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Abstract: Shrimp farming is widespread in Indonesia, and the risk of mass mortality due to
disease outbreaks remains a significant concern. Recent research aimed at developing disease-
resistant shrimp through genome editing has made remarkable progress. Additionally, the need
for techniques that can efficiently isolate gene-edited cells is increasing. Currently, conventional
cell sorters cannot be applied to millimeter-scale cells, such as egg cells; as a result, most isolation
operations are still manual. To address this issue, we developed a millifluidics-based sorting
system that selectively isolates only the fluorescently stained target cells from a population of
large-sized cells. The sorting employs computer-based image processing, achieving high-purity
sorting at a rate of 1.6 cells/s. This study aimed to improve the sorting rate while maintaining
high purity by integrating the existing cell detection method with analog electronic fluorescence
detection. As a result, a sorting rate of 2.85 cells/s was achieved even under non-optimized
conditions, representing ~ 1.8-fold increase in the sorting rate compared with that in a previous
study. Because the cell detection speed is expected to be >10 times faster than previously
described methods under optimized conditions, a sorting rate of >10 cells/s can be achieved
in the future by further improving the detection circuit. This result represents a crucial step
toward the practical implementation of high-speed and precision sorting technology for large
cells.

Keywords: Analog electronic circuit; Cell sorter; Fluorescence detection; Large-cell sorting;
Real-time signal detection

1. Introduction

In recent years, a rapidly growing demand has been observed for technologies that can
efficiently isolate millimeter-scale spherical objects. Examples include fish eggs, cell aggregates
(spheroids), and organoids, which have been appropriately isolated based on their morphological
characteristics, fluorescent markers, or functional properties (Napitupulu et al., 2025;Azwani
et al., 2025; Park et al., 2025; Pragiwaksana et al., 2024; Yousafzai and Hammer, 2023; Lu
et al., 2023; Shen et al., 2021; Nie et al., 2021; Nurhayati et al., 2021; Sibuea et al., 2020;
Sivaramakrishnan et al., 2020; Han et al., 2020; He et al., 2020; Liao et al., 2020). Such isolation
is critical to various applications, including developmental biology, regenerative medicine, and
drug screening (Liu et al., 2025; Nguyen et al., 2024; Lyu et al., 2020). The evaluation of genetic
modifications and drug responses requires the efficient selection and isolation of target samples
from large populations (Raffaele et al., 2025; Li et al., 2024; Chen et al., 2024; Cotta et al.,
2024; Vo et al., 2024; Nitta et al., 2020; Isozaki et al., 2020).

However, high-speed and precision isolation technologies for large-sized cells are still being
developed. In practice, genome-edited cell selection and isolation are still largely manual, with
many inefficient steps that rely on the experience and visual-based judgment of the researcher.
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Several automated isolation systems that utilize image processing have also been introduced, but
the sequence of steps—imaging, image processing, target identification, and isolation—inevitably
introduces temporal delays (Williams et al., 2025; Gao et al., 2025; Dinca et al., 2025; Zhang
et al., 2024; Hanninen, 2024; Qiang et al., 2024; Jones et al., 2023; Capek et al., 2023; Naderi
et al., 2021; Saito et al., 2021). A microfluidic-based sorting system for millimeter-scale cells
has been recently reported. This method employs deep learning to determine whether each cell
is a target or not, achieving a detection speed of ~10.6 ms/cell. However, the sorting process
relies on robotic pipette manipulation, requiring ~ 3s/cell (Diouf et al., 2024).

We previously developed a microfluidic-based sorter for large cells that captures cell im-
ages with a camera and determines if they are fluorescently stained through computer-based
image processing (Fukada et al., 2021). In this system, sorting is achieved by switching the
flow path immediately after detecting a target cell, thereby significantly increasing the sorting
rate compared with manual or automated pipette-based isolation methods, with a maximum
sorting rate of ~1.6 cells/s. Although our approach improved the sorting rate compared with
the previous one, it remains insufficient for applications requiring high-speed and/or real-time
processing. Furthermore, accelerating image processing requires GPUs with high processing per-
formance and complex algorithms, thereby increasing the overall cost and power consumption.
This study aimed to address these challenges by introducing an optical detection technique that
does not rely on image processing and by developing a novel, efficient, and rapid sorting system
applicable to millimeter-sized spherical objects. Specifically, we employed a method in which
changes in light transmission, are instantly identified by an analog circuit as a fluorescently
stained or unstained cell passes through the detection area of a millifluidic channel, enabling
real-time signal processing and sorting decisions. This approach helps avoid the delays associ-
ated with image processing while achieving high-speed large-cell sorting at low cost and with
low power consumption. The proposed method achieved a sorting performance that markedly
exceeded the previous rate of ~1.6 cells/s, and it holds promise for the high-throughput process-
ing of genome-edited large cells and spheroids. Additionally, it is expected to serve as a simple
bio-experimental tool for educational settings and resource-limited environments. In this study,
we focus on the development and performance evaluation of a real-time cell detection system
based on an analog electronic circuit to verify its accuracy in detecting fluorescently stained
millimeter-scale cells.

