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Abstract

Photobleaching and phototoxicity can induce detrimental effects on cell viability and compromise 

the integrity of collected data, particularly in studies utilizing super-resolution microscopes. 

Given the involvement of multiple factors, it is currently challenging to propose a single set 

of standards for assessing the potential of phototoxicity. The objective of this paper is to 

present empirical data on the effects of photobleaching and phototoxicity on mitochondria 

during super-resolution imaging of mitochondrial structure and function using Airyscan 

and the fluorescent structure dyes Mitotracker green (MTG), 10-N-nonyl acridine orange 

(NAO), and voltage dye Tetramethylrhodamine, Ethyl Ester (TMRE). We discern two related 

phenomena. First, phototoxicity causes a transformation of mitochondria from tubular to spherical 

shape, accompanied by a reduction in the number of cristae. Second, phototoxicity impacts 

the mitochondrial membrane potential. Through these parameters, we discovered that upon 

illumination, NAO is much more phototoxic to mitochondria compared to MTG or TMRE and 

that these parameters can be used to evaluate the relative phototoxicity of various mitochondrial 

dye-illumination combinations during mitochondrial imaging.
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1. Introduction

Mitochondria are highly dynamic organelles, whose size, connectivity, and ultrastructure are 

controlled through balanced and dynamic cycles of fission, fusion, and cristae modifications. 

Analysis of mitochondrial structure and function is increasingly being recognized as central 

to understanding human health and disease.1–6 Yet, mitochondria within tissue cells can 

have markedly different structures and functions.

In healthy cells, mitochondria form a tubular morphology (mitos being Greek for “thread”). 

Starting from the very first studies of the morphology of isolated mitochondria,7,8 

researchers have consistently observed that the morphology of the vital isolated 

mitochondria is spherical, either by using optical or electron microscopy. This includes 

our own work.9,10 Since mitochondria fission/fusion has important physiological and clinical 

consequences,11–13 the morphology of mitochondria under stress and toxic stimulus is an 

important topic in metabolism and cell biology, linked to a myriad of clinical pathologies.

Recent advances in live cell super-resolution microscopy have enabled imaging of 

mitochondrial ultrastructure.14–29 However, the enhanced resolution achieved in super-

resolution microscopes often comes at the expense of high-intensity illumination,22 which 

can result in photobleaching and phototoxicity effects.15,20,21,23,24,28,30–35 These effects 

have the potential to negatively impact cell viability and compromise the integrity of the 

collected data. A single set of standards for assessing the potential of phototoxicity cannot 

currently be proposed due to the involvement of multiple factors, such as illumination 

wavelength, intensity, duration, illumination regime, and sample characteristics.23,32,36 

Observing the degree of photobleaching is commonly used to evaluate photodamage,37,38 

but phototoxicity and photobleaching are distinct processes, with phototoxicity potentially 

occurring even before a noticeable decrease in imaging quality. More effective measures 

of mitochondrial phototoxicity could include reduced metabolic activity, compromised 

membrane integrity, DNA fragmentation, elevated reactive oxygen species (ROS), or 

initiation of apoptosis.25,26,39,40 Efforts to reduce photobleaching and phototoxicity 

in super-resolution microscopy27,28,41 include controlling light exposure,29,37,38 using 

photostabilizing buffer,42 or developing more stable fluorescent dyes.19,24

Mitochondrial “sphericity” is one parameter of mitochondrial damage which has been 

associated with aging, apoptosis, and chemical insults.43–49 Progressive sphericity has 

been observed using a variety of imaging systems including stimulated emission depletion 

(STED) microscopy and structured illumination microscopy (SIM), in association with 

photobleaching and phototoxicity (Supplement Table 4). Minamikawa et al.31 found that 

