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Abstract 
 
DNA-PAINT combined with total Internal Reflec9on Fluorescence (TIRF) microscopy enables the highest 
localiza9on precisions, down to single nanometers in thin biological samples, due to TIRF’s unique 
method for op9cal sec9oning and aGaining high contrast. However, most cellular targets elude the 
accessible TIRF range close to the cover glass and thus require alterna9ve imaging condi9ons, affec9ng 
resolu9on and image quality. Here, we address this limita9on by applying ultrathin physical 
cryosec9oning in combina9on with DNA-PAINT. With “tomographic & kine9cally-enhanced” DNA-
PAINT (tokPAINT), we demonstrate the imaging of nuclear proteins with sub-3 nanometer localiza9on 
precision, advancing the quan9ta9ve study of nuclear organiza9on within fixed cells and mouse 9ssues 
at the level of single an9bodies. We believe that ultrathin sec9oning combined with the versa9lity and 
mul9plexing capabili9es of DNA-PAINT will be a powerful addi9on to the toolbox of quan9ta9ve DNA-
based super-resolu9on microscopy in intracellular structural analyses of proteins, RNA and DNA in situ. 
 
Introduc.on 
Super-resoluKon microscopy provides visual access down to the nanoscale of biological specimens1–6, with 
Single-Molecule LocalizaKon Microscopy (SMLM) rouKnely enabling sub-20 nm resoluKon by recording 
stochasKc fluorescence events to obtain localizaKons from individual fluorescent molecules7. One form of 
SMLM, Points AccumulaKon for Imaging in Nanoscale Topography4 (PAINT), elegantly achieves such 
stochasKc single molecule blinking by the transient binding of otherwise diffusing fluorescent probes to 
targets of interest. A powerful implementaKon of PAINT, called DNA-PAINT8,9, leverages fluorescently-
labeled ‘imager’ strands transiently binding to their complementary ‘docking’ strands aZached to the 
target molecules. Besides enabling cellular imaging at sub-10 nanometer resoluKon10, the 
programmability of DNA-mediated binding enables molecular counKng11,12 as well as mulKplexing via 
sequenKal imaging of mulKple targets labeled with orthogonal docking strand sequences13.  
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 An important experimental factor in DNA-PAINT, and SMLM in general, is the physical size of the 
imaging volume from which single-molecule blinking is recorded, as addiKonal volume increases noise. A 
convenient way of reducing the imaging volume is through opKcal secKoning7,9,14, which enhances the 
signal-to-noise raKo for single-molecule detecKon and, hence, the achievable resoluKon15. Among opKcal 
secKoning approaches, total internal reflecKon fluorescence7,16 (TIRF) microscopy enables the smallest 
imaging volume, down to <200 nm above the cover glass, and, in the context of cellular DNA-PAINT 
imaging, has enabled the highest achieved resoluKons to date10,17. Cellular targets further from the cover 
glass, however, become inaccessible to TIRF and, thus, require alternaKve microscope modaliKes14,18–20. 
One such modality is highly inclined laminated opKcal sheet (HILO) microscopy21, which can accommodate 
larger volumes and thus enable researchers to reach deeper in into samples, however, at a compromised 
resoluKon9,22. Furthermore, for dense targets being imaged with DNA-PAINT, a larger imaging volume can 
limit imager binding rates at the single docking strand level, as imager concentraKons need to be reduced 
to ensure sparse, non-overlapping blinking7,9. 

Physical secKoning is an alternaKve approach that has been explored for SMLM2,23–25 and DNA-
PAINT in Kssues26,27, as it enables any cellular region captured in a secKon to be imaged under ideal TIRF 
condiKons2. Furthermore, secKoned samples offer the addiKonal advantage of being more accessible to 
the imaging buffer and, thus, binding of imager strands. The perpetual nature of repeated imager binding 
at controllable rates is a hallmark of DNA-PAINT and has led to a diverse range of quanKtaKve in vitro12,28–

31 and in situ11,28 applicaKons, such as the counKng of target molecules within fixed cells and Kssues via 
qPAINT11. A physically-secKoned sample that is openly accessible to the imaging soluKon could potenKally 
exhibit improved binding kineKcs, thus elevaKng our ability to leverage DNA-PAINT as a quanKtaKve tool.  

Here, we adopt the Tokuyasu-method32, a cryosecKoning approach widely known from 
immunogold electron microscopy and for its excellent anKgenicity33, to explore the potenKal of physical 
secKoning for intranuclear DNA-PAINT imaging (Fig. 1a). Making the nucleus – a dense and challenging 
imaging environment34 – accessible for TIRF-based, quanKtaKve DNA-PAINT would provide a promising 
path for studying nuclear architecture and the intricate interplay between genome organizaKon and 
funcKon at the molecular level35,36. Furthermore, established fluorescence microscopy protocols for 
studying nuclear targets, such as RNA polymerase II (Pol II), within ultrathin Tokuyasu secKons 
(~150 nm)37–39 served as an ideal starKng point for exploring their potenKal for intranuclear DNA-PAINT. 
With “tomographic & kineKcally-enhanced” DNA-PAINT or “tokPAINT”, we demonstrate nuclear imaging 
of Pol II at ~3 nm localizaKon precision. With super-resoluKon microscopy enabling resoluKons down to 
the level of single proteins10,40–44, we tested tokPAINT’s capacity in this regard and achieved, to the best 
of our knowledge, the first Kme in which a highly abundant anKgen, such as Pol II, is detected at the level 
of single anKbodies across an enKre nuclear field by means of fluorescence microscopy. Furthermore, we 
show that the accessibility of ultrathin cryosecKons enhances imager binding kineKcs, minimizing 
contribuKons of non-specific localizaKons45 and promoKng molecular counKng via qPAINT11. We also 
demonstrate mulKplexed tokPAINT imaging via Exchange-PAINT13, the laZer having been previously 
demonstrated for thicker Kssue cryosecKons26,27. Enabling simultaneous nanoscale interrogaKons of 
proteins, nucleic acids and combinaKons thereof, as well as asKgmaKsm-based imaging in 3D, we believe 
tokPAINT will become a powerful addiKon for studying nuclear organizaKon with DNA-PAINT34,46–49.  
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Results 
 
