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Abstract

Monitoring of cell metabolism represents important application area for the
fluorescence lifetime imaging microscopy (FLIM). In particular, assessment of
mitochondrial membrane potential (MMP) in complex three-dimensional multi-
cellular in vitro, ex vivo and in vivo models would enable improved segmentation and
functional discrimination of cell types, directly report on the mitochondrial function
and complement the quenched-phosphorescence detection of cellular O, and two-
photon excited FLIM of endogenous NAD(P)H. Here, we report the green and
orange-emitting fluorescent dyes SYTO and tetramethylrhodamine methyl ester
(TMRM) as potential FLIM probes for MMP. In addition to nuclear, SYTO 16 and 24
dyes also display mitochondrial accumulation. FLIM with the culture of human colon
cancer HCT116 cells allowed observation of the heterogeneity of mitochondrial
polarization during the cell cycle progression. The dyes also demonstrated good
performance with 3D cultures of Lgr5-GFP mouse intestinal organoids, providing
efficient and quick cell staining and compatibility with two-photon excitation.
Multiplexed imaging of Lgr5-GFP, proliferating cells (Hoechst 33342-aided FLIM)
and TMRM-FLIM allowed us to identify the population of metabolically active cells
in stem cell niche. TMRM-FLIM enabled to visualize the differences in membrane
potential between Lgr5-positive and other proliferating and differentiated cells.
Altogether, SYTO 24 and TMRM dyes represent promising markers for advanced

FLIM-based studies of cell bioenergetics with complex 3D and in vivo models.

Keywords: FLIM; Intestinal organoids; Lgr5-GFP; Mitochondrial membrane
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3D — three-dimensional; CBC — crypt base column cells; ECAR — extracellular
acidification rate; FCCP — carbonyl cyanide p-trifluoromethoxyphenylhydrazone;
FLIM — fluorescence lifetime imaging microscopy; GFP — green fluorescent protein;
Lgr5 — leucine-rich repeat-containing G-protein coupled receptor 5; MMP —
mitochondrial membrane potential; OCR — oxygen consumption rate; OxPhos —
oxidative phosphorylation; PLIM — phosphorescence lifetime imaging microscopy;

TMRM - tetramethylrhodamine methyl ester;

1. Introduction

Energy production and regulation of cell metabolism are essential for the living cell.
Corresponding biomarkers are important for cancer, stem and basic cell biology, drug
screening and discovery, cell death and toxicity, and tissue engineering (1-4).
Quantitative assessment of cell metabolism and mitochondrial function is possible via
a number of techniques, which include analyses of oxygenation and oxygen
consumption rate, mitochondrial membrane potential (MMP), glycolytic flux, ATP
and redox status, analysis of metabolome and other approaches (5-8).
Photoluminescence (i.e. fluorescence and phosphorescence)-based methods enable
quantification of these parameters in formats of a plate reader, fluorescence
microscope and other readouts compatible with various cell and tissues. For in vivo
and advanced microscopy applications, quantitative analysis of mitochondrial
function is possible only by limited number of probes and approaches, such as
measurement of cell oxygenation by phosphorescence quenching method (9,10),
analysis of redox status by imaging of NAD(P)H, FAD" and tryptophan
autofluorescence by FLIM and by using various genetically-encoded fluorescent

biosensors (11-15). The quantitative assessment of the direct indicator of



mitochondrial function, MMP, remains a challenging task (16). This situation creates
a gap in the recognized role of the mitochondrial dynamics (fusion and fission, local
interactions with endoplasmic reticulum and other organelles) in the regulation of cell
cycle, stem cell function and ageing (17-19) and the ability to study it. In particular,
strong increase of MMP and hyperpolarization of mitochondria during G1/S transition
are essential for normal progression of cell cycle (20).

Fluorescence lifetime imaging (FLIM) extends the capabilities of conventional
microscopy by measuring the average time (‘decay time’), which fluorophore spends
in its excited state before emitting a photon (21,22). Thus, super-resolution
microscopy (STED-FLIM) increases the number of simultaneously measured probes
(23,24), while live cell FLIM allows quantitative measurement of O, pH, Ca2+,
NADH, cell cycle and other parameters (4,25-32). Current FLIM hardware enables
fast measurements and is compatible with major microscopy platforms, one- and
multiphoton excitation modes (4) and with emerging modalities such as light-sheet
microscopy (33). In contrast to the ‘traditional’ intensity-based measurements, in vivo
FLIM and PLIM allow visualization of oxygenation and metabolism in live animals
(34-36), while ex vivo models benefit from the antibody-free labeling of proliferating
cells, autofluorescence FLIM and related methods (26,27,37).

