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During the progression of metastasis, cancer cells detach from the solid primary tumor, enter
the blood stream, and travel to different tissues of the body. These breakaway cancer cells in
the peripheral blood are known as circulating tumor cells (CTCs).[1] In addition to
conventional diagnostic imaging and serum marker detection, quantification of CTCs in patient
blood provides new and valuable information about managing cancer.[2-5] Over the past
decade, CTC counting has been used for examining cancer metastasis, predicting patient
prognosis, and monitoring the therapeutic outcomes of cancer.[6] However, isolation of CTCs
has been technically challenging due to the extremely low abundance (a few to hundreds per
milliliter) of CTCs among a large number of hematologic cells in the blood (10° mL™1).[4,7,
8] Several technology platforms for isolating/counting CTCs have been developed with
strategies that involve immunomagnetic beads or microfluidic devices.[3,4,9,10] The former
utilizes capture-agent-coated magnetic beads to immunologically recognize CTCs in the blood,
followed by magnetic isolation. However, these bead-based approaches are limited by their
low CTC-capture yield and purity. Recently, a number of microfluidic technologies[9,10] has
been established for capturing viable CTCs from whole-blood samples with improved
efficiency and selectivity compared to the bead-based approach.[3,7] While different device
architectures were applied in these CTC-sorting microchips, the improved CTC-capture
efficiencies were achieved by increasing CTC/substrate contact frequency and duration.

Herein we demonstrate that a three-dimensionally (3D) nanostructured substrate coated with
epithelial-cell adhesion-molecule antibody (anti-EpCAM) exhibits outstanding cell-capture
efficiency when employed to isolate viable cancer cells from whole-blood samples. We
foresaw that this new cell capture platform could provide a convenient and cost-efficient
alternative for isolating/counting CTCs. EpCAM is a transmembrane glycoprotein that is
frequently overexpressed in a variety of solid-tumor cells and is absent from hematologic cells.
[11] The uniqueness of this new approach (Figure 1a) lies in the use of 3D nanostructured
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substrates—specifically, a silicon-nanopillar (SiNP) array—which allow for enhanced local
topographic interactions[12—14] between the SiNP substrates and nanoscale components of
the cellular surface (e.g., microvilli and filopodia) and result in vastly improved cell-capture
affinity compared to unstructured (i.e., flat Si) substrates (Figure 1 b). The rationale of our
approach is indirectly supported by a recent study in which the enhanced adhesive force
between a SiNP-coated bead and mucosal epithelial cells was attributed to local topographic
interactions between SiNPs bound to the bead and nanoscale microvilli on the cell surfaces.
[12] Enormous research efforts have been devoted to studying local topographic interactions
between cells and a diversity of nanostructured substrates,[13-22] which share nanoscale
feature dimensions similar to those of cellular surface components and extracellular matrix
(ECM) structures. However, most of this research has focused on achieving a better
understanding of how nanostructures affect cellular behavior,[16-21,23-25] for example,
adhesion,[17,26-28] viability,[16,23] migration,[25,29,30] differentiation,[21,22,31] and
morphology.[27,31,32]

The 3D nanostructured cell-capture substrates were prepared as illustrated in Scheme 1. First,
we fabricated densely packed nanopillars with diameters of 100-200 nm on silicon wafers
using a wet chemical etching method (Scheme 1a).[33] The lengths of these chemically etched
SiNPs can be controlled by applying different etching times. Thus, we were able to obtain a
series of SiNP substrates with SiNP lengths varying from 1 to 20 um. After preparing the SiNP
substrates, we employed N-hydroxysuccinimide (NHS)/maleimide chemistry[9] to introduce
streptavidin onto the surfaces of the SiNP substrates (Scheme 1b and Supporting Information).
Biotinylated anti-EpCAM (R&D Systems) was introduced onto the streptavidin-coated
substrates prior to the cell-capture experiments.

