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            Abstract
The ultimate goal of biological super-resolution fluorescence microscopy is to provide three-dimensional resolution at the size scale of a fluorescent marker. Here we show that by localizing individual switchable fluorophores with a probing donut-shaped excitation beam, MINFLUX nanoscopy can provide resolutions in the range of 1 to 3â€‰nm for structures in fixed and living cells. This progress has been facilitated by approaching each fluorophore iteratively with the probing-donut minimum, making the resolution essentially uniform and isotropic over scalable fields of view. MINFLUX imaging of nuclear pore complexes of a mammalian cell shows that this true nanometer-scale resolution is obtained in three dimensions and in two color channels. Relying on fewer detected photons than standard camera-based localization, MINFLUX nanoscopy is poised to open a new chapter in the imaging of protein complexes and distributions in fixed and living cells.
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                    Fig. 1: Iterative MINFLUX setup and localization.[image: ]


Fig. 2: MINFLUX nanoscopy in fixed and living cells.[image: ]


Fig. 3: Iterative 3D MINFLUX localization yields isotropic nanometer precision.[image: ]


Fig. 4: MINFLUX imaging of the post-synaptic protein PSD-95 with 3D resolution of 2â€“3â€‰nm s.d.[image: ]


Fig. 5: Two-color MINFLUX nanoscopy in 2D and 3D.[image: ]
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              The data that support the findings of this study are available from the corresponding author S.W.H. upon reasonable request.
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3D MINFLUX nanoscopy of NUP96 in a mammalian cell. A U-2 OS cell expressing NUP96-SNAP labeled with Alexa Fluor 647 after fixation as displayed in Fig. 3. The color indicates the z position of the localization.


Supplementary Video 2
3D MINFLUX nanoscopy of the synaptic protein PSD-95. Primary hippocampal neurons from transgenic mice expressing PSD-95â€“Halo conjugated to Alexa Fluor 647 after fixation as displayed in Fig. 4. The color indicates the 3D localization density. PSD-95 appears in clusters distributed on a curved surface (gray surface) displayed also as a contour line projection to the xy-bounding plane.


Supplementary Video 3
3D two-color MINFLUX nanoscopy of the nuclear pore complex in a mammalian cell. A U-2 OS cell expressing NUP96â€“SNAP labeled with Alexa Fluor 647 (green) and WGA conjugated to CF680 (magenta) after fixation as displayed in Fig. 5. The colors indicate the molecular species assigned in the two-color classification.
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