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Abstract: Single-molecule super-resolution imaging is instrumental for investigating cellular 
architecture and organization at the nanoscale. Achieving precise 3D nanometric localization 
when imaging structures throughout mammalian cells, which can be multiple microns thick, 
requires careful selection of the illumination scheme in order to optimize the fluorescence signal 
to background ratio (SBR). Thus, an optical platform that combines different wide-field 
illumination schemes for target-specific SBR optimization would facilitate more precise 3D 
nanoscale studies of a wide range of cellular structures. Here we demonstrate a versatile 
multimodal illumination platform that integrates the sectioning and background reduction 
capabilities of light sheet illumination with homogeneous, flat-field epi-and TIRF illumination. 
Using primarily commercially available parts, we combine the fast and convenient switching 
between illumination modalities with point spread function engineering to enable 3D single-
molecule super-resolution imaging throughout mammalian cells. For targets directly at the 
coverslip, the homogenous intensity profile and excellent sectioning of our flat-field TIRF 
illumination scheme improves single-molecule data quality by providing low fluorescence 
background and uniform fluorophore blinking kinetics, fluorescence signal, and localization 
precision across the entire field of view. The increased contrast achieved with LS illumination, 
when compared with epi-illumination, makes this illumination modality an excellent alternative 
when imaging targets that extend throughout the cell. We validate our microscopy platform for 
improved 3D super-resolution imaging by two-color imaging of paxillin – a protein located in 
the focal adhesion complex – and actin in human osteosarcoma cells.  

 

1. Introduction 
Fluorescence single-molecule localization microscopy (SMLM) [1–5] is playing a crucial role 
in addressing fundamental questions in molecular and cellular biology [6–10]. In particular, 
single-molecule super-resolution imaging (SRI) has made it possible to elucidate previously 
unknown properties of various cellular structures, at length scales spanning protein assemblies 



and macromolecular complexes [11,12] to cellular architecture and organization studies in three 
dimensions (3D) [13–15]. Achieving precise 3D nanometric localization for any given sample 
within such a diverse range of structural targets requires optimization of the fluorescence signal 
to background ratio (SBR) to minimize the localization uncertainty [16,17]. When imaging 
throughout mammalian cells, which can be many microns thick, the SBR should thus be 
optimized with the region of study in mind [18–24]. 
One approach to maximize the SBR and improve the localization precision is to reduce the 

out-of-focus fluorescence background. For this purpose, several fluorogenic probes  [25,26] 
have been developed for DNA-PAINT (DNA-points accumulation for imaging in nanoscale 
topography) [27,28] based applications. Independently of the selected labeling scheme, careful 
selection of the illumination method [8,17] is key for background reduction. However, there is 
often a tradeoff between optimal performance and simplicity of implementation for 
illumination schemes. Wide-field epi-illumination is a commonly used method for SMLM 
throughout a cell, but since the entire sample is illuminated, major drawbacks include high 
fluorescence background and increased risk of photobleaching and photodamage. In the 
particular case of PALM (photoactivated localization microscopy) [2] implementations, the 
fluorescence background caused by the use of epi-illumination can be mitigated using confined 
photoactivation [29]. Confocal illumination offers significant background reduction with the 
use of a pinhole to reject light originating from out-of-focus planes at the expense of relatively 
slow acquisition speeds, given its raster scanning nature. The speed can be improved by 
spinning disk implementations [30,31], but confocal approaches require higher peak 
illumination intensities to achieve the same signal and they suffer from increased risk of 
photobleaching and photodamage as the beam illuminates the entire depth of the sample [32]. 
A wide-field alternative that offers exquisite optical sectioning for reduced fluorescence 
background, photobleaching, and photodamage is total internal reflection fluorescence (TIRF) 
illumination. Many approaches have been developed to improve the evenness of TIRF 
illumination, including azimuthal incident angle rotation and variable angle TIRF 
illumination [33–36]. TIRF illumination is easy to implement and has been used extensively 
for SMLM applications, but its use is restricted to a few hundred nanometers above the 
coverslip [37], making it incompatible with imaging throughout thick samples. A powerful 
approach to mitigate fluorescence background, photobleaching, and photodamage when 
imaging in thick cells is light sheet illumination [17,38,39], where the sample is illuminated 
with a plane of light orthogonal to the detection axis. Early light sheet methods such as selective 
plane illumination microscopy (SPIM) [38,40] were designed for imaging of large samples at 
low magnification. Other early methods producing a thin tilted beam are highly inclined and 
laminated optical sheet (HILO/pseudo-TIR) [41,42] and variable-angle epi-fluorescence 
microscopy (VAEM) [43]. However, in these techniques, the thickness, intensity, position, and 
depth of the excitation light pattern are highly coupled. Since then, a wide variety of designs to 
improve the imaging performance have been developed [17,44], including multidirectional 
illumination strategies to reduce shadowing and interference artifacts [44], multi-angle 
projection imaging to provide a 3D perspective [45], and galvanometric scanning of the light 
sheet for imaging of large fields of view [46]. LS illumination is well-suited for imaging thick 
mammalian cells since it can provide excellent optical sectioning throughout the entire 
sample [47,48]. 
Other important considerations for precise 3D SMLM in large samples, such as mammalian 