A number of dye structures including tetramethylrhodamine methyl ester (TMRM),
Rhod123, JC-1, MitoTracker and cyanine dyes provide MMP-dependent staining of
mammalian cells (16,38-42). Some of these dyes are fixable and preserve their
localization after staining, while others are only usable with live cells. Many ‘new’
MMP dyes appear in the literature (43-45), but they often poorly characterized, show
different staining patterns for different cell types and the rate of intracellular

accumulation. Most of such dye structures, proteins and nanosensors targeting



mitochondria also require longer cell staining than conventional TMRM and Rhod123
probes. Very scarce data on evaluating these probes in FLIM and real-time MMP
analyses are available; they include only two studies focused on FLIM with Rhod123,
JC-1 and TMRM dyes (46,47).

Here, we report evaluation of the SYTO family and TMRM dyes as FLIM-based
MMP probes. We found that with some optimization, SYTO 24 and TMRM dyes can
inform on changes in mitochondrial polarization in 3D stem cell-derived intestinal

organoid model in one- and multiphoton FLIM.

2. Materials and Methods

SYTO sampler kit S7572 (contains SYTO 11-14, 16, 21, 24, 25), Opti-MEM I
medium, BCA protein assay, CellTiter-Glo kit, B27 and Lipofectamine 2000 were
from ThermoFisher (Biosciences, Dublin, Ireland). O,-sensitive nanoparticles NanO2
(PtTFPP-RL100) (48) and MM2 (49) were prepared as described previously.
TagRFP-mito plasmid DNA was from Evrogen (Moscow, Russia). pH-Extra
phosphorescent probe for ECAR assay was from Agilent Technologies (Little Island,
Cork, Ireland). Hoechst 33342, tetramethylrhodamine methyl ester (TMRM),
dimethyl sulfoxide (DMSO), FCCP, oligomycin, 5-Bromo-2’-deoxyuridine (BrdU),
aphidicolin and all the other chemicals were from Sigma-Millipore (Dublin, Ireland).
Re-usable multiwell silicon inserts were from Ibidi GmbH (Martinsried, Germany)

and all the TC-grade sterile plastic was from Sarstedt (Dublin, Ireland).

Cell and organoid cultures
Human colon carcinoma HCT116 cells (ATCC) were cultured in McCoy 5A medium

supplemented with 10% fetal bovine serum essentially as described previously (26).



Briefly, cells were passaged every 2-3 days and used for experiments between
passages 8 and 20. For microscopy, cells were seeded onto collagen IV-pre-coated TC
35 mm dishes (Sarstedt) or collagen IV-poly-D-lysine — pre-coated multiwell
coverglass-bottom inserts (Ibidi), allowed to reach 50-70% confluence and stained.
For plate reader-based measurements, cells were seeded onto collagen I'V-pre-coated
96-well plates (50-60,000 cells/ well on a day before the experiment) to reach 80-
100% confluence and stained.

Staining was performed by diluting dyes or O,-sensitive probes in the complete
growth medium, incubation for required time (15 min-18 h) and washing with phenol
red-free DMEM, supplemented with 10 mM glucose, 1 mM pyruvate, 2 mM I-Gln
and 10 mM HEPES, pH 7.2 (‘imaging medium’). Note that in most cases TMRM had
to be present in the imaging medium.

Lgr5-GFP organoids (Lgr5-EGFP-ires-CreERT2) (50,51) were kindly provided by
the laboratory of Prof. H. Clevers (Hubrecht Institute, The Netherlands) and were
handled as described previously (52). For imaging, organoids were plated in reduced
growth factor Matrigel onto 35 mm TC dishes and grown for 1-2 days prior to the
analysis. Overnight incubation with 5 uM BrdU (18 h) and staining with TMRM,
SYTO 24 and Hoechst 33342 dyes were performed in ENRVC medium representing
Dulbecco's modified Eagle's medium nutrient mixture F-12 [HAM] supplemented
with 1% penicillin/streptomycin, 1% N2, 2% B27, 1% GlutaMax, 1.25 mM NAC,
EGF (50 ng/ml), R-spondin-1 (1 pg/ml), Noggin (100 ng/ml), 3 uM CHIR99021 and
I mM sodium valproate. After staining, organoids were washed (if appropriate) and
left in the Imaging medium.