tokPAINT enables TIRF-based nuclear DNA-PAINT imaging with enhanced resolu9on and binding 
kine9cs 
To assess the potenKal of nuclear tokPAINT imaging in intact cells, we chose to target the largest subunit 
of Pol II, Rpb1, as a highly abundant nuclear protein (Fig. 1b). We focused, in parKcular, on its C-terminal 
domain (CTD), which features 52 heptad repeats of the consensus moKf YSPTSPS, the residues of which 
are posZranslaKonally modified during the transcripKon cycle and are also involved in promoKng co-
transcripKonal RNA splicing50. Using a primary anKbody directed against hyperphosphorylated Serine-5 of 
the CTD (S5p), we then leveraged previously opKmized protocols for diffracKon-limited imaging within 
ultrathin cryosecKons (~150 nm) under ultrastructure-preserving condiKons within the nucleus38 
(Supplementary Fig. 1). If not stated otherwise, we refer to ultrathin cryosecKons of ~150 nm thickness 
as ‘cryosecKons’, which were exclusively used for all tokPAINT experiments and controls presented in this 
work.  
 We labeled fixed intact HeLa cells as well as cryosecKons of fixed HeLa cells with both primary 
anKbodies and oligo-conjugated secondary anKbodies designed for 2D DNA-PAINT imaging (Methods). 
Intact cells were then imaged using DNA-PAINT with HILO illuminaKon, while cryosecKons were imaged 
via tokPAINT using TIRF illuminaKon at a TIRF angle that ensured approximately homogeneous intensity 
over the secKon thickness51. DuraKon of data acquisiKon was kept idenKcal for both HILO DNA-PAINT and 
tokPAINT imaging, and imager concentraKons were adjusted individually to ensure sparse blinking in each 
experiment (Methods). Figures 1c and 1d depict the reconstructed super-resoluKon images obtained via 
HILO DNA-PAINT and tokPAINT, respecKvely. Despite similar densiKes measured per nuclear area (~570 
localizaKons/µm2 for HILO DNA-PAINT, ~620 localizaKons/µm2 for tokPAINT; Supplementary Fig. 2), 
localizaKons appeared less clustered and more widely distributed in the HILO DNA-PAINT image 
presumably due to the larger imaging volume and lower resoluKon (Supplementary Fig. 3). TIRF 
illuminaKon in tokPAINT led to a 7×-higher signal-to-noise raKo, as compared to HILO (~72 vs. ~10, 
respecKvely; Supplementary Fig. 3), translaKng to an almost 3-fold improvement in localizaKon precision, 
down to ~3 nm as compared to ~8.3 nm in HILO DNA-PAINT (determined via Nearest Neighbor Analysis52, 
NeNA); Fig. 1c and d, respecKvely). As a reference, we performed in vitro DNA-PAINT imaging of surface-
immobilized DNA origami53 structures that featured a docking strand paZern with 20 nm spacing9 using 
TIRF. This resulted in a localizaKon precision of 2.8 nm (Extended Data Fig. 1), demonstraKng that 
tokPAINT can translate the resoluKon achievable with TIRF under in vitro condiKons to the nuclei of fixed 
cells.  
 We next asked to what extent the small sample volume and its open accessibility to the imaging 
soluKon improved imager binding staKsKcs for nuclear tokPAINT imaging as compared to that for HILO 
DNA-PAINT, where imagers must first diffuse through the cellular matrix before reaching the focal plane 
in the nucleus. In fact, inspecKng individual localizaKon clusters in both data sets indicated significantly 
higher imager binding frequencies as well as number of localizaKons with tokPAINT as compared to HILO 
DNA-PAINT (yellow circles and insets, Fig. 1c and d, respecKvely). To test this observaKon, we performed 
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a spaKotemporal clustering analysis, as described in detail in Supplementary Figure 4. In the first step, we 
applied the clustering algorithm DBSCAN54 to each data set in order to idenKfy local accumulaKons of 
localizaKons as localizaKon clusters. Subsequently, we excluded localizaKon clusters that were devoid of 
repeated imager binding and that, hence, presumably resulted from non-specific sKcking of imagers17,28,55. 
Remarkably, ~60 % of all nuclear localizaKons in the tokPAINT data set could be assigned to a localizaKon 
cluster with repeated binding in contrast to only ~18 % in the case of HILO DNA-PAINT (Supplementary 
Fig. 5), implying that a large fracKon of tokPAINT data is amenable to downstream quanKtaKve analysis.  

We note that, due to the high abundance of Pol II within the nucleus, the larger imaging volume 
of HILO DNA-PAINT required our data acquisiKon to be performed at low imager concentraKons to 
prevent overlapping blinking. Sufficient binding staKsKcs can be achieved by extending the duraKon of 
image acquisiKon for nuclear DNA-PAINT in intact cells using HILO illuminaKon46–48. Furthermore, use of 
fluorogenic imagers19 could enhance both achievable resoluKon through background reducKon and 
binding staKsKcs by prevenKng bleaching of diffusing imagers56 (also see note in Supplementary Fig. 4).  
 

 
Figure 1 | tokPAINT enables TIRF-based DNA-PAINT imaging of intranuclear targets. a tokPAINT schema'c. Ultrathin 
cryosec'oning enables nuclear DNA-PAINT imaging under TIRF condi'ons. b Immunolabeling of Pol II CTD Serine-5 
phosphoryla'on (S5p) for DNA-PAINT imaging via docking strand-conjugated secondary an'bodies. c Top leZ: HILO DNA-PAINT 
image of Pol II S5p within intact HeLa cell. Bo\om leZ: frame from HILO DNA-PAINT raw data acquisi'on including signal-to-noise 
ra'o (S/N). Right: magnified region as indicated by white square. Time traces of imager binding and number of localiza'ons are 
shown for three regions indicated by yellow circles. d Top leZ: tokPAINT image of Pol II S5p. The inset shows the same cell imaged 
in the DAPI channel. Bo\om leZ: frame from tokPAINT raw data acquisi'on including S/N ra'o. Right: magnified region as 
indicated by white square. Time traces of imager binding and number of localiza'ons are shown for three regions indicated by 
yellow circles. Scale bars, 5	µm in (c,d), 400 nm in zoom-ins. 
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tokPAINT enables quan9ta9ve nanoscale analysis of nuclear Pol II  
The sparse distribuKon of localizaKon clusters aser kineKc filtering in tokPAINT (Fig. 2a) was reminiscent 
of immunogold experiments in which anKbodies labeled with gold nanospheres (diameters ~5-15 nm) 
permit anKgens to be detected in cryosecKons by TEM at the level of single anKbodies33. To determine 
whether the resoluKon possible through tokPAINT would enable single anKbodies labeled with docking-
strands to be visualized, we performed a range of center-of-mass alignments to obtain averaged sum 
images for a decreasing minimum number of localizaKons per cluster (Supplementary Fig. 6). We found 
that localizaKons in sum images were approximately Gaussian distributed with their standard deviaKons 
converging to a minimum. In other words, further reducKon of localizaKons per cluster did not reduce the 
localizaKon spread. Figure 2a displays the convergent sum image with a standard deviaKon (σ) of 3.4 nm 
and a full width at half maximum of ~8 nm (FWHM ≈ 2.355×σ), indicaKng that localizaKons likely 
accumulated from individual docking strand-conjugated secondary anKbodies, whose physical size 
~10 nm57.  

However, repeated imager binding on its own is not necessarily indicaKve of signal specificity since 
certain cellular features such as single-stranded RNA could potenKally also lead to repeated binding. 
Furthermore, anKbodies could non-specifically bind and thus posiKon docking strands within the sample. 
To esKmate the impact of false posiKve localizaKon clusters, we performed a set of negaKve controls 
under condiKons idenKcal to that of previous tokPAINT acquisiKons, but on cryosecKons incubated 
i) without both primary and secondary anKbodies or ii) with secondary anKbody only (Fig. 2b, top and 
boZom, respecKvely, and Supplementary Fig. 7). We found a negligible number of false posiKve 
localizaKon clusters in both cases as compared to that in tokPAINT experiments labeled with both primary 
and secondary anKbodies (~0.01 loc.-clusters/µm2 vs. ~6 loc.-clusters/µm2, respecKvely; see Fig. 2b and 
Fig. 2a). Lastly, we tested the specificity of the primary anKbody against Pol II S5p by treaKng cryosecKons 
with phosphatase in order to neutralize phosphorylaKon sites prior to staining for indirect 
immunofluorescence38 (Fig. 2c). Reassuringly, this led to a 3-fold reducKon in immunofluorescence 
intensity (Fig. 2c). 

