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Abstract

This paper proposes a microfluidic chip for on-site radiation risk evaluation using
immunofluorescence staining for the DNA double-strand break (DSB) marker,
phosphorylated histone H2AX (y-H2AX). The proposed microfluidic chip separates
lymphocytes, the cells of the DNA DSB evaluation target, from whole blood based on
their size and traps them in the trap structure. The subsequent DNA DSB evaluation, y-
H2AX assay can be performed on a chip, which saves space and simplifies the
complicated operation of assay, which conventionally requires a large experimental space.
Therefore, this chip will enable the biological effect evaluation of radiation exposure to
be completed on-site. Bead experiments with samples containing 10 um and 27 pm
diameter beads showed that the proposed chip introduced the sample into the flow channel
only by centrifugal force and passively separate the two types of beads by the structure
in the flow channel. In addition, bead experiments showed that isolated 10 pm diameter
beads were trapped in more than 95 % of the 1,000 Lymphocyte trap structures (LTS).
The feasibility of the proposed method for on-site radiation risk evaluation was
demonstrated through cell-based experiments which performing the y-H2AX assay in
human lymphoblastoid, TK6 cells. Experiment shows that LTSs on flow channel are

capable of trapping TK6 cells, and y-H2AX foci which are marker of DNA DSBs are
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observed in TK6 cells on chip. Thus, the results suggest that the proposed microfluidic
chip simplifies y-H2AX assay protocol and provide a novel method to perform the assay

on-site, which conventionally impracticable.

1 Introduction

There are concerns about the effects of radiation on the human body in nuclear
accidents, nuclear and radiological terrorist attacks, work in space, and medical diagnoses
using radiation such as computed tomography (CT). Evaluating and managing the risk of
radiation exposure to human health is an important issue in such an environment where
there is a risk of radiation exposure [1][2][3]. When an unexpected radiation incident
occurs that increases the likelihood of mass individual exposure, there are two
populations of patients: those who are truly exposed to radiation, injured or ill, and those
who have minimal or no exposure but complain of psychological distress, referred to as
anxious patients [1]. In such a situation, it is necessary to assess patients exposed to high
levels of radiation that require proper medical care by dose triage so that medical
institutions can take appropriate action without confusion. To distinguish patients that
need medical care from a large number of anxious patients, rapid dose evaluation at the
time of transport is important. In the event of a large number of exposed patients, high-
throughput dose evaluation techniques are desirable for performing a large number of
tests at one time, however, high-throughput equipment is often expensive and large,
making it unsuitable for on-site inspections, and a compact and simple on-site dose
evaluation method is currently required. Furthermore, in these days, space exploration is
growing and concerns about radiation exposure of occupational and commercial
astronauts are also growing. In space, the effects of high-energy cosmic radiation on
living organisms are greater than on the ground, which is covered by the atmosphere and
magnetic field [4]. Longer stays in space associated with lunar and Mars exploration will
require periodic evaluation of radiation exposure[2]. In such isolated environment as
space and the area of radiation incident, since there is no lab facility, portable automated
dose evaluation methods are needed. For these reasons, radiation exposure evaluation

methods that can be used in emergencies and / or isolated environment have been
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investigated, but methods for rapid and accurate analysis of large numbers of patients
have not yet been established[1][5].

In performing triage, there is the concept of biological dosimetry as a method to
measure the direct effects of radiation exposure, and there are various methods to estimate
radiation dose by measuring biological effects such as DNA and chromosome changes
caused by radiation exposure. Among them, the dicentric chromosome assay (DCA) was
established in the 1960s and has been used to this day, and has been adopted by the
International Organization for Standardization (ISO) [6][7] and the International Atomic
Energy Agency (IAEA) [8]. Although due to its high analysis accuracy DCA is
recognized as the gold standard, this method is not suitable for dose estimation in
situations of large-scale exposure requiring rapid biological evaluation or in space, where
there is no sufficient experimental environment, because it takes time to estimate doses
after isolating lymphocyte cells in peripheral blood and culturing them for 2 days before
analysis, and requires a researcher skilled to count DCAs for the analysis.

