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Immunofluorescence (IF) is a common method used in cell biology. The conventional protocol for IF
staining is time and labor-intensive, operator dependent and reagent-consuming. Magnetic Bead (MB)-
based microdevices are frequently utilized in cellular assays, but integration of simple and efficient
mixing with downstream multi-step manipulation of MBs for automatic IF staining is still challenging. We
herein present a portable, inexpensive and integratable device for MB-based automatic IF staining. First,
a front-end cell capture step is performed using a 3D-mixing module, which is built upon a novel
mechanism named ec-2MagRotors and generates periodically changing 3D magnetic fields. A 5-fold
enhancement of cell capture efficiency was attained even with a low bead-to-cell concentration ratio
(5 : 1), when conducting magnetic 3D mixing. Second, a 1D-moving module is employed downstream to
automatically manipulate MB—cell complexes for IF staining. Further, a simplified protocol for staining of
v-H2AX, a biomarker widely used in evaluation of cell radiation damage, is presented for proof-of-
principle study of the magnetic device. Using UVC-irradiated CD4" cells as samples, our device achieved
fully automatic y-H2AX staining within 40 minutes at room temperature and showed a linear dose—
response relationship. The developed portable magnetic device is automatic, efficient, cost-effective and

rsc.li/rsc-advances

Introduction

Immunofluorescence (IF) is a highly sensitive and specific
method that has been widely used in cell biology to study
differential expression, localization and distribution of proteins
at the tissue, cellular, and subcellular level.*? It has been
regarded as a routine technique in basic biomedical research
and an effective approach for biomarker diagnostics.*® The
nucleosomal histone protein H2AX is specifically phosphory-
lated (y-H2AX) adjacent to DNA double-strand breaks (DSBs)
and is used for quantifying DSBs.” Many chemotherapies and
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simple-to-use, holding great potential for applications in different IF assays.

ionizing radiation (IR) used in cancer treatment result in DSBs.
Therefore, y-H2AX has significant potential as a biomarker in
evaluating patient sensitivity and responsiveness to IR and
chemotherapy.®® Peripheral Blood Monocytic Cell (PBMCs)
analysis is, by far, the method most widely used to examine vy-
H2AX, mainly due to the easy sampling of venous blood from
patients.’ Generally, the blood sample-based intracellular IF
assay involves isolation, fixation and permeabilization of target
cells for antibody accessibility, blocking, and staining with
fluorophore-conjugated  antibodies before examination.
However, macroscale methods to isolate and staining cells of
interest require long, laborious, and expensive procedures that
typically result in difficulties in point-of-care (POC) IF assays,
which require automatic and rapid IF staining.'*"**
Microfluidics (lab on a chip) is a science and technology
characterized by manipulation of fluids in a micrometer-scale
space.”>'* Microfluidic technology has shown promising
potentials to overcome limitations of macroscale IF staining
protocol, most remarkably by miniaturization and integration
of operational units,"”*® thus enabling portability, automaticity,
rapidness and low cost.”*® A lot of studies related to micro-
fluidic IF staining have been reported,”** demonstrating the
feasibilities of automatic and rapid IF assays. Super-
paramagnetic microparticles (known as magnetic beads, MBs)
are widely used in biochemical assays for decades, owing to
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their high surface-to-volume ratio, surface tunability and easy
control by means of external magnetic fields.”>*® The versatility
in sizes, magnetic properties and surface functionalizations, as
well as commercial availability of MBs have been promoting
their use in lab-on-a-chip devices,* thus lowering complexity in
chip design and fluid control (free of pump and valve), and
improving flexibility and automation of the assays.”**”
Researches on MB-based on-chip IF staining have shown the
possibilities of magnetic POC IF assays.'"**>*

