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Chapter 3
Exploring Tumor Metabolism  
with Time- Resolved Fluorescence Methods: 
from Single Cells to a Whole Tumor

Marina V. Shirmanova, Vladislav I. Shcheslavskiy, Maria M. Lukina, 
Wolfgang Becker, and Elena V. Zagaynova

3.1  Introduction

Multiple alterations in cancer metabolism are now evident. The key underlying rea-
sons for metabolic changes accompanying neoplastic transformation are the high 
bioenergetic and biosynthetic demands of growing and proliferating cells and adap-
tation to limited nutrient and oxygen supply and to an acidic environment.

One of the primary metabolic features of cancer is enhanced rate of glycolysis. 
While it is natural to switch to glycolysis in hypoxic conditions, which occur in 
many advanced tumors, cancer cells actively use glycolysis even in the presence of 
oxygen—a phenomenon known as the Warburg effect—or aerobic glycolysis [1]. 
Aerobic glycolysis makes cancer cells insensitive to fluctuations of oxygen in cel-
lular environment and gives them several other important advantages. Specifically, 
it provides a constant supply of metabolic intermediates to support tumor growth, 
reduces level of reactive oxygen species (ROS), thus, protecting cells against ROS- 
mediated cell death, generates adenosine triphosphate (ATP) more rapidly than oxi-
dative phosphorylation (OXPHOS), and produces lactate that has an important 
functional role in promoting tumorigenesis [2, 3].

Marina V. Shirmanova and Vladislav I. Shcheslavskiy contributed equally to this chapter.

M. V. Shirmanova (*) · M. M. Lukina
Privolzhsky Research Medical University (PRMU), Nizhny Novgorod, Russian Federation
e-mail: niibmt@pimunn.ru

V. I. Shcheslavskiy (*) · W. Becker 
Becker & Hickl GmbH, Berlin, Germany
e-mail: vis@becker-hickl.de

E. V. Zagaynova 
Privolzhsky Research Medical University (PRMU), Nizhny Novgorod, Russian Federation
Lobachevskiy State University of Nizhny Novgorod, Nizhny Novgorod, Russian Federation

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-44594-2_3&domain=pdf
https://doi.org/10.1007/978-3-030-44594-2_3#DOI
mailto:niibmt@pimunn.ru
mailto:vis@becker-hickl.de


134

Mitochondrial respiration is frequently impaired in cancer cells due to dysfunc-
tional mitochondria. Meanwhile, there is a growing body of evidence that some 
cancer cells preserve mitochondrial function and rely mainly on OXPHOS for 
energy production [4, 5].

The fate of lactate secreted by glycolytic cancer cells remains to be clarified. 
Recent findings suggest that adjacent oxidative cancer cells can consume and use it 
as a source for the tricarboxylic acid (TCA) cycle intermediates and for ATP pro-
duction [6]. Moreover, cancer-associated fibroblasts, being in a metabolic crosstalk 
with cancer cells, also can extrude lactate to directly feed cancer cells [7].

Glucose is a major, but not the only fuel source for cancer cells. Many cancer 
cells have been shown to rely heavily upon an exogenous supply of glutamine [8]. 
Glutamine is converted to glutamate, which is further metabolized to α-ketoglutarate 
for utilization through the TCA cycle. Another important energy source in cancer 
cells is fatty acids, catabolized by the fatty acid oxidation (FAO; also known as 
β-oxidation) pathway [9]. FAO produces a pool of the reduced electron carriers 
NADH and FADH2, which are oxidized in the mitochondrial electron transport 
chain for ATP production, and acetyl CoA, which together with oxaloacetate is 
transformed in the TCA cycle into citrate, which on export to the cytoplasm, can 
enter NADPH-producing reactions.

There are number of factors that collectively determine metabolic phenotype of a 
tumor, including the tissue of origin, the underlying cancer genetics and subtype, the 
tumor microenvironment, and other variables such as diet and host physiology, which 
lead to a vast intertumor heterogeneity in metabolism. In addition, individual cells 
within a tumor can explore distinct metabolic programs. The emerging view on cancer 
metabolism is that malignant cells have an ability to switch between different biochemi-
cal pathways in order to satisfy their immediate biosynthetic and energetic demands and 
to adopt to varying microenvironment [10]. However, the mechanisms by which cancer 
cells coordinate their metabolic activities and the conditions upon which cancer cells 
upregulate specific metabolic pathways are poorly defined.

Multiple studies suggest that cellular metabolism has an impact not only on bio-
logical behavior of tumors, but also on treatment response. The links between meta-
bolic processes and response to cancer therapeutics are complex and not fully 
understood. On the one side, metabolism and its derangement are involved in the 
initiation and execution of cell death at multiple levels and in regulation of cell sur-
vival [11, 12]. A hallmark of cancer cells is the ability to evade apoptosis. On the 
other side, increased aerobic glycolysis and glutamine metabolism under suppres-
sion of mitochondrial respiration in cancer cells contribute to resistance to various 
therapies by providing higher intracellular ATP and NADPH levels and extracellu-
lar acidification, to name a few proposed mechanisms [13]. Significant intertumor 
and intratumor heterogeneity and metabolic plasticity of tumors impose additional 
difficulties for cancer treatment.

To reach a deeper understanding of cancer metabolism, highly sensitive, quanti-
tative, high-resolution metabolic assays are critically needed. Established methods 
to characterize cellular metabolic activity include both solely laboratory techniques, 
e.g. mass spectrometry, routine analytical methods, molecular and genetic analyses, 
optical biosensors, and clinical imaging, e.g. positron emission tomography (PET) 
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with 18F-labeled fluoro-2-deoxyglucose, 13C magnetic resonance spectroscopy 
(MRS). All these methods, however, either destructive or require the use of exoge-
nous labeling of molecules of interests. Time-resolved optical imaging of endoge-
nous fluorophores has emerged as a powerful approach for non-invasive, label-free 
assessment of metabolic state of living cells in vitro and tissues in vivo.

