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Enhancing cancer cell immunocapture on
orientation-controlled nanoimprinted microcone arrays in
microgap channels

The orientation-controlled microcone structure enables
efficient antibody immobilization without requiring chemical
crosslinking protocols. Owing to its three-dimensional
architecture, the microgap channel formed between

the microcones and a flat substrate allows for effective
immunocapture and detection of rare cells simply by
introducing a cell suspension into the device. This approach
is particularly effective for isolating circulating tumor cells
from blood samples.
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Enhancing cancer cell immunocapture on
orientation-controlled nanoimprinted microcone
arrays in microgap channelst
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Minoru Seki @2 and Masumi Yamada @ *@

Cancer detection through circulating tumor cell (CTC)-based liquid biopsy has been expected to be a new
modality for less-invasive, next-generation diagnosis. However, due to limitations such as the complexity
of the cell capture devices, as well as the cost and reproducibility of their fabrication and surface
functionalization, these methods are not yet practical for clinical use. In this study, we propose a new
strategy for affinity-based selective capture of cancer cells using a microfluidic system integrating
nanoengineered polymeric structures. Polycarbonate (PC) sheets with closely assembled microcone arrays
were prepared using thermal nanoimprint lithography (T-NIL). These structures are suitable for mass
production and can strongly absorb antibodies without the need for chemical linkers. Microgap channels
incorporating the microcones were formed by simply sandwiching the sheet between two plates, which
were highly functional in capturing cancer cells from blood samples. In this study, we clarified the effect of
the orientation angle of the microcone array in a closely packed hexagonal pattern to ensure high capture
efficiency even under high flow-rate conditions. The feasibility of detecting cancer cells through post-
capture processing was also demonstrated. The cell capture structures proposed in this study are simple
and reproducible in their fabrication, highly productive, and practical, and may become a new tool for cell-

rsc.li/loc based cancer diagnosis.

Introduction

Over the past decade, liquid biopsy based on circulating
tumor cells (CTCs) as micrometastasis biomarkers has shown
great promise as a minimally invasive tool for the early
detection, monitoring, and prognosis of various cancers." The
selective capture and enrichment of CTCs from patient blood
samples is a crucial step in CTC processing, as the population
of CTCs is extremely low compared to other blood cells.”
Since the emergence of microfluidic technologies as a
powerful platform for biochemical affinity-based capture and
subsequent detection of CTCs in blood samples, researchers
have devoted considerable effort to pursuing efficient micro/
nanoengineered structures.”” Microfluidic devices modified
with antibodies®™® and aptamers® ™ have been proven highly
effective for selective capture of target rare cell populations.
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Incorporating cell-sized micro/nanoengineered structures into
microfluidic platforms not only enhances CTC capture
efficiency but also enables seamless downstream
characterization, including single-cell molecular analysis.'*"?
Such information on cancer heterogeneity is expected to be
highly useful for tailoring cancer therapies to individual
patients. Previous studies have demonstrated early
phenotyping of CTCs through 100- to 1000-fold enrichment
using microfluidic systems."*® In this context, the need for
simple and versatile capture devices and processes for CTCs
is still increasing, and expectations for practical devices for
cell-based cancer detection are growing."”

Effective immobilization of capture molecules on
substrate surfaces is crucial for the successful construction of
such microfluidic immunocapturers. Generally, it is not
trivial to introduce capture molecules, mostly antibodies,
onto a specific surface area inside a preassembled and closed
microchannel system. In particular, PDMS microfluidic
devices are cost-effective and highly reproducible, but a
multistep chemical modification process is needed. Because
of the chemical inertness of PDMS, multiple linkers based on
silane coupling and/or biotin-avidin interaction'®* are often
employed. The resultant complexity and low controllability in
the conventional modification process may compromise the
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reproducibility and reliability of device fabrication and
performances. Additionally, existing CTC capture devices
have limited productivity in fabricating microstructures,
which may pose a significant obstacle to their practical
application. While numerous studies have been conducted
and clinical applications have been eagerly anticipated, the
use of CTC-based cancer cell assays in real-world medical
practice remains limited.*