With indirect labeling, it is likely that the underlying anKgen distribuKon is amplified, since several 
secondary anKbodies can bind per primary anKbody. Thus, we next asked whether we could exploit the 
imager binding kineKcs to esKmate the number of DNA-conjugated anKbodies via qPAINT11 as well as 
measure any difference as compared to directly-conjugated primary anKbodies. In qPAINT, the average 
imager binding frequency for the smallest idenKfiable localizaKon clusters in a data set is taken as a 
reference (Fig. 2d). Assuming the reference represents single anKbodies, a localizaKon cluster with N 
anKbodies would have an N-Kmes higher binding frequency11. Figure 2e displays counKng results obtained 
from four independent experiments, two performed using indirect staining (primary anKbodies + docking 
strand-conjugated secondary anKbodies) and two performed using direct staining (docking-strand 
conjugated primary anKbodies). The N distribuKons were in close agreement, with a median N of ~2 
anKbodies per localizaKon cluster. The consistency of counKng results between both labeling approaches 
indicated that any signal amplificaKon caused by mulKple secondary anKbodies binding to each primary 
anKbody was likely to be roughly uniform across all primary anKbodies and did not confound relaKve 
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counKng staKsKcs. As docking strands can suffer from photo-induced damage for extended DNA-PAINT 
acquisiKons58 and affect molecular counKng results58, we repeated quanKtaKve tokPAINT imaging for a 3x 
longer image acquisiKon Kme, validaKng that docking strand depleKon had negligible effects on our 
results (Supplementary Fig. 8).  

Based on these results, we esKmate ~200,000-300,000 Pol II S5p anKbodies per HeLa cell, which 
aligns with earlier esKmates of ~65,000 engaged Pol II59 and ~320,000 copies of Rpb160 per HeLa cell. Our 
data also enabled us to assess the spaKal distribuKon of Pol II S5p, which is known to associate with acKve 
chromaKn or nuclear compartments, such as transcripKon factories and nuclear speckles50. Such nuclear 
regions correlate with low intensiKes when stained for DNA using DAPI (4ʹ,6-diamidino-2-phenylindole). 

As expected, we observed both higher anKbody-per-cluster counts (Fig. 2e) and a higher overall cluster 
density as determined by nearest neighbor distance analysis61 for these regions (Extended Data Fig. 2).  

Note that the accuracy of molecular counKng could be improved via smaller affinity labels, such 
as nanobodies62 or geneKc tags63. Smaller labels could reduce the ‘linkage error’, which causes 
localizaKons to be displaced away from the true epitope posiKon by the physical size of the label, as well 
as miKgate the reducKon of epitope accessibility due to steric hinderance. GeneKc tags may also provide 
a more robust relaKon between tokPAINT localizaKons and any underlying molecular distribuKon by 
enabling stoichiometric labeling of one docking strand per target protein. 
 

 
Figure 2 | QuanAtaAve nanoscale analysis of nuclear Pol II distribuAons via tokPAINT. a tokPAINT Pol II S5p image aZer removal 
of localiza'on clusters without repeated imager binding. Right: sum image of 1,004 smallest iden'fiable localiza'on clusters. The 
histograms below show the distribu'on of localiza'ons along the x and y axis (white arrows) and standard devia'on obtained by 
a Gaussian fit (red curve). b Top: tokPAINT control imaging of sample processed with the standard labeling protocol but leaving 
out both primary and secondary an'bodies. Bo\om: tokPAINT control imaging of sample processed with the standard staining 
protocol but leaving out primary an'body and incuba'ng secondary an'bodies only. Mean and standard devia'on of number of 
false posi've localiza'on clusters per nuclear area are given for both controls. c Top: Diffrac'on-limited indirect 
immunofluorescence image of cryosec'ons labeled for Pol II S5p (red) and DAPI (white). Bo\om: same as top, but cryosec'ons 
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were treated with phosphatase prior to immunostaining. d Schema'c of quan'ta've DNA-PAINT11 (qPAINT). Denser localiza'on 
clusters are most likely due to a higher local number of docking strand-labeled an'bodies N. The smallest iden'fiable localiza'on 
clusters within a data set are used as a calibra'on reference (black dashed circle) from which the average imager binding 
frequency is determined. Rela've coun'ng can be performed by comparing the binding frequency of each individual localiza'on 
cluster to the reference binding frequency (black arrows). Assuming the reference originated from single an'bodies, imager 
binding traces allow rela've coun'ng within a DNA-PAINT data set. Right: Coun'ng results for four independent tokPAINT 
experiments comparing indirect staining (primary/secondary an'body) vs. direct staining (primary an'body only). e tokPAINT 
image displayed in (a), re-rendered according to qPAINT coun'ng results: red (≥2), blue (<2). Scale bars, 5 µm in (a,e), 3 µm in 
(b,c) and 5 nm in sum image in (a). 
 

Resolu9on and kine9c enhancement translate to tokPAINT imaging in mouse 9ssues 
Encouraged by previous applicaKons of DNA-PAINT and even Exchange-PAINT to semi-thin (~350 nm) 
cryosecKons of Kssues26,27, we explored the applicaKon of tokPAINT to Kssue samples. Since the Tokuyasu 
method enables pinpoinKng of individual anKgens via Immunogold EM in both cell and Kssue samples33, 
we anKcipated that tokPAINT should perform equally well in both cells and Kssues. To test this, we 
prepared cryo-blocks from two mouse Kssue types (cerebellum and spleen) following established 
protocols64 (Methods) and processed cryosecKons for tokPAINT Kssue imaging of Pol II S5p. Figure 3a 
depicts super-resolved tokPAINT images of Pol II S5p within cerebellum and spleen cryosecKons. We 
measured only slightly reduced NeNA localizaKon precisions as compared to HeLa secKons (~4.5 nm vs. 
~3 nm, respecKvely). Analogously to previous HeLa tokPAINT data, we performed a range of center-of-
mass alignments to obtain averaged sum images, with decreasing minimum number of localizaKons per 
cluster to find the converging distribuKon width (Supplementary Fig. 9), indicaKng a slight decrease in 
resoluKon as compared to that of the HeLa data set, but nevertheless sufficient to detect DNA-conjugated 
anKbodies also within Kssue secKons (σ ≈4.5 nm and FWHM≈10.6 nm; Fig. 3b). As expected, the kineKc 
enhancement enabled by physical secKoning also translated to Kssue imaging: ~50 % of nuclear 
localizaKons could be assigned to localizaKon clusters that passed repeated binding criteria, confirming 
that Kssue data sets are also amenable to quanKtaKve analysis. Although nuclei within both Kssue types 
featured, on average, a similar number of localizaKon clusters per cell nucleus, we observed an increased 
heterogeneity within the spleen as compared to the cerebellum (Fig. 3c; 2x standard deviaKon). This 
finding, which was confirmed by comparing spaKal distribuKons of nearest neighbor distances and 
anKbody counKng (Fig. 3d-e), might reflect an intrinsic heterogeneity of nuclear organizaKon in spleen 
cells and/or a higher number of cell types within the spleen (Fig. 3d-e).  
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Figure 3 | ResoluAon and kineAc enhancement translate to tokPAINT Assue imaging. a Tissue blocks of mouse cerebellum and 
spleen were processed for Tokuyasu sec'oning and subsequently stained for Pol II S5p prior to imaging. Top: tokPAINT image of 
region of mouse cerebellum (NeNA localiza'on precision: 4.8 nm) and zoom-in to white box. Bo\om: tokPAINT image of a region 
of mouse spleen (NeNA localiza'on precision: 4.5 nm) and zoom-in to white box. b Comparison of center-of-mass aligned 
localiza'on clusters for cerebellum and spleen tokPAINT data sets (top and bo\om, respec'vely). The histograms show the 
distribu'on of localiza'ons along the x and y axis (white arrows) and give the standard devia'on obtained by a Gaussian fit (red 
curve). c Violin plot comparing number of Pol II S5p localiza'on clusters/µm2 between cerebellum and spleen. Grey line and 
shaded area show mean and standard devia'on, respec'vely, between both data sets. d Nearest-neighbor distance distribu'ons 
measured in tokPAINT images of mouse cerebellum and spleen. e qPAINT distribu'ons measured in tokPAINT images of mouse 
cerebellum and spleen. Scale bars, 10 µm in (a), 3 µm in zoom-ins in (a) and 5 nm in (b).  
 
