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Abstract. State-of-the-art super-resolution microscopy techniques, including Stimulated Emission Depletion
(STED), Reversible Saturable Optical Fluorescence Transitions (RESOLFT), and Switching Laser Mode
(SLAM) microscopies, implement Laguerre-Gaussian beams, also known as vortex or doughnut beams to
capture fluorescence information within a sub-wavelength area of the observed sample, effectively surpassing
the diffraction limit and significantly improving the quality of the image. However, these techniques typically
operate at point by point basis, involving time-consuming scanning of the sample to construct a complete, mean-
ingful image. Therefore, for real-time live cell imaging purposes, the parallelization of illumination is crucial. In
this study, we demonstrate the parallel generation of arbitrary arrays of Gaussian and Laguerre-Gaussian laser
foci suitable for super-resolution microscopy. We achieve rapid scanning through the sample using acousto-optic
spatial light modulation, a technique we have previously pioneered across various fields. By employing paral-
lelized illumination with both Gaussian and doughnut beams, we aim to capture super- resolution images.
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1 Introduction

Resolution is one of the most significant constraints in
fluorescence microscopy, even for the edge-cutting technol-
ogy confocal microscopes that are the most prevalent for
visualization in many applications in the Life Sciences. It
is no wonder, then, that the emergence of optical super-
resolution, around the turn of the century [1, 2], has pro-
foundly transformed the modern microscopy landscape.
The emerging super-resolution techniques, Stimulated
Emission Depletion (STED) and its variants (Ground State
Depletion, GSD 3|, Continuous Wave STED, CW-STED
[4], Reversible Saturable Optical Fluorescence Transi-
tions, RESOLFT [5, 6], and Minimum Emission Fluxes,
MINFLUX [7]) are noteworthy for their exceptional resolu-
tion capabilities (reaching down to 1-2 nm for MINFLUX).
Depletion microscopies like STED are based on the confine-
ment of the fluorescent emission within a sub-wavelength
region through the coordinated action of two lasers.
The first laser beam presents a typical TEM00 Gaussian
intensity profile, and it is used to excite (or activate, in
RESOLFT) the fluorophores within the sample. A second
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laser beam, characterized by a “doughnut” intensity profile
(i.e., a Laguerre-Gaussian beam), suppresses the sponta-
neous fluorescence (or deactivates the fluorophores) around
the central singularity, leaving the molecules near the dark
core unaffected. Consequently, the resulting fluorescent
emission comes from a reduced, sub-diffractive area of the
sample. The subsequent image is constructed by scanning
the sample. The collection of emitted photons yields an
effective point spread function (PSF) that achieves super-
resolution within the range of 30-70 nm [1, 2]. While STED
uses standard fluorophores, RESOLFT uses photoswitch-
able molecules, which drastically reduce the laser power
needed for the depletion beam, thus inducing less photo-
damage, making prolonged observation of living cells more
feasible [5]. Nevertheless, one of the several drawbacks asso-
ciated with STED and its derivatives is the relatively slow
operation due to the sequential composition of images.

2 Acousto-optic deflectors (AODs) for parallel
illumination

Despite the success of the implementation of highly parallel
depletion microscopy setups, typically RESOLFT due to its
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cell friendly properties, which significantly speed up the
scanning process, as described in the literature [6, 8], these
methods depend on the periodic minima of a standing wave
illumination to confine fluorescence at multiple spots
simultaneously. In this contribution, we present an alterna-
tive approach: the generation of extensive arrays of switch-
able Gaussian and Laguerre-Gaussian laser spots using
acousto-optic holography. Acousto-optic deflectors (AODs)
are TeO2 crystal based beam-steering devices, wherein the
refractive index is modulated by an acoustic wave gener-
ated with an oscillating piezoelectric transducer driven by
an electrical signal. Recent studies have demonstrated the
versatility of AODs as general-purpose spatial light modu-
lators. This is achieved by computing driving signals using
digital holography techniques and feeding the transducer
with these signals via a programmable radiofrequency
generator [9-11]. Within the crystal, a specific refractive
index variation emerges, enabling spatial control over a
laser beam as it traverses the device. The details of how
we compute such holographic driving signals have been
reported elsewhere [9-11]; however, throughout the next
sections we show that properly designed acousto-optic holo-
grams can be used as the basis for parallelizing the paired
excitation/de-excitation beams essential in STED-like
super-resolution microscopy. Additionally, acousto-optic
holography offers a convenient method for rapidly scanning
the sample using these illumination arrays, thereby present-
ing a promising technology for the development of future
live-cell, optical super-resolution microscopes capable of
operating at video rates. Although there are previous stud-
ies of the behavior of Laguerre-Gaussian beams after deflec-
tion by AODs, which show that their shape remains largely
unaffected, these studies do not specifically consider their
suitability for super-resolution microscopy [12, 13].

