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Abstract Metabolic analysis of heterogenous cell cultures and complex tissues
carries many analytical difficulties using current evaluation methods due to their
procedural limitations, destructive nature, and lack of visual information. There-
fore, the objective of this work was to use fluorescence lifetime imaging microscopy
(FLIM) of intrinsic fluorophores such as nicotinamide adenine dinucleotide (NADH)
for label-free quantification of metabolic activity. Two-photon FLIM experiments
were carried out to measure metabolic changes in response to various external stim-
uli of individual cells, cell cultures, and tissues over time. Special focus was on
adipocyte metabolism and increasing its energy expenditure which make it a de-
sirable prospect for treating obesity and related disorders. Expanding from the
traditional two-lifetime model of NADH to a four-lifetime model using exponen-
tial fitting and phasor analysis of the fluorescence decay results in an increased
dynamic range to metabolic changes and a superior metabolic assessment as com-
pared to traditional FLIM analysis. The four lifetime components can be mapped
to specific cellular compartments to create a novel optical biomarker named the
mitochondrial-cytoplasmic-ratio (MCR) that accurately reflects shifts in mitochon-
drial and cytoplasmic NADH distribution and binding states. Additionally, the new
MCR metric correlates well with the oxygen consumption rate as measured by an
extracellular flux analyzer. It therefore provides a highly sensitive, non-destructive,
label-free biomarker for real-time quantitative assessment of metabolic activity with
subcellular resolution. This widely applicable approach constitutes a powerful tool
for studies where monitoring cellular metabolism is of key interest.



Kurzfassung Die metabolische Analyse heterogener Zellkulturen und komplexer
Gewebe weist bei der Verwendung aktueller Bewertungsverfahren erhebliche Ein-
schrankungen auf wie zum Beispiel aufwendige Prozeduren mit teilweise destruk-
tiven Auswirkungen und Mangel an visuellen Informationen. Ziel dieser Arbeit
war es daher, Fluoreszenzlebensdauer-Mikroskopie (FLIM) von intrinsischen Fluo-
rophoren wie Nicotinamid-Adenin-Dinukleotid (NADH) zur markierungsfreien Quan-
tifizierung der Stoffwechselaktivitat zu verwenden. Zweiphotonen-FLIM-Experimente
wurden an einzelnen Zellen, Zellkulturen und Gewebe durchgefiihrt, um metabolis-
che Verdnderungen als Reaktion auf verschiedene duflere Reize zu messen. Beson-
derer Fokus lag auf dem Fettstoffwechsel und dessen Aktivierung, da der damit ver-
bundene erhohte Energieverbrauch das Potential zur Behandlung von Fettleibigkeit
und damit verbundenen Erkrankungen hat. Die Erweiterung vom traditionellen
Zwei-Lebenszeit-Modell von NADH zu einem Vier-Lebenszeit-Modell unter Verwen-
dung von exponentiellem Fitting und der Phasor-Analyse der Fluoreszenzabklingkurve
erhoht die Messgenauigkeit und den dynamischen Bereich von metabolischen Veran-
derungen im Vergleich zu herkdmmlichen FLIM-Analysen. Die vier Lebenszeitkom-
ponenten konnen eindeutig spezifischen zellularen Bereichen zugeordnet werden,
wodurch sich ein neuartiger optischer Biomarker mit dem Namen Mitochondrial-
Cytoplasmic-Ratio (MCR) erzeugen lasst. Dieser spiegelt die Verschiebungen in
der Mitochondrien- und Cytoplasma-NADH-Verteilung und den Bindungszustanden
genau wider. Dartiber hinaus korreliert das neue MCR~Verhéltnis gut mit der Sauer-
stoffverbrauchsrate, die von einem extrazellularen Fluxanalysator gemessen wurde.
Das Verhaltnis bietet daher einen hochsensiblen, zerstorungs- und markierungsfreien
Biomarker zur quantitativen Bestimmung der Stoffwechselaktivitat in Echtzeit mit
subzellularer Auflosung. Diese weitreichend anwendbare Methodik stellt ein leis-
tungsfahiges Instrument fiir Studien dar, bei denen die Messung des Zellstoffwechsels
von zentralem Interesse ist.
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1 Introduction

The past couple of decades have seen an increasing interest in the development of
a wide range of new optical biomarkers and imaging techniques for biomedical di-
agnostics. These biomarkers represent a powerful tool in bio-photonics, cell biology
as well as a new approach for cell sorting, metabolomics and drug screening. These
relatively new and hot topic research areas show an increasing need for metabolic
studies in real time on a sub-cellular level. Therefore, this thesis has analyzed the
role of a relatively limited set of key-molecules of energy metabolism. In this study,
we demonstrate the applications of two-photon fluorescence lifetime imaging mi-
croscopy in assessment of metabolism in biological samples such as mono-layer cell
cultures, fresh tissue as well as tissue engineered skin models. The work presented
here, puts special focus on the fluorescence analysis of endogenous fluorophore nicoti-
namide adenine dinucleotide (NADH) of adipocytes.

Imaging of NADH as a Metabolic Indicator

NADH is a coenzyme which is crucial for several metabolic pathways, as well as in-
tracellular biosynthesis in living cells. Already in 1954, Chance et al used NADH as
a reporter of metabolism in living samples and have proposed promising implications
and applications for metabolic analysis [1]. The measurement of NADH was further
improved by the development of laser scanning confocal microscopy which allowed
for investigation of complex structures by adding spatial resolution [2]. Addition-
ally, in 1992 Lakowicz et al. developed a technique to generate images of cells and
tissues, in which the contrast parameter is the fluorescence lifetime [3]. One of the
first applications of this fluorescence lifetime imaging microscopy (FLIM) approach
was demonstrated on NADH [4]. The fluorescence lifetime of NADH and other
fluorophores is sensitive to changes in its local environment which enables quanti-
tative measurements of metabolic changes from inside living systems. Commercial
fluorescence lifetime setups for conventional confocal microscopes made fluorescence
lifetime imaging commonly available, leading to an increasing number of NADH
FLIM studies [5]. Numerous observations of different NADH lifetime characteristics
between healthy, abnormal and diseased cells and tissues have been shown and now
shifted the focus to the development of clinical and laboratory diagnostic devices
6, 7]. However, few devices and applications have transcended into laboratories
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and clinics as the standard tool for bioenergetics since technical challenges and an-
alytical difficulties of quantification resulting in conflicting outcomes still remain [8].

NADH acts as an electron carrier, transporting electrons between redox reactions
as the principal electron donor in oxidative phosphorylation and electron acceptor
in glycolysis. It therefore plays crucial roles in both oxidative metabolism and gly-
colysis and monitoring its auto-fluorescence is useful as an indicator of metabolic
activity and mitochondrial function [9]. While NADH is fluorescent, its oxidized
counterpart, NAD™, is not. Using two photon microscopy, NADH can be excited
within the 710 to 780 nm range which enables deeper tissue imaging and improved
imaging signal-to-noise ratios than one-photon excitation while reducing the poten-
tial for light-induced cell damage [10]. Fluorescence lifetime imaging microscopy
(FLIM) has been used extensively to analyze NADH via both its fluorescence inten-
sity and lifetime. Within the cell, NADH can be found as either a free molecule or
bound as a cofactor to a variety of enzymes [10].

FLIM has been used extensively to analyze NADH via both its fluorescence inten-
sity and lifetime. Within the cell, NADH can be found as either a free molecule or
bound as a cofactor to a variety of enzymes [10]. While the fluorescence spectrum
of free and bound NADH is very similar, the lifetimes of these species differ signifi-
cantly. Free NADH in solution has two fluorescence lifetime components, which can
be attributed to a folded and extended conformation of the molecule. Binding to an
enzyme prolongs the fluorescence lifetime of NADH, and this lifetime varies slightly
for each of NADH’s multiple binding partners [11]. While traditional assessment of
NADH only shows two fluorescence lifetimes components, one free and one bound,
recent studies in cancer cells and cerebral tissue suggest that there are likely four
distinct NADH species [9, 12]. The NADH fluorescence decay can be modeled as the
sum of two or more decaying exponentials, with each term representing a different
conformation or enzymatic bound formulation of NADH [9].

An alternative method of analyzing lifetime data is the Fourier-based phasor ap-
proach, which calculates phasor coordinates describing the fluorescence decay [13].
These methods can be used for distinguishing dynamic changes in metabolism with
much higher specificity than traditional methods. In this study, the phasor approach
to FLIM analysis of NADH was applied to verify results gathered by exponential fit-
ting models and to simplify the fluorescence lifetime analysis. The phasor approach
to FLIM is a fit-free technique which does not require a priori knowledge of the fluo-
rescent species in the sample [14]. However, interpretation of phasor plots composed
of more than two fluorescence lifetime species exposed difficulties. Therefore, a new
analysis methodology using a combination of segmentation of exponentially derived



lifetime histograms and the phasor approach was introduced in this thesis. Using
this technique, the potential of the NADH FLIM-phasor approach to differentiate
metabolic states at the single-cell level was demonstrated. The FLIM-phasor plots
capture information about metabolic activity and demonstrate that this method can
provide distinct and nuanced information about metabolic states. Nevertheless, a
complete understanding of the underlying biochemical processes that are observed
during FLIM imaging of NADH is required for an accurate interpretation.

This thesis provides both an introduction to the field of NADH fluorescence imag-
ing and an overview of the relevant biochemical pathways required to interpret the
data that such experiments generate. Primary mechanisms of NADH production
and consumption are discussed as well as introduction of basic photo-physics and
practical considerations of NADH fluorescence applications for metabolic imaging
and how the specific findings of this dissertation can be used to improve future label
free metabolic imaging for individual cells..

Assessment of Adipose Tissue Function

In this study, NADH fluorescence lifetime measurements are mainly applied on
adipocytes. Lately, the understanding of fat metabolism has become more important
as the number of obese children and adults has increased dramatically worldwide
over the past three decades [15]. Obese individuals have an increased risk of devel-
oping numerous diseases, such as hypertension, hyperglycemia, type 2 diabetes and
many forms of cancer [15, 16]. This obesity epidemic is driving a demand for innova-
tive and effective treatments for the condition. In the human body, there are at least
three types of fat cells with distinctive specialized metabolic functions. Excessively
accumulated fat is known as white adipose tissue (WAT), whose main function is to
store excess energy. WAT can be found in humans mainly intra-abdominally (vis-
ceral) and subcutaneously, while smaller deposits are found throughout the human
body [17]. White adipose cells are structured with a single large lipid droplet and
contain few mitochondria. In contrast, brown adipose tissue (BAT) is specialized
to dissipate energy as heat through nonshivering thermogenesis and is mostly found
in the neck and shoulder areas (cervical, supraclavicular, axillary, and paraverte-
bral regions) [18]. Brown adipocytes contain multilocular lipid droplets and many
mitochondria that contain the BAT-specific protein known as uncoupling protein 1
(UCP1). UCPI plays an important role in increasing energy expenditure through
the uncoupling of oxidative phosphorylation from adenosine triphosphate (ATP)
production, which leads to heat generation [19, 20].
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While a clear anatomical difference can be drawn between WAT and BAT, the cellu-
lar origin of the recently discovered beige adipose tissue (BeAT) has not been com-
pletely clarified. Beige fat consists of brown-like adipocytes that are mainly found
in subcutaneous white fat depots and share many characteristics of BAT, such as
enriched mitochondria, multiple lipid droplets, and expression of UCP1. Activation
and recruitment of brown and beige adipocytes by various stimuli, including mild
cold exposure, increases lipolysis and upregulates UCP1 causing increased whole-
body energy expenditure [18]. Therefore, brown and beige adipocytes are promising
therapeutic targets to reduce obesity, and numerous research groups are investigat-
ing the effects leading to their activation [20].

Even though the interest in this field of research is growing rapidly, traditional meth-
ods have great difficulty in detecting the activation of beige and brown fat within
a heterogeneous environment. A recent publication by Alonzo et al. showed, for
the first time, the use of two-photon excited fluorescence (TPEF) microscopy to
distinguish WAT from BAT [21]. Our goal was to further investigate the potential
of label-free TPEF microscopy to quantify changes in adipose metabolism and acti-
vation of brown and beige adipocytes with subcellular-resolution. One approach is
the optical detection of the metabolic co-factor nicotinamide adenine dinucleotide
(NADH), which allows for non-invasive functional imaging of cellular metabolism
and has been used to monitor a wide variety of cells, tissues, and organs in vitro as
well as in vivo [22].

Here we present our results using FLIM to investigate heterogeneous changes in
NADH activity of adipocytes. We hypothesize that different enzymatic binding
states and free-to-bound ratios detected by FLIM might be used as specific biomark-
ers of molecular pathways associated with glycolysis or oxidative phosphorylation.
To test this theory and create a new method for assessing cellular metabolism and
metabolic changes, NADH fluorescence lifetime data was acquired while cells were
treated with a range of pharmacological agents known to affect key cellular metabolic
processes. In particular, changes in NADH were studied following pharmacological
alteration of mitochondrial respiration and cellular acidification. Switching from
the traditional two-lifetime model of NADH to a four-lifetime model and locating
the four lifetime components to specific cellular components allows for the analysis
of mitochondrial and cytosolic NADH concentration resulting in superior metabolic
assessment compared to traditional FLIM analysis. Additionally, it was evaluated
whether changes in fluorescence lifetime correlate with gene expression of BAT- and
BeAT-related markers such as UCP1. By understanding how the fluorescence life-
time can be related to specific metabolic pathways of white and brown fat, this
study provides an imaging toolkit for future investigations and a valuable research
tool in obesity research. It is noteworthy that as the energy metabolism of cells



is linked to their functional and physiological state, the ability to probe the en-
ergy metabolism of individual cells can provide meaningful insights in the real time
study of cellular function. This ability proves especially useful in immunology and
oncology where individual cells such as activated immune cells and cancer cells have
changed metabolism.

In addition to differences in metabolism of adipocyte cell cultures, metabolic dif-
ferences exist between individual cells as well as mixed cellular populations. The
current gold standard for measuring cellular metabolism, the Seahorse XF flux an-
alyzer assay, was compared to FLIM measurements. The flux analyzer directly
quantifies oxidative phosphorylation (OXPHOS) through the measurement of oxy-
gen consumption rate (OCR), and measures glycolytic function by determining the
extracellular acidification rate (ECAR) in the culture media surrounding the cells.
Induced cellular metabolic changes through pharmacological injections consisted of
glycolysis as well as respiratory inhibitors and maximizers. NADH FLIM data from
adipocytes and HEK 293 cells were compared to flux analyzer derived OCR data
and showed a strong correlation. These results suggest that NADH FLIM can be
used to predict metabolic respiration of individual cells in pure and mixed cell pop-
ulations. FLIM’s ability to measure cellular metabolic states in combination with
visual information and spatial resolution makes it an ideal tool for studying cel-
lular heterogeneity. Besides cell cultures, ex-vivo tissue and 3D engineered tissue
were also investigated using the FLIM analysis methodology since tissue analysis is
an important and rapidly developing area of modern therapeutic and regenerative
applications [23]. Therefore, freshly excised WAT, scWAT, and BAT depots were
analyzed by FLIM and an extracellular flux analyzer. Additionally, preliminary data
of functional skin equivalents were analyzed as it has been shown to be a promis-
ing field of research since fluorescence lifetime distribution can be used to diagnose
several skin diseases and abnormalities such as inflammation, cancer, and psoriasis
[24]. The results of this work are suitable to improve projects that investigate the
role of metabolic activity for such applications.






2 Background

2.1 Physical Principles of Fluorescence and
Phosphorescence

2.1.1 Fluorescence
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Figure 2.1: Jablonski energy diagram illustrating the transitions between elec-
tronic states of a molecule for the processes of fluorescence and phosphorescence.
Waved lines mark non-radiative transitions such as internal conversion and vi-
brational relaxation. Fluorophores that absorb one or multiple photons can get
excited to a higher vibrational energy level in the excited state such as S and Ss.
Once the fluorophore reaches its lowest vibrational level of the first excited state
it releases the energy by radiative decay as fluorescence or by non-radiative relax-
ation as heat. For phosphorescence the electron undergoes a spin conversion into
a "forbidden" triplet state T7. Emission from the triplet state occurs with lower
energy relative to fluorescence, hence emitted photons have longer wavelengths.



2 Background

Fluorescence is a phenomenon which can be described as the excitation of a molecule
by absorption of a photon and its de-excitation by spontaneous emission of another
photon of a longer wavelength, typically within a few nanoseconds after excitation.
The process of fluorescence can be described by the Jablonski diagram (Fig. 2.1).
An orbital electron of a molecule in its lowest singlet electronic state (Sp, ground
state) absorbs the energy (hvi,_.,;) of a single photon to go to one of its higher
singlet electronic states (S, excited state). The Energy E can be expressed as the
frequency v of the photons by the Planck relation £ = hv with h as the Planck’s
constant. Each of the electronic states is subdivided into several vibrational en-
ergy levels. At room temperature, most molecules exist on the lowest vibrational
level (Vj) of the ground state (FEjp), and thus, in order to induce the transition to
the excited state, the energy of the absorbed photon has to match the difference in
the energy levels of V4 in Ey and some vibrational level (V},) in an excited state (E,,).

hvlpfeac Z El% - EOVE) (21)

Where hvy,_., represents the energy of the absorbed photon with £ as the Planck’s
constant and v as the frequency. Due to several excited states and vibrational lev-
els, the fluorophore can be excited by a continuous range of wavelengths, which is
called the absorption spectrum (blue arrows in Fig. 2.1). Any molecule in its excited
energy state is not stable and will return to the ground state, emitting the absorbed
energy by various pathways [25]. Vibrational relaxation is one of these pathways
bringing the excited fluorophores energy back to the lowest vibrational level of S;.
Non-radiative processes such as vibrational relaxation and internal conversion are
indicated by wavy arrows in the Jablonski diagram. During internal conversion, a
radiationless de-excitation, a molecule in the ground vibrational level of an excited
electronic state passes directly into a high vibrational energy level of a lower excited
state. Once the fluorophore reaches its lowest vibrational level of the first excited
state it releases the energy by radiative decay as emission of a photon (fluorescence)
or by non-radiative relaxation as heat. Molecules usually return to their ground state
by the fastest mechanism, which is why fluorescence is only observed if it is a more
efficient way of relaxation than the combination of the non-radiative processes. Low
temperature and high viscosity lead to enhanced fluorescence due to the reduced
number of collisions between molecules, thus reducing the possibility of radiation-
less de-excitation. Due to loss of energy during vibrational relaxation and internal
conversion, emitted photons have lower energy (hv.,,) and longer wavelengths than
the excitation photons. The fluorescent transition of the lowest vibrational level
of the first exited electronic state to any vibrational level of the ground state pro-
duces photons of several wavelengths, called the emission spectrum (red arrows in
Fig. 2.1). The difference between absorption maxima and emission maxima with its
longer wavelength of lower energy is called Stoke’s shift (Fig. 2.2). While in most
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Figure 2.2: Exemplary Stokes shift schematic of the fluorophore tetramethyl-
rhodamine, ethyl ester (TMRE). The Stokes shift is the difference in wavelength
between the excitation and emission maxima of the same electronic transition.
The magnitude of the Stokes shift is determined by the electronic structure of
the fluorophore as well as the environment and protein binding state.

cases, radiative decay occurs from the lowest vibrational level of the excited state
S1 to the ground state, some rare exceptions exist where fluorescence occurs from
higher excited states. The emission spectrum tends to have a similar and mirrored
shape to the absorption spectrum since the probability P of reaching the nth vibra-
tional level of an excited state during excitation matches the probability of reaching
the nth vibrational level of the ground state during relaxation [3].

P([So, Vol = [S1, Val) = P([S1, Vol = [So, Val) (2.2)

It is worth mentioning that due to vibrational relaxation the emission spectrum is
usually independent of the excitation wavelength [26]. The Stoke’s shift plays a cru-
cial role in the heating of the active laser media. Three-level laser systems have high
lasing thresholds, low Stoke’s losses (difference between pump energy and emission
energy), and a reduced heat production [27]. On the other hand, four-level laser
systems have lower lasing thresholds, higher Stoke’s losses, and higher heat produc-
tion. For fluorophores, the Stoke’s shift can be used for spectral analysis to rapidly
recognize spectral fingerprints as it changes depending on emission wavelength as
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well as the fluorophore environment such as temperature, pH-value, and viscosity
[28].

2.1.2 Multiphoton Fluorescence

Multiphoton excitation of molecules is a nonlinear process of simultaneous absorp-
tion of two or more photons. The combined energy of these photons is sufficient
to induce a molecular transition to an excited electronic state. Since the energy of
a photon is inversely proportional to the wavelength, the absorbed photons during
multiphoton excitation must have a significantly longer wavelength as for one pho-
ton excitation. This means that a fluorophore which under one-photon techniques
is excited by UV or visible light, can be excited by two photons of near-infrared
light. Therefore, this technique allows for the use of longer wavelengths, which can
be utilized to excite chromophores in a single quantum event and subsequently emit
secondary radiation at lower wavelengths. For two-photon excitation of a conven-
tional fluorophore in its lowest singlet electronic state, the energy of two photons
(hvgp—_es) has to be absorbed to go to one of its higher singlet electronic states [29]:

QhUQp—ez Z El% - EO% (23)

In general, these photons have a wavelength around twice as long as for one photon
excitation, but many fluorophores have a blue-shifted two-photon excitation which
makes it very challenging to theoretically determine the excitation spectrum. The
probability for two-photon excitation depends on both spatial and temporal overlap
between the incident photons, and therefore high photon densities and a maximum
absorption time difference of 1071® seconds are required. Quantum mechanically,
the first absorbed photon excites the molecule to a virtual intermediate state in
which it can stay for 1077 or 0.01 femtoseconds, and the absorption of the second
photon brings it to the final excited state [30].

Interestingly, the photons do not have to be of identical wavelength to induce mul-
tiphoton excitation, but most experimental systems are designed with a single laser
source and therefore the two excitation photons usually have a narrow wavelength
distribution. The number of absorbed photons per fluorophore per pulse can be
calculated by [31]:

2 2\ 2 2
py0 (NA) S TN (2.4)

’]’La = =
Tpf7 \ 2hcA o7
where pg is the average power of the laser pulse train, 0 the two photon absorption

cross section, 7, the pulse width, f, the laser repetition rate, NA the numerical
aperture, ¢ the speed of light, A the reduced Planck constant and A\ the wavelength.
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2.1 Physical Principles of Fluorescence and Phosphorescence

Variable Symbol  Unit
Number of Absorbed Photons Ng Photons
Average Power Do W
Two Photon Absorption Cross Section ) cm? s
Pulse Width 7 ns
Laser Repetition Rate f Hz
Numerical Aperture NA -

Reduced Planck Constant h Js
Speed of Light c m/s
Wavelength A nm
Simplification Factor S s/J?

Table 2.1: Variables and symbols for calculating the number of absorbed pho-
tons per pulse per fluorophore in Eq. 2.4

2
With the simplification factor S = § (gﬁi) , the assumption of rectangular pulses,

and with py = ppearpfp the Eq. 2.4 can be displayed as:

Ng = Prear X Tp X S (2.5)

While the fluorescence intensity and the excitation power have a linear dependency
for one photon excitation, it has a quadratic dependence under two-photon ex-
citation. In order to produce significant multiphoton excitation events high-power
mode-locked lasers in combination with high numerical aperture objectives are used.
These lasers generate short pulses with high peak powers to induce two-photon ex-
citation while still having an average power low enough to not thermally damage
the sample. The resulting emission occurs in the same singlet state as that obtained
during one-photon emission and is therefore indistinguishable from that as seen in
Fig. 2.1. Typically, pulse durations of around 100 fs are used for two-photon excited
fluorescence (TPEF) of biological specimen. Literature shows that increasing peak
laser power and reduction of the pulse duration while maintaining average laser
power improves the number of absorbed photons and the signal levels of TPEF [32].
However, increasing peak power results in higher cell damage and therefore might
not always be beneficial [33, 32]

Three-photon excitation is another multiphoton and nonlinear optical process which
is increasingly used for biomedical experiments. While the photon density required
for two-photon excitation (> 10?* photons cm™2s71) has to be a million-fold greater
than the density needed for one-photon excitation, due to quantum-mechanical prop-
erties the energy density for three-photon excitation only has to be 10-fold higher
than for two-photon excitation [34, 29]. A benefit of three-photon excitation is that
often the same laser setup can be used as for two photon excitations while it can
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penetrate deeper into highly scattering tissue with a higher axial resolution since
the excitation volume along the axial direction is reduced due to a cubic excitation
power dependence compared to two photon excitation where there is a quadratic
power dependence. Deeper penetration is possible since the photons would be less
susceptible to scattering and additionally, three-photon excitation dramatically re-
duces the out-of-focus background in regions far from the focal plane, improving the
signal-to-background ratio by orders of magnitude when compared to two-photon
excitation [35]. However, when wavelengths approach the 1300-nm range, water
in the specimen begins to absorb the photons, limiting the penetration depth Fig.
2.3. The parameters of a typical setup include a wavelength range from 680 to
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Figure 2.3: Optical absorption coefficients u, of principal soft tissue chro-
mophores are water, proteins, melanin, oxygenated hemoglobin (HbO?), deoxy-
genated hemoglobin (Hb), and collagen, in the wavelength range from 100 nm to
10 pm [36]

1100 nm, 80 to 150 fs pulsewidth, 80 to 100 MHz repetition rate, and on sample
power of around 1 to 50 mW. This setup allows to induce three-photon excitation
at for example 720 nm wavelength of chromophores which usually excite in the UV
range at 240 nm. This is an important improvement to the ability of conventional
microscopy since ultraviolet wavelengths below approximately 300 nanometers are
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2.1 Physical Principles of Fluorescence and Phosphorescence

very problematic for regular microscope optics. Even though higher-order excita-
tions are theoretically possible and have been demonstrated, it is not clear if there
are any advantages to use these techniques for biological imaging [37].

2.1.3 Phosphorescence

Intersystem Crossing is a third form of radiationless relaxation in which a molecule
in the lowest vibrational level of the first excited state undergoes a transition towards
its triplet state (Fig. 2.1). Phosphorescence occurs when a molecule in the lowest
excited vibrational level of the triplet state (77V}) transitions to the singlet ground
state (SoV,) by emitting a photon. In comparison to the singlet excited state, the
triplet excited state is long lived due to the quantum mechanically forbidden nature
of this transition. Therefore, phosphorescence can continue to emit photons in the
region of milliseconds to seconds after excitation. The T} — Sy transition violates
the selection rule and is spin forbidden which renders the phosphorescence process to
be of low probability and less intense than spin allowed processes such as fluorescence
emission. When a quantum mechanical model forbids a transition mathematically,
they can still occur in reality. Whether transitions are allowed or forbidden, and
to what degree they may be forbidden depends on selection rules such as the spin
selection rule. This rule states that the spin on the electron that gets excited has
to be the same after excitation as it was before excitation. Another selection rule
states electronic transitions that conserve either symmetry or antisymmetry for a
molecule are forbidden. Nevertheless, in reality most forbidden transitions have ex-
ceptions and for example the symmetry selection rule can be broken by vibrational
movement. Therefore, phosphorescence often relies on external stimuli such as vi-
bronic perturbation, thermal activation, and magnetic fields [38]. However, in order
for phosphorescence to be favored over other transitions, the system must be pro-
tected from other potential mechanisms of de-excitation. Intermolecular collisions
or the presence of dissolved oxygen causes quenching, which lowers the efficiency of
the phosphorescence process. Additionally, since external and internal conversion
effectively reduce phosphorescence, the molecule quantum yields are higher at lower
temperature in highly viscous media to protect the triplet state.

2.1.4 Fluorophores

Biological laser scanning microscopy relies heavily on fluorescence as an imaging
method, primarily due to high sensitivity of the technique coupled with the ability
to specifically target structural components and dynamic processes in chemically
fixed as well as living cells and tissues. Fluorophores are chemical compounds capa-
ble of absorbing and re-emitting photons through fluorescence. Fluorophores that
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are naturally found in biological samples are termed intrinsic or endogenous while
fluorophores that are used to artificially produce fluorescence are called extrinsic.
Intrinsic fluorophores such as aromatic amino acids, collagen, flavin adenine din-
ucleotide (FAD) and nicotinamide adenine dinucleotide (NADH) can be used as
natural indicators to study the structure, the dynamics, and the metabolism of liv-
ing cells without altering the cells environment Table 2.2. Fluorescence microscopy
and metabolic analysis of a single fluorophore in samples such as skin which con-
tain several fluorophores can be challenging as their emission and excitation spectra
overlap. Therefore, changes in fluorescence intensity and lifetime can have several
metabolic or morphological reasons and one has to be careful with the choice of
excitation wavelength and bandwidth of detection filters.

Endogenous fluorophore Excitation maxima [nm] Emission maxima [nm]

Amino acids

Tryptophan 280 350
Tyrosine 275 300
Phenylalanine 260 280
Structure proteins
Collagen 360 405
Elastin 290,325 340,400

Enzyme and coenzymes

FAD 450 5935
NADH 290,350 460
Lipids

Phospholipids 436 540,560
Lipofuscin 340-395 540, 430-460

Table 2.2: Common endogenous fluorophores at the 1-photon excitation wave-
length range from 250 to 450 nm [39]

Extrinsic fluorophores are inserted into samples and are designed to bind with spe-
cific biological macromolecules or structures for monitoring of localization, dynamic
processes, or cellular integrity. Fluorescent probes such as rhodamine, fluorescein
and numerous other substances are described according to their absorption and flu-
orescence properties including spectral profiles, wavelengths, fluorescence intensity,
molar attenuation coefficient and quantum yield. The quantum yield ¢z is espe-
cially important for both, intrinsic and extrinsic fluorophores, since it describes a
quantitative measure of fluorescence efficacy [40].
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2.1 Physical Principles of Fluorescence and Phosphorescence

number of emitted photons

o = (2.6)

number of absorbed photons

The quantum yield can range from 1, when every absorbed photon results in an
emitted photon, to 0 when fluorescence does not occur. In general, a high quantum
yield is desirable in most microscopic applications. The fluorescence quantum yield
can be related to the fluorescence lifetime 7 by [41, 42]

Ky

o

k.t (2.7)

Where £k, is the radiative decay rate which mostly depends on the chemical struc-
ture of the fluorophore whereas the non-radiative decay rate k,, varies, sometimes
to large degrees, with environmental factors such as temperature, pH, and viscosity
[43, 44]. The earlier mentioned molar attenuation coefficient measures how strongly
a chemical species attenuates light at a given wavelength \.

The Beer-Lambert law describes the exponential decrease in intensity of light as a
function of sample thickness d, and concentration ¢, as it passes through a sample[45]:

ecd = logyg (?) (2.8)

Where I and [ are the intensities of the transmitted and incident light, respectively,
and ¢ is the molar attenuation coefficient. The conversion of the molar attenuation
coefficient to the absorption cross section ¢ is solely a unit conversion. Therefore, €
expressed in units Lmol~tem™! can be directly converted to ¢ in units of em? via
the Avogadro constant N, [3]:

€

o = 1000/n(10) -
A

(2.9)

2.1.5 Fluorescence Lifetime

Fluorescence lifetime is defined as the average time an excited molecule needs to
return to the ground state. In a time-resolved measurement, the fluorescence inten-
sity is recorded rather than the number of excited fluorophores [3]. Mostly, their
relationship is proportional and in the simplest case of a mono-exponential decay
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function, the lifetime 7 is the time it takes for the intensity I(¢) to decrease to 1/e
or 36.85% of the maximum intensity value Iy. The intensity at time ¢ is given by:

I(t) = Le™ (2.10)

For more complicated samples that have several fluorescent components and there-
fore follow a multi-exponential decay, the decay equation takes the form:

t

I(t) = Siqze™ (2.11)

Where « is the pre-exponential factor. When I(¢) is normalized to a peak value of
1, the sum of the lifetime components weight is Ya; = 1. However, in reality the
experimentally measured fluorescence decay signal I.,,(t) includes the fluorescence
decay convolved with the instrument response function I RF'(t) [3, 46].

Lap(t) = IRF(t) ® I(t) (2.12)

Where I.,,(t) can be described as the histogram of detected photons and the IRF
is the response of the system to the excitation laser pulse. The IRF of a system
depends on several parameters by the excitation- and the detection-system such as
excitation pulse, cable length, and electronics. For the experimental measurement of
the IRF, the excitation laser pulse can be detected or an instantaneous event such
as second-harmonic generation or Hyper-Rayleigh scattering [47]. Both methods
deliver ultrafast signals at a wavelength detectable by the FLIM system.

However, the convolution integral cannot be reversed, meaning that there is no
analytical expression of I(¢) for a given I.,,(t) and IRF(t). Therefore, the standard
approach to solve the deconvolution is through iterative reconvolution of a predicted
model function such as a 1, 2, or 3 component exponential decay. Meaning that the
convolution of the model function and the IRF are calculated, and the result is
compared with the measured data. Then the parameters of the model function are
varied until the least squares residuals are minimized. A bi-exponential decay can
be expressed as:

I(t) = ale%lt + aQG%; (2.13)

The above equation is derived with the assumption that the excitation pulse is
infinitely narrow. In reality, femto-second excitation pulses are used, causing the
decay to be broadened (Fig. 2.4).

In multi-exponential decay, it is often useful to determine the mean lifetime 7,,,. The
mean lifetime is an average of the lifetimes of the components of a multi-exponential
decay weighted by their amplitude coefficients.
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Figure 2.4: Simple representation of time domain lifetime analysis for mono-
and bi-exponential fluorescence decays. The measured fluorescence decay signal
includes the true fluorescence decay convolved with the fluorescence of the laser
excitation pulse. The temporal resolution of the measured fluorescence decay
curve is determined by the number of discrete time channels that are used. In
case of a bi-exponential decay, the fluorescence intensity at time ¢ after an exci-
tation pulse can be expressed by the lifetime of each component 71 and 7 and
their relative contribution ajand as. Depending on the number of fluorescence
lifetime components, different exponential fittings can be used to approximate
the fluorescence decay.

