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Introduction

Microfluidic channel-coupled 3D quartz nanohole
arrays for high capture and release efficiency of
BT20 cancer cellst

Jung-Taek Lim, 2 Yo-Seop Yoon, &2 Won-Yong Lee, 22 Jin-Tak Jeong, &2
Gil-Sung Kim, @2 Tae Geun Kim @ ° and Sang-Kwon Lee (2 *@

Nanostructured materials, such as silicon nanowires, quartz nanostructures, and polymer-modified nano-
structures, are a promising new class of materials for the capture and enumeration of very rare tumor
cells, including circulating tumor cells (CTCs), to examine their biological characteristics in whole blood
of cancer patients. These cells can then be used for transplantation, anti-tumor cell therapy, and cell-
secreted protein studies. It is believed that 3-dimensional (3D) nanostructured substrates efficiently
enhance cell capture yields due to the increased local contacts between the 3D nanostructures and
extracellular extensions of the tumor cells. Recent studies have been performed with enhanced cell
capture yields thanks to various nanostructured platforms; however, there remains an urgent need both
to capture and release viable rare tumor cells for further molecular (i.e., protein) analysis and to develop
patient-specific drugs. Here, we first demonstrate that our 3D quartz nanohole array (QNHA) tumor cell
capture and release system allows us not only to selectively capture rare tumor cells, but also to release
the cells with high capture and release rates. This system was developed using streptavidin (STR)-function-
alized QNHA (STR-QNHA) with a microfluidic channel. Our system has ideal cell-separation yields of as
high as 85-91% and high release rates of >90% for the BT20 cell line. We suggest that the use of a
microfluidic channel technique coupled with a STR-QNHA cell capture and release chip (STR-QNHA cell
chip) would be a powerful and simple process to evaluate the capture, enumeration, and release of CTCs
from patient whole blood for studying further cell therapy and tumor-cell-secreted molecules.

Drug Administration (FDA)-approved system and is known as
the “gold standard” among the emerging CTC capture and iso-

Circulating tumor cells (CTCs) are cancer cells that originally
propagate from tumors or metastatic sites, spreading into the
bloodstream as the cellular origin of fatal metastasis.” It has
been reported that cancer metastasis can be detected by quan-
titating these CTCs from patient whole blood.>* Recently, sig-
nificant progress has been made in rare CTC capture and sub-
sequent enumeration with various nanostructured materials,
including silicon nanowires, quartz nanorods, and polymer-
and aptamer-modified nanostructures as cell capture
platforms.*® It is believed that 3-dimensional (3D) nano-
structure substrates efficiently enhance cell capture yields due
to the increased local contacts between the 3D nanostructures
and extracellular extensions. CellSearch® is the only Food and
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lation methods.® In addition, microfluidic-based methods
have provided a new approach to capture and count CTCs
using various novel structures.'®** However, these techniques
are generally limited to identify and further characterize the
CTCs due to the extremely low number of CTCs present in
blood (1-100 CTCs per ml).>**'> Recently, we have developed
nanostructure-based platforms, including silicon nano-
structures, quartz nanopillars, and quartz nanoholes, for the
capture and enumeration of specifically targeted cells from
both a cell line and a patient’s whole blood. We have proposed
that these nanostructure platforms can significantly improve
cell capture efficiency (>93%) due to their 3D nano-topo-
graphic feature of enhancing local contacts with the cellular
surface of tumor cells and their cell capture.'®™®

Using a set of quartz nanohole arrays (QNHA) with varying
hole and pitch sizes, we found that our mechanistic study on
nanostructure-based immune cell capture provided new
insights into not only the biology of cell-nanomaterial inter-
action, but also the design of new rare cell capture techno-
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logies with improved efficiency and specificity. The majority of
recent studies have focused on enhancing cell capture
efficiency with various nanostructure platforms. However, a
new platform that enables cell capture and release at high
yield is strongly required for further investigation of secreted
biomolecules (i.e., tumor markers or specific proteins) from
captured CTCs to provide more valuable insight into rare
tumor cell biology.

