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Characterization of mitochondrial 
dysfunction due to laser damage 
by 2‑photon FLIM microscopy
Shagufta Rehman Alam1, Horst Wallrabe1, Kathryn G. Christopher1, Karsten H. Siller3 & 
Ammasi Periasamy1,2*

Mitochondria are the central organelles in cellular bio‑energetics with key roles to play in energy 
metabolism and cell fate decisions. Fluorescence Lifetime Imaging microscopy (FLIM) is used to track 
metabolic changes by following the intrinsic co‑enzymes NAD(P)H and FAD, present in metabolic 
pathways. FLIM records‑lifetimes and the relative fractions of free (unbound) and bound states of 
NAD(P)H and FAD are achieved by multiphoton excitation of a pulsed femto‑second infra‑red laser. 
Optimization of multiphoton laser power levels is critical to achieve sufficient photon counts for 
correct lifetime fitting while avoiding phototoxic effects. We have characterized two photon (2p) 
laser induced changes at the intra‑cellular level, specifically in the mitochondria, where damage 
was assessed at rising 2p laser average power excitation. Our results show that NAD(P)H‑a2%—the 
lifetime‑based enzyme bound fraction, an indicator of mitochondrial OXPHOS activity is increased by 
rising average power, while inducing changes in the mitochondria at higher power levels, quantified by 
different probes. Treatment response tracked by means of NAD(P)H‑a2% can be confounded by laser‑
induced damage producing the same effect. Our study demonstrates that 2p‑laser power optimization 
is critical by characterizing changes in the mitochondria at increasing laser average power.

Mitochondrion, the powerhouse of a cell is the central organelle in energy metabolism. It is the main driver for 
ATP generation via the Tricarboxylic Acid Cycle (TCA) and Oxidative Phosphorylation (OXPHOS), required 
by virtually all cellular and physiological processes. Mitochondria, while maintaining homeostasis in cellular 
bio-energetics, are also responsible for the initiation and execution of the programmed cell death or apoptosis 
via intrinsic pathways, hence play critical roles in cell-fate decisions. Defects in mitochondrial morphology, per-
meability, energy metabolism and oxidative stress, induce apoptosis by regulating the levels of Reactive Oxygen 
Species (ROS)1. Mitochondrial membrane potential (ΔΨm) inter alia also plays an important role in mitochon-
drial homeostasis by selectively eliminating dysfunctional mitochondria. Continuous changes in mitochondrial 
membrane potential result in the loss of cell  viability2. Mitochondrial dysfunction and defective OXPHOS is 
increasingly being recognized in many disorders, particularly in cancer where the interplay between glycolysis 
and OXPHOS is  altered3,4, facilitating growth, progression and metastases by modulating mitochondrial ROS 
and  apoptosis5–7.

Fluorescence Lifetime Imaging Microscopy (FLIM) is a powerful non-invasive approach to investigate cel-
lular metabolism in different pathophysiological states in real time, following the FLIM fingerprints of NAD(P)
H (reduced nicotinamide adenine dinucleotide) and FAD (flavin adenine dinucleotide), the metabolic co-
enzymes8–11, by infra-red multiphoton excitation. Both, NAD(P)H and FAD are endogenous, auto-fluorescent 
and are accepted biomarkers of metabolic states in different  pathologies12,13. Only the reduced form of NAD(P)
H and the oxidized form FAD are fluorescent. NAD(P)H signals originate from different cellular compartments, 
cytoplasm, mitochondria and nucleus and can be delineated based on their FLIM fingerprints at these subcellular 
 locations8. NADH signals in the cell’s cytoplasm come from glycolysis and fermentation, in mitochondria from 
the pyruvate dehydrogenase complex, TCA and OXPHOS and from the nucleus by gene expression—the latter 
is not involved in cell’s  metabolism14,15. FAD signals mainly come from the  mitochondria8,16, as flavin mono-
nucleotide (FMN) rests in complex I, while FAD is in complex II of the mitochondrial electron transport chain 
(ETC); both flavins belong to the approximately 10% covalently bound family of flavoproteins; many others form 
transient bonds catalyzing a variety of cellular reactions which are not involved in  metabolism17.
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The fluorescence lifetimes of NAD(P)H and FAD are sensitive to changes in their cellular micro-environment 
like pH, temperature, oxygen, viscosity, their conformational states, and proximity to  quenchers18. These co-
enzymes exist either in “free” or “enzyme-bound” states during cellular metabolic activity, and FLIM being a 
very sensitive tool, can discriminate between these states. Fitting of the fluorescence lifetime decays of NAD(P)
H and FAD are typically based on a two-component exponential decay  model18. The shorter (~ 0.4 ns) and 
longer (~ 2.4 ns) lifetimes of NAD(P)H represent the “free” and “enzyme-bound” components, respectively; the 
shorter (~ 0.12 ns) and longer (~ 3.38 ns) lifetimes of FAD represent the “enzyme-bound” and “free” components, 
respectively.

Mitochondrial oxidative phosphorylation (OXPHOS) activity consumes NADH (increased NADH-enzyme-
bound fraction) and produces FAD (diminished FAD enzyme-bound fraction). Both the co-enzymes in their 
reduced (NAD(P)H and FADH2) and oxidized (NAD(P) + and FAD) forms participate in the cellular oxida-
tion–reduction reactions critical for cell  physiology8,19. Because of prominent changes of this fraction, NAD(P)
H-a2% is a well-established metric to monitor OXPHOS activity by  FLIM8,9,19–23.

Due to the observed lower intracellular levels/signals of FAD compared to NAD(P)H, it may be challenging 
to use FAD alone as a metabolic  marker16. However, NAD(P)H due to its higher intracellular signal alone has 
been used in various studies to track metabolic  activity16,23,24.