Substrates that can easily and strongly adsorb antibodies
have been widely used in biotechnology and biochemical
research fields. For example, nitrocellulose membranes are
often employed as the base material for lateral-flow
immunoassay (LFIA) devices,>"**> while PVDF membranes are
employed for Western blotting.>® Antibodies can be
spontaneously and firmly adsorbed onto the surface of these
materials, due to hydrophilic/hydrophobic and electrostatic
interactions.>*® We have recently reported that
nanoengineered polymeric sheets prepared by thermal
nanoimprint lithography (T-NIL) can be a new material for
antibody immobilization,*>?° which were employed as
substrates for LFIA. Among several polymer materials,
polycarbonate (PC) showed high ability for antibody
adsorption and immobilization.? The closely packed pattern
of the micrometer structures on the surface with nanometer-
sized surface topographies, along with the chemical
properties of PC, contributed to the autonomous adsorption
of antibodies without the need for any chemical crosslinking
protocols. The microfabrication process with T-NIL is also
amenable to the highly reproducible, mass production of
identical structures. Adoption of such material as a new
substrate to the selective capture of rare cells would therefore
facilitate the immunological capture of CTCs for highly
potent liquid biopsy with dramatically simplified fabrication
and surface modification processes.

The key to realizing such a concept is the development of
a facile strategy for integrating nanoengineered polymer
structures into microfluidic platforms. Such systems allow us
to continuously introduce biological fluids with controlled
flow profiles and enhanced cell-substrate interactions.
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Generally, pre-assembled microchannels have been employed
for capturing rare cells; however, creating such channels with
nanoengineered structures using thermoelastic polymers via
thermal nanoimprint lithography (T-NIL) is challenging.
Additionally, it is non-trivial to seamlessly integrate and
immobilize pre-patterned antibody-functionalized
nanoengineered  sheets into  specific regions  of
microchannels without introducing any gaps, steps, or
defects. In fact, to the best of our knowledge, such processes
have yet to be developed.

From these perspectives, here we propose a unique
strategy to utilize the inter-structural space on the
nanoengineered polymeric sheet as a “microgap” channel, as
shown in Fig. 1, for effectively immunocapturing blood
cancer cells. The device is formed by physically sandwiching
the nanoengineered PC sheet with pre-coated antibody
molecules between a solid plate (e.g., glass slide) as the
bottom and an elastic plate (e.g., PDMS plate) as the top
substrate. A closely packed array of cell-sized microcones
with nanometer-sized surface roughness was formed on the
sheet by T-NIL and utilized. To assemble the nanoengineered
PC sheet into a seamless microfluidic format, the microcones
in the periphery of the sheet were embedded in a
hydrophobic sealing material. In this configuration, the gap
between the microcones functions as a flow channel, in
which the target cells are immunologically captured on the
surface of the cones. In the experiment, we fabricated
immunocapture devices and characterized their
performances. Particularly, the orientation of the hexagonally
patterned microcone array against the flow direction, which
is denoted as the orientation angle, was investigated to
maximize the capture performance of several types of cancer
cells spiked into blood samples.

Materials and methods
Preparation of microfluidic devices with microcone arrays

The fabrication process of the device with the microgap
channel is shown in Fig. 2(a). A PC sheet (250 um thick) with
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Fig. 1 Schematic diagram showing a microgap channel incorporating a microcone array structure, enabling the selective capture of cancer cells.
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(a) Fabrication process of the microdevice incorporating the microgap channel and the T-NIL PC sheet with antibody-coated microcone

structures. (b and c) Schematic images showing (b) the design of the microgap channel and (c) the orientation angle of the microcone array against

the flow.

microcone array structures was prepared by T-NIL using an
aluminum mold with the laser-ablated concave structures, as
described before.*® Both the diameter and height of the
microcone were 30 um, and the cone structures were packed
most tightly into a hexagonal pattern. Nanoimprinted sheets
were cut into small pieces, 10 mm X 15 mm in size. The
periphery region of the cut sheet was coated with
hydrophobic water repellent (A-PAP Pen, Daido Sangyo,
Tokyo, Japan). The coating operation was repeated three
times to completely fill the microcones in the peripheral
region with the hydrophobic repellent, leaving a 6 mm X 12
mm area uncoated in the center of the sheet (Fig. 2(b)). A 10
pL drop of mouse anti-human EpCAM antibody (final conc.
of 50 ng mL ™, sc-59906, Santa Cruz Biotechnology, CA, USA)
in 50 mM Tris-HCI solution containing 2% (w/v) trehalose
(Fujifilm Wako Pure Chemical, Osaka, Japan) was applied to
the central 6 mm x 6 mm area (antibody-bound area) of the
sheet. After incubating at room temperature for 1 h, the sheet
was dried in a convection oven at 40 °C for 1 h.