cells, are the homogeneity of the localization precision and the number of localizations 
throughout the field-of-view (FOV). Generally, lasers with Gaussian beam profiles are used for 
illumination in SMLM. This inhomogeneous intensity profile results in decreased signal 
towards the edges of the FOV, which effectively degrades the localization precision in those 
areas [49,50]. Also, heterogenous illumination across the sample causes high variability in 
photobleaching rates [50,51] and other photophysical behaviors of fluorophores [49,50], 
complicating the extraction of quantitative information from the single-molecule data. 



Overcoming these limitations has motivated the implementation of top-hat, or flat-field (FF), 
illumination profiles for SMLM, which have been achieved using multiple different 
approaches, including the fabrication of waveguide chips [52,53], the use of diffractive [50] 
and refractive [51] beam shapers, microlens arrays [54], galvanometric scanning mirrors [49], 
and multimode fibers [55–57]. Each of these implementations has inherent tradeoffs in cost, 
complexity of setup, and adaptability for multimodal illumination. Among these approaches, 
multimode fibers paired with mode-scrambling devices have been utilized for generating 
homogeneous and speckle-free illuminations  [58], and have been demonstrated to improve 
imaging performance  [59]. It has been extensively demonstrated that the use of FF profiles for 
wide-field epi- and TIRF illumination significantly improves the quality of SMLM data [49–
51] by the homogenization of localization precision, photobleaching rates, and blinking kinetics 
throughout the entire FOV. 
Consequently, an optical platform that integrates different wide-field illumination schemes 

for SBR optimization with homogeneous illumination and 3D SRI capabilities would facilitate 
more precise, 3D nanoscale studies of a wide range of cellular structures. Here we demonstrate 
a flexible multimodal platform for 3D single-molecule SRI that integrates the optical sectioning 
capabilities of a tilted LS with FF epi- and FF TIRF illumination. A two-channel 4f system 
enables point spread function (PSF) engineering for 3D SRI. Fast switching between 
illumination modalities is enabled by a galvanometric mirror, and the alignment and steering 
of the LS is completely decoupled from the optical path of the FF epi- and FF TIRF illumination 
setup. Our design is cost-efficient, made from primarily commercially available parts, and is 
easy to align, with a freely available CAD of the platform to facilitate construction and 
implementation. We demonstrate the performance of our platform for 3D SRI in thick samples 
by imaging of paxillin and the actin cytoskeleton in human osteosarcoma (U-2 OS) cells. 