One-photon excitation of NAD(P)H can also be used at ~ 340 nm ultraviolet  radiation25–27, which is poten-
tially mutagenic and phototoxic to cells, therefore  undesirable25,28—with multiphoton excitation at optimal power 
levels being a better alternative. In a seminal report, the damaging effects of pulsed NIR 730 nm excitation beam 
in comparison with the 1p-UVA absorption were  investigated25. Increase in autofluorescence and its re-location 
to the nuclei were reported as indicators of cellular damage with 1p excitation. Similar changes were observed by 
2p-excitation when either the number of scans or the average power levels were increased. Unlike our investiga-
tion, the cited study does not provide detailed experimental evidence for the increase in the autofluorescence 
or its nuclear re-location.

The mitochondria regulating cell-fate decisions has been the subject of study involving red and near-IR lasers 
in recent  years29–31. In general, FLIM applications to investigate different disease models and treatment outcomes 
have grown over the years. It is therefore of vital importance to separate the potential laser-induced cell death 
from physiologically occurring changes. To answer this question, we have assessed the impact of irradiation by 
various laser average power intensities on mitochondria by FLIM.

Our FLIM methodology employs a 2-photon femto-second (Chameleon, Coherent) pulsed laser 
(680–1060 nm) at 5–7 mW power at the specimen  plane19,20,32. The goal of this manuscript is to evaluate the 
damaging nature of increasing laser average power levels beyond the above optimized level on (1) mitochondrial 
metabolism and (2) to provide direct experimental evidence and mechanistic insight on phototoxicity induced 
changes particularly, in the mitochondria.

Results
Experimental approach. The experimental strategy adopted to assess the effect of increasing laser average 
power output on mitochondria, is illustrated in Fig. 1. A two-step imaging sequence were applied, first 2-photon 
FLIM and then 1p confocal for all probes. Unlabeled cells were separately used for each of the listed 2-photon 
excitation average power (5.47 mW (2%), 12.88 mW (4%), 19.21 mW (6%) & 25.45 mW (8%)). Step-1: 2-photon 
FLIM was performed on 4 different FOVs of unlabeled cells with laser average power at 5.47 mW. The positions 
of the FOVs were recorded and saved. Step-2: After the desired incubation time on the stage, those saved FOVs 
irradiated by the 2p-pulsed laser were re-imaged on the confocal LSM side with probe specific 1p-excitation 
under identical imaging settings for the respective probes. These two steps were repeated for all the above listed 
2p laser average power. On the LSM side a zoom factor 1.5 × was used versus a 2 × for FLIM in-order to assess 

Figure 1.  Flow Chart—2-step experimental strategy using a B&H FLIM board coupled to a Zeiss 780 LSM 
confocal, multiplexing multiphoton and confocal imaging. Following FLIM image acquisition (Step 1) of 
recorded X–Y–Z positions of different specimens with increasing laser average power in separate experiments, 
the specimens were labeled individually with different probes for mitochondrial viability and apoptosis and 
reimaged at identical X–Y–Z positions on the LSM Confocal side (Step 2) with probe specific 1-photon 
excitation under identical imaging settings to assess laser induced changes in mitochondria post FLIM.
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the impact of laser irradiation just outside the perimeter of the FOV, previously irradiated by 2p pulsed laser. All 
experiments were repeated at least 2–3 times.

Femto-second pulsed 2p lasers can elicit cytotoxic effects when imaging biological  specimens25. It is there-
fore very important to measure the average power output of the femto-second pulsed 2p laser at the specimen 
plane. This was measured with a slide power meter for the 2p-740 nm (Fig. 2) laser on our Zeiss 780 confocal / 
multiphoton (MP) FLIM imaging system. Linear increase in average power output at the specimen plane was 
correlated with percentage (%) laser power level of the software controller (Fig. 2). 2p-laser induced transforma-
tions in the mitochondria were characterized with 740 nm excitation at the specimen plane for various average 
power levels as mentioned above.

Transformations in mitochondrial morphology and increase in metabolic activity with 
increase in 2p‑laser average power excitation in HeLa cells. Mitochondrial dysfunction and defec-
tive OXPHOS has been reported in  cancer5,33. Correction of OXPHOS and induction of apoptosis via the mito-
chondrial pathway is a promising strategy in cancer  treatment5. We have previously demonstrated by FLIM an 
increase in the NAD(P)H-a2%—the lifetime-based enzyme bound fraction and a widely used metric for mito-
chondrial OXPHOS  activity9,19,20,22,34, to increase before the onset of doxorubicin induced apoptosis in prostate 
cancer cells and hence, established NAD(P)H-a2%-as an early predictor of treatment  response19. Staurosporine-
induced apoptosis and changes in NAD(P)H lifetimes with decrease in free-to-bound ratio by FLIM have also 
been previously  observed22. Mitochondrial metabolism involves the pyruvate dehydrogenase complex (PDC), 
TCA and OXPHOS pathways. In the mitochondria, lifetime signals from the free form of NAD(P)H or its-
a1% fraction come from the PDC and TCA whereas contributions of the enzyme-bound NAD(P)H-a2% origi-
nate from OXPHOS. Therefore, the ratios of enzyme-bound: free forms or NAD(P)H-a2%/a1% would indicate 
the overall status of the mitochondrial metabolic activity. Our current investigation shows transformations in 
mitochondrial morphology, and indicate an increase in the mitochondrial metabolic activity with excitation 
at increasing 2p-laser average power (Fig. 3) without any treatment or pharmacological interventions. Higher 
than optimal laser power can therefore be a confounding element and impossible to differentiate treatment from 
laser-induced changes. In Fig. 3, loss of discrete mitochondrial morphology can be seen in the representative 
photon images with higher average power of 19.21 mW (Fig. 3c) and 25.45 mW (Fig. 3d), in the form of cell 
shrinkage, rounding and some blebbing (denoted by* Fig. 3c(i),d(i)) as signs of morphological damage com-
pared to 5.47 mW-Control (Fig. 3a(i))—our FLIM imaging standard. We have previously used NAD(P)H sig-
nals as a surrogate marker for mitochondrial  morphology19. The representative color-coded images of NAD(P)
H-a2% also showed loss of discrete mitochondrial morphology and rise in the NAD(P)H-a2%—enzyme bound 
fraction with rising laser average power (Fig. 3e–h). Since lifetime is independent of fluorophore concentra-
tions, NAD(P)H τ1 and τ2 remained unaffected, except for some natural variability (Fig. 3i,j). τm, the amplitude 
weighted mean lifetime increased (Fig. 3k) driven mainly by NAD(P)H-a2% (Fig. 3m), mirrored by the decrease 
in the NAD(P)H-a1%, the free form (Fig. 3l). An increase in the NAD(P)H enzyme-bound to free ratio (Fig. 3n) 
also shows an overall increase in mitochondrial metabolic activity with the increase in the 2p-laser average 
power, confirming the confounding potential in treatment-based investigations measuring apoptosis.