The book chapter is organized as following. Section 3.2 gives biochemical basis 
of optical metabolic imaging by introducing fluorescent metabolic cofactors. In 
Sect. 3.3 we address theoretical background for time-correlated single photon 
counting (TSCPC) technique as all the described systems are based on it. 
Fluorescence lifetime imaging on a microscopic scale together with the examples of 
metabolic imaging in cancer cells, spheroids, and tumors is presented in Sect. 3.4. 
Section 3.5 reports about the developed system for fiber-based fluorescence lifetime 
measurements and its applications for interrogation of metabolic state of a tumor 
in vivo. Section 3.6 describes fluorescence lifetime imaging on a macroscale and its 
applications in cancer studies. Finally, the conclusions of the book chapter are pre-
sented in the Summary section.

3.2  Fluorescence Lifetime of Metabolic Cofactors 
as an Indicator of a Metabolic State

There are two groups of fluorescent molecules involved in various metabolic path-
ways in cells (1) reduced nicotinamide adenine dinucleotide NADH and its phos-
phorylated derivative NADPH (collectively denoted NAD(P)H) and (2) oxidized 
flavin adenine dinucleotide FAD and flavin mononucleotide FMN. These molecules 
function as coenzymes, being linked with various dehydrogenases. There is a con-
stant interchange between the reduced and the oxidized states of these molecules, 
which jointly constitute a redox couple (NAD+/NADH, NADP+/NADPH, FAD/
FADH2, FMN/FMNH2). The primary role of these cofactors, except NADPH, is 
the transfer of electrons across the respiratory chain of mitochondria. Reduced elec-
tron carriers NADH and FADH2 are produced in catabolic pathways by transferring 
electrons from the substrate to NAD+ and FAD. Subsequently, NADH feeds elec-
trons into complex I and FADH2—into complex II of the mitochondrial electron 
transport chain (ETC). ETC and oxidative phosphorylation (OXPHOS) reoxidize 
NADH and FADH2 and trap the released energy in the form of adenosine triphos-
phate (ATP). FMN, a prosthetic group of NADH-ubiquinone oxidoreductase (com-
plex I), accepts electrons from NADH and passes to FeS centers (iron-sulfur 
clusters). NADPH acts as a reducing agent during the synthesis of nucleic acids and 
lipids and plays a central role in defense against oxidative damage and detoxifica-
tion of reactive oxygen species.

NAD(P) H, FAD and FMN possess intrinsic fluorescence, detection of which is 
the basis for a group of methods referred as “optical metabolic imaging.” NADH 
and NADPH are spectrally identical—excitation peaks at 260  nm and 340  nm, 
emission peak at 460 nm. Flavin cofactors absorb light maximally at ~450 nm and 
emit at ~520 nm, with minor variations in spectra of FAD and FMN.
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While fluorescence of NAD(P)H is derived from both mitochondria and cytosol 
(mitochondrial NAD(P)H fluorescence is dominant), flavin fluorescence originates 
predominantly from mitochondrial flavoproteins [14], although additional subcel-
lular localizations (e.g., nucleus) cannot be ruled out.

The first approach to probe metabolism using fluorescence of the metabolic 
cofactors was developed in 1970th by B. Chance, who measured oxidation- reduction 
states of mitochondria taking the ratio of the fluorescence intensities of oxidized 
flavoproteins to reduced NADH [15, 16].

The “optical redox ratio” has been widely used as a simple, label-free metric of 
cellular redox states [16–18]. In a general case, the redox ratio is sensitive to the 
changes in the rates of glycolysis and mitochondrial respiration. NADH is gener-
ated during glycolysis, therefore enhanced glycolysis causes decrease in FAD/
NADH ratio, which is often observed in cancer. Activation of oxidative metabolism 
increases the portion of oxidized and decreases the portion of reduced cofactors, 
which results in increased FAD/NADH ratio. However, the intensity-based redox 
ratio imaging and interpretation face some challenges associated with the fact that 
emission intensity is influenced by many factors besides concentration of the fluo-
rophores, e.g. conformation or binding to proteins, light scattering and absorption—
especially in tissues, excitation power, and participation of the same cofactors in 
various metabolic pathways.

Fluorescence lifetimes of NAD(P)H and flavoproteins provide an additional 
dimension to probing the cellular metabolic status.

For NAD(P)H, the fluorescence lifetime largely depends on binding to enzyme. 
This observation was first reported by Lakowicz et al. in 1992 [19]. Freely diffusing 
NAD(P)H has distinctly shorter fluorescence lifetime (~0.3–0.5 ns) due to the large 
rate of non-radiative relaxation mediated by small scale motion of the nicotinamide 
ring [20]. The fluorescence lifetime of protein-bound NADH is, at least, threefold 
higher and strongly vary—on average, in the range 1.2–2.5 ns in solutions [21, 22], 
when bound to different enzymes, which is presumably attributed to different levels 
of conformational restriction upon binding. Moreover, the fluorescence lifetime of 
enzyme-bound NADH may increase upon formation of a ternary complex with the 
specific substrate [23]. Protein-bound NADPH possesses a significantly larger fluo-
rescence lifetime (~4.4 ns) than protein-bound NADH within the cellular environ-
ment [24]. Therefore, fluorescence lifetime of NAD(P)H depends on the composition 
and activity of NADH-binding enzymes and the amount of the phosphorylated form 
of NADH.

