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Supplementary Methods 

 

Next to the description below, detailed information on experimental design and reagents 

can be found in the Life Sciences Reporting Summary accompanying this 

Correspondence. 

 

 

Microscopes 

 

We used a Leica TCS SP8 STED 3X (Leica Microsystems GmbH; Wetzlar, Germany), a 

Leica TCS SP5 STED (Leica Microsystems GmbH; Wetzlar, Germany), a custom-built 

STED microscope in our laboratory1 and a LCV110 VivaView Incubator Microscope 

(Olympus Corp.; Tokyo, Japan) for this study. 

 

 

Laser Power Measurements 

 

Laser powers on the Leica TCS SP5 STED and custom-built STED microscope were 

measured using a S130A (Thorlabs, Inc.) photodiode power sensor for the excitation lasers 

and a S310C (Thorlabs, Inc.) thermal power sensor for the STED lasers in the back aperture 

plane of the objective. Laser powers on the Leica TCS SP8 STED 3X were measured using 

a S170C (Thorlabs, Inc.) slide power meter sensor at the position of the microscope sample. 

 

 

Plasmids and Molecular Cloning 

 

The pSNAPf Vector (N9183S) and the pSNAPf-H2B Control Plasmid (N9186, 

discontinued in 2015) were both purchased from New England BioLabs, Inc. The plasmids 

expressing SNAP-tagged OMP25 (SNAP-OMP25) and SNAP-tagged Sec61β (SNAP-

Sec61β) were previously described1. To generate the plasmid for ManII-SNAP, Man2a1 

was amplified with the following oligos: ManII-sense 5'-atcatcgaattcatgaagttaagtcgccagttc-

3' and ManII-antisense 5'-tctgtggaggacggcccgcggtctagacatcat-3' and cloned into a pC4 

plasmid using EcoRI and XbaI restriction sites. MGMT was cloned with the following 

oligos: SNAP-tag+Myc-sense 5’-

atcatctctagagaacaaaaacttatttctgaagaagatctggacaaagactgcgaaatg-3’ and SNAPtag-antisense 

5’-atgatgggattcttaacccagcccaggctccgc-3’ using XbaI and BamHI restriction sites, 

respectively. 

 

 

Preparation of plasmid DNA 

 

The plasmid DNA was prepared from overnight Escherichia coli-cultures expressing the 

above-mentioned plasmids using the QIAGEN Plasmid Maxi Kit (QIAGEN) according to 

the manufacturer’s instructions. DNA concentrations were determined with the NanoVue 

Plus Spectrophotometer (GE Healthcare).  
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Cell culture  

 

ATCC CCL-2 HeLa (HeLa) cells and COS-7 ATCC CRL-1651 monkey fibroblast-like 

kidney cells (COS7) were purchased from ATCC. The cell lines were either maintained in 

75-cm2 rectangular straight neck cell culture flasks with vented cap or in 100-mm tissue 

culture-treated cell culture dishes (Falcon, Corning Inc.) in a Hera Cell 150 (Thermo Fisher 

Scientific) or in a Forma Steri-Cult 200 (Thermo Fisher Scientific) incubator at 37°C and 

5% CO2. The cell lines were grown in DMEM (Gibco, Thermo Fisher Scientific) 

supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS) (Gibco, Thermo 

Fisher Scientific) as well as 100 units/ml penicillin and 100 µg/ml streptomycin (Gibco, 

Thermo Fisher Scientific). Optionally, as done in Supplementary Fig. SN2.1, 

Supplementary Note 5-9, the growth medium was supplemented with 5% non-essential 

amino acids (Gibco, Thermo Fisher Scientific), 5% sodium pyruvate (Gibco, Thermo 

Fisher Scientific) and 100 µg/ml Primocin (InvivoGen).  

 

 

Preparation of MatTek dishes 

 

For our imaging experiments, we seeded the COS7 and HeLa cells on MatTek 3.5-cm 

diameter (No. 1.5) glass-bottom dishes (MatTek corporation). The MatTek dishes were 

cleaned with 1 M KOH (MilliporeSigma) for 15 min in a CPX2800H 0.75 Gallon 

Ultrasonic Cleaner CPX-952-218R (Branson), sterilized with 70% ethanol and, after 

several washes with PBS (pH 7.4; Gibco, Thermo Fisher Scientific), coated with 

fibronectin 1:200 (Hu Plasma Fibronectin, FC010, 1 mg/ml EMD MilliporeSigma) in PBS 

for 30 min in the incubator at 37°C and 5% CO2. After additional washes with PBS, the 

cells were seeded in the freshly prepared MatTek dishes. Unused fibronectin-coated 

MatTek dishes were filled with PBS and stored in the incubator at 37°C and 5% CO2 until 

used (maximum storage time: 1 week). 

 

 

Transient transfection of cells 

 

HeLa and COS7 cells (~1×106 cells per cuvette) were transiently transfected with 5 µg of 

plasmid DNA via electroporation (Nepa21 Type II, NepaGene Co., Ltd.) following the 

manufacturer’s instructions for adherent cells. The electroporated cells of one 

electroporation cuvette (0.2-cm gap, NepaGene Co., Ltd.) were evenly distributed on two 

KOH-cleaned and fibronectin-coated MatTek dishes (see above) and further processed 

about 16-24 h after transfection.  

 

 

Generation of stable cell lines  

 

HeLa and COS7 cells were transiently transfected with 5 µg of the plasmid DNA encoding 

for SNAP-Sec61β. The growth medium was supplemented with G418 Geneticin (Thermo 

Fisher Scientific) according to the manufacturer’s instructions to select for positive clones. 
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Stocks were prepared from one isolated positive clone. Stably transfected cells were not 

passaged more than 10 times.  

 

 

Drug Control Experiments 

 

The following drugs were used for Ca2+-release control experiments: Ionomycin (IO) 

(Santa Cruz Biotechnology), Thapsigargin (TG) (Sigma-Aldrich) and AntimycinA (AntA) 

(Enzo Life Sciences, Inc.). Stock solutions of Ionomycin, Thapsigargin, and Antimycin 

were diluted in imaging buffers (buffers described below) to achieve the following 

concentrations: 2 µM Thapsigargin, 5 µM Ionomycin and 10 mM Antimycin A. The drugs 

were added to the cells on the microscope stage within the first 10-15 s of imaging and the 

Ca2+-response of the cells was monitored for about 10 min. Data for each data set was 

acquired on three different days. 

 

 

ROS (reactive oxygen species) scavenging buffer experiments 

 

The ROS scavenging buffer is a solution of ascorbic acid (1 mM; BioVision Inc.), catalase 

(250 units/ml; MP Biomedicals, Inc.; 100429; lot number Q5405), pyranose oxidase 

(7.5 units/ml; Sigma-Aldrich; P4234-250UN; lot numbers SLBQ1525V, SLBT6425), the 

α-tocopherol analogue Trolox (1 mM; VectaCell Trolox Antifade, Vector Laboratories) 

and TEMPOL (500 µM; Enzo Life Sciences, Inc.; ALX-430-081-G001; lot number 

01101705)2,3. The buffer was freshly prepared for every imaging experiment. The 

components were dissolved in Live Cell Imaging Solution (Thermo Fisher Scientific), with 

addition of 20 mM α-D-glucose (Sigma-Aldrich) and 20 mM Tris:HCl pH 7.4 (Sigma-

Aldrich). For our Ca2+-response experiments, cells were first labeled with FluoForte (see 

below). ROS scavenging buffer was only added after the incubation with FluoForte was 

completed. We replaced the FluoForte dye loading solution with the ROS scavenging 

buffer (supplemented with Reagent A (FluoForte dye)) without washing the cells. A 

positive control with 5 µM Ionomycin was further conducted to ensure that the cells were 

still able to show a Ca2+-response even when they were maintained in ROS scavenging 

buffer. In early FluoForte experiments (Supplementary Fig. SN5.1c), HEPES (Thermo 

Fisher Scientific) and HBSS (Hanks Balanced Salt Solution) (Thermo Fisher Scientific) 

with the addition of 20 mM α-D-glucose (Sigma-Aldrich) was used instead of Live Cell 

Imaging Solution.  

 

 

Labeling of live cells for irradiation experiments 

 

The following fluorescent dyes were used for irradiation experiments: FluoForte 

(FluoForte-AM, acetoxymethyl ester) (ENZ-51017, Enzo Life Sciences, Inc., lot numbers 

11081713, 04181723) and GFP-certified FluoForte (ENZ-52016, Enzo Life Sciences, 

Inc.); SNAP-Cell 647-SiR (SiR-BG, silicone rhodamine-benzylguanine) (S9102S, New 

England BioLabs, Inc.). Cells were labeled for 1 h with 5 μM of SNAP-Cell 647-SiR 

(1 mM stock solution in DMSO (dimethyl sulfoxide); Invitrogen) 16-24 h after transient 
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transfection of the plasmids encoding for the above described SNAP-tagged proteins4. 