Here, we first demonstrate streptavidin-functionalized 3D
quartz nanohole arrays (STR-QNHA cell chip) combined with a
microfluidic system that enables the selective capture of rare
tumor cells and their subsequent release at high yield. This
platform uses STR-biotin conjugation in order to allow higher
affinity binding with rare tumor cells than the conventional
antigen-antibody conjugation, which in turn led to excellent
cell capture yields of 85-90% and high release rates of >91%
when using the BT20 cell line. Furthermore, our STR-QNHA
platform has the advantage of being transparent, which will
facilitate further research using fluorescence microscopes
compared to previous opaque silicon nanostructure-based
platforms.”®

Experimental details
QNHA fabrication and surface functionalization

Fig. 1a reveals the typical modified self-assembly technique we
developed previously to generate the QNHA using colloidal
polystyrene (PS) nanoparticles.'®'®'® Briefly, the monolayer of
colloidal PS nanoparticles of ~300 nm in diameter was first
coated on a quartz substrate (2.5 x 2.5 ¢cm?) (Fig. 1b). The
coated PS particles underwent O, plasma etching for 45 s (O,/
Ar = 35/10 sccm, RF power of 100 W, and bias power of 50 W)
to produce a space between the coated PS nanoparticles
(Fig. 1c) followed by 25 nm thick Cr deposition via e-beam
evaporation as an etch-mask. The reactive ion etching (RIE)
process was then performed for 4 min (CF,/O, = 45/5 sccm, RF
power of 150 W, and bias power of 50 W). Subsequently, the PS
nanoparticles on the quartz substrate were removed by ultra-
sonication in N-methyl-2-pyrrolidone (Fig. 1d). The Cr metal
layer was completely removed via a lift-off process using the Cr
etchant (CR-7, Cyantek, USA) as shown in Fig. 1e. The tilted
and cross-sectional views of field-effect scanning electron
microscopy (FE-SEM) and the photograph of bare QNHA with a
diameter and a depth of ~270 nm are shown in Fig. 1f and g,
respectively, revealing that the nanohole arrays are evenly fabri-
cated on the quartz substrates.

Fig. 2a shows the typical STR-surface functionalization of
QNHA substrates. For the STR-functionalization of QNHA
(Fig. 1a), the QNHA substrates were first cleaned with
H,0, : H,SO, (1: 1) for 10 min to remove organic impurities on
the surface. Next, the substrates were washed using a three-
step cleaning process (acetone, isopropyl alcohol, and distilled
water), and then air dried. The QNHA surface was exposed to
O, plasma for 20 s to immobilize the hydroxyl groups on the

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

a  PS coating

Size reduction (RIE)

Cr deposition

Quartz nanohole arrays  Reactive ion etching PS Lift-off

Scale bar: 1 pm

Fig. 1 Fabrication of quartz nanohole arrays (QNHA) using a modified
self-assembly technique. (a) Schematic diagram of the QNHA fabrication
process: (1) 300 nm polystyrene (PS) nanoparticle coating on a quartz
substrate (2.5 x 2.5 cm?); (2) O, plasma etching of PS to produce a
space between the PS nanoparticles; (3) 25 nm thick Cr metal deposition
using an e-beam evaporator; (4) lift-off process; (5) RIE process for dry
etching of the quartz substrate using a Cr metal etch mask; (6) removal
of the Cr metal. (b)—(e) FE-SEM images of each fabrication process,
including (b) PS coating, (c) RIE etching for space, (d) RIE and PS
removal, and (e) removal of Cr metal on QNHA substrates. (f) Tilt and
cross-sectional FE-SEM images of the prepared QNHA substrate.
(g) Photograph of the QNHA substrate.

