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High-throughput light sheet imaging of adult and
larval C. elegans Parkinson's disease model using
a low-cost optofluidic device and a fluorescent
microscope

Faraz Rahimpouresfahani, & Nima Tabatabaei®* and Pouya Rezai{®*

Recent advancements at the interface of microfluidics technology and light sheet fluorescence microscopy
have opened the door for high-throughput and high-content investigation of C. elegans disease models. In
this paper, we report on the development of a simple, miniaturized, and low-cost optofluidic platform that
can be added to a conventional inverted fluorescent microscope for continuous light sheet imaging of
transgenic worm populations with high lateral and axial resolutions of 1.1 um and 2.4 pum, respectively.
The optofluidic device is made entirely of PDMS with integrated optics for light sheet generation. Laser
excitation is delivered to the device via a low-cost free space laser, and cross-sections of worm
populations are imaged as they pass continuously through a channel. Results show the platform can
image NW1229 whole worms with pan-neural fluorescent expression at a throughput of >20 worms per
minute at L3 and young adult (YA) stages. As a benchmark test, we show that the low-cost device can
quantify the reduced neuronal expressions of L3 and YA NW1229 worms when exposed to 500 uM 6-
OHDA neurodegenerative agent. Following the benchmark validation, we utilized the platform in a novel
application for imaging human alpha-synuclein reporter in populations of Parkinson's transgenic model
(ERS100). Results show the ability of the low-cost platform to reliably detect and quantify the anomalous
neural phenotypic changes in ERS100 populations at L3 and YA stages with high spatial resolution. The
findings of this study show the potential of our low-cost optofluidic add-on platform to equip
conventional fluorescent microscopes with light sheet capability for quantitative phenotypic studies of
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Introduction

Parkinson's disease (PD) is the second-most prevalent aging-
related neurodegenerative disorder.' Monogenic parkinsonism
is linked to more than 20 genes, including the autosomal
dominant SNCA gene. Alpha-synuclein (o-Syn) is a protein
encoded by the SNCA gene and abnormal accumulation and
aggregation of a-Syn is frequently associated with dysfunction-
ality and degeneration of neurons in PD.” Given the role of the a-
Syn in the pathology of PD, animal models focusing on dopa-
minergic (DA) neuronal loss and aggregation of a-Syn in the brain
are deemed invaluable tools for understanding PD's molecular
and cellular mechanisms and validating new therapies.®

Among animal models, non-mammalian model organisms
(e.g., C. elegans, D. melanogaster, and D. rerio) are specifically
interesting because they serve as a simple, rapidly growing, and
low-cost model in between cell and animal assays.* C. elegans
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transgenic C. elegans at high resolution and throughput.

models are great candidates for PD studies because their neural
network has been mapped entirely,® allowing each neuron to be
traced to its origin. Furthermore, the short life span of C. elegans
allows for the convenient performance of longitudinal studies
from the early to adult stages, essential for understanding
cellular and molecular processes, genetics,® and diseases.” Ability
to study C. elegans at all developmental stages is also crucial for
drug discovery in neurodegenerative diseases like PD, where
ageing is a known risk factor for alpha-synucleinopathies.®
Multiple transgenic worm strains have so far been reported
for PD and a-Syn studies. For instance, the A53T a-Syn mutation
exhibits non-progressive neurodegeneration, abnormalities in
locomotion, and DA neurodegeneration.’ It also expresses a-Syn
both pan-neurally and exclusively in DA neurons. Nevertheless,
this model does not show increased DA neurodegeneration or
difficulties in locomotion with age.'* The NL5901 model
exhibits observable inclusions of a-Syn that grow with age,
facilitating biochemical investigations and fluorescent protein
interaction studies, including a-Syn misfolding in body-wall
muscle cells. Although reported modulators of a-Syn misfold-
ing in the NL5901 model have shown to be discordant with
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Drosophila and mammalian models of PD, it has been sug-
gested that the usage of a-Syn fusion protein with a yellow
fluorescent protein (YFP) does not accurately mimic native
structural dynamics.™ Recently, a new transgenic C. elegans PD
model, ERS100, which expresses green fluorescent protein
(GFP) reporter of human o-Syn in DA, was reported.” ERS100
exhibits a progressive degeneration of DA neurons that worsens
with age. The study demonstrated the model's efficacy in
monitoring human a-Syn expression in DA neurons during
ageing, which is significant to PD drug discovery research.

A key element for the success of the above investigations on
C. elegans PD models is the ability to image and quantify fluo-
rescent expressions of populations of C. elegans at high speed,
with high resolution, with minimal photodamage to the
animals, and preferably at low cost. Confocal fluorescence
microscopy offers unprecedented image resolution but is rela-
tively slow, high-cost, and prone to photo-damaging."** High-
speed confocal imaging of C. elegans structures has also been
reported via spectrally-encoded confocal microscopy, yet such
systems are complex and expensive from an instrumentation
point of view." Conventional light sheet microscopy, on the
other hand, offers high image resolution with minimal photo-
damage but requires complex and costly instrumentation,
which makes it less accessible to researchers.'>*®

