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Andreas Dietzel*
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Microfluidic technology is unrivaled in its ability to apply soluble chemical stimuli
with high spatiotemporal precision. Analogous, light—sheet microscopy is
unmatched in its ability of low phototoxic but fast volumetric in vivo imaging
with single cell resolution. Due to their optical translucency during the larval
stages, zebrafish (Danio rerio) are an ideal model to combine both techniques;
yet, thus far this required light—sheet microscopes, which were in most cases
custom-—built and adapted to the available softlithographic chip technology. Our
aim was to use a commercial light—sheet microscope to illuminate a microfluidic
chip from two opposite lateral directions and to record images with the detection
objective placed orthogonally above the chip. Deep tissue penetration can be
achieved by superimposing beams from opposite directions to form a single light
sheet. But a microfluidic chip that allows a) targeted stimulus application in a
closed microenvironment, b) interference—free incoupling of excitation light
from two directions and c) outcoupling of fluorescence in the perpendicular
direction through an optically perfect cover glass was not known until now. Here,
we present a monolithic glass chip with the required plane-parallel sidewalls and
cover slide closure at the top, constructed by advanced femtosecond laser
ablation, thermal bonding and surface smoothing processes. In addition, the
3D shape of a fish fixator unit was tailored to match the body shape of a zebrafish
larva to ensure stable positioning during whole—-brain recording. With
hydrodynamic focusing a targeted partial exposure of the larva’'s head to
chemical stimuli and fast position switching (in less than 10s) was possible.
With the capabilities of this unique monolithic glass chip and its up—scalable
wafer—level fabrication process, the new NeuroExaminer is prone to become an
excellent addition to neurobiology laboratories already equipped with
high—quality commercial light sheet microscopes.
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1 Introduction

The zebrafish (Danio rerio) is an attractive vertebrate model for
neuroscience research. With its unique attributes, including small
size, rapid embryonic development and optical transparency during
larval stages, the zebrafish is widely used for in vivo studies of
neurological disorders. Its small size and translucency of the entire
body enable non-invasive observation of neural circuit interactions
throughout the entire brain (Stewart et al., 2014; Orger and de
Polavieja, 2017; Loring et al., 2020). These properties make zebrafish
a common animal model for various studies in developmental
biology, (Ali et al, 2011; Wielhouwer et al., 2011; Liu et al,
2022), high throughput drug screening (Pardo-Martin et al,
2010; Lin et al, 2015; Rosa et al, 2022) and behavioral
neuroscience (Symvoulidis et al., 2017; Han et al, 2021). The
zebrafish is a vertebrate in which it is possible to image neuronal
activity in vivo with cellular resolution at a temporal resolution of
one entire brain per second (Ahrens et al., 2013; Bruzzone et al,
2021). The recent combination of genetically encoded calcium
indicators (GECIs)
zebrafish larvae with suitable imaging techniques offer the

in the small and translucent brains of

possibility to investigate cumulative neuronal activity of an entire
vertebrate brain within seconds and to provide novel insights into its
functions (Keller et al., 2008; Xi et al., 2011; Portugues et al., 2013;
Ahrens and Engert, 2015).

However, for obtaining consistent and accurate results,
immobilization of zebrafish in a desired position and orientation
during high resolution imaging is crucial to avoid motion artefacts.
Currently the mounting and positioning of zebrafish larva using
agarose followed by immersion into a petri dish filled with liquid is a
common procedure for light sheet microscopy. Such an approach,
however, leads to a hardly predictable orientation of the larva with
respect to all six degrees of freedom. It also requires time consuming
and tedious manual adjustment with steel tweezers or plastic
pipetting tips in agarose that can impose a stress and a risk
factor to damage the fragile bodies of zebrafish larvae. In
addition, the petri dish holds a large uncapped volume of liquid
(~5mL) so that changes in chemical stimuli cannot be performed
with steep spatiotemporal gradients and expensive chemicals have to
be consumed in large amounts.

Microfluidic devices for embryonic and larval zebrafish studies
have emerged as a powerful technology to overcome some of these
drawbacks (Khalili and Rezai, 2019). Through non-invasive fluidic
immobilization, zebrafish can be arrested in a desired orientation
and water soluble chemical stimuli can be applied with high
spatiotemporal precision in small amounts. Microfluidic devices
are thus ideally suited for recording activity of the brain, while it is
stimulated by various factors (Ahrens et al., 2013). With suitable
design and fabrication, microfluidics could provide not only
immobilization of larvae, (Lin et al., 2015), but also allow the real
time study of brain activity stimulated by electrophysiological
interactions as for instance through microelectrodes, (Hong et al.,
20165 Steenbergen, 2018; Khalili et al., 2021), by controlled chemical
exposure (Candelier et al., 2015; Nady et al., 2017) or by optical
stimulation (Mani et al., 2018; Baillie et al., 2021). When combined
with appropriate imaging techniques, microfluidics promises to be a
powerful technology for non-invasive recording of brain activity
under the influence of controllable physical and/or chemical stimuli.
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There is a wide range of specialized fluorescence microscopes
2011) and
microdevices for imaging of zebrafish, such as two-photon