Afterwards, the cells were extensively washed with growth medium and kept for about 1-

3 h at 37°C and 5% CO2 to allow the excess dye to leave the cells. Once the labeling with 

SNAP-Cell 647-SiR was completed, the cells were washed 3 times with PBS and treated 

with FluoForte following the manufacturer’s recommended protocol. For the FluoForte 

experiments shown in Fig. 1, Supplementary Fig. SN3.1 and Supplementary Fig. 

SN11.1, we used Live Cell Imaging Solution (Thermo Fisher Scientific) supplemented 

with 20 mM Glucose, dye efflux inhibitor (Reagent B) and the FluoForte dye (Reagent A) 

as FluoForte dye loading solution. For the experiments described in Supplementary Notes 

2 and 5-9 we used the manufacturer’s suggested FluoForte dye loading solution.   

 

 

STED imaging on Leica TCS SP8 STED 3X  

 

The STED irradiation results presented in Fig. 1 (or Supplementary Fig. SN4.1), 

Supplementary Fig. SN2.2, 3, 4, 10 and 11 were acquired with a Leica TCS SP8 STED 

3X microscope (Leica Microsystems) equipped with a live-cell imaging chamber (37°C, 

5% CO2; Stage Top Incubator, Tokai Hit) and a Leica HC PL APO CS2 100x/1.40 oil 

immersion objective. SNAP-Cell 647-SiR was excited at 640 nm (~38-59 µW). A pulsed 

775-nm laser (~80 mW-143 mW) was used for depletion of SNAP-Cell 647-SiR. A HyD 

detector with the detection window set to 650-700 nm was used for detection. The pinhole 

was set to 1 AU. The cell of interest was selected based on general morphology and SNAP-

Sec61β expression level. The typical STED irradiation series (1024 x 1024 pixels, image 

size 58 µm x 58 µm) was acquired in STED mode using the 8-kHz scanner repeating an 

about 12-s long 9-frame imaging cycle for about 10 min. The FluoForte signal was imaged 

in the first frame of each imaging cycle with the 488-nm laser (HyD detector with detection 

window 500-550 nm) at minimal laser power (~2.4 µW) to minimize FluoForte bleaching 

and avoid unnecessary irradiation with blue light. The 640-nm and 775-nm lasers were 

turned on during all frames of each imaging cycle. Scanning at 8-kHz line scan frequency 

with bidirectional exposure and 16x line averaging resulted in a pixel dwell time of 

~0.58 µs per frame and a total time per frame of ~1 s.  

For the negative control experiments shown in Fig. 1a and Supplementary Fig. SN2.2a, 

we used the same parameters, but switched off the 640-nm and the 775-nm laser to avoid 

excitation of SiR-BG. The Ionomycin experiments presented in Fig. 1b, Supplementary 

Fig. SN2.2b and Supplementary Fig. SN3.1 were recorded with the same microscope 

settings as described for the negative control experiments. However, we used a Leica HC 

PL APO CS 10x/0.40 dry objective (1024 x 1024 pixels, image size 930 µm x 930 µm) to 

avoid analysis artifacts from cells moving out of focus when adding Ionomycin. 

The overview images for Fig. 1e,f,i,j (or Supplementary Fig. SN4.1a,b,e,f) (1024 x 1024 

pixels, image size 58 µm x 58 µm) were acquired in confocal and brightfield mode with a 

8-kHz resonant scanner using 64x line averaging and unidirectional scan mode. The short 

imaging series shown in Fig. 1g,h,k,l (or Supplementary Fig. SN4.1c,d,g,h (1024 x 1024 

pixels, image size 19.4 µm x 19.4 µm) were acquired in STED mode using the 8-kHz 

scanner, 256x line averaging and bidirectional scan mode.  

Supplementary Video 1 was acquired in STED mode as described above (1024 x 1024 

pixels, image size 19.4 µm x 19.4 µm) with the 8-kHz scanner using 16x line averaging 
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with bidirectional scan (0.58 µs pixel dwell time, ~1 fps) without FluoForte labeling and 

excitation.  

To measure photobleaching (Supplementary Fig. SN4.2), we imaged cells in STED mode 

(1024 x 1024 pixels, image size 58 µm x 58 µm, 0.58 µs pixel dwell time, ~1 frame/s) 

without acquiring FluoForte images (see above). Data for each data set, except for the 

photobleaching experiment, was acquired on three different days. 

 

 

STED imaging on the Leica TCS SP5 STED 

 

Data presented in Supplementary Fig. SN2.1 and Supplementary Fig. SN5.1-9 were 

acquired with a commercial Leica TCS SP5 STED microscope using a 1-kHz scanner and 

equipped with a 100X/1.4 NA oil immersion objective lens and a live-cell imaging 

chamber (37°C; The Box, Life Imaging Services). A 488-nm, 530-nm and pulsed 635-nm 

laser were used to excite FluoForte, GFP-certified FluoForte and SNAP-Cell 647-SiR, 

respectively. A pulsed 770-nm laser was used for the depletion of SNAP-Cell 647-SiR. 

Fluorescence was detected using avalanche photodiodes. Photodamage induced by shorter 

wavelengths (Supplementary Fig. SN9.1) was tested with a 458-nm laser light (11 µW). 

In this case, the red-shifted GFP-certified FluoForte was used instead of FluoForte. The 

emitted fluorescence from FluoForte and GFP-certified FluoForte was collected in the 

wavelength range of 505-530 nm, and 530-570 nm, respectively. The pinhole size was set 

to 2 AU. The imaging experiments were conducted as follows: a single cell was selected 

by first having a quick look at the general morphology in DIC (differential interference 

contrast) and then at the expression levels of the SNAP-tagged proteins in the 635-nm 

channel. The field of view was normally selected to be ~50 µm x 50 µm (1024 x 1024 

pixels, ~50 nm pixel size). Then, the cell was imaged in sequential mode with one image 

taken with the 488-nm laser (or 530-nm laser for red-shifted GFP-certified FluoForte) 

every 10 s at minimal laser power of 0.2 µW (the minimum that allowed to collect 

reasonable signal from FluoForte, avoiding unnecessary irradiation). The 635-nm 

(~20 µW) and 770-nm lasers (~40 mW) were constantly scanning the sample at 1-kHz line 

scan frequency (unidirectional exposure), resulting in a pixel dwell time of about 0.4 µs 

per frame, recording about 1 frame/s, for 600 s. Data for each data set was acquired on 

three different days. 

 

 

STED imaging on custom-built STED microscope 

 

A custom-built STED instrument1 was used for experiments at 16-kHz line scan frequency 

(Supplementary Fig. SN5.1b,c). The microscope was equipped with a live-cell imaging 

chamber (37°C, 5% CO2) (Okolab). Previously used imaging conditions and parameters1 

were replicated for the excitation of SNAP-Cell 647-SiR using a 650-nm excitation laser 

(~20 µW) and a 775-nm STED laser (~140 mW)1. Similar to the experiments on the Leica 

SP5 and SP8 instruments, additionally, one image of the FluoForte fluorescence was 

acquired every 10 s with a 485-nm laser at a minimal laser power of 5 µW. The field of 

view was 25.6 µm x 25.6 µm (512 x 512 pixels). Using 32 line averages and unidirectional 
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exposure, this resulted in a pixel dwell time of about 1.3 µs and a recording speed of about 

1 frame/s. Data for each data set was acquired on three different days. 

 

 

Long-term viability imaging after STED irradiation 

 

COS7 and HeLa cells were transfected with SNAP-Sec61β and seeded on a KOH-cleaned 

and Fibronectin-coated gridded MatTek dish (P35G-1.5-14-C-GRID), labeled with SiR-

BG, incubated with Live Cell Imaging Solution (Thermo Fisher Scientific) supplemented 

with 20 mM Glucose, dye efflux inhibitor (Reagent B) and the FluoForte dye (Reagent A). 

After noting their position on the grid, individual cells were STED-irradiated for ~10 min 

with the Leica TCS SP8 STED 3X as described above. These irradiation experiments were 

conducted sequentially on five cells per MatTek dish. Afterwards, the cells were washed 

multiple times with DMEM (without phenol red, supplemented with 10% FBS) and kept 

in this buffer for the remainder of this experiment. Two MatTek dishes were imaged per 

session (one HeLa, one COS7 dish). The first one was kept in an incubator (37°C, 5% CO2) 

after irradiation experiments while the second dish was irradiated. After completion of the 

irradiation experiments, both dishes were transferred to a long-term imaging incubator 

microscope system (LCV110 VivaView, Olympus; located in a different building). The 

grid areas of the ten STED-irradiated cells (five in each dish) were identified on this 

microscope and DIC images of the designated areas were recorded every 15 min for 24 h. 

These experiments were conducted on three different days, resulting in 15 cells per cell 

line.  

