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Abstract

Circulating tumor cells (CTCs) are widely known as useful biomarkers in
the liquid biopsies of cancer patients. Although single-cell genetic analysis
of CTCs is a promising diagnostic tool that can provide detailed clinical
information for precision medicine, the capacity of single-CTC isolation for
genetic analysis requires improvement. To overcome this problem, we previ-
ously developed a multiple single-cell encapsulation system for CTCs using
hydrogel-encapsulation, which allowed for the high-throughput isolation of
single CTCs. However, isolation of a single cell from adjacent cells remained
difficult and often resulted in contamination by neighboring cells due to the
limited resolution of the generated hydrogel. We developed a novel multiple
single-cell encapsulation system equipped with a high magnification lens for
high throughput and a more accurate single-cell encapsulation. The multiple
single-cell encapsulation system has sufficient sensitivity to detect immune-
stained CTCs, and could also generate a micro-scaled hydrogel that can isolate a
single cell from adjacent cells within 10 um, with high efficiency. The proposed
system enables high throughput and accurate single-cell manipulation and
genome amplification without contamination from neighboring cells.

KEYWORDS
circulating tumor cells (CTCs), photopolymerizable hydrogel, single-cell analysis, whole
genome amplification

1 | INTRODUCTION

Circulating tumor cells (CTCs) are rare metastatic cancer
cells derived from the primary tissue that circulate in the
bloodstream [1, 2]. CTC-based liquid biopsy is recognized

Abbreviations: CTCs, circulating tumor cells; DMD, digital
micromirror device; MCA, microcavity array; PEGDA, Poly(ethylene

glycol)-diacrylate

as a useful biomarker for cancer diagnoses. Genetic
analyses of single CTCs provide critical insights into
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cancer metastases and add detailed clinical information
that enhances patient care [3-5]. The recovery of CTCs
from blood has mainly involved immunoseparation- or
physical-based approaches. Immunomagnetic separation
with tumor cell markers is commonly used for CTC recov-
ery [6-10]. Immunoseparation-based approaches are lim-
ited in application to various types of tumor cells because
the expression level of the target antigen varies among
tumor types [11-13]. Physical-based approaches, such as
microfilters, microfluidic devices or dielectrophoresis,
have been applied to various types of CTCs that cannot be
detected with immunoseparation-based recovery methods
[14-18]. Although these technologies allow for the efficient
recovery of a single CTC, the throughput of single-CTC
isolation for subsequent genetic analyses remains low [4,
19-21]. Therefore, a high-throughput technology for the
manipulation of single cells is required for the advanced
application of CTCs in liquid biopsy.

To enable high throughput manipulation of CTCs, we
employed a physical-based CTC recovery from whole
blood using a microcavity array (MCA), which demon-
strated highly efficient recovery of cancer cells based
on differences in cell size and deformability [22-24].
Our recent studies have indicated that an MCA with a
rectangular pore could improve the recovery efficiency
of small-sized cancer cells and reduce contamination
with leukocytes [25]. Cancer cells captured on the
MCA can be encapsulated by a hydrogel for subse-
quent genetic analyses of single CTCs [26]. The multiple
single-cell encapsulation system was developed for the
high-throughput manipulation of CTCs through the inte-
gration of wide-field fluorescence imaging and hydrogel
photo-polymerization systems with a digital micromirror
device (DMD) [27]. The multiple single-cell encapsulation
system integrated with these technologies allows for the
high throughput hydrogel-encapsulation of single cells
by parallel control of light irradiation. However, it was
impossible to separate a target cell from adjacent cells
entrapped on the rectangular microcavities due to limited
resolution of the generated hydrogel. To further improve
the performance of the multiple single-cell encapsulation
system, the area of the hydrogel reserved for the target cell
on the MCA was minimized for single-cell manipulation to
avoid contamination of the target cell by neighboring cells.

In this study, a novel multiple single-cell encap-
sulation system with high magnification objective
lenses was constructed for high throughput and more
accurate encapsulation of single cells. To evaluate the
performance of the new system, the sensitivity of the wide-
field fluorescence imaging system was compared with
conventional fluorescence microscopy. The photopoly-
merization conditions for single-cell encapsulation were
optimized.

