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IntroDuctIon
The development of super-resolution light microscopy techniques 
over the past decade has extended the range of cell biology to 
the nanoscale1–4. This allows researchers to assess the topology, 
structure and dynamics of specifically labeled macromolecules, 
bridging the gap between light microscopy and structural biol-
ogy5. Linear structured illumination microscopy (SIM, 3D-
SIM) is a powerful and versatile method for the generation of 
3D super-resolution data sets for fluorescently labeled biological 
structures. It provides up to 8 times the volumetric resolution 
of conventional techniques, derived from a two-fold improve-
ment in both lateral6,7 and axial resolution8,9. Rapid multichan-
nel acquisition of live and fixed specimens, and compatibility 
with widely used chemical and biological labels make it a popular 
choice among researchers, evident by its multiple commercial 
and bespoke implementations and hundreds of instruments in 
use worldwide. However, although the number of studies using 
3D-SIM data increases annually, ease of use, reproducibility and 
reliable data interpretation are hampered by technical difficul-
ties and undocumented properties of sample preparation, system 
performance and multichannel acquisition. Established protocols 
for the production, handling and analysis of high-quality 3D-SIM 
data sets are still few and highly application-specific10. This gap is 
particularly acute with respect to the analysis of epigenetic marks 
and the distributions of proteins and nucleic acids within the 3D 
volume of the eukaryotic nucleus11,12.

Imaging the nucleus is challenging because of the large 3D 
volume, high density of target epitopes and optical distortions 
as a result of changes in refractive index between the nucleus 
itself and the surrounding environment. Traditional wide-field 
and confocal microscopy methods continue to be very useful 
for many aspects of nuclear imaging, but because many of the 
epigenetic factors being studied interact on spatial scales under 

the conventional resolution limit of ~200 nm, super-resolution 
methodologies are required. Within the super-resolution arsenal, 
the volumetric multichannel imaging of chromatin necessary to 
understand nuclear organization is less suited to current super-
resolution methods than are other biological areas such as the 
cytoskeleton, vesicle transport or viral packaging13. Although 
single-molecule localization approaches have revealed funda-
mental aspects of chromatin organization and provide superior 
spatial resolution14,15, they are limited by difficulties in acquir-
ing 3D multichannel data sets, fluorophore constraints and the 
technical complexity of both equipment and sample prepara-
tion. Applications of stimulated emission depletion (STED) 
microscopy to nuclear and chromatin imaging are rare, perhaps 
because of the intrinsically low-contrast environment of chroma-
tin, the biological necessity of imaging more than two channels 
and the technical requirement for specialized fluorophores. The 
benefits of 3D-SIM include rapid acquisition of larger sample 
volumes, routine acquisition of three (or more) color channels, 
flexible choice of fluorophores and the ability to operate with 
and enhance relatively low sample contrast3. These specific capa-
bilities, combined with a refined immunofluorescence protocol 
and a quantitative data analysis pipeline, facilitate an improved 
approach to analyzing nuclear targets (nucleic acids or proteins) 
and epigenetic mechanisms in eukaryotic nuclei.

Here we describe a systematic approach to super-resolution 
imaging of nuclear and epigenome organization that uses con-
sistent standards in sample preparation, multichannel alignment, 
image segmentation, centroid mapping and signal correlation of 
the resulting data sets. Standardized and robust super-resolution 
imaging, in concert with diverse complementary techniques to 
assay nuclear organization (such as chromosome conformation 
capture (3C), ChIP-based, and proteomic techniques16), is essen-
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3D structured illumination microscopy (3D-sIM) is the super-resolution technique of choice for multicolor volumetric imaging. Here 
we provide a validated sample preparation protocol for labeling nuclei of cultured mammalian cells, image acquisition and registration 
practices, and downstream image analysis of nuclear structures and epigenetic marks. using immunostaining and replication labeling 
combined with image segmentation, centroid mapping and nearest-neighbor analyses in open-source environments, 3D maps of 
nuclear structures are analyzed in individual cells and normalized to fluorescence standards on the nanometer scale. this protocol fills 
an unmet need for the application of 3D-sIM to the technically challenging nuclear environment, and subsequent quantitative analysis 
of 3D nuclear structures and epigenetic modifications. In addition, it establishes practical guidelines and open-source solutions using 
ImageJ/Fiji and the tanGo plugin for high-quality and routinely comparable data generation in immunostaining experiments that 
apply across model systems. From sample preparation through image analysis, the protocol can be executed within one week. 
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tial for creating assays and models of nuclear dynamics and epi-
genome function with far-reaching mechanistic and diagnostic 
applications15–19.

Development of the protocol 
Protocols for immunofluorescence on cultured mammalian cells 
are widely available from antibody suppliers and microscope 
companies, or may be kept in the institutional knowledge of indi-
vidual laboratories. However, with the increased resolution and 
sensitivity of 3D-SIM, certain weaknesses in existing methods 
have become evident, leading to the development of the current 
protocol, which is tailored for achieving optimal sample integrity, 
high signal-to-background ratio and minimal sample-induced 
aberration. Existing protocols have been modified in various 
ways, including the following: higher-volume washes to reduce 
background signal, postfixation to avoid free-floating fluorescent 
aggregates that can cause artifacts, and equilibration in mount-
ing media to avoid refractive index mismatches in the sample. 
Standard acquisition procedures can also introduce errors into 
the data, so we include 3D-SIM-specific instructions for acquir-
ing entire nuclear volumes. Further, the multichannel alignment, 
which is critical to precise distance measurement calculations, 
is frequently insufficient with generally available 2D calibra-
tion samples. To provide a multichannel calibration sample that 
reflects the size and optical properties of the nucleus, we devel-
oped a protocol for multicolor labeling of replication foci that is 
used as a channel calibration sample with greater accuracy than 
conventional methods.

In addition, we improve existing pipelines, specifically for semi-
automated image segmentation and analysis in determining the 
topology of nuclear structures and correlating distributions, by 
building routines solely with open-source solutions. Although 
commercial software packages including Volocity, Imaris and 
Amira have an excellent reputations and user documentation, we 
focus on freely available, open-source software packages provided 
by the scientific community. Some of the most popular current 
tools are, for example, the Mosaic Suite20, and GDSC plugins 
for ImageJ21,22, CellProfiler23,24 and TANGO25. Of these, some 
are programmed for batch processing of many image stacks, and 
others offer links to powerful database applications and easy-
to-operate graphical user interfaces for data handling, experi-
ment planning, segmentation and measurements. The benefits 
of dedicated software include tailored use and optimization for 
their specific task, but often require more activation energy from 
the user and have reduced flexibility when used for alternative 
tasks. Although most of the evaluations shown in this protocol 
can be achieved with many available software packages, we choose 
TANGO here as a demonstration, and have benefited from its 
dedicated design for analyzing nuclear structures26,27.

Overview of the procedure
We provide a validated workflow of (immuno-)fluorescence 
labeling and sample preparation for super-resolution 3D-SIM 
of mammalian somatic tissue culture and embryonic stem cells, 
as well as the subsequent 3D data analysis of labeled subnuclear 
structures. As examples of nuclear structures or processes that 
benefit from 3D-SIM imaging, we generate multicolor data sets 
of 5-ethenyl-2′-deoxyuridine (EdU) pulse-replication-labeled 
DNA sites, combined with immunolabeling of the replication 

machinery and/or post-translational histone modifications, and 
allocate their precise topology and correlations based on centroid 
maps of fluorescence intensity peaks. The protocol guides the 
experimenter through a complete 3D-SIM imaging experiment 
including relevant biological and technical controls. The work-
flow encompasses three sections: (i) sample preparation of fixed 
mammalian cells for antibody-based immunofluorescence; (ii) 
image acquisition of 3D-SIM data and 3D channel alignment 
with a mammalian nucleus-specific 3D calibration sample of 
multicolor-labeled replication foci; and (iii) data postprocessing 
and analysis of distances and correlations between two channels 
of nuclear factors including (histone modifications and replica-
tion sites or the replication machinery), using either the TANGO 
software package or ImageJ tools (Fig. 1). The sample prepara-
tion is designed to maximize labeling specificity and contrast, as 
well as to minimize effects from optical aberrations. This aspect 
of the protocol is beneficial for most other imaging methods as 
well, but it is fundamentally important for SIM imaging owing 
to the relative sensitivity of the algorithmic image reconstruc-
tion, which not only produces more detailed images but may also 
generate systematic artifacts. For optimal measurement accuracy, 
we introduce a refined 3D alignment method based on biologi-
cal samples (Fig. 2; Box 1; Supplementary Fig. 1) and describe 
detailed workflows for image segmentation and centroid distance 
calculation for individual and batch image processing in an open-
source software environment (Fig. 3; Supplementary Fig. 2). We 
perform control experiments with fluorescent beads, DNA ori-
gami28, multilabeled antibody complexes and directly labeled rep-
licating DNA sites; this provides validated fluorescence standards 
for registering centroids, and performing distance measurements 
and correlation analyses down to ~100-nm structural resolution 
and ~20-nm localization accuracy (Fig. 4).