By visually examining the videos, the cell fate was determined. However, not every STED-

irradiated cell could be identified with absolute certainty since some cells had moved 

substantially during the 0.5-6 h gap between irradiation experiments and the beginning of 

the video sequences. To avoid a selection bias for either dead or surviving cells in the 

analysis, instead of dropping these data sets from the analysis, we decided to introduce a 

third category of ‘indeterminable’ fate (labeled with a “?” in Fig. 1m) next to ‘dead’ and 

‘alive’ categories. As negative controls we randomly selected one to two healthy-looking 

cells in each field of view recorded by the VivaView instrument, about three to ten cell 

diameters away from the STED-irradiated cell and well outside the STED irradiation field, 

from the first frame of each video and determined their cell fate. Since the control cells did 

not need to be matched to STED-irradiated cells, the ‘indeterminable’ category did not 

apply here. Supplementary Videos 2 and 3 show examples of STED-irradiated COS7 

cells in the ‘alive’ and ‘dead’ category, respectively. 

 

 

Image processing and quantification 

 

Raw images were analyzed and prepared for presentation using Fiji (imagej.net/Fiji). For 

the quantifications presented in Fig. 1, Supplementary Fig. SN2.2, Supplementary Fig. 

SN3.1 and Supplementary Fig. SN11.1, three 5x5-µm2 large ROIs (regions of interest) 

were drawn at random locations on the FluoForte-labeled cells. Three additional ROIs of 

the same size were drawn outside the cells to estimate the background. The integrated 

density was determined using the Time Series Analyzer V3 plugin. The mean integrated 
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density of the three background squares was subtracted from the mean integrated density 

of the three squares drawn on the cell to generate a damage response curve for each 

recorded cell. Each curve was further normalized to its value at the first time point.  

SiR-BG bleaching curves (Supplementary Fig. SN4.2) were acquired in the same way but 

using the SiR instead of the FluoForte signal. The half-life was determined fitting a single 

exponential decay function using GraphPad Prism 7.0a. 

For the quantifications presented in Supplementary Fig. SN2.1 and Supplementary Note 

5-9, the cells were outlined and the average intensity in the outlined regions was measured 

with the background subtracted to acquire damage response curves. Matlab was used to 

determine average height, width and location of the FluoForte peaks. The curves were 

further normalized to their value at the first time point and plotted in the same graph for 

comparison.  

 

 

Determination of STED video resolution  

 

A recently developed Nested-loop Ensemble PSF (NEP) fitting technique was used to 

determine the resolution of the STED videos. See Barentine et al.5 for further reference. 

Resolution estimates are summarized in Supplementary Note 10. 

 

 

Statistical analysis 

 

We define as “independent experiments”, experiments performed on different days. 

 

All analyses were conducted in the R statistical programing language (www.r-project.org). 

The maximum of each response curve and its value at 10 minutes were screened for batch 

effects of technical replicates within each experimental condition separately (R function 

aov). With no significant effects reported, pairwise comparisons were made between 

negative control, STED, and ROS buffer treatments in each of the COS7 and HeLa cell 

lines separately. These comparisons were based on the proportion of cells with maximum 

response greater than 2 and conducted using Fisher’s exact test (R function fisher.test). 

Positive controls were significantly different from all other conditions in both cell types 

(p<0.003 in all cases) while no significant differences were observed between the three 

remaining groups (p>0.2). See table below. 

 
Comparison Cell Line Stressed/Total Cells p-value  

(Fisher’s Exact Test) 

STED vs Neg Control COS7 0/30 vs 0/18 1 

 HeLa 3/30 vs 0/17 0.29 

Neg vs Pos Control COS7 0/18 vs 15/15 1e-9 

 HeLa 0/17 vs 15/15 1e-9 

STED vs Pos Control COS7 0/30 vs 15/15 3e-12 

 HeLa 3/30 vs 15/15 7e-10 

STED vs ROS COS7 0/30 vs 0/30 1 

 HeLa 3/30 vs 0/32 0.24 

 

 

http://www.r-project.org/
http://www.r-project.org/
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For long-term viability studies, pairwise comparisons within each cell line of the number 

surviving were conducted to compare control and STED-imaged cells based on Fisher’s 

exact test. We considered three different scenarios for the interpretation of cells with 

indeterminable fate to address sensitivity to the missingness mechanisms: (1) ignoring 

them in the statistical analysis, (2) assuming that they were all alive, (3) assuming that they 

were all dead. In scenario (1), pairwise comparison showed marginally significant 

differences for COS7 cells (4/9 STED, 22/28 control, p=0.091), and significant differences 

for HeLa (4/12 STED, 16/20 control, p=0.021). Scenario (2) resulted in no statistically 

significant difference for COS7 cells (10/15 STED, 22/28 control, p=0.473) and a marginal 

statistical difference for HeLa cells (7/15 STED, 16/20 control, p=0.0713). Scenario (3) 

resulted in statistically significant differences for both COS7 and HeLa cells (4/15 STED, 

22/28 control, p=0.0025 and 4/15 STED, 16/20 control, p=0.0024, respectively). In all 

cases a lower percentage of STED-imaged cells survived than in the control condition.  

 

 

Code availability statement 

 

The used Matlab and R Code is available from the corresponding author upon reasonable 

request. 

 

 

Data availability statement 

 

The authors declare that the data supporting the findings of this study are available from 

the corresponding author upon reasonable request.  
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Supplementary Note 1: Ca2+ is a viable cell stress indicator 

 

Ca2+ plays a crucial role as extra- and intracellular messenger 

A variety of short-term and long-term biological processes such as cell regulation, 

metabolic modulation, myofilament contraction, mitotic division and gene expression are 

regulated by the change of Ca2+ levels inside and outside of the cell6-11. As an extracellular 

messenger, for example, Ca2+ controls the gating properties of plasma membrane channels 

and acts as an agonist for G protein-coupled Ca2+-sensing receptors12. As an intracellular 

second messenger, Ca2+ can build up local concentration gradients in the cytoplasm that 

can amplify themselves9,13-15. The resting level of free Ca2+ in the cytoplasm is ~0.1 µM, 

but levels of 1 µM or higher can temporarily be reached as a result of induced signal 

transduction or insult16-22.  

The cytoplasmic homeostasis of Ca2+ is tightly controlled. It is mainly regulated by 

Ca2+ transport through the plasma membrane (PM) or in and out of the endoplasmic 

reticulum (ER) or, in the case of excitable striated muscle cells, the sarcoplasmic reticulum 

(SER)23. The Ca2+ levels in the ER can reach 10-100 mM whereas other organelles such as 

the mitochondria or the Golgi apparatus contain ~100 µM and 300 µM Ca2+, 

respectively6,24-28. The ER therefore represents the major intracellular Ca2+ storage of the 

cell, whereas mitochondria rather decode, shape and buffer the cellular Ca2+ signals by 

well-defined uptake and release mechanisms that can induce various cell death 

modalities25,29.  

 

Ca2+ is involved in several cell-death modalities 

Cell death can be classified according to its morphological appearance, enzymological 

criteria, functional aspects or immunological characteristics30. In 2009, the Nomenclature 

Committee on Cell Death (NCCD) suggested the use of morphological criteria to define 

cellular catabolism, such as ‘apoptosis’, ‘necrosis’ and ‘autophagy’31,32. Substantial 

progress in discovering the underlying genetic and biochemical mechanisms and patterns 

led to a switch from morphological to molecular definition of the previously established 

cell-death modalities three years later33. Ca2+ is a key initiator and effector in several of the 

above-mentioned cell-death modalities22,34-36.  
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The first identification of Ca2+ as an initiator of cell-death dates back to 1974 when 

Fleckenstein and coworkers observed that excess Ca2+ entry into cardiomyocytes leads to 

ischemia and subsequent cardiac pathology37. More recent experimental approaches have 

established the involvement of Ca2+ in apoptosis, necrosis, anoikis, autophagic cell-death 

and netosis33,38,39.  

 

In particular: 

• The role of Ca2+ in autophagy and autophagic cell-death is still not very well 

understood, but oxidative stress-triggered autophagic cell death appears to be 

apoptosis-independent40. Lysosomal calcium signaling seems to regulate 

calcineurin and to induce autophagy41. Ca2+-permeable channels are also 

potential candidates for autophagy regulation42.  

• In the case of an intrinsic stress signal, caspase-dependent and caspase–

independent pathways can be activated33,38. Ca2+ regulates the caspase-

dependent pathway but can also play a role in the caspase-independent 

pathway35,43,44.  

 

The role of Ca2+ in apoptosis and necrosis 

The ER stores the majority of intracellular Ca2+ for signaling purposes as well as for folding 

and modifying newly synthetized proteins29,45. The disturbance of one of these functions 

or any damage to the ER can cause the depletion of luminal Ca2+ and ER stress46,47. This 

initial release of Ca2+ can be channeled into nearby mitochondria via reversibly tethered 

mitochondria-associated membranes (MAM) or other processes13,36,48-53. 