2. Methodology 
Details of sample preparation, imaging conditions, and data analysis can be found in the 
supplemental document. 
A schematic of the optical platform is shown in Fig. 1a (see supplemental Fig. S1 for CAD 

rendering of the setup and Datasets 1-4 (Refs.  [60–63]) for the full design of the setup and 
CAD files for all custom parts). 
Three illumination lasers (488 nm, 200 mW, Coherent; 560 nm, 1000 mW and 647 nm, 

1000 mW, both MPB Communications; all continuous wave (CW)) were mounted on an 
elevated 12x18” breadboard (MB1218, Thorlabs) positioned to the side of an inverted 
microscope (IX-83, Olympus) with a high NA detection objective (UPLAPO100XOHR, 100X, 
NA 1.5, Olympus) and XYZ stages (OPH-XYS-O and OPH-PINANO-XYZ, both Physik 
Instrumente) used for XY sample movement and easy axial scanning throughout the sample. 
Each laser was spectrally filtered (FF01-472/27-25, FF01-554/23-25, FF01-631/36-25, 
respectively; all Semrock), and circularly polarized (linear polarizers: LPVISA050-MP2 (488 
nm) and LPVISC050-MP2 (560 nm and 647 nm), all Thorlabs; and quarter-wave plates: Z-10-
A-.250-B-488, Z-10-A-.250-B-556, and Z-10-A-.250-B-647, respectively, all Tower Optics). 
Individual shutters (see supplemental Fig. S1 for CAD rendering and Dataset 4 (Ref.  [63]) for 
a CAD file of the 3D printed mounts) were used to toggle the lasers (VS14S2T1 with VMM-
D3 three-channel driver, Uniblitz, Vincent Associates). The beams were then merged into a 
single beam path using dichroic mirrors (DMLP505T and DMLP567T, both Thorlabs) and 
directed to a galvanometric mirror (GVS211, ±20° angular range, Thorlabs). The galvanometric 
mirror was used to direct the beam into either the LS (0°), FF (+20°), or Gaussian (−20°) path. 
The shutters and galvanometric mirror were connected to a computer via a multifunction I/O 
device (PCIe-6353, National Instruments) and BNC rack-mount connector (BNC-2090A, 
National Instruments) to enable automatic control.      
The LS path was designed to fit entirely on the elevated breadboard. After the galvanometric 

mirror, the beam for the LS path was expanded and collimated using a lens telescope (f = 



50 mm, AC254-050-A, Thorlabs and f = 150 mm, AC254-150-A, Thorlabs). Next, the beam 
was focused in one dimension by a cylindrical lens (f = 200 mm, LJ1653RM-A, Thorlabs) in a 
rotating mount (RSP1, Thorlabs) onto a motorized mirror (8807, Newport) positioned one focal 
length from the cylindrical lens. Two lenses (f = 45 mm, AC254-045-A, Thorlabs and f = 
200 mm, ACT508-200-A, Thorlabs) were placed in 4f configuration to image the plane of the 
motorized mirror onto the back focal plane of a long working distance illumination objective 
(MY10X-803, 10X, NA 0.28, Mitutoyo). In order to direct the beam vertically downward 
through the illumination objective, a mirror in a tip/tilt mount was placed in a cage assembly 
affixed to the breadboard and mounted directly on top of the illumination objective mount 
(ST1XY-S, Thorlabs). Next, a mirror was glued in a custom 3D printed mount (see 
supplemental Fig. S1 and Dataset 3 (Ref.  [62]) for CAD design) attached to the illumination 
objective to send the LS beam at an 11° angle relative to the horizontal plane into the sample. 
In summary, our LS is formed using a cylindrical lens, focused by a long working distance 
illumination objective, and reflected by a mirror into the sample at an 11° downward tilt. To 
allow easy movement and alignment of the LS throughout the sample, the breadboard was 
placed on an XY stage (401, Newport) which was mounted on top of a large Z translational 
stage (281, Newport). 
To achieve FF TIRF/epi-illumination, the galvanometric mirror was set at +20° to direct the 