Exchange-tokPAINT enables mul9plexed nuclear nanoscale imaging 
Next, we turned our aZenKon toward several proof-of-concept demonstraKons, showcasing the 
versaKlity of nuclear tokPAINT imaging with respect to mulKplexing. AdapKng the Exchange-PAINT 
principle13, we conjugated primary anKbodies targeKng the nuclear lamina (Lamin A/C) and nuclear 
speckles (SC3565), each with an orthogonal docking strand sequence in order to enable mulKplexed 
imaging by sequenKal exchange of the complementary imager strands for each imaging round (Fig. 4a). 
Exchange-PAINT has the advantage of being free of chromaKc aberraKons since all imaging rounds can be 
acquired in the same color channel13. Figure 4b shows a mulKplexed Exchange-tokPAINT image of Lamin 
A/C, Pol II S5p and SC35, sequenKally imaged and subsequently reconstructed using pseudo colors. Not 
only did sequenKal imaging enable us to perform quanKtaKve analysis for all three nuclear anKgens in 
parallel, it permiZed the spaKal probing of intermolecular relaKonships and features. Extended Data Fig. 3 
provides an overview on how mulKplexed tokPAINT data can aid the study of nuclear organizaKon. For 
example, we observed two peaks in the distribuKon of nearest neighbor distances for Lamin A/C, which 
allowed us to separate the signal into a nucleoplasmic and lamina-associaKon fracKon66,67. Measuring 
nearest neighbor distances between Pol II S5p and SC35 indicated a spaKal organizaKon of Pol II S5p 
around nuclear speckles with SC35 at their center, as previously observed with TSA-Seq68.  

Beyond mulKplexed protein imaging, a potenKally even more powerful aspect of cryosecKons is 
that the same secKons can be subject to both immunostaining and fluorescence in situ hybridizaKon39,69, 
enabling analyses of the interplay between targeted proteins and specific sequences of RNA and/or DNA. 
Here, we performed proof-of-principle tokPAINT imaging of α-tubulin in cryosecKons that had addiKonally 
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been labeled for telomeric repeats via in situ hybridizaKon (Fig. 4c). Similarly, hybridizaKon of a poly(dT) 
probes enabled us to perform tokPAINT imaging of mature mRNA (Fig. 4d).  

 

 
Figure 4 | Exchange-tokPAINT is compaAble with mulAplexed nuclear nanoscale imaging. a Schema'c of Exchange-tokPAINT 
targe'ng Lamin A/C, Pol II S5p and SC35. Primary an'bodies are conjugated with orthogonal docking strands (sequences a*, b* 
and c*) and sequen'ally imaged with imager strands a, b and c. Previous imager is washed out and subsequent imager is added 
between rounds of imaging. b Mul'plexed tokPAINT image reconstructed from three rounds of sequen'al imaging. c Combined 
imaging of protein and DNA using tokPAINT targe'ng of α-tubulin and telomere repeats via FISH. d tokPAINT imaging of mRNA 
via poly(dT) hybridiza'on probes. Scale bars, 3 µm in (b) and 5 µm in (c,d). 
 

3D tokPAINT imaging based on as9gma9sm  
tokPAINT data, previously generated through 2D imaging and, thus, resembling a two-dimensional 
projecKon of molecules within cryosecKons, could be significantly enhanced by accessing the axial 
dimension for a true interrogaKon of nanoscale organizaKon. To this end, we constructed a simple and 
affordable (~700$) custom addiKon to our commercial TIRF system that allowed us to insert a cylindrical 
lens in front of the camera for asKgmaKc 3D imaging70 (Supplementary Fig. 10). We first benchmarked 
our 3D imaging capability, again using surface-immobilized DNA origami with 20-nm docking strand 
spacing. Although the docking strand arrangement, itself, was in 2D, it nevertheless allowed us to 
determine the achievable axial resoluKon in z as well as assess whether asKgmaKsm would significantly 
reduce our lateral resoluKon. Figure 5a shows an averaged 3D DNA-PAINT sum image of (~450 origami), 
demonstraKng that individual docking strands could be laterally visualized at FWHMx,y≈8.5 nm 
(σx,y ≈3.6 nm), which was sufficient to resolve the 20-nm-spaced paZern (Fig. 5b). During the origami 
experiments, we observed that glass slides could be Klted with respect to the opKcal axis, as revealed 
when we colored localizaKons according to their axial posiKon (Fig. 5b). To account for this Klt, we 
performed a z-correcKon by fi|ng and subtracKng a 2D plane71 (Fig. 5b and Supplementary Fig. 11). Post 
Klt-correcKon, 3D DNA-PAINT imaging of DNA origami yielded an axial distribuKon of localizaKons at 
FWHMz≈20 nm (σz ≈8.5 nm), in line with the known ~2× axial resoluKon drop for asKgmaKc 3D SMLM70. 
An axial resoluKon of 20 nm would nevertheless allow us to determine disKnct axial posiKons of 
anKbodies within cryosecKons with a thickness of ~150 nm. 

These validaKons enabled us to move on to 3D tokPAINT imaging within cryosecKons of fixed HeLa 
cells, repeaKng sequenKal imaging of Lamin A/C, Pol II S5p and SC35 (Fig. 5c). The les image in Figure 5c 
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shows the super-resolved Pol II S5p image rendered with a range of colors according to the z-posiKon of 
each localizaKon over an axial range of 150 nm. It has been shown that, for unpermeabilized cryosecKons, 
anKbody labeling happens predominantly at both surfaces of secKons72. However, the permeabilizaKon 
step in our protocol ensured anKbody penetraKon throughout the secKons, as seen for both localizaKon 
clusters of all colors in the Pol II S5p image alone and the x-z projecKon of the mulKcolor Exchange-
tokPAINT image (Fig. 5c, les and right, respecKvely). Overall, our 3D tokPAINT results are in close 
agreement with the cryotome se|ng for a cu|ng thickness of 150 nm. Measuring the overall z-
distribuKons, we observed that while Lamin A/C and Pol II S5p labeling penetrated more homogeneously, 
SC35 exhibited stronger staining toward the top half of the secKon (Supplementary Fig. 12). This result 
reinforces the addiKonal benefit of using smaller labels such as nanobodies in the future.  
 

