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Three-dimensional
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fluorescence microscopy
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Imaging volumes as thick as whole cells at three-dimensional
(3D) super-resolution is required to reveal unknown features

of cellular organization. We report a light microscope that
generates images with translationally invariant 30 x 30 x 75nm
resolution over a depth of several micrometers. This method,
named biplane (BP) FPALM, combines a double-plane detection
scheme with fluorescence photoactivation localization
microscopy (FPALM) enabling 3D sub-diffraction resolution
without compromising speed or sensitivity.

In contrast to techniques such as electron, X-ray or atomic force
microscopy, light microscopy is capable of providing 3D images of
cells several micrometers thick. This and other unique abilities have
made it the most widely used biological imaging technique today,
despite the higher spatial resolution of alternative methods. Until
roughly a decade ago, resolution in far-field light microscopy was
limited to ~200-250 nm within the focal plane, concealing details
of sub-cellular structures and constraining biological applications.
Today, stimulated emission depletion (STED) microscopy, and
other members of the reversible saturable optical fluorescence
transitions (RESOLFT) family, are able to overcome the diffraction
barrier and achieve biological imaging at resolutions below
~20 nm using the seminal concept of point-spread function
(PSF) engineering through optically saturable transitions of the
(fluorescent) probe molecules!.

Recently, an emerging group of localization-based techniques
called FPALM?, PALM?, stochastic optical reconstruction micro-
scopy (STORM)* and PALM with independently running acquisi-
tion (PALMIRA)>® has permitted comparable lateral resolution.
Although they use similar optical switching mechanisms, techni-
ques in this latter group circumvent the diffraction limit by basing

BRIEF COMMUNICATIONS |

resolution improvement on the precise localization of spatially
well-separated fluorescent molecules as used in particle-
tracking techniques’.

To resolve complex nanoscale structures by localization-based
methods, the sample is labeled with photoactivatable or photo-
switchable fluorescent probes. Activation of only a sparse subset of
molecules at a time allows their separate localization. By repeated
bleaching or deactivation of the active molecules in concert with
activation of other inactive probe molecules, a large fraction of the
whole probe ensemble can be localized over time to produce a two-
dimensional sub-diffraction image of the labeled structure.

However, to investigate complex cellular structures 3D imaging is
required. The best 3D resolution in light microscopy until lately
had been ~ 100 nm axially at conventional lateral resolution using
4Pi microscopy®. Recent reports demonstrated 3D STED micro-
scopy exceeding conventional resolution two to fourfold with
139-nm lateral (x,y) and 170-nm axial (z) resolution’, and 3D
STORM of thin optical sections (<600 nm) with sub—100 nm 3D
resolution under reducing (low oxygen) conditions'.

We now show 3D imaging of ‘thick’ samples over a depth of
several micrometers at a resolution of ~ 30 nm laterally and 75 nm
axially achieved by BP FPALM. The microscope design is based on a
conventional FPALM design? with a modified detection path that
allows simultaneous detection from two axially separated object
planes (Fig. 1a). Illumination for readout and activation is pro-
vided by lasers operating typically at 496 nm and 405 nm,
respectively. Both lasers are coupled into a conventional microscope
stand equipped with a 63x 1.2 numerical aperture (NA) water
immersion lens. A high-sensitivity electron-multiplying charge-
coupled device (EM-CCD) camera collects the fluorescence
(Supplementary Methods online). In the biplane detection
scheme, a 50:50 beam splitter cube divides the focused light in
front of the camera into a transmitted (shorter) and a reflected
(longer) path, which is redirected toward the camera. The
transmitted and reflected beams form images on different
regions of the detector representing object planes ~ 350 nm further
away and closer to the objective than the original object
plane, respectively.

