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Introduction
Light Sheet Fluorescence Microscopy (LSFM) is
a technique in biological imaging, offering high-
resolution, three-dimensional imaging of living
specimens with minimal photodamage by decou-
pling illumination and detection paths and using
a thin sheet of light. LSFM’s ability to rapidly
image large volumes with reduced phototoxicity
and photobleaching makes it ideal for long-term
studies of dynamic biological processes.
This overview covers LSFM system construction
and its integration with a Digital Micromirror
Device (DMD) for precise photostimulation of
specific regions in samples. The DMD enables
targeted light activation, facilitating controlled
studies of biological processes. Finally, there
is an analysis on root growth in Arabidopsis
thaliana, photoactivation in channelrhodopsin-
expressing Arabidopsis, and stimulus responses
in Hydra vulgaris using boiling water and in-
frared light. This work demonstrates LSFM’s
potential for non-invasive imaging and its role in
advancing biological research through targeted
photostimulation.

1. Ligth Sheet Fluorescent Mi-
croscopy

Light Sheet Fluorescence Microscopy (LSFM)
was developed to address some of the limitations
of widefield and confocal microscopy.
Widefield microscopy provides rapid 2D imaging

by illuminating the entire sample, but it lacks
optical sectioning, resulting in high background
noise for thicker samples. Confocal microscopy,
by contrast, uses a focused point of light and
a pinhole to filter out-of-focus fluorescence, en-
abling high-resolution optical sectioning suitable
for thick samples. However, its point-by-point
scanning is slower and increases photobleaching
and phototoxicity, making it less ideal for dy-
namic imaging.
LSFM optimizes photon collection by aligning
the illumination and detection paths orthogo-
nally, which reduces out-of-focus fluorescence.
By illuminating a thin plane of the sample, it
enhances the signal-to-noise ratio (SNR) while
minimizing sample exposure and background
noise. This approach allows for high frame rates
and prolonged imaging with minimal phototoxi-
city and photobleaching, making it ideal for ob-
serving living specimens over extended periods.
The ability to move the light sheet or sam-
ple along the axial direction enables rapid 3D
imaging with precise axial confinement, making
LSFM ideal for long-term studies that may span
days or weeks. However, LSFM introduces chal-
lenges such as the need for multiple objectives,
vertical sample positioning, and complex align-
ment. Additionally, the large datasets produced
require an efficient workflow for analysis.
The system’s resolution and image quality de-
pend heavily on the Point Spread Function
(PSF), which describes the system’s response
to a point source. In LSFM, the PSF is asym-
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Figure 1: A) Optical components of the PLSFM. B) Lateral resolution of the set-up. C) Stack, 3D
view and orthogonal view of the root of Arabidopsis thaliana

metrical, influencing lateral and axial resolution
differently. The axial resolution is determined
by the light sheet’s thickness and its Gaussian
beam characteristics, while the lateral resolution
is diffraction-limited and governed by the detec-
tion objective’s numerical aperture.

2. Portable LSFM
This section outlines the construction of a
portable light-sheet microscope, designed as an
educational project to teach fundamental prin-
ciples, strengths, and limitations of the tech-
nique. Built to fit on a 30 � 30cm2 board, the
design uses didattic methods, like spatial filter-
ing, beam expanders, and the 4f system.
The illumination path begins with a λ = 405nm
laser, which required spatial filtering due to
suboptimal beam quality. Spatial filtering is
achieved by focusing the laser with a lens, where
diffraction patterns in the Fourier (focal) plane
allow non-ideal beams to form light and dark re-
gions. By placing a pinhole with a size of 1A.U.
in this plane, we filtered the beam, enhancing
its quality. This pinhole was part of a beam ex-
pander. A cylindrical lens then transforms the

beam into a light sheet by focusing in only one
direction. Following this, a 4f system was added
to reproduce the beam’s image at the back focal
plane of the illumination objective. A 5x Mitu-
toyo air objective with a numerical aperture of
NA = 0.14 completes the illumination path.
Perpendicular to the illumination path, the de-
tection path includes a 10x Mitutoyo air objec-
tive with NA = 0.28, a long-pass filter (cutoff at
450nm) to block illumination light and transmit
only the desired signal, and a tube lens.
The sample, held in a water-filled cuvette to
match its natural composition, was imaged con-
sistently despite adjustments to the optical path
length due to the air objectives. For detection,
we used a CMOS camera with 1440�1080 pixel
resolution.
The main specifications of this setup are sum-
marized in the table 1.
This setup highlights the advantages of LSFM,
as demonstrated in Figure 1. It enables 3D rep-
resentation of samples and allows for optical sec-
tioning without the need for physical slicing
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feature value

