design organic molecules
specifically for high nonlinear absorption [42][43]]. Intrinsically fluorescent
proteins, such as GFP (green fluorescent protein), have large ’action’ cross-
sections values [28] and are particularly suited for two-photon microscopy in
tissue explants and live animals [44][45][46][471[48].

Although relative two-photon excitation spectra (depends on \) are useful
[49][50], in order to design a successful multiphoton experiment it is often
required to know ¢;o9,()\) explicitly. Otherwise, it could happen that the rel-
ative excitation spectra alone do not provide the needed information, and an
absolute measure of the expected fluorescence from each species at a given

wavelength is necessary.
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Chapter 3

FLUORESCENCE LIFETIME
MICROSCOPY

3.1 Introduction

Fluorescence is a sensitive technique that provides a crucial contrast en-
hancement in microscopic imaging.

Fluorescence microscopy allows labeling biological samples with high speci-
ficity, giving an excellent background rejection. It spatially resolves with a
strong contrast microscopic structures of interest, such as cellular compo-
nents. Besides the detection of the spatial relationship of the cellular or-
ganelles, fluorescence microscopy is fundamental in understanding the cellu-
lar physiology because it can reveal important parameters, such as the pH or
molecular concentration. Moreover, fluorescence probes are very sensitive to
cellular microenvironment, some of them are fluorescent only with specific po-
larity condition or pH. According to all these reasons, fluorescence intensity
measurements are used to monitor processes in cells and tissues but some-
times they are not sufficient to give quantitative information. As a matter
of fact, the fluorescence intensity depends either on the fluorophore environ-
ment and on the local probe concentration, and the two contributions cannot
be easily discriminated.

However, the fluorescence of organic samples is not only characterized

by the emission spectrum, it has also a characteristic lifetime. Any energy

19



FLUORESCENCE LIFETIME MICROSCOPY

transfer between an excited molecule and its microenvironment changes the
lifetime in a predictable way. Since the lifetime does not depend on the con-
centration of the chromophore, fluorescence lifetime imaging is a direct ap-
proach to all effects that involve energy transfer. Techniques that feat either
spectral-sensitive and lifetime-sensitive probes can be used to measure quan-
titatively environmental factors that affect the excited state and to identify
intrinsic molecular sources [511[52]1[531[541[55]. Hence, spectral and fluores-
cence lifetime techniques coupled to fluorescence microscopy can give quanti-
tative information of the cellular and tissue environments. The fluorescence
lifetime of a molecule is the average amount of time that elapses before the
excited molecule returns to the ground state. This lifetime is affected by any
energy transfer process between the excited molecule and its environment.
Therefore, fluorescence techniques are able to reveal information about the
molecular state of a chromophore but, to achieve a more complete investiga-
tion of the nature of molecular interaction, time-resolved measurements are
required. A way to determine the nature of molecular interactions consists of
measuring the probe’s fluorescent lifetime.

The sensitivity of fluorescence lifetime to the microenvironment has been
used to measure pH [56], metal ion concentration [57][58], fluorescence res-
onance energy transfer [59][60] , cellular photostress [61] and antigen pro-
cessing [62]. Other quantities that can be measured by lifetime imaging tech-
niques are molecular oxygen concentration, environmental polarity and local
order. Besides, different fluorophore species, having different lifetimes, can
be represented in one picture, and a single image element can resolve each
fluorophore’s fraction [63][64].

Time resolved fluorescence microscopy has been applied firstly with single-
pixel measurements [65][66] and the first experiments provided important
cellular information such as calcium concentration or cytoplasm matrix vis-
cosity at selected positions within a cell. Later, the advancement in fluores-
cence lifetime resolved microscopy consisted of the extension of single-point
measurements to obtain lifetime information across the whole cell. This has
been possible through two different approaches: the first using CCD cam-
eras equipped with gain-modulated image intensifiers and the second one

through traditional confocal laser scanning microscopes modified in order to

20



3.2 Fluorescence Lifetime Theory

obtain time-resolved information on a point-by-point basis. The laser scan-
ning microscopy has been used to measure three-dimensionally resolved life-
time images with confocal detection [67][68], two photon excitation [69][63]
and time-dependent optical mixing [70[[71]. Also near-field scanning optical
microscopy has been used to image surface fluorescent lifetimes [72][73].
Fluorescence lifetime imaging can been achieved using two functionally
equivalent methods. In the first method, known as time-domain technique,
the response of the system to an impulse source is measured to obtain in-
formation about the fluorescence decay [74][591[75]. In the second one, the
so-called frequency-domain technique, the response to a harmonic excitation
source is analyzed [76l[771[78][79] . Although the time domain and the fre-
quency domain techniques are theoretically equivalent, practically the cor-
responding recorded signals are different. Hence, the two techniques have
different benefits and drawbacks and shall thus be used according to the type

of measurements one wants to achieve.

3.2 Fluorescence Lifetime Theory

The fluorescence lifetime of a molecule is the average amount of time that
elapses between the excitation state of a molecule and its return to the ground
state.

Even if fluorescence lifetime is usually referred to the properties of fluo-
rophores as if they were in isolation, in reality the processes of absorption and
emission are studied on populations of molecules and the different properties
of the members of the population are revealed by the macroscopic properties
of the process.

The decay rate of an initially excited population of molecules is described

by the following rate equation:

dN(t

dt() =—T+k)N@®) + f(t) (3.1)
where N(t) is the number of excited molecules at time t, I' and k are the

radiative and non-radiative decay rate constant, and f(t) is an arbitrary func-

tion of time describing the time necessary to the excitation of the molecules.

21



FLUORESCENCE LIFETIME MICROSCOPY

The dimensions of I and k are sec™! and they indicate two substantially dif-
ferent processes. The radiative decay rate constant I" represents the rate
of the emission process, hence it is characteristic of the specific fluorophore
molecule. Instead, the nonradiative decay rate constant k is the sum of the
rates of all other deactivation processes that occur, so it depends on the fluo-

rophore’s interaction with the local environment.

IST 4 ‘:_Irtternal relaxations
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emission decay
(radiative)
Su Y Y

Figure (3.1). Energy diagram of the absorption-emission process. The radia-
tive decay rate constant I' represents the rate of the emission process,hence it
is characteristic of the specific fluorophore molecule. The nonradiative decay
rate constant k is the sum of the rates of all other deactivation processes, so it

depends on the fluorophore’s interaction with the local environment.

If the excitation starts at ¢ = 0, the decay equation becomes:

dN(t) _
e L (3.2)

The integration of the equation 3.2 with the initial conditions N (¢t = 0) =

Ny gives:

N(t)=Nye ™+ (3.3)

where

22



3.2 Fluorescence Lifetime Theory

1

T = m (3.4)

and 7 is the lifetime of the excited state. When a population of fluo-
rophores is excited, the lifetime is the time it takes for the number of excited

molecules to decay to %, or 36.8% of the original population, according to:

—r =7 (3.5)

1.00[-

Exciting pulse

/ Fluorescence

intensity

L’e

Figure (3.2). Representation of equation 3.5: exciting pulse and exponential
decay of the fluorescence of the excited population. The lifetime 7 is the time it

takes for the number of excited molecules to decay to %

Hence, as it is clear from the figure 3.2, we expect that the fluorescence
intensity /(¢) decays exponentially. Applying the definition of the lifetime
(average time it takes for the population of excited molecules to return to the

ground state), we obtain mathematically:

_ JoTtN(t)dt

() JoS N (t)dt

(3.6)
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FLUORESCENCE LIFETIME MICROSCOPY

Since N(t), as we already said, has an exponential decay,then:
[ tNy e ~7dt

i (3.7)
fooo Noe~7dt

{t) =
with
t)=r (3.8)

In conclusion, the average period of time in which a molecule remains in
its excited state is equal to the fluorescence lifetime.

