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Multi-target single-molecule super-resolution fluorescence microscopy offers
a powerful means of understanding the distributions and interplay between
multiple subcellular structures at the nanoscale. However, single-molecule
super-resolution imaging of whole mammalian cells is often hampered by high
fluorescence background and slow acquisition speeds, especially when ima-
ging multiple targets in 3D. In this work, we have mitigated these issues by
developing a steerable, dithered, single-objective tilted light sheet for optical
sectioning to reduce fluorescence background and a pipeline for 3D nano-
printing microfluidic systems for reflection of the light sheet into the sample.
This easily adaptable microfluidic fabrication pipeline allows for the incor-
poration of reflective optics into microfluidic channels without disrupting
efficient and automated solution exchange. We combine these innovations
with point spread function engineering for nanoscale localization of individual
molecules in 3D, deep learning for analysis of overlapping emitters, active 3D
stabilization for drift correction and long-term imaging, and Exchange-PAINT
for sequential multi-target imaging without chromatic offsets. We then
demonstrate that this platform, termed soTILT3D, enables whole-cell multi-
target 3D single-molecule super-resolution imaging with improved precision
and imaging speed.

Published online: 24 November 2024

M Check for updates

Single-molecule localization microscopy (SMLM) has become an
invaluable tool for subcellular investigation at the nanoscale'™. In
single-molecule super-resolution (SR) imaging’, individual fluorescent
molecules are temporally separated and localized, thereby surpassing
the resolution limit set by the diffraction of light. Exchange-PAINTS, i.e.,
sequential DNA points accumulation for imaging in nanoscale topo-
graphy (DNA-PAINT), is a localization-based SR approach that involves

labeling multiple targets of interest with antibodies conjugated with
oligonucleotide strands, called docking strands, and imaging the tar-
gets sequentially by introducing the complementary oligonucleotide-
dye conjugated sequences, called imager strands. As multiple struc-
tures can be labeled using different oligonucleotide pairs and imaged
sequentially using the same fluorophore, offsets caused by chromatic
aberrations typical in multi-color approaches’ can be avoided. One
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challenge with Exchange-PAINT is that it requires the perfusion of the
various imager strand solutions and buffers without disturbing the
image acquisition process. Another challenge with this method is the
increased fluorescence background from freely diffusing imager
strands, which increases the achievable single-molecule localization
precision'®. The requirement of low imager strand concentrations for
reduced fluorescence background leads to long acquisition times in
order to acquire sufficient localization density to achieve good reso-
lution, especially when imaging multiple targets. Recently developed
self-quenching fluorogenic DNA probes" reduce background fluores-
cence in DNA-PAINT imaging, but suffer from an increased localization
precision compared to conventional DNA-PAINT probes due to their
short binding times which restrict photon collection.

Light sheet (LS) illumination>”*™, where the sample is illumi-
nated with a thin sheet of light at the image plane, has emerged as a
simple and effective method of reducing fluorescence background,
phototoxicity, and photobleaching. LS illumination offers distinct
benefits over other illumination modalities such as total internal
reflection fluorescence (TIRF) or highly inclined and laminated optical
sheet (HILO)® and variable-angle epifluorescence microscopy
(VAEM)" illumination for imaging throughout thick samples due to its
ability to illuminate with a thin LS beam and optically section the
sample well above the coverslip. Several LS approaches involving the
use of separate objectives for illumination and detection have been
designed for single-molecule imaging in cells. However, they suffer
from optical complexity, low numerical aperture (NA) objectives,
steric hindrance, the inability to optically section adherent cells,
incompatibility with microfluidic systems, or drift between the
objectives~?, Previous single-objective LS designs have been
demonstrated to reduce the complexity and limitations of multi-
objective systems, but they have been limited by beam thickness®, the
need for beam scanning®?°, and limited effective NA in the detection
path and the requirement for post-processing due to an illumination
beam that is not aligned to the detection axis® .

In this work, we present soTILT3D, a platform where we devel-
oped a steerable, dithered, single-objective tilted LS and a nanoprinted
microfluidic chip and combined them with point spread function (PSF)
engineering’, deep learning’®, and active stabilization drift correction®
to achieve fast, accurate, and precise 3D single-molecule multi-target
SR whole-cell imaging using Exchange-PAINT. The single-objective
tilted LS and the microfluidic chip fabrication scheme provide the
background reduction and solution exchange necessary to perform
high-density, 3D, Exchange-PAINT imaging in thick mammalian cells.

Our approach based on a fully steerable single-objective tilted LS
solves all issues above and enables the use of a single high-NA objective
lens for LS focusing and high photon collection efficiency without
steric hindrance or relative drift, optical sectioning of entire adherent
cells cultured on regular coverslips, and easy combination with
microfluidic chips while avoiding the LS aberrations that occur when
imaging through microfluidic chip walls?>*?**%_ Since soTILT3D is
based on a single, high-NA objective for illumination, the thickness of
the light sheet can be made much thinner than previous designs where
a dual-objective system with a lower NA illumination objective was
used”, ultimately enhancing the optical sectioning capabilities and
enabling imaging of more challenging sample types. Tilting the LS
enables cellular imaging all the way down to the coverslip without
special sample mounts®”. When imaging above the coverslip, in con-
trast to other single-objective LS methods* ™, soTILT3D enables 2D
imaging parallel to the image plane and enables 3D imaging down to
the coverslip without the need to rotate the image plane. By using LS
illumination for Exchange-PAINT imaging, freely diffusing imager
strands outside of the focal plane are not excited, resulting in reduced
fluorescence background and improved single-molecule localization
precision. In addition, our single-objective LS is dithered to achieve
homogeneous illumination and reduce shadowing artifacts".

SoTILT3D utilizes an easily customizable microfluidic device that
incorporates reflective optics into a perfusable microchannel. Pre-
viously developed single-objective LS systems have utilized various
reflection mechanisms such as a micromirror*, an AFM cantilever
mirror*?, pyramidal microcavities*’, a glass prism**, and a microfluidic
chamber with metalized side walls* to redirect the LS into the sample.
However, these systems use imaging chambers that do not offer
design flexibility'**"*3#54¢ active solution exchange'>****¢, or com-
patibility with epi-illumination and transmission microscopy*-*>. Our
approach solves these issues with a customizable 3D nanoprinted
metalized microfluidic insert in a polydimethylsiloxane (PDMS)
channel*’~ for a user-specified LS tilt angle and chip dimensions and a
transparent top for flexible combination with other imaging mod-
alities. Furthermore, the biocompatibility of all materials used makes it
an ideal system for studying biological systems with precise control of
the extracellular environment. Beyond design flexibility, our micro-
fluidic channel, through its active perfusion compatibility, eliminates
the need for manual exchange of solutions which potentially offsets
the field of view being imaged and induces drift, reduces thermal
damage to the sample by removing heat via constant flow, and
increases the number and quality of localizations for DNA-PAINT
applications**.

To extend SR imaging to 3D, soTILT3D employs PSF engineering,
where the shape of the PSF is modulated to encode axial information
about the molecule of interest over a several microns axial range in a
single slice. PSF engineering is relatively simple to implement, requir-
ing minimal additions to the emission path’. Several different PSFs
have been designed for this purpose®*~°. Here, we use the double-helix
PSF*¢%¢! (DH-PSF), which is robust to aberrations, offers good 3D
single-molecule localization precision, and requires relatively low
computational costs. In contrast to other 3D single-molecule methods,
such as multifocus microscopy, PSF engineering bypasses the need for
beam splitters and consequent split of photons in the emission path-
way while still offering a relatively thick axial range of several
microns*®®%, Here, we achieve localization precision values as low as
8 nm laterally and 12 nm axially, and resolution values as low as 29 nm
laterally and 36 nm axially for cellular imaging with the DH-PSF.

SoTILT3D combines PSF engineering with the deep learning-
based single-molecule localization software DECODE* to enable the
localization of overlapping emitters in 3D. Due to the enlarged foot-
print of engineered PSFs, conventional 3D imaging with engineered
PSFs requires low emitter density to ensure that no overlap occurs
between PSFs. Combined with the low imager strand concentrations
already required to reduce fluorescence background during Exchange-
PAINT imaging, whole-cell 3D single-molecule SR imaging with engi-
neered PSFs can be a time-consuming process, often taking multiple
days to complete. We drastically improve the speed of sequential
imaging with Exchange-PAINT by using high concentrations of imager
probes. We are able to successfully do this through the reduction of
out-of-focus background fluorescence with LS illumination and the use
of a deep learning-based localization analysis to localize overlapping
emitters®>®°, While previous work has used PAINT approaches and
deep learning to localize 2D data®®, our approach incorporates LS
illumination for optimized signal-to-background ratio (SBR) and
adapts the system for 3D analysis of DH-PSF data.

Furthermore, soTILT3D utilizes an active stabilization feedback
loop™ to correct for drift during image acquisition and enable long-
term imaging.

Taken together, soTILT3D provides a flexible imaging platform
for whole-cell multi-target 3D single-molecule SR imaging through
Exchange-PAINT with improved localization precision and imaging
speeds. We quantify the background reduction and 3D localization
precision improvement by performing 3D single-molecule SR imaging
of the nuclear lamina protein lamin B1 with soTILT3D compared to
conventional epi-illumination. We quantify the speed improvement by
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imaging o-tubulin and comparing the number of localizations per
length of microtubule over time when analyzing with DECODE com-
pared with a non-neural network-based localization software. We then
demonstrate the performance of soTILT3D for multi-target 3D single-
molecule whole-cell SR imaging of nuclear lamina proteins, mito-
chondria, and plasma membrane protein ezrin, and quantify the rela-
tive distances between nuclear lamina proteins lamin B1, lamin A/C,
and lamina associated protein 2 (LAP2). SoTILT3D achieves up to ten-
fold faster whole-cell multi-target 3D SR imaging with Fourier ring
correlation (FRC) resolution values as low as <30 nm laterally and
<40 nm axially, enabling a range of applications for correlating pro-
teins at the nanoscale. We further demonstrate soTILT3D for single-
molecule SR imaging of lamin Bl throughout stem cell aggregates
using direct stochastic optical reconstruction microscopy
(dSTORM)***’, demonstrating applicability and versatility beyond
isolated cell samples.

