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Significance

 Visualizing the spatial 
organization of biomolecules can 
advance our understanding of 
cellular function, yet achieving 
nanoscale resolution across 
diverse targets and samples 
remains challenging. This paper 
presents tomographic and 
kinetically enhanced DNA-points 
accumulation for imaging in 
nanoscale topography (tkPAINT), 
a fluorescence microscopy 
approach suited for single-protein 
imaging and relative molecular 
counting of specifically labeled 
targets—for example, through 
immunolabeling—in cells and 
tissues. By optimizing the 
integration of physical sectioning 
with DNA-points accumulation for 
imaging in nanoscale topography 
(DNA-PAINT) super-resolution 
microscopy, tkPAINT maximizes 
imaging precision, structural 
integrity, and molecular 
accessibility. This approach 
enables detailed studies of 
biomolecular organization and 
interactions and expands the 
capabilities of fluorescence 
microscopy in cell biology and 
biomedical research.
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DNA-points accumulation for imaging in nanoscale topography (DNA-PAINT) enables
nanoscale imaging with virtually unlimited multiplexing and molecular counting. Here, we 
address challenges, such as variable imaging performance and target accessibility, that can 
limit its broader applicability. Specifically, we enhance its capacity for robust single-protein
imaging and molecular counting by optimizing the integration of total internal reflection 
fluorescence microscopy with physical sectioning, in particular, Tokuyasu cryosectioning. 
Our method, tomographic and kinetically enhanced DNA-PAINT (tkPAINT), achieves 3
nm localization precision across diverse samples, enhanced imager binding, and improved 
cellular integrity. tkPAINT can facilitate molecular counting with DNA-PAINT inside
the nucleus, as demonstrated through its quantification of the in situ abundance of RNA 
Polymerase II in both HeLa cells as well as mouse tissues. Anticipating that tkPAINT 
could become a versatile tool for the exploration of biomolecular organization and inter-
actions across cells and tissues, we also demonstrate its capacity to support multiplexing, 
multimodal targeting of proteins and nucleic acids, and three-dimensional (3D) imaging.

super-resolution microscopy | DNA-PAINT | single-molecule localization microscopy | 
nuclear organization | TIRF

 Spatial omics technologies are advancing our understanding of the molecular principles 
that govern cellular function and organization ( 1   – 3 ). By integrating molecular composition 
with spatial context, these approaches illuminate how biomolecules organize within cells 
and tissues. Super-resolution microscopy has expanded these capabilities, enabling visu-
alization of biomolecules at sub-20 nm resolution ( 4     – 7 ). DNA-points accumulation for 
imaging in nanoscale topography (DNA-PAINT) is a single-molecule localization micros-
copy (SMLM) technique that achieves super-resolution imaging via transient binding of 
dye-labeled “imager” oligonucleotides to complementary “docking strands” attached to 
the target molecules ( 8 ). DNA-PAINT enables straightforward sequential multiplexing 
of up to 30 targets ( 9   – 11 ), single-protein resolution ( 12   – 14 ), and molecular counting 
( 15 ,  16 ), establishing it as a powerful tool for spatial biology.

 The potential of DNA-PAINT relies on sample preparations that ensure accessibility 
to a wide range of targets while retaining cellular ultrastructure. Indeed, challenges such 
as fixation-induced redistribution of target molecules, antibody-induced clustering, or 
target loss during permeabilization can affect nanoscale imaging outcomes ( 17       – 21 ). 
Additionally, the imaging performance of DNA-PAINT varies across sample types, molec-
ular targets, and microscopy modalities ( 8 ,  22 ,  23 ). For instance, while Total Internal 
Reflection Fluorescence ( 24 ) (TIRF) microscopy offers the highest resolution for 
single-protein imaging with DNA-PAINT ( 12 ,  14 ), its axial range (~200 nm) restricts 
imaging to targets near the cover glass. Most cellular targets, however, elude the accessible 
TIRF range and thus require alternative imaging conditions, reducing resolution ( 8 ,  22 , 
 23 ) and limiting its ability for counting ( 12 ,  13 ,  25     – 28 ).

 Physical sectioning offers compelling solutions to these challenges ( 29     – 32 ), enabling 
TIRF-based SMLM imaging of cell regions otherwise inaccessible ( 33 ) while ensuring high 
target accessibility and structural integrity ( 34 ,  35 ). Despite implementations with SMLM 
across diverse samples ( 33 ,  36       – 40 ), sectioning has thus far only been used for DNA-PAINT 
imaging of tissues ( 41       – 45 ), where it is a routine step. For instance, Tokuyasu cryosectioning 
( 46 )—known for its superior ultrastructure preservation and antigenicity compared to resin 
sectioning ( 35 )—was recently adopted for DNA-PAINT ( 47 ,  48 ), achieving 4 nm localization 
precisions using TIRF and multiplexing via Exchange-PAINT ( 9 ) on ~350 nm rat brain 
cryosections without permeabilization. Additionally, DNA-PAINT imaging of ultrathin resin 
sections has enabled volumetric reconstructions from sequential sections, as shown in 
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Alzheimer’s brain tissues ( 45 ). These studies provide compelling rea-
sons to maximize the potential of physical sectioning for DNA-PAINT. 
Key questions remain regarding how physical sectioning can generally 
improve performance and applicability of DNA-PAINT, particularly 
in nontissue samples such as cultured cells that do not inherently 
require sectioning prior to imaging. Additionally, physical sectioning 
could be used as a tool to enhance imager binding statistics, enabling 
to count molecules where this is otherwise challenging to achieve.

