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for Identification of Imaging Biomarkers of Clustered
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Asahi-ku, Yokohama, Japan, 4 Department of Genome Biology, School of Medicine, Kinki University, Osaka-Sayama, Osaka, Japan

Abstract

An on-chip multi-imaging flow cytometry system has been developed to obtain morphometric parameters of cell clusters
such as cell number, perimeter, total cross-sectional area, number of nuclei and size of clusters as “imaging biomarkers”,
with simultaneous acquisition and analysis of both bright-field (BF) and fluorescent (FL) images at 200 frames per second
(fps); by using this system, we examined the effectiveness of using imaging biomarkers for the identification of clustered
circulating tumor cells (CTCs). Sample blood of rats in which a prostate cancer cell line (MAT-LyLu) had been pre-implanted
was applied to a microchannel on a disposable microchip after staining the nuclei using fluorescent dye for their
visualization, and the acquired images were measured and compared with those of healthy rats. In terms of the results,
clustered cells having (1) cell area larger than 200 um? and (2) nucleus area larger than 90 pm? were specifically observed in
cancer cell-implanted blood, but were not observed in healthy rats. In addition, (3) clusters having more than 3 nuclei were
specific for cancer-implanted blood and (4) a ratio between the actual perimeter and the perimeter calculated from the
obtained area, which reflects a shape distorted from ideal roundness, of less than 0.90 was specific for all clusters having
more than 3 nuclei and was also specific for cancer-implanted blood. The collected clusters larger than 300 pm? were
examined by quantitative gene copy number assay, and were identified as being CTCs. These results indicate the usefulness
of the imaging biomarkers for characterizing clusters, and all of the four examined imaging biomarkers—cluster area, nuclei
area, nuclei number, and ratio of perimeter—can identify clustered CTCs in blood with the same level of preciseness using
multi-imaging cytometry.
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characteristics, such as cellular area and perimeter. These
morphological parameters, referred to as “imaging biomarkers”
hereafter, are other indexes to identify specific target cells. For
example, a large cellular size was indicated for some tumor cells
[14-17], and a larger nucleus than in healthy cells is known as one
common property of the morphometric phenotype of cancer cells
[18-24]; therefore, finding target cells using imaging biomarkers,
especially using both cell size and nucleus conformation, is useful
for the identification of tumor cells. In this study, a real-time cell
sorting system to achieve simultaneous processing of imaging
biomarkers for both optical image (i.e., total cell configuration) and
fluorescent image (i.e., nucleus configuration) was developed, and
it was applied to identify irregular cells, especially clustered cells, in
a blood sample. According to previous reports on CTC detection,

Introduction

Finding irregular cells in blood is fundamental to achieving non-
invasive health checks, such as cancer and immune diagnostics.
For example, circulating tumor cells (CTCs) are expected to form
additional seeds for subsequent growth of tumors [1-3], and
quantitative detection of CTCs in the blood [4-8] has the
potential to achieve minimally invasive cancer diagnosis in
comparison with conventional biopsies. One major approach to
finding irregular cells is the targeting of specific molecules,
molecular biomarkers, on the cell surface [1,3,6,9,10]; however,
its application has sometimes had the difficulty of false-negative
detection because of the variety of molecular expression properties
of targeted cells.

To overcome these difficulties, we developed another system for
the recognition of target cells [11-13]. In this system, cell samples
were applied to a microchannel fabricated on a small microchip,
cellular images were taken with a high-speed CCD camera, and
target cells were identified depending on their morphological

PLOS ONE | www.plosone.org

the possibility of the CTCs forming clusters was suggested [7];
however, clear evidence had not been identified and there have
been no quantitative studies on the identification of clustered cells
in the blood. Here, a quantitative approach for cluster detection
was suggested using imaging biomarkers as detection indexes.
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Materials and Methods

Fabrication of microchip

The microchip was fabricated by the following procedure. A
mask blank, which was a glass substrate coated with both
chromium for light interception  and  positive  photo-resist
(AZP1350) for the fabrication of patterns (CBLAOOGDU-AZP,
Clean Surface Technology Co., Kanagawa, Japan), was sct to a
laser lithography system (DDB-3TH, Neoark, Co., Tokyo, Japan)
and a laser (405 nm wavelength) was irradiated onto the mask
blank in the same pattern as the microchannel used in this study.
Alter the irradiation, the mask blank was immersed in a developer
of the resist (NMD-3, Tokyo Ohka Kogyo Co., Kanagawa, Japan)
to remove the resist on which the laser was irradiated; then, a
chromium layer was bared at this position. Next, the mask blank
was mmmersed in chromium etching solution (MPM-E350, DNP
Fine Chemicals, Co., Kanagawa, Japanj, after which the bared
chromium layer was removed and a transparent pattern of the
microchannel was formed on the substrate. Finally, the whole
resist on the mask blank was removed by light irradiation onto the
whole of the substrate and immersion of the substrate in the
developer; then, a photo mask of the microchannel was {abricated.

On the other hand, a light-curing resin (SU-8 3025, Nippon
Kayaku Co., Tokyo, Japan) was spin-coated using a spin coater
(1H-DX2, Mikasa, Co., Tokyo, Japan) of 25 pm thickness on a
clean Si substrate. The resin-coated substrate was pre-baked at
95°C for 15 min, set in a mask aligner with the fabricated photo
mask (MA-20, Mikasa), and the light (365 nm wavelength) was
irradiated through the mask to harden the resin with the pattern of
the microchannel. The substrate was heated at 65°C for 1 min
and 95°C for 5 min scquentially to promote hardening of the
resin, and excess resin was removed by immersing the substrate in
SU-8 developer (Nippon Kayaku). A mold of the microchannel
was then fabricated using the resin on the Si substrate.

