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Supplementary Information

Supplementary Note 1. Damage Threshold
Studies by Hopt and Neher on cellular photo-damage of mammalian cells induced by ultrafast near-infrared laser sources under
typical in vitro imaging conditions, revealed that the number of scans before photo damage occurs is empirically given by :

FL54A24g 15 1
m= tawell*A*NAxnx(P(t))2-5 ¥ CnqxCny*Cng*Cny (1)

Symbol Hopt Konig Nan Evers
Pulse width [fs] T 190 150 2000 120
Wavelength [nm] A 840 800 711 755
Power [mW] P(t) 10 7.1 63 11.25
Frequency [MHz] f 82 80 80 80
Dwell time [us/pixel] tawell 10 80 3.3 2
Area of a cell [pixel] A 1500 1500 4625 3250
Numerical Aperture NA 0.9 1.25 1.2 1.2
Refractive Index n 1.33 1.33 1.33 1.33
Constant 1 [m2/mW?25s] Cn; 45* 102
Constant 2 Cn, n2s
Constant 3 Cns 0.216
Constant 4 Cny 0.576
Damage Threshold Scan Number m 75 10 10 40

Supplementary Table 1: Shows the laser settings used during the experiments and the maximum number of scans to reach the damage
threshold.

The damage threshold proposed by Hopt and Neher observed in Chinese hamster ovary cells was empirically determined using
both abrupt changes in basal [Ca2*], as measured by the fluorescence indicator dye FURA-2, and morphological changes. Other
experiments determining the damage threshold were carried out by Konig et al., observing the cloning efficiency of Chinese
hamster ovary cells after exposure to laser irradiation in a two-photon microscope. Nan et al., for their part, evaluated laser-
induced effects based on changes of cellular morphology such as breakdown of the cytoskeleton or extracellular matrix (ECM),
seen as a collapse of the cell body or cell movements 23. These experiments indicated that photo-damage is a nonlinear function
of the input beam, underlining that higher order light-matter interactions contribute to the damaging process. Above the
threshold, two-photon photochemical photodamage as well as immediate cell damage via optical breakdown may occur.
Comparing the numbers of these previous experiments with our excitation conditions, using Eq. 1, we find a tolerable number of
40 scans for an average illumination power of 11.25 mW. In order to generate good enough photon statistics for low spatial
binning, 160 scans at 11.25 mW power were used in our experiments which is 4-times the number of scans proposed by the
damage threshold. The fact that we didn’t observe cellular responses such as photobleaching, change of morphology or increased
rate of apoptosis to laser radiation at these laser parameters and high scan numbers might be explained by the choice of cells as
well as excitation wavelength. Indeed, it is worth noting that the experiments by Hopt and Neher, as well as by Konig et al., were
carried out on Chinese hamster ovary cells, which complicate a direct comparison with our results. Nan et al., on the other hand,
used mouse adrenal cortical tumor (Y-1) and fibroblast cells (3T3-L1, ATCC), which are more similar to the cells used in our study.
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However, the experiments carried out by Nan et al. used a laser excitation wavelength of 711 nm compared to 755 nm in our
study. Patterson et al. have reported that when the excitation wavelength for NADH was increased from a high two-photon cross
section (710 nm) to a low two-photon cross section (760 nm) with matched intensities to yield similar photon excitation, the low
two-photon cross section wavelengths had 3-fold lower photobleaching rates 4. These findings support our observation of the
absence of cellular photo-damage after laser irradiation that exceeds the empirical damage threshold by a factor of 4.