available (Fischer et al, some were used with
microscopy (2PM), (Ahrens et al, 2012), confocal laser-scanning
microscopy (CLSM) (Lin et al, 2015) and light-sheet fluorescence
microscopy (LSFM). (Kaufmann et al,, 2012; Albert-Smet et al., 2019;
Mattern et al., 2020; Sy et al, 2023). In the context of whole brain
imaging, two approaches have been discussed-CLSM and LSEM.
Although CLSM is easier to combine with microfluidics, because
only one objective lens is needed, LSFM offers decisive advantages
in terms of speed and reduced phototoxicity as only a single plane of
tissue is illuminated at a time. Therefore, combining light sheet
microscopy with microfluidics, which is complicated by the fact that
the optical axes of excitation and observation do not coincide, remains a
very rewarding field of research. This approach, however requires
advanced 3D microfabrication techniques. Most research groups
have been working on microfluidic devices made from
Polydimethylsiloxane (PDMS), in which zebrafish larvae can be
trapped in and released from a microchannel with a defined
orientation (Yang et al., 2016; Khalili et al., 2022; Loganathan et al,
2023). PDMS systems easy to fabricate by softlithography are widely
used, but typical 2.5-D PDMS devices do not allow the chip to perfectly
fit the 3D shape of zebrafish larvae and PDMS molding of real 3D
structures would require more advanced master fabrication, which has
to our knowledge not been shown in this context. Furthermore, they are
not compatible with high end commercial light sheet fluorescence
microscopes. Moreover, these devices have limitations such as relatively
high auto-fluorescence. In addition, PDMS tends to absorb
hydrophobic small molecules, that can significantly change or affect
a chemical’s concentration and prevents the reuse of microfluidic chips
for different compound stimulations (Toepke and Beebe, 2006; Wang
et al, 2012). In comparison to PDMS, glass substrates offer a higher
transparency and are devoid of auto—fluorescence. Moreover, chemical
stability, reusability and biocompatibility of glass are superior relative to
PDMS. But microfabrication of precise 3D structures on glass requires
the development of sophisticated microstructuring methods.

We have recently reported a microfluidic device for whole-brain in
vivo imaging (NeuroExaminer 1.0), that proved the principle of light
sheet imaging within an all-glass microfluidic chip (Mattern et al,
2020). Although a basic functionality has been demonstrated, the
imaging quality in the fully closed version remained in need of
improvement. For example, the loading and immobilization of
zebrafish was only reliably possible with manual pipetting and
careful adjustments, a partial exposure of the larva’s head and rapid
changes in the targeted delivery of chemical stimuli in a closed
microenvironment while supplying larvae with a continuous stream
of oxygen-enriched media had yet to be demonstrated. Only with such
special capabilities can a microfluidic device (NeuroExaminer 2.0)
become a practical tool for research into the analysis of brain
connectivity and function, and treatment of neurological diseases.

2 Materials and methods
2.1 Microfabrication

For microstructuring, femtosecond laser ablation of Borofloat”
33 borosilicate 1.1 mm thick glass bottom glass wafers of 4inch size
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TABLE 1 Parameters used for the femtosecond laser ablation of four different structure components within the base glass substrate.

Microfluidic chamber and channels Light—sheet ports Marker Inlet and outlet
Pulse energy 15.7 W 15.7 uJ 10.3 99.6 uJ
Scan speed 2,000 mm/s 2,000 mm/s 500 mm/s 1,500 mm/s
Pulse frequency 600 kHz 600 kHz 600 kHz 100 kHz
Parallel line distance 4 pm 4 um — 8 um
Line repetition 1 1 5 6
Number of layers 16 22 1 14
A laser beam
| ]
] v
ethanol
’,'7 .. H0
. / H,PO,
cover slip I_lzso4
H,0, 630°C
FIGURE 1

NeuroExaminer 2.0 microfabrication (A) Schematic illustration of microfabrication steps for the NeuroExaminer 2.0 device. (I) Laser ablation of
fluidic chamber and channels on bottom glass substrate. (II) Structuring of light—sheet ports. (Ill) Cleaning and alignment of bottom and lid wafer. (IV)
Thermal bonding of bottom and lid wafer. The scale bar in allimages indicates 1 mm. (B) Microchannel structures of the NeuroExaminer 2.0 before (lower
part of the image) and after combined chemical and thermal treatment (upper part of the image). The scale bar is 1 mm.

(Schott,
microstructuring system (microSTRUCT ¢, 3D Micromac AG,

Mainz, Germany) was performed using a laser
Chemnitz, Germany) equipped with a YB:KGW laser source. It
was operated at the fundamental wavelength of 1,030 nm, emitting
pulses of 224 fs at a frequency of 100 kHz or 600 kHz. Using a
f-theta lens with a focal length of 100 mm, the beam was scanned
over the substrate surface by a galvanometer scanner (Scanlab
RTC5, Puchheim, Germany). The NeuroExaminer 2.0 design (by
AutoCAD2015 resulting in dxf-file) was firstly imported into laser
software (MicroMMI from 3D-Micromac) and sliced into multiple
layers of 50 um height for laser processing. Depending on the
specific structure components, tailored laser ablation parameters
were implemented to result in best surface quality and channel
profiles (Table 1).

Ablation was performed according to superimposed sets of
parallel scan lines, which filled areas to be removed. Distance
between parallel lines was set according to appropriate process
(Table 1), starting at 4 um from the design contour edge. For a
complete layer, this procedure was repeated six times with the line
direction rotated by 30° from the previous one. Layer by layer, the
focus of the laser beam was moved 50 um further into the glass
substrate and layers were added until the desired ablation depth was
reached. Microfluidic chambers and channels together with
alignment marks were created (Figure 1A I). In contrast to the
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earlier work, in which two glass substrates were laser patterned,
(Mattern et al., 2020), the orientation of the chips to the wafer
surface was rotated by 90°, so that only one of two substrates had to
be patterned, allowing much better conditions in terms of optical
coupling in and out of light. Light-sheet ports were introduced after
the glass substrate was turned upside down (Figure 1A II).
Through-holes were made in the cover substrate (Borofloat”
33 borosilicate glass plates from Schott, Mainz, Germany, with a
thickness of 0.7 mm) for inlets and outlets. The bottom and 0.7 mm
thick lid wafers of same material were cleaned using ethanol,
solution of H,0, H;PO, hydrofluoric acid and mixture of
distilled water, H,SO, and H,0O, and then thermally bonded at
630°C (Figure 1A TIII) to form a 3D closed and fully transparent
NeuroExaminer 2.0 chip (Figure 1A IV).