 
Figure 5 | AsAgmaAsm-based 3D tokPAINT enables axial anAbody mapping throughout cryosecAons. a Valida'on of cylindrical 
lens addi'on to a commercial TIRF system for 3D DNA-PAINT imaging. LeZ: As'gma'sm-based encoding of axial posi'on by 
reshaping the point spread func'on. Right: Sum DNA-PAINT 467 DNA origami with 20 nm docking strand pa\ern. b LeZ, top and 
middle: x and y line plot histograms across docking strand posi'on indicated by white dashed circle in (a). LeZ, bo\om: Axial 
distribu'on of z coordinates of DNA origami data set. The standard devia'on obtained by a Gaussian fit (red curve) is given above 
the histograms. Right: correc'on of axial sample 'lt affec'ng measured z-distribu'ons (red dashed curve in c). c LeZ: 3D tokPAINT 
of Pol II S5p. The color code indicates axial posi'on of an'body signal over a range of 150 nm. Right: 3D Exchange-tokPAINT image 
of Lamin A/C (green), Pol II S5p (blue) and SC35 (orange). Side view (x-z) of localiza'on clusters projected from white box. Scale 
bars, 5 µm in (b), 3 µm in (c) and 150 nm in zoom-in. 
 
Discussion 
Here, we explored the advantages of ultrathin cryosecKoning for intranuclear DNA-PAINT in an approach 
we termed tokPAINT. We found two major benefits compared to imaging intact fixed cells: leveraging 
ideal TIRF condiKons without range constraint regarding cellular targets and enhanced sample 
accessibility for improved imager binding. Applying tokPAINT imaging to highly abundant targets such as 
Pol II we achieved localizaKon precisions down to ~3 nm, enabling us to quanKtaKvely map anKbody signal 
throughout the nuclei of fixed cells and mouse Kssues. The de-crowding effect of ultrathin physical 
secKoning likely enabled pinpoinKng of individual anKbodies, which to our knowledge has for the first 
Kme been achieved with DNA-PAINT across the nuclei of fixed cells14,46–48 or Kssues. Of note, we expect 
the de-crowding effect of cryosecKons to be equally valuable for RESI17, a recent implementaKon of DNA-
PAINT reaching Ångstrom resoluKon, and for complementary nanoscopy technologies such as 
MINFLUX43,73,74, especially with respect to dense target structures. While Tokuyasu cryosecKoning has 
been successfully allowed subcellular localizaKon of individual anKgens by means of immunogold EM for 
decades, mulKplexing is pracKcally limited to 2-3 disKnguishable gold parKcle sizes. We showed how the 
mulKplexing capabiliKes of DNA-PAINT13 provide a route for straigh�orward combinatorial targeKng of 
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proteins and nucleic acids within the same secKons, with the potenKal for further advances stemming 
from recent studies demonstraKng up to 30-plexed imaging42,56. AsKgmaKsm-based axial encoding70 
granted us access to 3D tokPAINT imaging which, in conjucKon with computaKonal approaches75,76 and 
isotropic 3D imaging approaches44,77–79, could also be further improved. 

ComplemenKng tokPAINT and its applicaKon of TIRF illuminaKon for ultrathin secKons is the use 
of HILO microscopy in conjuncKon with fluorogenic imagers19 and/or repeKKve sequence designs45,80 to 
span the depths of whole cells and Kssue samples. For example, cellular targets such as membrane 
receptors, references standards such as nuclear pore complexes40 (NPCs), and large genomic regions49 
would all be challenging to image with DNA-PAINT within cryosecKons, unless coupled with serial 
secKoning and 3D reconstrucKon. This has been explored for cryosecKons81, but might be challenging to 
automate. tokPAINT could, however, be applied in conjuncKon with resins that preserve anKgenicity and 
promote serial processing, e.g., as used in Array Tomography82. The wealth of informaKon gained from 
super-resoluKon studies that are based on imaging of single nuclear ‘opKcal secKons’46,48,83–85 highlight 
the strong potenKal for studying nuclear architecture in single secKons alone.  

Genome funcKon and organizaKon is highly dynamic, which is why it is important to both 
understand and minimize potenKal arKfacts induced by slow acKng chemical fixaKons37,86. As 
fluorescence-based resoluKons are reaching the molecular level, sample fixaKon by high-pressure freezing 
followed by freeze subsKtuKon – a gold standard in EM – seems a promising route for capturing molecular 
organizaKon closer to the in vivo state87,88. Parallel sample preparaKon should furthermore enable 
straigh�orward implementaKons of tokPAINT for correlaKve light and electron microscopy89–92. With the 
rise of expansion microscopy93, it would be interesKng to apply tokPAINT to cryosecKons of previously 
expanded samples, which could have advantages, such as increasing epitope accessibility and reducing 
linkage errors94, but would require prior validaKon of preserving cellular integrity at the nanoscale.  

Finally, we note that all experiments within this study were performed on a 15-year old standard 
TIRF microscope, with only those experiments involving 3D imaging demanding a minor custom 
modificaKon. While cryosecKoning requires some skill and pracKce to avoid arKfacts during cu|ng and 
sample collecKon, its basics can be learned within a day of training, and it is a technique commonly offered 
in electron microscopy faciliKes. Together with available off-the-shelf reagents, open access sosware9, 
and compaKbility with standard inverted microscopes, joint work with EM faciliKes and experts proficient 
in sample preparaKon would provide valuable opportuniKes to the DNA-PAINT community. Decades of 
Immunogold EM have brought forward thousands of protocols opKmized for targets across all kingdoms 
of life – each posing an immediate starKng point for DNA-PAINT and its ever-growing quanKtaKve 
capabiliKes. Along these lines, we believe that the potenKal of tokPAINT extends far beyond studying 
nuclear organizaKon and will help drive DNA-PAINT toward becoming a rouKne tool for biological 
discovery. 
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Extended data 
 

 

 
Extended Data Fig. 1 | TIRF-based DNA-PAINT imaging of syntheAc DNA origami 20 nm grids. DNA-PAINT image of surface-
immobilized DNA origami featuring a pa\ern of docking strands at 20-nm spacing (’20 nm grids’9) acquired on our TIRF system. 
The leZ image displays an averaged sum image of 1,251 origami and the right image a random selec'on of 144 origami arranged 
in 12x12 square. The localiza'on precision for the data set is stated in the right image. Scale bars, 20 nm in leZ image and 200 
nm in right image. 
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Extended Data Fig. 2 | Pol II S5p correlaAon analysis DAPI vs. nearest neighbor distances. a. POL II S5p tokPAINT image including 
DAPI overlay (same as shown in Fig. 2a). The line profiles below the image show the POL II S5p and DAPI signal distribu'on across 
the white box indicated in the image. The box first crosses two DAPI-nega've regions without POL II S5p signal (presumably 
nucleoli) followed by a third DAPI-nega've region featuring high S5p signal. b Histogram of k-nearest-neighbor distances between 
POL II S5p localiza'on clusters. c To test the expected an'-correla'on between DAPI intensity (as a degree of chroma'n 
compactness) and S5p abundance, which is more associated with open chroma'n, we plo\ed k-nearest neighbor distances 
(k=1,3,5) vs. normalized DAPI intensity. As expected, localiza'on clusters with small k-nearest neighbor distances, indica'ng a 
high local abundance of the an'gen, are associated with DAPI weaker regions (k=5, Pearson’s R=0.24, p<6x10-68). The weak 
correla'on could be explained by nucleoli counterac'ng it with DAPI weak regions deprived of S5p. d Rendering of the image in 
a with colors indica'ng 3rd-nearest-neighbor distance. This visually confirms that DAPI-weak regions tend to feature higher local 
abundances of POL II S5p localiza'on clusters37,38. Scale bars, 3 µm. 
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Extended Data Fig. 3 | QuanAtaAve analysis of Exchange-tokPAINT: Lamin A/C, Pol II S5p, SC35. a Exchange-tokPAINT image of 
Lamin A/C, Pol II S5p and SC35 including DAPI image (same as in Fig. 4a), overlayed on the leZ and displayed individually on the 
right. b Histogram of qPAINT coun'ng results obtained for Lamin A/C, Pol II S5p and SC35. c Histogram of nearest neighbor 
distances measured individually for Lamin A/C, Pol II S5p and SC35. d Top: inspec'on of higher order nearest neighbor distance 
histograms revealed two peaks, indica'ng the lamina-associated frac'on and the nucleoplasmic frac'on of Lamin A/C, as 
confirmed when filtering for each peak (black dashed line) and visualizing the spa'al distribu'on in the images below. e 
Intermolecular nearest neighbor distance measurements between POL II and SC35. Although both an'gens are known to 
associate with nuclear speckles38, the peak around 500 nm indicates a spa'al segrega'on. Visualiza'on of only Pol II S5p and 
SC35 localiza'on clusters with a intermolecular distance <600 nm (black dashed line) in fact revealed a more centered 
organiza'on of SC35 in DAPI-nega've regions with S5p in the periphery, which has been similarly observed via genomics-based 
approaches68. Scale bars, 3 𝜇m in (a) and 1 𝜇m in zoom-in. 
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Online Methods 
 
