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ABSTRACT

Single-molecule localization microscopy (SMLM) is a powerful tool for observing structures
beyond the diffraction limit of light. Combining SMLM with engineered point spread functions
(PSFs) enables 3D imaging over an extended axial range, as has been demonstrated for super-
resolution imaging of various cellular structures. However, super-resolving structures in 3D in
thick samples, such as whole mammalian cells, remains challenging as it typically requires
acquisition and post-processing stitching of multiple slices to cover the entire sample volume or
more complex analysis of the data. Here, we demonstrate how the imaging and analysis workflows
can be simplified by 3D single-molecule super-resolution imaging with long axial-range double-
helix (DH)-PSFs. First, we experimentally benchmark the localization precisions of short- and
long axial-range DH-PSFs at different signal-to-background ratios by imaging of fluorescent
beads. The performance of the DH-PSFs in terms of achievable resolution and imaging speed was
then quantified for 3D single-molecule super-resolution imaging of mammalian cells by DNA-
PAINT imaging of the nuclear lamina protein lamin Bl in U-2 OS cells. Furthermore, we
demonstrate how the use of a deep learning-based algorithm allows the localization of dense
emitters, drastically improving the achievable imaging speed and resolution. Our data demonstrate
that using long axial-range DH-PSFs offers stitching-free, 3D super-resolution imaging of whole
mammalian cells, simplifying the experimental and analysis procedures for obtaining volumetric
nanoscale structural information.
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1. INTRODUCTION

Fluorescence single-molecule localization microscopy (SMLM)*-6 can achieve spatial resolution
beyond the diffraction limit of light by localizing the emitted light from many different
fluorophores in acquired image frames. SMLM relies on sparse emitter concentrations where the
emitter density in each frame must be controlled during the acquisition using imaging techniques
such as (fluorescence) photoactivated localization microscopy ((f)PALM)*?, (direct) stochastic
optical reconstruction microscopy ((d)STORM)374, and DNA points accumulation in nanoscale
topography (PAINT)2. Since most biological samples are inherently extended in 3D, the extension
of SMLM from 2D to 3D is imperative for complete understanding of subcellular structures or
biomolecular dynamics. Several techniques have been developed to obtain 3D coordinates of
emitters, including multifocus®*?, interferometric'®, and intensity-sensing methods*4. Another
approach to extract 3D information is using PSF engineering, which involves phase modulation of
the light in the detection path of the microscope to encode both the lateral and axial position of the
emitter into the shape of the PSF. The astigmatic PSF is a commonly used engineered PSF to
obtain 3D super-resolution reconstructions over an axial range of ~1 pum?®®. Multiple other
engineered PSFs have been developed, including the corkscrew!®, self-bending'’, saddle-point®,
tetrapod®® -2, and nebulae PSFs?223, The double-helix PSFs (DH-PSFs) have been extensively used
for cellular super-resolution imaging®'-24-36 and single-particle tracking (SPT)3"-*! because of their
relative ease of analysis and robustness for imaging at depths. The DH-PSFs are formed by a
superposition of Gauss-Laguerre modes, and the resulting PSF consists of two lobes that revolve
around their midpoint upon changes in the axial position of the emitter, appearing as a double-
helix shape along the z-axis of the microscope*?43. The DH-PSF shape can be fit reasonably well
to a double Gaussian function, where the midpoint between the lobes yields the lateral position of
the emitter and the angle between the lobes yields the axial position. The DH phase patterns can
be generated using either transmissive dielectric phase masks or a spatial light modulator.