The fluorescence lifetimes of typical fluorophores used in cell imaging are
of the order of a few ns and it is very important to remember that the lifetime
of a given fluorophore is strongly affected by its microenvironment. One clear
example of this aspect is the behavior of NADH: in water it has a lifetime of

about 0.4 ns while if it is bound to dehydrogenases the lfetime becomes 9 ns.

3.3 Time-Correlated Single Photon Counting

In the time domain method, the impulse response of a system is detected. A
fluorescent sample is flashed many times by a narrow pulse of light, and the
consequent fluorescence emission decay is measured by a fast recorder.

The most common method used to reconstruct the decay curve is the Time-
Correlated Single-Photon Counting (TCSPC) technique. This method records
the time delay between the excitation pulse and the emitted photon. Every
photon’s delay can be recorded if the emission rate is low enough (that means
fewer than 10° photons per second). Then, the entire decay profile is recon-
structed through the plot of the number of photons as a function of the delay
times. Besides, in order to reconstruct the decay curve without artefacts, the
excitation profile has to be measured and it can be used to obtain through de-
convolution the finite width of the excitation pulse from the emission profile.

In the TCSPC method, the fluorescence sample is excited by a pulsed laser,
a typical repetition rate is 80 MHZ. The emitted photons are recorded by a
fast PMT, MCP or a single photon avalanche photodiode. In order to get ac-
curate measurements, these detectors allow count rates of the order of a few
MHZ, much less than the laser repetition rate. In this technique, the exci-

tation pulse must be much shorter than the decay we want to measure. The
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3.3 Time-Correlated Single Photon Counting
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Figure (3.3). In time domain techinques a sample is illuminated several times
by a short laser pulse. The histogram of the time intervals between the excita-

tion and the first emitted photon is represented.

TCSPC method is intrinsically digital; in fact the detector counts one photon
at time. However, in order to measure the time delay, an analog detection
method (time to amplitude converter) is used and it is followed by fast con-
version to digital form. Hence, only one photon is collected for every pulse

and the next pulse cannot arrive before the decay is completely finished.

The TCSPC method takes advantage of the fact that the detection of mul-
tiple photons in one laser period is small enough to be neglected. So, when one
photon (which is the first photon emitted by the sample) is detected, the de-
lay of the corresponding detector pulse in the laser pulse sequence is recorded.
These measured times are used to address a histogram memory in which the
photons are accumulated. After a large number of pulses of the laser, the

photon density as a function of time is reconstructed in the memory.

The main benefits of the TCSPC method are a near-ideal counting effi-
ciency and an ultra-high time resolution. Moreover, there is no loss of photons
until the count rate is low enough to allow an appropriate conversion time of

the measurement for the histogramming procedure. The factors that limit the
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Figure (3.4). Representation of the principle of Time-Correlated Single-
Photon counting. TCSP method consists of recording the time delay between
the excitation pulse and the emitted photon. The entire decay profile is recon-

structed through the plot of the number of photons as a function of the delay

times [37].
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resolution of this technique are the accuracy of the measurement, the tran-
sit time spread in the detector and the timing accuracy of the discriminator
that receives the detector pulses. The TCSPC method is often considered very
slow and so unable to reach short acquisition time. Anyway, high count rate
techniques exist since the late 80’s [80]. In [51]] an early implementation of

the TCSPC technique in a microscope is described.

To obtain the images, TCSPC Imaging is the advanced technique that is
used in conjunction with Scanning Microscopes. This technique reconstruct
a 3-D histogram of the number of photons as a function of the time and of
the coordinates of the scan area. For this method, the recording electronics
requires a time measurement channel, a scanning interface and of course a
large histogram memory. In the following figure, the comparison between
two images obtained with the TCSPC technique are represented. The first
one is the image of a fluorophore having a single-exponential lifetime, while

the second one is an image obtained from a tissue.

a [%] 1 [ns]
B8 | 037
Gd | 1.84

Ratio of inbensily

coelficients, fustislow

Figure (3.5). Example: HEK cell containing CFP and YFP in the alpha and
beta subunits of the sodium channels. Left: Lifetime image of donor, CFP,
centre: Decay curves of selected pixels, right: FRET image showing ratio of

intensity coefficients of quenched and unquenched fluorescence components.
Data from [37], Zeiss LSM-510, Becker Hickl SPC-730.
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3.4 Frequency Domain Measurements

The frequency domain method measures the harmonic response of a system.
A sinusoidally modulated source excites the sample and the emission signal
is still a sine wave but it is modulated and phase shifted respect to the source.
Both the modulation and the phase shift can be used to determine the fluo-

rescence lifetime.

Excitation Fluorescence
Sample

*—-

Excitation Fluorescence

INCA A
AV/AV/AVA

Figure (3.6). Modulation technique. A sinusoidal source excites the sam-
ple and the emission signal is still sinusoidal but it is modulated and phase
shifted respect to the source. The modulation and the phase shift are used to

calculate the fluorescence lifetime. [37].

In a modulation technique, the excitation frequency is described by the

function:

E(t) = Eo(1 + Mgsin(wt)) (3.9

where E(t) and E, are the intensities respectively at time t and 0, My is
the modulation factor (related to the ratio of AC and DC components of the
signal) and w is the angular modulation frequency or 27 times the repetition
frequency f.

The figure 3.7 illustrates the phase delay ¢ and the modulation that arise

between the excitation E(t) and the emission F(t), due to the persistence of
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3.4 Frequency Domain Measurements

the excited state. The AC and DC levels associated with the excitation and

the emission waveforms are also represented.

Intensily

excltation

n( CX
e 1
(=1}
emission
AC, /DC,
I"ﬂ i1 ..-..ln
AG,, /DC,,

Time

Figure (3.7). In frequency domain techniques a specimen is excited by a mod-

ulated light source. The fluorescence emission has the same frequency of the

excitation source but it results modulated and phase shifted [81].

It can be demonstrated that:

F(t) = Fy(1 + Mpsin(wt + ¢)) (3.10)

Hence, the phase ¢ and the modulation M are related to the fluorescence

lifetime 7. For a single exponential decay, the two following equations can be

demonstated:

Phase equation:

¢ = tan~ wr (3.11)
Modulation equation:
1
M = N (3.12)
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Using the phase shift ¢ and the relative modulation M, also the phase

lifetime 74 and modulation lifetime 75, can be determined:

Ty = (é)tanaﬁ (3.13)
1 1 1
TM:;ﬂﬂg_na (3.14)

If the fluorescence decay is a single exponential, 74 and 7, are equal for
every modulation frequency. Instead, in the case of multi exponential decay

7, and 7)s and their values depend on the modulation frequency, for example:

Te(w1) < Tg(w2) (3.15)

if

w1 > w2 (3.16)

As we saw, both the phase and the modulation can be used to determine
the fluorescence lifetime. However, phase measurements are generally much
more accurate and therefore they are normally preferred. For maximum sen-
sitivity, the angular modulation frequency has to be roughly the inverse of
the lifetime:

wr =1 (3.17)

Since fluorescence lifetimes are of the order of nanoseconds or picosec-
onds, a modulation frequency between 50 MHz and 100 MHz is used. Be-
sides, phase measurements at different frequencies are necessary to resolve
the components of multi-exponential decay functions.