QNHA surface for 10 min. The surface underwent a three-step
surface functionalization process using 1% (v/v) (3-aminopro-
pyl)-triethoxysilane (APTES, Sigma-Aldrich, USA) in ethanol for
30 min at 23 °C, 12.5% (v/v) glutaraldehyde (GA, Sigma-
Aldrich, USA) in distilled water for 4 h on a 3D-rocker, and
50 pg ml~" streptavidin (STR, Sigma-Aldrich, USA) solution in
phosphate buffered saline (PBS, Sigma-Aldrich, USA) in an
incubator (37 °C, 5% CO,) overnight. As shown in Fig. 2b, a
microfluidic channel was prepared in a conventional polydi-
methylsiloxane (PDMS, 2.5 x 2.5 cm”) chamber, a widely used
silicon elastomer for bio-microfluidics.”® Sylgard 184 PDMS
pre-polymer was mixed with a curing agent at a volume ratio of
10:1, poured onto the salinized silicon wafer containing
channel patterns (height of 100 pm and width ranging from
100 to 1000 pm) by photo-lithography and a deep dry etching
process, degassed for 30 min, and then cured at 80 °C for 1 h.
The PDMS channels were prepared with four types of channels
(100, 250, 500, and 1000 pm in width) to examine optimized
channel design for microfluidic-based cell chips. This PDMS
channel chamber (top image of Fig. 2b) was bound onto an
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Fig. 2 Surface functionalization of the fabricated QNHA substrates.
(a) Surface functionalization of QNHA substrates: (1) the formation of
amine groups on the surface of the O, plasma-treated QNHA substrates
with a 1% APTES solution; (2) immobilization of the aldehyde group on
APTES-coated QNHA substrates; and (3) immobilization of STR on GA-
conjugated QNHA substrates. (b) Schematic image of the assembly of a
PDMS microfluidic chamber with an STR-functionalized QNHA cell
capture/release chip. (c) Photograph of the assembled STR-QNHA cell
capture/release chip, where a red ink was used to facilitate visualization
of the system. (d) Schematic illustration, including the corresponding
biomolecular configuration, of the surface of the FITC-labeled
STR-QNHA cell chip. (e) Enlarged fluorescence image obtained from
part A of (d).

STR-functionalized QNHA cell chip (STR-QNHA) to complete
the assembly of a microfluidic channel-coupled cell capture/
release chip. Finally, the assembled STR-QNHA cell chip was
bound with a plastic plate (Fig. 2c). For the cell capture and
release experiments, the assay cell chip was assembled with an
N, loading system as shown in Fig. 2c and Fig. S1.}

Cell preparation and quantification of captured cells on the
STR-QNHA cell chip

For cell capture and release experiments with the STR-immobi-
lized QNHA cell chip, BT20 cells were purchased from
American Type Culture Collection (ATCC, USA). Before loading
the BT20 cells onto the STR-QNHA cell chip, the BT20 cells
were pre-stained using Vybrant cell labeling solution (DiI,
532 nm, Invitrogen, USA) to quantify the captured cells on the
STR-QNHA cell chip. Dil-stained BT20 cells were first pre-
treated with a biotinylated anti-epithelial cellular adhesion
molecule antibody (anti-EpCAM) (Bioscience Inc., USA), a uni-
versal biomarker for epithelial tumor cells, and then stored at
4 °C for 20 min."* To load the BT20 cells onto the STR-QNHA
cell chip, the BT20 cells were manually counted using a con-
ventional hemocytometer (Hausser Scientific Co., USA) with a
10% margin of error, and cell populations were diluted to
~5000 cells per ml in 1x PBS solution. The cell suspension
(total volume of 1 ml) was loaded into the four STR-QNHA cell
chip types (100, 250, 500, and 1000 pm in width) using an N,
loading system (Fig. S11), where the flow rates (0.5 to 4 ml h™)
were controlled by applying N, pressure (Fig. S11). The actual
flow rates were determined by measuring the amount of 1x
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PBS solution at the outlet of the STR-QNHA cell chip for 1 h
under a different N, pressure (Fig. S17).

After cell capture experiments with the STR-QNHA cell chip,
the captured cells were washed using 1x PBS solution at least
five times to remove unbound tumor cells. BT20 cells bound
on the STR-QNHA cell chip were then fixed with 4% para-
formaldehyde (PFA, Santa Cruz Biotechnology Inc., USA) in PBS
for 20 min, followed by washes using PBS after removing the
PDMS microfluidic chamber. To quantify the captured BT20
cells on the cell chips, we conducted laser scanning cytometry
(LSC), which has been shown to be a useful method,>" using an
Axon Genepix microarray scanner 4000B (Molecular Devices,
USA). The QNHA substrate-bound BT20 cells were scanned
using a YAG laser (532 nm wavelength) on the microarray
scanner with 5 pm resolution. Subsequently, the scanned
fluorescence images were transferred into CellProfiler™ analysis
software for the quantification of QNHA chip-bound cells.

Results and discussion
Cell capture performance using the STR-immobilized cell chip

To verify that STR proteins were homogenously immobilized
on the microfluidic-based QNHA cell chip, the surface of the
GA-conjugated QNHA was stained with streptavidin-fluo-
rescein isothiocyanate conjugate (STR-FITC, eBioscience Inc.,
USA) solution in an incubator for 24 h and then fixed with 4%
PFA solution. Fig. 2d shows the schematic illustration of the
FITC-labeled STR-QNHA cell chip along with the corres-
ponding biomolecular configuration. Using a microarray
scanner, as shown in Fig. 2e, an enlarged fluorescence-acti-
vated image was obtained from part A of Fig. 2d. These results
clearly demonstrate that the functionalized STR proteins are
homogenously immobilized on the surface of the QNHA,
leading to uniform fluorescence brightness in a large area of
the microfluidic channel in the QNHA cell chip. This indicates
that our STR-QNHA cell chip is suitable for fluorescence detec-
tion of rare CTCs.