Fixation with 4% paraformaldehyde was done essentially as described previously

(52).



Widefield fluorescence microscopy

Preliminary evaluation of cell staining and co-localization with mitochondria were
performed using inverted Zeiss Axiovert 200 microscope equipped with EC Plan
Neofluar 40x/1.3 Oil and Plan Apochromat 100x/1.4 immersion objectives, pulsed
excitation LED module (390 nm, 470 nm, 590 nm), gated CCD camera (LaVision
BioTec) and integrated CO,/O,/T climate control chamber (PeCon) (53). SYTO dyes
emission was collected by FITC filter cube (exc. 470 nm, em. 510-560 nm), TMRM
emission was collected by TXRed-4040B-ZHE filter cube (Semrock, exc. 590 nm,
em. 604-644 nm). Collected images were exported using ImSpector software

(LaVision BioTec) as RGB TIFFs.

Laser-scanning (one-photon) TCSPC — FLIM and PLIM microscopies

FLIM and PLIM experiments with adherent HCT116 cells and intestinal organoids
(multi-parameter FLIM of TMRM and Hoechst 33342) were performed on upright
Zeiss Axio Examiner Z1 microscope equipped with water dipping 20x/1.0 and
63x/1.0 W-Plan Apochromat objectives, DCS-120 confocal scanner (Becker & Hickl
GmbH), heated incubator / stage and motorized Z-axis control and 405 nm and 488
nm BDL-SMNI pulsed diode lasers (Becker & Hickl GmbH). Emission was collected
using following settings: 635-675 nm filter (exc. 405 nm, PLIM, for NanO2), 438-458
nm filter (exc. 405 nm, FLIM, for Hoechst 33342), 512-536 nm filter (exc. 488 nm,
FLIM, for GFP and SYTO dyes), 565-605 nm filter (exc. 488 nm, FLIM, for
TMRM). FLIM (512x512 res.) and PLIM (256x256 res.) were performed essentially

as described previously (26,27).



SYTO 24-stained intestinal organoids were analyzed on a white light laser (WLL)-
equipped inverted Falcon FLIM TCS SP8 DMI§-CS system (Leica microsystems),
with HC PL APO 63x/1.3 Glyc corr CS2 objective, HyD 2 detector and LAS X
FLIM/FCS 3.5.5 software (Leica microsystems). SYTO 24 was imaged using 488 nm
exc. (laser power 1.5-1.6 % for live, and 11% for fixed samples, emission collected at

505-578 nm, using 0-16 ns time gate, 1024x1024 res. and pinhole 103 um).

Two-photon FLIM microscopy of intestinal organoids was performed on a ‘Dive’
Falcon FLIM TCS SP8 DM6B-Z-CFS multiphoton system, equipped with HC PL
IRAPO 25x/1.00 water dipping objective, multiphoton lasers, HyD and HyD-RLD
detectors, and LAS X 3.5.5 software (Leica microsystems). Emission of SYTO 24
was collected at 506-551 nm (exc. 919 nm, 6.1% laser power), emission of Hoechst

33342 was collected at 394-455 nm (exc. 700 nm, 5.9% laser power, 512x512,

pinhole 55.7 um).

Assessment of effects of SYTO 24 and TMRM on cell bioenergetics

Effects of long (17 h) and short-term (20 min) incubation effects of SYTO 24 (0.1
uM) and TMRM (10 nM) on the bioenergetics were analyzed using previously
described plate reader-based platform (7,54) measuring oxygen consumption rate
(OCR), glycolytic flux-mediated extracellular acidification (ECAR) and total cellular
ATP (CellTiter-Glo assay kit, Promega). Typically, cells were grown on 96-well
plates, incubated with SYTO 24 and TMRM dyes and immediately proceeded to
measurements with MM2 probe (0.5 ug/ml, OCR under oil) or pH-Extra probe (with

1.5 h pre-incubation in CO,-free conditions, ECAR) in the presence of drugs (DMSO



(mock) or 1 uM FCCP, 10 uM oligomycin) over 1.5 h (37 °C). ECAR samples were

subjected to ATP assay and protein extraction and analysis (BCA protein assay kit).

