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ABSTRACT

Nonlinear optical microscopy combined with fluorescence lifetime imaging is a non-invasive imaging technique,
based on the study of fluorescence decay times of naturally occurring fluorescent molecules, enabling a non-
invasive investigation of the biological tissue with subcellular resolution. Cancer exhibits altered cellular
metabolism, which affects the autofluorescence of metabolic cofactors NAD(P)H and FAD. In this study features
of tumor metabolism in different systems of organization (from cell culture to patient lesion) was showed. The
observed differences in the relative contributions of free NAD(P)H and FAD testify to an increased a glycolytic
metabolism in cancer cells compare to fibroblasts. In 3D spheroids, the cells of the proliferating zone had greater
al and lower tm values than the cells of the quiescent zone, which likely is a consequence of their higher
glycolytic rate. During the growth of colorectal cancer in the experimental mouse model, the contribution of the
free component of NAD(P)H was increased. Dysplastic nevus and melanoma is characterized by raised
contribution of free NADH compare to healthy skin. Therefore, melanoma cells had very short value of t1.

1. INTRODUCTION

Highly proliferative cancer cells have greater needs for energy and building blocks for the synthesis of
macromolecules (nucleotides, protein, and lipids) in order to duplicate genome and biomass [1, 2]. The best
characterized metabolic feature observed in tumor cells is the Warburg effect, which is a prevalence of glycolysis
over oxidative metabolism, even under normal oxygen concentrations [3]. At the same time, slow-cycling cancer
cells use oxidative phosphorylation (OXPHOS) and a mitochondrial supply of ATP [4]. There is a hypothesis that
the lowering of oxidative metabolism can promote multiple drug resistance and help the cells to escape from
apoptosis [5]. Furthermore, it has been determined that tumors are extremely metabolically heterogeneous, and
metabolic phenotypes may vary from one cell to another [6]. Besides, some cancer cells can reversibly switch
between glycolysis and oxidative metabolism, depending on the environmental conditions [5]. Although aerobic
glycolysis is often found in malignant tumors, OXPHOS still contributes much to energy production in cancers
and play an active role in cancer metabolism [6, 7]. It is suggested that cancer metabolism can serve as an
indicator of efficiency of anticancer treatment and be used for better understanding the mechanisms of action of
anticancer drugs [8-10]. Multiphoton fluorescence lifetime imaging (FLIM) is a promising non-invasive
technique for a large number of biological applications. Among the FLIM techniques, Time Correlated Single
Photon Counting (TCSPC) FLIM delivers the highest time resolution and the best lifetime accuracy or photon
efficiency [11]. The use of the TCSPC FLIM method has been widely demonstrated in oncology for not only
basic research on cell cultures and animal tumor models but also for clinical imaging of tissue samples from
patients [12]. FLIM imaging techniques are divided into microscopic systems with cell resolution for cell culture
analysis in 2D and 3D conditions (laser scanning microscopy with FLIM module), a live mouse and patient
imaging system: with cell resolution (multiphoton tomography), the whole body (macroscanning system) and
systems based on fibers for measuring metabolic cofactors inside tissues (fiber system) [13]. Combination of
different living systems, such as cancer cell cultures, 3D spheroids and organoids, living tumor bearing mice and
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even patients with FLIM imaging permit to solve some fundamental and practical tasks. For example, in cell
culture we can investigate some fundamental process in cancer development and discover the new mechanisms of
drug response, open new check points for tumor treatment. In 3D spheroids it is possible visualize tumor
heterogeneity and specific features of cancer cells response in dependence of Oxygen and nutrition presence.
Also, this system can be applied for creating short time 3D cell cultures, like organoids, from fresh patients tumor
species. This approach can help validate the drug activity a special for this patient [14, 15]. In vivo tumor models
in mice can be used for analyzing of metabolic differences during tumor growth, switching metabolism under
drug treatment and discovering new combination of treatment with influence on metabolic chain. Translation
metabolic imaging to clinical practice helps doctors in the process of differential diagnosis of clinical looks
similar pathological lesions, for example, cancer and precancer lesions in oral cavity [16], nonmelanoma and
melanoma lesions [17-19]. The aim of present work was to show different living systems and FLIM modalities
for investigation of tumor metabolism as in physiological conditions as in drug response.