Considerations when choosing an engineered PSF for 3D imaging include its achievable
localization precision, effective axial range, and lateral footprint. PSFs with a short axial range
typically offer good localization precision near the focal plane, but their performance usually
deteriorates significantly outside of their designed axial range. SMLM imaging with short axial-
range PSFs thus typically requires scanning over multiple, overlapping image slices to cover an
entire cell volume?1:334445 which increases the complexity of both the experimental and analysis
workflows, where the acquired image slices must be stitched together in post-processing to
generate the complete 3D super-resolution reconstruction. Long axial-range PSFs, on the other
hand, offer relatively uniform localization precisions throughout their extended axial range,
holding great promise for imaging thick samples with a single slice. One drawback of long axial-
range PSFs is that they often have large lateral footprints, which are more likely to cause
overlapping emitters that are more challenging to localize with analysis algorithms relying on PSF
fitting to model functions. To minimize the number of overlapping emitters, the image acquisitions
therefore tend to be slower with long axial-range PSFs. However, this issue can be mitigated by
using a matching pursuit-based method*“*® or a deep learning-based method such as
DeepSTORM3D?% or DECODE*, which have been demonstrated to localize engineered PSFs in
more densely emitting samples33.2349,

Here, we demonstrate novel, long axial-range DH-PSFs for 3D super-resolution imaging of
whole mammalian cells. We quantify the experimental localization precisions of DH-PSFs with
1-pm, 3-pum, 6-pum, and 12-pum axial ranges and the astigmatic PSF to benchmark their localization
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performance. Next, we demonstrate and quantitatively compare the performance of the 1-um, 3-
pm, and 6-pum axial range DH-PSFs for 3D SMLM of mammalian cells when analyzed using
conventional PSF fitting. This approach allows for broad implementation by researchers who want
to implement PSF engineering for stitching-free whole-cell imaging with a simple imaging and
analysis pipeline. Finally, we show that using the deep learning-based analysis approach
DeepSTORMSD for localization of the 6-um axial range DH-PSF allows imaging with a higher
emitter density and an up to 9 times higher image acquisition speed while achieving a resolution
for scan-free whole-cell imaging below 30 nm laterally and 40 nm axially.

2. MATERIALS and METHODS

2.1. Experimental Setup

A schematic of the optical setup is shown in Figure 1a. A wide-field epi-fluorescence setup was
built around an inverted microscope (1X83, Olympus) equipped with a 1.45 NA 100X oil
immersion objective lens (UPLXAPO100X, Olympus). The excitation laser beams (560 nm, 2RU-
VFL-P-1000-560-FCAPC, 1W; 642 nm: 2RU-VFL-P-1000-642-FCAPC, 1W, both MPB
Communications) were circularly polarized (linear polarizers: LPVISC050-MP2, Thorlabs; and
quarter-wave plates: 560 nm: Z-10-A-.250-B-556; 642 nm: Z-10-A-.250-B-647, both Tower
Optical), spectrally filtered (560 nm: FF01-554/23-25; 642 nm: FF01-631/36-25, both Semrock),
and collimated and expanded by lens telescopes (LA1951-A, f=25.4 mm; LA1417-A, f=150 mm,
both Thorlabs) before being merged by a dichroic mirror (T5901pxr-UF2, Chroma) into a joint
beam path. The beam was then further expanded using a lens telescope (AC508-075-A, f =75 mm;
AC508-300-A, f = 300 mm, both Thorlabs) and introduced to the back aperture of the objective
lens through a Koéhler lens (AC508-300-A, f = 300 mm, Thorlabs) to produce wide-field epi-
illumination.

The samples were mounted on an xy translational stage (M26821L0J, Physik Instrumente) and
an xyz piezoelectric stage (OPH-PINANO-XYZ, Physik Instrumente).