As for MB-based on-chip IF staining, a front-end MBs mixing
step allows efficient capture of target cells,® which is deter-
mined by the extent of interactions between MBs and cells.
These kind of interactions are not controlled by diffusion
because of the large size of cells.** Therefore, the collisions and
binding events in the stop-flow chip strongly depend on the
movement of MBs.*® However, ensembles of MBs are known to
aggregate into reversible concentration of beads in a confined
space due to the action of an external magnetic field.*® The
multi-particle clustering reduces the accessibility of the bio-
recognition molecules on the surface of MBs and thereby
decreases the extent of interactions between MBs and cells,
resulting in insufficient capture of target cells. In this circum-
stance, some approaches to conduct mixing of MBs and cells
off-chip®®**** or on-chip using additional sophisticated instru-
ments have been performed,” which significantly lower the
integration and automation of the assays; while a few methods
to control and mix MBs on-chip using relatively complex actu-
ators and specific mechanisms have been proposed to enhance
the interactions between MBs and cells.**?* Alternatively,
a rather high bead-to-cell concentration ratio (5.4 x 10> : 1) was
used under the application of a 1D-moving magnet to get
a proper cell capture efficiency (68 + 4%),"* which would inev-
itably increase the consumption of expensive functionalized
MBs, thus the cost of tests.

While magnetic microdevices have been implemented in
quite a few applications,*>*® their mixing and handling of MBs
on-chip is normally either not optimal with aggregation of the
MBs under regular magnetic fields, or requires rather complex
magnetic actuators. The ability to integrate simple, highly effi-
cient and flexible on-chip mixing with downstream multi-step
manipulation of MBs for automatic cell capture and IF stain-
ing will enable the development of inexpensive micro total
analysis systems (u-TAS) for POC IF assays, which has rarely
been completely achieved.

We have previously demonstrated rapid detection of IF
stained y-H2AX in CD4' T lymphocytes (CD4" cells) on
a microfluidic cytometer, but the cultured CD4" cells were
intracellularly stained using time-, labor-, and reagent-intensive
in-tube protocol."* In order to automate and speed up the IF
staining of y-H2AX to obtain rapid and accurate detection of y-
H2AX level to assess the radiation damage, we herein introduce
a portable, cost-effective and integratable magnetic device to
perform on-chip efficient cell capture and automatic intracel-
lular IF staining. Key features include: a novel mechanism of
on-chip magnetic 3D mixing (ec-2MagRotors) for on-chip thor-
ough mixing of MBs and cells, a portable magnetic device for
automatic multi-step manipulation of MB-cell complexes, and

29312 | RSC Adv,, 2020, 10, 29311-29319

View Article Online

Paper

a simplified protocol for IF staining of y-H2AX in CD4" cells. We
simulated the generation of a periodically changing 3D
magnetic field based on the mechanism of ec-2MagRotors and
characterized the 3D mixing-based capture efficiency of CD4"
cells. As proof-of-principle analysis, we conducted on-chip CD4"
cell capture and IF staining of y-H2AX in UVC-irradiated CD4"
cells automatically and obtained similar linearity for radiation
dose-response relationship in contrast to that of in-tube
staining protocol. We believe that the 3D mixing-based
portable magnetic device has the potential to be beneficial for
automatic and rapid IF staining in many applications and
enabling further integration with detection modules to estab-
lish pu-TAS for POC IF assays.

Materials and methods
Fluidic chip design and fabrication

The IF-staining fluidic chip (76.2 mm x 25.4 mm in size)
contains a channel with six large elliptical chambers (9 mm X
5.4 mm for major and minor axes, respectively) and five small
isolation chambers (7.4 mm x 2 mm for major and minor axes,
respectively) between neighboring large chambers (Fig. 1A). The
large chambers are used for storage of sample/reagent to
perform cell capture and downstream multi-step IF staining.
The small chambers are designed to fill the isolation medium
(such as mineral oil) to separate different reagents during the
traverses of MB-cell complexes. The disposable chip is
composed of three layers, i.e. the cover plate with injection ports
(0.8 mm in diameter), the channel plate with chambers and the
bottom plate without any structures (Fig. 1B), having the
thickness of 1 mm, 2 mm and 0.5 mm, respectively. To
assemble the three layers, poly(methyl methacrylate) (PMMA)
and double-sided adhesive film (Adhesives Research, Inc., Glen
Rock, PA) were cut using a CO,-laser cutter (YoungChip, Inc.,
China). Two layers of double-sided adhesive films between
PMMA layers were cut with the same design as the middle
channel plate. After alignment and assembly, the chip was
firmly bonded by using an air press to obtain a uniform seal.