2. Materials and Methods
2.1 Sorting System

The previously developed large-cell sorting system consists of a millifluidic device with four
channels: cell flow, cross-flow, sorting, and discard; a custom-designed cell dispenser connected
to a syringe pump (YPS-202; YMC Co., Ltd., Kyoto, Japan), which introduces cells into the
main flow path (cell flow channel) at regular intervals; a compressor-pressurized reservoir; a
solenoid valve (VDW22JA; SMC Corporation, Tokyo, Japan); and an optical system connected
to a computer for cell detection (Figure 1). This system identified the fluorescently stained
target cells via image processing just before they reached the millifluidic device junction. The
computer opened the solenoid valve when a target cell reached the junction, momentarily pres-
surizing the cross-flow channel to divert the stained cell into the sorting channel (Figure 2a).
In contrast, unstained cells passed through the junction and were discarded (Figure 2b). Cells
were introduced into the system using a syringe pump, and the sorting process was visually
monitored using a microscope (LW-820T; WRAYMER Inc., Osaka, Japan).

This study adopted a method that instantly detects optical signals by employing an analog
electronic circuit, without relying on a camera or image processing, to reduce delays in fluores-
cence detection and improve the sorting rate. Cells were introduced into the system using the
same method as in our previously designed setup. Cell fluorescence was detected by a photo-
sensor; the resulting changes in current triggered the solenoid valve, opening it instantaneously
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(Figure 2c). This approach is expected to significantly shorten the overall processing time from
cell detection to sorting, thereby enhancing the sorting rate.

(b) (c)
Figure 1 (a) Schematic and (b) photograph of the image processing-based large-cell sorting
system developed in our previous study (c¢) Photograph of the millifluidic device

2.2 Cell preparation

In the experiment, we used easily obtainable flying fish eggs (diameter: 1.5-2.0 mm) as
millimeter-scale spherical objects. Eggs were immersed in a 25 uM calcein solution (excitation:
495 nm; emission: 515 nm) for over 24 h to produce fluorescently stained cells (Figure 3).

2.3 The millifluidic device

The millifluidic device was fabricated using soft lithography techniques. The mold was
designed with the 3D modeling software Blender and fabricated with an SLA-type 3D printer
(Form 3; Formlabs, MA, USA) (Figure 4a). A mixture of a polydimethylsiloxane prepolymer
(KE-106; Shin-Etsu Chemical, Tokyo, Japan) and curing agent (CAT-RG; Shin-Etsu Chemical)
at 10:1 (w/w) was poured into the mold and cured on a hot plate at 60°C for 3 h. The PDMS
was cut and demolded after curing. Subsequently, the PDMS and glass substrate were exposed
to deep UV light (172 nm) for 3 min for surface activation. Then, they were bonded to each
other by heating at 60°C for 30 min. Finally, the tubing and flow channel were attached with
adhesive to complete the millifluidic device (Figure 4b). The dimensions of the channel through
which cells pass are 6 mm in height, 4 mm in width, and 10 c¢m in straight length.
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(c)

Figure 2 Images of (a) a target and (b) a non-target cell flowing near the millifluidic device
junction. Each image is a composite of snapshots captured at 25 ms intervals. The dashed
lines indicate the channel walls. (c) Schematic of the proposed cell sorting system using an

analog electronic fluorescence detection method

Figure 3 A snapshot of the stained and unstained cells

2.4 Analog electronic fluorescence detection

The optical detection circuit was constructed on a breadboard and comprised resistors, a
CdS cell (photosensor), and transistors (Figure 5a). The resistance of the CdS cell changes with
the intensity of the incident light, thereby converting optical signals into electrical signals. The
transistors are active components that control and amplify the current. They were configured
in a Darlington connection, where multiple transistors are connected in series to achieve a high
current gain. This configuration enables the detection of weak fluorescence signals by producing
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a large output current even with a low input signal (Figure 5b). The symbols used in Figure
5b are listed in Table 1. We detected fluorescence by irradiating the stained and unstained cells
with an LED light source equipped with an excitation filter (469 + 17.5 nm). The emitted
fluorescence passed through a dichroic mirror, which reflected and transmitted light in the
452-490 and 505-800 nm ranges. It was then passed through an emission filter (525 + 19.5 nm)
before reaching the CdS cell.