 Here, we present “tomographic and kinetically enhanced 
DNA-PAINT” (tkPAINT), a workflow that leverages physical sec-
tioning to align sample volume with TIRF illumination, thereby 
greatly enhancing resolution and imager binding for robust 
single-protein imaging and counting. Adopting a Tokuyasu proto-
col for targeting RNA Polymerase II (Pol II) in HeLa cells ( 49 ), we 
demonstrate the potential of physical sectioning for intranuclear 
DNA-PAINT imaging ( 22 ,  50       – 54 ) ( Fig. 1A  ), obtaining localiza-
tion precisions down to 3 nm while preserving cellular ultrastruc-
ture. We show that reducing section thickness can enhance imager 
binding statistics, with up to 80% of localizations attributed to Pol 
II signal in ~150 nm cryosections. This enabled us to perform 

relative molecular counting of immunolabeled targets with 
DNA-PAINT inside the nucleus. Using qPAINT ( 15 ) (quantitative 
DNA-PAINT), we count antibodies within nanoscopic Pol II clus-
ters and quantify their nuclear abundance. Extending tkPAINT to 
mouse tissues, we demonstrate its ability to deliver consistent con-
ditions for single-protein imaging and counting across sample types 
while revealing cell- and tissue-specific heterogeneities in Pol II 
organization ( 55 ,  56 ). The versatility of tkPAINT is further high-
lighted through multiplexing, multimodal imaging of proteins and 
nucleic acids as well as 3D imaging using astigmatism. While this 
work pushes the capabilities of DNA-PAINT for spatial biology in 
single sections, we anticipate integrations of tkPAINT with 
well-established serial sectioning approaches ( 36 ,  39 ,  45 ,  57 ) to 
reconstruct larger sample volumes and entire nuclei.         

Results

TIRF-Based DNA-PAINT throughout Ultrastructure-Preserved
Cells Enhances Resolution and Binding Kinetics. To develop 
tkPAINT, we chose to target the largest subunit of Pol II, Rpb1, 
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Fig. 1.   tkPAINT enables TIRF-based DNA-PAINT imaging of intranuclear targets and enhanced imager binding. (A) tkPAINT schematic. Ultrathin cryosectioning 
enables nuclear DNA-PAINT imaging under TIRF conditions. (B) Immunolabeling of Pol II CTD Serine-5 phosphorylation (S5p) for DNA-PAINT imaging via docking 
strand-conjugated secondary antibodies. (C) HILO DNA-PAINT image of Pol II S5p within whole HeLa cell. Time traces of imager binding and corresponding 
number of localizations are shown for the three regions indicated by yellow circles, demonstrating low per-molecule binding since imager binding events are 
shared between a high number of labeled target molecules within the imaged volume (green circles, top schematic; gray target molecules inaccessible to 
antibody labeling remain unseen). (D) tkPAINT image of Pol II S5p. The Inset shows the same cell imaged in the DAPI channel. Time traces of imager binding and 
number of localizations are shown for three regions indicated by yellow circles, demonstrating high per-molecule binding. Imager binding events are shared 
between a low number of imaged target molecules within the imaged volume (green circles, top schematic). Scale bars, 5 µm in (C and D), 400 nm in zoom-ins.
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a highly abundant nuclear protein. We focused, in particular, on 
its C-terminal domain (CTD), which features 52 heptad repeats 
of the consensus motif YSPTSPS, the residues of which are 
posttranslationally modified during transcription and are involved 
in promoting cotranscriptional RNA splicing (58) (Fig. 1B). Using 
a primary antibody against hyperphosphorylated Serine-5 of the 
CTD (S5p), we then leveraged previously optimized protocols for 
diffraction-limited nuclear imaging within Tokuyasu cryosections 
under ultrastructure-preserving conditions (59) (SI  Appendix, 
Fig. S1). If not stated otherwise, we refer to ultrathin cryosections 
of ~150 nm thickness as “cryosections,” which were used for most 
tkPAINT experiments presented in this work.

 We labeled whole HeLa cells as well as cryosections of fixed 
HeLa cells with both primary antibodies and oligo-conjugated 
secondary antibodies designed for two-dimensional (2D) 
DNA-PAINT imaging using both a classical imager ( 8 ) (P1) and 
speed-optimized imager ( 60 ) (R4) which enables faster imaging 
at reduced imager concentrations and hence reduced fluorescence 
background (Materials and Methods ). Whole cells were then 
imaged using DNA-PAINT with HILO illumination, while for 
tkPAINT, cryosections were imaged using TIRF illumination with 
the incidence angle set just above the critical angle, allowing suf-
ficient illumination throughout the section depth of 150 nm, 
preventing loss of single-molecule signals. For HILO imaging we 
increased imager concentrations by twofold to fourfold compared 
to tkPAINT, due to bleaching of diffusing imagers within the 
excited HILO volume, reducing the effective imager concentra-
tion. At least three datasets were acquired per condition. Duration 
of data acquisition was kept identical for both HILO DNA-PAINT 
and tkPAINT imaging, and imager concentrations were adjusted 
individually in each experiment to ensure sparse single-molecule 
blinking required for obtaining localizations from individual flu-
orescent molecules ( 6 ) (Materials and Methods ).