For frequencies between 100MHz and 1 GHz, the time resolution of a fre-

quency domain method is in the ps range. For one-photon excitation the light
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Figure (3.8). Multi exponential decay of a system with two different life-
times. Frequency-domain representation after fast Fourier transformation of
the data. The red spots are the 4 ns component (4000 counts), the blue spots
represent the 1 ns component, the green spots represent the 4 ns components

referenced to the 1 ns component. Eq. 3.13 and 3.14 were used [82].
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source can be a modulated laser diode or a CW laser with an external modu-
lator. Instead, for two-photon excitation a Ti:Sa laser is used and the phase is
measured at the fundamental pulse frequency of the laser and at its harmon-

ics.
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Chapter 4

PHASOR ANALYSIS OF FLIM

4.1 Introduction

Fluorescence Lifetime Imaging Microscopy (FLIM) is a fundamental tech-
nique in microscopy and it has been demonstrated to be an extremely useful
tool to achieve quantitative analysis of biological samples.

The outcomes of fluorescence experiments are intensity decay profiles.
They are originated by the lifetime contribution of the different molecular
species existing in the sample, each one of them having multiple lifetime com-
ponents [83[][84]. Also different conformations of the same molecule create
different decay curve because molecular interactions change the lifetime val-
ues [85][86]. Several methods can be used to measure the fluorescence decay
in FLIM, two techniques have been described in the previous chapter: the
time-correlated single photon counting and the frequency-domain method.

However, in FLIM there are some technical challenges concerning data
acquisition and also data analysis and interpretation.

Firstly, at every pixel of the image contributions of several fluorescent
species are present, and each one of them can be multi-exponential. Besides,
it is possible to collect the light just for a limited amount of time (100-200 us
per pixel) and this results in a small amount of photons for every pixel (500-
1000) [82]. This number of photons is barely enough to distinguish even a
double exponential from a single exponential decay with multiple exponential
fitting.
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The common way to analyze FLIM data collected in time domain con-
sists of fitting the decay profile at every pixel using one or more exponential
functions in order to match the different molecular species and their rela-
tive quantities with the correspondent decay times and amplitudes. This ap-
proach leads to several problems. Many of the fluorescent proteins usually
used in microscopy give rise to very complex decay profiles [87]. Moreover,
in exponential functions there is correlation between the amplitudes and the
exponential times. In a typical image there are about 10° pixels and resolving
the decay at each pixel requires to fit a function, this is a complex computa-
tional task that can be done only by experts [88],[89]. Substantially, the ap-
proach of exponentials fitting has many limitations: it depends on the initial
conditions used and on the hypothesis made on the sample; a proper inter-
pretation of the multi-exponential decay is complex and the number of fitting
parameters is high; the fit is very slow.

The phasor approach applied to FLIM is an innovative approach com-
pletely different from fitting of exponentials, able to overcome many of the
previous problems. The phasor approach uses a different representation of
the decay where each molecular species has its own unique identification and
each process (like FRET or ion concentration changes) can be easily recog-
nized. The phasor approach gives many simplifications and advantages. The
decay of each pixel is represented in a graphical global view [90],[91] and the
algorithm used is fit-free and it doe not require a priori knowledge on the
system. Every chemical species has its own "fingerprint" and so complex sys-
tems can be interpretate straigthforward: the contribution of every different
species can be recognized and quantificate. All this can be done through a

fast analysis.

4.2 Phasor Transformations

The phasor approach can be applied to every technique that acquires fluores-
cence lifetime images, such as time correlated single photon counting (TC-
SPC) and frequency domain methods. The phasor approach works in a new
"space", where each decay component or molecular species is identified by a

unique vector in the "phasor plot". This special vector is called phasor and its
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Figure (4.1). Comparison between fitting of exponentials and phasor ap-
proach. The phasor approach applied to FLIM is an innovative approach
which is able to overcome the typical problems of the fitting exponentials
method. The phasor approach is a fit-free graphical algorithm, able to identify
an unlimited number of components. It allows a straightforward interpreta-

tion of data and a fast analysis of the image.
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location in the phasor plot is unique, irrespective of the number of exponen-
tials needed for the description of the fluorescence intensity decay.

A phasor, being a quantity analogous to a vector, is described by a module

M and a phase ¢.

Phasor
= Universal circle
= o
: "
T
& i s
@
g BE: ] -
g= M*cos(4)

Figure (4.2). Graphical representation of a phasor in the phasor plot. The
universal circle and a phasor are represented. The phasor is identified by its
module M and its phase ¢. g is the x-coordinate of the phasor and s is the
y-coordinate of the phasor in the phasor plot.

As represented in the previous figure, the x and y coordinates of the phasor

in the phasor plot are respectively:

g = M cos ¢ (4.1)

s = Msin ¢ (4.2)

Estimations of the average lifetime in terms of the phase and modulation

can be performed in each pixel by the following formulas:

Ty = étan(cb) (4.3)
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4.2 Phasor Transformations

= ] (1) (4.4)

wV ‘m?

The theoretical equations that transform the intensity decay in the x and
y coordinates, permitting us to work in the phasor plot, are different for time
domain and frequency domain techniques. Assume to have an intensity decay
I(t) acquired with a time domain method. The g and s coordinates correspond-

ing to the decay profile I(t) are given by the following equations:

fooo I; ;(t) cos(wt) dt

Jo© Lij(t) dt (4.5)

9ij(w) =

Jo" i j(t) sin(wt) dt
Jo© i (t) dt

where w is the laser repetition angular frequency and the indexes 7 and j

(4.6)

sij(w) =

identify a pixel of the image.
In the second case, if the data are acquired in the frequency domain, the

equations used to obtain ¢ and s are the following:

9i.j(w) = M; jcos(¢i, ;) 4.7

si,j(w) = Ml‘,j sin((bm-) (48)

where ) ; and ¢; ; are respectively the modulation and the phase of the
emission light with respect to the excitation light source.

In the case of a single exponential, the two separate lifetimes obtained by
the phase and the modulation with Equation 4.7 and 4.8 are equal, while for
a multi exponential lifetime system the apparent lifetimes are different. In

the phasor plot, if the decay is single exponential:

It)=Ae"* (4.9)
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| . Phase delay

-
-

excitation

Figure (4.3). Representation of phase delay and modulation between the ex-

citation and the emission source, associated to the phasor behavior.

it means that only one molecular species is present in a certain pixel.

The coordinates of the phasor are given by:

9ii(W) = 7 (w)? (4.10)
t

where 7 is the lifetime of the decay and w is the laser repetition frequency.