Results

SoTILT3D design and performance

SoTILT3D enables 3D single-molecule imaging by reflecting a LS off of
a metalized insert with an angled side wall inside of a microfluidic
PDMS chip (Fig. 1a-d). The LS is formed using a cylindrical lens, steered
with galvanometric mirrors in the x and y directions (Supplementary
Figs. 1, 2a, b), and defocused with a tunable lens (Supplementary
Figs. 1, 2¢, d). An additional galvanometric mirror is used to dither the
LS at a half-angle of 20° at a frequency of 100 Hz to reduce striping and
shadowing effects (Supplementary Figs. 1, 2e). The resulting LS is
1.1pum thick (1/e* beam waist radius) (Fig. 1e, Supplementary Fig. 2f),
74.7 um wide (1/€? diameter) (Supplementary Fig. 2g), and has a con-
focal parameter of 18.0 pm (1/€?) (Supplementary Fig. 2h), and these
parameters can easily be tuned by the choice of lenses (see “Methods”
section). The Strehl ratio of our system at 5 um from the coverslip was
determined to be 0.85 (Supplementary Fig. 3). The angle and dimen-
sions of the nanoprinted insert as well as the dimensions of the PDMS
chip are easily tunable (Fig. 1a-d). Here, a LS beam angle of 12° was
used for whole-cell imaging to enable sectioning of adherent cells all
the way down to the coverslip. The tilt angle of 12° was chosen to be
slightly larger than the ~10° LS convergence angle, allowing for imaging
all the way down to the coverslip without inducing scattering, aber-
rations, and reflections that would degrade the optical sectioning
performance of the LS. The transparent top of the microfluidic chip
allows for easy combination with other epi- and transmission illumi-
nation modalities. A 4f system was implemented in the emission path
to access the Fourier plane for PSF engineering with a DH phase mask
(Fig. 1f, Supplementary Fig. 4) to enable 3D localization of single
molecules.

SoTILT3D improves the localization precision of 3D single-
molecule imaging

Using the LS improves the SBR over 4x for diffraction-limited imaging
(Fig. 2a, Supplementary Fig. 5) and over 6x for single-molecule imaging
(Fig. 2b), as demonstrated for imaging of [amin B1 in U20S cells. Single-
molecule DNA-PAINT data of lamin Bl in U20S cells was acquired in 3D
using the DH-PSF with epi- or LS illumination to assess the perfor-
mance of the soTILT3D platform in terms of localization precision
(Fig. 2¢, Supplementary Fig. 6). In a representative example (Fig. 2c),
while roughly matching the signal intensities from the individual
molecules with median values of 8400 photons/localization for epi-
and 11,400 photons/localization for LS illumination, the fluorescence
background was drastically reduced when using LS illumination and
resulted in median background values of 125 photons/pixel for epi-
compared to 64 photons/pixel for LS illumination (Fig. 2c). This
resulted in improvements in lateral and axial localization precisions,
with median values for epi-illumination of 11.2 nm in xy and 16.9 in z
and median values for LS illumination of 7.8 nm in xy and 11.8 nm in z

(Fig. 2¢). The median lateral and axial localization precisions across
three technical replicates were found to be 17.9 nm, 14.7 nm, and
10.7 nm in xy and 26.8 nm, 22.1 nm, and 16.1 in z for epi-illumination,
while the median values for LS illumination were 9.8 nm, 7.8 nm, and
74nm in xy and 11.9nm, 11.9nm, and 11.3nm in z (Supplemen-
tary Fig. 6).

SoTILT3D improves the speed of 3D single-molecule imaging
The speed improvement of soTILT3D together with deep learning
analysis was quantified by 3D single-molecule SR imaging of micro-
tubules in U20S cells.

First, the approach was benchmarked by analysis of the same
fluorescent bead data and single-molecule data with Easy-DHPSF®**?,
an open-source least-squares fitting-based analysis software, and
DECODE, which resulted in comparable localization precisions (Sup-
plementary Fig. 7).

Then, the density breaking point at which 3D single-molecule
data could no longer be localized in Easy-DHPSF due to overlapping
emitters and at which analysis with DECODE becomes necessary was
quantified (Supplementary Fig. 8). The number of detected locali-
zations with Easy-DHPSF was found to decrease after 0.025 nM as the
emitter concentration increased (Supplementary Fig. 8a, b). The
high-density data was localized with a DECODE model which was
trained on the 0.025nM microtubule data set and converged to a
Jaccard Index of 0.69 after 1000 epochs. After 25,000 frames at an
imager strand concentration of 0.2nM, the high-density regime,
only 1222 emitters were localized with Easy-DHPSF compared to
108,254 localized with DECODE (Supplementary Fig. 8c, d). The
resulting Easy-DHPSF resolution values were also found to be
degraded in comparison to those in the DECODE case (Supplemen-
tary Fig. 8c, d).

Next, high-density data was acquired with a 0.2 nM concentration
of imager strands while our standard concentration data for non-
overlapping emitters was acquired at 0.025 nM (Fig. 3a, b). Due to the
flow in a microfluidic chip enabling a significant increase in localiza-
tions compared to when using a sample chamber without a flow*, a
suitable number of emitters per frame can be achieved with DNA-
PAINT using a much lower imager strand concentration. The non-
overlapping single-molecule data was localized with Easy-DHPSF and
the high-density data was localized with DECODE. This resulted in a
more than ten-fold increase in possible imaging speed when using
DECODE in conjunction with LS illumination (Fig. 3a, b). The achieved
resolutions after 50,000 frames were estimated using FRC calculations
in the xy, yz, and xz planes, resulting in resolutions of 35.4/38.6/
36.9 nm and 28.4/32.1/33.0 nm for the Easy-DHPSF data set and the
DECODE data set, respectively, in the representative example shown in
Fig. 3c, d, demonstrating overall improved resolution when using
DECODE for the same number of frames. The mean resolution across
three technical replicates (Supplementary Fig. 9) was 38.9+2.1nm,
35.5+2.0nm, and 32.5+1.2nm for the Easy-DHPSF data sets and
25.5+0.7nm, 29.1+0.5nm, and 27.6 + 0.2 nm for the DECODE data
sets (reported as mean * standard error of the mean) in the xy, xz, and
yz planes, respectively.

Finally, 3D high-density single-molecule super-resolution imaging
of three separate cells labeled for lamin A/C revealed an increase in the
number of localizations detected by DECODE and thus in the acquisi-
tion speed, as well as an improvement in the resolution when using LS
as the illumination modality compared to epi-illumination (Supple-
mentary Fig. 10). The mean resolution for three technical replicates in
the xy, xz, and yz planes when imaged with epi-illumination was
41.9 + 0.4 nm, 55.8 +3.6 nm, and 50.3 + 1.8 nm, while the mean resolu-
tion when imaged with LS illumination was 39.9+1.9nm,
48.9+3.5nm, and 47.1+ 1.5 nm (reported as mean + standard error of
the mean, Supplementary Fig. 10a, b). The number of localizations
detected for the three technical replicates when imaged with epi-
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Fig. 1| Illustration and characterization of the soTILT3D approach.

a-c SoTILT3D combines a microfluidic chip that has a nanoprinted insert with a
metalized side wall with a single-objective tilted light sheet (LS) and is compatible
with epi- and transmission illumination. The geometry and size of the insert and the
microfluidic chip can be flexibly adjusted for different targets. Schematics not to
scale. d Scanning electron micrograph of the microfluidic chip insert design shown
in (b). Scale bar 50 um. Insert geometry was confirmed with conventional optical

microscopy for each microfluidic chip used in this work. e The thin end of the LS
imaged in a fluorescent solution. Scale bar 10 pm. The colorbar shows normalized
intensity. f Fluorescent beads imaged with the 2 pm axial range double-helix point
spread function (DH-PSF) at the indicated positions. Scale bar 2 um. The colorbar
shows normalized intensity. Fluorescent beads were imaged with the 2 pm DH-PSF
for all 3D single-molecule data included in this work, with consistent performance
across acquisitions.

illumination was 233,716, 341,101, and 604,412 for cell 1, cell 2, and cell
3 respectively, while the number of localizations when imaged with LS
illumination was 1,215,297, 660,758, and 637,511 for cell 1, cell 2, and
cell 3 respectively (Supplementary Fig. 10a, b). Next, the LS-illuminated
data sets were filtered for localization precision to match the number
of localizations acquired in the epi-illuminated data sets

(Supplementary Fig. 10c). The resulting resolution values in the xy, xz,
and yz planes were 35.1+3.0 nm, 42.5+4.0 nm, 40.7 £ 4.2 nm (repor-
ted as mean + standard error of the mean) for cell 1, cell 2, and cell 3
respectively. This demonstrates the necessity of the soTILT3D
approach to enable imaging in the high-density regime at increased
speeds and with improved resolution.
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Fig. 2 | SOoTILT3D offers improved signal-to-background ratio and 3D locali-
zation precision compared with conventional widefield epi-illumination.

a Diffraction-limited and b single-molecule images of lamin B1in U20S cells excited
with epi- or light sheet (LS) illumination. Graphs show line scans demonstrating the
contrast improvement when using LS compared to epi-illumination. Scale bars

5 pm. The colorbars show intensity normalized independently for each image.
Diffraction-limited imaging was repeated for n=5 cells (Supplementary Fig. 5),

demonstrating consistent improvements in signal-to-background ratio.

¢ Histograms demonstrating comparable signal photon levels but decreased
fluorescence background levels leading to improved localization precisions in xy
and z for LS compared to epi-illumination for 3D single-molecule super-resolution
imaging of lamin B1. 3D single-molecule super-resolution imaging of lamin B1 was
repeated for n =3 cells (Supplementary Fig. 6), demonstrating consistent results.
Source data are provided as a Source Data file.

Whole-cell multi-target 3D single-molecule super-resolution
imaging with soTILT3D

Whole-cell single-molecule data was acquired using soTILT3D and
DECODE for analysis to demonstrate the performance of soTILT3D for
accurate and precise multi-target 3D SR imaging (Figs. 4, 5). The focal
plane and LS were moved in 1um steps to image each target in over-
lapping slices while a pressure-driven pump was used to introduce
imager strand sequences sequentially.

First, 3D two-target imaging was demonstrated by imaging of
lamin A/C and mitochondria in U20S cells, clearly resolving nuclear
lamina channels and the intricate mitochondrial network (Fig. 4a, b).
The resulting FRC resolutions in the xy/yz/xz planes were found to be
35.0/45.7/51.5 nm for lamin A/C and 32.7/40.2/44.9 nm for mitochon-
dria (Supplementary Fig. 11).