  Fig. 1 C  and D   depict the reconstructed super-resolution images 
obtained via HILO DNA-PAINT and tkPAINT, respectively. 
Overall, localizations appeared less clustered and more widely 
distributed in the HILO DNA-PAINT image presumably due to 
the larger imaging volume crowded with antibodies and to lower 
resolution. TIRF illumination in tkPAINT led to up to 10× higher 
signal-to-noise ratio, as compared to HILO (SI Appendix, Fig. S2 ), 
translating to an almost threefold improvement in localization 
precision, down to ~3 nm as compared to ~8.3 nm in HILO 
DNA-PAINT [determined via Nearest Neighbor Analysis ( 61 ), 
NeNA; SI Appendix, Fig. S2 ]. R4 enabled HILO imaging at 10× 
lower imager concentration compared to P1, increasing the 
signal-to-noise ratio by more than fourfold. However, this did not 
translate to an improvement in localization precision (8.1 nm vs. 
8.3 nm, respectively; SI Appendix, Fig. S2 ), indicating that back-
ground fluorescence from diffusing imagers had negligible influ-
ence on localization precision. To confirm this, we used fluorogenic 
imager strands ( 11 ,  62 ) for HILO imaging, which suppress both 
fluorescence and photobleaching during diffusion, again achieving 
localization precisions of ~8 nm (SI Appendix, Fig. S3 ). The 
improved localization precision in tkPAINT thus likely arises from 
the smaller imaging volume itself, reducing sample autofluores-
cence and out-of-focus imager binding. Furthermore, single- 
molecule fluorescence events occur close to the cover glass, and 
thus, emitted photons travel a minimal distance through the cell’s 
heterogeneous refractive index. In contrast, emitters located deeper 
within whole cells, as in HILO, are more prone to optical aber-
rations and scattering which can reduce the localization preci-
sion ( 22 ).

 As a reference, we performed in vitro DNA-PAINT imaging of 
surface-immobilized DNA origami ( 63 ) structures that featured a 

docking strand pattern with 20 nm spacing ( 8 ) using TIRF. This 
resulted in a localization precision of 2.8 nm (SI Appendix, Fig. S4 ), 
demonstrating that tkPAINT can translate the resolution achiev-
able with TIRF under in vitro conditions to the nuclei of fixed cells.

 Efficient nuclear antibody staining in whole cells typically 
requires strong permeabilization ( 19 ), which can disrupt cellular 
ultrastructure, particularly in the cytoplasm ( 18 ) (SI Appendix, 
Fig. S5 ). This disruption limits the applicability of multiplexed 
DNA-PAINT imaging for detergent-sensitive cytoplasmic targets, 
such as lysosomes ( 64 ), alongside nuclear antigens. By enabling 
intracellular access through sectioning, omitting permeabilization, 
tkPAINT overcomes this limitation. We demonstrated simulta-
neous imaging of lysosome-associated membrane protein 1 
(LAMP1) and RNA Polymerase II (Pol II) at sub-3 nm localization 
precision while preserving cellular ultrastructure, as validated by 
immunogold electron microscopy (SI Appendix, Fig. S5 ). In the 
nucleus, permeabilization did not lead to noticeable ultrastructural 
perturbation and can be used to enhance antigen accessibility 
throughout cryosections ( 65 ) (SI Appendix, Figs. S1 and S6 ).

 In addition to enhancing resolution and enabling cell-wide 
ultrastructural access, ultrathin sectioning inherently improves the 
kinetic sampling of target molecules. The reduced imaged volume 
allows higher per-molecule imager-binding frequency while still 
ensuring isolated single-molecule fluorescence events required for 
accurate localization (SI Appendix, Fig. S7A﻿ ). In fact, inspecting 
individual clouds of localizations in both datasets indicated sig-
nificantly higher imager binding frequencies as well as number of 
localizations with tkPAINT as compared to HILO DNA-PAINT 
(yellow circles and Insets ,  Fig. 1 C  and D  , respectively). To confirm 
this, we globally analyzed both datasets by dividing them into five 
equal temporal segments and assigning unique colors to each seg-
ment (e.g., red for the first segment, blue for the last; total imaging 
time ~17 min; SI Appendix, Fig. S7B﻿ ). The highly colored HILO 
image indicated most target molecules experienced only imager 
binding events during one of the time segments. In contrast, the 
tkPAINT image appeared predominantly white, reflecting fre-
quent revisits of imagers to target molecules. The reduction in 
imaging volume with tkPAINT effectively enhances imager-binding 
statistics, a crucial factor in DNA-PAINT for both single-molecule 
profiling at high fidelity and molecular counting, as explained in 
the following section.  

tkPAINT Enables Nuclear Imaging of Pol II at Single-Antibody
Resolution and Molecular Counting. The repetitive binding 
of imagers in DNA-PAINT is a critical advantage for single-
protein imaging, enabling the exclusion of localizations caused 
by nonrepetitive imager sticking (13, 66, 67). This is typically 
accomplished by employing clustering algorithms to identify 
accumulations of localizations, referred to as “localization clouds,” 
which originate from docking strand-conjugated labels. The 
kinetic fingerprint of each localization cloud is then analyzed to 
determine whether it exhibits repetitive binding. Fig. 2A outlines 
this two-step analysis approach similar to the one by Fischer 
et al. (13), i) applying the clustering algorithm DBSCAN (68) to 
detect localization clouds and ii) using a kinetic filter to exclude 
clouds that lack repetitive binding and are likely attributable to 
nonspecific imager sticking (for a detailed description of DBSCAN 
clustering and kinetic filtering, see SI Appendix, Fig. S8).

