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RAPID COMMUNICATION
Demonstrating Improved Multiple Transport-Mean-Free-
Path Imaging Capabilities of Light Sheet Microscopy in
the Quantification of Fluorescence Dynamics
Matthias Rieckher, Stylianos E. Psycharakis Daniele Ancora, Evangelos Liapis,
Athanasios Zacharopoulos, Jorge Ripoll, Nektarios Tavernarakis, and Giannis Zacharakis*
Optical microscopy constitutes, one of the most fundamental paradigms for the
understanding of complex biological mechanisms in the whole-organism and live-
tissue context. Novel imaging techniques such as light sheet fluorescence
microscopy (LSFM) and optical projection tomography (OPT) combined with
phase-retrieval algorithms (PRT) can produce highly resolved 3D images in multiple
transport-mean-free-path scales. Our study aims to exemplify the microscopic
capabilities of LSFM when imaging protein dynamics in Caenorhabditis elegans
and the distribution of necrotic cells in cancer cell spheroids. To this end, we apply
LSFM to quantify the spatio-temporal localization of the GFP-tagged aging and
stress response factor DAF-16/FOXO in transgenic C. elegans. Our analysis reveals
a linear nuclear localization of DAF-16::GFP across tissues in response to heat
stress, using a system that outperforms confocal scanning fluorescent microscopy
in imaging speed, 3D resolution and reduced photo-toxicity. Furthermore, we
present how PRT can improve the depth-to-resolution-ratio when applied to image
the far-red fluorescent dye DRAQ7 which stains dead cells in a T47D cancer cell
spheroid recorded with a customized OPT/LSFM system. Our studies demonstrate
that LSFM combined with our novel approaches enables higher resolution and
more accurate 3D quantification than previously applied technologies, proving its
advance as new gold standard for fluorescence microscopy.
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1. Introduction

For more than three centuries, optical
microscopy has been the basis of all
biological studies and discoveries and the
method of choice for high resolution
imaging of biological tissue. It constitutes
one of the most fundamental paradigms in
biology and medicine, despite the limita-
tions imposed by the highly diffusive light
propagation in tissue, restricting its appli-
cability to superficial investigations in
the order of a few millimeter.[1]

Figure 1A shows the effect of light scatter-
ing for different regimes in terms of
penetration depth, denoted by the transport
mean free path (TMFP) and actual distance
(mm). The cost of imaging deeper in tissue
is very high in terms of resolution, as
illustrated vividly in Figure 1B going from
cellular, to imaging 3D cell clusters.

Even when modern advances are imple-
mented such as confocal or non-linear
methods, the increase in penetration depth
is still not enough for adequate deep tissue
imaging.[2,3] Methods that provide three
dimensional microscopic images, such as OPT[4–6] and LSFM or
SPIM[7–9] have significant advantages compared to traditional
methods such as CSFM in imaging larger samples, without
though overcoming the main limiting factor of scattering. Even
the ground breaking conceptions of super-resolutionmicroscopy
or nanoscopy, awarded with the 2014 Nobel Prize, are limited to
the depths of conventional microscopy.[10–12] However, despite
the breakthroughs in terms of deep understanding of biological
function the effect of multiple scattering has not yet being
overcome at least in terms of realistic implementations in deep
microscopic imaging.

Most of the efforts in compensating for these effects are
directed toward altering the optical properties of tissue with
invasive methods such as optical clearing which transform the
tissue into a transparent nanoporous hydrogel. The widely used
methods of CLARITY[13] or BABB[14] produce impressive and
high resolution images when combined with modern micro-
scopic techniques.[15] However, the price to pay for such clarity is
severe since the tissue under investigation has been irreversibly
damaged.
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Figure 1. Light propagation through biological tissue across the relevant length scales in terms of scattering and penetration depth. Panel A shows a
laser beam propagating through an aqueous solution with increasing scattering properties. Panel B shows characteristic images in the corresponding
regimes. (B1) high resolution images of the stress response factor DAF-16::GFP in C. elegans. Size bar is 25mm. (B2) Fluorescence from a doxorubicin-
treated GFP-T47D cancer cell spheroid stained with DRAQ7. Size bar is 100mm.
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A radical new approach to overcome the limitations imposed
by multiple scattering is to proactively compensate for the
refractive index variations in tissue, by applying novel photonic
technologies, such as wavefront shaping, in order to manipulate
the optical paths producing an equivalent effect to chemical
clearing.[16–19]. Furthermore, appropriate algorithms can be
implemented for optimization and retrieval of scrambled
coherent properties based on physical properties such as
intrinsic isoplanatism or memory effect.[20,21] In fact, the use
of novel computational methods has the potential to revolution-
ize microscopic approaches, enabling the imaging of live
samples, and organisms in yet inaccessible regimes of depth
and resolution.[22] These innovative methodologies have yet to be
applied in applications involving in vivo investigations of living
organisms to study various biomedical processes that underlie
diseases.

