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4Pi-SIMFLUX: 4Pi single-molecule 
localization microscopy with structured 
illumination
 

Qian Wang1,2,6, Bei Zheng2,3,6, Zijing Yu 2, Yajing Zhan2, Qiuyang Dai2, 
Xulong Wang2,4, Shuxin Li2, Yu Qiao1,2, Linlin Chen2, Xiaochun Yu2,3,5, Yu Lin4 & 
Yongdeng Zhang 2,3,5 

Single-molecule localization microscopy (SMLM) has transformed 
biological imaging by enabling nanoscale visualization of intricate 
subcellular structures. However, conventional three-dimensional SMLM 
techniques typically exhibit lower axial resolution than lateral resolution, 
hindering isotropic investigations. Interferometric approaches, such as 
4Pi-SMLM, enhance axial resolution by approximately fivefold through 
dual-objective coherent fluorescence detection, surpassing lateral 
resolution. Here we present 4Pi-SIMFLUX, which integrates structured 
illumination into 4Pi-SMLM to double its lateral resolution, achieving 
near-isotropic three-dimensional localization precision of 2–3 nm. We 
demonstrate that 4Pi-SIMFLUX breaks the 10-nm resolution barrier in 
biological samples, resolving microtubule ultrastructure and nuclear pore 
complexes with exceptional detail and clarity, while accounting for label size 
and localization density. Furthermore, it enables simultaneous multicolor 
imaging for interrogating multiple cellular components and high-fidelity, 
whole-cell visualization that captures comprehensive spatial organization. 
4Pi-SIMFLUX effectively bridges the axial–lateral resolution gap, establishing 
a robust tool for molecular-scale imaging in complex cellular environments.

Resolving subcellular architecture through three-dimensional (3D) 
fluorescence microscopy at the molecular scale (<5 nm) remains a 
formidable challenge in cell biology. Single-molecule localization 
microscopy (SMLM) offers unparalleled potential in this endeavor, 
enabling precise nanoscale investigation of ultrastructural details 
across diverse biological contexts1. However, conventional 3D-SMLM 
methods suffer from anisotropic resolution, with axial localization 
precision that is typically 2–3 times inferior to lateral precision2 
(Extended Data Fig. 1a). Interferometric methods address this dis-
parity by improving axial resolution approximately fivefold, achieved 

either through coherent fluorescence detection in a dual-objective 
setup, as in 4Pi-SMLM3–6, or via axial interference fringes in a 
single-objective configuration, such as ROSE-Z7. This enhancement 
not only surpasses the lateral resolution of conventional 3D-SMLM but 
also introduces a new form of resolution anisotropy, shifting the per-
formance bottleneck to the lateral dimension (Extended Data Fig. 1b). 
The advent of MINFLUX presents an innovative strategy for advancing 
the SMLM precision limit by employing patterned illumination with 
an intensity minimum, which facilitates more efficient extraction of 
positional information8. Although initial MINFLUX implementations 
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Next, we developed a reconstruction pipeline integrating 
SIMFLUX and 4Pi-SMLM algorithms (Extended Data Fig. 5 and Sup-
plementary Note 2). As described above, 4Pi-SIMFLUX generates  
24 sub-images (six x–y patterns × four z phases). Two deformable mir-
rors introduced a slight astigmatism, resulting in elliptical emission 
point spread function (PSF) patterns. For 3D-SMLM, the 24 sub-images 
were registered and summed, and rough x–y–z positions were esti-
mated using astigmatism-based maximum likelihood estimation 
(MLE) fitting with an elliptical Gaussian PSF model13,14. For 4Pi-SMLM, 
the six x–y sub-images were summed to form four z phase images. 
The Gaussian-weighted zeroth moment intensities of these images 
were computed to estimate the axial phases of the molecules4, and a 
ridge-finding algorithm was applied to unwrap the phases and deter-
mine precise z positions3. For 4Pi-SIMFLUX, the four z phase images 
were summed to form six x–y sub-images, and the photon number 
from each sub-image was then used to calculate the phases in the x–y 
directions. A linear regression procedure aligned the phases with the 
rough x–y positions to obtain precise x–y coordinates12. This unified 
pipeline enabled a quantitative comparison of 3D-SMLM, 4Pi-SMLM 
and 4Pi-SIMFLUX using identical data under the same conditions.

To experimentally validate 4Pi-SIMFLUX, we imaged 40-nm fluo-
rescent beads and determined their relative 3D positions to quantify 
localization precision at varying depths. The samples were sandwiched 
between two coverslips and mounted in a custom-designed holder 
(Extended Data Fig. 6). The striped illumination pattern exhibited 
spatial periods of 210 nm (x axis) and 209 nm (y axis) (Extended Data 
Fig. 7a,b), with modulation contrasts of 0.91 and 0.92, respectively 
(Extended Data Fig. 7c,d). 4Pi-SIMFLUX achieved sub-2-nm localiza-
tion precision in all three dimensions at the focal plane with a photon 
budget of around 5,500, demonstrating a twofold improvement in 
lateral precision compared to 4Pi-SMLM (Fig. 1b). Moreover, it main-
tained near-isotropic localization precision of 2–3 nm at different axial 
positions with a photon budget of around 6,000 (Fig. 1c).

4Pi-SIMFLUX resolved bundled microtubules
We then benchmarked 4Pi-SIMFLUX on biological samples. Given that 
its localization precision approaches the molecular scale, label size and 

localized one molecule at a time using doughnut-shaped illumina-
tion, subsequent extensions (hereafter termed SIMFLUX) adopted 
striped illumination patterns for parallelized localization, albeit with 
reduced resolution gains9–12.

In this work, we introduce 4Pi-SIMFLUX, a super-resolution 
microscope that integrates SIMFLUX with 4Pi-SMLM to double lateral 
precision while maintaining excellent axial performance, achieving 
near-isotropic 3D nanoscale resolution (Extended Data Fig. 1c,d and 
Supplementary Note 1). We demonstrate that 4Pi-SIMFLUX attains 
near-isotropic 2–3-nm localization precision in fixed cells, resolv-
ing the hollow structure of bundled microtubules with exceptional 
clarity. Furthermore, the system successfully distinguishes adjacent 
Nup96 proteins, revealing all 32 copies in a structural average. These 
results confirm that 4Pi-SIMFLUX delivers sub-10-nm 3D resolution in 
biological samples, accounting for label size and localization density. 
The versatility of this approach is further highlighted by its capacity for 
simultaneous two-color imaging and high-quality, whole-cell visualiza-
tion across diverse biological samples. Collectively, these capabilities 
underscore the transformative potential of 4Pi-SIMFLUX for elucidat-
ing molecular-scale details of cellular architecture.