Portable magnetic device construction

To automate MB-based IF staining on-chip, a portable magnetic
device which consists of a 3D-mixing module and a 1D-moving
module (Fig. 2), was developed. The 3D-mixing module is used

Reaction
Cover plate
Capture

chamber Channel plate

Bottom plate

Isolation
chambers

Fig. 1 The IF staining fluidic chip: (A) picture showing the structures,
which contains a channel with one capture chamber, five reaction
chambers, and five smaller isolation chambers between neighboring
reaction chambers; (B) three layers of thermoplastic polymer plates
(PMMA) bonded with double-sided adhesive films between PMMA
plates.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03925j

Open Access Article. Published on 07 August 2020. Downloaded on 4/6/2026 8:54:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

3D-mixing module

1D-moving module

/Fluidic chip & support

——Magnet & support

Magnet Center |
i

Moving motor |
H

Fig. 2 Schematic diagram of the portable magnetic device including
a 3D-mixing module (based on the novel mechanism of ec-
2MagRotors) and a 1D-moving module.

to perform on-chip thorough mixing of MBs to achieve efficient
cell capture on functionalized MBs, which is built upon a novel
mechanism of ec-2MagRotors, i.e. eccentrically-rotating upper
and bottom circular plates embedded with staggeredly arranged
magnets. Each of the two circular plates measures a diameter of
40 mm and a thickness of 3 mm, containing five slots evenly
arranged along the periphery for holding of magnets and an
eccentric hole about 3 mm away from the center of the plate. A
rotation axis runs through the upper and the lower circular
plates from their eccentric holes and installs the two plates to
align them and mutually stagger the magnet slots vertically. The
two circular plates are embedded with ten cylindrical NdFeB
magnets (each with a diameter of 5 mm and a height of 6 mm)
and driven by a rotary motor to generate a periodically changing
3D magnetic field between the two plates. Combining with the
3D-mixing module, we further integrated a 1D-moving module

Fig. 3 Design (A) and picture for apperance (B) of the portable
magnetic device. (a) The upper and the lower circular plates of the 3D-
mixing module; (b) fluidic chip support and moving motor; (c) magnet
support and moving motor.
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into a single portable device to conduct multi-step transmission
and reaction of MB-cell complexes. The 1D-moving module
includes a chip moving unit and a magnet moving unit, each
containing a moving motor to enable positioning of the fluidic
chip and programmed movement of a cylindrical magnet,
respectively. The lighttight plastic housing and support
components were three-dimensionally printed in the labora-
tory. The assembled magnetic device features a size of 192 x
123 x 122 mm?® (Fig. 3), a weight about 0.666 kg and a power
consumption less than 10 W, with a built-in Single Chip
Microcomputer (SCM, STC12C2052AD) for control of three
stepper motors (one rotary motor and two moving motors) to
fully automate the mixing and movement of MBs (Fig. S1 and

s21).

CD4" cell culture and UVC irradiation

Human CD4' T lymphocytes (CD4" cells), purchased from
Shanghai Meixuan Biotechnology Co., Ltd., were suspended in
the RPMI1640 medium (Jiangsu Kaiji Biological Co., Ltd.,
China) containing 10% inactivated fetal bovine serum (Life
Technologies, Inc., USA), 1% penicillin and streptomycin (GE
Healthcare Hyclone™, USA), and cultured in an incubator with
5% CO, at 37 °C. Culture medium was replaced for an average of
two days, and cell passage was conducted for an average of four
days at a ratio of 1: 4.

After cultured for two days, CD4" cells in exponential growth
phase were collected in a 15 mL centrifuge tube, and the
supernatant was removed by centrifugation at 1000 revolutions
per minute (rpm) for 5 min. The cell concentration was then
adjusted to about 10” cells mL ™" by adding an appropriate
amount of pre-incubated (37 °C) culture medium and pipetting
10 times to mix well. About 60 pL of this cell suspension and 940
uL of the culture medium were added into a 60 mm culture dish
and irradiation in a UVC radiation box (Fig. S31). The irradia-
tion time was 0, 0.625, 1.25, 2.5, 5 and 10 min, corresponding to
radiation doses of 0, 4, 8, 16, 32, 64 ] m™ >, respectively. After
irradiation, the culture dish was covered by the lid and trans-
ferred into the 5% CO, incubator to incubate at 37 °C for
30 min. The processed CD4" cells were collected in a 1.5 mL
centrifuge tube, and the supernatant was removed by centrifu-
gation at 2000 rpm for 5 min. Finally, 60 uL of PBS solution was
added into the 1.5 mL tube and pipetted 10 times to mix well.
The CD4" cell sample could be used immediately or stored at
4 °C until further use.