Data assessment and statistics

FLIM data were initially processed in SPCImage (Becker & Hickl) or LAS X (Leica)
software to optimize fitting decay algorithms (2 < 1.5) and perform calculation of
FLIM images for whole imaged area or selected Regions of Interest (ROI). Typical
fitting (data trace, IRF, fit), ASCII matrices of photon counts (intensity) or
fluorescence lifetimes (color coded values), RGB TIFF images and distribution
histograms were exported and analyzed in Microsoft Excel or Origin 6.0. 3D
reconstructions of FLIM data were performed in LAS X 3.5.5 software (Leica
Microsystems). Plate reader data representing the replicates from the separate wells,

were tested for statistical significance using independent #-test (normal distribution).

3. Results

3.1. SYTO dyes demonstrate non-exclusively nuclear staining in live mammalian
cells

In search of a green nuclear live FLIM probe we turned our attention to the SYTO
family of dyes (Molecular Probes™™). Based on reviews (55,56) and previous report
on FRET between SYTO 13 and Hoechst 33342 dyes (57) we expected to see SYTO
dyes as green fluorescent probes with exclusively nuclear localization. However,
when we stained human colon carcinoma HCT116 cells with SYTO 16 we also
observed cytoplasmic localization (Fig. 1A). Closer look at the extranuclear
localization pointed at mitochondrial co-localization, in agreement with the previous

study (58). Fluorescence lifetime analysis of SYTO 16 and 24 revealed differences



between cytoplasmic and nuclear pools, with longer fluorescence lifetimes (4-4.5 ns)
found in nuclei (Fig. 1B). Co-staining with TMRM confirmed partial co-localization
between cytoplasmic pools of SYTO 16 and 24 and mitochondria in resting HCT116
cells (Fig. 1C).

We then looked if the mitochondrial accumulation of SYTO dyes depended on the
MMP. Treatment with uncoupler FCCP revealed a response, reflecting re-distribution
of the SYTO 16 and 24 from mitochondria into nucleus. This re-localization affected
fluorescence lifetime distribution histograms and increased the nuclear fraction (Fig.
1B). To elaborate this observation, we tested other SYTO dyes (Figs. 1, S1) for their
response to the mitochondrial uncoupling and compared them with TMRM.
Surprisingly, none of them demonstrated clear nuclear localization in live resting
cells, while SYTO 16, 21, 24 and 25 displayed nuclear re-localization in cells with
depolarized mitochondria. This re-localization was slower than for TMRM (2-5 min)
and depended on cell loading time and staining concentration.

The complex pattern of interaction of SYTO dyes with cellular biomolecules (e.g.
proteins, RNA and DNA) can be influenced by their charge and/ or pH. Thus, in
unhealthy, stressed and fixed cells (not shown), nuclear localization of SYTO dyes

was observed, in agreement with the previous microscopy and FACS data (55,59).

3.2. Dose-dependence of staining and its effect on cell bioenergetics

We next studied the time- and concentration dependence of fluorescence lifetime of
SYTO 16, 24 and TMRM dyes in cultured cells. We found that when used at low
‘unquenched’ concentrations of 10-30 nM, fluorescence lifetime of TMRM in
mitochondria was drifting and decreasing over time (Fig.2A, B), due to ongoing

mitochondrial accumulation from the medium and increased self-quenching. Thus, its

10



withdrawal from assay media could be beneficial for the short-term (15-25 min)
experiments. We found that 10 nM staining concentration gave satisfactory stability
of the mean lifetimes if the probe was withdrawn from solution. On the other hand, 30
nM could give better resolution in fluorescence lifetime when present in the assay
medium (Fig. 2B).