Results
Implementation and characterization of 4Pi-SIMFLUX
The basic principle of 4Pi-SIMFLUX is illustrated in Fig. 1a, with the 
microscope’s optomechanical design detailed in Extended Data Figs. 2 
and 3 and Supplementary Video 1. In the excitation path, a high-speed 
spatial light modulator (SLM) generates dynamic striped illumination 
patterns at the sample plane by modulating a laser beam (Extended 
Data Fig. 2a). Each illumination direction employs three phase-shifted 
patterns with 2π/3 increments (φ1, φ2 and φ3), resulting in six distinct 
patterns (Extended Data Fig. 4). In the emission path, fluorescence 
signals are coherently collected by dual objectives, with four-phase 
images (P1, S1, P2 and S2) each corresponding to a specific phase delay 
(0, π/2, π and 3π/2) captured simultaneously (Extended Data Fig. 2b). 
By exploiting interference effects in both excitation and emission paths, 
4Pi-SIMFLUX concurrently enhances lateral and axial precision, achiev-
ing near-isotropic nanoscale 3D resolution (Extended Data Fig. 1c).
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Fig. 1 | Principle and validation of 4Pi-SIMFLUX. a, Schematic of 4Pi-
SIMFLUX. Excitation: an SLM modulates a laser to generate three phase-shifted 
illumination patterns along the x or y direction at the sample plane. Emission: 
fluorescence is coherently collected by two opposing objectives to generate 
four-phase images. Lateral positions are estimated from photon counts in 
images acquired with three illumination patterns per direction, while axial 
positions are determined from photon counts in the four-phase images. 
b, Histograms of the relative 3D positions between two 40-nm fluorescent 

beads in each direction, reconstructed with 4Pi-SIMFLUX and 4Pi-SMLM. The 
photon counts for the two beads were 5,012 ± 145 and 5,631 ± 170 (mean ± s.d.), 
respectively. c, Distance variance in s.d. of two 40-nm fluorescent beads imaged 
at different depths, reconstructed with 4Pi-SIMFLUX and 4Pi-SMLM. The 
photon counts for the two beads were 6,756 ± 392 and 5,302 ± 280 (mean ± s.d.), 
respectively. L, lens; M, mirror; DM, dichroic mirror; OBJ, objective; QWP, 
quarter-wave plate; NPBS, nonpolarizing beamsplitter.
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Fig. 2 | 4Pi-SIMFLUX imaging of microtubules. a, 4Pi-SIMFLUX image  
of microtubules in a fixed COS-7 cell. b,c, 10-nm x–y slices of the boxed  
regions denoted in a, reconstructed with 4Pi-SIMFLUX and 4Pi-SMLM. Insets:  
intensity profiles of the cross-sections denoted by the white dashed boxes.  
d, Histograms of the distances between adjacent-frame localizations for data in 
a, reconstructed with 4Pi-SIMFLUX and 4Pi-SMLM. DAFL localization precision 
was determined as σloc = DAFLmax/√2. e, FRC analysis of the data in a 
reconstructed with 4Pi-SIMFLUX and 4Pi-SMLM. f, 3D localization distributions 

for molecules emitting ≥10 frames, reconstructed with 4Pi-SIMFLUX and 
4Pi-SMLM. The photon count for these molecules was 4,025 ± 806 (mean ± s.d). 
g, Histograms of the distributions in f were fit with Gaussian functions (top: 
4Pi-SIMFLUX; bottom: 4Pi-SMLM), with the standard deviations reported.  
h, Cross-sections at locations denoted by the numbers in a, reconstructed with 
4Pi-SIMFLUX, 4Pi-SMLM and 3D-SMLM. Color bar denotes depth (a–c). Scale 
bars: 2 μm (a), 500 nm (b,c), 50 nm (h). Representative results are shown from 
three independent experiments.
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localization density become major constraints for resolution enhance-
ment. To overcome these limitations, we employed nanobodies, which 
are substantially smaller than conventional primary–secondary anti-
body pairs, and integrated DNA point accumulation for imaging in 
nanoscale topography (DNA-PAINT) to achieve high-density localiza-
tion through transient, replenishable probes. To this end, we developed 
a labeling strategy combining the ALFA-tag/NbALFA system15 with 
speed-optimized DNA-PAINT16.

First, we generated a COS-7 cell line stably expressing ALFA-tagged 
Ensconsin, a microtubule-binding protein, immunolabeled with 
NbALFA conjugated to DNA docking strands, and performed 
DNA-PAINT imaging (Fig. 2a). To minimize background signal from 

freely diffusing imager strands, we employed a high-numerical-aperture 
(NA) oil-immersion objective (1.5 NA) in the upper beam path using 
a near-total internal reflection fluorescence (TIRF) configuration. 
4Pi-SIMFLUX resolved microtubule two-sided structures more dis-
tinctly than 4Pi-SMLM (Fig. 2b,c). To quantify the lateral resolution 
improvement, we employed a method that estimates the localization 
precision by calculating the distance between adjacent-frame locali-
zations (DAFL)17, analogous to the nearest-neighbor-based analysis18 
commonly used in SMLM. DAFL analysis revealed a localization preci-
sion of 1.8 nm for 4Pi-SIMFLUX, representing a 2.2-fold improvement 
over 4Pi-SMLM (4.0 nm) (Fig. 2d). Fourier ring correlation (FRC)19 
further confirmed the resolution enhancement (6.6 nm versus 13.4 nm) 
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in a, reconstructed with 4Pi-SIMFLUX and 4Pi-SMLM. f, 3D visualization of the 

averaged NPC reconstructed with 4Pi-SIMFLUX after cluster analysis. Insets: NR 
and CR of the averaged NPC structure. g, 4Pi-SIMFLUX image of clathrin in a fixed 
SK-MEL-28 cell. h, Zoom-in image of the region denoted in g. i, Cross-section 
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(Fig. 2e). Localization analysis of molecules emitting ≥10 frames dem-
onstrated ~2-nm 3D precision for 4Pi-SIMFLUX in cells (Fig. 2f,g), resolv-
ing microtubule ring-like features with greater clarity than 4Pi-SMLM 
or 3D-SMLM (Fig. 2h).

Revealing the architecture of nuclear pore complexes and 
clathrin
The nuclear pore complex (NPC) serves as another model structure for 
quantitative imaging20. Nup96, an NPC protein, exhibits eight-fold sym-
metry with two rings: a nucleoplasmic ring (NR) and a cytoplasmic ring 
(CR), comprising 32 copies per complex. Notably, two adjacent Nup96 
proteins, ~10 nm apart laterally21,22, remain difficult to resolve even 
after particle averaging with advanced super-resolution techniques, 
such as 4Pi-SMLM and MINSTED23–26. So far, resolution enhancement 
by sequential imaging (RESI) stands as the most effective technique for 
distinguishing Nup96 protein pairs, achieving Ångström resolution by 
grouping multiple binding events to mimic high photon-count localiza-
tion21. This highlights the inherent challenge of resolving these pairs 
under photon-limited conditions. To overcome this challenge, we gen-
erated a homozygous knock-in U-2 OS cell line where Nup96 is endog-
enously tagged with the ALFA-tag. We then performed DNA-PAINT 
imaging on these cells using the aforementioned labeling strategy 
(Fig. 3a and Supplementary Video 2). Leveraging its twofold lateral 
resolution improvement, 4Pi-SIMFLUX resolved Nup96 pairs more 
effectively than 4Pi-SMLM (Fig. 3b,c). With comparable axial resolu-
tion, both methods provided better distinction between NR and CR 
relative to 3D-SMLM (Fig. 3d). Using advanced 3D particle averaging24,27 
of 973 NPCs from a single nucleus, 4Pi-SIMFLUX, but not 4Pi-SMLM, 
achieved RESI-like quality and resolved Nup96 pairs (Fig. 3e). Further 
cluster analysis revealed all 32 copies of Nup96 in a structural average 
(Fig. 3f and Supplementary Video 3), demonstrating that 4Pi-SIMFLUX 
truly achieved sub-10-nm 3D resolution in biological samples while 
accounting for the constraints of label size and localization density.