The light emitted from the sample was collected by the objective lens, spectrally filtered
(ZT405/488/561/640rpcV3 3 mm thick dichroic mirror in a Chroma BX3 cube; notch filters:
ZET642NF, ZET561NF; all Chroma), and focused by the microscope tube lens to an image at the
intermediate image plane (11P), from which a two-channel 4f system was aligned in order to access
the Fourier plane of the microscope for PSF engineering. The first lens of the 4f system (f = 80
mm, AC508-080-AB, Thorlabs) was positioned one focal length from the I1IP. The light path was
then split into two color-channels (termed “red” and “green”, respectively) using a dichroic mirror
(T660Ipxr-UF3, Chroma). Transmissive dielectric DH phase masks with 1-um, 3-pum, 6-pm, or
12-um axial range (red: DH2-670, DH1-670, DH6R-670, or DH12R-680, respectively; green:
DH2-580, DH1-580, or DH6R-580, respectively, all Double Helix Optics Inc) were then
positioned in the Fourier plane, one focal length from the first 4f lens, for PSF engineering
(Figure 1b-e). The phase masks were mounted on magnetic mounts for easy placement and
removal. To facilitate alignment, the magnetic mounts were placed on translational stages (red:
PT3; green: PT1, both Thorlabs). The light was then further spectrally filtered (red: ET700/75;
green: ET605/70m, both Chroma) and focused by second 4f lenses (f = 80 mm, AC508-080-AB,
Thorlabs) positioned one focal length from the Fourier plane in each channel. The two light paths
were then merged using a D-shaped mirror and imaged on different regions of an electron-
multiplying CCD (EMCCD) camera (iXon Ultra 897, Andor). For the case of the astigmatic PSF,
a weak cylindrical lens (LJ1516RM-A, f = 1000 mm, Thorlabs) was instead placed ~10 mm after
the second 4f lens, introducing astigmatism in the PSF shape.
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2.2. Cell Culture

Human osteosarcoma cells (U-2 OS — HTB-96, ATCC) were plated on 8-well chambered glass
coverslips (80827, Ibidi) and cultured at 37°C and 5% CO2 in Dulbecco’s Modified Eagle Medium
(DMEM) (21063029, Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS) (16000044,
Gibco), and 100 mM sodium pyruvate (11360070, Gibco).

2.3. Sample Preparation

For PSF calibration and localization precision quantification, 0.1 pm fluorescent beads
(Tetraspeck, T7279, Invitrogen) diluted 1:100 in nanopure water were diluted 1:10 in 10%
polyvinyl alcohol (Mowiol 4-88, 17951, Polysciences Inc.) in nanopure water and spin coated
(WS-650, Laurell Technologies) on glass coverslips (#1.5H, 22 x 22 mm, 170 = 5 um, 0102052,
Marienfeld) which had been plasma cleaned with argon gas for 15 minutes using a plasma cleaner
((PDC-32G, Harrick Plasma).

For DNA-PAINT imaging of lamin B1, U-2 OS cells were fixed for 20 minutes at room
temperature (RT) in 4% (w/v) formaldehyde solution made by diluting 16% formaldehyde solution
(15710, Electron Microscopy Science) in 1X phosphate buffered saline (PBS) (SH3025602,
Cytiva). The cells were then washed once with PBS and incubated in 10 mM ammonium chloride
(213330, Sigma-Aldrich) in PBS for 10 minutes at RT. Next, the cells were permeabilized in 0.5%
(v/v) Tween 20 (H5152, Promega) in PBS three times for 5 minutes at RT. The cells were then
washed twice in ice-cold PBS and blocked for 30 minutes in PBS containing 2% donkey serum
(ab7475, Abcam), 300 mM glycine (50046, Sigma-Aldrich), 0.05% (v/v) Tween 20, 0.1% (v/v)
Triton X-100 (X100, Sigma-Aldrich), and 0.1% (w/v) BSA (A2058, Sigma-Aldrich). Next, the
cells were labeled with rabbit anti-lamin B1 primary antibodies (ab16048, Abcam, 1:1000) diluted
in incubation buffer (10 mM glycine, 0.05% (v/v) Tween 20, 0.1% Triton X-100, and 0.1%
hydrogen peroxide (H325, Fisher Scientific) in PBS) for 1 hour at RT, then washed three times
with 0.1% (v/v) Triton X-100 in PBS and once with washing buffer (Massive-AB-1-Plex, Massive
Photonics) diluted 1:10 in nanopure water. The cells were then labeled with donkey anti-rabbit
secondary antibodies conjugated with oligonucleotides (Massive-AB-1-Plex, Massive Photonics,
diluted 1:100 in PBS with 0.1% (v/v) Tween 20) for 1 hour at RT. Then, the cells were washed
twice with washing buffer before being incubated with 0.1 um 580/605 nm fluorescent beads
(F8801, Invitrogen) diluted 1:100,000 in nanopure water. After approximately 2 minutes of
incubation, the cells were vigorously washed three times for 5 minutes with washing buffer and
washed once in 500 mM sodium chloride (§9625-5006, Sigma-Aldrich) in PBS. The sample was
then kept at 4°C until imaged. Finally, imager strands consisting of Cy3B conjugated with
complementary oligonucleotides (Massive-AB-1-Plex, Massive Photonics) diluted in 500 mM
sodium chloride in PBS were added to the sample at 0.2 nM.