MB-based on-chip IF staining of y-H2AX in CD4" cells

Two Dynabeads® CD4 Kkits (Life technologies, Inc., USA), i.e.
Dynabeads® FlowComp™ Human CD4 kit (11361D, with 2.8
pm diameter FlowComp™ Dynabeads®) and Dynabeads® CD4
Positive Isolation Kit (11331D, with 4.5 pum diameter
Dynabeads® CD4), were tested for on-chip CD4" cell capture
and staining. H2A.X Phosphorylation Assay Kit (Flow Cytom-
etry) (17-344, Upstate Biotechnology, Inc., USA) was employed to
stain and determine the levels of y-H2AX in CD4" cells. For the
Dynabeads® FlowComp™ Human CD4 kit, 5 uL of the Flow-
Comp™ Human CD4 Antibody was added to the 60 uL of UVC-
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irradiated CD4" cell sample and incubated for 10-20 min on ice
with gentle mixing before sample loading. To load the fluidic
chip, 60 uL of the prepared CD4" cell sample and 30 uL of the
pre-washed MBs with desired concentration were firstly pipet-
ted into chamber 1 (Fig. 4A). Next, about 90 uL of the 1x fixation
solution (20-257, Upstate Biotechnology, USA), 1 x PBS solution,
1x wash solution (20-258, Upstate Biotechnology, USA) and
bead dissociation solution (Life technologies, Inc., USA) were
loaded into chambers 2, 3, 5 and 6, respectively. A mixture (90
pL in volume) of 1x permeabilization solution (20-259, Upstate
Biotechnology, USA) and appropriate volume of Anti-phospho-
Histone H2A.X (Ser139), FITC conjugate (16-202, Upstate
Biotechnology, USA) was then injected into chamber 4. The
large elliptical chambers (1-6) were filled up with the sample/
reagents without leaking into adjacent small isolation cham-
bers because of high surface tension from the interface between
the aqueous solutions and the inner surface and the shape of
the chambers. Lastly, about 25 uL of mineral oil (Sigma-Aldrich,
St. Louis, MO) was loaded into each of the isolation chamber
without introducing any air bubbles.

The loaded chip (Fig. 4B) was fixed on the chip support and
positioned to the initial position between the two circular plates
of the 3D-mixing module (Fig. 2 and 3A), then the lid on the top
of the device was closed to protect FITC from light (Fig. 3B).
After pressed the “AUTO” button on the front panel (the red
button in Fig. 3B), the instrument started to run via an in-house
developed program. Magnetic force was utilized to actuate MBs
for 3D mixing and programmable transmission, enabling
automatic y-H2AX staining on-chip in 40 min.

Upon beginning of the protocol, a rotary motor actuated the
two eccentric circular plates with magnets at a spinning speed
of 6 rpm for 15 min under a 3 V DC power supply. A periodically
changing 3D magnetic field between the two plates was gener-
ated to result in 3D mixing of MBs and CD4" cells in chamber 1,
thus increasing the binding of MBs to CD4" cells via molecular
interaction. After 3D mixing, the chip was transported by the
chip moving motor to the position where chamber 1 was
directly above the magnet in the magnet moving unit. The MBs
carrying the bound CD4" cells were then transferred from
chamber 1 to separate with the aqueous solution, crossed the oil
barrier in the isolation chamber, and moved into chamber 2, via

(A) —
uvc Fixation Peg(msigib#:%ng Dissociation Flow
Cell capturing l Washing Washing Cytheter
@/ \am~\ /‘:Lr O r’%\\ f \“E‘\
& AN AN ND | i:
CD4* cells f f M'\'\neraI/L)il é

3D mixing

1D moving =——

(B)