Additional applications
The presented quantitative 3D-SIM imaging pipeline has proven 
particularly useful in the study of the mammalian nucleus26,27, 
arguably the most challenging subcellular structure to image, 
owing to its large size and densely crowded environment. 
Although developed specifically for that context, these workflows 
can be modified to analyze any subcellular organelle of choice 
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Figure 1 | Flowchart of the experimental workflow.
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by incorporating an organelle-specific label and thus defining 
an alternative region of interest for the analysis steps. Finally, 
the sample preparation steps and image analysis procedures can 
serve as guidelines for a wide range of sample types beyond cul-
tured mammalian cells, including insect cells and few-cell-stage 
embryos.

Level of expertise required
The protocol does not require advanced technical knowledge and 
can be performed by any researcher or student with basic wet-lab 
technique and microscopy training who is comfortable with han-
dling and operating computer software and image analysis tools. 
Calibration and maintenance of the 3D-SIM system, however, 
should be performed in advance by a trained facility expert. Of 
note, the user must be familiar with the commercial or bespoke 
SIM system of choice in order to avoid common errors in image 
acquisition and reconstruction parameter settings that potentially 
diminish data quality29.

Comparison with other methods
The emergence of super-resolution microscopy has provided 
great insights into the 3D organization of the genome at nanom-
eter resolution14,15,19. Although 3D-SIM offers lower resolution 
than STED or single-molecule localization techniques such as 

STORM2, it allows the possibility of multicolor super-resolution 
imaging with conventional fluorophores and mounting media, 
and can accommodate weaker labeling to provide efficient trans-
fer of super-resolution information even with more challenging 
contrast conditions3,13,30. Excellent SIM-specific immunofluores-
cence and sample preparation protocols are available for the mam-
malian cytoskeleton31, microbes32 or live plant cells33. However, 
protocols for immunofluorescence labeling of nuclear factors 
and their quantification, which specifically address the nuclear 
environment and multichannel signal correlations at subdiffrac-
tion resolution, are lacking. We address a current unmet need 
in focusing on the mammalian nucleus, a target of considerable 
biomedical importance that is currently underserved by many 
super-resolution microscopy modalities, particularly as compared 
with applications for visualizing high-contrast structures such as 
vesicles or microtubules. The complexities of interphase chroma-
tin, histone modifications, replication foci and other epigenetic 
marks, which are typically on a spatial scale of 20–200 nm, cannot 
be resolved with traditional imaging modalities such as wide-field 
or confocal microscopy. Reliance on these techniques may lead 
to erroneous ‘colocalization results’, implying functional inter-
actions between targets that may be in reality >100 nm apart. 
However, analysis of intranuclear targets with 3D-SIM poses 
specific challenges because of the large size and dense packing of 
target structures, typically extending over several optical planes. 
This imposes the inherent risk of much increased (out-of-focus) 
background fluorescence, as well as optical distortions due to 
refractive index mismatching, and thus a higher potential for 
reconstruction-based artifacts29. For example, the lensing effect, 
i.e., double/triple structures above the upper edge of the nucleus 
that become evident if there is a pronounced mismatch between 
the labeled structure and the surrounding medium, is a frequently 
encountered phenomenon when imaging the nucleus. Therefore, 
the protocol lays out a framework to achieve high-quality immun-
ofluorescence sample preparation, as well as monitoring of image 
data standards with quality-control tools, such as SIMcheck34, 
specifically designed to address 3D-SIM-associated acquisition 
problems.

Limitations
Although this protocol is designed to be both flexible and strin-
gent, it has certain constraints. First, the protocol is optimized 
for investigating the subnuclear organization of mammalian cells 
with high spatial resolution, whereas other specimens and cellular 
targets may need adjustments from the experimenter to improve 
temporal resolution or minimize photodamage. Second, the 
presented protocol focuses on the labeling and imaging of fixed 
samples. However, application to live-cell experiments is possible 
using appropriate labeling techniques (e.g., fluorescent protein 
tags, Halo/SNAP-tags and in vivo replication labeling) and with 
advanced instrumentation dedicated to fast illumination pattern 
movement (spatial light modulators or galvo-scanner arrays) and 
sCMOS camera technology for fast detector readout35–38.

The presented analysis workflow relies on high-quality 3D-
SIM data with minimal artifacts. Avoidance of imaging artifacts 
is pivotal for reliable and comparable results, and requires optimal 
sample preparation as outlined in this protocol, as well as opti-
mal system calibration with consistency over time. For instance, 
the laser beam path, illumination pattern alignment and optimal 
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matching of the specific sample conditions (e.g., the refractive 
indices of mounting and immersion media) must meet the sys-
tem’s assumed optical response, encoded by the optical transfer 
function (OTF) used for the image reconstruction. Mismatching 
spherical aberrations, particularly in the case of imaging thick 
specimens, can cause doubling of structures (‘ghosting’ or ‘lens-
ing’) that may erroneously be identified and analyzed as biological 
structures33,34. Furthermore, the level of artifactual high-fre-
quency (‘hammerstroke’) patterns from reconstructed noise criti-
cally depends on the illumination stripe contrast (modulation 
contrast) in the raw data. The local modulation contrast of the 
structured illumination pattern can be a limiting factor in data 
quality, particularly in cases in which it is reduced by high levels 
of out-of-focus blur and ‘unstructured’ (auto-)fluorescence29,34. 
In this regard, it is critical to note the importance of the tar-
get of interest; distinct, isolated and immobile biological struc-
tures inherently feature a much higher contrast than, e.g., highly 
mobile, less affine protein factors with large unbound fractions 
or densely packed structures extending along the z axis. These 
features increase unspecific background and out-of-focus blur 
contribution, thus reducing modulation contrast and subsequent 
image quality.

Instruction on all possible systems and the effects of system 
parameters, as well as a systematic description of imaging arti-
facts, is beyond the scope of this protocol and described elsewhere 
in detail29,33,34.

In this protocol, we have optimized image segmentation pipe-
lines that account for some of the complications and meet criteria  

needed for the analysis of nuclear structures with 3D-SIM data. 
However, further optimization by the researcher (in both the 
preparatory and analytical realm) may be required, for example,  
when targets of interest are not well-defined focal structures. 
Thus, as no protocol can cover the scope of all possible applica-
tions, we advise adapting and modifying parts of the guidelines 
presented here to the needs of each experiment.

Experimental design
Considerations for sample preparation. Meticulous sample 
preparation (Steps 1–25) is the key to successful, high-quality 3D-
SIM imaging geared toward optimal contrast, labeling specificity, 
structural preservation and minimization of optical aberration 
effects. This requires giving consideration to the minute details: 
buffers need to be free from salt precipitates—PBS-based buffers 
should preferably be filtered and should contain 0.05% (wt/vol) 
sodium azide, preventing bacterial contamination, and fixation 
should be efficient yet gentle to maintain ultrastructure. Common 
hydrophilic fixatives, such as formaldehyde and methanol, tend 
to evaporate quickly. Hence, if the exchange with PBS buffers 
is not carried out rapidly, the cells may dehydrate and the sam-
ple’s structure will be compromised; therefore, the sample should 
never dry out. For 3D-SIM imaging of the nucleus, we have found 
that 2–4% (vol/vol) formaldehyde fixation allows chromatin 
ultrastructure preservation comparable to live-cell conditions27. 
Harsh coagulating fixatives, such as alcohol, acetone or acetic acid 
should generally be avoided. For applications that require metha-
nol treatment, a preceding formaldehyde fixation will preserve 

Box 1 | Preparation of biological calibration slide for 3D alignment of 3D-SIM 
data sets ● tIMInG 6 h + 12–24 h cell seeding and growth 
For experiments that involve multiple channels before imaging the specimens, acquire images of the biological calibration slide first 
and proceed with alignment as described below.

procedure
1. Follow Step 1 from the main PROCEDURE.
2. For pulse-labeling, add 10 µl of EdU stock solution to 10 ml of fresh medium, replace prior media with EdU-containing media and 
incubate for desired pulse time (~10–15 min).
3. Follow Steps 2–8 from the main PROCEDURE.
4. Make a suitable volume of EdU click solution (EdU cocktail) for the number of coverslips required (~50 µl per coverslip; see REAGENT 
SETUP). A ratio of 7:3:2:1 for CF405M-, Alexa Fluor 647-, CF568- or Alexa Fluor 594- and Alexa Fluor 488-azide, respectively, is suitable 
to provide a high dynamic range and sufficiently low photobleaching for a multiple-channel EdU-labeled sample. Dependent on the 
system configuration and photochemistry of the respective dyes, other ratios may have to be empirically determined. Note that for  
a balanced labeling, it is critical to incubate all dyes simultaneously.
5. Incubate the cells with the EdU cocktail for 30 min in the dark at room temperature and wash the cells as in Step 2 of the  
main PROCEDURE.
6. Follow Steps 17–25 of the main PROCEDURE for the preparation of adherent cells, but omit Step 20, as chromatin counterstain  
would mask foci signal in that wavelength.
7. Follow Steps 26–31 of the main PROCEDURE for image acquisition and reconstruction. Approximately 1/3 of the cells in the sample 
should have undergone S phase during the EdU pulse. We recommend acquisitions from cells whose foci pattern is of mid–late S phase 
(Fig. 2), as these foci are distinct, high-contrast and distributed evenly throughout the entire nuclear periphery and around nucleoli. 
Early S phase patterns are still punctate but tend to result in a more diffuse, low-contrast signal throughout the nuclear volume,  
making them a more challenging sample for image registration.
 crItIcal step Ensure that all channels are acquired with similar signal-to-noise ratios.
8. For 3D alignment, use the commercial system’s image registration, or open-source software solutions such as Chromagnon  
(https//github.com/macronucleus/chromagnon). The latter provides adaptive correction for translation in x, y and z directions; 
rotation; and magnification by measuring an image correlation parameter (supplementary Fig. 1). We recommend using the central 
wavelength as a reference for all other channels.
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structural and morphological integrity at the 3D-SIM-resolution 
level (Supplementary Fig. 3). Alternative permeabilization buff-
ers (such as cytoskeletal buffer) can also be well accommodated in 
3D-SIM quantitative imaging of nuclear structures39,40. Thorough 
washing after antibody incubations is essential to reducing non-
specific background. Primary antibodies for immunolabeling 
should have a high affinity for their epitopes and show little or 
no cross-reactivity. Here, suitable controls of antibody specificity, 
such as western blot detection, the use of epitope-free (knockout) 
cells and mock immunostaining with only secondary antibodies, 