On the other hand, radiation induced DNA double-strand break (DSB) detection using
phosphorylated histone H2AX (y-H2AX) is recognized as a rapid and sensitive biological
dosimetry method [9]. y-H2AX assay is sensitive enough to detect radiation exposure of
1.2 mGy [10][11] and its results can be acquired in less than 24hrs. However, a series of
operations such as sample pretreatment, immunostaining, and analytical work require
cumbersome operations and a large experimental space. Especially, method of
lymphocytes separation from peripheral blood for y-H2AX assay is complicated process.
A study that fully automated a series of tasks to improve throughput achieved processing
of 3,000 samples per day, but required a lot of equipment and large experimental space
for automation[12]. In addition, studies using flow cytometers to miniaturize
experimental systems have achieved palm-sized instruments, but have not been able to
achieve simplicity throughout the process because sample preparation such as
lymphocyte separation and immunostaining must be done separately[13]. Brenner et al. has
reported a high-throughput system using imaging flowcytometry (IFC) has succeeded in
creating a relatively compact system, but because it uses existing IFC techniques, the
amount of blood used for analysis cannot be reduced to a single drop, making it unsuitable

for onsite [14][15]. Thus, it is still difficult at present to perform a series of y-H2AX
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assays conveniently on-site[16][17] [18] and a novel method to enable on-site y-H2AX
assays are needed.

To solve these problems, we focused on microfluidic chip. Research and development
of microfluidic chips called MicroTAS (Micro Total Analysis System) and Lab on a chip
have been actively carried out for the purpose of evaluation by simple on-site operation.
Microfluidic chips integrate various functions such as sensors, microfluidic channels,
valves, and chambers, and have many advantages such as miniaturization of the
experimental system, saving the amount of reagents, and shortening the reaction time.
Among them, a number of research results on the isolation of specific cells from complex
cell populations for  bio-medical applications have been  reported
[19][20][21]]22][23][24][25][26]. To realize the on-site y-H2AX assay, simplifying the
method of lymphocytes separation from peripheral blood is crucial.

Although there are various methods of blood cell separation such as using antibody,
this study focused on a microfilter, which is one of the most classic methods to separate
cells based on size and flexibility [27][28]. The microfilter structure that we designed is
using the 2 to 5 um of size difference between the lymphocytes and granulocytes targeted
in this study and the other blood cells (monocytes, erythrocytes, and platelets).

In addition, simplification and automation of testing are also important to realize on-
site assays. Especially in the case of exposure due to an unexpected accident, it is not easy
to estimate the exposure area, and when the affected area is identified, rapid onsite testing
must be performed in the absence of researchers.

Microfluidic chips that use centrifugal force as the driving force of the fluid, especially
those called Lab on a Compact Disc (CD), have the advantage of simplifying, automating
and parallelizing the operation compared to general microfluidic chips that use a syringe
pump as the driving force of the fluid [29][30]. There are also previous studies that have
succeeded in miniaturizing devices by using centrifugation, and there are also previous
studies in the area of cell separation that have separated specific cells by combining them
with magnetic force [31][32]. On the other hand, target cells of previous studies flow
through to the outlet and are densely grouped in one outlet, while flow path and
microfilter structure in this study are designed to separate target cell and align them for

final immunofluorescence staining and focus counting. This eliminates the overlapping
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of cells, making the observed image clearer, and also aims to determine the position of
cells for performing image analysis efficient with the aim of automating the analysis in
the future.

By applying Lab on a chip and Lab on a CD techniques to the y-H2AX assay
technology, this study aims to apply the y-H2AX assay to on-site radiation exposure
evaluations in areas where radiation accidents occur, space stations, and radiological
medical facilities. The proposed microfluidic chip uses centrifugal force as the driving
force of the fluid to separate and trap lymphocytes from whole blood based on their size
using microstructures (Fig. 1a). In addition, the subsequent y-H2AX assay can be realized
on the same chip, which saves space and simplifies the operation of the y-H2AX assay,
which requires a large experimental space and complicated operations. In this way, the
biological effects of radiation exposure can be evaluated, which completes the on-chip
sample preparation onsite before the fluorescence observation. Specifically, experiments
were conducted with bead and cell samples to evaluate the cell separation and trapping
performance of the fabricated microfluid chips and the introduction of cells into the flow
channel by centrifugal force. In addition, the introduction of the reagent into the flow
channel was evaluated for assay operations that require multiple reagent changes. Finally,
the validity of the proposed method was evaluated on the fabricated chips, ranging from

cell manipulation to y-H2AX assay.

2 Materials and methods
2.1 Trapping Lymphocytes for y-H2AX assay

Whole blood contains various blood cells of different sizes and at different
concentrations, as shown in Table 1. To perform the y-H2AX assay for radiation risk
evaluation, it is necessary to isolate lymphocytes for analysis from the blood, and
monocytes and other blood cells are unnecessary because they interfere with the analysis.
Therefore, in this study, we propose a microfluidic chip to trap and isolate lymphocytes
from whole blood based on the size of blood cells and perform analysis on the chip. For
simplicity of operation and automation in the future, the centrifugal force generated by

the rotation of the chip is used to introduce blood cells and drug solutions into the flow
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channel.