N N

T =T/ Y (2.14)

i=1 =1

To check if a fit produces appropriate results for a given dataset the reduced chi-
squared x? is calculated, which is used to represent the goodness of a fit:

1 & (di— fi)?
2 _ 2.15
X; n_p; 7 (2.15)

Where d; are the observed data points, f; are the predicted fitting points, n are the
number of data points limited by the number of time bins, and p are the number
of parameters and constraints in the model. One of the major advantages of the

fluorescence lifetime of a molecule is the fact that it is an absolute measurement,
unlike the fluorescence intensity, which is relative. Fluorescence lifetime is, within
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certain constraints, independent of fluorescence intensity and fluorophore concen-
tration [3, 25, 48]. The duration a molecule spends in their excited state on the
other hand, can be sensitive to a great variety of internal factors such as fluorophore
structure and conformation, and external factors like temperature, polarity, and the
presence of fluorescence quenchers. Thus, the fluorescence lifetime is useful in eluci-
dating changes in the environment as well as size and shape of molecules, molecular
interactions, inter- and intramolecular distances, and kinetic and dynamic rates.

2.2 Fluorescence Lifetime Imaging Microscopy
(FLIM)
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Figure 2.5: Using single-, double-, and triple-exponential fits on the same fluo-
rescence decay to determine the correct fitting model. An attempt to fit the data
with a single exponential results in poor y? values. Double exponential fitting
results in good x? values. Triple exponential fitting delivers a small improvement
in x? values, but the third lifetime component 73 is almost identical to lifetime
component 7o, which suggests overfitting.

FLIM is a technique used to form an image based on the fluorescence lifetime of flu-
orophores. However, in the FLIM analysis process it is often not clear which model,
in particular which number of exponential components, should be used to fit the
data. One way to verify model accuracy is by fitting the decay curve with a varying
number of exponential components, and comparing the chi-squared (x?) value as
well as the residuals, which represent the goodness of fit. A good fit is characterized
by a x? close to 1, and residuals showing no noticeable systematic variations [49].
If more exponential components are defined than needed to fit the data, the fitting
returns two components of almost identical lifetime, or an extremely long lifetime
component of very low relative amplitude. Most often, fitting data with a minimal
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2.2 Fluorescence Lifetime Imaging Microscopy (FLIM)

number of components delivers acceptable x? values, while adding supplemental ex-
ponential components only results in minor improvements in fit. This is another
indication that the model cannot be made more accurate by adding exponential
components. Fig. 2.5 shows the lifetime distribution of NADH of adipocytes for a
different number of exponential fits. The single exponential fit results in poor Y2,
which is markedly improved by using a double exponential fit. Even though a triple
exponential fit further improves the x? value, the additional lifetime component 73 is
almost identical to lifetime component 75, which suggests overfitting. The two most
common methods for fluorescence lifetime measurements are the frequency domain
method and the time domain method. Detailed explanation of both techniques are
shown in the following subsections.

2.2.1 Time Domain Lifetime Measurements

Generally, time-domain fluorescence lifetime imaging microscopy (FLIM) is based
on the photon counting approach, called time correlated single photon counting
(TCSPC). Each point in the sample is excited sequentially by a laser pulse that has
to be short relative to the lifetime of the fluorophore. Individual emitted photons are
recorded by photo multiplier tubes (PMTSs) to create an electrical pulse measured by
a time-to-amplitude converter (TAC) (Fig. 2.6). The TAC generates a voltage that is
proportional to the photon arrival time relative to the laser pulse which is converted
to a digital value by an analogue to digital converter (ADC) [42]. Large numbers
of photon arrival times have to be accumulated to generate histograms representing
the fluorescence decay time at each spatial location. Therefore, excitation sources
with high repetition rate are necessary. However, due to an instrumental dead-time
associated with the electronics during the processing of a photon counting event,
the excitation light and detection rate must be low. Only a single photon can
be processed at a time, which means any additional photons that arrive between
two pulses are lost. This would distort the fluorescence lifetime towards shorter
arrival times and therefore, the standard detection rate should not exceed 10% of the
excitation rate [50]. The collected decay histograms consist of a range of time bins
which normally correspond to the temporal resolution of the system. Fluorescence
lifetimes can be derived from exponential fits to the decay data. The advantage of
TCSPC is its high sensitivity, dynamic range and well defined statistics as well as
decay histograms with great temporal resolution to indicate the presence of more
than one decay pathway.
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Figure 2.6: Time-Correlated Single Photon Counting (TCSPC) schematic. TC-
SPC FLIM requires a short-pulsed excitation source to excite a sample. The emit-
ted photons pass through an emission filter and are detected by a single-photon
sensitive detector such as a photomultiplier tube (PMT). The spatial information
and the time between sample excitation and the arrival of the emitted photon
at the detector is recorded. TCSPC requires a defined “start”, provided by the
electronics steering the laser pulse and a defined “stop” signal, achieved by de-
tection with the PMT. The measurement of this time delay is repeated numerous
times to account for the statistical nature of the fluorophores emission. With the
use of time-to-amplitude converter (TAC) and analog-to-digital converter (ADC)
the delay times are sorted into a histogram that plots the occurrence of emission
over time after the excitation pulse.

Intensity

2.2.2 Frequency Domain Lifetime Measurements

An alternative method to time domain FLIM is frequency domain FLIM which is
well established and has many appealing aspects for biological applications. This
technique requires a modulated excitation source and detector of any repetitive
waveform. Usually, Pockels cells are used to create intensity based sinusoidal wave-
forms with frequencies of 10 to 200 MHz [51]. After exciting the sample, the emission
waveform shows a difference in amplitude and a phase delay (Fig. 2.7). Therefore,
the demodulation ratio M and phase-angle shift ¢ represent parameters that are
related to the fluorescence lifetime 7 and the initial fluorescence intensity of the
fluorophore [52]. For an absolute lifetime determination of a fluorophore, the sys-
tem needs to be calibrated with a FLIM measurement of a reference fluorophore
of known lifetime. The advantage of frequency domain over time domain FLIM is
the rapid data acquisition since it is not constrained by the single-photon detection
limit of TCSPC, which makes it suitable for measuring molecular kinetics.
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Figure 2.7: Frequency domain FLIM scheme. Excitation is achieved using a
light source that is intensity modulated at high frequencies to excite the specimen.
The basic principle is illustrated, showing the phase delay ¢ and changes in
modulation M = EyF,,/E,Fy of the emission relative to the excitation source,
which are used to estimate the fluorescence lifetime. The modulation frequency
is selected based on the lifetime of the fluorophore and usually ranges between
10 to 200 MHz. Compared to time domain FLIM, frequency domain FLIM does
not required short laser pulses.

The Intensity I for a single exponential decaying system after time ¢ is given by Eq.
2.10 and the corresponding phase is given by:

¢ = arctan(wty) (2.16)

and the modulation is expressed by:

1
M= N (2.17)

where w is the modulation frequency. The lifetime determined from the phase 7,
is equal to the lifetime from the modulation 7,; for single exponential processes.
For multi-exponential decay processes the lifetimes of the phase is biased towards
the faster decay components and the lifetime of the modulation is weighted toward
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slower components.Therefore, resolving separate fluorescence lifetime parameters for
mixtures requires multi-frequency methods using a minimum of N frequencies to dis-
cern N lifetime components to be statistically valid. The approach whereby phase
and modulation measurements are obtained sequentially over a set of modulation
frequencies has not found application in FLIM of biological samples, principally be-
cause the sequential collection of lifetime images at every frequency is prohibitively
costly, both in terms of data collection times and in terms of the total time that the
sample is exposed to the excitation light [53]. Instead, in practice, measurements
of multi-exponential fluorescence decays are performed at a single modulation fre-
quency in combination with the phasor analysis. The phasor analysis is a useful and
convenient 2D visualization of the phase and modulation and is further described in
Subsection 2.2.4.

2.2.3 Phosphorescence Lifetime Imaging Microscopy

Phosphorescence Lifetime Imaging Microscopy (PLIM) is similar to Fluorescence
Lifetime Imaging Microscopy (FLIM), with the difference that it images the phos-
phorescence of a sample and therefore covers time ranges up to milliseconds. Like
in FLIM, the contrast in PLIM images are based on the excited state lifetime of
the phosphorescent compound. Compared to fluorescence, phosphorescence of en-
dogenous fluorophores in biological samples is very weak and often not detectable.
Therefore, live-cell phosphorescence imaging relies on dyes such as cell-penetrating
small molecule phosphors and conjugates [54]. These exogenous phosphors have
the intrinsic ability to efficiently stain cells or 3D tissue models and are strongly
quenched by oxygen which enables real-time imaging of intracellular oxygen con-
centration dynamics [54]. In most applications, PLIM and FLIM measurements are
performed simultaneously to capture cellular metabolism as well as oxygen consump-
tion [55]. Therefore, a burst of multiple laser pulses is used to excite fluorescence,
and, pulse by pulse, build up phosphorescence which is far higher than for a single
laser pulse.

2.2.4 Phasor Analysis

The phasor plot analysis is a graphical representation of raw FLIM data which can
be applied to both time domain and frequency domain FLIM. For frequency domain
FLIM, the decay data is expressed as amplitude and phase values at the repetition
rate f with w = 27 f as the laser repetition angular frequency:

Excitation Signal : E(t) = Ey + E,cos(wt + ¢g) (2.18)
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Figure 2.8: A schematic phasor plot of lifetime locations measured at 80 MHz.
The semicircle is the single lifetime curve. The location 1,0 represents a lifetime
of 0 ns and coordinates 0,0 represent an infinite long lifetime. In this coordinate
system the measured value is a single exponential lifetime of 1 ns.

Fluorescence Signal : F(t) = Fy + F,cos(wt + ¢r) (2.19)

were Mg and Mp are the modulation and ¢ and ¢r are the phase of the exci-
tation and fluorescence signal, respectively. The relative demodulation ratio M =
EyF,/E,Fy and the relative phase-angle shift ¢ = ¢r — ¢p express the difference
in amplitude an phase delay between excitation and emission and are directly re-
lated to the fluorescence lifetime 7 by Eq. 2.16 and Eq. 2.17. The phasor approach
transforms the phase and the amplitude at the fundamental repetition frequency to
polar coordinates by [13]

1
G(w) = Mcos(¢) G= 1T (2.20)
S(w) = Msin(¢) S = # (2.21)

Using the coordinates G and S, a decay trace can be graphically represented by
the vector M = (G, S) as a single point (“phasor”) in the phasor plot. The vector
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M has modulation M as a modulus and the phase ¢ as an angle. The universal
semicircle of the phasor representation shows a single lifetime phasor for fast and
slow decaying fluorescence lifetimes and can be expressed by

S?+ (G —0.5)*=0.25 (2.22)

In this representation the longer lifetimes fall near the coordinates (1, 0) while the
shorter lifetimes are closer to (0, 0). In this representation, all single exponential
components are represented by the semi-circle. An alternative way of representing
the modulated excitation and emission signal which can be a train of laser pulses or
any repetitive wave with a fundamental period, is a complex notation as a Fourier
series [56]:

Excitation Signal : E(t) = Eg+ E, ! @i+op) (2.23)
Fluorescence Signal : F(t) = Fy+ > E,F, e wites—or) (2.24)

where F(t) is the measured fluorescence signal in response to the excitation signal
E(t). The Fourier transformation of the fluorescence signal also results in the phasor
coordinates G and S:

T F(t)etdt

F(F(t) = E R (2.25)
_JoT F(t)cos(wt)dt — [5° F(t)sin(iwt)dt
_ Jo jﬁFﬁ%t (2.26)
1 WT
T 1t w22 1+ wir2 (227)
=G —iS (2.28)

In the time-domain, the phasor approach is especially useful for fluorescence life-
time data from heterogenous samples with several fluorophores which show multi-
exponential decays and are generally very complex to analyze using exponential
fitting methods. In addition, the fluorescence decay of time domain measurements
is convolved with the instrument response function (IRF). Traditional analysis of
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Figure 2.9: Three different fluorescence lifetime decays are illustrated for the
comparison of time domain and phasor FLIM analysis. A decay trace can be
graphically represented as a single point (“phasor”) in the phasor plot by apply-
ing the real (G) and imaginary (S) components of the Fourier transform of the
decay data. Applying this technique to every FLIM image pixel generates a pha-
sor cloud. The universal semicircle of the phasor representation shows a single
lifetime phasor for fast and slow decaying fluorescence lifetimes. In this repre-
sentation the longer lifetimes fall near the coordinates (1, 0) while the shorter
lifetimes are closer to (0, 0). The phasor arising from the mixed lifetime decay
follows the rule of linear addition of phasors and is therefore located inside the
semicircle. Here, lifetimes can be determined by a straight line connecting the
two lifetime locations on the universal circle. The position on the straight line will
be determined by the relative fractional contribution of each lifetime component.

these data sets involves multi-exponential non-linear least square fitting and decon-
volution of the IRF, which often require a priori knowledge and computationally
costly fitting algorithms [3]. The advantage of the phasor plot representation is its
fitting free data analysis of FLIM raw data and immediate visualization [57, 58].
Analyzing a FLIM image with this technique results in data points in a 2D his-
togram, the so called phasor plot, for every single pixel of the image to create the
phasor distribution. This allows analysis of different lifetime phasor clusters with
similar decay signature. The advantage of the phasor plot is that the clusters are
usually more clearly defined than in decay parameter histograms, or do not depend
on amplitude ratios which may vary with filters, detectors, and absorption in the
sample [50]. For time domain FLIM the fluorescence decay of each pixel of the image
can also be plotted as a single point in the phasor plot by applying the Fourier trans-
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form. Normally, a single fluorescence decay is not periodic; however, by excitation
of fluorescence using a pulsed laser, exponential decay can be repeated periodically
at a laser repetition frequency f and a period length of 7' = 1/f, which results in

cgf(l(t)):::Jﬁ71l(t)e‘detdt (2.29)

According to Euler’s formula €™ = cos(z) + isin(z) the result is a complex number,
which, for further calculations, is separated in the real and complex part:

_ B J I(t)cos(kwt)dt B 1

GRS a1t (o (2.30)
_ _ o I@)sin(kwtydt _ iwr

5= Imik) = TIde 1+ (kwr)? (2:31)

Where G and S represent the phasor coordinates and k the harmonic frequency
number. All phasor points from a fluorescence signal with a mono-exponential decay
lie on the universal semicircle of the polar plot which is centered at (x,y) = (0.5,0)
and has a radius of 0.5. A short lifetime with a smaller phase will lie near the
point (1,0) which corresponds to 7 = 0, while a long lifetime will fall close to the
coordinates (0,0) which corresponds to 7 = inf Fig. 2.9. Phasors of combinations of
several decay components are linear combinations of the phasors of the individual
components. This means that phasors of pixels with multi-exponential decay profiles
are located inside the semicircle. For example, a mixture of two different pure single
exponential fluorophores lie inside of the semicircle on a straight line connecting the
two lifetime locations on the universal circle. The position on the straight line will
be determined by the relative fractional contribution of each lifetime component
[57]. The combination of phasor plot and traditional FLIM analysis allows for
identification of pixels with similar decay characteristics for further analysis and as
an image segmentation function.

2.2.5 Resolution and Imaging Depth

According to the Rayleigh criterion the lateral resolution Ap;geq; and axial resolu-
tion Az;geq 0f a conventional fluorescence microscope under ideal conditions can be
expressed as:

0.61 e,

i (2.32)

Apideal =
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2nAem

Azidear = NAZ

(2.33)
Where NA is the numerical aperture, A a specific wavelength, and n the refractive
index of the immersion medium. The spatial resolution of a confocal microscope
under ideal conditions allows for a 30% smaller point spread functions and high
quality objective lenses with high NA ensure that the fundamental restriction to the
lateral Apconr and axial Az, spatial resolution is close to the size of the diffraction
limit [59].

0.46 A,

A/Oconf - NA (234)
1.4n)\,,

Azconf = W (235)

However, in case of two-photon microscopy the lateral Apy,,, and axial Az, spatial
resolution are broader than those of conventional one-photon excitation. The reason
for that is that the resolution in all microscopy is limited by the spot diameter, and
that diameter is dependent on the longest wavelength. While in one-photon confocal
microscopy the longer wavelength is the emission light, the resolution limiting factor
in two-photon microscopy is the longer excitation light. Therefore, the lateral and
axial resolutions in two-photon microscopy are given by:

0.7Aem

2.3 Aem

While it is still true that resolution is dependent on the wavelength of emitted light,
the increased constants show the disadvantage of two-photon microscopy resulting
in lower spatial resolution. However, the optics and wavelengths typically used to
excite endogenous biomarkers such as FAD and NADH result in a 500 nm focused
spot size. If an object or feature of interest is smaller in size than the focused spot
size, then two-photon microscopy will be unable to resolve that object. The advan-
tage of two-photon excitation is that images can be acquired to a greater depth (up
to 1 mm) compared to single-photon methods (100 pm) due to lower absorption,
scattering, and excitation irradiances in the focal plane [60].

Near-infrared photons of two-photon excitation are less susceptible to Mie scatter-
ing which scales as A™° and causes the majority of light attenuation. The exponent
b varies with particle size and a recent study by Jacques showed that the values
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of b for skin and brain are 0.7 and 1.1, respectively [61]. There is a fundamental
imaging depth limit at which images can be acquired. For confocal imaging scatter-
ing causes excitation and emission photons not to reach the focus and the pinhole,
respectively. At a certain depth, even for high excitation power, the signal-to-noise
ratio and signal-to-background ratio become too low to extract the actual signal
information. Additionally, high intensities can cause photodamage and phototoxic-
ity, since fluorescence is excited throughout the sample. For two-photon microscopy
imaging depth can be increased since out of focus photons are not causing fluores-
cence and therefore not contributing to phototoxicity. Additionally, the absence of
a pinhole results in higher detection efficiency and reduces the loss of signal. There-
fore, higher excitation radiant exposure can be tolerated to achieve greater imaging
depth compared to one-photon excitation.

The fundamental depth limit for two-photon excitation is reached as soon as the
energy density of ballistic photons at the surface exceeds the energy of ballistic pho-
ton at the focus. This means that as the focus of the excitation beam of constant
power moves deeper into the sample, the fluorescence generated in the focal plane
decreases proportionally to the square of the fraction of ballistic excitation photons
while the energy density will decrease exponentially with depth due to scattering.
Therefore, the effect of scattering will always outweigh the effect of focusing, and
thus fluorescence will start to be excited closer to the surface of the sample [62].
The maximum imaging depth z,, can be defined as the depth at which the ratio of
fluorescence signal to fluorescence background falls to one. In literature this depth
is described in units of the scattering mean free path [, which is the distance the un-
scattered light travels to decrease to 1/e of its original power [63]. While in weakly
scattering material such as neuronal tissue 6 to 7 [s distances of 200 pym can be
resolved, in highly scattering tissue such as epithelial tissue only up to 4 [, distances
of 90 pm have been demonstrated [64].

2.3 Raman Microscopy

2.3.1 Spontaneous Raman Microscopy

When photons hit molecules, the energy can be scattered elastically and inelasti-
cally. When for example focused light from a laser beam interacts with a sample,
most photons will experience elastic scattering (Rayleigh scattering) which preserves
the energy of the incident light Avggyieign. Nevertheless, there is a small portion of
photons that will inelastically scatter (spontaneous Raman scatter) by an exchange
of energy through the interaction with vibrational states of the molecule. Differences
in these vibrational states are determined by the chemical bonds and composition
of the molecules. The energy of the incident pump photons Avpym, is absorbed
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Figure 2.10: A diagram that focuses on Rayleigh and Raman scattering pro-
cesses. Most photons that hit molecules experience elastic scattering (Rayleigh
scattering) which preserves the energy of the incident light. A small portion of
photons will inelastically scatter (spontaneous Raman scatter) by an exchange of
energy through the interaction with vibrational states of the molecule. Inelasti-
cally scattered photons that are of lower energy than the incident pump photons
are called Stokes Raman photons. Pump photons that interact with chemical
bonds already in an excited vibrational state, are called anti-Stokes Raman pho-
tons with higher energy than the pump photons.

by chemical bonds to get excited to a higher vibrational energy level. Then, the
scattered photons are called Stokes Raman photons hvgiores Which will be of lower
energy than the incident pump photons. By contrast, pump photons that interact
with chemical bonds existing in an excited vibrational state, will have scattering
photons called anti-Stokes Raman photons hvg,si— siores With higher energy than the
pump photons. The difference in frequency between the incoming and scattering
light is known as the Raman shift [65]. For a molecule to experience Raman transi-
tion several conditions must be fulfilled. For spontaneous Raman scattering, these
conditions can be described by a linear electromagnetic field description where the
dipole moment P induced in a molecule by an external electric field E is proportional

to the field [66]:
P =cxVE (2.38)

Where ¢y is a physical constant called the vacuum permittivity and the electric sus-
ceptibility y is a proportionality constant that indicates the degree of polarization of
a molecule in response to an applied electric field. The electric susceptibility relates
to the molecular polarizability a by x = Na with N as the number of molecules
contributing to the polarization. The Raman effect depends on the polarizability
that is defined by the difficulty with which the electron cloud around a molecule can
be distorted. An atom in which the electron cloud is further away from the nucleus
has a larger polarizability than an atom where the electron cloud is closer to the
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nucleus. For Raman scattering, the molecular polarizability must change during the
molecular vibration. The Raman spectrum of each molecule provides a character-
istic fingerprint defined by its chemical bonds. Therefore, a complex molecule with
several vibrational energy levels of the chemical bonds will produce an extensive Ra-
man spectrum containing the information of several combined Raman shift peaks.

Spontaneous Raman scattering microscopy uses a laser with a single excitation fre-
quency. The disadvantage of this approach is the signal strength which is extremely
weak with typical photon conversions of 1 in 10'® making it 10 orders of magnitude
weaker than fluorescence due to spontaneous vibrational transition [65, 67]. This
low photon yield makes spontaneous Raman scattering microscopy impractical for
live imaging due to the requirement of long acquisition times and high laser power.

2.3.2 Stimulated Raman Scattering Microscopy

In conventional Raman microscopy, a single frequency of excitation laser beam is
used for spontaneous Raman scattering. However, Raman signals can be amplified
by using two coherent excitation laser beams at vpymp and vsiores for non-linear in-
teraction between the two beams and the molecules [68]. When the Raman shift
AV = Upymp — Ustokes, Matches a particular molecular vibrational frequency, ampli-
fication of the Raman signal is achieved through stimulated excitation [69]. This
provides the principle for coherent non-linear optical imaging techniques including
coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering
(SRS). These techniques provide signal amplification to overcome the low signal
levels associated with spontaneous Raman imaging, and therefore enable real-time
imaging of living cells and organisms. Compared to spontaneous Raman scattering,
CARS and SRS are enhanced processes with an amplified signal which is several
orders of magnitude higher. Additionally, the signal intensity of SRS is also orders
of magnitude higher than of CARS since the occurrence of the two-photon SRS pro-
cess is higher than the three-photon process of CARS. The energy processes which
occur in SRS and CARS are provided in Fig. 2.11 for comparison. The basic idea
of non-linear Raman scattering techniques is that vibrational scattering is used to
produce contrast for microscopic images, which is typically achieved by coupling
two laser beams with different frequencies and intensities Iy, and Igikes into a
multiphoton fluorescence microscopy experiment Fig. 2.12.

In SRS, non-linear interaction between the pump and Stokes photons stimulate the
chemical bonds into an excited vibrational state. This results in the disappear-
ance of a pump photon and the creation of a Stokes photon and as a consequence
the intensity of the Stokes beam undergoes a gain known as stimulated Raman gain
(SRG) and the intensity of the pump beam experiences a loss namely the stimulated
Raman loss (SRL) [69]. To generate a contrast image in SRS microscopy, typically
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Figure 2.11: Schematic energy level diagrams for spontaneous Raman, stim-
ulated Raman scattering (SRS) and coherent anti-Stokes Raman scattering
(CARS) processes. A: In spontaneous Raman, the pump beam, is directed on
to the sample generating a red-shifted signal, due to inelastic scattering. During
SRS two laser beams at frequencies vpymp and vsiokes are used, such that when
the frequency difference (Av = Vpump — Vstokes) Matches a molecular vibration
in the sample, amplification of the Raman signal is achieved through stimulated
excitation. CARS microscopy causes vibrational resonance of the chemical bonds
and the excited vibrational bonds further interacts with a second pump photon,
resulting in the coherent emission of an anti-Stokes photon. B: To generate a
contrast image in SRS microscopy, typically the Stokes beam is modulated and
the change in pump beam (SRL) or Stokes beam (SRG) is measured.
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the Stokes beam is modulated and the change in pump beam (SRL) or Stokes beam
(SRG) is measured using radio-frequency lock-in detection.

In CARS microscopy non-linear interaction between pump and Stokes photons
causes vibrational resonance of the chemical bonds in the molecule. This excited
vibrational chemical bond further interacts with a second pump photon, resulting
in the coherent emission of an anti-Stokes photon. The emitted photons are blue-
shifted to the frequency vcars = 2Upump — Vstokes Which is different compared to the
incidence laser beam and background fluorescence [68]. This spectral separation al-
lows for an easy optical detection of the CARS signal. During the CARS process, no
energy is transferred to the sample, rather, the energy difference between the pump-
and Stokes-photons is emitted at the anti-Stokes frequency. Consequently, CARS
processes can occur when there are no resonant molecules in the field of view, giving
rise to non-resonant background effects. Instead, it has a complicated dependence
on the geometrical structure and local concentration of the sample. Additionally,
interference between non-resonant background and resonant signal may distort the
CARS spectrum, limiting detection sensitivity and specificity.

The Raman signal for SRS and CARS is strongest, if a resonance condition between
the excitation light and the sample molecules under investigation is met. In the
case of non-linear optics, the optical response to an electric field can be described
by expressing the polarization as a power series in the field [66]:

P =Py +eoxVE +eoxPE? + eox®E? + - .. (2.39)

Where the first susceptibility term y") corresponds to the linear susceptibility, and
the quantities y® and x® are known as the second- and third-order non-linear
optical susceptibilities, respectively. The signal intensity for both, SRS and CARS,
can be represented in a simple relation with the number of molecules contributing
to the scattering effect [70]:

ISRS X IpumpIStOkesNURaman (240)
‘2

x® (2.41)

2
Ioars X Iyl stokes

Where 0Rruman represents the Raman scattering cross section and y is proportional
to the number of molecules of interest as shown in Subsection 2.3.1. A significant
difference for SRS and CARS can be observed in Eq. 2.40 and Eq. 2.41, highlight-
ing the linear dependence on the concentration of probed molecules for SRS and
the quadratic dependence for CARS. Another difference is that SRS cannot occur
when Av does not match any vibrational resonance that absorbs the difference en-
ergy from the fields. As a result, SRS does not have a non-resonant background
signal, rendering image analysis much simpler than in CARS imaging. Yet, CARS
microscopy in many cases is still the preferred choice. The reason for this is that it
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Figure 2.12: SRS and CARS microscopy setup. Both setups have spatially and
temporally synchronized Stokes and pump laser beam which are aligned to a
common focus spot. Typically the Stokes laser beam has a fixed wavelength
(1064 nm), while the pump beam is tunable (803 nm for lipid imaging). The
combined pump and Stokes laser beams is scanned over the sample by a XY
scanner. SRS: The intensity of the Stokes beam is modulated with an electro-
optic modulator at a high frequency (~20 MHz). The Stokes beam is blocked
completely with a filter and the transmitted pump beam containing SRL signals
is detected with a large-area photodiode. The SRL signal is extracted with a
lock-in amplifier that detects at the same frequency of the modulation of the
Stokes beam. CARS: The laser setup is very similar to SRS, except that the
Stokes laser beam is not intensity modulated. CARS signal is collected using
a photomultiplier tube (PMT). In front of the PMT, filters are used to block
the pump and Stokes beams and any induced two-photon fluorescence. While
SRS signals are typically detected in forward direction and CARS signals in epi-
direction, both techniques can be detected in both directions.
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offers the advantage that the detection of CARS signals is much easier than that of
SRS signals [70]. Owing to the strongest signal arising from lipid molecules, one area
in which CARS and SRS have quickly been applied is the study of lipid metabolism
[65]. To image a particular chemical such as lipids, the wavelength of the pump laser
Ap can be tuned to match the Raman shift Aw of the corresponding chemical bond.
Raman shifts which are typically expressed in wavenumbers, can be calculated by
following equation [65]:

1 1

Aw=—— — 2.42
ey (2.42)

Where A, is the wavelength of the Stokes beam. Most commonly, the Raman shift
of the target chemical is known (e.g. 2845 cm™! for lipids), and the wavelength of
the Stokes beam is typically fixed (1040 nm in this work). Based on Eq. 2.42, the
wavelength of the pump beam can be calculated as followed:

1

) W
P Aw—k/\%

(2.43)

Solving Eq. 2.44 for lipids which contain large amounts of fatty acid side chains
that have abundant C-H bonds and a specific CHy stretching frequency at a Raman
shift of 2845cm ™!, \;=803 nm. This information can than be used to calculate the
wavelength of the CARS signal:

1
ACARS = 51 (2.44)

o As

The coherent nature of the CARS and SRS signal is dependent on parameters such
as the size and shape of the scattering objects, the nonlinear susceptibilities of the
object, and the local environment [68]. Each vibrationally oscillator can be con-
sidered as a Hertzian dipole at the used frequency (Fig. 2.13a). For thin portions
of dipoles, the signal pattern becomes more directional, and generates radiation
equally in the forward and epi directions (Fig. 2.13b). As the thickness of the sam-
ple increases, constructive interference arises in the forward direction (Fig. 2.13c).
Simultaneously, destructive interference arises in the backward direction, resulting in
no epi-CARS/SRS signal for larger objects (Fig. 2.13d). The incomplete destructive
interference in backward direction increases with the size of the object. However,
a sample with many local changes in the index of refraction, such as tissue, can
redirect forward-propagating photons in the epi direction (Fig. 2.13e). It was shown
that the percentage of forward signals redirected backward increased as the thick-
ness of the turbid sample was increased [68]. Another mechanism that generates a
signal in epi-direction is the discontinuity of the third-order nonlinear susceptibility
x®) at the interface of two media.
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Figure 2.13: The effects of coherent signal buildup in the focal volume. a: The
signal strength of a single oscillating dipole is equal in both the forward and
backward (epi) directions. b: A thin layer of dipoles coherently generate equal
signal levels in the forward and epi directions. c: Several dipoles collectively
generate a forward-propagating part as well as a weak epi-directed signal. d:
A thick layer of dipoles in the focal spot coherently interfere to generate only a
strong forward signal. e: In samples with strong destructive interference in the
epi-direction, signals can be detected as photons are scattered backwards. The
effect is especially prominent in turbid samples such as tissue and increases with
sample thickness.

2.4 Cell Metabolism

Metabolic research is of immense importance since the metabolic activity of cells
plays a crucial role in normal as well as diseased cell physiology, cellular function
and cell fate. Scientists are dedicated in understanding every aspect of cellular
metabolism such as the metabolic pathways of cell proliferation, growth, differen-
tiation and cell death. Metabolism contains numerous biochemical pathways cat-
alyzed by a sequence of enzymes which result in either consumption or production
of energy. These pathways of cellular metabolism can be categorized in two major
groups: catabolic and anabolic cellular metabolism. Catabolic metabolism involves
the degradation of complex organic molecules such as lipids and proteins into smaller
and simpler molecules like fatty acids and amino acids. These exergonic reactions
are characterized by the release of energy or in other words release of ATP, COq
and HyO which are produced by oxidative phosphorylation and the citric acid cycle.
Anabolic cellular metabolism uses the simple constitutes broken down by catabolic
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metabolism, to combine them into more complex substances such as amino acids
into proteins. These pathways typically use energy and are useful for building cell
structures and maintaining the cell. Although catabolism and anabolism occur in-
dependently of each other, they are inextricably linked and cells need to balance
and monitor the needs and surpluses of all their different metabolic pathways. To
regulate a particular pathway, cells can increase or decrease the amount of necessary
activator or inhibitor enzymes. This regulation of metabolic enzyme production of-
ten occurs in response to changes in concentration of key metabolites such as lactic
acids and amino acids within the cell.

2.4.1 Aerobic Cellular Respiration

Cellular respiration is the process where cells acquire energy by breaking down
nutrient molecules and it’s one of the most robust and elegant metabolic pathways.
Cellular respiration is a specific series of enzyme controlled chemical reactions in
which oxygen is involved in the gradual breakdown of glucose into carbon dioxide
and water. During the reaction that breaks down glucose, the chemical-bond energy
adenosine triphosphate (ATP) is produced directly and released into the cell. Instead
of heat or light, cells run on chemical energy which is temporarily stored in the form
of ATP molecules. Cellular respiration transfers chemical energy from the large fuel
molecule glucose to many smaller molecules of ATP. A molecule of glucose can easily
be transported through the bloodstream and it contains a large amount of chemical
energy (38 ATP) in a small package. However, the amount of energy of a single
glucose molecule is too high to work within the cell. Therefore, the chemical energy
is transferred from glucose to ATP, which can be used to do work in the cell [71].

CsH1206 + 609 — 6C Oy + 6H20 + usable Energy (~ 38ATP) (2.45)

This process of breaking down glucose to generate energy while consuming oxygen
is known as aerobic cellular respiration. The step-by-step breakdown of glucose to
CO5 and H50O usually makes a maximum yield of 36 to 38 ATP molecules. Enzymes
of specific importance during this reaction are NADH and FAD. These coenzymes
of oxidation and reduction are also known as redox coenzymes. NADH is generated
when a metabolite is oxidized and NAD™ accepts two electrons and a hydrogen ion

(HT).