The signal from the two recorded regions of interest can, there-
fore, be combined into a 3D raw data stack consisting of two planes.
Data analysis is a generalization of standard FPALM methods to
three dimensions (Supplementary Methods). Instead of a Gaus-
sian, we fit an experimentally obtained 3D PSF to each dataset
consisting of the pixels around each detected probe molecule,
thereby determining its x, ¥ and z coordinates. The PSF is
determined independently by imaging a small fluorescent bead as
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The detection of multiple focal planes in
biological samples has independently been
reported for particle tracking in related
experimental geometries!!™13. For localiza-
tion-based super-resolution microscopy,
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Figure 1 | BP FPALM setup and axial resolution. (a) Lasers are coupled into a conventional microscope for L T .
importantly, it eliminates localization arti-

widefield activation and excitation of photoactivatable fluorescent molecules. Collected fluorescence is ) -
divided by a 50:50 beam splitter, creating two separate image planes on the same CCD camera. D, dichroic facts present in scanning-based systems

beamsplitter; FP, focal plane; F, bandpass filter. (b) Histogram of localized caged fluorescein-labeled caused by the abrupt blinking and bleach-
antibodies on a coverslip as a function of z-axis position. The inset shows summed projections of the ing common to single molecules.
obtained dataset in three different directions. The white box marks the region of the original 3D dataset To prove the feasibility of BP FPALM

used to generate the shown z profile. Black line, raw data; red line, Gaussian fit. Scale bar, 2 pum. with single molecules and to measure the

axial resolution, we imaged caged fluores-
a function of the z-dimension position of the sample relative to the  cein (Invitrogen) bound to antibodies on a coverslip and embedded
objective (Supplementary Methods). in 87% glycerol (Fig. 1b). To allow a direct comparison with
Use of two detection planes for z position determination is  conventional microscopy, the localized molecules were binned
generally sufficient for particle localization under the constraints  according to their positions in voxels of 50 x 50 X
that (i) a sparse distribution of particles is analyzed (no overlapping 10 nm (x X y X z) in size, forming a 3D data stack. Voxel intensities
signal within the size of one PSF) and (ii)
the axial position of the particle is close to ,
one of the detection planes or lies between rd
them. To evaluate the range and accuracy
of the z localization, we imaged 40 nm
diameter fluorescent beads (FluoSpheres;
Invitrogen) on a coverslip for 1,000 frames.
The piezo-driven sample stage was moved
by one 100-nm z-step every 100 frames.
Localization analysis of the BP FPALM
images reproduced that z-direction move-
ment very accurately with a standard devia-
tion in axial localization of ~6-10 nm
. axial localization accuracy (Supplementary
Fig. 1 online). The beads could be localized
=¥ over a range of 800 nm, exceeding the
distance between the two detection planes
(in this case 500 nm) by more than 50%.
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Figure 2 | 3D BP FPALM of 4 um diameter beads
labeled with caged fluorescein. (a) Localized
molecules are denoted by open circles in the 3D
representation as well as in projections along the
x, y and z axes. The color of the circles indicates
the number of photons detected from each NG 0 Photons per molecule
molecule as shown by the gray scale color bar. The I 4 |
blue boxes in the projections show the 0 =260
reconstructed 3D volume defined by the regions of
interest in x and y dimensions and by the scan
range in the z dimension. (b-f) Representative y-x
and y-z sections through the reconstructed 3D
volume showing all localized molecules within

+ 50 nm of each plane (localized molecules binned
into pixels of 25 x 25 nm? size). The pixel color
denotes the sum of detected photons from the
localized molecules falling in each pixel as shown
in the color bar below. The position and
orientation of the sections is indicated

in a. Scale bar, 1 um.
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were assigned by adding the detected photon numbers of all
molecules in that voxel. From the histogram of localized molecules
as a function of z position (Fig. 1b), we measured a full width at
half-maximum (FWHM) of 75 nm. The true z-resolution of BP
FPALM is potentially even better considering that this histogram
may be broadened by a slightly curved, rough or tilted coverslip
surface. The obtained value is about tenfold below the axial FWHM
of our measured PSE, which represents the axial resolution of
conventional diffraction-limited microscopy. As localization-based
resolution is proportional to the diffraction-limited PSF size and
the axial FWHM of a widefield 1.2 NA PSF is ~250% larger than
the lateral FWHM, our measured z-direction localization precision
is consistent with the x and y resolution of 2040 nm previously
obtained in FPALM>!* and PALM®.