For DNA-PAINT imaging of Tommz20, U-2 OS cells were fixed and quenched with ammonium
chloride as described for the lamin B1 samples. The cells were permeabilized in 0.1% (w/v)
saponin (SAE0073, Sigma Aldrich) for 10 minutes at RT and blocked with 10% (v/v) donkey
serum (ab7475, Abcam), 0.1% (w/v) saponin, and 0.05 mg/mL salmon sperm ssDNA (ab229278,
Abcam) in PBS for 1 hour at RT. The cells were then labeled with rabbit anti-Tomm20 primary
antibodies (ab186735, Abcam) diluted 1:200 in 10% (v/v) donkey serum, 0.1% (w/v) saponin, and
0.05 mg/mL salmon sperm ssDNA in PBS for 1 hour at RT and washed three times with PBS for
5 minutes and once with washing buffer. The cells were then labeled with donkey anti-rabbit
secondary antibodies which had been conjugated in house with azide-modified oligonucleotides
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with a sequence of TTATACATCTA (order No. 2023-67432, Biosynthesis) using
dibenzocyclooctyne-sulfo-N-hydroxysuccinimidyl ester (762040, Sigma) as a cross-linker, using
a previously described protocol®®. The conjugated secondary antibodies were used for labeling at
a dilution of 1:100 in antibody incubation buffer (Massive-AB-1-Plex, Massive Photonics) for
1 hour at RT. The cells were then washed three times with PBS for 7 minutes, three times with the
washing buffer for 7 minutes, and once with PBS for 5 minutes. Samples were stored at 4°C until
imaged. Before imaging, imager strands consisting of Cy3B conjugated with complementary
oligonucleotides with a sequence of CTAGATGTAT (order No. 2023-67432, Biosynthesis)
diluted in 500 mM sodium chloride in PBS were added to the sample at 0.25 nM.

2.4. Imaging Procedures and Settings

For all imaging, a set EM gain of 200 was used, which corresponded to a calibrated EM gain of
182 for the EMCCD camera. The EMCCD camera conversion gain was found experimentally to
be 4.41 photoelectrons per A/D count. The camera was operated at a shift speed of 3.3 um/s and
normal vertical clock voltage amplitude. The read-out rate was set to 17 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.

Calibration scans of each PSF were acquired using the piezoelectric xyz stage to translate the
sample in the axial direction every five frames with step sizes of 250 nm for the 1-um and 3-pum
DH-PSF, 500 nm for the 6-pum DH-PSF, and 1000 nm for the 12-um DH-PSF, and every frame
with step size of 10 nm for the astigmatic PSF, with scan ranges of £0.75 um, 1.5 pum, +3 pm,
+6 um, and +0.75 um for the scans with the 1-um, 3-um, 6-pum, and 12-um DH-PSF and the
astigmatic PSF, respectively.

