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ABSTRACT

Stimulated Emission Depletion (STED) microscopy has emerged as a powerful technique providing visualization of biological
structures at the molecular level in living samples. In this technique, the diffraction limit is broken by selectively depleting the
fluorophore’s excited state by stimulated emission, typically using a donut-shaped optical vortex beam. STED microscopy
performs unrivalably well in degraded optical conditions such as living tissues. Nevertheless, photo-bleaching and acquisition
time are among the main challenges for imaging large volumetric field of views. In this regard, random light beams like speckle
patterns have proved to be especially promising for three-dimensional imaging in compressed sensing schemes. Taking
advantage of the high spatial density of intrisic optical vortices in speckles – the most commonly used beam spatial structure
used in STED microscopy – we propose here a novel scheme consisting in performing STED microscopy using speckles.
Two speckle patterns are generated at the excitation and the depletion wavelengths, respectively, exhibiting inverted intensity
contrasts. We illustrate spatial resolution enhancement using complementary speckles as excitation and depletion beam on
both fluorescent beads and biological samples. Our results establish a robust method for super-resolved three-dimensional
imaging with promising perspectives in terms of temporal resolution and photobleaching.

Introduction
Super-resolution microscopy has significantly enhanced our ability to visualize biological structures with nanoscopic details.
Stochastic approaches like single-molecule localization microscopy (SMLM)1, 2 have become very popular in cell biology due
to their simplicity. However, the sequential localization of individual fluorescent molecules and their sensitivity to aberrations
makes them unsuited to address fast living systems.
In contrast, targeted approaches based on patterned laser illumination like structured illumination microscopy3 and stimulated
emission depletion microscopy (STED)4, 5 can be made fast by reducing the field of view6 or by parallelizing detection 7, 8.
Furthermore, the optical singularity used to break the diffraction limit is especially robust to optical aberrations. The fast
acquisition rate together with the robustness to aberrations makes it especially efficient to image dynamic processes in living
cells9, 10, tissues11, 12 and even in living animals12. As a limitation, under intense laser illumination, the full sample volume
is illuminated while only the signal from the focus region is collected, which induces unnecessary photo-toxicity for the
sample13 and compromises the possibility of imaging the volume. Several techniques implement different strategies to either
avoid unnecessary exposure of fluorophores to the depletion laser or protect them from the damaging effects14–16. The recent
so-called MINFLUX17 and MINSTED18 approaches super-localize individual molecules by triangulation using respectively an
excitation and depletion donut-shaped intensity profiles as two distinct means to minimize the amount of required photons.
So far, these methods have been limited to sparse labels, being highly sensitive to spurious background signals. Recently,
sample-adaptive scanning approaches19–21 have achieved real-time adjustments to acquisition conditions to capture data at a
reasonable rate, simultaneously minimizing photobleaching, processing time, and data volume. Here we propose an efficient
use of all emitted photons from thick biological samples together with the increase of the volumetric field of view while
maintaining the high-resolution and the high-speed capabilities of STED microscopy.
Our approach relies on combining recent advances in optical instrumentation and computational imaging. In structured
illumination microscopy , structured patterns such as fringes22, grids23, or speckles24–26 are employed to get both optical
sectioning and resolution improvement over large field of views. The diffraction barrier can be further broken by saturating
optical transitions3, 27–29. In this context, we recently proposed a speckle scanning microscope providing super-resolution
imaging in 3D from a single 2D raster scan only. The diffraction barrier was broken by saturating fluorescence excitation30.
In this technique, the whole photon budget emitted in a volume of interest of the sample (and collected by the microscope
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Figure 1. The principle of complementary speckle-STED microscopy. (a) The excitation and STED linearly polarized pulsed
laser beams at λEXC = 639nm and λST ED = 775nm, with 1 MHz repetition rate, are combined before the SLM using a dichroic
mirror. A random smooth Gaussian phase mask is projected on the SLM to generate highly correlated speckle patterns, as
illustrated by the cross-correlation product λEXC ⋆λST ED. (b) A so-called spectrally diverse q-plate is placed in the
Fourier-conjugated plane with respect to the plane of the SLM, which acts as a vortex phase modulator at λST ED and as a flat
phase mask at λEXC, having prepared the polarization state of the two incident fields as co-circular using an achromatic quarter
waveplate. This allows generating two complementary speckle patterns with complementary random intensity patterns. (c) A
pair of galvanometric mirrors are then used to scan the sample. The fluorescent signal is epi-detected through the same objective
and separated from the illumination path through a dichroic mirror. The signal is collected by a hybrid photomultiplier tube.