Loss of mitochondrial membrane potential (ΔΨm) with increase in 2p‑laser average power 
excitation in HeLa cells. The experimental strategy used to assess the 2p-laser induced mitochondrial 
damage is illustrated in Fig. 1 and described in “Materials and methods”. Mitochondrial membrane potential 
(ΔΨm) is critical for mitochondrial homeostasis and a continuous rise or drop may result in the loss of cell 
 viability2. To assess 2p-laser induced changes of mitochondrial ΔΨm we have used a MitoTracker CMXRos 

Figure 2.  2p laser average power measured at the specimen plane. The average power of 2p laser at 740 nm 
was measured using a slide power meter (ThorLabs) with a 40 × oil, 1.3N.A lens. Laser average power at the 
specimen plane was correlated with the power setting of the software controller. The bars are the respective 
average power used in current investigation to assess 2p-laser induced mitochondrial damage (see the text for 
details).
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Figure 3.  Mitochondrial OXPHOS metabolic marker NAD(P)H-a2% increases at rising 2p-740 nm laser average power 
in HeLa cells. Each panel (a–d) contains photon images (i) with corresponding NAD(P)H-a2% histogram (ii), lifetime 
parameters (iii) and the decay trace (iv). Panels (e–h) color-coded NAD(P)H-a2% images at different laser average power 
levels. Visually, mitochondrial morphology is clearly affected, confirmed later by mitochondrial viability markers (Figs. 4, 5 
and 6). (i–n) Means (± SEM) of 4 merged FOVs (n = 70 cells) for several FLIM parameters. Except for natural cell variability, 
lifetimes τ1 (i) and τ2 (j) are unaffected by rising power, while NAD(P)H-a2%, the marker for OXPHOS metabolism increases 
(m), also affecting τm, the amplitude-weighted-average lifetime (k). Rising NAD(P)-a2% also drives decreasing a1% (l) and 
increasing NAD(P)H-a2%/1% ratio (n).
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probe. Intensity changes of MitoTracker CMXRos are dependent on the physiological mitochondrial membrane 
potential (Fig. S1).

Representative images and insets of MitoTracker CMXRos signals from viable mitochondria were seen with 
laser average power of 5.47 mW-Control (Fig. 4a), whereas loss of signals was observed after higher average 
power excitation at 12.88 mW (Fig. 4b) and 19.21 mW (Fig. 4c). Continuing to a higher power at 25.45 mW 
was pointless, considering the results at 19.21 mW. Some viable mitochondria outside of the FOV were still seen 
with 12.88 mW (Fig. 4b), which were completely lost with 19.21 mW irradiation (Fig. 4c). Our compiled results 
from all FOVs clearly demonstrate that excitation with higher average power resulted in the loss of physiological 
mitochondrial membrane potential leading to the loss of MitoTracker CMXRos labeling of the mitochondria 
(Fig. 4d). With respect to 5.47 mW-Control, a decrease of 42.84% with 12.88 mW and 50.65% with 19.21 mW 

Figure 4.  Loss of mitochondrial membrane potential (ΔΨm) at increasing 2p-laser power in HeLa Cells. (a) 
Representative confocal image of MitoTracker CMXRos signals (after FLIM acquisition at 5.47 mW, control 
laser power) showing viable mitochondria. (b) Loss of MitoTracker CMXRos confocal signal (after FLIM 
acquisition at 12.88 mW laser power) due to loss in mitochondrial ΔΨm. (c) After FLIM acquisition at 19.21 
mW, MitoTracker CMXRos signals disappeared; it was pointless to track FOVs at 25.45 mW power. All 
confocal images were taken at identical conditions with 561 nm excitation at 0.3% power (Em 579–712 nm, 
PMT 630v). (d) Mean intensity (± SEM) bar plots and mean ROIs counts (2 × 2 pixel, orange line) from 4 FOVs 
show decrease in MitoTracker CMXRos mean intensity from 46 to 26.3 Gy-levels (8-bit image depth), a 42.84% 
decrease, and to 22.7—a 50.65% decrease. Mean ROI counts declined from 30,335 to 8,011.25 (73.63% decrease) 
and to 1,284.75 (95.77% decrease) after FLIM at 5.47 mW-Control, 12.88 mW and 19.21 mW respectively, 
demonstrating drop in signal with higher laser average power. Single factor Anova analysis was done for 
statistical significance between groups for mean intensity at alpha value of 0.05. The results were statistically 
significant with p value of < 0.0001. Scale bar 20 μm.
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average power in MitoTracker CMXRos mean intensity (Fig. 4d bar plot) was observed, validating that loss in 
mitochondrial membrane potential is critical in initiating mitochondrial metabolic response to higher laser 
average power induced damage (Fig. S2). Similarly, a decrease of 73.63% with 12.88 mW and 95.77% with 19.21 
mW average power in MitoTracker CMXRos ROI counts (Fig. 4d orange line) with respect to 5.47 mW-Control 
was observed.

