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Abstract: A variety of modern super-resolution micro-
scopy methods provide researchers with previously
inconceivable biological sample imaging opportunities at
a molecular resolution. All of these techniques excel at
imaging samples that are close to the coverslip, however
imaging at large depths remains a challenge due to aber-
rations caused by the sample, diminishing the resolution of
the microscope. Originating in astro-imaging, the adaptive
optics (AO) approach for wavefront shaping using a
deformable mirror is gaining momentum in modern mi-
croscopy as a convenient approach for wavefront control.
AO has the ability not only to correct aberrations but also
enables engineering of the PSF shape, allowing localiza-
tion of the emitter axial position over several microns. In
this study, we demonstrate remote focusing as another AO
benefit for super-resolution microscopy. We show the
ability to record volumetric data (45 × 45 × 10 µm), while
keeping the sample axially stabilized using a standard

widefield setup with an adaptive optics addon. We pro-
cessed the data with single-molecule localization routines
and/or computed spatiotemporal correlations, demon-
strating subdiffraction resolution.

Keywords: adaptive optics; astigmatism-based single
molecule localization microscopy; 3D imaging; remote
focusing; single-molecule localization microscopy (SMLM);
super-resolution optical fluctuation imaging (SOFI).

1 Introduction

Conventional light microscopy methods are inherently
constrained in terms of their lateral and axial resolution
due to the limited numerical aperture of the imaging
apparatus and the finite wavelength of the fluorescence.
During the past two decades, multiple approaches were
developed to overcome this restriction by exploiting spatial
and/or temporal separation of fluorescent emitters [1]. In
single-molecule localization microscopy (SMLM) the
diffraction limit is circumvented by computationally fitting
the point-spread function (PSF) of temporally separated
single emitters. SMLM analysis requires a long sequence of
sparsely blinking fluorophores in order to appropriately
sample the labeled structure. This sequence is typically
acquired with high illumination intensities and by using
complex imaging buffers with oxygen scavenging systems
[2] to minimize the bleaching or by using genetically
encoded photo-switchable proteins [3]. To speed up the
acquisition procedure and perform imaging in varying
fluorophore density environments, alternative computa-
tional approaches were developed [4, 5]. For example,
Super-resolution Optical Fluctuation Imaging (SOFI) relies
on spatiotemporal correlations of the signal of indepen-
dently blinking emitters. SOFI is particularly suitable to
imaging samples with higher fluorophore densities and is
less sensitive to varying blinking conditions [6]. Both
single-molecule localization methods and SOFI are not
restricted to 2D imaging. However, obtaining an axial res-
olution beyond the diffraction limit throughout the full
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thickness of adherent cells (4–10 µm) is not usually ach-
ieved and requires a modified detection path [7].

In SMLM, one of the first and most common ways to
retrieve information of the axial PSF position is the intro-
duction of astigmatism in the detection path by using a
cylindrical lens [8] or a wave-front shaping optical element
such as a deformable mirror [9]. Complex PSF engineering
techniques such as the Zernike optimized localization
approach [10] allows the adjustment of the PSF for the
extended Z-range (2–5 µm) in a trade-off of lateral locali-
zation precision and can, in theory, achieve isometric res-
olution. Other approaches such as opposing objective
lenses (4Pi arrangement) [11] or interferometric SMLM [12]
can achieve a sub-10 nm axial resolution, but require a
complex optical system design. To image samples thicker
than 5 µm, Z-scanning is needed, which is typically ach-
ieved by physically moving either the sample or the
objective axially with a piezoelectric stage. Alternatively,
light-sheet illumination with Bessel beams can be used for
structured sample illumination, increasing the axial reso-
lution [13], but requiring a separate objective lens placed in
close proximity to the sample [13, 14].

Furthermore, biplane imagingwith 50:50beamsplitters
or image splitting prisms can be used to separate the
detection path into multiple planes [15–17], thus enabling a
simultaneous volume acquisition in exchange for signal-to-
noise ratio. However, when imaging deeper into the sample,
aberrations induced by the optical system distort the PSF
and ultimately diminish the localization precision. This is a
particular problem for high NA oil immersion objectives
because of the refractive index mismatch between the im-
aging medium and immersion oil. Fortunately, these
intrinsic aberrations, together with inhomogeneities in the
refractive index of the biological sample volume, can be
partially corrected by the use of adaptive optics [18].