objective) is recorded. Optical sectioning is achieved using a large confocal pinhole and three-dimensional resolution in
the optically-sectioned volume of interest is enabled thanks to the randomly structured illumination 3D-pattern31. Random
wavefields such as speckle patterns exhibit key characteristics that make them ideally suited for compressed sensing schemes32.
Speckles appearing in axial planes distant by more than the Rayleigh range are statistically orthogonal33, so enabling three
dimensional imaging from a single two-dimensional image only30, 34. The previous solution we proposed was essentially
limited by background noise generated by the intense excitation pulses required for saturating fluorescence. Here, in contrast
to this previous speckle-based compressive imaging scheme we propose to saturate the stimulated emission rather than the
fluorescence excitation, which allows getting rid of drawbacks from sample luminescence, since there is virtually no emission
associated with the intense beam for the considered wavelengths. In addition, red-shifting the super-resolving intense laser
reduces photo-bleaching and photo-toxicity, and provides enhanced optical penetration depth.

In STED microscopy, two beams with distinct wavelengths are employed, one exciting fluorescence while the other induces
stimulated emission. Structuring of the latter laser line into a optical vortex beam exhibiting a intensity zero allows shrinking
the size of the fluorescence-emitting region. Optimal resolution and signal to noise ratios are obtained when the excitation
maximum coincide with the zero of the de-exciting beam. The latter principle applies to light fields embedding multiple zeros of
intensity8, and shall thus be further extended to the case of speckle patterns that contain dense networks of optical vortices with
topological charges +1 and −135. Indeed, optical vortices in speckle patterns can confine light to subdiffraction dimensions28.
Tailoring their spatial distribution statistics can further improve the fluorescence confinement 36. Said differently, a speckle
pattern can play the role of the multi-site depletion beam to saturate an optical transition similarly to the case of multi-donut
structures used in parallelized RESOLFT microscopy37.

Although uniform excitation is formally compatible with a speckle STED approach, as done in parallelized STED mi-
croscopy7, 8, the use of two speckle patterns exhibiting complementary intensity patterns is theoretically expected to yield
better performances (Suppl. Info N1), yet it remains challenging to implement experimentally, especially for two different
wavelengths. For a given wavelength, a spiral phase mask used as a Fourier filter switches the location of intensity maxima
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and optical vortices according to a cyclic permutation algebra38, 39. This scheme would be directly implementable for the
case of single-wavelength two-photon STED microscopy40. However, extending the same approach to two different wave-
lengths implies getting control of random interferences in presence of optical path length chromatic dispersion that tends to
shorten the spectral correlation widths. In this context, it has been recently unveiled that forward scattering samples such as
biological tissues do generate highly achromatic speckle patterns41–43. Here we report on the combination of the generation of
two-wavelength achromatic speckle field with vortex Fourier filtering speckle manipulation, which implies wavelength selective
shaping of optical vortices.
The principle of our method is illustrated in Fig. 1. First, a two-wavelength achromatic speckle is generated using a spatial light
modulator (SLM) for our two laser lines at (639nm and 775nm wavelengths Fig 1a). Then we use a so-called spectrally diverse
q-plate 44 placed in the Fourier-conjugated plane with respect to the plane of the SLM, which acts as a vortex phase modulator
at λST ED and as a flat phase mask at λEXC. Owing to a Fourier lens, two complementary speckle patterns are thus obtained
and further conjugated with the sample plane (Fig. 1b), the latter being imaged using a speckle-STED microscope 30 that is
basically a confocal microscope with a large detection pinhole to collect fluorescence light over a large (and tunable) confocal
volume (Fig. 1c).

