Chapter 13
Time-Resolved Spectroscopy of NAD(P)H
in Live Cardiac Myocytes

Alzbeta Marcek Chorvatova

Abstract Monitoring cell and tissue physiological parameters, such as metabolic
state in real time and in their true environment is a continuous challenge. In the last
decades, advanced photonics techniques were developed, combining fluorescence
spectroscopy with time-resolved and imaging techniques, thus opening completely
new opportunities for investigation of fluorescence parameters in living cells. This
is particularly true in the case of evaluation of endogenous fluorescence or auto-
fluorescence (AF) of living cells, derived from nicotinamide dinucleotide (phos-
phate) (NAD(P)H). We have pioneered the application of time-resolved
fluorescence spectroscopy to evaluate changes in metabolic oxidative state directly
in living cardiac cells by means of endogenous NAD(P)H fluorescence. NAD(P)H
fingerprinting was investigated in living cardiac myocytes isolated from left ven-
tricle (L'V) of rats by spectrally-resolved lifetime detection using spectrally-resolved
time-correlated single photon counting (TCSPC). Metabolic modulation was
employed to evaluate individual NAD(P)H fluorescence components. Advanced
data analysis leading to development of techniques and analytical approaches aimed
at precise separation of individual fluorescence components from the recorded AF
signals was also performed. Spectral decomposition of time-resolved NAD(P)H
fluorescence signals by linear unmixing approach was successfully achieved.
Gathered results demonstrate that combined approaches between time-resolved,
spectroscopic and imaging systems open new possibilities for understanding the
precise role of mitochondria in complex pathophysiological conditions and for
finding new non-invasive clinically-relevant diagnostic applications.
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13.1 Non-invasive Investigation of Metabolic Oxidative
State in Living Cardiac Myocytes

Metabolism is crucial for cardiac cell contraction. The heart is a pump converting
chemical energy into mechanical work and the power for this work is gathered almost
entirely from oxidation of carbon fuels and, to a great extent, these fuels are provided
by coronary (myocardial) blood flow. In the heart, oxidative metabolism is primarily
the function of mitochondria in the process of oxidative phosphorylation by the
respiratory chain [17]. This process is coupled with the oxidation of NADH, the
principal electron donor for the electrochemical gradient that is indispensable for
oxidative energy metabolism. The first step in this process, which accounts for 95 %
of ATP generation needed for cardiomyocyte contraction, is the dehydrogenation of
NADH by flavoproteins of Complex I of the mitochondrial respiratory chain.
Because of the high oxidative metabolism, heart cells have enhanced oxidative
capacity, demonstrated by their ultrastructure [4]: 25-35 % of total cardiomyocyte
volume is occupied by mitochondria, distributed in stripes, where oxidative phos-
phorylation takes place. Energy generated by the network of cardiac cells serves for
the main function of the heart—its contraction—allowing the pumping of the blood.
Mitochondrial role in cellular bioenergetics predestine them to play a pivotal role in
various human diseases—the implication of the mitochondrial dysfunction in CV
disease was largely reviewed [2]. Possibility to study, non-invasively, rapid changes
in metabolic oxidative state is therefore crucial for understanding of processes in
living cardiac cells and their alterations in pathophysiological conditions.

In the CVS, endogenous fluorescence of NAD(P)H and flavins has long been
used for non-invasive monitoring of processes, such as modifications in metabolic
oxidative state, or change in myocardial tissue status (reviewed in [28]). Dehy-
drogenation of NADH, the principal electron donor for the electrochemical gradi-
ent, by flavoproteins of the mitochondrial respiratory chain is indispensable for
ATP generation and thus oxidative energy metabolism. In addition, during oxida-
tive stress, cellular NADPH content is modulated through the release of peroxides
and various by-products that have been shown to decrease the activity of several
enzymes, such as NADP-isocitrate dehydrogenase. In the last decades, advanced
photonics techniques have been developed to monitor endogenous fluorescence in
living cells and tissues [25, 30].

13.1.1 Experimental Set-up for Time-Resolved NAD(P)H
Recordings on Living Cardiac Cells

The experimental setup is shown in Fig. 13.1 It consists of a Zeiss Axiovert 200
microscope, a Becker & Hickl 375 nm picosecond diode laser, a Proscan Solar 100
spectrograph, and a PML-16 multichannel detector and an SPC-830 TCSPC
module from Becker & Hickl.
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Fig. 13.1 Experimental setup for time-resolved fluorescence spectroscopy. A 375-nm picosecond
laser diode (Becker & Hickl) was used as an excitation source with ~1 mW output power. The
emitted cell autofluorescence, separated from laser excitation by 395 nm dichroic and 397 nm
long-pass filter in the Axiovert 200 M (Zeiss, Canada), was spectrally dispersed by an imaging
spectrograph (Solar SL 100 M, Proscan, Germany), detected by a PML 16 16-channel TCSPC
detector and recorded by an SPC-830 TCSPC module, both Becker & Hickl, Germany. Described
in detail in [20]

The collimated beam of the picosecond diode laser is sent through the back port
of the microscope. There it is reflected by a dichroic mirror in a standard
beamsplitter cube in the filter carousel of the microscope, and focused into the
sample by the microscope lens. It creates a slightly defocused elliptical spot with
typical dimensions of 10 x 20 um, chosen in regard to average the fluorescence
signal over the width of a single myocyte [4]), see inset in Figs. 13.4, 13.7.

The fluorescence is detected back through the microscope lens, and separated
from the excitation light by the dichroic mirror in the filter cube. A filter at the
output of the filter cube suppresses scattered excitation light. The tube lens of the
microscope focuses the light from the illuminated area into the output image plane
at the side port of the microscope.

The spectrograph is put into this plane with its input slit. The spectrograph
projects a spectrum of the fluorescence signal on the cathode of an R5099-L.16
16-channel PMT inside the PML-16 detector module. The detector module contains
routing electronics which provides, for every photon detected, a timing pulse and a
routing signal. The routing signal indicates the PMT channel in which the photon
was detected. The timing pulse and the routing signal are fed into the SPC-830
TCSPC module which builds up a photon distribution over the times of the photons
after the laser pulses and the detector channel, see Chap. 1, Sect. 1.4.1 for details.
The result is a 2-dimensional data array that contains individual decay curves for
the 16 wavelengths. Because the decay curves are built up simultaneously, motion
in the cardiomyocytes or photobleaching do not cause distortion in the recorded
spectra. The setup and its application to the study of cardiac myocytes are described
in [20, 29, 31].