2. MATERIALS AND METHODS
2.1. Cell culture and 3 D spheroids

The CT26 (murine colon carcinoma) cells were grown in DMEM supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine, 10 w/mL penicillin and 10 mg/mL streptomycin. The cells were incubated at 37°C, 5%
CO2, and 80% relative humidity and subcultivated three times a week.

For fluorescence microscopy the cells were seeded (1x105 in 2 mL) in glass-bottomed 35 mm FluoroDishes and
incubated overnight (37°C, 5% CO2). Then the cells were washed with PBS and placed in DMEM life medium
without phenol red, for imaging.

For 3D culturing, HeLa cells (human cervical cancer) were seeded into 96-well ultra-low attachment round
bottom plates at a concentration of 100 cells in 200 pL of complete medium per well and incubated at 37°C, 5%
CO2, 80% relative humidity. The medium was changed every three days. Three days after seeding, tumor
spheroid formation was confirmed by microscopic examination in transmitted light. A detailed protocol for
spheroid generation can be found in Ref. [20].

For fluorescence microscopy, the spheroids were transferred onto glass-bottom dishes in DMEM life medium
without phenol red, and incubated for 30-60 min to allow for spheroid attachment.

2.2. Tumor xenografts

All animal protocols were approved by the Ethics Committee of Nizhny Novgorod State Medical Academy.
Experiments were performed on female Balb/C mice purchased from the Pushchino animal nursery (Pushchino,
Russia). Mice of 20-22 g body weight were inoculated subcutaneously in the left flank with CT 26 cells (5 x 105
in 100 pL. PBS). Fluorescence microscopy was implemented in vivo on 7th, 14th and 21th days of the tumor
growth. Before imaging procedure, the mice were anesthetized intramuscularly with a mixture of Zoletil (40
mg/kg, 50 pL, Virbac SA, Carros, France) and 2% Rometar (10 mg/kg, 10 pL, Spofa, Czech Republic). A skin
flap over the tumor was surgically opened and the microscopic objective was placed directly on the tumor
surface. After image acquisition, the animals were sacrificed by cervical dislocation and the tumors were excised
for histopathology.

2.3. Patients

Twelve patients with pigmented skin disorders such as 1st degree dysplastic nevi, 2nd degree dysplastic nevi and
melanoma have been studied by multiphoton laser tomography. The 12 lesions were distributed in 6 primary
locations, including back, arms, chest, face, legs, and abdomen. MPT examinations was performed on disorders
sites as well as on neighboring healthy skin.

2.4. FLIM imaging of NAD(P)H and FAD

NAD(P)H and FAD fluorescence intensity and lifetime images of the monolayer cell cultures were acquired
using an LSM 880 (Carl Zeiss, Germany) fluorescence confocal laser-scanning microscope equipped with an
FLIM module: Simple Tau 152 TCSPC (Becker & Hickl GmbH, Germany). A water immersion objective C-
Apochromat 40x/1.2 NA W Korr was used for image acquisition. During image acquisition, the cells were
maintained at 37°C and 5% CO2. Two-photon fluorescence of NAD(P)H and FAD was excited with a
femtosecond Ti:Sa laser (repetition rate 80 MHz, pulse duration 140 fs) at wavelengths of 750 nm or 900 nm and
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registered in the ranges 455-500 nm or 500-550 nm, respectively. The average power applied to the samples was
~6 mW. The approximate rate of photon counting was 1-2x10° photons/second. Image collection time was 60
seconds.

For two-photon fluorescence microscopy and FLIM of the tumor spheroids, tumor in vivo and patients an
MPTflex (JenLab GmbH, Germany) multiphoton tomograph, equipped with a tunable 80 MHz, 200 fs MaiTai
Ti:Sa laser and a TCSPC-based FLIM module (Becker & Hickl GmbH, Germany), was used. The images were
acquired through a 40x/1.3 NA oil immersion EC Plan-Neofluar objective. Wavelengths of 750 nm and 900 nm
were used for excitation of the NAD(P)H and FAD, respectively. Emissions were detected in the range 410-660
nm using a fixed pre-fitted emission filter. The average power applied to the sample was ~10 mW. Image
collection time was 10 seconds. Images were acquired from a depth of ~20 um.

To calculate the optical redox ratio, the fluorescence intensity of FAD was divided by the fluorescence intensity
of NAD(P)H at each pixel (ImageJ 1.39p software, USA). The background signal calculated for a cell-free area
of the plate was subtracted.