Next, 3D two-target imaging of whole cells was demonstrated by
imaging of membrane-bound protein ezrin and lamin A/C in U20S
cells, where the entire axial profile of the cell was reconstructed
(Fig. 4c). The resulting FRC resolutions in the xy/yz/xz planes were

found to be 31.0/39.2/38.2nm for ezrin and 38.0/46.3/47.2 nm for
lamin A/C (Supplementary Fig. 11).

Next, whole-cell multi-target imaging was demonstrated on
nuclear proteins lamin B1, LAP2, and lamin A/C in U20S cells (Fig. 5).
The nuclear protein distributions were resolved with only 10,000
frames per slice (Fig. 5a), as high-density data analyzed with DECODE
allows for a greater number of localizations in a shorter time. The
nanoscale separation between these nuclear targets was then quanti-
fied from these 3D SR reconstructions using Gaussian fits of line scans
across the nuclear rim and found to be 41 + 8 nm for lamin B1 and lamin
A/C, 29 +9 nm for lamin Bl and LAP2, and 12+10 nm for LAP2 and
lamin A/C (reported as mean * standard error of the mean for 25 line
scans) (Fig. 5b—d and Supplementary Fig. 12). Representative fits to a
line scan can be seen in Fig. 5c, where nuclear protein distribution
distances were found to be 41 nm between lamin Bl and lamin A/C,
27 nm between lamin Bl and LAP2, and 14 nm between LAP2 and lamin
A/C. Average nuclear target distributions across all line scans are
shown pairwise with Gaussian fits to the average distributions (Fig. 5d).
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Fig. 3 | SOTILT3D demonstrates increased 3D acquisition speeds compared
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tubule over time achieved with Easy-DHPSF (yellow) and DECODE (purple). The
average localizations per um per second are shown in the text above each line,
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demonstrating a ten-fold increase in speed when using DECODE. Each data point on
the graph represents the average localizations per length of microtubule for n=3
different microtubule sections and error bars are + standard deviations of these
data sets. ¢ Fourier ring correlation (FRC) curves in the xy, yz, and xz planes after
50,000 frames for the Easy-DHPSF-analyzed data and d the DECODE-analyzed data
for the representative example shown in (a), demonstrating improved resolution
when using DECODE. FRC analysis was repeated for n =3 different samples (Sup-
plementary Fig. 9) with consistent improvements in resolution. Source data are
provided as a Source Data file.

For lamin Bl and LAP2, the median of the box-and-whisker plot was
22.7nm, with an upper quartile of 60.9 nm and a lower quartile of
—6.6 nm. For LAP2 and lamin A/C, the median of the box-and-whisker
plot was 16.9 nm, with an upper quartile of 48.2nm and a lower
quartile of -19.3 nm. For lamin B1 and lamin A/C, the median of the
box-and-whisker plot was 26.7 nm with an upper quartile of 50.8 nm
and a lower quartile of 15.7 nm. SOoTILT3D maintained high resolution
throughout the cell during whole-cell, multi-target, 3D SR imaging, as
demonstrated by FRC analysis (Fig. 5e, Supplementary Fig. 11). FRC
analysis resulted in resolutions in the xy/yz/xz plane of 29.2/36.2/
38.6 nm for the whole-cell reconstruction and of 27.9/36.1/39.9 nm,
30.2/37.6/38.0 nm, and 31.3/38.9/40.6 nm for lamin B1, LAP2, and
lamin A/C, respectively.

Taken together, the resolution from the FRC analyses were found
to be 323+1.2nm, 40.6+1.4nm, and 42.9+1.8nm (reported as
mean * standard error of the mean for seven structures, see Supple-
mentary Fig. 11) in the xy, yz, and xz plane, respectively, for all targets,
demonstrating robust performance across multiple different cellular
structures.

Finally, super-resolution imaging of a broader array of biological
samples was demonstrated by imaging of lamin Bl in stem cell
aggregates using dSTORM (Supplementary Fig. 13). Line scans of
diffraction-limited images acquired using epi- and LS illumination
revealed up to a 4x improvement in SBR when using LS illumination
(Supplementary Fig. 13a-c) and 2D SR images of lamin B1 resolved
details of the nuclear architecture throughout the aggregates (Sup-
plementary Fig. 13d-f).

Discussion

The combination of a steerable, dithered, single-objective tilted LS
with microfluidics, PSF engineering, deep learning, active drift stabi-
lization, and Exchange-PAINT resulted in improved localization preci-
sion and imaging speeds for whole-cell multi-target 3D single-molecule
SR imaging. In contrast to our earlier tilted LS design that utilized two
objectives®, soTILT3D employs a single, high-NA objective. This con-
figuration enables the formation of a significantly thinner LS, making it
well-suited for challenging samples that exhibit higher background
fluorescence. This is demonstrated by a >4x SBR improvement for
diffraction-limited imaging and >6x SBR improvement for single-
molecule imaging (Fig. 2a, b), in contrast to our previous tilted light
sheet design™ that yielded a roughly 2x SBR improvement for
diffraction-limited imaging and up to 5x SBR improvement for single-
molecule imaging. The optical system is simple and requires only
standard, commercially available optical elements, and can be easily
implemented on conventional microscopes.

The developed microfabrication pipeline provides a simple pro-
cedure for fabricating microfluidic devices that are compatible with
single-objective LS illumination, conventional widefield epi-illumina-
tion, and transmission microscopy. The flexibility of the 3D nano-
printed insert geometry along with the wide range of design options
for the PDMS channels allow for easy adaptability and implementation
for various applications, as demonstrated by imaging of both isolated
cells and stem cell aggregates in microchannels of different dimen-
sions. Furthermore, we think our microfluidic fabrication pipeline
provides an easy and flexible method for the incorporation of 3D
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Lamin A/C

TOMM20

TOMM20 Lamin A/C

Lamin A/C Ezrin

Fig. 4 | Two-target 3D high-density whole-cell single-molecule super-resolution
(SR) imaging with soTILT3D. a 3D SR reconstruction of separately rendered lamin
A/C and mitochondria (TOMM20) in the same U20S cell, revealing no notable

crosstalk between the two targets. Scale bars 10 pm. Inset panels for lamin A/C

shown for a 200 nm thick z-slice in the xy plane and for a 150 nm thick x-slice in the
yz plane resolved the nanoscale architecture of a nuclear lamina channel. Xy inset
scale bar 200 nm and yz inset scale bar 500 nm. The inset panel for mitochondria
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shows details of the mitochondrial network. Mitochondrial inset scale bar 5 pm. b A
merge of the 3D SR reconstructions of lamin A/C and mitochondria shown in (a).
Scale bar 10 pm. ¢ 3D whole-cell SR reconstruction of lamin A/C and ezrin. The left
panel shows a merged reconstruction of both targets, colored by depth. The top
panel shows a 1.2 pm thick z-slice colored by a probe. The right panel shows the
bottom right half of the reconstruction in the left panel. The bottom panel shows a
2.5 um thick slice through the center of the cell. Scale bars 10 pm.
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Fig. 5 | Whole-cell multi-target 3D high-density single-molecule super-
resolution (SR) imaging with soTILT3D. a 3D multi-target SR reconstruction of an
entire U20S cell nucleus labeled for lamin B1, LAP2, and lamin A/C shown in the xy
plane (left), as a 1 um thick x-slice shown in the yz plane (top, middle), as a 1.5 pm
thick z-slice (bottom, middle), at an angle (top, right), and for the cap shown at the
bottom left of the left panel (bottom, right). Scale bars 5 um. b 500 nm thick z-slice
of the nuclear proteins in (a) shown in the xy plane merged, and then individually
for each target. Scale bar 5 pm. ¢ Gaussian fits to an example line scan across the
nuclear rim (white line in the merged sample in (b)), demonstrating the separation
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distances between lamin B1 (LB1), LAP2, and lamin A/C (LA/C) in nm from the
nuclear membrane (Mem.) towards the center of the nucleus (Nuc.). d Average
intensity profile plots corresponding to 25 line scans across the nuclear rim char-
acterizing distances between lamin Bl and LAP2, LAP2, and lamin A/C, and lamin B1
and lamin A/C. Insert box-and-whisker plots represent the distribution of separa-
tions (nm) across all 25 line scans. e Fourier ring correlation (FRC) curves in the xy,
yz, and xz planes of all three targets in (a). Source data are provided as a Source
Data file.

nanoprinted optics in microchannels that paves the way for further
studies incorporating microoptics into microfluidic systems.

Transmission-based imaging of polystyrene beads was used for
real-time stabilization to keep the sample within the field of view and
within the same LS slice during long-term imaging. This approach is
based on an open-source plugin for easy implementation”. The
fluorescent fiducial beads were then used to correct any residual drift
in post-processing. An alternative approach is using real-time locali-
zation of the fluorescent bead together with real-time feedback to the
stage for active stabilization during imaging".

The soTILT3D platform can be easily extended to live-cell ima-
ging and single-particle tracking (SPT). The biocompatibility of the
insert and PDMS together with the gas permeability of PDMS makes
the microfluidic channels suitable for live-cell studies. In fact, the
cells in this study were cultured inside the chip and live cells have
been kept in the microfluidic channel for up to 48 h. Solution per-
fusion through the channel allows for precise control of the extra-
cellular environment, the introduction of compounds for drug
screening applications, and swift removal of heat or waste products
with a constantly replenishing fluid reservoir. The single-objective LS
design is also compatible with standard microscope stagetop incu-
bators. Furthermore, LS illumination minimizes photodamage to the

specimen and the auto-stabilization drift correction scheme allows
for easy decoupling of cell movement from sample drift over long
acquisition periods. The design flexibility of the soTILT3D setup also
allows for easy implementation with other live-cell compatible single-
molecule imaging modalities, such as Peptide-PAINT’>”" and SR
imaging using SiR dyes’*”*. New fluorophore developments, includ-
ing self-quenched DNA-PAINT probes™, and tunable lenses with
stronger defocusing abilities, will further improve the performance
of soTILT3D imaging in the future. Additionally, refractive index
mismatch-induced aberrations such as spherical aberrations can be
reduced in future studies by the use of a silicone oil immersion
detection objective for better matching with the refractive index of
the sample. Adaptive optics can also be implemented in the illumi-
nation path and as an addition to the 4f setup to mitigate the effects
of setup- and sample-induced aberrations, including spherical aber-
rations when imaging away from the coverslip or far from the
side wall.