Mitochondria act as a node for intracellular Ca2+ communication since the 

organelles require a specific concentration range of the constitutively ER-released Ca2+ for 

their respiration and ATP production processes54. An increase of the cytosolic Ca2+ 

concentration beyond a threshold of ~500 nM automatically triggers mitochondrial 

participation since the organelles possess low affinity (500 nM) Ca2+ uniporters (mCU) 

that facilitate the uptake and storage of the Ca2+ in the mitochondrial matrix (Ca2+mt)55,56. 

Ca2+ that has been stored in mitochondria can be released again to help refill the luminal 
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Ca2+ stocks of the ER after signal transduction-induced depletion or until a Ca2+ stress 

situation has resolved8,57,58.  

If the amount of sequestered Ca2+ exceeds the capacity of the mitochondria, the 

multi-ion mitochondrial permeability transition pores (mPTPs) open and Ca2+ is dissipated 

from the mitochondrial matrix into the cytoplasm causing adjacent unaffected 

mitochondria to respond to the concentration-increase by taking up Ca2+ as well25,59,60. This 

can lead to a mitochondrial suicide cascade, which will result in the demise of the cell due 

to cytochrome c release via mPTP opening60,61. The release of cytochrome c, despite the 

lack of an upstream apoptotic signal like Bax (Bcl-2 (B-cell lymphoma 2)-associated X 

protein) translocation, can still activate the caspase cascade and turn an apparent initial 

necrotic cell-death into a physio-compatible apoptosis60. Minor release episodes of 

cytochrome c as a result of changes in Ca2+ levels further suggest that small amounts might 

already be sufficient to initiate apoptotic pathways since cytochrome c can induce further 

conductance of Ca2+ through the inositol triphosphate receptors (InsP3Rs) in the ER 

membrane48. The resulting mass-release of cytochrome c engages the cytoplasmic protein 

Apaf1 (Apoptotic protease activating factor 1) to form the apoptosome and to activate 

caspase-9 dimerization, which will trigger an autocatalytic process that results in further 

biochemical and structural changes such as pyknosis, cytoplasmic shrinkage, nuclear 

fragmentation and blebbing of the PM6,48. At the end of the apoptotic process, the cell 

breaks down into multiple encapsulated fragments (apoptotic bodies), which are finally 

devoured by tissue macrophages and neighboring tissue cells6,48.  

Both apoptotic and necrotic pathways are under given circumstances able to 

cooperate via a balanced interplay that additionally involves autophagy, or are applied in a 

complementary way62.  

Necrosis has initially been regarded as the result of an accidental and uncontrolled 

cell event that is caused by external factors such as infection, toxins, heat or trauma, which 

can lead to a severe Ca2+ dysregulation causing the release of cytoplasmic material and a 

subsequent inflammatory reaction44,63. One common cause of necrosis is the collapse of 

mitochondrial energy metabolism leading to an increase of the intracellular Ca2+ 

concentration and the subsequent stimulation of various Ca2+-dependent catabolic enzymes 

such as phospholipases, proteases and endonucleases22,34,64. The necrotic process leads to 
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the disruption of the plasma membrane, cell swelling, chromatin condensation and cell 

lysis22,65. It has further been discovered that the process can also be mediated by a specific 

set of signal transduction pathways and degradative mechanisms31. In recent years multiple 

cell-death modalities have been assigned to regulated necrosis, such as necroptosis, 

parthanatos, ferroptosis or oxytosis, mitochondrial permeability transition (mPT)-

dependent necrosis, pyroptosis and pyronecrosis, as well as cell death associated with the 

release of (neutrophil) extracellular traps commonly known as NETosis or ETosis66.  

Due to its involvement in many cell-death-associated processes, Ca2+ is a viable 

indicator to monitor cell health and cell viability52,67. 

 

Ca2+ release can be triggered by light via reactive oxygen species 

Multiple studies have shown that light irradiation in a wide spectrum (360-490 nm and 

500-635 nm as well as 780 nm) is able to trigger Ca2+ influx into the cell, Ca2+ release from 

the ER as well as further Ca2+ uptake or overload in mitochondria due to dye-specific 

reactive oxygen species (ROS) stress that was generated during the imaging 

experiment15,68-75. ROS such as hydrogen peroxide (H2O2), superoxide and singlet oxygen 

are derived from molecular oxygen in various subcellular compartments including 

mitochondria, ER, several enzyme systems within the cytoplasm and at the plasma 

membrane76,77,78,79.  

Years of research have further revealed that ROS are more than an unwanted waste 

product of certain metabolic reactions within the cell, but important signaling factors in 

multiple physiological processes76,80. However, there is a fine balance between the 

generation and the scavenging of ROS since excess production causes cell damage via 

disruption of membranes, and protein and DNA structures81.  

Increasing evidence further suggests a tight interaction between ROS and Ca2+ 

signaling pathways77,78. Ca2+ and ROS are considered main factors, which can partially 

propagate and execute necrosis and further apoptosis by direct or indirect provocation of 

DNA, lipid and protein damage28,34,77.  

During imaging experiments, an excess of ROS can be generated by fluorophores82. 

Any labeling dye that is applied in a nanoscopic imaging experiment should therefore be 

considered a photosensitizer that might be able to damage subcellular structures by 
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triggering Ca2+ release due to the connection of ROS and Ca2+ signaling systems77,78,83. 

Monitoring the Ca2+ concentration in the examined cell can therefore indicate whether 

photodamage has taken place during the imaging experiment and further determine the 

severity of the damage.  

 

Ca2+ is a valuable indicator of photodamage for imaging experiments 

It has been notoriously difficult to establish general photodamage criteria based on cellular 

structure or functional assays that allow to reliably quantify damage in real time while the 

experiment is being conducted82. Cell populations often show highly heterogeneous 

behavior during the imaging experiment, which is difficult to interpret84. Therefore, many 

previously conducted studies on photodamage focused on extreme characteristics such as 

the fraction of dead cells, mitotic arrest, DNA defects, cytoskeletal defects or 

developmental defects in various organisms such as Caenorhabditis elegans and 

Drosophila melanogaster as indicators of irreversible cell damage after light 

irradiation48,82,85-88. Further components that were considered to be potential indicators for 

cell stress were nitric oxide (NO), various ROS and the microtubule-associated protein 

1A/1B-light chain 3 (LC3)89-95. However, none of the mentioned components are ideal to 

be used as indicators since they are not generally applicable or their readout is not sensitive 

enough to detect early signs of cell stress. 

It has been shown previously that the imaging process can generate waves of free 

Ca2+ in the cytoplasm of various cell types7,13,21,48,52,96-101. Combined with its central and 

early role in multiple cell stress signaling pathways outlined above and relatively easy 

means to monitor its cytoplasmic concentrations, we therefore chose increases of free Ca2+ 

levels as a robust and sensitive indicator of light-induced cell stress.  
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Supplementary Note 2: FluoForte is a sensitive detector of cytoplasmic 

Ca2+ changes 

To test for changes in the Ca2+ concentration during image acquisition, a highly sensitive 

and non-toxic compound must be used. This compound ideally needs minimal sample 

preparation and is easily applicable. We chose FluoForte (Enzo Life Sciences Inc.) because 

it is cell permeable, non-toxic, bright and requires only minimal sample preparation, which 

helps to reduce pre-imaging stress for the cells102,103.  

FluoForte has previously been applied to monitor intracellular Ca2+ levels in a range 

of specimens using different microscopy approaches. For example, Rivas-Sendra et al. 

imaged Ca2+ dynamics in living rapeseed (B. napus) and eggplant (S. melongena) 

microspores and pollen grains during development with a confocal laser scanning 

microscope104; Song et al. examined Ca2+ handling in induced pluripotent stem cell models 

of cardiac arrhythmias with an epifluorescent widefield microscope105; Crocini et al. 

monitored local alterations of Ca2+ release in heart failure using random access multiphoton 

microscopy106. 

The fact that FluoForte can detect intracellular Ca2+ changes in various specimens 

with different microscopes speaks to its general applicability. Combined with our own 

experiences of its application in STED microscopy (see below), we believe that it can be a 

useful assay also for other super-resolution techniques in the future.  