Instead, if the decay is multi exponential:

It)=> aie ™ (4.12)

several molecular species contribute to the decay profile of a certain pixel,

and the coordinates of that pixel in the phasor plot are given by:

gz‘,j(w) = Zka 4.13)

A (WTk)2
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4.2 Phasor Transformations

SewT
4.14
sij(w Z 1+ (wrp)? ( )

where f, is the intensity weighted fractional contribution of the molecular
species with a certain lifetime 7,. Recalling the equations of the coordinates

for a single exponential decay, we obtain:

(60 —5) + G =(3) (4.15)

The previous equation implies that all single exponential lifetimes lie in
the semicircle centered in (%,0) with radius % . This semicircle is called
the "universal circle". As the modulation frequency increases, the end of the
phasor describes the "universal circle". To give an idea, a phasor with a small
phase angle value corresponds to a very short lifetime (7 ~ 0) and it lies close
to the point (1,0). Instead, a phasor with a bigger phase angle corresponds to
a long lifetime (7 =~ oo ) and it lies close to the point (0,0).

It has been said previously that the phasor approach applies both to data
acquired in the time domain and in the frequency domain. In the following
figures, the plots and the equations needed to calculate the phase and the
modulation in the time domain and in the frequency domain are represented.
The plots are different (because of the totally different acquisition modes)
but the equations used are exactly the same. Even if the theoretical trans-
formations are indeed different, in the practice the calculation of the phasor

requires the same equations for the time and the frequency domain.
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DC:=(n1+n2+n3+n4)/4

B J AC2=(n1-n3)%+(n2-n4)2
Yo ¢=tan-'(n2-n4)/(n1-n3)
M=AC/DC
One period

Figure (4.4). Calculation of phase and modulation of the phasor for time
domain techniques. Four values (n1, n2, n3 and n4) are identified in the time
decay profile and they are used to calculate the phase ¢ and the module M of
the phasor.

DC

DC:=(n1+n2+n3+n4)/4
AC?=(n1-n3)?+(n2-n4)*

M=AC/DC

Figure (4.5). Calculation of phase and modulation of the phasor for frequency
domain techniques. Four values (nl, n2, n3 and n4) are identified in the si-
nusoidal emission signal and they are used to calculate the phase ¢ and the
module M of the phasor.
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4.3 Phasor Rules

4.3 Phasor Rules

The phasor plot is a new coordinate system where the single lifetime compo-
nents add linearly to originate the total measured intensity decay. In fact,
since the phasors are quantity like vectors, the sum of the phasors consists of
the sum of vectors. The vector components need to be calculated and added
to obtain the vector sum.

All single exponential lifetimes lie on the "universal circle" but usually an
ensemble of fluorescent species does not decay with a single lifetime. There-
fore, if multiple fluorescent species are present, each emitting with more than
one lifetime or a distribution of lifetimes, the points on the Phasor Plot corre-
sponding to each separate fluorescent species will not lie on the semicircle.

Assume to analyze the simple case of a molecular species whose decay pro-
file has the contribution of two lifetimes 7 and 5. Multi exponential lifetimes
are a linear combination of their components, hence all possible weighting of
the two species characterized by 71 and 7 must be on the straight line joining
the locations of the two single lifetime. The ratio of the linear combination
determines the fraction of the components (fraction intensity) f; and f; and

identifies the exact location of the molecular species phasor.

12 Experimental point

Figure (4.6). Phasor of a mixture of two single lifetime 1 and . The phasor
of the mixture is a linear combination of 71 and ™ and so it lies on the line

joining the phasors of the two components.

So, every molecular species has a specific location in the phasor plot. This
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identification between species and phasors can be considered a "phasor fin-
gerprint'.

This phasor position is determined by the intrinsic characteristics of its
fluorescence decay. For example, different chemical species A, B, C, D in Fig.

4.7 have their different specific location in the phasor plot.

Species A

Species C

Figure (4.7). Example of "phasor fingerprints” in the phasor plot for different
molecular species. Every molecular species has a specific location in the pha-
sor plot. This identification between species and phasors can be considered a

"phasor fingerprint”.

In Fig. 4.7, we can observe that the species A (red species) can be a linear
combination of different lifetimes. The two lines represent two examples.

In general, in a system with multiple fluorescent components like a tissue,
the overall decay is a phasor which is the sum of the independent phasors of

each fluorescent component:

Gw) = fagn(w) (4.16)
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4.3 Phasor Rules

Sw) = fasn(w) (4.17)

where f,, is the fractional contribution of each component characterized

by the phasor coordinates g, and s,,.

a)

Experimental point

-
R o)
Y
4

Figure (4.8). The phasors of two molecular species having multi-exponential
decay are located in two specific points in the phasor plot, inside the semicircle.
Fig. (a) represents a mixture of green and blue fluorescent species. In Fig.
(b), the phasors of all the possible weighting of the two molecular species are

located along the straight line connecting the phasors of the two species.

The phasors of two molecular species having multi-exponential decay are
located in two specific points in the phasor plot, inside the semicircle. The
phasors of all the possible weighting of the two molecular species are located
along the straight line connecting the phasors of the two species. In the case

of many molecular species, all the possible combinations are contained in a
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polygon where the vertices are coincident with the phasor locations of the
different molecular species.

For example, in the case of three molecular species, the possible realiza-
tions of the system fill a triangle where the vertices correspond to the phasors
of the three pure species. In practice, if the number of molecular species in-
creases, the triangle becomes a polygon with N vertices, where N is the num-
ber of molecular species. The N vertices are always the phasors of the N pure

species.

Phasor Plot

Figure (4.9). A mixture of N components is bounded by a polygon containing
N vertices: in the figure the case of three components is represented. In the
Phasor plot, the phasors of three common fluorophores are represented: EGFP
(green), autofluorescence (blue) and mRFP1 (red) at 880 nm and two-photon
excitation. In any given pixel, mixture of EGFP and autofluorescence must
be on the yellow line, mixtures of EGFP and mRFP1 must be on the red line.
Mixtures of three of them must be inside the triangle with the corner in the

three phasors.

Every molecular species has a specific location in the phasor plot (pha-
sor fingerprint). However the location in the phasor plot does not correspond

biunivocally to one species. Different species can have the same phasor loca-
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tion at one frequency even if they have a different lifetime distribution. For
example in Fig. 4.10 two species with different lifetime distributions are rep-
resented. The red species is a linear combination of lifetimes equal to 3 ns and
0.1 ns, while the blue species is a linear combination of two lifetimes equal
to 8 ns and 0.1 ns. The two chemical species have the same position in the
phasor plot at the First harmonic. If we represent the same chemical species
in a phasor plot at higher frequencies,their location will be separated. For ex-
ample Fig. 4.11 shows the phasor location at the Second harmonic. There
is another fundamental phasor property. Two different molecular species
could accidentally have the same lifetime, simply because they can be dif-
ferent combinations of different molecular species that have only the same
location in the Phasor Plot. This coincidence happens only for one harmonic.
Multi-harmonics analysis separates molecules with two different lifetime dis-
tributions and it identifies them univocally. The sensitivity of components
separation with higher harmonics analysis is greater for the short lifetime

components.

8 ns

Figure (4.10). Phasor plot at the First harmonic w = wg of two chemical
species, wg = 80 MHz. The red species is a linear combination of lifetimes
equal to 3 ns and 0.1 ns, while the blue species is a linear combination of two
lifetimes equal to 8 ns and 0.1 ns. The two chemical species have the same

position in the phasor plot at the 1st harmonic.
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0.3 ns

.1 ns

Figure (4.11). Phasor plot for the Second harmonic w = 2wq of the two pre-
vious chemical species. At higher frequencies, their location will be separated.
For example, the two molecular species have different and separate locations
at the Second harmonic. We can observe that the distance of the separated

phasors is bigger at lower lifetimes.
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Chapter 5

MATERIALS AND METHODS

5.1 Cell Culture

Federal approved H9 line of hES cells are used. hEs are cultured on a sub-
strate of mouse fibroblast (MEF) feeders (Chemicon Cat PMEF-CF). Plates
are first coated with 0.1% - 0.2% gelatin (Sigma G-1393).