Beam waist (µm) 1.6

Rayleigh length (µm) 20

Field of View (µm2) 484 � 363

Latral resolution (µm) 1.20

Table 1: Portable LSFM characteristic

3. Photostimulation
The goal was to enhance an existing light-sheet
fluorescence microscopy set-up (see [4] for more
info) by incorporating a digital micromirror de-
vice (DMD), enabling user-directed targeting of
specific points on the sample with precise light
control.
The main specifications of this LSFM setup are
provided in the table 2.

feature value

Beam waist (µm) 1.93

Rayleigh length (µm) 32µm

Field of View (µm2) 1656 � 1404

Latral resolution (µm) 1.20

Table 2: LSFM characteristic

A Digital Micromirror Device (DMD) is a micro-
electromechanical system (MEMS) with thou-
sands of tiny mirrors that tilt to control light
direction. Each mirror can tilt to one of two
angles, functioning as a binary light switch that
either directs light toward the sample or blocks
it. When all mirrors are in the "on" position,
the DMD acts as a reflective mirror, but there is
a 30%-40% light loss due to factors like diffrac-
tion and reflectivity limits posing a significant
challenge in photostimulation experiments. [1]
To illuminate the DMD is suggested to lower
light coherence to reduce diffraction effects from
the mirror array. However, for our high-
power photostimulation, we used a laser, which

Figure 2: A) Optical scheme of the photostimulation experiment. B) Lateral resolution of the LSFM
C) Stack, 3D view and orthogonal view of the root of Arabidopsis thaliana D)Process of illumination of
a selected area using the DMD E) Demonstration of the actual working of the photostimulation set-up
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led to significant diffraction and resulted in a
thousand-fold reduction in intensity from the
laser’s fiber output to the objective input.
To simplify alignment, the DMD was rotated
45◦ to have mirror hinges parallel to the opti-
cal table, enabling vertical light direction and
easing relay telescope imaging. The optical sys-
tem was kept minimal to limit power loss, in-
corporating a λ = 468nm laser, collimating
lens, DMD, tube lens, dichroic mirror, and a
10x detection objective. Using a Texas Instru-
ments DMD (DLPC900REF) with HD resolu-
tion, we achieved an illumination of two cam-
era pixels per DMD mirror, providing effective
power transmission but limiting photostimula-
tion to the camera’s central field.
Laser-based alignment posed challenges with
multiple diffraction orders. We optimized the
setup to enhance the zero-order beam, ensuring
that only this entered the objective.
To allow selective illumination of specific regions
within the camera’s field, we needed to map
camera coordinates to DMD coordinates. To do
so we used an affine transformation, which pre-
serves parallel lines and relative distances but
not necessarily angles or exact distances. The
transformation equation is

XDMD = T �Xcamera

where T is the transformation matrix, XDMD

and Xcamera are the coordinates in the DMD
and camera configurations, respectively. To de-
termine T , we used a Python script to illumi-
nate a 10-pixel square on a calibration slide and
identified the corresponding point in the cam-
era’s field. We repeated this for three points,
calculated the transformation matrices using
OpenCV, and averaged them for accuracy. An-
other script then allowed users to select a region
in the camera’s field, which the DMD illumi-
nated accordingly.
This approach enabled precise targeting of spe-
cific areas on the sample with minimal error, en-
suring accurate alignment between the camera
and the DMD.