beam via a fiber collimator (64786, NA 0.55, Edmund Optics) in a tip/tilt mount into a square-
core multimode fiber (core size 200x200 µm, NA 0.2, mode number ~37500) with an 
incorporated de-speckler for further beam homogenization (multimode fiber and de-speckler 
combined, F-DS-ASQR200-SMA, Newport). To facilitate easy switching between epi- and 
TIRF illumination, the end of the multimode fiber and all subsequent optics in the FF path were 
positioned on a single linear translation stage (TBB1212, Thorlabs), mounted to the optical 
table at the rear of the microscope. Thus, translating the beam at the back focal plane of the 
microscope objective (UPLAPO100XOHR, 100X, NA 1.5, Olympus) to switch between epi-
illumination and TIRF only requires moving the translational stage position without further 
optics alignment. A 4x6” breadboard was appended to one side of the translational stage to 
provide more space to mount the multimode fiber output and a collimating lens (f = 80 mm, 
AC508-080-A, Thorlabs). To adjust the size of the beam, a lens telescope (f = 75 mm, AC508-
075-A, Thorlabs and f = 200 mm, 45417, Edmund Optics, respectively) in 4f-configuration was 
placed parfocally to a Köhler lens (f = 300 mm, 45418, Edmund Optics). The Köhler lens was 
mounted on a small linear translational stage (PT1, Thorlabs) to facilitate fine adjustment when 
focusing the beam at the back focal plane of the microscope objective. Both 3” lenses (the f = 
200 mm lens in the telescope and the Köhler lens) were secured on custom 3D printed lens 
mounts (see supplemental Fig. S1 and Dataset 2 (Ref. [61] ) for CAD design). The size of the 
beam in the back focal plane (BFP) of the objective lens (280 μm) was smaller than the TIRF 
annulus (300 μm) to allow for TIRF illumination. De-speckling was not found to adversely 
affect the size of the beam in the BFP (Supplemental Fig. S2) 
For Gaussian TIRF/epi-illumination, the galvanometric mirror was set to −20° to send the 

beam to a periscope mounted on the side of the LS breadboard directing the beam horizontally 
to a height compatible with alignment on the optical table. The Gaussian beam was then 
demagnified and collimated by a lens telescope (f = 150 mm, LA1417-A and f = 25 mm, 
LA1951-A, both Thorlabs). A second periscope and telescope (f = 75 mm, AC508-075-A and 
f = 150 mm, AC508-150-A, both Thorlabs) were used for final adjustment of beam height and 
size. A removable mirror on a magnetic mount was placed on the FF translational stage and 
was used to direct the beam toward the Köhler lens, which was shared between the Gaussian 
and FF paths. 
The fluorescence emitted from the sample was collected by the microscope objective lens,  

spectrally filtered (ZT405/488/561/640rpcV3 3 mm thick dichroic mirror in a Chroma BX3 
cube; notch filters: ZET642NF, ZET561NF; all from Chroma), and focused by the microscope 
tube lens to an intermediate image plane, from which a two-channel 4f system was aligned in 



order to access the Fourier plane of the emission path for PSF engineering. The first lens (f = 
80 mm, AC508-080-AB, Thorlabs) of the 4f system was placed one focal length after the 
intermediate image plane. Achromatic 4f lenses were chosen to minimize offsets due to 
chromatic aberrations when imaging various fluorophores emitting at different wavelengths. 
Lenses with a 2” diameter were selected to ensure that the electric field diameter was small 
compared to the diameter of the lenses. Next, a dichroic mirror (T660lpxr-UF3, Chroma) was 
used to transmit far-red light into one path (the “red” channel) and reflect light of shorter 
wavelengths into a second path (the “green” channel). Transmissive dielectric double helix 
phase masks (DH-PMs) with 2 µm or 12 µm axial range (Double Helix Optics), were then 
positioned in the Fourier planes, one focal length from the first 4f lens, for PSF engineering in 
each channel. The phase masks were mounted on magnetic mounts for easy placement and 
removal. To facilitate alignment, the magnetic mounts were placed on XYZ translational stages 
(PT3A, Thorlabs and 460A-XYZ, Newport). The light was then further filtered (green channel: 
ET605/70m; red channel: ET700/75m; both Chroma) and focused by the second 4f lenses (f = 
80 mm, AC508-080-AB, Thorlabs) positioned one focal length from the Fourier plane in each 
channel. The light paths from the two channels were then merged using a D-shaped mirror and 
imaged on different regions of an sCMOS camera sensor (Orca Fusion BT, Hamamatsu). 