 

FluoForte and cell stress 

As discussed in Supplementary Note 1, excess cytoplasmic Ca2+ concentrations 

are able to trigger several cell death modalities22. Free cytoplasmic Ca2+ concentrations of 

~1 µM can be considered the maximum tolerable amount of unbound Ca2+22. Based on the 

estimated Kd of FluoForte (389 nM) (http://www.axxora.com/support/dyes-cellular-

analysis/cellestial-dyes-kits-faqs/) and our Ionomycin control (see Fig. 1b and description 

below), we defined a conservative damage threshold regarding FluoForte signal increase 

(F/F0):  F/F0 ratios below 2.0 were regarded as synonymous for low levels of Ca2+ increase 

(below roughly 300 nM) that correspond to tolerable phototoxic impact. Levels above 2.0 

are considered to be problematic. 

http://www.axxora.com/support/dyes-cellular-analysis/cellestial-dyes-kits-faqs/
http://www.axxora.com/support/dyes-cellular-analysis/cellestial-dyes-kits-faqs/
http://www.axxora.com/support/dyes-cellular-analysis/cellestial-dyes-kits-faqs/
http://www.axxora.com/support/dyes-cellular-analysis/cellestial-dyes-kits-faqs/
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As control for our FluoForte assay in our chosen mammalian cell systems COS7 

and HeLa, we measured the FluoForte response to Ionomycin (IO) as well as Thapsigargin 

(TG) and Antimycin A (AntA). 

We transfected our cells with the SEC61B gene encoding for the β-subunit of the 

ER-localized protein translocon Sec61 (Sec61β) tagged with an engineered version of the  

MGMT gene (also denoted as AGT) that encodes for the mammalian enzyme O-6-

methylguanine-DNA methyltransferase, which is known and will be referred to as SNAP-

tag protein 107-109. The cells were then labeled with 5 µM SNAP-Cell 647-SiR (SiR-BG, 

silicone rhodamine-benzylguanine)1 and further treated with 5 µM Ionomycin.  

 

Ionomycin:  

Ionomycin is a diacidic polyether, which was originally isolated from Streptomyces 

conglobatos110. IO acts as a selective Ca2+ ionophore, which makes cellular membranes 

highly Ca2+ permeable111-113. The treatment of HeLa and COS7 cells with 5 µM IO after 

about 10 s of imaging resulted in a very strong increase of the cytoplasmic Ca2+ 

concentration in both cell lines as indicated by the FluoForte signal (Fig. 1b).  

 

Negative Control:  

As a negative control, we examined the FluoForte signal in COS7 and HeLa cells treated 

and labeled in the same way as in the Ionomycin experiment but did not apply IO during 

image acquisition. Cells in this experiment, as well as in the Ionomycin experiment, were 

only illuminated by the light required to read out the FluoForte signal as described in the 

Supplementary Methods, but not the SiR excitation and STED lasers. The absence of a 

FluoForte signal increase in the negative control experiments confirmed that the cell 

treatment with FluoForte and SiR itself, as well as the transfection and the FluoForte signal 

measurements on the microscope, did not result in a measurable damage response (Fig. 

1a).  

 

Additionally to our experiments using a Leica TCS SP8 STED 3X microscope, we 

performed the above described negative and positive IO control experiments with a Leica 

TCS SP5 STED microscope where we also observed strong Ca2+-response profiles 
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(Supplementary Fig. SN2.1d). We further used the Leica TCS SP5 STED microscope to 

examine the Ca2+-response of COS7 and HeLa cells when treated with TG and AntA as 

additional positive controls. 

 

Thapsigargin: 

TG, a sesquiterpene lacton tumor promoter isolated from Thapsia garganica, 

disrupts the cytoplasmic Ca2+ homeostasis by the non-competitive inhibition of the 

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), which transports Ca2+ from the 

cytoplasm to the ER lumen114-116. The treatment of the cells with TG rapidly increases the 

Ca2+ concentration in a dose-dependent manner. It has previously been shown that a final 

concentration of 2 µM is able to affect SERCA117-119. Mitochondria respond to the TG 

stimulus by a rapid biphasic fragmentation with the initial fragmentation event occurring 

within minutes depending on the increase of intracellular Ca2+ levels and the influx of Ca2+ 

into the organelle120. The link between TG-induced increase of the concentration of 

cytoplasmic Ca2+ and the activation of apoptotic pathways has also been observed in 

different studies that have investigated various cell types121,122.  

HeLa and COS7 cells were treated with TG after about 15 s of imaging. Both cell 

lines instantly responded to the treatment with TG by releasing Ca2+ out of the ER into the 

cytoplasm as indicated by the FluoForte signal (Supplementary Fig. SN2.1a). 

 

Antimycin A: 

AntA is a secondary metabolite produced by different Streptomyces species123. The 

compound binds to the Qi site of the cytochrome bc1 complex (cytochrome c oxireductase 

or complex III) in the mitochondrial respiratory chain and blocks the oxidation of the 

cytochrome b hemes in the low potential chain124. Since the cytochrome bc1 complex is a 

crucial enzyme of the oxidative phosphorylation of the mitochondria, its inhibition will 

eventually cause the disruption of the carefully maintained proton gradient across the inner 

membrane of the organelle and trigger the production of superoxide124. Due to its ability to 

block the electron transport chain, AntA has also been used to induce chemical hypoxia125. 

The treatment with 10 mM AntA caused a steady increase in Ca2+ levels, reaching 

sustained high levels in 200 s (Supplementary Fig. SN2.1b). The measurements of the 
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FluoForte signal were taken for about 600 s after the initial addition of AntA after about 

15 s of initial imaging. Our results confirmed the previously described sustained Ca2+ 

release pattern as a reaction to the treatment with AntA126. 

 

Supplementary Figure SN2.1 

Fluoforte shows robust responses to Thapsigargin, Antimycin A and Ionomycin treatment 

which increase the cytoplasmic Ca2+ concentration. HeLa (red) and COS7 (blue) cells were 

transfected with 5 μg of SNAP-Sec61β plasmid, labeled with 5 μM SiR-BG, incubated with 

FluoForte and monitored for 10 min. (a) Cells showed no measurable cytoplasmic Ca2+ 

level increase under negative control conditions (no red excitation and STED illumination) 

(HeLa N=5, COS7 N=5). (b-d) Antimycin A, Thapsigargin and Ionomycin were added to 

the cells after about 15 s of the initial imaging. Antimycin A treatment resulted in a steady 

increase in cytoplasmic Ca2+ with sustained high levels after 200 s of imaging (HeLa N=9, 

COS7 N=10) (b). Thapsigargin and Ionomycin caused a rapid increase of cytoplasmic 

Ca2+ within seconds after administration (c: HeLa N=10, COS7 N=7; d: HeLa N=9, COS7 

N=9) (c,d). A Leica TCS SP5 STED instrument was used for these experiments. Two 

independent experiments were conducted for (a). Three independent experiments were 

conducted for (b-d). 
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Since our FluoForte control experiments showed a valid response of this Ca2+ sensor to 

intracellular Ca2+ changes, we applied FluoForte to examine the Ca2+-response of SNAP-

Sec61β-expressing COS7 and HeLa cells during STED irradiation with a 8-kHz resonant 

scanner (Fig. 1c). Only a minor fraction of cells (3 of 30 HeLa cells; 0 of 30 COS7 cells) 

(Fig. 1c) showed a stress response distinguishable from non-STED irradiated cells (not 

statistically different: HeLa p=0.29, COS7 p=1).  

 

We repeated the above described experiments of Fig. 1a-c also with the FluoForte standard 

buffer (provided by Enzo Life Sciences, Inc.) instead of Live Cell Imaging Solution 

(Supplementary Methods, Supplementary Fig. SN2.2). The comparison of the results 

presented in Fig. 1a-c and Supplementary Fig. SN2.2 shows that both cell lines respond 

very similarly to IO treatment and STED irradiation, which essentially reproduced our 

previous observations and further demonstrated that the Live Cell Imaging Solution is an 

adequate alternative for the company-recommended buffer.  
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Supplementary Figure SN2.2. 

The experiments of Fig. 1 a-c were repeated with FluoForte standard buffer instead of Live 

Cell Imaging buffer. Comparing the results with Fig. 1 shows that COS7 and HeLa cells 

respond very similarly to Ionomycin and STED illumination in both buffers, essentially 

reproducing the findings and demonstrating that the used imaging buffer is an adequate 

replacement for the company-recommended buffer.  

COS7 and HeLa cells transfected with 5 μg SNAP-Sec61β plasmid were labeled with 5 μM 

SiR-BG, incubated with FluoForte and illuminated for ~11 min. (a) HeLa N=17, 4 

independent experiments; COS7 N=18, 4 independent experiments; (b) HeLa N=20, 4 

independent experiments, COS7 N=20, 4 independent experiments; 5 HeLa cells and 5 

COS7 cells were accidently imaged at slightly smaller zoom; (c) STED-irradiation with a 

fast resonant scanner (8 kHz line scan frequency) caused a response in 3 out of N=30 COS7 

cells and 1 out of N=30 HeLa cells.  
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Supplementary Note 3: The role of reactive oxygen species (ROS) in 

photodamage and photobleaching 

 

Photobleaching describes photochemical reaction pathways and undesired photochemical 

modifications that result in the irreversible loss of a fluorescent molecule’s ability to 

fluoresce127. The photobleaching reaction usually originates from the excited triplet state 

of the fluorophore that is populated via intersystem crossing from the excited electronic 

singlet state128. In contrast to the short-lived (nanosecond) singlet states, the triplet state is 

usually stable for microseconds to milliseconds84. During this time it is vulnerable to 

further light absorption and reactions that lead to the generation of free chemical radicals 

such as ROS like the highly reactive singlet form of oxygen as well as the less reactive 

ground state or triplet form of oxygen, which, however, can be excited to the singlet 

form78,82,84,129,79. 

