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The zebrafish embryos were widely employed in genetics, development and drug discovery studies
as miniatured animal models. Sorting of two-color fluorescent embryos is often required in
large-scale experiments but it is challenging to manually sort with high efficiency. Here, we
reported a high-throughput sorting system for two-color fluorescent zebrafish embryos. The
embryos can be automatically loaded from a sample pool and sorted based on the average
fluorescent intensity. The two-color fluorescent signals were split into two lines and detected by
an area array camera. The system achieves the sorting of 100 embryos in less than 10 min with an

accuracy of greater than 95%.
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1. Introduction

The zebrafish is an excellent animal model for
studying human disease, with 80% gene similar to
humans.'™ Due to advantages such as small size,
ease of raising, and regular spawning, zebrafish are
also preferred for large-scale experiments which are
crucial for the morphological and phenotypic char-
acterization.” ! The sorting of different types of

fCorresponding author.

zebrafish embryos is a prerequisite for large-scale
experiments. Currently, the sorting was conducted
manually under a traditional microscope, which is
slow and labor intensive.''? Especially, sorting
two-color fluorescent-labeled embryos is very tricky
because it requires frequent switching of fluorescent
filter wheels back and forth. Therefore, for the ex-
tensive sorting of two-color fluorescent zebrafish
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a high-throughput sorting device is
13-18

embryos,
required.

Flow cytometer is typically used in cell biology
to automatically filter cells at high-throughput
but it cannot be applied to zebrafish embryos with
millimeter size. The Complex Object Parametric
Analyzer and Sorter invented by Union Biome-
trica can screen of miniature model animals with
sizes ranging from 10 ym to 1500 ym. Yaniks de-
veloped a Vertebrate Automated Screening
Technology (VAST) system that enables the au-
tomatic loading, positioning, and rotating of
zebrafish embryos under the commercial confocal
system within 9.6s.”'Y However, for sorting the
zebrafish where imaging is not required, the
VAST system is complicated and slow especially
for  two-color  fluorescent-labeled  zebrafish
embryos.

In this paper, we developed a flow-based two-
color zebrafish embryo sorting system that allows
the automatic loading and sorting of zebrafish
embryos. This system wuses two-line images
obtained by an area array camera to capture the
fluorescent signals of zebrafish embryos flowing
through a capillary. A Gaussian beam passed
through a cylindrical lens to form light sheets as
excitation light to illuminate the sample, reducing
the exposure of light to the living embryos.?’ The
system can sort each embryo within 20s and the
accuracy of the automatic sorting can reach above
95%. It can be upgraded to have additional de-
tection channels to sort three- or four-colored
label embryos.
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2. Materials and Methods

2.1. Schematic diagram of two-color

sorting system

The schematic of the low-based two-color zebrafish
embryos sorting system is shown in Fig. 1. A 488 nm
and 561 nm fiber-coupled laser (Oxxius laser, L4CC-
CSB-1315) was first collimated by objective (illu-
mination objective (I0), Olympus, 10x, NA 0.25,
Japan). Subsequently, the resulting beam was ex-
panded by a scale of 3 with lens group L1 (LA1131-
A, Thorlabs, USA) and L2 (LA1433-A, Thorlabs,
USA). A cylindrical lens CL (GCL110118, Beijing
Daheng Photo-Electric Technology Company,
China) was used to focus the beam to the back focal
plane of the I0/detection objective (DO) (Olym-
pus, 10x, NA 0.25, Japan). As a result, a light sheet
was created at the capillary where the zebrafish
embryos flow. The fluorescence collected by the DO
passed through a long-pass dichroic mirror DM1
and was split into two channels with dichroic mirror
DM2 (DMLP550T, Thorlabs, USA). After being
filtered by the corresponding filters F1 (MF630-69,
Thorlabs, USA) and F2 (MF525-39, Thorlabs,
USA), the split beams were recombined with di-
chroic mirror DM3 (DMLP550T, Thorlabs, USA).
This allowed for the simultaneous capturing of two
channel fluorescence using a single camera (Prime
BSI, Teledyne Photometrics, USA) with lens L3
(LA1708-A, Thorlabs, USA). By adjusting the
angles of the mirrors M1, M2 (BB2-E02-10, Thor-
labs, USA), the emitted light can be focused on
different positions of the camera target surface.

Culture
medium

(b).,

Schematic diagram and real setup of the high-throughput sorting system. (a) Schematic diagram. (b) Real setup. I0: 10x

objective lens, numerical aperture of 0.25. L1-L3: Lens. CL: Cylindrical lens. DM1: Dual-channel dichroic mirror. I0/DO: 10x
objective lens, numerical aperture of 0.25. DM2 and DM3: Dichroic mirrors. F1 and F2: Fluorescence filters. M1 and M2: Mirrors.
Camera: Area array camera. PD1 and PD2: Photoelectric detectors.
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The two-color fluorescence lines were projected
onto the camera with a pixel number of 2048 x 2048
and a pixel size of 6.5 um x 6.5 um. Fluorescence
image of each color covered 2048 x 6 pixels and was
spaced with a spacing of 200 pixels. The exposure
time was set to 10ms to collect sufficient fluores-
cence signal.