Furthermore, to assess cell integrity on the STR-QNHA cell
chip, the surface-bound BT20 cell nuclei were stained with
4'-6-diamidino-2 phenylindole (DAPI, Thermo Fisher Scientific,
USA). Fig. 3a-c show the fluorescence images of the DAPI-
stained and Dil-stained cells, and the merged fluorescence
images of the surface-bound BT20 cells on the STR-QNHA cell
chip, respectively. As shown in Fig. 3a-c, the stained cells were
subsequently evaluated for the number of BT20 cells (Dil’/
DAPT") out of the total counted cells bound on the STR-QNHA
cell chip by fluorescence microscopy analysis (EVOS™, AMG,
USA). Our results indicate that more than 98% of the fluo-
rescence-activated spots on the STR-immobilized QNHA cell
chip were identified as the captured BT20 cells (n = 3).

Prior to the cell capture experiments, we prepared four
QNHA cell chips with widths of 100, 250, 500, and 1000 pm in
PDMS microfluidic channels with a fixed flow rate of
0.5 ml h™" to determine the optimal size of the microfluidic
channel. Approximately 5000 BT20 cells per ml were loaded

This journal is © The Royal Society of Chemistry 2017



Published on 02 October 2017. Downloaded by Chungang University on 5/2/2019 7:55:28 AM.

Nanoscale

View Article Online

Paper

d e Straight Curved
B x102m/s
100 Flow rate: 0.5 mi/h 100um 7
—_ " 2i5
S 80+
> Q ? B
2 250um ) 2
2 60 =SS
2
% T o 15
o :
© 40 Channel width 500um /
3 100 250 500 1000 ym / 4
&,
8 204 ] = -
S F
? = 05
0 T T T T T 1000um ‘/'
0 200 400 600 800 1000 1200 / 0
Channel width (um)
100 g 100
T STR-QNHA-substrate
80 - 80 -
e STR-QNHA (nanohole) =
3 60 3 60 BT20 cells
= =
0 [0}
) S
% 40 £ 40
2 [
2 5
g2 W W B a 204
o | o © U937 cells
© Planar quartz g - — S
0 ' i 0 E0=r0— —0— —0—
T § T

0 1 2 3 4
Flow rate (ml/h)

Fig. 3 Cell capture performance using an STR-immobilized QNHA cell
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chip. (a) Fluorescence images of substrate-bound BT20 cells stained with

(a) DAPI, (b) Dil, and (c) merged on the STR-immobilized QNHA cell chip. Scale bar is 200 pm. (d) Average cell capture efficiency (%) of surface-bound

BT20 cells for different widths of 100, 250, 500, and 1000 pm at a fixed fl

low rate of 0.5 ml h™* on the STR-functionalized QNHA cell chip. (e) Fluid-

speed distribution of the PDMS microfluidic channel at different zones (straight and curved areas) for different channel widths using the COMSOL
simulator. (f) Average cell capture efficiency of surface-bound BT20 cells with two different STR-functionalized cell capture platforms; such as
planar quartz substrates (STR-planar quartz cell chip) and an STR-QNHA cell chip, and (g) two different cells (EpCAM-negative U937 monocytes and

EpCAM-positive BT20 cells) as a function of flow rate up to 4 ml h™.,

into the STR-QNHA cell chip, and the substrate-bound cells
were quantified by LSC imaging (Fig. S2f). As shown in
Fig. 3a-c, all loaded BT20 cells were pre-stained with Dil to
easily quantify the exact number of the cells in the STR-QNHA
cell chip. Fig. 3d shows the cell capture efficiency for different
widths of the microfluidic channels ranging from 100 to
1000 pm. When the width of the microfluidic channels are
wider than 500 pm, the cell capture efficiency linearly
increases from ~15 + 8.7% (100 pm wide channel) to ~76 +
11.6%, and then slightly increases again up to ~91%, which is
consistent with our previous results using other 3D cell
capture platforms®'®?* for the 1000 pm wide QNHA cell chip
(Fig. 3d). To further investigate the effect of the channel width
on the cell capture efficiency of STR-immobilized QNHA cell
chips, a commercial multi-physics finite-element
(COMSOL software, http:/www.comsol.com/) was used to