Chloromethyl-X-rosamine (MitoTracker Red) was associated with potent phototoxicity at 

light doses of >2 J/cm2 using confocal microscopy, in association with a rapid decrease 

of the mitochondrial membrane potential and a globular swelling of mitochondria. Wang 

et al.24 developed a photostable fluorescent marker for STED microscopy, MitoPB Yellow, 

which had a high resistance to photobleaching and permitted monitoring of mitochondrial 

ultrastructural over an extended period of the mitochondria associated with experienced 

swelling and the loss of cristae, attributed to photodamage induced by the intense STED 

laser. Yang et al.20 utilized the Hessian-SIM microscopy to show that extensive illumination 
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induced rapid swelling of mitochondria, deformation and abruption of inner-membrane 

cristae, and round, hollow mitochondria. Liu et al.19 developed a photostable fluorescent 

dye, PKMO, which drastically reduced the photobleaching and phototoxicity effects 

compared to other fluorescent dyes that lead to visible swelling and a drop in mitochondrial 

membrane potential. In summary, mitochondria, by empirical super-resolution microscopy 

data, tend to show loss of membrane potential and morphological changes from tubular to 

spherical as general responses to phototoxicity.

All of these new dyes as well as existing dyes such as but not limited to additional 

Mitotrackers (ThermoFisher) beyond the one we use here (Mitotracker Green, MTG), 

MitoBrilliant (Tocris), MitoView (Biotium), and PKMito (Spirochrome/cytoskeleton) point 

to the need for a solid understanding of the effects of photobleaching and phototoxicity on 

interpretation of imaging data. As many of the new dyes cited above are in the research and 

not commercially available yet, it is up to the authors of those research dye papers, as well as 

any future dye papers, to carefully use the techniques and methods we present in this paper 

on their own, or by seeding the dyes to other beta tester groups. This includes measuring 

the initial brightness, photobleaching rate, and phototoxicity. Such third-party evaluation 

would add considerable value to the entire mitochondrial community, which would further 

underline the importance of our methodology. Such a comprehensive study would be the 

ultimate goal of the initial work presented in this manuscript.

In order to begin this journey, we have decided to study the most broadly used, easiest-

to-obtain dyes, that are compatible with all microscopes, from those in budget labs with 

only epi-fluorescence microscopy, to intermediate equipped confocal microscopy, to the 

well-funded labs with expensive advanced state of the art superresolution microscopes, such 

as STED, SIM, Airy, etc.50,51 Therefore, this paper will have broad applicability to all 

mitochondria imaging studies.

The dyes MTG and NAO are the most commonly used structure dyes in the field of 

mitochondrial imaging. TMRE/TMRM is the most commonly used voltage dye, and in 

fact the only voltage dye in modern use. Many recent refs in the last 12 months show 

that these dyes continue to be the workhorse, mainstay, and defacto industry standard dyes 

in use to measure mitochondrial function and structure in standard and super-resolution 

microscopy.52–58 While some data is available on the toxicity and bleaching of these 

dyes,59,60 no comprehensive set of data has yet been presented. In this work, we present 

our carefully designed experimental data on the subject of the two related phenomena of 

photobleaching and phototoxicity. While the mechanisms of both of these are not well 

understood, our data provide a very important basis set on which to build models of 

mechanisms, and, practically, a guide for researchers in the field. In the end, we speculate on 

some mechanisms that may be responsible for the phenomena we observe.

Specifically, the fluorescent dye, NAO, is a widely used mitochondrial marker that binds 

to cardiolipin, a polyunsaturated acidic phospholipid localized in the mitochondrial inner 

membrane, providing clear images of cristae ultrastructure. However, NAO was reported to 

have cytotoxic effects when incubated at high concentrations60 of an unknown mechanism. 

Victor et al.61 proposed that NAO promotes strong membrane adhesion via van der Waals 
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interactions between anti-parallel H-dimers of NAO molecules from the opposing bilayers, 

which led to the membrane remodeling of the mitochondria cristae. Using the Airyscan 

super-resolution microscope, we find that NAO exhibits a phototoxic effect causing rapid 

loss of fluorescence and membrane potential, which was separate from the cytotoxicity 

due to high concentration incubation. Employing TMRE as a voltage tracker and NAO or 

MTG as structure trackers, we found that both NAO and MTG could effectively act as 

fluorophores for imaging the mitochondrial membrane, but that NAO caused significant 

phototoxicity and loss of mitochondrial membrane potential.