Currently, nonlinear curve-fitting analysis is the most common approach to ana-
lyze fluorescence lifetimes. With a large range of different enzymes to which 
NAD(P)H can bind, it is natural that its fluorescence is characterized by a complex 
multi-exponential decay. However, limited photon counts, acquisition and computa-
tional times, especially when measurements are made in live cells or tissues, allow 
to resolve most effectively only two lifetime components. When using a bi- 
exponential function for fitting NAD(P)H fluorescence decay, the first (short, t1) 
component is attributed to its free, and the second (long, t2) component to its 
protein- bound state, and their relative amplitudes (a1 ~ 85% and a2 ~ 15%) reflect 
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the relative amounts of free and protein-bound NAD(P)H. The three-exponential 
model for fitting NAD(P)H fluorescence decay is appropriate for estimation of the 
contribution of protein-bound NADPH, as was suggested by Blacker et  al. [24]. 
Three-exponential fitting requires larger photon numbers compared to single and 
bi-exponential fitting. Therefore, fixation of the one of the fluorescence lifetimes 
significantly relaxes the requirements on the minimum photon numbers and speeds 
up the computational times. This approach is more appropriate for the cells with 
increased NADPH level, for example, for stem cells undergoing adipogenic differ-
entiation [25]. In general, NADPH contribution in FLIM of most cell and tissue 
types is not taken into account, because of its much lower concentration compared 
with NADH and insensitivity to perturbations in energy metabolism [26].

There is also possible to use four-exponential model for fitting NAD(P)H fluores-
cence decay curves bearing in mind that the free NADH has two decay components 
[27]. However, as in case with three-exponential fitting, one has to fix at least two 
lifetime components to be able to analyze the data with the limited photon budget.

We have to mention that phasor analysis has become recently a quite effective 
tool in the evaluation of the fluorescence lifetime data of NADH [28, 29]. However, 
the detailed description of it is out of scope of this book chapter.

In contrast to NAD(P)H, flavin cofactor in the form of FAD or FMN, more spe-
cifically termed a prosthetic group, is permanently linked to the protein [30]. 
Fluorescence of FAD decays multiexponentially with two major lifetime compo-
nents—around 7 ps and 2.7 ns in aqueous solution [31]. The presence of two life-
time components is due to existence of FAD in two conformations—“closed” or 
stacked, in which the coplanar isoalloxazine and adenine rings interact through π-π 
interactions, resulting in very efficient fluorescence quenching, and “open” or 
unstacked, in which the two aromatic ring are separated from each other. The major-
ity of FAD molecules are in a closed conformation, that determines low quantum 
yield of its fluorescence (0.033) [32]. FMN and riboflavin (vitamin B2), the precur-
sor of flavin cofactors, exhibit monoexponential fluorescence decays with lifetime 
~4.7 ns and ~5.1 ns, correspondingly [17].

Among flavins, FAD is the most abundant in tissues, while concentration of 
FMN is typically 3–5 times lower and riboflavin—40-400 times lower [33, 34], 
although in cultured cells riboflavin concentration can be comparable with FAD 
[35]. For flavoproteins, the emission maxima and quantum yield are dependent on 
the nature of the flavin-binding site [36].

It is common for fluorescence decay of the cellular flavins to be best fit by a bi- 
exponential model, where the short lifetime component (~0.3 to 0.4 ns, ~75 to 85%) 
is consistent with the quenched state of FAD and the long lifetime component (~2.5 to 
2.8 ns, ~15 to 25%) contains contributions from unquenched FAD, FMN, and ribofla-
vin. Given that the discrimination of different flavins within cells is problematic, bio-
chemical interpretation of the fluorescence lifetime measurements remains a challenge.

Furthermore, in cancer cells and tumors with mitochondrial respiration malfunc-
tion fluorescence emission from flavins is often fairly weak and insufficient to col-
lect the required number of photons for FLIM. Therefore, most of the metabolic 
studies with FLIM are concentrated on NAD(P)H.
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3.3  Technical Basis of Time-Correlated Single 
Photon Counting

Time-correlated single photon counting (TCSPC) is a technique that allows to 
record photons, measure their time relative to the excitation pulse, and build up a 
histogram of the photon times [37]. The technique uses the fact that for low level, 
high-repetition-rate signals the probability to detect one photon per laser period is 
extremely low. That means that there are many signal periods that do not contain 
photons, and only few contain just one.

To measure fluorescence decay curves, one excites the sample with a train of 
short pulses (typically in the ps or fs range). Then emitted fluorescence photons are 
registered by a detector operating in a single photon counting mode, and their time 
with respect to the excitation pulse is recorded. With each pulse, more and more 
photons are recorded and the statistical distribution of the photons within the laser 
period is built up. The principle of TCSPC is shown in Fig. 3.1.

This method of decay curves measurements is very effective as all the registered 
photons contribute to the statistical distribution. The efficiency in this case is much 
higher than for recording techniques that shift a time-gate over the optical wave-
form [38].

Another advantage of using TCSPC for fluorescence decay measurements com-
pared to other methods is that its time resolution is better than the width of the 
single- electron response of the detector, as the arrival times of the detector pulses 

Fig. 3.1 The principle of time-correlated single photon counting technique
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can be measured with an accuracy much better than the width of the pulses. That in 
its turn means that the instrument response function determined by the transient 
time spread of the pulses at the detector can be much shorter than the single photon 
response of the detector. Finally, TCSPC technique is not sensitive to the waveform 
changes during the recording process as it measures an average waveform.

On the other side, if a time-gating approach is used, this may result in a distorted 
waveform in this case.