The fluorescence lifetime decay curves of NAD(P)H and FAD were fitted to a double-exponential decay model,
and the short and long lifetime components (tl and t2, respectively), the mean fluorescence lifetime (tm = (al -
tl+ a2 - 12)/(al+ a2)) and the relative amplitudes of the lifetime components (al and a2, where al + a2 = 100%)
were estimated. The goodness of the fit, the y2 value, was 0.8-1.2. In a first approximation, for NAD(P)H the first
(short, t1) component is attributed to its free, and the second (long, t2) component - to its protein-bound state. For
FAD, tl is attributed to its protein-bound and t2 — to its free state. SPCImage software (Becker & Hickl GmbH,
Germany) was used to analyze the FLIM data.

The redox ratio and FLIM measurements were performed in the cytoplasm of the cells by selecting ~40x40 pixel
zones as regions of interest.

2.5. Statistics

The results are expressed, below, as means + standard deviation (SD). To calculate the statistical significance of
the differences, the ANOVA with Bonferroni post-hoc test was used.

3. RESULTS
3.1. Cell culture

As expected for FLIM, the fluorescence decay curves for NAD (P)H and FAD were best fit to a double-
exponential decay model, indicating the presence of 2 distinctly different lifetimes for the free and protein-bound
forms of the co-factors. The fluorescence lifetimes of the free (t1) and protein-bound (t2) NAD (P)H were
measured to be =0.4 and =2.6 ns, respectively. For the free (t2) and protein-bound (t1) the FAD fluorescence
lifetimes were =2.7 and =0.2 ns. Fluorescence lifetimes were the same in both the cancer cells and fibroblasts and
did not change during co-culturing. In monocultures of cancer cells and fibroblasts the relative contributions of
the co-factors were fairly stable throughout the 5 days of cultivation without any statistical difference for the
NAD(P)H and only a slight difference for FAD (p D 0.000011). The relative contribution of free NAD(P)H (al)
in cancer cells was high than in fibroblast culture 72.18 % and 66.39% (p D 0.000001). The relative contribution
of free FAD (a2) in these cancer cells was also higher than in fibroblasts 75% and 71.23% (p D 0.000000). The
observed differences in the relative contributions of free NAD(P)H and FAD testify to an increased a glycolytic
metabolism in cancer cells. (Fig. 1). All cells in the population displayed the described changes.
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Figure 1. In vitro metabolism of cancer (CT26) and normal (3T3) murine cells.

3.2. 3D spheroids

To analyze the heterogeneity of tumor spheroids, the spheroid size, morphology and the viability of their cells
were assessed during 7 days (Fig.2). By day 5 of the growth, the spheroids had formed compact multicellular
spheres ~350 pum in diameter, where a thin outer shell of loosely packed, actively proliferating cells and an inner,
more dense spheroid core could be distinguished. By day 7, the size of the spheroids had increased to ~ 480 pum.
The live/dead assays of spheroids revealed single dead cells during the whole period of observation from day 5 to
day 7. Tumor spheroids represent intrinsically heterogeneous formations composed of cells in different
proliferative and metabolic states. Spheroids with radii of ~200 um and larger are known to have zones of
proliferating cells on the outside and quiescent cells on the inside due to nutrient and oxygen transport limitations
[21]. Therefore, we performed metabolic measurements of spheroids separately for the outer and inner layers.
The focus of these experiments was on NAD(P)H, because, as shown in monolayer culture, FAD fluorescence
did not reflect metabolic perturbations during growth. Although, the cells in the periphery of the spheroid
proliferate more actively, the redox ratio FAD/NAD(P)H did not differ between outer and inner layers. However,
the relative abundance of protein-free NAD(P)H (al) and the mean fluorescence lifetime (tm) of NAD(P)H in the
outer and inner layers were intrinsically different. The cells of the proliferating zone had greater al and lower tm
values than the cells of the quiescent zone, which likely is a consequence of their higher glycolytic rate and is
consistent with the general principle of metabolic organization of tumor spheroids. No significant metabolic
perturbations were seen across the spheroids during the natural growth from day 5 to day 7 (Fig. 2).
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Figure 2. Heterogeneity of cancer cells (Hela Kyoto) metabolism during spheroid growth.

