
 
 

Delft University of Technology

Document Version
Final published version

Licence
Dutch Copyright Act (Article 25fa)

Citation (APA)
Kessler, L. F., Berrevoets, E. S., Balakrishnan, A., Okuda, E. K., Müller-Mcnicoll, M., Rieger, B., Stallinga, S., &
Heilemann, M. (2026). Structural cell biology with smart STED microscopy. In R. Erdmann, M. Heilemann, & F.
Koberling (Eds.), Single Molecule Spectroscopy and Superresolution Imaging XIX Article 1385806 (Proceedings of SPIE
- The International Society for Optical Engineering; Vol. 13858). SPIE. https://doi.org/10.1117/12.3084913

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1117/12.3084913


Structural cell biology with smart STED microscopy

Laurell F. Kesslera, Enya S. Berrevoetsb, Ashwin Balakrishnana, Ellen K. Okudac, Michaela 
Müller-McNicollc,d, Bernd Riegerb, Sjoerd Stallingab, Mike Heilemann*a 

aInstitute of Physical and Theoretical Chemistry, Goethe University Frankfurt, Frankfurt, Germany; 
bDepartment of Imaging Physics, Delft University of Technology, Delft, The Netherlands; cInstitute 
of Molecular Biosciences, Goethe University, Frankfurt am Main, Germany; sMax Planck Institute 

for Biophysics, Frankfurt am Main, Germany 

*heilemann@chemie.uni-frankfurt.de, phone +49 69 798 29424, www.smb.uni-frankfurt.de

ABSTRACT 

We developed a fully-automated smart fluorescence microscopy workflow that combines fast confocal microscopy, 
morphological object screening, event-triggered and targeted 3D super-resolution STED microscopy and quantitative 
image analysis. This workflow was tailored to search for and identify rare objects or events in cells, and to subsequently 
direct the full performance of the microscope towards a nanoscale characterization of these objects. Using this workflow, 
we measured the 3D nano-morphology of paraspeckles, a phase-separated membrane-less organelle (MLO) located in 
the nucleus of eukaryotic cells. Furthermore, we applied this workflow to detect cell organelle contact sites in living 
cells. This smart microscopy approach is resource-efficient, enables targeted and high-throughput characterization of rare 
objects and events, and is transferable to a large variety of cellular structures. 

Keywords: smart microscopy, super-resolution microscopy, live-cell microscopy, STED, membrane-less organelles, 
organelle contact sites 

1. INTRODUCTION
Super-resolution fluorescence microscopy has evolved into a powerful tool for cell biology research 1. A remaining 
challenge is that most super-resolution imaging methods are slow, such that high-throughput imaging requires long 
acquisition times, and the temporal resolution in live cell experiments is limited. One strategy to bypass these limitations 
are attention-sensitive or event-triggered microscopy workflows, which are grouped under the term ‘smart microscopy’ 
2,3. Several experimental concepts have been reported that integrate different types of super-resolution microscopy into 
smart microscopy workflows, such as single-molecule localization microscopy 4,5, stimulated-emission depletion (STED) 
microscopy 6–8 and structured illumination microscopy (SIM) 9. 

Here, we report an automated super-resolution imaging and analysis workflow that integrates fast confocal microscopy 
on a large field-of-view, morphological object screening, targeted 3D STED microscopy and quantitative image analysis 
10. This workflow enables resource-efficient STED microscopy, combining high-throughput, fast and low-resolution 
screening of large samples or of a large number of targets with high-performance imaging triggered by the occurrence of 
an event in space or in time. We apply this workflow to (i) high-throughput super-resolution imaging of a membrane-less 
organelle in the cell nucleus, and for (ii) live-cell imaging triggered by the occurrence of a membrane contact between 
mitochondria and the endoplasmic reticulum (ER).
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2.​ RESULTS 
2.1​ An experimental workflow for event-triggered STED microscopy 

The smart microscopy workflow was realized on a commercial STED microscope that can be operated in both confocal 
imaging mode, enabling fast scanning of large volumes, and high-performance 3D STED, enabling high-resolution 
ultra-structural imaging of small volumes. Automated image analysis is used to identify objects that are subjected to 
targeted 3D super-resolution STED microscopy (Figure 1) 10. This procedure enables the unsupervised acquisition of a 
large amount of 3D super-resolution data of target objects from entire cell volumes. 