To fabricate the microgap channels, the imprinted PC
sheet partially bound with the antibody was sandwiched
between two plates. An elastic PDMS plate with a thickness
of 4-5 mm was prepared from PDMS prepolymer (Silpot 184,
Dow Corning Toray, Tokyo, Japan), and inlet/outlet ports
were made by punching. This PDMS plate and a glass slide
(S1112, Matsunami, Osaka, Japan) were treated with O,
plasma using a plasma reactor (PR500, Yamato Scientific,
Tokyo, Japan) and these two plates were bonded while
sandwiching the antibody-bound sheet. Silicone tubes were
attached to the inlet and outlet ports and then glued. In this
study, three types of microgap channels with different
orientation angles of the microcone array were prepared, as
shown in Fig. 2(c), to investigate the effect of the microcone
arrangement on the capture behaviors of the cancer cells. In
the 0° device the packed row of the microcones was aligned
parallel to the flow direction, whereas in the 15° and 30°
devices the rows of the microcones were tilted at 15° and 30°,
respectively.

This journal is © The Royal Society of Chemistry 2025

Cell culture and preparation

MCF-7, A549, and HeLa were used as model cells for CTCs.
These cells were kindly provided by Riken BRC, Ibaraki,
Japan. Cells were cultured in DMEM supplemented with 10%
fetal bovine serum (Thermo Fisher Scientific, MA, USA) and
1% penicillin/streptomycin  (Sigma-Aldrich) in a CO,
incubator at 37 °C with 5% CO,. Cells were collected from
the dish by trypsin/EDTA treatment, washed with phosphate
buffered saline (PBS). After removing large cell aggregates
using a cell strainer (mesh size of 40 um, Corning, NY, USA)
cells were used for capture experiments.

Capture of cancer cells spiked in human blood samples

All experiments using human blood samples were conducted
in accordance with the Ethical Guidelines for Medical and
Biological Research Involving Human Subjects established by
the Ministry of Education, Culture, Sports, Science and
Technology and the Ministry of Health, Labour and Welfare
of Japan. The study protocol was approved by the Ethics
Committee of the School of Engineering, Chiba University
(Approval No. R4-10). Informed consent was obtained from
all participants involved in this study. A small amount of
blood was collected from healthy adult volunteers by finger
pricking. The collected blood was diluted 10-fold with PBS
containing 0.1% EDTA-2Na (Dojindo, Kumamoto, Japan),
0.5% BSA (Rockland Immunochemicals, PA, USA), and 2.5%
anti-adhesion reagent (Through Path Plus 40x, On-chip
Biotechnologies, Tokyo, Japan). When visualizing the capture
behaviors of the cancer cells, cells were stained before use in
experiments. Cancer cells at approximately 80% confluency
on the culture dish were labeled with a red fluorescent dye
(Vybrant Dil, Thermo Fisher) according to the manufacturer’s
protocol. Labeled cancer cells were recovered from the
culture dish and added to the diluted blood sample at a final
concentration of 3 x 10° cells per mL. To evaluate the capture
efficiency with high accuracy, the CTC concentration in this
sample was set to be >100 times higher than the CTC
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concentration in blood samples. Hoechst 33342 (final conc.
of 10 ug mL™", Thermo Fisher) was added to this sample to
stain the nuclei of the cancer cells and leukocytes. When in
situ staining of cancer cells was performed, non-labeled
cancer cells were used.

The diluted blood sample with the spiked cancer cells
(volume of 100 pL, theoretically with 300 cancer cells) was
loaded into a Teflon tube (inner ¢ of 1.0 mm) and one end of
this tube was connected to a plastic syringe containing a
washing buffer (PBS with 2.5% of the anti-adhesion reagent).
The other end of the tube was then connected to the inlet
silicone tube of the microgap channel, and the sample was
pumped into the channel at a flow rate of 20-200 uL min™"
using a syringe pump (KDS200, KD Scientific, MA, USA). After
introducing 100 puL of the blood sample, 500 pL of the
washing buffer was serially introduced to wash out cells
remaining inside the tube and the device. After washing,
CTCs and leukocytes trapped in the microgap channel were
observed and counted using a fluorescence microscope (IX73,
Olympus, Tokyo, Japan) and a CCD camera (DP74, Olympus).

As indices showing the capture behaviors of cancer cells,
we quantitatively evaluated the following two values: capture
efficiency and selectivity. The capture efficiency (capture
yield) was defined as the ratio of the cancer cells captured in
the antibody-coated area to the introduced cancer cells (300
cells). The capture selectivity (capture purity) was defined as
the ratio of cancer cells to the nucleated cells (both
leukocytes and cancer cells) captured in the antibody-bound
area. Each device was used only once, and the experiments
were repeated four times under each condition using
different devices to obtain the data.