are recommended, whereas preabsorbed antibodies are preferred 
in double-immunolabeling experiments. To avoid precipitation, 
we recommend that antibodies be precleared of precipitates by 
centrifugation and that supernatants be transferred to fresh tubes. 
Details of antibodies and conditions used in this protocol can be 
found in Supplementary Table 1. As extensive photobleaching 
during imaging can cause reconstruction artifacts, the fluorescent 
signals should be bright and as photostable as possible. A list of 
fluorophores well suited to 3D-SIM can be found in Demmerle  
et al.29. However, with regard to contrast and specificity, an optimal  
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Figure 3 | Outline of image segmentation procedure. (a) Pulse EdU- and PCNA-labeled C127 cell. The region of interest (ROI) is limited to the nuclear  
volume by generating a 3D mask from the DAPI counterstain. Features within the ROI are considered for the subsequent volumetric analysis. Segmentation  
of EdU (green) and PCNA (red) signals using built-in tools in Fiji is represented in the overlay of the input and segmented signals. (b) Example of EdU  
foci segmentation with TANGO. Input image (left) and magnification of replicating nuclear region prefiltered for contrast enhancement using TopHat and 
Laplace-of-Gaussian (LoG) kernels followed by 3D seed segmentation based on a watershed algorithm. The steepest slope between local minima and maxima 
are determined and used for the 3D rendering. Plots from left to right: postfiltering of raw-segmentation image by signal-to-noise ratio (SNR) and size-
exclusion filters ensures high accuracy and reduces false-positive signals. Final segmentation result (right) of the replicating nuclear region, showing the 
precise segmentation of even dense signal clusters. Scale bars, 5 and 1 µm (inset). (c) C127 cells pulsed with EdU for 15 min and immunolabeled for PCNA. 
Chromatin was counterstained with DAPI. A wide-field image stack from projected raw data was deconvolved (wide-field deconvolution (WFD)) and compared 
with the reconstructed super-resolution image from the same raw data (3D-SIM). Scale bars, 5 and 0.5 µm (inset). Bottom (left panel): quantification of 
foci volume from segmented EdU or PCNA foci acquired with WFD or 3D-SIM data. Bottom (right panel) panel: quantification of replication foci number from 
segmented EdU or PCNA foci acquired with WFD or 3D-SIM data, demonstrating the superior spatial separation of complex and volumetrically dense structures 
with 3D-SIM. Error bars indicate standard deviations (n = 12 cells). (d) Example of calculation of minimal distances between segmented objects from two 
differently labeled structures (EdU, PCNA). In the original image (left) and inset (second from left), objects are segmented and the centroid nearest neighbors 
(NN) are annotated (second from right), where pairs of segmented objects in nearest proximity are determined and their spatial distance (d) is computed  
in 3D (right). Scale bars, 5 and 0.5 µm (inset). PCNA, proliferating cell nuclear antigen.
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Figure 4 | Defining proximity values with in vitro and biological calibration samples imaged by 3D-SIM. (a) Maximum projection of 160-nm-long DNA-origami 
nanorods bearing ~10 ATTO 488 fluorophores on each end. For preparation of DNA origami slides, see supplementary Method 1. Scale bars, 5 µm and 0.5 µm  
(magnification). (b) Lateral (top) and orthogonal (bottom) projection of 200-nm multifluorescence TetraSpeck microspheres adhering to the slide (upper layer) 
and coverslip surface (lower layer). Scale bars, 2 and 0.5 µm (inset); n = 655 DNA-nanorods. For preparation details of dual-layer TetraSpeck bead slides, see 
Demmerle et al.29. (c) Detection of one primary antibody (H3K4me3) with two differentially labeled secondary antibodies (Alexa Fluor 488 (green) and Alexa 
Fluor 594 (red); n = 5 cells). Scale bars, 5 and 0.5 µm (magnification). (d) Direct labeling of replicated DNA by dual-color EdU detection with Alexa Fluor  
488- (green) and Alexa Fluor 594-azide (red) (n = 22 cells). DNA is counterstained with DAPI. Scale bars, 5 and 0.5 µm (magnification). (e) Boxplot of 
minimal distances after centroid localization based on nearest-neighbor (NN) analysis, with whiskers indicating standard deviation, cross indicating the mean 
and horizontal line indicating the median. The measured average minimal distance between nanorod ends is 169 ± 16 nm. The average minimal distance 
between the red and green channels of dual-stained microspheres (beads) is 16 ± 10 nm, that of dual-color directly labeled DNA (2c-EdU) is 61 ± 27 nm and 
that of dual secondary antibody labeling (2c-IgG) is 100 ± 50 nm. (f) Percentages of nearest neighbors calculated in e that are <100 nm apart.
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signal-to-background ratio is more important than absolute 
brightness. After incubation with secondary antibodies, a post-
fixation step of 4% (vol/vol) formaldehyde stabilizes antibody 
complexes and can greatly aid with the elimination of floating 
fluorescent particles in the imaging process, which may otherwise 
affect reconstruction quality. The choice of DNA counterstain 
can also be important, both for establishing an effective nuclear 
mask during data analysis and for a more detailed investigation 
of the chromatin landscape. Although most DNA stains tolerate 
the repeated exposures and photon budget of 3D-SIM imaging, 
some commonly used dyes are less effective. A representative list 
of possible DNA counterstains for 3D-SIM imaging is provided 
in Table 1.

In summary, the optimized sample preparation, DNA counter-
stain and immunofluorescence guidelines presented here aim to 
produce best possible signal contrast with high dynamic range and 
low background for 3D-SIM investigations of nuclear structure.

Alignment of 3D-SIM data sets. Multichannel 3D-SIM data, 
particularly if acquired from multiple cameras, require postac-
quisition color channel alignment. Alignment slides for this cali-
bration can be made by fixing multispectral beads on the plane 
of the coverslip surface or a 2D array of milled perforations on 
a mirror-mounted slide. For 2D data sets, these slides can cor-
rect x–y translations, rotations and zoom variability between 
detectors, but they fail to address the depth-dependent z-shift 
caused by chromatic dispersion present in multichannel 3D data 
sets. Some software packages avoid this by splitting alignments 
into two phases—first, the automated 2D registration using 2D 
alignment slides, then a manual correction in z relying on visual 
inspection to generate z-axis calibration parameters41. For prepa-
ration of dual-layer bead slides for 3D-channel alignment, see the 
protocol by Demmerle and co-workers published in this issue29. 
In this protocol, we outline the preparation of 3D alignment slides 
from EdU incorporation in replicating mammalian cells, followed 
by a ‘click’ reaction to couple EdU residues to multiple azide-
functionalized fluorophores (Box 1). These slides have the same 
3D nuclear foci pattern in all channels, instead of foci on a single 
z plane (Fig. 2). When coupled to open-source software capable 
of iterative 3D registration (e.g., Chromagnon (https//github.
com/macronucleus/chromagnon) or similar software42), these 
3D patterns allow the generation of alignment parameters in all 
spatial dimensions simultaneously. In this way, manual alignment 
is dispensable, increasing the efficiency and reproducibility of 
this step. The parameters can then be applied to any other data 

sets acquired under comparable conditions in a batch-processing 
mode (Supplementary Fig. 1).