MEF feeders are then plated with a density of approximately of 15000
cells per cm?.

MEF medium: Dulbecco’s Modified Eagle Medium (DMEM), 1ImM Gluta-
max (Invitrogen 10569), 10% Fetal Bovine Serum (FBS Invitrogen 16000-
044) and 1% non-essential amino acids (Invitrogen 11149-035).

Human Ebrionic Stem (hES) cell medium: DMEM-F12 (Invitrogen 12660),
20% Knokcout serum replacement (KOSR, Invitrogen 10828), 1% non essen-
tial amino acids (NEAA, Invitrogen 11140-050), ImM Glutamax (Invitrogen
35035), 4ug/mL basic fibroblast growthfactors (bFGF, Invitrogen 13256-029)
and 0.1 mM beta-mercaptoetanol.

Human Ebrionic Stem (hES) cell are differentiated using bmp4 in the hES

medium.

5.2 Immunostaining: Oct4-Immunocytochemistry

Medium is removed from the stem cell plate. Cells are washed with PBS. Cells
are fixed in 4% Paraformaldeyde (PF). Cells are washed 3 times with PBS.
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Permeabilize with 1 ml cold Methanol for 5 minutes at room temperature.
Cells are washed 3 times with PBS. Cells are incubated in blocking buffer
with 10% of normal serum in PBS. Serum is from the same species that the
secondary antibody: donkey blocking solution at room temperature for 1 hour.
The 1st antibody, Goat anti Oct4 is added and cells are incubated for one hour.
Cells are washed 3 times.with PBS. The 2nd antibody Inv. Donkey anti-Goat
Alexa 568 is addet and celld incubated for one hour. Dapi solution is added to
the cell. Finally cells are washed with PBS.

5.3 Imaging

Fluorescence lifetime images were acquired using two-photon microscopy and

Immunostaining images were acquired with one photon confocal microscopy.

The first set up is a Zeiss 710 microscope coupled to a Ti: Sapphire laser
system (Spectra-Physics Mai Tai) and a ISS A320 FastFLIM [92]. The objec-
tive used is a 40 x 1.2 NA water immersion (Zeiss Korr C-Apochromat). The
settings for the image acqusition were the following: the image size was 256
x 256 pixels with a scan speed of 25 beginmathendmathm/pixel. In order to
separate the fluorescence signal from the laser light and the fluorescence com-
ing from the sample, a dichroic filter with a wavelength of 690 nm has been
used. Fluorescence is then detected by a photomultiplier (PMT H7422P-40 of
Hamamatsu) and a short pass filter with a wavelength of 610 nm is placed in
front of the detector. In fig. 5.1 the set up all the components of the first set
up are schematically drawn.

FLIM data were acquired and processed by the SImFCS software devel-
oped at the Laboratory of Fluorescence Dynamics. Excitation wavelength of
760 nm was used. The average power used to excite living tissues was about
5 mW. Before proceeding with the experiments, the FLIM calibration of the
system was performed by measuring the lifetime of the fluorescein with a sin-
gle exponential decay and by matching it with a fluorescence lifetime of 4.04
ns. The FLIM data were collected until in the brightest pixel of the image 100
counts were acquired. The acquisition time was typically of the order of few

seconds.
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Sample |

Objective
40X1.2ZMNA
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Counting

Figure (5.1). Schematic draw of the experimental setup for FLIM images
(Experimental Setup 1). The sample is excited by a infrared laser through
two-photon excitation. A dichroic filter (690 nm) separates the fluorescence
signal from the laser light and the fluorescence coming from the sample. The

photons are collected by a photomultiplier (PMT).
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Sample |
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Figure (5.2). Schematic draw of the experimental setup for immunostaining
images (Experimental Setup 2). The images are obtained through two differ-
ent laser excitations (405 nm and 565 nm), using confocal one-photon laser

scanning microscopy.
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5.4 Data Analysis

All phasor transformation and the data analysis of FLIM data are performed
using SimFCS software.

Every pixel of the FLIM image is transformed in one pixel in the Phasor
Plot. The component g (x-coordinate) and the component s (y-coordinate) of
the Phasor Plot are respectively the real and imaginary part of the Fourier
transform of the fluorescence intensity response I(t) to the excitation impulse.
The data were acquired using the time domain method. The coordinates g
and s in the Phasor Plot are calculated from the fluorescence intensity decay
of each pixel of the image by using the transformations already defined in

Chapter [? 3/4 ?]. The equations are the following:

o Jo $ () cos(wt)dt

gi,j(w) = fooo L, 5.1)
L () sin(wt)dt

Si,j (LU) - fooo IZ7J(t)dt (52)

The indices ¢ and j identify the pixel of the image with coordinates i and ;.
w is the laser repetition angular frequency (w = 27 f). f is the laser repetition
rate, i.e. 80 MHz. All phasor plots are transformed at 80 MHz, i.e. the first
harmonic of the laser repetition rate, if not differently specified.

The analysis of the phasor distribution is performed by cluster identifi-
cation. Clusters of pixel values are detected in specific regions of the Pha-
sor Plot. The cluster assignment is performed by taking in account not only
the similar fluorescence properties in the Phasor Plot but also exploiting the
spatial distribution and localization in cellular substructures or tissues. We
achieve this by applying a median filter that imposes a correlation between
cluster of pixels in the Phasor Plot and pixels of the image without decreas-
ing the spatial resolution. This allows better confining a cluster to a specific
phasor value, by reducing the statistical error in the phasor associated with
each pixel of the image. Regions of the image with different decay profiles
and characteristics can be better delineated. In order to obtain information

on the chemical composition of tissues, we compare the size of their phasor

51



MATERIALS AND METHODS

distribution with the statistical uncertainty, which depends on the reverse of

the square root of the number of photon collected.

0 X —— (5.3)

If the size of the phasor distribution is comparable to the statistical uncer-
tainty, we select an independent molecular species using a circular selection
cursor. If the phasor distribution is elongated, we select a mixture of molecu-

lar components using a cursor which joins the two molecular species.

'y

Figure (5.3). Statistic on the points. Depending on the size of the cluster, it is
possible to identify one molecular species or a mixture. If the size of the phasor
distribution is comparable to the standard deviation o, one molecular species
is selected using a circular cursor. If o is elongated, a mixture of of molecular

components is selected by a cursor which join the two molecular species.

Fractional intensities of chemical species (Eq. 4.16 and 4.17) in every pixel

of the image are evaluated with a graphical analysis in the phasor plot.
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Chapter 6

RESULTS

6.1 Introduction

The phasor approach presented here has the power of drastically simplifying
the analysis of FLIM images. Given a FLIM image, the phasor method is
able to transform the histogram of the time delay of every pixel in a phasor,
an object analogous to a vector. The values of the sine and cosine transforms
(Fourier transforms) can be represented in a polar plot, which can be asso-
ciated to a two-dimensional histogram. In this way, each pixel of the image
results in one point in the so-called phasor plot. This identification can also
be applied in the reverse mode, each occupied point of the phasor plot can be
mapped to a pixel of the image. In other words, since every molecular species
has its own specific phasor, the innovative potential of the phasor approach
consists of allowing to identify the different molecules exclusively through
their position in the phasor plot. Using the phasor approach, all the problems
related to the fitting exponential analysis can be avoided and a graphical,
easy to understand, global view of the fluorescence decays of the image is

immediately provided.