 The generation of cytotoxic ROS can not only be linked to extrinsic factors like 

fluorescent probes used for imaging experiments, but also to crucial intrinsic factors like 

flavins and porphyrins86,130-134.  

 

A buffer to scavenge ROS 

 Superoxide anion, hydrogen peroxide or the hydroxyl radical are ROS that can be 

produced in a cell as a result of an incomplete reduction of oxygen80 and as a byproduct of 

the imaging process82,84,129. ROS can cause damage to the cell by disrupting membranes, 

proteins and DNA82,135,136. It is further tempting to speculate that the disruption of the 

membrane of Ca2+ storage compartments, such as the ER or to some extend the 

mitochondria, causes the release of Ca2+ into the cytoplasm and the initiation of cell-death 

modalities137. Keeping an appropriate equilibrium between ROS generation and 

degradation is therefore very important when imaging experiments are conducted. To 

minimize the production of ROS during STED irradiation, we used a buffer that contained 

Trolox, ascorbic acid, Tempol and catalase to act as a scavenger for ROS (see 

Supplementary Methods).  

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) is a water-

soluble and cell-permeable analogue of vitamin E138. The antioxidant properties of Trolox 
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are often used in experimental setups, therapies of certain cancers and to avoid cancer 

predisposition139,140. Trolox is further able to suppress the apoptotic program initiated by 

PDT (photodynamic therapy)141,142.  

Ascorbic acid, or vitamin C, is also a water-soluble antioxidant, which can quench 

various ROS-mediated signaling events143,144. Both ascorbic acid and Trolox have been 

applied in previous studies that were examining photodamage during microscopic 

imaging82,145,146. The reducing abilities of Trolox and ascorbic acid facilitate the desired 

repopulation of the singlet ground state of the fluorophore when an oxidant is added as 

well147.  

We included a membrane-permeable nitroxide and radical scavenger, Tempol (4-

hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl), into our buffer148,149. Tempol is able to 

catalytically dismutate superoxide, facilitate hydrogen peroxide metabolism by using 

catalase-like actions and further limits the formation of toxic hydroxyl radicals, which are 

produced by Fenton reactions149.  

The tetrameric catalase is one of the various existing enzymes that catalyze the 

detoxification of ROS by converting H2O2 to water and oxygen without generating further 

ROS150.  

After transfecting HeLa and COS7 cells with SNAP-Sec61β and labeling the cells 

with SiR-BG as described above, we imaged the ER of the chosen cells with the Leica TCS 

SP8 STED 3X (8 kHz line scan speed) for about 10 min while they were maintained in 

ROS scavenging buffer (Fig. 1d).  

All cells showed little or no Ca2+ response, suggesting that the short-term damaging 

effects of the given imaging conditions were negligible.  

We further tested, if cells would still be able to show a proper Ca2+ response in ROS 

scavenging buffer under positive control conditions by adding 5 µM Ionomycin in the first 

10 s of imaging (Supplementary Fig. SN3.1). The cells still responded with a strong 

increase in FluoForte signal. 

Although the cells showed little or no response during STED irradiation when kept 

in the ROS scavenging buffer, the application of this buffer cannot be seen as the ultimate 

solution for photodamage in every experimental setup. ROS also function as signaling 

molecules (sROS, signaling reactive oxygen species) that are important for the integrity 
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(host defense, inflammation and apoptosis) and fitness of organisms and their aging80,151. 

Therefore, we recommend using this buffer only for short-term imaging experiments in the 

tens-of-minutes range. For longer imaging experiments, it is necessary to determine the 

various ROS that are generated and to assess their role in cell signaling. Based on this 

analysis, the appropriate combination of scavengers and their respective concentrations 

should be individually determined to ensure the health of the cells during the complete 

imaging process. 

 

 

Supplementary Figure SN3.1 

COS7 and HeLa cells transfected with 5 μg SNAP-Sec61β plasmid were labeled with 5 μM 

SiR-BG, incubated with FluoForte and examined in ROS scavenging buffer. A strong 

increase in FluoForte signal could still be observed when the cells were treated with 5 μM 

Ionomycin (IO) within 10 s of the initial imaging (HeLa N=15, COS7 N=15). Three 

independent experiments were conducted for both cell lines. 
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Supplementary Note 4: Cell morphology and bleaching of the SiR-BG-

labeled ER marker Sec61β during STED irradiation 

 

STED imaging of SiR-BG-labeled SNAP-Sec61β allowed us to observe the ER movement 

in HeLa (Fig. 1e,l or Supplementary Fig. SN4.1 for enlarged and contrast-increased 

images) as well as COS7 cells (Supplementary Video 1) in great detail. There were no 

suspicious changes visible in cell shape (see corresponding brightfield images Fig. 1f,j or 

Supplementary Fig. SN4.1b,f), ER morphology and movement (Fig. 1g,h,k,l or 

Supplementary Fig. SN4.1c,d,g,h and Supplementary Video 1).  

 

 

Supplementary Figure SN4.1 

Magnified and contrast-increased images of Figure 1. The contrast of the confocal and 

STED images was adjusted to better show ER structures and movement at the cost of 

obscuring bleaching and somewhat saturating the images. 
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However, as expected in bioimaging applications152, cells bleached markedly over the 

course of the imaging experiment. To quantify bleaching, we transiently transfected COS7 

and HeLa cells with 5 µg SNAP-Sec61β plasmid, labeled them with 5 µM SiR-BG and 

imaged them either live (in Live Cell Imaging Solution) or after a 15 min fixation step with 

3% PFA and 0.1% GA in PBS. The same imaging parameters were used as for Fig. 1e,l. 

The half-life of the fluorescence loss was determined by plotting the averaged and 

background-corrected signal for 8 to 9 cells each (Supplementary Fig. SN4.2) as 

described in the Supplementary Methods. The fixed cells bleached faster than their live 

counterparts. The examined fixed COS7 cells bleached the fastest with a half-life of about 

119 s, whereas the live HeLa cells bleached the slowest with a half-life of about 194 s. 

 

 

 

Supplementary Figure SN4.2 

Bleaching of the transiently expressed SNAP-Sec61β in live and fixed COS7 and HeLa cells 

during STED-illumination. COS7 and HeLa cells transfected with 5 μg SNAP-Sec61β were 

labeled with 5 μM SiR-BG and imaged for 10 min. HeLa and COS7 cells were either 

imaged live in Live Cell Imaging Buffer or after a 15 min fixation in 3% paraformaldehyde 

and 0.1% glutaraldehyde in PBS. COS7 and HeLa live (N=9); COS7 and HeLa fixed 
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(N=8). The circles represent the mean values. Error bars represent standard errors of the 

mean (SEM). Standard errors: HeLa live t1/2=194±4 s; COS7 live t1/2=139±1 s; HeLa fixed 

t1/2=126±1 s; COS7 fixed t1/2=119±1 s. Independent experiments: HeLa live: 3, COS7 live: 

2, Hela and COS7 fixed: 1 
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Supplementary Note 5: Fast resonant scanning reduces photodamage 

 

One way to reduce photodamage by hardware-optimization is to reduce the time 

the laser focus dwells on any particular position in the sample and to give the exposed 

location time to recover before it is exposed again153,154. 

The T-Rex technique (triplet relaxation), for example, uses low repetition-rate 

lasers to reduce photobleaching in STED microscopy by preventing triplet-state build-up 

of fluorophores, which are highly reactive128,155. Random-access scanning, on the other 

hand, uses scan units that simultaneously image multiple points or line segments, which 

provides higher spatial resolution and further reduces photobleaching by reducing the total 

illumination time156,157. 

Alternatively, resonant scanning mirrors move the focus more quickly across the 

sample than conventional galvanometer scanners, which decreases the pixel dwell time and 

thereby prevents triplet-state build-up1,153. Using electro-optical deflectors allows even 

faster scanning154. The usage of the resonant scanner is advantageous because it is already 

implemented in many commercially available STED microscopes (see Fig. 1c and 

Supplementary Fig. SN2c)   

To quantify the effect of faster scanning on cell stress, we imaged HeLa and COS7 

cells transfected with SNAP-Sec61β and labeled with SiR-BG as described above with our 

custom-build STED microscope which features a 16-kHz resonance scanner1 and 

compared the results to data recorded with a Leica TCS SP5 STED at 1-kHz scan speed. 