To appropriately sample complex cellular structures,
3D-SMLM experiments in their extreme can run for long
durations ranging from a few hours [10] to multiple days
[19], presenting a significant challenge in lateral and axial
drift correction. Lateral drift is typically corrected in post-
processing by tracking fiducialmarkers. On the other hand,
axial drift correction requires an active feedback loop
which is commonly achieved by measuring the lateral
displacement of an infrared laser set up in total internal
reflection [20], computing the three dimensional correla-
tion between a previously recorded brightfield Z-stack in a
separate imaging channel and a live brightfield image [21]
or by tracking fiducial markers in three dimensions [22].

To perform a precise and continuous axial drift correc-
tion while imaging multiple Z-slices of the cell volume,
commercially available complex Z-stabilization systems

using movable offset lenses are needed to compensate for
the changing distance between the objective lens and the
coverslip. In the alternative approach, termed remote
focusing, one changes the focus without moving either the
objective or the coverslip. The approach involves shifting
the image plane by optical defocusing using an adaptive
optical element. This can be achieved at a few kHz rates by
using a deformablemirror or an electrically tunable lens [23]
and does not require movement of sample or objective [24].

Here, we demonstrate a combined application of AO in
super-resolution microscopy by fusing point-spread func-
tion engineering, aberration correction and simultaneous
rapid remote focusing. It enables us to record Z-stacks of
whole COS-7 cells without moving the sample and keeping
it axially stabilized for extended periods of time (here up to
2.5 h). Fast remote focusing also allows us to change the
image planes frequently (maximum frequency of 100 Hz),
thus homogeneously distributing the effect of bleaching in
all the planes by revisiting the same imaging plane multi-
ple times. Finally, we performmultiplane super-resolution
microscopy by processing the data with different modal-
ities by using SOFI, 2D SMLM and astigmatism-based 3D
SMLM for further increased depth sampling with self-
blinking fluorescent probes.

2 Materials and methods

2.1 Setup

Imaging was performed on a custom-built microscope [25]
(Figure 1(a)). 100 mW 488 nm (Sapphire, Coherent) and 100 mW
561 nm (Excelsior, Spectra Physics) continuous lasers were used for
excitation. Laser beams were combined using a dichroic mirror
(T495lpxr, Chroma) and passed through an acousto-optic tunable fil-
ter (AOTFnC-VIS-TN, AA Opto Electronic), which is used to modulate
the power of both lasers independently. Beams were passed through
an achromatic λ/4 plate (AQWP05M-600, Thorlabs), expanded with a
10× telescope (d = 12 mm) and focused with a f = 300mm lens into the
back focal plane of the objective mounted on an inverted optical mi-
croscope (IX71, Olympus). 100× oil-immersion objective (UApo
N × 100, Olympus) with a numerical aperture of 1.49 was used for
imaging. Fluorescence signal collected by the objective was filtered
using a combination of a quad-line dichroic mirror (R405/488/561/
635, Chroma) and two emissionfilters: quad-line (446/523/600/677HC
Quadband, Semrock) and band-pass (596/83, Chroma). Fluorescence
is then passed into the adaptive optics addon (MicAO 3DSR, Imagine
Optic) where the back focal plane of the objective is conjugated to a
deformable mirror (MIRAO 52e, Imagine Optic). A flip mirror is used to
deflect the light either to a Shack-Hartmann wave-front sensor
(HASO3, ImagineOptic) or to anEMCCDcamera (iXonDU-897, Andor).
The camera was water-cooled with a custom-built water-cooling sys-
tem to prevent vibrations from the camera fan. The motorized XYZ
stage (MS-2000, ASI) was used for coarse positioning of the sample,
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with a XYZ piezo stage (LPS Series, Mad City lab) for fine XYZ posi-
tioning, including axial sample stabilization. For the home-built Z-
stabilization system, a collimated beam from a 785 nm laser diode
(Thorlabs, LPS-785-FC) was focused on the back focal plane of the
objective far from the optical axis in order to undergo total-internal
reflection from the sample-coverslip interface [20]. IR reflection was
filtered with a band-pass filter (FL780-10, Chroma) and deflected on a
quadrant photo diode (QPD, Pacific Silicon QP50-6SD2). The QPD
signal is used in the PID controller implemented in LabView, which
forms a closed-loop system with the piezo stage and ensures the Z-
stabilization of the sample. Thewhole setup, including the deformable
mirror was controlled with a custom LabView program.