2. Results

2.1. Photobleaching vs. phototoxicity

In an ideal world, the effects of photobleaching and phototoxicity would be unrelated, and 

could each be independently studied. Photobleaching could be studied via observation of 

the decay of fluorescence intensity vs. time. Phototoxicity, in this paper, is assayed via two 

metrics: 1) Change in mitochondrial morphology, from tubular to spherical, and 2) Change 

in mitochondria membrane potential, which would be (ideally) independently measured and 

observed.

A priori, several challenges exist already with such a research program/paradigm. First, and 

most obvious, phototoxicity and photobleaching may and typically do occur simultaneously. 

This complicates the interpretation and determination of cause/effect, if there is any 

relationship between the two. Second, with voltage dye TMRE (as well as other variations of 

fluorescence lipophilic cations such as rhodamine123 and JC162), the loss of mitochondrial 

membrane potential causes loss of fluorescence intensity by definition of how it is employed 

with the Nernst equation. (For an up-to-date in-depth discussion of the voltage contrast 

mechanism, the reader is referred to our recent paper on the topic63). Therefore, a priori, 

one cannot distinguish between a voltage drop caused by phototoxicity leading to reduced 

fluorescence intensity and reduced fluorescence intensity caused by photobleaching. A third 

complication comes from the fact that virtually all dyes show some voltage-dependent 

binding, and are not purely structural labels. A more nuanced and subtle approach is 

necessary to decouple the two effects.

To address these complications, the are several possible avenues to explore. For TMRE 

one option is to study TMRE photobleaching independently, and then based on that data/

experience, if TMRE intensity reduces faster than expected based on the photobleaching 

data, it must be due to reduced membrane potential. In fact, we find that to be the 

case in several of the experiments discussed below. Then, the voltage reduction due to 

phototoxicity can be independently determined from the photobleaching. Another option 

is to use morphology as the metric for phototoxicity, which can be measured even in the 

presence of photobleaching.

For the voltage dependence of structure dyes, one option is to quantify this. If the dye 

intensity changes more than the voltage dependence alone would predict, then it is due to 

photobleaching.
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A postiori, we find that the use of two dyes NAO and TMRE at the same time causes 

phototoxicity (determined by morphology change and membrane potential drop) that is not 

caused by the individual dyes. This is explained in detail below.

2.2. NAO vs MTG photobleaching

In our first series of experiments, we set out to determine the relative photobleaching of 

structure dyes NAO vs MTG, independent of phototoxicity. Therefore we concentrate on 

the relative fluorescence intensity and ignore structural changes due to phototoxicity. Both 

dyes are known to localize in the mitochondria. NAO is known to have some dependence 

on mitochondrial membrane potential.64–66 Quantitatively, it changes the fluorescence 

intensity of the organelle by about 50% upon complete depolarization of vital mitochondria. 

Therefore, any additional change in fluorescence intensity beyond this can be attributed to 

photobleaching.

The spectrum of NAO and MTG is similar (see Supplement 4 and 5), both being pumped 

at 488 nm with emission at around 520 nm. We observe that NAO manifests significantly 

faster photobleaching than MitoTracker Green (MTG). Fig. 1 shows a comparison of HeLa 

cells stained with MTG and NAO before and after 300 frames of exposure to 488 nm 

laser illumination. Note, all experiments in this manuscript are taken at a frame rate of 1 

frame per second, and we use time in seconds in the x-axis to better present the changes in 

fluorescence and morphology over time. Each image had 572 pixels horizontal and vertical, 

with a dwell time of 3.54 μs per pixel, and the laser power set to 0.5 %. 100 % laser power 

is estimated at 1 mW.67 In this test, the fluorescence intensity of mitochondria stained with 

MTG dye decreased by ~60 % during the experiment (The mean fluorescence intensity 

over all mitochondria within the entire cell) and the morphology of mitochondria retained 

the tubular structure before and after the illumination. On the other hand, the fluorescence 

intensity of mitochondria stained with NAO dye decreased by ~80 % in the first 50 frames 

and by ~90 % after 300 frames.