The schematic of the proposed chip is shown in Fig. 1a and the dimensions of the entire
chip and each structure are shown in Figs. 1b, 1c and 1d. The proposed chip has an inlet
and outlet, and there is a flow channel in between them (Figlb). On the flow channel,
there are two types of structures. One is the Lymphocyte trap structure (LTS) that isolates
target lymphocytes and the other is the Monocyte trap structure (MTS) that isolates
monocytes from the blood. Each trap structure is placed along the flow from inlet to outlet
as shown in Fig. 1b to efficiently isolate lymphocytes from the blood. As shown in Fig.
Ic and 1d, both MTS and LTS are designed with the same concept, they are cup-shaped
structures with openings, exit, at the bottom. In the flow channel, since the entrance
diameter of the structure is longer than exit, target blood cells are trapped by following
the path line through the entrance to exit of the trap structure. Once a target cell is trapped,
the exit of the structure is blocked, resulting in a single cell being trapped in the structure.
Thus, the target cell of each trap structure is trapped and isolated from rest of the blood
component and blood cells with smaller size. As mentioned above, both MTS and LTS
are specifically designed to match the dimensions of the target blood cells. Fig. 1¢ shows
the MTS, which was designed to trap only monocytes with a diameter of 20~30 pm with
an entrance diameter of 30 um, an exit diameter of 18 um to allow most of non-monocytes
to pass through, and a structural height of 80 um to allow multiple monocytes to be
trapped in single structure. Fig. 1d shows the LTS, which has an entrance diameter of 18

um, an exit diameter of 9 um, and a structural height of 20 um, which is 5 pm higher than

the diameter of the lymphocyte to prevent the lymphocyte from clogging the flow channel.

Besides, due to the difference in height between the MTS and LTS structures, the
monocytes that were not trapped by the MTS are isolated at the boundary of the flow
channel in front of the LTS. Red blood cells and platelets, which are smaller in diameter
than white blood cells, pass through the MTS and LTS and are discharged to the outlet.
Through the process above, once the single drop of blood dropped into the inlet, proposed
chip separate and align the lymphocyte on LTS. Fig. le and 1f schematically illustrate the
monocyte isolation and trapping lymphocyte described above from the top and cross-

section of the chip.
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White blood cell

[%]

Cell type Erythrocyte Platelet
Monocyte Lymphocyte |  Eosinophil Neutrophil Basophils
- e DN & Q| e | -
N””[‘cb;{”‘;lf] cell | 200~700 | 1500~3000 100 3000~5000 ~70 Bx10° | 1.5x105~4x10°
Size [um] 20~30 10~15 13~17 12~15 10~15 7~8 2~4
White blood cell 35 20~40 25 50~70 -
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Fig. 1 Principle of lymphocyte isolation. (a) Schematic of the lymphocyte isolation
chip. There are two types of structures in a single channel: the MTS on the upstream
side of the channel for the isolation of monocytes, which are large cells, and the LTS
on the downstream side of the channel for the isolation of lymphocytes, which are target
cells. (b) Design of the lymphocyte isolation chip. (c) Schematic of a MTS. 500 MTSs
are arranged on the upstream side of the channel. The unit is a micrometer. (d)
Schematic of a LTS. 1003 LTSs are arranged on the downstream side of the flow
channel. The unit is a micrometer. € Top view of lymphocyte isolation in the
microchannel. Green circles represent monocytes, yellow circles represent target
lymphocytes and granulocytes of comparable size to lymphocytes, and red circles

represent erythrocytes and platelets. The number of blood cells in the figure does not
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imitate the whole blood. (f) Cross-sectional view of lymphocyte isolation in the

microchannel.
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2.2 Device fabrication

The proposed chip was fabricated by soft lithography using a photoresist mold prepared
by photolithography [33]. First, a 200 nm film of Cr was deposited on a glass substrate
using a sputtering device (E-200S, Canon Anelva Corp., Japan), and a two-dimensional
pattern of the LTS is transferred by the conventional photolithography. Then, a 20 um
thick film of negative photoresist SU-8 (3005, Nippon Kayaku Co., Ltd., Japan) was
deposited on the Cr pattern using a spray coater (DC110, Nanotec Corp., Japan), and
LTSs were fabricated by UV exposure from the backside of the glass substrate. Next, an
80 um thick film of the SU-8 3005 was deposited on LTSs using the spray coater, and
MTSs were fabricated by UV exposure from the top side of the glass substrate through a
photomask aligned with the flow channel of the cell trap structure. Polydimethylsiloxane
(PDMS, SILPOT 184, Dow Corning Toray Co., Ltd., Japan) chips were transferred by
molding process using the photoresist molds obtained by the above process and bonded
to a glass substrate by oxygen plasma using a reactive ion etching system (ES401, Nippon
Scientific Co., Ltd., Japan) [34]. Figure 2 shows scanning electron microscopy (SEM,
JCM-5700LV, JEOL Ltd., Japan) images of the PDMS chip before the bonding. MTSs
made on the second layer are in upstream of the flow, and LTSs made on the first layer

in downstream.
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24 Fig.2 SEM images of the fabricated chip. The lower image shows the entire chip, the
26 upper left is an enlarged version of the MTSs, and the upper right is an enlarged version
28 of the LTSs. Since monocytes are not a target of radiation exposure evaluation, the
MTS structure has a relatively large aspect ratio so that multiple monocytes are trapped
31 in the vertical direction of the structure. The LTS has a structural height as same as the