2.2 Sample preparation

Cellswere cultured inDMEMhigh glucosewithout phenol redmedium
(Gibco, Thermo Fisher Scientific), containing 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific), 1% penicillin-streptomycin (Gibco,
ThermoFisher Scientific) and4mML-glutamine (Gibco, ThermoFisher
Scientific) at 37 °C and 5% CO2. Cells were detached from a flask with
TrypLE (Gibco, Thermo Fisher Scientific) and seeded on 25 mm cov-
erslips coated with fibronectin. Cells were grown overnight (12–16 h)
before fixation in 6-well plates. During fixation, coverslips were
incubated for 90 s in a prewarmed microtubule extraction buffer,
consisting of 80mMPIPES, 7mMMgCl2, 1mMEDTA, 150mMNaCl and
5 mM D-glucose with a pH adjusted to 6.8 using KOH with 0.3% (v/v)
Triton X-100 (AppliChem) and 0.25% (v/v) EM-grade glutaraldehyde
(Electron Microscopy Sciences). The solution was exchanged to pre-
warmed 4% paraformaldehyde dissolved in PBS (pH = 7.4) and

samples were incubated for 10 min at room temperature. Afterward,
samples were washed three times for 5 min with PBS on an orbital
shaker. Cells were kept for 5min with a freshly prepared 10mMNaBH4

solution in PBS on an orbital shaker in order to reduce background
fluorescence. This stepwas followedby a rinse in PBS, and twowashes
of 10 min in PBS on an orbital shaker. Samples were then additionally
permeabilized to ensure antibody penetration with 0.1% (v/v) Triton
X-100 in PBS (pH = 7.4) on an orbital shaker followed by an additional
wash with PBS. Finally, samples were blocked with freshly prepared
blocking buffer consisting of 2% (w/v) BSA, 10 mM glycine, 50 mM
ammonium chloride NH4Cl in PBS (pH = 7.4) for 60 min at room
temperature or stored overnight at 4 °C for further staining. All
chemicals were bought from Sigma Aldrich unless stated differently.
After blocking, samples were incubated with 2% (v/v) primary anti-
tubulin antibody (clone B-5-1-2, Sigma-Aldrich) in blocking buffer for
60 min at room temperature. Samples were washed with blocking
buffer thrice for 5 min on orbital shaker. Coverslips were incubated
with 2% (v/v) secondary donkey anti-mouse-Abberior FLIP-565 anti-
body, which was labeled as described previously [26]. Samples were
kept in blocking buffer for 60 min and washed thrice for 5 min on
orbital shaker. Samples were incubated for 10 min in 2% (w/v) PFA in
PBS (pH = 7.4) as a post-fixation step followed by three 5 min washes
with PBS on an orbital shaker. After staining, samples were incubated
with a 1% fluorescent (Ex. 505/Em. 515 nm) 175 nm diameter beads
solution (PS-SpeckTM, Invitrogen) for 10 min and then washed with
PBS. Finally, PBS (pH = 7.4) was saturated with argon by passing the
gas through the solution for at least 1 h, thus reducing the O2 con-
centration to ≈ 0.01 ppm in order to prevent photobleaching of the
fluorophore. The degassed buffer was subsequently used for imaging
in a closed imaging chamber.

Figure 1: Schematics of the optical setup and image processing pipeline.
(a) Sample excitation was achieved by two continuous laser sources with independently modulated power by acousto-optic tunable filter.
Laser beamswere then expandedwith a telescopeand focusedby a lens into theback focal planeof the 100×NA= 1.49oil immersionobjective
to achieve a widefield illumination of the sample. Fluorescence light was collected by the same objective and filtered using a combination of a
dichroic mirror and two emission filters. The light is then passed through MicAO 3DSR adaptive optics setup which consists of a deformable
mirror and a wavefront sensor. Light is then detected either by a wavefront sensor, which is used for a calibration of AO system or a water-
cooled EMCCD camera with a back-projected pixel size of 105 nm. Total internal reflection of an infrared laser is used to axially stabilize the
sample which is precisely positioned by the XYZ piezo stage thus eliminating the axial drift. (b) 3D image stacks were recorded by shifting the
height using a deformable mirror every A number of frames in order to homogenously distribute bleaching in all the N planes. Fluorescent
beads immobilized on a coverslip were imaged every A number of frames with a 488 nm laser line and then used for lateral drift correction (SI
drift correction). For final processing image stackswere sorted based on focus values applied for each frame. (c) Substackswere processed by
using SOFI and SMLM routines published previously as described in Section 2.
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2.3 In vitro imaging and calibration routines