 

 

Figure 1: The principle of event-triggered 3D STED microscopy. Fast confocal microscopy (left) enables visualizing large 
field-of-views. The occurrence of a pre-defined event (box) triggers the microscope to switch to high-resolution 3D STED microscopy 
of a selected target (right).   

 

2.2​ Smart STED microscopy unravels the ultrastructure of paraspeckles in situ 

We applied the smart microscopy workflow to visualize the ultrastructure of paraspeckles, a membrane-less organelle 
that occurs in the nucleus of eukaryotic cells 11,12. For that purpose, we employed RNA fluorescence in-situ hybridization 
(RNA FISH) to fluorophore-label a central structural element of paraspeckles, the architectural RNA NEAT1, at different 
positions (Figure 2A) 10. This allowed identifying paraspeckles in 3D confocal microscopy in the cell nucleus (Figure 
2B). We next employed the smart microscopy workflow and conducted fast confocal microscopy of large volumes, 
identified objects upon their size and shape, and targeted these objects to 3D super-resolution STED microscopy in small 
volumes (Figure 2C). With that approach, it was possible to record a large number of paraspeckles (> 10.000) in 
super-resolution mode with an about two orders faster acquisition time as compared to whole-cell 3D STED imaging 
only. This enabled particle sorting and grouping (Figure 2Di) and subsequently the extraction of essential structural 
features such as the morphology and the coarse conformation of the architectural RNA NEAT1 in paraspeckles (Figure 
2Dii).  
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Figure 2: Smart microscopy of paraspeckles in HeLa cells. A The architectural RNA NEAT1 of paraspeckles was labeled at 
different positions using RNA-FISH. B Two-color 3D confocal microscopy of paraspeckles in a HeLa cell. C Fast confocal imaging of 
a large field-of-view and automated object detection identified targets for 3D STED microscopy. D Targeted 3D STED microscoppüy 
unraveled (i) the morphological space of paraspeckles and (ii) the distribution and coarse conformation of NEAT1 inside paraspeckles. 
Scale bars are 2 µm (B), 10 µm (C, confocal image) and 300 nm (STED images) (Adapted from Berrevoets et al. 10 under the terms of 
CC BY 4.0.  
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2.3​ Live-cell smart STED microscopy of organelle contact sites  

We used the smart microscopy workflow to track rare events in living cells. For a demonstration, we targeted transient 
contacts of the endoplasmic reticulum (ER) and mitochondria. For this, we used a cell line expressing 
calreticulin-KDEL-HaloTag7 targetable with fluorophore-conjugated HaloTag ligands to visualize the ER (Figure 3, red) 
and PKmito ORANGE (PKMO) 13 (Figure 3, green), a lipophilic and cationic dye assembling in the cristae of 
mitochondria. Using the overlapping (yellow) regions of both targets in a confocal screened volume (Figure 3A) as an 
event trigger, we were able to automatically identify potential dynamically formed ER-mitochondria contact sites 
(ERMCS) in living cells. By measuring small volumes around the identified region, the measurement speed could be 
drastically accelerated, and the potential ERMCS were visualized using volumetric STED (Figure 3B). This highlights 
the potential of smart STED microscopy in live-cell imaging of rare events, which provided ultra-structural information 
on ER-mitochondria contact sites.  

 

Figure 3. Event-triggered 3D STED microscopy in living cells. A Fast 3D confocal microscopy of the endoplasmic reticulum (ER, 
red) and mitochondria (green) in living U-2 OS cells. Overlapping structures are highlighted in yellow. B Two selected events in A 
(arrows) were identified by a colocalization signal and targeted by 3D STED imaging.  