Quantitative image analysis. As the nucleus is a diverse envi-
ronment with a high degree of spatial organization, and labe-
ling of nuclear factors usually results in a high number of signals 
unsuited for manual analysis, a reproducible and quantitative 
approach is required. The first step in each image analysis work-
flow is the rigorous assessment of image data quality, which can 
be often reduced in the nucleus. With the SIMcheck34 plugin 
suite for ImageJ, we have recently introduced a convenient tool 
set for identifying common artifacts and evaluating raw and 
reconstructed data quality (e.g., photobleaching, signal-to-noise 
ratio) through objective control parameters (see Ball et al.34 for a 
detailed description and interpretation guidelines). Reconstructed 
data sets passing the designated quality thresholds must then be 
segmented and analyzed in an unbiased and stringent manner, 
while not imposing unreasonable demands on the researcher for 
data handling and reproducibility. In the decision-making proc-
ess for choosing an analytical method, several key considerations 
should be kept in mind. First, defining the region of interest, or 
creating a mask, is a critical step in reducing the volume of data 
to be processed and restricting the analysis to the biologically 
relevant compartment, such as the nucleus (Fig. 3a). To create 
nuclear masks, a DAPI acquisition channel is a useful reference 
signal, but other chromatin references such as H2B-GFP can also 
be used. Second, defining meaningful parameters for image meas-
urement is essential to subsequent analysis. From the plethora of 
possible key statistics available for calculation, only a subset are 
typically used. The most important metrics, besides numbers and 
volumes of segmented objects, are subpixel-weighted 3D cen-
troid localizations and the minimal spatial separation between 
any two centroids of different colors (nearest-neighbor distribu-
tion). Importantly, with super-resolution microscopy data, the 
classic concept of ‘colocalization’ loses its utility43, as this measure 
of pixel overlap inherently decreases with an increase in optical 
resolution. We therefore replace typical colocalization analyses 
with minimal distance and (relative) correlation coefficient meas-
urements (Fig. 3d; Fig. 4; Supplementary Table 2). As a first step, 
these spatial relationships are applied to in vitro and biological 
standards, such as fluorescent beads or DNA nanorods, to vali-
date distance measurements and help to establish a ‘threshold’ 
for anticipated results. Of note is the observed spatial separa-
tion of ~90 nm between fluorescent signals that correspond to 
dual-labeled IgGs against the same epitope (Fig. 4e). In double 
immunolabeling experiments, the user should therefore antici-
pate that the spatial separation of signal centroids between the 
two channels does not normally result in distances much smaller 
than ~100 nm (discussed in detail in Smeets et al.27).

Image prefiltering and watershed segmenting25,44 allow an 
in-depth analysis of fluorescence microscopy data. Here, we use 
the open-source platform ImageJ/Fiji21,45 and further apply the 
TANGO25 plugin that is specifically tailored to 3D nuclear images. 
As compared with standard ImageJ/Fiji analyses, TANGO offers 
project management architecture and batch-processing capabili-
ties for fast and robust image analysis (Supplementary Fig. 2). 
The implemented presegmentation filters identify local intensity 
maxima and minima to optimally discriminate between adjacent 
intensity peaks and thus sharpen and enhance features and edges. 

table 1 | List of recommended DNA counterstains for 3D-SIM 
imaging.

laser line recommended alternatives not recommended

405 nm DAPI Hoechst 33342

488 nm SYTOX Greena

561 nm Propidium iodide

640 nm SiR-Hoechst DRAQ5, SYTOX 
Red

7-AAD

Note that this list is not exhaustive and recommendations are based on mounting in Vectashield. 
aRequires additional RNase I treatment.
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MaterIals
REAGENTS

TetraSpeck Microspheres, 0.2-µm diameter (Thermo Fisher Scientific,  
cat. no. T-7280)
Dulbecco’s PBS (DPBS; tissue culture grade; Sigma-Aldrich,  
cat. no. D8537-500ML)
Embryomax 0.1% (wt/vol) Gelatin Solution (EMD Millipore,  
cat. no. ES-006-B)
Geltrex (basement membrane matrix; Thermo Fisher Scientific,  
cat. no. A1569601)
NaCl (Sigma-Aldrich, cat. no. S3014)
KCl (Sigma-Aldrich, cat. no. P9541)
Na2HPO4 (Sigma-Aldrich, cat. no. S3264)
KH2PO4 (Sigma-Aldrich, cat. no. P9791)
Demineralized H2O
Tween 20 (Calbiochem, cat. no. 655204)
Triton X-100 (Sigma-Aldrich, cat. no. T9284)
Vectashield, nonhardening antifade mounting medium (Vector  
Laboratories, cat. no. H-1000)
BSA (Sigma-Aldrich, cat. no. A7906)
45% (wt/vol) fish skin gelatin (FSG; Sigma-Aldrich, cat. no. G7765)
MAXblock blocking medium (Active Motif, cat. no. 15252)
5-Ethenyl-2′-deoxyuridine (EdU; Thermo Fisher Scientific, cat. no. A10044)
Sodium azide (Merck, cat. no. 822335) ! cautIon Sodium azide is a 
hazardous irritant to skin and eyes. ! cautIon Sodium azide is very toxic. 
Wear appropriate protective equipment and work under a fume hood when 
handling the powder.
DAPI (Thermo Fisher Scientific, cat. no. D-1306)
Chloroform (Sigma-Aldrich, cat. no. 132950) ! cautIon Chloroform is 
harmful when inhaled or swallowed; it causes skin, eye and respiratory  
tract irritation. Wear appropriate protective equipment and work under  
a fume hood.
Ethanol absolute (100%; Merck Millipore, cat. no. 100983)  
! cautIon Ethanol is flammable.
Formaldehyde solution (min. 37% (wt/vol) stabilized with ~10% methanol; 
Merck Millipore, cat. no. 104003, or 16% (wt/vol) methanol-free in ampules; 
Thermo Fisher Scientific, cat. no. 28906) ! cautIon Formaldehyde is 
carcinogenic and harmful to the skin and respiratory tract. Wear appropriate 
protective equipment and work under a fume hood.
Methanol (Sigma-Aldrich, cat. no. 494437) ! cautIon Methanol is flam-
mable and harmful to the skin and respiratory tract. Wear appropriate 
protective equipment and work under a fume hood.
Copper (II) sulfate (Baseclick, cat. no. BCMI-004-10)
Sodium l-ascorbate (Sigma-Aldrich, cat. no. A7631)
Tris–HCl buffer (pH 7, 1 M; Sigma-Aldrich, cat. no. T2413)
Dye-azide (e.g., Alexa Fluor 488 azide, Thermo Fisher Scientific, cat. no. 
A10266; Baseclick 5-FAM azide, Baseclick, cat. no. BCFA-004-1; or CF568 
azide, Biotium, cat. no. 92082)
Glycine (Sigma-Aldrich, cat. no. G7126)
Sample of interest. We use EdU pulses to label replication sites combined 
with immunolabeling of the replication machinery and/or post-translational 
histone modifications in C127 cells (ATCC, cat. no. CRL-1804)
Antibodies for proteins of interest; see Supplementary Table 1 for a list of 
those we have used

EQUIPMENT
3D-SIM system (e.g., GE Healthcare OMX, Nikon N-SIM or Zeiss Elyra S.1)
6-well plates (BD Falcon, cat. no. 353046)
Borosilicate precision cover glasses, thickness no. 1.5H (170 ± 5 µm); 18 × 
18-mm or 22 × 22-mm (Marienfeld Superior, cat. no. 0107032)
Fine-tip forceps (Dumont no. 5; Fine Science Tools, cat. no. 11251-20 or similar)

•

•

•

•

•
•
•
•
•
•
•
•

•
•
•
•
•

•
•

•

•

•

•
•
•
•

•
•

•

•
•
•

•

Humidified chamber
Transparent nail polish (top coat) or CoverGrip coverslip sealant (Biotium, 
cat. no. 23005)
Syringe filter, 0.2- to 0.45-µm pore size (Sartorius, cat. no.17598)
Clean glass microscope slides (76 × 26-mm, cleaned and packed in  
fiber-free boxes)
50-ml Tubes (BD Falcon, cat. no. 352070)
Low-protein-binding 1.5-ml tubes with Safe-Lock lid (Eppendorf,  
cat. no. 022431081)
Vacuum aspirator
3-ml Transfer pipettes (Pastettes, Alpha Laboratories, cat. no. LW4040 or 
Falcon, cat. no. 357524)  crItIcal We recommend the use of disposable 
plastic Pastettes for applying solutions and washing buffers in the plastic 
dishes for ease of use and speed of transfer.
Soft tissue paper (Kimwipe, Kimberly-Clark Professional, cat. no. 34155)
Cotton-tipped swabs for optical cleanup (Edmund Optics, cat. no. 56-926)
Lens-cleaning tissues (Whatman, GE Healthcare, cat. no. WHA2105862)
Slide storage boxes (Pelco, cat. no. 2106)
Parafilm (VWR, cat. no. 52858-000)
Computer; Unix or Windows 64-bit OS is preferred, with 32-bit systems 
acceptable but likely to show slow performance. Adequate storage capacities 
for the database setup are required, as well as 4–8 GB RAM and current 
multicore processors
The Fiji distribution45 of ImageJ21,22 is recommended. Other ImageJ  
distributions must have the BioFormats Importer46 installed. All distributions 
should be the most up-to-date version.
The SIMcheck plugin34 for ImageJ/Fiji should be installed for quality  
control and assessment of raw and reconstructed 3D-SIM data
The TANGO plugin25 if no image analysis software is already in use or  
capable of replicating all morphological and statistical operations