SMLM is generally better suited for imaging fixed samples due 
to its localization-based principles, and 4Pi-SIMFLUX follows this 
trend. Nonetheless, dynamic processes can still be inferred from 

static images when multiple events at distinct stages are captured 
concurrently. To demonstrate this, we generated a SK-MEL-28 cell line 
stably expressing ALFA-tagged clathrin light chain and performed 
4Pi-SIMFLUX imaging (Fig. 3g and Supplementary Video 4). The imag-
ing revealed characteristic clathrin structures, including flat clathrin 
lattices (FCLs), clathrin-coated pits (CCPs) and clathrin-coated vesicles 
(CCVs) (Fig. 3h). Although these observations represent static snap-
shots, they offer preliminary insights into the dynamic progression of 
clathrin-mediated endocytosis (Fig. 3i). Notably, we observed multiple 
instances in which several clathrin-coated pits budded from shared 
flat lattices, suggesting spatially coordinated clathrin activity within 
discrete membrane domains (Fig. 3j,k).

Simultaneous two-color 4Pi-SIMFLUX imaging
Beyond high-resolution imaging, multicolor visualization is essen-
tial for interrogating spatial relationships, such as colocalization and 
nanoscale organization, among target proteins and cellular organelles. 
We previously developed salvaged fluorescence, a technique enabling 
multicolor imaging with a single excitation laser while minimizing 
spectral crosstalk and chromatic aberrations28. Here we combined 
salvaged fluorescence with 4Pi-SIMFLUX for multicolor imaging. We 
identified Alexa Fluor 568 (AF568) as a suitable dye to pair with Cy3B for 
simultaneous two-color DNA-PAINT imaging with a 560-nm excitation 
laser (Fig. 4a,b). Overexpression of mEmerald-Sec61β, an endoplasmic 
reticulum (ER) membrane protein, in COS-7 cells stably expressing 
ALFA-Ensconsin, facilitated two-color 4Pi-SIMFLUX imaging using 
nanobodies targeting mEmerald and the ALFA-tag (Fig. 4c,d). The inte-
gration of high-precision 4Pi-SIMFLUX with low-crosstalk salvaged fluo-
rescence permitted the simultaneous resolution of hollow ER tubules 
and microtubules in the same cells (Fig. 4e–g). This approach provides 
a powerful tool for dissecting the spatial organization of protein com-
plexes and organelle interactions in intact cells.

4Pi-SIMFLUX imaging in whole cells
The combination of speed-optimized DNA-PAINT and near-TIRF illumi-
nation limited the imaging depth of 4Pi-SIMFLUX to several hundred 
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nanometers, restricting its application to cellular structures near 
the coverslip. To enable deeper imaging within cells and potentially 
achieve whole-cell imaging, we adopted fluorogenic DNA-PAINT, which 
reduces background by incorporating a quencher into the imager 
strands29. However, fluorogenic DNA-PAINT was developed for fast 
binding kinetics, resulting in short on-times that are unfavorable 
for 4Pi-SIMFLUX. To address this issue, we designed new docking 
strands with fewer mismatched oligonucleotides to enhance bind-
ing affinity and prolong the on-times (Methods). Additionally, we 
replaced the oil-immersion objective with a silicone oil objective 
(1.35 NA) in the upper beam path for improved interference contrast  
(Methods) and employed highly inclined and laminated optical sheet 
(HILO) illumination.

The low background of fluorogenic DNA-PAINT, combined with 
HILO illumination, facilitated 4Pi-SIMFLUX imaging of the ER in fixed 
COS-7 cells over a thickness of ~1.2 μm, roughly matching the imaging 
depth of the objective (Fig. 5a and Supplementary Video 5). The ER 
tubular network was resolved with high resolution and no detect-
able ghost artifacts (Fig. 5b,c). Next, we imaged the outer membrane 
of mitochondria in fixed HeLa cells (Fig. 5d and Supplementary 
Video 6). Four optical sections, acquired at a step size of ~400 nm, 
were axially aligned to reconstruct the interconnected contour of 
mitochondria over a depth of 2.3 μm without ghost images (Fig. 5e). 
Quantitative analysis confirmed that 4Pi-SIMFLUX maintained high 
spatial resolution across all four optical sections (Extended Data Fig. 8). 
Finally, we imaged immunolabeled synaptonemal complexes (SC) in 
a fixed mouse spermatocyte, reconstructed from seven optical sec-
tions across a depth of 3.1 μm (Fig. 5f and Supplementary Video 7). 
4Pi-SIMFLUX resolved all SC substructures with high clarity, regardless 
of depth or orientation (Fig. 5g,h). These results validate the excel-
lent capability of 4Pi-SIMFLUX for whole-cell imaging, enabling com-
prehensive, multi-scale reconstruction of cellular architecture with 
molecular-level precision, irrespective of organelle orientation or 
structural complexity.

Discussion
In summary, we developed 4Pi-SIMFLUX, which synergistically inte-
grates structured illumination in the excitation path with interfero-
metric detection in the emission path to enhance the lateral and axial 
precision of 3D-SMLM by twofold and fivefold, respectively. We dem-
onstrated that 4Pi-SIMFLUX achieves near-isotropic 3D localization 
precision of 2–3 nm and resolves sub-10 nm structural features across 
whole mammalian cells (Supplementary Table 1). This advancement 
elevates nanoscale imaging in complex cellular environments, enabling 
deeper understanding of biomolecular organization and unlocking 
new opportunities for structural biology research.

Achieving sub-nm localization precision with 4Pi-SIMFLUX 
requires further advances, including fluorescent probes with longer 
on-times and higher photostability, a dedicated microscope room to 
minimize mechanical drift and stabilize interference patterns, an active 
sample stabilization module, and advanced algorithms that reach the 
theoretical performance limit (Supplementary Note 3). Neverthe-
less, for biological samples, label size remains the major constraint: 
even nanobodies have a size of 2–4 nm. Therefore, advanced labeling 
strategies featuring smaller sizes, such as genetic code expansion 
with unnatural amino acids and click labeling30,31, hold great potential 
for enabling 4Pi-SIMFLUX to achieve true molecular-scale imaging at 
the sub-5-nm level in cellular environments. Additionally, although 
4Pi-SIMFLUX provides near-isotropic resolution across whole cells, 
various alternative approaches with much simpler optical setups have 
been developed for achieving excellent 3D resolution when biological 
studies focus on a limited axial range, typically less than 1 μm from 
the surface. These include techniques based on supercritical angle 
fluorescence32,33, metal- or graphene-induced energy transfer34,35 or 
direct photometry analysis36.

4Pi-SIMFLUX has several limitations. First, its high complexity 
renders it inaccessible to most researchers. Second, the dual-objective 
configuration precludes conventional mounting methods, such as 
slides, dishes and welled chambers. Third, it requires fluorophores 
to remain fluorescent across all six frames, making it suboptimal for 
techniques such as PALM and dSTORM. Fourth, the complex PSF model 
necessitates advanced localization algorithms to reach its theoretical 
resolution limit. Therefore, 4Pi-SIMFLUX is most advantageous when 
sub-10-nm resolution is required deep within cellular samples, espe-
cially for those that are densely labeled.