The photon distribution can be built up not only with respect to the time after the 
excitation pulse (one-dimensional TCSPC), but also with respect to other parame-
ters (multi-dimensional TCSPC), like the spatial coordinates, the wavelength, the 
time from the start of experiment, polarization, etc. Depending on which and how 
many additional parameters are used, different photon distributions are obtained. 
The data that will be presented later in this book chapter is based on the TCSPC 
measurements recorded with one or two variable parameters. In the first case (one 
parameter-time after the excitation laser pulse) the experiments represent single 
point, or fluorescence lifetime spectroscopy measurements. In the latter case (two 
parameters, and that are the time after the excitation pulse in each laser period and 
the spatial coordinates within an image area), the measurements result in the build-
ing up fluorescence lifetime image, or FLIM.

3.4  FLIM-Microscopy

The principle of multi-dimensional TCSPC in laser scanning microscopy (LSM) is 
shown in Fig. 3.2.

In LSM, the sample is scanned with a focused beam of a pulsed laser (usually 
femtosecond or picosecond). Unlike one-dimensional TCSPC, the multi-parameter 
TCSPC involves determination of the laser beam position in addition to counting 
the number of photons in each period of laser pulses and estimation of the arrival 
times at  the detector. The spatial coordinates are determined by transferring scan 
synchronization signals from the scanner to the single photon counting module: a 
“frame” pulse indicates the beginning of a new frame, a “line” pulse—the beginning 

Fig. 3.2 Concept of multi-dimensional TCSPC
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of a new line, and a pixel pulse—the transition to the new pixel within the line. The 
spatial coordinates of the photons are determined by counting these pulses.

Based on the registered parameters (number of photons, photon arrival times, 
and spatial coordinates), spatial-temporal photon histograms which are in the basis 
of the time-resolved fluorescence microscopy, or fluorescence lifetime imaging 
are built up. If other photon parameters (e.g., wavelength) are registered in addition 
to spatial coordinates, this represents the three-parameter version of FLIM—spec-
tral time-resolved fluorescence microscopy [39, 40].

From the point of view of biological studies, it is essential that the TCSPC-based 
FLIM allows identification of curves with complex (multi-exponent) profiles of 
fluorescence decay. It is also important that this method is insensitive to fluctuations 
in the laser power and fully compatible with fast scanning realized in modern LSM: 
scanning is continued until the photon statistics sufficient for the generation of reli-
able results of image analysis is accumulated. It should be mentioned that while 
photon statistics is not so essential in the standard fluorescence microscopy, the 
number of photons is a defining factor for accurate data analysis in the time-resolved 
fluorescence microscopy.

Apparently, the more complex the exponential descriptions of the decay curves 
are, the higher number of photons must be accumulated for correct estimation of 
fluorescence lifetimes. That is why the times for data accumulation in the TCSPC- 
based FLIM are longer than in the standard LSM.

Furthermore, the counting rate in the TCSPC-based systems is limited by the so- 
called accumulation effects [37]. The essence of these effects lies in the fact that if 
a very powerful laser radiation hits the sample and the rate of fluorescence photon 
emission is very high, the probability of the second photon arrival at the detector 
over one laser period (which means that this photon will be “ignored” by the elec-
tronics) increases, which can alter the decay curve profile. To avoid this, the rate of 
photon emission by the sample should not exceed 10% of the laser pulse repetition 
rate. This mode is realized in the majority of LSM setups to prevent the photodeg-
radation of biological samples.

Laser scanning microscopes that allow to do FLIM experiments are typically 
equipped with either ps or fs lasers. While one-photon excitation with ps lasers 
makes a system cheaper, there are number of advantages of using two-photon exci-
tation with fs lasers. First, multiphoton processes are excited only at the focal spot 
where the photon flux density is high enough for the nonlinear process to occur, 
eliminating the need for the confocal detector pinhole. Second, the illuminating 
laser is typically operates in the near infrared rather than in the visible or ultraviolet 
spectral regions. Using such long excitation wavelengths results in a deeper penetra-
tion due to lower scattering and causes less photodamage to the samples [41].

The first metabolic study with the use of multiphoton TSCPC-based FLIM- 
microscopy was reported by Bird et al. in 2005 [42]. The authors measured fluores-
cence lifetimes and ratio of free and protein-bound NADH in live cultured human 
breast cells upon chemical perturbations.

Multiphoton FLIM-microscopy of NADH was reported to detect the changes in 
metabolism with neoplasia development in vivo [43]. Using hamster cheek pouch 
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model of carcinogenesis, the authors showed that the fluorescence lifetime of 
protein- bound NADH and its contribution to the fluorescence signal could serve as 
a marker that allowed differentiation between normal and pre-cancer tissue. Later 
the ability of FLIM-microscopy to distinguish cancer cells from normal ones on the 
basis of autofluorescence was demonstrated in different systems—from cultured 
cells of different origin to tumor samples. For example, this was shown for leukemia 
cells in vitro [44], breast cancer cells [21, 45], squamous carcinoma cells [46], head 
and neck squamous cell carcinoma [47] and for human lung cancer ex vivo [48], 
experimental glioma tissue [49], and mouse breast tumors [50]. Several of these 
studies [21, 44, 45, 47, 48] observed a shift towards shorter mean fluorescence life-
time and a higher ratio of free/bound NADH in malignant cells, which correlated 
with their glycolytic phenotype, while others reported on elongation of the NADH 
lifetime in cancer [45, 46, 49, 50], suggesting an important role of 
OXPHOS. Combination of metabolic FLIM-microscopy with phosphorescence 
lifetime measurements from oxygen-sensitive probes was shown to be promising 
approach to explore a relation between metabolic phenotypes and oxygen tension 
[51, 52].