 For the tkPAINT datasets imaged with speed-optimized imager 
R4, over 80% of nuclear localizations were identified as repetitive 
localization clouds, demonstrating efficient and targeted imaging 
( Fig. 2B  ). In comparison, classic imager P1 yielded a postfiltering 
rate of 60%, consistent with the expected benefits of speed-optimized 
imagers ( 60 ,  69 ). Since multiple secondary antibodies can bind to 
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a single primary antibody, this may amplify imager binding at 
individual target epitopes. To assess this, we repeated tkPAINT 
imaging using R4-conjugated secondary nanobodies, which limit 
the number of docking strands to a maximum of two per primary 
antibody. We indeed observed a minor reduction compared to 
R4-labeled secondary antibodies, however, still providing an excel-
lent postfiltering localization yield of ~70%.

 However, repeated imager binding on its own is not necessarily 
indicative of specificity since intrinsic cellular features could poten-
tially also lead to repeated binding. Furthermore, secondary labels 
could nonspecifically bind and thus position docking strands within 
the sample. To estimate the impact of false-positive localization 
clouds, we performed a set of negative controls under conditions 
identical to that of previous tkPAINT acquisitions, but on cryo-
sections that were incubated only with secondary antibody/nano-
body and no primary antibody ( Fig. 2C  ). For all tkPAINT imaging 
conditions, we found a negligible contribution (~1%) of 
false-positive localization clouds in both cases as compared to 
tkPAINT experiments labeled with both primary and secondary 
antibody/nanobody ( Fig. 2C   and SI Appendix, Fig. S9 ). Increasing 
section thickness led to higher localization cloud densities but also 
mislocalizations due to simultaneously bound imagers, while, as 
expected, both localization precision and kinetic enhancement 
diminished (SI Appendix, Fig. S10 ). Thinner cryosections (~80 nm) 
as used in our immunogold electron microscopy experiments 

(SI Appendix, Fig. S5 ) yielded sparse antibody signal and required 
delicate handling, making 150 nm our default thickness for 
tkPAINT. Finally, we tested the specificity of the primary antibody 
against Pol II S5p by treating cryosections with phosphatase in order 
to neutralize phosphorylation sites prior to staining for indirect 
immunofluorescence ( 59 ). Reassuringly, this led to a threefold sig-
nal loss ( Fig. 2D  ).

 The sparse distribution of localization clouds after kinetic filter-
ing in tkPAINT ( Fig. 2A  ) was reminiscent of immunogold exper-
iments in which antibodies labeled with gold nanoparticles 
(diameters ~5 to 15 nm) permit antigens to be detected in cryo-
sections by TEM at the level of single antibodies ( 35 ). To determine 
whether the resolution possible through tkPAINT would enable 
single antibodies to be visualized, we performed a range of 
center-of-mass alignments to obtain averaged sum images for a 
decreasing minimum number of localizations per cloud 
(SI Appendix, Fig. S11 ). We found that localizations in sum images 
were approximately Gaussian distributed with their SD converging 
to a minimum. In other words, further reduction of localizations 
per cloud did not reduce the localization spread.  Fig. 2E   displays a 
convergent sum image with a SD (σ﻿min ) of ~3.9 nm and a full width 
at half maximum of ~9 nm (FWHM ≈ 2.355×σ﻿min ), indicating 
that localizations likely accumulated from individual antibodies, 
whose physical size is ~10 nm ( 70 ). Since secondary-nanobody 
labeling reduces the total label size, localization clouds more 
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same as Left, but cryosections were treated with phosphatase prior to immunostaining. (E) Localization precision benchmarking for Pol II S5p datasets based on 
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and additional datasets. Number of localization clouds in sum image stated above). Right: histogram showing the corresponding distribution of localizations 
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correspond to mean and SD. Scale bars, 5 µm in (A and E), 3 µm in (D), and 10 nm in sum image in (E).
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accurately reflect underlying Pol II S5p epitope positions compared 
to the increased label size of secondary antibody labeling 
(SI Appendix, Fig. S11 ). Together with the controllable number of 
docking strands per primary antibody (up to two) we thus focused 
our efforts with tkPAINT to quantify nuclear Pol II S5p based on 
primary antibodies labeled with secondary nanobodies (R4).

 Since several antibodies can likely bind to a single CTD or to 
several Pol II molecules close by, we asked whether we could 
exploit the enhanced imager binding kinetics in tkPAINT to 
count the number of Pol II antibodies in larger localization clouds 
( Fig. 3A  ). In qPAINT ( 15 ) (quantitative DNA-PAINT), the aver-
age imager binding frequency for the smallest identifiable locali-
zation clouds in a dataset is taken as a reference ( Fig. 3B  ). Assuming 
the reference represents single antibodies, a localization cloud with 
﻿N  antibodies would have an N﻿-times higher binding frequency, 
and thus the binding frequency of a localization cloud can be used 
for relative counting ( 15 ).        

 We first turned to DNA origami featuring up to 12 docking 
strands to validate the applicability of qPAINT analysis under our 
experimental tkPAINT conditions. Furthermore, on DNA 
origami single docking strands can be unambiguously chosen as 
reference clouds.  Fig. 3B   displays the counting results obtained 
via qPAINT analysis, confirming the expected number of on 
average ~8 docking strands per origami which was in good agree-
ment with visual inspection (see SI Appendix, Fig. S12  for addi-
tional 400 randomly selected origami and analysis schematic), 
confirming our ability to perform molecular counting.