Cleaning and thermal bonding procedures have been described
in detail in previous work (Mattern et al., 2020). Deviating from
previous work, after separation into individual chips, some of them
received an additional heat treatment at 760°C for 1 h in the muffle
furnace in order to establish smoother and fully transparent glass
surfaces (Figure 1B) in the microchannels. The etching process
already improved the surface quality, but only with the tempering
fully transparent microstructures are obtained. These surface
treatment steps have earlier been used and resulting surface
roughness was characterized (Erfle et al., 2019).

frontiersin.org
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A Syringe pump:  NeuroExaminer 2.0 Syringe pump:
Qutiet Inlet 3
| N
= 1
—| Syringe pump:
Inlet 1
Fluidic bow! Syringe pump:
Inlet 2

Chip adapter

Detection objective

Left mirror Right mirror

Sample: microfluidic chip
with zebrafish larva

Illumination objective

FIGURE 2

Fluidic and optical set up for light-sheet imaging. (A)
NeuroExaminer 2.0 chip placed in the adapter together with the fluid
bowl and the inlets 1, 2, 3, and outlet that were connected with PTFE
tubes to syringe pumps. The scale bar is 1 cm. (B) Sketch

illustrating the n vivo whole-brain imaging with the combination of
NeuroExaminer 2.0 and Leica DLS 210 microscope. The scale bar
is1lcm.

2.2 Optical simulation

Ray trajectories were simulated using COMSOL Multiphysics”
software to investigate the quality of the light-sheet coupled into the
fish fixator of the NeuroExaminer. The simulations were carried out
for different design variants of fish fixator (3D CAD file by
SolidWorks imported as SLDPRT) to evaluate different designs
and microstructuring methods for the fixator chamber and the
light-sheet ports. Mesh element size was predefined as extremely
fine 0.188 mm and 0.00188 mm as maximum and minimum
element sizes. Refractive index values of 1.5 were selected for
glass and 1.33 for the fluid within the NeuroExaminer and
between the mirrors. Monochromatic rays of light were released
and propagated from hexapolar grids, consisted of 61 grid points,
reaching two mirrors placed on the both sides of microfluidic
channel. Resulting ray trajectories within the microchannel
enabled to analyze and progressively improve geometries.

2.3 Microflow control setup

The flow control was established with four NEMESYS
syringe pumps (CETONI GmbH,
Korbussen, Germany), equipped with 10mL glass syringes

low—pressure  module
(SETonic GmbH, Ilmenau, Germany). The NeuroExaminer
2.0 was placed in a fluid bowl (Supplementary Drawings S1, S2)
with a chip adapter (Supplementary Drawings S3, S4) insert that was
fabricated by 3D printing (using AGILISTA-3200W/3110W,
KEYENCE Deutschland GmbH, Neu-Isenburg, Germany). The
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chip adapter was equipped with fluidic inlets to connect with
tubing connectors (The Lee Company, Westbrook, CT,
United States) and PTFE tubes with inner diameter of 1 mm
(TECHLAB, Braunschweig, Germany) (Figure 2A). The fluid
bowl was built from stainless steel with a glass bottom to be
compatible with the digital light sheet (DLS) microscope (Leica
TCS SP8, Leica microsystems, Wetzlar, Germany). This allowed to
place the water-immersion detection and illumination objectives
and the two mirrors, that guide the light-sheet to the ports of in the
NeuroExaminer 2.0. Microflows in the chip using coloured solutions
and loading/unloading of zebrafish larvae was studied under a digital
(KEYENCE DEUTSCHLAND GmbH,
Neu-Isenburg, Germany).

optical microscope

2.4 Light-sheet microscopy

Imaging was performed on a commercial DLS microscope
(Leica TCS SP8, Leica microsystems, Wetzlar, Germany) using
a x2.5 illumination (NA 0.07) and a Xx10 water-immersion
detection objective (NA 0.3) as described previously (Mattern
et al, 2020). Unique to the Leica TCS SP8, the laser beam
emanates from the illumination objective, with the digital light
sheet formed between two mirrors attached to the detection
objective (Figure 2B). This configuration places both objectives
on the same axis, differing from traditional light sheet setups
where the detection objective is perpendicular to the
illumination objective.

For whole-brain in vivo imaging of zebrafish larvae, 21 optical
planes, spaced 10 pm apart, were captured from both mirrors with
an exposure time of 19.85ms, a light sheet thickness of 10 um
(“extended”) and 2 x 2 binning, resulting in images with a voxel size
of 0.719 um in both x and y direction. The resulting 735 x 735 x
200 um® volume was recorded every 3.48 s (0.29 Hz), and the signals
from both mirrors were merged post-acquisition to enhance image

quality using the LAS X software’s “Fusion-Wavelet” function.