REAGENT SETUP
20× PBS 20× PBS is 160 g NaCl, 4 g KCl, 28.8 g Na2HPO4, 4.8 g KH2PO4, pH 
7.4; for working dilutions, dilute with demineralized H2O to make 1× PBS.
1× PBS Add 10 ml of 20× PBS buffer to 190 ml of demineralized H2O to 
obtain 200 ml of 1× PBS buffer. Store the buffer at room temperature (23 °C) 
for up to 6–12 months.
Sodium azide solution (optional) Add 5 g of sodium azide to 100 ml of 
demineralized H2O to obtain a 5% (wt/vol) sodium azide solution.  
This solution can be used as a supplement to PBS to prevent bacterial  
contaminations. When making sodium-azide-supplemented PBS, add  
10 ml of 20× PBS buffer and 10 ml of sodium azide solution to 180 ml of  
demineralized H2O to obtain 200 ml of 1× PBS buffer. Store the buffer at 
room temperature for up to 6–12 months.
Fixation solution Freshly prepare 2–4% (wt/vol) formaldehyde in PBS 
freshly prepared from stock. According to the number of samples to be fixed, 
dilute the corresponding amount of formaldehyde stock solution with tissue-
culture-grade PBS to obtain the desired fixative concentration. For example, 
for fixation on a coverslip in a 6-well multiwell plate with 2% (wt/vol) 
formaldehyde solution, add 0.25 ml of 16% (wt/vol) formaldehyde stock 
solution to 1.75 ml of PBS. Mix well and use immediately.
Postfixation solution Freshly prepare 4% (wt/vol) formaldehyde in PBS and 
use immediately.
Washing buffer (PBST; 0.02% Tween 20 in PBS) Dissolve 200 µl of Tween 
20 in 1 liter of PBS. The buffer can be stored at room temperature for  
several months.
10% (vol/vol) Triton X-100 stock solution Add 10 ml of Triton X-100 to 
90 ml of PBS. Dissolve the solution overnight by stirring. The buffer can be 
stored at room temperature for several weeks or at 4 °C for several months.

•
•

•
•

•
•

•
•

•
•
•
•
•
•

•

•

•

Postfiltering enables the user to eliminate artifacts from potential 
oversegmentation. Moreover, measurements that do not meet the 
anticipated sizes can be predefined as a threshold, allowing the 
elimination of outliers, such as background signals. Objectivity in 
the segmentation process is achieved by regularly testing and vali-
dating calibration standards of known sizes, such as fluorescent 

beads or DNA origami (Fig. 4). For preparation of DNA origami 
(nanorods), see Supplementary Method 1. The processing chains 
described in this protocol have been designed for super-resolution 
3D-SIM nuclear structure analyses, enabling the application of 
the same parameters to experimental replicates, facilitating unbi-
ased and rapid data analysis (Supplementary Software).
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Permeabilization buffer Add 5 ml of 10% (vol/vol) Triton X-100 stock 
solution to 95 ml of PBS. Mix the solution by stirring. A range between 0.1 
and 0.5% (vol/vol) of Triton X-100 can be used, depending on the antibody 
accessibility requirements and cell type. The buffer can be stored at room 
temperature for several weeks or at 4 °C for several months.
Blocking solution Add 2 g of BSA and 1.2 ml of 45% (wt/vol) FSG to 100 ml 
of PBST and mix the solution by stirring. Filter it through a 0.45-µm syringe 
filter. The buffer can be stored at 4 °C for several days or at −20 °C for several 
months. Alternatively, use MAXblock.
Quenching solution Quenching solution should be freshly prepared and 
contains 20 mM glycine in PBS. Add glycine powder to PBS, dissolve the 
powder thoroughly and use the solution immediately.  crItIcal All buffers 
can be made with demineralized water, but, when possible, ultrapure water is 
recommended.

DAPI solution Make a DAPI stock solution of 0.5 mg/ml in PBS. Store the 
stock solution at −20 °C for up to a year and protect it from light. DAPI 
has poor solubility in aqueous solutions, so sonication might be necessary. 
Dilute the stock solution to a working concentration of 2 µg/ml in PBST. For 
preparing 10 ml of DAPI solution, add 40 µl of DAPI stock solution to 10 
ml of PBST. Vortex the mixture well and use it within a few hours. Protect it 
from light.
10 mM EdU stock solution Add 50 mg of EdU to 19.84 ml of DMSO. Dissolve 
the solution by vortexing and store it at −20 °C for up to several months.
0.5 M Sodium l-ascorbate solution For 1 ml of solution, add 99.05 mg of 
sodium l-ascorbate to 1 ml of demineralized H2O. Dissolve the solution by 
vortexing, and store it at −20 °C for several months.
50 mM CuSO4 solution Add 10 mg of CuSO4 to 1.25 ml of demineralized 
H2O. Dissolve the CuSO4 by vortexing and store the solution at 4 °C for 
several months.
EdU click solution containing 100 mM Tris–HCl, pH 7, 5 mM CuSO4,  
50 mM sodium l-ascorbate and 20 mM dye-azide in ddH2O For 1 ml of EdU 
click solution, add 100 µl of 1 M Tris–HCl, pH 7, 100 µl of 50 mM CuSO4, 

100 µl of 0.5 M sodium l-ascorbate, 200 µl of 0.1 mM dye-azide and 500 µl of 
demineralized H2O. Prepare the solution fresh and protect it from light.
EQUIPMENT SETUP
Preparation of coverslips for cell seeding Thoroughly clean coverslips with 
a Kimwipe soaked with 80% ethanol to remove dust, and sterilize them by 
immersion in 100% ethanol, in which they can be stored. We recommend not 
flaming or autoclaving the coverslips for sterilization, as they deform. Under a 
laminar flow, transfer coverslips with forceps from the ethanol container and 
initially place them vertically into 6-well dishes (against the well’s wall), until 
all the ethanol has evaporated.  crItIcal Make sure that coverslips are well 
dried before flipping them horizontally and adding the cell suspension.
Humidified dark chamber To prepare the chamber, firmly attach a strip of 
Parafilm to a smooth surface (e.g., plastic or glass) within the chamber (e.g., 
made from a circular 15-mm plastic dish or opaque plastic or metal box) and 
line with PBS- or water-soaked filter paper.
Structured illumination microscopy requirements The 3D-SIM system 
should be in good working order and regularly maintained by an imag-
ing professional or technically familiar researcher in accordance with the 
instrument provider’s instructions. Further instrument alignment procedures 
and performance checks with 3D-SIM-specific calibration materials and 
procedures should be performed as necessary29. For multicamera systems, a 
channel alignment sample is required47. A protocol for the preparation of bi-
ological calibration slides for 3D alignment of 3D-SIM data sets is presented 
in Box 1. Constant room temperature is a fundamental prerequisite for con-
sistent acquisitions and minimization of mechanical drift, as well as for camera 
output. Constant room temperature (23 °C ± 5 °C, <0.5 °C variation/h) is 
recommended for consistent acquisitions and minimization of mechanical 
drift or changes in camera output. Laser power and camera exposure times 
should be adjusted to achieve the optimal trade-off between high dynamic 
range and acceptable photobleaching. Exposure times for fixed-cell applica-
tions should typically be longer than 15 ms to reduce intensity fluctuations 
but should not exceed 100 ms in order to avoid potential drift artifacts.

proceDure
preparation of adherent cells or embryonic stem cells for immunofluorescence ● tIMInG 7 h + 12–24 h cell seeding 
and growth
1| Seed cells ~24 h before fixation on precleaned coverslips and grow under appropriate conditions (typically 5% CO2,  
37 °C and 95% relative humidity). For embryonic stem cell (ESC) seeding, use gelatin- or Geltrex-coated coverslips.  
Coat coverslips by adding 1–2 ml of gelatin solution per well, preferably overnight. For Geltrex coating, add 1 ml of solution 
and incubate the coverslips for 30 min at 37 °C followed by a 30-min incubation at RT.
 crItIcal step Seeding densities at this step will vary according to the application. For imaging of individual cells, 
required when imaging the nucleus, confluency should not exceed 70% to reduce stray light from neighboring cells. If a 
label that must be introduced under live-cell conditions (e.g., EdU, MitoTracker) is required, it should be added here at the 
appropriate concentration and for the appropriate duration. For stem cell staining, ensure seeding of single cells in order to 
produce small colonies that will facilitate imaging and reconstruction quality.
? troublesHootInG

2| Remove the medium with a pipette tip attached to the hosing of a vacuum pump and wash the cells two times with  
PBS (tissue-culture grade).
 crItIcal step Do not use PBS containing sodium azide before fixation, as it is toxic to the cells.

3| Place the coverslips cell side up into fresh 6-well plates containing fixation solution, and incubate them for 10 min at 
room temperature.
! cautIon Formaldehyde and methanol are carcinogens. Wear appropriate protective equipment, and work under a  
fume hood.
 crItIcal step Before fixation, verify that the fixation reagent is compatible with labeling of the target structure.  
Certain antibody-epitope combinations—for example, proliferating cell nuclear antigen (PCNA). Immunostaining—require 
postfixation and permeabilization with methanol (supplementary Fig. 3).
? troublesHootInG
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4| Gently remove the fixative with the vacuum while simultaneously adding washing buffer with a Pastette for 4–8 s,  
ensuring that the coverslips are always submerged in solution.
 crItIcal step Stepwise fixative exchange with washing buffer ensures that the cells do not dry out and that cellular 
structures are optimally preserved after formaldehyde cross-linking. This is achieved by the progressive exchange of fixative 
with washing buffer that contains Tween 20, a surfactant that decreases surface tension. When working with ESCs, make sure 
that the vacuum is very gentle, in order to avoid detachment.