For the results presented here, fluorescence decays were measured for 30 s in
the 16 spectral channels simultaneously over a wavelength range of 385-675 nm.
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The half-width of the instrument response function (IRF) was estimated to be 0.2 ns
[20] with the temporal resolution of the system set to 24.4 ps/channel. Cells were
mounted on an inverted microscope and studied at room temperature in 4-well
chambers with UV-proof, coverslip-based slides (LabTech, Canada). Data were
always evaluated from the first measurement of each cell (measured for 30 s) to
avoid artefacts induced by photobleaching.

13.1.2 Time-Resolved Fluorescence Spectroscopy
of NAD(P)H in Vitro

Measurement of the fluorescence of endogenous fluorophores in vitro is a
prerequisite for demonstrating their presence in living cells, as well as for having
reference spectra for separation of individual components. NADH and NADPH
are endogenously fluorescent molecules [30]; their fluorescence spectra and fluo-
rescence lifetimes (Fig. 13.2A) were studied in vitro in the intracellular media-
mimicking solution (pH 7.25) [1, 29]. Spectral intensity was linearly dependent on
the NADPH concentration (Fig. 13.2Aa), as illustrated at the maximum emission
wavelength of 450 nm (Fig. 13.2Ac) with no modification in the fluorescence decays
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Fig. 13.2 NAD(P)H fluorescence in vitro. A Concentration-dependence of NADPH fluorescence
in the intracellular media-mimicking solution (pH 7.25), excitation 375 nm. Background-corrected
emission spectra (a), normalized fluorescence decays at 450 nm (b) and the total photon counts at
450 nm (c) as a function of the NADH and NADPH concentration. B Viscosity-dependence of the
NADPH (10 uM) fluorescence in intracellular solution. Background-corrected emission spectra
(a) and normalized fluorescence decays at 450 nm (b). Data are shown as mean + SEM (n = 5 for
all but 0 uM for which n = 3). C Normalized spectra of NADH (20 uM) in inorganic (grey) and
organic (black) solvents (all 100 %). Published in [1, 29]
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(Fig. 13.2Ab). Normalized spectra for NADPH concentrations from 1 to 20 uM
overlaid perfectly (data not shown), confirming the same molecular origin. Compa-
rable results were obtained for NADH, in accordance with the fact that NADH and
NADPH are inseparable by fluorescence spectra, or fluorescence lifetimes, only with
slightly higher quantum yield for NADH than for NADPH (Fig. 13.2Ac) [1, 89].

To test the sensitivity to molecular environment, we have recorded NADH and
NADPH in different organic and inorganic solvents (Fig. 13.2B and C). As illus-
trated by the addition of different concentrations of glycerol versus H,O, the total
photon counts, measured at the emission maximum (A, = 450 nm) revealed
exponential rise of the peak of NADPH fluorescence intensity (Fig. 13.2Ba) [29].
This result was due to the prolongation of the fluorescence lifetimes in a highly
viscous environment (Fig. 13.2Bb) and is in agreement with previous findings [46]
showing that the sensitivity of NADPH fluorescence intensity to changes in its
microenvironment can be related to changes in the molecular mobility and/or
modification in the conformation of NADPH molecules in more viscous milieu.
Importantly, we also noted a slight (10 nm) blue spectral shift when NADH or
NADPH fluorescence was recorded in organic solvents, as opposed to the inorganic
ones (Fig. 13.2C). These experiments also demonstrated sensitivity of the con-
structed experimental set-up for recording physiological concentrations of these
endogenous fluorophores.

13.1.3 Time-Resolved NAD(P)H Fluorescence Spectroscopy
in Cardiac Mitochondria

Cardiac mitochondria are crucial for the heart oxidative metabolic status, as they
contain respiratory chain responsible for the ATP production in cardiac cells. To
demonstrate that, in cardiomyocytes, the presence of endogenous fluorescence
derived from NAD(P)H primarily related to these organelles, confocal images of
unstained myocytes were gathered by the 2 photon excitation induced by 777 nm
light to verify NAD(P)H fluorescence distribution (Fig. 13.3a). Recorded images
clearly demonstrated that endogenous NAD(P)H fluorescence in cells was distrib-
uted in stripes. Verification of mitochondrial distribution using mitochondrial fluo-
rescence probe Tetramethylrhodamine (TMRM) confirmed stripe-like distribution
of mitochondria [4]. These results are in agreement with 2 photon microscopy and
spectroscopy recording used previously to evaluate spatial distribution and intensity
changes of NAD(P)H fluorescence in living cardiac myocytes [59]. AF excitation-
emission spectra in heart mitochondria isolated from rat hearts by differential
centrifugation [23] demonstrated presence of both NAD(P)H and flavin fluores-
cence (Fig. 13.3b). This result revealed comparable peaks to those recorded in
cardiac myocytes [23] and was also in agreement with previous observations in
pigeon heart mitochondria that identified excitation/emission spectra of oxidized
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Fig. 13.3 Mitochondrial NAD(P)H fluorescence of rat cardiac cells. a Confocal image of NAD(P)
H distribution in a cardiac cell (777 nm two-photon excitation, HFT KP 700/488 dichroic filter and
450-470 nm spectral range for emission detection). b Excitation-emission matrix recorded in
isolated cardiac mitochondria (arrow points to the NAD(P)H peak) by spectro-fluorimetry.
¢ Example of the NAD(P)H fluorescence decay recorded in isolated rat cardiac mitochondria after
excitation by 375 nm laser by time-resolved fluorescence. For more details, see [23, 58]