2.5 Computer tomography

For inspection of microfabricated glass chips, precise 3D
measurements were performed on GE’s phoenix nanotom” s (GE
Measurement & Control, Wunstorf, Germany), resulting in
high-resolution computer tomography scans (CT scans). Region
of interest (fish fixator) was narrowed down using copper markers.
The scanning process took less than 60 min, starting with recording
X-ray images (2D radiographs), rotation of the speciment by 360°,
storage of a stack of images and 3D reconstruction of the volume
from the image stack. When operating the X-ray tube with 180 pA
at 60 kV, 1,440 positions were captured with the x20 magnification.

2.6 Evaluation of imaging quality

Image sharpness was assessed by computing the variance of the
horizontal gradient (x—direction) of the images, which was achieved
using a Sobel filter (Pech—Pacheco et al., 2000; Mateos-Pérez et al.,
2012). Perceived sharpness in digital images corresponds to the
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steepness of transitions in intensity. Intensity gradients therefore
provide a quantifiable measure for assessing the level of detail. In a
sharp image, abrupt changes in intensity (high gradients) occur at
the edges of features, leading to a wide range of variance in the rate of
change (Pech-Pacheco et al., 2000; Pertuz et al., 2013). Conversely, a
lower variance suggests a relatively uniform rate of change,
indicative of a blurrier image. In our specific context, we focused
exclusively on the variance of the horizontal gradient. This approach
was chosen to minimize the impact of stripe artefacts, which were
likely caused by light-sheet scattering. Therefore, this method
enabled us to effectively quantify and compare the sharpness of
images derived from larvae embedded in agarose versus those
obtained using different designs of the NeuroExaminer.

The point spread function (PSF) was determined using 200 nm
fluorescent microspheres (Dragon Green (FSDG002); 480 nm
520 nm
Laboratories, Fishers, IN, United States) and following a

(excitation maxima), (emission maxima), Bangs
methodology described in the literature (Cole et al, 2011).
Light-sheet kept

whole-brain in vivo imaging of zebrafish larvae to ensure

imaging conditions were identical to
comparability. Only the exposure time was increased to 100 ms
to visualize the beads and the z-stack interval was set to 0.5 um
between planes to ensure that the shape of the PSF can be
determined accurately along the axial direction (Cole et al,
2011). The PSF of individual microspheres was determined using

the MetroloJ plug-in in Fiji'.

2.7 Zebrafish maintenance

Zebrafish (Danio rerio) were maintained at 28.5°C on a 14-h
light/10 h dark cycle and mated following standard procedures
(Alestrom et al., 2020). Transgenic zebrafish larvae Tg(elavi3:
H2B-GCaMP6s) (Vladimirov et al., 2014) in the crystal (alb™*%
nacre"?"? roy*”*’) (Antinucci and Hindges, 2016) background were
raised in Danieau solution (17.4 mM NaCl, 0.21 mM KCl, 0.18 mM
Ca(NO3)2, 0.12 mM MgSO4, 1.5 mM HEPES, pH 7.0).

3 Results and discussion
3.1 Coupling the light sheet into a glass chip

The formation of undisturbed light sheets within the glass chip is
a necessary condition for proper and good image quality recordings
and was therefore investigated in simulations of four different
concepts for the area of interest-a part of a fish fixator in which
the head of the larva should be positioned-before realizing the
NeuroExaminer 2.0 chip. Micro channels with straight and
orthogonal edge facets (90° against the wafer surface) would
create ideal conditions inside the chip to allow excitation by a
perfectly coupled light sheet (orthogonal injection) on the one
hand,
perpendicular to it by a detection objective lens placed above the

and observation of fluorescence in the direction

1 https://fiji.sc/
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A

—detection objective

‘\\right mirror
\/§
2\

left mirror —

FIGURE 3

Light—sheet ray trajectories coming from two opposing mirrors

and passing through the fish fixator unit. Scale corresponds to time
and shows ray propagation in the time domain. (A) Illumination
conditions assuming an obvious but not feasible fish fixator

shape (B) The illumination conditions in the NeuroExaminer 1.0. (C) In
NeuroExaminer 2.0. Before (D) and after light sheet ports were
introduced. The scale bar is 1 mm throughout.

thin unstructured coverslip closing the chip fixator. However, using
laser ablation of glass this most obvious arrangement as assumed in
Figure 3A was not feasible. Both, the shape and surface quality of the
surfaces created by laser ablation in glass and the internal interfaces
created during thermal bonding have a decisive influence on the
coupling of light into the chip or on recording of emitted
fluorescence that can limit the quality of images. Since the
scanned laser beam was always incident perpendicular to the
surface of the glass substrate, angles of a =90° could not be
generated between the ablation edge faces and the wafer surface.
Instead channel sidewall angles of «a=70° were obtained
reproducibly by laser ablation. The bottom of the cavity created
by laser ablation could be made almost planar and parallel to the
wafer surface, but exhibited a barely avoidable roughness. Figure 3B
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represents geometries that were realized in the NeuroExaminer 1.0,
(Mattern et al., 2020), that was microfabricated by thermal bonding
of two laser ablated glass substrates. In this earlier work the light
sheet was coupled through a perfect outer glass surface, which was
the original surface of the wafer, and a non-perfect inner glass
surface, which had been created as the bottom surface of the cavity
by laser ablation. As both surfaces were parallel to each other, light
sheet establishment was enabled from both sides, and illuminating
beams were exactly superimposed onto each other as shown
in Figure 3B.