Supplementary Note 2. Apoptosis

The detection of laser induced cellular damage leading to programmed cell death (apoptosis) is of utmost importance in FLIM
studies. Caspases are signaling molecules that are markers for cellular damage. Although the precise role in the initiation and
progression of apoptosis is not yet known for all caspases, their use for the detection of apoptotic events it is commonly used as
a readout in apoptosis assays. 3T3-L1 adipocytes were stained with CellEvent™ Caspase-3/7 Green Detection Reagent
(ThermofFisher) as per the manufacturer's protocol. A trans-illumination image of the 3T3-L1 fat cells in combination with an
apoptosis fluorescence image were taken, prior to a 60 s FLIM image with the experimental laser settings at 755 nm wavelength
and 11.25 mW power. Another trans-illumination image in combination with an apoptosis fluorescence image were taken 4 hours
after the FLIM image to see if apoptosis was induced by the laser irradiation. Given the high degree of similarity between the two
imaged timepoints and the relatively constant signal intensity from the fluorescent apoptosis marker, we can safely conclude
that the imaging conditions do not induce apoptosis.

Supplementary Figure 1: Apoptosis stain images. (a) Trans-illumination image of 3T3-L1 fat cells in combination with a fluorescence image.
Fluorescence is shown in red. After this image was captured a FLIM image was taken. (b) Image of the same region 4 hours after the FLIM image
was taken.

Supplementary Note 3. NADH Solution Measurements

Pure NADH in solution and a mixture of NADH and LDH (16:1) in solution were analyzed. For both solutions, a double and a triple
exponential fit of the fluorescence decay curve were used to find the appropriate model to generate accurate fluorescence
lifetimes. The double exponential fit of NADH resulted in a short fluorescence lifetime component at 0.4 ns and a long
fluorescence lifetime component at 0.9 ns which agree well with literature and stand for a possibly folded (0.4 ns) and extended
(0.9 ns) conformation of free NADH 56, A triple-exponential fit of pure NADH in solution resulted in over-fitting, which can be
identified by two almost identical lifetime components with lifetimes of 0.4 ns and 0.5 ns. The double-exponential fitting of the
NADH-LDH mixture resulted in a significant increase of lifetime for the long lifetime component to 1.7 ns compared to pure
NADHs long lifetime component at 0.9 ns. The triple-exponential fit of the NADH-LDH solution introduced a third lifetime
component at 2.1 ns additionally to the two NADH lifetime components from pure NADH in solution. We therefore assume that
the double-exponential fit for pure NADH and the triple-exponential fit for the NADH-LDH mix are the appropriate models for the
fluorescence lifetime analysis. The third lifetime component of the NADH-LDH mix at 2.1 ns represents the fluorescence lifetime
of LDH-bound NADH.
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Supplementary Figure 2: Double-, and triple-exponential fluorescence lifetime decay fittings (a) double-exponential fitting of NADH and a
mixture of NADH and LDH (16:1) in solution (b) triple-exponential fitting of NADH and a mixture of NADH and LDH (16:1) in solution

Supplementary Note 4. Mitochondria Movement

Multiple fluorescence images of 3T3-L1 fat cells using a mitochondrial stain were captured 6 s apart from each other to analyze
the movement of individual mitochondria. Images taken 6 s apart from each other showed considerable mitochondrial
movement. While the movement analysis in areas where the mitochondria were clustered within the cell was not feasible, less
clustered areas were used to measure the displacement between frames. Image analysis revealed an average displacement of
0.5 um movement within 6 s in less clustered areas of the cell. During the acquisition time of a FLIM image using the experimental
setup (60 s) mitochondria were found to move up to 5 um. The FLIM imaging system uses a 60x objective lens with 1.2 NA to
excite very small focal volumes. Given the natural intracellular migration of mitochondria during the 60 s acquisition period,
mitochondria inevitably enter and exit the focal plane throughout acquisition, leading to image blurriness as shown in
supplementary figure 5 and thus having negative impact on the fluorescence lifetime analysis. While there are areas of the cell
that only exhibit fluorescence of mitochondria or the cytoplasm during the acquisition time, there are also areas that display a
mixture of cytosolic and mitochondrial fluorescence. The double-exponential model used in this work is not suited for these
mixtures of cytosolic and mitochondrial fluorescence, which leads to inaccurate fluorescence lifetimes. This inaccuracy induced
by the mitochondria movement broadens the peaks of the individual lifetime components and makes it difficult to separate each
component individually.