Visualization of flow profiles by micro PIV

Confocal micro particle image velocimetry (micro PIV) was
performed to investigate the flow profiles in the microgap
channels with different orientation angles of the microcone
array. Green fluorescent microparticles (¢ of 1.1 um, G0100,
Thermo Fisher) were used as a tracer for visualizing the flow
profiles in the microgap channels. These particles were
suspended in PBS containing 0.5% tween 20 at a
concentration of 1.0 x 10° particles per mL. The particle
suspension was introduced into the microgap channel using
a syringe pump, and the flow behaviors of particles were
observed using a high-speed confocal micro PIV system
(Confocal Scanning Micro PIV System, Seika Corp., Tokyo,
Japan) in an x-y plane at the z position of 15 um from the
base of the microcone array. Particle motion was analyzed
using an image processing software (Image J, NIH, MD, USA).

Immunohistological staining

To confirm the expression of EpCAM on the cancer cells
investigated in this study, immunostaining was performed.
Cells were seeded in a 12-well plate and cultured until they
reached approximately 50-60% confluency. The cells were
washed with PBS and fixed using cold methanol at -15 °C,
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followed by blocking with PBST containing 10% goat serum
(Vector Laboratories, CA, USA). Cells were subsequently
treated with PBST containing a primary antibody (rabbit anti-
EpCAM antibody, Abcam, Cambridge, UK; final conc. of 5 ug
mL™) for 1 h and then with PBST containing a secondary
antibody (Alexa 594 goat anti-rabbit IgG, Thermo Fisher; final
conc. of 2 pug mL™") for 30 min. Finally, cell nuclei were
stained blue using PBST containing Hoechst 33342.
Fluorescence images were captured using the fluorescence
microscope and the CCD camera.

Additionally, we performed in situ post-capture
immunostaining of non-stained cancer cells in the microgap
channel. After capturing and washing the cells in the
channel, the following staining and washing solutions were
introduced stepwise at a flow rate of 30 uL min~" for 10 min
and then incubated at stopped-flow conditions for 10-60
min; (i) 10% neutral buffered formalin (Fujifilm Wako) for 15
min, (i) PBST containing 10% donkey serum
(ImmunoBioScience, WA, USA) for 30 min, (iii) PBST
containing the primary antibody for EpCAM (conc. of 5 ng
mL™) for 60 min, (iv) PBST containing a secondary antibody
for rabbit IgG (donkey anti-rabbit IgG H&L, Alexa Fluor 594,
Thermo Fisher; final conc. of 4 pg mL™) for 30 min, and (v)
PBST containing Hoechst 33342 for 10 min. Between steps
PBST was introduced for 10 min for washing. Consequently,
EpCAM-positive cells (cancer cells) were stained red and blue,
whereas leukocytes were stained only blue.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
22 software (IBM Japan, Tokyo, Japan). Statistical significance
was examined by one-way analysis of variance (ANOVA) with
Tukey or Bonferroni post hoc test. Differences were
considered significant with *p < 0.05 and **p < 0.01.

Results and discussion
Characterization of the microfluidic device

One prerequisite for successful CTC capture in this study is
that the microstructure can easily and efficiently absorb and
immobilize antibodies. In a previous study, both the
chemical properties of the material of the polymer sheet and
the morphological property of the nanometer-sized bumps
were reported to be important for antibody adsorption.*®
From the observation of the surface morphology of the
microcones by SEM, we confirmed that the surface of the
microcone was not smooth but had nanometer-sized bumps
(Fig. 3(a)). This roughness is considered to be derived from
the aluminum mold used for T-NIL. In this study, we
prepared microcone structures with a base diameter of 30
pm and a height of 30 um, which were closely packed with a
distance between the tops of the neighboring microcones of
30 pum. As a result, nanometer-sized bumps were also
observed over the entire area of the nanoimprinted PC sheet.

We evaluated whether antibody adsorption and
immobilization could be achieved simply by dropping an

This journal is © The Royal Society of Chemistry 2025
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(a) SEM image showing the microcone structure prepared by T-NIL on a PC sheet. (b) Fluorescence microscopic image showing the

boundary between the coated and non-coated areas with fluorescence-labeled antibody. (c) Photograph of the assembled microfluidic device with

the microgap channel.

antibody solution onto the microcone. A fluorescence
micrograph of the boundary between the antibody-coated
and uncoated areas is shown in Fig. 3(b). Even after washing
the microcones with a buffer solution by ultrasonication,
strong signal of the FITC-labelled antibody was observed on
the coated region. This result indicated that the antibody was
firmly adsorbed on the microcone surface. SEM observations
revealed that the microcone slopes exhibited rougher
surfaces compared to the apexes and intercone spaces. This
roughness likely contributed to the relatively higher
fluorescence signals observed in the slope regions. While the
fluorescence signal distribution across the microcone surface
was not perfectly uniform, it was not deemed a significant
obstacle for capturing CTCs with an average size of
approximately 15 um.*" The significantly lower fluorescence
intensity observed in the uncoated area indicated that
antibody adsorption was effectively confined to the coated
region. It is notable that the microcone sheet without
antibody coating was stable and showed no decrease in
antibody adsorption capacity even after long-term storage
(approximately 1 year).