33 tageted lymphocyte to trap single cell.
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2.3 Sample preparation

Experiments evaluating trapping and isolation performance of trapping structures were
performed using microbeads. The basic characteristics of the chip were evaluated by
using microbeads with a uniform particle size as a substitute for the cells, and the
practicality of the chip was evaluated by subsequent cell experiments. In the bead
experiments, fluorescent bead suspension simulating blood was prepared by mixing two
types of beads: beads with a particle size of 10 um (G1000, Thermo Scientific, USA),
corresponding to the target lymphocytes and granulocytes of similar size to lymphocytes,
and beads with a particle size of 27 pm (35-5, Thermo Scientific, USA), corresponding
to monocytes, which are large cells. To simulate the concentration of leukocytes in whole
blood, the concentration of 10 pm beads was adjusted to 5 x 103 cells/ul assuming
lymphocytes and granulocytes, and the concentration of 27 um beads was adjusted to 3 x
10% cells/pl assuming monocytes. Experiments evaluating cell trapping performance
and vy -H2AX assay were performed using cells. In the cell experiment, the cell sample
was prepared with cultured human-derived lymphoblastoid (TK6 cells). TK6 cells were
cultured in RPMI-1640 (R8658, Sigma-Aldrich, USA) containing 10 % fetal bovine
serum (FBS, S1820-500, BioWest, France) at 37°C, CO, 5%, and humidity over 90 % in
an incubator (SCA-165DS, ASTEC, Japan). The cells were incubated in T-25 Flask
(90025, Techno Plastic Products, Switzerland) for 4~5 days and passaged when they
reached confluence. At the time of passaging, 8 ml of RPMI-1640 medium containing
10 % FBS warmed to 37°C was dispensed in advance into a new T-25 Flask, and 2 ml of
TK6 cell suspension was re-seeded into it. The concentration of the cell sample was
adjusted to approximately 5.0 x 103 cells/ul as the combined number of lymphocytes and
granulocytes in human whole blood. TK6 cell samples were irradiated with 0.5 Gy, of X-

rays to induce DNA damage (OM-B205, OHMIiC, Japan).

2.4 Experimental procedure
The fabricated chips were degassed in a vacuum chamber to remove air bubbles in the
flow channel. The flow channel was filled with pure water by dropping 5 pl of pure water

into the inlet and outlet respectively to facilitate cleaning and introduction of the next
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drop of drug solution into the flow channel [35]. Drop 10 pul of the bead sample into the
inlet and leave the chip in place for 5 min. Then, the chip was centrifuged for 30 s at an
arbitrary rotation speed of 1000~3000 rpm using a tabletop centrifuge shown in Fig. 3a.
The trapped beads were observed using an inverted microscope (IX-71, Olympus Corp.
Japan) and a CCD camera (DP72, Olympus Corp. Japan). From the images obtained, the
LTSs that trapped one or more beads were counted to determine the trapping efficiency.
The trapping efficiency was calculated by dividing the number of LTSs that trapped beads
of 10 pum diameter by the total number of LTSs. A larger trapping efficiency represents a
higher percentage of structures trapping the target cell in the chip. The cell experiments
were performed in the same way as the bead experiments described above, except that
the chemical solution introduced as priming water was phosphate-buffered saline (PBS,

T900, Takara Bio Inc., Japan).

2.5 Liquid replacement

The y-H2AX assay to evaluate the biological effects of radiation exposure requires
multiple injections of the chemical solution. The chip requires a liquid replacement
operation that eliminates the chemical solution occupying the flow channel at each step
and fills the flow channel with a new chemical solution. Therefore, the replacement
performance of the chemical solution was evaluated using the liquid level difference
between the inlet and outlet and the centrifugal force when the chip was rotated. We
experimented under the three conditions: the standing only condition, the combined
standing and centrifugal condition, and the combined multiple drops, standing and
centrifugal conditions.