To quantify and compare the experimental localization precisions of the different PSFs, a DH
phase mask with an axial range of either 1 um, 3 um, 6 um, or 12 um (DH2-670, DH1-670,
DH6R-670, or DH12R-680, respectively, Double Helix Optics Inc) or the cylindrical lens was
placed in the red path in the optical setup. 500 frames of the beads were then acquired at each z
position using step sizes and scan ranges of 0.1 um and +0.6 pm for the 1-um DH-PSF, 0.25 um
and £1.5 pum for 3-um DH-PSF, 0.5 pm and +2.5 um for the 6-um DH-PSF, 1 um and £6 um for
the 12-um DH-PSF, and 0.1 pm and +0.4 um for the astigmatic PSF, with an exposure time of
50 ms using the 642 nm laser at intensities of ~94 W/cm?, ~27 W/cm?, and ~8.1 W/cm?. These
laser intensities were chosen to yield similar photon counts as expected from e.g., bright particles
for SPT (~15,000 photons per localization), intermediated photon counts comparable to e.g. DNA-
PAINT and dSTORM imaging (~6,000 photons per localization), and low photon counts
comparable to e.g. imaging of fluorescent proteins (~1,200 photons per localization). The number
of frames per z position and the number of z-steps were selected to minimize the effects of
photobleaching during the acquisitions. Beads were positioned in the center of the FOV for all
measurements to avoid any field-dependent effects.

For sparse single-molecule imaging of lamin B1, a 1-um, 3-pm, or 6-um axial range DH phase
mask (DH2-580, DH1-580, or DH6R-580, respectively, Double Helix Optics Inc) was placed in
the Fourier plane of the green detection path. The sample was excited by the 560 nm laser at
~210 W/cm? with an exposure time of 250 ms. 50,000 frames were acquired for the 1-pm and 3-
pm DH-PSF data, and 200,000 frames were acquired for the 6-um DH-PSF data. Fiducial beads
(F13082, Invitrogen) were imaged in the same channel to allow for drift correction in post-
processing.
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For dense single-molecule imaging of Tomm20, the 6-um axial range DH phase mask (DH6R-
580, Double Helix Optics Inc) was placed in the Fourier plane of the green detection path. The
sample was excited by the 560 nm laser at ~500 W/cm? with an exposure time of 250 ms. 80,000
frames were acquired. Fiducial beads (F13082, Invitrogen) were imaged in the same channel to
allow for drift correction in post-processing.

2.5. Data Analysis

The DH-PSF localization analyses were performed with the ImageJ plugin 3DTRAX® (Double
Helix Optics Inc)*, or DeepSTORM3D?3, a python-based open-source software for analyzing
high-density datasets using a convolutional neural network (CNN).

For DH-PSF calibration in 3DTRAX, the bead images were cropped to include a single bead in
a field of view (FOV) and then converted into hyperstacks in ImageJ before being loaded into
3DTRAX. The two lobes of the DH-PSF were fit with a double Gaussian function to determine
the angle of the lobes at each known z position, yielding the calibration curves (Figure S1). For
the astigmatic PSF calibration, the ImageJ plugin ThunderSTORM>! was used to calculate the
calibration curve (Figure S2).

For bead localization precision measurements, the bead images acquired with the DH-PSFs were
localized in 3DTRAX using the “sparse emitter” method and a detection threshold of 0.3-0.4. Bead
data acquired using the astigmatic PSF were localized in ThunderSTORM using the “local
maximum” detection method and the “elliptical Gaussian” localization method. After obtaining
the localizations of the bead samples, drift correction was performed as described previously?
using a custom-written MATLAB code (Figure S3). In brief, the bead trajectories in each set of
500 frames were fitted to a third-degree polynomial function and subtracted from the original
trajectory data. After the bead localization and drift correction process, experimental localization
precisions were extracted by fitting the histograms of the localization distributions to Gaussian
functions.

For CNN training using DeepSTORM3D, the phase pattern of the 6-pum axial range DH phase
mask was retrieved from bead images using the VIPR software®?. The recovered phase pattern was
then used to simulate training data of the 6-um axial range DH-PSF using an emitter density of 8
to 35 per 19.2 x 19.2 um? FOV, signal counts following a gamma distribution with a sharp
parameter of 3 and a scale parameter of 3000, a minimal detectable signal counts of 2,500 counts
per localization, and read noise in the range of 8 to 12, which matched the experimental single-
molecule data from DNA-PAINT imaging of Tomm20.