3. Results 
3.1 Design and performance of multimodal illumination platform 

Our multimodal illumination platform (Fig. 1a) integrates five different illumination modalities 
– LS, FF and Gaussian TIRF/epi-illumination – to enable the user to conveniently select the 
most appropriate method according to their target of interest. Fast and easy switching between 
these modalities is achieved using a galvanometric mirror to direct the beam into either the LS, 
FF, or Gaussian paths. 
To implement LS illumination, we made key improvements to the previously demonstrated 

TILT3D platform [47]. In our design the entire LS path, including the laser fiber outputs, the 
cylindrical lens, the illumination objective, and the reflection mirror are mounted horizontally 
on a robust platform which can be translated in three dimensions, facilitating easy positioning 
of the LS in the sample (Fig. 1a, see supplemental Fig. S1 and Dataset 1 (Ref.  [60])  for full 
design). This configuration not only reduces vibration and bending moments in the LS path, 
but also ensures the complete decoupling of LS movement in the sample plane from any optical 
elements aligned on the optical table. Alignment in the sample plane is also facilitated in our 
design because the LS is directed into the sample chamber using a mirror glued to a custom 3D 
printed mirror mount (see Dataset 3 (Ref.  [62]) for CAD design), decoupling LS and sample 
movements. An 11° downward tilt enables the LS to be introduced into the sample chamber 
away from the distorting chamber bottom interface, while allowing illumination of entire 
adherent cells. The chamber consists of a commercially available four-walled glass cuvette 
bonded to a coverslip (see Supplemental Note 2 for details). This facilitates cell culture, 
labeling, and imaging using any conventional coverslip of choice, and bonding of the chamber 
walls can be done conveniently just before imaging. The chamber walls can then be cleaned 
and reused after imaging. 



 
Fig. 1. Design and performance of the multimodal illumination platform. (a) Simplified schematic of the 
microscopy platform (not to scale). Definitions of optical elements abbreviations: cylindrical lens (Cyl.), 
de-speckler (DS), dichroic mirror (DM), galvanometric mirror (GM), motorized mirror (MM), notch filter 
(NF), objective lens (Obj), periscope (P), phase mask (PM), removable mirror (RM), translation stage (TS). 
“f” indicates lenses with the indicated focal lengths in mm. (b) Images of both light sheet (LS) orientations 
acquired in fluorescent solution at a fixed LS Z-position show the LS thickness (side view, left) and width 
(top view, right). Scale bars are 10 µm. (c) Graph with line scans of the LS images shown in (b) at the 
indicated dashed lines used to determine the LS thickness and width. (d) Images of a dense layer of 
fluorescent beads showing the flat-field (FF, left) and Gaussian (right) TIRF illumination intensity profiles. 
Scale bars are 10 µm. (e) Graph with line scans of the images shown in (d) at the indicated dashed lines 
used to quantify the uniformity of the FF intensity profile compared to the Gaussian intensity profile. (f) 
Images of fluorescent beads at the indicated axial positions demonstrating the double-helix PSFs with 2 µm 
(left) and 12 µm (right) axial range. Scale bars are 1 µm and 3 µm for left and right panels, respectively. 
Color bars indicate the linear color scale used. The contrast of each image is normalized independently. 

The resulting LS using the 647 nm laser has a thickness of 2.7 µm (1/e2 beam waist radius, 
Fig. 1b,c), a width of 80 µm (1/e2 beam diameter, Fig. 1b,c), and a confocal parameter of 48 µm 
(1/e2, Supplemental Fig. S3). These dimensions were selected to make the LS compatible with 
imaging throughout mammalian cells while maintaining good optical sectioning capacity. 