Experimental design

Although forward scattering optical elements generate "achromatic" speckle patterns 41–43, we opt for the use of a spatial light
modulation that allows controlling the characteristics of the speckle field. Optical phase modulation is performed in the limit of
small modulation depth, for which the pure phase transmittance mask can be expanded as eikδ ≃ 1+ ikδ , where k = 2π/λ is
the wavevector and δ (x,y) is the spatial distribution of the optical path delay imparted by the SLM to the incident light. Up to a
scaling factor k on the intensity, this ensures the achromatic nature of the scattered intensity pattern once undiffracted light
is blocked, as long as the first-order Taylor expansion holds. In practice, the δ (x,y) profile is obtained by filtering a random
pixelated phase map with values uniformly spreading over a 0−2π range by a Gaussian kernel:

G(r) =
G0

2πw2 exp
[
−r2

2w2

]
as described in Ref.45 (Fig. 2a, green box). The random phase diffuser is thus characterized by two parameters: the correlation
width w and the standard deviation of the optical path delay δ = G0/(2w). Here, the achromatic behavior of the diffuser is
obtained at the expense of an increase in the fraction of undiffracted light that is proportional to exp

[
−(kδ )2

]
and that is

removed thanks to a filter beam block in a Fourier plane (Fig. 22a). The main drawback of this approach is the loss in laser
power at the sample plane. To minimize this loss, a compromise must be found between the amount of undiffracted light energy
and the achromaticity of the generated speckles, which can be met by playing on the standard deviation of δ (Suppl. Info.
N2). As a result, two-wavelength smooth and achromatic random light fields ∝ δ (x,y) can be obtained on-demand in an image
plane of the SLM. However these smooth-phase random wavefields do not exhibit any optical vortex – required for performing
super-resolution – in the conjugate plane of the SLM. For the random intensity statistics to be fully developed, free space
propagation over a sufficient distance is required. For the two patterns to remain achromatic after propagation a relay telescope
is used wherein one of the two lens is made of the dispersive material N-SF11 (Fig. 2a). The achromatic speckle plane is then
axially shifted at a distance where they are fully developed and contain optical vortices. The maximum spatial correlation for
the two speckle fields is found at a plane at a distance z = 15 mm from the image plane of the SLM (represented as z = 0 in
Fig. 2b). The correlation between the speckle patterns at this plane is 88% (Fig.2.b). We calculate the full-width half-maximum
(FWHM) dz by fitting our experimental data with the expected Lorentzian function42, 43 defined as L = α/[(z− z0)

2 +β ]. The
axial extent of the two-wavelength speckle correlation must be compared to the one of speckle grains, the ratio between the two
axial extents qualitatively indicating the maximum number of planes that can be imaged. We measured that the FWHM of the
speckle axial auto-correlation at wavelength λEXC is a factor 3.72 smaller than the achromatic speckle axial range so allowing
simultaneous STED imaging of 4 planes.

The optical element providing complementary speckle patterns for the excitation and STED fields can be described as an
inhomogeneous and anisotropic waveplate performing the following operation on an incident circularly polarized paraxial light
field propagating along the z axis, up to an unimportant phase factor:

c+ → cos(∆/2)c++ isin(∆/2)e±iφ c∓ (1)

where c± = (x± iy)/
√

2 refers to the unit circular polarization Jones vector and ∆ = 2π(ne −no)d/λ refers to the birefringent
phase retardation, with d the thickness of the anisotropic slab, and ne and no the extraordinary and ordinary refractive indices
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of the anisotropic material whose optical axis orientation angle in the plane (x,y) is ψ = φ/2, where φ is the usual polar
angle. This allows imparting a spiraling phase profile of the form exp(±iφ) to the STED field while leaving the excitation
field unaffected by appropriately designing the thickness of the optical element and the anisotropy of the chosen material. In
practice, we prepared a liquid crystal q-plate whose extraordinary refractive index can be adjusted electrically, similarly to
previous works46, made of 5CB nematic liquid crystal (from Merck). By adjusting the applied voltage on the liquid crystal
cell, the extraordinary refractive index can be varied from its maximal value (1.6977 at λEXC and 1.6822 at λST ED at room
temperature47) at zero voltage to its minimal value equal to the ordinary refractive index (1.5298 at λEXC and 1.5225 at λST ED
at 25°C temperature47) at high voltage. The thickness of the liquid crystal plate is chosen to be large enough to ensure that the
two retardances at the two wavelengths of interest ideally satisfy ∆(λEXC) = 2nπ and ∆(λST ED) = (2m−1)π with n and m
integers. Neglecting the dispersion of the optical anisotropy, the previous criterion is rewritten as :