Currently, two main approaches offer enhanced resolution in 
SMLM. The first approach increases photon count using chemical 
methods, exemplified by DNA-PAINT16,29,37, with RESI representing an 
extreme case of this strategy21. RESI enables molecular-level imaging 
and quantification with nanometer precision and low requirements for 
optical setup38,39. The second approach focuses on improving photon 
utilization efficiency through optical techniques, such as MINFLUX8 
and MINSTED26. However, MINFLUX-like techniques are limited by a 
restricted field of view and reduced throughput. These limitations can 
be mitigated through wide-field implementations, including SIMPLE11, 
SIMFLUX10, ROSE12, ROSE-Z7, ModLoc9 and 4Pi-SIMFLUX, at the expense 
of more modest improvements in resolution. Notably, DNA-PAINT has 
been combined with MINFLUX-like and SIMFLUX-like techniques to 
achieve superior performance10,12,40. In particular, recent advances in 
multiplexed DNA-PAINT now permit simultaneous imaging of up to 
30 distinct targets in single cells41,42. Coupling this capability with the 
high resolution with MINFLUX-like and SIMFLUX-like techniques could 
pave the way for molecular-scale spatial proteomics, offering valuable 
insights into cellular architecture and function.

Online content
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Methods
Microscope setup
The 4Pi-SIMFLUX microscope was constructed based on a previously 
described 4Pi-SMLM system43, with substantial modifications. The 
optomechanical design is detailed in Extended Data Figs. 2 and 3. 
Briefly, the system replaced wide-field illumination in 4Pi-SMLM with 
structured illumination (Extended Data Fig. 2a) to double the lateral 
resolution, while retaining the 4Pi fluorescence detection configura-
tion for enhanced axial resolution (Extended Data Fig. 2b). Addition-
ally, it included a focus-lock module for stabilization and the salvaged 
fluorescence module for multicolor imaging28 (Extended Data Fig. 2c).

Structured illumination
The illumination path is shown in Extended Data Figs. 2a and 3b–d. A 
488-nm laser (Coherent OBIS 488 nm LS 150 mW) and a 560-nm laser 
(2RU-VFL-P-2000-560, MPB Communications) were modulated by 
an acousto-optical tunable filter (AOTF, AOTFnC-400.650-TN, AA 
Opto-Electronic). The laser beam was coupled into a single-mode 
fiber (SMF, P1-488PM-FC-2, Thorlabs) via a coupling lens (PAF2P-A10A, 
Thorlabs). The fiber output beam was collimated by lens L1 (f = 150 mm, 
AC254-150-A, Thorlabs) and directed onto a SLM (UHSP1K-488-850, 
Meadowlark Optics) at a 7.5° incidence angle. A half-wave plate (HWP, 
AHWP25-VIS-A-M, LBTEK) rotated the laser’s polarization to align with 
the liquid crystal axis of the SLM.

4Pi-SIMFLUX requires orthogonal sine/cosine patterns (0° and 
90° orientations) for x–y resolution enhancement. The SLM was pro-
grammed to sequentially display six patterns (two orientations × three 
phases), akin to conventional structured illumination microscopy, but 
using two orientations instead of three44. To avoid aliasing caused by 
integer-period gratings for 0°/90° orientations, the SLM mounting 
bracket was designed with a 10° tilt (Extended Data Fig. 3e), enabling 
SLM projections at 13.2° and 103.2° to generate 0° and 90° fringes 
on the sample plane. At the Fourier plane of lens L2 (f = 300 mm, 
ACT508-300-A, Thorlabs), a filtering mask removed spurious dif-
fraction orders, retaining only the ±first-order beams. Following this 
mask, a custom-made four-segmented wave plate (FSW, Fuzhou OYeah 
Optronics) was used, consisting of two BK7 glass sectors (C1) and two 
quartz-MgF2 half-wave plate sectors (C2) with fast axes oriented as indi-
cated by the arrows (Extended Data Fig. 2a). The C1 sectors transmitted 
p-polarization, while the C2 sectors converted p- to s- polarization. 
This design ensured that both orthogonal beams, relayed through 
lenses L3 (f = 250 mm, ACT508-250-A, Thorlabs) and L4 (f = 350 mm, 
49-289, Edmund), maintained s-polarization relative to the objectives, 
optimizing illumination interference contrast.

A silicone oil-immersion objective (UPLSAPO100XS, 100×/1.35 
NA, Olympus) was used in the lower beam path. For the upper path, an 
oil-immersion objective (UPLAPO100XOHR, 100×/1.5 NA, Olympus) 
was used to achieve near-TIRF illumination. However, in this configura-
tion, the imaging buffer for DNA-PAINT, which has a refractive index 
of ~1.33, and the proximity of the cells to the coverslip result in the oil 
objective collecting more photons compared to the silicone oil objec-
tive. This disparity in photon collection reduces interference contrast, 
thereby compromising axial localization precision. This effect becomes 
more pronounced during whole-cell imaging. To address this limitation 
and enhance interference contrast, a second silicone oil-immersion 
objective was employed for HILO illumination.

Fluorescence detection
The fluorescence detection path is shown in Extended Data Figs. 2b 
and 3a. To simplify the optical path in the 4Pi cavity, the BK7 and 
quartz prisms/wedges were removed. Instead, a quarter-wave plate 
(QWP3, AQWP25-VIS-A-M, LBTEK) was inserted into the upper beam 
path to introduce a π/2 phase shift between the p- and s-polarized 
light, generating four-phase images on the sCMOS camera CAM1 
(ORCA-Fusion BT, C15440-20UP, Hamamatsu). For two-color imaging, 

an EMCCD camera CAM2 (iXon Life 897, Andor) was used to collect 
the salvaged fluorescence.

Focus lock
The focus-lock module is shown in Extended Data Fig. 2c. An 850-nm 
laser diode (LP850-SF80, Thorlabs) was collimated by lens L15 
(f = 50 mm, AC254-50A, Thorlabs). After passing through the two objec-
tives, the laser was focused on the camera CAM3 (UI-3240LE-NIR-GL, 
IDS) via lens L4. A cylindrical lens CY1 (f = 500 mm, LJ1144RM-B, Thor-
labs) was used to introduce a slight astigmatism. Lateral movement 
between the objectives resulted in a lateral shift of the laser spot, 
whereas axial movement altered the shape of the laser spot. The posi-
tion and shape of the spot were monitored in real time and used as 
feedback to translate the objectives to their locked positions.

Data acquisition
The synchronization diagram is shown in Extended Data Fig. 4. The 
SLM was programmed to automatically generate a 6-ms period rec-
tangular wave (5.5 ms on time and 0.5 ms off time). An NI USB-6363 
board and LabVIEW 2020 DAQ module were utilized to synchronize this 
signal with other devices. The SLM output signal was delayed by 1 ms to 
accommodate the time constraints of SLM pattern switching, result-
ing in a 4.5-ms exposure time for the sCMOS camera. For two-color 
imaging, the EMCCD camera acquired an integrated exposure over 
six sCMOS frames. The AOTF maintained continuous transmission 
throughout the imaging process.

Illumination grating period
Because the illumination grating pattern cannot be resolved directly 
due to its spatial period approaching the diffraction limit of the optical 
system, we adopted the method of solving the illumination wavevector 
to determine the grating period, as in structured illumination micros-
copy44. For each orientation, the raw data underwent Fourier trans-
formation to transition into the frequency domain. Using the known 
phase shift information from three phase images, a phase separation 
matrix was constructed to isolate the zeroth- and ±first-order spectral 
components. Cross-correlation between the zeroth and +first (or −first) 
orders was then performed, identifying the magnitude and orienta-
tion of the wavevector at the maximum correlation value. To eliminate 
interference from the central component, a notch filter was applied to 
suppress the central region of the spectrum. Applying this procedure 
to both orthogonal orientations yielded grating periods of 210 nm in 
the x direction and 209 nm in the y direction (Extended Data Fig. 7a,b).