Overall, we think that soTILT3D offers a simple and flexible
approach for improved 3D SR imaging and SPT that can be adapted
and utilized for various single-molecule imaging applications for faster
and more efficient and precise nanoscale investigation of cellular
structures and molecular dynamics.
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Methods

Optical platform

Excitation pathway. The optical platform was built around a con-
ventional inverted microscope (IX83, Olympus) (Supplementary
Fig. 1). The excitation pathway includes illumination lasers (560 nm,
1000 mW, MPB Communications; 642 nm, 1000 mW, MPB Commu-
nications) which were spectrally filtered (FF01-554/23-25, Semrock;
FF01-631/36-25, Semrock) and circularly polarized (560 nm: Z-10-A-
.250-B-556 quarter-wave plate, Tower Optical; 642 nm: LPVISCO50-
MP2 polarizer, Thorlabs, and Z-10-A-.250-B-647 quarter-wave plate,
Tower Optical) before being expanded and collimated (LA1951-A,
f=254mm, Thorlabs; LA1417-A, f=150 mm, Thorlabs). Switching
between lasers was controlled with shutters (VS14S27Z1, Vincent
Associates Uniblitz) connected to a shutter control box (VDM-D3,
Vincent Associates Uniblitz). The laser pathways were then merged
into a single optical path with a dichroic mirror (T5901pxr-UF2,
Chroma). The laser light was then either sent to the epi-illumination or
single-objective LS illumination pathway, where switching between
paths was achieved by manually flipping two flip mirrors. Along the
epi-illumination pathway, the beam was further expanded and colli-
mated (AC508-075-A, f=75 mm, Thorlabs; AC508-300-A, f=300 mm,
Thorlabs) to achieve a laser spot size that would illuminate the entire
field of view (FOV) of ~50 pm x 50 pm. The beam was reflected off of a
flip mirror and directed through a Kohler lens (AC508-300-A,
f=300 mm, Thorlabs) that focused the beam at the back aperture of a
high-NA oil immersion objective (UPLXAPO100x, 100x, NA 145,
Olympus) used for both illumination and detection to generate colli-
mated widefield epi-illumination in the sample plane. Along the LS
illumination pathway, the beam was reduced and collimated (AC254-
15-A-ML, f=150 mm, Thorlabs; AC254-075-A-ML, f=75 mm, Thorlabs)
before going through a cylindrical lens (ACY254-150-A, f=150 mm,
Thorlabs) which focused the light in only one dimension onto a gal-
vanometric mirror oriented horizontally and conjugated to the back
focal plane of the objective lens for beam steering in the sample plane
in the y direction (GVS211, Thorlabs; GPS011-US Galvo Power Supply,
Thorlabs). The beam was then reduced and collimated once again
(AC254-150-A-ML, f=150 mm, Thorlabs; AC254-075-A-ML, f=75mm,
Thorlabs) and focused onto a second galvanometric mirror oriented
vertically and conjugated to the back focal plane of the objective lens
for beam steering in the sample plane in the x direction (GVS211,
Thorlabs; GPS011-US Galvo Power Supply, Thorlabs). The beam was
then reduced and collimated once again (AC254-150-A-ML, f=150 mm,
Thorlabs; AC254-075-A-ML, f=75mm, Thorlabs) and focused in one
dimension onto a tunable lens (EL-3-10-VIS-26D-FPC, Optotune; EL-E-4
Electrical Lens Driver, Optotune) conjugated to the back focal plane of
the objective lens for focal steering of up to 50 pm in the sample plane.
The beam was then directed through a lens (AC508-300-A, f=300 mm,
Thorlabs) focusing the beam onto a third galvanometric mirror
(SP30Y-AG, Thorlabs; GPWR15 Galvo Power Supply, Thorlabs; CBLS3F
Galvo System Cable Set, Thorlabs) oriented horizontally and con-
jugated to the sample plane for rapid dithering of the LS with a func-
tion generator (15MHz DDS Signal Generator/Counter, Koolertron).
Finally, the beam was directed through the Kohler lens, a common
element between both the epi- and the LS illumination paths. All lenses
in the illumination path were chosen to generate a LS with dimensions
suitable for mammalian cell imaging. The high-NA objective lens then
focused the LS into a microfluidic chip bonded to a coverslip (vide
infra) and was reflected off of its metalized side wall at a 0° or 12° angle
into the sample. For whole-cell SR imaging, mirrors on removable
magnetic mounts in the red epi-illumination path were used for
simultaneous epi-illumination for fiducial bead-based drift correction
(Supplementary Fig. 14). A dichroic mirror (69-216, 600 nm Dichroic
Short-pass Filter, Edmund Optics) was placed on a sideways-mounted
magnetic mount in place of the flip mirror just before the Kohler lens
to allow for simultaneous LS illumination with the 560 nm laser and

epi-illumination with the 642 nm laser. This allowed for fiducial bead-
based drift correction using 0.20 pm 660/680 fiducial beads (F8807,
Invitrogen) in both lateral and axial dimensions while acquiring single-
molecule data with the single-objective LS.

Active stabilization. Real-time active stabilization was achieved using
an infrared (IR) LED (BLS-LCS-0850-03-22, Mightex; BLS-SA02-US LED
Control Box, Mightex) mounted in place of the microscope’s white
light halogen lamp for IR brightfield illumination. An 800 nm dichroic
short-pass mirror (14-015, Edmund) was mounted between the objec-
tive lens and the Kohler lens to direct transmitted IR light to a separate
path where it was focused using a tube lens (ACT508-200-B,
f=200nm, Thorlabs) onto the sensor of a CMOS camera (CS235MU,
Thorlabs) aligned in an optical cage system. Optical cleanup filters
(FF01-842/56-25, Semrock) were placed between the LED and sample
and in front of the CMOS camera to filter stray IR wavelengths in the
transmission path. Furthermore, a short-pass cleanup filter (BSPO1-
785R-25, Semrock) was placed in the fluorescence detection path to
remove residual IR wavelengths from the fluorescence emission light.
This allowed for active stabilization of the system using the standard
PSF of nonfluorescent 3 um polystyrene beads (C37484, Invitrogen) in
both lateral and axial dimensions using an open-source active stabili-
zation ImageJ/Micromanager Plugin® termed Feedback Focus Lock
(Supplementary Fig. 14), which relied on a fine adjustment xyz piezo-
electric translation stage (OPH-PINANO-XYZ, Physik Instrumente) to
correct for drift while acquiring single-molecule data.

Microfluidic setup. The microfluidic chip was mounted in a stagetop
incubation chamber (P-736-ZR1S/ZR2S, OkoLab) compatible with an xy
translation stage (OPH-XYS-O, Physik Instrumente) and a fine adjust-
ment xyz piezoelectric translation stage (OPH-PINANO-XYZ, Physik
Instrumente). Solutions were perfused using a pressure-based flow
control pump (LU-FEZ-0345, Fluigent, Inc.) connected to compressed
air. Switching between solutions was achieved with an 11-port/10-
position bidirectional valve connected to multiple solutions
(ESSMSWO003, Fluigent, Inc.) and locally controlled using a micro-
fluidic flow controller (ELUSEZ, Fluigent, Inc.). Tubing (FEP 1/16” OD, 1/
100” ID, Cole-Parmer) was connected from the pump to the micro-
fluidic chip for solution perfusion.

Emission pathway. Emission from fluorophores was collected by the
same high-NA objective lens (UPLXAPO100x, 100x, NA 1.45, Olympus)
used for epi- and LS illumination, spectrally filtered (ZT405/488/561/
640rpcV3 3 mm thick dichroic filter set mounted in Chroma BX3 cube,
Chroma; ZET642NF, ZET56INF, both Chroma), and focused by the
microscope tube lens to form an image at the intermediate image
plane (IIP). The light then continued to the first lens of a 4f system
(AC508-080-AB, f=80 mm, Thorlabs) positioned one focal length
away from the IIP. An iris attached to a lens tube on the emission port
of the microscope allowed for control of the emission spot size on the
camera sensor. A dichroic mirror (T660lpxr-UF3, Chroma) was used to
split the emission into two color channels: a “green path” where
wavelengths shorter than 660 nm were reflected into and a “red path”
where wavelengths longer than 660 nm were transmitted into. A sec-
ond 4f lens (AC508-080-AB, f=80 mm, Thorlabs) was placed in each
path two focal lengths away from the first 4f lens. One focal length after
the first 4f lens, the Fourier plane of the microscope was accessible,
and the phase of emitted light was modulated to engineer the PSFs to
encode the axial positions of emitters in each path. This was achieved
using a dielectric DH phase mask (DH-1 phase mask, 590 nm with
diameter of 2.367 mm, Double-Helix Optics, LLC) in the green channel
for single-molecule data collection over a 2-um axial range and a DH
phase mask (DH-12 phase mask, 670 nm with diameter of 2.484 mm,
Double-Helix Optics, LLC) in the red channel for bead localizations and
drift correction over a 12-um axial range. Beyond these ranges, the
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fluorescence signal of the PSFs becomes dimmer and the rotation rates
slow down relative to the axial position change. After phase modula-
tion with the phase masks, the emitted light in each color channel was
focused by the second 4f lens in each channel and directed onto
opposite corners of the sensor of an EMCCD camera (iXon Ultra 897,
Andor, Oxford Instruments).

Camera settings. For fluorescence imaging, diffraction-limited and
single-molecule data was acquired with the Andor Solis imaging soft-
ware (Solis version 4.32.30000.0, SDK version 2.104.33000.0). A set
EM gain of 200 was used, which corresponded to a calibrated EM gain
0of 182 for the EMCCD camera. The EMCCD camera conversion gain was
found experimentally to be 4.41 photoelectrons per A/D count. This
camera was operated at a shift speed of 1.7 pm/s and normal vertical
clock voltage amplitude. The read-out rate was set to 10 MHz at 16 bits
using a preamplifier gain of 3. The calibrated pixel size of the camera
was 159 nm/pixel vertically and 157 nm/pixel horizontally. For trans-
mission imaging, the CMOS camera was set to a gain of 20 photo-
electrons per A/D count, and the calibrated pixel size was 42.7 nm/
pixel. Imaging with the CMOS camera was performed using the
ThorCam software (version 3.7.0.6).