 In tkPAINT Pol II S5p datasets, most sparse localization clouds 
likely corresponded to single antibodies according to the previously 

observed spatial localization spread. We thus performed qPAINT 
analysis using Pol II S5p localization clouds with a convex hull area 
smaller than the 20th percentile as the qPAINT reference (see 
﻿SI Appendix, Fig. S13  for a detailed analysis schematic). Comparing 
the imager binding frequency of single docking strands on DNA 
origami with the one measured for single antibodies in tkPAINT 
datasets, we obtained on average ~1.6 bound nanobodies per pri-
mary antibody (SI Appendix, Fig. S13 ).

  Fig. 3C   displays the counting results (N ) obtained from three 
independent experiments, each with a prominent single-antibody 
peak and a decreasing tail of localization clouds containing higher 
numbers of antibodies. The N  distributions were in close agreement, 
with on average 3.2 ± 0.4 antibodies per localization cloud. 
Localization clouds containing tens of antibodies indicated hot spots 
of active Pol II ( Fig. 3C  ). Based on these counting results and the 
known cryosection dimensions, we measured an average nuclear 
antibody density of 165 ± 45 µm−3 , which would translate to 
~115,000 ± 42,000 Pol II S5p antibodies per nucleus using the 
average HeLa nuclear volume of 600 µm3  as determined via confocal 
microscopy ( Fig. 3D  ). Note that this quantification assumes that 
sampling a sufficient number of random nuclear sections provides 
an average estimate of total nuclear Pol II S5p, despite its highly 
heterogeneous spatial distribution. Future validations and orthogo-
nal imaging in whole cells will be required to validate these results. 
It is further likely that our quantification underestimated the true 
abundance of phosphorylated S5 (in theory up to 52× per CTD) 
due to steric effects of antibody labeling. Smaller primary labels such 
as nanobodies against S5p could further improve quantifications 
and reduce linkage errors. Notably, we could not determine whether 
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the CTD of one or multiple Pol II molecules is present in a locali-
zation cloud; however, future studies using C-terminally tagged Pol 
II cell lines ( 71 ) could allow to address this question.

 Finally, our data enabled us to assess the spatial distribution of 
Pol II S5p, which is known to associate with active chromatin or 
nuclear compartments, such as Pol II transcription factories and 
nuclear speckles, while being excluded from nucleoli ( 58 ,  59 ). Both 
nucleoli and nuclear speckles typically appear as regions of low 
intensity when staining DNA with DAPI. To confirm the identity 
of DAPI-weak compartments containing Pol II S5p, we performed 
costaining with the speckle marker SC35 ( 72 ) (SI Appendix, 
Fig. S14 ). These analyses show that regions with both low DAPI 
signal and Pol II S5p signal also colabeled with SC35, consistent 
with their identification as nuclear speckles. Accordingly, these 
regions exhibited both Pol II S5p higher antibody counts ( Fig. 3C  ) 
and higher localization cloud densities as determined by nearest 
neighbor distance analysis ( 73 ) (SI Appendix, Fig. S14 ).  

Resolution and Kinetic Enhancement Translate to tkPAINT 
Imaging in Mouse Tissues. Encouraged by successful applications 
of DNA-PAINT to semithin (~350 nm) Tokuyasu tissue sections 
(47, 48), we hypothesized that tkPAINT could also enable kinetic 

filtering, single-antibody resolution, and molecular counting in 
tissue samples. To test this, we prepared two mouse tissue types 
(cerebellum and spleen) following established protocols (74) 
(Materials and Methods) and processed 150 nm cryosections 
for tkPAINT tissue imaging of Pol II S5p, using R4-secondary 
nanobodies. Fig. 4A depicts superresolved tkPAINT images of Pol 
II S5p within cerebellum and spleen cryosections (two datasets 
were acquired per tissue type). As expected (47), we obtained 
similar localization precisions as previously in HeLa sections (~3 
nm). The kinetic enhancement enabled by physical sectioning also 
translated to tissue imaging: ~55% of nuclear localizations could be 
assigned to repetitive localization clouds, confirming the suitability 
of tissue data for quantitative analysis (Fig. 4B). The lower kinetic 
filtering yield compared to HeLa (~70%) indicated slightly elevated 
sticking of R4 in both tissue types. We also performed center-of-
mass alignments to obtain averaged sum images with decreasing 
minimum number of localizations per cloud to find the converging 
distribution width (SI  Appendix, Fig.  S15), further confirming 
tkPAINT’s capability for single-antibody resolution in tissues (σmin 
≈ 3.4 nm and FWHM ≈ 8 nm; Fig. 4C).

 Finally, we performed qPAINT analysis to obtain spatially 
resolved antibody counts in the nuclei of both tissue types 
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( Fig. 4D  ). Each tissue yielded reproducible qPAINT distribu-
tions and averaged ~4.2 antibodies per localization cloud, 
higher than the ~3.2 observed in HeLa cells for the Pol II S5p 
epitope ( Fig. 3C  ). Interestingly, while the qPAINT distribution 
for spleen closely matched that of HeLa cells, with a 
single-antibody peak and a long tail of higher antibody counts, 
the cerebellum datasets showed a second peak at ~2.5 antibod-
ies (arrows,  Fig. 4D  ). We observed a nearly twofold enriched 
average nuclear density in cerebellum nuclei (95 ± 53 µm−3  and 
173 ± 45 µm−3 ) and a higher cell-to-cell variability in spleen 
cells. These findings might reflect an intrinsic heterogeneity of 
transcriptional activity between tissue types and/or a higher 
number of cell types within the spleen ( 55 ,  56 ) ( Fig. 4D  ). 
Furthermore, our results demonstrate that tkPAINT provides 
consistent imaging performance across diverse sample types 
and paves the way for probing molecular organizations between 
cultured cells and tissues.  