solver

This journal is © The Royal Society of Chemistry 2017

simulate the fluid-speed distribution dependent on the
channel widths of 100, 250, 500, and 1000 pm in the microflui-
dic-based STR-QNHA cell chips in a steady-state with a flow
rate of 0.5 ml h™'. According to the numerical simulation
results using COMSOL (Fig. 3e), the flow rate (i.e., fluid speed)
is gradually decreased with increasing the channel width up to
1000 pm. This countertrend, compared to the increased cell
capture efficiency (Fig. 3d), is due to the increased probability
of contact between the BT20 cells and the STR-bound sub-
strates at a slower flow rate. Based on these results, we deter-
mined the optimized width of microfluidic channels for the
STR-QNHA cell chip to be 1000 pm. Accordingly, we used the
1000 pm wide channel STR-QNHA cell chip for subsequent
experiments.

To quantify the cell capture efficiency of the optimized
STR-QNHA cell chip, we conducted cell capture yield experi-

Nanoscale, 2017, 9, 17224-17232 | 17227



Published on 02 October 2017. Downloaded by Chungang University on 5/2/2019 7:55:28 AM.

Paper

ments at flow rates of 0.5, 1, 2, 3, and 4 ml h™" with a fixed
channel width of 1000 pm, where we loaded ~5000 cells per
ml into the STR-QNHA cell chip. For comparison, the STR-
functionalized planar quartz substrates were also tested as a
control sample. Fig. 3f shows the cell capture efficiencies for
two-different cell capture platforms (ie., STR-planar quartz
and STR-QNHA cell chip) as a function of flow rates up to 4 ml
h™". These results show that the STR-QNHA cell chip can
efficiently capture cells (as high as ~91%, a factor of ~2.3) as
compared to the control samples (~39%), which is consistent
with previous results."®?* The high cell capture efficiency of
the STR-QNHA cell chip, compared to the STR-planar quartz
substrate, can be explained by an increase in the local contact
area between the cells and the solid surface, and 3D surface
accessibility, as demonstrated by the FE-SEM image of tightly
bound BT20 cells on STR-immobilized QNHA cell chips shown
in Fig. $3.7'® This allows enhanced cell adhesion on the
surface of the STR-QNHA substrate compared to the STR-
planar substrate, thereby increasing the cell capture efficiency
as previously demonstrated.'® Furthermore, the cell capture
efficiency of the STR-QNHA cell chip decreased significantly to
~7 + 5% upon increasing the flow rate up to 4 ml h™", whereas
the capture efficiency for the control sample decreased slightly
to ~2% (Fig. 3f). The reduced cell capture efficiency at higher
flow rates could be due to the reduced contact-probability of
the BT20 cells to STR-QNHA substrates in the microfluidic
channel and increased drag force as seen in previous reports.’
As a result, the optimized flow rate at a fixed width of 1000 pm
in the STR-QNHA cell chip was determined to be ~0.5 ml h™".

To test the ability to capture specific cells (i.e., anti-EpCAM
sensitive and positive tumor cells, BT20), we loaded
U937 monocytes (anti-EpCAM-negative cells) into STR-QNHA
cell chips under the same experimental conditions. In Fig. 3g,
the cell capture efficiency with EpCAM-negative monocytes
(U937) was as high as ~0.7% with different flow rates of 0.5 to
4 ml h™, indicating that our STR-QNHA cell chip for specific
tumor cell separation is a promising platform for capturing
specific tumor cells (i.e., anti-EpCAM-positive cells), even in
metastatic cancer patients in clinical analysis. Our results led
us to believe that the optimal cell capture condition—1000 pm
wide microchannel with 0.5 ml h™ of flow rate of the QNHA
cell chip—was found for cell capture performance studies on
EpCAM-positive cell lines.