The loss of NAO intensity may be partially due to mitochondrial membrane potential 

change upon illumination (phototoxicity). However, the overall drop is over 90% (The mean 

fluorescence intensity dropped from 10312 AU to 213 AU). Therefore, at least part of 

the drop can be attributed to photobleaching. The photobleaching component of NAO is 

significantly faster than MTG. The 1/e lifetime value is 214 s for MTG and 14 s for NAO.

2.3. NAO vs MTG phototoxicity measured by morphology

Another phenomenon to access mitochondrial phototoxicity is the transformation of 

mitochondria from tubular to spherical shape. This is a non-reversible transformation 

different from mitochondria fission and fusion. Fig. 2 demonstrates time-lapse 

phototoxicity-induced ultrastructural changes of mitochondria in live cells, including 

changes to the outer morphology as well as the cristae structure. The mitochondria in 

HeLa cells were stained with 100 nM NAO and exposed to illumination with an excitation 

wavelength of 488 nm every 5 s for 60 frames. The filming time for each frame was 94 

ms and we observed the mitochondria start to shrink into a spherical shape and the cristae 

tended to stack toward two edges of the mitochondrion leaving a hollow space in the middle. 
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The same result was also observed when imaging mitochondria in HeLa cells stained with 

50 nM MTDR by using the stimulated emission depletion (STED) microscope.

Quantification of morphological changes was achieved following a detailed protocol that 

incorporated analysis software as described in Methods. This protocol assessed individual 

mitochondrial features in single cells (Supplement 1). To determine sphericity, we calculated 

the 2d circularity (as a stand-in for 3d sphericity) by the ratio of the perimeter to surface 

area. A perfectly spherical mitochondria will have a perimeter/area ratio of 2 pi r/(pi r^2). 

We define circularity as circularity = 4 π (area/perimeter2), a circularity value of 1.0 

indicates a perfect circle. As the value approaches 0.0, it indicates an increasingly elongated 

polygon (tubular). This dimensionless parameter was calculated using imaging processing 

software. An unsupervised K-means algorithm was used to determine the intensity threshold 

value of each image to accurately distinguish true mitochondria pixels from background 

fluorescence. Image thresholding and a binarization protocol allowed us to standardize 

and automate the selection of mitochondrial objects. The computer-identified mitochondria 

objects were manually inspected and compared to the original images before further 

morphology analysis using ImageJ.

During the timeframe of the above photobleach experiment (Fig. 1, 300 s), no morphology 

change was observed in the MTG case, indicating a lack of phototoxicity. In contrast, 

NAO illumination resulted in mitochondrial morphology changing from tubular to spherical, 

indicative of phototoxicity. NAO-stained mitochondria underwent a morphological change 

with the average circularity (a measure of phototoxicity) increasing from 0.4 to 0.7 within 

100 s of illumination (Fig. 3). On the other hand, MTG-stained mitochondria maintained 

their tubular morphology through the illumination, with 0.2–0.4 for circularity (Supplement 

6). This indicates NAO is significantly more phototoxic than MTG.

2.4. NAO vs MTG phototoxicity measured by membrane potential

In a second set of experiments, we aimed to assess phototoxicity through loss of membrane 

potential. We used TMRE to assess the membrane potential, a fluorescence dye that has 

a large dependence on membrane potential (changing over an order of magnitude on 

depolarization with FCCP, see e.g. Fig. 4c in Ref. 63).

We observed that prolonged exposure of NAO-stained mitochondria to 488 nm illumination 

reduced or even dissipated the mitochondrial membrane potential. Fig. 4A shows a time-

lapse experiment of mitochondria stained with NAO and TMRE exposed to 488 nm and 

561 nm illuminations. The 488 nm was used to excite NAO while 561 nm was used to 

excite TMRE. Both NAO and TMRE fluorescence disappeared after a couple of images 

were taken, which was different from our experience in multiple cell lines (HeLa, HEK293, 

and L6) stained with MTG and TMRE (Supplement 2). To further verify the cause of the 

membrane potential loss, we stained the mitochondria in live HeLa cells with NAO and 