NAD™ +2e~ +2H" = NADH + H* (2.46)
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Figure 2.14: Simplified schematic of glycolysis and oxidative metabolism that
highlights the roles of the intrinsic fluorophores NADH and FAD and shows the
electron transport chain. During glycolysis which takes place in the cytosol of
a cell, glucose is catabolized to pyruvate, which is then shuttled into the mito-
chondria or converted to lactic acid. During these processes, NADH can reduce
a metabolite by giving up electrons while NAD™ can oxidize a metabolite by
accepting electrons. Inside the mitochondrial matrix, pyruvate is catabolized
further, and its products enter the tricarboxylic acid cycle. The eight steps of
the cycle are a series of redox, dehydration, hydration, and decarboxylation reac-
tions. Citrate is one of the products of this cycle and when it is shuttled through
the mitochondrial membrane into the cytoplasm it initiates the fatty acid synthe-
sis. NADH and FADH—2 molecules are additional products of the tricarboxylic
acid cycle which are carried to the electron transport chain where they transfer
their electrons through protein complexes for oxidative phosphorylation. During
that process energy is released to pump protons out of the mitochondrial matrix
to create a photon gradient. ATP is synthesized when protons flow back to the
mitochondrial matrix through the enzyme complex ATP synthase.
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While NADH can reduce a metabolite by giving up electrons, NAD™ can oxidize a
metabolite by accepting electrons. The same principle applies to the coenzyme FAD
which can accept two electrons and two hydrogen ions to become FADH,. There-
fore, NADH and FAD are involved in numerous steps of cellular respiration and can
be used repeatedly by cycling back and forth between their oxidized and reduced
form. Cellular respiration involves many individual metabolic reactions which can
be grouped into four stages: 1. Glycolysis 2. Pyruvate oxidation 3. Citric acid cycle
and 4. Oxidative phosphorylation.

During glycolysis, the six-carbon molecule glucose undergoes a series of chemical
transformations and ultimately gets converted into two three-carbon molecules of
pyruvate. Glycolysis takes place in the cytosol of a cell, and it can be broken down
into the energy-requiring phase, and the energy-releasing phase. During the energy-
requiring phase, two molecules of ATP are spent to form an unstable sugar, which
then splits to form two three-carbon molecules that are isomers of each other. In
the energy-releasing phase, the two three-carbon molecules turn into pyruvate and
four ATP molecules are produced, along with two molecules of NADH. Overall, the
net products are two pyruvate molecules, two ATP and two NADH molecules Fig.
2.14.

In the next step, the pyruvate oxidation, the three-carbon molecule pyruvate is trans-
ported into mitochondria and converted into acetyl CoA, a two-carbon molecule at-
tached to Coenzyme A. This conversion produces one NADH and one carbon dioxide
molecule for each pyruvate molecule. This step takes place inside the matrix, the
innermost compartment of the mitochondria. This preparatory reaction converts
products from glycolysis into products that enter the citric acid cycle.

The citric acid cycle also known as the tricarboxylic acid (TCA), or also Krebs cycle,
is a central driver of cellular respiration which takes place in the mitochondrial ma-
trix. The citric acid cycle is a series of enzyme-controlled reactions to release stored
energy through the oxidation of acetyl CoA. Unlike glycolysis, the citric acid cycle
is a closed loop where the last part of the pathway regenerates the compound used
in the first step. The eight steps of the cycle are a series of redox, dehydration, hy-
dration, and decarboxylation reactions that produce two carbon dioxide molecules,
one ATP molecule, three NADH molecules, and one FADH, for each acetyl group
[71]. Together with the pyruvate oxidation all six carbon atoms originally located in
a glucose molecule have turned into carbon dioxide. NADH and FADH, captured
the high-energy electrons released during the breakdown of glucose and carry them
to the electron transport chain for oxidative phosphorylation.

During oxidative phosphorylation (OXPHOS) the reduced electron carriers NADH
and FADH, transfer their electrons to molecules in the beginning of the electron
transport chain (ETC). The flow of electrons from NADH or FADH, to O, through
the protein complexes of the ETC follows the direction from a higher to a lower
energy level. Energy is released in these electron transfers and several protein com-
plexes use the released energy for the pumping of protons out of the mitochondrial
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matrix into the intermembrane space [72]. The resulting uneven distribution of pro-
tons generates a pH gradient and a transmembrane electrical potential that creates
a proton gradient. The pH gradient proceeds along the inner mitochondrial mem-
brane with the inside negative and the outside positive, and with the pH higher in
the matrix than in the cytosol, where the pH is generally close to 7. Small molecules
equilibrate freely across the outer membrane of the mitochondrion, and therefore the
pH in the intermembrane space is the same as in the cytosol [73]. Oxygen is the final
acceptor of electrons from the electron transport chain and after receiving electrons,
oxygen combines with hydrogen ions, and forms water.

The critical role of oxygen as the final acceptor of electrons during cellular res-
piration is demonstrated by noting that if oxygen is not present, the chain does
not function, and no ATP is produced by mitochondria. ATP is synthesized when
protons flow back to the mitochondrial matrix through the enzyme complex ATP
synthase. Thus, the oxidation of fuels and the phosphorylation of ADP are coupled
by a proton gradient across the inner mitochondrial membrane [74]. Importantly,
the mechanism by which the energy derived from these electron transport reactions
is coupled to ATP synthesis is fundamentally different from the synthesis of ATP
during glycolysis or the citric acid cycle. While in the latter cases, a phosphate is
transferred directly to ADP in an energy-yielding reaction, such direct transfer of
phosphate groups does not occur during electron transport [75]. Instead, the energy
derived from electron transport is coupled to the generation of a proton gradient
across the inner mitochondrial membrane. Besides the maximum production of be-
tween 32 to 34 ATP molecules, the ETC regenerates the electron carriers back to
their oxidized form of six NAD" and two FAD molecules which then again can be
used in glycolysis and in the citric acid cycle.

2.4.2 Anaerobic Cellular Respiration

Pyruvate oxidation and the citric acid cycle rely on oxidative phosphorylation which
uses oxygen as the final electron acceptor of the electron transport chain. Therefore,
complete glucose breakdown requires an input of oxygen to keep cellular respiration
working. However, glycolysis can take place and produce ATP without oxygen
due to the conversion of NADT to NADH as an electron carrier. Since glycolysis
cannot occur without this reaction and cells only hold a limited amount of NAD*,
a mechanism to convert NADH into NAD™ is needed or glycolysis will come to a
standstill and ultimately result in cell death. In aerobic cellular respiration the ETC
regenerates NADH back to its oxidized form NAD™ but without oxygen the ETC
cannot operate. As a result, cells may use other, simpler pathways to regenerate
NADT. In these pathways, NADH donates its electrons to an acceptor molecule
in a reaction that doesn’t make ATP but does regenerate NAD™, so glycolysis can
continue. Typically, glucose proceeds through the glycolysis pathway, producing
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pyruvic acid. The pyruvic acid then undergoes one of several alternative changes,
depending on the kind of organism and the specific enzymes it possesses. In humans,
most cells can return the electrons removed from glucose in the earlier stages of
glycolysis to the pyruvic acid formed at the end of glycolysis. When this occurs, the
pyruvic acid is converted into lactic acid (Fig. 2.14). The formation of molecules
such as lactic acid is necessary to regenerate NAD™. This process is known as lactic
acid fermentation and it occurs completely within the cytoplasm with a net profit
of only 2 ATPs per glucose [72]. The buildup of the waste product, lactic acid,
eventually interferes with normal metabolic functions. Lactic acid must ultimately
be metabolized, which requires oxygen. Therefore, the accumulation of lactic acid
represents an oxygen debt, which must be repaid in the future [Ref Holt 2009].
When oxygen is available, the lactic acid that has accumulated is converted back
into pyruvic acid. The pyruvic acid can then continue through the Krebs cycle and

the ETC.

2.4.3 Lipid Metabolism

Lipid metabolism entails the oxidation of fatty acids to either generate energy or syn-
thesize new lipids from smaller constituent molecules. For the generation of energy,
the first step in lipid metabolism is lipolysis which is the hydrolysis of triglyceride in
the cytoplasm to produce glycerol and three fatty acids. Glycerol is a three-carbon
molecule that is metabolized into glyceraldehyde-3-phosphate, an intermediate in
glycolysis. This reaction is readily reversible if glycerol is needed for the synthesis of
a lipid. Before the fatty acids can be used to release energy, they must be converted
to even smaller units as they are long molecules with typically 14 to 20 carbons [72].
This breakdown of fatty acids, called fatty acid oxidation or [-oxidation, occurs
within the mitochondria. Fatty acids are oxidized into 2-carbon fragments in the
form of acetyl CoA, which are used by the citric acid cycle and then ultimately con-
verted into ATP, CO,, and H50O in the ETC [76]. Along with the breakdown of long
chained fatty acids, the reduced electron carriers NADH and FADH, are produced
for each 2-carbon fragment. One triglyceride molecule is converted into three fatty
acid molecules and therefore each molecule of fat has the potential to yield several
times as much ATP as a molecule of glucose. Each glucose molecule has 6 pairs of
hydrogen which are used in the ETC during respiration, whereas a typical molecule
of fat has up to 10 times that number. Thus, fat makes a good long-term energy
storage for cells and when glucose levels are low, triglycerides can be converted into
acetyl CoA molecules which are used to produce ATP in the same way as acetyl
CoA derived from pyruvate.

When glucose levels are plentiful, the excess acetyl CoA generated by glycolysis
can be converted into fatty acids and triglycerides. This process, called lipogenesis,
creates lipids from the acetyl CoA and takes place in the cytoplasm of adipocytes
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[76]. Lipogenesis begins with acetyl CoA and repeatedly advances by the subse-
quent addition of two carbon atoms from another acetyl CoA until fatty acids are
the appropriate length. Even though this bond-creating anabolic process uses ATP,
it is an efficient way of storing the energy available. Although lipogenesis occurs in
the cytoplasm, the necessary acetyl CoA is created in the mitochondria and cannot
be transported across the mitochondrial membrane. To solve this problem, citrate
which is produced in the citric acid cycle and can cross the mitochondrial membrane
is shuttled into the cytoplasm. In the cytoplasm, citrate is converted into oxaloac-
etate and acetyl CoA. Oxaloacetate is then converted into malate and the acetyl
CoA is used to synthesize fatty acids (Fig. 2.14).

2.5 Optical Analysis of Cell Metabolism

2.5.1 Metabolic Biomarkers NADH and FAD
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Figure 2.15: One-photon excitation (dotted lines) and emission (solid lines)
spectra of NADH and FAD autofluorescence in aqueous solution [77]. The max-
imum intensity is normalized.
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Intrinsic fluorophores in biological tissue have been of particular interest since they
can be exploited as a label-free method for monitoring intracellular changes asso-
ciated with metabolism. These intrinsic fluorophores include tryptophan, collagen,
nicotinamide adenine dinucleotide (NADH), flavins, and porphyrins and their anal-
ysis represents a powerful tool to understand biochemical pathways in cells. Two of
these fluorophores, NADH and the flavin FAD, are electron carriers and essential in
the metabolic pathway of the cells as they are involved in several key processes. The
one-photon excitation and emission spectrum of these coenzymes is shown in Fig.
2.15 [78]. It can be seen that excitation and emission of FAD are shifted towards
longer wavelengths compared to NADH so the two fluorophores can be spectrally
isolated. This is not the case for NADH phosphate (NADPH) and NADH which
both have a nicotinamide ring responsible for their fluorescence and therefore, mak-
ing their spectral properties indistinguishable Fig. 2.16. Consequently, the mixed
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Figure 2.16: Molecule structure of NADH, NADPH and FAD. The fluorescent
nicotinamide ring of NADH and NADPH, and the isoalloxazine ring of FAD are
highlighted.

signal is often referred to as NAD(P)H. Even though NADPH is involved in several
metabolic processes such as fatty acid biosynthesis, it is often neglected in micro-
scopic studies for many cell lines since the quantum yield and intracellular concen-
tration of NADH is significantly higher compared to NADPH [79, 80]. While NADH
is fluorescent in its reduced biochemical state and not in its oxidized state as NAD™,
FAD is only fluorescent in its oxidized form and not in the reduced form as FADH,.
This allows non-invasive metabolic imaging of cells and tissue in their native physi-
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ological environment avoiding perturbation of the biological system. Therefore, the
fluorescent signals of NADH and FAD have been used as indicators of cellular redox
reactions, energy metabolism, mitochondrial anomalies under different pathophysi-
ological conditions, calcium homeostasis, gene expression and cell death.It is worth
noting that even though NAD in its oxidized form is written as NAD™ since the
adenine portion of nicotinamide adenine dinucleotide has a positive charge, the en-
tire molecule is negatively charged due to the phosphate groups. NAD™ has one
negative charge and NADH has two negative charges Fig. 2.16.

2.5.2 Optical Redox Ratio

The autofluorescence of endogenous coenzymes NADH and FAD can be used to op-
tically determine and monitor cellular metabolism. The most common method for
optical metabolic imaging is the redox ratio, which is the fluorescence intensity ratio
of FAD and NADH [81, 82, 83]. Measuring ratio changes of FAD/(FAD+NADH)
can be interpreted as a relative change in the rate of glucose catabolism to oxidative
phosphorylation. The optical redox ratio has been used and studied extensively
and an increase in the ratio can typically be described as followed: NADH fluores-
cence intensity decreases during oxidative phosphorylation due to the conversion to
non-fluorescent NAD™, and FAD fluorescence intensity increases due to the trans-
formation from its reduced and non-fluorescent form FADH, Fig. 2.14. This shows
that the redox ratio is highly sensitive to changes in metabolic rate and oxygenation.
Factors for a decreased ratio can be caused by hypoxia, impairment of the electron
transport chain or a need to increase glucose catabolism which leads to a build up
of NADH that does not get oxidized to NAD™.

In cancer cells, the metabolism is shifted from highly energy efficient oxidative phos-
phorylation to less efficient glycolysis as the primary source of energy production
even though oxygen is present. This shift is known as the “Warburg effect” which
causes an enhanced production of lactate in an aerobic environment and results in
lower optical redox ratios [84]. In this scenario, glucose is metabolized into two
molecules of pyruvate, which results in the generation of two ATP and two NADH
molecules. Some of the pyruvate molecules are then further converted into lactate
under regeneration of two NADH molecules to NAD™. In healthy oxygenated tissue,
glucose is converted to water and carbon dioxide through oxidative phosphorylation,
resulting in the generation of 30 to 36 ATP molecules and the oxidation of 10 NADH
molecules to NAD™. This involvement and change in NADH quantity can be used
to describe and distinguish cellular metabolism based on the optical redox ratio. In
addition to various cancer cell lines such as bladder, ovarian and breast cancer, the
optical redox ratio has been used to distinguish metabolic changes due to the effects
of hormones, viruses and drugs [85, 86, 87].

Even though the optical redox ratio has been used for many years in hundreds of
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studies in vitro and in vivo to track metabolic changes of cells, it has just recently
been shown that the ratio does not correlate with the actual concentrations of FAD
molecules but rather with the intracellular concentration ratio of NAD'/(NADH +
NAD™) [79]. This could be explained by inconsistent changes in FAD fluorescence
intensity with increasing total intracellular FAD concentration which are caused
by quenching effects and different fluorescence quantum yields among flavoproteins
[88, 79]. Another change of up to one order of magnitude in fluorescence quantum
yield and intensity of FAD and NADH can arise due to protein binding.
Additionally, in adipose tissue it has been shown that besides glycolysis and oxidative
phosphorylation, the redox ratio changes with fatty acid synthesis [79]. These find-
ings show the need for a more detailed and robust interpretation of the fluorescence
signal than the fluorescence intensity. Nevertheless, the ability to non-destructively
measure metabolic changes on a cell-by-cell basis provides great biochemical insight
and makes it a particularly useful research tool.

2.5.3 Optical Free-to-Bound Ratio

The endogenous fluorescence of biomarkers such as NADH is affected by local en-
vironment and protein binding which is dependent on metabolism. The optical
free-to-bound ratio is a fluorescence lifetime-based measurement of the ratio of free
and protein-bound NADH. For NADH, binding to proteins only causes a relatively
small spectral shift towards longer wavelengths of 10 — 20 nm compared to the total
spectral width of 150 nm [89]. However, the fluorescence lifetime of NADH can
increase several-fold after protein binding, making it a sensitive biomarker. While
free NADH in solution has lifetimes between 0.4 and 0.9 ns, protein-bound NADH
usually has lifetimes between 1 to 6.5 ns, where the lifetime increase is dictated by
the enzyme it binds to. Prolonged NADH lifetimes after binding to proteins are
caused by higher levels of conformational restriction of the molecule at the protein
binding site which increase rigidity and shut down internal conversion pathways [90].
NADH is distributed throughout the entire cell and most (>60%) of the intracellular
NADH is typically localized within the mitochondria, where it participates in oxida-
tive phosphorylation and the tricarboxylic acid cycle (TCA), while the remainder is
found in the cytoplasm taking part in glycolysis and the nucleus where it is involved
in transcriptional pathways [10].

In solution, free NADH displays two lifetimes and a broad variety of lifetimes when
bound to different enzymes [12]. FLIM imaging allows the analysis of the fluores-
cence lifetime of NADH in each pixel with subcellular resolution. The pixel-wise
analyzed fluorescence lifetime data can be averaged on a cell-by-cell or field-by-field
basis to provide average fluorescence lifetimes that are representative of individual
cells or cultures. FLIM studies in cells or tissues traditionally use a two-component
decay curve to resolve two lifetimes at each pixel to represent free and protein-bound
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conformations of NADH. The short fluorescence lifetime component 7y, usually has
values between 0.4 and 0.9 ns, while the protein-bound lifetime component Typunqg is
longer with typical lifetime of 2 to 4 ns. Recently, Yaseen et al. used a different
approach by fitting their fluorescence lifetime data of NADH in cerebral tissue to
four different components (C; to Cy) [9]. Component C; exhibited the shortest life-
time of 0.4 ns and C, showed a lifetime of 1 ns, which were assigned to the different
folding conformations of free NADH. C3 and C, exhibited lifetimes of 1.7 ns and 3.2
ns, respectively, which were associated with lifetimes for NADH bound to different
enzymes such as malate dehydrogenase or lactate dehydrogenase.

Independently of the use of two or four lifetime components, the lifetime differ-
ences are thought to reflect NADH in different cell locations (e.g. cytoplasm and
mitochondria) with different microenvironments (e.g. pH, temperature, and viscos-
ity). Furthermore, many studies suggest that the short and free NADH fluorescence
lifetimes are predominately found in the cytoplasm while the long protein-bound
lifetimes are associated with mitochondrial fluorescence [91, 92].

2.6 Function and Therapeutic Potential of Adipose
Tissue

2.6.1 Anatomy and Physiology of Adipose Tissue
White Adipose Tissue

White adipose tissue (WAT) consist of white adipocytes which primary task is to
store energy for times of starvation or great exertion. In healthy, non-overweight
humans, WAT composes around 20% of the body weight in men and 25% of the
body weight in women [93]. In the human body, WAT is mainly found in sub-
cutaneous (scWAT) depots such as around the thighs and buttocks and visceral
depots (VWAT) such as adipose tissue that surrounds the internal organs, but also
in deposits between the muscles, around the heart, the bone marrow and elsewhere.
White adipocytes transform excess dietary nutrients into densely packed triacylglyc-
erols stored in a single large lipid droplet, the morphology therefore named uniloc-
ular. The large lipid droplet forces the nucleus and the cytoplasm to be squeezed
into a thin rim at the periphery of the cell containing small amounts of mitochon-
dria. When circulating fuels or stored carbohydrate cannot prevent an imminent
energy shortage in muscles and other tissues, certain hormones bind to adipocytes
to start lipid mobilization through the process of lipolysis [94]. During lipolysis, a
breakdown of triglycerides into energy-rich free fatty acids and glycerol is initiated.
The free fatty acids provide fuel for muscles and cardiac tissue, and the glycerol is
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delivered to the liver for gluconeogenesis. The enzyme that triggers the hydrolysis
of triglycerides is called lipase and it is activated by hormones and catecholamines
such as epinephrine, norepinephrine, glucagon, and adrenocorticotropin [94].

In addition to that, other hormones such as insulin and catecholamines but also nu-
tritional status like feeding and fasting, and exercise regulate the lipid metabolism.
Once blood sugar levels are increasing insulin is released from the pancreas and
white adipose cells’ insulin receptors cause the inactivation of hormone-sensitive
lipase. Further, insulin increases the anabolic actions of white adipocytes by en-
hanced free fatty acid and glucose uptake, inhibition of lipolysis, and increased de
novo fatty acid synthesis (lipogenesis). As described, WAT is not only responsible
for energy storage and thermal insulation to help maintain body temperature, but
it also plays a crucial role in metabolic health and endocrine functions [95]. Obese
individuals accumulate an excessive amount of WAT which leads to an increased risk
of developing numerous diseases, such as hypertension, hyperglycemia, many forms
of cancer and type 2 diabetes which is a defective body responsiveness to insulin
[15, 16]. However, the specific type of adipose tissue that accumulates in the body is
critically important with regard to health risks. While the accumulation of vWAT
is related to most of the health risks mentioned before, the accumulation of scWAT
is not [96, 97]. This suggest different compositions, functions and characteristics of
WAT which could be utilized to decrease obesity related health risks.

Brown Adipose Tissue

Compared to WAT, brown adipose tissue (BAT) does not store lipids to provide
fuel for other cells but primarily to dissipate them as heat. This direct conversion of
chemical into thermal energy is called non-shivering thermogenesis and is of special
importance in young and small mammals due their large body surface and high heat
loss compared to big animals. The heat generated by BAT is crucial for the survival
of these animals in low temperatures and for hibernating mammals, increased BAT
activity has been seen in conjunction with arousal from hibernation [98]. Newborn
human infants also have large amounts of BAT to prevent hypothermia since their
nervous system is too slow to respond to cold conditions and they are not able to
shiver yet. For human adults some of the brown fat depots disappear such as the
interscapular BAT, while other depots remain but decrease in size such as in the
supraclavicular, para aortic and neck region. Morphologically, brown adipocytes are
large multilocular cells with a diameter of approximately 25-50 pm [99]. Multiple
small lipid droplets create a high surface to volume ratio which enables fast release
of fatty acids from stored triacylglycerols. Brown adipocytes exhibit a large number
of mitochondria in which both [S-oxidation of fatty acids as well as dissipation of
extracted energy as heat takes place.

The mitochondria of brown adipocytes contain significant amounts of uncoupling
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Figure 2.17: Developmental lineages of brown, beige, and white adipocytes.
Brown adipocytes share a progenitor cell with skeletal muscle and differenti-
ate during development from dermomytomal precursors that express Myfs and
Pax7. The development of mature white adipocytes is well defined by differenti-
ation of PPAR~y expressing white preadipocytes. While the development of beige
adipocytes is not fully determined. Beige adipocytes which develop in response
to external stimuli such as cold in WAT depots can originate from Myf5-negative
precursors of mesodermes. The dotted arrows indicate the uncertainty of the
recruitment pathways. Beige adipocytes may be derived from directed differen-
tiation from white precursors, or a reversible transdifferentiation from mature
white adipocytes.

47



2 Background

protein-1 (UCP1) which is a crucial protein for non-shivering thermogenesis. UCP1,
when activated, short circuits the electrochemical gradient that drives ATP synthesis
and thereby stimulates respiratory chain activity [100]. This process generates a sub-
stantial amount of heat which is distributed to the rest of the body via circulation.
The size and number of mitochondria in BAT in combination with higher vascu-
larization than WAT contribute to its brownish macroscopic color. BAT has been
considered as an attractive target to promote weight loss due to its high metabolic
activity. Genetic fate-mapping experiments indicate that there are two different
origins for human BAT. Classical brown fat is one of them and it originates from
precursor cells in the embryonic mesoderm which express Myfh and Pax7, two genes
previously assumed to be present almost exclusively in committed skeletal muscle
precursors [101] Fig. 2.17.

The developmental relationship between brown fat and muscle is also evident in
a common gene signature and related mitochondrial proteomes. The other ori-
gin of brown or brown-like adipocytes are called beige adipocytes which arise from
Myf5-negative cells within WAT. That means, despite the morphological similarity,
beige adipocytes are distinct from brown adipocytes in their developmental origin
and regulation. In addition, beige adipocyte differentiation is highly induced in
response to a variety of environmental cues, such as cold exposure, exercise, and
tissue injury. Therefore, effective recruitment of beige adipocytes is the target of
new therapeutic strategies to fight obesity. Brown and beige adipocytes can be de-
tected non-invasively utilizing their high glucose uptake by the label glucose analogue
BF-fluorodesoxyglucose (**F-FDG) in positron emission tomography - computed to-
mography (PET-CT) measurements [102].

Beige Adipose Tissue

In recent years, research showed that in addition to the classical brown adipocytes,
clusters of adipocytes with brown characteristics also develop in WAT in response
to various stimuli. These cells have been named brown-like, brite (brown-in-white),
recruitable or beige adipocytes and will be called beige adipocytes hereafter [20].
Even though beige fat cells share many features with classical brown adipocytes
they come from different cell lineages with a distinct beige adipocyte gene expression
profile which does not include the expression of Myf5 [103]. Early research suggested
that beige adipocytes found in WAT, actually result from reversible white-to-brown
transdifferentiation [104].

However, recent studies show that most, if not all, beige adipocytes, arise through de
novo differentiation/maturation from a precursor population rather than from pre-
existing adipocytes [105]. The precursor cells that give rise to beige adipocytes are
not the same embryonic precursors responsible for classic brown fat. Another signif-
icant difference is that brown adipocytes have a high expression of UCP1 and other
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thermogenic genes under basal (unstimulated) conditions, while beige adipocytes
only express these genes in response to activators like cold, S-adrenergic receptor ag-
onists, PPAR~ agonists, or fibroblast growth factor 21 (FGF21) analogs [106]. Like
adipocytes in BAT, the beige cells in murine WAT are defined by their multilocular
lipid droplet morphology, high mitochondrial content, and expression of a core set
of brown vs. white fat-specific genes (e.g. UCP1, Cidea, PGC-1«). Available data
suggests that the function of fully stimulated beige adipocytes is similar to that of
classical brown adipocytes in terms of thermal regulation, providing non-shivering
thermogenesis to maintain body temperature [19]. Aside from thermogenesis, it
has yet to be studied if WAT depots that undergo “browning” by recruiting beige
adipocytes have the same cell type-specific actions of BAT. While it has been shown
that beige adipocytes can arise in almost all WAT depots throughout the body,
there are significant differences in the number of recruited cells after stimulation
such as cold exposure, exercise, and tissue injury. In rodents, beige adipocytes are
most abundant in the subcutaneous inguinal WAT.

Another special feature of beige adipocytes is, that their thermogenic profile is re-
versible, meaning that activated beige adipocytes with high amounts of UCP1 return
to low UCP1 expression once the stimulation is over until they are activated again.
This could mean that these cells act as both beige or white fat cells for a certain
period of time depending on the conditions and stimulation. While some studies
suggest that the gene profiles of beige and white cells are distinct making direct
transformation of white into beige adipocytes unlikely, other studies suggest that
beige adipocytes in the inguinal WAT were derived from white adipocytes [20, 107].
Therefore, further investigations and improved measurement methods are required

2.6.2 Activation and Therapeutic Potential of Brown/Beige Fat

Rising obesity is a worldwide problem with several hundred million adult humans
affected. Obesity is a major risk factor for several diseases which are often collec-
tively called the metabolic syndrome. Many strategies to fight obesity are focused
on limiting the caloric input or increasing the energy consumption. One of these
strategies to combat obesity is activation and recruitment of beige and brown adi-
pose tissue since both tissues are responsible for a considerable amount of energy
expenditure during acute cold exposure. Even though the fundamental regulatory
mechanisms and the means of recruitment especially of beige adipocytes are not
fully understood, numerous stimuli that can induce brown and beige adipocyte ac-
tivity or increase their growth have already been discovered [108, 109]. The list of
agents that induce browning or activate brown and beige fat cells is growing rapidly.
Besides weight loss, mice with increased brown and beige fat activity display im-
provements in systemic metabolism such as higher metabolization of large quantities
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of lipid from the bloodstream, improved insulin sensitivity, and increased glucose
tolerance. The focus of many research groups lies in pharmacological molecules, such
as fs-adrenergic (83-AR) agonists, the PPAR~y agonists thiazolidinediones and the
cannabinoid antagonist rimonabant [110]. However, the browning process has been
proven successful through several dietary compounds derived from plant or animal
origins such as powdered scallop shells, hydrolyzed salmon protein, capsaicin found
in chili peppers, and olive oil. These compounds establish an appealing approach for
increased metabolic activity since they do not produce side effects compared with
pharmacological drugs.

Additionally, it has been shown that irisin, a myokine induced through exercise,
powerfully activates browning of WAT in mice [111]. This increase in beige fat de-
velopment and UCP1-induction in WAT due to exercise reports a new regulatory
circuit of beige adipocyte recruitment which does not necessarily demand thermoge-
nesis. This is another indication that the biological significance of beige adipocytes
may go beyond just heat generation in response to sympathetic stimulation [112].
It has been long known, that many types of cancers are accompanied by weight
loss which is called cancer cachexia. This type of weight loss is typically associ-
ated with chronic inflammation, muscle and adipose atrophy and increased resting
energy expenditure. Recently it has been shown that the increased resting en-
ergy expenditure is partly caused by cancer related hormones and proteins such as
interleukin-6, UCP1, and Pgcla inducing browning of WAT [113]. Similar to cancer
cachexia, beige adipocytes in the human subcutaneous WAT and high levels of uri-
nary epinephrine and norepinephrine have been reported after severe burn injuries
[114].

Interestingly, up to this point the simplest and most effective way for stimulation are
physiological agents such as noradrenaline and epinephrine stimulation by chronic
cold exposure. Especially for obese and elder people who do not possess sufficient
amount of BAT, recruitment is highly desired but also challenging. While it has
been demonstrated that cold acclimation is able to recruit activated BAT in lean
adult humans, it fails to recruit necessary amounts in obese and elderly study par-
ticipants [115]. Chronic cold induces BAT thermogenesis through the 33-AR agonist
pathway, which can also be administered pharmacologically. However, initial clinical
treatment with the $3-AR agonist accompanied several significant side effects such
as impairment of the cardiovascular system [116]. Recent studies using oral admin-
istration of a selective 53-AR agonist named Mirabegron show promising results in
increased resting energy expenditure with limited undesirable cardiovascular effects
[117]. Further investigations particularly in obese and elderly patients are required
to understand the underlying mechanisms of BAT activation resistance. While there
is a consensus that brown and beige adipocytes affect the energy balance, the mag-
nitude of this effect in humans is still uncertain. Calculation in rodents suggest that
cold-induced BAT thermogenesis could account for over 40% of whole-body energy
expenditure which explains the immense therapeutic interest for humans [118].
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However, recent studies in humans showed that activated BAT only increases en-
ergy expenditure from as low as 7 kcal/day up to 123 kcal/day at room temperature
[119]. Significant BAT contribution to energy expenditure is nevertheless supported
by the §3-adrenergic agonist mirabegron-mediated increase in energy expenditure
(4203 £ 40 kcal/day), along with increased pulse rate and blood pressure, suggest-
ing increased energy expenditure from the cardiovascular system [119]. Whether
browning of WAT significantly contributes to a chronic shift of total body energy
balance remains to be tested. Nonetheless, regardless of whether BAT and brown-
ing of white adipose tissue play a mayor role in body weight regulation, it is likely
that increased active brown and beige fat is beneficial in treating metabolic diseases
including type 2 diabetes, insulin resistance, atherosclerosis, lipid disorders, and
others [120].

51






3 Materials and Methods

3.1 Optical Methods and Parameters

3.1.1 Fluorescence Microscopy

For confocal imaging, adipocytes were stained with the mitochondrial stain Tetram-
ethylrhodamine ethyl ester (TMRE) (Molecular Probes T669, Life Technologies)
and MitoTracker Green FM (M7514, ThermoFisher) as per the manufacturer’s in-
structions. Fluorescence images of the mitochondria stains were performed on living
cells using an inverted confocal microscope (FV1000, Olympus). The optical setup
of the confocal microscope consists of 5 laser diodes which can be operated simulta-
neously and are controlled individually (Fig. 3.1). Several dichroic mirrors, gratings
and filter wheels in combination with 3 photo multiplier tubes (PMTs) allow for
concurrent detection of multiple epi-fluorescence signals. The optical setup permits
for confocal and fluorescence lifetime imaging on the same system by mechanically
changing dichroic mirrors. Therefore, cytoplasmic and mitochondrial compartment
images were determined by FLIM and confocal imaging. Correlations between FLIM
images and confocal mitochondrial stain images were calculated using the CORR2
function in MATLAB which implements a linear correlation to 2-D arrays [121].
Multiple confocal fluorescence images of adipocytes using the TMRE mitochondrial
stain were captured 6 seconds apart from each other to analyze the movement of
individual mitochondria. The movement analysis in areas where the mitochondria
were clustered within the cell was not feasible, therefore, less clustered areas were
used to measure the displacement between frames. Additionally, to show regional
differences of the NADH species, mitochondria of murine adipocytes were isolated
and stained with mitochondrial stains to check for purity.