To further confirm the flow rate dependence on the cell
capture efficiency of the STR-immobilized QNHA cell chip, we
conducted the numerical simulation for the fluid-speed distri-
bution with flow rates of ~0.5, 1, and 4 ml h™" in the microflui-
dic channel of the STR-QNHA cell chip in a steady-state. The
numerical simulation results using COMSOL visually demon-
strate that there is strong flow rate and zone dependence for
different fluid speeds (Fig. 4a). Our results suggest that
increased fluid speed decreases the probability of reducing cell
capture efficiency (Fig. 3f). Thus, the COMSOL results confirm
the flow-rate dependence of cell capture efficiency (Fig. 3f and g).
As shown in Fig. 4a, the fluid speed passes rapidly from the
inside of the curved zone and side area of the straight zone in
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the PDMS microfluidic channel, which is further discussed in
the next section.

To gain an in-depth understanding of the effect of the
nano-topological structure on the cell capture efficiency of the
STR-immobilized QNHA, we also carried out the numerical
COMSOL simulation for the flowing behavior on the solid-
fluid interface in the microfluidic channel (~1000 pm in
width) of the STR-QNHA cell chip in steady-states with a fixed
flow rate of 0.5 ml h™. For comparison, the STR-functionalized
planar quartz substrates were also simulated as a control
sample. Fig. 4b shows the numerically calculated flow-speed
profiles for the STR-planar (virtual region of A-B) and
STR-QNHA (virtual region of A'-B’) at the straight zone in the
microchannel, indicating similar flow-speed profiles in both
microchannels. According to microscopy COMSOL simulation,
the STR-planar microchannel gave rise to a homogeneous
laminar flow on the solid—fluid interface (top images of Fig. 4c
and d, interfacial region of B-D). On the other hand, the
STR-QNHA microchannel shows an inhomogeneous flow dis-
tribution due to faster fluid-speed on nanoholes than on the
adjacent flat-surface (bottom image of Fig. 4c, marked area C'),
which in turn led to turbulent flowing behavior on the nano-
structure—fluid interface up to 250 nm-height (bottom image
of Fig. 4d, interfacial region of B'-D’). These COMSOL results
strongly demonstrate that the high cell capture efficiency of
the STR-QNHA cell chip compared to the STR-planar quartz
substrate can be attributed to the increased contact-probability
and 3D surface-accessibility of the BT20 cells to STR-QNHA
substrates, which is induced by an inhomogeneous turbulent
flow on the nanohole-fluid interface.

Spatial distribution of substrate-bound BT20 cells in the
STR-QNHA cell chip

To test the way in which the spatial orientation of the sub-
strate-bound BT20 cells in microfluidic channels affects the
cell capture efficiency of the STR-QNHA cell chip, we per-
formed cell capture experiments at flow rates of 0.5, 1, 2, 3,
and 4 ml h™" with a microfluidic channel width of 1000 pm
(Fig. 5a and b). The microchannels were marked from zones
1 to 13 (Fig. 5b). After fixing the substrate-bound BT20 cells in
the STR-QNHA cell chip, we obtained the fluorescence images
of each zone in the microfluidic channels using EVOS™ fluo-
rescence microscopy (Fig. 5¢ and Fig. S21). Fig. 5d shows the
spatial distribution of the substrate-immobilized BT20 cells in
the STR-QNHA cell chip as a function of zone number from
1 to 13 at flow rates of 0.5, 1, 2, 3, and 4 ml h™". At a flow rate
of 0.5 ml h™*, more than 70% of the BT20 cells were bound in
approximately the first half of the zones of the STR-QNHA cell
chip (Fig. 5d). This is in agreement with previous studies.’ In
the subsequent zones, the substrate-bound BT20 cells were
evenly distributed along the microfluidic channels with lower
cell capture efficiencies (Fig. 5d). The main reason for the
surface-bound cells being distributed in the first few zones of
the chip (first image of Fig. 5d) is that there is a high prob-
ability that the flowing cells will encounter the STR-QNHA sub-
strates at a low flow rate (~0.5 ml h™"), as discussed previously.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Numerical COMSOL simulation of the STR-QNHA cell chip. (a) Fluid-speed distribution of the PDMS microfluidic channel (~1000 pm in
width) in different zones (straight and curved areas) for different flow rates. (b) Calculated flow-speed profiles for the STR-planar and STR-QNHA in
the straight zone of the microfluidic channel with a fixed flow rate of 0.5 ml h™. (c) Fluid-speed distributions and (d) flow behaviors on the solid—
liquid interface (up to 1 pm-height) in the microfluidic channels of STR-planar and STR-QNHA cell chips.