Fig. 4 (A) Schematic diagram of the protocol for IF staining of y-H2AX
in CD4* cells on a fluidic chip after UVC irradiation. The stained cells
are detected using flow cytometry. (B) Pictures of the fluidic chip
before and after sample/reagent loading.
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actuation of the magnet moving motor. In chamber 2, cell
fixation was performed by moving the CD4" cell-conjugated
beads back and forth five cycles at a translational speed of
0.25 mm s~ . The back-and-forth motion of the magnet resulted
in adequate mixing and collection of the MBs within the
chamber. By controlling the chamber-to-chamber transmission
and back-to-forth motion within reaction chambers using the
magnet moving unit, the MB-CD4" cell complexes were
sequentially moved from chamber 3 to chamber 6, conducting
washing, cell permeabilization and y-H2AX IF staining, another
washing to remove unbound, non-specifically attached anti-
body-FITC conjugate, and bead dissociation, respectively. The
entire on-chip y-H2AX staining process was fully automated
and completed in 40 min under room temperature. Following
release of MBs, the stained CD4" cells were aspirated from
chamber 6 to a centrifuge tube, washed and resuspended in PBS
buffer for fluorescence detection using flow cytometry.

Alternatively, for the Dynabeads® FlowComp™ Human CD4
kit, bead dissociation could also be conducted off-chip by
extracting the stained CD4" cells from chamber 6 and then
adding 1 mL of FlowComp™ Release Buffer to incubate for 10-
20 min at room temperature under rolling and tilting, according
to the manufacturer's instructions.

CD4" cell detection and analysis

CD4" cells were counted using cell-count boards under an
inverted microscope. For assessing the capture efficiency of
CD4" cells to MBs, it was calculated based on the following
equation,

N, (1 — M%) —

0/
E% = =N = mw)

N s 100% (1)

in which E% represents the capture efficiency of cells, N, total
number of cells, N, the number of uncaptured cells, and M%
the mortality rate. The fluorescence intensity of the stained
CD4" cells was measured using a flow cytometer (BD
FACSCalibur™). FITC signals of 1 x 10* CD4" cells were
collected from the FL1 channel of the flow cytometer to obtain
the geometric mean fluorescence intensity. The expression level
of y-H2AX in CD4" cells was reflected by relative fluorescence
intensity, i.e. the geometric mean fluorescence intensity of the
test sample divided by the geometric mean fluorescence
intensity of the negative control. Subsequently, using the radi-
ation dose as x-axis and the relative fluorescence intensity of y-
H2AX as y-axis, a linear fitting was performed to establish
a dose-response curve. The result of the fitting was judged
according to the correlation coefficient (R*): R = 0.95 indicated
the linear relationship to be extremely obvious, 0.85 < R* < 0.95
indicated the linear relationship to be significant, and R* < 0.85
indicated the linear relationship to be not obvious.

Results and discussion
Working principle of on-chip magnetic 3D mixing

Alonso et al. described a magnetic actuator containing a single
layer of circular plate with eccentrically embedded magnets on

This journal is © The Royal Society of Chemistry 2020
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the circumference to enhance the mixing of a MB-based
immunoassay.’* Rotation of the actuator triggers the back-
and-forth movement of the MBs within a reaction chamber to
increase the effective surface area of the MBs (creating a loose
cloud of MBs following the magnets) and make the reagents
from the entire reaction chamber available to the MBs, leading
to a 2.7-fold sensitivity enhancement. To further increase the
chances of MBs collisions and binding events to enhance cell
capture efficiency, this work proposed the mechanism of ec-
2MagRotors, which employs two eccentrically rotating plates
embedded with staggeredly arranged magnets. Based on the
structure of the 3D-mixing module (Fig. S4At), the distances of
the embedded magnets to the eccentric rotation axis are
different and periodically distributed. One revolution of the
circular plates represents one cycle of MBs movement, i.e. from
one end to the other end of the capture chamber and back to the
starting point. When rotating, the magnets pass alternately
under or above the capture chamber to induce the movement of
the MBs, producing a loose and movable cloud of MBs following
the magnets (Fig. S4Bt), and the relative positions of the
magnets and the capture chamber change periodically (top
right in Fig. S4AT shows 1/2 cycle). Therefore, the 3D-mixing
module developed herein provides a periodically changing 3D
magnetic field and the MBs are actuated to perform periodic 3D
motion within the capture chamber. To further understand the
actuation of MBs under the control of the 3D-mixing module,
a computational model was developed to simulate the magnetic
field intensity and relative magnetic force on MBs in the
generated magnetic field (Fig. S51). Results show that a period-
ically changing magnetic field in three spatial dimensions of X,
Y, and Z directions is generated between the two magnetic
plates when the two plates rotate eccentrically. MBs in the
capture chamber are subjected to periodically changing
magnetic forces in a rotating 3D magnetic field (Fig. 5).
Continuous rotation of the two circular plates causes uninter-
rupted movements of the MBs in three-dimensional directions,
thus significantly increasing the bead/cell solution interface
and the chances of interaction between MBs and cells from the
entire capture chamber, as well as decreasing aggregation of
MBs (Fig. S47). It also can be seen from the simulation results
that the ratio of the motion period in the Z-direction to that in
the XY-plane is 5 : 1 (Fig. S51).