3.1.2 Fluorescence Lifetime Imaging Microscopy

Fluorescence intensity and lifetime imaging of two-photon excited NADH were per-
formed on a confocal microscope (FV1000, Olympus) equipped with a tunable
(680-1300 nm) ultrafast laser system (InSight DeepSee+, Spectra-Physics) with a
60x water objective (NA 1.2) (UPLSAPO 60xW, Olympus) with a working distance
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Figure 3.1: Confocal and FLIM microscope setup scheme. Confocal: Five
laser diodes from 458 nm to 635 nm wavelength can be controlled and oper-
ated individually. Several dichroic mirrors guide the laser beams through a laser
scanning unit into a 60x water objective (NA 1.2). Detection of the epifluores-
cence occurs by several PMTs through a confocal pinhole. A variety of gratings,
dichroic mirrors, and filters allow for spectral division of the detected fluores-
cence light. FLIM: The tunable output channel of the femtosecond laser is used
for fluorescence lifetime measurements. The half-wave plate in combination with
the glan-laser polarizer attenuate the beam and the beam conditioning telescope
expands the laser output. A photo diode is used as a stop signal to synchronize
the laser pulse with a detected photon. A beam splitter divides fluorescent light
at 480 nm to two PMTs which are connected to a TCSPC module through ampli-
fiers and a 4-Channel router for simultaneous photon counting. For generation of
2D-images, the TCSPC module is synced with the laser scanning unit. BS: Beam
splitter, GLP: Glan-laser polarizer, HWP: Half-wave plate, LD: Laser diode, PD:
Photodiode, PMT: Photomultiplier tube
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of 0.28 mm using a 2x digital zoom (Fig. 3.1). The tunable output channel of the
laser generates <120 fs pulses for the entire wavelength range of 680 nm to 1300 nm
with a maximum average power of 1.3 W at 850 nm and 80 MHz repetition rate.
The optical path consists of a half-wave plate in combination with a glan-laser po-
larizer to continuously attenuate the beam. A beam conditioning telescope expands
the laser output for maximal illumination of the objective lens. A photo diode is
used as a stop signal to synchronize the laser pulse with a detected photon. A beam
splitter divides fluorescent light at 480 nm to two PMTs which are connected to a
TCSPC module through amplifiers and a 4-Channel router for simultaneous photon
counting. For generation of 2D-images, the TCSPC module is synced with the laser
scanning unit. The intrinsic two-photon fluorescence associated with NADH and
FAD was generated at excitation wavelengths of 755 nm and 860 nm, respectively,
with average laser powers maintained below 15 mW at the microscope objective for
all imaging experiments. Thus, the theoretical lateral and axial resolution of this
system at 755 nm wavelength determined by the Rayleigh criterion is 383 nm and
1394 nm, respectively.

Confluent adipocytes in monolayer cell cultures on glass bottom dishes typically
had a height of 25 ym and therefore cellular images were taken at the center of the
cell in 10 — 15 pum depth. NADH and FAD emissions were first separated using
a 480 nm dichroic mirror. For NADH detection, a 475+ 30 nm band-pass filter
(HQ475/60M, Chroma) was placed following the dichroic mirror’s reflected optical
path, such that the effective detection ranged from 445 to 480 nm. For FAD de-
tection, a 525+ 25nm band-pass filter (HQ525/50M, Chroma) was placed following
the dichroic mirror’s transmitted optical path. Emission events were registered by
external photomultiplier tubes (PMTs; H7422p-40 for NADH detection and H7422p-
50 for FAD detection, Hamamatsu) attached to a commercial time-correlated single
photon counting electronics module (SPC-150, Becker & Hickl GmbH). The samples
were imaged using continuous scanning with a pixel dwell time of 2 us over a total
acquisition time of 60 to 90 s to collect sufficient photon counts per pixel. For each
field of view, images were acquired at a resolution of 256x256 pixels (105 x 105 pm).
The scan of a single frame takes 375 ms including delays introduced by sawtooth
scanning and flyback times of the galvanometer scanners. The PMT gain and laser
power were kept constant and were measured for each image. Fluorescence intensity
was used to create redox images, which were generated by computing pixel-wise
ratios of FAD / (FAD + NADH) (Fig. 3.2).Using different excitation wavelengths
resulted in slightly different optical focuses due to chromatic aberrations. To deter-
mine the difference, Z-stacks with a step size of 0.1 um of well-defined fluorescent
structures were taken for both wavelengths and images were compared and corre-
lated. For the wavelengths 755 nm and 860 nm the axial position of the focus had
a difference of 1ym which was mechanically compensated for in the redox ratio ex-
periments.

Using this setup, cell cultures experiments were performed and maintained at 37°C
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within a humidified 5% C'O, or ambient air environment using a microscope-compatible
micro-incubator system (INUBTF-WSKM-F1, Tokai Hit). For experiments that
were performed with long waiting periods in between the imaging sessions, the cul-
ture dishes were transferred into an incubator at 37°C.

To analyze the browning of adipocytes, cells were treated with forskolin (5 uM) or
epinephrine (0.5 pM). One hour after treatment, cell cultures were imaged again
to capture metabolic changes. For quantification of the fluorescence lifetime analy-
sis, FLIM data was compared to oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) derived by an extracellular flux analyzer.

Figure 3.2: Fluorescence intensity image of NADH and FAD of adipocytes used
to create a redox ratio image computed by the equation FAD / (FAD + NADH).

3.1.3 Raman Scattering Microscopy

CARS and SRS occur simultaneously, therefore it is common to implement both
modalities on the same microscope. Additionally, the microscope (FV1000, Olym-
pus) CARS and SRS were performed on, is the same microscope as for the confocal
and FLIM experiments (Fig. 3.3). Raman signals were obtained by combining a
1040 nm Stokes beam and a 803 nm pump beam using a dual output femtosecond
pulsed laser system (InSight DeepSee+, Spectra-Physics). The laser beams were
aligned using an optical setup as seen in (Fig. 3.4). Both beams can be continuously
attenuated by using a combination of a rotating half-wave plate and a polarizer.
The 1040 nm Stokes beam is modulated at 20 MHz using an electro-optic amplitude
modulator (EO-AM-R-20-C2, ThorLabs). The temporal overlap between pump and
Stokes beam can be fine-tuned with a translation stage and the spatial overlap is
achieved with the use of mirrors and beam conditioning telescopes in each beam
path to accomplish beams of identical size. The overlapping beams are then guided
into the microscope objective. CARS signals were detected in the epi-direction using
a combination of a shortpass filter and a thermoelectrically cooled photomultiplier
tube (H7422PA-50, Hamamatsu). SRS imaging was performed simultaneously with
CARS imaging on the same system, using the same wavelengths. The SRS signal
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Figure 3.3: Optical setup for simultaneous CARS and SRS imaging. The Stokes
and pump beam are continuously attenuated by a half-wave plate and a glan-
laser polarizer. An adjustable translation stage enables temporal overlap of both
beams. Adjustable mirrors and beam conditioning telescopes in each beam path
accomplish beams of identical size with spatial overlap. CARS: Signals are
detected in epi-direction by a combination of a shortpass filter and a PMT. SRS:
An electro-optic amplitude modulator changes the intensity of the Stokes beam
at a 20 MHz frequency. The SRS signal is detected in trans-direction by a photo
diode. The photo diode and the modulator are synchronized through a function
generator and lock-in amplifier to measure the stimulated Raman loss of the
pump beam intensity. GLP: Glan-laser polarizer, HWP: Half-wave plate, PMT:
Photomultiplier tube, QWP: Quarter-wave plate, SRL: Stimulated Raman loss

Dichroic
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of the sample was detected in the trans-direction using a photodiode. The photo

diode and the modulator are synchronized through a function generator and lock-in

amplifier to measure the stimulated Raman loss of the pump beam intensity.
CARS signals have a complicated nonlinear relationship to the target molecule
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Figure 3.4: Optical setup of the pump and Stokes beam. The beams are at-
tenuated by a half-wave plate and a glan-laser polarizer. Mirrors and beam
conditioning telescopes in each beam path accomplish beams of identical size
with spatial overlap. A modulator changes the intensity of the Stokes beam at
20MHz frequency. EOM: Electro-optic modulator, GLP: Glan-laser polarizer,
HWP: Half-wave plate, L: Lens, M: Mirror, QWP: Quarter-wave plate, SRL:
Stimulated Raman loss

concentration and are not suited for straightforward quantification. Optical setups
where both CARS and SRS are measured, typically detect the CARS signal in epi-
direction and the SRS signal in trans-direction. The reason for this is that the
SRS signal exactly follows the pump and Stokes beam making it easy to detect in
trans-direction [122]. The epi-detected CARS signal arises from small objects or
from reflection of the forward signal, whereas the epi-detected SRS solely relies on
the backscattered photons. Fig. 3.5 shows transillumination, FLIM, CARS and SRS
images of adipocyte cell cultures and adipose tissue. While the thin periphery of
the lipid droplets within the cell culture produce a measurable CARS signal, the
middle of the droplets constitutes a thick layer of dipoles which results in strong
destructive interference in the epi-direction. Therefore, no CARS signal can be de-
tected in these areas even though a strong signal can be detected in trans-direction
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by SRS. For thick tissue samples, CARS was the detection method of choice in this
work. Even though SRS exhibits much higher detection sensitivity than CARS, the
SRS signal in trans-direction through thick tissue samples was too low to detect.
Compared to CARS images of cell cultures, the signal can be detected through-
out the lipid droplets. While there is still destructive interference, the thickness of
the lipid droplets and high scattering properties results in a significant amount of
backscattering which can be detected. In this study, both CARS and SRS and were
used as a masking modality only. By identifying lipid rich areas within cells and
tissue, these regions were excluded from the FLIM analysis. Fig. 3.5 shows that
especially in tissue, lipid rich areas possess a strong fluorescence with a long fluores-
cence lifetime, which significantly would interfere with the NADH-FLIM analysis.
In addition to lipid droplets, other lipid rich compounds such as lipofuscin were
detected and masked out.

Transillumination FLIM - Epi-Direction CARS - Epi-Direction SRS - Trans-Direction

A
X
n Cell Culture 3

Tissue

3

Figure 3.5: Image modalities for cell culture and tissue imaging. Cell culture:
Transillumination-, FLIM-, CARS-, and SRS-Image of a single adipocyte. In
this work, CARS (epi-direction) and SRS (trans-direction) are only used to detect
lipids to remove these regions from the FLIM analysis. However, the lipid droplets
in the FLIM image can easily be identified without the use of CARS and SRS
by low fluorescence intensity. Additionally, in the CARS image, the inside of
big lipid droplets is black due to destructive interference and therefore CARS is
not suitable as a lipid mask in cell culture. Tissue: Transillumination-, FLIM-,
CARS-, and SRS-Image of adipose tissue. Compared to cell cultures, it is not
a straightforward to identify lipid droplets in the transillumination and FLIM
image. Here, the CARS image is of great assistance in identifying lipid rich
areas. Due to backscattering and refractive index changes, even large droplets
produce a detectable CARS signal. In this thick tissue sample, the SRS signal in
trans-direction is too weak to be detected.
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3.1.4 Damage Threshold

Studies by Hopt and Neher on cellular photo-damage of mammalian cells induced
by ultrafast near-infrared laser sources under typical in vitro imaging conditions,
revealed that the number of scans before photo damage occurs is given by [33]:

f1.5 )\2 7_1.5 1
T NA tawen A n (P(t))%% Cny Cny Cng Cny

m

(3.1)

The damage threshold proposed by Hopt and Neher observed in Chinese hamster
ovary cells was empirically determined using both abrupt changes in basal Ca?*, as
measured by the membrane-permeable form of the fluorescence-indicator dye FURA-
2, and morphological changes. Sudden decreases in the indicator dye fluorescence
were observed, indicative of a sudden Ca?* rise due to damage of proteins. Other
experiments determining the damage threshold were carried out by Konig et al.,
observing the cloning efficiency of Chinese hamster ovary cells after exposure to
laser irradiation in a two-photon microscope. Nan et al., for their part, evaluated
laser-induced effects based on changes of cellular morphology such as breakdown of
the cytoskeleton or extracellular matrix (ECM), seen as a collapse of the cell body
or cell movements [123, 124]. These experiments indicated that photo-damage is a
nonlinear function of the input beam and that higher order light-matter interactions
contribute to the damaging process.

Symbol Hopt Konig Nan Evers
Pulse width [fs] T 190 150 2000 120
Wavelength [nm)] A 840 800 711 755
Power [mWV] P(t) 10 7.1 63 11.25
Repetition Rate [M Hz| f 82 80 80 80
Dwell time [us/pixel] tawell 10 80 3.3 2
Area of a cell [pizel] A 1500 1500 4625 3250
Numerical Aperture NA 0.9 1.25 1.2 1.2
Refractive Index n 1.33 1.33 1.33 1.33
Constant 1 [m?/mW?%s|  Cn;  45%x107% 45%x107% 45%x1072 45x107%
Constant 2 Cny w2s w2d w2 w2s
Constant 3 Cns 0.216 0.216 0.216 0.216
Constant 4 Cny 0.576 0.576 0.576 0.576
Threshold Scan Number m 75 10 10 40

Table 3.1: Laser settings of experiments of several studies and the maximum
number of scans to reach the damage threshold.
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Above the threshold, two-photon photochemical photodamage as well as immediate
cell damage via optical breakdown may occur. Comparing the numbers of these pre-
vious experiments with our excitation conditions, using Eq. 3.1, we find a tolerable
number of 40 scans for an average illumination power of 11.25 mW. In order to gen-
erate good enough photon statistics for low spatial binning, 160 scans at 11.25 mW
power were used in our experiments which is 4-times the number of scans proposed
by the damage threshold. The fact that we did not observe cellular responses such
as change of morphology or increased rate of apoptosis to laser radiation at these
laser parameters and high scan numbers might be explained by the choice of cells
as well as excitation wavelength. Indeed, it is worth noting that the experiments by
Hopt and Neher, as well as by Konig et al., were carried out on Chinese hamster
ovary cells, which complicate a direct comparison with our results. Nan et al., on
the other hand, used mouse adrenal cortical tumor (Y-1) and fibroblast cells (3T3-
L1, ATCC), which are more similar to the cells used in our study. However, the
experiments carried out by Nan et al. used a laser excitation wavelength of 711 nm
compared to 755 nm in our study. Patterson et al. have reported that when the
excitation wavelength for NADH was increased from a high two-photon cross section
(710 nm) to a low two-photon cross section (760 nm) with matched intensities to
yield similar photon excitation, the low two-photon cross section wavelengths had 3-
fold lower photobleaching rates [125]. These findings support our observation of the
absence of cellular photo-damage after laser irradiation that exceeds the empirical
damage threshold by a factor of 4.

3.1.5 Photobleaching

Photobleaching experiments were carried out on 3T3-L1 adipocytes using four differ-
ent powers in the focal plane for continuous measurement over 15 minutes. During
this experiment 60 second FLIM images were taken continuously for 15 minutes
and the total intensity of the field of view was analyzed for each image. While
the fluorescence for powers of 11.25 mW did not show significant changes over the
15-minute duration, the fluorescence decreased for powers of 15mW and higher. It
appears that the cells can compensate for photobleaching at low laser irradiation but
after many frames or at higher laser powers, the cells become unable to adapt. Dif-
ferent than for one-photon excitation, photobleaching is restricted to the focal plane
and therefore, two-photon excitation causes less photobleaching overall but higher
photobleaching in the focal plane. For accurate fluorescence lifetime determination,
many photons are required which means either a high excitation irradiation or a
long acquisition time. Thus, photobleaching and photodamage occur and are likely
to change the lifetimes. Both effects are nonlinear for two-photon excitation. Hence,
photobleaching can be reduced by recording at lower excitation irradiation and cor-
respondingly longer acquisition time. An example of photobleaching is shown in
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Fig. 3.6 where photobleaching has no effect on the spatial structure of a sample.
Fluorescence measurements for spatial imaging can therefore be performed at high
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Figure 3.6: Average fluorescence intensity of 3T3-L1 adipocytes over a 15-
minute duration at different laser excitation powers at the focal plane at 755
nm wavelength. FLIM images show adipocytes after 1 min and after 15 min of
continuous imaging at 11.25 mW and 30 mW.

excitation irradiation. The lifetime image of the imaging area showed that the
fluorescence intensity of the image decreased significantly even though the spatial
structure of the sample is still perfectly preserved. However, the false color life-
time image shows a blue shift, indicating an increased lifetime of the photobleached
region. The reason for that is that biological samples normally contain several fluo-
rophores, or fluorophores in different confirmation or binding states which bleach at
different rates. Depending on which fluorophore is present, short and long lifetime
components bleach at different rates and the lifetime distribution changes toward
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the more stable fluorophore. It may also happen that photobleaching products are
fluorescent themselves. In these cases the lifetime changes may become entirely un-
predictable [49]. Additionally, photobleaching generates radicals which can have a
destructive effect on the cell. Photobleaching may therefore not only change the
fluorophores but also the molecular structure of the cell, ultimately leading to cell
death. In a second set of experiments it was tested if the loss of fluorescence intensity
is irreversible or if the fluorescence intensity recovers within a short period of time.
Therefore, photobleaching experiments were carried out on 3T3-L1 adipocytes using
a protocol of three imaging periods of 3 minutes with 3 minutes of break in between
each imaging session. The results in Fig. 3.7 show that the fluorescence intensity
does not recover during the short 3 minute break between each imaging session.

Photobleaching

-Continuously 30 mW  —Intervall 30 mW
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Figure 3.7: Fluorescence intensity of 3T3-L1 adipocytes for continuous imaging
over 15-minute duration compared to alternating between 3 minutes of imaging

and pausing. Using 30 mW laser excitation powers at the focal plane at 755 nm
wavelength.

3.1.6 Apoptosis

The detection of laser induced cellular damage leading to programmed cell death
(apoptosis) is of utmost importance in FLIM studies. Caspases are signaling molecules
that are markers for cellular damage. Although the precise role in the initiation and
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»

Before

Figure 3.8: Combination of a trans-illumination image and a fluorescence im-
age of apoptosis stain caspase-3/7 green. No apoptosis is induced by the image
acquisition of a FLIM image using a mean power of 11.25 mW for 90 s.

progression of apoptosis is not yet known for all caspases, their use for the detec-
tion of apoptotic events is commonly used as a readout in apoptosis assays. 3T3-
L1 adipocytes were stained with caspase-3/7 green detection reagent (CellEvent?™
,ThermoFisher) as per the manufacturer’s protocol. Trans-illumination images of
the 3T3-L1 fat cells in combination with apoptosis stain fluorescence images were
taken, prior to a 90 s FLIM image acquisition with the experimental laser settings at
755 nm wavelength and 11.25 mW power. More trans-illumination images in combi-
nation with apoptosis stain fluorescence images were taken 4 hours after the FLIM
image acquisition to see if apoptosis was induced by the laser scanning microscope.
Given the high degree of similarity between the two imaged timepoints in Fig. 3.8
and the relatively constant signal intensity from the fluorescent apoptosis marker, it
can safely be concluded that the imaging conditions do not induce apoptosis. This
indicates that these laser and imaging parameters do not induce any DNA strand
breaks within the cell and hence are not deleterious.

However, higher laser excitation power and longer acquisition times induced pro-
nounced apoptosis as detected by characteristic changes of cellular morphology and
fluorescence lifetime (Fig. 3.9).Cells were irradiated with 755 nm wavelength for
180 s using mean powers of 30 mW. The trans-illumination image reveals the break
of the cell membrane as well as the fusion of multiple lipid droplets. The FLIM
image shows a significant shift to shorter fluorescence lifetimes with a significant
fluorescence intensity loss. Therefore, it was shown that visible and near infrared
two-photon laser irradiation of 3T3-L1 adipocytes under certain exposure conditions
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Photodamage

-

Figure 3.9: Trans-illumination and FLIM image of adipocytes before and 4
hours after photodamage was induced by excessive laser irradiation at 755 nm
wavelength for 180 s using mean powers of 30 mW. Due to photodamage the
cells show rupture of the outer membrane, reduced fluorescence and change of
fluorescence lifetime.
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lead to apoptosis-like cell death. Additionally, it has been demonstrated that mito-
chondria are the major targets of NIR femtosecond laser exposure and that excessive
irradiation results in several abnormalities such as mitochondrial swelling, forma-
tion of electron dense bodies in the mitochondrial matrix, and rupture of the outer
membrane [126, 127]. Typically, photodamage is a photochemical damage induced
by the nonlinear excitation of absorbers followed by phototoxic reactions such as
the formation of reactive oxygen species (ROS), which result in oxidative stress.
ROS formation in mitochondria often leads to apoptosis, whereas ROS formation in
lysosomes or other organelles may induce either necrosis or apoptosis [128].

3.1.7 Solution and pH Measurements

Several NADH solution experiments were performed to investigate changes of fluo-
rescence lifetime depending on the solvent media, concentration of NADH, as well
as introduction of binding enzymes. To distinguish the effect of media on fluoresce
lifetime, NADH disodium salt (Grade 1, Sigma Aldrich) was dissolved in 1 ml of
culture media, phosphate buffered saline, and distilled water. A drop of the solution
with a final concentration of 0.5 mM was placed on a microscope slide and analyzed.
The influence of NADH concentration on the fluorescence lifetime was tested with
seven different concentrations, starting at 30 M and going up to 200 mM. The
effect of potential enzyme binding partners of NADH was investigated using NADH
disodium salt in solution (48 M) and a 16:1 mixture of NADH (48 M) and lactate
dehydrogenase (LDH, 3 uM) in solution. LDH is a tetrameric molecule with four
identical NADH binding sites. For both solutions, a double and a triple exponential
fit of the fluorescence decay curve were used to describe the fluorescence decay.
The fluorescence lifetime is known to change significantly with the pH value of the
solution. To induce metabolic changes in adipocytes, several metabolic modifiers
were injected into the media resulting in significant changes of the oxygen consump-
tion rate (OCR), extra cellular acidification rate (ECAR), and fluorescence lifetime
parameters. To verify that the resulting changes were indeed caused by metabolic
changes rather than by change of pH due to injection, pH measurements were per-
formed. Therefore, the metabolic modifiers were injected individually into separate
tubes of culture media and pH changes were measured by a pH meter. The ratios of
media volume to injection volume were consistent with the actual cell experiments.
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3.2 Image Acquisition and Processing

3.2.1 Lifetime Fitting

For the FLIM analysis it is often not clear which model, in particular which number
of exponential components, should be used to fit the data. In literature, endogenous
fluorescence of NADH in live cells has been fitted with double, triple and quadruple-
exponential fits [9, 12, 129, 21]. The SPCImage (7.01, Becker & Hickl) software was
used to fit the fluorescence signal at each area (3 x 3 pixels) with up to triple-
exponential fits according to the following equation:

N —t
Tpip(t) = Loppoet + Y cie™ (3.2)

i=1

Where N = 1, 2 or 3 is the number of exponentials and I, represents the noise
coming from a detector and ambient light. The variables a; and 7; represent the
relative contribution, and fluorescence lifetime of component 4, respectively. The
offset was determined by the number of photons which are in the time channels
before the rise of the fluorescence decay trace starts and it must be taken into
account to avoid the artificial generation of long-lifetime components by the fitting
process. The shift denotes a linear shift between the calculated and the actually
used response function and is determined by minimization of y2. The shift that
results in the best fit is fixed to the optimum value and used for the analysis of the
entire image.

Fig. 3.10 shows a representative fluorescence decay which was described by a differ-
ent number of exponential fits. For the three and four exponentials fits a free and a
lifetime constrained fitting routine were used based on the work of Meleshina et al
and Yaseen et al [129, 9]. Meleshina et al identified three fluorescence lifetimes in
differentiated adipocytes at 750 nm wavelength and hypothesized that the shortest
lifetime component around 300 ps represents free NADH, while a lifetime compo-
nent around 1.5 ns represents bound NADH. The third lifetime component at 4.5 ns
is associated with NADPH. The bound NADH and NADPH fluorescence lifetimes
were fixed at 1.5 and 4.5 ns, respectively, enabling an analysis that significantly
relaxes the requirements on the minimum photon numbers and speeds up the com-
putational time. Yaseen et al concluded that the first two lifetime components of a
four-exponential fit correspond to the different folding conformations of free NADH
identified from NADH solution measurements. The lifetimes of these components
remained the same between NADH measurements in solution and those measured
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Figure 3.10: Using single-, double-, triple-, and quadruple-exponential fits on
the same fluorescence decay of NADH. Triple- and quadruple-exponential fitting
were performed free and constraint, meaning the fluorescence lifetime of two
lifetime components were fixed to predefined values (yellow boxes).
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in cerebral tissue of mice. Consequently, the fitting routine was modified so that
71 and 7y were constrained to lifetimes of 0.4 ns and 1 ns, respectively. Analysis of
the fluorescence decays were performed with commercial software (SPCImage 7.01,
Becker & Hickl). Attempts to fit the experimental fluorescence lifetime data at
each pixel as the sum of more than three decaying exponentials are not available in
the commercial software. This motivated the development of custom lifetime-fitting
software in Matlab for data analysis as seen in Fig. 3.10 based on “Tespcfit - A
Matlab package for fitting multiexponential fluorescence decay curves” [130]. The
optimization is based on a least-squares fitting routine including a Nelder-Meade
simplex algorithm. Unfortunately, these iteration methods are very sensitive with
respect to the initial guess values of the parameters such as lifetime and amplitude,
and can be very time consuming for bad initial guesses, large data sets or larger
numbers of exponential components [130]. Fig. 3.10 shows that a mono-exponential
fit was found to be inadequate to model NADH fluorescence lifetime, as indicated
by a poor residual profile and x? value. While both 2-, 3- and 4-component mod-
els yielded more satisfactory residual profiles, the 4-component model consistently
resulted in smaller fitting errors.
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Figure 3.11: Using single-, double-, and triple-exponential fits on the same
FLIM image of adipocytes to determine the correct NADH fitting model. An
attempt to fit the data with a single exponential results in poor x? values. Dou-
ble exponential fitting results in good x? values and triple exponential fitting
delivers a small improvement in x? values. However, the third lifetime compo-
nent 73 is almost identical to lifetime component 75, which suggests overfitting.

While the triple-exponential model yielded satisfactory residual profiles, the decay-
ing exponentials routinely indicated the presence of four distinct NADH compo-
nents, where each of the four components were found to be independently sensitive
to metabolic perturbations. Additionally, after analyzing an entire image, the triple
exponential just adds an additional lifetime component 73 which is almost identi-
cal to lifetime component 7, as seen in Fig. 3.11. Therefore, the triple-exponential
model can be neglected.

Overall, the quadruple exponential fits constitute the best fitting results of the flu-
orescence decay. However, the use of the custom lifetime analysis software is very
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time consuming compared to the commercially available software. Additionally,
while double and quadruple exponential fitting identify different fluorescence life-
time parameters for each individual fluorescence decay, the overall NADH lifetime
distribution and the parameters of the entire image are comparable with lifetime
components C7; = 0.5 ns, C, = 1.0 ns, C5 = 2.6 ns, Cy = 3.7 ns for the double
exponential fitting and ¢} = 0.5 ns, C5 = 1.1 ns, C3 = 2.5 ns, Cy = 4.5 ns for
the quadruple exponential fitting. Taking this into account, we found the double-
exponential fitting model to be appropriate for estimating NADH. It’s more practi-
cal to use the commercial software and double exponential fitting compared to the
quadruple exponential fit. Hence, almost all the subsequent images were analyzed
with the commercial software.
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Figure 3.12: Comparison of the NADH lifetime distribution of a double expo-
nential fit of an adipocyte FLIM image between the commercial SPCImage soft-
ware results and the custom results. Fluorescence lifetime parameters and the
MCR value are comparable for both methodologies. However, the commercial
software data analysis is significantly faster.

3.2.2 Instrument Response Function

The instrument response function (IRF) is the function the FLIM system would
record when it detected the laser pulse directly. For the measurement of the in-
strument response function on a multi-photon microscope setup, several ultrafast
processes that change the excitation wavelength into a wavelength that passes the
dichroic mirrors in the detection light path can be used. Unlike laser light reflec-
tion, the emission signal can be separated and detected. Fig. 3.13 shows the use of
urea crystals on a microscope slide to produce second harmonic generation. Strong
second harmonic generation (SHG) signals were generated at 780 nm wavelength,
20 mW laser output power, 0.73 V PMT gain and detected with a 4104+ 20 nm
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SHG - Urea Crystals

Figure 3.13: SHG of urea crystals for determination of the instrument response
function of the FLIM setup. A FLIM image of 3T3-L1 adipocytes using the
measured IRF

band-pass filter (HQ410/40M, Chroma) which was placed downstream of a 480
nm dichroic mirror. The detection PMT (H7422-50, Hamamatsu) is a high-speed,
high-sensitivity PMT module that features excellent sensitivity in the red and near-
infrared region with an IRF width from about 200 ps to 350 ps. The IRF width
does not determine the minimum fluorescence lifetime detectable by TCSPC. The
fluorescence lifetime is determined by the fitting model of the fluorescence decay
data and depends on the signal-to-noise ratio of the raw data. Therefore, lifetimes
considerably shorter than the IRF width can be determined [49]. Even though the
used method delivers ultrafast signals at a wavelength detectable by the FLIM sys-
tem, the use of SHG required a change in laser wavelength (780 nm) compared to
the experimental use for NADH (755 nm). This can cause a shift in amplitude
and phase of the timing reference pulses and thus a shift in the measured IRF [9].
However, measured fluorescence lifetimes of reference fluorophores fluorescein and
NADH solution conform with lifetimes reported in literature. The fluorescence de-
cay, the FLIM system records is the convolution of the true fluorescence decay profile
with the IRF. Lifetime parameters are derived from the recorded decay by convo-
luting a model function with the IRF, and fitting the result to the data. Therefore,
an estimated IRF is required to analyze fluorescence lifetime parameters from the
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Figure 3.14: Calculation of the synthetic IRF (green) by using the rising edge
(blue) of the fluorescence signal (red).

measured fluorescence data. The SPCImage software (7.1, Becker & Hickl) calcu-
lates an IRF from the fluorescence decay data themselves and uses this synthetic
IRF for the data analysis Fig. 3.14. This technique assumes that the fluorescence
lifetime is long compared to the width of the IRF. Therefore, the rising edge of the
fluorescence signal can be fitted with a suitable function rise(t) and the integral
of this function can be assumed to be the IRF. This calculation is performed on
the brightest spot on the image and the resulting IRF is used for the entire image.
Under the circumstance, that the brightest spot of the image is a dust fragment or
some sort of artifact, a manual selection of a representative spot of fluorescence was
performed. This procedure was used for almost all lifetime images presented in this
thesis as it yields nearly identical fit results with a decay obtained with a measured
IRF (green colored peak) as seen in Fig. 3.15. The lifetimes and amplitudes of the
decay components do not differ by more than 10% even though the shortest lifetime
component has a lifetime of about 500 ps, which is close to the width of the IRF.
All the parameters are almost identical since the shape and width of the synthetic
and real IRF are very similar and shorter than the fluorescence lifetimes. Thus, the
IRF has no impact on the shape of the measured fluorescence decay after the first
couple hundred picoseconds after the excitation maximum. Additionally, a compar-
ison of NADH lifetime distribution of an entire image using the FLIM analysis with
a synthetic IRF and the real IRF is shown in Fig. 3.16. As can be seen from the
figure, the outcomes are practically undistinguishable. Therefore, the synthetic IRF
was used and no effort of measuring a new IRF before each experiment had to be
taken.
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Figure 3.15: Comparison of the fluorescence lifetime decay of NADH of
adipocytes using a synthetic IRF of SPCImage and a measured IRF determined
by the SHG of urea crystals
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Figure 3.16: Comparison of the NADH fluorescence lifetime distribution of an

entire FLIM image of adipocytes using a synthetic IRF and a measured IRF

determined by the SHG of urea crystals

3.2.3 Phasor Analysis

The phasor plot is a graphical and fit-free representation of raw FLIM data. Pha-
sor plots were generated by a custom designed software developed in Matlab based
on the source code of Lanker et al [131]. Fig. 3.17 shows a typical FLIM image
of adipocytes and its phasor plot generated by the commercially available software
SPCImage and by the Matlab software. Even though the generation of the phasor
plots is slower compared to the commercially available software, SPCImage is miss-
ing key functions necessary for the phasor analysis such as fluorescence lifetime and
component determination. Therefore, the custom software was used for all subse-
quent phasor plot images and analysis. The intensity I(¢) of a time-resolved fluores-

FLIM Image SPCImage - Phasor Plot Custom — Phasor Plot

g & 8
Photon Count

@
=3

o

Figure 3.17: Phasor plot comparison of the SPClmage software and a custom
phasor plot software in Matlab for data analysis.

cence decay recorded at each pixel location can be plotted as a single point in the
phasor plot by applying the sine and cosine transforms to the measured decay data.

74



3.2 Image Acquisition and Processing

This is equivalent to the real and imaginary components of the Fourier transform of
the decay data as described in Eq. 2.30 and Eq. 2.31. The universal semicircle is a
lifetime ruler in the phasor plot, where the lifetimes increase counterclockwise from
right (1,0) (lifetimes approaching zero) to left (0,0) (lifetimes approaching infinity).
A phasor population falling on the semicircle indicates a mono-exponential decay,
while multi-exponential decays fill the area inside the semicircle as linear combi-
nations of their contributing mono-exponential components. Principal component
analysis was used to create fitted linear functions on the universal circle to determine
fluorescence lifetimes. As shown in Fig. 3.18, the schematic phasor plot, composed

0.5

0

G 1

Figure 3.18: Schematic of phasor plot properties of a fluorophore with a bi-
exponential decay showing the intersections of a linear fitted line with the uni-
versal circle representing lifetimes 71 and 75. Lifetime fractions f; and f show
the distance of the mean of the phasor data to the universal circle. The shape
of the phasor data is determined by a 95% confidence ellipse. Relative lifetime
contribution «; (I = 1,2) is calculated by «; = fi/(f1 + f2)-

of two lifetimes, lies on a fitted line connecting it to the universal circle, where the
two intersecting points between the line and the semicircle represent each individual
lifetime. While exponential fitting requires an assumption of the number of expo-
nential components, the phasor approach does not require such initial assumptions
for the purely graphical representation seen in Fig. 3.17. However, for the analysis
and generation of lifetimes of the phasor plot, one has to decide the number of life-
time components. For two lifetime components as shown in Fig. 3.18, the fractional
contribution of each of the two components to the total intensity is given by the
length of the line connecting the mean of the phasor data with the intersection of
the universal circle of the opposite component, divided by the length of the entire
line uniting the two points (lifetimes) on the universal circle. The phasor plot used
is represented by an intensity pseudo-color scale which takes advantage of the linear
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addition property of the phasor representation. A continuous and linear color scale
divided into 256 levels represents the amount of phasor points with the same G and
S location. This allows not only to visualize shifts in lifetime but also shifts of the
amplitude of the lifetime components induced by events such as enzyme binding
and metabolic perturbations. If a sample has a multiexponential fluorescence decay
or when several fluorophores with slightly different lifetime are present the phasor
plots are not as straightforward to interpret. A common method to separate com-
ponents having the same phasor location but different lifetime distributions is the
multi-harmonic lifetime analysis, where higher harmonics of the laser repetition rate
are used.