With increasing flow rate (i.e., fluid speed) in the microfluidic
channel, there is a reduced probability of contact between the
BT20 cells with STR-QNHA substrates, which in turn can result
in a reduction in both the cell distribution in the zone and the
overall cell capture efficiency (Fig. 5d).

To identify the area of the microfluidic channels where the
substrate-bound BT20 cells are located, we obtained fluo-
rescence images at the straight and curved zones, as shown in
Fig. 5e (at a flow rate of 0.5 ml h™") and Fig. S4t (at a flow rate
of 4 ml h™). Most of the substrate-bound cells were found inside
the straight microfluidic channel and outside the curved micro-
fluidic channel (Fig. 5e and Fig. S47), implying that cell capture
efficiency is dependent on the position within the microfluidic
channel at flow rates of 0.5 and 4 ml h™'. There were two
common data points in terms of cell capture position between
the straight and curved area of the microfluidic channels;
however, overall, the cell capture efficiency at 4 ml h™" is much
lower than at 0.5 ml h™. This observation can be explained by
laminar flow in circular pipes (i.e., microfluidic channel), in
which the layers of liquid flow in a uniform fashion and generally

This journal is © The Royal Society of Chemistry 2017

have a parabolic flow profile.** Furthermore, the substrate-bound
cells were stained with DAPI to identify the cells as shown in
Fig. 5e (top and bottom areas of the three images on the right)
and Fig. S4.1 We found that the majority of fluorescence spots
were identified as substrate-bound BT20 cells (>98%).

To further support the observations depicted in Fig. 5e, we
used a multi-physics finite-element solver (COMSOL) for the
fluidic simulation in the microfluidic channel (Fig. 5f-h) in a
steady-state. In the simulation, the geometry of the microchan-
nel (Fig. 5f) was defined exactly to match the size of the PDMS
microfluidic channel. Fig. 5¢ and h show the numerically cal-
culated virtual images of the flow-speed profiles at the curved
areas of the microchannel with a cross-sectional profile
(bottom images of Fig. 4h) at a flow rate of 0.5 ml h™".
As shown in Fig. 5g, the fluid speed inside is much faster
(>a factor of 4) than the outside of the microfluidic channel.
These results further demonstrate that increased fluid-speed
reduces the probability of contact between the cells and the
STR-bound substrates, which in turn reduces the cell capture
efficiency in that area.
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(b) PDMS-based microfluidic channel marking zones 1 to 13. (c) Fluorescence image of substrate-bound BT20 cells in the STR-QNHA cell chip for
flow rates of 0.5 and 4.0 ml h~* along A-A'" in zone 2 in (b). (d) Substrate-bound cell distribution of the STR-QNHA cell capture chip as a function of
zone number and flow rates up to 4 ml h™%. (e) Fluorescence images (i.e., laser-scanned Dil, DAPI, Dil, and merged) of substrate-bound BT20 cells
stained on the STR-QNHA cell chip at marked areas B and C as in (b) at a flow rate of 0.5 ml h™™. (f) Numerically calculated virtual image of flow
speed in the PDMS microfluidic channel using a commercial COMSOL simulator. (g), (h) Enlarged images of the flow direction (A) and cross-
sectional images along C—C’" and D—D’ of fluid speed in the curved area, respectively.

Cell release efficiency using a microfluidic-based cell chip

The cell release efficiency was tested by placing the BT20-cap-
tured STR-QNHA cell chips in an incubator at 37 °C for 5 min
with trypsin. In particular, the BT20-captured STR-QNHA cell
chips were obtained using the same protocol as the cell
capture experiments: ~5000 cells per ml were initially loaded
into the STR-immobilized QNHA cell chip at a flow rate of
0.5 ml h™". All the chips were then washed out at least three
times with PBS after removing the PDMS microfluidic
chamber. To break cell-to-substrate connections, ~1 ml of
diluted 0.25% trypsin solution (Invitrogen, USA) was loaded
onto the BT20-captured STR-QNHA cell chips, followed by a
5 min wait to detach the cells in an incubator at 37 °C. After

17230 | Nanoscale, 2017, 9, 17224-17232

finishing trypsinization, the STR-QNHA cell chips were washed
using 1x PBS solution at least five times to neutralize the
trypsin. The remaining BT20 cells on the STR-QNHA cell chip
were fixed and enumerated again using a microarray scanner,
followed by CellProfiler™ analysis as conducted in the cell
capture assays. Fig. 6a and b show the fluorescence images of
the surface-bound BT20 cells in the first two microfluidic
channels (zones 1 and 2 in Fig. 5b). As shown in Fig. 6c,
approximately 90.7 + 1.4% of the substrate-immobilized BT20
cells are released from the surface of the STR-immobilized
QNHA cell chip after a 5 min treatment with trypsin. These
results demonstrate desirable cell-release performance and are
consistent with previous reports.®*>?® In contrast to the pro-
truded nanostructures, including silicon nanowires, the 3D