The fabricated chips were degassed in a vacuum chamber to remove air bubbles ©n
the flow channel. The channel was filled with pure water by dropping 5 pul of pure water
into the inlet and outlet. Assuming this state to be the initial state at time t = 0 min when
the channel is filled with a certain chemical solution, we acquired fluorescence images of
the channel. After that, any remaining pure water in the inlet and outlet was removed with
a pipette. In the staining process of cells, since multiple drops of chemicals are dropped
continuously, the chemicals accumulated in the inlets and outlets need to be removed each

time. We dropped 10 pl of 0.5 mM uranine solution into the inlet and 5 pl into the outlet,
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respectively, and acquired fluorescence images in the channel at times t = 2, 5, and 10
min elapsed from the time the uranine solution was dropped. In the experiment under
combined standing and centrifugal conditions, the chips were centrifuged at 1000 rpm for
30 s using the tabletop centrifuge after dropping the uranine solution using the same
procedure as in the experiment under the standing only condition. The time when the
chips were centrifuged was included in the time of liquid replacement, and the
fluorescence images in the channel were acquired at the same elapsed time as in the
standing only condition. In the experiment under combined multiple drops and standing
and centrifugal conditions, images at time t =2 min are acquired using the same procedure
as in the experiment under combined standing and centrifugal conditions. Then, the
remaining chemical solution in the inlet and outlet was removed with a pipette, and again
10 pl of uranine solution was dropped into the inlet and 5 pl into the outlet. After that, the
second centrifugation of the chips was performed under the same centrifugal conditions
as the first, and images were acquired at time t = 5 and 10 min. After the fluorescence
images were acquired, and the fluorescence intensity in the flow channel was acquired by

using the image analysis software Imagel.

2.6 y-H2AX assay

The fabricated chips were degassed in a vacuum chamber to remove air bubbles in the
flow channel. PBS was dropped into inlet and outlet. Thus, the flow channel was filled
with PBS. Specifically, the chips were placed in a vacuum chamber (5305-0609, Thermo
Scientific, USA), the air pressure in the chamber was reduced to -72 kPa using a vacuum
pump (WP6210060, Gadner Denver, USA) connected to the chamber, and the chips were
degassed at least 30 min under reduced pressure. Then, 10 ul of TK6 cell suspension was
dropped into the inlet and the chips were centrifuged at 1000 rpm of rotation for 30 s
using the tabletop centrifuge. The above cell suspension drops and centrifuge operations
were repeated three times. To clean the flow channel, 10 pl of PBS was dropped into the
inlet and the chips were centrifuged at 1000 rpm for 30 s using the tabletop centrifuge.
Cells were fixed by dropping 2% PFA (paraformaldehyde) (163-20145, Wako, Japan)
into the inlets and leaving the chips at room temperature for 20 min. After trapping the

cells, to clean the flow channel, 10 pl of PBS was dropped into the inlet and the chips
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were centrifuged at 1000 rpm of rotation for 30 s using the tabletop centrifuge. To perform
blocking, 5% BSA (Bovine serum albumin, A7184, Sigma-Aldrich, USA) / PBS was
dropped into the inlet and allowed to react at room temperature for 1 hour.  After
blocking, 10 ul of PBS was dropped into the inlet to clean the channel. Then, 20 pl of
anti— y-H2AX antibody solution (Alexa Flour® 488 anti-H2A.X Phospho (Ser139))
(613405, BioLegend, USA) diluted 200-fold dropped into the inlet, and the chips were
centrifuged at 1000 rpm for 30 s using the tabletop centrifuge. The chips were left at room
temperature for 2 hours and allowed to react with antigen-antibodies. To clean the flow
channel, 10 pl of PBS was dropped into the inlet and the chips were centrifuged at 1000
rpm for 30 s using the tabletop centrifuge. This cleaning was repeated three times. Then,
30 ul of DAPI (4’,6-diamidino-2-phenylindole) staining solution (H-1200, Vector
Laboratories, USA) was dropped into the inlet. Finally, the sealing solution was dropped

into the inlets and outlets and the inlets and outlets were sealed with a cover glass.
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3 Results and discussion
3.1 Microbeads trapping experiment

To evaluate the cell isolation and trapping performance of the structure, experiments
were performed on bead suspension simulating blood. The fluorescence images are
shown in Fig. 3b. The number of beads was counted from the acquired images and a graph
was created. Graphs for beads of 27 um diameter and 10 um diameter are shown in Fig.
3c and Fig. 3d, respectively.

The fluorescence image in Fig. 3b shows that the beads are isolated by two types of
structures, indicating that the beads with a diameter of 10 um are trapped in the LTS on
the downstream side of the flow channel. Fig. 3d shows that the trapping efficiency was
more than 95 % regardless of the rotation speed of the chip. The y-H2AX assay requires
at least 200 lymphocytes to evaluate the biological effects of radiation exposure to prevent
data variability from affecting the evaluation. In this experiment, both lymphocytes and
granulocytes were simulated with beads with a diameter of 10 pm. Therefore, considering
that the ratio of lymphocytes to granulocytes in the blood is approximately 3:7, the
number of lymphocytes obtained is approximately 950x0.3=285, which meets the target
of 200.