Table 1 compares the performance metrics of leading C.
elegans light sheet imaging platforms. The first platform (i.e.,
the first row) is based on Inverted Selective Plane Illumination
Microscopy (iSPIM), offering an exploration of dynamic neuro-
developmental processes in C. elegans with minimal phototox-
icity.”” This platform, however, is complex and expensive while
requiring sample mounting, immobilization, and scanning,
significantly lowering its effective throughput (see the last
column). The use of novel imaging methods is vital to overcome
the impediments associated with high-resolution confocal and
light-sheet microscopy.
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To overcome the mounting and immobilization limitations,
microfluidic-based solutions have been proposed for the auto-
mated and rapid loading of C. elegans in confocal and light
sheet imaging platforms.’ These platforms enable faster and
more convenient sample loading while simultaneously allowing
for continuous imaging of C. elegans without interfering with
other functions. Another appealing feature of microfluidic
solutions is their ability to regulate the flow of C. elegans
through the imaging plane of microscopy systems to minimize
non-uniform motion artifacts. That is, given the specimen's
characteristics (e.g., shape, size, mass, and fluorophore's
emission properties) and sensor per camera's specifications
(e.g., quantum efficiency, sensitivity, and frame rate), flow speed
can be controlled to achieve continuous high-resolution
imaging of C. elegans. For instance, McGorty et al. developed
the open-top SPIM and utilized it for imaging several disease
models, including the C. elegans with PVD sensory neurons and
nuclei in the intestinal cells and Drosophila embryos.*® Although
the C. elegans images were acquired via the conventional sample
mounting, they demonstrated their platform compatibility with
a high throughput workflow via a microfluidic chip. The
motorized stage scanned through 32 Drosophila embryos trap-
ped in a straight microchannel for as short as 2.3 minutes, with
a 100 um s~ scanning speed and a 100 frame per second rate.
Despite the facilitation of sample loading through the micro-
fluidics chip, the platform's throughput is constrained (see the
second row), and its simplicity and affordability are compro-
mised by the presence of a motorized scanning stage.

Ben-Yakar's group shifted their high-throughput and high-
content imaging methodology from robotic scanning of
microfluidic chips in 96-well format to a stationary scanning
approach, employing a light sheet generated within the micro-
channel to capture samples as they pass through. The newly
developed technique, known as line excitation array detection
(LEAD) fluorescence microscopy, exhibits a 50-fold increase in

Table 1 Comparison of resolution, developmental stages, and performance (throughput, affordability trade-off) in light sheet microscopy
studies of C. elegans. Performance status: @ O O = low, ® ® O = medium, @ ® ® = high

Resolution (um)

C. elegans
C. elegans light-sheet imaging Lateral Axial strain Age Performance
Identification of neurons expressing 0.52 1.7 BV24, BV17 Embryo Throughput
transcription factor and visualization of [ Jo)e}
neurodevelopmental dynamics'” Affordability
[ X J©]
Imaging PVD sensory neurons and nuclei 1.1 6.2 NC1686 Adult Throughput
in the intestinal®® [ X J6)
Affordability
[ X JX©]
Phenotypic screening of polyglutamine 3.5 3.5 CZ10175, CZ1200, PolyQ24, PolyQ40 L4 Throughput
aggregation in Huntington's disease [ X X J
model*° Affordability
[ JOJX@)]
Imaging DNs using a low-cost light sheet 1.1 2.4 NW1229; BZ555 Adult Throughput
add-on device*! [ JeJe)
Affordability
( X X ]
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throughput compared to the conventional robotic scanning
approach.”®*?* LEAD was a complex SPIM, for 3D high-speed
flow cytometry of C. elegans. It could acquire 800k frames per
second of a worm moving at 1 m s~ " speed through a micro-
fluidic channel. A comprehensive image of polyglutamine
aggregation model C. elegans in ~1 ms per animal demon-
strated the system's high-speed functionality. It is an intricate
optical system containing an illumination arm for generating
a virtual 3 pm light sheet, a detection arm with a photo-
multiplier array (PMT), and a speed detection arm to measure
the speed as worms pass through the light sheet. Their imaging
speed significantly surpasses that of other existing systems.
However, the key drawback of any sophisticated platform is its
initial cost preventing its widespread adoption by end users. To
address this issue, other studies have focused on making the
light sheet platforms more affordable and compact.>**

In a recent study of our group, we reported on developing
a low-cost light sheet add-on that can be operated with
conventional microscopes to solve the technical complexity and
cost of conventional light sheet systems while making the
imaging system accessible to researchers.”® We used an opto-
fluidic chip with a low-cost PDMS-integrated lens for light sheet
formation with lateral and axial resolutions of 1.1 um and 2.4
pm full-width at half-maximum (FWHM), respectively. While in
this preliminary work, we showed the ability to image an entire
worm; the system suffered from key limitations such as the
inability to continuously image worms' populations, lack of
adaptability to image worms at different developmental stages,
and lack of imaging consistency to enable quantitative fluo-
rescent expression studies.

This paper reports on optimizing our preliminary technology
to overcome its limitations. The main objective is to increase
the throughput of Behrouzi's study** while keeping the cost of
fabrication similar. We utilize a similar cost-effective method
for the fabrication of our light-sheet optofluidic system. The
optimized system incorporates an optofluidic chip that features
an embedded lens and a channel size designed for light sheet
generation and the partial immobilization of nematodes. This
system is tailored for continuous imaging of C. elegans and is
complemented by a high frame rate SCMOS camera, as well as
a pressure-based flow delivery sub-system. The performance of
the optimized system is validated via continuous flow-based
imaging of NW1229 populations. The reliability of the system
is demonstrated through the analysis of 6-OHDA-treated
NW1229. Further, two different microfluidic designs with
different channel sizes were fabricated and used for imaging
different C. elegans strains in different stages of development
(i.e., ERS100 and NW1229 at both L3 and YA). The proposed
system facilitated the in-depth analysis of protein aggregation
of nematodes in different development stages, showing the
adaptability of the proposed high-throughput system for
imaging nematodes with different sizes. Qualitative and quan-
titative analysis of results demonstrates the effectiveness and
versatility of the optimized, low-cost imaging platform in
capturing the developmental dynamics and detecting protein
expressions of PD model C. elegans with high temporal
resolution.
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Methods and materials
Experimental setup

Fig. 1A illustrates the experimental configuration of the cost-
effective yet high-throughput light sheet imaging platform.
This system consists of three primary sub-systems: a flow
delivery system, an image acquisition system, and an opto-
fluidic chip. The first two components are described below, and
the optofluidic device is discussed in the next section.