The 2.0
NeuroExaminer 1.0 is that the latter was originally designed

major difference of NeuroExaminer to
to optimize the illumination rather than the detection path. For
example, in NeuroExaminer 1.0 the fluorescence was recorded
with the detection lens in the perpendicular direction through
two rather non-ideal glass surfaces. An outer, relatively rough
surface was created during chip singularization by wafer dicing.
An inner surface was formed from two sloped surfaces, each
created as side edges during laser ablation. These not only
showed a certain roughness, but instead of the desired
planarity they were tilted and had the shape of a pointed roof.
Moreover, the bond interface was placed in the beam path of the
detection axis. Although the formation of the light-sheet was
acceptable, the imaging through a glass roof was limiting the
image quality. Hence, single—cell resolution could be obtained
only within about half of the depth of the brain (Mattern
et al., 2020).

The new NeuroExaminer 2.0 in contrast was designed to
decisively improve the emission axis of fluorescence generated in

A Inlet1
Inlet 2

Inlet 3

junction

10.3389/frlct.2024.1346439

the sample by rotating the fabrication orientation by 90°. As a
consequence, the two glass wafers were no longer of equal
thickness and the bond interface was oriented perpendicular
to the direction of imaging and placed neither to interfere
with the coupling of the light-sheet, nor with the light path
for image capturing. With the new system, imaging by the
immersion objective lens was possible through a thin glass
coverslip without any optical scattering derived from laser
processing, ideal
conditions. Only the thicker bottom glass substrate was

thereby providing near to imaging
structured by laser ablation to create channels and chambers.
This concept is presented in Figure 3C, which shows a refraction
of the light sheets on the inner glass faces tilted by 70° as a result
of laser ablation. This led to light-sheets not perfectly
perpendicular to the direction of imaging, which no longer
perfectly superimpose. To overcome this problem and to
avoid coupling of the light-sheet to a surface that was
generated by wafer dicing, light sheet ports were introduced
by laser ablation on both sides of the fish fixator after the bottom
glass substrate was flipped. This led to a situation as presented in
Figure 3D. With these ports the light sheets from both sides of the
fish fixator were not only perfectly horizontal and superimposed,
but could also be brought into the focal plane of the imaging lens.
The light sheet

plane-parallel glass plate of thickness d = 157.5 pm and at an

undergoes refraction, while passing a
angle of a = 70° and y = 90° — a as sketched in Figure 4B. The exit
angle is equal to the entrance angle and the exit cross section is
equal to the entrance cross section of the light sheet. With a

relative refractive index 1, = ngjass = 1521 33, the light
9 nwater

Media/stimulus

Light sheet
access ports

OQutlet

FIGURE 4

(A) Schematic illustration of the NeuroExaminer 2.0 device made of glass for whole—brain in vivo imaging with 45 mm length, a width of 3 mm and
the main channel depth of 0.75 mm. The scale bar is 1 mm. (B) The refraction of light at the parallel-plate side wall of the light sheet port. (C) Cross section
of a fluidic channel at the position of the fish fixator. (D) Perspective view into the fish fixator with zebrafish larva between light sheet ports.
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sheet within the fish fixator is displaced upwards by p given as
Eq. 1

p:d.siny. 1_& (1)
n?, — sin?y

rel

With calibration before each image recording session, a
displacement of p = 7.45um could be easily compensated and had
no negative impact on the imaging process. This concept provided both,
perfect light-sheets and undisturbed fluorescence recording through an
unmodified glass lid, which promised to improve the chip design to
close to ideal imaging conditions in the NeuroExaminer 2.0.

3.2 Design of the NeuroExaminer 2.0 chip

As illustrated in Figure 4A, the NeuroExaminer 2.0 chip consists of
two channels for continuous supply of oxygenated medium (Inlet 1 and
Inlet 2) and an additional central channel for controlled supply of
chemical stimuli and injection of larvae (Inlet 3). On the basis of
measured zebrafish dimensions at 5 dpf, a chamber (fish fixator) was
designed as central part of the chip with both microfluidic channel
structures for capturing and orienting awake zebrafish larvae as well as
tailored optical geometries for light-sheet access. The fish fixator
(Figures 4C, D) was designed to allow a gentle threading of the fish
and to avoid damages to the fragile larval bodies while loading them into
the system. Furthermore, two light sheet access ports, where the
illumination light only needs to pass through thin plane-parallel
glass walls, were symmetrically placed on either side of the fish
fixator to allow undisturbed coupling of the light sheet from both
sides into the zebrafish brain (Figure 4B). Bottom glass wafers included
microfluidic channels, chambers and light sheet access ports. The thin
glass lid (coverslip) closing the channels and chambers had openings
only at inlets and outlets.

For the most gentle but stable immobilisation of zebrafish larvae the
laser ablation process was adjusted to obtain a tailored profile for the
fish fixator unit. Derived from the anatomy of zebrafish larvae, the
design of this unit was divided into three main sections corresponding
to different body parts: tail, yolk and head (Figure 5A). In each of these
sections widths and depths were adjusted to improve larva stabilization.
The tail part received the narrowest and shallowest profile to restrict
trunk movements and thereby reducing larval movements by lack of
forward thrust (Figure 5A I). The yolk part, as it was assigned with the
main task to limit the movements of the larvae, became wider and
deeper to accommodate the zebrafish yolk sac and at the same time to
arrest pectoral fins (Figure 5A II). The head part containing the brain, as
the region of interest, was closely matched to the head dimensions
(Figure 5A TII) to facilitate capture and tight positioning of the larval
head. The cross sections of the fixator unit were also designed to ensure
continuous flow of oxygenated media to keep zebrafish alive and to
allow pharmacological substances to reach the zebrafish head. As with
the light sheet port, the ablation edges of the fixation unit were inclined
at an angle a = 70° to the wafer surface as can be seen in the
topographic measurements shown in Figure 5A.