A flow system was designed consisting of a
loading and an unloading module. In the loading
module, the embryos were transported by a syringe
pump (SP60-1A, DK Infusetek Co., Ltd., China).
The air pump was applied to prevent zebrafish
embryos from gathering at the bottom of the sample
pool. The embryos were detected as they passed
through the photoelectric detectors (PD1, PD2,
FS-N41N, Japan). The flow direction of embryos
was transformed by the valve 1 and valve 2. In
the unloading module, the embryos were sorted to
the sorting pool by the three-way valve 3-4, 56,
and 7-8.

2.2.

At the beginning of each cycle, valve 1 of the
loading module in Fig. 1 was opened and the air in
the capillary was expelled. The embryos were lightly
anesthetized before sorting. Zebrafish embryos in
the sample pool were extracted by a syringe pump
at a loading speed of 0.167 mL/s (332 mm/s). After
the embryo was detected by a photoelectric detector
(PD1), the syringe pump was changed to push mode
with valve 2 opened and valve 1 closed, making the
embryo flow into the imaging module at a speed of
0.083 mL/s (165 mm/s). After embryo detection by
a photoelectric detector (PD2), the camera was
triggered and the syringe pump was run at a lower
speed of 0.25 uL/s (5 mm/s) to ensure high imaging
quality. We chose a flow speed of about 2mm/s
resulting in 154 lines/mm which is adequate for
sorting. The resulting imaging time ~1s per em-
bryo, given that the length of 4-5 days post-
fertilization (dpf) of zebrafish embryo is ~2.5 mm.
According to the fluorescence signals, zebrafish
embryos were sorted into four classes, namely,
green, red, green/red, and nonlabeled. The sorted
embryos were finally transported to four sorting
pools by switching on valves 3-8. The high-
throughput sorting system continuously repeats
these steps and each cycle takes approximately
within 20s. The entire system is controlled by
software written in Python.

Sorting procedure

2.3. Culture of zebrafish embryos

Wild-type and transgenic zebrafish (flila:EGFP,
gatala:DsRed) were used in all the experiments.
One to two pairs of parent fish were placed in each
box. The room light was set to a light and night/
dark cycle of 14:10h, to stimulate the zebrafish to
lay eggs. The next morning, the septum was taken
away and the inner baffle in the box was obliquely
laid. This was primarily used to prevent the parent
fish from eating the eggs. After waiting for 20 min,
the female fish produced eggs and the eggs were
collected in a culture dish. The zebrafish embryos
were incubated at 28°C. The sundries and unfer-
tilized embryos in the culture dish was suctioned by
a dropper, to avoid causing the death of other em-
bryos. After 24 h, configured 1 x N-phenylthiourea
was added to inhibit the generation of embryo
pigment.

The zebrafish preparation processes were carried
out in accordance with the Guide for the National
Institutes of Health guide for the care and use of
laboratory animals (NIH Publications No. 8023,
revised 1978), and were approved by the animal
ethics committee of Suzhou Institute of Biomedical
Engineering and Technology, CAS.

3. Results and Discussion

3.1. System calibration with fluorescent

spheres

To validate the length of the light sheet, we cap-
tured images of the green and red fluorescent-
labeled spheres. The diluted fluorescent spheres
were evenly coated on the cover slip and were
captured by our system. Figure 2(a) shows an image
of the green fluorescent-labeled sphere. The inner
diameter of the capillary used was 0.8 mm and the
light sheet completely covered the capillary. Fig-
ure 2(d) shows the gray value distribution of the
straight line in Fig. 2(a). The 488 nm channel was
about 130 pm thick. Figure 2(b) shows an image of
the red fluorescent-labeled sphere. Figure 2(e)
shows the gray value distribution of the straight line
in Fig. 2(b). The full width at half maximum was
40 pixels. The 561 nm channel was 260 ym thick.
Figure 2(c) shows an image of fluorescent spheres
collected simultaneously by the two channels. Fig-
ure 2(f) shows the gray value distribution of the
straight line in Fig. 2(c).
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Images of the fluorescent spheres captured by the two-color sorting system. (a) Image with green fluorescent spheres. Scale

(f)

bar: 1.5 mm. (b) Image with red fluorescent spheres. (c) Imaging with both green and red fluorescent spheres. (d)—(f) Corresponding

intensity profiles along the lines in (a)—(c).

3.2. Two-color detections of zebrafish
embryos

The flow-based two-color zebrafish sorting system
enables the detection of the two-color fluorescent-
labeled zebrafish embryos flowing through the cap-
illary, as shown in Fig. 3. The brighter part of
Fig. 3(a) with large gray values is the yolk sac of
embryo, which has weak auto-fluorescence. The
right part of Fig. 3(a) is the gray value distribution.
Figure 3(b) shows an embryo with only green fluo-
rescence marking its blood vessels. Here, the 488 nm
channels have strong green fluorescent signals. In
contrast, Fig. 3(c) shows an embryo with only red
fluorescence. Strong fluorescence appeared at the
561 channels. Figure 3(d) shows an image of embryo
simultaneously marked with two colors. Both
488 nm and 561 nm channels detected strong fluo-
rescence, as expected. So, it is inferred that the gray
values of the images with fluorescent marks are
much larger than those without fluorescent marks,
allowing us to sort zebrafish embryos according to
the average value or standard deviation.