Field of view
The imaging field of view (FOV) of 4Pi-SIMFLUX is 25 × 25 μm2, with 
regions of varying sizes shown in different figures for visualization pur-
pose. This FOV is comparable to previously reported values of 20 μm 
in 4Pi-SMLM3,28, ~25 μm in ROSE12/SIMFLUX10 and 33 μm in ROSE-Z7. 
4Pi-SIMFLUX was designed to achieve a FOV of 50 μm. However, in the 
current setup, software issues with the SLM require the sCMOS camara 
to operate in external trigger mode, where the camera readout time 
limits the FOV to 25 μm. Recently, an FOV of 90 μm in diameter for 
fluorescence interference using water objectives has been reported44, 
suggesting that a similar FOV for 4Pi-SIMFLUX is theoretically feasible.

4Pi-SIMFLUX reconstruction
The algorithm workflow is illustrated in Extended Data Fig. 5 and the 
detailed localization procedure is described in Supplementary Note 2.  
Lateral localization adopted the reconstruction strategy as previously 
described12. For each illumination pattern, the four-phase images 
were aligned using an affine transformation matrix (generated  
from fluorescent beads images) and summed to form a sub-image.  
Six illumination patterns were used, corresponding to six sub-images 
(X1, X2, X3, Y1, Y2 and Y3). For SMLM, the six sub-mages were summed, 
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and Gaussian fitting was performed to estimate the rough x–y posi-
tions. For SIMFLUX, the photon number from each sub-image was 
used to calculate the phase and modulation depth in x–y directions. A 
linear regression procedure was used to align the phase and the rough 
x–y positions to obtain the precise x–y positions. Axial localization 
followed standard 4Pi-SMLM procedures3,43. The six sub-images were 
summed to form four- phase images. The photon number from the 
four-phase images were used to estimate the phases the molecules, 
which were then converted to axial positions. In this way, interference in 
illumination (SIMFLUX) improves lateral resolution, while interference 
in detection (4Pi-SMLM) improves axial resolution, together achieving 
near-isotropic resolution (4Pi-SIMFLUX). Finally, the drift at minimum 
entropy45 algorithm was used for 3D drift correction. Color assignment 
was done as previously described28. Localization filtering is shown in 
Supplementary Table 2. All 4Pi-SIMFLUX and 4Pi-SMLM images and 
videos were rendered with Vutara SRX software v.7.0.06 (Bruker). 
Briefly, intensity-based images were generated using Point Splatting 
mode with 5–10-nm particle sizes, representing each molecule as a 3D 
Gaussian distribution with a full width at half maximum correspond-
ing to the particle size. Fiji 1.54f was used to crop images, generate line 
profiles and perform similar tasks.

Particle averaging
3D particle averaging of the NPC was conducted in two steps: seg-
mentation and averaging. For segmentation, the localization results 
were imported into SMAP46. Using the segmentNPC and NPCsegment-
Cleanup plugins in SMAP, 973 NPCs were automatically segmented and 
selected from the nucleus shown in Fig. 3a. For averaging, we followed 
the previously developed algorithm27. Given the statistical variability 
introduced by the Gaussian mixture model, the process was executed 
20 times for data reconstructed with 4Pi-SIMFLUX and 4Pi-SMLM. 
The averages presented correspond to the result of the best iteration, 
wherein each point is rendered with a Gaussian of σ = 2 nm in x, y and z. 
For cluster analysis, a local outlier factor algorithm in MATLAB R2022b 
(MathWorks) was used to remove outlier localizations, enabling the 
visualization of 32 copies of Nup96 proteins (Fig. 3f).

DNA-PAINT docking and imager sequences
DNA oligonucleotides modified with azide, AF568 and Cy3B were pur-
chased from Ningbo Karebay Biochem and GENEray Biotechnology. 
The docking strands were 5×R6, L5×R2, S4 and LS4. The corresponding 
imager strands were R6, LR2, P10 and LP10. The sequences of L5×R2, 
LR2, LS4 and LP10 were synthesized from left-handed DNA to reduce 
unspecific binding47. Fluorogenic probes with longer on-times were 
optimized for whole-cell imaging. Two orthogonal DNA sequence 
motifs (LR2 and R6) were used to label targets for two-color imaging. 
In this work, the docking strands and imager strands used the following 
nucleotide sequences:

Nanobody–DNA conjugation
Nanobodies against ALFA (sdAb anti-ALFA, clone 1G5, cat. no. N1502, 
lot no. 15220402) and GFP (sdAb anti-GFP, clone 1H1, cat. no. N0302, 

lot no. 022307) with ectopic cysteines at the C and N terminus were 
purchased from NanoTag Biotechnologies. These nanobodies were 
site-specifically conjugated to DNA-PAINT docking strands using a 
bifunctional crosslinker, as previously described16,48. Specifically, nano-
bodies were concentrated using Amicon spin filters (10-kDa molecular 
weight cut-off (MWCO); Sigma-Aldrich, cat. no. UFC5010) at 13,000g, 
with buffer exchange to buffer D (5 mM TCEP (Sigma-Aldrich, cat.  
no. C4706-2G), PBS (1× PBS, Gibco, cat. no. 10010023), 1 mM EDTA 
(Invitrogen, cat. no. 91222915), pH 6.8). Disulfide bonds were reduced 
by incubating nanobodies in buffer D for 30 min in the dark at 4 °C with 
shaking. TCEP was removed using 10-kDa Amicon filters, and the buffer 
was exchanged to PBS. Free cysteines were reacted with a 20-fold molar 
excess of bifunctional DBCO–PEG₄–Maleimide (Sigma-Aldrich, cat.  
no. 760676) crosslinker for 4 h in the dark at 4 °C on a shaker. Unreacted 
crosslinker was removed via 10-kDa Amicon filters. A copper-free click 
reaction was performed by adding azide-modified DNA in a fivefold 
molar excess to DBCO-nanobodies, followed by overnight incubation 
at 4 °C. Unconjugated azide–DNA and protein were removed sequen-
tially by size-exclusion chromatography (Superdex 75 10/300 GL, GE 
Healthcare) and anion-exchange chromatography (Resource Q 1-ml 
column) using an ÄKTA Pure system. The nanobody–DNA conjugates 
(NbALFA-L5R2, NbALFA-5R6, NbALFA-LS4 and NbGFP-L5R2) were 
adjusted to 10 µM in storage buffer and stored at −20 °C.

Conjugation of secondary antibodies with docking strands
Docking strands were conjugated to secondary goat anti-mouse 
antibodies ( Jackson ImmunoResearch, cat. no. 115-005-146, lot  
no. 171417) as previously described29. Briefly, DBCO–sulfo–NHS ester 
(Sigma-Aldrich, cat. no. 762040) crosslinker was added to the antibod-
ies at a 20-fold molar excess in the dark at 4 °C overnight. Purification 
of the conjugated antibodies was performed by ZEBA spin desalting 
column (7-kDa MWCO, Thermo Fisher Scientific, cat. no. 89882) for 
removing the excess crosslinker. Azide-modified DNA (docking strand 
S4) was added to the purified antibody–crosslinker solution at a 10-fold 
molar excess and incubated in the dark at room temperature for 1 h. 
Subsequently, Amicon spin filters (100-kDa MWCO, Sigma-Aldrich, 
cat. no. UFC5100) were used to remove unreacted azide–DNA and the 
antibody–DNA conjugate (20 µM) was stored at −20 °C in storage buffer 
(50% glycerol (Sigma-Aldrich, cat. no. V900122) in PBS).