Mitochondrial fragmentation with increase in 2p‑laser average power excitation in HeLa 
cells. Mitochondrial fragmentation with 1 W femto-second pulsed laser has been  reported30. To correlate our 
observations of morphological transformation seen in the mitochondria with the higher average power excita-
tion (Fig. 3), we applied MitoTracker Red FM for visualization. Representative images and insets of MitoTracker 
Red signals from viable mitochondria were seen at 5.47 mW-Control (Fig. 5a). However, at higher average power 
of 12.88 mW (Fig. 5b) and 19.21 mW (Fig. 5c), we saw a loss of the MitoTracker Red signals. Our compiled 
results from all FOVs (Fig. 5d) demonstrate that excitation with higher 2p-laser average power resulted in the 

Figure 5.  Mitochondrial fragmentation at increasing 2p-laser power in HeLa Cells. Representative confocal 
images of MitoTracker Red FM signals, imaged under identical conditions by confocal 594 nm excitation 
at 2.8% (Em-600–701 nm, PMT 850v) after FLIM acquisition at 740 nm. (a) Viable mitochondria after 5.47 
mW–Control FLIM acquisition. (b,c) After higher FLIM laser power at 12.88 mW & 19.21 mW, increased 
mitochondrial fragmentation and loss in MitoTracker Red signal occurs. Hoechst nuclear stain. (d) Mean 
intensity (± SEM) bar plots and mean ROI counts (2 × 2 pixel, orange line) from 4 FOVs show a decrease 
in MitoTracker Red mean gray-level intensity (8-bit depth) from 69.86 to 59.71 (14.52% decrease) to 50.74 
(27.36% decrease); and mean ROI counts (orange line) from 50,923.25 to 36,500 (28.32% decrease) to 4,971.66 
(90.23% decrease) in ROI counts after FLIM with 5.47 mW-Control, 12.88 mW and 19.21 mW respectively, 
demonstrating drop in signal with higher laser average power. Single factor Anova analysis for mean intensity 
was done for statistical significance between groups at alpha value of 0.05. The results were statistically 
significant with p value of < 0.0001. Scale bar 20 μm.
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loss of discrete mitochondrial morphology. With respect to 5.47 mW—Control, a decrease in MitoTracker Red 
mean intensity of 14.52% and 27.36% (Fig. 5d bar plot); and a decrease in ROI counts of 28.32% and 90.23% 
(Fig. 5d orange line) was observed with 12.88 mW and 19.21 mW average power, respectively, corroborating 
our earlier observations in Fig. 3 of increased mitochondrial fragmentation, even without MitoTracker labeling. 
Since we have observed loss of mitochondrial membrane potential by the 2p-laser at higher power, it is quite 
possible that this has also contributed to the reduction in MitoTracker Red intensity. Nevertheless, both probes-
MitoTracker Red and MitoTracker CMXRos show damage to the mitochondria after 2p-laser irradiation at 
higher power levels.

Increase in mitochondrial oxidative stress with increase in 2p‑laser average power excitation 
in HeLa cells. Femto-second near IR lasers can induce generation of highly reactive oxygen radicals or 
Reactive Oxygen Species (ROS) in biological  specimens29,30. ROS induced oxidative stress-mediated cell death 
is a common mechanism seen in cells irradiated by near IR  lasers30. MitoSOX Red is a selective live cell probe 
for detecting superoxide—the predominant ROS in the mitochondria. We have used MitoSOX Red to assess 
induction of oxidative stress with increase in average power excitation. Figure 6 shows representative images and 
insets of MitoSOX (mitochondrial ROS/superoxide) signals. Under identical imaging settings, a low-level signal 
from MitoSOX was detected at 5.47 mW-Control (Fig. 6a)—as expected in cancer cells; increased MitoSOX 
signals were observed at 12.88 mW (Fig. 6b) and 19.21  mW (Fig. 6c). Our data from all FOVs (Fig. 6d) show 
that with respect to 5.47 mW—Control, an increase in MitoSOX Red mean intensity (bar plot) of 12.61% and 
84.30%; and tremendous increase in MitoSOX Red ROI counts (orange line) of ~ 40 and ~ 300 fold was observed 
with 12.88mW and 19.21mW average power, respectively, demonstrating that excitation with higher 2p-laser 
average power induces oxidative stress.

Induction of apoptosis with higher 2p‑laser average power excitation in HeLa cells. Oxidative 
stress-induced activation of apoptosis via intrinsic pathways, regulated by the mitochondria is well  known1. 
Since we observed increase in MitoSOX signal with higher average power excitation, we further wanted to report 
on the induction of apoptosis in these irradiated cells. Caspase 3/7 green detection reagent (CellEvents) was used 
to assess induction of apoptosis with higher average power excitation. As a positive control, doxorubicin-treated 
HeLa cells were also imaged. (Fig. S3). No caspase 3/7 activation signal was detected with 5.47 mW-Control 
(Fig. 7a) or with 12.88 mW) (data not shown). Even though at 12.88 mW the apoptosis marker did not show 
changes, membrane potential changes, mitochondrial fragmentation and oxidative stress (Figs. 4, 5, 6) occurred, 
already indicating the deleterious effects of laser power at 12.88 mW. At higher average power levels of 19.21 
mW some apoptotic cells were observed, which further increased in number with an increase in the photon 
acquisition time to 45 s vs 20 s (Fig. 7c), demonstrating the dosage and time-dependent nature of the pulsed 
femto-second laser in inducing oxidative damage and activation of apoptosis.

Discussion
Infra-red femto-second pulsed lasers are widely used in fluorescence lifetime imaging of metabolic co-enzymes 
to understand cellular metabolism in normal and disease states. At higher power levels, the laser can induce 
phototoxic effects.

Mitochondria play key roles in bio-energetics and control cell-fate decisions. We investigated the very impor-
tant question, whether the FLIM 2p-laser can damage mitochondria and if so, at what mW levels? Acquisition 
time of course is a companion variable and is usually the preferred way to avoid phototoxic cellular damage by 
increasing acquisition time and simultaneously reducing laser power levels. The challenge however remains to 
separate pharmacological interventions during imaging from laser induced and instrument related deleterious 
effects, as demonstrated in this manuscript.