Next, we attempted to implement the nanoimprinted
sheet with microcones into a microfluidic platform.
Introducing the sheet into pre-assembled microchannels with
controlled arrangements was anticipated to be challenging.
In this regard, we proposed a facile but effective process, that
is, sandwiching the antibody-coated nanoimprinted sheet
between a flexible flat PDMS plate and a rigid glass slide, as
shown in Fig. 2(a). This process effectively creates a gap
between the top of the microcones on the sheet and the
PDMS plate, which function as a fluidic channel facilitating
the continuous introduction of blood samples.

A photograph of the fabricated device is shown in
Fig. 3(c). The channel structure was formed at the center of
the imprinted sheet, and the periphery of the sheet was
coated with a hydrophobic repellent to prevent fluid leakage.
Despite the manual process, the thickness of the
hydrophobic area could be controlled by varying the number
of coatings, and in this experiment, it was approximately 40
um. This value was set to be slightly greater than the cone
height (30 pm) to ensure that the microcones in the
peripheral region were completely covered by the

This journal is © The Royal Society of Chemistry 2025

hydrophobic repellent. This consequently means that there
was a gap of approximately 10 um between the PDMS plate
and the microcone apexes. By using the nanoimprinted sheet
with the convex microcone array structure, we were able to
fabricate the gap channels by a simple sandwiching process
without employing any conventional techniques for
microchannel fabrication. The device was tested for water
introduction using a pressure control device. As a result, a
relatively high flow rate of approximately 5 mL min™" was
obtained at an applied pressure of 10 kPa, and no liquid
leakage was observed.

Selective capture of MCF-7 cells in blood samples

We then verified whether the prepared devices could actually
function as a new modality for selectively capturing cancer
cells and investigated factors affecting the capture
performances. First, MCF-7 cells, a commonly used cell line
as a model for CTCs, were spiked into diluted human blood
samples and introduced into the device. To quantitatively
analyze the capture efficiency and selectivity of the rare cell
populations, 100 puL of diluted human blood containing 300
MCF-7 cells was introduced. In this experiment, the
membrane and nuclei of MCF-7 cells were pre-stained with
red and blue dyes, respectively, to distinguish cancer cells
from leukocytes, which were stained only with blue dye.

The capture behaviors of MCF-7 cells in the microgap
channel with the orientation angle of 30° at a flow rate of 20
uL min~' are shown in Fig. 4(a) and ESIf Movie S1. In this
experiment the nuclei of the MCF-7 cells only were stained
blue. The MCF-7 cells flowed through the microgap channel
in a zigzag pattern, at an average flow velocity of
approximately 1.4 mm s '. Although there was a small gap
between the top of the microcones and the channel ceiling,
most of the MCF-7 cells flowed through the intercone space
near the bottom of the channel, which was possibly assisted
by gravity-driven cell precipitation onto the bottom. Cells
were rolling while flowing through the intercone spaces, but
no clear regularity or periodicity in their rotation was
observed. Consequently, MCF-7 cells collided with the
microcones and were subsequently captured on their
surfaces. Fig. 4(b) shows an SEM image of the captured

Lab Chip, 2025, 25, 3707-3717 | 371
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(a) Time-laps images showing the capture behaviors of cancer cells (MCF-7 cells) in diluted blood on the microcone array in the microgap

channel with the orientation angle of 30°. The nuclei of the MCF-7 cells were selectively stained blue with Hoechst 33342. (b) SEM image showing
a captured cancer cell; the cell is pseudocolored red. (c) Fluorescence micrographs showing cells captured and remained after washing in the
upstream, central, and downstream regions of the microgap channel. Leukocytes are stained blue and indicated with blue arrows, whereas MCF-7

cells are stained both blue and red.