Supplementary Figure 3: Mitochondrial stain images showing the movement of mitochondria. (a,b) Mitochondrial stain image of a single 3T3-
L1 fat cell captured 6 second apart from each other. (c) Combination of image a and b to show the movement. In areas where the mitochondria
are clustered it is not feasible to detect the displacement and a yellow color is visible (additive of green and red).



Supplementary Figure 4: Mitochondrial stain image of single 3T3-L1 fat cell. (a) Single image taken within 6 seconds (b) Sum of 10 images
taken over a period of 60 seconds.

Supplementary Note 5. Lifetime Fitting

It is often not clear which model, in particular which number of exponential components, should be used to fit the data. In
literature, endogenous fluorescence of NADH in live cells has been fitted with double, triple and quadruple-exponential fits 58,
One way to verify model accuracy is by fitting the decay curve with a varying number of exponential components, and comparing
the chi-squared (x2) value as well as the residuals, which represent the goodness of fit. A good fit is characterized by a x2 close to
1, and residuals showing no noticeable systematic variations °. If more exponential components are defined than needed to fit
the data, the fitting returns two components of almost identical lifetime, or an extremely long lifetime component of very low
relative amplitude. Most often, fitting data with a minimal number of components delivers acceptable x? values, while adding
supplemental exponential components only results in minor improvements in fit. This is another indication that the model cannot
be made more accurate by adding exponential components. Supplementary figure 5 shows that the single exponential fit results
in poor x?, which is markedly improved by using a double exponential fit. Even though a triple exponential fit further improves
the x2value, the additional lifetime component 13 is almost identical to lifetime component 1,, which suggests overfitting.
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Supplementary Figure 5: Using single-, double-, and triple-exponential fits on the same data set of NADH fluorescence of adipocytes to
determine the correct fitting model. (a) An attempt to fit the data with a single exponential results poor x? values. (b) Double exponential fitting

results in good X2 values. (c) Triple exponential fitting delivers a small in improvement in x? values, but the third lifetime component t3 is almost
identical to lifetime component 12, which suggests overfitting.



Supplementary Note 6. pH-Values after Injection

The pH of a solution is known to impact the fluorescence lifetime of a dissolved fluorophore 0. Fluorescence lifetimes of
adipocytes’ NADH changed significantly after the injection of several pharmacological reagents. To confirm whether the
fluorescence lifetime change was indeed based on metabolic changes rather than change in extracellular pH, media acidity was
monitored using a pH meter. Individual injections of the pharmacological reagents were performed in the same concentration
and media as in cell experiments. We were able to show that none of the reagents at given concentration resulted in a significant

change in pH.

Solution and Reagents Average pH Standard

Value Deviation
Glycolysis Stress Test Media (2 mM glutamine) 7.02 0.03
Glucose (10mM) 7.05 0.02
Oligomycin (1 uM) 7.07 0.03
2-DG (100 mM) 7.06 0.02
Forskolin (5 uM) 7.07 0.02
Epinephrine (0.5 uM) 7.09 0.04
Mitochondria Stress Test Media (10 mM glucose, 1 mM pyruvate, 2 mM glutamine) 7.08 0.02
Oligomycin (1 pM) 7.16 0.04
FCCP (1 puM) 7.15 0.05
Rotenone AA (0.5 uM) 7.14 0.06
Forskolin (5 uM) 7.17 0.03
Epinephrine (0.5 uM) 7.19 0.05

Supplementary Table 2: Shows pH-value changes of the glycolysis and mitochondria stress test media after injection of pharmacological

reagents.
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Supplementary Figure 6: Complete western blots showing the effect of epinephrine and forskolin on the expression of UCP1 and GAPDH of
murine inguinal white fat.

Supplementary Note 7. Western Blots - complete blots

Literature shows that thermogenesis of brown fat can be initiated through mild cold application or through pharmacological
reagents 11, It was also demonstrated that mitochondria of inguinal white fat have sufficient UCP1 protein levels to activate
thermogenesis 1. Supplementary figure 6 shows western blots of UCP1 gene expression of inguinal white fat without treatment
and with treatment of epinephrine and forskolin. Untreated inguinal fat cells initially express low levels of UCP1, while
epinephrine and forskolin treated cells show an increased UCP1 expression. Epinephrine and forskolin promote lipolysis and are

known to induce browning. UCP1 expression was normalized to the expression of reference gene GAPDH which remained
constant under investigation for all three groups.