5| Wash twice with washing buffer.
 crItIcal step We recommend washing the coverslips in multiwell plates and exchanging the washing buffer with the help 
of a vacuum pump. Always add the buffers to the side of the well and not directly onto the cells to avoid cell detachment 
from the coverslip. If you are working with delicate cells, mitotic cells or stem cells that grow in colonies, which are easily 
detached, we recommend the use of a very gentle vacuum. Alternatively, we recommend blotting the coverslip edge on a  
tissue to remove excess liquid, and slowly dipping it into a 50-ml beaker of washing solution. This procedure can be repeated 
several times with a series of beakers.

6| Quench free aldehydes by incubating the coverslips for 10–20 min in a quenching solution at room temperature (optional).

7| Wash the coverslips twice with washing buffer.
 pause poInt Samples may be left in multiwell plates containing 1× PBS at 4 °C overnight.

8| Exchange washing buffer with 2 ml of permeabilization solution, and incubate for 10 min at room temperature. When 
methanol treatment is required, fix and permeabilize by adding ice-cold methanol for 5 min. Exchange methanol stepwise 
with washing buffer, as described in Step 4.
 crItIcal step Do not omit the initial formaldehyde fixation step when methanol fixation is implemented. Methanol  
extraction should be carried out only after an initial cross-linking with fixation solution in order to optimally preserve nuclear 
features, as shown in supplementary Figure 3. Incubation in permeabilization buffer is not usually necessary when using 
methanol fixation/extraction, but if the user finds that the antibody accessibility is improved, then it can be performed.

9| Place a clean piece of Parafilm in a humidified chamber and apply 100 µl of blocking solution in drops. Remove the  
coverslips from permeabilization solution, blot dry by touching the edge on a clean tissue and place each coverslip gently, 
cell side down, on a drop of blocking solution.

10| Incubate the coverslips in the blocking solution for 30–60 min at room temperature.

11| Dilute primary antibodies of choice in blocking solution to the appropriate concentration to make primary antibody solution.
 crItIcal step Transfer primary antibodies on ice.
? troublesHootInG

12| Place a clean piece of Parafilm in a humidified chamber and apply at least 50 µl of primary antibody solution in drops. 
Remove the coverslips from the blocking solution, blot dry by touching edge on a clean tissue and place gently, cell side 
down, on a drop of primary antibody solution. Incubate the coverslips for 1 h. If cells have been pulsed with EdU, incubate 
them with EdU cocktail solution first for 30 min, wash as in Step 2 and then proceed with primary antibody incubation at 
room temperature.

13| Remove the coverslips from primary antibody solution, blot dry by touching the edge on a clean tissue and place  
coverslips, cells side up, into 6-well plates containing washing buffer. Wash the coverslips four times with washing buffer.

14| Dilute the secondary antibodies of choice in blocking solution to the appropriate concentration to make secondary  
antibody solution.
 crItIcal step Transfer the secondary antibodies on ice and protect them from light.
? troublesHootInG

15| Place a clean piece of Parafilm in a humidified container and apply at least 50 µl of secondary antibody solution in 
drops. Proceed with secondary antibody incubation as in Step 12.

16| Remove the coverslips from the secondary antibody solution and wash them four times with washing buffer.
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17| Remove the coverslips from the well of washing solution and place the coverslips, cell side up, into wells containing  
at least 2 ml of postfixation solution.

18| Incubate the coverslips in postfixation solution for 10 min at room temperature.
! cautIon Formaldehyde and methanol are carcinogens. Wear appropriate protective equipment and work under a  
fume hood.

19| Wash as in Step 4.

20| Transfer the coverslips to wells containing 1–2 ml of chromatin counterstain solution, if desired. For counterstaining 
with DAPI solution, incubate the coverslips for 5 min at room temperature.

21| Wash the coverslips three times with PBS.

22| On a piece of clean Parafilm, apply at least 30 µl of mounting solution in drops and lower each coverslip cell side down 
onto the drop. Incubate the coverslips for 5 min at room temperature.
 crItIcal step The mounting solution may vary depending on the application, but mounting solutions containing  
counterstain should be avoided.

23| Apply 10–15 µl of mounting reagent to the unfrosted side of an appropriately labeled slide. Mounting on the frosted 
side will affect whether the different ends of the slide are level, causing a tilt relative to the focal plane. Positioning of the 
coverslip may vary depending on the configuration of the microscope stage, but often it is required that the coverslip be 
placed in the center of the slide.

24| Remove the coverslip from the drop of mounting reagent, blot dry by touching the edge on a clean Kimwipe to remove 
excess mounting reagent and gently lower the coverslip down onto the drop, avoiding any bubbles. Gently remove excess 
mounting medium by blotting the coverslips with a Kimwipe or soft tissue.
 crItIcal step Avoiding refractive index aberrations in the sample is critical. Preincubation in mounting reagents avoids 
dilution of the final mounting condition, and extra care to avoid introducing air bubbles into the mounting solution upon 
application of the coverslip must be taken.

25| Allow coverslips to settle for a few minutes, and then seal them thoroughly with an appropriate amount of sealant. 
Slides may be taken immediately to the microscope or stored until imaging.
 crItIcal step Allow the sealant to air-dry before storage. The choice of sealant may vary, and should be tested  
empirically. Commercially available nail polish is generally sufficient, and formulations with color or quick-hardening  
qualities often provide a longer-lasting seal. Repeated exposure to EtOH may degrade the seal, which can be re-applied at  
any point in the lifetime of the sample.
 crItIcal step Do not place samples at −20 °C between imaging rounds, as large temperature fluctuations result in  
floating particles and compromised sample and image/reconstruction quality.
? troublesHootInG
 pause poInt Slides may be stored in slide storage boxes for a few weeks at 4 °C in the dark. For long-term storage, 
samples can be placed at −20 °C for several months.

Image acquisition and reconstruction ● tIMInG variable—setup and validation of instrument and reconstruction 
parameters: 0.5–2 h; image acquisition: 1–5 min per data set; reconstruction and alignment: 2–10 min per data set
26| Before starting the image acquisition, check to ensure that system parameters (laser line/power, objective, filter sets, 
camera status, frame size, channel acquisition order, z-sectioning distance, camera mode/speed) are appropriate for the  
application and that the system is properly calibrated and free of any distortions in the optical path. This should be done 
with the assistance of an expert microscopist or high-level user.
 crItIcal step For imaging the biological calibration slide, make sure that the acquisition parameters match those of the 
samples in terms of image size, z-depth and camera selection.

27| Before mounting sample slides on the microscope, clean the coverslip surface with 80% EtOH, followed by chloroform, 
using an adhesive-free cotton swab or optical tissue. If required, wipe dry the objective lens of residual immersion oil with 
optical tissue, followed by wiping with a chloroform-soaked cotton swab.
 crItIcal step Clean the coverslip by wiping straight across and avoid contacting sealant.
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28| Mount the slide on the microscope with the appropriate immersion oil, taking care not to introduce bubbles into  
the oil. For the use of oil objectives without a correction collar, it is recommended that you select an immersion oil with  
a refractive index that provides the best match between the optical condition in the sample and the OTFs used for the  
reconstruction. Oil selection can be calculated with a number of approaches33,34. The selection takes into account the 
wavelength and imaging depth optimum, as well as the refractive index of sample and mounting medium at a given  
temperature, aiming to reduce spherical aberration mismatch artifacts. As a general rule, we recommend increasing the  
refractive index of the immersion oil with increased sample thickness or imaging depth29. Alternatively, if using a silicone or 
oil objective with a correction collar, the same effect can be achieved with appropriate adjustments of the collar position.

29| After finding a midsection of the cell, adjust exposure times and laser power to utilize as much bit depth of the camera 
as recommended, while avoiding saturation and minimizing photobleaching.
 crItIcal step All subsequent analyses will depend on the quality of the raw data. Each sample type and combination of 
labels will require optimization of exposure and illumination settings.

30| As a general guideline, we recommend acquiring one to two empty image planes above and below the structure of inter-
est (i.e., the DAPI-stained nucleus) that do not show any stripes but only unstructured out-of-focus blur. Typically, no more 
than 0.5 µm must be added above and below the nucleus. Avoid imaging excessive numbers of z-planes that do not contain 
the desired information to minimize acquisition time, data accumulation and photobleaching, and to ensure optimal image 
reconstruction and data quality in the postprocessing steps.

31| Process raw data with the appropriate commercial or open-source image reconstruction software42,48. Make note of all 
settings in the software. We strongly recommend the use of channel-specifically measured OTFs where possible, rather than 
synthetic OTFs29. Use SIMcheck34 to assess reconstructed data quality and adjust settings accordingly.
 crItIcal step Reconstruction artifacts will be segmented and analyzed along with real signal in postprocessing steps. 
Each sample type and combination of labels may require optimization for OTF, background cutoff and filter settings.

32| Cut off values below the modal intensity of the reconstructed 3D-SIM image stack and convert to a 16-bit TIFF stack in 
Fiji—e.g., using the SIMcheck ‘Threshold and 16-bit Conversion’ utility34.
 pause poInt Image stacks can be used to create representative images of the experiment.