Of the samples dropped into the inlet, only a small amount is introduced into the flow
channel by centrifugation of the chip for 30 s, and many of the samples remain in the inlet
after centrifugation. Since the centrifugal force increases with the rotation speed of the
chip, the amount of sample introduced into the flow channel is also expected to increase.
Fig. 3¢ shows the trapping efficiency of beads with a diameter of 27 um trapped in the
MTS when the rotation speed of the chip is changed, and the number of beads trapped in
MTSs with a diameter of 27 um increases with the rotation speed. It is assumed that the
increase of the chip rotation speed also increased the number of beads introduced into the
flow channel. However, the LTS on the downstream side of the flow channel was almost
saturated with a trapping efficiency of more than 95 % at 1000 rpm of chip rotation, so
no significant difference in the trapping efficiency was obtained even at higher rotational
speeds. Fig. 3c shows that the number of 27 pm beads trapped in each line of MTS. Most
of the 27 um beads were trapped in the first 20 lines of MTS. There is no significant

Page 16 of 29



Page 17 of 29 Analyst

difference in the number of trapped beads between the rotation speed.

oNOYTULT D WN =

Considering the average number of trapped monocytes in the first 10 line is 7.4 and
? 200— 700 monocytes are contained in 1 pl, it is estimated that 28— 95 lines (280— 950
11 MTSs) of MTS is sufficient to isolate most of monocyte in 1 pl of blood. Since the chip
13 manufactured in this study has 500 MTSs in the flow path, it needs to be considered to
increase the number of MTSs to isolate most of monocytes in 1 pl of blood.

16 This experiment showed that the centrifugal force generated by the rotation of the chip
18 could introduce the cells into the flow channel. The results of the bead traps of the
20 designed MTS and LTS showed that it is possible to passively isolate two different sizes
of particles by structure. Furthermore, the designed LTS was found to have a shape

23 suitable for trapping floating beads of similar size to lymphocytes.
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Fig. 3  Fluorescence observation images of the fluorescent bead separation trap
experiment. (a) Photograph of the experimental system. The chip was fixed to a
tabletop centrifuge with a jig. The sample or chemical solution was dropped into the
inlet at the center of the chip to introduce into the flow channel by centrifugation. (b)
Fluorescence observation image after centrifugation of the chip. The lower image
shows the entire chip, the upper left image is an enlarged part of the MTS area, and the
upper right image is an enlarged part of the LTS area. This figure was obtained from
an experiment performed at a chip rotation speed of 1000 rpm. (c) The graph shows the
distribution of beads with a diameter of 27 um in the flow channel. The horizontal axis
of the graph is the line order of MTSs from the inlet and the vertical axis is the number
of MTSs trapping beads with a diameter of 27 um (N=3). (d) The graph shows the
relationship between the rotational speed of the chip and the trapping efficiency of
beads with a diameter of 10 um. The trapping efficiency is the percentage of LTS
trapping beads with a diameter of 10 um for 1000 LTSs (N=3).
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3.2 Cell trapping experiment

Next, we evaluated cell separation and trapping performance of LTS using TK6 cells to
simulate peripheral blood lymphocytes. The bright-field images are shown in Fig. 4a, and
the experimental results analyzed from the obtained images are shown in Fig. 4b. The
horizontal axis in Fig. 4b is the rotation speed of the chip and the vertical axis is the
trapping rate of TK6 cells.

The bright-field image in Fig. 4a shows that the cells transported into the flow channel

by centrifugal force are trapped in the LTS on the downstream side of the flow channel.
This indicates that centrifugal force can be used to transfer cells to the flow channel and
trap cells in the structure, similar to the bead experiments.
Although the trapping efficiency in this experiment was lower than the results of the bead
experiment, Fig. 4b shows that a trapping efficiency of around 70 % was obtained
regardless of the rotation speed of the chip, and considering that the ratio of lymphocytes
to granulocytes (3:7), the number of lymphocytes obtained is approximately 700 x 0.3 =
210, which also meets the target of 200 as in the bead experiment. The reason for the low
trapping efficiency of cell-based experiment compared to the bead experiment might be
the flexibility of the cell. Considering the size of lymphocytes is about 9 to 12 um in
diameter, it is expected that most of lymphocytes can be trapped even at the exit width of
9 um of the LTS. However, since lymphocytes are flexible enough to pass through
capillaries of about 4 pm depending on the pressure, it is inferred that some of the
lymphocytes passed through the 9 um LTS exit and resulted low trapping efficiency [36].
In contrast, Polystyrene, the material of beads, is generally classified as a rigid plastic and
has little flexibility, thus, bead experiment resulted in a higher trapping efficiency even
with a 9 um exit width [37].