In an earlier investigation, changes in the autofluorescence intensity, patterns and mean lifetime distribution 
of NAD(P)H coenzymes as a measure of 2p-NIR microbeam & 1p-UVA absorption induced photo-stress was 
 probed25. Comparable to our results, the authors have shown that a similar threshold (2p-730 nm and 6 mW 
average power) with their imaging set up was safer for imaging NAD(P)H autofluorescence; and increase in 
autofluorescence and its re-location were reported as indicators of cellular damage with either repeating the 
number of scans or increasing the average power. Unlike the earlier study, this investigation provides direct 
experimental evidence of underlying mechanism of mitochondrial damage. As our research investigates mito-
chondrial dysfunction in diseases like  cancer4,19,20,32 and Alzheimer’s by FLIM of NAD(P)H24, it is of utmost 
importance to determine that excitation with 2p-740 nm using our optimized standard conditions is safe and 
does not specifically damage mitochondria.

In the current study, we have investigated in a systematic manner the effect of 2p-740 nm laser induced trans-
formations in the mitochondria by FLIM. As a second step, the extent of mitochondrial damage was investigated 
by 1-photon microscopy with several markers assessing mitochondrial viability (Figs. 4, 5, 6) and apoptosis 
(Fig. 7).

We have previously demonstrated that NAD(P)H-a2%-the lifetime-based enzyme bound fraction, an estab-
lished and widely used  metric9,20,22,34 for mitochondrial OXPHOS activity, to increase before the onset of apop-
tosis via the mitochondrial  pathway19. Similarly, in the present investigation increase in the NAD(P)H-a2% 
indicating an increase in the mitochondrial OXPHOS activity, accompanied by the loss of discrete mitochon-
drial morphology was observed in response to excitation with higher laser average power in HeLa cells (Fig. 3). 
Morphological characteristics like cell shrinkage, rounding up and membrane blebs were also seen in some cells 
affected by the high average power (Fig. 3c(i),d(i),g,h), which was further confirmed by different mitochondrial 
probes to assess damage (Figs. 4, 5, 6).
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Increase in the laser average power excitation from 5.47 mW (Control) to 12.88 mW and 19.21 mW resulted 
in the loss of mitochondrial membrane potential (Fig. 4) which affects cell viability. Not only that, it also resulted 
in mitochondrial fragmentation (Fig. 5) hence, affecting cellular metabolism. Phototoxicity generated by the 
increase in the laser average power was observed as oxidative stress (Fig. 6).

Many pro-death stimuli converge on the mitochondrial pathway leading to  apoptosis1,30,35,36. Apoptosis via 
the mitochondrial intrinsic pathway is a long cascade with upstream and downstream events. Our results, indi-
cate an increase in OXPHOS activity accompanied by the loss of discrete mitochondrial morphology, loss in 
mitochondrial membrane potential which eventually leads to changes in mitochondrial membrane permeabil-
ity; mitochondrial fragmentation and increase in mitochondrial ROS-all provide mechanistic insights into the 

Figure 6.  Increase in mitochondrial oxidative stress at increasing 2p-laser power excitation in HeLa cells. 
Representative confocal images of MitoSOX (mitochondrial ROS/superoxide) signal imaged under identical 
conditions with 514 nm at 10% (Em-551–683 nm, PMT 750v), after FLIM acquisition with 740 nm. All images 
were contrasted for brightness at the same settings to show the expected low-level ROS signal in cancer cells 
in the control image. Confocal MitoSOX signal after FLIM at laser average power of (a) 5.47 mW-Control and 
after increased FLIM laser power of (b) 12.88 mW and (c) 19.21 mW. The rising MitoSOX signal is indicative 
of oxidative stress not apparent in control (a). Hoechst nuclear stain was applied for nuclear localization. (d) 
Mean intensity (± SEM) bar plots and mean ROIs counts (2 × 2 pixel, orange line) from 4 FOVs show increase 
in MitoSOX Red mean gray-level intensity (8-bit depth) from 17.64 to 19.87 (12.6% increase) to 32.52 (84.3% 
increase); and mean ROI counts (orange line) from 10 to 427 (~ 40-fold increase) to 2964.75 (~ 300 fold 
increase) in ROI counts post FLIM with 5.47 mW-Control, 12.88 mW and 19.21 mW respectively-indicating 
increase in oxidative stress signal with higher laser average power. Single factor Anova analysis was done for 
mean intensity for statistical significance between groups at alpha value of 0.05. The results were statistically 
significant with p value of < 0.0001. Scale bar 20 μm.
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upstream events that result in the induction of apoptosis upon higher laser average power excitation. Activation 
of caspases is a downstream event in apoptosis. No caspase 3/7 activation signal was detected after excitation 
with 5.47 mW (Fig. 7) or with 12.88 mW in HeLa cells (data not shown). Apoptosis marked by the activation of 
caspase 3/7 was observed after excitation with the higher average power of 19.21 mW with 20 s photon acquisi-
tion time which increased further with increase to 45 s demonstrating the dosage and time-dependent nature 
of the pulsed 740 nm femto-second laser (Fig. 7).

Our results also provide evidence that our current FLIM set up using 740 nm-2% (software control) equiva-
lent to 5.47mW average power at the specimen plane—used for several applications—is non-damaging to the 
mitochondria, used here as control to compare against excitation with higher laser average power to assess 
mitochondrial damage.

Different wavelengths in combination with different magnification objectives will produce different milli-
watt levels at the specimen plane. To demonstrate this point, we have tested our instrumentation set-up with a 
combination of these 2 variables with a Thorlabs PM100D slide power meter (Fig. S4) and suggest that this is 
a required protocol for any FLIM imaging. Irrespective of the 2p-laser lines used for the excitation of NAD(P)
H, our current contribution provides a guide on how to characterize and avoid 2p-laser induced mitochondrial 
damage. It specifically demonstrates how FLIM methodology, using femto-second pulsed 2p-laser with higher 
laser power at the specimen plane could damage mitochondria and trigger apoptosis.