Multiplexed and Multimodal tkPAINT for Nuclear Nanoscale 
Imaging in 2D and 3D. Next, we turned our attention toward 
several proof-of-concept demonstrations, showcasing the versatility 
of nuclear tkPAINT imaging with respect to multiplexed single-
protein imaging. Circumventing use of any secondary label for 
Exchange-PAINT (47, 75), we conjugated primary antibodies 

targeting the nuclear lamina (Lamin A/C) and nuclear speckles 
(SC35), each with an orthogonal docking strand sequence in 
order to enable multiplexed imaging by sequential exchange of the 
complementary imager strands for each imaging round (Fig. 5A). 
Exchange-PAINT has the advantage of being free of chromatic 
aberrations since all imaging rounds can be acquired in the same 
color channel (9). Fig. 5B shows a multiplexed Exchange-tkPAINT 
image of Lamin A/C, Pol II S5p, and SC35, sequentially imaged 
and subsequently reconstructed using pseudocolors. Not only did 
sequential imaging enable us to perform quantitative analysis for all 
three nuclear antigens in parallel, it permitted the spatial probing 
of intermolecular relationships and features. SI Appendix, Fig. S16 
provides examples on how multiplexed tkPAINT data can aid the 
study of nuclear organization. For instance, we observed two peaks 
in the distribution of nearest neighbor distances for Lamin A/C, 
which allowed us to separate the signal into a nucleoplasmic and 
lamina-association fraction (76, 77). Measuring nearest neighbor 
distances between Pol II S5p and SC35 aligned with the previously 
discussed spatial organization of Pol II S5p in and around nuclear 
speckles with SC35 at their center, as also observed with TSA-Seq 
(78). Given the surprisingly sparse SC35 signal, we wondered 
whether nonspecific DNA-conjugation of primary antibodies 
could affect their ability to bind their target epitope. Repeating 
the experiment with unlabeled primary antibodies and secondary 

A
xi

al
 (

z)
 p

os
iti

on
 (

nm
)

+200 nm

0

-200 nm

Pol II S5p

Tilt correction

x-z view

85

0

A
xi

al
 p

os
iti

on
 (

nm
)

150

0

A
xi

al
 p

os
iti

on
 (

nm
)

E F G
z

x

y

20 nm

DNA origami

Sum image:
467 origami 

Lamin A/C
Pol II S5p
SC35

A B C

D

Lamina

POL II S5p Nuclear
speckles

Lamin A/C

Round 1

Pol II S5p

Round 2

SC35

Round 3

DAPI

DAPI

Lamin A/C
Pol II S5p
SC35

DAPI

Telomeres
α-tubulin

DAPI
poly(dT)

Lamin A/C

Wash a
&

Add b 

Wash b
&

Add c

Round 1 Round 2 Round 3

Pol II S5p SC35

Sequential rounds of imaging & buffer exchange

Docking strand-conjugated primary antibodies

a
a*

b
b*

c
c*

(TTAGGG)n

mRNA

Multiplexing via Exchange-PAINT

3D DNA-PAINT imaging via astigmatism Axial sample tilt correction 3D Exchange-tkPAINT

DAPI

Fig. 5.   Multiplexed and multimodal nuclear nanoscale imaging in 2D and 3D. (A) Schematic of Exchange-tkPAINT targeting Lamin A/C, Pol II S5p, and SC35. 
Primary antibodies are conjugated with orthogonal docking strands (sequences a*, b*, and c*) and sequentially imaged with imager strands a, b, and c. Previous 
imager is washed out and subsequent imager is added between rounds of imaging. (B) Multiplexed tkPAINT image reconstructed from three rounds of sequential 
imaging. (C) Combined imaging of protein and DNA using tkPAINT targeting of α-tubulin and telomere repeats via FISH. (D) tkPAINT imaging of mRNA via poly(dT) 
hybridization probes. (E) Validation of cylindrical lens addition to a commercial TIRF system for 3D DNA-PAINT imaging. Left: Astigmatism-based encoding of axial 
position by reshaping the point spread function. Right: Sum DNA-PAINT image of 467 DNA origami with 20 nm docking strand pattern. (F) Left, Top and Middle: x 
and y line plot histograms across docking strand position indicated by white dashed circle in (A). Left, Bottom: Axial distribution of z coordinates of DNA origami 
dataset. The SD obtained by a Gaussian fit (red curve) is given above the histograms. Right: correction of axial sample tilt affecting measured z-distributions 
(red dashed curve in c). (G) Left: 3D tkPAINT of Pol II S5p. The color code indicates axial position of antibody signal over a range of 150 nm. Right: 3D Exchange-
tkPAINT image of Lamin A/C (green), Pol II S5p (blue), and SC35 (orange). Side view (x-z) of localization clusters projected from white box. Scale bars, 5 µm in (B), 
3 µm in (C), and 150 nm in zoom-in.

http://www.pnas.org/lookup/doi/10.1073/pnas.2504578122#supplementary-materials


8 of 11   https://doi.org/10.1073/pnas.2504578122� pnas.org

nanobodies reproduced the subnuclear pattern but indeed yielded 
denser speckle labeling (SI Appendix, Fig. S16). This highlights 
a need to evaluate antibody conjugation effects and a potential 
benefit of site-specific antibody conjugation strategies in future 
work (79).