In addition, in Fig. 4b, the variation of the experimental results increases as the rotation
speed of the chip increases. The results of the experiment showed that average trapping
efficiency in 2000 rpm is highest and in 3000 rpm, trapping efficiency decreased. With
the increase of rotation speed, the splashing of the chemical from the inlet and the splitting
of the chemical in the flow channel due to high centrifugal force is observed. We
speculate that these factors contributed to the large variation in the trapping efficiency at

the high rotation speed of the chip.
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The cell trapping experiments showed that centrifugal force can be used to introduce
cells into the flow channel and trap the cells in the LTS. We also consider that by
designing the structure with consideration for the deformation of the cells, we can

approach the high trapping efficiency in cell experiments as in bead experiments.

(a) b R PR e (0)

80

Trapping efficiency [%]

- : . = 0 1000 2000 3000
Inlet MTS Boundary LTS Outlet Rotation speed [rpm]

Fig. 4 Cell trapping experiment. (a) Bright field observation image of the chip after
centrifugation. The lower image shows the entire chip, the upper left image is an
enlarged part of the MTS area, and the upper right image is an enlarged part of the LTS
area. This figure was obtained from an experiment performed at a chip rotation speed
of 1000 rpm. (b) The graph shows the relationship between the rotation speed of the
chip and the trapping efficiency of TK6 cells. The trapping efficiency is defined in the

same way of the bead experiment (N=3).

3.3 Demonstration of liquid replacement using centrifugal force

In order to perform the y-H2AX assay by introducing reagents into the captured cells,
it is necessary to introduce and exchange fluids in the channel. To evaluate the
effectiveness of centrifugation for fluid exchange in the channel, we compared the
efficiency of fluid exchange under hydrostatic pressure (standing only condition) with
that under combined centrifugation and hydrostatic pressure (standing and centrifugal
conditions).

As an example of the experimental results, the fluorescence images obtained under the
standing only condition are shown in Fig. 5a. The fluorescence intensity at each time was

acquired at 0.2 and 2.7 mm along the x-axis in the bright-field images shown in Fig. 5a,
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and the average of the two locations was used as the fluorescence intensity at that time.
Finally, the fluorescence intensity at each time was divided by the value of the
fluorescence intensity in the channel of 0.5 mM uranine solution before introducing and
the graph shown in Fig. 5b was prepared. In the figure, the black circle is for the standing
only condition, the red circle is for the combined standing and centrifugal condition, and
the blue square is for the combined multiple drops, standing and centrifugal conditions.
From the results of the standing only condition, fluorescence intensity in the channel
1s increasing with time and it suggests that it is possible to introduce the chemical solution
by the difference of hydrostatic pressure between inlet and outlet under the gravity
condition (Fig. 5b). The increasing rate of fluorescence intensity in the time between 0 to
2 minutes after drop is significantly higher under the standing and centrifugal condition
combined compared to the standing only condition, and Fluorescence intensity under the
standing only condition never reached 0.4 throughout the experiment while the standing
and centrifugal condition reached 0.9 in 2 minutes (Fig. 5b). Therefore, the centrifugation
of the chip is effective for the introduction and exchange of chemical solutions. In
addition, as shown in the red and blue plots at t =2 min in Fig. 5b, a single introduction
of the chemical solution resulted in a concentration of approximately 90 % of the
reference solution, and we estimate that the number of times of introduction in each

process is sufficient for 1 to 2 times.

(a)| _ Bright-field image (b)
0.0 0.2 ¥2.7 mm - 10 —
—
S 0.8f /
&
8 06+ * Standing only
- S 4 Standing and centrifugation
0.5 mM uranine 204 = Standing, centrifugation
g and multiple drops
=
4 z 02
0 2 4 6 8 10
Time after drop [min]

Fig. 5 Results of drug introduction experiment. (a) Observation image of drug
introduction experiment. The image inside the black line is an observation image under
the standing only condition, the upper left image is a brightfield observation before the

experiment started, and the other images are fluorescence observations taken from the
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start of the experiment over time. The lower right image is a graph of the observed
fluorescence of 0.5 mM uranine solution, which was used as a reference for the
experiment. (b) The graph shows the time course of the loading of the chemical
solution, which is the fluorescence intensities of the uranine solution. Fluorescence
intensities were obtained from the observed fluorescence images in the experiment

using ImageJ, an image analysis software.

3.4 y-H2AX assay

All operations were performed on the proposed chip, from the drop and introduction
of cell suspension into the flow channel to the y-H2AX assay. The TK6 cell samples were
irradiated with 0.5 Gy X-ray to induce DNA double-strand breaks (DSBs).