PRACTICAL APPLICATION

Single-cell genetic analysis of circulating tumor
cells (CTCs) has great potential for use as a mini-
mally invasive diagnostic tool. However, the num-
ber of CTCs in peripheral blood is extremely low,
and the high throughput manipulation of CTCs
remains a technical challenge. In this study, we
developed a multiple single-cell encapsulation sys-
tem, which allows for the detection and isolation
of single CTCs from blood. The newly designed
optical system provides sufficient sensitivity for
the detection of immuno-stained CTCs, and a
micro-scaled hydrogel that allows for the isolation
of a single cell from adjacent cells located within 10
um, was generated. The isolated single cells could
be used for whole genome amplification with suf-
ficient quality for single-cell genetic analyses. This
study demonstrates the great potential of this new
system for use in CTC-based liquid biopsy.

2 | MATERIALS AND METHODS

2.1 | Construction of the multiple
single-cell encapsulation system

Figure 1 shows a schematic diagram of the multiple single-
cell encapsulation system developed in this study. The
system comprised two optical systems: a wide-field fluo-
rescence imaging system (Figure 1A) and a photopolymer-
ization system for single-cell encapsulation (Figure 1B).
The light path was identical in both systems and was con-
trolled by DMD, DLP7000UV; 1024 X 768 pixels with a pixel
size 0f 13.6 x 13.6 um?; Texas Instruments, Dallas, TX, USA;
Figure 1A-c, 1B-c), which simplified the optical system.
The wide-field fluorescence imaging system was
designed to visualize 2D fluorescence imaging in an area
of 12.1 x 8.6 mm? for a 2x objective lens, 2.5 X 1.2 mm? for
a 10x objective lens, and 0.59 X 0.52 mm? for a 40x objec-
tive lens. Fluorescence images of the entire MCA (6.0 X
6.0 mm?) were captured using a CMOS sensor (Figure 1A,
B-j) with 2x and 10x objective lenses, and detailed mor-
phological analyses were performed with a 40x objective
lens (Figure 1A-g, 1B-g). Band path filters and dichroic
mirrors used are summarized in Table S1. Performance
of the fluorescence imaging system was evaluated using
a calibration slide for the microarray scanner (DSO01;
Full Moon Biosystems, CA, USA), and compared with a
fluorescence microscope (BX53; Olympus Corporation,
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FIGURE 1

Schematic diagram of the multiple single-cell encapsulation system, comprising (A) the wide-field fluorescence imaging sys-

tem and (B) the photopolymerization system. (C) Overview of the integrated system. a: Light source, b: Tapered light pipe homogenizing rods,
c: DMD, d: Relay lenses, e: Excitation filter, f: Dichroic mirror, g: Objective lenses, h: Emission filter, i: format fixed focal length lenses, j: CMOS

sensor, k: LED light

Tokyo, Japan) equipped with a cooled digital camera
(ExiAqua; QImaging, BC, Canada).

The photopolymerization system for single-cell encap-
sulation was controlled by the DMD. The curing light
(Admax = 365 nm) modulated by the DMD was projected
onto an MCA after passing through each filter (Table
S1) for hydrogel generation. Generated hydrogels were
observed using an SEM (VE-9800; Keyence Corp., Osaka,
Japan) after gold-coating by sputtering using an E-1010
ion sputter (Hitachi, Ltd., Tokyo, Japan). Figure 1C shows
the entire system; the two optical systems were integrated.

2.2 | Cancer cell samples

Two cancer cell lines with different sizes, NCI-H1975
(ATCC CRL5908) and NCI-N87 (ATCC CRL5822), were
used in this study. Cell lines were cultured in RPMI
1640 medium as described previously [28]. Immediately
prior to each experiment, cells grown to confluence were
trypsinized, and stained with 5 uM CellTracker Green
CMFDA (5-chloromethylfluorescein diacetate; Thermo
Fisher Scientific, Waltham, MA, USA) for 30 min, and
centrifuged at 400 X g for 3 min to obtain cell pellets. After
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FIGURE 2

washing twice with PBS, the cells were re-suspended in
PBS with 0.5% BSA and 2 mM EDTA. The sample (1 mL)
was passed through the MCA at a flow rate of 200 uL/min
for 5 min. A flow rate of filtration was optimized by cancer
cell recovery tests in previous report [22]. An MCA with a
rectangular pore (8 um X 100 pum, 6.7% porosity) (Hitachi
Chemical Co., Ltd., Tokyo, Japan) was used (Figure SI).
MCAs were fabricated by electroplating method and
integrated with PDMS-made microfuidic device described
in previous reports [23, 25].