SYTO 16 and 24 (do not have to be present in assay medium during imaging) showed
high brightness allowing their use at submicromolar concentrations, and long decay
times (2.5~4 ns and 3.5~4.5 ns respectively) providing suitability for multiplexing
with other green dyes, such as EGFP (~2.4 ns). However, the complex pattern on
intracellular distribution of SYTO 24 made the analysis of dose-dependence of
lifetime difficult (Fig. 3). Both nuclear and mitochondrial pools of SYTO 24
depended on staining concentration, with overall tendency for stronger nuclear
staining with higher concentrations. Such complex distribution was reflected in
distribution histograms for the whole stained cells (Fig. 3B-C). Similar data were
obtained with SYTO 16 (not shown). Potentially, high concentrations of SYTO dyes
also influenced the mitochondria upon prolonged staining: cells frequently showed
reduced mitochondrial localization and response to FCCP.

Since the MMP can drastically change during cell cycle and mitochondria fusion
processes, we looked if we could observe the previously reported hyperpolarization of
the mitochondria at the G1/S border (20). Thus, a range of fluorescence lifetimes
observed in mitochondria of asynchronous culture could be explained by different
stages of the cell cycle. Indeed, cells synchronized in G1 and S phases demonstrated
decreased fluorescence lifetimes reflecting increased membrane polarization (Fig.

S2).
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We wondered if staining with SYTO and TMRM dyes has any effect on cell
bioenergetics. Thus, we looked at the changes in oxygen consumption rate,
glycolysis-mediated extracellular acidification and total cellular ATP (Fig. 4). We
found that SYTO 24 and TMRM influenced OxPhos even upon 20 min staining, but
this effect did not increase after 17 h incubation. These dyes seemingly caused mild
uncoupling, acidification and activation of respiration reflected in slight increase of
ATP. The partial ‘self-induced’ nuclear translocation of SYTO dyes (Fig. 3) supports
the assumption on mild uncoupling by SYTO and TMRM dyes. This data are in
agreement with the previously reported effect of TMRM on mitochondrial respiration
(42). Since these effects on cell bioenergetics were not inhibitory we concluded that

SYTO 24 and TMRM could be applied in further physiological studies.

3.3. FLIM analysis of mitochondrial potential in cultured cells and 3D model of
Lgr5-GFP stem cell-derived intestinal organoids

To test the feasibility of FLIM for monitoring of mitochondrial membrane potential,
we first looked at changes in TMRM fluorescence intensity and lifetime upon
uncoupling with adherent HCT116 cells. The sequential addition of DMSO (mock)
and 2 uM FCCEP to the cells demonstrated expected (42) re-distribution of the dye and
its dissipation from the mitochondria (Fig. S3). FLIM analysis also demonstrated
progressive changes in fluorescence lifetime, indicative to the FCCP action (red
histograms on Fig. S3C). The changes in decay time differed depending on the time
post dissipation, e.g. aggregated dye regions showed overall increase of lifetime (Fig.
1B). We also compared TMRM-FLIM with the monitoring of cell oxygenation at
similar cell densities using O,-PLIM method with NanO2 probe (48,53). (Fig. S3E,

F). NanO2-stained cells displayed lysosomal-like localization in agreement with

12



previous observations (60) and some aggregation visible as ‘hypoxic’ (long emission
lifetimes) regions. While some selected ROIs did show transient decrease in
intracellular oxygenation due to FCCP action, the whole imaged area distribution
histograms showed minor or no response to the uncoupler.

The complex 3D environment can enable advanced use of ‘dissipation dyes’ TMRM
and SYTO, since during uncoupling the loss of dye from depolarized mitochondria
would occur not just into medium but also into neighboring cells. The intestinal
organoid model recapitulating most of the functions of the native epithelium harbors
many different cell types with differences in bioenergetics and proliferation (61). We
chose the culture of mouse intestinal organoids harboring Lgr5-GFP (50,51), where
stem cells are constantly labeled by the GFP and gradually lose it during the process
of differentiation.

TMRM staining revealed striking differences in cytoplasmic fractions of fluorescence
lifetimes in organoids (Fig. 5). Taking advantage of Hoechst 33342-BrdU FLIM
method of labeling of cell proliferation (26) and labeling of Lgr5+ cells with GFP, we
identified the population of cells with high MMP (shorter fluorescence lifetimes),
residing in the stem cell niche (Fig. SA). The long labeling with BrdU (18 h) and
subsequent FLIM of Hoechst 33342 confirmed that Lgr5-GFP+ cells and the cells,
which recently lost GFP expression, belonged to the amplification zones in organoids.
Interestingly, most of differentiated enterocyte-like cells localized close to the lumen
regions (no GFP, no proliferation) had very diffuse TMRM staining indicating lower
mitochondrial polarization.