Quantitative image analysis with the ImageJ/Fiji tanGo plugin ● tIMInG 1–2 min/image stack
33| The first step in image analysis is to introduce ‘Processing Chains’ to create a ‘mask’ of the nucleus and define the  
nuclear volume. We recommend the use of processing chains developed for 3D-SIM data sets, which can be used by importing 
the templates provided in the supplementary software. An overview of these templates is shown in supplementary table 3. 
For alternative single-file analysis with standard ImageJ/Fiji, refer to supplementary Method 2. A Readme file, containing a 
quick installation guide for both TANGO and MongoDB, can be found in the supplementary software.
 crItIcal step For TANGO analyses, the nuclear stain (for example, DAPI) must be the first channel in the composite image stack.

34| Add prefilters by choosing ‘Gaussian 3D (IJ)’ filter from the ‘Misc 3D Filters’ dropdown menu. ‘x’, ‘y’ and ‘z’ parameters 
should be set to 2.

35| For segmentation of the nucleus, use either ‘Nucleus Edge Detector’ or ‘Hysteresis Segmenter’; for foreground/background 
determination, select the ‘OTSU iterator‘ set to ‘Auto Threshold’. Include minimal size restrictions (>5,000 voxels) to avoid 
subsegmentation of the nuclear volume.
? troublesHootInG

36| Add postfilters and choose ‘Morphological Filters 3D’ from the dropdown menu. Use the ‘Fill Holes 2D’ method.

37| Add the ‘Binary Close’ method, set the xy radius to 10 and check ‘Use Image Scale for Z radius’.

38| Add the ‘Fill Holes 2D’ method.
? troublesHootInG

39| Choose the ‘Size and Edge Filter’ from the dropdown menu. Set the minimal voxel size for structure to 10,000.
 crItIcal step Defining a reasonable lower cutoff for the nucleus ensures that smaller objects, such as stained  
precipitates, are not used in the follow-up structure segmentation and measurements.
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40| Save the processing chain under your name of choice and set it as a segmentation routine for the nucleus or  
compartment of interest.

41| In the ‘Data’ tab, check the options ‘Process Nuclei’ and ‘Crop Cells’ and run the mask segmentation.
 crItIcal step Selection of an appropriate segmenting algorithm is critical to accurate and robust image analysis. 
Therefore, we advise the user to invest time in this step, allowing testing and benchmarking of the suitable segmentation 
routine. The calibration standards (Fig. 4) are a good basis for this initial benchmarking.

Definition of measurements with the ImageJ/Fiji tanGo plug-in ● tIMInG 5 min
 crItIcal Defining useful measurements of image data is essential for efficient data analysis. All segmented objects 
generated by the ‘Processing Chains’ in TANGO (Steps 42–51) can be measured regarding various parameters, depending on 
experimental needs. Useful readouts include xzy coordinates of intensity gravity centers (centroids), which are the basis of 
nearest-neighbor minimal distance calculations or can be used to obtain spatial distribution patterns of two distinct labeled 
nuclear proteins of interest. Measurement of volumes can be used for recording dynamic nuclear changes over time or under 
various cellular conditions.
42| In the ‘Edit Experiment’ tab, select ‘Measurements’, add a measurement from the drop-down list, such as minimal  
distances between nearest neighbors (NNs; using ‘Minimal Distances’), or volumes and xyz coordinates (using ‘Measure  
Geometric Simple’). Click ‘Edit’ to adjust the fine parameters; for example, select the structure to be measured. Repeat the 
setup for measurements of different structures and calculations. Save selected measurements by clicking on ‘Save Changes’.
? troublesHootInG

structure segmentation with the ImageJ/Fiji tanGo plugin ● tIMInG 3 min per image stack, depending on image size 
and number of z-slices
43| To define the structure of interest for volumetric analysis, select the corresponding region of the image stack, using  
appropriate filters and segmentation algorithms (Fig. 3; supplementary Fig. 2). For focal signals (e.g., short EdU pulses), 
use the ‘Focal_Spot’ processing chain; for extended structures such as long EdU pulses or immunolabeled histone marks,  
use the ‘Volumetric-Spot’ processing chain. The respective processing chain templates are provided in the supplementary 
software and in supplementary table 3.

44| Add a prefilter by choosing ‘TopHat filter’ from the ‘Fast Filters 3D’ dropdown menu. ‘x’, ‘y’ and ‘z’ parameters should be 
set to 1. This step will enhance the contrast of the structures of interest.

45| Add a prefilter by choosing the ‘LoG 3D‘ (Laplace of Gaussian) filter’ from the ‘Misc 3D Filters’ dropdown menu.  
The ‘x’, ‘y’ and ‘z’ parameters should be set to 2. LoG operations emphasize edges between an object and the surrounding 
background. This allows sharper edge detection during the segmentation process (Fig. 3b).
? troublesHootInG

46| Choose ‘Spot Detector 3D’ as a method for segmenting focal image signals. This method will use a watershed algorithm 
for separating foci in 3D from each other and from the background, leading to better focal segmentation and detection of 
high-resolution image signals (Fig. 3b), as compared with using only intensity-based approaches25,44. As a foreground/
background threshold method, use the ‘OTSU iterator‘ set to ‘AutoThreshold‘.

47| Use the Otsu method for the background limit and seed threshold. Set seeds (segmenting objects) to an upper Hessian 
limit of 95% of bright pixels, reducing the risk of segmenting background or nonspecific signals.
? troublesHootInG

48| Choose the ‘Erase Spots’ method from the ‘Post-Filters menu’ dropdown menu and check the box to use the filtered image. 
Set number of criteria to 1 and define the no. 1 criterion as signal-to-noise ratio (SNR). Set the SNR value between 1.5 and 2.
 crItIcal step Depending on the image quality, the SNR value can be adjusted in the filter options.

49| Set ‘Intensity Estimation’ to mean intensity and ‘Background Estimation’ to whole nucleus.

50| Choose the ‘Size and Edge Filter’ from the dropdown menu. Set the minimal voxel size for structure to 2.

51| Save the ‘Processing Chain’ under a name of choice, and use this chain as the segmentation routine for the nuclear 
structure under investigation.
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52| In the ‘Data’ tab, select the cells of interest, check the ‘Process Structures’ option and run the segmentation.

Measurements of image structures with the ImageJ/Fiji tanGo plugin ● tIMInG 2–5 min per image stack
53| Following structure segmentation, check the ‘Measurement’ box in the cell field and press ‘Run’.
 crItIcal step If the ‘Override Measurements’ box is checked, analysis of the data set performed earlier will  
be overwritten.

Data export from the ImageJ/Fiji tanGo plugin ● tIMInG 5 min per image stack
54| Export measurements by clicking ‘Export Measurements’ in the bottom of the ‘Data’ tab. The program will save .xls files 
for each channel in a dedicated folder. .xls files are compatible with standard spreadsheet software (Excel, LibreOffice) and 
programming/scripting languages (R, Python, Matlab and others).
 crItIcal step Export all measured parameters for all measured channels.

Visualization and plotting (data curation) ● tIMInG ~30 min to 1 h
55| Generate histograms of measured data using the ‘Mathematics Add-In’ in Excel (after installation, switch to the ‘Data’ 
tab and select ‘Data Analysis’) or GraphPad Prism, or use R (a user-friendly online tool for boxplots49 can be found at  
http://shiny.chemgrid.org/boxplotr/). For plotting correlation coefficients, scatter plots are also very useful for a visual  
comparison of different populations. For a comparison of the resulting analyses to validated technical and biological  
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Figure 5 | Minimal distance and correlation measurements of epigenetic marks and replicating chromatin. (a) 5× magnified regions of C127 nucleus (insets) 
pulsed for 15 min with EdU (green) and immunolabeled with H3K4me3 or PCNA antibodies (red) or dual-immunolabeled with typical euchromatin (H3K4me3, 
red) and heterochromatin marks (H3K9me3, green). Insets: optical sections of the corresponding nuclei. Top panels depict characteristic patterns of  
early (Se) and bottom left panel of late (Sl) S phase replicating nuclei. Average Pearson’s (PC) and Mander’s (M1 and M2) correlation coefficients are 
indicated. Scale bars, 1 and 5 µm (inset). (b) In all panels, the three left categories (under the line) indicate correlation (with) or distance (to) metrics of 
replication site (EdU Se or EdU Sl) or epigenetic mark (H3K9me3) foci relative to H3K4me3 foci, whereas the rightmost category indicates the same metrics 
relative to PCNA foci. Top left panel, Pearson’s coefficient of cross-channel correlation. Early-replicating chromatin exhibits high similarity to H3K4me3, 
indicated by higher correlation scores as compared with a clear anticorrelation to late-replicating chromatin (PC = 0.138 and 0.016, respectively). PCNA 
and replicating DNA (EdU) exhibit a more pronounced association as compared with that between euchromatin (H3K4me3) and heterochromatin (H3K9me3) 
(0.375 and 0.145, respectively). Top right panel, NN annotation and calculation of minimal distances between replicating chromatin (EdU) and H3K4me3 
reveals the closer proximity of early-replicating chromatin (Se) to H3K4me3 as compared with late-replicating chromatin (Sl) (NN = 174 ± 63 nm and NN 
= 512 ± 300 nm, respectively). A closer proximity is measured between the replication machinery (PCNA) and replicating DNA (EdU) as compared with 
distances acquired between euchromatin and heterochromatin marks (NN = 127 ±103 nm and NN = 287 ±124 nm). Bottom left and right panels; Mander’s 
coefficients indicating the degree of overlap between channels. Early-replicating chromatin scores overlap more with H3K4me3 than with late-replicating 
chromatin (M1 = 0.239 and 0.047, M2 = 0.175 and 0.033, respectively). Replicating DNA and PCNA show a higher overlap as compared with euchromatin 
(H3K4me3) and heterochromatin (H3K9me3) (M1 = 0.136 and 0.064, M2 = 0.118–0.023, respectively). Error bars indicate standard deviations.  
(EdU Se-H3K4me3, n = 7 cells; EdU Sl-H3K4me3, n = 9 cells; EdU-PCNA, n = 14 cells; H3K4me3-H3K9me3, n = 7 cells).