The imaging parameters on the custom-built STED microscope were chosen to be 

equivalent to the ones on the SP5, except for (i) an even higher value was chosen for the 

STED laser power on the custom instrument (140 mW instead of 40 mW) and (ii) a smaller 

scan field led to more light illuminating the imaged cell rather than areas around it. To 

obtain similar frame rates, we adjusted the line averaging when using the 16-kHz scanner 

(see Supplementary Table SN5.1 below).  

Supplementary Fig. SN5.1a,b show the FluoForte response of 19-20 cells imaged 

for each condition (9-10 HeLa and 10 COS7 cells each). The image acquisition at 1 kHz 

line scan speed caused a markedly higher Ca2+ response than the image acquisition at 

16 kHz line scan speed. At 1 kHz, 80% of the COS7 cells showed problematic Ca2+ 
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response levels in the first 100 s of exposure (Supplementary Fig. SN5.1a, blue curves). 

For HeLa cells, 67% showed problematic Ca2+ response levels (Supplementary Fig. 

SN5.1b, red curves). Imaging COS7 and HeLa cells at 16 kHz caused considerably lower 

Ca2+ responses of both cell lines with 100% of the COS7 cells showing only a low or no 

response (Supplementary Fig. SN5.1b, blue curves). 90% of the HeLa cell showed a low 

or no response and only 1 out of 10 a problematic level of response (Supplementary Fig. 

SN5.1b, red curves). The addition of the ROS scavenging buffer described above further 

decreased the Ca2+ response of both cell lines leading to 100% of both cell lines showing 

only a low or no response (Supplementary Fig. SN5.1c).  

We therefore recommend fast line scan speeds, if available, to minimize 

photodamage. The application of a ROS scavenging buffer can further be beneficial in 

minimizing photodamage. 

 

Imaging Parameters Leica TCS SP5 STED Custom-built STED 

Line scan speed 1 kHz 16 kHz 

Line averages 1 32 

Scan mode unidirectional unidirectional 

Number of pixels 1024 x 1024 512 x 512 

Frame rate ~1 Hz 0.989 Hz 

Field of view 50.2 μm x 50.2 μm 25.6 μm x 25.6 μm 

Excitation wavelength 635 nm (pulsed, 80 MHz) 650 nm (pulsed, 80 MHz) 

Excitation laser power 20 μW 20 μW 

Depletion wavelength 775 nm (pulsed, 80 MHz) 775 nm (pulsed, 80 MHz) 

Depletion laser power 40 mW 140 mW 

Supplementary Table SN5.1 

Imaging parameters of the Leica TCS SP5 STED and our custom-built STED microscope.  
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Supplementary Figure SN5.1 

HeLa (red) and COS7 (blue) cells transfected with 5 μg SNAP-Sec61β plasmid were 

labeled with 5 μM SiR-BG, incubated with FluoForte and monitored for 10 min. Cells were 

irradiated under standard (1 kHz line scan frequency) STED imaging conditions. 67% (6 

out of N=9) and 80% (8 out of N=10) of the HeLa and COS7 cells, respectively, showed 

Ca
2+

-level increases that we consider problematic (>2-fold FluoForte signal increase; see 

Supplementary Note 2) within the first 100 s (a). In contrast, cells irradiated under STED 

imaging conditions with a faster scanner (16 kHz line scan frequency) responded less 

dramatically with 90% (9 out of N=10) of the HeLa cells and all (10 out of N=10) COS7 

cells showing low or no measurable Ca
2+ 

level increase (b). With the addition of the ROS 

scavenging buffer the situation improved further with 100% of both cell lines showing low 

or no measurable Ca
2+ 

level increase (c).  Three independent experiments were conducted 

for both cell lines in (a-c). 
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Supplementary Note 6: Ca2+ release patterns depend on the location of 

SiR-labeling 

 

Multiple factors can lead to cytoplasmic Ca2+ increase as a result of compartment damage 

during the imaging process. The amount and location of fluorescent probes in the cell play 

a particularly crucial role in this context82. To assess the damage potential of the SiR dye 

in relation to various compartments in our HeLa and COS7 cell systems, we imaged 

transiently transfected and labeled marker proteins of a range of compartments including 

the cytoplasm, Golgi apparatus, mitochondria and nucleus with SiR-BG (Supplementary 

Fig. SN6.1). Samples were imaged with a Leica TCS SP5 STED at 1 kHz line scan speed 

and without application of the ROS scavenging buffer described in Supplementary Note 

3. 

Imaging of the overexpressed soluble SNAP protein (pSNAP) in the cytoplasm and 

the SNAP-tagged OMP25 at the outer membrane of the mitochondria158 revealed a rapid 

increase of cytoplasmic Ca2+ levels. Cytoplasmic Ca2+ levels began to rise within seconds 

after start of the imaging experiment indicating a very quick response of the cells to the 

light exposure (Supplementary Fig. SN6.1a,b). This Ca2+ increase pattern is comparable 

to the observed patterns when imaging SiR-labeled SNAP-Sec61β (Supplementary Fig. 

SN8.1a,b) or when cells were treated with TG or IO (Supplementary Fig. SN2.1c,d). 

However, the increase of cytoplasmic Ca2+ levels was not as severe as it had been observed 

in these experiments, which can be explained by lower total amounts of expressed SNAP 

protein and consequently SiR in the cells (see below).  

Interestingly, imaging SiR-labeled ManII-SNAP (α-mannosidase II, encoded by 

Man2a1), a marker of the medial- and trans-cisternae of the Golgi apparatus159, caused a 

delayed release of a rather low amount of Ca2+ approximately 200 s after start of imaging 

(Supplementary Fig. SN6.1c).  

The most delayed and most dramatic increase of cytoplasmic Ca2+ levels was 

observed when the SNAP-tagged histone H2B160 was imaged (Supplementary Fig. 

SN6.1d). The imaging of the nucleus caused a delayed, but strong and sustained release of 

Ca2+. The curves of the Ca2+ release that were obtained during the imaging of H2B-SNAP 
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resembled to some extend the curves that were obtained during the imaging of the AntA-

treated cells (Supplementary Fig. SN2.1b).  

 

Supplementary Figure SN6.1 

Ca
2+

 release patterns depend on the location of SiR-labeling. HeLa (red) and COS7 (blue) 

cells were transiently transfected with 5 μg of pSNAP (HeLa N=10, COS7 N=10). (a), 

SNAP-OMP2 (HeLa N=10, COS7 N=10)  (b), ManII-SNAP (HeLa N=7, COS7 N=7)  (c) 

and H2B-SNAP plasmid (HeLa N=9, COS7 N=9) (d), labeled with 5 μM SiR-BG, 

incubated with FluoForte and monitored for 10 min. Three independent experiments were 

conducted for both cell lines in (a-d). 
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Supplementary Note 7: The Ca2+ level increase correlates with the level 

of labeling 

 

Supplementary Fig. SN7.1 shows the level of the FluoForte response of HeLa and COS7 

cells expressing different SNAP-tagged marker proteins of various cell organelles as a 

function of the total amount of dye in each cell. The Figure reveals a striking correlation 

between the total amount of dye and the imaging-induced damage of the cell. This trend is 

visible within each group of cells expressing varying levels of the same construct, but also 

is reflected by the fact that, for example, cells expressing SNAP-OMP25 generally show 

both a lower level of SiR-labeling as well as lower FluoForte responses than cells 

transiently expressing SNAP-Sec61β. Strikingly, for most labels we do not see 

considerable differences between COS7 and HeLa cells. With the exception of the histone 

H2B-SNAP labeled COS7 cells, all cells follow the same linear trend. 

Our results suggest that the observed cell damage is mediated directly through light-

absorption by the dye during image acquisition. It is important to note in this context that 

the used wavelengths are all in the red spectrum (>630 nm). At lower wavelengths, in 

general, a large number of cellular components absorbs light and therefore contribute to 

cellular damage, probably leading to a less pronounced correlation (see also 

Supplementary Note 8). 

The general function of the imaged compartment in Ca2+ homeostasis, as well as 

the localization of the SNAP-tagged protein in relation to the compartment membrane, 

might be potential additional factors in the overall picture of cell damage and need to be 

further investigated. 
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Supplementary Figure SN7.1 

The level of Ca
2+

 
increase is strongly correlated to the labeling level and (to a lesser extend) 

the location of the dye. HeLa and COS7 cells were stably or transiently transfected with 

5 μg SNAP-Sec61β, pSNAP, SNAP-OMP25, ManII-SNAP and H2B-SNAP plasmid, labeled 

with 5 μM SiR-BG, incubated with FluoForte and monitored for about 10 min. The data 

represented in Supplementary Fig. SN6.1, SN8.1a,b were used to generate this figure. 

Please refer to these figure captions for numbers of cells. 
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Supplementary Note 8: Transient vs. stable transfections 

 

Transient transfection is the method of choice when it comes to a temporary, usually CMV 

promoter-driven (human Cytomegalovirus immediate-early enhancer and promoter), 

overexpression of genes in mammalian cells. The most commonly used methods for 

transient transfection are liposome-based DNA-carriers such as Lipofectamine or 

electroporation. However, transient transfection is another widely appreciated cell-harming 

factor that can cause a preceding damage of the cells before the actual imaging experiment 

is conducted due to the induction of cell stress responses and changes in gene expression 

pattern82,161.  