Even with age synchronization, the inherent variability in the
worms' size and unpredictable movement patterns can lead to
pressure fluctuations within the system. As the syringe pump
operates at a preset flow rate, the pressure buildup resulting
from differences in size can disrupt the steady flow. This lack of
control can impede the accurate manipulation and positioning
of the worms, impacting experimental reproducibility and data
quality. To accommodate both unpredictable movements and
size fluctuations, the flow delivery system includes a pressure-
driven pump (Flow EZ, Fluigent, France) and a microfluidic
flow sensor (FLOW UNIT, Fluigent, France). The pressure
pump's encapsulated inlet reservoir facilitates the uninter-
rupted injection of worms without clogging, irrespective of their
relative size. The flow sensor enables the platform to adapt to
slight variations in worm size by controlling the pressure and
flow rate within the optofluidic chip.

The image acquisition system starts with a low-cost, free-
space laser diode source (1: 488 nm, 3 mW, OXlasers A-B60F,
China). While our platform allows for excitation of samples at
a broad spectrum of wavelengths, 488 nm excitation wavelength
was selected to accommodate excitation of a wide range of flu-
orophores such as the GFP targeted in studies of this work. To
obtain optimal imaging performance the light sheet thickness
must be tuned to closely match the diameter of C. elegans
neurons. To achieve this, we employed OpticStudio Zemax
simulations to define the optical specifications of our chip. An
iris is utilized to ensure the illumination beam size complies
with the input laser size determined by Zemax simulation. The
laser and the iris are mounted in a customized 3D-printed
fixture, and the entire assembly is fixed to an optical post
attached to a set of linear translation stages, as shown in
Fig. 1B. The 3 degrees of freedom offered by the translation
stages are used to align the collimated laser beam with the
integrated cylindrical lens to generate a uniform cross-sectional
light sheet in the device channel. The emitted light sheet illu-
minates the neurons of the animals, and this illumination is
captured by a high frame rate 5.5-Mpixel SCMOS camera (Edge
5.5, PCO, Germany). This sCMOS camera can accommodate
a frame rate of ~900 frames per second (FPS) within the region
of interest. Furthermore, it maintains a high detection sensi-
tivity, enabling the acquisition of weak fluorescent expressions
from the sample.

Optofluidic add-on device

The optofluidic chip has a U-shape design (Fig. 2A) and is
comprised of three main components: (1) inlet and outlet
reservoirs (Fig. 2B) for introducing the worms suspended in M9

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Free space laser

Transition
stages

sCMOS camera

Fig. 1 Experimental setup. (A) The front view of the experimental setup contains the image acquisition add-on, flow delivery package and the
optofluidic chip. (B) Side view of the experimental setup, including a free-space and low-cost laser source and an iris that was used to generate
the input excitation beam of the optofluidic device. The optofluidic add-on device is placed on the inverted widefield fluorescent microscope.
The generated light sheet replaced the epi-illumination of the host microscope. The emitted fluorescent was collected by the native objective
lens of the microscope and recorded using an sSCMOS camera.

buffer into the device and their removal after imaging; (2) fluorescence emissions of the worms via the microscope's
a microchannel with a 90-degree bend to facilitate cross- native objective lens (Plan Fluor 10x/0.3 NA; TE300 Inverted
sectional light sheet excitation and collection of the Fluorescence Microscope, Nikon, Japan) with minimal light
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Fig. 2 Schematics of the mechanical and optical design of the optofluidic chip. (A) Schematic of excitation (blue) and emission (green) beams
with respect to host microscope objective lens, high frame rate camera and the optofluidic chip. The front view of the actual light sheet at the
bend in the darkfield is displayed within the inset of (A) (created with https://www.biorender.com/). (B) Schematic of the front view of the chip's
design displaying the inlet and outlet with respect to the PDMS-integrated micro lens. (C) Zoom view of the bend illustrating dimensions of
microchannels for L3 and YA stages and radius of the micro lens in addition to the light sheet thickness and beam diameter.
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interactions with the device (Fig. 2C); and (3) an integrated
PDMS microlens specifically designed and optimized (via
OpticStudio Zemax software) to focus the collimated excitation
laser beam into a ~2 um thick light sheet at the center of the
microchannel and just above the channel bend, as illustrated in
Fig. 2B. A gradual reduction of the microchannel width allows
the train of worms to be slowed while limiting their lateral
motion as they continuously pass through the light sheet. Given
that ERS100 PD model worms display phenotypes after the L2
stage, two similar device designs are employed, one with a 50
pm wide microchannel at the light sheet to image YA worms
and another with a 30 um necking region to image L3 C. elegans
(Fig. 2C).

Silicon (Si) wafers with 4 inches diameter and a 500-550 pm
thickness were purchased from Wafer World Inc., USA, to create
the devices. Although the designs are identical, there are
differences in the channel dimensions for imaging L3 and YA
worms, which require using different SU-8 photoresists
(MicroChem Corporation, USA) and recipes. First, the SU-8
photoresist layer is spin-coated onto the Si substrate. In the
case of the device for imaging L3 worms, a layer of ~30 um thick
SU-8 2035 is applied via spin coating. Conversely, a layer of SU-8
2075 with a thickness of ~50 um for YA worm imaging is spin-
coated. This layer is then baked to remove any residual solvents
and to improve adhesion to the substrate. Next, a photomask
containing our pattern is aligned to the substrate and the
photoresist layer is exposed to UV light through the mask. The
exposed photoresist is then baked again before the develop-
ment step. The development process selectively removes the
unexposed regions and reveals the underlying substrate.
Finally, the substrate goes through the hard bake one last time
to ensure that the SU-8 properties do not change.