In this manuscript, we demonstrate how LSFM can
outperform conventional methods in two scenarios covering
multiple transport-mean-free-path regimes. In the first case,
LSFM outperforms confocal microscopy when imaging the GFP-
tagged DAF-16/FOXO stress response factor in C. elegans: LSFM
provides quantitative data of fluorescence dynamics with better
quality 3D images, increased acquisition speed and reduced
photobleaching, resulting in a relatively higher resolved
Biotechnol. J. 2017, 1700419 1700419 (
nuclearization dynamics of DAF-16::GFP upon heat stress. In
the second scenario, we demonstrate how the implementation of
phase retrieval algorithms in three dimensions can radically
improve the performance of LSFM when imaging optically
opaque live samples in the form of cancer cell spheroids. We
demonstrate how the PRT reconstruction of combined OPT/
LSFM data results in uniform resolution throughout the entire
volume of the scattering sample. With these two studies, we
manage to cover both themicroscopic (�1MFP) andmesoscopic
(�1 TMFP) regimes of light transport.
2. Experimental Section

2.1. C. elegans Maintenance and 3D Imaging

C. elegans was maintained as previously described.[23] To
visualize DAF-16::GFP nuclearization we used the transgenic
strain TJ356 (genotype zIs[daf-16p::daf-16a/b::GFP;rol-6(su1006]
IV.[24];). For LSFM, young adult animals were anesthetized with
5mM levamisole (Sigma–Aldrich, St. Louis, MO, USA) and
mounted in 2% low-melting agarose (Sigma–Aldrich) dissolved
in PBS buffer that was cooled to room temperature (RT) before
use. Animals in solution were transferred into a glass-capillary,
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 7)
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which was fixed to the stage holder of a Lightsheet Z.1
microscope (Carl Zeiss AG, Jena, Germany). To image
temperature-dependent nuclear recruitment of DAF-16::GFP
the sample chamber was heated from RT to 30 �C, while
continuously imaging with a 20x objective (W Plan-Achromat
20x/1.0 DIC, Carl Zeiss AG) every 20 s, producing 37 time
points, each with 69 slices (1024� 1024 pixels) of 1 μm spacing.
For CSFM, young adult animals were immobilized in a
nanoparticle solution on a 5% agarose pad as previously
described[25] and imaged with a LSM510 laser scanning
microscope (Carl Zeiss AG) via a 20x objective (EC Plan-
Neofluar 20x/0.50 M27, Zeiss). To produce 3D datasets of a
quality comparable to LSFM, we captured 10 time points (scan
time 100 s), each with 37 slices (512� 512 pixels) of 1 μm
distance, while heating the environmental chamber from RT to
30 �C. To compare photobleaching of the DAF-16::GFP signal
between the systems we imaged transgenic animals at
20 �C continuously for 7.5min. For LSFM, the GFP signal
was excited with a 488 nm laser light sheet at 2.4% laser power,
and a laser power of 2.4% at the confocal microscope. We used
ZEN 2.3 (blue edition; Carl Zeiss AG) for 3D image generation
and ImageJ for analysis.
2.2. Tumor Spheroid Generation and Imaging

Spheroids were generated with the hanging drop method
using Perfecta3D 96-well plates (3D Biomatrix, Ann Arbor, MI,
USA) following manufacturer’s instructions. Four days old
spheroids composed of T47D human ductal carcinoma cells
(ATCC HTB-133) were incubated at 37 �C for 24 h prior to
imaging, with 1.5 μM DRAQ7TM (Biostatus, Leicestershire,
UK), a far-red membrane impermeable fluorescent DNA dye
that selectively stains the nuclei in dead and permeabilized
cells. For imaging, the spheroid was transferred into a FEP
tube (800mm inner diameter, Bola, Germany), which was
sealed with self-adhesive putty and loaded on a custom LSFM
system and kept into a 37 �C water bath throughout the
duration of the experiment.
2.3. Customized OPT/LSFM System