Materials. Unmodified, dye-labeled, and modified DNA oligonucleotides were purchased from Integrated 
DNA Technologies, Metabion and Biomers. Unmodified oligos were purified via standard desalting and 
modified oligos via HPLC. DNA scaffold strands were purchased from Tilibit (p7249, identical to 
M13mp18). Sample chambers were ordered from Ibidi GmbH (8-well 80827 and 18-well 81817). Tris 1M 
pH 8.0 (AM9856), EDTA 0.5M pH 8.0 (AM9261), Magnesium 1M (AM9530G) and Sodium Chloride 5M 
(AM9759) were ordered from Ambion. Streptavidin (S-888) Ultrapure water (15568025), PBS (20012050), 
4',6-Diamidino-2-Phenylindole, Dihydrochloride (D1306) (A39255), BSA (AM2616) and TetraSpeck™ 
Microspheres 0.1 µm (T7279), DMEM (10569) and Dithiothreitol (DTT) were purchased from Thermo 
Fisher Scientific. BSA-Biotin (A8549), Tween-20 (P9416-50ML), Glycerol (cat. 65516-500ml), (+-)-6-
Hydroxy-2,5,7,8-tetra-methylchromane-2-carboxylic acid (Trolox) (238813-5G), methanol (32213-2.5L), 
3,4-dihydroxybenzoic acid (PCA) (37580-25G-F), protocatechuate 3,4-dioxygenase pseudomonas (PCD) 
(P8279-25UN), cell scrapers (CLS353085), Triton-X 100 (93443), Gelatin from cold fish skin (G7041-500G), 
Formamide (F9037), RNAse A (EN0531), Sodium Azide (S2002), HEPES (H4034-100G), FastAP Alkaline 
Phosphatase (EF0651), Methyl cellulose 25 CP (M6385-100G), Glycine (G8898), Sodium hydroxide (P3911-
1kg), methyl cellulose (M6385), dextran sulfate (D4911) 20xSSC buffer (S6639)and sucrose (S0389) was 
purchased from Sigma-Aldrich. 10% fetal bovine serum was purchased from Genesee Scientific (25-514). 
EM grade paraformaldehyde (FA) was purchased from Electron Microscopy Services (15714). 90 nm gold 
nanoparticles (G-90-20-10 OD10) were purchased from Cytodiagnostics. Primary anti-Lamin A/C 
antibodies (mouse, 34698) and anti a-tubulin (rabbit, 2125BF) were purchased from Cell Signaling (mouse, 
34698). Primary anti-Pol II CTD S5p antibodies (rabbit, ab5131), anti-Digoxigenin (mouse, ab420) and anti-
SC35 (mouse, ab11826) were purchased from Abcam. Secondary donkey anti-rabbit labeled with 
Alexa488 was purchased from Thermo Fisher Scientific (A21206). Secondary donkey anti-rabbit and (711-
005-152) and goat anti-mouse (115-005-003) were purchased from Jackson ImmunoResearch 
Laboratories. 0.5-mL Amino Ultra Centrifugal Filters with 50 kDa molecular weight cutoffs were purchased 
from Millipore (UFC5050). DBCO-sulfo-NHS ester cross-linker was purchased from Vector Laboratories 
(CCT-A124). Qubit Protein Assay (Q33211), NuPage 4-12% Bis-Tris protein gels (NP0323BOX), NuPage LDS 
Sample Buffer (NP0007) was purchased from Invitrogen. InstantBlue Coomassie Protein Stain was 
purchased from Abcam (ab119211). 
  
Buffers. Four buffers were used for sample preparation and imaging: Buffer A (10 mM Tris-HCl pH 7.5, 
100 mM NaCl); Buffer B (5 mM Tris-HCl pH 8.0, 10 mM MgCl2, 1 mM EDTA); Buffer C (1× PBS, 500 mM 
NaCl); 10x folding buffer (100 mM Tris,10 mM EDTA pH 8.0, 125 mM MgCl2). Buffers were checked for 
pH. Imaging buffers were supplemented with oxygen scavenging & triplet state quenching system 1× PCA, 
1× PCD, 1× Trolox prior to imaging.  
 
PCA, PCD, Trolox. 100× Trolox: 100 mg Trolox, 430 μL 100% Methanol, 345 μL 1 M NaOH in 3.2 mL H2O. 
40× PCA: 154 mg PCA was mixed with 10 mL water adjusted to pH 9.0 with NaOH. 100× PCD: 9.3 mg PCD, 
13.3 mL of buffer (100 mM Tris-HCl pH 8, 50 mM KCl, 1 mM EDTA, 50% glycerol). 
 
DNA origami design and assembly. DNA origami with 20-nm spaced docking strands (’20 nm grids’) were 
designed previously using the Picasso Design9 module. A list of all used DNA strands can be found in ref.95. 
Folding of structures was performed using the following components: single-stranded DNA scaffold 
(0.01 µM), core staples (0.1 µM), biotin staples (0.01 µM), extended staples for DNA-PAINT (each 1 µM), 
1x folding buffer in a total of 50 µl for each sample. Annealing was done by cooling the mixture from 80 °C 
to 25 °C in 3 hours in a thermocycler. Using a 1:1 ratio between scaffold and biotin staples allows sample 
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preparation without prior DNA origami purification, where otherwise free biotinylated staples would 
saturate the streptavidin surface and prevent origami immobilization on the glass surface. As docking 
strand sequence, we used a 20nt adapter motive12 (A20: AAGAAAGAAAAGAAGAAAAG), which allowed us 
to later hybridize any desired docking strand imaging to the origami via a stably-binding complementary 
adapter ‘cA20_DS’. The adapter motive is cA20: CTTTTCTTCTTTTCTTTCTT which is concatenated to the 
docking strand of choice DS (see Supplementary Table 2 for sequences). 
 