Plasmid construction
The following plasmids were used: mEmerald-Sec61β, EGFP-OMP25 
and mEmerald-Ensconsin44. For ER labeling, we overexpressed 
mEmerald-Sec61β, and constructed mEmerald-ALFA-Sec61β by insert-
ing an ALFA-tag to the N terminus of Sec61β. For microtubule labeling, 
we constructed oxStayGold-ALFA-Ensconsin by replacing the mEmerald 
gene with the oxStayGold gene from pcDNA3/er-(n2)oxStayGold(c4) 
(Addgene, plasmid no. 185822) in mEmerald-Ensconsin. An ALFA-tag 
was inserted at the N terminus of Ensconsin, and the resulting fragment 
was cloned into the pSin vector (derived from pSin-GFP (puro), a gift 
from Q. Xie, Westlake University) using SpeI and BamHI digestion. 
For clathrin labeling, we constructed mEmerald-Clathrin-ALFA. The 
clathrin gene was amplified by PCR from Clathrin-mGreenLantern 
(Addgene, plasmid no. 164462), and the mEmerald gene was obtained 
from mEmerald-Sec61β. The mEmerald gene, fused to an ALFA-tag at 
its C terminus, was ligated to the C terminus of clathrin. The fragment 
was cloned into the pSin vector (derived from pSin-GFP (puro)) using 
SpeI and BamHI digestion. For mitochondria labeling, we constructed 
mCherry-ALFA-OMP25 by replacing the EGFP gene with the mCherry 
gene from mCherry-KDEL (a gift from J. Bewersdorf, Yale University), 
and an ALFA-tag was inserted at the N terminus of OMP25.

Cell culture and transfection
COS-7 (CRL-1651), HeLa (CCL-2), U-2 OS (HTB-96) and SK-MEL-28 
(HTB-72) cell lines were purchased from the American Type Culture 

Oligonucleotide Nucleotide sequence (5′-3′)

Docking strands

5R6 azide_AACAACAACAACAACAACAA

L5R2 azide_ACCACCACCACCACCACCA

S4 CCTTCAACATTTCTTCTAC_azide

LS4 CCTTCAACATTTCTTCTAC_azide

Imager strands

R6 TTGTTGTT_Cy3B

R6_AF568 TTGTTGTT_AF568

LR2 TGGTGGT_Cy3B

P10 Cy3B_AGAAGTAATGTGGAA_BHQ2

LP10 Cy3B_AGAAGTAATGTGGAA_BHQ2
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Collection (ATCC). COS-7 cells were cultured in DMEM (Gibco, cat. 
no. C11965500CP), U-2 OS cells in McCoy’s 5A medium (Gibco, 
cat. no. 16600-082), and SK-MEL-28 cells in EMEM (ATCC, cat. no. 
30-2003). All media were supplemented with 10% fetal bovine serum 
(Sigma-Aldrich, cat. no. F8318) and 1% penicillin–streptomycin (Gibco, 
cat. no. 15140122). Cells were maintained at 37 °C with 5% CO2 and 
routinely tested for mycoplasma contamination. Before cell plating, 
high-precision coverslips (Marienfeld, cat. no. 0117650) were cleaned 
by immersion in 1 M KOH (Sigma-Aldrich, cat. no. 484016) and soni-
cated for 15 min. The coverslips were subjected to three 10-min sonica-
tion cycles in ddH2O, sterilized with 100% ethanol ( J&K Scientific, cat. 
no. 258449) for 1 min, and coated with poly-L-lysine (Sigma-Aldrich, 
cat. no. P4707). On the day before transfection, ~1 × 10⁵ cells were 
seeded on coverslips in a six-well plate. Transient transfections were 
performed using Lipofectamine 3000 (Thermo Fisher Scientific, cat. 
no. L3000015) according to the manufacturer’s instructions, with 1 µg 
of DNA per well of a six-well plate.

Stable cell-line generation
To generate stable COS-7 cell lines expressing oxStayGold-ALFA- 
Ensconsin and stable SK-MEL-28 cell lines expressing mEmerald- 
Clathrin-ALFA, HEK293T (CRL-3216) cells were co-transfected with 
a lentiviral transfer plasmid (pSin-oxStayGold-ALFA-Ensconsin or 
pSin-mEmerald-Clathrin-ALFA) and packaging plasmids psPAX2 
(Addgene, plasmid no. 12260) and pMD2.G (Addgene, plasmid no. 
12259) using Lipofectamine 3000. The transfection mixture was 
incubated for 12–24 h, after which the medium was replaced with 
fresh growth medium. Viral supernatants were collected 48–72 h 
post-transfection, filtered through a 0.45-µm filter (Sigma-Aldrich, 
cat. no. Z29079) and centrifuged at 600g for 5 min. The clarified super-
natant was mixed with concentrated viral solution (Biodragon, cat. no. 
BF06205) in a 4:1 ratio, gently inverted and incubated at 4 °C overnight. 
The viral solution was centrifuged at 4 °C (4,000g, 30 min), and the pel-
let was resuspended in fresh medium. Cells were transduced with the 
concentrated viral supernatant in the presence of 8 µg ml−1 polybrene 
(Beyotime, cat. no. C0351). After 4–6 h of incubation at 37 °C, the viral 
supernatant was replaced with fresh culture medium. Following 24 h of 
incubation, cells were selected with 1 µg ml−1 puromycin (Beyotime, cat. 
no. ST551) for 3–5 days to isolate stable transductants. Stable COS-7 and 
SK-MEL-28 clones were expanded for experiments. SK-MEL-28 clones 
expressing mEmerald-Clathrin-ALFA were sorted for low-intensity 
mEmerald expression using a Sony MA900 cell sorter.

Nup96 CRISPR cell line generation
Single guide RNA (sgRNA) sequences for the generation of U-2 
OS Nup96-ALFA-mEGFP CRISPR knock-in cell lines were cloned 
into pX335-U6-Chimeric_BB-CBh-hSpCas9n (D10A) (Addgene, 
plasmid no. 42335) via BbsI restriction sites. The donor plasmid 
PUC57-Nup96-ALFA-mEGFP-donor, synthesized by Tsingke, con-
tains 800 base pair homology arms upstream and downstream of the 
double-strand break in the Nup96 C terminus. The ALFA and mEGFP 
sequences were inserted between the homology arms with two link-
ers (5′-GGAAGTGCTGGGTCTGCAGGCGGATCAGGTACCGGTAGC-3′ 
and 5′-GGCGGCGGCTCT-3′). The U-2 OS Nup96-ALFA-mEGFP CRISPR 
knock-in cell lines were generated using CRISPR-Cas9D10A nickase, as 
described previously49. Briefly, paired single-guide RNA sequences for 
the Nup96 C terminus (sense sgRNA: 5′-GTTGGGAGCCTGTGAGCCCC-3′ 
and antisense sgRNA: 5′-CAGTTCTCGCAGATAGGACT-3′) were 
cloned into pX335-U6-Chimeric_BB-CBh-hSpCas9n(D10A). U-2 OS 
cells were transfected with the two sgRNA plasmids and the donor 
plasmid (PUC57-Nup96-ALFA-mEGFP-donor). After 7 days, sin-
gle colonies of GFP-positive cells were sorted using a Sony MA900 
multi-application cell sorter. Correct insertion and homozygous inte-
gration were confirmed by PCR, DNA sequence analysis, western blot 
and immunofluorescence.