3 Experimental setup

In this work we aim to produce, assess, and validate the opti-
cal quality of TEMO1 Laguerre-Gaussian beams, also known
as optical vortices or doughnut beams, after going through a
pair of active acousto-optic cells with a view to parallelize
STED-like super-resolution microscopy. To accomplish this
goal, we will utilize the experimental setup depicted in
Figure 1, which employs a two-path scheme illuminated
with a TEMOO Gaussian beam. The illumination laser
source is a A = 488 nm laser (Integrated Optics,
MatchBox 0488L-15A-NI-PT-NF). The setup offers flexibil-
ity in controlling the active light path by adjusting the input
polarization using a half-wave plate placed on a rotation
mount that allows for precise tuning at the entrance port
of the polarizing beam splitter. In one of the paths, the
TEMO1 Laguerre-Gaussian mode is generated when a
Gaussian beam passes through a vortex phase plate. A
vortex phase plate or spiral phase plate consists of a dielec-
tric coating plate whose thickness increases in a given
number of steps, proportionally to the azimuth angle around
a point in the center [14]. The Vortex-Photonics phase plate
(V-488-10-1) possesses 64 steps, and is tuned to our working
wavelength (4 = 488 nm) with a topological charge m = 1.

On the other path, the input TEMOO Gaussian mode is
freely propagated. A second half-wave retarder is placed
after a polarizing beam-splitter that again merges the two
optical trains. By always moving both A/2-plates by the
same angle, the polarization at the AOD will not change.
Two mirrors are then used to align the beam with the
camera port of the microscope. Since metallic mirrors were
used, it was necessary to place a linear polarizer after them,
to filter out undesired polarization components. The image
acquisition time of this setup is currently limited by the rota-
tion time of the A/2-plates, which takes around 100 ps to
complete the45’travel needed to change between input
and output polarization states. Finally, either the Gaussian
or the doughnut beam enters into our microscope (Nikon
Eclipse TE2000) equipped with a high numerical aperture
objective (Nikon CFI PlanApo AD, oil-immersion, 100x,
NA = 1.45). As previously mentioned, in order to create a
2D spot array for illuminating the sample, two AODs are
employed (Fig. 1, upper right inset). The scanning of the
sample along the horizontal and vertical directions is
achieved by shifting the illumination pattern through a
linear phase ramp introduced into the hologram (since there
is a Fourier transform relationship between the AODs and
the objective focal plane). To image a sample with a field
of view spanning 66 x 66 pwm, we employed an illumination
matrix consisting of 20 x 20 points, featuring Gaussian or
doughnut beams, each spaced 3.3 pm apart. This illumina-
tion matrix scanned the sample in 20 x 20 steps. For each
scanning step the sample was exposed for 10 ms for a result-
ing frame rate around 0.25 Hz (corresponding to the images
shown in the manuscript). With the reported prototype, we
could eventually achieve a frame rate of one image per
second, by reducing the exposure time and compensating
for with an increased illumination power.

Based on this scheme, we have designed and imple-
mented, at a proof of concept level, a microscope capable
of parallelizing the illumination. In what follows, we will
provide results that demonstrate the capacity of this instru-
ment for super-resolution microscopy, for which we will
employ an algorithm based on the subtraction between the
images obtained with Gaussian and doughnut illuminations.

4 Weighted subtraction microscopy approach

As described in [15, 16], subtraction microscopy is a tech-
nique that involves illumination with both a Gaussian
and a doughnut beam, which leads to a super-resolution
comparable to that provided by structured illumination
microscopy. Subtraction microscopy is a cost-effective
implementation of STED microscopy, a type of laser scan-
ning microscopy where two fluorescent images are taken,
one when illuminated by a standard Gaussian and one with
a doughnut profile, as the excitation beams. The doughnut-
illuminated image is then subtracted from the Gaussian-
illuminated image with a weighting factor o:

Lim(z,y) = I,(2,y) — o Lo(,y) (1)

The choice of the o factor has a large influence on the image
quality and resolution. A value that is too small will not
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Figure 1. Experimental setup for the characterization of the doughnut beam. (LP) linear polarizers, (HWP) half-wave plates
mounted in rotation mounts, (PBS) polarizing beam splitters. The upper right inset shows the two AOD configuration used to

generate the 2D illumination spot array.