To replicate PDMS devices, PDMS elastomer base and curing
agents (Dow Corning, USA) are mixed at a 10:1 ratio, degasi-
fied, and poured onto Si-SU8 master moulds. After curing for 2
hours at 80 °C, the cured PDMS layer is de-moulded, and
through-holes are punched using a 0.5 mm diameter biopsy
punch for inlet and outlet holes (WellTech). Next, the devices
are cut and bonded to flat PDMS layers using oxygen plasma
(PDC-001-HP Harrick Plasma, USA) at 870 mTorr pressure and
30 W for 40 seconds. The bonded layers are then heated for 15
minutes at 70 °C to enhance bonding.

To enable light sheet imaging on an inverted microscope, the
devices are cut close to the light sheet plane, leaving a 450 pm
thick PDMS wall between the light sheet plane and the edge of
the device, as seen in Fig. 2C. However, the air-PDMS contact
becomes rough after the devices are cut, which can deteriorate
the quality of recorded images. To avoid this systematic issue,
the devices are stamped sidewise onto thin PDMS prepolymer
layers to optically smoothen the cut surfaces.

The light sheet thickness design of 2.3 um effectively enables
the imaging of GFP biomarkers within the size range of ~5-10
um?* in both L3 and YA worms. Achieving a 50 pm wide light sheet
with a 488 nm excitation wavelength necessitates a light sheet
thickness of approximately 2.3 pm (FWHM), as determined by the
Gaussian beam optics of the YA (50 um) device. OpticStudio Zemax
simulations determined that a 200 um radius of curvature of the
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PDMS cylindrical microlens can satisfy the required light sheet
specifications from a Gaussian input beam with a diameter of
about 90 pm. The sole distinction within the 30 pum configuration
is the gap between the micro lens and the microchannel, which is
once more optimized via the Zemax simulation. After the align-
ment, worms' cross-sectional light sheet images were continuously
acquired via a monochrome high frame rate sCMOS camera.

Worm preparation

All bacteria and worm maintenance procedures were performed
under biosafety number 02-19 issued by York University's
Biosafety Committee to PR. C. elegans strains that are used in
this study are NW1229 [expressing green fluorescent protein
(GFP) pan-neuronally; F25B3.3::GFP+dpy-20(+)] and ERS100 [a
transgenic strain expressing green fluorescent protein (GFP)
based reporter of human o-Syn in DA neurons; dat-1p::mCher-
ry;dat-1p::hSNCA:GFP(Venus)].* These strains were acquired
from the Caenorhabditis Genetics Center (USA, Saint Paul) and
Eurac Research (Italy, Bolzano).

All chemicals were purchased from Sigma-Aldrich, USA. The
conventional procedures listed in the Wormbook*® were fol-
lowed in preparing nematode growth medium (NGM) agar
plates. All experiments were conducted on freshly produced
NGM plates containing bacterial lawns and kept at room
temperature (approximately 22 °C) in a biological safety cabinet.
The cabinet was pre-sterilized with UV light and cleaned with
a 70% ethanol in water solution to avoid contamination.

A “lawn” of Escherichia coli (E. coli) strain OP50 was seeded
onto the NGM plates at room temperature. To prepare the
bacteria, a single E. coli OP50 colony from a source streak plate
was added to LB-Broth media, and it was then cultivated overnight
at 37 °C in a shaker incubator to produce the OP50 supply.
Twenty-five grams of LB-Broth were combined with 1 litre of
distilled water and autoclaved to create the LB-Broth medium.
After centrifuging the inoculated enriched media to concentrate
the bacterial culture, 200 pl of the E. coli OP50 source was added to
the plates, which were then allowed to dry overnight. All experi-
ments are conducted using YA and L3 worms that are well-fed and
age-synchronized (48 and 24 hours). The standard alkaline
hypochlorite treatment procedure was used to obtain synchro-
nized worms.* The gravid worms were removed from the NGM
plate using M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, and
1 ml 1 M MgSO4 in 1 L distilled water) in a 15 ml Eppendorf tube.
Then they were treated for 10 minutes with a solution of 3.875 ml
double-distilled water, 125 pul 1 M NaOH, and 1 ml of sodium
hypochlorite ~6%. The worm cuticle was removed during this
procedure, while the worm eggs were unaffected. After the
procedure, samples were centrifuged for a minute at 1500 rpm to
sink eggs at the bottom for collection. The eggs were incubated
overnight with M9 buffer and RotoFlexIM tube rotator (RK-04397-
40, Cole-Parmer, Canada), producing L1 larvae. To conduct the
test, hatched larvae are placed onto newly prepared NGM plates
and allowed to grow until they reach the L3 and YA stages.

We made a 10 mM solution of 6-OHDA (636-00-0, Sigma-
Aldrich) to study neurodegeneration. 6-OHDA solution was
prepared in a dark room and stored at —20 °C. We diluted 50 pL

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of our 10 mM 6-OHDA solution with 950 puL M9 to have 500 uM
solution. We exposed the synchronized L1 larvae to this mixture
in a dark room for 1 hour.

Imaging procedure

We introduce Rhodamine (Rhodamine 110 chloride, Sigma-
Aldrich) into every fabricated chip and capture side-view
images to confirm the fabricated lens's capability to achieve the
intended light sheet thickness and width. Following this valida-
tion, we proceed to capture images using the chip in its regular
orientation to verify the precise alignment required for light sheet
imaging. To do so, translation stages of the excitation sub-system
are tuned to optimize the alignment of the collimated laser
excitation beam with respect to the integrated PDMS lens while
monitoring the uniformity and intensity of the light sheet fluo-
rescent images recorded by the camera and inverted microscope.

Based on the Nyquist-Shannon sampling theorem, the
image's spatial sampling rate should be at least twice as fine as
the smallest detail that needs to be resolved. This criterion
implies that to capture the details of the ~2 um neurons in the
direction of flow accurately and continuously, the axial
sampling resolution of the imaging system should be at least 1
micron (i.e., half the size of the neuron). This means the flow
rate needs to be adjusted for comprehensive imaging of entire
worms such that at least ~750 and ~1000 frames are recorded
from L3 and YA worms, respectively.