The fluorescence images of LTS on the chip are shown in Fig. 6. Figs. 6a, b and ¢ show
the same part of the LTS on the same chip, and Figs. 6a’, b’ and ¢’ are enlarged images
of the same part. The liquid flow in the channel was generated from left to right in the
image.

As shown in Fig.6a and 6”', blue fluorescence objects are observed in a regular pattern
that similar to arrays of LTS. Therefore, Fig.6a and 6’' showed that LTS is capable of
trapping and lining up lymphocyte.

Green fluorescence foci are observed in Fig.6b and 6b’. Although fluorescent
antibodies specifically bind to y-H2AX, occasionally they bind to non-specific protein.
Since y-H2AX is the histone protein and it located in nuclei, to clarify green foci are
specific binding, merging y-H2AX-image(green) with nucleus-image (red) is efficient
(To enhance the contrast of two images we turned blue nucleus-image to red using
imagel).

As shown in Figs. 6¢ and 6”', green fluorescence foci are observed on the red circle
indicating that green fluorescent foci in this image is y-H2AX foci.

Hence, these results suggest that it is possible to perform the entire process from cell
isolation to y-H2AX assay on the proposed PDMS chip using centrifuge procedure. Since
this experiment was conducted using only one type of cell, we plan to evaluate the
performance of the proposed chip by using peripheral blood with multiple blood cells of

different sizes.
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2% Fig. 6 Results of y-H2AX assay of TK6 cells in experiments using the proposed chip.
(a) Blue is the DAPI-stained cell nucleus. (b) Green is the fluorescence of the antibody
29 bound to the DNA double-strand break marker y-H2AX, indicating the site of DNA
31 damage. (c¢) Merged fluorescent images of the cell nucleus and the site of damage. Red
is the nucleus of the cell. Yellow is the DNA double-strand break site. Each image with
34 a dash is an enlarged image within a white square in an unmarked image. The image

36 shows that the staining process of cells trapped in the LTS can be performed in the

41 4 Conclusions

43 To apply the y-H2AX assay to on-site biological effects evaluation of radiation
45 exposure, we developed a microfluidic chip to save space and simplify the operation of
the y-H2AX assay, which conventionally requires a complicated experimental system and
48 operation.

50 In bead experiments, the centrifugal force on the rotating chip introduced beads into
the flow channel, passively isolate particles by structure, and trap them into the structure.
53 The trapping efficiency for the number of structures exceeded 95 %, indicating that the
55 trapping efficiency is sufficient for the evaluation of the biological effects of radiation
57 exposure. In cell experiments, the centrifugal force introduced cells into the flow channel

and trap them into the structure. The trapping efficiency of TK6 cells was around 70 %
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and it also reached more than 200 cells, which indicates that the chip is usable for trapping
enough cells to perform y-H2AX assay. On the other hand, using cell sample decreased
trapping efficiency due to the flexibility of the cells. To improve the trapping efficiency,
the opening width of LTS would be narrowed to prevent cells from passing through. In a
liquid replacement experiment, the channel was filled with 90% of the concentration of
the inflowed chemical solution at once. Finally, we demonstrated ty-H2AX assay on the
proposed chip by performing the entire process from the introduction of cell suspension
to evaluate the DNA damage in the channel.

In addition, the microfluidic chip developed in this study enables the y-H2AX assay to
obtain the results in a shorter time than the assay using the conventional method.
Conventionally, the process of separating lymphocytes, which are the target of analysis,
takes about three hours, depending on the skill of the person conducting the experiment.
In contrast, using the microfluidic chip, the time required for blood separation can be
reduced to 30 seconds, 1/360 of the time required by the conventional method.

Moreover, the microfluidic chip reduces the amount of blood used for the y-H2AX
assay. Conventional y-H2AX assays require 5 to 7 ml of blood, but using our method, 1
to 5 ul of blood is sufficient for analysis. These time savings and reduced blood volume
are beneficial in the triage of accidentally exposed individuals who may unexpectedly
require on-site y-H2AX assays.

On the other hand, as for the accuracy of analysis, as shown in Fig. 6, the observation
of y-H2AX focus is possible, although it is thought that there is no significant difference
in the accuracy of analysis, further validation is needed with the development of
microfluidic chips optimized for cell samples.

These results suggest that the microfluidic chip developed in this study propose one
novel method that allows y-H2AX assays to be performed on-site. For future research, y-
H2AX assay against peripheral blood lymphocyte on the chip and establishment of LTS
designs for with higher trapping efficiency will be needed. Furthermore, on-site y-H2AX
assay will be realized by developing an analysis device equipped with a unit that
automatically drops reagents onto the current microfluidic chip and a unit that takes

fluorescent images.
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