3.2.4 Multi-Harmonic Phasor Analysis

First Harmonic Second Harmonic
w=w, w=2w,

Figure 3.19: Schematic of the principle of separating phasors having the same
location but different lifetimes by multi-harmonic analysis. In the first harmonic,
the phasor points for each fluorescent species are overlapping. Adjusting the
scale of the phasor plot by using the second harmonic of the laser repetition rate
wp results in two distinct clusters without changing the values of the individual
lifetime components Cy, Csy, C3, and Cy.

Given a mono-exponential lifetime value, the phasor shifts to the left along the
semicircle for a lower angular modulation frequency w (equal to 27 f, where f is the
laser repetition rate) which results in an increase of the S/G ratio as seen in the
following equations:

B 1 B wT
14 w22 1+ w?r?

G (g) (3.3)
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These equations show that the scale of the universal circle can be simply adjusted
by varying the modulation frequency to generate the phasor plot, making the pha-
sor plot very flexible to visualize different lifetimes and highlight the contrast upon
the lifetime values. When applying phasor analysis to frequency-domain-based life-
time measurements, the modulation frequency of excitation light affects the phasor
plot by mapping lifetimes on different regions of the phasor universal circle. For
time-domain lifetime measurements, similar practices have been implemented, where
available modulation frequencies are integer multiples of the fundamental modula-
tion frequency called harmonics. Those harmonics of the laser repetition rate are
often used for complex lifetime analysis of several fluorescence species with multi-
exponential decays.

A common way to separate components having overlapping phasor locations but
different lifetime distributions is to perform a multi-harmonic analysis of the fluo-
rescence lifetime data (Fig. 3.19) with higher harmonics of the angular modulation
frequency, wherein the harmonics are w = nwy with n = 2,3 [132]. The phasor
analysis can be performed with any harmonics of the original modulation frequency
without changing the lifetime value. The idea of this method is that once the fre-
quency is increased, the phasor plot shifts along the universal circle toward the (0,0)
coordinate. The best frequency for maximal sensitivity to changes in the phasor lo-
cation is when the phasor is in the central region of the phasor plot. If the harmonic
repetition rate applied is too high or too low, the phasors of various molecular species
will be crowed in a small area of the phasor plot, and their separation becomes prob-
lematic. Additionally, this method can be performed to validate if a fluorophore is
pure and if it for example has a truly bi-exponential decay. If that is the case the
phasor plot results in the same lifetimes for each harmonic. Therefore, the phasor
plots of NADH of adipocytes at higher harmonics (2 and 3) of the laser repetition
rate were analyzed. Each of the three phasor plots in Fig. 3.20 was analyzed by a
single linear fit.

If NADH had a bi-exponential decay, each of the harmonics would result in the same
fluorescence lifetime. However, each harmonic resulted in different fluorescence life-
times, indicating more than two fluorescence species or the decay of one fluorescent
species is higher than bi-exponential. By assuming two fluorescence species (mi-
tochondrial and cytosolic NADH), the same approach of applying multi-harmonic
analysis, can then be used to separate the phasor clusters (Fig. 3.19). However,
higher harmonics of the laser repetition rate did not result in a separation of two
potential (mitochondrial and cytosolic) NADH populations Fig. 3.20. This inability
of further separating the phasor points was expected since the phasor cluster of the
first harmonic already had a central position within the semicircle which results in
maximum sensitivity.
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Figure 3.20: Phasor analysis of NADH of adipocytes at different harmonics of
the laser repetition rate. First harmonic of the original modulation frequency
f at 80 MHz with n = 1 in w = nwy, second harmonic with n = 2, and third
harmonic with n = 3. Different fluorescence lifetimes 7 and 7 at each harmonic
mean that a: more than bi-exponential fluorescent species is present or b: the
decay of one fluorescent species is higher than bi-exponential. Higher harmonics
of the laser repetition rate did not result in further separation of two potential
(mitochondrial and cytosolic) NADH populations.

3.2.5 Phasor Calibration

For time domain FLIM, the phasor must be computed from the measured decay.
This decay is distorted by the width of the instrument response function (IRF).
Similar to the curve-fitting analysis, phasor analysis requires a calibration procedure
to account for this. In order to establish the correct scale for the plotted phasor
points, the coordinates of the phasor plot are calibrated by using a standard sample
of known mono-exponential lifetime such as fluorescein (4.1 ns) or alternatively, a
directly recorded IRF data trace for the zero lifetime. By applying the Fourier
transform to the reference data, the phasor location of the IRF can be determined
[133]. This location can then be used to calculate a correction value to the amplitude
M., and a phase ¢, about the origin [133]:

- Gr * COS((bcor) - Sr * 5in(¢cor>
B Mcor

G (3.4)

_ Gyo* 8 @eor) + Sy ¥ cOS(Gcor)

S
M cor

(3.5)

where GG, and S, are the phasor coordinates before the IRF calibration is applied.
This correction method is not an addition or subtraction of a phasor vector but is a
rotation and rescaling of the phasor. Fig. 3.21 shows the phasor plot of fluorescein
before and after calibration.
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Figure 3.21: Phasor plot of fluorescein with a fluorescence lifetime of 4.1 ns
before and after calibration of the IRF.

3.2.6 NADH FLIM Phasor

The main application of the phasor approach employed in this thesis is the NADH
phasor plot. In biological samples with multiple fluorophores present and for the
analysis of more than two fluorescence lifetimes components the interpretation of the
phasor plot is often not possible using the standard principle component analysis.
Therefore, one way of representing specific areas in the FLIM image of a phasor plot
is the cursor selection method. In the cursor selection method, specific areas of the
phasor plot can be manually selected by outlining areas which are then highlighted
in the FLIM image. This technique allows to select the phasor cluster of interest
with the cursor and the corresponding pixels in the image will be color coded. This
method can also be used reciprocal, meaning the manual selection can also be used
on the FLIM image to create a phasor plot of a specific area. For the traditional
two-lifetime model of NADH, this method can be used to distinguish between free
and bound NADH and follow the metabolic trajectory along phasor line [11]. For
the 4-lifetime model of NADH this feature is of limited use due to heterogenous and
overlapping lifetimes within the phasor plot as well as the FLIM image.

Therefore, a combination of exponential fitting and phasor analysis was tested. The
lifetimes of phasor plots that arrange in broad clusters are analyzed by combining
an exponential fitting lifetime distribution with the phasor analysis. A segmentation
of the exponentially fitted NADH lifetime distribution can be performed by manual
selection of ranges of lifetimes (histogram splitting) or using markers of specific
features in the FLIM image such as mitochondrial stains to create masks.

For histogram splitting, specific ranges of the lifetime distribution such as the NADH
lifetime component C; from 0 to 700 ps and therefore its corresponding pixel in the
FLIM image are manually selected (Fig. 3.22.). The FLIM image pixels that were
segmented by that method, are then analyzed by the phasor approach. The phasor
points generated by that segmentation result in a phasor distribution along a single
line joining the exponentials. From this simplified phasor plot, parameters like
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lifetimes and fraction ratios can be identified. Finally, the lines representing the
fluorescence lifetimes of multiple segmentations can also be used to describe the
original broad phasor plot cluster.
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Figure 3.22: Schematic NADH lifetime distribution defined by exponential fit-
ting and the corresponding phasor plot. Two fluorescence species (cytoplasm
in blue and mitochondria in red) with a bi-exponential fluorescence decay are
present. However, interpretation and analysis of the global phasor plot of both
NADH species is not possible since the phasor points are overlapping. Therefore,
manual splitting of the lifetime distribution histogram is performed, and corre-
sponding images are generated. The phasor analysis of these images creates plots
that can be interpreted with conventional methods.

3.2.7 Region of Interest Selection

Regions of interest (ROI) were manually selected using the selection tool in SPCIm-
age or the impoly function in MATLAB. In SPCImage the manual selection is
achieved by clicking the polygonal ROI symbol and outlining an area. Similar to
that, the MATLAB function impoly encapsulates an interactive polygon over an
image. It allows the user to add vertices and adjust the size and position of the
polygon by using the mouse. Defining ROIs save computation time since only the
selected area is processed and therefore, the parameter histogram is calculated from
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the pixels inside the ROI only. The ROI selection can thus be used to obtain lifetime
histograms from selected regions of the image. Both tools were used to enable the
analysis of individual cells as well as distinguishing different cells within the same
field of view. Additionally, it was used to remove unwanted structures such as highly
fluorescent dust and particles which interfered with the lifetime analysis.

Figure 3.23: Manual region of interest selection of several cells in one field of
view for individual cell analysis.

3.2.8 Spatial and Temporal Binning

Spatial binning defines an area of pixels that is added to the pixel of interest to
increase the photon count for lifetime analysis. The binning factor can be adjusted
according the number of photons in the raw data, the desired spatial resolution,
and the complexity of the decay model used [49]. For endogenous autofluorescence
such as FAD and NADH, usually lifetime data should be calculated from several
binned pixels to improve photon statistics. The applied binning of the FLIM images
presented in this thesis does only affect the lifetime but not the intensity. Spa-
tial binning yields considerably enhanced lifetime accuracy while slightly decreasing
the effective resolution and spatial detail. Additionally, faster acquisition can be
achieved and the noise of the FLIM images is reduced. However, a balance between
the speed of the data acquisition and required resolution has to be determined de-
pending on the strength of the fluorescence signals. A quadratic shape was used
for the binning to increase the number of pixels around the pixel of interest. The
number of pixels used for spatial binning does not change the total amount of pixels
that are analyzed of a FLIM image. Fig. 3.24 shows the effect of spatial binning
on the fluorescence lifetime distribution of NADH of adipocytes. Exactly like spa-
tial binning, temporal binning can be used to improve lifetime accuracy and image
acquisition speed. While TCSPC provides the highest temporal resolution of flu-
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Figure 3.24: NADH fluorescence lifetime distribution of the same FLIM image
using different sizes of spatial binning. The NADH histogram based on the in-
tensity and lifetime of all pixels of the FLIM image using bi-exponential fitting
with a spatial binning of 9 x 9 pixels (14 pm?), 7 x 7 pixels (8.5 ym?), 5x 5

pixels (4.3 um?), and 3 x 3 pixels (1.5 um?).
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orescence lifetime decays, image acquisition and data analysis are inherently slow.
Thousands of photons per pixel are required for accurate exponential decay fitting,
especially for multi-exponential decays. Furthermore, only one photon per laser
pulse can be resolved, yet photon yield must be much less, around 10%, in order to
avoid bias towards early arrival photons [46]. Therefore, it is often useful to reduce
the number of time channels to decrease the required memory space, or to obtain
more photons per time channel. Temporal binning means combining several ana-
logue to digital converter (ADC) channels or time bins into one. For the analysis
shown in Fig. 3.25, the temporal resolution was reduced from the standard 256 time
bins over 12.5 ns to 64 time bins, summing the number of photons in 4 consecutive
time bins. The new fluorescence decay curves were analyzed to extract fluorescence
lifetime parameters, which were compared to the traditional analysis with 256 time
bins. Temporal binning of fluorescence decay curves was evaluated as a method to
improve fitting accuracy and reduce acquisition time.

Temporal Binning
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Figure 3.25: Fluorescence lifetime distribution of the same FLIM image using
different numbers of time bins. The lifetime distribution histogram based on the
intensity and lifetime of all pixels of a FLIM image using 64 and 256 time bins
over 12.5 ns.

3.3 Cell Lines and Tissues

3.3.1 Murine Adipocytes

Mouse embryo 3T3-L1 preadipocytes were maintained in Dulbecco’s modified Ea-
gle medium (DMEM) supplemented with 10 % bovine calf serum and penicillin-
streptomycin. To induce differentiation into mature adipocytes, confluent cells were
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cultured in DMEM containing 10 % fetal bovine serum (FBS), 5 uM dexametha-
sone, 0.5 pg/mL insulin, and 0.5 mM isobutylmethylxanthine for 48 h to induce
adipogenesis. Cells were then refed every other day with DMEM containing FBS
and 0.5 pg/mL insulin for 7 days REF [Wu 1995].

For primary murine preadipocytes, young mice were euthanized and epidydimal,
inguinal, and interscapular adipose pads were dissected, minced, and digested with
collagenase at 1 mg/mL in HEPES-buffered solution at 37 °C under agitation for
45 minutes. After filtration, the cell suspension was centrifuged for 10 minutes
at 100 G and the pellet containing the stromal vascular fraction was washed with
DMEM media. Cells were plated in DMEM media supplemented with 10% FBS
and penicillin-streptomycin. When cells reached confluence, adipocyte differentia-
tion was initiated by addition of 5 uM dexamethasone, 0.5 pg/mL insulin, 0.5 mM
isobutylmethylxanthine, and rosiglitazone 1 uM for 48 hrs. Then, cells were fed
every other day with DMEM containing FBS and 0.5 pug/mL insulin.

For FLIM experiments, cells were seeded into coated 96 well glass bottom culture
plates. The cells were grown to confluency, and differentiated as described above.
On day 7 of differentiation, medium was refreshed 8 to 12 hours before the mature
adipocytes were ultimately imaged.

3.3.2 Murine White and Brown Adipose Tissue

6 to 10 week old male C57BL6 mice were sacrificed by cervical dislocation. Epidy-
dimal, subcutaneous inguinal, and interscapular adipose depots were excised and
non-adipose tissue were removed. Each fat pad was cut into small sections using a
scalpel resulting in 3 to 4 mg tissue samples as determined by a scale for each piece.
The tissues were rinsed in fresh media and a pair of sterile forceps was used to place
the samples into different containers, depending on the required condition. Three
different tissue conditions were tested for imaging: fresh, cooled for 24 hours, and
frozen for 24 hours.

Fresh: tissue specimen were imaged immediately after excision. Therefore, the sam-
ples were placed in glass bottom petri dishes with assay media at 37°C. Additionally,
to prevent drying out and floating movements of the tissue specimen, a gloss cover
slip was placed on top. For the fresh samples, it was of great importance to work
quickly and in a sterile environment and immediately image the tissue after excision.
From euthanization of the mouse to imaging the samples, usually less than 15 min
passed and the imaging sessions were kept under 30 minutes.

Cooled: tissue specimen were placed in 4°C media and transferred to a 4°C refriger-
ator for 24 hours. Then the tissue was placed into in glass bottom petri dishes with
assay media at 37°C and the imaging was performed using the same protocol as for
fresh tissue.

Frozen: fat samples were placed into Eppendorf tubes and were snap frozen with
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liquid nitrogen and stored at -80°C for 24 hours. The tissue samples were thawed
and hydrated in 37°C assay media. Again, the same imaging protocol as for fresh
and cooled samples was used afterwards.

3.3.3 HEK 293 Cultures

Human embryonic kidney cells 293 (HEK 293) were grown in advanced Dulbecco’s
modified Eagle Medium (Gibco) supplemented with 10% fetal bovine serum and
penicillin-streptomycin. The cells were grown as monolayers in sterile 10 cm tissue
culture dishes in a 37°C, 5% CO, incubator. Cells were harvested with 5 ml of
trypsin-EDTA (0.25% (w/v)) applied for a 2 min incubation, following removal of
the culture medium. For imaging, cells were transferred to a 96 well glass bottom
dish 24 hours before start. The surface area of the 96 well plate, is identical to the
surface area of the 24 well Seahorse XF cell culture V7-PS plates. However, the
well volume of the 96 well plates is smaller compared to the V7 plate, which contain
525 pul of media and each injection contains 75 ul. Therefore, only one third of the
media (175 ul) and 25 ul of the injection was applied in the 96 well plate.

3.3.4 3T3-L1 Fibroblast

NIH 3T3 mouse embryonic fibroblast cells are an immortal cell line that has become
a standard fibroblast cell line. Cells become confluent at a density of approximately
40,000 cells/cm?, and a saturation density of about 50,000 cells can be reached.
However, in culture, cells should not become completely confluent as this results
in cells becoming senescent. NIH 3T3 cells do not adhere well to certain types of
glass, therefore glass bottom dishes were coated with collagen. Cells were grown in

DMEM formulated with the addition of 10% FBS at 37°C in 5% CO,.

3.3.5 Mixed Cell Cultures

NIH 3T3 mouse embryonic fibroblast cells and differentiated 3T3-L1 adipocytes
were used in mixed cell cultures. For FLIM imaging and OCR measurements, the
cells were counted and seeded into collagen coated glass bottom 96 well plates and
Seahorse XF cell culture V7-PS plates, respectively 24 hours before the experiment.
For the FLIM imaging session, 10,000 adipocytes and 10,000 fibroblasts were seeded
into the same well counted with a hemocytometer. For the OCR measurements
with the flux analyzer, four conditions with different amounts of fibroblasts and
adipocytes were tested: condition 1 was 10,000 adipocytes, condition 2 was 10,000
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fibroblasts, condition 3 was 5,000 adipocytes and 5,000 fibroblasts, and condition 4
was 10,000 adipocytes and 10,000 fibroblasts in the same well.

3.3.6 Human Skin Equivalent

The EpiDerm full thickness-400 (EFT-400) skin equivalent was obtained from Mat-
Tek Corporation (Ashland, MA). The skin equivalent was engineered to enable in
vitro skin research in which fibroblast-keratinocyte cell interactions are important.
The EFT-400 system consists of normal, human epidermal keratinocytes and nor-
mal, human dermal fibroblasts cultured to form a multilayered model of the human
dermis and epidermis. The epidermal and dermal layers are mitotically and metabol-
ically active and exhibit in vivo-like morphological and growth characteristics. A
Dulbecco’s Modified Eagle (DME) based medium for maintaining cultures was sup-
plied by manufacturer (EFT-400-MM). The skin samples are cultured at an air-liquid
interface in tissue culture inserts. Upon arrival, while still at 4°C, epidermal-only
wounds were induced using a sterile 1 mm dermal biopsy punch and the epidermis
was mechanically removed using forceps. Afterwards, the EFT-400 culture inserts
were placed in 6-well plates and equilibrated with 1 ml of EFT-400-MM medium
at 37°C. Following overnight pre-incubation, the culture medium was replaced with
fresh 5 ml of medium and skin cultures were placed with the epidermal side down
on a microscope slide for imaging. Using a cover glass and 1 ml of culture media
allowed stable positioning and hydration throughout the imaging session of up to
45 min.

3.4 Quantitative Analysis of Cell Metabolism

3.4.1 Western Blotting

Western blot analysis was used to measure the expression of traditional markers of
thermogenesis such as uncoupling protein 1 (UCP1). After treatment with forskolin
and epinephrine, adipocytes were washed with phosphate-buffered saline (PBS) and
lysed using mammalian protein extraction reagent containing a protease inhibitor
cocktail. Protein concentration was measured using a Coomassie Plus assay kit.
100 pg of each supernatant sample of protein was separated by electrophoresis and
transferred to a 0.2 um trans-blot transfer medium nitrocellulose. Following transfer,
membranes were blocked with 5% skim milk dissolved in tris-buffered saline (TBS)
at room temperature for 1 h. Then, membranes were incubated overnight with pri-
mary UCP1 and GAPDH antibodies at 4 °C. Blots were washed 3 times with TBS
and then incubated with horseradish peroxidase-conjugated secondary antibodies
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for 1 h at room temperature. Blots were washed 3 times with TBS and then treated
with chemiluminescent western blotting substrate (ECL Plus, Thermo Fisher). Fi-
nally, the blots were exposed to X-ray films and developed. Expression levels were
quantified and normalized to housekeeping gene glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH). Changes with respect to the control expression were computed
and the normalized fold change in expression was compared to optical metabolic
analysis and results of the extracellular flux analyzer.

3.4.2 Cellular Respiration and Extracellular Acidification
Seahorse XFe24 Analyzer

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were
determined in mono-layer cell cultures and tissues, using a XFe24 analyzer (Seahorse
Bioscience). The analyzer measures the rate of change of dissolved oxygen and pH
in the media immediately surrounding living cells. The flux analyzer works with a
microplate system having a cell culture plate at the bottom and a disposable biosen-
sor cartridge on top, creating a 2 pul to 6 ul microchamber in which rapid changes in
oxygen consumption rate and extracellular acidification rate can be measured. The
changes are measured by the biosensor cartridge which sits 200 ym above the mono-
layer cell culture and that contains oxygen and proton biosensors. These biosensors
are fluorophores embedded in a polymer where one fluorophore is quenched by oxy-
gen and measures mitochondrial metabolism, while the other fluorophore is sensitive
to protons and indicates glycolysis. Fiber optic bundles of light emitting diodes are
simultaneously lowered into the cartridge and emit light, resulting in excitation of
the embedded fluorophores. Changes in fluorescence emission due to alterations in
oxygen and proton levels are then detected by the sensors. Changes in the extracel-
lular media are caused by the consumption or production of chemical compounds
by the cells. Measurements of the media above the cell monolayer can be used to
determine rates of cellular metabolism in a non-invasive and label-free procedure.
This indirect measurement of the cellular metabolism is typically performed for 5-8
minutes. Here, during the measurement cycle, the media is mixed for 3 minutes,
then a waiting period of 2 minutes is initiated, followed by measurements for 3 min-
utes in which the dissolved oxygen and pH levels are measured. The measurement
is performed using optical fluorescent biosensors and are reported in pmol/min for
OCR and in mpH/min for ECAR. One metabolic compound at a time is injected to
the media and mixed, and then the OCR and ECAR measurements are performed
and repeated. As cells change their metabolic activity, the relationship between
OCR and ECAR changes. The non-destructive behavior of the measurement and
the temperature control of the analyzer allow for several consecutive injections over
a period of hours or days.
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Figure 3.26: Picture of the XFe24 analyzer. a: 24 fiberoptic bundles which
simultaneously insert themselves in to the sensor cartridge at 200 pm above
the cells. The fiber optics emit light that excites the fluorophores of the sensor
cartridge and then reads the changes in fluorophore emission based on the changes
of oxygen and protons. b: 24 well disposable sensor cartridge with integrated
fluorophores. The fluorescence of the first fluorophore is quenched in the presence
of oxygen and the second fluorophores fluorescence is sensitive to protons. The
cartridge has drug injection ports which enable the injection and measurement of
pharmacological reagents. c: The software (Waves, Agilent) illustrates changes in
oxygen concentration and pH which are automatically calculated and reported as
Oxygen Consumption Rate (OCR) and ExtraCellular Acidification Rate (ECAR)

in real time, enabling time-resolved, kinetic data of cell metabolism.

Mitochondrial Respiration Stress Test

The mitochondrial respiration stress test is a kit of several reagents for assessing mi-
tochondrial function. The stress test measures multiple parameters in one assay as
seen in Fig. 3.27. The measurement protocol to determine mitochondrial respiration
consisted of injections of: (1) oligomycin (1 uM) to inhibit mitochondrial ATP pro-
duction and probe uncoupled respiration; (2) carbonyl cyanide-4-(trifluoromethoxy)-
phenylhydrazone (FCCP, 1 uM) to induce maximal mitochondrial respiration; and
(3) rotenone/antimycin (0.5 M) to inhibit mitochondrial respiration. The com-
pounds are reconstituted directly in assay medium and therefore, eliminating the
need for DMSO or other solvents. The assay provides insight into the mechanism
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of mitochondrial function and allows to investigate functional differences among cell
types.
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Figure 3.27: Mitochondrial Respiration Stress Test profile of consecutive injec-
tions and key parameters of mitochondrial respiration.

Glycolytic Function Stress Test

The glycolytic function stress test is the standard test to measure glycolytic function
of live cells. During glycolysis glucose in the cell is converted to pyruvate, and
then converted to lactate in the cytoplasm, or C'Oy and water in the mitochondria.
The conversion of glucose to pyruvate, and subsequently lactate, results in a net
production and extrusion of protons into the extracellular medium. This results in
the acidification of the medium surrounding the cell which the flux analyzer directly
measures. Injections consisted of glucose, oligomycin and 2-deoxy-D-glucose (2-DG)
as shown in Fig. 3.28. Glucose (10 mM) is taken up by the cells and represents the
rate of glycolysis under basal conditions. The cells utilize the glucose and extrude
protons into the surrounding medium causing a rapid increase in ECAR. Oligomycin
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(1 uM) shifts the energy production to glycolysis and with the subsequent increase
in ECAR revealing the maximum glycolytic capacity of the cell. 2-DG (50 mM) is
a glucose analog that inhibits glycolysis and decreases ECAR.

Glycolytic Function
Glucose Oligomycin 2-DG

Glycolytic
Reserve

Glycolytic
Capacity
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0 10 20 30 40 50 60 70 80 90 100
TIME [minutes)

Figure 3.28: Glycolytic Function Stress Test profile of consecutive injections
and key parameters of glycolytic function. [134]

OCR and ECAR of Cell Cultures

All cell cultures were plated into Seahorse XF cell culture V7-PS plates coated
with collagen at 10,000 or 20,000 cells per well one day before the OCR and ECAR
measurements were performed. For mouse embryo 3T3-L1 preadipocytes the plating
took place at day 6 of differentiation. On day 7 of differentiation the metabolic
measurements were carried out. All other cell lines were plated in low passages
before growing to complete confluency. For plate preparation the growth media
has been exchanged for assay media in the tissue culture plate wells. The assay
media is Seahorse XF base medium with 1 mM glutamine added for the glycolysis
stress test and 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose added for the
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mitochondria stress test. The pH is adjusted to 7.4 with 0.1 N NaOH. For 3T3-L1
cells, 1 mM of insulin was added to the media. To examine the browning of mature
inguinal adipocytes, epinephrine (0.5 M) and forskolin (5 pM), which both are
known to induce browning, were also added to the assay media. After exchange
of media, cells were kept at 37 °C in a non-C'O, environment for one hour. The
24 well plates are then transferred into the XFe24 Analyzer were the injection and
measurement protocol is performed. Depending on the experiment subsequent or
individual injections of the mitochondria and glycolysis stress test were applied.

OCR and ECAR of Tissue

6 to 10-week old male C57BL6 mice were euthanized by cervical dislocation and
epidydimal, inguinal, and interscapular fat pads were dissected. Adipose depots
were excised and placed in small petri dishes with assay media at 37°C. Each fat
pad was sampled into small sections using a scalpel resulting in 3 to 4 mg tissue
samples. The fad pads were taken from the same section of tissue as close together
as possible and cleaned of any blood vessels and non-adipose material. Samples
were transferred into an XFe24 islet capture microplate (Seahorse Bioscience, North
Billerica, MA) and covered with the customized screens that allow free perfusion
while minimizing tissue movement during measurements. A total of 2 tissue samples
resulting in 7 mg were placed onto the screens for each well. Once in position, all
the tissues samples were rinsed once with assay media to a final amount of 525 ul.
Several experiments were carried out to compare between different sizes (3 — 10 mg)
of tissue and concentration of reagents for their OCR levels of the measurements to
be in the dynamic range. The OCR and ECAR of the tissue pieces were analyzed
on the XFe24 immediately as they are only viable for a few hours after euthanasia
of the mouse. Animal care and experiment protocols relevant to tissue dissection of
euthanized mice were approved by the Institutional Animal Care and Use Committee
of Massachusetts General Hospital, in accordance with NIH guidelines.
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4 Results

4.1 NADH Lifetime Solution Experiments

4.1.1 Temperature and Solvents

The molecular conformation of NADH and thus its fluorescence behavior such as its
lifetime is influenced by the solvent, especially the solvent polarity. Moreover, when
a molecule enters the excited state the solvent molecules around it rearrange. Thus,
energy is transferred to the solvent, with the result that the emission spectrum is
shifted. Solvent relaxation can happen on the time scale of a few picoseconds up to
the same order as the fluorescence lifetime depending on polarity and viscosity. The
effect of temperature induced viscosity changes and solvent dependent polarity can
be seen in Table 4.1. The temperature change from 4°C, to 25°C, and up to 37°C
did not induce any significant changes. NADH in different solvents however, showed
changes in lifetime as well as lifetime component contribution to the fluorescence
intensity.

Solvent Temperature Lifetime C; Lifetime Cy Contr. C; Contr. Cy

DMEM 4°C 390 ps 995 ps 87% 13%
DMEM 25°C 395 ps 985 ps 87% 13%

PBS 25°C 370 ps 970 ps 84% 16%
Water 25°C 360 ps 850 ps 86% 14%
DMEM 37°C 385 ps 985 ps 87% 13%

Table 4.1: Fluorescence lifetime and the relative contribution of the lifetime
components of NADH (100 pM) dissolved in DMEM, PBS and water at different

temperatures.

4.1.2 Concentration

Calibration measurements were made with NADH dissolved at concentrations rang-
ing from 30 uM to 200 mM in phosphate buffered saline (PBS) and distilled water.
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NADH Lifetimes in Solution
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Figure 4.1: Free NADH dissolved in PBS and distilled water is characterized
by a short and a long fluorescence decay time, which are caused by a folded
and extended conformation, respectively. Increasing concentrations of NADH in
solution decrease the fluorescence lifetimes due to self-quenching and the pile-up
effect. Concentrations higher than 1 mM are above the physiological range. At
200 mM, only one lifetime component can be detected.

Calibration solutions were imaged following the same imaging protocols as were used
for cell and tissue culture. For low concentrations of up to 1 mM, NADH in PBS
has two characteristic lifetimes, a short decay of 375 + 15 ps and a longer decay
of 1000 + 60 ps (Fig. 4.1). Approximately 85% of the total NADH concentration
was associated with the short lifetime while 15% was associated with the longer
(Fig. 4.2). As shown in Table 4.1, the fluorescence lifetimes for NADH dissolved
in water are shorter while the contribution of the short and long lifetime compo-
nents are similar to NADH dissolved in PBS. The fact that there are two lifetimes
reveals that there are two distinct environments for the nicotinamide fluorophore.
These lifetimes can be attributed to a folded and an extended conformation of the
molecule. In the folded conformation light absorption initiates an effective energy
transfer within the molecule resulting in shorter fluorescence lifetimes compared
to the extended conformation [135, 136, 137, 138, 3]. While fluorescence lifetimes
should be independent of the concentration of NADH, increasing NADH concentra-
tion in the solution produced a steady decrease in fluorescence lifetime and increase
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of the contribution of the short lifetime component. There are two reasons for this
behavior. First, due to the electronics and dead time of the TCSPC detector, only
one photon per excitation cycle can be registered. However, at high concentrations
and high photon count rates, it can happen that more than one photon per cycle is
emitted. The system would only detect the first photon and miss the following ones.
This measurement error causing artificial shortening of the fluorescence lifetime is
known as pile-up effect, which leads to an over-representation of early photons in
the histogram [42]. Second, at high concentrations, NADH fluorescence can lead to
self-quenching, resulting in shorter lifetimes and lower quantum yields.

NADH Lifetime Components Contribution in Solution
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Figure 4.2: Free NADH dissolved in PBS and distilled water is characterized by
a short and a long fluorescence decay time. The short lifetime components relative
contribution to the total fluorescence intensity is significantly higher than the long
lifetime components contribution. Increasing NADH concentration increases the
contribution of the short lifetime component.

4.1.3 Binding Enzymes
To enhance the understanding of the fluorescence lifetime parameters exhibited in

monolayer cell culture, well-characterized solutions of free and protein bound NADH
were imaged using the same analysis procedure. Pure NADH in solution and a
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mixture of NADH and LDH (16:1) in solution were analyzed. For both solutions,
a double and a triple exponential fit of the fluorescence decay curve were applied
to evaluate which model is the appropriate model to generate accurate fluorescence
lifetimes.

Fluorescence Lifetimes of NADH and NADH-LDH Solutions
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Figure 4.3: Double-, and triple-exponential fluorescence lifetime decay fittings
of pure NADH in solution and a mixture of NADH and LDH (16:1) in solution.
For NADH, the double-exponential fit and for the NADH-LDH mixture, the
triple-exponential fit is the appropriate fitting model.

The double exponential fit of NADH resulted in a short fluorescence lifetime com-
ponent of 0.4 ns and a long fluorescence lifetime component of 0.9 ns which agree
well with literature and stand for a possibly folded (0.4 ns) and extended (0.9 ns)
conformation of free NADH [9, 12]. A triple-exponential fit of pure NADH in solu-
tion resulted in over-fitting, which can be identified by two almost identical lifetime
components with lifetimes of 0.4 ns and 0.5 ns. The double-exponential fit of the
NADH-LDH mixture resulted in a significant increase of lifetime for the long lifetime
component to 1.7 ns compared to pure NADHs long lifetime component of 0.9 ns.
The triple-exponential fit of the NADH-LDH solution introduced a third lifetime
component at 2.1 ns additionally to the two known NADH lifetime components of
0.4 ns and 0.9 ns from pure NADH in solution. It is therefore assumed that the
double-exponential fit for pure NADH and the triple-exponential fit for the NADH-
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LDH mix are the appropriate models for the fluorescence lifetime analysis. The
third lifetime component of the NADH-LDH mix at 2.1 ns represents the fluores-
cence lifetime of LDH-bound NADH. When NADH and LDH were combined, NADH
fluorescence lifetimes of approximately 0.4 ns (71% contribution), 0.9 ns (22% con-
tribution), and 2.1 ns (7% contribution) were observed. Introducing LDH caused an
increase in lifetime component number and a decrease of the relative contribution
of the shortest lifetime component and a related increase in the contribution of the
middle-lifetime component.