(a) (b)
Figure 4 Photographs of (a) the mold and (b) the millifluidic device

(a) (b)

Figure 5 (a) Photograph of the optical detection circuit and (b) corresponding circuit diagram

Table 1 Description of the circuit diagram symbols used

Symbol Component
R1 Resistor (10 k€2)
R2 Resistor (2 )
Cds CdS cell
Q1 NPN transistor
Q2 Darlington transistor
SV SV

2.5 Experiments

First, we examined the CdS cell response in a static setup, in which the cells were placed
on a glass plate, 1 mm thick, to evaluate whether the developed optical detection circuit could
distinguish between the stained and unstained cells. It was positioned above the CdS cell,
and the current flowing to the solenoid valve was measured under irradiation with excitation
wavelength light while examining three sample types: none, a single unstained cell, and a single
stained cell placed on the glass plate (Figure 6a).
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Next, we investigated whether the circuit could distinguish stained and unstained cells
flowing through the millifluidic channel (Figure 6b). Five stained cells were introduced into the
fabricated millifluidic device using a syringe pump (flow rate: 50 mL/min) at regular intervals,
and alterations in current were measured as the cells passed through the detection area. Then,
we evaluated whether the changes in current observed during the passage of stained cells are
sufficient to control the solenoid valve.

(a) (b)
Figure 6 (a) Schematic and photograph of cell fluorescence detection in the static setup. (b)
Schematic of fluorescence detection emitted by cells flowing through the millifluidic device

3. Results and Discussion

When only a glass plate was placed above the CdS cell and excitation light was applied,
the measured current ranged from ~1 to 5 mA. However, when placed on the glass plate, the
current increased to 15-20 mA for an unstained cell and to 62-66 mA for a stained cell. These
results indicate that the fluorescence emitted by stationary cells can be detected as the current
increases (Figure 7a).

The temporal changes in the current when the stained cells flowed through the millifluidic
device are shown in Figure 7b. Sharp current spikes were observed when each of the five stained
cells passed through the detection area. This finding indicates that the developed electronic
circuit can detect cells flowing through the channel at a rate of ~2.85 cells/s without any delay.
This observation confirms that the system can be applied to continuous cell detection and can
sort cells at a rate of 0.35 s/cell, which is an order of magnitude faster than the previously
reported rate of 3 s/cell, thereby representing a marked improvement in real-time performance.
However, the use of flowing cells reduced the peak current values by ~5 mA compared to when
the stained cells were placed on a glass plate. The threshold current of 60 mA required to open
the solenoid valve was exceeded in only three of the five events. We identified two possible causes
for the reduction in the peak current with the use of flowing cells. The first is the attenuation of
the fluorescence signal by the buffer, in which the flowing cells were suspended and the stationary
cells were placed in air. The second is the flow speed of the cells. A comparison of the peak
current values and the corresponding cell flow speeds revealed that when the flow speed exceeded
~30 mm/s, the current did not reach the threshold required to activate the solenoid valve (Fig.
7d). These findings indicate that improving both the sensitivity of the optical detection circuit
and controlling the cell flow speed are essential considerations for future work.
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(©) (d)

Figure 7 (a) Current values observed under static conditions. (b) Temporal change in the
current when stained cells flowed through the millifluidic device. The dashed lines indicate the
threshold current required to open the valve. (c) Flow speed of the cells at the times at which

the current peaks are observed (Figure 8b). The Roman numerals correspond to the peak
numbers labelled in Figure 8b. (d) Relationship between the observed peak current values and
the corresponding cell flow speeds. The dashed line indicates the threshold current required to

open the valve

4. Conclusions

In this study, the cell detection rate was successfully increased from 1.6 to 2.85 cells/s by
replacing the conventional image processing-based detection method with an analog electronic
fluorescence-based detection approach. However, the electronic circuit’s fluorescence detection
speed was not fully optimized, with considerable room for further improvement. The integration
of this detection system into the sorting system developed in our previous study is yet to be
accomplished. In future work, we aim to achieve high-speed sorting of large cells by advancing
the electronic circuit, such as replacing the photosensor with a faster-response alternative, and
post-implementation validation of its performance into the sorting system.
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