No change in photon counts rates or photobleaching during FLIM image acquisition have been used to 
presume “no damage”. Also, DIC or brightfield images before and after the FLIM have been reported to assess 
 phototoxicity16. This test alone may not be a true reflection of the earliest events of phototoxicity, as internal 
cues from within the cells are translated to external cues over time. The current investigation demonstrates that 
mitochondria, central to bio-energetics, are sensitive, labile organelles subject to photodamage. Our results pro-
vide evidence for earlier signs of mitochondrial photodamage, versus cell shrinkage, rounding and membrane 
blebbing which occur much later upon induction of apoptosis.

FLIM methodology is increasingly being used to understand cellular metabolism in different disease models, 
particularly in cancer, where cellular metabolism plays important roles in growth, progression, and metastases. 
FLIM methodologies are also being employed to characterize 2D vs 3D tumor models and assess treatment 
 response16,19,23,37. The current investigation provides how optimization of the laser average power is critical for 
any FLIM based experimentation to separate treatment response from laser induced mitochondrial dysfunction.

Finally, to state the obvious, different instruments, different types of specimens and experimental objectives 
most certainly require different imaging settings. The main point and thrust of this paper therefore are, to amplify 
the need—not always followed in practice– firstly for optimization of all imaging conditions to avoid potential 
mitochondrial damage, which can be detected at earlier time points than apoptosis; secondly, to avoid potential 
ambiguities arising whether observed results are laser-based or treatment effects.

Materials and methods
Cell culture. Cervical cancer HeLa cells were grown in high glucose-Dulbecco’s Modified Eagle Medium 
(DMEM, Life Technologies) supplemented with 10% cosmic calf serum (Hyclone), 4 mM sodium pyruvate (Life 
Technologies) and 1% penicillin–streptomycin (Life Technologies). HeLa cells were maintained in cell culture 
incubator at 37 °C with 5%  CO2. For all imaging experiments, cells were plated onto 25 mm round No.1.5 glass 
coverslips (Thermo Scientific), in their growth medium and grown to 70–80% confluence. All imaging experi-
ments were done in DMEM Fluorobrite (Life Technologies) without serum.

Figure 7.  Induction of apoptosis with higher 2p-laser average power excitation in HeLa cells. Representative 
images show the signal of caspase 3/7 green detection reagent (CellEvents) imaged under identical conditions 
with confocal 488 nm at 2% (Em 493–579 nm, PMT 750v) after FLIM acquisition with 740 nm at (a) 5.47 mW–
Control and after increased laser average power at (b) 12.88 mW and (c) 19.21 mW. No caspase 3/7 activation 
signal was detected after FLIM with (a) 5.47 mW–Control or with 12.88 mW (data not shown). However, after 
excitation with higher average power (b) 19.21 mW-20 s, caspase 3/7 activation signal and some apoptotic cells 
were observed which further increased with increase in the acquisition time (c) 19.21 mW-45 s. Scale bar 20 μm.
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Laser average power output measurements. Power meter PM100D slide (ThorLabs) was used to 
measure the laser average power output at the specimen plane after 2-photon excitation with increasing laser 
intensities (%) in the software controller (Fig. 2). Laser average power output measured at the specimen plane 
with 40 × oil, 1.3 NA (same lens is used for imaging) for 740 nm at − 2% corresponded with 5.47 mW, 4% with 
12.88 mW, 6% with 19.21 mW and 8% with 25.45 mW, used in this investigation.

FLIM instrumentation, processing and analysis. Details on our FLIM instrumentation, processing 
and analysis is well described  elsewhere19,20,32. In the present contribution, we have assessed the damaging effects 
on mitochondria with increasing laser average power output with 2-photon (2p) excitation by 740 nm ultrafast 
femto-second (150  fs) pulsed laser in HeLa cells. FLIM conditions were optimized, with varying acquisition 
times to achieve reasonable photon counts needed for reliable data fitting (data not shown). Table 1 summarizes 
the optimized FLIM imaging conditions used in this investigation. With higher laser average power output, pho-
ton acquisition time was reduced to sufficient photon count levels for reliable data fitting and to protect lifetime 
detectors from any damage.

For image processing and analysis, the acquired FLIM images of NAD(P)H were fitted for 2-components 
with an incomplete-model using SPCImage software (v.8.3, Becker & Hickl). The offset and scattering were fixed 
to “0” and shift was optimized an χ2 close to 1. FLIM parameters were generated including photon images, τ1, 
τ2, τm,  a1%,  a2%, and χ2 for each pixel. As the dominant NAD(P)H signal corresponds to the mitochondrial 
 morphology19, the mitochondrial Regions of Interest (ROI)s were thresholded by 1 × 1 pixels/ROI using the 
NAD(P)H photon image. The generated mitochondrial ROIs were then applied to the FLIM data to extract 
the data specific for these ROIs. The exported results from multiple FOVs were further analyzed as described 
 elsewhere20,32 to produce, means and Bar charts with the standard error of the mean (± SEM).

Reagents for live cell labeling of mitochondria. HeLa cells were labeled with different live cell probes 
for mitochondrial viability and apoptosis on stage maintained at 37 °C under humidified gas flow (5%  CO2, 21% 
 O2 and balanced with  N2), in separate experiments. After the desired incubation time, those same FOVs irradi-
ated by the 2p-pulsed laser with different average power levels were re-imaged on the confocal LSM side with 
probe specific 1p-excitation under identical imaging settings for the respective probes. On the LSM side a zoom 
factor 1.5 × was used versus a 2 × for FLIM in-order to also assess the impact of laser irradiation just outside the 
FOV directly irradiated by 2p pulsed laser. All live cell labeling and incubation were done in DMEM Fluorobrite 
without serum (Life Technologies). Mitochondrial staining with membrane potential dependent MitoTracker 
Red CMXRos at (Invitrogen) 50 nM for 20 min, MitoTracker Red FM (Invitrogen) 100 nM for 25 min, MitoSOX 
Red mitochondrial superoxide indicator (Invitrogen) 5 μM for 18 min; CellEvents caspase 3/7 green detection 
reagent (Invitrogen) 5 μM for 30 min and live nuclear stain Hoechst 33342 (Invitrogen) for 5–8 min incubation 
were used. Mitochondrial OXPHOS uncoupler CCCP (Sigma) at 50 μM for 20 min and anti-cancer drug doxo-
rubicin at 1 μM and 5 μM, for overnight treatment were used in HeLa cells.