4.1.4 Reagents

Solvent Reagent Concentration  pH Value

Glycolysis Stress Test Media 7.02 + 0.03
Glucose 10mM 7.05 £ 0.02
Oligomycin 1 uM 7.07 +£0.03
2-DG 100 mM 7.06 £ 0.02
Forskolin 5 pM 7.07 + 0.02
Epinephrine 0.5 uM 7.09 £+ 0.04

Mitochondria Stress Test Media 7.08 £ 0.02
Oligomycin 1 uM 7.16 £ 0.04
FCCP 1 uM 7.15 + 0.05
Rotenone/AA 0.5 uM 7.14 £+ 0.06
Forskolin o uM 7.17 £ 0.03
Epinephrine 0.5 uM 7.19 + 0.03

Table 4.2: The effect on external pH-value of the glycolysis stress test media
(2 mM glutamine) and mitochondria stress test media (10 mM glucose, 1 mM
pyruvate, 2 mM glutamine) after injection of pharmacological reagents.

The pH of a solution is known to impact the fluorescence lifetime of a dissolved
fluorophore [139]. Intracellular pH is an important factor for understanding cellular
conditions. While the shape of the autofluorescence spectrum remains unchanged
with intracellular pH, the average fluorescence lifetime of NADH and FAD become
shorter as the intracellular pH increases. Additionally, the fluorescence lifetime of
NADH is not uniform inside a cell and externally induced intra-cellular pH-changes
result in different fluorescence lifetimes in several cellular areas [139]. Fluorescence
lifetimes of adipocytes’ NADH changed significantly after injection of several phar-
macological reagents. To confirm whether the fluorescence lifetime change was in-
deed based on metabolic changes rather than change in extracellular pH, media
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acidity was monitored using a pH meter (Table 4.2). Individual injections of phar-
macological reagents were performed in the same concentration and media as in cell
experiments.

This experiment was able to show that none of the reagents at given concentration
resulted in a significant change in pH.

4.2 NADH Lifetime Analysis

4.2.1 Spatial Binning

Spatial binning of the decay curve has a significant effect on subsequent fluorescence
lifetime analysis. Recent articles describe NADHs fluorescence lifetime by using a
double exponential fit and high spatial binning (>35 pm?), which yields two distinct
fluorescence lifetimes [21, 140]. The use of spatial binning increases the number of
pixels and photon counts that contribute to the fluorescence decay while decreas-
ing the effective resolution and spatial detail. However, other recent publications
showed that NADH in cerebral tissue and cancer cells can have up to four distinct
fluorescence lifetimes [9, 12]. In contrast to studies showing only two fluorescence
lifetimes for NADH, these publications made use of high resolution imaging and low
spatial binning (<10 pm?). To determine if spatial binning affects the number of
uniquely detected NADH lifetimes of adipocytes, identical FLIM data sets using
different levels of binning were analyzed.

The results show that reducing spatial binning from 9 x 9 pixels (14 um?) to 3 x 3
pixels (1.5 um?) during FLIM analysis of NADH causes an increase in the number
of unique lifetime components.

In the case of exponential fitting, high spatial binning (9 x 9 pixels) and therefore,
low effective spatial resolution (14 um?), resulted in two fluorescence lifetimes for
NADH (Fig. 4.4), while low spatial binning (3 x 3 pixels) and therefore, high effective
spatial resolution (1.5 um?), clearly resulted in four distinct lifetime components.
Similarly, phasor analysis of high spatial binning images (9 x 9 pixels) resulted in
two clear lifetime contributions that are represented by two projected points on the
universal semicircle. While the phasor plot generated by low spatial binning (3 x 3
pixels) is not as straightforward to interpret. The triangular arrangement strongly
suggests that more than two fluorescence lifetimes were present, even though they
cannot be directly distinguished with the principal component analysis.

A common method to separate components having the same phasor location but
different lifetime distributions is the multi-harmonic lifetime analysis, where higher
harmonics of the laser repetition rate are used [132]. For this study, this method
did not result in improved separation of the phasor populations.
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Figure 4.4: Effect of spatial binning on the NADH fluorescence lifetime distribu-
tion of adipocytes using the phasor approach and exponential fitting of the decay
curve. (a) FLIM image of NADH of in vitro 3T3-L1 adipocytes color coded for
the average fluorescence lifetime. (b) Fluorescence decay curve of several spatially
binned pixels of the FLIM image. NADH histogram based on the intensity and
lifetime of all pixels of the FLIM image using bi-exponential fitting with a spatial
binning of (c) 9 x 9 pixels (14 um?) and (d) 3 x 3 pixels (1.5 um?). Phasor plots
of all pixels of the FLIM image showing the NADH lifetime distribution for (e)
9 x 9 pixels spatial binning and (f) 3 x 3 pixels spatial binning. For low spatial
binning (f), the phasor analysis is not suitable as the interpretation of a broad
phasor distribution is often not possible. The attempt of an interpretation by
using principal component analysis (f) results in only two fluorescence lifetimes
compared to four lifetimes using exponential fitting (d).
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4.2.2 Temporal Binning
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Figure 4.5: Temporal resolution of measured decay curves of NADH of
adipocytes was collected into 64 and 256 time bins over 12.5 ns. The NADH
distribution for 64 time bins shows three distinct lifetime components while for
256 time bins, four distinct lifetime components are detected.

Recent publication showed that temporal binning, just like spatial binning, can be
used to improve fit accuracy and decrease image acquisition time [46]. Therefore,
the temporal resolution of the measured decay curves of NADH of adipocytes was
reduced from 256 time bins over 12.5 ns to 64 by summing the number of pho-
tons in 4 consecutive time bins. The new fluorescence decay curves were analyzed
and lifetime parameters were evaluated. This technique theoretically improves the
fit accuracy by combining the photons in consecutive time bins within a pixel and
therefore, the error due to shot noise in the time bin is reduced. However, multiple
bins combined also result in a loss of signal detail.

Fig. 4.5 shows a similar effect on the NADH lifetime distribution as spatial binning
and a reduction from four distinct lifetimes at 256 time bins to three lifetimes at 64
time bins. While lifetime component C; and Cjs are still prominent, component Cs is
markedly reduced in contribution to the total fluorescence intensity and component
Cy cannot be detected anymore. The fourfold decrease of time bins and subsequent
increase of gating time from 50 ps to 200 ps altered the NADH fluorescence lifetime
distribution significantly. This was expected since the fluorescence lifetime peaks of
component C and Cy are only separated by 500 ps with FWHM of up to 320 ps
which results in significant overlap (Fig. 4.5). It can be assumed that by reducing
the amount of time bins even further, only two fluorescence lifetimes will be deter-
mined. Therefore, it was concluded that reducing the amount of time bins failed to
accurately represent all four lifetime components and the standard amount of 256
time bins was used for all fluorescence lifetime investigations.
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4.2.3 Lifetime Localization

For low spatial binning and bi-exponential fitting the NADH fluorescence lifetime
distribution of an adipocyte FLIM image shows four distinct fluorescence lifetimes.
Even though 4 distinct fluorescence lifetimes for NADH are found, only two com-
ponents are fit at each pixel. The 4 lifetimes components are only identified across
different pixels and not within one fluorescence decay. The reason is that the use of
a bi-exponential model to fit the fluorescence decay always returns two fluorescence
lifetimes, regardless of how many lifetimes the analyzed pixel actually has. The two-
lifetime model was selected out of practical reasons such as speed and ease of use
as attempts to fit the data with three lifetime components did not deliver a signifi-
cant improvement based on the quality of the fit as discussed in Subsection 3.2.1.By
analyzing each pixel individually, it became clear that the lifetime components oc-
cur in pairs: the lifetime component C; at 0.5 ns is predominantly accompanied by
component C5 at 2.3 ns (Fig. 4.6 b) and lifetime component C at 1 ns is accompa-
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Figure 4.6: (a) NADH lifetime distribution of the entire cell and Gaussian
fitting of each lifetime component. (b,c) FLIM image and fluorescence lifetime
distribution that only consist of lifetime pair C; and C3. (d,e) FLIM image and
lifetime distribution that only consist of lifetime pair Co and Cy. (f) FLIM,
trans-illumination, and mitochondrial-stain image of a single 3T3-L1 fat cell.
(g,h) Fluorescence lifetime distribution and FLIM image of mitochondria. (i,j)
Fluorescence lifetime distribution and FLIM image of the cytoplasm.
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nied by component Cy at 3.7 ns (Fig. 4.6d). Based on this information, two FLIM
images were generated: one that shows the spatial distribution of lifetime pair Cf,
Cs (Fig. 4.6 ¢) and another one for lifetime pair Cy, Cy (Fig. 4.6 ¢). As NADH
fluorescence is known to arise from mitochondria, the cellular mitochondria distri-
bution was determined using the stain tetra-methyl-rhodamine ethyl ester (TMRE)
and MitoTracker Green FM. The mitochondrial stain, trans-illumination and FLIM
image enabled the generation of FLIM images that belong to specific cellular regions
such as mitochondria and the cytoplasm. Interestingly, these FLIM images of spe-
cific cellular regions show significant differences in fluorescence lifetime distribution.
The mitochondrial lifetime distribution (Fig. 4.6 h) and the cytoplasmic distribu-
tion (Fig. 4.6 j) indicate that the NADH fluorescence lifetime of mitochondria favors
lifetime components C; and C5 while the cytoplasm favors components Cy and Cjy.
Comparing the images revealed that the mitochondrial-stain derived mitochondria
FLIM image (Fig. 4.6 g) shows a high correlation (R = 0.75) with the C; and Cj
FLIM lifetime pair image (Fig. 4.6 ¢) and that the cytoplasm FLIM image (Fig. 4.6
i) has a similarly strong correlation (R = 0.67) with the Cy and Cy FLIM lifetime
pair image (Fig. 4.6 e).

This supports the conclusion that lifetime components € and Cj, are associated
with mitochondria, and components Cy and C4 are observed to arise from the cyto-
plasm.

This theory of regional differences of NADH species was further investigated by
analysis of isolated mitochondria of 3T3-L1 adipocytes. According to the findings
of this section, the analysis of isolated mitochondria should result in NADH fluores-
cence that predominately exhibits lifetime components C and C5 as shown in the
next section.

4.2.4 lsolated Mitochondria

Isolated mitochondria from adipocyte cell cultures and adipose tissues are relatively
easy to study, depending on the mitochondrial density. Brown adipose tissue as well
as differentiated 3T3-L1 cells contain high amounts of mitochondria and therefore,
the isolated mitochondrial population is statistically representative for the tissue and
culture [141]. For white adipose tissue, the mitochondrial density is low, resulting
in very low mitochondrial yields. Therefore, large amounts of adipose tissue have
to be collected to isolate sufficient amounts of mitochondria. However, monolayer
cell cultures of 3T3-L1 adipocytes generated sufficient amounts of mitochondria
using a glass homogenizer and standard protocols [141]. The isolated mitochondrial
population was analyzed to reveal intra-cellular fluorescence lifetime differences of
NADH. Isolated mitochondria were stained with TMRE to test for impurities within
the cell extract. Even though some impurities were detected as highlighted in Fig.
4.7, most of the fluorescence signal originated from mitochondria. As predicted in
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Subsection 4.2.3, isolated mitochondria predominately exhibit NADH fluorescence
of lifetime component C; and C3. This finding strengthens the claim that distinct
fluorescence lifetimes are specific to intracellular cellular features.
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Figure 4.7: Fluorescence lifetime distribution of NADH of isolated mitochon-
dria of 3T3-L1 adipocytes. Trans-illumination image, TMRE mitochondrial stain
image, and FLIM image of isolated mitochondria. The blue arrow highlights im-
purities such as a cell nucleus within the isolated mitochondria. The fluorescence
lifetime distribution of isolated mitochondria consisted predominantly of compo-
nent Cy and Cj.
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Figure 4.8: FLIM and SRS image of a single 3T3-L1 adipocyte. An intensity
based adaptive threshold was used to create a mask to remove low fluorescence
intensity areas such as the background, nuclei, and lipid droplets. SRS signals
were used to generate masks containing lipids and lipofuscin. The last row shows
a combination masks generated by addition of all other masks. The masks were
used to removed certain features of the FLIM image for the fluorescence lifetime
analysis and the resulting lifetime distributions are shown in the column on the

right.
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4.2.5 Detection of Lipids and Lipofuscin

Lipofuscin is mainly present in post mitotic cells. It consists of lipids, proteins,
carbohydrates and a small amount of metals. Lipofuscin has been investigated con-
cerning its lipid and protein composition and several authors described a protein
fraction of 20% to 70% and a lipid fraction of 20 to 50 wt% [142, 143]. Stimulated
Raman Scattering (SRS) microscopy is highly sensitive to the detection of lipids.
Due to the lipid rich composition of lipofuscin, this imaging modality is able to
reliably detect lipofuscin [144]. The contrast of the SRS signal in the lipid droplets
arises from the Raman response of the abundant C-H bonds in the lipid molecules
[145]. Thus, laser scanning stimulated Raman scattering microscopy is applied to
visualize lipid droplets in cells and tissues. There are several publications using
fluorescent dyes for labeling of lysosomes and lipids such as LysoTracker to detect
lipofuscin [146, 147]. Colocalization studies using stimulated Raman scattering mi-
croscopy showed high correlation with these fluorescent dyes for imaging of lipid and
lysosome-related organelles [148, 149]. Therefore, SRS was used to detect lipofuscin
and other lipid-rich components in Fig. 4.8.

To eliminate the influence of lipid and lipofuscin fluorescence on the analysis of
NADH fluorescence, regions containing lipid and lipofuscin were removed from the
analysis. These regions were determined by SRS and fluorescence intensity as shown
in Fig. 4.8. While initially analyzing the entire image, several masks were applied
such as an intensity based adaptive threshold mask, a mask based on the SRS signal
of lipids and a combination of all the masks. The analysis of the fluorescence lifetime
distribution after application of these masks, which eliminate the fluorescence from
lipids and therefore also from lipofuscin, resulted in 4 distinct lifetime components
for NADH. Additionally, several publications showed a long mono exponential fluo-
rescence lifetime for lipids, which can be excited and detected with the same setup as
for NADH imaging [21, 144]. There is a possibility, that the 4 fluorescence lifetimes
detected could be a mix of NADH and lipid fluorescence, especially at the transition
zones from lipid droplet to other cellular areas. Therefore, a SRS mask which was

Dilated SRS Mask ~ FLIM SRS Mask e NADH Distribution
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Figure 4.9: FLIM and SRS image of a single 3T3-L1 adipocyte. SRS signals
were used to generate a binary mask which was morphologically dilated by two
pixels and then subtracted from the FLIM image. The resulting FLIM image was
analyzed and a NADH lifetime distribution was generated.
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morphologically dilated by 2 pixels was applied to the FLIM image and the NADH
distribution was analyzed (Fig. 4.9). The dilated mask consequently avoids an over-
lap between spatial regions that could potentially contain both NADH and lipid
droplets. It is notable that under this extreme condition, where lipid droplets and
peri-droplet regions are strongly selected out, still four distinct fluorescence lifetime
peaks can be seen. These lifetime components are proposed to arise from the mito-
chondria and cytoplasm, which are contained in the regions of the cell left behind
after application of the lipid droplet mask. However, it is important to note that
there have been other reports, showing four lifetime components for NADH in cells
or tissue that do not contain high concentrations of lipid droplets: cerebral tissue,
rat basophilic leukemia cells, and mammary adenocarcinoma cells [9, 12].

4.2.6 Mitochondrial Movement

Mitochondria undergo trafficking, fusion, and fission, creating continuously changing
networks to support mitochondrial function and accommodate cellular homeostasis.
Due to their involvement in metabolism and their association with metabolic dis-
eases, it would be beneficial to monitor the organization of mitochondria. A good
way to investigate mitochondrial morphology relies on methods such as scanning
microscopy in combination with mitochondria-specific dyes. Multiple fluorescence
images of 3T3-L1 fat cells using the TMRE and MitoTracker Green FM mitochon-
drial stain were captured 6 s apart from each other to analyze the location and
movement of individual mitochondria. The measurements revealed that most mito-
chondria are clustered in specific parts of the cell, especially close to the nuclei and

Figure 4.10: Mitochondrial stain image of a single 3T3-L1 fat cell captured once
(green false color) and 6 second later (red false color). Additive combination of
the green and red false color images reveal mitochondrial movement. In areas
where the mitochondria are clustered it is not feasible to detect the displacement
and a yellow color is visible (additive of green and red).
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are more spread out in other cellular areas such as the periphery. Images taken 6
s apart from each other showed considerable mitochondrial movement (Fig. 4.10).
While the movement analysis in areas where the mitochondria were clustered was
not feasible, less clustered cellular areas were used to measure the displacement be-
tween frames. Image analysis revealed an average displacement of 0.5 ym movement
within 6 s in less clustered areas of the cell. During the acquisition time of a FLIM
image using the experimental setup (60 s) mitochondria were found to move up to
5 pm. The FLIM imaging system uses a 60x objective lens with 1.2 NA to excite
very small focal volumes. Given the natural intracellular migration of mitochondria
during the 60 s acquisition period, mitochondria inevitably enter and exit the focal
plane throughout acquisition, leading to image blurriness as shown in Fig. 4.11 and
thus having negative impact on the fluorescence lifetime analysis.

While there are still areas of the cell that only exhibit fluorescence of mitochondria
or the cytoplasm during the acquisition time, there are also areas that display a
mixture of cytosolic and mitochondrial fluorescence. The double-exponential model
used in this work for fluorescence lifetime analysis is not suited for these mixtures
of cytosolic and mitochondrial fluorescence, which leads to inaccurate fluorescence
lifetimes. This inaccuracy induced by mitochondrial movement broadens the NADH
lifetime distribution peaks of individual lifetime components and makes it difficult
to separate each component individually.

Figure 4.11: Mitochondrial stain image of a single 3T3-L1 fat cell taken within
6 seconds shows a great amount of detail and individual mitochondria. The same
cell recorded continuously for 60 seconds (typical for FLIM applications) results
in a blurry image with reduced detail.
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4.2.7 NADH Phasor Plot

Fig. 4.4f presents a phasor plot that arranges in a broad cluster, making it impossible
to extract the correct fluorescence lifetimes. Here, an approach to determine the
fluorescence lifetimes of broadly clustered phasor plots is presented. The method
combines a segmentation of exponential fitting derived lifetime histograms with the
phasor analysis. The segmentation of the NADH lifetime histogram is aiming to
split fluorescence of mitochondria and the cytoplasm. Therefore, the NADH lifetime
distribution is split into the lifetime pairs C'; and C'3 for mitochondrial fluorescence
and pair Cy and Cy for cytoplasmic fluorescence (Fig. 4.12). The FLIM image pixels
segmented by this histogram splitting method are then analyzed by the phasor
approach. Phasor points generated by a segmentation of mitochondrial (C; and Cj
) NADH fluorescence are closely arranged along a single line suggesting two NADH
fluorescence lifetimes for this cellular compartment. The cytoplasmic (Cy and Cy)
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Figure 4.12: NADH lifetime distributions defined by exponential fitting and
corresponding phasor plots. Mitochondrial lifetime pair C'; and C3, cytoplasmic
lifetime pair Cy and Cy, and the entire FLIM Image. n = 20 FLIM images per
group.

phasor point distribution of NADH fluorescence shows a slightly triangular shape.
However, it is hypothesized that the use of improved mitochondrial and cytoplasmic
segmentation should lead to a phasor point distribution along a single line, thus,
representing two NADH fluorescence lifetimes for the cytoplasm. In Fig. 4.12, it can
intuitively be observed that the global phasor plot can be described by individual
fluorescence lifetimes of mitochondrial (C; and C5 ) and cytoplasmic (Cy and Cj)
segmentation. Even though the NADH lifetimes determined by phasor analysis
are slightly longer than the ones generated by bi-exponential fitting, the trends
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match well with shorter lifetime pairs associated with mitochondrial fluorescence,
and longer pairs for cytoplasmic fluorescence.

4.3 Assessment of Metabolic Activity

4.3.1 Mitochondrial Cytoplasmic Ratio

As the localization of each of the four lifetime components is highly specific to
mitochondrial and cytoplasmic cellular features, a new metabolic ratio was defined,
namely the mitochondrial-cytoplasmic-ratio (MCR), which is specific to changes in
mitochondrial to cytoplasmic NADH fluorescence intensity:

Mitochondrial NADH Fluorescence B Cy+Cs

M = =
CR Cytoplasmic NADH Fluorescence Cy + Cy

(4.1)

The MCR is sensitive to shifts in mitochondrial and cytoplasmic NADH concen-
tration as well as shifts in spatial distribution of these cellular compartments. In
this study, FLIM measurements were performed within minutes of the injection of
pharmacological reagents. Therefore, it is likely that the MCR represents shifts in
mitochondrial and cytoplasmic metabolism rather than changes in content. The
following analysis of metabolic changes compares the MCR to traditional optical
biomarkers such as the fluorescence lifetime based free-to-bound ratio of NADH and
the fluorescence intensity based redox ratio of NADH and flavin adenine dinucleotide
(FAD) which can be expressed as FAD / (FAD + NADH).

4.3.2 Mitochondria Stress Test - Individual Injections

Mitochondrial respiration and extracellular acidification were analyzed using an ex-
tracellular flux analyzer and compared to the microscopically derived optical redox
ratio, free-to-bound ratio and MCR. The mitochondria stress test presented here,
consisted of 3 individual injections of pharmacological reagents, the first injection
being oligomycin. Oligomycin inhibits ATP synthase and prevents protons from
re-entering the mitochondrial matrix, causing the inhibition of oxidative phospho-
rylation and consequently causing a decrease in oxygen consumption rate (OCR)
along with an increase in glycolysis (Fig. 4.13). As these changes drive an increase
in mitochondrial NADH and decrease of FAD due to inhibition of the electron trans-
port chain (ETC), both the optical free-to-bound ratio and MCR should increase
significantly, while the redox ratio should decrease. As can be seen in Fig. 4.14,
the optical free-to-bound ratio and MCR do indeed increase and the redox ratio
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Figure 4.13: Simplified schematic of the electron transport chain and the effect
of individual injections of each of the reagents of the mitochondria stress test.

decreases. Specifically, the contribution to the total fluorescence intensity of mito-
chondria lifetime components C; and Cj is observed to rise, while the contribution
of the cytoplasmic component Cy decreased. To compensate for the inhibition of the
ETC, glycolytic ATP production is upregulated to sustain cellular demand, which
explains the decrease of lifetime component Cs. As expected the oligomycin injec-
tion resulted in an increased extracellular acidification rate (ECAR) determined by
monitoring extracellular pH changes measured by an extracellular flux analyzer.

The second injection of the stress test is FCCP, which acts as a protonophore to
translocate protons into the inner membrane of the mitochondria, accelerating res-
piration and thereby oxidizing NADH to non-fluorescent NAD™ and FADH, to flu-
orescent FAD. The FCCP injection resulted in an increase in OCR as measured by
the flux analyzer. By uncoupling oxidative phosphorylation from ATP production,
FCCP causes cells to switch to glycolysis, which is marked by an increased ECAR
measured by the flux analyzer. These changes cause the mitochondrial NADH pool
to deplete due to higher activity of the ETC. The cytoplasmic NADH pool showed
a slight increase in form of increased intensity of lifetime component Cs, due to
significantly higher glycolytic function. As anticipated, the MCR was observed to
decrease, with the mitochondrial C; and C'3 fluorescence intensity declining while the
(5 intensity increased. The redox ratio does not show significant changes compared
to the baseline after FCCP injection which has been reported previously [150, 151].
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Figure 4.14: Mitochondria stress test - individual injections. Fluorescence in-
tensity of the individual lifetime components of NADH for each step of the mi-
tochondria stress test. The effect of individual injections of oligomycin, FCCP,
and rotenone/antimycin on the FLIM-derived MCR, optical free-to-bound ratio,
and redox ratio as well as on OCR and ECAR measured by an extracellular flux
analyzer. Mean + SD of n = 40 FLIM images per group. Significant differences
of treatment groups to the control by Student’s t-test with * p < 0.05, ** p <
0.001.

The third injection of the stress test are respiratory chain inhibitors rotenone and
antimycin which induce oxidative stress and maximize mitochondrial NADH by pre-
venting its oxidation to NAD™, as well as prevention of oxidization of FADH, to
FAD. Therefore, the redox ratio decreased significantly. As expected the rotenone/an-
timycin injection led to a decreased OCR measured by the flux analyzer and a
corresponding increase in the FLIM-derived free-to-bound ratio and MCR, due to
inhibition of the ETC. The injection led to maximized mitochondrial NADH which
increased the €} and C'3 fluorescence intensity. As a result of the oxidative phos-
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phorylation inhibition, glycolysis becomes upregulated in the cytoplasm, which can
be seen by an increased ECAR.

4.3.3 Mitochondria Stress Test - Consecutive Injections

The results of the mitochondrial stress test with consecutive injections are almost
identical to individual injections in Subsection 4.3.2. However, the microscopically
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Figure 4.15: Mitochondria stress test - consecutive injections. Fluorescence in-
tensity of the individual lifetime components of NADH for each step of the mi-
tochondria stress test. The effect of consecutive injections of oligomycin, FCCP,
and rotenone/antimycin on the FLIM-derived MCR, optical free-to-bound ratio,
and redox ratio as well as on OCR and ECAR measured by an extracellular flux
analyzer. Mean + SD of n = 20 FLIM images per group. Significant differences
of treatment groups to the control by Student’s t-test with * p < 0.05, ** p <
0.001.
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derived biomarkers such as redox ratio, free-to-bound-ratio, MCR, and lifetime pa-
rameters differed significantly after injection of rotenone/antimycin. For consecutive
injections, first FCCP is added to accelerate the ETC to maximum capacity and
subsequently respiration is blocked by the complex I and III inhibitors rotenone
and antimycin A. Usually, when these inhibitors are applied, the complex I and III
mediated electron flow is stopped and therefore the mitochondrial NADH is not oxi-
dized anymore and accumulates in the matrix. This results in decreased respiration,
increased acidification, and change of the imaging biomarkers such as increasing
contribution of mitochondrial lifetime components C; and C3. In contrast to the
expectations, rotenone/antimycin injection in the presence of the ETC uncoupler
FCCP resulted in no significant change of the mitochondrial lifetime component
Cy and C3 or any other imaging biomarker compared to before the injection (Fig.
4.15). However, while there were no fluorescence lifetime parameter changes, the
flux analyzer determined that respiration stopped, and acidification increased as ex-
pected. The inhibitor-uncoupler combination results in a mismatch between cellular
respiration and the imaging parameters compared to individual injections.

4.3.4 Glycolysis Stress Test

The glycolysis stress test is the standard assay for measuring glycolytic function,
and for this particular stress test, cells are incubated in glucose- and pyruvate-free
media. The glycolytic rate is determined by monitoring extracellular pH via changes
in media lactate concentration. The glycolysis stress test presented here, consisted
of 3 individual injections of pharmacological reagents.

In the first step of the test, injection of glucose leads to a saturation of glucose
concentration within the cell, and triggers the start of catabolism through the gly-
colytic pathway. This catabolic process is accompanied by a discharge of protons
into the media, which was observed to cause an increase in ECAR while the OCR
remained unchanged. Surprisingly, the optical ratios also remained unchanged Fig.
4.16. However, the fluorescence intensity of lifetime components C7, Cy, and Cj
increased significantly after the injection of glucose, suggesting higher metabolic
activity. The increase of component C5 was expected and can be explained by re-
duction of NAD* to NADH as glucose is broken down to pyruvate during glycolysis.
The increase of mitochondrial components C; and C3 are somewhat surprising, since
no increase in OCR occurred. This could be explained by increased activity in the
tricarboxylic acid cycle induced by pyruvate shuttled into the mitochondria [91].
In the second step, injection of oligomycin reveals the maximum glycolytic capacity
by inhibition of mitochondrial energy production, causing a shift in the ATP produc-
tion to glycolysis. The ECAR measured by the flux analyzer, and the FLIM-derived
MCR, C1, C5 and C lifetime component fluorescence were observed to increase sig-
nificantly after the injection of oligomycin, while the OCR decreased significantly.
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As expected, the oligomycin injection of the glycolysis stress test (Fig. 4.16) has an
effect on the cells very similar to the mitochondria stress test (Fig. 4.14). Given both
the microscopy- and flux analyzer-derived data, it is very likely that the changes of
lifetime components C; and Cj5 following oligomycin injection into the media are
caused by inhibition of the ETC while fluorescence of component Cy increased due
to higher glycolytic activity.

In the final stress test step, 2-DG is injected to inhibit glycolysis by binding to the
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Figure 4.16: Glycolysis stress tes. Fluorescence intensity of the individual life-
time components of NADH for each step of the glycolysis stress test. The effect
of individual injections of glucose, oligomycin, and 2-DG on the FLIM-derived
MCR, optical free-to-bound ratio, and redox ratio as well as on OCR and ECAR
measured by an extracellular flux analyzer. Mean + SD of n = 40 FLIM images
per group. Significant differences of treatment groups to the control by Student’s
t-test with * p < 0.05, ** p < 0.001.

first enzyme of the glycolytic pathway showing the non-glycolytic acidification of
cells, leading to an observed decrease in OCR without a resulting change in ECAR
as determined by the flux analyzer. Unchanged ECAR after 2-DG injection was an-
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ticipated since control cells have a very low glycolytic rate due to the use of glucose-
and pyruvate-free cell culture media. The FLIM-derived MCR, component C; and
Cj5 all increased compared to the control. These change s, which correspond to a
decreased OCR measured by the flux analyzer, can be explained by reduced activity
of the ETC.

4.3.5 Redox Ratio

The redox ratio originates from two fluorescent cofactors: NADH and FAD. Both
molecules play crucial roles in electron transport in the cell and changes in their
concentration can be used to determine the metabolic state of a cell.

The redox ratio and therefore the relative fluorescence intensity of NADH and FAD
can be expressed as FAD / (FAD + NADH).

Literature shows that an increase in redox ratio values are linked to oxidative
phosphorylation while a decrease in redox ratio means an increase in glycolytic
metabolism [80]. Results of this study are shown in Fig. 4.17 and Fig. 4.18 which
highlight changes of NADH intensity, FAD intensity, and redox ratio after individ-
ual non-subsequent injection of several pharmacological reagents of the mitochon-
dria stress test and glycolysis stress test. Compared to the baseline with a redox
ratio of 0.24, oligomycin and rotenone/AA injection decrease the redox ratio to 0.19
and 0.16, respectively. As expected, the injection of mitochondrial ETC uncoupler
FCCP slightly increases the redox ratio by reduction of the mitochondrial NADH
pool. For the glycolysis stress test, the individual non-subsequent injection of glu-
cose, oligomycin, and 2-DG results in a decrease of the redox ratio compared to the
control value of 0.22. These results and trends conform with other reports show-
ing significant variations in redox ratio due to pharmacologically induced cellular
metabolism [151, 150].
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Figure 4.17: Redox ratio based on the fluorescence intensity of NADH and
FAD for individual non-subsequent injections of the mitochondria stress test.
Representative images of NADH, FAD and the calculated redox ratio (FAD/FAD
+ NADH) in response to individual non-subsequent injections of mitochondrial
ETC inhibitors and uncouplers. All images were acquired from different cell plates
of the same culture under identical conditions after individual non-subsequent
injection of Oligomycin, FCCP, and Rotenone/AA indicated above the figure
panels. The average value of the redox ratios are shown on top of the redox
images.
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Glycolysis Stress Test
Redox Ratio
Control Glucose Oligomycin 2-DG

Figure 4.18: Redox ratio based on the fluorescence intensity of NADH and
FAD for individual non-subsequent injections of the glycolysis stress test. Rep-
resentative images of NADH, FAD and the calculated redox ratio (FAD/FAD +
NADH) in response to individual non-subsequent injections of drugs changing
the glycolic rate. All images were acquired from different cell plates of the same
culture under identical conditions after individual non-subsequent injection of
Glucose, Oligomycin, and 2-DG indicated above the figure panels. The average
value of the redox ratios are shown on top of the redox images.
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4.3.6 Browning of Adipocytes
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Figure 4.19: Murine white inguinal fat after 1-hour treatment with epinephrine
and forskolin compared to untreated cells. (a) Expression of UCP1 and house-
keeping gene GAPDH. UCP1 expression is normalized to the expression of
GAPDH. (b) Effect on the FLIM-derived free-to-bound ratio and MCR, OCR
and ECAR measured by the extracellular flux analyzer, and the gene expression
of browning marker UCP1 analyzed by western blotting. Mean £ SD of n =
20 FLIM images per group. Significant differences of treatment groups to the
control by Student’s t-test with * p < 0.05, ** p < 0.001.

Browning of white adipocytes has been described as an increase in UCP1 expres-
sion, resulting in thermogenic, fat-burning properties [152]. Though they initially
show low levels of UCP1 expression, exposure of white adipocytes to mild cold or
pharmacological reagents can activate a thermogenic pathway that induces the ex-
pression of UCP1, and lipolysis. To examine this effect, epinephrine and forskolin,
which both promote lipolysis and are known to induce browning, were added to
inguinal adipocytes in culture for 1 hour. Western blots (Fig. 4.19) show increased
levels of UCP1 protein for treated cells compared to untreated cells. UCP1 expres-
sion was normalized to the expression of reference gene GAPDH which remained
constant under investigation. Like the pharmacological reagent FCCP, UCP1 acts
as a protonophore to facilitate proton translocation across the inner membrane of
the mitochondria. Fig. 4.19 shows that like FCCP (Fig. 4.14), both epinephrine and
forskolin cause a significant increase in OCR and ECAR. While the optical free-to-
bound ratio had no significant change, it is interesting to note that the new MCR
metric decreased due to small but significant changes in lifetime components C; and
C5 after treatment. Furthermore, it is shown that the MCR is inversely proportional
to the OCR, further supporting the idea that this metric is sensitive to metabolic
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changes of the ETC (Fig. 4.14, Fig. 4.16, Fig. 4.19).