To achieve epi- and TIRF illumination with a FF intensity profile, the Gaussian profile of 
the output laser beam is reshaped using a square-core multimode fiber, along with a mechanical 
de-speckler to remove speckles introduced by the fiber (Fig. 1a). This approach decouples the 
movement of the LS breadboard from the FF optical path so that it does not need to be realigned 
after positioning the LS. Switching between TIRF and epi-illumination is made convenient and 
robust using a 1D translational stage to position the beam in the back focal plane of the 
microscope objective lens, which allows switching without the need for realignment of any 
optics. We integrate a Gaussian illumination beam to the FF translational stage by positioning 
a removable mirror before the Köhler lens to enable direct comparison between FF and 
Gaussian modalities in the same sample (Fig. 1d,e). 
To enable 3D SRI we integrated a PSF engineering module to facilitate the use of DH-PSF 

phase masks with 2 µm or 12 µm axial range independently in the green and red color channels 
to increase the axial range that can be detected (Fig. 1f). The DH-PSF consists of two lobes 
instead of one, where the midpoint between the lobes encodes the XY position and the angle 
between the lobes encodes the Z position, which means a larger axial range can be detected 
and the necessity of scanning through the sample is effectively reduced. The 2 µm axial range 
DH-PSFs were used for single-molecule detection in both channels and for fiducial bead 
detection when imaging close to the coverslip. The 12 µm axial range DH-PSF was used for 
fiducial bead detection in the green channel during whole-cell single-molecule detection in the 
red channel.  

3.2 Light sheet and flat-field TIRF illumination improve the contrast for cellular imaging 

The setup performance was benchmarked in terms of contrast improvement by comparing the 
different illumination modalities for cellular imaging. Conventional Gaussian and FF 
illumination were used in both epi- and TIRF configurations for imaging of paxillin 
immunolabeled with CF568 in U-2 OS cells (Fig. 2a, see supplemental Fig. S4 for images with 
normalized contrast). Paxillin is a focal adhesion protein which is concentrated near the 
substrate and is thus a suitable target for TIRF illumination. LS illumination was compared to 
epi-illumination in U-2 OS cells labeled for f-actin using phalloidin conjugated with AF647 
(Fig. 2b). Actin is found throughout the cell and can contribute to high out-of-focus background 
fluorescence.  
For the comparison between Gaussian and FF epi- and TIRF illumination, representative 

line scans show a clear trend in signal-to-background ratio, where Gaussian epi-illumination 
results in the lowest ratio and FF TIRF results in the highest – an improvement of up to 4X 
compared to Gaussian epi-illumination (Fig. 2c). The two TIRF modalities yield, as expected, 
better contrast than the two epi-illumination modalities. The more homogeneous illumination 
can also be clearly seen when comparing the two FF modalities to the two Gaussian modalities, 
where the Gaussian illumination profiles result in generally higher intensities of fluorescently 
tagged paxillin located in the center of the field of view of this sample compared to paxillin 
located at the outer parts of the field of view, whereas the FF modalities result in uniform 
intensities throughout the field of view. These results are consistent with the illumination 
intensity profiles measured in Section 3.1. 
For the LS comparison to epi-illumination, a representative line scan acquired when imaging 

actin in the middle of a cell show a signal-to-background improvement of more than 2X when 
using LS illumination compared to epi-illumination (Fig. 2d).  



 
Fig. 2. Light sheet (LS) and flat-field (FF) TIRF illumination improve the contrast for cellular imaging. (a) 
Representative images of a U-2 OS cell immunolabeled with CF568 for paxillin and illuminated using 
Gaussian epi-illumination (top left), Gaussian TIRF illumination (top right), flat-field (FF) epi-illumination 
(bottom left), and FF TIRF illumination (bottom right). (b) Representative images of a U-2 OS cell where 
actin is labeled using phalloidin conjugated with AF647 and illuminated using epi-illumination (top) and 
light sheet (LS) illumination (bottom). (c) Graph showing line scans as indicated by the dashed lines in (a), 
demonstrating the contrast improvement and the more homogeneous illumination achieved when using FF 
TIRF illumination compared to the other illumination modalities. (d) Graph showing lines scans as indicated 
by the dashed lines in (b), demonstrating the significant contrast improvement when using LS illumination 
compared to epi-illumination. All scale bars are 10 µm. Color bars indicate the linear color scale used. The 
contrast of each image is normalized independently. 