To test the cell-capture performance of the SiNP substrates, we prepared a cell suspension
(10° cellsmL™1) of an EpCAM-positive breast-cancer cell line (i.e., MCF7)[9,10,34] in cell
culture medium (DMEM). The MCF7 cell suspension (1 mL) was introduced onto a 10 pm-
long SiNP substrate (1 x 2 cm), which was placed into a commercial cell chamber slide and
kept in an incubator (5% CO,, 37°C) for 1 h. As a control, a flat Si substrate modified with
anti-EpCAM was also examined in parallel. After rinsing, fixing, and nuclear staining, the
substrate-immobilized cells were imaged and counted by using a fluorescence microscope
(Nikon, TE2000). As shown in Figure 2, the SiNP substrates can capture up to ten times more
cells than the flat Si substrates. The cell-capture yield was only 4-14%on flat Si substrates as
opposed to 45-65% on SiNP substrates, and this suggests that 3D nanostructures are possibly
responsible for the enhanced cell-capture yields. As shown on the right-hand side of Figure
2a, the cells captured on the flat Si substrates and on the SiNP substrates exhibited marked
morphology differences, in addition to the vastly different capture yields. In order to maintain
the morphologies of the substrate-immobilized cells for scanning electron microscopy (SEM)
observation, the samples were processed by glutaraldehyde fixation, treatment with osmium
tetroxide, and dehydration.[35] The insets in Figure 2a show typical morphologies of cells
captured on flat Si and SiNP substrates. The cells on the flat substrate appear more rounded,
and no nanoscale cellular protrusions are observed. In contrast, observation of many
interdigitated cellular protrusions (with diameters of about 100—200 hm) on the SiNP substrates
validates[12] the working mechanism of our 3D nanostructure-based cell-capture approach.

To compare SiNP and flat Si substrates in a spatially close experimental setting, a lithographic
method (Figure 2b) and chemical etching process were combined to make a patterned substrate
that alternates between flat Si and SiNP surfaces (upper part of Figure 2c). As shown at the
bottom of Figure 2c, the flat Si surface captured few target cells, while the SiNP-covered area
captured more cells. This is consistent with the results obtained individually under the separate
experimental conditions. Moreover, we were able to confirm minimal nonspecific interactions
between the MCF7 cells and the SiNP substrates by performing similar cell-capture
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experiments on three different substrates: 1) a SiNP substrate without any surface modification,
2) a SiNP substrate with only streptavidin coating, and 3) a SiNP substrate modified with anti-
EpCAM (see Supporting Information).

During optimization, we noticed that the number of substrate-immaobilized cells increases with
increasing incubation time. To determine the minimum time required to achieve cell capture,
we examined the cell-capture performances of both the modified 10 um SiNPs and flat Si
substrates (with anti-EpCAM coating) at different incubation times. Two EpCAM-positive
cancer-cell lines (i.e., MCF7 and PC3 human prostate adenocarcinoma cells[9,34]) were
examined. For comparison, two EpCAM-negative cancer-cell lines (i.e., HeLa cervical cancer
cell line and Daudi lymphoma cell line,[36] representing both adherent and suspension cell
types, respectively) were employed as controls. Prior to our cell-capture studies, we confirmed
EpCAM expression levels on the four cell lines using flow cytometry (see Figure S4 in
Supporting Information). Figure 3a summarizes the correlation between incubation time and
the number of substrate-immobilized cells on SiNP substrates. For the EpCAM-positive cells
(i.e., MCF7 and PC3), the maximal cell-capture numbers were achieved at an incubation time
of 45 min. In general, the 10 mm SiNPs exhibit up to ten times better cell-capture yield than
the flat Si substrates (Figure S5 in Supporting Information). On the contrary, relatively low
cell numbers were observed for EpCAM-negative cells (i.e., HeLa[37] and Daudi), that is, the
3D nanostructured substrates are specific for capturing EpCAM-positive cells.