Supplementary Note 8. Photobleaching

Photobleaching experiments were carried out on 3T3-L1 adipocytes using four different powers in the focal plane for continuous
measurement over 15 minutes. During this experiment 60 second FLIM images were taken continuously for 15 minutes and the
total intensity of the field of view was analyzed for each image. While the intensity for powers of 11.25 mW didn’t show significant
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Supplementary Figure 7: Shows the change of fluorescence intensity of 3T3-L1 adipocytes over a 15-minute duration using different laser
excitation powers at the focal plane at 755 nm wavelength.



changes over the 15-minute duration, the fluorescence intensity decreased for powers of 15mW and higher. It appears that the
cells can compensate for photobleaching at low laser intensities but after many frames or at higher intensities, the cells become
unable to adapt.

Supplementary Note 9. Multi-harmonic phasor analysis

A common way to separate components having the same phasor location but different lifetime distributions is to perform a multi-
harmonic analysis of the fluorescence lifetime data with higher harmonics of the laser repetition rate, wherein the harmonics are
w=nw, with n=2, 3 12, The idea of this method is that the phasor histogram does not broaden very much as the frequency is
increased and that the phasor histogram shifts along the universal circle toward the (0,0) coordinate for increasing frequencies.
The best frequency for maximal sensitivity to changes in the phasor location is when the phasor is located in the central region
of the phasor plot. If the repetition rate is too high, the phasors of various molecular species will be crowed in a small area of the
phasor plot, and their separation becomes problematic. Analyzing the phasor plots of NADH of adipocytes at higher harmonics
(2 and 3) of the laser repetition rate did not result in a separation of mitochondrial and cytosolic NADH populations
(supplementary figure 9). This inability of further separating the phasor points was expected since the phasor cluster of the first
harmonic already had a central position within the semicircle which results in maximum sensitivity.
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Supplementary Figure 8: Scheme showing that the phasor analysis can be performed in any harmonic of the original modulation frequency.
If two phasors are the linear combination of a different pair of phasors, for example C1-Cs and C2-Cs, they may overlap in the first harmonic (a),
but may be separated at higher harmonic (b) *
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Supplementary Figure 9: Showing the phasor analysis of NADH of adipocytes at different harmonics of the laser repetition rate. (a) first
harmonic of the original modulation frequency at 80 MHz (b) second harmonic at 160 MHz (c) third harmonic at 240 MHz

Supplementary Note 10. Fluorescence lifetime analysis of isolated mitochondria

To show regional differences of the NADH species, mitochondria of 3T3-L1 adipocytes were isolated. The isolated mitochondria
were stained with TMRE to check for purity. Even though some impurities were detected (supplementary figure 10) most of the
fluorescence signal originated from mitochondria. As expected, mitochondria predominately showed fluorescence from lifetime
component C; and Cs. This finding strengthens the claim that the fluorescence lifetime is specific to cellular features.
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Supplementary Figure 10: Fluorescence lifetime distribution of NADH of isolated mitochondria of 3T3-L1 adipocytes. (a) Trans-illumination
image, (b) TMRE mitochondrial stain image, and (c) FLIM image of isolated mitochondria. The blue arrow in the mitochondrial stain image
shows a cell nucleus. (d) Fluorescence lifetime distribution of isolated mitochondria.