©} Cancer cell
Q@ Leukocyte
@ Red blood cell

Peeling off

Hydrogel-encapsulated single-cell

Experimental procedure for single-cell isolation using the multiple single-cell encapsulation system

The cancer cell line, NCI-N87 (1 x 103 cells) spiked into
human blood (1 mL) was prepared as a model CTC sample.
After cell assembly on the MCA, entrapped cells were fixed
with paraformaldehyde and permeabilized with Triton-X-
100 by introducing each reagent for 15 min, respectively.
To distinguish cancer cells from leukocytes, the cells
entrapped on the MCA were stained with AlexaFluor 488-
labeled anti-cytokeratin and TexasRed-labeled anti-CD45
antibodies (Hitachi Chemical Co., Ltd., Japan) for 30 min.
The concentration of paraformaldehyde, Triton-X-100 and
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flurorescence-labeled antibodies were previously opti-
mized [23, 25]. Human blood samples were collected from
healthy donors at the Tokyo University of Agriculture and
Technology. Experimental protocols were approved by
the Institutional Review Board of the Tokyo University of
Agriculture and Technology (Approval code: No. 30-10).

2.3 | Hydrogel-encapsulation of CTCs

The procedure for the hydrogel encapsulation of single
cells is shown in Figure 2. Poly(ethylene glycol)-diacrylate
(PEGDA) prepolymer (number-average molecular weight
[Mn] = 700 Da; Sigma-Aldrich, MO, USA) and Irgacure
2959 (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-
1-propane-1-one; Sigma-Aldrich, MO, USA) were used as
photoinitiators. PEGDA prepolymer with 0.3% Irgacure
2959 was introduced onto single cells entrapped on the
MCA. The sample was mounted onto the multiple single-
cell encapsulation system and subjected to image acquisi-
tion and light irradiation. Fluorescence images were cap-
tured using the CMOS sensor (Figure 2). Targeted single
cells were exposed to the curing light (1,,,x = 365 nm), and
single cells were encapsulated by the generated PEGDA
hydrogel (Figures 2 (3)). Hydrogel encapsulated single
cells were collected by coverslip peeling from the MCA
(Figures 2 (4)); the surface of the coverslip was coated prior
to peeling with 3-(trimethoxysilyl)propyl methacrylate
covalently bound to PEGDA hydrogels. Each hydrogel
was transferred to a 200 uL. PCR tube using tweezers for
subsequent whole genome amplification (WGA) reactions.

2.4 | Whole genome amplification of
single cells

Hydrogel encapsulated single cells were subjected to
WGA using the Amplil WGA kit (Silicon Biosystems,
Bologna, Italy), according to the manufacturer’s protocol.
As a control, single cells isolated by a micromanipulator
(PicoPipet; Nepagene, Chiba, Japan) were also subjected
to WGA. WGA products were purified using the MinElute
PCR Purification kit (Qiagen, Hilden, Germany). The final
concentration of WGA products was determined using
Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). To measure the integrity
of the WGA products, a multiplex PCR of four fragments
of differing lengths from different chromosomes (chromo-
some 12p, 91 bp; chromosome 5q, 108-166 bp; chromosome
17p, 299 bp; chromosome 6q, 614 bp) was performed using
the Amplil QC kit (Silicon Biosystems, Bologna, Italy).
PCR amplicons were visualized using the Agilent DNA
1000 kit (Agilent Biotechnology, Santa Clara, CA, USA).

in Life Sciences
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FIGURE 3 Fluorescence images of immuno-stained NCI-

H1975 cells, obtained by the wide-field fluorescence imaging system
(A), and fluorescence microscopy (B). Scale bar: 500 um. (C) Corre-
lation of cell area for each single cell between the wide-field fluores-
cence imaging system and the fluorescence microscope

3 | RESULTS AND DISCUSSION

3.1 | Performance evaluation of the
wide-field fluorescence imaging system

Prior to evaluation of single-cell isolation, LOD of
the wide-field fluorescence imaging system that was
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FIGURE 4 SEM images of hydrogel generated by the multiple single-cell encapsulation system. Scale bar = 50 um. (A) 3.3 x 10> mW/cm?