Fabrication process for microfluidic chips with reflective angled
side walls

An overview of the fabrication process for microfluidic chips can be
found in Supplementary Fig. 15. An overview of the various chip
dimensions and modifications used throughout this work can be found
in Fig. 1. The microfluidic chip consists of two main parts: a 3D nano-
printed metalized insert and a PDMS channel.

Insert fabrication. For insert fabrication, inserts of desired dimensions
were first designed using AutoCAD (Autodesk) and sliced and hatched
for 3D nanoprinting in Describe (Nanoscribe GmbH & Co.KG) with the
10x Silicon Shell recipe using a slicing distance of 0.3um and a
hatching distance of 0.3um with a hatching angle of -6° and a
hatching angle offset of 0°. The block size (X: 840 um, Y: 800 um, Z:
4000 um), block offset (X: 400 um, Y: 425 pum, Z: O um), and block
shear angle (0°) were adjusted to avoid any stitching lines throughout
the printed structure. For imaging in mammalian cells, inserts were
printed to be 105 um tall, 300 pm wide, and 4 mm long. For imaging
throughout stem cell aggregates, inserts were printed to be 260 pm
tall, 300 um wide, and 4 mm long. In both cases, the side wall had an
angle of 39° and a height of 15 um to allow for a reflected LS with a 12°
tilt. For imaging the LS in fluorescent solution, inserts were printed to
be 105 pum tall, 300 um wide, and 2.5 mm long with an angle of 45° and
a height of 70 pm to allow for a reflected LS with no tilt for char-
acterization purposes. A mirror with a height of 70 pm was used to
allow for a greater mirror surface area in order to image both the width
and thickness of the LS by rotating the cylindrical lens. The design was
then printed using two-photon polymerization direct laser writing on a
fused silica substrate with the Nanoscribe Photonic Professional GT2
(Nanoscribe GmbH & Co.KG). The structure was printed using the 10x
objective with IP-Visio resin (Nanoscribe GmbH & Co0.KG), a non-
cytotoxic, optically transparent, nonfluorescent methacrylate-based
resin, with a laser power set to 100% and a scan speed of 30 mm/s. The
structure was then briefly immersed in SU8 developer (mr-Dev 600,
Kayaku Advanced Materials, Inc.) where a pipette was used to gently
dissolve excess unpolymerized resin. The structure was then briefly
immersed in isopropyl alcohol (MPX18304, Fisher Scientific) and dried
gently with nitrogen gas. The insert was then treated for 15 min with an
18 W UV light source (140010, Vacuum UV-Exposure Box, Gie-Tec
GmbH). The insert was then mounted on its side for vapor deposition.
This orientation ensured that only the edge of the insert containing the
side wall was metalized to reduce unnecessary scattering from the
reflectivity of other portions of the insert. The insert was then mounted

in an e-beam vapor deposition chamber where 200 nm of silica was
deposited (EVMSIO21-5D, Kurt J. Lesker), followed by 350 nm of alu-
minum (EVMALSOEXEB, Kurt J. Lesker), and followed by 5 nm of silica
(EVMSIO21-5D, Kurt J. Lesker). The first layer of silica provides an
insulating layer to the plastic insert to protect it from the laser inten-
sities used for imaging, the layer of aluminum provides a reflective
layer for single-objective LS reflection, and the final layer of silica
provides a dielectric coating for the mirror surface. These layers were
optimized to provide the best heat protection for the thermoplastic
base as well as good reflectivity. Scans profiling the surface of the
insert side wall were performed using atomic force microscopy (AFM).
A 10 pm x10 pm region of the side wall was scanned (NCHR-10,
NanoWorld; NX20, Park Systems) and analyzed (XEI 4.3.4, Park Sys-
tems), revealing a root mean square (RMS) roughness of 25.9 nm for
the entire 100 um? scanned region (Supplementary Fig. 15).

PDMS base fabrication. For the PDMS base, PDMS (SYLGARD 184
Silicone Elastomer Kit, Dow Inc.) channels were formed from SU8
molds made on silicon wafers (444, University Wafer, Inc.) with SU8-
100 photoresist (Y131273, Kayaku Advanced Materials, Inc.). SU8
molds with a 100 um height for isolated cell imaging and LS char-
acterization were prepared by spin-coating (WS-650Mz-23NPPB,
Laurell Technologies) approximately 2 mL of the photoresist onto a
silicon wafer first to 500 revolutions per minute (rpm) at 100 rpm/s
acceleration, then held at 500 rpm for 10 s, then ramped to 3000 rpm
at an acceleration of 300 rpm/s and held at this speed for 30s. The
molds were then heated on a hot plate at 65 °C for 10 min followed by
95 °C for 30 min. A custom film photomask (Micro Lithography Ser-
vices Ltd) with channels that were 700 um wide and 1 cm long designed
in AutoCAD (Autodesk) was applied to the photoresist-coated silicon
wafers which were then exposed to UV light under vacuum (140010,
Vacuum UV-Exposure Box, Gie-Tec GmbH) with an 18 W light source
for 27 s. The molds were then heated again on a hot plate at 65 °C for
1 min followed by 95 °C for 10 min. The molds were then placed in a
beaker with approximately 20 mL of SU8 developer (mr-Dev 600,
Kayaku Advanced Materials, Inc.) and gently swirled for 10 min to
dissolve residual untreated photoresist. All these steps were per-
formed in accordance with the procedure outlined on the technical
datasheet for SU8-100 negative epoxy photoresist (https://kayakuam.
com/wp-content/uploads/2020/09/KAM-SU-8-50-100-Datasheet-9.3.

20-Final.pdf). SU8 molds with a 250 pm height for stem cell aggre-
gate imaging were prepared by spin-coating approximately 2 mL of the
photoresist onto a silicon wafer first to 500 rpm at 100 rpm/s accel-
eration, then held at 500 rpm for 10 s, then ramped to 1500 rpm at an
acceleration of 300 rpm/s and held at this speed for 30 s. The molds
were then heated on a hot plate at 65 °C for 2 h followed by 95 °C for
4 h. A photomask with channels that were 2 mm wide and 1cm long
was applied to the photoresist-coated silicon wafers which were then
exposed to UV light under vacuum with an 18 W light source for 45s.
The molds were then heated again on a hot plate at 65°C for 1 min
followed by 95 °C for 30 min. The molds were then placed in a beaker
with approximately 20 mL of SU8 developer and gently swirled for
20 min to dissolve residual untreated photoresist. Once molds were
made, approximately 25 mL of PDMS was prepared from a two-part
system of a 10:1 ratio of elastomer to curing agent and poured over
SU8 molds placed in 60 mm Petri dishes (FBO875713A, Fisher Scien-
tific). Pins with cut-off tips were placed on both ends of the channel
prior to pouring the PDMS and were left in place as the PDMS cured to
generate holes for tubing. The PDMS was left to cure at room tem-
perature overnight followed by an additional 2 h at 65 °C in an oven.

Assembly and bonding. Once the PDMS was cured, the PDMS slab was
peeled off the SU8 mold, and the metalized insert, which can be han-
dled with forceps, was carefully placed into the PDMS channel. Care
must be taken to ensure the insert is seated in the correct orientation
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within the PDMS for LS reflection into the sample. For bonding of the
microfluidic chip, coverslips (#1.5, 22 mm x 22 mm, Electron Micro-
scopy Sciences) were first cleaned via sonication (Branson Ultrasonics
Cleaning Bath, 15-336-120, Fisher Scientific) in acetone (BP2403-4,
Fischer Scientific) for 25 min followed by plasma treatment (PDC-32G,
Harrick Plasma Inc) with argon gas for 25 min. A clean coverslip was
then placed with the PDMS into the plasma cleaner (PDC-32G, Harrick
Plasma Inc) and treated with air plasma for 30s. Immediately after
removal from the plasma cleaner, the PDMS and coverslip were pres-
sed together, allowing covalent bonds to form between the two, and
bonding the microfluidic chip to form a sealed channel.

Human embryonic stem cell line

The human embryonic stem cell line used in this study (ESI-017,
courtesy of the Warmflash lab at Rice University) was originally pur-
chased from ESIBIO. Karyotype and genomic integrity checks were
done by the manufacturer. Pluripotency (OCT4+, SOX2+, NANOG+)
was regularly monitored prior to and during the study. The cell line was
tested regularly for mycoplasma and found negative.

All experiments were performed with a human embryonic stem
cell line that was previously established and is in the NIH registry.
Experiments conform to the ISSCR guidelines found at https://www.
isscr.org/policy/guidelines-for-stem-cell-research-and-clinical-
translation.

Cell culture

Before plating cells, the microfluidic channel was cleaned with 70%
ethanol (BP82031GAL, Fisher Scientific) followed by rinsing with
nanopure water and coated with a 0.001% solution of fibronectin
(FO895, Sigma-Aldrich) in phosphate-buffered saline (PBS)
(SH3025601, Fisher Scientific). Human osteosarcoma cells (U-2 OS -
HTB-96, ATCC) were then seeded into the microfluidic chips 24 h
before fixation and incubated at 37 °C and 5% carbon dioxide (Thermo
Scientific Heracell 150i CO, Incubator, 51-032-871, Fisher Scientific) in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco) with
25mM HEPES and supplemented with 10% (v/v) fetal bovine serum
(FBS, Gibco) and 1 mM sodium pyruvate (Gibco). Human pluripotent
stem cells (ESI-017, seeded and fixed in the Warmflash lab at Rice
University), were seeded into the microfluidic chips 4 h before fixation
and incubated at 37°C and 5% carbon dioxide (Thermo Scientific
Heracell 150i CO2 Incubator, 51-032-871, Fisher Scientific) in mTeSR
complete cell culture medium (courtesy of the Warmflash lab at Rice
University).

Sample preparation

Cell culture, fixation, and blocking in microfluidic chips. After cul-
turing the U20S cells inside the microfluidic chip for 24 h, or 4 h in the
case of the stem cells, the cells were fixed and immunolabeled inside of
the microfluidic chip. For fixation, cells were first washed three times in
PBS (SH3025601, Fisher Scientific), where each wash represents a
complete fluid exchange in the microfluidic chip, fixed for 20 min in
chilled 4% formaldehyde solution made by dissolving paraformalde-
hyde (PFA, Electron Microscopy Sciences) in PBS, washed once more in
PBS, and incubated with 10 mM ammonium chloride (Sigma-Aldrich)
in PBS for 10 min. The cells were then permeabilized with three
washing steps with 0.2% (v/v) Triton X-100 (Sigma-Aldrich) in PBS with
a 5-min incubation period between each wash, and blocked with 3%
(w/v) bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 1 h in the
case of the U20S cells, and in 10% (v/v) donkey serum (ab7475, Abcam)
in PBS for 1h in the case of the stem cells.