DNA origami sample preparation. Ibidi 8-well slides were prepared as follows. A 10 µl drop of biotin-
labeled bovine albumin (1 mg/ml, dissolved in buffer A) was placed at the chamber center and incubated 
for 2 min and aspirated. The chamber was then washed with 200 µl of buffer A, aspirated, and then a 10 
µl drop streptavidin (0.5 mg/ml, dissolved in buffer A) was placed at the chamber center and incubated 
for 2 min. After aspirating and washing with 200 µl of buffer A and subsequently with 200 µl of buffer B, 
a 10 µl of DNA origami (1:100-200 dilution in buffer B from folded stock) was placed at the chamber center 
and incubated for 5 min. Next, the chamber was washed with 200 µl of Buffer B and docking strand 
adapters hybridizing to the DNA origami were added at 100 nM in Buffer B, incubated for 5 min and 
washed with 200 µl Buffer B. Finally, Buffer C and imager strand was added for DNA-PAINT imaging.  
 
Conjugation of antibodies with docking strands. DNA-antibody conjugations were performed in 0.5-mL 
Amino Ultra Centrifugal Filters with 50 kDa molecular weight cutoffs with DBCO-sulfo-NHS ester cross-
linker, which was dissolved at 20 mM DMSO and stored in single-use aliquots at -80° C. This cross-linker 
links azide-functionalized DNA oligonucleotides to surface-exposed lysine residues. Azide-functionalized 
DNA oligonucleotides were stored in 1 mM deionized water. Critically, all antibodies were ordered carrier-
free, as common preservatives such as bovine serum albumin and sodium azide interfere with the 
conjugation reaction. First, 500 µL PBS was added to the Amicon filters, which were centrifuged for 5 min 
at 10,000 rcf. After wetting the filters, 25 µg antibody was added and washed twice with PBS. For each 
wash, PBS was added to a total volume of 500 µL, and the filters were centrifuged for 5 min at 10,000 rcf. 
If after the second spin, the total volume remaining in each filter was greater than 100 µL, the filters were 
centrifuged again for 5 min at 10,000 rcf. After the second PBS wash, a 20-fold molar excess of DBCO-
sulfo-NHS ester cross-linker and a 20-fold molar excess of DNA oligonucleotide were added, and after 
gentle mixing, each conjugation reaction was incubated in the dark at 4° C overnight. The following day, 
conjugated antibodies were washed three times with PBS, as described above. To elute the antibody, the 
filter was inverted in a fresh tube and centrifuged for 2 min at 1,500 rcf. The conjugated antibody was 
transferred to a clean tube, and concentrations were measured using the Qubit Protein Assay. DNA-
antibody conjugation was confirmed by comparing unconjugated and conjugated antibodies on NuPage 
4-12% Bis-Tris protein gels. For each sample, 0.5 µg total protein was added to NuPage LDS Sample Buffer 
and 50 mM DTT. Protein was denatured at 80° C for 10 min. Gels were run at 75 V for 5 min, then at 180 V 
for 60 min. Gels were stained with InstantBlue Coomassie Protein Stain for 15 minutes at room 
temperature, rinsed with water, and imaged on a Sapphire Biomolecular Imager (Azure Biosystems). 
 
Tissues. Mouse tissue was obtained from naïve control mice meeting experimental endpoint on an 
approved Harvard Medical School/Longwood Medical Area IACUC protocol. 
  
Cell culture and plating. HeLa cells were maintained in DMEM supplemented with 10% fetal bovine serum 
at 37 °C with 5% CO2 and were checked regularly for mycoplasma contamination. For imaging of whole 
HeLa cells, ~16K cells were seeded in each well of an Ibidi 18-well chamber, placed in the incubator 
overnight and fixed the following day. For preparation of cell pellets for cryosectioning, ~1 million cells 
were seeded in 10-cm dishes and placed in the incubator until reaching 70 % confluency. 
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HeLa cell preparation for cryosectioning. HeLa cells were processed according to previously published 
protocols64. In brief, HeLa cells were grown in 10 cm Petri dishes and once reaching 70 % confluence, were 
fixed in 4% FA 250 mM HEPES, pH 7.6 for 10 min. Fixative was decanted and cells further fixed with 8% FA 
in 250 mM HEPES, pH 7.6 for a total of 2h at 4°C. During fixation, cells were gently scraped off the surface 
unidirectionally using cell scrapers previously soaked in fixative to avoid sticking. Detached cell suspension 
was transferred into a 1.5 mL hydrophobic Eppendorf tube and centrifuged at increasing speeds to form 
a pellet of fixed cells: 300 × g, 5 min; 500 × g, 2 min; 1,000 × g, 2 min; 2,000 × g, 2 min; 4,000 × g. At this 
point, the pellet could be resuspended in 1% FA in 250 mM HEPES, pH 7.6 and stored overnight at 4°C. 
Next, the pellet was transferred between several drops of 2.1 M sucrose drops to wash away residual 
fixative and infiltrated 2-4h in 2.1 M sucrose (sucrose acts as cryoprotectant to prevent structural damage 
during freezing. The pellet becomes transparent). Next, the infiltrated pellet was transferred to a metal 
pin, residual sucrose carefully removed using filter paper and the pellet shaped into a cone under a 
dissecting light microscope and using forceps. Finally, the cell pellet was frozen by immersion into liquid 
nitrogen and was stored indefinitely in liquid nitrogen tanks. We would like to also highlight alternative 
protocols based on gelatin embedding, which can improve probe handling as discussed in a recent 
review33.  
 
Tissue preparation for cryosectioning. Mouse cerebellum and spleen were sectioned into 1-2 mm cubes 
and incubated consecutively in 4% FA 250 mM HEPES, pH 7.6, in 8% PFA in HEPES for 2 hours at 4°C, and 
in 1% PFA in HEPES overnight at 4°C. Tissue cubes were then embedded in 7.5% gelatin, 10% Sucrose in 
PBS (gelatin-sucrose solution was prepared at 70°C and stored in 10mL aliquots at -20°C). Pellets were 
infiltrated in liquid gelaKn-sucrose for 30 minutes at 37°C and subsequently solidified at 4°C. Then, the gel 
block was removed from the tube, the Kssue block cut out as 1mm blocks and transferred into 2.1 M 
sucrose in PBS for 4h. Lastly, sucrose-infiltrated Kssue blocks were placed on metal pins, residual sucrose 
carefully removed using filter paper, frozen by immersion into liquid nitrogen and stored indefinitely in 
liquid nitrogen tanks.  
 
Tokuyasu cryosectioning. All Tokuyasu cryosectioning was performed at the Harvard Electron Microscopy 
Core using a Leica EM UC7 Ultramicrotome equipped with a FC7 cryo-chamber. Frozen cell/tissue samples 
were cut at a temperature of -110°C and at a ~150 nm section thickness using a diamond knife (Diatome). 
Lastly, sections were collected using drops a freshly prepared 1:1 mixture of 2.1 M sucrose in PBS and 2% 
methyl cellulose in water and transferred onto Ibidi 8-well chambers for tokPAINT imaging, that had 
previously been glow discharged (EMS100x, 2min at 40mA). Sectioned samples can be stored at -20°C for 
months. 
 
TEM imaging. For transmission electron microscopy imaging, cryosections were placed on formvar-coated 
grids, washed, and contrasted using methyl cellulose/uranyl acetate. TEM imaging was performed at the 
Harvard Electron Microscopy Core on a JEOL 1200EX TEM. 
 