To further enhance the throughput, under-sampling in the
flow direction can be exercised. In our experience, the trade-off
between axial sampling rate and throughput can be carefully
optimized to ensure that under-sampling does not compromise
the fidelity of the reconstructed images beyond an acceptable
level. For worms studied in this work and for the size of the
region of interest in our system (100 x 100 pixel®, with each
pixel having a physical dimension of 0.65 pm) we found that the
worms can be reliably imaged in <0.5 s while running the
camera at 865 FPS and flowing the YA and L3 worms at rates of 5
and 1.5 ul min~", respectively.

For each experiment, all the age-synchronized worms are
injected through one device under similar conditions to mini-
mize the chances of systematic errors caused by day-to-day
variations in light intensity of the laser, which can jeopardize
the validity of quantitative studies of neuronal expressions. A
total of six experiments are performed to assess the throughput
at various developmental stages. Specifically, three experiments
are conducted for the L3 stage, and an additional three exper-
iments are carried out for the YA stage, utilizing the afore-
mentioned flow rates. These experiments evaluated the
platform's throughput and determined the standard deviation
at each respective stage.

Post-processing

Initially, a region of interest (ROI) of 10* pixels corresponding to
an area of approximately 65 nm x 65 pm is cropped from the
original image per slice sequence. The background is then
subtracted by applying the built-in rolling-ball algorithm
present in Image]J.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Due to the continuous nature of worm imaging, an abundant
amount of data is generated, which must be further processed
to collect the relevant information. To extract the fluorescent-
bearing frames, a thresholding algorithm was developed in
MATLAB which could eliminate blank frames from the 3D
image datasets with a speed of 503.41 £ 95.92 FPS.

Due to its biological significance, the nerve ring is a key point
of interest among the frames containing signals in both trans-
genic worms. Six out of the eight DA neurons (anterior deirids
and cephalic sensilla) are situated within the worms' head,
while a single pair is found in the posterior lateral position
(PDE).>** The anterior deirids (ADE) and cephalic sensilla (CEP)
pairs exhibit lateral and dorsal entry routes to the nerve ring,
respectively, thereby establishing it as a prominent site for
conducting neurodegenerative studies.*!

To facilitate unbiased and accelerated identification of nerve
ring images in datasets, an automatic labelling algorithm was
developed. The algorithm first reduced the dimensionality of
the 3D image datasets by representing each image slice with
a single value corresponding to slice/frame mean fluorescent
intensity (MFI). By doing so, the 3D stack of slices was reduced
to a 2D signal. As the nerve ring exhibits the highest fluores-
cence expression throughout the worm's entire nervous system,
MATLAB's signal processing toolbox was utilized to identify the
signal peak associated with a worm nerve ring. The start and
end frames corresponding to the nerve ring region were esti-
mated using the signal peak's Full Width at Half Maximum
(FWHM). Finally, the mean intensity of the nerve ring (MINR)
was defined and calculated as the average of MFI values corre-
sponding to worms' nerve ring regions. The calculated MINR
values were later used for statistical comparisons among the
studied population groups.

Statistical analysis

All results are presented as mean =+ standard deviation (SD),
while the differences between the populations are compared
using a two-tailed Welch's #-test due to unequal variances. The
groups are considered significantly different at a P-value less
than 0.05. Welch's t-test is performed using GraphPad Prism
version 9.4.0 and graphically presented via estimation plots. We
utilized the ROUT method with a 2% threshold for outlier
removal. Additionally, we employed max scaling for normali-
zation, which involved dividing the datasets by the maximum
value of the control dataset.

Results and discussion

Light sheet microscopy is a powerful tool for visualizing and
quantifying protein or neuron expressions in specific neurons
or neuronal populations. However, there has been limitted
reports of a low-cost light sheet technology for screening the
larval stages of C. elegans. In addition, existing low-cost light-
sheet platforms suffer from low throughput and low imaging
sampling rate which hinder their use in most biological studies.
The low throughput of existing low-cost platforms is predomi-
nantly due to their requirement for sample immobilization and
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mechanical scanning of the samples. The developed low-cost
and compact add-on module reported in this study, on the
other hand, is used together with a conventional fluorescent
microscope and can offer continuous light sheet imaging of L3
and YA C. elegans populations. Apart from the standard
components (inverted microscope, camera, and pump) avail-
able in most laboratories, the only parts required for the setup
are the low-cost laser diode sub-system and the optofluidic
device, which cost less than a hundred USD.

Continuous pan-neural light sheet imaging of C. elegans at
different developmental stages

We use the setup and optofluidic device reported in Fig. 1 and 2
to continuously image populations of NW1229 expressing GFP
pan-neuronally at L3 and YA stages. The NW1229 strain pres-
ents a favorable candidate for the examination of neural tissues
using light sheet microscopy, owing to its extensive fluorescent
expression throughout neural cells. Owing to the flow-based
cross-sectional imaging ability of the developed system,
comprehensive microscopic imaging can be done on worm
populations, and any region of the nervous system can later be
studied for further analysis. For example, Fig. 3A depicts the
light sheet images of DA neurons, which are of great interest in
neurodegenerative disorders such as PD, for two populations of
NW1229 at the L3 and YA stages. Each population involves ~100
worms that are imaged within ~4.9 and ~5.8 min for the L3 and
the YA worms, respectively. The nerve ring forms an O-shaped
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or U-shaped structure at both stages, depending on the
distance between neurons. If neurons are in close proximity,
they fit within a single image slice, creating an O shape pattern.
In contrast, if they are sufficiently separated when the worm
passes through the light sheet, neurons cannot be captured
within the same image slice. In such cases, one part is clearly
captured in a frame while the other pair appears in the back-
ground, resulting in a U shape pattern. Owing to such inevitable
variations, for the purpose of quantitative analyses, we partition
and compare the entire DA region frames rather than
comparing a single representative frame of the nerve ring. The
system continuously and consistently captures similar high-
resolution light sheet images of other anatomical locations of
the worm. Such images can be stitched together to offer
comprehensive and volumetric fluorescent expression maps of
worm populations, such as the representative volumetric image
depicted in Fig. 3C for an L3 worm composed of ~1000 frames.
Here, the figure insets show high-resolution light sheet images
of neuronal expressions along the worm's body from head to tail
at six different anatomical locations. The results depicted in
Fig. 3 qualitatively demonstrate the ability of the developed low-
cost platform in continuous light sheet fluorescent imaging of
C. elegans populations for studying their neuronal expressions
at different developmental stages, at high speed and with high
resolution.