Supplementary Note 11. Redox Ratio

The redox ratio is originating from two fluorescent cofactors: NADH and FAD. Both molecules play crucial roles in electron
transport in the cell and changes in their concentration can be used to determine the metabolic state of a cell. The relative
fluorescence intensity of NADH and FAD can be expressed as FAD* / (FAD* + NADH), namely the optical redox ratio. Literature
shows that an increase in redox ratio values are linked to oxidative phosphorylation while a decrease in redox ratio means an
increase in glycolytic metabolism. Supplementary Figure 11 and 12 show changes of NADH intensity, FAD* intensity, and redox
ratio after individual injection of several pharmacological reagents of the mitochondria stress test and glycolysis stress test. Our



results conform with other reports showing significant variations in redox ratio due pharmacologically induced cellular
metabolism. 1314

Mitochondria Stress Test
Redox Ratio

Control Oligomycin FCCP Rot/AA

300

NADH
0
100
FAD
0
1
Redox
Ratio
0
Result 0.24 0.19 0.26 0.16

Supplementary Figure 11: Redox ratio based on the fluorescence intensity of NADH and FAD for individual injections of the mitochondria stress
test. Representative images of NADH, FAD and the calculated redox ratio (FAD/FAD + NADH) in response to individual injections of mitochondrial
inhibitors and uncouplers. All images were acquired from different cell plates of the same culture under identical conditions after individual
injection of each drug indicated above the figure panels. The last row shows the average value of the redox ratio.

Glycolysis Stress Test
Redox Ratio
Control Glucose Oligomycin 2-DG

NADH

FAD

Result 0.22 0.20 0.18 0.21

Supplementary Figure 12: Redox ratio based on the fluorescence intensity of NADH and FAD for individual injections of the glycolysis stress
test. Representative images of NADH, FAD and the calculated redox ratio (FAD/FAD + NADH) in response to individual injections of drugs changing
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the glycolic rate. All images were acquired from different cell plates of the same culture under identical conditions after individual injection of
each drug indicated above the figure panels. The last row shows the average value of the redox ratio.

Supplementary Note 12. Detection of Lipids and Lipofuscin

Lipofuscin is mainly present in post mitotic cells. It consists of lipids, proteins, carbohydrates and a small amount of metals.
Lipofuscin has been investigated concerning its lipid and protein composition and several authors described a protein fraction of
20 to 70% and a lipid fraction of 20 to 50 wt%.>® Stimulated Raman Scattering (SRS) microscopy is highly sensitive to the
detection of lipids. Due to the lipid rich composition of lipofuscin, this imaging modality is able to reliably detect Iipofuscin.17 The
contrast of the SRS signal in the lipid droplets arises from the Raman response of the abundant C-H bonds in the lipid molecules.18
Thus, laser scanning Raman scattering microscopy is applied to visualize lipid droplets in cells and tissues. There are several
publications using fluorescent dyes for labeling of lysosomes and lipids such as LysoTracker to detect Iipofuscin.lg'20 Colocalization
studies using Raman scattering microscopy showed high correlation with these fluorescent dyes for imaging of lipid and lysosome-
related organelles.zo_22 Therefore, SRS was used to detect lipofuscin and other lipid-rich components in Supplementary Figure
13. To eliminate the influence of lipid and lipofuscin fluorescence on the analysis of NADH fluorescence, regions containing lipid
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Supplementary Figure 13: FLIM, CARS and SRS image of a single 3T3-L1 adipocyte. An intensity based adaptive threshold was used to create a
mask to remove low fluorescence intensity areas such as the background, nuclei, and lipid droplets. CARS and SRS signals were used to generate
masks containing lipids and lipofuscin. The last row shows a combination masks generated by addition of all other masks. The masks were used to
removed certain features of the FLIM image for the fluorescence lifetime analysis and the resulting lifetime distributions are shown in the column
on the right.

11



and lipofuscin were removed from the analysis. These regions were determined by SRS and fluorescence intensity as shown in
Supplementary Figure 13. While initially analyzing the entire image, several masks were applied such as an intensity based
adaptive threshold mask, a mask based on the SRS signal of lipids and a combination of all the masks. The analysis of the
fluorescence lifetime distribution after application of these masks, which eliminate the fluorescence from lipids and therefore
also from lipofuscin, resulted in 4 distinct lifetime components for NADH. This shows that all 4 lifetime components are indeed
part of the fluorescence of NADH.
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