Experiments performed on spheroids were realized with an in-
house developed OPT/LSFM system described elsewhere.[7] The
light sheet was shaped by cylindrical optics to a full width at half
maximum of 7mm,with its central plane inside the focal plane of
the 10x/0.28 infinity corrected detection objective (Mitutoyo,
Japan). Image acquisition was performed through a tube lens
and an electron multiplying CCD (Ixon DV885, Andor
Technology, Belfast, UK), with a resolution of 1004� 1002
pixels and pixel size of 8mm. The pixel size of the imaging
system was 0.8mm. Fluorescence excitation was accomplished
by a continuous wave 635 nm diode laser and fluorescence
emission was recorded by a 650 nm long pass filter. The sample
was imaged at 180 angular positions separated by a step of 2� in
order to complete a full rotation and scanned, at each angle,
through the light sheet in steps of 20mm, each composed of 13
slices.
Biotechnol. J. 2017, 1700419 1700419 (
2.4. 3D Autocorrelation

For each LSFM dataset at different angle, we calculated the
Average Intensity Projection (AIP) of every frame, then cropped
with a squared window of 300 pixels (field of view of 240mm),
constructed the AIP-sinogram, which is aligned by considering
the center of mass of each AIP as the center of rotation (as in an
OPT experiment) and then backprojected to obtain the
reconstruction volume. By calculating its autocorrelation with
the Wiener–Khinchin theorem we obtain the autocorrelation
sinogram (A-sinogram), which is always aligned.[22] The A-
sinogram can be backprojected with an inverse Radon
transformation leading to the reconstruction of a cubic volume
which mathematically corresponds to the three-dimensional
autocorrelation of the imaged specimen.
2.5. Phase Retrieval Algorithm

PRT is based on the use of Gerchberg–Saxton phase retrieval
(PR) algorithms in order to retrieve the phase connected with the
autocorrelation, ormore appropriately, with the estimation of the
modulus of the Fourier transform.[26] The retrieval of the correct
phase through an iterative process passing from the real (or
object) space to the Fourier space applying appropriate
constraining operations, enables the reconstruction of the whole
object. The three-dimensional autocorrelation was used as an
estimation of the Fourier modulus of the object to reconstruct,
associating a random initial three-dimensional phase as starting
point for the iterative Phase Retrieval problem. A mixed Hybrid
Input-Output (HIO) approach was used for 5000 steps followed
by 1000 steps of Error-Reduction (ER).[22] The algorithm was
implemented in MATLAB with GPU-CUDA extension and
typical running time for the reconstruction was about 1 h.
3. Results and Discussion

3.1. Microscopy Regime: LSFM Imaging of Protein
Dynamics in C. elegans

We demonstrate the capability of LSFM to precisely measure
protein dynamics by imaging transgenic C. elegans expressing
the GFP-tagged transcription factor DAF-16, homolog of human
forkhead box O (FOXO) that acts in the insulin/IGF-1-mediated
signaling (ILS) pathway. DAF-16 is a master regulator of stress
responses that translocates from the cytoplasm to the nucleus, a
rapid process that upon heat exposure is standardly visualized in
a qualitative manner by light microscopy or CSFM.[24,27] So far,
numerous studies revealed the genetic mechanisms and
environmental factors that govern DAF-16 activity and nuclea-
rization, including the evidence for a systemic function across
tissues in lifespan-control.[28] However, little quantitative data
are available about its spatio-temporal dynamics in response to
heat stress.

We apply a quantitative approach by imaging DAF-16::GFP via
LSFM in the anterior part of young adult C. elegans that are
exposed to increasing heat stress gradually from 20 to 30 �C. Our
3D images show highly resolved DAF-16::GFP nuclearization
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 7)
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across different cell types and tissues (Figure 2A). The image
analysis reveals a near-linear recruitment of the transcription
factor to intestinal nuclei upon increasing time and temperature
(Figure 2B). In parallel, we performed confocal imaging under
the same environmental conditions with the goal to obtain
similar quality 3D images (Figure 2A). The direct comparison of
the datasets produced by the two systems reveals the following
major differences: i) LSFM outperforms confocal microscopy in
acquisition speed (37 time points vs. 10 time points in approx.
Figure 2. Comparing LSFMwith CSFM tomeasure the dynamics of DAF-16::G
C. elegans expressing DAF-16::GFP derived from LSFM and CSFM data. Th
increasing from RT to 30 �C. Arrows indicate intestinal nuclei. B) Quantifica
shown in 2A. C) Representative maximum intensity projections of animals th
CSFM (10 time points). Size bar is 50 μm. D) Quantification of the fluoresce
based on the initial fluorescence intensity.
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the same time frame), leading to a better resolved measurement
of protein dynamics; ii) LSFM produces more image slices in a
shorter time (69 slices, 1024� 1024, within 20 s vs. 37 slices,
512� 512, within 100 s) resulting in a higher 3D resolution of
the final image. However, CSFM-derived images display a higher
resolution and detail in the XY plane. iii) The continuous linear
increase of DAF-16::GFP nuclearization observed in LSFM
datasets hits a plateau in CSFM datasets after the final
temperature of 30 �C is reached (Figure 2B). In LSFM, every
FP nuclearization in C. elegans. A) Representative 3D images of transgenic
e animals were continuously imaged while being exposed to heat stress
tion of the fluorescent signal in intestinal nuclei (n¼ 5) of the individual
at were imaged for 7.5min at 20 �C with either LSFM (20 time points) or
nt signal of various areas (n¼ 5) within the samples in 2C in percent (%)
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focal plane is illuminated and recorded only once, as opposed to
point-by-point scanning in confocal microscopy, which leads to a
markedly reduced photo-toxicity within the sample.[29] Hence,
repetitive confocal scanning diminishes the fluorescence signal,
masking the continuous DAF-16::GFP nuclearization observed
Figure 3. PRT imaging protocol to image fluorescence emission from human
spheroid, from which we calculate the AIP at each angle of rotation. B) At o
specimen. C) Comparison of backprojection reconstructions of the specimen
single line (dashed) in the image. Finally, PRT can reconstruct the object by
shown are AIP of the reconstructed volumes looked from the top (tomograph
the phase retrieval method.