4.4 Quantification of the new MCR Metric

4.4.1 MCR of Adipocytes
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Figure 4.20: Scatter plot of OCR vs MCR™! for all experimental conditions at
20,000 cells per well. A linear regression was fitted through the OCR and MCR ™!
data of 3T3-L1 and primary inguinal adipocytes for controls and after injection
of various pharmacological reagents. The R? value which shows how close the
data are to the fitted regression line was calculated. The Pearson’s correlation
shows the measure of strength and direction of association that exists between
the OCR and MCR 1.

Mitochondrial stress test and glycolysis stress test experiments suggest that the
MCR is inversely proportional to the OCR ((Fig. 4.14, Fig. 4.16). To analyze this
hypothesis, the microscopic derived MCR data from all cell culture experiments
of adipocytes such as mitochondria stress test, glycolytic function stress test, and
browning experiments were plotted in combination with the corresponding OCRs
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measured by the flux analyzer Fig. 4.20. For visualization purposes and easier read-
out, the inverse MCR (MCR™!) is used in Fig. 4.20.

As expected, it is shown that the MCR™! is linearly proportional to the OCR, sup-
porting the idea that this newly introduced metric is sensitive to metabolic changes
of the ETC. A strong correlation exists between MCR™! and OCR.

While some of the data points from the baseline and FCCP treatment appear to
be scattered depending on the cell line and media used, overall, the experiments re-
sulted in a good correlation (R*=0.81) with high MCR™! values aligning with high
OCRs and low MCR™! values with low OCRs (Fig. 4.20). The values for the ECAR
and MCR™! of adipocytes did not result in a meaningful correlation.
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Figure 4.21: Manual segmentation of individual cells. Absolute and normal-
ized free-to-bound ratios and MCRs of the entire image as well as for individual
cells were calculated. Significant differences can be seen within this untreated
monolayer cell culture of 3T3-L1 adipocytes. Normalized MCR values reveal a
higher dynamic range compared to normalized free-to-bound ratios.

Furthermore, the free-to-bound ratios and MCRs of individual adipocytes within
one field of view were analyzed Fig. 4.21. The individual adipocytes were manually
segmented based on a transillumination image and a FLIM image. Afterwards, the

120



4.4 Quantification of the new MCR Metric

fluorescence lifetime parameters of each cell were calculated and compared to the
fluorescence parameters of the entire field of view. The manual segmentation and
analysis of individual cells highlights the heterogeneity of the adipocyte mono-layer
cell culture. Even though, cells in close proximity have the same appearance, and
were exposed to the same conditions, significant differences in free-to-bound ratio
and MCR occur with absolute values of 1.3 to 2.5 and 1.5 to 7.4, respectively. There
are no obvious correlations such as cell or lipid droplet size that could explain these
differences.

The comparison of normalized free-to-bound ratio values and normalized MCR val-
ues reveals a higher dynamic range for the MCR analysis Fig. 4.21.

4.4.2 Mixed Cell Cultures
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Figure 4.22: Mixed cell cultures of adipocytes and fibroblasts in a 1:1 ratio
were analyzed with microscopic MCR measurements and flux analyzer derived
OCR measurements. Manual segmentation was used for MCR calculations of
adipocytes and fibroblasts only. For the OCR measurement by the flux analyzer
additional cell cultures with adipocytes only and fibroblasts only were analyzed.

NIH 3T3 mouse embryonic fibroblast cells and differentiated 3T3-L1 adipocytes
were used in mixed cell cultures. Fig. 4.22 shows 4 representative images stitched
together of a mixed cell culture as well as manually segmented adipocytes and
fibroblasts of the same cell culture. The manual selection was performed based on
morphological differences such as lipid droplets and cellular shape. The color-coded
FLIM images of the mixed cell culture show differences in fluorescence lifetime, with
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shorter lifetimes for fibroblasts and longer lifetimes for adipocytes. Additionally, the
fluorescence intensity is considerably higher for adipocytes compared to fibroblasts
and the adipocyte MCR is lower than the fibroblast MCR. While the microscopic
MCR metric can be calculated for the entire cell culture as well as for adipocytes and
fibroblasts only, the flux analyzer derived ORC can only be measured for an entire
cell culture. Hence, three different cell cultures were analyzed. A mixed culture with
10,000 adipocytes and 10,000 fibroblasts, an adipocyte only culture with 10,000 cells,
and a fibroblast only culture with 10,000 cells. For adipocytes, the MCR has a value
of 1.6 (MCR™'=0.6) which should result in an OCR per cell of around 30 fmol/min
according to Fig. 4.20. As expected, an OCR of 31 fmol/min was measured by the
flux analyzer for the adipocyte cell culture (Fig. 4.22). For fibroblasts, the MCR is
noticeably higher with a value of 2.0 (MCR'=0.5) which should result in a lower
OCR per cell of around 25 fmol/min according to Fig. 4.20. However, the measured
OCR only reaches a value of 6 fmol/min. This can be explained by the different cell
type, since the results of Fig. 4.20 only apply to metabolic changes of adipocytes
and might not be transferable to another cell line such as fibroblasts. As expected,
the MCR and the OCR value of the mixed culture resemble a combination of both
cell lines.

4.4.3 MCR of HEK cells

To evaluate if a cell line with different cellular structure, function, and origin than
adipocytes also generates four distinct NADH fluorescence lifetime components, hu-
man embryonic kidney cells 293 (HEK 293) were analyzed. Further, pharmacological
induced metabolic changes of HEK 293 cells were induced and microscopically and
extracellular flux derived metabolic markers were evaluated and compared to re-
sults from adipocytes. Therefore, the mitochondria stress test was applied to this
cell line. Mitochondrial respiration and extracellular acidification of HEK293 were
analyzed using an extracellular flux analyzer and compared to the microscopically
derived optical redox ratio, free-to-bound ratio and MCR. The mitochondria stress
test presented here, consisted of 3 individual injections of oligomycin, FCCP, and
rotenone/antimycin.

Oligomycin injection results in an increase in mitochondrial NADH and decrease of
FAD which increases both the optical free-to-bound ratio and MCR, while the redox
ratio decreases as can be seen in Fig. 4.23. Specifically, the contribution to the total
fluorescence intensity of mitochondria lifetime components C is observed to rise,
while the contribution of the cytoplasmic component C4 decreased. As shown for
adipocytes, the oligomycin injection of HEK 293 cells resulted in a decreased OCR
and an increased ECAR determined by an extracellular flux analyzer.
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Figure 4.23: Mitochondria stress test of HEK 293 cells. Fluorescence intensity
of the individual lifetime components of NADH for each step of the mitochon-

dria stress test.

The effect of individual injections of oligomycin, FCCP, and

rotenone/antimycin on the FLIM-derived MCR, optical free-to-bound ratio, and
redox ratio as well as on OCR and ECAR measured by an extracellular flux an-

alyzer.

Mean £+ SD of n > 10 FLIM images per group. Significant differences

of treatment groups to the control by Student’s t-test with * p < 0.05, ** p <
0.001.

The second individual injection is FCCP, which resulted in an increase in OCR and
ECAR as measured by the flux analyzer. FCCP causes the mitochondrial NADH
pool to deplete due to higher activity of the ETC, which resulted in a decrease in
mitochondrial NADH fluorescence lifetime components C and C5. As anticipated,
the MCR was observed to decrease, with the mitochondrial C'; and C'3 fluorescence
intensity declining while the C} intensity increased. While the free-to-bound ratio
slightly decreased, the redox ratio does not show significant changes compared to

the baseline after FCCP injection.
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Figure 4.24: Scatter plot of OCR vs MCR™! for all experimental conditions
at 20,000 cells per well. A linear regression was fitted through the OCR and
MCR™! data of HEK 293 cells for baseline measurements and after injection of
pharmacological reagents of the mitochondria stress test. The R? value which
shows how close the data are to the fitted regression line was calculated. The
Pearson’s correlation shows the measure of strength and direction of association
that exists between the OCR and MCR™!.

The individual injection of respiratory chain inhibitors rotenone and antimycin in-
duce oxidative stress and maximize the mitochondrial NADH pool while stopping
FAD oxidation. This results in a redox ratio decrease and an increase in C; fluores-
cence intensity as well as MCR. As expected the rotenone/antimycin injection led
to a decreased OCR and an increased ECAR measured by the flux analyzer.

The induced metabolic changes of HEK 293 cells resulted in very similar lifetime
component and metabolic marker shifts compared to adipocytes. This further
strengthens the validation of the new MCR metric as well as the fact that even non-
adipose cells exhibit four distinct NADH fluorescence lifetime components. Compa-
rable to Fig. 4.20 a linear proportion between OCR and the inverse MCR (MCR™!)
exists for HEK 293 cells. MCR™! data from mitochondria stress test cell culture
experiments of HEK 293 cells were plotted in combination with the corresponding
OCRs measured by a flux analyzer (Fig. 4.24). For this cell line an even stronger
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correlation (R?=0.91) was found between MCR ™" and OCR compared to adipocytes
(R?=0.81).
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Figure 4.25: Scatter plot of OCR vs MCR™! for all experimental conditions
at 20,000 cells per well. A linear regression was fitted through the OCR and
MCR™! data of HEK 293 cells for baseline measurements and after injection of
pharmacological reagents of the mitochondria stress test. The R? value which
shows how close the data are to the fitted regression line was calculated. The
Pearson’s correlation shows the measure of strength and direction of association
that exists between the OCR and MCR™!.

Fig. 4.25 compares the inverse MCR (MCR™!) vs OCR correlation between adipose
cells and HEK 293 cells. Both cell lines show good correlation between MCR ™!
and OCR and have the same trend with low MCR ™! values for low OCRs, and high
MCR™! values for high OCRs. However, the linear regression that was fitted through
the data shows a lower slope for HEK 293 cells compared to adipocytes. While at
MCR ™ values of 0.2 the OCR per cell for both cell lines is about 6 fmol/min, for
higher MCR™! values such as 0.8, the OCR per cell of HEK 293 cells is only at 20
fmol /min, while the OCR per cell of adipocytes is at 40 fmol/min. Therefore, the
MCR™! vs OCR correlation does not only depend on the metabolic state of a cell
but also on the cell line.
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4.5 Adipose Tissue
4.5.1 Epididymal, Inguinal, and Interscapular Mouse Fat
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Figure 4.26: Representative NADH FLIM images of epididymal, inguinal, and
interscapular fat and the individual fluorescence intensity of their lifetime com-
ponents.

FLIM measurements on freshly excised fat pads were performed. Images were ac-
quired from as deep as 50 pum in tissue excised from the epididymal, inguinal, and
interscapular fat depots of mice. Interscapular fat in mice is recognized as classical
BAT with robust thermogenic properties. Epididymal fat is WAT which is often
taken as a non-thermogenic control tissue as it is resistant to tissue browning. In
contrast, inguinal fat is often called subcutaneous WAT (scWAT) that can turn into
BeAT as it has the ability to form beige adipocytes with thermogenic properties. The
lipid droplets of all tested types of fat depots had a long mono-exponential fluores-
cence lifetime decay around 6 to 7 ns that was distinct from the typical NADH-FLIM
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signature. Therefore, the lipid droplets were removed from the fluorescence analysis
with two methods used in combination. First, cellular features were identified by a
detectable FAD fluorescence signal while lipid droplets were distinguished by weak
to absent emission at the FAD channel. And secondly, CARS signals of the lipid
droplets were used to mask out lipid content from the analysis.

Morphologically, clear differences can be drawn between the adipocytes of the three
fat pads. Smaller sized lipid droplets and smaller sized cells are seen in BAT com-
pared to scWAT and WAT (Fig. 4.26). Individual image fields were captured from
between 5 to 10 separate locations across each tissue specimen to better sample
any larger scale tissue heterogeneity. Especially in BAT, high cell heterogeneity was
observed with cells having few relatively large lipid droplets with longer fluorescence
lifetimes as well as cells with numerous small lipid droplets and shorter fluorescence
lifetimes. More importantly, the images showed higher fluorescence intensity and
shorter fluorescence lifetimes in BAT compared to both WAT depots. This is a
reflection of both higher mitochondrial density, and higher turnover rates in the
electron transport chain (ETC) in BAT compared to WAT [21]. Thus, it is not sur-
prising that the distribution of the lifetime components and fluorescence intensity
per field of view are different between the fat depots. Mentionable is the extremely
small amount of non-lipid fluorescent cellular features in WAT, which results in
low overall fluorescence intensity after removing lipid fluorescence from the analysis.
Therefore, considerably more WAT FLIM images have to be analyzed compared
to BAT FLIM images, to reach statistical significance. However, non-lipid cellular
features of WAT exhibit a different fluorescence lifetime distribution compared to
non-lipid cellular features of scWAT and BAT. Mitochondrial lifetime components
C1 and Cj5 are very low which was expected as WAT is known to have very small
amounts of mitochondria. Increasing mitochondrial content as seen in sScWAT and
BAT results in significantly higher total fluorescence of lifetime components C; and
C5 as well as higher overall fluorescence intensity per field of view.

Experiments showed that different adipose tissue types have diverse morphological
and optical characteristics. WAT, scWAT, and BAT fat depots from mice differ
significantly in NADH lifetime parameters, lipid droplet size, mitochondria content,
and reaction to pharmacological reagents. WAT favors energy storage as seen by
large lipid droplets which are utilized by circulation while BAT has many small
lipid droplets for thermogenesis through fatty acid oxidation [21, 153]. ScWAT and
BAT depict strong fluorescence of lifetime components C'; and C'5 representing high
mitochondrial density, potential to dissipate heat, and flux through oxidative phos-
phorylation. WAT on the other hand shows very low non-lipid fluorescence which
predominately originates from lifetime component C'; and Cy demonstrating low mi-
tochondrial density and flux through glycolysis. The notion that scWAT can turn
into BeAT and adapt to a BAT-like metabolic profile is evident as the morphology
and fluorescence parameters are fairly similar to BAT even without thermogenic
activation.
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4.5.2 Storage Influence on Fluorescence Lifetime
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Figure 4.27: FLIM images of NADH of epididymal, inguinal, and interscapular
fat pads. Imaging of the tissue was performed immediately after excision, after
24 hours at 4°C, and after snap freezing with liquid nitrogen and storage for 24
hours at -80°C.

Due to logistical problems, it is often not possible to analyze tissue specimen im-
mediately after excision. Therefore, two common storage conditions were compared
to the results of freshly imaged fatty tissue. The aim of these experiments was
to determine if and how storage conditions effect fluorescence lifetime parameters.
Epididymal, inguinal, and interscapular depots from mice were imaged at 37°C im-
mediately after excision, after 24 hours in a refrigerator at 4°C, or after being frozen
at -80°C for 24 hours. Fig. 4.27 shows an overview of representative FLIM im-
ages of the three different tissues at all storage conditions. While fresh and cooled
tissue specimen have similar appearances, the frozen tissue underwent significant
morphological changes. The lipid droplets of frozen tissue of all three fat depots
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Figure 4.28: FLIM images of NADH of interscapular fat pads and the individual
fluorescence intensity of their lifetime components. Imaging of the tissue was

performed immediately after excision, after 24 hours at 4°C, and after 24 hours
at -80°C.

are considerably smaller than for fresh and cooled tissue. The assumption is that
during the freezing and thawing process the lipid membranes break which causes
the lipid to leak out and form smaller lipid droplets. Additionally, all three frozen
FLIM images have less heterogenous fluorescence patterns and longer fluorescence
lifetimes. This again can be explained by membrane breakage. Cooled scWAT and
WAT FLIM images had lower amounts of non-lipid fluorescence than fresh specimen
while cooled BAT FLIM images were comparable to fresh BAT images.

Fluorescence lifetime components of BAT revealed differences between storage con-
ditions. Fresh BAT images exhibited high fluorescence intensity and as expected
mitochondrial lifetime components C and C3 were especially distinctive. Com-
pared to this, the distribution of cooled BAT was almost identical with overall lower
fluorescence intensity. Frozen tissue samples demonstrated the lowest fluorescence
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intensity of the three investigated conditions with low mitochondrial fluorescence.
This indicates that frozen cells underwent serious morphological and fluorescence
changes and shouldn’t be used for accurate lifetime analysis. Taken together, these
images demonstrate that functional metabolic imaging via TPEF of intrinsic NADH
not only provides contrast between different functional types of adipose tissue, such
as WAT, BeAT, and BAT but can also indicate tissue viability and metabolic states
of the cells.

4.5.3 Metabolic Changes of Tissue

Like for mono-layer adipocyte cultures, optical metabolic readouts and flux analyzer
measurements of the epididymal, inguinal, and interscapular depots from mice were
analyzed after injection of pharmacological reagents. To quantify differences be-
tween tissues, algorithmic segmentation of cellular features and lipid compartments
were applied in each image using combined fluorescence intensity, lifetime data and
CARS signals.

Mean redox ratio, free-to-bound ratios, and MCRs were calculated for non-lipid re-
gions, while a flux analyzer measured OCRs and ECARs for each tissue type. Due
to logistical obstacles such as time constraints, tissue viability, and the need for im-
mediate imaging, fewer tissue samples than needed for strong statistical significance
were analyzed. Images had to be taken immediately after excision as Subsection
4.5.2 showed, that non-lipid fluorescence, especially in WAT, decreased significantly
after tissue storage. Additionally, reproducibility is a lot more difficult with tissue
samples than cell cultures where exact cell counts can be quantified. Using consis-
tent size and weight of the tissue samples have been shown to result in satisfying
and reproducible outcomes with the flux analyzer. For comparison of different tissue
types one has to keep in mind that the three fatty tissues have differences in size
and weight per cell. Nevertheless, experiments were carried out as consistent and
precise as possible.

A big advantage of the flux analyzer is its capability to investigate up to 24 wells with
tissue specimen at the same time, while microscopical imaging is restricted to one
sample at a time. Analysis of the individual NADH lifetime components and imag-
ing biomarkers revealed that metabolic changes of tissue have very similar trends
compared to adipocyte cell cultures. Injections of FCCP mainly causes a decrease in
mitochondrial NADH components C; and C3 which account for the changes of the
MCR. As expected, the flux analyzer derived OCR and ECAR of tissue experiments
showed trends in the same direction as for cell culture experiments. However, the
scope of the induced metabolic changes was less pronounced even though signifi-
cantly higher pharmacological concentrations (8 M FCCP, 10 uM Rot/AA) were
applied. As expected, respiratory inhibitors rotenone and antimycin produced an
increase of mitochondrial lifetime components C; and Cj.
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Figure 4.29: Fluorescence intensity of each lifetime component of NADH for
epididymal, inguinal, and interscapular fat after individual injections of FCCP
(8uM) and rotenone/antimycin (10uM). The effect of individual injections on the
FLIM-derived MCR, optical free-to-bound ratio, and redox ratio as well as on
OCR and ECAR measured by an extracellular flux analyzer. Mean £+ SD of n
= 10 FLIM images per group. Significant differences of treatment groups to the
control by Student’s t-test with * p < 0.05.

131



4 Results

132

Low Mitochondrial

25 Respiration

log(MCR)

05
High Mitochondrial
Respiration

0

Figure 4.30: Metabolic imaging of human keratinocytes in living engineered
skin inside the stratum granulosum at a depth of 50 ym. a: FLIM image of
epidermal skin equivalent with 1: a COg laser (20 mJ) induced fractional wound
and 2: a mechanically induced (1 mm punch biopsy) epidermal wound. Images
were taken 24 hours after the wounds were induced. Arrows mark the edge of
the wound. b: The image is divided into 64 equal squares and the MCR value
for each individual area is displayed. Depending on the origin of the fluores-
cence, each pixel of the image was color coded. Red for predominantly mitochon-
drial fluorescence and blue if the fluorescence arises from the cytoplasm. c: A
way of displaying the fluorescence information of epidermal skin with respect to
metabolic activity. The image is divided into 256 equal squares and color-coded
contingent on the logarithmic value of the MCR. Low log(MCR) values represent
high metabolic activity while high log(MCR) values denote low metabolic activity.
This representation highlights increased metabolic activity at the mechanically
induced wound and no change in metabolism at the laser induced wound.
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4.5.4 Wound healing of Human Skin Equivalent

Preliminary data of wound healing experiments in human skin equivalents using
NADH-FLIM show promising results. The cells at the edge of the mechanically
induced epidermal wound, show a decreased MCR and increased fluorescence life-
time indicating higher cellular respiration (Fig. 4.30). Previous studies by Deka
et al showed similar results at the closure of an epidermal wound where increased
fluorescence lifetime was observed which indicates oxidative phosphorylation as the
major source of energy production [154]. Metabolic imaging of wound healing of
skin equivalents exhibited promising preliminary results which could be extended
further to study metabolic reactions induced by wounds, drugs, cosmetics, and vari-
ous natural and chemical reagents. For this purpose, skin equivalent, 3D engineered
tissue as well as ex-vivo tissue samples could be analyzed.
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The objective of this thesis was the development of an imaging based NADH fluo-
rescence biomarker that enhances quantification of cellular metabolic function com-
pared to currently known biomarkers as well as assessment of individual cells in real
time. Additionally, imaging biomarkers where compared and correlated to extracel-
lular flux analysis to identify and understand underlying mechanisms and influencing
dynamics and therefore trying to establish an improved optical evaluation methodol-
ogy. Measuring endogenous NADH fluorescence is a well-known research technique
allowing the evaluation of metabolic activity on a subcellular level. Even though
NADH fluorescence and its promising implications have been discovered over 60
years ago by Chance et al, NADH autofluorescence measurements have not tran-
scended into laboratories as the standard tool for bioenergetics [1]. The focus of
numerous researchers has improved the optical NADH energy metabolism analysis
tremendously over time by addition of intrinsic FAD fluorescence as well as usage
of NADHs fluorescence lifetime [81, 3]. However, while these discoveries introduced
new sensitive optical biomarkers such as the optical redox ratio and the NADH
free-to-bound ratio, many technical challenges and analytical difficulties resulting in
conflicting outcomes remain. NADH fluorescence is an indirect marker of cellular
metabolic activity with many influencing dynamics such as pH, viscosity, temper-
ature and protein composition further complicating analysis. At the moment, the
extracellular flux analysis of cellular media determining oxygen consumption and ex-
tracellular acidification is the gold standard for measurement of cellular metabolism.
Disadvantages of the current gold standard are lack of visual information for analy-
sis and its restriction to averaged measurements of heterogeneous cell cultures and
tissues.

5.1 NADH Lifetime Parameters and Localization

Before analyzing cellular metabolic changes, microscopical settings with respect to
excitation and emission were optimized. To reach the strongest possible signal in-
tensity and specificity for NADH without causing cellular damage, specific exci-
tation wavelengths, irradiations, and durations were chosen as defined by damage
threshold calculations. For reliable fluorescence emission detection and analysis,
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high spatial and temporal resolution were found to be necessary for accurate re-
sults. Additionally, fluorescence photon yields were optimized under consideration
of signal-to-noise-ratio, acquisition parameters, and cellular damage thresholds. Re-
markable differences of NADH FLIM publications are found in the lifetime analysis
procedure. While early publications of NADH fluorescence reported two fluorescence
lifetimes, recent publications indicate the existence of up to eight lifetime compo-
nents depending on cell type, protein composition and analytical method [4, 12, 9].
Even though up to eight unique lifetimes were detected, only four lifetimes regularly
appear across different conditions and cells and the remaining four lifetimes were
detected infrequently and without statistical significance [12].

In this work, optimization of imaging parameters like spatial binning and fluores-
cence decay analysis such as the fitting procedure also resulted in four NADH fluo-
rescence lifetime components.

The approach of four individual lifetimes instead of two, increases the information
encoded by shifts of each lifetime component and provides a basis for a new and
enhanced NADH FLIM analysis. Therefore, this study shows, for the first time,
that four fluorescence lifetime components exist for NADH in adipocytes, HEK 293
cells, and fibroblasts and that lifetime pairs can be localized to distinct cellular com-
partments. The fluorescence lifetime components C; (0.5 ns) and C5 (2.3 ns) are
predominantly found within mitochondria, while the lifetime components C5 (1 ns)
and Cy (3.7 ns) predominantly arise from the cytoplasm. This is in contrast to the
traditional two lifetime model for NADH, where the short fluorescence lifetime 7
(0.5 ns) represents the cytoplasm and the long fluorescence lifetime 75 (2.5 ns) is
attributed to the mitochondria [155]. In the two-lifetime model, it is believed that
the cytoplasm, where glycolysis occurs, is associated with free NADH and mito-
chondria, where oxidative phosphorylation takes place, are associated with bound
NADH. Hence, the free-to-bound ratio has traditionally been thought of as a ratio of
glycolysis to oxidative phosphorylation. In this traditional model, NADH within the
mitochondria binds to several enzymes and proteins such as lactate dehydrogenase
(LDH) and malate dehydrogenase (MDH) and a change of the free-to-bound ratio
can therefore be seen as a change in enzyme binding.

This traditional explanation, which relies on the theory that bound NADH is mainly
found in mitochondria, is however limited in its application since it is well docu-
mented that NADH also binds to cytosolic enzymes such as glyceraldehyde phos-
phate dehydrogenase (GAPDH) and LDH (Fig. 2.14) [140, 156]. Additionally, liter-
ature and experiments of this work show that NADH in solution has two intrinsic
fluorescence lifetimes which most likely represent different conformations of free
NADH, possibly folded (0.4 ns) and extended (0.9 ns) [9, 12]. Interestingly, the
fluorescence lifetimes of free NADH in solution measured in this work reasonably
concur with lifetime components C; (0.5 ns) and C5 (1 ns) of NADH in adipocytes.
Additionally, we showed that mixing pure NADH in solution with LDH, an enzyme
which is found in mitochondria as well as the cytoplasm, introduces a third fluo-
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rescence lifetime component to the solution (Fig. 4.3). These findings, lead to the
assertion that both cellular features must each have free and bound NADH fluo-
rescence lifetimes. The difference between free and bound NADH lifetimes within
mitochondria (0.5 ns and 2.3 ns) and within the cytoplasm (1 ns and 3.7 ns) may
be attributable to different micro-environmental conditions such as pH, viscosity,
and/or osmotic concentration. Therefore, several NADH solution experiments were
analyzed.

NADH suspended in different solvents resulted in fluorescence lifetime parameter
differences (Table 4.1). This lifetime change caused by solvent polarity also occurs
inside cells, as polarity is essential for their physiological function. Solvent polarity
can be expressed by the dielectric constant which describes the solvents ability to
insulate charges of particles immersed in it. Polarity heavily influences the intracel-
lular transportation of proteins and interactions and it is strongest across cellular
membranes where a separation of solvents with different polarities create electro-
chemical gradients [157]. Therefore, various cellular features divided by cellular
membranes such as mitochondria exhibit strong polarity differences which could be
the reason for the observed lifetime parameter differences between mitochondria and
the cytoplasm.

Even though fluorescence lifetime of NADH is commonly referred to be concentra-
tion independent, this work showed that this is only true for a specific concentration
range. Fig. 4.1 presents that NADH at increasing concentration produced a steady
decrease in fluorescence lifetime and increase of the contribution of the short lifetime
component. This can be explained by the pile-up effect as well as self-quenching
which occur at concentrations that are significantly higher than what is found phys-
iologically. Although mitochondrial fluorescence intensity is higher, and its lifetime
components are shorter (0.5 ns and 2.3 ns) comparable to the cytoplasm (1 ns and
3.7 ns), both effects are extremely unlikely to be the reason for that. The pile-
up effect and self-quenching rarely occur in cell or tissue experiments as NADH
concentration as well as fluorescence emission are significantly lower compared to
solution experiments. Therefore, the micro-environmental conditions are most likely
the cause for mitochondrial and cytoplasmic NADH lifetime parameters differences.
We conclude that a 4-lifetime component model is entirely appropriate, with the
mitochondrial to cytoplasmic NADH fluorescence intensity ratio (MCR) as a useful
new tool to quantify mitochondrial and cytoplasmic NADH changes.

The detection of four distinct lifetime components of NADH has been accomplished
using high spatial and temporal resolution imaging. This study also highlights the
influence spatial and temporal binning have on the fluorescence lifetime analysis.
While spatial and temporal binning do improve photon numbers and thus the preci-
sion of a given fit, binning can also average out spatial and temporal heterogeneity
in the fluorescence lifetime decay traces, which would therefore result in a loss of in-
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formation. Additionally, if the fluorescence decay of a sample exhibits several similar
fluorescence lifetimes, temporal binning of the decays will lead to an averaging out
of unique lifetime components. Therefore, there must be a balance between spatial
binning size to preserve spatial information, number of time bins to save tempo-
ral information, and photon counts to achieve good parameter estimation, in either
exponential or phasor analysis. It was shown that the number of NADH lifetime
components varies from two for high spatial binning (3.7 x 3.7 um) to four for low
spatial binning (1.2 x 1.2 pm). Similar observations were shown for temporal bin-
ning were the reduction of 256 time bins over 12.5 ns to 64 time bins had comparable
effects as increase of spatial binning. The conclusion is that several fluorescence life-
time components with similar lifetimes exist and that subcellular structures smaller
than 3.7 pm are related to the increase in number of lifetime components.

The localization of individual lifetime components revealed that there is a good
correlation between mitochondria and lifetime components C, C5 and components
Cy, Cy and the cytoplasm (Fig. 4.6). Analysis of mitochondria within adipocytes
using mitochondrial stains indicated tubular shapes with diameters of around 1 pym
and lengths of up to 6 um [158]. These proportions fit the spatial binning size re-
quirement (< 3.7 pm) and could explain the impact of spatial binning on lifetime
analysis. This theory of regional differences of NADH species was further confirmed
by analysis of isolated mitochondria of differentiated murine adipocytes which re-
sulted in a fluorescence lifetime distribution of predominately lifetime components
Cl and 03 (Flg 47)

The improved level of visual image detail compared to comparable studies resulted
in the detection of four distinct lifetime components of NADH. This was achieved
and could be further improved by using higher numerical aperture (NA) objective
lenses and abstaining from spatial binning in the subsequent analysis. This combina-
tion of high NA and low spatial binning increased the spatial sampling resolution of
the FLIM analysis significantly. It is worth noting that further reduction of spatial
binning requires collection of far more photons to achieve the signal-to-noise ratio
necessary to facilitate accurate fitting of the fluorescence decay traces. Even though
higher photon yield could be achieved by longer imaging acquisition durations or
higher excitation laser power, it might also lead to photobleaching, which could
distort lifetime measurements and lead to significant error. Cellular photo damage
threshold calculations as well as photobleaching experiments showed that the used
laser parameters did not induce immediate or long-term cell damage (Table 3.1 and
Fig. 3.6).

The discrepancy in fluorescence lifetime components between different studies is
most likely attributable to several different experimental parameters and settings
such as magnification, resolution, and binning. It has been shown that in cells
with high oxidative phosphorylation, more of the NADH pool is enzyme bound, en-
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abling FLIM and especially the free to bound ratio to provide insights into dynamic
metabolic changes in living cells. Additionally, studies showed that cancer cells
which rely on glycolysis exhibit an elevated level of free NADH compared to normal
non-transformed cells of similar origin. While the FLIM-based free to bound ratio
can distinguish between healthy and cancerous cells it is also capable to accurately
detect subtle features of cellular metabolism such as confluence, serum starvation,
and hypoxia at a higher accuracy than standard biochemical methods [92].

Here, a double exponential fitting procedure was performed for NADH instead of
adding additional exponential components as shown by Yaseen et al, who used 2
constrained and 2 free lifetimes resulting in a quadruple-exponential fit [9]. The
reason for that is most pixels of a NADH FLIM image only contain 2 fluorescence
lifetime components and the 4 lifetime components are identified across different
pixels and not within one fluorescence decay. Only a very small subset of pix-
els which simultaneously have cytoplasmic and mitochondrial fluorescence contain
four fluorescence lifetime components. Therefore, using a double-exponential fitting
procedure reliably represents the fluorescence lifetime and results in a faster data
analysis. Additionally, using a quadruple-exponential analysis of low intensity aut-
ofluorescence with restricted lifetimes as well as non-restricted lifetimes can exceed
the potential information and result in artificial non-existent lifetime components.
To overcome this pixel-to-pixel variability, a combination of segmentation and pha-
sor analysis may ultimately be a more powerful approach than exponential fitting,
especially in heterogeneous cellular or tissue environments (e.g. a tumor) where
simple model-based fitting approaches can fall short.

Therefore, this work introduced a method combining segmentation of exponential
fitting derived lifetime histograms with the phasor analysis. While the exponential
decay analysis of NADH resulted in four distinct fluorescence lifetimes, the corre-
sponding phasor plots arranged in broad clusters, making the extraction of fluores-
cence lifetime parameters impossible. The method of splitting the phasor plot into
mitochondrial and cytoplasmic fluorescence offered easy interpretation and analysis
of complicated data (Fig. 4.12). Despite the generation of longer fluorescence life-
times, the phasor plots of Fig. 4.12 agree with the bi-exponential fit and support the
findings of four distinct NADH lifetimes. Future investigations will further explore
and combine both analysis modalities as we see considerable potential to further
improve FLIM analysis.