MCF-7 cells. MCF-7 cells were captured in the intercone
region, not on the surface of the single cones, suggesting
that the closely packed microcone arrangement was effective
for capturing cancer cells. Fig. 4(c) shows fluorescence
images of antibody-bound regions in the upstream, middle,
and downstream sections after blood sample introduction
and washing. These micrographs indicate that MCF-7 cells
were effectively captured, along with a small number of
leukocytes. The number of captured cells in the upstream
region was larger than that in the central and downstream
regions. In particular, MCF-7 cells were primarily captured
in the upstream region of the antibody-coated area, with
70-80% of these cells detected within approximately 2 mm
from the entrance of the antibody-bound region. These
results suggest that cell capture occurs with a certain
probability for the event of microcone-cell collision. Under
this flow-rate condition, approximately 95% of the
introduced MCF-7 cells were captured. Hence, the size of
the antibody-coated area (6 mm x 6 mm) was considered
sufficient for capturing cancer cells. In contrast to the
cancer cells, the ratio of captured leukocytes was limited,
accounting for less than 0.1%. A small number of
erythrocytes were also observed on the microcones via SEM
observation, but their population was extremely low (fewer
than 100 erythrocytes per device). We have not investigated
the capture behaviors of platelets, but their influence on
CTC capture was negligible because the flows of the cell
samples were stably maintained through the CTC capture
experiments.

Furthermore, to validate if the capture of cancer cells was
actually caused by the antibodies, we performed a control
experiment using microcones without antibody coating. As a
result, approximately 25% of MCF-7 cells were captured but
this value was significantly smaller than the antibody-coated

3712 | Lab Chip, 2025, 25, 3707-3717

microcones. The number of captured leukocytes was still very
low, less than 0.1%. From these results the effect of antibody
on the selective capture of cancer cells was clarified. The
small amount of trapped MCF-7 cells was possibly due to the
physically captured of the cancer cells in the narrow space
between the microcones especially near the channel bottom;
leukocytes, which exhibit more deformable nature than
cancer cells,’”*> were not captured. Although the obtained
result indicates the possibility of nonspecific capture of
cancer cells, the low capture efficiency of leukocytes suggests
that this is not a significant issue for the application in
cancer diagnosis using blood samples.

Many parameters should significantly affect the cell
capture performances, and hence, we conducted capture
experiments by varying the two important parameters,
namely, the orientation angle of the microcone array and the
flow rate. Notably, if CTCs can be efficiently captured even
under high flow-rate conditions, the processing volume
would increase, reducing detection time. Fig. 5(a) shows the
capture ratio of MCF-7 cells for the three types of devices
with different orientation angles of the microcones, under
different flow rates. In the 0° device, more than 90% of MCF-
7 cells were captured at a flow rate of 20 pL min~", whereas
the capture ratio decreased at flow rates higher than 50 pL
min~". This may be because the direction of the closest row
of the microcones was parallel to the direction of the flow
in this device, so once cells flow through the intercone
spaces, they continued to flow straight through the
microgap channel. In the 15° and 30° devices, more than
90% of MCF-7 cells were captured even at a flow rate of 100
uL min™'. This may be because the arrangement of the
closest rows of cones was tilted against the flow, so that
cells were more likely to collide with the microcones at a
certain frequency regardless of their initial position. There

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Effects of the flow rate and the orientation angle of the microcone array on (a) capture efficiency and (b) selectivity of MCF-7 cells. Each
data shows the mean * SD of 4 experimental results. *p < 0.05, **p < 0.01.

was no statistical difference in the capture ratios of cancer
cells between the 15° and 30° devices. These results indicate
that the microcone array arrangement and flow rate
significantly impact cell capture efficiency, and that tilting
the orientation angle of the microcone array was crucial for
enhancing capture performance. Fig. 5(b) shows the capture
selectivity of MCF-7 cells. The selectivity was approximately
70% under all conditions, but this value tended to decrease

Orientation angle 6: 0°

(@)
175

slightly with the 30° device, especially under high flow
conditions. However, considering that more than 99% of
leukocytes were removed under all conditions, efficient
removal of leukocytes was possible regardless of the flow
rate conditions and the arrangement of the microcone array.
In previous studies on antibody-based capture of CTCs in
microchannels, experiments were performed mostly under
flow-rate conditions typically in the range of 10-30 pL
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Fig. 6 Visualization of flow profiles through the microgap channels. (a) Confocal micro PIV analysis of the flow profile using fluorescent
microparticles (¢ of 1.1 um) as a tracer. Flow patterns of representative particles are illustrated, in an x-y plane at z = 15 um from the base. The
outlines of the microcones at this z-position are indicated by dotted lines. The time interval between each dot representing particle movement is
20 ms. Three types of microgap channels with different microcone arrangements were investigated. (b and c) Distributions of (b) relative mean

particle velocity and (c) particle velocity fluctuation.
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min.33373¢ 1n addition, it was reported that the capture
efficiencies dramatically decreased as the flow rate
increased. In comparison, in the present study, highly
efficient capture was achieved even at relatively high flow
rate conditions even with using a relatively small antibody-
bound region (6 mm x 6 mm), which suggests that the 3D
microcone geometry was a key to successful capture of
cancer cells. We anticipate that using microgap channels
with a wider antibody-bound region will effectively enhance
the throughput of CTC capture.