Biotechnol. J. 2017, 1700419 1700419 (
in LSFM. To verify this possibility we quantified the relative
fluorescent signal across tissues, in images derived from either
modality performed at 20 �C (Figure 2C), revealing a signifi-
cantly higher reduction of the fluorescence signal in CSFM
(Figure 2D).
tumor spheroid. A) Schematic of the LSFMmeasurement of a cancer cell
pposite angles, fluorescence is hidden due to light diffusion through the
(OPT) and its autocorrelation (PRT). The sinogram shows the rotation of a
retrieving the phase associated to such 3D-autocorrelation. The images

ic axis). D) Volume-renderings of the direct object reconstruction and from
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3.2. Mesoscopy Regime: OPT/LSFM Imaging in Live Cell
Spheroids With Phase Retrieval

We have employed the Phase-Retrieved Tomography method
to uniquely image the fluorescence distribution of the cell-
death marker DRAQ7TM in a tumor spheroid with a diameter
of about 200mm (Figure 3A). Even at these seemingly small
sizes, scattering is enough to impose several changes in the
photon propagation through the sample. This is clearly visible
by the obstruction of superficial fluorescing cells at different
angles, as shown in Figure 3B. In terms of scattering this
means that light transport is in the regime where thickness>1
TMFP meaning that the measurement is in the mesoscopic
regime.

A schematic of the experimental and computational proce-
dures is shown in Figure 3A–C.

The OPT/LSFM system was used to acquire, per each
rotation angle, a collection of tomographic slices making sure
the whole sample was scanned during each LSFM acquisition.
We then compared a traditional OPT reconstruction with our
PRT method to demonstrate the ability to retrieve hidden
information and achieve uniform resolution. Since the sample
is opaque and obstructs the fluorescence distribution differ-
ently at each angle, the reconstruction calculated using normal
OPT is blurred with very low resolution (top right image of
panel 3C). If we use PRT instead, calculating the autocorrela-
tion sinogram, a perfectly aligned three-dimensional autocor-
relation of the object is reconstructed, which produces a high
resolution reconstruction of the dead cells distribution in the
spheroid. Figure 3D, presents the volume rendering for both
reconstruction methods, and clearly demonstrates the advan-
tage of PRT compared to traditional OPT, achieving uniform
resolution throughout the entire volume of an opaque live
tissue sample.[30–32]
4. Conclusions

In summary, we have studied two microscopic imaging
scenarios corresponding to widely different regimes of light
propagation and demonstrated how modern LSFM combined
with novel computational methods can produce high-quality
3D images with advanced spatio-temporal resolution, accurate
quantification, and precise characterization of fluorescence
dynamics. On one hand, we have shown that LSFM can
outperform conventional CSFM in accurately quantifying and
precisely characterizing the translocation of DAF-16::GFP
protein upon stress induction, or any fluorescently tagged
protein, that dynamically moves within cells and across
tissues in C. elegans. On the other hand, we have shown how
novel 3D PRT methods can extend the imaging abilities of
LSFM into the mesoscopic regime, by imaging the distribu-
tion of dead cells in an optically opaque cancer cell spheroid,
and produce uniform resolution throughout the scattering
volume.[33,34]

Future 3D implementations of LSFM/PRT will extend the
depth to resolution ratio to even more inaccessible regimes,
drastically improving the current state of the art and shifting the
paradigm of modern biomedical imaging.
Biotechnol. J. 2017, 1700419 1700419 (
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