Figure 5B shows CT scans of the fish fixator after all fabrication
steps of the NeuroExaminer 2.0 had been finished to obtain a closed
chip system. For comparison micrographs of zebrafish in
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dorsal/lateral orientation are also shown. These scans prove that
the system is well adapted to a 5 days old zebrafish larva’s anatomy.

3.3 Loading/unloading and
fixation procedure

The loading of zebrafish larvae into the microchip consisted of steps
illustrated in Figure 6. A single larva was pipetted from a glass dish
(right) to a separate dish (left) (Figure 6A) to briefly anaesthetize it in a
droplet of Tricaine-conditioned medium (Figure 6B). Afterwards, a
Polytetrafluoroethylene (PTFE) tube was disconnected from the syringe
pump tubing connector and with negative flow rate activated in Inlet 3
(see Figure 2A). Using the suction mode, the sedated larva could be
loaded into the tube (Figure 6C) with its tail pointing towards the outlet.
Once the tube was connected to the tubing connector again, a positive
flow rate in Inlet 3 and a negative flow rate in the Outlet were activated
to transport the now awake larva (due to the dilution of Tricaine) into
the microchip (Figure 6D). Using appropriate flow rates (Table 2), the
larva was moved into the system through the main channel (Figure 6E)
and placed inside the fish fixator (Figure 6F). Due to the straight and
narrow design of the main channel, larvae could not change their
orientation and their tails were always pointing towards the outlet
which resulted in correct trapping. Entering of a larva into the system
and placing it inside the fish fixator is presented in Supplementary
Video S1. After immobilization, all syringe pumps were activated with
adjusted flow rates varying from 5 pL/min to 50 pL/min in each channel
to provide the larva with oxygenated media. To release the larva after
the tests, the following procedure was applied: Activation of the negative
flow rate in Inlet 3 and the positive flow rate in the Outlet, allowed for
gentle unloading of the larva out of the micro device and for transferring
the larva through the PTFE tube back into the larva dish. It is
noteworthy that all procedures are non-invasive and do not risk the
survival of the larva therefore allowing for repeated imaging of
specimens if needed/wished for. With the carefully chosen
geometries of the fixation unit and appropriate settings of the
syringe pumps the trapping of zebrafish for long-term experiments
of 1.5 h was possible (Figure 6G; Supplementary Video S2).

Table 2 summarizes the flow rates (QI, . .., Q4) that were found to
be suitable for the loading and unloading procedures and the
immobilization of the larva right after trapping it inside the fish
fixator. To load a zebrafish larva into the device, Inlet 3 was given a
positive flow rate, while the Outlet was set for suction mode (negative
flow rate). While loading, Inlet 1 and Inlet 2 were connected to syringe
pumps, which were not activated. Zebrafish unloading was performed
by negative flow rate in Inlet 3 and positive flow rate in the Outlet. For
immobilization after the loading procedure, all channels were activated
with flow rates that add up to zero. With such gentle fluidic manipulation
and agarose—free immobilization, zebrafish could be placed between two
light sheet ports to expose the brain and allow imaging. For loading and
immobilization no laborious and time-consuming manual manipulation
and orientation of fish larva was needed.

3.4 Imaging quality

The sharpness of images obtained through light-sheet
microscopy is critical for the subsequent analysis of individual
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FIGURE 5

Design of the fish fixator. (A) Shape as obtained by 3D Microscopy. For the three sections: tail (I), yolk () and head () also corresponding cross
sectional line profiles are given, that confirm the side wall angle of 70°. The scale bar is 500 pm. (B) CT cross sections of the fish fixator together with
micrographs (same scale) of zebrafish larvae (5 dpf) in dorsal (left) and lateral (right) orientation the respective orientation. Fluidic chamber is highlighted

with orange dashed line. The scale bar is 1 mm throughout.

neuronal activity. To assess and compare the sharpness of
light-sheet images of zebrafish larvae (Figure 7A), either
embedded in agarose or imaged using different NeuroExaminer
designs, we computed the variance of the image gradient in the
x—direction (see Materials and methods section).

This measure is expected to be higher when more sharp edges are
present in an image, indicating an overall sharper image. It is not an
absolute benchmark for image sharpness, since it depends on the
number of features that have been mapped in an image, but this
approach can be used for comparisons. The gradient analysis for images
recorded at different depths throughout the brains of larval zebrafish
that were either embedded in agarose or obtained with NeuroExaminer
1.0, NeuroExaminer 2.0 or NeuroExaminer 2.0 after additional
annealing at the end of the microfabrication (see Materials and
methods section) is shown in Figure 7B. For the comparison, we
used average values across each plane based on data from three fish
over 100 frames for each design. It shows that the design of the
NeuroExaminer 2.0, especially after annealing, significantly improves
image quality compared to the NeuroExaminer 1.0. This is particularly
noticeable in deeper regions of the brain, which were challenging and
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often appeared blurred in the images obtained with NeuroExaminer 1.0.
The image quality that can be achieved using the NeuroExaminer
2.0 after additional annealing is now comparable to agarose, which we
use as a benchmark for image sharpness that allows for the analysis of
individual neuronal activity throughout the entire brain of
larval zebrafish.