For localizing single-molecule data, datasets from sparse emitter density DNA-PAINT imaging
of lamin B1 using the 1-um, 3-um, and 6-pum axial range DH-PSFs were analyzed using 3aDTRAX,
and the mitochondria datasets acquired with the 6-um axial range DH-PSF at high emitter densities
were localized using both 3DTRAX and DeepSTORMS3D. The fiducial bead was analyzed
separately from the cell data using the same software as used for the single-molecule data. The
analyzed fiducial bead localizations were then imported into a custom-written MATLAB script,
where the trajectory of the fiducial bead was smoothed with a cubic spline and then subtracted
from the single-molecule data to correct for drift. After drift correction, Vutara SRX (Bruker) was
used to visualize the localizations from each dataset using a particle size of 20 nm. Lamin B1 data
acquired with the 1-um axial range DH-PSF was filtered to remove localizations with less than
2,000 photons per localization. Lamin B1 data acquired with the 3-um and 6-um axial range DH-
PSFs were filtered to remove localizations with less than 1,000 photons per localization. The
mitochondria data analyzed with 3DTRAX was filtered to remove localizations with less than
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1,000 photons per localization. The mitochondria data analyzed with DeepSTORM3D was filtered
for a global threshold less than 60. The mitochondria data analyzed with both approaches were
filtered to remove localizations based on distance to nearest neighbors using a distance of 10 nm
with 8 nearest neighbors. After filtering, Fourier ring correlation (FRC) analysis was performed
using Vutara SRX to obtain the resulting resolution in xy, yz, and xz using a fixed threshold of 1/7
and a super-resolution pixel size of 8 nm.

3. RESULTS and DISCUSSION

3.1. Design and Characterization of the Optical Setup

To obtain calibration models for the DH-PSFs and the astigmatic PSF, images of fluorescent beads
were acquired with the 1-um, 3-pum, 6-pum, and 12-um axial range DH-PSFs and the astigmatic
PSF using transmissive dielectric DH phase masks or using the cylindrical lens (Figure 1).
Calibration curves of the PSFs (Figures S1 and S2) were later used to localize the positions of
emitters.

3.2. Quantification of the Localization Precision of Double-Helix Point Spread Functions of
Varying Axial Range

The localization performances of the DH-PSFs with 1-pum, 3-um, 6-um, and 12-pum axial range
and the astigmatic PSF were benchmarked by imaging of fluorescent beads. These measurements
showed that the 3-pum axial range DH-PSF offers the best localization precision of the tested PSFs
for high photon counts (~15,000 photons per localization) (Figure 2a-c). The long (6-pum and 12-
pm) axial-range DH-PSFs offer uniform localization performance across their respective axial
ranges but at overall increased localization precision. A similar trend can be seen for intermediate
photon counts (~6,000 photons per localization), where the 3-um axial range DH-PSF still exhibits
the best localization precision (Figure 2d-f). For the case of low photon counts (~1,200 photons
per localization), the 1-um axial range DH-PSF shows the best localization performance among
the five PSFs (Figure 2g-i). The short axial-range DH-PSFs show superior performance compared
to the conventional astigmatic PSF for all the used photon levels over comparable axial ranges.
The localization precisions of the long axial-range DH-PSFs significantly deteriorate at these low
photon counts, narrowing their effective detection range.

3.3. Comparison of the Performance of Double-Helix Point Spread Functions for Cellular
3D Single-molecule Super-resolution Imaging