Meanwhile, it would be rather easy to further integrate the
3D-mixing module with other magnetic modules to perform
downstream complex actuations of MBs, as the 1D-moving
module described in this work, or conduct parallel applica-
tions by using the chip with different chamber configurations,
which would enlarge the functionalities of magnetic devices.
Moreover, due to the three-dimensionally cycling magnetic field

L&

Fig. 5 Movement of MBs under control of the rotating 3D magnetic
field: (A) in the capture chamber, (B) the trajectory.
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generated according to the mechanism of ec-2MagRotors, the
3D-mixing module holds great potential of increasing the
height of the capture chamber on the same area to accommo-
date an extra large volume of sample, while still maintaining
highly efficient mixing of MBs in the entire chamber. This
potential enables highly efficient enrichment and purification
of rare subpopulations of cells of interest (such as CTCs* and
CD4" cells'! in blood sample) for subsequent characterization.
This is totally different from previous single layer of rotating
plate with eccentrically embedded magnets,*® which generates
a magnetic field periodically changing in X and Y dimentions,
not including vertical direction, and is thought to further
improve the MBs mixing by decreasing the height of the mixing
chamber. To perform MB-based cell enrichment, other studies
employed a sample chamber with a larger area, bringing about
extra complexity for chip design and control.*>** Besides, the
active magnetic 3D mixing would be hardly affected by gravity
conditions and can then be applied to in-orbit staining and
detection of radiation biomarkers in space®* under micro-
gravity, thus improving the adaptability to experimental
environments.

Characterization of the on-chip magnetic 3D mixing module

To characterize the magnetic 3D mixing module, the binding
event and the capture efficiency of CD4" cells using the func-
tionalized MBs was tested. In Fig. 6(A), a CD4" cell was bound
on one (the 1% picture) or two (the 2"® and 3™ pictures) MBs (2.8
pm diameter), and the pictures were taken using a microscope
at magnification factors of 10x, 20x, 40x, respectively. To
demonstrate the effect of 3D mixing on the binding of MBs to
cells, a small size (2.8 pm diameter) and a large size (4.5 pm
diameter) of MBs were tested for capture efficiency of CD4" cells
at a bead-to-cell concentration ratio of 5: 1 under on-chip 3D
mixing and without mixing (at 4 °C for 20 min), respectively.
Result in Fig. 6(B) shows that the capture efficiency increases
from less than 14% without mixing to more than 65% with on-
chip 3D mixing for both of the two sizes of MBs, indicating
a significant enhancement of capture efficiency for 3D-mixing
module even at a very low bead-to-cell concentration ratio.
Due to the aggregation of MBs in applied stationary magnetic
field (bottom right in Fig. S4A7T) and the relatively large size and
low diffusion of CD4" cells,* reactions between MBs and CD4"
cells would be expected to benefit significantly from mixing®
provided by the 3D-mixing module.