for 30 s. (B) 1.3 x 10> mW/cm? for 77 s. (C) 0.6 X 10> mW/cm? for 165 s

integrated in the multiple single-cell encapsulation system
was calculated to compare with conventional fluorescence
microscopy. The LOD was determined through visualiza-
tion of a calibration slide with Cy3 spots in a dilution series
(Figure S2A) and was defined as the minimum detectable
signal for which the signal-to-noise ratio was more than
3. The LOD of the wide-field fluorescence imaging system
was 2.1 x 10? molecules-Cy3/um? (Figure S2B), which
was identical to the level obtained with the fluorescence
microscope (1.0 X 10> molecules-Cy3/um?; Figure S2C,
D). As the expression of cellular marker proteins, such
as cytokeratin, was estimated to be approximately 10°
molecules/cells, i.e. 1.3 x 103 molecules/;.lm2 (cell diam-
eter = 10 um), the proposed system was predicted to
have sufficient sensitivity to detect CTCs [29, 30]. To
confirm this sensitivity, cancer cells with immuno-stained
cytokeratin, were visualized by the new system. Figure 3A
shows fluorescence images of immuno-stained NCI-H1975
cells entrapped on the MCA by the wide-field fluorescence
imaging system. Individual cells were successfully visual-
ized as same as the fluorescence microscope (Figure 3B).
The cell sizes visualized by the wide-field fluorescence
imaging system were appropriate for microscopy-based
evaluation (Figure 3C); the new system maintained
sufficient sensitivity to detect and visualize CTCs.

3.2 | Determination of
photopolymerization conditions
for single-cell encapsulation

The relationship between fluence rate (mW/cm?) and
exposure time (s) in hydrogel photopolymerization was
investigated to optimize the conditions for use of the
multiple single-cell encapsulation system with a 10x
objective lens. The irradiation light fluence was fixed at
10 J/cm?. Three conditions (1) high-light (3.3 X

10> mW/cm?) and short-exposure time (30 s), (2) medium-
light (1.3 X 10> mW/cm?) and medium-exposure time (77s)
and (3) low-light (0.6 x 10> mW/cm?) and long-exposure
time (165 s) were examined for comparison. A square
pattern (200 pum X 200 um) of light was projected to a
coverslip with a hydrogel precursor using the multiple
light irradiation system. The predicted size of hydrogel was
generated in only condition 1; however, other conditions 2
and 3 resulted in smaller-sized hydrogels (Figure 4). These
results indicate that the photopolymerization for cell
encapsulation was most affected by fluence rate (mW/cm?)
during the tested conditions. The high-light condition, the
light fluence of 6.5-6.6 J/cm? was sufficient to generate
the necessary hydrogels size (200 um X 200 um square).
Therefore, the photopolymerization conditions were fixed
at the fluence of 6.5 J/cm? in subsequent experiments.

3.3 | Investigation of single-cell isolation
by hydrogel encapsulation

Single-cell isolation by hydrogel-photopolymerization
was examined at the optimized conditions as mentioned
previously. In this experiment, a convex-type hydrogel was
generated for single-cell isolation using a 40x objective
lens (Figure 5A). Prior to single-cell isolation experiments,
we evaluated cancer cell recovery efficiency of the rectan-
gular MCA. The recovery efficiency of spiked NCI-H1975
cells was more than 95% that is comparable with the
current systems [24,31]. Figure 5B shows a typical image
of two adjacent cancer cells (NCI-H1975) entrapped on
the rectangular MCA. In this experiment, one cell was
separated from other cells at a distance of approximately
10 um. When a convex pattern of light, indicated by a red
dotted line, was projected on to the surface (Figure 5A,B),
a single cell was successfully isolated from the adjacent
cells using the protrusion part of the convex-type hydrogel
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A X B TABLE 1 Quality of whole genome amplification products
MlCI‘OC&Vlty obtained from isolated single NCI-N87 cells
Rates of good quality
Sample DNA?
glcer . Hyd 1 lated 75.0% (n = 16 cells)
——— ydrogel-encapsulate .0% (n =16 cells
— *l +- S Single Cells
] 1
i i Non-photopolymerized 72.7% (n = 22 cells)
! ! cells (control)
I 1 | S—
2The quality was evaluated by a multiplex PCR-base method, and three or four
nght irradiation area PCR bands were defined as good quality DNA.
S| I