CLSM. Identical imaging settings were used across different groups for Zeiss 780 confocal laser scanning 
microscopy (CLSM) of different probes to assess phototoxic effects of 2p-pulsed laser induced mitochondrial 
damage. For-MitoTracker Red CMXRos-Ex 561 nm at 0.3%, Em 579–712 nm, PMT 630v; MitoTracker Red 
FM-Ex-594  nm at 2.8%, Em-600–701  nm, PMT 850v; MitoSOX Red mitochondrial superoxide indicator-
Ex-514 nm at 10%, Em-551–683 nm, PMT 750v; CellEvents caspase 3/7 green detection reagent-488 nm at 2%, 
Em 493–579 nm, PMT 750v and live nuclear stain Hoechst 33342 Ex—405 nm at 0.5–1%, Em—410–494 nm, 
PMT 700v with the same objective lens 40 × oil, 1.3NA.

Statistical analysis. Results represented in Bar plots are expressed as mean ± SEM. Single factor Anova 
analysis at alpha value of 0.05 was used for statistical significance between groups showing changes in mean 
intensity for mitochondrial viability markers (Figs. 4, 5, 6).

Data availability
All data generated or analyzed in this study are included in this manuscript (and in the Supplementary 
Information).

Received: 11 January 2022; Accepted: 27 June 2022

Table 1.  Conditions used for FLIM Imaging in this investigation.

740 nm laser average power output (mW) at the specimen 
plane with 40 × oil NA 1.3 740 nm laser intensity (%)—zen software controller (%) Acquisition time (s) for FLIM Pixel dwell time (μs)

5.47 mW (control) 2 45 1.58

12.88 mW 4 20 1.58

19.21 mW 6 20 1.58

25.45 mW 8 20 1.58



11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11938  | https://doi.org/10.1038/s41598-022-15639-z

www.nature.com/scientificreports/

References
 1. Circu, M. L. & Aw, T. Y. Reactive oxygen species, cellular redox systems, and apoptosis. Free Radic. Biol. Med. 48, 749–762 (2010).
 2. Zorova, L. D. et al. Mitochondrial membrane potential. Anal. Biochem. 552, 50–59 (2018).
 3. Warburg, O. On respiratory impairment in cancer cells. Science 1979(124), 269–270 (1956).
 4. Alam, S. R. et al. FLIM-FRET microscopy. In Multiphoton Microscopy and Fluorescence Lifetime Imaging: Applications in Biology 

and Medicine 141–162 (Walter de Gruyter GmbH, 2018).
 5. Koochekpour, S., Marlowe, T., Singh, K. K., Attwood, K. & Chandra, D. Reduced mitochondrial DNA content associates with poor 

prognosis of prostate cancer in african american men. PLoS ONE 8, e74688 (2013).
 6. Pecqueur, C., Oliver, L., Oizel, K., Lalier, L. & Vallette, F. M. Targeting metabolism to induce cell death in cancer cells and cancer 

stem cells. Int. J. Cell Biol. 2013, 805975 (2013).
 7. Zhao, Y., Butler, E. B. & Tan, M. Targeting cellular metabolism to improve cancer therapeutics. Cell Death Dis. 4, e532 (2013).
 8. Heikal, A. A. Intracellular coenzymes as natural biomarkers for metabolic activities and mitochondrial anomalies. Biomark. Med. 

4, 241–263 (2010).
 9. Yu, Q. & Heikal, A. A. Two-photon autofluorescence dynamics imaging reveals sensitivity of intracellular NADH concentration 

and conformation to cell physiology at the single-cell level. J. Photochem. Photobiol. B 95, 46–57 (2009).
 10. Gukassyan, V. & Heikal, A. A. (eds) Natural Biomarkers for Cellular Metabolism: Biology, Techniques, and Applications (CRC Press, 

Taylor & Francis Group, 2014).
 11. Periasamy, A. & Clegg, R. M. (eds) FLIM Microscopy in Biology and Medicine (CRC Press, Taylor & Francis Group, 2010).
 12. Richards-Kortum, R. & Sevick-Muraca, E. Quantitative optical spectroscopy for tissue diagnosis. Annu. Rev. Phys. Chem. 47, 

555–606 (1996).
 13. Chance, B., Legallais, V. & Schoener, B. Metabolically linked changes in fluorescence emission spectra of cortex of rat brain, kidney 

and adrenal gland. Nature 195, 1073–1075 (1962).
 14. Zhang, Q., Piston, D. W. & Goodman, R. H. Regulation of corepressor function by nuclear NADH. Science 295, 1895–1897 (2002).
 15. Li, D., Zheng, W. & Qu, J. Y. Time-resolved spectroscopic imaging reveals the fundamentals of cellular NADH fluorescence. Opt. 