The AO system was pre-calibrated before starting imaging experi-
ments using a routine providedby themanufacturer (ImageOptic). For
the calibration, we imaged an isolated 1 µm bead immobilized on a
surface while operating the DM in a closed-loopmode with the Shack-
Hartmann wavefront sensor to establish an interaction matrix, which
was further used for routine image-based indirect calibration. Before
acquiring each Z-stack, the PSF of an isolated 175 nm fluorescent bead
immobilized on a surface was imagedwith the 488 nm laser and it was
used to correct aberrations in each field-of-view. MicAO software
(Image Optic) was used with an integrated 3N algorithm [27] which
exploits a maximum contrast as an optimization metric to correct for
the wavefront distortions by finding the amplitudes of selected first 15
Zernike modes. After correction, the mirror shape was used with a
custom-written LabView program controlling the microscope. For
eachmirror shape a z-stack of the beads in agarose gel was recorded to
calibrate the axial shifts induced by the DM (SI Figure 2). In order to
correct the lateral field-of-view (FOV) distortion, the beads immobi-
lized on the surface were imaged with different focus values added
with a DM (SI Figure 3). For Abberior FLIP-565 imaging a 561 nm laser
was used for excitation with a power ranging from 300 W/cm2 for
regular imaging to 1400 W/cm2 for astigmatism-based imaging.
Exposure time in all experiments was 50 ms, using an EM gain of 150.
The Z-stacks with remote DM focusing were typically recorded within
the 10 µm range, due to the thickness of the cells by adding a specific
amount of defocus on top of the mirror shape. The Z-stacks were
recorded by specifying the number of equally spaced planes (N )
within the selected range. The number of frames (A) and the number of
repeats (B) for the whole axial range were specified, resulting in the
total number of N·A·B frames per volume. After each A frames-long
sequence, the DMwas set to 0 nmposition and the image of beadswas
takenwith 488 nm laser for a lateral drift correction in post-processing
(Figure 1(b)). For astigmatic-based 3D SMLM imaging, 60 nm root-
mean-square (RMS) of astigmatismwas added using the DM. The RMS
value in nm describes the amplitude of the Zernike coefficient, which
is the total amount of RMS displacement of themirror with respect to a
flat surface. Furthermore, the 60 nm RMS of 3rd order spherical ab-
erration per 10 µm of depth was linearly added in order to compensate
for spherical aberration resulting from the refractive index mismatch
between water and the objective’s immersion oil based on the cali-
bration [28] provided by a manufacturer. Finally, the exact values of
the focus applied on the DM were saved to a separate file for image
stack sorting.

2.4 Image processing

Acquired image stacks were sorted based on the input defocus values
and drift-corrected based on the acquired bead stacks (SI Figure 1).
Stacks were processed based on the acquisition mode used for imag-
ing. Z-stacks without added astigmatism were processed with a 2D
SOFI algorithm implemented in Matlab based on the previous work
[29] or with SMLM software Thunderstorm [30] by using the integrated
Gaussian PSF model and weighted least-squares fitting method. 2D
SMLM stacks were filtered by removing localizations with lateral un-
certainty >45 nm and sigma values <80 or >140 nm. Stacks with 60 nm
RMSof addedastigmatismwere also processedwith the Thunderstorm
3D localization routine. For final figures, localizations were filtered by
removing localizations with lateral uncertainty >45 nm and axial

uncertainty >100 nm. SOFI images were deconvolved with a Lucy-
Richardsondeconvolution algorithmwith 25 iterations usingGaussian
PSF model. For data with added astigmatism, an elliptical Gaussian
model was used with weighted least square fitting method. The
intrinsic axial shift between different planes was corrected by esti-
mating the axial shift for each mirror shape by using a bead stack
recordedwith the piezo in agarose as a reference (SI Figure 2)while the
lateral FOVdistortionwas corrected for each height plane as described
in SI Figure 3. Final SMLM imageswere also rendered in Thunderstorm
software by using the averaged shiftedhistogrammethodwith 10.5 nm
pixel size. Localization precision was estimated in Thunderstorm
software as well by using a 12.26 photoelectrons per count conversion
factor calculated from the experimental photon transfer curve.