Notably, as we confirmed experimentally (Supplementary Fig. 2
online), the biplane detection scheme of BP FPALM results in
lateral and axial resolution values that are virtually independent of
the localization depth range of ~ 1 pm. In contrast, in astigmatism-
based axial localization methods as used by others!’, which analyze
the ellipticity of the diffraction-limited image, the x and y localiza-
tion accuracies are not translationally invariant and change with the
axial probe position with their ratio rising from ~0.5 to ~2 over
the same axial 1 pm detection range. To achieve more spatially
homogeneous resolution, the axial localization range has to be
reduced to about half that range!®. Furthermore the dipole orienta-
tion of fluorescent probes can lead to strong ellipticity of the
detected fluorescent spot’. This intermingles the probe orientation
with the determined axial probe position and can cause strong axial
localization artifacts in astigmatism-based localization methods. In
contrast, BP FPALM’s axial localization mechanism is far less
sensitive to ellipticity. In principle, BP FPALM data can be analyzed
in parallel for axial position and for ellipticity to determine the
probe orientation.

The wide axial localization range of BP FPALM makes this
technique highly suitable for imaging of thick volumes, by combin-
ing BP FPALM data recorded at different sample stage positions. To
demonstrate the distortion-free 3D imaging capabilities of samples
thicker than the axial localization range of ~1 pum of our BP
FPALM microscope, we imaged 4 um diameter spherical beads
surface-labeled with caged fluorescein. To image the beads over
their complete thickness, we recorded BP FPALM data at different
z positions of the sample stage and combined the loca-
lization results corrected for the z-position offset of the stage
(Supplementary Methods). The localized positions of 8,934 par-
ticles reproduced the spherical surfaces of two adjacent beads
(~100 particles/um? surface density) without artifacts over the
complete depth (Fig. 2). This confirms that BP FPALM is capable
of distortion-free imaging over the complete depth of large
3D objects.

To our knowledge, these are the first optical images with well-
below 100 nm resolution in all three dimensions of a sample far
exceeding the size of a PSF in all directions (Fig. 2). The resolvable
volume of approximately 30 x 30 x 75 nm is ~ 500-fold below the
diffraction-limited observation volume. Furthermore, BP FPALM
is capable of 3D imaging of volumes <1 pm thickness without
scanning (Supplementary Fig. 3 online).

Our compact, cost-efficient, robust design using only one camera
is straightforward to implement and avoids synchronization pro-
blems between separate cameras. With our setup, we were
able to image 100 frames per second with a field of view of
10-20 pm in length and 2 x 2 binning. Combined with the fact
that we have minimal loss of fluorescence detection efficiency,
this setup expands conventional FPALM to 3D imaging without
major drawbacks.

The existing BP FPALM technology is fully compatible with live-
cell imaging as it does not require reducing conditions as in
STORM. Volumes 1 pm thick can be imaged at the same speed
as 2D FPALM, which, with presently available camera technology,
can be as low as several seconds. BP FPALM can also be easily
expanded to multicolor imaging. To minimize activation of out-of-
focus molecules, BP FPALM can be combined with a scanning two-
photon excitation laser beam. Two-photon excitation-mediated
activation is limited to diffraction-limited planes®!'> of ~800 nm
thickness, a thickness that is fully compatible with the axial
detection range of BP FPALM. BP FPALM therefore has the
potential to image specimens such as tissue sections many micro-
meters thick.

Moreover, BP FPALM can be readily implemented in practically
every existing FPALM, PALM, PALMIRA or STORM instrument.
BP FPALM featuring a 100—1,000-fold smaller resolvable volume
than obtainable by conventional 3D microscopy, therefore, pro-
vides the means to investigate a large variety of biological 3D
structures at resolution levels previously far out of reach.

Note: Supplementary information is available on the Nature Methods website.
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