To unveil how SiNP length affects the cell-capture yields of the 3D SiNP substrates, we
performed cell-capture experiments with the four cancer cell lines (i.e., MCF7, PC3, HelLa,
and Daudi) on a series of SiNP substrates with SiNP lengths of 4, 6, 8, 10, and 20 um (see
cross-sectional SEM images in Supporting Information). As shown in Figure 3b, the numbers
of captured EpCAM-positive cells increased with increasing SiNP lengths, but relatively minor
changes were observed for EpCAM-negative cells. When the SiNPs were longer than 6 mm,
maximum cell-capture yields were achieved. This minimum SiNP length required for optimal
capture yield is believed to be compatible with cell-protrusion lengths of tumor cells.[38] This
observation led us to believe that the 3D local topographic interactions are correlated with
characteristics of the SiNPs, including but not limited to length, and that SiNPs lead to improved
cell-capture affinity.[12]

From the aforementioned studies, optimal cell-capture conditions (i.e., 10 um anti-EpCAM-
coated SiNP substrates and 45 min cell incubation time) were obtained for performing static
cell-capture studies on whole blood samples. A series of artificial CTC blood samples was
prepared by spiking rabbit blood with Red-Dye-stained MCF7 cells at densities of 1000-1250,
80-100, and 5-20 cellsmL~1 of blood. The results are summarized in Table S1 of the
Supporting Information. Our approach shows vastly improved capture yields (>40%),
compared to those observed for the commercialized technology.[3]

In conclusion, a cell-capture platform based on 3D nanostructured substrates was demonstrated
to exhibit efficient cell capture. This likely originated from enhanced local topographic
interactions between the 3D nanostructured substrates and extracellular extensions, in addition
to anti-EpCAM/EpCAM biological recognition. Using these nanostructured substrates we can
reliably capture cancer cells from artificial CTC blood samples. It is conceivable that our
platform can provide a convenient and cost-efficient alternative for CTC sorting in clinics. The
impact of this cell-capture platform beyond CTCs will potentially benefit the diagnosis of early
diseases that are currently detected by means of cell-capture technologies.[3,4,9,10,39]
Importantly, cell viability with this platform is as high as 84-91% (see Supporting
Information), which is conducive to subsequently releasing the cells, culturing them, and
performing molecular biological diagnosis.
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Conceptual illustration of how an anti-EpCAM-coated 3D nanostructured (i.e., SINP) substrate
can be employed to achieve significantly enhanced capture of EpCAM-positive cells (i.e.,
CTCs) from cell suspension in contrast to an anti-EpCAM-coated unstructured (i.e., flat Si)
substrate. a) Interdigitation of nanoscale cellular surface components and SiNPs enhances local
topographic interactions, resulting in vastly improved cell-capture efficiency. b) Lack of local
topographic interactions between cells and flat Si substrate compromises the respective cell-

capture efficiency.
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Figure 2.

a) Fluorescence micrographs and SEM images of SiNP substrates and flat Si substrates on
which MCF7 cells were captured. The SiNP substrates exhibited significantly better cell-
capture efficiency than the flat ones. DAPI: 4’,6-Diamidino-2-phenylindol. b)
Photolithography process for patterning alternate SiNP and flat substrates on the silicon wafer
for comparing their cell-capture efficiencies in a close experimental setup. ¢) SEM images of
patterned and flat substrates before cell capture (top) and fluorescence micrographs of cells
captured on patterned and flat substrates (bottom).
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Figure 3.

Quantitative evaluations of cell-capture yields a) at different capture times and b) with different
SiNP lengths ranging from 0 to 20 mm. Each plot and error bar represents a mean standard
deviation from three repeats.
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Scheme 1.

A) Chemical etching by Ag* and HF was employed to produce a silicon nanopillar (SiNP)
array on a silicon wafer. The SEM images reveal that well-defined SiNPs with diameters
ranging from 100 to 200 nm and lengths around 10 um were produced. B) Grafting of
biotinylated epithelial-cell adhesion-molecule antibody (anti-EpCAM) onto silicon substrates.
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