A significant advantage of FLIM-microscopy over other FLIM modalities is the 
ability to produce a (sub)cellular resolution, which is essential in terms of metabolic 
heterogeneity at the cellular level.

As revealed by two-photon FLIM-microscopy, NAD(P)H exhibits a heteroge-
neous fluorescence lifetime (i.e., quantum yield) throughout living cells. The appre-
ciable differences in NAD(P)H lifetime were shown between different cellular 
compartments; particularly, the relative contribution of the protein-bound species in 
mitochondria is larger than in cytosol or in nucleus [18, 21, 53]. Segmented cell 
analysis of FLIM images was proposed as a relevant approach to separate mito-
chondrial OXPHOS from cytosolic glycolysis in cancer cells [18].

Specifics of cellular metabolism enables FLIM-microscopy to distinguish 
between different subpopulations of cells that constitute the tumor and visualize the 
changes accompanying cellular interactions. For example, Heaster et  al. demon-
strated the feasibility of using the NAD(P)H and FAD fluorescence lifetimes and 
intensity-based redox ratio to discriminate proliferating, quiescent, and apoptotic 
cell populations in an acute myeloid leukemia model and generated classification 
algorithms based on a combination of all measured variables to improve separation 
between cell groups [54]. Using FLIM we also observed significant metabolic dif-
ferences between proliferating cells of the outer layers and quiescent cells of the 
inner layers of multicellular spheroids (Fig. 3.3B) [55]. The common observation is 
that proliferating cancer cells use more glycolytic metabolism compared to quies-
cent cells and, consequently, display increased contribution of free NAD(P)H; other 
parameters can differ as well. Apoptotic cells show increased mean fluorescence 
lifetimes of NAD(P)H and FAD, increased lifetimes of the long components 
NAD(P)H and FAD, decreased contribution of free NAD(P)H, and decreased con-
tribution of short lifetime FAD, indicating an elevated level of OXPHOS and bind-
ing cofactors to different enzymes [54, 56, 57].
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Trinh et al. identified a significant shift towards longer NADH fluorescence life-
times, suggesting an increase in the fraction of protein-bound NADH, in the inva-
sive stem-like tumor-initiating cell subpopulation relative to the tumor mass-forming 
cell subpopulation of malignant gliomas [58].

The metabolic crosstalk between cancer cells and cancer-associated fibroblasts—
the main stromal cell type of solid tumors—was examined in several studies with 
the use of FLIM.  Specifically, it was shown that metabolic changes occurred in 
cancer cells and normal fibroblasts as a result of their interaction in a co-culture 
model; we observed a shift towards glycolysis in HeLa cancer cells, and from gly-
colysis to OXPHOS in fibroblasts (Fig. 3.3A) [59]. Walsh et al. found that isolated 
tumor-associated fibroblasts displayed decreased redox ratio NAD(P)H/FAD and 
increased mean fluorescence lifetimes of NAD(P)H and FAD compared to 3D 
organoids generated from primary pancreatic ductal adenocarcinoma [60]. Analysis 
of the metabolic status of cancer-associated and normal fibroblasts using FLIM 
revealed increased metabolic activity of fibroblasts derived from patient’s colon 
tumor with a shift to more oxidative metabolism compared to dermal fibroblasts [61].

Cellular-level metabolic heterogeneity was visualized by FLIM-microscopy in 
tumor models in  vivo in a few studies. The elegant experiments by Szulczewski 

Fig. 3.3 Metabolic heterogeneity at the cellular level visualized by two-photon FLIM-microscopy. 
(A) The NAD(P)H-τm and FAD-τm FLIM images of co-culture of HeLa cancer cells and human 
skin fibroblasts. (B) The transmitted-light (upper) and NAD(P)H – a1% fluorescence lifetime (bot-
tom) images of HeLa tumor spheroid. FLIM corresponds to the square area marked with a dashed 
white line. (C) The varying responses to chemotherapy with cisplatin in HeLa cells. The NAD(P)
H-a1/a2 images are shown for the same field of view before treatment (control, left image) and at 
6 h exposure (cisplatin, right image). Scale bar: 50 μm
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et al. demonstrate that at least two different sets of abundant cell types can be dis-
tinguished in a live mouse tumor by their endogenous fluorescence: cancer cells 
with high NAD(P)H fluorescence intensity and stromal cells with high FAD inten-
sity. The latter were found predominantly outside of the tumor and concentrated 
mainly in the stroma, along collagen fibers, and verified to be tumor-associated 
macrophages. Notably, macrophages had significantly shorter τ mean of NAD(P)H 
with a greater fractional component of free NADH, indicating glycolytic- like 
metabolism [62]. In our previous study on human cervical carcinoma xenografts, 
we also detected a cellular population with greater contribution of free NAD(P)H in 
a collagen-rich zones compared to majority of cells comprising the tumor mass 
[63]. Yet, the interpretation of in vivo data remains challenging due to the difficulty 
of identifying specific cell types within tumor and a variety of factors that collec-
tively determine the metabolic profile of cells.