3 Results

In order to demonstrate the advantages of our approach,
we labeled microtubules in fixed COS-7 cells with a self-
blinking Abberior FLIP-565 dye which does not need a
complex imaging buffer for blinking and was used previ-
ously for SOFI [26] and SMLM [31, 32]. A custom-built
widefield microscope equipped with a high NA oil immer-
sion objective and an adaptive optics addon was used for
imaging as shown in Figure 1(a) and further explained in
Section 2. We were able to record Z-stacks by changing the
focus remotely i.e. by adding or subtracting a specific

amount of Zernike defocus mode (Z0
2 ) via the deformable

mirror, thus keeping the sample stationary by a closed-
loop Z-stabilization system at all times. The stacks of
blinking emitters were recorded in a predefined Z-range by
shifting the focus every A (200–500) frames (Figure 1(b)).
An image of the beads immobilized on the coverslip was
taken after each such subsequence in order to estimate the
lateral drift and correct it in post-processing (SI Figure 1).

The drift-corrected stacks were then processed with
three different super resolution processing algorithms
(Figure 1(c)) in order to show the versatility of our method.

Z-stacks were first processed with the versatile SOFI
approach [4] to demonstrate the multiplane high-order
SOFI imaging capability (Figure 2). Since the AO does not
allow the acquisition of several planes simultaneously,
SOFI can only be computed along the lateral dimensions,
plane by plane, resulting in a 2.5D volume. In comparison
to simultaneous volume recording in a 3D SOFI approach
with an image-splitting component [16, 33], the AO element
allowed to achieve similar lateral resolution for decon-
volved 4th order SOFI images (75 ± 6 nm compared to
78 ± 7 nm) within the higher axial depth in an exchange of
longer imaging times (SI Figure 4). The stack consisted of
20 planes spaced approx. 500 nm apart with 6000 frames
in total recorded for each plane. The distances between
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planes were estimated via additional calibrations using a
bead stack recorded with a piezo actuator (SI Figure 2) as a
reference. The stack was recorded by shifting the focus
after 200 frames (10 s) in order to keep the bleaching effect
homogenous within the whole volume (SI Figure 5) with an
average bleaching lifetime of 54 ± 4 min due to a low laser
power used (300 W/cm2). We found that continuous
tubulin structures were resolved in 4th order SOFI images
within the whole 10 µm axial range (Figure 2(b)) and
without an observable difference in estimated image res-
olution (Figure 2(d) and (e)). To further demonstrate the
versatility of our approach, the same image stack as in

Figure 2was processedwith a SMLMapproach (Figure 3) by
localizing emitters with a standard routine (see Section 2
for more details). This allowed us to quantify the localiza-
tion precision and density at different planes (SI Figure 7).
Furthermore, we observed a decrease (5.3 nm) of localiza-
tion precision when comparing the localization precision
histograms of the bottom (0 µm) and top planes (9.9 µm)
(Figure 3(d)). This decrease is likely due to wavefront dis-
tortions introduced by the sample causing additional ab-
errations and could be in principle corrected by using state-
of-the-art in-situ image-based online aberration estimation
algorithms [34, 35] and correcting each Z-plane of the stack
independently to gain maximum performance. Finally,
samples were also imaged by adding 60 nm RMS astig-
matism at 0°using the sameDM to performan astigmatism-
based 3D SMLM with an AO. The calibration curves of the
astigmatic PSF using 175 nm diameter beads were recorded
at the bottom plane (SI Figure 6) and then used with a
standard 3D SMLM routine. 11 slices with an axial distance
of approx. 1 µm apart were imaged by changing the height
in 300 frame intervals and recording 15,000 frames for
each Z-slice (165,000 frames in total; ≈ 2 h 20 min). The
final 3D stack (Figure 4(a), SI Figure 9, SI Video 1) dem-
onstrates the ability to perform astigmatism-based 3D
SMLM within a 10 µm axial depth by using AO remote
focusing. The height color-coded Z-slices near the bottom
(0–0.8 µm) and top (8.4–9.2 µm) of the stacks displays the
axial dynamic range. The 1 µm interplane distance used for
a particular 3D stack resulted in a reduced number of lo-
calizations between the planes and suboptimal Z-sam-
pling, which can be improved by using smaller interplane
distances (SI Figure 8(a)) at the cost of lateral sampling due