Quantitative image analysis can provide insights into the
molecular and cellular mechanisms underlying the develop-
ment of the C. elegans nervous system. GFP expression

L3 Nerve Rings

Fig. 3 Qualitative analysis of the fluorescent expression of NW1229 worms at two developmental stages. (A) Montage of cross-sectional images
of fluorescence expression of the nerve ring of worms at YA (Left) for n = 112 worms and L3 (Right) stages for n = 101 worms. (B) Representative
cross-sectional images of fluorescence expression of nerve rings in L3 worms in O and U shapes indicated by white arrows. (C) Comprehensive
stack of images with ~1000 acquired frames of NW1229 strain with representative slices showing the nervous system in detail.
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histograms can be advantageous in evaluating the overall size
and expression strength of neurons and proteins. The DA region
of ~100 different NW1229 worms for each age were separated,
and the entire stack's histogram was evaluated. As shown in
Fig. 4A, this comparative histogram displays the number of
pixels corresponding to each intensity value for the L3 and YA
worm populations. The x-axis represents the fluorescence
intensity, while the y-axis accounts for the number of pixels,
which shows the area of the expression region. To enhance the
visualization of the graph, the first two intensity values were
removed from the histogram, as they were deemed to be
equivalent to the background. Both histograms exhibit identical
shapes, featuring a peak in the lower intensities and a gradual
decrease towards the higher intensity values. This observation
indicates that the fluorescence expressions predominantly
consist of weak signals, far from reaching saturation levels. An
additional variable of interest for analysis is the distribution of
the histogram, which offers insight into the prevalence of
particular intensity values and provides an overview of the
fluorescence expression strength of the neurons. The histogram
of the YA population exhibits a greater number of pixels
compared to the larval L3 stage, indicating a larger area of
fluorescence expression. Similarly, this pattern is replicated in
the intensity values of the pixels, with YA pixels corresponding
to higher intensity values, indicative of more robust fluores-
cence expression. We postulate that the growth of the worm's
nervous system is the underlying factor contributing to the
observed augmentation in both the area and intensity of fluo-
rescence expressions. To explore the growth in a more quanti-
tative manner, we conducted calculations and compared the
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MINRSs for a sample size of ~100 worms, as depicted in Fig. 4B.
Statistical analysis of quantified parameters reveals a significant
difference between the YA and L3 MINRs. The MINR in the L3
group is 6.83 (SD = 1.81), whereas the mean in the YA group is
13.05 (SD = 3.18). A Welch's ¢-test showed that the difference
was statistically significant, #(180.5) = 17.63, p < 0.0001; where
£(180.5) is a shorthand notation for a Welch ¢-statistic that has
180.5 degrees of freedom.

Results of Fig. 3 and 4 show capability of the low-cost and
compact platform in providing high content light sheet images
of worm populations at different developmental stages and its
ability to quantify the neuronal expressions. Adaptability of the
platform to various developmental stages is particularly
advantageous in capturing the increased fluorescence expres-
sion observed in aging worms, attributed to the growth of their
neurons, which can be accurately detected and statistically
quantified. We anticipate that the same platform can be
adapted for carrying out studies on other model organisms
across various developmental stages or for cell studies.

Continuous light sheet imaging of fluorescent suppression in
neurotoxin-exposed C. elegans at different developmental
stages

Having demonstrated the capability of our platform in quali-
tative and quantitative light sheet imaging of neuronal expres-
sions of NW1229, this section aims to demonstrate the
application of our cost-effective, high-throughput platform
within the domain of neurotoxin screening. Specifically, we
administered 6-hydroxydopamine (6-OHDA), a well-established
neurotoxin, to for emulating

worms as a model
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Fig. 4 Quantitative analysis of the mean fluorescence intensity in the pan neuronal NW1229 nerve rings. (A) Histograms illustrate the increase in
both the spatial extent and intensity of expression due to aging. The number of pixels, serving as a representative measure of the area,
consistently demonstrates an upward trend. Simultaneously, the maximum intensity value exhibits a corresponding rise, reflecting the height-
ened magnitude of expression. The Inset view displays the zoom view of the first 30-pixel intensity values. (B) Violin plots depicting the
distribution of data for L3 (left) and YA (middle) groups. The dashed lines at the top and bottom of each violin represent the first and last quarters
of the data, respectively, while the middle line denotes the median. The dashed lines that cross the right y-axis correspond to the mean value for
each group. The mean value of L3 is set as the origin (0), and the difference in means between L3 and YA is illustrated by a 95% confidence interval
(Cl) bar extending to the mean of YA.
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Control

Exposed

Fig.5 Cross-sectional light-sheet images illustrating the fluorescence
expressions within the nerve ring of NW1229 worms before and after
exposure to 500 uM 6-OHDA. YA images on the top depict fluores-
cence expressions in control (n = 63, left) and exposed (n = 85, right)
worms. Similar fluorescent expressions are shown for L3 control (n =
72, left) and exposed (n = 95, right) worms on the bottom row. All scale
bars indicate 50 pm.

neurodegenerations. Use of 6-OHDA as a control experiment for
validating efficacy of systems for imaging neurodegeneration
has also been reported by others.’*** Specifically, we employed
the NW1229 strain to examine the nerve ring and assess fluo-
rescent suppression following exposure to 500 pM 6-OHDA.
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Fig. 5 depicts the light sheet images of nerve rings of pop-
ulations of NW1229 worms at the L3 and YA stages with and
without exposure to 500 pM 6-OHDA. A qualitative comparison
of images suggests pronounced expressions of GFP in untreated
control worms at both developmental stages. Expressions of
treated worms, however, appear to be decreased due to degen-
eration of neurons or GFP-reporters upon exposure to the 6-
OHDA neurotoxin.