TMRE dyes and exposed them to (a) 488 nm and 561 nm illuminations, and (b) only 561 nm 

illumination. Fig. 4B showed that for the group exposed to 488 nm and 561 nm illumination, 

both the NAO and TMRE fluorescence intensity dissipated over 90 % within the first 10 

s. By contrast, when HeLa cells were interrogated with only the 561 nm illumination, 

the photobleaching effect was reduced, with TMRE fluorescence lasting for over 30 s 
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before dropping to 50 %. Hence, we deduced that the rapid loss of NAO fluorescence and 

membrane potential can be attributed to the exposure of NAO to 488 nm illumination. This 

is a surprise and the mechanism is currently unknown.

The reduction in TMRE intensity alone when pumped at 561 nm may be due to either 

photobleaching or phototoxicity of TMRE. In this experiment alone, the two effects cannot 

be disentangled. This effect is also observed using other cell lines (Supplement 3). On the 

other hand, the rapid reduction in TMRE intensity upon an additional 488 nm illumination 

(used to pump the NAO) can be attributed to the phototoxicity of the NAO. This effect is not 

present when 488 and 561 nm are used simultaneously in the absence of NAO (Supplement 

2).

2.5. Investigating the mechanism of NAO phototoxicity: comparison to high 
concentration experiments

A high concentration of NAO is known to trigger cytotoxicity even without excitation.60 

Under higher concentrations (>1 μM) than those used here, NAO inhibits cellular respiration 

and eventually triggers the morphological changes in mitochondria. Various mechanisms 

for this have been proposed. Victor et al.61 proposed strong membrane-membrane adhesion 

would disrupt mitochondrial ultrastructure promoted by NAO under high concentration. 

This adhesion is proposed to be facilitated through van der Waals interactions between 

anti-parallel H-dimers of NAO molecules located in opposing bilayers. Consequently, this 

process is proposed to cause remodeling of the mitochondria cristae membranes. In their 

reported data, mouse embryonic fibroblasts (MEF) cells stained with high concentration 

(5 μM) of NAO demonstrated a shift in the emission range from λem = 525 nm–640 nm 

(green-to-red shift), as evidence of NAO H-dimer formation. On the other hand, cells stained 

with low concentration (5 nM) of NAO did not. In order to verify whether the observed 

rapid loss of fluorescence, loss of membrane potential, and morphological deformation that 

we observed above are the result of a high concentration cytotoxic effect observed by,61 we 

repeated our above experiments with an even lower concentration of NAO (10 nM vs 100 

nM) and found identical results, indicating that the phototoxicity we observed was not due 

to high concentration effects. Fig. 5 shows that even under 10 nM of NAO incubation, the 

mitochondria also experienced a rapid loss of fluorescence, loss of membrane potential, and 

morphological deformation. As above, these effects were also triggered by 488 nm laser 

excitation, which we did not observe when excited the mitochondria with 561 nm laser 

excitation only.

In order to confirm at our concentrations that NAO H-dimer was not occurring, we examined 

the occurrence of green-to-red emission shift. In Fig. 6, we used a 488 nm laser to excite 

mitochondria stained with NAO at concentrations of 10 nM, 100 nM, and 5 μM NAO. 

The emission ranges were set at 500–550 nm, 550–600 nm, 600–650 nm, and 650–700 

nm. At concentrations of 10 nM and 100 nM, we observed the maximum emission in 

the expected 500–550 nm range, with unobservable emission in the 600–650 nm range 

associated with NAO H-dimers. However, at a concentration of 5 μM, a noticeable increase 

in emission intensity was observed in the 600–650 nm range. These results indicate that at 
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the concentrations we used above, the dimerization-related mechanism is not responsible for 

the observed phototoxicity.