FIGURE 5 (A) Schematic of cancer cells entrapped on the
microcavity array (MCA). (B) Fluorescence image of CellTracker
Green stained NCI-H1975 cells on the MCA. The target cell was
encapsulated onto a convex-type hydrogel. Scale bar: 100 um. (C)
Merged bright field and fluorescence image of a convex-type hydrogel
recovered from MCA. Scale bar: 100 um

(Figure 5C). These results indicate that the convex-type
hydrogel allows for accurate separation of single cells
from adjacent cells on the rectangular MCA, without
contamination from cells in neighboring microcavities.
Single-cell isolation with two cell lines of different sizes
was performed to compare isolation efficiency between
cell types. A human lung adenocarcinoma cell line, NCI-
H1975 (cell diameter: 23.5 + 6.4 ym) and a human gastric
carcinoma cell line, NCI-N87 (cell diameter: 12.2 4+ 1.4 um)

NCI-N87

7
7

.

\

Leukocyte

FIGURE 6 (A)Fluorescence image of a cancer cell and a leuko-
cyte entrapped on the microcavity array (MCA) from a blood sam-
ple using the multiple single-cell encapsulation system. (B) Image of
hydrogel-encapsulated cancer cell isolated from the MCA (B). Scale
bar: 100 um

were used. Highly efficient cell isolation was accomplished
using the convex-type hydrogel; identical isolation was
achieved with both cell sizes. The cell isolation rates were
97.6% (41/42) for NCI-H1975 cells and 94.4% (51/54) for
NCI-N87. These values were nearly identical to previous
studies using confocal laser scanning microscopy [26].

To evaluate the effect of photopolymerization on
genetic analysis, WGA was carried out using hydrogel-
encapsulated single cells. Sufficient DNA (1.06 + 0.52 pg
per cell) was successfully obtained by WGA, however,
there was a lower yield of WGA products than non-
photopolymerized cells (1.58 + 0.51 pg per cell). WGA could
be partially hindered in the presence of a hydrogel. The
quality of WGA products was verified by a multiplex PCR-
based method using Amplil QC kit which produces three
or four PCR bands from single cells with good quality
DNA. Most single cells (75%) provided a good quality of
DNA with more than three bands, which was identical to
the control (Table 1). These results indicate that the DNA
quality of WGA products obtained by the proposed method
was adequate for single-cell genomic analyses.

Single-cell isolation was also examined using whole
blood spiked with NCI-N87 cells. Figure 6 shows fluores-
cence image of a cancer cell and a leukocyte enriched
from whole blood by MCA. Cells positively stained for
the nucleus and cytokeratin, and negative for CD45 were
scored as cancer cells; cells stained positive for the nucleus
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and CD45, and negative for cytokeratin were scored as
leukocytes. Only a single cancer cell was successfully iso-
lated from MCA using the protrusion part of convex-type
hydrogel (Figure 6B). These results indicate that the pro-
posed system can be applied to whole blood samples. The
multiple single-cell encapsulation system allows for the
encapsulation of 15 CTCs in parallel within 3 s, indicat-
ing high throughput and accurate single-cell manipulation
and genome amplification can be achieved without con-
tamination of the target cell with neighboring cells.

4 | CONCLUDING REMARKS

In this study, we developed a novel multiple single-cell
encapsulation system controlled by a DMD and equipped
with a series of objective lenses. The system comprised
wide-field fluorescence imaging and photopolymerization
systems for single-cell encapsulation. Fluorescence imag-
ing in an area of MCA was rapidly observed with suf-
ficient sensitivity to detect fluorescent antibody-labeled
CTCs using the wide-field fluorescence imaging system.
Furthermore, the relationship between the fluence rate
and the exposure time in hydrogel photopolymerization
was investigated, and the high-light condition (fluence: 6.5
J/cm?) was determined to be optimal.

Convex-type hydrogels enable the isolation of a desired
single cell from adjacent cells on the rectangular MCA with
high rate of isolation (>94%). Light irradiation and pho-
topolymerizaion did not affect the quality of the amplified
WGA products for single-cell genomic analyses. Our pro-
posed system provides an attractive application for other
targets such as adherent cells, tissue samples, and microor-
ganisms, in addition to widespread use in the isolation of
CTCs for liquid biopsy.
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