 Beyond multiplexed protein imaging, the same sections can be 
subject to both immunostaining and fluorescence in situ hybrid-
ization ( 80 ,  81 ), enabling analyses of the interplay between tar-
geted proteins and specific sequences of RNA and/or DNA. Here, 
we performed proof-of-principle tkPAINT imaging of α-tubulin 
in cryosections that had additionally been labeled for telomeric 
repeats via in situ hybridization ( Fig. 5C  ). Similarly, hybridization 
of a poly(dT) probe enabled us to perform tkPAINT imaging of 
mature mRNA ( Fig. 5D  ).

 TkPAINT data, previously generated through 2D imaging and, 
thus, resembling a 2D projection of molecules within cryosections, 
could be significantly enhanced by accessing the axial dimension 
for a true interrogation of nanoscale organization. To this end, we 
constructed a simple and affordable (~700$) custom addition to 
our commercial TIRF system that allowed us to insert a cylindrical 
lens in front of the camera for astigmatic 3D imaging ( 82 ) 
(SI Appendix, Fig. S17 ). 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 deter-
mine the achievable axial resolution in z as well as assess whether
astigmatism would significantly reduce our lateral resolution.
 Fig. 5E   shows an averaged 3D DNA-PAINT sum image of (~450 
origami), demonstrating 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 pattern ( Fig. 5F  ). 
During DNA origami experiments, we observed that glass slides 
could be tilted with respect to the optical axis, as revealed when 
we colored localizations according to their axial position ( Fig. 5F  ). 
To account for this tilt, we performed a z-correction by fitting and 
subtracting a 2D plane ( 83 ) ( Fig. 5F   and SI Appendix, Fig. S18 ). 
Post–tilt correction, 3D DNA-PAINT imaging of DNA origami 
yielded an axial distribution of localizations at FWHMz  ≈ 20 nm 
(σz  ≈ 8.5 nm), in line with the known ~2× axial resolution drop 
for astigmatic 3D SMLM ( 82 ). An axial resolution of 20 nm 
would nevertheless allow us to determine distinct axial positions 
of antibodies within cryosections with a thickness of ~150 nm.

 These validations enabled us to move on to 3D tkPAINT imag-
ing within cryosections of fixed HeLa cells, repeating sequential 
imaging of Lamin A/C, Pol II S5p, and SC35 ( Fig. 5G  ). The left 
image in  Fig. 5G   shows the superresolved Pol II S5p image ren-
dered with a range of colors according to the z-position of each 
localization over an axial range of 150 nm. It has been shown that, 
for unpermeabilized cryosections, antibody labeling happens pre-
dominantly at both surfaces of sections ( 84 ). However, the per-
meabilization step in our protocol ensured antibody penetration 
throughout the sections, as seen for both localization clouds of all 
colors in the Pol II S5p image alone and the x-z projection of the 
multicolor Exchange-tkPAINT image ( Fig. 5 G  , Left  and Right , 
respectively; see also SI Appendix, Fig. S19 ). Overall, our 3D 
tkPAINT results are in close agreement with the cryotome setting 
for a cutting thickness of 150 nm. Measuring the overall 
z-distributions, 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 section (SI Appendix, Fig. S19 ). 
While these proof-of-concept results demonstrate the capability 
of 3D tkPAINT for assessing section labeling, additional controls 
would be required to determine whether this label penetration 
variability really is systematic. Smaller labels such as primary 

nanobodies, adjusted section permeabilization or varied section 
thickness could promote homogeneous labeling.   

Discussion

 With tkPAINT, we used ultrathin sectioning to align sample vol-
ume with TIRF illumination, maximizing the capability of DNA-
PAINT for single-protein imaging and counting across diverse 
samples and molecular targets. By leveraging the Tokuyasu method 
( 46 ), we overcame the range constraint of TIRF to access distal 
intracellular regions ( 33 ), such as the nucleus, and demonstrated 
tkPAINT imaging throughout ultrastructure-preserved HeLa cells 
down to 3 nm localization precision. For imaging nuclear antigens 
such as Pol II S5p, this enabled up to threefold improved locali-
zation precisions as compared to HILO imaging in whole cells. 
Physical sectioning decrowded the sample volume, improving 
imager binding statistics critical for robust single-protein imaging 
( 13 ,  14 ) and counting ( 15 ,  67 ) as well as accelerating image acqui-
sition. This allowed us to count S5p antibodies within nanoscopic 
Pol II clusters as well as to quantify cell- and tissue-specific heter-
ogeneities in Pol II organization. Additionally, sequential multi-
plexing ( 9 ) facilitated combined imaging of proteins and nucleic 
acids, while astigmatism-based axial encoding ( 82 ) enabled imag-
ing in 3D.