flavoproteins and reduced pyridine nucleotide fluorescence [16]. Time-resolved
measurements from isolated mitochondria after excitation at 375 nm showed at least
a double exponential decay of 0.47 and 1.32 ns (Fig. 13.3c) [58]. These results
correspond to data in intact porcine heart mitochondria, where 3 NAD(P)H fluo-
rescence lifetime pools have been identified [10]: a free pool with a lifetime of
0.2-0.4 ns, an intermediate pool (1-2 ns), and a long lifetime pool (3-8 ns). The
intermediate and long lifetime pools were proposed to be resulting from protein
binding of NAD(P)H.
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Fig. 13.4 Spectrally- and time-resolved AF of cardiac myocytes. a Original recording of the time-
resolved spectroscopy measurements of NAD(P)H fluorescence in living cardiac cells, excitation
at 375 nm (mean of 10 measurements; in the inset, representative transmission image of the single
cardiomyocyte illumination). b Total photon counts of NAD(P)H fluorescence in rat cardiac
myocytes in control conditions (Data are shown as mean + SEM, n = 70 cells). ¢ Decay associate
spectra for estimated fluorescence lifetimes. Published in [20, 33, 39]

13.1.4 Time-Resolved NAD(P)H Fluorescence Spectroscopy
in Isolated Cardiac Myocytes

Recording of time- and spectrally-resolved fluorescence from isolated living
LV cardiomyocytes was highly reproducible for both NADP)H (Fig. 13.4a)
[21, 29, 31] and flavins [23, 24]. Cardiac myocytes were isolated from LV of female
rats after retrograde perfusion of the heart with proteolytic enzymes, as previously
reported [5, 32]. Steady-state emission spectra of the cardiomyocyte NAD(P)H
fluorescence, calculated from the total photon counts on each spectral channel, had
a spectral maximum at 450 nm (Fig. 13.4b). Analysis of the AF decay recorded in
cardiomyocytes showed acceptable chi-square values (y* < 1.2) and flat plots of
weighted residuals when using at least a 3-exponential model with lifetimes
(Table 13.1). Gathered data are in good agreement with lifetime values estimated in
cardiomyocyte mitochondria [10], as well as in human cardiac myocytes [18, 19].

13.2 Analysis of Individual NAD(P)H
Fluorescence Components

Finding an appropriate analytical approach for analysis of time-resolved fluorescence
data, particularly when performed in living cells and tissues, is a prerequisite to insure
that physiological significance of the recorded data is correctly recovered [64]. At
the same time, it is also one of the main limitation of fluorescence lifetime imaging
(FLIM) recordings, in regard to large amount of complex data, as well as in regard to
availability of the sufficient number of photons for each measurement point. The
physically relevant models need to include the general knowledge of the investigated
system, together with the established statistical properties of the residuals [82].
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The separation and quantification of individual components underlying multi-
exponential decays of autofluorescing species in biological cells and tissues still
represent tough scientific challenges that have not yet been fully resolved. Searching
for the best approach for precise separation of fluorescence from individual fluoro-
phores directly in living cells and tissues is therefore one of the main tasks to solve.

13.2.1 Global Analysis and Decay Associated Spectra (DAS)

Typical approach to analyze fluorescence decay (illustrated in Fig. 13.3c) is to fit
the decay curve, while establishing discrete components—fluorescence lifetimes—
for each fluorescence decay. This approach allows to calculate relative intensities
and relative fractions for each component, as well as an average fluorescence
lifetime for each decay (Table 13.1). However, although this approach can serve to
distinguish between distinct cellular states, it has several limitations. On one hand,
such components do not necessarily match the fluorescence lifetime distribution for
such system. On the other hand, values thus gathered cannot easily be related to one
precise fluorescence component. One solution is to estimate spectral shapes of
underlying components by recording the fluorescence decays on multiple wave-
lengths (Fig. 13.4a), which is useful to link lifetimes with variable amplitudes. In
such case, spectral coordinates can be processed to create a set of decay-associated
spectra (DAS), corresponding to individually-resolved lifetimes, estimated by
global analysis [61, 88]. The DAS for cardiomyocyte NAD(P)H fluorescence
(Fig. 13.4c) were constructed for each lifetime pool as a product of wavelength-
dependent fractions of the NAD(P)H fluorescence emission of each lifetime pool
with respect to total fluorescence, multiplied by total photon counts [10]. The
resulting DAS showed that, for cardiomyocytes in control conditions, the 1st and
2nd lifetime pools with sub-nanosecond decay kinetics had similar spectra with
maximum around 450—470 nm and red-shifted shoulder at 490 nm, while the 3rd
lifetime pool with the longest lifetime has a blue-shifted peak with the maximum
around 430—450 nm. Comparison of the first two spectra observable in the cells to
the spectral profiles of NADH showed almost perfect fit of the component measured
in water (and in inorganic solvents in vitro, Fig. 13.2¢, in general), with the first two
DAS components, as well as a very good fit of the glycerol- (and organic solvents
in general)-like component to the third DAS component. These results uncover the
presence of two spectrally-distinct components in UV-excited AF of cardiac cells
with 3 fluorescent lifetimes. However, although this result gives an indication of
underlying fluorescence species and their spectral shapes, it is of a limited use in
complex cellular environment.
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13.2.2 Time-Resolved (TRES) and Area-Normalized
(TRANES) Emission Spectra