3.​ CONCLUSION AND OUTLOOK 

Smart microscopy using event triggering is a resource-efficient strategy to direct the full performance of high-resolution 
microscopes to pre-defined cellular objects. This bypasses the slow acquisition of many super-resolution methods, and 
thus enables fast live-cell imaging and high-throughput collection of relevant imaging data. Employing weak-affinity 
protein labels, which transiently and repeatedly bind to their target 14, would bypass photobleaching and extend 
observation times in living cells 15–18. The integration of neural networks would further increase the imaging speed and 
reduce the phototoxicity, as previously demonstrated for fast and live-cell STED microscopy of cellular dynamics 19,20. 
The combination with other imaging modes, such as phase contrast, further reduces the light-induced stress of cells and 
enables gentle event-driven microscopy 21.  

The approach is transferable to a large variety of biological targets, and would for example allow tracking the 
ultra-structural organization in bacterial cells 22,23 or the uptake of viruses 24. Beyond shape and signal overlap, other 
types of proximity information triggers, such as single-molecule Förster resonance energy transfer (smFRET), could be 
integrated and used to track the association of biomolecules at single-protein resolution in living cells  25,26.  
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4.​ METHODS 

All experimental details except live-cell imaging are accessible in the original publication 10.  

Sample preparation  

U2-OS cells inducibly expressing calreticulin-KDEL-HaloTag7 were seeded onto fibronectin-coated (Sigma-Aldrich, 
Germany, 0.1% v/v fibronectin human plasma for 30 min) 8-well chambered coverglass (Sarstedt, Germany) at a density 
of 1 × 104 cells per well. The cells were incubated overnight at 37 °C and 5% CO2 and were induced the next day with 
500 μg/mL doxycycline (Sigma Aldrich, Germany) in cell culture media (Gibco, Life Technologies). Two days 
post-induction, the cells were incubated for 15  min with 300 nM of HaloTag ligand conjugated to SiR fluorophore 
(SiR-HTL) and 250 nM of PKmito ORANGE (PKMO). The cells were then washed twice with cell culture media at 
37 °C with 5% CO2 and a 5 min waiting time between wash steps.  

STED microscopy 

STED imaging experiments were conducted with an Abberior Expert Line (Abberior Instruments, Germany). The 
microscope was equipped with an Olympus IX83 body (Olympus Deutschland GmbH, Germany), a UPLXAPO 60x NA 
1.42 oil immersion objective (Olympus Deutschland GmbH, Germany), and three laser sources (561 nm, 640 nm and 
775 nm) operating at a repetition rate of 40 MHz.   
For volumetric confocal screening, samples were excited with a 561 nm (5.8 µW before objective, 18 kW/cm2) and 640 
nm pulsed excitation laser (1.4 µW before objective, 4.5 kW/cm2). Fluorescence was collected in the spectral windows 
of 571 nm to 630 nm (PKMO) and 650 nm to 763 nm (SiR), respectively, using two avalanche photodiodes (APDs). The 
pinhole was set to 0.81 AU, and scanning was performed with a pixel dwell time of 5 µs and a single line accumulation. 
A volume of 20 x 20 x 2.5 µm³ was recorded using an isotropic voxel size of 100 nm. Targeted two-color volumetric 
STED was performed using a 561 nm excitation laser (15 µW before objective, 48 kW/cm2), a 640 nm excitation laser 
(10 µW before objective, 32 kW/cm2), and a 775 nm pulsed depletion laser (35 mW before objective, 110 MW/cm2) with 
a 3D top-hat point spread function. The fluorescence was detected 750 ps after every pulse over a time window of 8 ns. 
Fluorescence was collected in the spectral range of 571-630 nm (PKMO) and 650-763 nm (SiR) using two APDs. The 
pinhole was set to 0.81 AU, and scanning was performed with a pixel dwell time of 500 ns, single line accumulation, and 
an isotropic voxel size of 40 nm. 
Event-triggering was realized with a custom Python script 10 integrated into SpecPy, a Python interface for Imspector. To 
identify potential organelle contact sides, the confocal stacks were blurred using a Gaussian blur of 0.6 voxels and 
thresholded using the Kapur‑Sahoo‑Wong Maximum Entropy method. The overlapping volume of the two masked stacks 
was determined using a bitwise AND operation. Centroid coordinates of overlapping regions exceeding 0.01 µm³ were 
extracted and used as target coordinates for targeted STED imaging. 
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