Lett. 33, 2365–2367 (2008).
 16. Cong, A. et al. Two-photon fluorescence lifetime imaging of intrinsic NADH in three-dimensional tumor models. Cytometry A 

95, 80–92 (2019).
 17. Dourado, D. F. A. R., Swart, M. & Carvalho, A. T. P. Why the flavin adenine dinucleotide (FAD) cofactor needs to be covalently 

linked to complex II of the electron-transport chain for the conversion of FADH2 into FAD. Chem. Eur. J. 24, 5246–5252 (2018).
 18. Lakowicz, J. R. (ed.) Principles of Fluorescence Spectroscopy (Springer, 2006).
 19. Alam, S. R. et al. Investigation of mitochondrial metabolic response to doxorubicin in prostate cancer Cells: An NADH, FAD and 

tryptophan FLIM assay. Sci. Rep. 7, 1–10 (2017).
 20. Wallrabe, H. et al. Segmented cell analyses to measure redox states of autofluorescent NAD(P)H, FAD & Trp in cancer cells by 

FLIM. Sci. Rep. 8, 1–11 (2018).
 21. Skala, M. C. et al. In vivo multiphoton microscopy of NADH and FAD redox states, fluorescence lifetimes, and cellular morphology 

in precancerous epithelia. Proc. Natl. Acad. Sci. USA 104, 19494–19499 (2007).
 22. Yu, J.-S., Guo, H.-W., Wang, C.-H., Wei, Y.-H. & Wang, H.-W. Increase of reduced nicotinamide adenine dinucleotide fluorescence 

lifetime precedes mitochondrial dysfunction in staurosporine-induced apoptosis of HeLa cells. J. Biomed. Opt. 16, 036008 (2011).
 23. Lukina, M. M. et al. Interrogation of tumor metabolism in tissue samples ex vivo using fluorescence lifetime imaging of NAD(P)

H. Methods Appl. Fluoresc. 8, 014002 (2020).
 24. Norambuena, A. et al. A novel lysosome-to-mitochondria signaling pathway disrupted by amyloid-β oligomers. EMBO J. 37, 

e100241 (2018).
 25. König, K., So, P. T. C., Mantulin, W. W., Tromberg, B. J. & Gratton, E. Two-photon excited lifetime imaging of autofluorescence in 

cells during UVA and NIR photostress. J. Microsc. 183, 197–204 (1996).
 26. Blacker, T. S. & Duchen, M. R. Investigating mitochondrial redox state using NADH and NADPH autofluorescence. Free Radic. 

Biol. Med. 100, 53–65 (2016).
 27. Diagaradjane, P., Yaseen, M. A., Yu, J., Wong, M. S. & Anvari, B. Autofluorescence characterization for the early diagnosis of 

neoplastic changes in DMBA/TPA-induced mouse skin carcinogenesis. Lasers Surg. Med. 37, 382–395 (2005).
 28. Pattison, D. I. & Davies, M. J. Actions of ultraviolet light on cellular structures. EXS https:// doi. org/ 10. 1007/3- 7643- 7378-4_6 

(2006).
 29. Lynnyk, A. et al. Manipulating the mitochondria activity in human hepatic cell line Huh7 by low-power laser irradiation. Biomed. 

Opt. Express 9, 1283 (2018).
 30. Yoon, J., Ryu, S. W., Lee, S. & Choi, C. Cytosolic irradiation of femtosecond laser induces mitochondria-dependent apoptosis-like 

cell death via intrinsic reactive oxygen cascades. Sci. Rep. 5, 1–6 (2015).
 31. Watanabe, W. et al. Femtosecond laser disruption of subcellular organelles in a living cell. Opt. Express 12, 4203 (2004).
 32. Cao, R., Wallrabe, H., Siller, K., Rehman Alam, S. & Periasamy, A. Single-cell redox states analyzed by fluorescence lifetime metrics 

and tryptophan FRET interaction with NAD(P)H. Cytometry Part A 95, 110–121 (2019).
 33. Yadav, N. et al. Oxidative phosphorylation-dependent regulation of cancer cell apoptosis in response to anticancer agents. Cell 

Death Dis 6, e1969 (2015).
 34. Skala, M. C. et al. In vivo multiphoton fluorescence lifetime imaging of protein-bound and free NADH in normal and pre-cancerous 

epithelia. J. Biomed. Opt. 12, 24014 (2007).
 35. Wang, C. & Youle, R. J. The role of mitochondria in apoptosis. Annu. Rev. Genet. 43, 95–118 (2009).
 36. Gottlieb, E., Armour, S. M., Harris, M. H. & Thompson, C. B. Mitochondrial membrane potential regulates matrix configuration 

and cytochrome c release during apoptosis. Cell Death Differ. 10, 709–717 (2003).
 37. Cannon, T. M., Shah, A. T. & Skala, M. C. Autofluorescence imaging captures heterogeneous drug response differences between 

2D and 3D breast cancer cultures. Biomed. Opt. Express 8, 1911 (2017).

Acknowledgements
We acknowledge funding from the National Institutes of Health (NIH-OD016446, & AG067048) to AP and the 
Brain Institute, University of Virginia (AP).

Author contributions
S.R.A., H.W. and A.P. conception, design of research and interpretation of the experimental results; S.R.A. and 
H.W. performed experiments; S.R.A. analyzed the data; K.H.S. software related help with data analysis. S.R.A. 
and K.G.C. cell culture. S.R.A. H.W. and A.P. drafted and approved the final version of the manuscript.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1007/3-7643-7378-4_6


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11938  | https://doi.org/10.1038/s41598-022-15639-z

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 15639-z.

Correspondence and requests for materials should be addressed to A.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-15639-z
https://doi.org/10.1038/s41598-022-15639-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Characterization of mitochondrial dysfunction due to laser damage by 2-photon FLIM microscopy
	Results
	Experimental approach. 
	Transformations in mitochondrial morphology and increase in metabolic activity with increase in 2p-laser average power excitation in HeLa cells. 
	Loss of mitochondrial membrane potential (ΔΨm) with increase in 2p-laser average power excitation in HeLa cells. 
	Mitochondrial fragmentation with increase in 2p-laser average power excitation in HeLa cells. 
	Increase in mitochondrial oxidative stress with increase in 2p-laser average power excitation in HeLa cells. 
	Induction of apoptosis with higher 2p-laser average power excitation in HeLa cells. 

	Discussion
	Materials and methods
	Cell culture. 
	Laser average power output measurements. 
	FLIM instrumentation, processing and analysis. 
	Reagents for live cell labeling of mitochondria. 
	CLSM. 
	Statistical analysis. 

	References
	Acknowledgements