We next explored the effect of FCCP uncoupling on the different cell types in the
organoids. Regions 1 and 2 compared to 3 and 4 (Fig. 5B-F) did not significantly

change their fluorescence intensities during treatments (Fig. 5D), but the changes in
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fluorescence lifetimes were seen (Fig. SF). These four selected regions co-localized
with Lgr5-GFP and resided in the amplification zone (not shown). Thus, TMRM-
FLIM method allowed discrimination of the two metabolically different cell types
within the stem cell niche, potentially differing in their stage of cell cycle (for 1 and
2) or other features.

We also tested the applicability of SYTO 24 for FLIM of intestinal organoids (Fig. 6).
Despite its minor toxicity in 2D cancer cell cultures, we did not see any acute effects
on Lgr5-GFP organoids. The fixation led to complete translocation of SYTO 24 into
nuclei, making it useful only as nuclear stain (Fig. 6A). Live organoids displayed
bright staining (overlapping with weaker fluorescence of Lgr5-GFP cells) of the
nuclei and cytoplasm, similar to our FLIM data (Fig. 6B, 1). Stained cells in
organoids had mitochondrial and nuclear fractions with distinct emission lifetimes
(Fig. 6C,D). Some poorly stained cells with features of Paneth cells were also
observed. Fig. 6E.F demonstrates that FLIM with SYTO 24 dye is also applicable for
advanced analysis of organoid function in 3D. Using two-photon excited FLIM we
also combined detection of cell proliferation (Hoechst 33342-BrdU labeling-based
FLIM (26)) and staining with SYTO 24 (Fig. S4). The micro-regions within intestinal
organoids were co-labeled with Hoechst 33342 without adverse effects of SYTO 24

staining.

4. Discussion

In present paper, we described new applications of live cell imaging dyes SYTO 16,
24 and TMRM as FLIM probes to study mitochondrial membrane potential (MMP).
The mitochondrial accumulation of the SYTO dyes helped to use them for FLIM-

based analysis of MMP. Until now, SYTO dyes were mainly used in flow cytometry,
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1.e. when the cells can frequently become stressed and become round in shape. We
observed that the dyes SYTO 13, 16, 21, 24 localize to nuclei only after dissipation of
the MMP by mitochondrial uncoupling or by other treatments. Mitochondrial
localization of SYTO 16 and 24 was only partial and confined to some focal points
(Fig. 1). Further studies by super-resolution microcopy or related approaches can help
better understanding of their mitochondrial attachment and trafficking. The lack of
structural knowledge for these dyes prevents the understanding of physical-chemical
basis of their interaction with mitochondria.

Interestingly, chosen SYTO and TMRM dyes shared some common features as FLIM
probes: they showed dose-dependence of fluorescence lifetime (e.g. shorter lifetime
due to quenching at higher mitochondrial polarization) and release from the
mitochondria upon depolarization (Fig. 2, 3). SYTO 24 and TMRM also affected
mitochondrial respiration, most likely due to their mild uncoupling effects on cell
function (Fig. 4). This effect was previously reported for TMRM and some other
MMP probes (42), but is rarely taken into account. Further optimization and use of
improved more sensitive imaging platforms can enable wider use of these dyes in
MMP analysis by FLIM.

Described dyes also display useful range of fluorescence lifetimes, especially SYTO
24 and 16, providing good dynamic range and sensitivity to MMP changes (Fig. 2,3),
useful for multiplexing with many other dyes in time-domain, under one- or two-
photon excitation modes. The relatively fast loading of intestinal organoids (Fig. 5-6)
makes these dyes well suited for staining of 3D tissue models, ex vivo specimens or
topical application in vivo. SYTO and TMRM differ spectrally, so they can be also
used as a dual referenced FRET-FLIM system for MMP or live cell tracing. On the

other hand, their complex pattern of interaction with intracellular compartments and
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re-distribution upon MMP dissipation do not allow ‘absolute” FLIM calibrations,
making them semi-quantitative. Still, measurement of fluorescence lifetimes brings
another dimension and complements the intensity-based MMP measurements. Tested
dyes not only produce changes in overall brightness but also detected heterogeneity of
mitochondrial polarization at resting conditions (Figures 2, 3, 5, S2).