Labeling of cryosections for tokPAINT. 8-well chambers containing cryosections were thawed and washed 
3× in PBS under agitation for 10min for sucrose removal and quenched with 100mM glycine in 100mM 
HEPES for 15min. Next, cryosections were permeabilized in 0.3% Triton-X 100 in PBS for 5min, rinsed 3× 
in PBS and ready for subsequent labeling. Note, that Tokuyasu immunogold protocols vary regarding 
antibody incubation times. A general rule of thumb is using high antibody concentrations and short 
incubation times, rather than low concentrations for extended incubations96. Hence, we chose relatively 
high antibody dilutions (1:50-200) and could even observe strong antibody signal for incubations as short 
as 5min. For a systematic investigation, antibody titration series can be advised. For our proof-of-concept 
study we applied varying blocking and/or labeling conditions, which are listed in Supplementary Table 1 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 5, 2024. ; https://doi.org/10.1101/2024.02.05.576943doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.05.576943
http://creativecommons.org/licenses/by-nc-nd/4.0/


for all experiments with respect to blocking buffer as well as both antibody dilution and incubation times. 
The blocking buffer was used for both antibody incubations and as a washing solution in between labeling 
in case of indirect primary and secondary antibody labeling. After antibody incubation, cryosections were 
washed 3× in PBS, stained with 30 nM DAPI in PBS for 3min and washed again with PBS. Lastly, Buffer C 
and imager was added for tokPAINT imaging. Note that DAPI staining could faint for several rounds of 
washing, especially for Exchange-PAINT experiments. However, staining could be simply recovered by 
performing another round of DAPI staining at the same concentration as stated above.  
Phosphatase control (Fig. 2c). Two cryosection samples were processed as previously described until the 
blocking step, at which they were placed for 1h at 37°C and one incubating with alkaline phosphatase to 
remove phosphorylation site S5p as target antigen38. After washing 3× in PBS, normal blocking and indirect 
immunostaining was performed using a fluorescently-labeled secondary antibody.  
Combined a-tubulin and telomere imaging (Fig. 4c). Cryosections were labeled for a-tubulin using primary 
antibody + secondary antibody incubation and postfixed with 4% FA in PBS for 10min followed by a 10min 
glycine quenching step. Next, the samples were washed with PBS, and incubated with 100-fold diluted 
RNase A/T1 Mix in 1× PBS at 37 °C for 1 h. Samples were washed 3× in PBS, rinsed and incubated with 50% 
formamide in 2× SSC for 15min. Next, the sample was placed on a heat block at 90 °C for 4.5 min in 50% 
formamide in 2× SSC. A 20nt FISH probe against telomeric repeat (AACCCTAACCCTAACCCTAA 
-A488) was added at 1 µm concentration in 20% formamide, 10% dextran sulfate and 4× SSC and 
incubated overnight at 37°C for hybridization. Lastly, the sample was washed 2× with 20% formamide 2× 
SSC, rinsed with PBS, and 30 nM DAPI in PBS for 3min was added. After a final wash in PBS, Buffer C was 
added and imager for tokPAINT imaging. mRNA imaging via poly(dT) probes (Fig. 4d). Cryosections were 
treated as described until the blocking step, followed by a 10min wash in 4x SSC. Next, 40nt poly(dT) probe 
modified with digoxigenin were added in 20% hybridization buffer (20% ethylene carbonate, 10% dextran 
sulfate and 4× SSC) buffer at 37 °C overnight in a humidity chamber. The next day, the sample was washed 
2× with 20% EC 2xSSCT for 15min, followed by three rinses with 4× SSC. The sample was then blocked 
with 1% gelatin in PBS for 10min and subsequently subject to indirect immunostaining as described in 
Supplementary Table 1. After final washes, Buffer C and imager was added for tokPAINT imaging.  

Fixation and labeling of whole HeLa cells. 24h after seeding HeLa cells in Ibidi 18-well chambers, cells 
were fixed using 4% FA 250 mM HEPES, pH 7.6 for 20min. Next, samples were washed 4× in PBS (30s, 60s, 
2×5 min) and both blocked and permeabilized in 3% BSA and 0.25% Triton X-100 in PBS at room 
temperature for 90 min. Primary rabbit anti-POL II S5p antibody was added at 1:100 in 3% BSA and 0.1% 
Triton-X 100 in PBS and incubated overnight at 4 °C. The next morning, samples were washed 4x washes 
in PBS (30s, 60s, 2× 5min) and DNA-conjugated secondary antibody (1:100) was added at 1:100 in 3% BSA 
and 0.1% Triton-X 100 in PBCS and incubated for 1h at room temperature. Samples were quickly washed 
3× in PBS, incubated with gold particles as fiducial markers (1:20 in PBS) for 5 min, washed again 2× in PBS 
before adding Buffer C and imager for DNA-PAINT imaging.  

Super-resolution microscopy setup. TIRF and HILO imaging was carried out at MicRoN Imaging Core at 
Harvard Medical School on a Nikon Ti inverted microscope equipped with a Nikon Ti-TIRF-EM Motorized 
Illuminator, a Nikon LUN-F Laser Launch with single fiber output (488nm, 90mW;561 nm, 70mW; 640nm, 
65mW) and a Lumencore SpectraX LED Illumination unit. The objective-type TIRF system with an oil-
immersion objective (Apo TIRF 100×/1.49 DIC N2). DNA-PAINT experiments were performed using the 560 
nm laser line and fluorescence emission was passed through a Chroma ZT 405/488/561/640 multi-band 
pass dichroic mirror mounted on a Nikon TIRF filter cube located in the filter cube turret and a Chroma ET 
595/50m band pass emission filter located on a Sutter emission filter wheel within the infinity space of 
the stand before image recording on a line on a sCMOS camera (Andor, Zyla 4.2) mounted to a standard 
Nikon camera port. For astigmatism-based 3D imaging, the C-mount side port of the microscope body was 
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replaced by a custom-built construction allowing to insert a cylindrical lens in front of the camera 
(description including component list in Supplementary Fig. 10). 
  
Imaging conditions. All fluorescence microscopy data was recorded with the sCMOS camera (2048 × 2048 
pixels, pixel size: 6.5 µm). Both microscope and camera were operated with the Nikon Elements software 
at 2×2 binning and cropped to the center 512 × 512 pixel field-of-view. The camera read out rate was set 
to 200 MHz and the dynamic range to 16 bit. For detailed imaging parameters specific to the data 
presented in all main and supplementary figures refer to Supplementary Table 1. 
  
Image analysis. Please refer to Supplementary Fig. 2 and Supplementary Fig. 4 for a detailed step-by-
step illustration through all processing steps of super-resolution reconstruction. All DNA-PAINT/tokPAINT 
imaging data was processed and reconstructed using the Picasso9 software suite, Fiji97,98 and custom, 
previously-published Python modules12,99.  
 
 
Data availability 
All data are available in the main text or the supplementary materials, and materials are available upon 
request. 
  
 
Code availability 
Super-resolution reconstruction was performed using the Picasso9 suite developed by the Jungmann lab: 
https://github.com/jungmannlab/picasso. Previously-published custom Python packages employed in 
this study are available in public repositories: https://github.com/schwille-paint/picasso_addon and 
https://github.com/schwille-paint/lbFCS2. Additional custom code will be made available via github.com 
prior to publication. 
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