To estimate the number of individual spectral components present in the fluores-
cence decays recorded in complex environment of living cardiac cells, an approach
proposed for semi-quantitative analysis of the multi-fluorophore mixtures [62] was
applied. Series of consecutive spectral profiles decaying in time, time-resolved
emission spectra (TRES) sequences were computed from original multi-wavelength
TCSPC recordings of NAD(P)H fluorescence by summing the data in several
consecutive temporal windows (Fig. 13.5a), as previously described for flavin
fluorescence [20]. TRES analysis offers an alternative approach to DAS by esti-
mating spectral components in complex sample. In addition, TRANES—area
normalized TRES—method [62] where the spectra are further background sub-
tracted and normalized, indicates the number of the most pronounced fluorescence
species present in the sample. This approach allowed to precisely identify the ns
changes of the spectra during the fluorescence decay of NAD(P)H in cardiomyo-
cytes. Without any a priori knowledge of excited-state kinetics, the presence of each
isoemissive point indicates the existence of two emitting species in the sample [62].
TRANES analysis of the cell AF in control conditions (Fig. 13.5b) revealed one
isoemissive point at ~460 nm (see grey arrow at the Fig. 13.5b), pointing to two
dominant spectral components with different decay kinetics, peaking around
430 nm (component 1) and 470 nm (component 2). In both cases, the component at
longer wavelength rapidly faded in the first couple of ns, suggesting the presence of
the process with the corresponding lifetime at the order of 1 ns or less; while the
peak with shorter emission maximum was readily observable even after 5 ns of the
decay. Most important components in the data were then identified by principal
component analysis (PCA), while the component’s most probable positions
(spectral maxima) and thus their spectral profiles were determined by a target
transformation technique (see [20] for details) following analysis of cell responses
to metabolic modulators. With this approach, in addition to 2 components already
present in control conditions (Fig. 13.4c): the 1st component peaking at 430-
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Fig. 13.5 Time-resolved, area-normalized emission spectroscopy (TRANES) of NAD(P)H
fluorescence in a cardiac myocyte. (a, b) TRES and TRANES of cardiac cell AF in control
conditions; arrow points to the isoemissive point. ¢ Principal components resolved by PCA in
living cardiac cells. Published in [33]
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450 nm and the 2nd one with 450—470 nm spectral maximum, we also resolved 3rd
significant spectral component with 510-530 nm spectral maximum (Fig. 13.5¢),
noted in some metabolic conditions only.

13.2.3 Separation of Individual NAD(P)H Fluorescence
Components by Spectral Unmixing

To separate individual components in time-resolved NAD(P)H fluorescence, an
original approach of time-resolved spectral decomposition was applied. Based on
spectral decomposition of flavin fluorescence from spectrally-resolved TCSPC data
[27], performed using spectral unmixing algorithms for multispectral imaging
[37, 97], individual spectral components of NAD(P)H fluorescence recorded by
multi-wavelength fluorescence lifetime spectroscopy were resolved in isolated
cardiomyocytes [21, 31]. As featured at Fig. 13.6a, presence of three different
components was confirmed with largest contribution of C1 and C2 to the overall
fluorescence amplitude, as illustrated by spectrally unmixed fluorescence intensity
for each component (Fig. 13.6b). A 0.5 ns steps served for the reconstitution of the
fluorescence decay of each component using the sequential PCA over different time
delays. Mono- or multi-exponential fit (Fig. 13.6c) was then applied to gather
information on the fluorescence lifetime and amplitude of each resolved component:
1st (Fig. 13.6-C1), 2nd (Fig. 13.6-C2), and 3rd (Fig. 13.3-C3), respectively [31, 33].
Both components derived from NAD(P)H in organic and inorganic solvents pre-
sented mono-exponential decay. The 3rd component, corresponding to flavin fluo-
rescence, was best fitted with double exponential decay; with its maximum at 520 nm,
this component had little contribution to the overall photon counts at 450 nm. In
addition to the Phasor (lifetime, spectral, or combined) approach [38, 42, 43, 83],
this method thus represents a new tool to separate individual components in time-
resolved fluorescence spectroscopy data, based on distinct spectral and lifetime
characteristics, which are corresponding to precise molecules species.

@, o) ©

=]

s

3
o

4 €1, 018 e
tng —e—C1 £ =
> 7\ o ez 2 v =t
3 N -1, s 5 ——63 E e
= & cl 450 S £ 100 - b
[ A 2 @ g e ¥
§ 0.5 § . 3 E 20000 o < .
3 | 4 3 £ 10 =)
£ ] | A 5 H B,
z r . 3 Y § g
y e aiy B ey, Sz
PP S e — = 04 S *FPwmeer @ 19 I
400 450 500 550 600 650 400 500 600 700 0 1 2 3 4 5
Wavelength [nm] wavelength [nm] time [ns]

Fig. 13.6 Spectral decomposition of NAD(P)H fluorescence components in living cardiac cells.
a Reference spectra selected as a base for spectral decomposition. b Photon counts calculated for
each resolved component by area integration. ¢ Fluorescence kinetics of the three spectral
components (C/-1st component, C2-2nd component, C3-3rd component), estimated by spectral
unmixing. The number of analyzed cells: n = 120; data are presented as mean = SEM. Published in
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13.2.4 Responses to Metabolic Modulation

In order to identify the nature of the resolved spectra, metabolic approach—similar
to the chemiometric one—was employed. The sensitivity of the resolved compo-
nents to changes in respiratory chain, in NADH production, as well as in lipid
composition was tested in their cellular environment by evaluating the cell
responsiveness to known metabolic regulators (Fig. 13.7 and Table 13.1) [33]. First,
the sensitivity of the components to modulation of the mitochondrial respiratory
chain was verified. On one hand, enhancement in the mitochondrial NADH content
following restriction of the respiratory chain by Rotenone (1 uM), the Complex I
inhibitor, significantly increased the fluorescence amplitude of both components
(Fig. 13.7Ba, Bb), without notable effect on the fluorescence lifetimes (Fig. 13.7Aa,
Ab). The addition of Na-cyanide (4 mM), the inhibitor of Complex IV, alone, or in
the presence of Rotenone maintained higher fluorescence amplitudes of the two
components. On the other hand, uncoupling ATP synthesis by DNP (50 umol/L) or
FCCP (200 nmol/L) lowered NAD(P)H content in cells, in accordance with a
higher NADH dehydrogenation rate. This action was accompanied by change in the
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together with calculated photon counts (B) of the resolved fluorescence component 1 (a) and
component 2 (b) at 450 nm during metabolic modulation. (C) Ratio of the component 2 and
component 1 amplitude with representative transmission image of the cell illumination in each
condition. Data are shown as mean £ SEM, Control conditions (n = 120), Rotenone (1 pM;
n = 30), Na-cyanide (4 mM; n = 10), NaCN+Rotenone (n = 15), DNP (50 uM; n = 15), fccp (200
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pyruvate (100 uM; n = 10), MCBD (1 %; n = 10), *p < 0.05 versus control. Published in [33]
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value of the fluorescence lifetime: decrease in the 1st, but increase in the 2nd
resolved NAD(P)H component. These effects of modulators had repercussions also
on the “free/bound” component amplitude ratio (Fig. 13.7c), which was proposed to
correspond to NADH/NAD™ reduction/oxidation pair [9, 75] and is thus an
important indicator of mitochondrial metabolic status modifications.