λEXC

λST ED
=

2n
2m−1

(2)

Since λEXC/λST ED = 1.213 ≈ 6/5, Eq.(2) is compatible with the choice n=m=3, which is found to be realized experimentally
using d = 9 m under an applied voltage U = 0.930 V rms at 1kHz frequency. Fig. 2c shows the total intensity profiles at
the output of the device for an input Gaussian beam with diameter of about 1.5 mm, for both the excitation and the STED
wavelengths while Fig. 2d equivalently shows the speckle cross-correlation maps.
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Figure 2. Optimization of optical parameters of the diffuser mask (right box) and of the bi-spectrum bi-modal mask (left box).
(a) Experimental setups for achromatic and complementary speckle generation. The first telescope f1 = 300 mm and f2 = 30
mm is used to reduce the size of the beam. The beam block is placed at the Fourier plane of f1 . The second telescope is
f3 = 50 mm and f4 = 100 mm to image the SLM on an intermediate image plane on a camera. f3 is a plano-convex lens of
dispersive material NSF11 to compensate for the chromato-axial shift of the two beams. The q-plate is placed at the Fourier
plane of f3. (b) Experimental cross-correlation product between the excitation and STED speckle intensity patterns vs the
propagation distance (green markers). Solid curve: Lorentzian fit. (c) Experimental auto-correlation of the excitation beam with
the speckle pattern of the maximum correlation plane (blue markers). Solid curve: Lorentzian fit . (c) Gaussian beams being
unmodulated and spiral-phase modulated by the bi-spectrum q-plate at the excitation and the STED wavelengths, respectively.
(d) Cross-correlation between excitation and STED speckle intensity patterns vs. applied voltage on the liquid crystal cell.
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Results

We implemented our two-wavelength complementary speckle engineering system onto a beam scanning microscope (Suppl.
Info N3). Two linearly polarized pulsed lasers at 1 MHz are used: an excitation laser at λexc = 639 nm (PDL 800-D, Picoquant)
and a STED laser at λST ED = 775 nm (Katana 08-HP, NKT Photonics). The two beams are synchronized using a digital pulse
delay generator (T560, Highland Technology), combined using a dichroic beam-splitter and reflected on the SLM where the
previously characterized smooth random Gaussian phase mask is projected to generate achromatic and complementary speckle
patterns. A pair of galvanometric mirrors are used to scan the sample. To optimize the axial component of the field at vortex
locations, a quarter-wave plate is positioned just before the objective (Olympus UPLanSApo, 100x, NA = 1.4) to change the
polarization from linear to circular28–30. The fluorescent signal is epi-detected through the same objective and separated from
the illumination path through a dichroic beam-splitter. The signal is then detected by a hybrid photomultiplier tubefluorescence
through a bandpass filter (ET706/95m, Chroma). The electronic signal is then acquired using a fast digitizer (PCIe EON
Express 12-Bit ENE-123-G20, GaGe by Vitrek, Lockport, IL, USA).

In order to characterize the fluorescence depletion as a function of power of the STED beam and tune the delay between the
excitation and the depletion pulses, the two beams are first prepared in a same speckle pattern mode. For this characterization,
the achromatic speckles are obtained by tuning the driving voltage of the bi-spectrum q-plate at V = 13V (Fig. 2d). The plane
where the correlation between the two speckles is maximum (the achromatic plane) is conjugated to the focal plane of the
microscope objective. One isolated fluorescent 200 nm nanobead is then scanned in the transverse plane while gradually
increasing the STED beam power. According to theory, the normalized average fluorescence signal originating from two
achromatic fully developed speckle illumination – for excitation and saturated stimulated emission depletion – is expected to
vary as (Suppl. Info. N4):

IF = IEXC

(
1

1+ s

)2

(3)

where s = IST ED/Isat , the saturation parameter, is the ratio between the average speckle intensity of the depletion beam and the
saturation intensity of the stimulated emission process. The saturation of fluorescence depletion as a function of the STED
beam power shown in Suppl. Info N4, demonstrates efficient depletion for the (estimated) maximum pulse energy of 2 µJ
provided by our laser at the sample, over a speckle extending over a disk-shaped support of 4 µm in diameter.