The capture efficiency was also evaluated at room tempera-
ture over the MB sizes and bead-to-cell concentration ratios. In
this study, the 2.8 ym and the 4.5 pm MBs were tested over
bead-to-cell concentration ratios varying from 50 : 1 to 400 : 1
(Fig. 6C). For the small MBs, as the bead-to-cell concentration
ratio increases, the capture efficiency increases slightly from
66.40 £ 2.45% to 73.03 £ 2.37%, but there is no statistically
significant difference (p > 0.05, n = 3). This shows that the bead-
to-cell concentration ratios in the studied range have no
significant effect on the capture efficiency of CD4" cells for the
small MBs. For the large MBs, the capture efficiency increases
from 55.60 + 1.23% to 78.57 + 3.24% as the bead-to-cell
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Fig.6 Evaluation of capture efficiency of CD4" cells based on the 3D mixing module: (A) pictures of the MB—CD4" cell complex at magnification
factors of 10x, 20x, 40x, respectively. (B) Effect of on-chip 3D mixing on the capture efficiency of CD4" cells to MBs with diameters of 2.8 um
and 4.5 um, respectively. (C) Effect of MB size and bead-to-cell concentration ratio on the capture efficiency of CD4" cells. This study tested two
sizes of MBs (with diameters of 2.8 um and 4.5 um) over bead-to-cell concentration ratios varying from 50 : 1 to 400 : 1.

concentration ratio increases; the low bead-to-cell concentra-
tion ratio (50 : 1-200 : 1) has no significant effect on the capture
efficiency, but the high bead-to-cell concentration ratio (400 : 1)
significantly increases the capture efficiency in contrast to that
of low bead-to-cell concentration ratios (p < 0.05, n = 3).
Comparing the capture efficiencies of cells using different sizes
of MBs, it is obvious that the capture efficiency for small MBs is
higher than that of the large MBs in the range of bead-to-cell
concentration ratios from 50:1 to 200 : 1, but lower at the
bead-to-cell concentration ratio of 400:1, though none is
statistically significant between the two sizes of MBs. As can be
seen from Fig. 6(B) and (C), temperature significantly affects the
binding of large MBs to CD4" cells. It seems that the size and
surface modification of MBs have an effect on the capture effi-
ciency of CD4" cells, but the specific reasons need to be further
investigated. To enable traverse of oil barriers between reaction
chambers with minimum loss of MBs and decrease the
consumption of expensive functionalized MBs, the bead-to-cell
concentration ratio of 100:1 was selected in the following
experiments.

Validation of automatic actuation of MBs for the magnetic
device

In order to realize on-chip automatic IF staining, it is required
that there are enough cells carried by MBs to react successively
with the reagents contained in reaction chambers on the fluidic
chip. To verify the feasibility of the proposed magnetic device
for automatic manipulation of MBs, the 2.8 pm and the 4.5 um
MBs were used to evaluate the recovery rate of CD4" cells. A 90
uL mixture of CD4" cells and MBs (with the bead-to-cell

29316 | RSC Adv, 2020, 10, 29311-29319

concentration ratio of 100: 1) was loaded into the capture
chamber. The reaction chambers and the isolation chambers
were filled with 90 pL of PBS solution and 25 pL of mineral oil,
respectively. The device was then powered to perform 3D mixing
and programmed 1D moving of MBs. In this way, we focused on
evaluating the functionality of magnetic actuation for the device
and avoided influences of other conditions. After completion of
the procedures, the MB-cell complexes were removed from
chamber 6 to a centrifuge tube, and the bead dissociation
solution was added, mixed and incubated. Subsequently, the
supernatant with released cells was aspirated under the action
of a permanent magnet. The recovered cells were washed,
resuspended and counted using cell-count boards. Recovery
rate of CD4" cells was calculated according to the following
formula,

Ny
RY% = !

0
Nit (1 —M%) x 100%

)
in which R% represents the recovery rate of cells, N, total
number of cells, N, total number of recovered cells, and M% the
mortality rate.

Fig. 7(A) shows images of the movement of the MB-CD4" cell
complexes passing through reaction chambers in sequence
under the control of the magnetic device, indicating the feasi-
bility of automatic magnetic manipulation. The result in
Fig. 7(B) shows that the average recovery rate of CD4" cells is
36.97 £ 2.72% for the small MBs, which demonstrates highly
significant difference to that of the large MBs (with an average
recovery rate of 14.80 =+ 3.06%) (p < 0.01, n = 3). Therefore, the

This journal is © The Royal Society of Chemistry 2020
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2.8 um MBs were selected as the carrier of CD4" cells in the
following experiments.