Second, to promote mitochondrial NADH production as opposed to the one in
the cytosol, BHB (3 mmol/L) was administered to cardiomyocytes in basic extra-
cellular solution in the presence of different AcAc concentrations (Fig. 13.7):
1.5 mmol/L (ratio 2:1), closer to physiological conditions [76], and 150 pmol/L
(ratio 20:1), to favour NADH production. As expected, increasing the BHB/AcAc
ratio from 2:1 to 20:1, a condition favourable to NADH production, evoked rise in
the amplitude of both 1st and 2nd component, in accordance with a higher NADH
concentration in cardiomyocyte mitochondria, without affecting fluorescence life-
times, or the component amplitudes ratio and thus mitochondrial redox potential.
Third, to promote rise in the cytosolic NADH production, lactate (2 mmol/L) was
administered in the presence of pyruvate (100 umol/L) in concentrations found in
the blood of studied animals [4]. This action had no significant effect on the
fluorescence, indicating that the analyzed fluorescence signal is principally derived
from the AF of mitochondria. Finally, the sensitivity of the resolved components to
the presence of cholesterol in the cell membranes was also verified (Fig. 13.7). We
noted that depletion of the cholesterol content with MCRBD (1 %) [68] increased the
fluorescence lifetime of the lst component. These experiments demonstrated that
the resolved components are selectively sensitive to changes in metabolic state,
while pointing to higher specificity of the 1st lifetime component to lipid
environment.

13.2.5 Perspectives in the Component Analysis: Data
Classification

Presented analytical approach, based on spectral linear unmixing of individual
component demonstrates how to resolve and determine precise molecular species
present in a complex sample. However, the use of such procedure may not be
always advantageous when data classification rather than evaluation of underlying
molecular origins is required, as is often the case when rapid decision-making is
needed, for example in clinical diagnostics. In this case, other methods for data
classification can be considered. Estimation of spectral and/or time-resolved pat-
terns associated with healthy versus diseases states is another mean to achieve
classification of specific states and allow diagnostics of metabolic states in living
cells and tissues. To classify metabolic state of living cells, classical approach based
on spectral analysis can be employed, where the individual spectral components
contributing to cell AF are estimated by blind source separation using non-negative
matrix factorization [73]. This approach was demonstrated, for example, for flavin
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fluorescence images of isolated cardiac cells in respect to responses to metabolic
modulators [26]. However, in order to use an analytical approach better suited for
fast data evaluation needed in situations such as clinical diagnostics, the classic
classification method can be replaced by an advanced data analysis: the machine
learning approach [70]. This approach is based on support vector machine with the
set of the automatically calculated features from recorded spectral profile of spectral
AF images. Our first results showed that machine learning can effectively classify
the spectrally resolved flavin fluorescence images without the need of detailed
knowledge about the sources of AF and their spectral properties [71]. This approach
can also prove to be suitable for analysis of clinical data recorded by time-resolved
fluorescence spectroscopy in the future.

13.3 Time-Resolved NAD(P)H Spectrometry
in CVS Physiology

To introduce AF-assisted examination in cardiac myocytes for the CVS physiology
studies, verification of NAD(P)H recordings in close-to-physiological conditions
needs to be performed. In the case of living cardiac myocytes, this includes the
modulation of AF during cells contraction and verification of the extent of
photobleaching. In addition, to evaluate the methodology for investigation of
metabolic changes during physiological LV remodelling, two conditions were
chosen: NAD(P)H changes were investigated in the natural condition of pregnancy,
while the effect of pharmaceutical drug was tested on a model drug—the Na pump
inhibitor—ouabain.

13.3.1 Recordings in Contracting Myocytes

To evaluate changes of the metabolic oxidative state under physiological condi-
tions, recording of NAD(P)H fluorescence was tested during cardiac cell contrac-
tion. Such recording is a complex technology problem. To solve this issue, we have
designed a set-up [22] that allowed us to record rapid changes in AF during cell
contraction stimulated by external platinum electrodes, incorporated in a home-
made bath and triggered by a pulse generator at a frequency of 0.5 Hz (to stabilize
sarcoplasmic reticulum loading), or 5 Hz (the rat heart rate) [4]. The basic timing
sequence of the experiment is shown in Fig. 13.8, left.

The myocyte is stimulated periodically by an electrical pulse. After every
stimulation pulse it contacts for a short period of time and then relaxes. Synchro-
nously with the stimulation the ps diode laser is turned on for 100 ms via its ‘laser
on’ signal. During the turn-un time the laser excites fluorescence and sends syn-
chronisation pulses to the SPC-830 TCSPC module. The SPC-830 records only
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when the synchronisation pulses are present. Fluorescence from different contrac-
tion states of the myocyte can thus be recorded by shifting the ‘laser-on’ pulse
within the stimulation period.

Alternatively, the principle can be modified to record fluorescence from the
contracted and the relaxed state in the same stimulation period, see Fig. 13.8, right.
In that case, the laser is turned on both at the beginning (in the contracted state) and
at the end (in the relaxed state) of the stimulation period. The data from the two
states are routed into different memory blocks of the SPC-830 module by a (TTL)
routing signal. Please see Chap. 1, Sects. 1.4.1 and 1.4.2 for routing principle.

We selected the relatively tiny illumination (laser-on) time due to the short
length of the contraction cycle of a field-stimulated cardiac cell [32]. However,
recording of fluorescence during such rapid process is problematic, as the fluo-
rescence signal in 1 contraction cycle is insufficient to gather analysable data. We
therefore accumulated the data over a large number of stimulation periods. Typi-
cally, we used a total collection time of 100 s (corresponding to the effective photon
counting time of 100 s x 0.5 s™' x 100 ms = 5 s). This approach allowed us to
record a sufficient amount of emitted fluorescence in the 100-ms range, which is
required to be able to study physiological behaviour of cardiomyocytes during their
contraction.