Labeling and imaging for diffraction-limited imaging of U20S cells.
For diffraction-limited imaging of U20S cells, cells were labeled with
rabbit anti-lamin Bl (abl16048, Abcam) primary antibodies using a
1:1,000 dilution in 1% (w/v) BSA in PBS for 2 h. Cells were then washed

three times with 0.1% (v/v) Triton X-100 in PBS with a 3-min incu-
bation period during each wash before being labeled with donkey
anti-rabbit secondary antibodies conjugated with dye CF568 (20098-
1, Biotium) at a 1:100 dilution in 1% (w/v) BSA in PBS for 1 h. Cells
were then washed five times in 0.1% (v/v) Triton X-100 in PBS. An
oxygen-scavenging buffer’® containing 100 mM Tris-HCI (J22638-K2,
Thermo Scientific), 10% (w/v) glucose (215530, BD Difco), 2 ul/ml
catalase (C100, Sigma-Aldrich), and 560 ug/ml glucose oxidase
(G2133, Sigma-Aldrich) was added during imaging to reduce
photobleaching.

Labeling and imaging for single-molecule imaging throughout
U20S cells. For single-molecule imaging comparing epi- and LS illu-
mination and for determining the Strehl ratio of our system, U20S cells
were labeled with rabbit anti-lamin Bl (abl6048, Abcam) primary
antibodies using a 1:1,000 dilution in 1% (w/v) BSA in PBS for 2 h. Cells
were then washed three times with 0.1% (v/v) Triton X-100 in PBS with a
3-min incubation period during each wash before being labeled with
donkey anti-rabbit oligonucleotide-conjugated secondary antibodies
(Massive Photonics, order number AB2401012) in antibody incubation
buffer (Massive Photonics) for 1 h. Cells were then washed three times
with 1x washing buffer (Massive Photonics) in nanopure water, three
times with 0.2% (v/v) Triton X-100 in PBS, and once in imaging buffer
(500 mM NaCl in PBS, pH 8). 0.1 um 580/605 nm fiducial beads (F8801,
Invitrogen) at a dilution of 1:100,000 in nanopure water were then
flowed in just before imaging. Finally, single-molecule data was
obtained by flowing in imager strand solutions containing the com-
plementary oligonucleotide-Cy3B dye conjugates (Massive Photonics,
order number AB2401012) diluted in imaging buffer to a concentration
of 0.01 nM.

For single-molecule imaging of microtubules for acquisition
speed and resolution comparison (Fig. 3, Supplementary Fig. 9), for
determining the density breaking point of Easy-DHPSF (Supplemen-
tary Fig. 8), and for analysis method control (Supplementary Fig. 7d, e),
U20S cells were labeled with mouse anti-o-tubulin (T5168,
Sigma-Aldrich) primary antibodies using a 1:500 dilution in 1% (w/v)
BSA in PBS for 2 h. Cells were then washed three times with 0.1% (v/v)
Triton X-100 in PBS with a 3-min incubation period during each wash
before being labeled with donkey anti-mouse oligonucleotide-con-
jugated secondary antibodies (Massive Photonics, order number
AB2401012) at a dilution of 1:100 in antibody incubation buffer (Mas-
sive Photonics) for 1 h. Cells were then washed three times with 1x
washing buffer (Massive Photonics) in nanopure water, three times
with 0.2% (v/v) Triton X-100 in PBS, and once in imaging buffer
(500 mM NacCl in PBS, pH 8). Before imaging, 0.1 um 580/605 nm
fiducial beads (F8801, Invitrogen) at a dilution of 1:100,000 in nano-
pure water were flowed in. Finally, complimentary oligonucleotide-
Cy3B dye conjugates (Massive Photonics, order number AB2401012)
diluted in imaging buffer were flowed in at a concentration of
0.025 nM (standard concentration) or 0.2 nM (high concentration) just
before imaging.

For resolution analysis comparing epi- versus LS illumination in
the high-density regime with DECODE (Supplementary Fig. 10), U20S
cells were labeled with mouse anti-lamin A/C (sc-376248, Santa Cruz
Biotechnology) primary antibodies at a dilution of 1:100 in 1% (w/v)
BSA for 2 h. Cells were then washed three times with 0.1% (v/v) Triton
X-100 in PBS with a 3-min incubation period during each wash before
being labeled with donkey anti-mouse oligonucleotide-conjugated
secondary antibodies (Massive Photonics, order number AB2401012)
at a dilution of 1:100 in antibody incubation buffer (Massive Photonics)
for 1 h. Cells were then washed three times with 1x washing buffer
(Massive Photonics) in nanopure water, three times with 0.2% (v/v)
Triton X-100 in PBS, and once in imaging buffer (500 mM NaCl in PBS,
pH 8) before imaging. Finally, complimentary oligonucleotide-Cy3B
dye conjugates (Massive Photonics, order number AB2401012) diluted
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in imaging buffer were flowed in at concentrations of 0.1 nM for high-
density imaging.

For two-target imaging of Tomm20 and lamin A/C, before U20S
cells were seeded into the microfluidic chips, the chips were first flo-
wed through with 3um carboxylated polystyrene fiducial beads
(C37484, Invitrogen) diluted 1:100 in PBS and placed on a hot plate at
200 °C for 1 min and then at 100 °C for 5 min to facilitate active sta-
bilization (Supplementary Fig. 14). After seeding, fixation, permeabili-
zation, and blocking, cells were labeled with rabbit anti-Tomm20
(ab186735, Abcam) and mouse anti-lamin A/C (sc-376248, Santa Cruz
Biotechnology) primary antibodies at a dilution of 1:200 and 1:100,
respectively, in 1% (w/v) BSA, 5% (v/v) salmon sperm ssDNA (ab229278,
Abcam), and 10% donkey serum (ab7475, Abcam) in PBS for 2 h. Cells
were then washed three times with 0.1% (v/v) Triton X-100 in PBS with a
3-min incubation period during each wash before being labeled with
donkey anti-rabbit and donkey anti-mouse oligonucleotide-con-
jugated secondary antibodies (Massive Photonics, order number
AB2401012) at a dilution of 1:100 in antibody incubation buffer (Mas-
sive Photonics) for 1 h. Cells were then washed three times with 1x
washing buffer (Massive Photonics) in nanopure water, three times
with 0.2% (v/v) Triton X-100 in PBS, and once in imaging buffer
(500 mM NaCl in PBS, pH 8) before imaging. Before imaging, 0.2 pm
660/680 nm fiducial beads (F8807, Invitrogen) at a dilution of
1:100,000 in PBS were flowed in and allowed to settle for 5 min. Finally,
complimentary oligonucleotide-Cy3B dye conjugates (Massive Pho-
tonics, order number AB2401012) diluted in imaging buffer were flo-
wed in at concentrations of 0.04 nM for Tomm20 and 0.08 nM for
lamin A/C sequentially for the two targets during imaging.

For two-target imaging of ezrin and lamin A/C, U20S cells were
labeled with rabbit anti-ezrin (ab40839, Abcam) and mouse anti-lamin
A/C primary antibodies (sc-376248, Santa Cruz Biotechnology) at a
dilution of 1:50 and 1:100, respectively, in 1% (w/v) BSA, 5% (v/v) salmon
sperm ssDNA (ab229278, Abcam), and 10% donkey serum (ab7475,
Abcam) in PBS for 2 h. Cells were then washed three times with 0.1%
(v/v) Triton X-100 in PBS with a 3-min incubation period during each
wash before being labeled with donkey anti-rabbit and donkey anti-
mouse oligonucleotide-conjugated secondary antibodies (Massive
Photonics, order number AB2401012) at a dilution of 1:100 in antibody
incubation buffer (Massive Photonics) for 1 h. Cells were then washed
three times with 1x washing buffer (Massive Photonics) in nanopure
water, three times with 0.2% (v/v) Triton X-100 in PBS, and once in
imaging buffer (500 mM NaCl in PBS, pH 8) before imaging. Next,
0.2 um 660/680 nm fiducial beads at a dilution of 1:100,000 in ima-
ging buffer were flowed in for drift correction and allowed to settle for
5min. Finally, complimentary oligonucleotide-Cy3B dye conjugates
(Massive Photonics, order number AB2401012) diluted in imaging
buffer were flowed in at concentrations of 0.08 nM for ezrin and
0.08 nM for lamin A/C sequentially for the two targets during imaging.

For multi-target imaging of lamin B1, lamin A/C, and LAP2, U20S
cells were labeled with rabbit anti-lamin Bl (abl6048, Abcam), mouse
anti-lamin A/C (sc-376248, Santa Cruz Biotechnology), and goat anti-
thymopoietin (AF843, R&D Systems) primary antibodies at a dilution
0f1:1000, 1:100, and 1:50, respectively, in 1% (w/v) BSA, 5% (v/v) salmon
sperm ssDNA (ab229278, Abcam), and 10% donkey serum (ab7475,
Abcam) in PBS for 2 h. Cells were then washed three times with 0.1%
(v/v) Triton X-100 in PBS with a 3-min incubation period during each
wash before being labeled with donkey anti-rabbit, donkey anti-mouse,
and donkey anti-goat oligonucleotide-conjugated secondary anti-
bodies (Massive Photonics, order number AB2401012) at a dilution of
1:100 in antibody incubation buffer (Massive Photonics) for 1 h. Cells
were then washed three times with 1x washing buffer (Massive Pho-
tonics) in nanopure water, three times with 0.2% (v/v) Triton X-100 in
PBS, and once in imaging buffer (500 mM NaCl in PBS, pH 8). Before
imaging, 0.2 pm 660/680 nm fiducial beads (F8807, Invitrogen) at a
dilution of 1:100,000 in PBS were flowed in. Finally, complimentary

oligonucleotide-Cy3B dye conjugates (Massive Photonics, order
number AB2401012) diluted in imaging buffer were flowed in at con-
centrations of 0.04nM for lamin Bl, 0.08 nM for lamin A/C, and
0.08 nM for LAP2 sequentially for the three targets during imaging.
Multi-target sequential labeling controls are shown in Supplemen-
tary Fig. 16.