Microtubule labeling
COS-7 stable cells overexpressing oxStayGold-ALFA-Ensconsin were 
seeded on coverslips in a six-well plate. Following overnight incuba-
tion, the cells were prefixed with pre-warmed 0.3% glutaraldehyde 
(GA, Electron Microscopy Sciences, cat. no. 16020) and 0.25% Tri-
ton X-100 (Sigma-Aldrich, cat. no. T8787) in cytoskeletal buffer (CB 
buffer: 10 mM MES (Sigma-Aldrich, cat. no. M3671-50G), 150 mM NaCl 
(Sigma-Aldrich, cat. no. S5886-5KG), 5 mM MgCl2 (Sigma-Aldrich, cat. 
no. M2393-500G), 5 mM EGTA (Sigma-Aldrich, cat. no. 03777-10 g), 
5 mM glucose (Sigma-Aldrich, cat. no. G8270-1kg), pH 6.1) for 2 min, 
followed by fixation with pre-warmed 2% GA in CB buffer for 10 min. 
After fixation, the cells were quenched with freshly prepared 0.1 M 
NH4Cl (Sigma-Aldrich, cat. no. A9434) in PBS for 5 min. The cells were 
then rinsed three times with PBS. Subsequently, the cells were blocked 
and permeabilized with blocking buffer A (3% BSA ( Jackson ImmunoRe-
search, cat. no. 001-000-162) and 0.2% Triton X-100 in PBS) for 1 h at 
room temperature. For labeling, the cells were incubated with anti-ALFA 
nanobody probes with docking strands L5R2 (NbALFA-L5R2, 20 nM) in 
dilution buffer (1% BSA and 0.2% Triton X-100 in PBS) at 4 °C overnight. 
Finally, the cells were washed with wash buffer (0.1% Triton X-100 in 
PBS) for three 5-min washes, followed by two 10-min washes with PBS. 
Before introducing the imager solution (LR2, 200 pM), the samples 
were washed with buffer C (PBS, 1 mM EDTA, 500 mM NaCl, 0.02% 
Tween-20 (Sigma-Aldrich, cat. no. P1379-500ML), pH 7.4) for 5 min.

NPC labeling
U-2 OS cells expressing Nup96-ALFA-mEGFP were seeded on coverslips 
and cultured for 48 h. The cells were fixed with pre-warmed 2.4% para-
formaldehyde (PFA, Electron Microscopy Sciences, cat. no. 15710) in 
PBS for 30 min at room temperature and quenched with 0.1 M NH4Cl 
in PBS for 5 min. Subsequently, the cells were washed four times with 
PBS, for 30 s, 60 s and twice for 5 min. Permeabilization and blocking 
were performed simultaneously in blocking buffer B (3% BSA and 0.25% 
Triton X-100 in PBS) for 2 h at room temperature. For labeling, the cells 
were incubated with NbALFA-L5R2 probes (20 nM) in dilution buffer 
at 4 °C overnight. The following day, the samples were washed three 
times with wash buffer for 5 min each, and twice with PBS for 10 min 
each. Before introducing the imager solution (LR2, 300 pM), samples 
were washed with buffer C for 5 min.

Clathrin labeling
SK-MEL-28 stable cells overexpressing mEmerald-Clathrin-ALFA were 
cultured on coverslips for 24 h. The cells were fixed with 3% PFA in CB 
buffer for 20 min at room temperature and quenched with 0.1 M NH4Cl 
in PBS for 5 min, followed by three 5-min washes with PBS. Nonspecific 
binding was blocked by incubation with blocking buffer A for 1 h. Cells 
were incubated with NbALFA-L5R2 probes (20 nM) in dilution buffer at 
4 °C overnight. Unbound probes were removed by washing the samples 
three times with wash buffer for 5 min each, followed by two washes 
with PBS for 10 min each. Before introducing the imager solution  
(LR2, 200 pM), the samples were washed with buffer C for 5 min.

Two-color sample labeling
COS-7 stable cells expressing oxStayGold-ALFA-Ensconsin were cultured 
on coverslips for 24 h, then transfected with mEmerald-sec61β and cul-
tured for an additional 24 h. Subsequently, the cells were fixed with 3% 
PFA and 0.1% GA in PBS for 15 min at room temperature and quenched 
with 0.1 M NH4Cl in PBS for 5 min, followed by three 5-min washes in 
PBS. Nonspecific binding was blocked by incubation with blocking 
buffer A for 1 h at room temperature. The cells were then incubated with 
NbALFA-5R6 and NbGFP-L5R2 probes (25 nM each) in dilution buffer 
overnight at 4 °C. Post-labeling, the cells were washed three times with 
wash buffer for 5 min each, followed by two washes with PBS for 10 min 
each. Before introducing the imager solution (LR2, 350 pM; R6_AF568, 
50 pM), the samples were washed with buffer C for 5 min.
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is currently impractical. However, the datasets generated and/or ana-
lyzed during the current study are available from the corresponding 
authors upon request.

Code availability
4Pi-SIMFLUX reconstruction code is available at https://github.com/
zhanglab-srm/4Pi-SIMFLUX. The package is licensed under the GNU 
GPL.
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ER and mitochondria labeling
COS-7 and HeLa cells transfected with mEmerald-ALFA-Sec61β and 
mCherry-ALFA-OMP25 were fixed with 3% PFA and 0.1% GA in PBS 
for 15 min at room temperature. The samples were quenched with 
0.1 M NH4Cl for 5 min, followed by three 5-min washes in PBS. The 
samples were then blocked and permeabilized with blocking buffer 
A for 1 h at room temperature. For labeling, the cells were incubated 
with NbALFA-LS4 (20 nM) in dilution buffer overnight at 4 °C. Then, 
the cells were washed three times with wash buffer for 5 min each, fol-
lowed by two 10-min washes with PBS. Before introducing the imager 
solution, the samples were washed with buffer E (PBS, 500 mM NaCl, 
20 mM Na2SO3 (Sigma-Aldrich, cat. no. 71988-250G), 1 mM Trolox 
(Sigma-Aldrich, cat. no. 238813-1G, pH 7.4) for 5 min.