Employing this setup, experiments can be performed at variable temperature
(from room 24 °C to physiological 35 °C). The applicability of the newly developed
setup was demonstrated by recording calcium transients at maximum contraction in
cells loaded with the Fluo-3 fluorescent probe (excited by 475 nm pulsed pico-
second diode laser) [22]. When time-resolved spectroscopy signals of flavin [22] or
NAD(P)H [34] were evaluated during cell contraction at frequency 0.5 Hz, no
significant change in the fluorescence at the peak of contraction and at rest was
found. These results are in accordance with previously published observation that,
during cell contraction, NADH levels have been shown not to change in single rat
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Fig. 13.9 Autofluorescence recording during cardiomyocyte contraction. Left NAD(P)H fluores-
cence photon counts calculated for the resolved component 1 and component 2 by area integration.
Right Fluorescence kinetics of the two spectral components estimated by spectral unmixing in
contracting cardiac myocytes (375 nm excitation, 0.5 Hz stimulation rate, room temperature,
recorded at the peak of contraction, 10—110 ms, n = 15 cells). Data are shown as mean = SEM. For
more details, see [22, 34]

myocytes [49, 50, 90], while in trabeculae, a decrease in the fluorescence was seen
[13]. Interestingly, as opposed to steady-state measurements, we noted more
important contribution of the component 2 (“free NAD(P)H”) when compared to
the component 1 during contraction at 10 ms, see Fig. 13.9.

These experiments demonstrate the applicability of the time-resolved spectros-
copy AF measurements under physiological conditions. They also confirmed that
the use of repetitive scanning, synchronized to cell contraction, is a safe approach to
gather dynamic information from these cells.

13.3.2 Photobleaching

Photobleaching, recorded following repetitive scanning, is a phenomenon that can
significantly hamper fluorescence recordings and has to be monitored. It is con-
sidered to be closely related to two phenomena: photodamage and phototoxicity
[63]. The level of photobleaching of NAD(P)H fluorescence was verified under our
standard recording conditions (as described in Sect. 13.1.1). In these experiments,
as illustrated in Fig. 13.10, NAD(P)H fluorescence was measured every minute for
30 s for the duration of 7 min, while the laser power was not modified. In order to
precisely identify the effect of photobleaching, individual components of the NAD
(P)H fluorescence were resolved by linear unmixing of the time-resolved spec-
troscopy signals, as described in Sect. 13.2 [33]. We identified comparable level of
photobleaching of the two components [34] with the maintenance of the component
amplitude ratio, which is a prerequisite for the correct estimation of metabolic state
modifications. Low photobleaching rate is also a requirement for investigation
of NAD(P)H changes during repetitive fluorescence recording performed in
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Fig. 13.10 Photobleaching of the two individual NAD(P)H fluorescence components. a Photon
counts calculated by area integration and b fluorescence decays for each resolved component.
Photobleaching was induced by excitation of a defocused elliptical spot with a 375 nm picosecond
laser (~1 mW output power) for 30 s repeated every 60 s for 7 min. Detailed in [34]

experiments where cells were electrically stimulated to induce contractions (dis-
cussed in the Sect. 13.3.1). These results demonstrate that the application of time-
resolved spectroscopy recording has much lesser effect on photobleaching than the
confocal microscopy, for example, in agreement with previous observations that
FLIM by TCSPC is less prone to bleaching than wide-field time-gating of fre-
quency-domain FLIM [63], for example. These results confirmed that time-resolved
spectroscopy recording by TCSPC is a safe method for monitoring metabolic
oxidative state by means of recordings of endogenous fluorescence from live cells.

13.3.3 Cardiac Remodeling in Pregnancy

To investigate metabolic modifications under physiological conditions, a highly
interesting physiological condition of pregnancy has been chosen as a model system.
Normal pregnancy (P) induces significant CVS changes, associated with haemody-
namic and endocrine modifications that contribute to maternal volume expansion and
are necessary for fetal homeostasis and well being [60]. The heart remodeling
observed during P resembles that seen in women during long-distance exercise
training [48, 51], but there are important differences. Unlike endurance training [12],
plasma hormones during P are modified and could affect cardiac function. Impor-
tantly, marked metabolic changes occur in this condition. Indeed, since the fetus has
an absolute need for glucose, late P is associated with significant changes in carbo-
hydrate metabolism [45], providing continuous nutrient availability to the developing
fetus. This results in low blood glucose concentration, as well as in augmented levels
of triglycerides and lactate in maternal blood [55, 56, 66]. In addition, in late P, basal
oxidative metabolism is increased, leading to enhanced ATP demand with an ele-
vated rate of mitochondrial NADH and oxidation [91]. P is characterized by meta-
bolic remodeling of the mother’s heart and by adaptations of haemodynamic and
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Fig. 13.11 NAD(P)H fluorescence in pregnancy. Photon counts calculated by area integration for
the a component 1 and b component 2 resolved by linear unmixing of time-resolved spectroscopy
data. Data are shown as mean £ SEM. ¢ fluorescence decays for each resolved component.
Presence of glucose (10 mmol/L) only (circles, n = 78 for NP, n = 26 for P), or in combination
with lactate (2.0 mmol/L) and pyruvate (100 umol/L) (triangles, n = 15 for NP, n = 15 for P) in NP
(black symbols) versus P (grey symbols). For more details, see [3]

cardiac parameters. We demonstrated an adaptive hypertrophic cardiac remodeling
during pregnancy, which includes cardiomyocyte dimensions and functions [3, 4].
Despite significant modifications in metabolism, we observed no modifications in the
NAD(P)H fluorescence in control conditions in P (Fig. 13.11). Interestingly, spec-
trally-resolved lifetime detection of NAD(P)H fluorescence revealed modifications in
metabolic oxidative state in the presence of substrates lactate/pyruvate that are nat-
urally increased in P [4], mainly affecting the 2nd “free” NAD(P)H component
(Fig. 13.11b). This result is in agreement with metabolic switch from glucose to
lactate/pyruvte taking place in P.