Figure 2. Images of mitochondria in huFIB cells synthesized with (a) epifluorescence, (b) virtual pinhole with Gaussian illumination
and (c) virtual pinhole with subtraction algorithms. For the subtraction algorithm, a constant coefficient of « = 0.58 was chosen.

lead to an increase in resolution, whereas too large a value
will produce artifacts in the final image. We have found
that a factor o = 0.58 leads to maximum resolution without
visible artifacts in our case.

5 Results

We show in Figure 2 the reconstructed images of mitochon-
dria in human fibroblasts labelled with Alexa Fluor 488
(Cells 4c, GATTAquant). In Figure 2(a) epifluorescence
images are synthesized by assigning to each pixel the
averaged value of that pixel in all images gathered under
Gaussian illumination. As expected, under this reconstruc-
tion algorithm, the background from out-of-focus light is
quite prominent.

In Figure 2(b) we used a virtual pinhole reconstruc-
tion algorithm, imitating the physical pinhole of confocal
microscopy, where each point of the captured image is
multiplied by a Gaussian mask with a size of the effective
point spread function (PSF, in our case the size was chosen
to be 195 nm). This method allows for the capture of optical
sections of samples with improved resolution and
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Figure 3. Intensity profiles extracted from dashed white lines
in Figure 2 corresponding to epifluorescence (black line), virtual
pinhole with Gaussian illumination (red line), and virtual
pinhole with subtraction (green line) reconstructed images.
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Figure 4. (a) Image of the doughnut illumination pattern using a mirror sample and (b) R? map to quantify the quality of
doughnuts. The red and green squares represent the doughnut spots with the lowest and highest R* values within the array,

respectively.

reduced background noise. Under this algorithm, a clear
improvement in terms of out-of-focus light is observed,
although the images still do not show super-resolution
information.

Finally, in Figure 2(c) the reconstructed image using the
subtraction algorithm in combination with the two illumi-
nations (Gaussian/Laguerre-Gaussian) and virtual pinhol-
ing is presented. A clear improvement in both out-of-focus
light and resolution can be appreciated.

In order to qualitatively assess the enhancement in
resolution achieved by the three implemented algorithms
in Figure 3, we present a horizontal cross-section (indicated
by the dashed white line in Fig. 2). This figure demonstrates
a noticeable improvement in both background intensity and
resolution. Particularly with the subtraction algorithm, sig-
nificantly finer intensity peaks are evident, characterized by
a reduced full width at half maximum of the mitochondria
membrane sections.

Furthermore, in order to quantitatively evaluate the
resolution of these images, the ImageJ plugin presented in
[17] is used. The resolution obtained is 230 nm, 200 nm
and 136 nm for epifluorescence, Gaussian pinholing and
subtraction with pinholing methods, respectively. With

respect to the Abbe diffraction limit, Az = 537 = 190 nm

for a wavelength of 488 nm and an effective numerical
aperture of 1.33, we have achieved a /2 improvement
factor.

Finally, in order to illustrate the quality of the dough-
nuts across the entire field of view, we examine their char-
acteristics. As discussed in [18], doughnut beams are highly
sensitive to off-axis deformations and very particularly to
astigmatic aberrations. In Figure 4, it is evident that the
quality of the doughnuts, characterized by the R? factor ob-
tained from the 2D fitting of the doughnut modes, deterio-
rates as we move radially away from the optical axis. It is
worth noting that in our setup, the optical axis is slightly
shifted to the bottom right corner of the image.

6 Conclusions

In this work we have presented a proof of concept
microscope, based on AODs technology to parallelise both
Gaussian and doughnut illumination, capable of obtaining
super-resolution images with a subtraction-based algo-
rithm. Even though we already obtained super-resolved
images, we anticipate a better resolution in the future when
addressing the correction of astigmatic aberrations in our
setup.

Currently, the main time limitation comes from the
rotational mounts that control the input and output polar-
ization states (that switch from Gaussian to doughnut
illumination), but in future implementations we expect to
reduce it by using two lasers and triggering signals. Then
the imaging time will mainly depend on the exposure time
and the number of steps in the scanning process, but since
the scanning is parallelized, a significant reduction com-
pared to conventional laser scanning microscopes will be
easily achieved.
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