2.6. Investigating the mechanism of NAO phototoxicity: Verifying that toxicity is photo-
induced

We also tested whether long-term incubation would trigger NAO cytotoxic effect at 100 

nM concentration. We stained HEK293 cells with NAO and TMRE for 24 h instead of 

the normal 15 min. On subsequent imaging, we found that the mitochondria were intact 

and the membrane potential sustained (Fig. 7). Furthermore, once we excited the cells with 

a 488 nm laser, the rapid loss of fluorescence and the loss of mitochondrial membrane 

potential occurred. To further confirm that the phototoxicity of NAO required illumination, 

we used the laser scanning microscope to excite only a partial region of the cell and then 

imaged a wider region of the cell immediately. The red square in Fig. 8 was exposed 

to 488 nm illumination, and only the mitochondria inside the excited area demonstrated 

photobleaching, swelling, and membrane potential depolarization. Therefore, we conclude 

that 100 nM of NAO is lower than the concentration threshold to cause cytotoxic effects 

to mitochondria and the observed rapid loss of membrane potential and morphological 

deformation are phototoxic effects induced by NAO and 488 nm laser excitation.

3. Conclusions

We have identified two useful parameters for evaluating the phototoxicity associated with 

the photobleaching of mitochondrially-targeted fluorescent dyes: conversion of tubular 

mitochondrial to spherical ones, and the loss of the mitochondrial membrane potential 

when the cell is co-stained with TMRE. Using these parameters, we have found that NAO-

stained mitochondria illuminated at 488 nm undergo rapid loss of membrane potential and 

conversion from elongated to spherical mitochondria, while this is not the case when the 

cells are stained with MTG and illuminated at 488 nm. We also conclude that this effect is 

not related to concentration-induced cytotoxicity by NAO. It is currently unclear why NAO 

plus 488 nm illumination is so toxic but one possibility is that some derived product ruptures 

the mitochondrial inner membrane since TMRE fluorescence is lost with the same kinetics 

as the loss of the mitochondrial morphological integrity. In HeLa, HEK293, and L6 cells, 

NAO lost over 80 % of its fluorescence while MTG lost only 30% of its fluorescence in 

the first 50 s of illumination with the same settings. NAO-stained mitochondria underwent 

a morphological change with the average circularity (a measure of phototoxicity) increasing 

from 0.4 to 0.7 within 100 s of illumination. NAO-stained mitochondria lost their membrane 

potential rapidly after being exposed to 488 nm illumination (used to pump NAO), but 

this phenomenon was not observed when using 561 nm illumination (used to pump 

TMRE). Prolonged incubation with NAO demonstrated little or no toxicity to mitochondria, 

indicating that phototoxicity is the dominant toxicity mechanism of NAO.

Lee et al. Page 8

Mitochondrial Commun. Author manuscript; available in PMC 2024 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Methods

4.1. Cell culture and fluorescent dye staining

The HEK293 cells and HeLa cells used in this research were purchased from ATCC. All the 

cells were cultured for 2−3 days in 75 cm2 tissue flasks at 37 °C and 5 % CO2 before being 

ready for experimentation. Dyes (10 nM TMRE and 100 nM MitoTracker Green (MTG) or 

100 nM 10-N-nonyl acridine orange (NAO); Santa Cruz Biotechnology) were added to the 

cell culture media and incubated 1 h before the cell retrieval.

4.2. Live cell fluorescent microscopy of mitochondrial dynamics

The cells were seeded in CELLview 4-compartment glass-bottom tissue culture dishes 

(Greiner Bio-Ones, 627870), PS, 35/10 mm, 24 h before imaging. The live cell experiments 

were performed in the Zeiss LSM900 microscope with an incubation chamber (set to 37 °C). 

Imaging of cells was performed using Airyscan an alpha Plan-Apochromat 63 ×/1.4 Oil DIC 

M27 objective. The laser powers were adjusted between approximately 0.3%–2%, and the 

master gain was between 750 and 900. We started continuous scanning at maximum speed 

at a zoom factor of 1, in order to obtain a relatively strong signal-to-noise ratio for imaging. 

Later, we brought the field of mitochondria of interest into view and stopped scanning. The 

pixel dwell time was set between 0.85 and 1.04 μs, respectively to avoid overtime exposure 

of mitochondria to the laser. NAO and MTG were used for structural imaging (labeling the 

lipid bilayer), and TMRE was used for voltage imaging, as explained in the main text.