Full width at half maximum (FWHM) values derived from the
point spread function (PSF) analysis of beads either just in agarose
or in agarose within one of the different designs of the
NeuroExaminer are shown in Figure 7C. In agarose (n =
20 beads) mean and standard deviation of the FWHM values
were 1.11 + 0.07um in x, 1.07 £ 0.06 pm in y, and 9.15 *
0.53 um in z. Within the NeuroExaminer 2.0 after annealing (n =
20 beads) FWHM values of 1.12 + 0.09 um, 1.11 + 0.08 um, and
9.73 + 142um for x, y, and z, respectively, were obtained.
Measurements in the NeuroExaminer 2.0 before annealing (n =
20 beads) yielded values of 1.11 + 0.08 pm in X, 1.08 £ 0.09 pm in y,
and 10.02 + 2.18 pum in z. For the NeuroExaminer 1.0 (n = 12 beads)
the FWHM values were notably higher with 1.76 + 0.48, 1.69 + 0.34,
and 10.63 + 3.02 for x, y, and z, respectively (Mattern et al., 2020).
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FIGURE 6

F

Photos illustrating the steps of loading zebrafish larvae into NeuroExaminer 2.0. (A) Transporting a single larva from larva tank (right) to separate glass
ware (left) with a pipette. (B) Anaesthetized zebrafish larva in droplet (visible circles are created by reflections of the light source). (C) Sucking zebrafish
larva in a PTFE tube. (D) Delivering larva through the tube into the fluidic channel using appropriate flow rates. (E) Entry of zebrafish larva in the main
channel of the system. (F) Zebrafish successfully placed in fish fixator. (G) Positioning of zebrafish larva (5 dpf) in the fish fixator. The zebrafish brain is
exposed between the two light sheet ports of the NeuroExaminer 2.0 chip. The scale bar is 500 pm.

TABLE 2 Flow rates in the inlets and the outlet during loading, unloading and immobilization.

Ql: Inlet 1 Q2: Inlet 2 Q3: Inlet 3 Q4: Outlet
Loading — 400 uL/min —400 pL/min
Unloading ‘ — —400 pL/min 400 pL/min
Immobilization ‘ 5 pL/min 5 uL/min 5 pL/min —15 uL/min

While the FWHM values for x and y are almost identical
between agarose and both versions of the NeuroExaminer 2.0,
they are slightly higher in the NeuroExaminer 1.0 In the z
dimension, there is some increase in both the mean and standard
deviation from agarose to NeuroExaminer 2.0 after and before
annealing to the NeuroExaminer 1.0 design. This trend is
consistent with our analysis of calcium imaging quality (Figure 7B).

3.5 Spatiotemporal control of stimulus
application

Figure 8A shows the NeuroExaminer 2.0 in which a stimulus
stream with a variable flow rate was injected at Inlet 3, while Inlets 1 and
2 were fed with the same constant volume flow rate. Both the stimulus
stream (represented by green ink (Pelikan 4001, Hannover, Germany)
colour-coded Danieau solution) and oxygenated media (Danieau
solution) could reach the larva head in a targeted manner and with
an intensity adjustable by the syringe pump for the stimulus supply
(Supplementary Video S3). In all studied cases laminar deterministic
flow was obtained (Reynolds numbers stayed below Re = 1) without
backflows or recognizable intermixing. During the travel from the
media/stimulus junction (see Figure 4A) to the larva head the
interdiffusion range L of molecules will always stay below 0.14 um
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assuming flow velocities between 5 pL/min and 30 pL/min as can be
estimated with the relation L = v/2Df, where D was taken as the
The larva head
experienced a homogeneous exposure to the injected stimulus, hence
chemical stimuli could be applied resulting in a defined intensity of
stimulus exposure.

interdiffusion constant for water molecules.

In another experiment, it was investigated how quickly the position
of the stimulus delivery can be changed. In contrast to the previous
experiment, the stimulus current at Inlet 3 was kept constant and only
Inlet 1 or Inlet 2 was alternately supplied with oxygenated fresh medium
at twice the volume flow rate as at Inlet 3 by programming the syringe
pumps (Supplementary Video S4) to alternately expose the right or left
half of the larva head with coloured Danieau solution (Figure 8B).
Precise spatial control of stimulus application (left/right side of the larval
head) could be demonstrated in this manner.

In order to evaluate also temporal precision of stimulus
application, four regions of interest (ROIs) were analysed
(Figure 8C). Using a movie provided in the (Supplementary
Video S4) measurements of colour intensity values were carried
out in the vicinity of the larva head (ROI 1 and ROI 3) and next to
Inlets 1 and 2 (ROI 2 and ROI 4). Figure 8D shows green colour
intensity changes over time in ROIs 1 to 4. Starting with a
continuous stimulus exposure of the left side of the larva head,
the shift to the right side by control of syringe pumps was first
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FIGURE 7

Evaluation of imaging quality. (A) Maximum intensity projection of light sheet images of 21 optical sections of zebrafish larvae (5 dpf) expressing
nuclear—localized GCaMP6s in the nervous system that where either obtained after embedding in agarose or using one of the three different
NeuroExaminer designs (as indicated). The scale bar in all images represents 100 um. (B) Comparison of image sharpness (measured as the variance of
brightness changes) at different depths throughout the brains of larval zebrafish embedded in agarose (blue), obtained within NeuroExaminer 1.0
(red), NeuroExaminer 2.0 before (green) and after (orange) additional annealing. Lines and shaded areas represent mean and standard deviation,
respectively, of three different fish imaged over a hundred frames for each condition. (C) FWHM values of PSF for x, y, and z obtained in agarose (blue; n =
20 beads), within the NeuroExaminer 2.0 after (orange; n = 20 beads) or before (green; n = 20 beads) annealing and the NeuroExaminer 1.0 (red; n =
12 beads). Bars depict the mean, points the values from individual microspheres.

recognized by steep inversely related intensity changes in ROIs 2 and
4, followed with a short delay by ROIs 1 and 3 where the transition
was slightly slower.