This journal is © The Royal Society of Chemistry 2017
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and smooth QNHA structures allowed us to efficiently capture
and release the cells; however, the protruded nanostructures
provided a higher cell capture efficiency with a relatively lower
release rate and low viability due to the strong adhesion forces
between the cell and the substrates, as described in previous
reports.>”** Furthermore, the trypsinized suspension was neu-
tralized with PBS solution and spun at 1000 rpm for 3 min, fol-
lowed by the removal of the supernatant and re-suspension of
the BT20 cells in ~ 1 ml of the PBS solution. To investigate the
viability of the released BT20 cells from the STR-QNHA cell
chip, the re-suspended BT20 cells were stained with DAPI
(blue color in Fig. S51) and propidium iodide (PI, Invitrogen,
USA, red color in Fig. S51). The DAPI stains all nuclei of the
cells, while PI passes through the cell membrane of dead cells
and stains DNA. By enumerating the dead cells (PI') out of
total cells (DAPI') using fluorescence microscopy, more than
75% of the released BT20 cells from the STR-QNHA cell chip
were viable (Fig. S5et).

There have been several recent studies regarding cell
capture and release platforms in a single chip. Shen et al
reported a specific capture and release platform using DNA
aptamer-modified silicon nanowires, where enzyme-induced
cell-release studies were conducted.® From their reports we
found that more than 90% of substrate-immobilized cells were
specifically released in an enzyme incubation time-dependent
manner. Similar results have recently been published by Hou
et al. in 2013.” For cell capture/release efficiency, they used
polymer-grafted silicon nanowires, which can be temperature
sensitive. Although similar studies on cell capture/release per-
formances (>90% cell capture/release efficiency) have been
reported and there has been substantial improvement in
methods, our STR-immobilized QNHA cell capture/release
chips are expected to be very beneficial in the field. Our prom-
ising platform, which we believe is reliable, has enhanced cell
capture and release efficiency (>90%) on STR-immobilized
QNHA cell chips compared to protruding nanostructures,
including silicon nanowires and quartz nanorods.>'®*" This
effect can be explained by the 3D nanostructures of STR-
immobilized QNHA cell chips in microfluidic channels, and

This journal is © The Royal Society of Chemistry 2017

STR-immobilization on the QNHA surface that enables high
affinity binding to biotin-conjugated monoclonal antibodies
(Kq = 107" M) directed against specific cell surface markers.
This is in contrast with the conventional antigen-antibody
conjugation, as we have previously discussed.>® Furthermore,
our STR-QNHA platform has the advantage of being trans-
parent, which will facilitate further research using fluorescence
microscopes compared to previous opaque silicon nano-
structure-based  platforms.”®?”?®  Another  important
advantage of our STR-QNHA cell chip is that it does not
require further functionalization, especially for cell release per-
formance as previous methods require, such as additional
polymer-functionalization into silicon nanostructures reported
by Hou et al.” Our STR-QNHA cell chip is simple, highly
effective, and highly efficient for both cell capture and cell
release assays. On the basis of STR-QNHA cell capture/release
performance, our platform can further provide a CTC-secreted
molecular signature and functional readout from the released
CTCs while causing minimal damage to clinical cancer
biology.

Conclusions

In summary, we have demonstrated that 3D STR-immobilized
QNHA cell chips can not only selectively capture rare tumor
cells, but also release the captured tumor cells with a capture/
release efficiency of as high as 90%. This cell capture and
release platform combines the STR-immobilized QNHA sub-
strate with a PDMS microfluidic channel. Our results clearly
suggest that the use of a microfluidic technique combined
with a 3D QNHA platform would be a powerful and appropri-
ate tool for the capture, enumeration, and release of CTCs to
further study cell therapy and tumor cell-secreted proteins.
This is the first mechanistic study on nanostructure-based
CTC cell capture/release performance and provides new
insights into not only the biology of cell-nanomaterial inter-
action but also the design of rare tumor cell capture/release
technologies with improved efficiency, specificity, and purity.
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