The breakthrough of the phasor approach to FLIM images is that the flu-
orescence lifetime 7 does not need to be calculated anymore. Its knowledge is
unnecessary to identify a specific molecular species or to determine the frac-
tional contributions of molecular species at one pixel. If the phasor falls on the

"universal circle", it can be unequivocally associated with a lifetime value. If
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the phasor is not on the universal circle, the corresponding molecular species
must have a complex decay. In this case, estimators of lifetime values can
be obtained using phasor plots of higher Fourier harmonics. Concluding, the
determination of lifetime components is simply unnecessary when the decay

is represented in the phasor plot.

6.2 Results and Discussion

The phasor transformation of FLIM images (described in Chap. 4) of a living
tissue directly provides maps of individual tissue components without a priori
assumption on the number of species present in the tissues [6],[90],[92],191].

The analysis of a complex system, such as a tissue, results difficult be-
cause of all the different molecular species which coexist in the tissue. Ap-
plying the phasor approach, each chemical species results to have its specific
location in the phasor plot. We are able to determine it through the intrinsic
characteristics of the fluorescence decay and this characteristic "phasor fin-
gerprint" allows us to identify individual components in a tissue. Fig. 6.1
shows the location in the phasor plot of the most important fluorophores.
Their positions in the plot are well defined and clearly separated one from
the other.

The majority of fluorophores have decay with multiple exponential com-
ponents because of their conformational heterogeneity.

The phasor position of pure GFP is near, but not exactly, on the univer-
sal circle, since the fluorescence decay of GFP is not single exponential [93]].
Collagen has a very short lifetime with a broad distribution of decay compo-
nents due to intermolecular cross links [94]. Its phasor is located inside the
universal circle, close to the temporal zero. The phasor position of retinol in
DMSO has a specific location which is different from the one of retinoic acid
in DMSO, in agreement with the measured multiexponential decays in ref
[95]. Both FAD and free and bound NADH phasor position are located in-
side the phasor plot. Their lifetime is a combination of several exponential
components [96],[97]. The phasor position of protoporphyrin IX (in dimethyl-
formamide and methanol) is located on the universal circle since it is charac-

terized by a single lifetime component [98].
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Figure (6.1). "Phasor fingerprint” of pure chemical species: phasors of pure

chemical species identify tissue components through their location in the Pha-

sor Plot. In the figure the location of the following chemical species are repre-
sented: GFP in Tris buffer, Retinol in DMSO (pH 8.5), Retinoic acid in DMSO
(pH 8.5), FAD in water (pH 7), free NADH in Mops buffer (pH 7), bound NADH
in in Mops buffer 1:1 with lactate dehydrogenase (pH 7), Protoporphyrin IX in

dimethylformamide: methanol (pH 7).
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The phasor position can be obtained from published lifetime decay data
after application of the phasor transformation. We emphasize that in the pha-
sor approach the peculiarity that characterizes a specific tissue component is
the location in the phasor plot.

The phasor location of endogenous fluorophores is used as a guide to iden-
tify them in living tissues. This map will be used for the analysis of the
following data.

The analysis of the FLIM data in the phasor space is performed by de-
tecting clusters of pixel values in specific regions of the phasor plot. Fig. 6.2
(A) displays two-photon excited fluorescence image of undifferentiated hES.
The phasor analysis of the FLIM was performed by a mathematical transfor-
mation of the raw data as explained in Chap. 5. Fig. 6.2 (B) displays the
two-dimensional phasor plot of the FLIM image. Every pixel of the FLIM im-
age is transformed into a pixel in the phasor plot. All the pixels are located
inside the universal circle of the phasor plot, thus indicating that their decay
is multi-exponential. The phasor distribution of the the living tissue has a
complex shape with different clusters. Their positions specifically correspond
to different chemical components.

In Fig. 6.2 (C) pixels are highlighted with a color that corresponds to the
clusters in the phasor plot (red, green and blue clusters). The red colored clus-
ter selects specific bright granules, which results to contain porphyrin. This
deduction can be done observing Fig. 6.1. The phasor location of the molecu-
lar species in Fig. 6.1 is used as a reference to analyze the phasor distribution
in Fig. 6.2. The red cluster is located in the position of the phasor which is
very close to the Porphyrin IX in the phasor plot in Fig. 6.1. Observing the
position in the phasor plot, Porphyrin has a very long fluorescence lifetime.
The green cluster selects the hES colony. Finally, the blue cluster selects an
area which is located outside the hES colony. It selects autofluorescence of
MEFs which is positioned in the central zone of the phasor plot, typical of
autofluorescence of somatic cells. The autofluorescence is located in the mid-
dle of the phasor plot because it is a mixture of many intrinsic fluorescence,
such as NADH.

The histogram of the 7, values is represented in Fig. 6.2 (D), colored in

grey. The colored clusters are also highlighted in the histogram. 7, values are
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Figure (6.2). Phasor analysis of FLIM tissue images separates tissue compo-
nents. (A) Intensity image of undifferentiated hES. (B) Phasor plot of the FLIM
image. Three clusters corresponding to different tissue components are iden-
tified in the phasor distribution with different colors. (C) Phasor color maps
of the FLIM image. The colors of pixels correspond to the clusters of tissue
components identified in the phasor plot. (D) Average lifetime 14 histograms
of the FLIM image is represented in grey. The colored areas correspond to the

74 of each tissue component identified by the phasor analysis.
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calculated using Eq. 3.13. The fluorescence lifetime differences can be easily
discriminated in the phasor plot, while it is difficult to discriminate them in
the lifetime histogram. The lifetime 74 has a range from 0.5 to 4.5 ns, it shows
a high peak at about 1 ns, after which the distribution decreases slowly until
4.5 ns. Observing the three lifetimes of the colored clusters, they can be easily
discriminated and each of them has its specific value.

Hence, phasor approach is a "fit-free" method that requires no assumption
or a priori knowledge on the biological sample, such as its biochemical con-
tent. Tissue components are are identified and separated by cluster analysis
, i.e. detecting clusters of pixel values in specific regions in the phasor plot.
This method provides high selectivity in identifying fluorescence components
that cannot be separated by a multi-exponential fitting or by analyzing the av-
erage lifetime. Multi-exponential fitting can separate only a limited number
of components in a mixture of multiple fluorescent species. The mean lifetime
offers a contrast whose physical interpretation is ambiguous and cannot sep-
arate tissue components with the same average lifetime but characterized by
different lifetime distributions. Instead, the phasor approach provides excel-
lent discrimination of intrinsic molecular sources in live tissues, where the

majority of pixels have a complex multi-exponential decay.