3.3.

In the previous section, the fluorescence intensity
distributions of the four fishes were shown. To

Determining the sorting threshold

determine the sorting threshold, a large number of
zebrafish embryo images were collected by our sys-
tem, and their mean and standard deviation were
calculated. Figure 4 shows the average intensity and
standard deviation of the zebrafish embryo images.
As shown in Fig. 4(a), the average intensity of some
embryos was 0 or close to 0 and the most of them
was gather at 0.01-0.10. In Fig. 4(b), the average
intensity of the wild-type embryos was 0 or close to
0, because the yolk sac of zebrafish can fluoresce
spontaneously. Figures 4(c)-4(d) clearly shows dif-
ference in the distribution of the standard deviation
between the fluorescent-labeled and the wild-type
embryos. The standard deviation reflects the dis-
persion of a set of data from its average. The stan-
dard deviation of the fluorescent-labeled embryos
was larger than the wild-type embryos. For the red
fluorescent-labeled zebrafish embryo, the sorting
threshold of average intensity was set to 0.002 or
the sorting threshold of standard deviation was set
to 0.05.

Figures 5(a)-5(b) shows the average intensity of
the zebrafish embryo images with green fluorescent
markers. The average fluorescence intensity of the
embryos labeled with green fluorescence is larger
than wild type. Figures 5(c)-5(d) shows the stan-
dard deviation distribution of the embryos. The
standard deviation of the embryos with fluorescence
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Four different zebrafish embryo images captured using the two-color sorting system. (a) A wild-type zebrafish embryo

(4dpf) and its gray value distribution. Scale bar: 4mm. (b) A zebrafish embryo with green fluorescent-labeled blood vessels. (c) A
zebrafish embryo with red fluorescent-labeled blood cells. (d) A zebrafish embryo showing green and red fluorescent signals.

signals was generally higher than those without. For
the green fluorescent-labeled zebrafish embryos, the
sorting threshold of average intensity was set to
0.002 or the sorting threshold of standard deviation
was set to 0.015.

3.4. Sorting mixed embryos

Our flow-based two-color zebrafish embryo sorting
system is suitable for zebrafish embryos at 3—7 dpf.
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Fig. 4.

Using our system, 80 embryos with two-color
fluorescent markers, 84 embryos with red fluores-
cent markers, 82 embryos with green fluorescent
markers, and 68 embryos without fluorescent
markers were sorted according to fluorescence in-
tensity. Figure 6 shows the number of correct and
wrong sorting. At the end of sorting, the sorting
results was observed by the stereoscope to obtain
the accuracy of the sorting results. For the mixed

embryos, our system can successfully sort
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(b)

The average intensity and standard deviation of the zebrafish embryo images with red fluorescent-labeled blood cells.

(a) Average intensity distribution of the zebrafish embryos. (b) Histogram of the average fluorescence intensity of the embryos.
(c) Standard deviation distribution of the zebrafish embryos. (d) Histogram of the standard deviation of the embryos.
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zebrafish embryos with fluorescent markers with  They were possibly slightly injured during
an accuracy higher than 95%. All 100 embryos  the sorting but could be not observed right away.

survived after passing through our sorting system.  The injury could be caused by the water flow or
However, five embryos of them died after 48h.  rubbing when passing the three-way valves. In the
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Fig. 5. The average intensity and standard deviation of the images of zebrafish embryos with green fluorescent-labeled blood
vessels. (a) Average intensity distribution of the zebrafish embryos. (b) Histogram of the average intensity. (c) Standard deviation
distribution of the embryos. (d) Histogram of the standard deviation.
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Fig. 6. Sorting accuracy of two-color-labeled zebrafish
embryos.

future, we constitute to optimize the fluidics to
improve the embryos’ viability.

4. Conclusions

We developed a high-throughput sorting system for
two-color fluorescence-labeled zebrafish embryos,
which automatically loads and sorts the embryos.
This system uses two-line imaging of an area array
camera to capture the fluorescent signals of zebra-
fish embryos flowing through a capillary. The ac-
curacy of the automatic sorting system was higher
than 95%. Each embryo can be sorted within 20s.
With the listed optical, fluidical, and mechanical
parts in the methods section, the sorting system can
be easily built by most labs with instrumentation
background. For labs focused on zebrafish research
and application, there will be challenges on the
optical alignment and control software. So in the
future, we will continue to integrate the system into
an easy-to-use, efficient and low-cost instrument
for biological application. Our system has two de-
tection channels, which can sort four classes,
namely, green, red, green/red, and nonlabeled. In
the future, the system can be upgraded to have
additional detection channels to sort three- or four-
colored label embryos.
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