3.3 Flat-field TIRF illumination provides more uniform performance across the field of 
view for single-molecule localization microscopy 

To quantify the improvement in single-molecule localization performance using FF compared 
to Gaussian illumination, CF568 fluorophores were spin-coated onto a coverslip, imaged in a 
reducing and oxygen-scavenging buffer using the two illumination modalities, and then 
localized using ThunderSTORM. The localizations were then quantified in terms of their 
localization uncertainty (precision), number of localizations, and intensity (signal photons per 
localization) across the field of view under FF and Gaussian TIRF illumination. Measurements 
were repeated three times for each modality, and each data set was split into six annuli of equal 
area for comparison of the statistics in different parts of the field of view (Fig. 3a,b).  
FF illumination results in consistent localization uncertainty (Fig. 3c), number of 

localizations (Fig. 3d), and localization intensity (Fig. 3e) throughout the field of view, while 
Gaussian illumination exhibits higher localization uncertainty, more localizations, and fewer 
photons per localization toward the edge of the field of view compared to the center, due to 
heterogeneous illumination and photobleaching from the center to the edge. Quantification of 
differences in the localization precision, number of localizations, and signal photons across the 
field of view was obtained by determining the difference, D, between the mean values of the 
parameters obtained for localizations within the outermost and innermost annuli (annuli 5 and 
0, respectively). The difference in the mean values between annuli 0 and 5 for FF compared to 
Gaussian illumination was 0.6 ± 0.2 nm and 6.1 ± 0.6 nm for the localization precision, 32779 
± 4535 and 106859 ± 14531 for the total number of localizations, and 10.1 ± 4.0 photons and 
59.9 ± 5.4 photons for the signal photons per localization, respectively, reported as mean ± 
standard deviation for three measurements per illumination modality. The homogeneous 
illumination offered by FF illumination, resulting in consistent SMLM statistics across the field 
of view, simplifies quantitative analysis and conclusions from SMLM data sets. 



 
Fig. 3. Flat-field TIRF illumination provides more uniform performance across the field of view for single-
molecule localization microscopy. (a,b) A dense layer of CF568 fluorophores imaged with (a) Gaussian 
TIRF illumination and (b) FF TIRF illumination showing the field of view split into six annuli of equal area 
for parameter quantification. Scale bars are 10 µm. (c-e) Graphs showing Gaussian and FF TIRF comparison 
across annuli (top panel) and overall difference, Δ, in mean values (bottom panel) between annulus 5 and 0 
for the (c) localization uncertainty, (d) number of localizations, and (e) the number of photons per 
localization (intensity) from single-molecule imaging. The error bars show mean ± standard deviation from 
three measurements for each illumination modality. 

3.4 3D single-molecule super-resolution imaging throughout mammalian cells 

The 3D SRI capabilities of our setup were demonstrated by two-color dSTORM imaging of U-
2 OS cells labeled for f-actin and paxillin, where paxillin functions in part as a signal mediator 
between the extracellular matrix and the actin cytoskeleton [64].  
First, actin immunolabeled with AF647 was imaged using LS illumination for optical 

sectioning throughout the cell. Multiple overlapping slices separated by 1 μm were illuminated 
and imaged as needed to cover the cell, where single-molecule data was acquired in the red 
channel using the 2 µm axial range DH-PSF and the fiducial bead at the coverslip was detected 
in all slices using the 12 µm axial range DH-PSF in the green channel. After every 20 frames 
during acquisition, the fiducial bead was illuminated and imaged for one frame using 560 nm 
FF TIRF illumination. Detection of the fiducial bead with the long-range PSF facilitated both 
3D drift correction and easy stitching of slices in post-processing. Next, paxillin, labeled with 
phalloidin conjugated with CF568, was imaged in the green channel using FF TIRF 
illumination for optimized contrast at the coverslip, using the same 2 µm DH-PSF for detection 
of both the single-molecule data and the fiducial bead. 50,000 frames were acquired for each 
light sheet slice and for the TIRF acquisition. These actin and paxillin data sets were then 
analyzed and stitched together into a single 3D reconstruction (Fig. 4a-d). For paxillin imaging 
using CF568 and FF TIRF illumination, the median XY and Z localization precision was 9.4 