To benchmark the performance of the DH-PSFs for 3D single-molecule super-resolution imaging
of mammalian cells, we performed DNA-PAINT imaging of the nuclear lamina protein lamin B1
in U-2 OS cells using the 1-um, 3-um, and 6-pm axial range DH-PSFs. The resulting super-
resolution reconstructions demonstrate the advantage of using the 6-um axial range DH-PSF for
capturing the entire nucleus without the need for stitching of slices (Figure 3a-c). FRC analysis
was then used to estimate the achievable resolution using the three DH-PSFs (Figure 3d-f). The 1-
pm DH-PSF offers the best FRC resolutions (28.6/35.3/32.5 nm in the xy/xz/yz plane) among the
three DH-PSFs, resulting in ~293,550 localizations from 50,000 frames (Figure 3d). However, it
only allows capture of less than 1-um axial range in a single slice (Figure 3a). Using the 3-um
DH-PSF allowed reconstruction of the lamina structure with ~522,520 localizations from 50,000
frames over a ~2.1 pm axial range (Figure 3b) with FRC values of 43.8/45.8/48.9 nm in xy/xz/yz
(Figure 3e), showing cellular features including a nuclear lamina channel and a nuclear
invagination. The entire nuclear lamina structure was reconstructed over a ~3.5-um axial range
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with ~439,180 localizations from 200,000 frames with a single slice of imaging data acquired with
the 6-pum DH-PSF (Figure 3c) with FRC values of 60.4/65.9/64.3 nm in xy/xz/yz (Figure 3f),
demonstrating scan-free 3D super-resolution imaging of the whole mammalian cell nucleus.

3.4. Speed and Resolution Improvement of Scan-free Whole-cell 3D Single-Molecule Super-
resolution Imaging by Deep-learning based Analysis

To demonstrate and quantify the improvement in acquisition speed by deep-learning based
analysis, 3D single-molecule imaging of mitochondria was performed using the 6-pum axial range
DH-PSF at high emitter densities and the data was analyzed using DeepSTORM3D and 3DTRAX
(Figure 4 and Figure S4). While analysis with 3DTRAX, which relies on conventional PSF fitting
to a double Gaussian function, only localized an average of ~6 emitters per frame (a total of
~480,000 localizations in 80,000 frames) when using a detection threshold of 0.3, DeepSTORM3D
detected an average of ~29 localizations per frame (a total of ~2,320,000 localizations in 80,000
frames), resulting in a ~5-fold improvement in acquisition speed when using DeepSTORM3D for
the whole cell sample. The resulting FRC resolutions of the whole-cell mitochondria data
reconstructed with DeepSTORMS3D (Figure 4a) were 26.2/34.0/36.0 nm in xy/xz/yz compared to
44.3/46.7/46.5 nm in xy/xz/yz when using 3DTRAX (Figure 4b) for analysis of this dense data.
The result demonstrates the overall resolution improvement for the same number of frames when
using DeepSTORMS3D while allowing for ~5 times faster data acquisition speed. The difference
in acquisition speed is even more dramatic when considering denser regions of the sample, where
DeepSTORMS3D could improve the acquisition speed by up to 9 times while still improving the
FRC values compared to 3SDTRAX (Figure 4c-d).

4. CONCLUSIONS

Our experimental localization precision measurements demonstrate that the short axial-range DH-
PSFs show superior performance compared to the conventional astigmatic PSF for all the used
photon levels over comparable axial ranges. The 3-um axial range DH-PSF offers similar
localization performance as the 1-um axial range DH-PSF for high and medium photon levels, but
over a larger axial range. The 1-um axial range DH-PSF becomes superior when localizing
emitters at low photon levels. The DH-PSFs with long axial ranges (6 pim and 12 um) offer uniform
localization performance across their axial ranges, providing the benefit of simpler analysis than
stitching of multiple slices acquired with a shorter-range PSF for imaging of thick samples. This
was further demonstrated by 3D single-molecule imaging of the nuclear lamina in mammalian
cells, where the 6-um axial range DH-PSF allowed scan-free 3D super-resolution imaging across
the whole sample volume with a single slice, simplifying the experimental and analysis workflows.
Furthermore, integrating DeepSTORMS3D into the localization analysis for high emitter density
datasets improved the image acquisition speed by up to a factor of 9 while resulting in scan-free
whole cell imaging with a resolution below 40 nm in all dimensions.