Labeling and imaging throughout stem cell aggregates. For
diffraction-limited and dSTORM super-resolution imaging of stem
cell aggregates, stem cells were labeled with rabbit anti-lamin Bl
primary antibodies (ab16048, Abcam) using a 1:1,000 dilution in 10%
(v/v) donkey serum in PBS for 2 h. Cells were then washed three times
with 0.1% (v/v) Triton X-100 in PBS with a 3-min incubation period
during each wash before being labeled with donkey anti-rabbit sec-
ondary antibodies conjugated with dye CF568 (20098-1, Biotium) at
a 1:100 dilution in 10% (v/v) donkey serum in PBS for 1 h. Cells were
then washed five times in 0.1% (v/v) Triton X-100 in PBS. An oxygen-
scavenging buffer containing 100 mM Tris-HCI, 10% (w/v) glucose,
2 pl/ml catalase, and 560 pg/ml glucose oxidase was added during
imaging to reduce photobleaching, and this buffer was supple-
mented with 286 mM [-mercaptoethanol (BME) for dSTORM
imaging.

Imaging procedure and settings

Diffraction-limited imaging. For diffraction-limited imaging of lamin
B1in U20S cells (Fig. 2a, Supplementary Fig. 5), cells were imaged with
the 560 nm laser at ~90 W/cm? and an exposure time of 50 ms.

Single-target single-molecule imaging throughout U20S cells.
Single-molecule images were acquired to compare epi- and LS illumi-
nation SBR and localization precision (Fig. 2b, ¢, Supplementary Fig. 6),
to determine the Strehl ratio of our system (Supplementary Fig. 3), to
compare the speed and resolution when using Easy-DHPSF or DECODE
for analysis (Fig. 3, Supplementary Figs. 8 and 9), and for epi- versus LS
illumination resolution analysis in the high-density regime with
DECODE (Supplementary Fig. 10). For the epi- versus LS illumination
localization precision comparisons of lamin B1, the 560 nm laser was
used at ~-580 W/cm? for epi-illumination and at ~-800 W/cm? for LS
illumination using an exposure time of 100 ms to match the binding
kinetics of the imager strands. 50,000 frames were acquired. To
determine the Strehl ratio of our system, lamin B1 in U20S cells was
imaged with the 560 nm laser at ~800 W/cm? first at O um and then at
5 um above the coverslip. 3000 frames at a 100 ms exposure time were
acquired at each height and the resulting median photon counts were
compared. For the speed and resolution comparison of microtubules,
the 560 nm laser was used at ~-800 W/cm?, the exposure time was set to
100 ms, and 100,000 frames were acquired. For the resolution analysis
of lamin A/C comparing epi- versus LS illumination with DECODE in the
high emitter density regime, three cells were imaged with the 560 nm
laser at ~470 W/cm? for epi-illumination and ~450 W/cm? for LS illu-
mination at an exposure time of 100 ms. 10,000 frames were acquired
for each data set and the resulting number of localizations and reso-
lution values in the xy, xz, and yz planes were determined. After ima-
ging, dark frames were acquired with the lasers turned off and camera
shutters closed, and z-scan calibration stacks of the 2-pm axial range
DH-PSF in the green channel were acquired with fiducial beads (T7280,
TetraSpeck, 0.2 um, Invitrogen) spin-coated in 1% (w/w) PVA (Mowiol
4-88, #17951, Polysciences Inc.) in nanopure water on a coverslip.

Multi-target single-molecule imaging throughout U20S cells. For
two-target single-molecule imaging of mitochondria and lamin A/C
(Fig. 4a, b), 50,000 frames were acquired for each target using the
560 nm laser at ~550 W/cm? and an exposure time of 100 ms. For
fiducial bead drift correction, 0.2 pm 660/680 nm fiducial beads were
excited using 642nm epi-illumination at -3W/cm? For active
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stabilization with 3 pm carboxylated polystyrene fiducial beads, the
850nm LED was used at ~1.3 W/cm? (Supplementary Fig. 14). The
CMOS camera was operated at an exposure time of 10 ms with a cor-
rection speed of 400 ms for active stabilization. Imager strands for
each target and washing buffer between targets were flowed through
the microfluidic channel with a pressure-based flow control pump set
to a pressure of 345 mbar, which corresponded to a calibrated flow
rate of 58 uL/min. After imaging, dark frames were acquired with the
lasers turned off and camera shutters closed, and z-scan calibration
stacks of the 12-pum axial range DH-PSF in the red channel and the 2-pm
axial range DH-PSF in the green channel were acquired with fiducial
beads (T7280, TetraSpeck, 0.2 um, Invitrogen) spin-coated in 1% (w/w)
PVA in nanopure water on a coverslip. Registration images of both
channels were acquired using the standard PSF with fiducial beads
(T7280, TetraSpeck, 0.2 um, Invitrogen) spin-coated in 1% (w/w) PVA in
nanopure water on a coverslip.

For two-target single-molecule imaging of ezrin and lamin A/C
(Fig. 4c), 20,000 frames of ezrin and 10,000 frames of lamin A/C were
acquired at each slice using the 560 nm laser at ~-550 W/cm? and an
exposure time of 100 ms. For fiducial bead drift correction, 0.2 pm
660/680 nm fiducial beads were excited using 642 nm epi-illumination
at -3 W/cm? To combat fiducial bead saturation, a 1.0 ND filter was
placed in the red channel of the emission path. Imager strands for each
target and washing buffer between targets were flowed through the
microfluidic channel with the pressure-based flow control pump set to
apressure of 345 mbar, which corresponded to a calibrated flow rate of
58 uL/min. After imaging, dark frames were acquired with the lasers
turned off and camera shutters closed, and z-scan calibration stacks of
the 12-pm axial range DH-PSF in the red channel and the 2-pm axial
range DH-PSF in the green channel were acquired with fiducial beads
(T7280, TetraSpeck, 0.2 um, Invitrogen) spin-coated in 1% (w/w) PVA in
nanopure water on a coverslip. Registration images of both channels
were acquired using the standard PSF with fiducial beads (T7280,
TetraSpeck, 0.2 um, Invitrogen) spin-coated in 1% (w/w) PVA in nano-
pure water on a coverslip.

For multi-target single-molecule imaging of the three nuclear
targets (Fig. 5a, b), 10,000 frames were acquired for each target at each
slice using the 560 nm laser at ~190 W/cm? and an exposure time of
100 ms. For fiducial bead drift correction, 0.2 pm 660/680 nm fiducial
beads were excited using 642 nm epi-illumination at -3 W/cm?. To
combat fiducial bead saturation, a 1.0 ND filter was placed in the red
channel of the emission path. Imager strands for each target and
washing buffer between targets were flowed through the microfluidic
channel with the pressure-based flow control pump set to a pressure of
345 mbar, which corresponded to a calibrated flow rate of 58 uL/min.
After imaging, dark frames were acquired with the lasers turned off
and camera shutters closed, and z-scan calibration stacks of the 12-pm
axial range DH-PSF in the red channel and the 2-um axial range DH-PSF
in the green channel were acquired with fiducial beads (T7280, Tet-
raSpeck, 0.2 um, Invitrogen) spin-coated in 1% (w/w) PVA in nanopure
water on a coverslip. Registration images of both channels were
acquired using the standard PSF with fiducial beads (T7280, Tetra-
Speck, 0.2 um, Invitrogen) spin-coated in 1% (w/w) PVA in nanopure
water on a coverslip.

Imaging throughout stem cell aggregates. For diffraction-limited
imaging of stem cell aggregates comparing epi- and LS illumination
(Supplementary Fig. 13), cells were imaged with the 560 nm laser at
~0.2-4 W/cm? for epi-illumination and ~0.2-5W/cm? for LS illumina-
tion at an exposure time of 50 ms (Supplementary Fig. 13a-c). For
dSTORM imaging of stem cell aggregates (Supplementary Fig. 13d-f),
cells were imaged with the 560 nm laser at -2 kW/cm? using LS illu-
mination with an exposure time of 50 ms for 10,000 frames (Supple-
mentary Fig. 13d, e) and 7500 frames (Supplementary Fig. 13f). Blinking
buffer was flowed through the microfluidic channel with the pressure-

based flow control pump set to a pressure of 345 mbar, which corre-
sponded to a calibrated flow rate of 58 uL/min.

Data analysis

After imaging, 3D single-molecule images acquired using the DH phase
mask in the green channel were imported into either Easy-DHPSF®*“°, a
MATLAB-based open-source localization software for non-overlapping
emitters, or the deep learning-based single-molecule detection and
localization tool DECODE™ for overlapping emitter analysis.

2D single-molecule data analysis. 2D single-molecule data for
Exchange-PAINT labeling and imaging controls (Supplementary
Fig. 16), for Strehl ratio determination (Supplementary Fig. 3), and for
stem cell aggregate imaging with dASTORM (Supplementary Fig. 13d-f)
were analyzed in ThunderSTORM”, an open-source Image) plugin,
using wavelet filtering for background subtraction and a weighted
least-squares fitting routine. PSF detection was performed with a local
maximum fitting method with a peak intensity threshold coeffi-
cient of 2.5.

3D single-molecule data analysis. For imaging where the fiducial
bead was detected in the same channel as the single-molecule data,
datalocalized by Easy-DHPSF was drift corrected with the built-in Easy-
DHPSF drift correction script while DECODE-localized data was drift
corrected separately with a custom MATLAB script using fiducial bead
data localized in Easy-DHPSF. For two-channel whole-cell imaging,
where fiducial bead data was acquired in the red channel with the 12-
um range DH-PSF and single-molecule data was acquired in the green
channel with the 2-um range DH-PSF, the 12-um fiducial bead data was
localized with a custom-edited version of Easy-DHPSF compatible with
the 12-um range DH-PSF. The 12-um range fiducial bead data was then
transformed into the green channel with a custom 2D registration code
which utilized an affine transformation to map beads from one channel
to another. The tracked motion of the fiducial bead was smoothed with
a cubic spline fitting function and subtracted from the high-density
green channel single-molecule data localized by DECODE using a
custom MATLAB script. For whole-cell imaging, slices were stitched
together with custom scripts which first shifted the data sets based on
the position of fiducial beads that were detectable across multiple
slices owing to the very long axial range of the 12-um DH-PSF and then
corrected any residual offsets using cross-correlation between adja-
cent slices. Finally, localizations were filtered along a gradient from the
top of each slice to avoid the appearance of harsh lines between stit-
ched slices. An illustration of the full data analysis pipeline is shown in
Supplementary Fig. 17.