Figure 2: Sequential-plane imaging with SOFI.
(a) Images of tubulin of a COS-7 cell immunostainedwith Abberior FLIP-565 self-blinking dye acquired fromdifferent heights of 0 µm (blue) and
9.9 µm (yellow). A comparison of a widefield and SOFI 4th order images recorded at 0 µm (b) and 9.9 µm (c) indicates a clear contrast and
resolution improvement provided by SOFI. (d) An overlay of 20 planes spaced with approx. 500 nm axial distance. (e) Lateral resolution
dependency on height for different SOFI orders (1 – SOFI 4th, 2 – SOFI 2nd, 3 – widefield).

Figure 3: Multiplane single-molecule localization microscopy.
(a) A height coded render of 20 resolved planes spaced 500 nm
apart. The same dataset as in Figure 2 was processed. (b–c) Zoom-
ins from the bottom (b) and top (c) planes. (d) Localization precision
histogram showing a localization precision difference of 5.3 nm in
the 10 µm axial range.
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to bleaching effects. Furthermore, lateral localization pre-
cision decreased from 29 to 38 nm per 8 µm of depth (SI
Figure 8(b)), while the axial localization precision of
130 nm stayed similar through the depth range (SI
Figure 8(c)). It is important to note that our choice of an
Abberior FLIP-565 self-blinking dye was motivated by its
flexibility for different super-resolution modalities, and
this dye is suboptimal for 3D SMLM experiments in terms of
photon yield and average ON/OFF ratio [36]. Localization
precision may be improved by using brighter fluorescent
probes such as Alexa647 under STORM conditions [37]
allowing one to reach sub 20 nm lateral and axial locali-
zation precisions.

4 Conclusion

We demonstrated a proof-of-principle application of adap-
tive optics for multimode 3D super-resolution microscopy
imaging over a 10 µm axial range with a deformable mirror
for remote focusing combined with aberration correction for
2.5D SOFI and astigmatism-based 3D SMLM achieving sub-
diffractional resolution across all modalities. We have
expanded the previously demonstrated astigmatism-based
3D SMLM [9, 18] using a deformable mirror to higher axial
range by applying the focusmode in order to imagemultiple
planes. A high axial range is important to visualize various
biological structures such as cortical neurons [38]. By
exploiting theAOadvantages for deep imagingwithhigh-NA
oil-immersion objectives, described in detail recently [18],we

exploited the remote focus functionality to accommodate the
ability to capture the whole cellular volume without moving
the sample. Our approach can be easily applied to existing
setups equipped with DMs, simplifying acquisition and Z-
stabilization of high-resolution 3D image stacks via multiple
super-resolution microscopy modalities requiring long
acquisition times such as DNA-PAINT [39] and Exchange-
PAINT [40], further automatizing the imaging process.
Compared to biplane or multifocal SMLM imaging ap-
proaches using image splitting elements [17], the emission
signal is notdivided, thuspreserving the signal-to-noise ratio
and remaining flexible in terms of interplane distance and
imaging depth, which can be further extended to perform
SMLM in tissues [34, 41]. Furthermore, the image-based
wavefront calibration procedure can also be improved to
account for distortions further away from the image center
[18] by using global optimization techniques [34], enabling
correction of sample-induced aberrations through the whole
available field-of-view. From the data analysis standpoint,
novel deep-learning approaches can further refine our
technique by improving the accuracy of localizations [42] or
reducing the number of frames needed for image recon-
struction [43]. We believe that our studywill foster the use of
adaptive optics in modern fluorescence microscopy for bio-
logical applications requiring high-throughput and high-
resolution imaging.
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