When the liquid crystal device is tuned so that the excitation and STED beams exhibit a complementary intensity distri-
butions, 3D optical imaging requires the knowledge of the the speckle point spread function (PSF) in 3D. The comparison
between the two speckle PSFs obtained with and without the STED beam demonstrate that the depletion laser yields a PSF
exhibiting finer structures so effectively giving access to higher spatial frequencies (left images in Fig. 3a and b). The transverse
and axial resolution improvement obtained thanks to the contribution of the STED beam are demonstrated by considering the
auto-correlation profile of detected fluorescence speckles as shown in Fig. 3c and Fig. 3d, respectively. The resolution en-
hancement in xy transverse plane (Fig.3(c)) and along the propagation axis are of the order of

√
2 and 1.7, respectively, for s = 3.

Next, samples made of several nano-beads as well as fluorescently labeled vesicles in cell cultures were considered. Typical
raw speckle images of beads are shown in Fig. 3a and 3b. Image reconstruction was achieved using a fast-iterative shrinkage
thresholding compressive sensing algorithm (FISTA)48 based on a prior measurement of the 3D speckle PSFs. The image of
packs of nanobeads retrieved from the saturated depletion condition clearly demonstrates a higher resolution power (Fig. 3b) as
compared to the excitation-only condition (Fig. 3a). Notably, similar resolution performances are achieved by reconstructing
objects using simple Wiener deconvolution of speckles (see Suppl. Info N5). This demonstrates that the resolution improvement
is due to optical transition saturation, not the numerical reconstruction algorithm, though it does result in a higher background
signal. As discussed in Ref30 3D imaging is possible from 2D speckle images only. Numerical axial sectioning in the detection
volume is enabled thanks to the statistical decorrelation of speckle for axial plane separations larger than the axial resolution
of the imaging system δ z ≥ 2nλ/NA2. Under saturated de-excitation conditions, this correlation distance is further reduced
(see Fig. 3d), so enabling resolution improvement along the propagation axis. The axial resolution improvement scales as
1/
√

1+ s30. In our case a axial resolution improvement of ∼ 1.7 is obtained. The three dimensional images of the fluorescent
nano-beads are shown on the right images of in Fig. 3a and 3b. Finally, we demonstrate the applicability of our technique on
biological sample (Fig. 3e and f) by imaging lysosomes (with a typical size of 50−500nm) in fixed cultured HeLa cells where
the LAMP1 protein is labeled with Alexa Fluor 647 (ThermoFisher). A clear resolution improvement is observed, consistent
with the former speckle characterization we discussed.
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Discussion and perspectives

In this work we implemented a super-resolution STED microscope based on two complementary speckles at two different
wavelengths using both fluorescent beads and biological samples. This scheme takes advantage of the intrinsic optical vortices
present in random wavefields. Speckle patterns are extensively used as high-contrast structured patterns to enhance the
resolution of various imaging techniques. Moreover, the statistical properties of speckle patterns makes them an ideal candidate
for compressive sensing schemes, which depending on constraints of the imaging modality, can increase the acquisition rate or
the field of view of volumetric imaging, and reduce photobleaching and photo-toxicity. We have developed a novel approach
employing an SLM and a bi-spectrum q-plate to generate and manipulate the topological properties of speckles at two distinct
wavelengths. This method facilitates the creation of both achromatic and complementary speckles with advantageous statistical
characteristics for imaging applications. Despite their dependence on interferometric wavelengths, these speckles exhibit an
effective correlation range in both modes. By taking advantage of both the speckle orthogonality and optical vortices, we
demonstrated the ability to perform super-resolution STED microscopy in 3D from 2D scanned images only. Furthermore,
we successfully address the challenge implementing STED configuration where two speckles at from two different laser lines
are used for excitation and depletion. Noteworthy, this speckle manipulations at different wavelengths is of interest for other
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advanced microscopy techniques using more than one laser line such as coherent anti-stokes Raman scattering, stimulated
Raman scattering etc49. As a result resolution improvement by a factor

√
2 is obtained, mostly limited by the available laser

power from laser sources.
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