In this experiment, target cells were lost with every traverse
of oil barrier,® possibly due to nonspecific adsorption to
chamber walls* or dissociation of MB-cell complexes. Multiple
traverses would obviously decrease the recovery rate of CD4"
cells. This issue could be addressed by further optimizations of
the size and moving speed of the magnet in the 1D-moving
module, as well as the structure and surface modification of
the chambers.?”

Automatic on-chip IF staining of y-H2AX in UVC-irradiated
CD4" cells

The mortality rate of CD4" cells was measured after UVC irra-
diation over the dose range of 0-64 ] m ™2 and then incubation
for 30 minutes. It can be seen from Fig. S67 that as the radiation
dose increases, the cell mortality rate increases accordingly,
with a range of 14.93 + 2.14%-62.27 + 4.81%. The mortality
rate (>60%) for the highest UVC radiation dose (64 ] m~2) was
too high to obtain accurate and reproducible experimental
results. Therefore, we chose the UVC radiation dose range of 0-
32 ] m~? in the subsequent experiment.

Using the developed portable magnetic device and primarily
optimized conditions, this proof-of-principle study achieved on-
chip automatic IF staining of y-H2AX in UVC-irradiated CD4"
cells. After measurement of fluorescence intensity using flow
cytometry, the relative fluorescence intensity was calculated and
a radiation dose-response relationship was established. In
Fig. 8, it shows that the linear relationship of the obtained
radiation dose-response curve is significant (R* > 0.87) using
the on-chip staining method, which is similar to that of the
conventional in-tube staining protocol (R*> > 0.94), indicating
the feasibility of on-chip automatic IF staining of y-H2AX in
CD4" cells.

On the other hand, the standard in-tube protocol for MB-
CD4" cell binding and y-H2AX staining is time-consuming
(entirely about 3 hours for at least 11 steps), half of which

—
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Fig. 8 Relationship between UVC radiation dose and relative fluo-
rescence intensity of y-H2AX in CD4" cells stained using both manual
in-tube protocol and automatic on-chip protocol.

needed to be performed on ice (Fig. S7t), labor-intensive and
operator-dependent (involving multiple manual operations,
such as buffer exchange, cell centrifugation, etc.) according to
the manufacturer's instructions. To speed up the MB-based IF
staining process, a simplified protocol was presented for auto-
matic on-chip IF staining of y-H2AX in CD4" cells.

The whole on-chip staining procedures could be completed
within six chambers (Fig. 4A) by removing several steps of
washing and combining the two steps of permeabilization and
staining, as compared to in-tube protocol. This study shows that
the automatic on-chip staining protocol is efficient (with 3D
mixing of MBs and cells), automatic and rapid (approximately
40 min in total), and all reactions can be done at room
temperature, which would substantially improve the practica-
bility of this method. Further optimization of the on-chip
procedures will be expected to reduce the time required for
the automatic on-chip staining protocol.

2.8 ym
Diameter of magentic beads

4.5 um

Fig.7 Characterization of the portable magnetic device for on-chip automatic manipulation of MBs: (A) images of the movement of the MB—cell
complexes from chamber 1 to chamber 6 (a—f); (B) effect of MB size on the recovery rate of CD4* cells after on-chip automatic 3D mixing and 1D

moving.
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Concluding remarks

This work presents a portable, cost-effective and integratable
magnetic device, which contains a 3D-mixing module to
perform on-chip efficient cell capture, and a 1D-moving module
to conduct automatic intracellular IF staining. We propose
a novel mechanism of on-chip magnetic 3D mixing, which is
based on eccentrically-rotating upper and bottom -circular
plates embedded with staggeredly arranged magnets (ec-
2MagRotors) to generate periodically changing 3D magnetic
field, achieving thorough mixing of MBs and cells to obtain
efficient cell capture at relatively low bead-to-cell concentration
ratios. Automatic and rapid IF staining of y-H2AX in UVC-
irradiated CD4" cells was conducted successfully, demon-
strating the feasibility of the MB-based fully automatic IF
staining protocol. Future studies would focus on fully charac-
terizing properties of the portable magnetic device to obtain
optimal conditions, and redesigning the capture chamber to
enlarge its volume for efficient enrichment and staining of CD4"
cells from blood samples. Moreover, further integration of
detection module like microfluidic cytometer' or other
approaches will be carried out for future development of pu-TAS
for POC IF assays.
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