nm and 14.0 nm, respectively (supplemental Fig. S5a-d). For whole-cell actin imaging using 
AF647 and LS illumination, the median XY and Z localization precision was 8.7 nm and 13.1 
nm, respectively (supplemental Fig. S5e-h). 
Next, the separation between actin filaments and paxillin in the focal adhesion complexes 

was quantified (Fig. 4e,f), which yielded distances of 59.5 ± 6.9 nm, reported as mean ± 
standard deviation for 10 connecting regions (see supplemental Fig. S6 for histograms of the Z 
distributions of all analyzed actin and paxillin connecting regions). This is in close agreement 
with previously reported values [65,66], demonstrating the quantitative performance of this 
setup for 3D imaging at the nanoscale. 

 
Fig. 4. 3D single-molecule super-resolution imaging throughout mammalian cells. (a) 3D super-resolved 
reconstructions of actin (color coded based on Z position) and paxillin (white) in a U-2 OS cell. (b) 3D 
super-resolved reconstruction of the actin shown in (a). (c) 3D super-resolved reconstruction of the paxillin 
shown in (a), here color coded by depth. (d) Zoom in of the paxillin shown in the red dashed box in (c). (e) 
Zoom in on the actin and paxillin connection shown in the yellow dashed box in (a). (f) Histogram of Z 
positions of actin and paxillin localizations of a representative example used to determine the separation 
between the two targets. Scale bars are 10 µm in (a), (b), and (c), and 1 µm in (d) and (e). 

4. Discussion 
Our multimodal illumination platform integrates fast and simple switching between five 
different illumination modalities: LS, and FF/Gaussian TIRF and epi-illumination. The 
modularity in the platform design is achieved by decoupling the LS illumination from the FF 
modalities using a square-core multimode fiber. The design is flexible for future 
implementation of flat illumination light sheets generated with optical elements such as Powell 
lenses [67,68]. In addition, the use of a large square-core multimode fiber simplifies the 
alignment of the beam into the FF path. Furthermore, the square-core fiber has superior 
speckling properties compared to circular-core fibers, resulting in uniform illumination [69]. 
Mounting the optical elements necessary for TIRF and epi-illumination on a 1D translational 
stage, both for FF and Gaussian modalities, facilitates fast and robust switching between these 
illumination methods. This design is thus also compatible with HILO illumination, which can 



be easily implemented using the same translational stage. The combination of the elevated 
breadboard and the custom 3D printed mirror mount greatly facilitates LS alignment in the 
sample plane in our implementation.  
The different illumination modalities combined with the two-channel 4f system for PSF 

engineering make possible the optimization of imaging conditions for studies of a wide range 
of biological targets. Both modalities of epi-illumination in our setup make fluorophore 
conversion to the dark state possible throughout the sample, facilitating dSTORM imaging. We 
demonstrate that for cellular targets in close proximity to the coverslip, FF TIRF illumination 
enhances overall single-molecule data quality by combining optical sectioning with 
homogenization of localization uncertainty, localization counts, and the number of photons per 
localization. LS illumination is then an excellent alternative for optical sectioning of targets that 
extend throughout the cell above the coverslip.  
This multimodal illumination platform is based on primarily commercially available parts, 

and CAD files are available for the setup and for all custom parts to facilitate easy 
implementation. This modular design is robust and makes the light sheet path easy to implement 
on any inverted microscope. Here we demonstrate the performance for dSTORM imaging, but 
the platform is compatible and can be easily implemented for other SMLM modalities, such as 
(fluorescence) Photoactivated Localization Microscopy ((f) PALM) [2,4] and DNA Points 
Accumulation in Nanoscale Topography (DNA-PAINT) [28]. The platform can also be 
combined with stage-top incubators, making it compatible for live-cell single-molecule 
tracking. We think the versatility of our platform will make it a valuable tool for a wide range 
of future SMLM applications, including quantitative SRI and single-molecule tracking. 
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