These long axial-range PSFs are compatible with other commonly used SMLM imaging
methods, such as dASTORM and PALM, and can be applied for multi-target imaging by using
Exchange-PAINT. Furthermore, the localization performance of long axial-range DH-PSFs in
SMLM can be improved by using selective illumination, such as light-sheet illumination\23, or
by using self-quenching DNA imager strands®® to minimize the fluorescence background.
Spherical aberration correction using e.g. adaptive optics® will further improve the localization
performance, especially when imaging at depth.
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In summary, we here demonstrate that SMLM with long axial-range DH-PSFs allows scan-free,
whole-cell, 3D single-molecule super-resolution imaging, offering a simpler imaging and analysis
workflow for whole-cell samples and with drastically improved image acquisition speed and
resolution when utilizing deep-learning based analysis.
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Figure 1. Design and characterization of the optical setup. (a) Schematic of the optical setup for
3D single-molecule localization microscopy with double-helix (DH) or astigmatic point spread
functions (PSFs). The imaging system was built around a wide-field epi-fluorescence microscope
equipped with a high-NA, oil-immersion objective lens. The detection path includes a two-color
4f system to access the Fourier plane of the microscope for PSF engineering. The schematic is not
drawn to scale. (b)-(f) Schematic representations of the phase patterns of the transmissive dielectric
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DH phase masks with axial ranges of (b) 1 um, (c) 3 um, (d) 6 um, and (e) 12 um, and (f) of the
astigmatic PSF. (g)-(k) Images of fluorescent beads acquired with DH-PSFs with axial ranges of
(@) 1 um, (h) 3 um, (i) 6 um, and (j) 12 pm, and (k) with the astigmatic PSF at the indicated axial
positions. Scale bar 5 pum.
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Figure 2. Quantification of the experimental localization precisions of double-helix (DH) point
spread functions (PSFs) and the astigmatic PSF. (a)-(c) Localization precisions measured with a
laser intensity of ~94 W/cm? in (a) X, (b) y, and (c) z. (d)-(f) Localization precisions measured with
a laser intensity of ~27 W/cm? in (d) x, (e) y, and (f) z. (g)-(i) Localization precisions measured
with a laser intensity of ~8.1 W/cm? in (g) X, (h) y, and (i) z. Points represent the mean values and
the shaded areas represent the standard deviations from three independent measurements. Inserts
in each figure show the localization precisions near the focal plane. Note that the axes of the inserts
are on a different scale to highlight and compare the performance over a shorter axial range.
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Figure 3. Comparison of the performance of double-helix (DH) point spread functions (PSFs) for
3D single-molecule super-resolution imaging of the nuclear lamina. (a)-(c) Super-resolution
reconstructions of lamin B1 acquired using DH-PSFs with axial ranges of (a) 1 um, (b) 3 um, and
(c) 6 um. (d)-(f) Fourier ring correlation (FRC) curves in the xy, xz, and yz planes of the data
shown in (a), (b), and (c), respectively. Scale bar 10 um.
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Figure 4. Speed and resolution improvement by DeepSTORMS3D for 3D single-molecule super-
resolution whole-cell imaging of mitochondria. (a, b) Whole-cell 3D super-resolution
reconstruction of Tomm20 acquired with the 6-pum axial range DH-PSF at dense emitter
concentration and analyzed using (a) the deep-learning based approach DeepSTORMS3D and (b)
fitting-based analysis using 3DTRAX. The xz and yz views show 300-nm thick xz and yz cross-
sections along the dashed magenta lines and yellow lines shown in the xy view, respectively. Scale
bars 10 um. (c) 300 nm thick xz cross-sections along the dashed line (i) in (a) and (b). The FRC
resolution of the cross-sections were found to be 41.6 nm and 46.6 nm while yielding a total
number of ~10,300 and 1,200 localizations for the DeepSTORM3D data and the 3DTRAX data,
respectively. Scale bar 2 um. (d) 300 nm thick yz cross-sections along the dashed line (ii) in (a)
and (b). FRC resolutions of the cross-sections were found to be 32.7 nm and 34.6 nm while
yielding a total number of 9,900 and 2,500 localizations for the DeepSTORMS3D data and the
3DTRAX data, respectively. Scale bar 2 um.
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