To determine time constants of right/left shifting, it was
assumed that the change followed an exponential decay, which
means that the time constant 7 is equivalent to the time span
after which a decaying signal has dropped to 63.2% (1/e) of the
initial value or an increasing signal has reached 63.2% (1/e) of the
saturation value.

Figure 8E shows the course of green intensity at ROI 1 (ahead
larva head) and ROI 2 (near Inlet 1). For ROI 2 7 was 3 s, while in
ROI 1 the shift came 6 s later and a time constant 7 of 9s was
obtained. The longer time constant is most likely a consequence of a
developing parabolic velocity profile between ROI 1 and ROI 2.

Figure 8F shows the courses of colour changes in ROI 3 and ROI
4 at different volume flow rates. At higher flow rates, even less
delayed and steeper stimuli gradients can be achieved.

In summary, the NeuroExaminer 2.0 device is a reusable all glass
light-sheet microscopy chip for non-invasively monitoring whole
brain activity of Ca**-dynamics at cellular resolution under defined
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microfluidic chemical stimuli. The NeuroExaminer 2.0 will therefore
serve to depict physiological activity of distinct neuronal cells and
populations in a time-resolved manner upon defined stimulation for
powerful circuit analysis.

4 Conclusion

The development of a microfluidic perfusion system that can be
operated in combination with light sheet imaging places much higher
demands on the design, material and microfabrication of the chip
when commercial microscopes are to be used. In particular
restrictions regarding the light sheet coupling via two opposing
and closely spaced mirrors require unique solutions for optical
interrogation windows in the chip. Therefore, a monolithic thin
glass chip was developed which offers substantially improved
conditions for the in and out coupling of light, but poses high
demands on microfabrication compared to relatively easy to
fabricate PDMS microdevices, which are suitable in combination
with tailored custom built light sheet microscopes (Sy et al., 2023).
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Evaluation of the spatial and temporal precision of stimulus application. (A) The targeted application of a stimulus (represented by green coloured
Danieau solution) to expose larva's head at different flow rates through Inlet 3 and with stable Danieau solution flow rates of 10 yL/mininInlet1and 2. The
flow rates in Inlet 3 were varied from 5 pL/min to 30 pL/min. Black arrows indicate increasing stimulus exposure to the larva's head. The scale bar is
100 pm. (B) Stimulus (coloured Danieau solution) exposure of left and right part of larva head by switching Inlet 1 and Inlet 2: Inlet 1 on, Inlet 2 off
(right exposure) and Inlet 1 on, Inlet 2 off (left exposure). The scale bar is 500 pm throughout. (C) Regions of interest used for the analysis of colour
intensities to evaluate temporal precision in the NeuroExaminer 2.0. ROI 1 and ROI 3 represented area ahead larva head, while ROl 2 and ROl 4 included
area near Inlet 1 and 2. The scale bar is 1 mm. (D) Intensity changes over time ROI1 (blue), ROI 2 (orange), ROI 3 (green) and ROI 4 (red). Starting with a
continuous stimulus exposure, six lateral shift were induced by the syringe pumps. (E) Intensity over time in ROI 1 (ahead larva head) and ROI 2 (near Inlet
1and 2) including relative time needed to reach saturation point in particular regions. Lateral shift was carried out using flow rate 10 pyL/minin Inlet 3 and
according to either left or right exposure 20 uL/min in Inlet 1 or 2. (F) Difference in colour distribution between ROI 3 and ROI 4 at low (left) and

subsequentially also at high flow rates.

The NeuroExaminer 2.0 was fabricated from glass by femtosecond laser
ablation and thermal bonding. Compared to the NeuroExaminer 1.0,
(Mattern et al,, 2020), decisive changes have been made in the design
and manufacturing to allow a breakthrough in imaging quality
particular at deeper brain levels, but also throughout the entire
brain. Simulations confirm that two light sheets from opposing
directions perfectly superimpose and precisely define the focal plane
of the imaging lens. This was possible by implementing two light sheet
ports using an appropriate femtosecond laser ablation technique. Also a
second weakness of NeuroExaminer 1.0 was eliminated, which was that
the fluorescent light entered the imaging objective through a glass cover
layer that was not a perfect plane-parallel glass lid. Moreover, highest
optical quality was achieved with very smooth inner surfaces of the chip
achieved with thermal annealing, whereby the system turned into a
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nearly perfectly clear chamber. Furthermore, special attention was given
to the geometries of the fish fixator unit to closely match a zebrafish
larva’s anatomy. A channel profile exactly fitting the larva tail, yolk and
head enabled whole brain in vivo imaging via light sheet microscopy in
awake zebrafish. Loading/unloading of larvae was successfully
demonstrated, which allows to reuse both the inert glass chamber
and the larva repeatedly for iterative studies. The investigation of
targeted stimuli application to different parts of the head was
simulated with coloured solutions. Furthermore, this stimulus in the
NeuroExaminer 2.0 can be focused by quick changes in flow rates either
onto the left or right half of the larva’s head which will offer an
interesting opportunity for investigating odor-evoking responses in the
olfactory system either through the left or right olfactory pit respectively.
The gentle fluidic manipulation and agarose—free immobilization allows
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for monitoring brain activity of zebrafish over longer time scales,
enabling detailed studies that would not be possible using traditional
methods. Because NeuroExaminer 2.0 can be used in the many
laboratories that do not have the capability to develop their own
light sheet microscope or build their own chips, it will be able to
help answer basic research questions on a broad scale in the future, as
well as serve efficient drug testing and development to improve the
treatment of neuropsychiatric disorders such as anxiety, depression and
drug addiction.
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