4.3. Fluorescence intensity calculation in timelapse images

The calculation of fluorescence intensity in timelapse images (Fig. 1, Fig 4, and Fig. 5) is 

based on the following pipelines. An auto-threshold procedure (Otsu method) is first applied 

to segment out the object (mitochondria) from the background. Later, we averaged the whole 

values of the mitochondria pixels to get the average fluorescence intensity at each time 

point.

4.4. Image processing and mitochondrial quantification

Image processing and quantification were completed using Zeiss Zen 3.5 software, ImageJ, 

Igor Pro, OpenCV, and Python. Images were deconvoluted using the Airyscan Super-

resolution processing function with the optimal auto-filter setting. Following deconvolution, 

a Gaussian blur filter was used to denoise the image, and a top hat morphological 

transformation was performed to subtract non-mitochondria objects using ImageJ. Using 

Python and OpenCV, we performed K-Means clustering to separate the image into 2 groups 

based on fluorescence intensity: mitochondria and non-mitochondria. In the time-lapse 

experiments, the photobleaching effect will result in worse recognition of mitochondria 

due to the dim fluorescence. Therefore, the mitochondria objects were manually inspected 

and compared to the original images before further morphology analysis using ImageJ. 

Finally, a particle analysis was done on the mitochondria group to measure the perimeter and 

circularity of mitochondria using ImageJ. Statistical analysis and plots were generated using 

Igor Pro. The ImageJ macro can be found in.68
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Assessing photobleaching in time-lapse imaging with NAO and MTG. (A) Image of 

mitochondria stained with NAO and MTG before and after exposure to 488 nm illumination 

for 300 s. (B) NAO and MTG fluorescence intensities versus frames. N ≥ 3 independent 

experiments. (Intensity: 0.5 %; Pixel time: 3.54 μs; Time frame: 1 s).
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Fig. 2. 
Phototoxicity causes mitochondria ultrastructure to be destroyed. (Green) Time-lapse images 

of mitochondria stained with 100 nM NAO in HeLa cells using Zeiss Airyscan. (Red) Image 

with STED after sufficient time to cause mitochondria to become spherical shows similar 

morphology. N ≥ 3 independent experiments. (HeLa cell).
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Fig. 3. 
Mitochondria segmentation and structure analysis. The binarization mask is used for 

single mitochondria analysis. The statistical analysis shows the change of circularity of 

mitochondria in cells through the time-lapse experiment. The mitochondria in the HeLa cell 

were stained with 100 nM NAO (Intensity: 0.5 %; Pixel time: 3.54 μs; Time frame: 1 s).
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Fig. 4. 
Assessing NAO phototoxicity in loss of mitochondria membrane potential. (A) Time-lapse 

images of mitochondria in HeLa cells stained with 10 nM TMRE and 100 nM NAO, and 

exposure to 488 nm and 561 nm illuminations (Intensity: 0.5 %; Pixel time: 1.43 μs; Time 

frame: 1 s). (B) TMRE fluorescence intensity of mitochondria exposure to 561 nm only 

illuminations versus time.
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Fig. 5. 
Mitochondria stained with 10 nM NAO and 10 nM TMRE also experienced a rapid loss of 

fluorescence, loss of membrane potential, and morphological deformation when excited with 

488/561 nm lasers. When excited with a 561 nm laser only, we did not observe the fast drop 

in TMRE intensity.
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Fig. 6. 
5 μM, 100 nM, and 10 nM NAO excited with 488 nm laser and measure emissions in 

500–550 nm, 550–600 nm, 600–650 nm, 650–700 nm emission ranges.
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Fig. 7. 
Assessing cytotoxic effect through prolonged incubation time of NAO dyes in HEK293 

cells. The HEK293 cells were stained with 100 nM NAO and 10 nM TMRE for 24 h before 

imaging. The mitochondria retained their tubular shapes and membrane potential. N = 3 

independent experiments.
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Fig. 8. 
Phototoxicity was restricted in the illuminated region of the cell. Live cell mitochondria 

stained with NAO only showed structural swelling and lost mitochondrial membrane 

potential in the region exposed to the 488 nm illumination. N ≥ 3 independent experiments.
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