Our study also demonstrates the use of 3D tissue model of stem cell-derived intestinal
organoids with these dyes in FLIM mode. Redistribution of the probe accumulation, a
frequent obstacle with 2D cell cultures, can become a useful feature in 3D. Thus,
continuous changes in the MMP within the organoid did not lead to the loss of the dye
to the medium but enabled functional discrimination between the different cell types
(Fig. 5). Co-localization analysis of TMRM-stained cells in FLIM with Lgr5-GFP-
labeled proliferating cells allowed tracing of the different cells within intestinal crypts
accordingly to their mitochondrial function. These results are in line with findings by
Rodriguez-Colman and co-workers, who used JC-1 staining to detect mitochondrial
polarization (61), although our results from TMRM-FLIM point that ENRVC-grown
cells residing in the crypts can be more heterogeneous and also represent quiescent or
non-proliferating cells in G1/S phase (Fig. 5).

Staining of intestinal organoids with SYTO 24 also visualized the mitochondria,
similar to the cultured cells (Fig. 6). However, analysis of SYTO 24-stained organoids
requires imaging systems with high resolution and contrast, optical sectioning, such as
two-photon excitation with improved Z resolution or use of smaller sized samples.
We found SYTO 24 and TMRM well suitable for multi-parametric FLIM analysis of
intestinal organoids (Fig. 5-6, S4). These dyes can be combined with analysis of
oxygenation by PLIM probes (27), biosensor scaffold materials (25,62) or other

fluorescent biosensors. However, we found that TMRM staining can be difficult to
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combine with two-photon excited FLIM imaging of NADH, due to the very high

brightness of TMRM and its broad excitation range (data not shown). Altogether,

presented dyes are applicable to the FLIM analysis of 3D tissue models, spheroids,

cell aggregates and organoids, while in vivo applications may require additional

optimization of staining and delivery route.
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Figures and figure legends
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Figure 1. Fluorescence intensity and lifetime (FLIM) microscopy reveal complex staining

SYTO 24

pattern of live HCT116 cells with SYTO 16, 24 (0.1 uM, 1 h, then washing) and TMRM (10
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nM, 15 min, no washing) dyes, imaged at rest and after FCCP (2 uM, 5 min) addition. A:
(from top to bottom) fluorescence intensity (grayscale) and lifetime (color) images, at rest and
after FCCP addition. B: fluorescence lifetime distribution histograms for A. C: partial co-

localization between SYTO 16 and 24 and mitochondrial TMRM dyes. Scale bar is in um.
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Figure 2. Dose- and time dependence of TMRM fluorescence lifetime in cultured HCT116
cells. HCT116 cells were stained with different concentrations of TMRM (present “+” or

13313

absent in the imaging media, “-*) and imaged at different time points post-staining. A:



examples of FLIM images for 10 and 30 nM concentrations (+/- TMRM). B: respective

distribution histograms. Scale bar is 50 um.
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Figure 3. Dose-dependence of effect of SYTO 24 staining on fluorescence lifetime in
HCT116 cells. Cells were stained with different concentrations of SYTO 24 (30 min) and
washed before imaging. A: intensity (gray scale) and fluorescence lifetime (color) images of
cells. B: example of variability of observed fluorescence lifetime distribution histograms and
(C) integral of frequency of 1= 4 ns for different staining conditions (statistical differences
were analyzed by independent #-test; groups of 0.05 uM and 0.1 uM did not show meaningful

differences). Scale bar is 50 um.

25



14 — ; @17 h
129 o x NS 820 min

OCR [uM/ min per mg/ml]

£ 0.08 —— @17 h
£ 0.07; 820 min
0 0.06 —=—
g 0.05s
- 0.04-
5 0.03:
o -
é 0.02
% 0.014
S 0
w

NS .