Multiple studies demonstrate that anti-tumor therapies induce changes in the 
optical redox ratio and fluorescence lifetimes of NAD(P)H and FAD, and the extent 
of these changes correlate with responsiveness to the treatment. For example, in the 
study by Shah et al. head and neck squamous cell carcinoma cell lines were treated 
with cetuximab (anti-EGFR antibody), BGT226 (PI3K/mTOR inhibitor), or cispla-
tin (chemotherapy) [47]. Results showed a decreased redox ratio NAD(P)H/FAD 
and decreased contribution of free NADH-a1 with BGT226 and cisplatin treatment 
and decreased FAD-a1 with cisplatin treatment, which agreed with decreased pro-
liferation and glycolytic rates. Treatment with cetuximab had no effects on the met-
abolic imaging variables neither on proliferation nor on glycolysis rate. Similar 
changes in redox ratio and NAD(P)H lifetime were detected in our study on human 
cervical cancer cells and xenografts after therapy with cisplatin, which correlated 
with inhibition of cancer cells growth [64]. Walsh et al. detected decreased redox 
ratio NAD(P)H/FAD and decreased mean fluorescence lifetime (τmean) NAD(P)H 
and FAD in HER2-overexpressing human breast cancer xenografts in mice treated 
with trastuzumab (herceptin, HER2 inhibitor). This response was confirmed with 
tumor growth curves and stains for Ki67 and cleaved caspase-3 [45]. In general, 
targeted therapy promoted more complex metabolic rearrangements, not easily 
interpreted, due to alterations at the level of signaling pathways and genes involved 
in regulation of cellular metabolism. In a recent work, we observed increase in the 
NAD(P)H τmean m and decrease in the free/bound NAD(P)H ratio in mouse colorec-
tal tumors after chemotherapy with each of three drugs—cisplatin, paclitaxel, and 
irinotecan [65]. We should note that the treatment with different chemotherapeutic 
agents caused similar changes in the optical metabolic parameters. These changes 
serve as an indicator of the switch to a more oxidative/less glycolytic metabolism, 
which is rational for cells with disrupted cell division and decreased proliferative 
capacity.

It is important to mention that the changes in cellular metabolism, resolved by 
FLIM, precede manifestations of cell death and tumor size reduction, which allows 
to consider autofluorescence parameters as early indicators of drug efficacy.

With FLIM-microscopy longitudinal tracking of cells can be performed in the 
course of treatment, and subpopulations with different drug sensitivities can be 
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identified on the basis of optical metabolic metrics. In our previous study, we moni-
tored the metabolic activity of the same cervical cancer cells using fluorescence 
intensity and lifetime measurements of NAD(P)H and FAD in response to paclitaxel 
or cisplatin treatment (Fig. 3.3C) [55]. Among the optical metrics (the fluorescence 
intensity-based redox ratio FAD/NAD(P)H, and the fluorescence lifetimes of 
NAD(P)H and FAD), the fluorescence lifetime of NAD(P)H was the most sensitive 
to resolve heterogeneous drug response. It was found that metabolic changes devel-
oped faster in the more responsive (dying) cells. In the recent studies, the measure-
ments of NAD(P)H, FAD, and tryptophan (Trp) lifetimes and their enzyme-bound 
fractions in individual cancer cells allowed to map heterogeneity in response to 
doxorubicin treatment [66, 67]. By measuring the optical redox ratio NAD(P)H/
FAD and fluorescence lifetimes of NAD(P)H and FAD, Shah et  al. observed 
increased metabolic heterogeneity in FaDu tumor xenografts of mice treated with 
cetuximab or cisplatin compared with untreated control [68]. To quantify the level 
of cellular metabolic heterogeneity and make quantitative comparisons across treat-
ment groups, they developed a heterogeneity index that incorporates the number of 
subpopulations, evenness between subpopulations, and distance between subpopu-
lations in frequency histograms for each optical metabolic imaging variable.

A series of studies was performed by Melissa Skala’ group to validate micro-
scopic metabolic imaging of primary tumor organoid cultures to accurately predict 
drug response [60, 69, 70]. The possibility to detect early, heterogeneous treatment 
response, on a label-free basis with cellular resolution makes FLIM-microscopy an 
attractive platform for testing drugs on patient-derived cancer cells for individual-
ized treatment planning.

3.5  Time-Resolved Fluorescence Spectroscopy

The measurement of autofluorescence signals from the coenzymes for comprehen-
sive tumor analysis in vivo is technically challenging. While the signals from the 
surface of the tumors can be analyzed rather easily, the analysis of the luminescence 
from the volume of the tumor is hindered by strong absorption and scattering in the 
UV and blue spectral region. Even in red and near-infrared regions scattering in the 
tissue still deteriorate the signals. Thus, luminescence from tissues can be retrieved 
only within 1 mm from a surface irrespective of a wavelength and makes the quan-
titative analysis of NAD(P)H/FAD fluorescence rather difficult.

Fiber-optic based spectroscopic sensing and imaging have been previously 
employed for chemical quantification of the tissues, including FLIM and Raman 
spectroscopy [71, 72]. Fiber-optic probes have also been used for in vivo depth-
resolved neuron-activity mapping, both with two-photon and one-photon configura-
tions [73, 74]. One of the first applications of time-resolved spectroscopy for skin 
cancer based on analysis of autofluorescence from NAD(P)H and using a fiber was 
described in the work of P.A.A. de Beule et  al. from P.  French group [75]. The 
authors presented an approach based on analysis of both fluorescence spectrum and 
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fluorescence lifetime of endogenous fluorophores that allowed to discriminate basal 
cell carcinoma skin cancer from healthy skin tissue in ex vivo human skin lesions.