Although the fluorescence lifetime components yield a good correlation with dis-
tinct cellular compartments, there are several causes that impair this correlation.
For instance, image analysis of mitochondria-labeled cells revealed an average dis-
placement of up to 5 um during typical FLIM image acquisition time of 60 s for
256 x 256 pixel images (105 pm x 105 pm, Fig. 4.10 and Fig. 4.11). This amount
of movement leads to mitochondria entering and exiting the focal plane during the
acquisition time, causing blurring and impacting the fluorescence lifetime analysis
as well as a reduced correlation between FLIM images and fluorescence images of
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mitochondria (Fig. 4.6). The double-exponential model used in this work is not
suited for pixels of the FLIM image that display a mixture of cytoplasmic and mi-
tochondrial fluorescence, which can lead to suboptimal fitting of the fluorescence
lifetimes. Any inaccuracy induced by mitochondrial movement acts to broaden the
lifetime distribution peaks of the individual lifetime components and makes it diffi-
cult to easily separate each one: this ultimately is the reason why the cytoplasmic
phasor plot has a triangular shape (Fig. 4.12). One way to reduce mitochondrial
motion blur without stopping mitochondrial movement would be a reduction of the
image acquisition time. The current spatial resolution of 1.5 ym x 1.5 pum for a
single pixel means that it would take an average time of 15 s for a mitochondrion to
travel through that area. Therefore, reducing imaging acquisition time by a factor
of 5 down to 12 s should result in significant improvement of image quality and re-
duction of motion blur caused by movement of mitochondria. However, it is worth
noting, that reducing image acquisition times currently carries its own set of prob-
lems, as an increase in laser power could lead to cell damage while fewer acquisition
scans would lead to suboptimal photon statistics for analysis. Nevertheless, steps
to increase acquisition speed and photon detection yields using the current setup
are improved scan mechanistic (from sawtooth to bidirectional) and use of objective
lenses with higher NA as seen in Eq. 2.4.

Finally, the possibility that the four NADH fluorescence lifetime components are in-
fluenced by other fluorophores was analyzed. It can be safely neglected that NADPH
autofluorescence contributed to the results, since previous studies have shown that
its intracellular concentration is 4 to 40 times lower than NADH, which also has a
greater quantum yield [10, 80, 79]. Additionally, the type I collagen coating of the
glass bottom dishes, could theoretically interfere with the results of NADH fluores-
cence due to its autofluorescence [159, 160]. However, a measurement of collagen
coated dishes did not show any measurable fluorescence. FAD could contribute to
the measured fluorescence signal but its emission peak at 525 nm, low excitation at
755 nm, and lower quantum yield than NADH make it a neglectable contributor to
the NADH channel used in the FLIM system. Lipid droplets are known to have long
mono-exponential fluorescence lifetime decays (6.5 — 7,8 ns) which interfere with the
NADH fluorescence lifetime analysis [21, 144]. Also, another lipid-based fluorophore
that interferes with the metabolic analysis is lipofuscin which excitation ranges from
360 to 660 nm with fluorescence emission from 510 to 700 nm and a fluorescence
lifetime of about 3.2 ns [11, 161]. Therefore, fluorescence intensity thresholds, stimu-
lated Raman scattering (SRS), and coherent anti-Stokes Raman scattering (CARS)
were used to remove lipid and lipofuscin from the NADH analysis. Results showed
that even after excluding transition zones from lipid droplet to other cellular areas
from analysis, NADH still exhibited 4 distinct fluorescence lifetimes.

Additionally, HEK cells and fibroblasts which are known for low lipid and lipo-
fuscin content generated 4 NADH fluorescence lifetime components which further
strengthens the assumption that all four lifetime components arise from NADH.
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5.2 MCR of Adipocytes, HEK 293 Cells, and Tissue

To quantify the metabolic readout of optical biomarkers, cellular energy metabolism
was modified in a well-controlled way. This was accomplished by using inhibitors
and uncouplers of the respiratory system of the cell and by monitoring the indirect
metabolic changes with a flux analyzer. The mitochondria stress test with indi-
vidual non-subsequent injections of oligomycin, FCCP, and rotenone/antimycin on
adipocytes, HEK 293 cells and tissue showed significant changes of the intensity
based redox ratio and the fluorescence lifetime based free-to-bound ratio and MCR.
The optical redox ratio is described as FAD/(NADH + FAD) and suggest intra-
cellular changes in NADH and FAD concentrations. However, recent publications
showed that the redox ratio is significantly correlated with the intracellular con-
centration ratio of NAD/(NADH + NAD) rather than FAD/(NADH + FAD) [79].
This surprising behavior which is most likely caused by FAD quenching through
protein binding at high concentrations makes interpretation of the underlying path-
ways difficult. Nevertheless, the analysis of the redox ratio of this work conforms
with literature where an increase is caused by enhanced oxidative phosphorylation
and reduced redox ratios are associated with increase of glycolytic function [162].
While the intensity based redox ratio reflects changes in concentration, fluorescence
lifetime is mostly independent of fluorophore concentration. Therefore, FLIM was
used to detect changes in fluorescence lifetime and protein binding states which can
be expressed and evaluated by the free-to-bound ratio and the newly introduced
MCR metric. Compared to the 2-lifetime model of the free-to-bound ratio, the
MCR analyzes the intensity of 4 individual lifetime components.

Fig. 4.13 showed that oligomycin blocks ATP synthase causing the inhibition of
oxidative phosphorylation and consequently causing a decrease in oxygen consump-
tion rate (OCR) and increasing mitochondrial NADH. The injection of rotenone/an-
timycin also inhibits the ETC, which maximizes NADH within the mitochondria.
This leads to an increase in fluorescence intensity contribution for mitochondria-
associated lifetime components C; and C3 and a decrease for cytoplasmic-associated
lifetime component Cy as seen in Fig. 5.1. The increase of absolute fluorescence
intensity of C'; and C5 was expected since Vergen et al showed that inhibition of the
ETC leads to an increase in mitochondrial NADH and quantum yield [12]. FCCP
acts to increase mitochondrial respiration by uncoupling ATP phosphorylation from
the ETC and thereby oxidizing NADH to non-fluorescent NAD* which depletes the
mitochondrial NADH pool. While this metabolic alteration does not affect the tra-
ditional free-to-bound and redox ratios, a significant change can be detected with
the MCR metric (Fig. 4.14). This highlights the strength of the 4-lifetime analysis
of NADH, as the decreased MCR arises from subtle changes of lifetime components
Cy (0.5 ns) and Cy (1.0 ns) which are undetectable in the traditional two-lifetime
analysis. Fig. 5.1 simplifies the relationship of NADH lifetime components depend-

141



5 Discussion

142

Low OCR High OCR

High MCR Low MCR

Intensity

Figure 5.1: Scheme of NAD" and NADH lifetime component distribution upon
metabolic changes under the assumption of a stable NAD*/NADH pool. The
scheme shows the correlation between OCR and MCR as well as the fluores-
cence lifetime component distribution depending on the metabolic state of the
cell. High OCR/ low MCR by uncoupling ATP phosphorylation from the ETC
means increased mitochondrial respiration and thereby oxidizing NADH to non-
fluorescent NAD™ which depletes the mitochondrial NADH pool (C; and C3) and
increases the cytoplasmic NADH pool (C2 and C4). Low OCR/ high MCR by
inhibition of the ETC maximizes NADH within the mitochondria and this leads
to an increase in fluorescence intensity contribution for mitochondria-associated
lifetime components C7 and C3 and a decrease for cytoplasmic-associated lifetime
component Cy and Cy.
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ing on metabolic activity. The results of the mitochondria test suggest that while
the free-to-bound ratio, the redox ratio and the MCR have reproducible results in
adipocytes and HEK 293 cells, the MCR has a greater magnitude of response to
changes of the ETC.

While the mitochondria stress test injections of the ETC uncoupler FCCP and respi-
ration inhibitor rotenone/antimycin showed similar trends in tissue as for cell culture
experiments, the magnitude of the effect was significantly lower for all biomarkers.
This can be explained by a significantly lower number of cells since only the tis-
sue surface get in contact with the pharmacological reagent. Future studies with
tissue specimen will therefore use higher reagent concentrations and longer measur-
ing periods. The reproducibility was also more difficult with tissue samples than
cell cultures where exact cell counts can be quantified. Additionally, the harvesting
method resulted in tissue samples of the same weight but different sizes, shapes, and
surface areas. Nevertheless, there were no principally different outcomes using tissue
compared to cell cultures and the trends of the biomarkers let assume that an in-
creasing number of experiments, optimized sample preparation, and higher reagent
concentration will lead to results comparable to cell cultures.

Compared to individual non-subsequent injections of pharmacological reagents of
the mitochondria stress test, consecutive injection showed significant differences.
Rotenone/antimycin in succession to the ETC uncoupler FCCP resulted in untyp-
ical low fluorescence intensity for the ETC inhibitors. While the inhibitors should
have maximized mitochondrial NADH, the contrary was observed and lifetime com-
ponents C; and C3 decreased compared to the baseline (Fig. 4.15). However, the
flux analyzer determined decreasing OCR and increasing ECAR as expected. This
mismatch between cellular respiration and the imaging parameters for an inhibitor-
uncoupler combination was also discovered by Schaefer et al [163]. Additionally,
they showed that a reverse injection strategy with injection of respiration inhibitors
rotenone/antimycin first and injecting FCCP afterwards led to the same outcome
of decreased mitochondrial lifetime components and stopped respiration.

The consecutive injection experiment showed that NADH lifetime parameters do
not purely correlate with respiration, especially when using the uncoupler FCCP.
Most likely, the reason for this unexpected behavior after injection of inhibitor-
uncoupler combinations is a disturbance of the membrane potential and the pH
concentration gradient across the inner mitochondrial membrane [163]. The results
suggest that not only NADH concentration and protein binding influence the lifetime
parameters but also pH and membrane potential since rotenone/antimycin as well
as FCCP are causing rapid mitochondrial depolarization of the membrane poten-
tial. This example of mitochondria in an uncoupled state indicates the limitations
of metabolic imaging of NADH as a biomarker and replacement for the extracellular
flux analyzer.

143



5 Discussion

Even though, the underlying mechanisms and pathways for the FLIM NADH res-
piration mismatch should be further studied, it is also worth questioning if these
mechanisms have physiological relevance and exist outside of pharmacological injec-
tions of the mitochondria stress test.

The glycolysis stress test (Fig. 4.16) showed changes that act to solely increase
glycolytic activity, but that do not impact the ETC such as a glucose injection,
only introduced insignificant variation by either the free-to-bound ratio, redox ra-
tio or the MCR metric. While ECAR increased after glucose injection, the rest of
the metabolic identifiers such as OCR, free-to-bound ratio and MCR remained un-
changed. ECAR measures glycolytic acidification of the assay media by conversion
of glucose to lactate™ + H' and the export of products into the assay medium. Glu-
cose catabolism to pyruvate would suggest an initial increase of cytoplasmic NADH
through reduction of NAD™, which indeed can be seen by an increase in cytoplas-
mic fluorescence intensity of lifetime component Cy (Fig. 2.14). Nevertheless, the
MCR did not change due to an equal fluorescence intensity increase of mitochondrial
NADH. A possible explanation for this relatively small increase of NADH concen-
tration within the cytoplasm could be the conversion of pyruvate to lactate, which
involves the oxidation of NADH back to NAD™ (Fig. 2.14) [91].

To confirm that fluorescence lifetime changes were based on cellular metabolism and
intracellular pH-differences rather than pH changes of the media induced by the in-
jection of pharmacological reagents from the mitochondria and glycolysis stress test;
pH-meter measurements showed that none of the reagents resulted in a significant
change of the pH-value of the media (Table 4.2). Fluorescence lifetime changes by
alterations in protein content such as UCP1 are unlikely, as the pharmacological
treatments release their effect within seconds to minutes whereas significant protein
concertation changes are observed after minutes to hours as seen in Fig. 4.19. Upon
uncoupling with FCCP as well as UCP1, a slight increase in temperature was re-
ported of adipocytes in cell culture [164], which is the highest as the respiratory
system is pumping protons in the intermembrane space, however solution experi-
ments of this work showed that temperature changes in this realm have a negligible
effect on fluorescence lifetime (Table 4.1).

The possibility of browning of white fat is a desirable prospect for the treatment
of obesity and related disorders. Therefore, white inguinal mouse adipocytes were
treated with epinephrine and forskolin which are known reagents to activate brown-
ing. Treated adipocytes showed a similar metabolic reaction (Fig. 4.19) as cells
treated with the uncoupling agent FCCP (Fig. 4.14), which can be explained by
upregulation of UCP1 as shown by gene expression. UCP1, which is similar to
FCCP, acts as a protonophore to facilitate proton translocation across the inner
membrane of the mitochondria, which acts to downregulate aerobic ATP synthesis
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and up-regulate oxygen consumption [165]. Model calculations revealed consistent
metabolic flux changes for both FCCP- and UCP1-mediated uncoupling, suggesting
a common mechanism [165]. UCP1 expression and FCCP treatment increased glu-
cose uptake and a substantial output of lactate as seen by an increased ECAR as
well as increased mitochondrial respiration indicated by an increased OCR. These
signs of increased metabolic activity which are signs of browning were also detected
by the new FLIM derived MCR (Fig. 4.19). While epinephrine and forskolin induce
browning in cell culture, they are not suitable for therapeutic treatment in humans
as they have severe side effects.

Over the past years, FLIM flow cytometry and sell sorting have shifted into focus
due technological advances that allow faster image acquisition. These applications
are often based on fluorescent dyes and antibodies due to weak fluorescence of en-
dogenous fluorophores [166]. The fluorescence lifetime is mostly independent of
emission intensity and can be used to distinguish between cell subpopulations that
signal differently. This study demonstrated the ability of FLIM to determine dif-
ferent metabolic states of individual live adipocytes to isolate cell subpopulations
by sorting using the MCR. Individual adipocyte analysis and mixed cell population
analysis of adipocytes and fibroblasts showed that heterogeneity between cells exist
and that this heterogeneity often cannot be distinguished by cellular appearance.
However, endogenous FLIM constitutes a tool to detect these differences. While the
NADH fluorescence emission of different cell types such as fibroblasts and adipocytes
are almost identical, their lifetime parameters differ significantly. Compared to the
flux analyzer, FLIM enables to distinguish metabolic states and cell types within
pure and mixed cell populations. This ability to sort subpopulations enables fur-
ther studies such as cell screening, flow cytometry, and cell isolation based on cell
signaling and its metabolic state rather than cell type. This research can enhance
the detection and understanding of how metabolic and physiologic subpopulations
of the same cell type develop.

In this study, manual segmentation was used to outline cells and the new MCR met-
ric enabled unmixing of cell type as well as metabolic state. The main objective of
these experiments was to show its capability of cell sorting and potential use for flow
cytometry since fluorescence lifetime enhances cytometric data with a quantitative
parameter that is independent of the measured fluorescence intensity. Compared to
the free-to-bound and redox ratio, the MCR represents dynamic metabolic changes
with high sensitivity and enables FLIM as an imaging alternative to the flux ana-
lyzer and current flow cytometry, especially for applications in heterogeneous cell
cultures and even tissue.

This work and the MCR metric may provide a sensitive and quantitative marker
for new and developing fields for the assessment of the metabolic state. However,
special focus of this work was put on the quantitative assessment of adipose tissue
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function through functional metabolic imaging using purely endogenous fluorescence
of NADH. The MCR can distinguish adipose tissue types such as WAT, scWAT, and
BAT, and is sensitive to thermogenic activation of adipocyte cell cultures. Addi-
tionally, the MCR optical biomarker enhances sensitivity compared to established
biomarkers such as the free-to-bound ratio and the optical redox ratio and it also
provides the basis of a much needed toolset for non-invasive dynamic assessment of
adipose tissue function. The MCR biomarker enhances understanding of adipocytes
which is required towards the development of interventions for metabolic health in
the context of obesity, and physiological functions of adipose tissue.

While FLIM of NADH did not manage to reflect stopped respiration after injection
of an inhibitor-uncoupler combination such as FCCP and rotenone/antimycin (Fig.
4.15), it can still reliably be performed for metabolic analysis, as the reaction to the
inhibitor-uncoupler injection was created artificially and might not be observed in
physiological conditions.

Probably the most interesting finding of this work was that the MCR is
inversely correlated to the OCR. This result supports the idea that the new
MCR metric is sensitive to metabolic changes of the ETC (Fig. 4.20). While a strong
correlation between the inverse MCR (MCR™') and the OCR exists over all data
points, some of them, especially of untreated adipocytes still have a wide spread and
are less correlated. These not so well correlated data points of untreated baseline
adipocytes can be explained by different cell culture conditions such as type of me-
dia and adipocyte cell line differences. This observation let to the assumption that
the characteristics of the MCR and OCR correlation might be different for other
cell lines. Therefore, the NADH fluorescent lifetime of NIH fibroblast and HEK 293
cells was analyzed.

As expected, the analysis of NIH fibroblasts and HEK 293 cells revealed four dis-
tinct NADH lifetime components, demonstrating that this feature is not unique to
adipocytes. Therefore, the ratio of intensity of the four individual lifetime compo-
nents allow for the generation of the MCR metric for these cell lines.

The inverse MCR (MCR™!) and OCR analysis of HEK 293 cells indicated an even
stronger correlation compared to adipocytes. However, the comparison of adipocytes
and HEK 293 cells revealed differences in the MCR™! vs OCR relationship. At
the same MCR values, the respiration per cell is lower for HEK 293 cells than for
adipocytes. This discrepancy between cell lines was expected and can be explained
by different cell morphology such as size and amount of mitochondria as well as cell
origin and functionality.

These cellular differences mean that a direct conversion of MCR, values to the ab-
solute oxygen consumption rate per cell independent of cell type is not applicable.
Nevertheless, the data suggests that as soon as a sufficient amount of information
about a specific cell line is gathered, a linear conversion of MCR ™! to OCR values can
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be performed. An effective way to gather a broad spectrum of MRC and OCR val-
ues are individual titrations of pharmacological reagents rotenone and FCCP which
cover the range from stopped respiration to maximum respiration, respectively. We
will look further into the predictive relationship of MCR ™! and OCR and the appli-
cability for intact tissues. Ultimately, the future goal is to develop a biomarker that
allows for optical determination of OCR under consideration of factors that affect
quantification like cell dimension and mitochondrial distribution.

5.3 Tissue Preparation, Imaging, and Wound Healing

To highlight the significance of quantitative optical biomarkers, imaging of adipose
tissue was demonstrated. While the potential therapeutic effect through modifica-
tion of lipid metabolism is important, many controversies and contradictory results
remain. Therefore, the potential of fluorescence imaging as an analytical tool for
adipose metabolism was compared to analysis by an extracellular flux analyzer.
Additionally, optimized imaging condition in reference to sample preparation were
evaluated. Optical signatures reflect bioenergetic function and biosynthetic path-
ways associated with the different types of adipose tissue. Distribution of the NADH
lifetime components give insight about cellular functions and morphology such as
energy storage, dissipation capabilities, and mitochondria content. Tissue hetero-
geneity, especially in BAT, might be an indicator of several subpopulations within
the fat depot with different thermogenic onset times depending on thermoregulation
demands.

In cell culture experiments, increased respiration through uncouplers like FCCP was
associated with decreased MCR and increase of the mean fluorescence lifetime (Fig.
4.14). Therefore, one would assume that BAT, which has the highest basal respira-
tion compared to WAT and scWAT, has similar fluorescence lifetime characteristics.
Additionally, BAT contains large amounts of UCP1, which works in similar ways as
FCCP.

However, contrary to the expectations, UCP1-rich BAT has the highest MCR and
lowest mean fluorescence lifetime compared to UCP1 deficient WAT and scWAT.
This can be explained by morphological and functional differences of the tissue types
compared to cell culture experiments.

In cell culture, NADH lifetime changes upon FCCP injection are immediate and
therefore caused by dynamic metabolic actions of the ETC rather than change in
mitochondrial content or protein composition. In comparison to that, fluorescence
differences of the three tissues are mostly caused by mitochondrial content and
protein composition. High expression of UCP1 in BAT induces increased electron
flux through the ETC and therefore oxidation of mitochondrial NADH to NADT,
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which depletes mitochondrial lifetime components C; and C5. However, the num-
ber and density of mitochondria is so high that even small mitochondrial NADH
pools dominate BATs fluorescence signature. With decreasing number and density
of mitochondria, fluorescence lifetimes prolong, fluorescence intensity decreases and
mitochondrial lifetime components C; and C3 are less dominant as seen for WAT
and scWAT.

This means, the MCR of the metabolic baseline of cells and tissues is useful on
giving information on the mitochondrial content but it does not correlate with the
OCR. However, once the MCR and OCR of the metabolic baseline are established,
the MCR is great at detecting dynamic metabolic changes from the baseline and
correlates well to the OCR.

Due to logistical difficulties, sample freezing and thawing is a common approach in
FLIM microscopy [168, 169, 21]. Though, freezing is known to lead to loss of NADH
and to affect the fluorescence emission characteristics [170]. Freezing of adipose tis-
sue, revealed that not only fluorescence emission but also cellular morphology was
affected (Fig. 4.27 and Fig. 4.28). Morphological features and unresponsive behav-
ior to injection of pharmacological reagents, confirmed viability loss of frozen tissue
samples. On the other hand, cooled samples showed satisfactory cellular structure
and fluorescence emission 24 hours after excision. However, extended periods of
storage under these conditions will most likely also result in loss of fluorescence in-
tensity and tissue viability. Additionally, storage at 4°C of these thermoregulating
tissues might also induce unwanted changes as BAT in mice is known to increase
UCP1 content in response to cold exposure.

Therefore, immediate imaging of tissues constitutes the only reliable and most re-
producible way of measurement. If due to logistical reasons imaging immediately
after excision is not possible, cooling is the preferred method and freezing the tis-
sue should be avoided. However, as our understanding of how different storage and
preparation conditions affect the outcome of metabolic FLIM imaging, it is likely
that the time interval between tissue harvesting and imaging can be increased.
Wound healing experiments in human skin equivalents using NADH-FLIM show in-
creased metabolic activity at the edge of a mechanically induced wound indicating
higher cellular proliferation. There was no increase of metabolic activity at the edge
of wounds created by fractional laser ablation. This can be explained by the limita-
tion of the skin equivalent model which is not capable of removing the laser induced
coagulation zone and therefore hindering cells to proliferate. Nevertheless, these
preliminary results could be extended further to study metabolic reactions of tissue
engineered cells and organs with specific metabolic traits as it is a very promising
field of biomedical and cosmetic research. Due to accessibility and ease of use, these
models enable non-invasive assessment and evaluation of the physiology. Moreover,
applications of these models and improved versions as platforms for analytical eval-
uation in combination with non-destructive readouts could enable high throughput
and screening experiments without the need for animals models or clinical studies.
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In this thesis time-domain fluorescence lifetime imaging microscopy (FLIM) was
applied to analyze the metabolism of biological systems exploiting the naturally
occurring fluorophore NADH. FLIM imaging has existed in the field of biomedical
optics for the past several decades, yet much is left to be explored. The purpose
of the work was to effectively develop a powerful label-free, non-invasive tool to
enhance the quantification of metabolic changes in multiple important biological
samples.

We have shown, for the first time in adipocytes, HEK cells, and fibroblasts, that
four fluorescence lifetime components exist for NADH. The origin of each individ-
ual lifetime component of the NADH FLIM signal was localized to specific cellular
features such as mitochondria and cytoplasm. This was accomplished by using a
combination of high numerical aperture imaging, high temporal binning, and low
spatial binning for the fluorescence lifetime analysis. By comparing standardized
metabolic stress tests, it was shown that changes of the electron transport chain
(ETC) and therefore of oxidative phosphorylation significantly altered the ratio of
the four fluorescence lifetime components. Based on these findings, we defined a
new optical biomarker named mitochondrial-cytoplasmic-ratio (MCR) that accu-
rately reflects shifts in mitochondrial and cytoplasmic NADH concentration and the
binding state.

We found that the MCR has an increased response and dynamic range to metabolic
changes compared to traditional optical assessments such as the frequently used op-
tical free-to-bound ratio and redox ratio. Moreover, we demonstrated its sensitivity
to metabolic changes especially for cellular respiration through the electron trans-
port chain (ETC) in live cell culture and ex-vivo tissue samples. The microscopically
derived MCR metric correlates inversely linear with the flux analyzer derived oxy-
gen consumption rate. While the linear correlation differs between cell lines such
as adipocytes and HEK 293 cells, this optical biomarker could prove highly advan-
tageous in the prediction of metabolic respiration of individual cells after an initial
calibration.

The use of this novel biomarker and analysis technique by NADH FLIM allows to
be superior to the flux analyzer for individual cell analysis as well as for mixed cell
populations. Once the metabolic activity is determined, the information can be used
as a mapping tool to identify or pictorially highlight cells within the cell culture or
tissue based on metabolic activity. Our results show that non-invasive detection of
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dynamic metabolic changes and even browning of live adipocytes are enabled by
label-free monitoring of the fluorescence lifetime analysis of NADH.

Additionally, we demonstrated for the first time, a combination of exponential and
phasor analysis using label-free imaging in adipocytes. This combination of seg-
mentation of an exponential fitting derived fluorescence lifetime histogram with a
subsequent phasor analysis enables the evaluation of otherwise not interpretable
phasor plots. This new phasor analysis approach is a promising, non-invasive tool
to quantify and evaluate biological systems. As shown in this work, phasor analysis
of FLIM allows an efficient way to uniquely identify, intrinsic autofluorescence of
NADH in cell cultures.

Furthermore, we have demonstrated that two photon excited fluorescence microscopy
can quantitatively assess adipose tissue function through functional metabolic imag-
ing with subcellular resolution using purely intrinsic contrast. Imaging biomarkers
such as the new MCR metric and fluorescence intensity contribution of NADHs life-
time components can distinguish energy-storage driven white adipose tissue (WAT)
from energy-dissipative brown adipose tissue (BAT). These bioenergetics analysis
techniques provide the basis of a promising tool set for non-invasive dynamic assess-
ment of adipose tissue function towards developing metabolic health solutions in the
context of metabolic diseases such as obesity and diabetes, and towards a deeper
understanding of complex biological roles of the adipose organ.

Although this study mainly focused on quantification of metabolic activity of adipo-
cytes, this approach is widely applicable and constitutes a powerful tool for applica-
tion to monitor cellular metabolism. The results demonstrate that NADH-FLIM is a
robust technique for assessing and indexing cellular features of several cell lines and
therefore, this method could prove beneficial for drug development and screening
studies, especially for cell cultures, and for tissue models. Furthermore, the use of
endogenous fluorophores as intrinsic biomarkers of metabolism makes this technique
label-free, therefore facilitating the possibility of in vivo measurements. Overall this
work has contributed to the advancement of FLIM for use in functional imaging of
individual cells and mixed cell cultures.
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Even though NADH fluorescence principles are relatively well understood, the mea-
surement of NADH FLIM still presents a number of challenges, notably linked to the
photophysical processes, the need for appropriate controls and the effects of dynamic
interactions. However, the outcomes and findings described in this thesis exposed
several future directions and chances to be investigated using label-free FLIM. While
we demonstrated a novel approach of analyzing NADH with four fluorescence life-
time components and combining exponential and phasor analysis, this technique
can be enhanced further. The ultimate goal is the development of absolute quan-
tification of OCR by only optical label-free analysis under consideration of cell size
and mitochondria number and density. The advantage of this technique is label-free
metabolic imaging with single cell resolution, which would demonstrate a powerful
non-invasive imaging technique for flow cytometry and cell sorting. However, current
acquisition times for these kinds of measurements are too long. Therefore, several
studies investigated techniques to improve acquisition speed by temporal binning,
improved phasor analysis, volumetric imaging through light-sheet microscopy, wide-
field FLIM, higher numerical aperture, the use of analog detection and many more
46, 171, 172, 173].

Combining our analysis and overall FLIM settings with faster acquisition could
enable several new research areas including cell sorting based on metabolism which
might enable flow cytometric detection of cancerous cells and activated immune cells
as well as assessing metabolic state during embryo development. Further investiga-
tions could also include the study of live animals, examination of neurodegenerative
diseases, further investigation of obesity related diseases like diabetes, and the anal-
ysis of mitochondrial activity especially in aging cells. Additionally, endoscopes can
minimize surgical invasiveness of FLIM microscopy in accessing fat depots or other
organs in live subjects. Moreover, cellular metabolism can be monitored over time.
Thus, this non-destructive technique will find potential application in drug discovery
and safety screening, especially effects of drugs as well as understanding diseases and
therapies. Future studies could also analyze the influence of wound healing drugs
and ointments using skin equivalents for improving wound care. Metabolic imaging
of tissue models can be possible due to the ease with which two-photon microscopy
can be applied to complex 3D structures. A list of potential procedures and applica-
tions that could benefit from improved metabolic FLIM imaging is shown in Table
7.1.
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7 Outlook

NADH Fluorescence Lifetime Imaging Microscopy

Technique/Procedure

Advantage/ Application

Macroscopic Imaging [174]

Wide-field FLIM [175]
Light sheet microscopy
(176, 177]

Endoscopy [178, 179]

Parallel excitation and
emission multiplexing [180]

Phasor approach for
metabolic, genomic, and
disease pathways [181, 182]
Viability measurements
[183]

Cell screening, sorting, and
flow cytometry [172, 184]

Drug screening [185]

Combination with other
endogenous fluorophores
[186]

Combination with
fluorescent probes [163]

Combination with OCT
[187]

Combination with Raman
and harmonic generation
microscopy [188, 144]

3D Tissue and tissue
constructs [189, 131]
Human skin and xenograft

mouse models [190]
Wound healing [191]

Real time histology [192]
152

Large field of view at cellular resolution for whole tissue/tu-
mor observation

Fast measurement and large field of view at low resolution
Fast three-dimensional volumetric imaging with microscopic
resolution and concentration independent contrast using a
CCD camera

Deep tissue imaging and evaluation to provide a comprehen-
sive insight for diagnostics and detection

Rapid measurements by modulating multiple laser lines to
provide a low cost solution to implement FLIM with multiple
excitation and emission channels

Definition of subcellular dynamics of impaired metabolism
and epigenetic modifiers to establish biophysical signatures
and pathways

Identifying and extracting metabolic signatures of apoptosis
and necrosis in single cells, tissue environments, and within
the living organisms

High-throughput single-cell screening by label-free non-
invasive metabolic imaging. Has the potential to become a
blood screening tool and is expected to be widely used re-
garding detection, identification, and personalized therapy
Information obtained may complement and facilitate the de-
sign of new experiments and interpretations and possibly open
new avenues of drugs development

Capability to detect molecular changes with higher sensitivity
due to additional information: predictors of drug response and
in assessing the efficacy of treatment

Ilustration of additional quantitative information such as mi-
tochondria content and pH-changes for high-resolution cellu-
lar imaging

Simultaneously visualize cross-sectional morphology and bio-
chemical compositional information of biological tissue
Provides valuable additional diagnostic information such as
refractive index changes and visualization of tissue boundaries

Interpretation of metabolic changes in 3D models and efficient
control of energetic, developmental, and disease parameters
Rapid, non-invasive and sensitive assessment of skin disease
progression as well as a diagnostic tool for detection
Evaluation of the efficacy and healing mechanisms of wound-
healing drugs in real time

Simultaneously image and quantify the cellular morphology
and microenvironment of live tissues without conventional
biopsy or fluorescent dyes

Table 7.1: New and future techniques in acquisition, analysis and sample prepa-
ration of NADH FLIM and their advantages and applications.




Overall, future technical advancements of imaging techniques such as FLIM and
the combination of them with smart algorithms to correlate data with physiological
function will generate a substantial progression in functional imaging. Additionally,
the rapid growth of processing power and the use of machine learning algorithm in
the interpretation of data can soon establish real-time imaging and data analysis of
complex physiologies and metabolic changes with increasing spatial and temporal
resolution.
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8 Abbreviations

8 Abbreviations

2-DG 2-deoxy-D-glucose

AA antimycin A

ADC analogue to digital converter

ADP adenosine diphosphate

ATP adenosine triphosphate

BAT brown adipose tissue

BeAT beige adipose tissue

BS beam splitter

CARS coherent anti-Stokes Raman scattering
DMEM Dulbecco’s modified Eagle medium

ECAR extracellular acidification rate

ECM extracellular matrix

EFT EpiDerm full thickness

EOM electro-optic amplitude modulator

ETC electron transport chain

FAD oxidized flavin adenine dinucleotide
FADH, reduced flavin adenine dinucleotide

FBS fetal bovine serum

FCCP carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone
FLIM fluorescence lifetime imaging microscopy
GAPDH  glyceraldehyde 3-phosphate dehydrogenase
GLP Glan-laser polarizer

HEK 293 human embryonic kidney cells 293

HWP half-wave plate

IRF instrument response function

LD laser diode

LDH lactate dehydrogenase

MCR mitochondrial-cytoplasmic-ratio

MDH malate dehydrogenase

NA numerical aperture

NAD* oxidized nicotinamide adenine dinucleotide
NADH reduced nicotinamide adenine dinucleotide

NADPH  reduced nicotinamide adenine dinucleotide phosphate
NIR near infrared

OCR oxygen consumption rate

OoCT optical coherence tomography

OXPHOS oxidative phosphorylation

PBS phosphate-buffered saline

PET-CT  positron emission tomography- computed tomography
PLIM phosphorescence lifetime imaging microscopy

PMT photo multiplier tube
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PD
QWP
ROI
ROS
scWAT
SHG
SRG
SRL
SRS
TAC
TBS
TCA
TCSPC
TMRE
TPEF
UCP1
uv
scWAT
vWAT
WAT

photo diode

quarter-wave plate

regions of interest

reactive oxygen species

subcutaneous white adipose tissue
second harmonic generation
stimulated Raman gain

stimulated Raman loss

stimulated Raman scattering
time-to-amplitude converter
tris-buffered saline

tricarboxylic acid

time correlated single photon counting
tetramethylrhodamine ethyl ester
two-photon excited fluorescence
uncoupling protein 1

ultra violet

subcutaneous white adipose tissue
visceral depot of white adipose tissue
white adipose tissue
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