To investigate the potential damaging effect of transient transfections, we 

compared FluoForte levels in stably and transiently transfected cells. We generated stable 

HeLa and COS7 cell lines that overexpress the SNAP-tagged SEC61B gene under a CMV 

promoter (see Supplementary Methods) and labeled and imaged them in the same way 

as in the experiments described above (see Supplementary Note 6 and 7) using transient 

transfection.  

As shown in Supplementary Fig. SN7.1, the stably expressing cells show on 

average lower expression levels and lower damage responses than their transiently 

expressing counter-parts. The data points fall within the linear distribution shown in this 

figure which, as discussed in Supplementary Note 7, suggests that the lower damage 

response in the stably expressing cells can be explained by the reduced SiR level and that 

the stress contribution from electroporation and transient transfection is only minor.  

Additional experiments comparing transiently transfected, unlabeled cells with 

non-transfected cells (Supplementary Fig. SN8.1c,d) reveal a negligible to weak damage 

response caused by the transfection, confirming this observation. 

We nonetheless suggest the generation of stable cell lines (Supplementary 

Methods) where possible since the lower levels of staining lead to less photodamage. Even 

better is the application of the CRISPR/Cas9 system (Clustered regularly interspaced short 

palindromic repeats/CRISPR-associated protein-9 nuclease) to express the tagged protein 

of interest at endogenous levels162. 
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Supplementary Figure SN8.1 

FluoForte response curves for HeLa (red) and COS7 (blue) cells transiently transfected 

with 5 μg of SNAP- Sec61β plasmid, labeled with 5 μM SiR-BG and incubated with 

FluoForte (HeLa N=9, COS7 N=10) (a), cells stably transfected with SNAP-Sec61β and 

labeled with 5μM SiR-BG (HeLa N=10, COS7 N=10) (b), cells transfected as described in 

(a) but not labeled with 5 μM SiR-BG (HeLa N=9, COS7 N=9) (c), and non-transfected 

cells (HeLa N=10, COS7 N=10) (d). Three independent experiments were conducted for 

both cell lines in (a-d). 
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Supplementary Note 9: Imaging with a shorter wavelength at 458 nm 

leads to high damage response levels 

 

It is widely appreciated that short irradiation wavelengths generally cause greater 

photodamage to cells than long wavelengths82,84. Photons with shorter wavelengths possess 

a higher energy, which increases the chance of initiating chemical breakdown of 

fluorophores84. Another mechanism involves the long-living triplet-state or dark state of 

the fluorophores that show different absorption spectra and tend to absorb shorter 

wavelengths with higher efficiency leading to high-energy states, which are more prone to 

bleach84,163. Furthermore, many endogenous molecules, including many proteins and 

DNA, can absorb high-energy photons and thereby cause labeling-independent photo-

damage. 

We imaged samples prepared in the same way as for the described STED 

experiments (e.g. Supplementary Fig. SN6.1 and Supplementary Fig. SN8.1 a,b) and 

imaged them on our Leica TCS SP5 STED microscope with 458-nm excitation wavelength 

at approximately 11 μW laser power. All cells were labeled with 5 µM SiR-BG and 

incubated with the red-shifted FluoForte (GFP-certified FluoForte). The corresponding 

damage response curves are shown in Supplementary Fig. SN9.1. We consistently 

observed problematic Ca2+ response levels. Compared to the results obtained in the STED 

experiments presented in Supplementary Note 6 and Supplementary Note 8, the shape 

of the Ca2+ response curves is more uniform and less dependent on the labeled target 

proteins. This suggests that the observed 458-nm light-induced damage is primarily not 

relayed through the SiR dye but through natural cellular components.  

These results emphasize the importance of the wavelength when designing live-cell 

experiments. We suggest avoiding the excessive use of short wavelengths. 



 37 

 

Supplementary Figure SN9.1 

Damage response curves of cells imaged with a 458-nm laser (but no STED light). HeLa 

(red) and COS7 (blue) cells transiently or stably transfected with SNAP-Sec61β (a,b). 

Transiently overexpressed pSNAP, SNAP-OMP25, ManII-SNAP and H2B-SNAP (c-f). All 

cells were labeled with 5 μM SiR-BG and incubated with the red-shifted FluoForte (GFP-

certified FluoForte). The more uniform shape of the curves compared to Supplementary 

Fig. SN6.1 and Supplementary Fig. SN8.1a,b suggests a more general damage pathway 

not mediated by the SiR dye. (HeLa N=9, COS7 N=9) (a),(HeLa N=10, COS7 N=10) (b), 

(HeLa N=8, COS7 N=11) (c), (HeLa N=8, COS7 N=9) (d), (HeLa N=9, COS7 N=10) (e), 

(HeLa N=8, COS7 N=7) (f). Three independent experiments were conducted for both cell 

lines in (a-f).  
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Supplementary Note 10: Resolution of STED videos  

 

STED microscopy of SNAP-tagged and SiR-labeled proteins allows the examination of 

living cells with a resolution below 50 nm1.  

To determine the resolution of the Leica TCS SP8 STED 3X, we analyzed the first 

frame of a representative COS7 cell video (Supplementary Video 1) with a newly 

developed technique (Nested-loop Ensemble PSF (NEP) fitting) that allowed us to measure 

the resolution based on the ER membrane labeling in live cells5 (Supplementary Fig. 

SN10.1a). The full-width-at-half-maximum of the point-spread function determined by 

NEP fitting is 44 nm (Supplementary Fig. SN10.1b). 

 

 

Supplementary Figure SN10.1 

Estimation of resolution for acquired STED videos. 

(a) First frame of Supplementary Video 1 showing SiR-labeled Sec61β in a live COS7 cell 

imaged with STED at the same laser intensities as used in Fig. 1 (scale bar: 3 μm). 

Representative video out of N=5, 1 independent experiment. (b) The full-width at half-

maximum of the STED point-spread function is estimated to be 44 nm based on the location 

of the minimum in the mean MSE curve. 36 line profiles taken from the first video frame 

were used for the analysis. The quantitative analysis was not repeated in this study but is 

consistent with Barentine et al.5.  

  

a
b
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Supplementary Note 11: Long-term viability of STED-irradiated COS7 

and HeLa cells 

 

Only very few of the examined cells in our various FluoForte Ca2+ response experiments 

showed a strong Ca2+ response during the about 10 min of STED irradiation (Fig. 1c, 

Supplementary Fig. SN2.2 c, Supplementary Fig. SN5.1b). To determine, if the initial 

STED irradiation had any effects on the long-term viability of the examined cells, we 

examined the viability of STED-irradiated HeLa and COS7 cells for 24 h after the original 

imaging experiment by using a LCV110 VivaView Incubator Microscope (Olympus). Our 

results are summarized in Fig. 1m. The experiments are described in the Supplementary 

Methods. 

These experiments also enabled us to investigate the predictive value of Ca2+-

measurements for a cell’s long-term survival. Our data shows, first, that cells that exhibited 

no significant Ca2+-increase during STED irradiation could still die within the next 24-30 h 

(black curves which stayed below F/F0=2 in Supplementary Fig. SN11.1). This is not 

surprising given that we saw the same phenomenon for our negative control cells (Fig. 1m) 

and the fact that the trigger for cell death could occur at any time before death, not just 

during the 10-min window when we monitored FluoForte. Second, all surviving cells 

(green curves in Supplementary Fig. SN11.1) had exhibited Ca2+-levels staying below the 

critical F/F0=2 threshold. Third, cells that had exhibited problematic Ca2+-levels either died 

in the following 24-30 h or their fate was indeterminable (magenta curves in 

Supplementary Fig. SN11.1). We did not observe a cell surviving after it had shown a 

problematic Ca2+-response. High Ca2+-response values are therefore suggestive of cell 

death in the next 24-30 h, in particular if we assume that most indeterminable cell fates 

represented cell deaths.  

Overall, while about 25% of STED-irradiated cells survive beyond 24 h, a 

substantial number dies. Not all of these cell deaths can be attributed to STED irradiation, 

as our control experiments in Fig. 1m show, but some can. A straight-forward strategy to 

reduce this number is the reduction of STED exposure. Instead of continuous irradiation 

for 10 min, one can image for shorter durations or take time-lapse sequences with intervals 
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of no laser exposure, for example STED images recorded once per minute for 10 minutes, 

resulting in 10 instead of about 600 images.  

 

 

Supplementary Figure SN11.1 

Correlation of individual Ca2+ response during STED irradiation and later fate of HeLa 

and COS7 cells after 24 h. COS7 N=15 (a), HeLa N=15 (b). Three independent 

experiments were conducted for both cell lines. 
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