Visualization of the flow profiles through microcone arrays

To obtain direct evidence of the effect of the orientation
angle of the microcone array on the cell capture efficiency,
we analyzed in detail the flow profiles in the microgap
channel using confocal high-speed micro PIV. Green
fluorescent microparticles with average diameter of 1.1 um
were used as a tracer, and the particle movement in the x-y
plane at the z = 15 um position from the base of the
microcone was observed. The particle suspension was
introduced at a flow rate of 50 pL min" for the 0°, 15°, and
30° devices, and the images were captured at a speed of 250
fps.

The positions of the tracer particles flowing through the
intercone spaces were observed as shown in ESIf Movie S2,
and their trajectories were visualized by plotting the particle
positions and connecting them with lines. The results are
shown in Fig. 6(a). In the 0° device, the flow speed of each
particle was relatively uniform, and the variation in the flow
velocity of each particle was not large; particles flowing near
the microcone surface tended to constantly flow slower, while
those far from the cones flowed faster. In the 15° and 30°
devices, on the other hand, particles exhibited repeated
acceleration and deceleration in accordance with the
microcone array period; when particles flowed in the
proximity of the microcones, they were decelerated. This
result indicates that by tilting the arrangement of the
microcone array against the flow direction, cells would have
an equal opportunity to collide with microcones regardless of
their initial position.

To quantitatively evaluate the differences in the flow
profiles depending on the microcone arrangement, we
defined and analyzed two indices: (1) the variation in the
mean flow velocity (Vmean) Of a single particle and (2) the
variation in the velocity fluctuation of a single particle. The
velocity fluctuation was defined as the standard deviation
of velocities of a particle over a 20 ms interval, normalized
by the mean flow velocity. The variation of Vyean is shown
in Fig. 6(b). For the device with the orientation angle of 0°,
the distribution of relative vg.., was broadened and its
coefficient of variation (CV) was 27.6%. In contrast, for the
devices with the orientation angles of 15° and 30°, the
distributions of relative v,e., were narrower, with CVs of
15.6% and 18.2%, respectively. In addition, the differences
in Viyean between 15° and 30° devices were small. Fig. 6(c)
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shows the variation in the particle velocity fluctuation. In
the 0° device, most particles showed small changes in
velocity, while there are many particles with large velocity
fluctuations in the 15° and 30° devices. These results were
consistent with the observation of flow profiles described
above, that is, particles in the 0° device tended to keep
their initial flow velocities. It could be therefore suggested
that in the 0° device, once cells flowed through the
intercone space, they flowed directly down the channel
without contacting the downstream microcones. On the
other hand, the 15° and 30° devices caused efficient
collision of cells with the cones, resulting in a high capture
efficiency even under the relatively high flow-rate
conditions. Our findings clearly indicate that the
arrangement of microcones is a key factor dominating the
affinity-based cancer cell capture.

Capture of different cancer cell types

It is naturally anticipated that the expression levels of the
surface marker are a critical factor dominating the capture
efficiency of the target cells.*” We therefore investigated the
capture behaviors of several types of cancer cells; in addition
to MCF-7 cells, we employed A549 cells, a human lung cancer
cell line, and HeLa cells, a human cervical cancer cell line.
According to previous studies, MCF-7 cells express the
highest amount of EpCAM, A549 cells moderately, and HeLa
cells do not express EpCAM.>53°

Before performing capture experiments, the expression of
EpCAM was examined for these cells by
immunohistochemical staining. Fluorescence micrographs of
the stained cells are shown in Fig. 7(a). MCF-7 cells exhibited
strong fluorescence signals, showing that these cells are
highly EpCAM positive. The expression of EpCAM for the
A549 cells was also confirmed, but its level was lower
compared to MCF-7 cells and was nonuniform. HeLa cells
were not positive for EpCAM.