An optical fiber integrated in a thin needle that is inserted into a tumor is a prom-
ising approach for the delivery and collection of the luminescence signal from the 
internal layers of the tissue. Such an attempt has been demonstrated for two-photon 
probing of xenograft tumors in mice using MCA 207 cells expressing green fluores-
cent protein (GFP) [76]. Measuring the fluorescence of intrinsic fluorophores poses 
a few challenges. The quantum yields of NADH and FAD are low, and so are the 
intensities [77]. A second problem is fluorescence from the optical fibers. The exci-
tation wavelength is in the ultraviolet or blue range of the optical spectrum. 
Fluorescence from the fibers at these wavelengths can easily be stronger than that 
from the sample. Two-photon excitation may be employed to overcome the difficul-
ties generated by autofluorescence from fibers, but at the expense of costs and bulki-
ness of the setups. Alternatively, one may use hollow waveguide (HW) [78] or an 
air-core photonic crystal fibers (PCF) [79]. In both cases, the excitation beams are 
guided through the air-core, thus, the background signals originating from the core 
material are not inherently generated. However, the HW has a disadvantage of a low 
numerical aperture (NA), which reduce the collection efficiency of the signal. 
Moreover, the air holes of the HW and PCF should not be directly in contact with 
the liquids to avoid damage due to the capillary action. Finally, there are no readily 
available PC fibers in the UV region and, in general, they are very expensive.

The problems associated with the time-resolved fluorescence measurements 
with a fiber have been addressed in our recent paper [80]. The authors proposed a 
fiber-optic configuration that allowed to overcome the problem with background 
autofluorescence from the fiber core and enable measurement of weak fluorescence 
from NAD(P)H and phosphorescence from oxygen sensors from the deep layers of 
a tumor in vivo. The generalized scheme of the experimental setup is presented in 
Fig. 3.4.

Using this system, spectroscopic measurements of NAD(P)H fluorescence life-
time were performed in model experiment in solutions and in colorectal tumors in 
mice in vivo. The mean fluorescence lifetime in tumors was considerably shorter, 
and the relative contribution of free NAD(P)H in tumors was greater than in muscle, 
indicating a shift to more glycolytic metabolism in tumor tissue as compared to 
muscle. Simultaneous measurements of phosphorescence lifetime of oxygen-sensi-
tive probe administrated into the tissue showed increased values in tumor reflecting 
reduced oxygenation, which correlated with its glycolytic state.

In a recent study, we have used fiber-optic-based spectroscopy to investigate 
metabolic response of the tumors to chemotherapy with irinotecan. In vivo fluores-
cence time-resolved sensing of NAD(P)H showed decreased contribution from the 
unbound NAD(P)H fraction in the treated tumors in mice compare with untreated 
control (Fig. 3.5), which is in agreement with our studies using FLIM-microscopy.

Although the examples of time-resolved measurements of intrinsic fluorescence 
using optical fiber-based systems are rather few, this approach has promises for 
development of clinical FLIM endoscopy.
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Fig. 3.4 Experimental setup for fluorescence/phosphorescence spectroscopy measurements. 
MMF1: Multimode fiber (core diameter: 50 μm, cladding diameter: 65 μm); MMF2: Multimode 
fiber (core diameter: 200 μm, cladding diameter: 220 μm); C: miniature connector; P: exchange-
able probe with a multimode fiber (core diameter: 300 μm, cladding diameter: 350 μm) in a needle 
G26) (see Visualization 1); FC-FC connector; D1 and D2: HPM-100-40 detector. F1/2: emission 
filters 510LP and 632/90 BP. F3/4: 405LP and 450/60BP. DM: 510 LP dichroic mirror. (Reprinted 
with permission from [80])

Fig. 3.5 In vivo one-photon fluorescence time-resolved spectroscopy of NAD(P)H in mouse 
colorectal tumors in response to irinotecan. (A) Fluorescence decay curves of NAD(P)H in the 
specific spots in subcutaneous tumors. (B) Relative amplitude of free NAD(P)H (a1%) calculated 
from the in vivo decay curves. Mean ± SD, n = 3 tumors, 5–7 measurements from each tumor. 
Measurements were performed on the 14th day of tumor growth
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3.6  FLIM-Macroscopy

Extending FLIM from microscopy to macroscopy is an extremely important issue 
in cancer studies. While it is essential to have a subcellular resolution to follow 
metabolic processes on a single cell level, it is also critical to understand metabolic 
status of a living system at the large scale. Intratumoral metabolic heterogeneity at 
the cellular level is, to a considerable degree, determined by heterogeneous micro-
environment within a tumor, namely, the architecture of extracellular matrix, orga-
nization of vasculature, infiltration of immune cells and fibroblasts, and interaction 
with surroundings. As a result, heterogeneity of the metabolic picture on the macro-
scopic level can be even more pronounced than on the cellular level.

Although there have been a few systems developed for whole-body small animal 
FLIM, they are insensitive to tissue autofluorescence and have poor spatial resolu-
tion [81–83].

Recently, we have used a confocal macro-FLIM system to record fluorescence of 
NAD(P)H and to investigate heterogeneity of tumors on macroscale. The operation 
of the macroscanner is described in detail elsewhere [84, 85]. Briefly, the macro-
scopic imaging is performed by scanning of the objects placed directly in the image 
plane of a confocal scan head. To combine NAD(P)H imaging with observation of 
other spectrally distinct fluorophores, there are two excitation and two detection 
channels in the system.

The optical principle for time-resolved macroscopic scanning system is shown in 
Fig. 3.6. The image plane of the scan lens is brought in coincidence with the sample 
surface. As the galvo-mirrors change the beam angle the laser focus scans across the 

Fig. 3.6 Schematics of the macroscanner for two-channel FLIM.  D: HPM-100-40 detector 
(Becker & Hickl GmbH, Germany), F1, F3: long pass filters; F2, F4: bandpass filters; A: pinhole; 
L3: detector focusing lenses (f = 50 mm); L1&L2 telescope lenses (f1 = 7.5 mm; f2 = 45 mm); BC 
beam combiner mirror, MD main dichroic mirror, GM galvo-mirrors, SL scan lens (f = 40 mm); S 
sample. (Reprinted with permission from [85])
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sample. Fluorescence signal produced by the sample is collimated by the scan lens, 
descanned by the galvo-mirrors, and separated from the excitation light by the main 
dichroic beamsplitter.