4. Sample
Finally we used the LSFM set-up to analyse var-
ious samples.

4.1. R-GECO1 wild-type and mutant
We first analyzed two types of Arabidopsis
thaliana plants genetically modified to express
the R-GECO1 calcium sensor, one of which had
a specific gene knocked out. Root hairs, single-
cell structures essential for nutrient absorption,
exhibit growth regulated by a tip-focused Ca2+

gradient, which oscillates rhythmically during
growth. Identifying gene-specific effects on plant

Figure 3: A)-B) Fourier spectrum and growing length of the wild type (WT) and the mutant (219) C)
Kymograph with the spectrum overlapped of both wild type and mutant
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growth is crucial for developing more resilient
plants [4].
LSFM is ideal for studying such samples, as it
enables the roots to remain in a near-natural
growth environment, with the root in a water-
based solution and the shoot exposed to air.
The Arabidopsis samples were prepared at the
Department of Plant Biology, Università Statale
di Milano. The analysis focused specifically on
the root hairs of the primary root, so the plants
were studied after just one week of growth. Us-
ing LSFM, a 45µm volume was captured ev-
ery 3 seconds. This process was repeated 270
times, creating a timelapse that enabled a de-
tailed study of root hair growth dynamics.
For data analysis, we used Napari and Fiji (Im-
ageJ). The Napari ROI-registration plugin was
used to track root hair tips over time, while cal-
cium oscillation frequencies were extracted by
transforming the data into the Fourier domain
using a Python script. This script calculated fre-
quencies and produced Fourier spectra for both
wild-type and mutant samples, based on data
from 51 root hairs in 10 wild-type plants and 59
root hairs in 13 mutant plants. Results showed
that mutant plants had slower root hair growth
and distinct oscillation frequencies, a difference

clearly visible also in kymograph analyses (see
Figure 3)

4.2. Channelrhodopsin
Recent studies have examined the link between
pH fluctuations and calcium Ca2+ release in
Arabidopsis thaliana leaves, sparking interest in
exploring this process in roots. A recent publica-
tion [2] showed that light activation of HcKCR2
in Arabidopsis guard cells triggers rapid, tran-
sient cytoplasmic acidification, which then in-
duces Ca2+ release from the endoplasmic retic-
ulum (ER). Using our photostimulation setup,
we successfully replicated this effect in leaves,
validating the functionality of our system. We
then attempted to photostimulate root hairs in
bright field (as the R-GECO1 sensor was not ex-
pressed in roots), but this yielded no significant
results.

4.3. Hydra vulgaris
Hydra vulgaris is commonly utilized in exper-
imental research due to its fully characterized
neural system. In this study, Hydra specimens
were labeled with GCaMP6 to enable observa-
tion of neural responses to targeted stimuli. The
primary aim of this experiment was not to gen-

Figure 4: Photostimulation of the leaf of an Arabidopsis thaliana with the comparison of the responses
of wild type, channelrhodopsin stimulated for 1s and 5s
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Figure 5: A) Hydra response to boiling water stimulus B) Hydra response to IR stimulus

erate quantitative data but to assess the effec-
tiveness of this labeling technique in monitoring
neural activity. Consequently, the following dis-
cussion is exploratory in nature.
Initially, we stimulated the Hydra with hot wa-
ter, observing a detectable response, as shown
in Figure 5. Next, we treated the specimens
with gold nanoparticles (AuNP ) and irradiated
a region of the body with infrared (IR) light.
Previous studies suggest that AuNP -mediated
IR stimulation promotes neurite growth and en-
hances cellular electrical responses [3]. However,
no significant response was observed in this ex-
periment.

Conclusion
The LSFM system effectively captured calcium
oscillations and root hair growth in Arabidop-
sis thaliana, comparing wild-type and mutant
plants to reveal growth differences linked to a
specific gene mutation. Photostimulation ex-
periments using channelrhodopsin in Arabidop-
sis enabled controlled studies of plant responses,
with additional tests planned for fluorescently
labeled root samples. In Hydra vulgaris, LSFM
revealed behavioral changes in response to hot
water stimuli, though IR experiments were lim-
ited by stress-related specimen mortality.
These studies demonstrate LSFM’s versatility

and establish a foundation for future exploration
of neural plasticity in Hydra, with plans to use
photostimulation for targeted IR light applica-
tion.
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