Fig. 6 reports the measured MINR values of worm pop-
ulations in both control and 6-OHDA treated groups at the L3
and YA stages. The MINR metric serves as a quantitative
measure for assessing the fluorescent expression of neurons.
Results show a statistically significant (p < 0.0001) reduction of
fluorescent expression after 6-OHDA treatment at both devel-
opmental stages.

Results of the 6-OHDA study demonstrate the ability of the
low-cost and high throughput platform in accelerated light
sheet imaging and quantitative measurement of fluorescent
suppression, which is instrumental in the effective uncovering
of critical insights into the mechanisms of neurodegeneration
and potential avenues for interventions.

Continuous light sheet protein aggregation imaging of C.
elegans PD models at different developmental stages

As mentioned in the introduction section, a-Syn is a protein that
plays a role in neurodegenerative diseases like PD, and its
accumulation in the brain can lead to neuronal damage.** The
ERS100 transgenic PD model is a valuable worm strain for
understanding PD's pathogenesis and evaluating potential
therapies. The ERS100 expresses GFP fluorescence based on a-
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Fig. 6 Quantitative assessment of the normalized mean intensity within the nerve ring of NW1229 worms before and after exposure to 500 uM
6-OHDA at (A) L3 and (B) YA stages. Scatter dot plots are employed to visually represent the data distribution. The dashed lines intersecting the
right y-axis correspond to the respective mean values for each group. The mean value of the control group serves as the reference point (origin
0) while the distinction in means between the control and exposed groups is graphically depicted by a 95% confidence interval (Cl) bar.
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Syn accumulation in its DA. It is a great candidate for PD drug
studies as the «-Syn development can be monitored and
measured during its life span. According to the strain's
description, fluorescent aggregation phenotypes begin from the
L3 stage and continue until adulthood. In this study, we con-
ducted quantitative light sheet imaging to examine if our
technology can be used for a-Syn accumulation studies in the
ERS100 strain.

Fig. 7A illustrates the head DA regions of L3 and YA ERS100
worms (n = 148 for L3 and n = 62 for YA) with a-Syn aggregation
in their DA neurons. In Fig. 7B, the presence of fluorescence
clusters in DA neurons are visible. The volumetric stack of
images acquired with the low-cost light sheet from the trans-
genic strain shows the protein expression at the L3 stage, as
illustrated in Fig. 7C. This fluorescence intensity is not
comparable quantitatively to those of the pan-neural strain in
Fig. 4 since the NW1229 and ERS100 strains demonstrate
different reporter expressions representing neurons and protein
aggregation, respectively.

The relationship between aging and the development of a-
Syn is complex and involves multiple pathways and mecha-
nisms. However, evidence indicates that aging is a significant
risk factor for developing alpha-synucleinopathies.® Hence, by
observing the changes that occur at different stages of devel-
opment or in response to different treatments, researchers can
gain insights into the biological processes that underlie
diseases and identify potential targets for intervention. Here we

—
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monitor and quantify the penetrance of «-Syn in the DA neurons
of ERS100 worms at L3 and YA stages. The Mean Fluorescence
Intensity (MFI) measures the level of a-Syn accumulation in the
specific phenotype location, providing a quantified assessment
of its abundance. As shown in Fig. 8A, the MFI and aging are
positively correlated. Furthermore, Fig. 8B indicates that the
difference between MFI at L3 and YA was statistically significant
(A Welch's t-test, #(78.17) = 9.38, p < 0.0001).

The comprehensive results of Fig. 7 and 8 clearly show
progressive aggregation of a-Syn in the head DA neurons as the
worms age both qualitatively and quantitatively. The obtained
results from developed low-cost and compact platform are in
complete agreement with previous reports/findings.""*

Throughput of the optofluidic light sheet add-on device

Our results demonstrate the feasibility of using the proposed
light sheet microscopy method to rapidly image larval and YA C.
elegans using a conventional fluorescent microscope. The
imaging process involves acquiring approximately 400 frames
from each worm in about half a second. As shown in Table 2,
the throughput for imaging worms at the L3 stage was 24.64 £+
2.05 worms per minute, while the throughput for imaging
worms at the YA stage was 20.67 £ 2.49 worms per minute.

In practice, the worm population movement in micro-
channels is random, and increasing the specimen concentra-
tion solely will not lead to higher throughput, as overcrowding
in the chip will cause channel clogging and experimental

L3 DA Neurons

Fig. 7 Qualitative analysis of the fluorescent expression of ERS100 worms at two developmental stages. (A) Cross-sectional images of fluo-
rescence expression of the DA neurons of worms at YA (Left) for n = 62 worms and L3 (Right) for n = 148 wormes. (B) Representative cross-
sectional images of fluorescence expression of DA neurons in L3 worms. (C) Comprehensive stack of images with ~1000 acquired frames of
ERS100 with representative slices showing the neuronal expressions in detail.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Quantitative analysis of the mean fluorescence intensity in the PD model ERS100 DA neurons. (A) Histograms illustrate the increase in
both the spatial extent and intensity of expression due to aging. The number of pixels, serving as a representative measure of the area,
consistently demonstrates an upward trend. Simultaneously, the maximum intensity value exhibits a corresponding rise, reflecting the height-
ened magnitude of expression. The inset view displays the zoom view of the first 50 pixel's intensity value. (B) Violin plots depicting the distri-
bution of data for L3 (left) and YA (middle) groups. The dashed lines at the top and bottom of each violin represent the first and last quarters of the
data, respectively, while the middle line denotes the median. The dashed lines that cross the right y-axis correspond to the mean value for each
group. The mean value of L3 is set as the origin (0), and the difference in means between L3 and YA is illustrated by a 95% confidence interval (Cl)
bar extending to the mean of YA.