©
20

17
 M

ac
m

ill
an

 P
u

b
lis

h
er

s 
L

im
it

ed
, p

ar
t 

o
f 

S
p

ri
n

g
er

 N
at

u
re

. A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

protocol

nature protocols | VOL.12 NO.5 | 2017 | 1025

standards, refer to the results in Figure 4 and supplementary table 2. For applications regarding nuclear structures and 
epigenetic factors, refer to Figure 5 and the literature26,27.
 crItIcal step When plotting measurements such as minimal distances, attention should be paid to detecting and  
excluding outliers. Generally, these values range beyond the mean to twofold the standard deviation. More sophisticated  
statistical solutions, however, can be used, as well as empirical and rational filtering of the data, which are dependent on  
the experimental data, structure of choice and number of specimens used for the study.

? troublesHootInG
Troubleshooting advice can be found in table 2.

table 2 | Troubleshooting table.

step problem possible reason solution

1 Cells detach or grow  
at the edges of the  
coverslips

Cells have not adjusted to grow on 
glass conditions

Adjust cells to glass growth conditions before starting an 
immunofluorescence experiment by performing a few  
passages on coverslips before starting an experiment. 
Dilute cells in the final growth medium volume before  
seeding to ensure even spreading across the coverslip

3 Inefficient antibody 
labeling

Epitopes are inaccessible to antibodies 
with standard fixation

Perform prefixation with 2% formaldehyde, and then fixation 
with ice-cold methanol for 5 min

11 
and 
14

High background signal Antibody concentration was too high 
or washing was performed improperly  

Antibody was not appropriate for 
immunofluorescence or was not reactive

Reduce antibody concentration, increase washing steps 
and/or PBST volume; wash samples thoroughly by a mild 
incubation on a rocking platform 
Use an alternative antibody

High background signal 
and/or abnormally  
wrinkled nuclear shape

Sample dried out Make sure the stepwise exchange of fixative is followed to 
avoid drying out of sample

11 
and 
14

High background signal 
combined with little or 
no specific signal

Antibody aggregates have formed If antibodies have aggregated, their affinity can vary. 
Unless absolutely required, we do not recommend overnight 
incubations, in order to avoid high background signal. Keep 
antibodies at 4 °C after thawing, or do not freeze antibodies 
that do not contain cryopreservants

25 Coverslip instability Excess of Vectashield around coverslip 
leads to a compromised sealant  
polymerization

Effectively remove excess mounting medium by blot-drying 
Vectashield with a soft tissue across the periphery of the 
coverslip. Avoid pressing against the coverslip. Apply seal-
ant generously with a thin brush kept at a vertical angle to 
the coverslip

Precipitates in one  
channel

Secondary antibody has precipitates Centrifuge the antibody at 12,000g for 30 min at 4 °C. Use 
the supernatant. Alternatively, filter the antibody solution 
through a 0.2-µm filter

Autofluorescent precipi-
tates in all channels

PBS or other solutions have  
precipitates

Filter all solutions with a 0.4-µm filter

Moving fluorescent  
particles 
 
Poor antibody staining

Secondary antibodies were too old or 
were not fixed or washed off properly; 
or postfixation step was omitted 
Fixation method was inappropriate 
Epitopes can be masked and thus  
be inaccessible to the antibodies.  
Few antibodies may require methanol 
treatment for epitope accessibility

Use a fresh antibody batch and ensure that the postfixation 
step is performed and wash steps are followed precisely 
 
Test both 2% and 4% paraformaldehyde fixation 
Alternatively, the formaldehyde-fixed sample can be treated 
with 100% ice-cold methanol for 5–10 min, followed by 
stepwise exchange to washing buffer

(continued)
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table 2 | Troubleshooting table (continued).

step problem possible reason solution

Reconstruction artifacts Several reconstruction artifacts  
were introduced as a result of photo-
bleaching or other sample parameters

For a detailed guide to assessing sample reliability and  
the presence of artifacts, see ref. 29,34

Slide was not properly fitted to the 
microscope stage

Clean the edges of the slide with a dry tissue and readjust 
the slide on the stage holder 
If frosted slides are used, mount the coverslip on the  
nonfrosted side to avoid tilt

35 Segmentation of nucleus 
is not accurate

Fore-/background calculation cannot 
discriminate features based on the 
pixel intensities of image

Choose a different segmentation procedure/segmenter  
algorithm in TANGO, e.g., Huang or Otsu

Nuclear edge is not 
clearly defined for  
segmentation

Depending on cell type, the nuclear 
boundary is more or less pronounced. 
The nuclear edge in stem cells is not as 
sharp as in somatic cells

Use a different segmentation routine, e.g., the ‘Hysteresis 
segmenter’

38 Holes and invaginations 
in mask

Segmentation procedure was not  
optimal for detecting stained  
chromatin as a continuous region

Apply several rounds of morphological postfiltering,  
including the ‘Fill holes’ option, until a continuous  
volume is masked

42 Problems with setup of 
measurements in TANGO

Suboptimal selection of measurement 
parameters

Check the TANGO online site for help (http://biophysique.
mnhn.fr/tango/HomePage)

45 Segmentation of objects 
is not accurate

Object seeds are not prominent 
enough for watershed-based  
segmentation

Apply prefilters emphasizing spot edges from background 
(TopHat, LoG)

Signal-to-noise ratio is not sufficient 
for edge detection

Adjust postfiltering parameters (SNR-ratio and so on)

47 Algorithm cannot separate 
image features into back-
ground and foreground

Poor choice of threshold algorithm As a default, Otsu, Moments and Huang should be chosen. 
In rare cases, stricter algorithms, such as MaxEntropy or 
Intermodes, can be applied

● tIMInG
The timing for quantitative image analysis (Steps 33–55) is dependent on the number and size of image data. The timing 
below is based on estimates for 512 × 512-pixel (px) three-color image stacks including 65 z-slices (8-µm nucleus thickness).
Step 1, preparation of adherent cells or embryonic stem cells for immunofluorescence: 12–24 h (or according to preferred cell 
growth conditions)
Steps 2–25, preparation of adherent cells or embryonic stem cells for immunofluorescence: ~7 h
Steps 26–32, image acquisition and reconstruction: ~4 h per sample
Steps 33–51, definition of the nuclear volume: ~1 h for 10 image stacks
Steps 52–55: measurement of image structures~3 h for 10 image stacks
box 1, preparation of biological calibration slide for 3D alignment of 3D-SIM data sets: 6 h + 12–24 h cell seeding and 
growth

antIcIpateD results
The presented protocol offers the possibility of performing high-throughput analyses of single-cell information extracted 
from 3D-SIM data sets. Following the described workflows, the user is able to obtain quantitative measurements of  
macromolecular spatial relationships of nuclear structures, epigenetic marks and factors, and correlate their distributions to 
validated standards, as previously shown26,27.

Key statistics of mammalian replication foci can be extracted from high-resolution 3D-SIM data, leading to a three-fold 
increase in replication foci counts as compared with the numbers observed with conventional wide-field deconvolution  
data (Fig. 3c). The use of automated analysis platforms (Fig. 3; supplementary Fig. 2) offers convenience and unbiased  
analysis and allows system calibration checks in in vitro, as well as biological calibration samples as reference ruler standards 
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for biological follow-up in vivo experiments (Fig. 4). Minimal distances can be calculated with high accuracy between  
nearest-neighbor foci pairs from centroid localization of segmented structures (supplementary table 2).

Through the application of these analysis pipelines, we show a significant spatial correlation of early-replicating chromatin  
to histone modifications that are linked to early S phase, as compared with a much lower correlation to late-replicating  
chromatin (PC = 0.138 and 0.016, respectively). Finally, we are able to confirm the spatial difference between epigenetic  
marks that are known to occur in disparate chromatin states (Fig. 5; supplementary table 2). These applications  
demonstrate that close or distant localizations of nuclear structures or epigenetic factors can not only be observed in  
immunofluorescence images, but now can be measured bioinformatically at nanometer resolution. This protocol can, therefore, 
serve as a versatile tool for comparing distributions and correlations of nuclear structures and epigenetic factors across  
different cell types and states, and will enable researchers to further elucidate principles that dictate spatial genome  
organization and function.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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