6.3 hES and Immunostaining

The hallmark of stem cells is their self-renewal ability. A stem cell can pro-
duce either daughters which maintain stem-cell identity, and therefore re-
main in an undifferentiated state, either differentiating daughters which are
committed to form specialized tissues [7]. In particular, pluripotent stem cells
can give rise to all cell types in a given organ. Furthermore, through differ-
ent matrices and stimulation factors, pluripotent hES cells can be induced to
differentiate into blood cells, muscle cells and nerve cells.

Recognizing the differentiation state of stem cell is an extremely informa-
tive and useful task. Several advantages may derive from this knowledge,
for example it would be helpful to better comprehend the factors which can
induce a differentiation toward a certain type of cell instead of another. The

three most common markers for pluripotency are Oct4 [7]], NANOG [99] and
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SOX2 [100].

Oct4 is a transcription factor which governs ES pluripotency [101]. Oct4
has a critical role in the establishment and maintenance of pluripotent state.
Differentiation of pluripotent cells is associated with downregulation of Oct4
levels, and downregulation of the Oct4 gene in ES cells results in the differ-

entiation and loss of pluripotent cells [102][103]].

Inner cell
mass

Blastocyst

Embryonic
stem cells

Figure (6.3). Identifying human Embryonic Stem cells (hES) in vitro. The H9
line was used. Through different matrices and stimulation factors, hES cells
can be induced to differentiate into blood cells, muscle cells and nerve cells etc.
Oct4 is a marker for pluripotent stem cells and its downregulation results in

the differentiation and loss of pluripotent cells [7].

Fig. 6.4 represents different images of an undifferentiated pluripotent
hES colony. The fluorescence intensity image is represented in Fig. 6.4 (A),
Fig. 6.4 (C) is the phasor color map obtained through the cluster analysis of
Fig. 6.4 (B). The colony os stem cells is clearly highlighted by green and red
pixels, which correspond to porphyrin (red cluster) and to a chemical species
(green cluster) which appears to be a linear combination of porphyrin and

MEF (blue cluster in the central zone of the phasor plot). Hence, using the
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Figure (6.4). Maps of relative concentration of tissue components in undif-
ferentiated pluripotent hES. (A) Intensity image of undifferentiated hES. (B)
Phasor plot of the FLIM image. Different clusters are assigned to pure chem-
ical species according to Fig. 6.5: porphyrin granules (1) in red, hES colony
(2) in green, MEF cytoplasm (3) in blue. (C) Phasor color map. Pixels of differ-
ent colors correspond to the color of the cluster in the phasor plot. Red pixels
contain mostly porphyrin, green pixels highlight the hES colony and blue pix-
els identify MEFs. (D) Image with DAPI. DAPI is a standard marker, able to
label the nucleus of the cells. (E) Image of the colony after immunostaining.
Immunostaining was done labeling the transcription factor Oct4 with anti-
bodies through Alexa Fluor 568. Oct4 is a specific marker of pluripotent stem

cells.
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phasor approach to FLIM images we are able to identify the undifferentiated
stem cells colony only through the cluster analysis, without having any a
priori information. The hES colony is noticeable identifyed by the red and the
green cluster.

After in vivo measurements with FLIM, we fixed the cells. In order to
identify stem cells colonies, we treated the stem cells colony to perform im-
munostaining procedure. After fixation and immunostaining the cells are
unviable and unrecoverable, they become incompatible with in vivo dynamic
observations. However, immunostaining gives us reliable information about
cells and it allows us to identify stem cells and fibroblats. It is a standard
procedure, validated and currently used.

Fig. 6.4 (D) illustrates the results after fixation through DAPI. DAPI
or 4’,6-diamidino-2-phenylindole is a fluorescent stain that binds strongly to
DNA. It is used extensively in fluorescence microscopy. DAPI is able to pass
through an intact cell membrane and though it is used to stain both live and
fixed cells, but in fixed cells the procedure is relevantly more efficient and it
gives better results. DAPI binds to the chromatin of the nucleus and though
it identifyes the nuclei of cells. It is not a specific dyes of stem cells. So,
using DAPI, we can observe all the nuclei of cells, either stem cells and ME
fibroblasts. We can clearly identify the stem cells colony. It corresponds to the
colony which we identified previously through the phasor cluster analysis of
the FLIM image.

Fig. 6.4 (E) illustrates immunostaining results of Oct4 linked with Alexa
Fluor 568 (see Cell Colture and Immunostaining, Chap. 5.1). As I mentioned
before, Oct4 is a specific marker of stem cells pluripotency. By visualizing the
expression of Oct4, linked with antibodies through Alexa Fluor 568, we can
identify stem cells and measure their state of differentiation. It is able not
only to identify stem cells, but more specifically to identify undifferentiated
stem cells. The efficiency of the immunostaining is as higher as the stem cells
are not differentiating in specialized tissues. Indeed, this type of immunos-
taining is extremely informative for analysis and measurement of stem cells
differentiation. The main disadvantage is that after the fixation stem cells
cannot be monitored in vivo anymore and they become unviable for further

analysis. Observing Fig. 6.4 (E), the hES colonies express Oct4-Alexa Fluor
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568. Instead, since Oct4 is a specific marker of stem cells, it is not expressed
in nuclei of MEFs. The stem cells colony (in red) corresponds exactly to the
colony we had previously highlighted through phasor cluster analysis of the
FLIM image in Fig. 6.4 (C).

Through DAPI fixation and Oct4-Alexa Fluor 568 immunostaining, we
were able to confirm the validity of the analysis performed in FLIM images
by the phasor approach. The red and the green cluster can efficiently identify
the hES colony. This method does not require to fix the cells, it is not invasive
at all and it is very fast. Stem cells remain viable for further analysis and

they can be monitored in vivo.

6.4 Undifferentiated and Differentiating Stem Cells

We firstly obtained FLIM images in vivo, using two-photon laser. Then we
applied fixation and immunostaining procedures to identify stem cell colonies
and we acquired the images with a one-photon confocal laser.

We performed the same procedures in both undifferentiated and differen-
tiating stem cells.

Hence, we obtained the FLIM image, the image after fixation with DAPI
and the image after immunostaining with Oct4-Alexa Fluor 568 of a differ-
entiating hES colony. Our goal is comparing the results given by the undif-
ferentiated and the differentiated colony, in order to understand whether the
phasor cluster analysis of FLIM image is able to discrimate them. In other
words, we want to verify if the phasor approach can be a valide and effective
tool to measure stem cell differentiation. Moreover, we want to understand
if we can obtain further information about the chemical species prevalent in
undifferentiated or differentiating stem cells.

The first row of Fig. 6.5 (A) consists of a brightfield image (transmission
image), a FLIM image and a phasor map of the FLIM image of undifferenti-
ated hES. The same images are represented in the second row, but this time
they belong to differentiating hES. The brightfield image is only a visualiza-
tion image, while the FLIM image is the one used for our analysis. FLIM
measurement is independent from the absolute concentration of a fluores-

cent species but reveals the relative concentration of two or more fluorophores
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d brightfield fluorescence phasor map € Dapi Octd

hES

Differentiating Undifferentiated
hES

Figure (6.5). Comparison between undifferentiated and differentiating hES.
(A) Brightfield, FLIM, phasor map of the FLIM images of undifferentiated
hES (pluripotent) and differentiating hES (treated with Bmp4). (B) Phasor
plot of the FLIM image of undifferentiated hES. (C) Phasor plot of the FLIM
image of differentiating hES. (D) Phasor plot selection using linear clusters
that represent all the possible relative concentrations of porphyrin and MEF's
autofluorescence. Each point along the line has a color corresponding to spe-
cific fractional intensity of the species. (E) Images of the undifferentiated and
differentiating colony after immunostaining with DAPI and with Oct4.
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weighted by their intensity. This property allows us to map the relative con-
centration of intrinsic fluorophores. In the phasor plot a combination of two
chemical species lie on the line connecting the two phasors (as explained in
Chap. 4 and 5).