Table 2 Frame rate, functional (obtained) throughput and ideal throughput of the proposed optofluidic device for YA and L3 C. elegans light

sheet imaging

Frame rate Practical throughput Ideal throughput
Age Acquired frames per worm (FPS) (worms per min) (worms per min)
L3 ~400 865 24.64 £ 2.05 ~130
YA 20.67 + 2.49

failure. In a series of preliminary experiments, we landed on
~75 worms per mL to avoid clogging the device while
providing enough flow of worms for imaging 20+ worms per
minute. The maximum ideal throughput reported in Table 2
will reach over a hundred if worms pass back-to-back without
blank frames between them. Such throughput optimization
for reaching the ideal limit can be achieved by various means.
For example, the addition of a specific concentration of
ethanol can immobilize the worms and act as a surfactant
within the microchannels, thereby facilitating smoother worm
passage.®®

The camera's frame rate also limits the device throughput as
the worm transportation velocity must comply with the frame
rate to avoid significant under-sampling. Another key consid-
eration related to frame rate and, thus, throughput is the
strength of fluorescence expression in the worm model. Reli-
able imaging of weak neuron fluorescence expressions requires
increasing camera integration per exposure time, which lowers
the frame rate and throughput. Choosing the smallest possible
ROI will maximize the frame rate using the windowing setting
of cameras to enhance the frame rate. For instance, in our
system, an ROI just large enough to cover the channel cross
section (65 x 65 um?)yields the maximum frame rate of 865 FPS

636 | RSC Adv, 2024, 14, 626-639

while this value at full frame (16.64 x 14.04 mm?®) can be as
small as 100 FPS.

Despite these considerations, our high-throughput light
sheet imaging platform holds significant promise in the field of
drug screening assays, where worm populations typically range
~30 to 300 worms.*”"** Although our throughput was moderate
compared to more complex and costly setups,*® our low-cost
platform excels by enabling high-resolution imaging of the
desired worm population in a matter of minutes.

Conclusion

While widefield fluorescence microscopes are commonplace in
research labs, they do not offer the image resolution needed for
the rigorous study of disease models. Light sheet fluorescence
microscopes, on the other hand, offer excellent imaging
performance, but are very costly and scarce. Previously reported
high-content imaging platforms for C. elegans demand either
dedicated/costly light sheet instrumentation or sample immo-
bilization in gel-based media which significantly limits the
imaging throughput. The low-cost platform optofluidic device
reported in this manuscript, on the other hand, enables
commonplace widefield fluorescence microscopes to acquire

© 2024 The Author(s). Published by the Royal Society of Chemistry
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high-content sheet fluorescence
throughput.

Our results demonstrate the ability of the low-cost platform
to quantify the expression of worm populations at different
stages at high throughput and with high content. Experimental
results from NW1229 and ERS100 strains of C. elegans validated
the platform's ability to produce high-resolution images of the
entire neuronal system on a large scale. Another key differ-
entiator of the developed low-cost platform is its ability to
reliably quantify neuronal expressions with a throughput of 20+
worms per min.

In this work, we also showed that the developed low-cost
platform can be easily adapted for studies involving model
organisms at different stages of growth. We specifically showed
that the developed platform not only can produce high content
light sheet images of o-Syn accumulation in nerve ring's DA
neurons, but can also quantify the age-related changes of
neuronal expressions at L3 and YA stages.

This work has great potential to significantly contribute to
drug discovery projects owing to its affordability, high
throughput, and high resolution. For example, the reported
results on quantitative light sheet imaging of 6-OHDA-treated
worm populations demonstrate the ability of the low-cost
platform to track the impact of neurotoxins on the nervous
system of the worms. This enables researchers to study the
dynamics of protein expression in populations of worms at
different developmental stages and under various experi-
mental conditions. This high throughput imaging system can
potentially be also utilized within established neural assays to
confirm the efficacy of prospective neuroprotective
compounds in promoting the recovery of worms exposed to
neurotoxicants such as 6-OHDA. Furthermore, the ability of
this imaging system to accurately measure a-Syn accumulation
in C. elegans makes it a promising tool for studying the effect of
different drugs in suppressing a-Syn accumulation. This could
lead to the identification of potential therapeutic agents for PD
and related disorders that involve «-Syn accumulation. By
exposing the transgenic worms to neuroprotective
compounds, their effects on the phenotypes can be studied for
drug discovery purposes.

To obtain good imaging performance, the light sheet
parameters at a given excitation wavelength must be designed
in light of the sample and the targeted fluorophore size per
dimension. In our studies, a single 488 nm laser was exclusively
employed for exciting GFP biomarkers (o-Syn aggregation
within DA neurons, pan-neural nervous system). The size of
these GFP biomarkers at both L3 and YA worms are in the range
of ~5-10 pm* and as such can be effectively imaged via our ~2
pum thick light sheet. In future works, we aim to optimize the
integrated lens to allow for the addition of more laser excitation
wavelengths to allow for gaining comprehensive insights into
the aggregation patterns of proteins in worm neurons. Such
a multi-channel high throughput light sheet imaging system
will enable quantitative studies on samples with various fluo-
rescent protein tags. We also envision, utilizing the method-
ology of this work for designing low-cost imaging flow cytometry
solutions for imaging cells. Achieving such a goal, however, will

light images at high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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require a redesign of the integrated lens in accordance with the
size of targeted cells and their fluorophores as well as changes
in channel design and flow delivery system.
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