13.3.4 Monitoring the Effect of the Pharmaceutical
Drug Ouabain

AF has a great potential to monitor cellular responses to treatment by pharma-
ceutical drugs: non-invasive AF evaluation was employed by Hanley et al. [52] to
measure reaction of NADH to volatile anesthetics halothane, isoflurane and sevo-
flurane. Rodrigo et al. [78] studied protective effects of 9,10-dinitrophenol on the
cellular damage induced by metabolic inhibition and reperfusion in freshly isolated
rat ventricular myocytes. We have tested the applicability of the method to evaluate
the effect of pharmaceutical drug ouabain—the Na pump inhibitor—on the mito-
chondrial metabolic state [31, 39]. Ouabain was reported to decrease the NAD(P)H
fluorescence in rat cardiac cells [67], but little information was available on
mechanisms underlying this action. We demonstrated (Fig. 13.12) that the decrease
in the time- and spectrally-resolved NAD(P)H fluorescence by ouabain was due to
decrease in the “free” NAD(P)H fluorescence component leading to lowering of the
free/bound NAD(P)H ratio, accompanied by reduced % of oxidized nucleotides, but
increased NADH production in living cardiac myocytes [31]. Gathered findings
suggest that ouabain induces a decrease in the cell oxidation. This information is
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Fig. 13.12 Effect of pharmaceutical drug ouabain on metabolic state. a Photon counts calculated
for each resolved NAD(P)H fluorescence component by area integration with rising ouabain
concentrations. b Comparison of the effect of rising concentrations of ouabain on the integral NAD
(P)H fluorescence intensity calculated for the component 1 (black triangle) and 2 (grey circles) at
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300-1000 nM, n = 15 *p < 0.05 vs. OnM). ¢ Concentration-dependent effect of ouabain on
percentage of oxidized nucleotides is evaluated as [F(fully reduced) — Fcontrol]/[F(fully
reduced) — F(fully oxidized)], where the fully reduced state is induced in the presence of
Rotenone and the fully oxidized state is induced in the presence of DNP. Published in [31]

crucial for understanding of the effect of this pharmaceutical drug, particularly in
regard to relationship between metabolic state and cardiac cell contractility [3].

The effect of ouabain was also studied in P, as circulating levels of cardiotonic
steroids—endogenous Na pump inhibitors (which include ouabain)—are known to
correlate with cardiac hypertrophy and/or changes in blood pressure [80], and are
significantly elevated in pregnancy-induced hypertension (PIH) in women [69]
as well as in experimental PIH (ePIH) in rats [41]. In normal P, inhibition of
Na*/K*-ATPase has been suggested, namely via ouabain, to help plasma volume
expansion [69]. In addition, Na*/K*-ATPase is known to be regulated by angio-
tensin and aldosterone, increased in normal P, but blunted in PIH and ePIH [72]. In
cardiac myocytes, Na pump inhibition regulates not only excitation-contraction
coupling via [Na*];-stimulated reverse sodium/calcium exchange [93], but also
cardiomyocyte metabolism, including the Ras-Rac-NAD(P)H oxidase cascade [94].
We demonstrated that P affected the action of ouabain on NAD(P)H fluorescence
[39]. Altogether, these results demonstrated that the time-resolved spectroscopy of
NAD(P)H can be highly valuable also for testing the effect of pharmaceutical drugs
on cellular metabolism in physiological conditions.

13.4 Time-Resolved NAD(P)H Spectrometry
in CVS Pathology

Numerous diseases of the heart, including hypertension and diabetes, are often
linked to alterations in mitochondrial energy metabolism associated with the mito-
chondrial dysfunction [36]. Chronic alterations of fuel metabolism and oxidative
stress status are factors that could impair the capacity of mitochondria to fulfil their
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crucial role in energy production [65] and thereby contribute to the activation of
pathways governing cell death and/or disease [11, 35]. This creates room for
numerous applications of non-invasive AF measurements in identification and study
of CVS pathology. Effects of oxidative stress were tested together with the study of
cardiomyocyte AF under conditions of pathological pregnancy. Clinical applications
of time-resolved spectroscopy of NAD(P)H in cardiac myocyte was demonstrated in
the case of diagnostics of early stages of cardiac allograft rejection.

13.4.1 Evaluation of the Effect of Oxidative Stress

Oxidative stress is a condition resulting from imbalance between oxidized and
reduced species [79]. Lipid peroxidation is a major biochemical consequence of the
oxidative deterioration of polyunsaturated lipids in cell membranes and causes
damage to membrane integrity and loss of protein function. One of the most reactive
products of n-6 polyunsaturated fatty acid peroxidation of membrane phospholipids
is 4-hydroxy-2-nonenal (HNE), the primary a,B-unsaturated hydroxyalkenal formed
in cells by LPO process [40]. HNE is generated in the peroxidation of lipids con-
taining polyunsaturated omega-6 acyl groups, such as arachidonic or linoleic acids,
and of the corresponding fatty acids. In cardiac myocytes, HNE has been shown
capable of affecting NADPH production by inactivating mitochondrial NADP*-
isocitrate dehydrogenase activity, an important enzyme that controls redox and
energy status [7, 8, 96]. The sensitivity of NAD(P)H fluorescence to oxidative stress
was tested and proved using stressors such as hydrogen peroxide (H,O,) or HNE in
living LV myocytes (see Supplement in [3] for details). The effect of HNE was
evaluated on the NAD(P)H content in order to better understand mechanisms
underlying the lipid peroxidation action. In these experiments, cells were pre-heated
to 35 °C to mimic effects at physiological temperatures. Gathered results demon-
strated that HNE reduces cell NAD(P)H content (Fig. 13.13) via decrease in the
production of NADH and stimulation of the NAD(P)H use by flavoprotein complexes
[29]. Consequently, HNE provoked an important cell oxidation by dehydrogenation
of both free and bound NAD(P)H molecules in living cardiac cells. This action is
likely to affect the overall energy production and use in the heart. These findings not
only shed a new light on the effect of HNE on the regulation of NAD(P)H in living
cardiac cells, but also demonstrated that oxidative stress via NADPH pathway can
have significant effect on the AF measurement and, consequently, has to be taken into
account in the analysis of AF signals.