To fabricate the chip, poly(dimethylsiloxane) (PDMS; SYL-
GARD 184 silicon elastomer, Dow Corning Co., Midland, MI,
USA) was dropped onto the [abricated mold in sol state, and
heated at 90°C for 1 h to harden the PDMS. The PDMS on
which the pattern of the microchannel was (ransferred was pecled
off from the mold and stuck with cleaned cover glass. Finally,
plastic columns for the application of solvents including sample
blood were pasted on the PDMS with epoxy resin; then, the
microchip to be used in this study was [abricated.

Preparation of sample blood

This study was carried out in strict accordance with the Act on
Wellare and Management of Animals of the Ministry of the
Environment, Japan. The protocol was approved by the animal
experiment committee of the Kanagawa Cancer Center (permit
number 21-02). MAT-LyLu is a rat prostate cancer cell line
established from the original Dunning R3327 tumor maintained
by i wvivo passage of a prostate cancer that spontancously
occurred in a Copenhagen rat [25]. This cell line was a generous
gift from the original founders through Hisao Ekimoto, Ph.D., at
the Oncology Secction, Laboratory of Biology, Nippon Kayaku
Co., Ltd., and was maintained in our laboratory.

To obtain blood containing cancer cells, the MAT-LyLu was
adjusted to 5x10% cells in 200 pL of cell culture medium (RPMI
1640, Life Technologies Co., Grand Island, NY, USA), and
implanted into the dorsal subcutaneous tissue of a Copenhagen rat
(male, 6 weeks old). At 2 weeks after implantation, blood of the rat
was collected from the subclavian vein using a collection tube
containing heparin. The blood was hemolyzed using commercial
reagent (BD Pharm Lyse, without fixative, BD Biosciences, San
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Jose, CA, USA) for 10 min, washed along with 200x g

centrifugation for 5 min and re-suspended two times in phos-
phate-buffered saline (PBS) containing 1% bovine serum albumin,
suspended in PBS contaiing 100 ng/ml. Hoechst 33258, and
then incubated for 10 min to stain cellular nuclei. The sample was
washed again along with centrifugation 3 times, suspended in 5%
glucose solution, and applied to the sample inlet on the chip.

Flow cytometry

The prepared sample blood was applied to the sample inlet on a
fabricated microchip with a sample volume of 50 puL in an assay.
The same bufler with the sample cell suspension (i.e., 5% glucose)
was also used as a sheath buffer, and was applied to the sheath
buffer inlet. Air pressure was applied onto both sample and sheath
buffer inlets simultancously using a syringe pump to introduce
these liquids into the microchannels. Before starting the experi-
ments, flow velocity was calibrated by taking images of calibration
beads using a GCD camera (Ditect Co., Tokyo, Japan) as the shift
of bead position in the microchannel within a few frames of the
images, and typically, 1 kPa pressure achicved flow velocity of
about 3 mm/scc at the position after the mecting of sample and
sheath flows. Multi-imaging observations of sample blood were
then performed through the multi-view unit with 3 mm/sec flow
velocity and 200 [ps acquisition rate.

Comparative genomic hybridization analysis

Rat genome comparative genomic hybridization (CGH) micro-
array 244A (Agilent Technologies, Santa Clara, CA, USA) was
used to perform array CGH on genomic DNA obtained from the
MAT-LyLu cell line according to the manufacturer’s instructions.
A DNA sample obtained from liver tissuc of a healthy
Copenhagen rat was used as a reference. Genomic DNAs were
extracted using a QIAamp DNA Mini kit (Qjagen, Hilden,
Germany) according to the manufacturer’s instructions. The DNA
concentration was determined with PicoGreen dsDNA Quantita-
tion Reagent (Life Technologies). Agilent Genomic Workbench
(Agilent Technologies) was used to analyze chromosomal patterns
using an ADM-2 algorithm setting a threshold of 5.0.

Copy number assay

The genc copy numbers for esrp2 and zdhhel7 were
determined using TaqgMan Copy Number Assays according to
the manufacturer’s instructions (Applied Biosystems, Foster City,
CA, USA). The gene-specific primers and TagMan probes were
used in the experiments had the following sequences. Rat ¢srp2
primers were: sense, 5'-GGACTAAATGGATTGATGCCAC-
TCT-3'; antisense, 5'-GTCCCTGCTTCAAAGAACTGTCT-
3';  probe, 5-FAM-AAGAGCAAGAAAGGAAACCC-MGB-
NFQ-3'. Rat zdhhc17 primers were: sense, 5'-GCCCTACTG-
CATGCATGATACA-3"; antisense, 5'-GGGCTGTTTTGCA-
CATGAAATTCAA-3'; probe, 5'-FAM-CTGGACAGCATCT-
GCTAGTATAC-MGB-NFQ-3'. Rat #pp40 primers were: sensc,
5'-GTATGACACTGGCATGGAAGTCT-3'; antisense, 5'-CT-
TGCAGGTCCTCTGTGGAT-3'; probe, 5'-FAM-CGCTGGC-
AATCAAAGTTAGGCTTAG-MGB-NFQ-3'. Genomic DNAs
obtained from collected samples using the cell sorting system were
extracted using a QIAamp DNA Micro kit (Qjagen) according to
the manufacturer’s instructions. The DNA concentrations were
determined with PicoGreen dsDNA Quantitation Reagent. Rat
rpp40 was used as an internal control. Genomic DNAs obtained
from MAT-LyLu cell line and healthy rat liver were used as
positive and negative controls, respectively.
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