To account for index mismatch between the glass coverslip and
the sample, all z localizations were scaled by a factor of 0.75*7®
(Supplementary Fig. 18). The z compression factor of 0.75 was
experimentally determined using 4 pm fluorescent beads (Fluospheres
Sulfate Microspheres 4.0 um (580/605), Invitrogen). Beads were dilu-
ted at a concentration of 1:1000 in PBS before being left to dry and
adhere in an 8-well ibidi chamber (80827, ibidi GmbH) overnight in an
oven at 45 °C. After adhesion, the beads were imaged in 1x PBS. Z-scans
of 6 beads were performed that were each 8 pm in total height with
100 nm steps using 560 nm epi-illumination at ~95 W/cm? with a cali-
brated EM gain of 182 and an exposure time of 50 ms. After the z-scan
was performed, an ellipse was fit to the orthogonal yz projection of
each bead, and the ratio between the major and minor axes of the
ellipse was used to determine the experimental compression factor”.

Filtering of single-molecule data. Once 3D single-molecule data had
been localized, drift corrected, and stitched together, it was filtered to
remove weak localizations. Epi- versus LS illumination comparison
data of lamin B1 (Fig. 2c and Supplementary Fig. 6) was filtered to
remove any localizations with localization precisions in x, y, or z

Nature Communications | (2024)15:10187

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54609-z

greater than 100 nm, photon counts greater than 50,000, and a DH
lobe separation below 4.5 or greater than 8.5 pixels. For Easy-DHPSF
versus DECODE comparison data of microtubules (Fig. 3a and Sup-
plementary Fig. 9), localizations with a localization precision greater
than 20 nmin xy or greater than 30 nm in z were filtered out. The data
sets were also filtered for 20-nearest neighbors with a denoise range
of 0.01-10 to remove spurious localizations. For reconstructions and
FRC resolution values without filtering of spurious localizations,
please see Supplementary Fig. 19. For microtubule data sets quanti-
fying the density breaking point of Easy-DHPSF and the resulting
resolution of high-density data when analyzed with DECODE com-
pared to Easy-DHPSF (Supplementary Fig. 8), reconstructions were
filtered to remove localizations with localization precisions greater
than 30 nmin xy and greater than 40 nm in z. For high-density single-
molecule LS and epi-illumination comparison data of lamin A/C
(Supplementary Fig. 10), all data was filtered to remove localizations
with localization precision greater than 30 nm. The lamin A/C and
mitochondria data sets (Fig. 4a, b) were filtered to remove localiza-
tions with localization precision greater than 30 nm in xy or greater
than 50 nm in z. The ezrin and lamin A/C reconstructions (Fig. 4c)
were filtered to remove localizations with localization precisions
greater than 50 nm in xy and greater than 100 nm in z. Whole-cell
lamin B1, lamin A/C, and LAP2 data sets (Fig. 5a, b) were filtered to
remove localizations with localization precision greater than 30 nm
in xy and greater than 150 in z, and for 10-nearest neighbors with a
denoise range of 0.01-10 to remove spurious localizations. Each slice
was also filtered to remove localizations with z values greater than
1um (the upper limit of our 2-um DH-PSF range). For reconstructions
and FRC resolution values without filtering of spurious localizations,
please see Supplementary Fig. 19. The 2D data acquired for Strehl
ratio determination was filtered to remove localizations with sigma
values, the width of the Gaussian that fit the localizations, greater
than 300 nm (Supplementary Fig. 3). The 2D data for the labeling and
imaging controls were unfiltered (Supplementary Fig. 16). The 2D
super-resolution stem cell aggregate data sets were filtered to
remove localizations with photon counts greater than 5000 (Sup-
plementary Fig. 13d-f).

Rendering of single-molecule data. Single-molecule data was ren-
dered using the software Vutara SRX (Bruker) for visualization, where
localizations were visualized by a 3D Gaussian using point splat ren-
dering. Microtubule reconstructions in Fig. 3a and Supplementary
Fig. 19 were rendered using a 30 nm particle size diameter. Micro-
tubule reconstructions in Supplementary Fig. 8a, ¢, d were rendered
using a 50 nm particle size diameter. Microtubule reconstructions in
Supplementary Fig. 9 were rendered using a 25 nm particle size dia-
meter. Lamin A/C and mitochondria reconstructions in Fig. 4a, b, not
including lamin A/C inset panels were rendered using a 16 nm particle
size diameter. Lamin A/C inset panels in Fig. 4a were rendered using a
20 nm particle size diameter. Lamin A/C and ezrin reconstructions in
Fig. 4c were rendered using a 30 nm particle size diameter. Lamin A/C,
LAP2, and lamin B1 reconstructions in Fig. 5 and Supplementary Fig. 19
were rendered using a 16 nm particle size diameter. Stem cell recon-
structions in Supplementary Fig. 13d were rendered using a 100 nm
particle size diameter and with a 60 nm particle size diameter in
Supplementary Fig. 13e, f.

Resolution analysis. For resolution analysis, the FRC was calculated in
Vutara SRX and used to analyze data in the xy, yz, and xz planes
(Figs. 3¢, d and Se, and Supplementary Figs. 8c, d, 9, 10, 11 and 19). A
super-resolution pixel size of 8 nm was used with a threshold of 0.143
(1/7) to extract the resolution. The FRC resolution will typically
improve with the number of localizations until the point it becomes
limited by the localization precision and residual drift.

DECODE model training and implementation. For DECODE training,
DECODE receives experimental single-molecule data and simulates
realistic single-molecule data for training. For this work, a DECODE
model was trained to detect high-density data acquired with the 2-um
range DH-PSF. Training was performed by feeding the DECODE
environment a calibration file based on the experimental parameters
of our imaging system including signal photons in the range of
0-18,000 photons per localization, background levels of O to 200
photons per pixel, a dark level of 477 A/D counts, an EM gain of 182, a
conversion gain of 4.41 photoelectrons per A/D count, and the axial
range of our 2-um PSF, as well as sparse 3D single-molecule data
acquired with our single-objective LS. High-density data sets were then
simulated based on these conditions. The DECODE model was trained
on our 0.025nM microtubule data set and converged to a Jaccard
index of 0.69 after 1000 epochs. Details related to acquisition time and
reconstruction time for each 3D SR reconstruction can be found in
Supplementary Table 1. The DECODE model used to fit all data took
~12 h to train with an NVIDIA GeForce RTX 2060 12GB graphics pro-
cessing unit on a Windows 10 64-bit operating system. The perfor-
mance of this model was benchmarked in terms of precision by
comparing the localization precision of three different fiducial beads
localized in 25,241 frames and of single-molecule data from 200,000
frames using both DECODE and Easy-DHPSF (Supplementary Fig. 7).
The localization precisions in x, y, and z for the three beads were
extracted from Gaussian fits of the localization distributions and the
localization precisions for the single-molecule data were extracted
from each software. The results showed comparable values between
the two approaches both for the beads and single-molecule data.

Statistics and reproducibility

All values comparing localization precision and resolution improve-
ments between epi- and light sheet illumination were obtained from
three independent imaging sessions of different cells. Data corre-
sponding to each of these individual technical replicates can be found
in Supplementary Figs. 6 and 10. Overall resolution values were
reported from seven cellular structures imaged across three separate
cells. Data corresponding to each of these individual structures can be
found in Supplementary Fig. 11. Resolution values for microtubule
imaging comparing Easy-DHPSF and DECODE were obtained from
three distinct regions of interest (ROI) of equal size. Data corre-
sponding to each of these individual ROIs can be found in Supple-
mentary Fig. 9. For statistical analysis, the mean * standard error of the
mean is reported for each of these parameters where no data were
excluded from the analyses.

Technical replicates of Fig. 2a demonstrating consistently
improved signal-to-background ratios with light sheet illumination
compared to epi-illumination can be found in Supplementary Fig. 5.
Figure 2b shows a line scan analysis of individual molecules, exempli-
fying the improvement in the signal-to-background ratio for single-
molecule localization. This improvement is further demonstrated and
validated in Fig. 2c and Supplementary Fig. 6.

Distances between nuclear lamina proteins were determined from
25 distinct line scans along the nuclear rim of a 500 nm-thin slice of a
cell nucleus. Each line scan’s data was fit to a Gaussian model (see
Supplementary Fig. 12). Box-and-whisker plots and corresponding
distribution of separations across line scans were determined with a
95% confidence interval to identify and exclude outliers from the
analysis.

Prior to all microfluidic chip assembly for each individual
experiment, insert geometry, as shown in Fig. 1d, was verified with
optical microscopy. Nanoprinted structures were found to be con-
sistently reproducible using the Nanoscribe Photonic Professional
GT2. Prior to all imaging, calibration scans confirming the usable range
of the DH-PSF, as shown in Fig. 1f, were performed. DH-PSF
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performance was found to be consistently reproducible using well-
aligned phase masks from Double-Helix Optics, LLC.

No statistical method was used to predetermine sample size
throughout this work.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The single-molecule localizations generated and analyzed during the
current study are available on Zenodo [https://zenodo.org/records/
12786067]. Source data that can be used for generating the graphs in
this work are provided with this paper and on GitHub [https://github.
com/Gustavsson-Lab/soTILT3D/tree/main]. Source data are provided
with this paper.

Code availability

Calibration and fitting analysis of sparse 2-um range DH-PSF images
were performed using a modified version of the open-source Easy-
DHPSF software®®® [https://sourceforge.net/projects/easy-dhpsf/].
Analysis of overlapping 2-um range DH-PSF data was performed using
the open-source deep learning-based single-molecule localization
software DECODE* [https://github.com/Turagalab/DECODE]. Analy-
sis of 2D single-molecule data was performed using the open-source
Image) plugin  ThunderSTORM”  [https://github.com/zitmen/
thunderstorm/releases/tag/v1.3/]. Active drift stabilization was
achieved using an open-source active stabilization ImageJ/Micro-
manager plugin® [https:/github.com/spcoelho/Active-Stabilization].
The custom-written codes for red-to-green channel transformation,
drift correction, slice-stitching, and the modified version of Easy-
DHPSF compatible with analysis of the 12-um range DH-PSF are avail-
able on GitHub [https://github.com/Gustavsson-Lab/soTILT3D/
tree/main].
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