Usually, the signal further can be separated into two spectral or polarization 
channels, and focused into the pinholes. Light passing the pinholes is sent to detec-
tors. The maximum diameter of the image area in the primary image plane of the 
scanner is about 18 mm. The size of the laser spot in the image plane is about 15 μm. 
While the numerical aperture of the excitation beam path is determined by the beam 
diameter (about 1.5 mm) and the focal length of the scan lens (40 mm), the detection 
path is determined by the scan lens and the aperture of the galvo-mirrors (3 mm). 
Since the incoming laser beam under-fills the lens aperture, the numerical aperture 
in excitation is smaller than in the detection.

Overall, collection efficiency of a macroscanner is considerably lower compared 
to the system consisting of the scanner combined with a microscope. However, in 
macroscopic imaging one can use much higher laser power, which compensates for 
low collection efficiency. The power is distributed over a large area so that photo-
bleaching is not a problem. The acquisition time of this system depends on the 
number of pixels and the desired number of photons for the accurate evaluation of 
the fluorescence lifetimes.

The performance of metabolic FLIM on a macroscale was demonstrated in 
mouse tumors in vivo and rat glioma samples ex vivo.

In the in vivo study we visualized NAD(P)H fluorescence lifetime in a whole 
tumor inoculated subcutaneously in live mice. Since 375 nm wavelength is used for 
one-photon excitation of NAD(P)H, the skin flap was surgically opened to image 
tumor. As expected, a solid advanced tumor displayed essential spatial variations of 
the fluorescence lifetime parameters of NAD(P)H. Comparisons between tumor and 
muscles showed an increase in the contribution of the free NAD(P)H in tumor tis-
sue, suggesting a shift to glycolytic metabolism, similarly to the above mentioned 
spectroscopic measurements [84].

A large field of view in the macro-FLIM opens the opportunity to explore metab-
olism not only in the whole tumor in animal, but also in intraoperational centimeter 
sized samples of patients’ tumors. The metabolic differences between cancer and 
adjacent normal tissue, if detected by FLIM at the macroscale, can serve for delin-
eation of tumor margins, which is extremely important in glioma surgery. We have 
made an attempt to evaluate the capability of macroscopic FLIM to delineate gli-
oma margins in rat models on the basis of NAD(P)H fluorescence lifetime parame-
ters recently (Fig. 3.7) [86]. It was found that, in comparison with normal brain 
tissue, anaplastic astrocytoma had longer values of mean fluorescence lifetime and 
fluorescence lifetime of a bound fraction of NAD(P)H. Moreover, we have observed 
decreased contribution from a free NAD(P)H. This shows the potential of macro- 
FLIM for tumor delineation. The changes in the optical metabolic readouts in the 
brain tumors are consistent with studies that report on elevated levels of fatty acid 
oxidation and glutaminolysis in glioma cells [8, 87]. With further development, 
macro-FLIM can find use in the clinic as a sensitive and precise method for identify-
ing the edges of tumors during surgery.

M. V. Shirmanova et al.



149

3.7  Summary

A significant progress in the field of cancer metabolism led to understanding that the 
changes in metabolism in cancer cells are not a simple consequence of the uncon-
trolled proliferation, but are rather a coordinated and complementary program that 
promote tumor growth. An increased interest in tumor metabolism in recent years 
has been driven by the idea to exploit the altered and heterogeneous metabolism of 
cancer cells to develop personalized therapeutic approaches and to find new targets 
for therapy. Novel imaging technologies that allow detection of intrinsic fluores-
cence and measurement of its lifetime open the possibility to monitor metabolic 
state of living cells and tissues non-invasively, in real time. FLIM based on TCSPC 
is one of such technologies. Metabolic imaging done by fluorescence lifetime and 
intensity measurements is often associated with Fluorescence Lifetime Imaging 
Microscopy. Consequently, it is often believed that FLIM of metabolism is related 

Fig. 3.7 Macro-FLIM of glioma in rat brain. Representative fluorescence lifetime images of 
NAD(P)H in freshly excised brain with anaplastic astrocytoma. τmean is an amplitude weighted 
fluorescence lifetime. a1/a2 is free/bound ratio. In the histogram of the normalized pixel frequency 
red and black lines represent the distribution of free NAD(P)H in the tumor and in the adjacent 
tissue, respectively. The tumor is marked with a white dashed line. Collection time: 120 s. Scale 
bar: 5 mm
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to the microscopic level. This is certainly not correct, because now TCSPC-based 
fluorescence lifetime measurements can be also realized on the macroscale. Recently 
developed macro-FLIM allows to interrogate metabolism on the scale of a whole 
tumor. It gives an opportunity not only to observe the heterogeneity of the tumor on 
a large scale, which is important from a fundamental point of view, but also to deter-
mine the surgical margins of tumors with high precision, and this is essential for 
clinical applications. Another method to probe tumor metabolism is not related to 
imaging option, but rather to time-resolved fluorescence single point measurement 
via a fiber. While this approach does not deliver a map of metabolic state of the 
tumor, it offers an opportunity to explore its deep layers, since strong scattering and 
absorption of an excitation light at the surface of the tissue is not an issue any more. 
Combination of all the modalities may give new insights in the complicated picture 
of tumor metabolism, not only being limited to experimental models of cancer but 
also extending to patient’s tumors. Moreover, correlation of metabolic measure-
ments with other physiological parameters measured using spectrally distinct exog-
enous sensors, i.e. multi-parametric recordings, will enhance their value and provide 
more details of fundamental aspects of cancer biology.
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