 TkPAINT holds significant potential for advancing multiplex-
ing strategies for spatial proteomics with DNA-PAINT. Current 
sequential DNA-PAINT schemes have achieved up to 30-plex 
imaging ( 10 ,  11 ). Single-antibody resolution in tkPAINT could 
enable incorporation of barcoding ( 85   – 87 ) or in situ sequencing 
( 88   – 90 ) approaches, potentially scaling to hundreds of targets in 
fewer rounds. Computational methods ( 91 ,  92 ) and isotropic 3D 
imaging ( 93     – 96 ) could further refine axial encoding. Additionally, 
tkPAINT could be combined with RESI ( 14 ) to reach Ångstrom 
resolution or complement nanoscopy approaches such as 
MINFLUX ( 97 ), particularly for dense compartments such as the 
nucleus. Finally, parallel sample preparation could offer unique 
opportunities for correlative super-resolution and electron micros-
copy ( 34 ,  40 ,  98 ,  99 ), further broadening tkPAINT’s versatility.

 Limitations of our study include the steric hindrance, imperfect 
labeling efficiency, and variability in specificity inherent to anti-
body labeling, which only serves as a proxy for the true molecular 
distribution. Smaller, stoichiometric labels (one docking strand 
per target), such as primary nanobodies ( 100 ), genetic tags ( 101 ), 
or unnatural amino acids ( 102 ), could address these challenges, 
improving both structural resolution and molecular quantifica-
tions ( 70 ). High-pressure freezing and freeze substitution ( 103 , 
 104 ) offer a promising route to further minimize fixation artifacts 
and capture molecular organization closer to the in vivo state ( 20 , 
 49 ). However, accessibility trade-offs between certain antigens also 
apply to sections—for example, microtubule labeling is often 
enhanced by glutaraldehyde fixation and a commonly used 
detergent-based pre-extraction step prior to fixation ( 105 ), at the 
cost of ultrastructural loss of other cytoplasmic components and 
reduced detectability of glutaraldehyde-sensitive antigens.

 The reduced imaging volume of tkPAINT compared to whole- 
cell imaging limits visualization of low-abundance targets and 
larger structures such as entire genomic regions ( 54 ). Furthermore, 
compartments such as larger nuclear speckles might appear as 
multiple smaller structures in a single section. Serial cryosectioning 
( 32 ,  40 ,  106 ) could address this but would require optimization 
in order to mitigate challenges such as partial sample loss and 
folding during manual handling. Combining ultramicrotomy with 
resin embedding as in array tomography ( 45 ,  57 ) may provide an 
alternative, though at reduced antigenicity ( 35 ). Implementation 
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of machine learning ( 48 ,  107 ,  108 ) and automated imager 
exchange ( 44 ) could accelerate tkPAINT imaging to promote 
volumetric reconstructions. Nevertheless, the strong potential for 
studying molecular principles of genome organization in single 
sections is highlighted by the wealth of information gained from 
super-resolution studies that are based on single nuclear “optical 
sections,” often in 2D: Recent examples include local chromatin 
compaction, in situ mapping of epigenetic marks, nucleosome 
clustering, the nanoscale arrangement of master regulator proteins 
such as cohesin and CTCF, or the structural biomolecular com-
position (proteins, RNA) of nuclear compartments such as nucle-
oli or paraspeckles ( 51   – 53 ,  109           – 115 ).

 Our work enhances the potential of DNA-PAINT for 
single-protein imaging in various aspects. Through sectioning, we 
decoupled imaging performance from target selection, achieving 
optimal conditions for probing nanoscale organization even in dense 
intracellular environments. Unlike whole-cell nuclear immunolabe-
ling, which requires disruptive permeabilization ( 19 ), tkPAINT 
leverages permeabilization-free access to the nucleus in ultrastructure- 
preserved cells. This unique feature could enable functional studies 
linking nuclear and cytoplasmic mechanisms. The integration of 
in situ hybridization with immunolabeling extends this potential for 
multimodal investigations of protein–nucleic acid interactions. 
Finally, consistent imaging performance in both cultured cells and 
tissues demonstrates tkPAINT’s potential for comparative studies 
between cultured cells and tissues. In conclusion, we believe 
tkPAINT’s broad applicability will help drive DNA-PAINT toward 
becoming a routine tool for biological discovery.  

Materials and Methods

Please refer to the SI Appendix for a detailed explanation of all materials and meth-
ods. In summary, unmodified, dye-labeled, and modified DNA oligonucleotides, 
antibodies/nanobodies, chambered glass slides, enzymes, and standard reagents 
(buffers, fixatives, fiducials, oxygen scavengers) were purchased from commercial 
suppliers. Antibodies and nanobodies were in-house conjugated to azide-modified 
DNA docking strands using DBCO-sulfo-NHS chemistry. Pellets of PFA-fixed HeLa 
cells and mouse tissues (1 to 2 mm3) were infiltrated with high molarity sucrose 
for cryopreservation, frozen in liquid nitrogen, and cryosectioned according to the 
Tokuyasu method (46). Cryosections were collected using drops of sucrose-methyl 
cellulose solution and placed on glow-discharged glass slides, immunolabeled, 
and imaged using a Nikon Ti TIRF microscope (sCMOS, 100× objective, optional 
3D via astigmatism). A direct comparison between tkPAINT imaging of cryosections 
and conventional HILO imaging of fixed whole cells was conducted to evaluate 
improvements with respect to localization precision and binding kinetics. DNA ori-
gami nanostructures were folded in house and imaged as reference targets. All data 
were processed with Picasso (8), Fiji (116), and custom Python modules (16, 117).

Data, Materials, and Software Availability. Single-molecule localization
microscopy, fluorescence microscopy, and electron microscopy data generated 
in this study have been deposited in a Zenodo database: https://doi.org/10.5281/
zenodo.16411486 (118).
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