13.4.2 Pathological Pregnancy

Heart disease remains an important cause of women’s mortality [84]. Pregnancy
induced hypertension was proved to be a predictor of CV disease for women later in
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their lives [81, 92]. In so far as cardiac changes are concerned, maternal heart rate is
one of the earliest to increase in P, followed by augmented blood volume.
Hypervolemia is the result of active sodium and water retention because of alter-
ations in osmoregulation and the renin-angiotensin-aldosterone system [45],
accompanied by decreased sodium serum levels of about 3—4 mM in humans [53]
as well as in rats [6]. Subsequently, cardiac output rises together with stroke volume
in response to elevated heart rate and reaches maximum values in the final stages of
delivery, placing increased volume load on the heart. Blood volume expansion
leads to myocardial adaptations mainly affecting the LV, which is more susceptible
to heightened load. In contrast to pathological conditions, these alterations are
associated with physiological reduction of blood pressure and are reversible. Our
work demonstrated that while adaptive compensated cardiomyocyte remodeling is
present in normal P in rats, maladaptive components were identified in the model of
experimental pregnancy-induced-hypertension [4].

In this setting, mineralocorticoid hormones, including aldosterone of the renin-
angiotensin-aldosterone chain, play an important but poorly understood role.
Aldosterone is markedly elevated during P [14, 15]; this steroid hormone controls
blood volume, and its rise contributes to maternal volume expansion [60]. Miner-
alocorticoid receptors are expressed in the heart of humans and rodents [77],
indicating possible involvement on cardiac metabolic adaptations. Glucocorticoid-
mineralocorticoid complexes have been proposed to be activated by lowered
NADH level, a determinant of the redox state, and/or by reactive oxygen spe-
cies [44]. We have tested the effect of mineralocorticoid inhibitor canrenoate in P
(Pcan)- These experiments demonstrated that responsiveness of cardiomyocytes to
lactate/pyruvate (Fig. 13.2), was modified by canrenoate (Fig. 13.14), (see also
Supplementary material in [3]) due to regulation of the “free” NAD(P)H, pointing
to the possible role of this hormone in metabolic remodeling that takes place in
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Fig. 13.14 Effect of lactate/pyruvate in MR-Inhibitor canrenoate treated rats. a NAD(P)H
fluorescence component 1 and b component 2 resolved by linear unmixing of time-resolved
spectroscopy data. Data are shown as mean £ SEM. ¢ Fluorescence decays for each resolved
component. Presence of glucose (10 mmol/L) only (squares, n = 20 for NP, n = 20 for P_,,), or
in combination with lactate (2.0 mmol/L) and pyruvate (100 pmol/L) (asterisks, n = 10 for NP,
n = 25 for P.,,) in NP,,, (black symbols) versus NP.,, (grey symbols). For more details, see [3]

P [3]. Gathered finding, together with the ones on the Na pump inhibitor ouabain
opened a completely new chapter of investigation of P as a highly interesting
metabolic condition, also recognized by the Judith Heiny’s editorial in Experi-
mental Physiology [54].

13.4.3 Monitoring Rejection of Transplanted Hearts

Transfer of gathered knowledge to clinics is a crucial part of the technology
application. We have tested possibility of such knowledge transfer to evaluate early
stages of cardiac rejection in paediatric patients with transplanted hearts. Cardiac
allograft rejection involves several processes, including activation and proliferation
of T-lymphocyte subsets (leading to lymphocyte infiltration and immune destruc-
tion of graft tissue), as well as graft vessel injury and thrombosis [57]. Although
molecular mechanisms of the rejection remain unclear, alloantigen-dependent and -
independent factors are known contributors [87]. Ischemia-reperfusion injury is the
most influential alloantigen-independent factor [47], resulting in cardiac cell
hypoxia. Such modifications, which also include alterations in the cell oxidative
metabolism, often develop rapidly. Some observations suggest that cardiac cells
undergo modifications in their oxidative state with the progression of cardiac
rejection [85, 86], namely as a result of cell hypoxia, following ischemic changes of
cardiac cells. Evaluation of the oxidative metabolism can thus serve as an early
indication of the rejection of transplanted hearts.

Time-resolved NAD(P)H fluorescence spectroscopy was therefore attempted in
examination of transplanted tissues. A strong correlation between changes in AF
spectra and the rejection grade were found in rat heart allograft model [74], but
more difficulties were encountered using human tissues [95], possibly due to use of
frozen fractions. When time-resolved NAD(P)H spectroscopy method was applied
to human cardiac cells freshly isolated from endomyocardial biopsy tissue
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Fig. 13.15 Effect of rejection on NAD(P)H fluorescence in transplanted hearts. a NAD(P)H
emission spectra determined as total photon counts in human cardiomyocytes isolated from cardiac
biopsy of heart transplanted patients presenting no rejection (R0) or mild rejection (R1) (recording
time 30 s, excitation at 375 nm; in the inset, illustrative picture of the recorded human cardiac
myocyte: the bright spot corresponds to a fluorescence excited by a defocused laser beam used for
recording). b NAD(P)H fluorescence decays of the component 1 (C/) and component 2 (C2),
resolved after linear unmixing in human cardiomyocytes and compared in RO and RI. Data are
shown as mean + SEM; RO, n = 48 cells; R1, n = 35 cells. Published in [21]

(Fig. 13.15a), an increase in NAD(P)H fluorescence in the hearts of transplanted
paediatric patients was detected (Fig. 13.15b) [19, 21]. Spectral unmixing revealed
that from the two NAD(P)H components present in human cardiomyocytes [21],
mild rejection of transplanted hearts in paediatric patients affected primarily the
lifetimes of the first C1 component (Fig. 13.15-C1, C2). This result not only
explained higher NAD(P)H fluorescence intensities, but also proved the applica-
bility of the time-resolved AF spectroscopy as a non-invasive diagnostic tool
directly in clinics. At the same time, it also showed difficulties to resolve individual
components in the clinical data and prompted search for other advanced data
classification approaches, as discussed in Sect. 13.2.
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