3.3. In vivo mice

Previously, it was shown that the tumor has metabolic heterogeneity, depending on the severity of the stroma. In
more rich stroma (collagen, vessels) zones, more glycolytic metabolism is observed, which is reflected in an
increase in the percentage contribution of the free form of NADH [22]. In this paper, we show that during the
growth of colorectal cancer in the experimental mouse model, the lifetime of the free component of NADH does
not change and remains approximately from 7 to 21 days at the level ~ 0.5 ns. But the contribution of the free
component of NAD (P)H on day 7 is 82.4+1.9, then, first falls to the 14th day of growth to 80.1£3.1, and then to
day 21 again grows. The increase in glycolytic processes (increase in the contribution of the free component of
NAD (P)H) after three weeks coincides with the rapid growth and division of tumor cells, which requires a large
amount of fast energy. (Fig. 3).
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Figure 3. Changing of in vivo cancer cell metabolism during tumor growth in tumor bearing mice (CT26).
NAD(P)H Aex 750nm, Aem 410—660 nm; SHG Aex 750 nm, Aem 373-387 nm.

3.4. Patients’ skin lesions

The MPT features of healthy skin are characterized by normal morphology and architecture of cells in the
epithelium layers. Pigmented keratinocytes are presented in the basal layer. Dysplastic nevi were characterized by
mild cellular atypia (enlarged nuclei) and mild architectural disorder. Melanocytes were typically visualized as
small and sickle-shaped cells in stratum basale and stratum spinosum. Nests of atypical melanocytes were found
on the epidermal-dermal junction and on the lateral surface of the epidermal ridges. MPT images of melanoma
showed the abnormal tissue architecture, the occurrence of bright luminescent cells, wide intercellular spaces, and
the presence of atypical cells in all epidermis layers. Melanocytic dendrites were found in stratum granulosum.
Highly pleomorphic melanocytes were detected in the epidermis, as well as in the dermis. The tissue architectural
disorder was detected. It was found that the contribution of free NADH (al) for unpigmented cells of healthy skin
was 72.65+2.05 % for stratum granulosum, 70.63%0.53 % for stratum spinosum, and 69.74+0.56 % for stratum
basale. Dysplastic nevus was characterized by increased of free NADH contribution: 75£1.12 % (stratum
granulosum), 78.28+2.37 % (stratum spinosum) and 78.27+0.84 % (stratum basale). The contribution of free
NADH for melanoma was 78.83+4.03 %. It should be noted, that basal layer of healthy skin as well as lower
epithelium layers of dysplastic nevus contained pigmented keratinocytes and melanocytes. These cells were
characterized by extremely short value of t1 closed to instrumental response function (IRF) and al about 90%
due to high content of melanin (Fig.4).
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Figure 4. Dermatoscopy, Fluorescence intensity and FLIM images of healthy skin, dysplastic nevus and melanoma
at depths corresponding to stratum granulosum. Scale bar, 50 pum. False color-coded images demonstrate
contribution of short lifetime component (al) maps. Color range: 65% (red) to 100% (blue). Scale bar: 50 pm.

CONCLUSION

The results of this study provide an initial set of FLIM features that are characteristic of tumor in different
organization levels (from cell culture and 3D spheroids, experimental tumor-bearing mice to patients). Nonlinear
optical microscopy with FLIM module was used for metabolism analysis of cancer cells in cell culture and 3D
spheroids model. Multiphoton tomography with FLIM provided in vivo investigation on tumor-bearing mice and
patients. Each system of organization of tumor cells allows us to solve fundamental and specific problems. On
cell cultures, one can study the mechanism of action of drugs, as already known, with reference to a particular
patient, and new ones, from the point of view of their influence on metabolism. On 3D spheroids, the
heterogeneity of tumor cells is indicative, which can more accurately reflect the response of tumor cells to
treatment. In experimental models of tumors in mice, it is possible to take into account the vital activity of cancer
cells in the tumor microenvironment, which actively affects both the growth and the response of the tumor to
treatment, which is reflected in the metabolic activity of the tumor cells. In the study of human skin pigmented
lesions, FLIM imaging will be an indispensable tool for differential diagnosis of benign neoplasia and melanoma.
The combination of cell resolution, real-time information acquisition and non-invasiveness makes the
multiphoton tomography method with FLIM a unique tool for clinicians.
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