Synaptonemal complex samples
Male C57BL/6 J mice ( JAX, 000664) were laboratory bred or purchased 
from the animal source center at Westlake University. All experimental 
procedures were approved by the Institutional Animal Care and Use 
Committee (IACUC) at Westlake University. Mice were housed in a 
specific pathogen-free facility at the Laboratory Animal Center of 
Westlake University. Environmental conditions were carefully con-
trolled and monitored, maintaining a standard 12-h light/dark cycle, 
ambient temperature between 22 and 26 °C, relative humidity levels of 
40–70% and continuous access to standard laboratory food and water. 
The samples were processed similarly to the previous report44. In brief, 
spermatocytes were isolated from the testes of 3-week-old mice. Testes 
were gently teased with forceps into buffer I (137 mM NaCl, 2.7 mM KCl, 
8 mM Na2HPO4 and 2 mM KH2PO4; all reagents from Sigma-Aldrich) and 
mixed 1:1 with buffer II (100 mM sucrose, Sigma-Aldrich). Then, the 
suspension was filtered through a 70-µm cell strainer. Filtered cells 
were spread onto glass slides presoaked in buffer III containing 1% PFA 
and 0.1% Triton X-100, pH 9.2, and dried for 4 h in humidified chambers. 
The samples were rinsed three times with wash buffer and treated with 
Image‑iT (Invitrogen, cat. no. I36933) for 30 min to enhance signal. 
After blocking with 3% BSA in PBS for 30 min at room temperature, 
the samples were incubated with mouse anti-SCP-3 primary antibody 
(clone D-1, Santa Cruz Biotechnology, cat. no. sc-74569, lot no. J2221, 
1:1,000) in 1% BSA in PBS at 4 °C overnight. The cells were then washed 
three times with wash buffer and incubated with goat anti-mouse-S4 
secondary antibody (40 nM) for 1 h at room temperature. Finally, the 
cells were washed three times for 5 min with wash buffer, followed by 
two 10-min washes with PBS. Before introducing the imager solution, 
the samples were washed with buffer E for 5 min.

Sample mounting
The sample mounting is illustrated in Extended Data Fig. 6. The imaging 
solution containing imager strands in buffer C or buffer E was freshly 
prepared. The samples were incubated with 40 nm fluorescent beads 
(Thermo Fisher Scientific, cat. no. F8793; diluted 1:5 × 10⁷ in PBS) for 
5 min and transferred to the imaging solution for 5 min. A clean cover-
slip was placed in a custom holder, and 100 μl of imaging solution was 
spread onto the coverslip. The sample coverslip was placed on top, fac-
ing down. Excess imaging solution was removed using Kimwipes. The 
sample was sealed with two-component silicone glue (Picodent Twinsil, 
Picodent). After curing for 10–20 min, the samples were transferred to 
the 4Pi-SIMFLUX system for imaging.

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

Data availability
An example dataset is available via figshare at https://doi.org/10.6084/
m9.figshare.30022948.v1 (ref. 50). Due to the extensive size of the raw 
data (>1 TB per cell, >50 TB in total), uploading it to an online repository 
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Extended Data Fig. 1 | Performance comparison of 3D-SMLM, 4Pi-SMLM, 
and 4Pi-SIMFLUX. a-c, Side-by-side comparison of localization precision for 
3D-SMLM (a), 4Pi-SMLM (b), and 4Pi-SIMFLUX (c). d, Localization precision of 
4Pi-SIMFLUX at the focal plane with different photon numbers. The black dashed 
line denotes 1 nm localization precision. All three simulation experiments were 
performed using a vectorial PSF model with identical parameters: objective NA 
= 1.35; medium refractive index = 1.406; emission wavelength = 600 nm; pixel 
size = 120 nm. For 3D localization and phase-wrapping, an astigmatism of 60 nm 
in amplitude (root mean square error) was introduced to the pupil function to 
generate PSFs with elliptical patterns. For 3D-SMLM, the photon count was  

4,000 per image with a background of 12 photons per pixel. For 4Pi-SMLM, 
the photon count was 2,000 per phase image (total of 8,000 photons) with a 
background of 24 photons per pixel. For 4Pi-SIMFLUX, the 2,000 photons in 
each phase image were distributed among the six sub-images according to the 
corresponding excitation patterns (total of 8,000 photons) with a background 
of 24 photons per pixel. Only Poisson noise was considered. The 4Pi-SIMFLUX 
illumination pattern was simulated with a modulation depth of 0.9 and an 
interference period of 210 nm, mimicking experimental conditions. For each z 
position in all images, 50,000 molecules were simulated. Localization precision 
was calculated as the standard deviation of the estimated positions.
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Extended Data Fig. 2 | Optical layout of 4Pi-SIMFLUX. Refer to the Methods 
section for a detailed description. a, Structured illumination path.  
b, Fluorescence detection path. c, Focus-lock and salvaged fluorescence 
detection paths. AOTF: acousto-optic tunable filter; SMF: single-mode fiber; 
HWP: half-wave plate; SLM: spatial light modulator; FSW: four-segmented wave 

plate; DM1-4: dichroic mirror; QWP1-3: quarter-wave plate; Def. M1, 2: deformable 
mirror; NPBS: nonpolarizing beam splitter; AP1, 2: aperture; PBS: polarizing 
beam splitter; F1, 2: emission filter; L1-L16: lens; M1-M16: mirror; CY1: cylindrical 
lens; CAM1: sCMOS camera; CAM2: EMCCD camera; CAM3: CMOS camera.
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Extended Data Fig. 3 | SolidWorks design of 4Pi-SIMFLUX. a-c, Overview (a), front view (b), and side view (c) of the SolidWorks model of 4Pi-SIMFLUX. d, SolidWorks 
design of the structured illumination path. e, SolidWorks model of the SLM mount with a 10° tilt.
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Extended Data Fig. 4 | Synchronization diagram of 4Pi-SIMFLUX. The SLM served as the initial trigger signal, which was transmitted to the sCMOS camera with a 1 ms 
delay. The EMCCD was triggered once every six sCMOS exposures, and the AOTF remained open. One full 4Pi-SIMFLUX imaging cycle is 36 ms.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Algorithm flowchart for 4Pi-SIMFLUX reconstruction. 
Refer to the Methods section and Supplementary Note 2 for a detailed 
description. Rough XY ① and Z positions ② were estimated by MLE fitting with 
an elliptical Gaussian PSF model. 4Pi-SIMFLUX integrates SIMFLUX’s precise 
XY positions ③ and 4Pi-SMLM’s precise Z position ④ to obtain precise XYZ 

positions ⑤. In filtering step 1, molecules that are not fluorescent in all six 
frames were rejected using two filters: photon asymmetry ratio and modulation 
depth. In filtering step 2, molecules were rejected using other filters such as 
photon number, localization precision and interference contrast. Please see 
Supplementary Table 2 and Supplementary Note 2 for details.
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Extended Data Fig. 6 | Sample mounting for 4Pi-SIMFLUX. a, Overview of sample mounting in 4Pi-SIMFLUX. The upper left picture shows the sample mounting 
between the two objectives. b, Exploded view of the sample holder and coverslip assembly. c, Blueprint of the sample mount.
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Extended Data Fig. 7 | Illumination grating periods and modulation depth 
of 4Pi-SIMFLUX. a,b, The cross-correlation spectrum of the 0th and +1st order 
components in the x- or y-direction. The white dots within the red circles indicate 
the wavevector’s magnitude and orientation of the structured illumination, 

corresponding to the illumination grating periods of 210 nm (x-direction) 
and 209 nm (y-direction), respectively. c,d, Experimental modulation depths 
estimated from single molecules in the dataset shown in Fig. 3a are 0.91 and  
0.92 in the x- or y-direction, respectively.
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Extended Data Fig. 8 | Resolution analysis for 4Pi-SIMFLUX in mitochondria 
imaging. The mitochondria image shown in Fig. 5d was reconstructed from four 
optical sections. a, DAFL precision of molecules from each optical section.  
b, FRC resolution for each optical section. c, Distributions of 3D localization 

results from molecules emitting ≥10 frames. The photon count for these 
molecules is 4,478 ± 1,631 (mean ± s.d.). d, Histograms of the distributions in c 
were fit with Gaussian functions, and the standard deviations are reported.
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