Fig. 6.5 (B) and (C) represent the phasor plot respectively of the undiffer-
entiated hES image and the differentiating hES image. The phasor position
of the bright granules which are identified by the red cluster co-localize with
the porphyrin in the phasor plot of pure chemical species (Fig. 6.1). The
average autofluorescence arising from the tissue (blue cluster) locates in the
central part of the phasor plot. We recall that this is because it is a mixture
of different intrinsic fluorescent components and we associated it to MEFs
autofluorescence.

The phasors originated by the fluorescence stem cells signal are located
along the straight line which joins the position of porphyrin and MEFs aut-
ofluorescence. We provided a phasor map of the relative concentration of the
two components within the tissues by visualizing their fractional intensities
to the signal. The relative concentration is calculated in every pixel of the im-
age with a graphical analysis, by the position of the pixel in the phasor plot
along the line connecting the two molecular species.

In Fig. 6.5 (D), the linear cluster with the color scale from red to blue
shows all the possible relative concentrations of porphyrin and autofluores-
cence. Each point along the cluster has a color corresponding to the specific
fractional intensity. The same color scale is used to map the relative concen-
tration of the two species in the phasor map of Fig. 6.5 (A). The phasor posi-
tion of cells with different expression of porphyrin lie along the line between
the porphyrin and the autofluorescence phasor points. Using this principle,
we directly visualized different state of differentiation of the hES within the
tissue.

Observing the phasor maps of Fig. 6.5 (A), we notice immediately that the
two images differ. The phasor map of the undifferentiated hES colony has
prevalently red pixels. This means that undifferentiated stem cells express a
high concentration of porphyrin granules. Instead, the color of the pixels of
differentiating stem cells is not only red but it tends to the blue cluster. This

means that the relative concentration of the chemical species is different. We
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identified different concentrations of porphyrin and we can relate this differ-
ent concentration to different states of differentiation of stem cells. While the
stem cells are differentiating, the phasor position moves from the porphyrin
to MEF's autofluorescence. The more stem cells are differentiating, the lower
becomes the relative concentration of porphyrin. In the literature we can
find that porphyrins are involved in colony expansion and in the pathway of
self-renewal of hES [104].

In order to confirm our results, we performed again fixation with DAPI
and immunostaining with Oct4 linked through Alexa Fluor 568. We can ob-
serve the corrispondent images in Fig. 6.5 (E). The fixation with DAPI is not
very informative, DAPI simply stains the nuclei of stem cells. Instead, the
immunostaining with Oct4-Alexa Fluor 568 allows us to measure the state of
differentiation of hES. By looking at the fluorescence intensity, we can mea-
sure the expression of Oct4 in stem cells. Undifferentiated hES have an high
expression Oct4, the image is extremely bright. Differentiating hES have a
lower expression of Oct4. The correspondent image is indeed not as bright as
previously and this indicates a loss of pluripotency.

The images obtained with Oct4 immunostaining gave us the same infor-
mation of the images obtained with the phasor color map of FLIM images.
Using Oct4-Alexa Fluor 568 immunostaining, we can see the expression of
Oct4 decreasing while the hES are differentiating and loosing their pluripo-
tency. The change we can observe in the FLIM images is associated to cells
differentiation. Using the phasor approach to analyze the FLIM image, we
can measure the state of differentation of stem cells looking at their phasor
position. The more the phasor moves along the red-blue linear cluster, the
more hES are differentiating. Through the phasor approach we are able to
individualize the chemical species which are present in stem cells living tis-

sues and which change during differentiation.
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Chapter 7

CONCLUSIONS

Time lapse phasor FLIM imaging can be used to achieve information on dy-
namic of cell activities, physiological processes thus monitoring tissue devel-
opment over time. FLIM was already been performed to distinguish between
different states of stem cells in vitro. However, our approach was particularly

non invasive.

We performed FLIM measurements without any extrinsic labeling, only
using intrinsic fluorophores present in the cells. The FLIM images were ac-
quired in vivo. After the measurements, we analyzed the images without any

a priori assumption through the phasor approach.

The phasor approach to FLIM gives a straightforward and quantitative
interpretation of physiological processes which occur in living cells. This
method is able to simultaneously identify chemical components, it allows fast
analysis of wide data sets and it offers a global view of the decay properties

by analyzing all pixels of the image at the same time.

Phasors allow an easy quantification of the relative concentration of molec-
ular species in vivo. The phasor location of some relevant endogenous fluo-
rophores, such as collagen, NADH, FAD, porphyrin, retinol and retinoic acid
were determined. For some of these metabolic products direct labeling is not
possible. However, the number of fluorescent chemical species that can be
identified by their phasor signature is not limited. The phasor location of ev-
ery molecular species in the plot is uniquely determined by its fluorescence

decay. The "phasor fingerprint" of chemical species reduces the importance
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of knowing the exact lifetime distribution of fluorophores decay and allows
interpreting FLIM images directly in terms of chemical species.

Phasor coordinates are a linear function of molecular species and mix-
ture of fluorescent species can be identified by a graphical analysis. We were
able to measure the relative concentration of fluorescent species directly from
the position of the pixel in the phasor plot along the straight line connect-
ing two chemical species. We quantified different relative concentrations of
endogenous fluorophores in undifferentiated and differentiating stem cells.
This provides important information about the distribution of porphyrin and
MEFs autofluorescence within the stem cells. By using the phasor approach
to FLIM, we were able to distinguish between undifferentiated and differen-
tiating stem cells observing the phasor position. The phasor location gives us
important information about the chemical species which are present in stem
cells tissues. We can measure which chemical species are prevalent in un-
differentiated or differentiating stem cells and which chemical changes occur
while the stem cells are differentiating.

We demonstrated that the phasor approach in living cells results to be a
promising tool in biomedical research, biology and biophotonics. It allows to
track in vivo metabolic changes which carry information about stem cell dif-
ferentiation but can also be associated to cell carcinogenesis, apoptosis and
necrosis. The ability to observe noninvasively the chemical species prevalent
within stem cells tissue and their relation to the differentiation state could
be extremely useful. Label-free discrimination between self-renewal and dif-
ferentiation by phasor approach to FLIM is suitable to monitor embryonic
stem cells fate. Furthermore, mapping the relative concentrations of chemical
species may be extremely helpful to identificate specific intrinsic biomarkers
which bring stem cells to differentiate into various lineages.

In the field of tissue engineering, we want to distinguish between undif-
ferentiated and differentiating stem cells in the less invasive way possible.
The recent and promising studies of induced Pluripotent Stem cells require
to select and sort undifferentiated and differentiating stem cells. We demon-
strated that the phasor approach to FLIM can be a suitable and optimum tool

for label-free cell sorting in vivo and in real time.
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Figure (7.1). Future perspectives of cell sorting. One of the possible future
direction can be identifying the appropriate intrinsic biomarkers to monitor

and trace differentiation of stem cells in different progenies.
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