Based on this result, the capture efficiencies of these
cells from diluted blood samples were investigated at a flow
rate of 20 pL min™" in the devices with the orientation
angle of 30°. The results are shown in Fig. 7(b and c).
Compared to the MCF-7 cells, the capture efficiency of the
A549 cells was slightly decreased but the difference was not
statistically significant; more than 90% of cells were
captured. The capture selectivity of the A549 cells was
comparable to the MCF-7 cells. The expression of EpCAM
in A549 cells was lower and not uniform. It has been
previously reported that the capture efficiency of A549 cells
using only the anti-EpCAM antibody was relatively low.*’
Our approach, on the other hand, achieved high capture
efficiency for A549 cells, possibly due to the closely packed
microcone configuration along with the enhanced antibody
immobilization on the rough surface. In contrast, the
capture efficiency of HeLa cells was low, which was less
than 20%. From the immunohistochemical observation,
HeLa cells do not express EpCAM, which was the main

This journal is © The Royal Society of Chemistry 2025
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reason for this decreased capture efficiency. The small
amount of the HeLa cells captured would be attributed to
the non-specific trapping, as in the MCF-7 cells captured
on the non-antibody-coated microcones described above. In
the of the removed
leukocytes were higher than 99%, resulting in higher
selectivities especially for MCF-7 and A549 cells. In previous
studies, it was suggested that using a single surface marker
not

all of these experiments ratios

sufficient for cancer cell detection and
characterization,** and cell capture using multiple affinity
molecules is effective. For cancer cells with low expression
level of EpCAM, other markers, such as HER2, CD44, and
IGFIR*™ could be simultaneously used for clinical
diagnosis of cancer, as reported by previous studies.”>*®

was

We expect that using microgap channels with multiple
types of antibodies in series will enable us to target
multiple cancer cell types with diverse phenotypes.

Nuclei

Fig. 8

Post capture visualization and identification of cancer cells

In applying the presented approach to the actual clinical
diagnostic, it is necessary to validate its ability for in situ
post-capture identification of cancer cells on the microcone
array. For this purpose, additionally, we should detect and
characterize the captured cells by specific staining or by
DNA/RNA analysis following cell lysis and nucleic acid
extraction. In this experiment, to demonstrate the post-
capture detection, in situ immunostaining was performed by
multistep introduction of reagent solutions into the gap
channels after capturing CTCs.

Fig. 8 shows microscopic images of the cells captured in
the gap channel and immunohistologically stained. During
the staining process with several introductions of reagent
solutions and washing buffers, cells stably remained in the
gap channels without flowing out of the channel. After the

7
Leukocyte
b4

In situ post-capture staining of MCF-7 cells in the microgap channel. Cell nuclei and the target antigen (EpCAM) were stained blue with

Hoechst 33342 and red with anti-EpCAM antibody, respectively. These images were captured from the top PDMS plate using fluorescence

microscopy.
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staining process, MCF-7 cells were double-stained in red and
blue, whereas leukocytes were stained blue. Because of the
transparency of the PDMS plate on top of the nanoimprinted
sheet, fluorescence observation was easily possible. These
results indicated the ability of the post-capture staining of
the non-prelabeled cancer cells for in situ identification,
showing the clinical applicability and versatility of the
presented system.

Conclusions

Here, we successfully developed a new approach for the
efficient and selective capture of cancer cells from blood
samples. The system consisted of a microcone array on a PC
sheet and flat glass and PDMS plates, which were easily
assembled into closed microgap channels without the need
for  complex fabrication  procedures.  Since  the
physicochemical nature of the nanoengineered PC sheets
eliminates the need for multistep chemical functionalization
protocols for antibody immobilization on the substrate
surface, this system is feasible for clinical cancer diagnostics
based on liquid biopsy. Additionally, the microcone
structures could be prepared using a simple T-NIL process,
which is suitable for rapid and large-scale production with
high reproducibility.

The most remarkable advantage of the system is the high
trapping efficiency of cancer cells on microcone surfaces.
This can be attributed to the three-dimensional “cone”
morphology of the structure, that is, the cell-sized intercone
spaces generate irregular flow patterns, which were highly
functional in immunoaffinity-based cell capture. We further
revealed that controlling the microcone arrangement, ie.,
tilting the microcone array against the flow direction, further
enhanced the contact between the cells and microcones. As a
result, we achieved high capture efficiency and selectivity
even at relatively high flow rates for the devices with the
orientation angle of 15° and 30°. The applicability to several
types of cancer cells and post-capture identification was also
demonstrated. In the future, the clinical relevance of the
presented approach will be investigated using blood samples
from cancer patients with a smaller number of CTCs.
Multiplexing capture strategies based on multiple antigens
and further increases in the processing flow rate should also
be pursued, as well as CFD simulations of the flow profiles in
the microgap channels to the capture
performances.

maximize
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