NS E—

1.4{ TNS —_— ';”‘.
— 1.2 . 820 min
=}
5,
o
'_
<
©
o
'_
e =2 & ¢ = I .
c £ o & £ o OO
) )
DMSO FCCP-OM

Figure 4. Evaluation of effects of SYTO 24 (0.1 uM) and TMRM (10 nM) staining on the
bioenergetics of HCT116 cells. Cells were incubated with dyes for 20 min or 17 h and
subjected to plate reader-based analysis of oxygen consumption rate (OCR), extracellular
acidification rate (ECAR, glycolytic flux) and ATP at rest (DMSO treatment) or uncoupled
conditions (1 uM FCCP — 10 uM oligomycin, FCCP-OM). A: OCR, N=6. B: ECAR, N=8. C:
ATP, N=4. Presented data are normalized to total protein (BCA assay). NS-no statistically

significant differences; asterisks indicate statistical differences (independent #-test).
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Figure 5. TMRM-FLIM of intestinal Lgr5-GFP organoids identifies differences in cell
metabolism in stem cell niche. A: live images of Lgr5-GFP intestinal organoids, co-labeled
with Hoechst 33342 — BrdU: decreased fluorescence lifetimes correspond to proliferating
cells. Intensity and combined color-coded FLIM images are shown. Organoids were pulsed
with 5 uM BrdU overnight (18 h) and stained with 2 uM Hoechst 33342 and 10 nM TMRM
(1 h). TMRM was not present in the media during imaging. B-F: response to addition of 2 uM
FCCP in organoids’ chosen regions (C). D: photon intensity counts at the different stages of

stimulation to DMSO (mock) and FCCP. E, F: Fluorescence lifetime distribution histograms
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for the whole field (B) and selected (C) regions of interest during application of DMSO

(mock) and FCCP. Scale bar is in pm.
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Figure 6. Staining and FLIM imaging of Lgr5-GFP organoids with SYTO 24 dye. A:
Intensity (grayscale) and FLIM (color-coded scale) images of SYTO 24-stained and fixed
organoids (3D reconstruction of 46 sections, Z=14.85 um). B-F: live organoids stained with
SYTO 24 (0.1 uM, 1 h). B: comparison of intensity (grayscale) and FLIM images (3D
reconstruction of 79 sections, Z=54.6 um). C: magnified view with modified color-coded

scale revealing differences in the mitochondrial and nuclear decay times (3D reconstruction
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of 37 sections, Z=18 um). D: distribution histograms for a single cross-section from C,
showing different fractions of fluorescence lifetimes. E, F: legend and different 3D views of

live organoid imaged in FLIM (3D reconstruction of 79 sections, Z=54.6 um).
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Figure S1. Fluorescence intensity and lifetime (FLIM) microscopy of live HCT116 cells

stained with SYTO 12, 13, 14, 21 and 25 dyes (0.1 uM for 1 h, followed by washing).

Grayscale fluorescence intensity and colored FLIM images and distribution histograms are

shown. Scale bar is in um.
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Figure S2. Mitochondrial morphology in asynchronous and G1/S-synchronized (1 pg/ml

aphidicolin, 18 h) HCT116 cells stained with SYTO 24 (0.05 pM, 20 min) and TMRM

(10 nM, left in imaging media). Scale bar is 50 um.
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Figure S3. Response to membrane depolarization recorded by FLIM with TMRM dye in
adherent culture of HCT116 cells. A: Combined intensity (grayscale) and FLIM data for cells
stained with TMRM (10 nM, 15 min) at rest, upon addition of DMSO (mock) and 2 uM
FCCP. B: example of fluorescence decay fitting for TMRM fluorescence (double-exponential
fit). C: Distribution histograms for TMRM fluorescence decay time under different treatment
conditions. N=3. D: Fluorescence intensity response to the treatment conditions for TMRM
dye. E, F: Response to membrane depolarization recorded with the O,-sensitive NanO2 probe
by PLIM. Cells were stained with NanO2 (10 ug/ml, 16 h) and treated similarly to A-D.
Phosphorescence lifetimes are converted to O, values. F: distribution histogram for observed
oxygenation in response to FCCP treatment with NanO2-stained cells. N=3. Scale bar is in

um.
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Figure S4. Sequential two-photon-excited FLIM imaging of intestinal organoids stained with
Hoechst 33342 (2 uM, 2 h) / BrdU (5 uM, 18 h) and SYTO 24 (0.1 uM, 2 h) dyes. 3D

reconstruction of FLIM images (96 sections, Z=94.9 um) is shown. Scale bar is in um.
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