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Abstract
Circulating tumor cells (CTC) in the peripheral blood could provide important information for
diagnosis of cancer metastasis and monitoring treatment progress. However, CTC are extremely
rare in the bloodstream, making their detection and characterization technically challenging. We
report here the development of an aptamer-mediated, micropillar-based microfluidic device that is
able to efficiently isolate tumor cells from unprocessed whole blood. High-affinity aptamers were
used as an alternative to antibodies for cancer cell isolation. The microscope-slide-sized device
consists of >59,000 micropillars, which enhanced the probability of the interactions between
aptamers and target cancer cells. The device geometry and the flow rate were investigated and
optimized by studying their effects on the isolation of target leukemia cells from a cell mixture.
The device yielded a capture efficiency of >95% with purity of ~81% at the optimum flow rate of
600 nL/s. Further, we exploited the device for isolating colorectal tumor cells from non-processed
whole blood; as few as 10 tumor cells were captured from 1 mL of whole blood. We also
addressed the question of low throughput of a typical microfluidic device by processing 1 mL of
blood within 28 minutes. In addition, we found that ~93% of the captured cells were viable,
making them suitable for subsequent molecular and cellular studies.

Metastases from primary tumors are the leading causes of death for non-hematological
cancers.1 During the progression of metastasis, cancer cells shed from solid tumors and enter
the bloodstream, becoming circulating tumor cells (CTC),2,3 which has a potential to serve
as important biomarkers for early diagnosis of cancer metastases.4,5 While most current
methods for cancer diagnosis require invasive biopsy and following molecular analysis,
CTC enumeration is less invasive and provides a means for cancer diagnosis and prognosis,
as well as for monitoring the progress of treatment. However, CTC are extremely rare,
comprising only a few out of >109 hematological cells in 1 mL of blood, making their
isolation and characterization a significant technological challenge.6

A variety of techniques have been developed for CTC isolation and detection, ranging from
the use of immunomagnetic beads7–9 (e.g., CellSearch from Veridex10), and size-based
filtration systems,11 to microfluidic devices.12–16 Among these methods, microfluidic
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devices17 with high-affinity ligands, primarily antibodies, have provided unique
opportunities for detecting CTC from patient blood.18–20 However, only a few antibodies
have been identified for tumor cells and cancer cell lines. In contrast, a number of DNA
aptamers with high affinity and excellent selectivity have been selected for numerous
cancers.21,22 Aptamers are single-stranded oligonucleotides that can recognize and bind to
their target cells by folding into unique secondary or tertiary structures. They can be easily
generated using an in vitro selection process termed cell-SELEX (Systematic Evolution of
Ligands by EXponential enrichment).23,24 Previously, we reported a flat channel
polydimethylsiloxane (PDMS) device and utilized it to capture target cancer cells from a
mixture of target and control cancer cells (1:1 ratio), with ~80% capture efficiency.25,26 To
realize clinical utility, however, a device must be capable of isolating a few tumor cells in 1
mL of whole blood (>109 cells). As a result, the device must possess high capture efficiency
(the percentage of tumor cells isolated relative to total tumor cells present), satisfactory cell
purity (the percentage of target tumor cells in the cells isolated), and sufficient throughput
(the amount of blood processed in a certain time period). In addition, the captured cells are
preferred to remain viable so that they can be further analyzed at the cellular and molecular
level (e.g., to study apoptosis of tumor cells).27

Herein, we report an aptamer-functionalized, micropillar-based microfluidic device that
isolates cancer cells from unprocessed whole blood with the required metrics mentioned
above. Aptamers with specific binding to cancer cells of interest are used as an alternative to
antibodies that have been often used for CTC isolation. The micropillars in the microchannel
enhanced the probability of the interactions between the cells and the aptamers coated on the
channel/pillar surfaces, resulting in high capture efficiency. After optimizing the geometry
of the micropillars, we have achieved efficient isolation of a few tumor cells from whole
blood with sufficient throughput and high cell viability.

Experimental Section
Device Fabrication

The device was designed to be in the size of a microscope slide, consisting of eight parallel
channels with an array of >59,000 isotropically-etched, elliptical micropillars as shown in
Figure 1. The geometric design of the micropillar array was inspired by the deterministic-
lateral-displacement-based particle separation,28,29 in which the flow streamlines are
distorted to enhance cell-micropillar interactions. The dimension of the elliptical pillars is 30
μm (major axis) × 15 μm (minor axis) × 32 μm (height), with an interpillar distance of 80
μm (center to center) and an 80-μm shift after every 3 rows in the direction of the minor
axis.

Glass devices were fabricated according to the procedures reported previously.30 In brief,
the layout of the device was designed in AutoCAD and then sent to Photo Sciences
(Torrance, CA) to produce a chrome photomask. Glass substrates coated with chromium and
photoresist layers were purchased from TELIC (Valencia, CA). The pattern on the
photomask was transferred to the glass substrate via photolithography. The glass substrate
was then chemically etched to a channel depth of 24 to 44 μm using a mixture of HF, HNO3
and H2O. The channel depth was measured using a Dektak 150 profilometer, and the depth
was controlled by the etching time. The glass substrate was then sealed with a 5 mm thick
PDMS sheet, fabricated from Sylgard 184 reagents (Dow Corning, Midland, MI) according
to the instructions of the manufacturer. Inlet and outlet wells were created at the channel
ends by punching holes in the PDMS sheet.

The device was functionalized with aptamers through two-step surface modification (Figure
1D): physical adsorption of avidin (Invitrogen, Carlsbad, CA) onto the glass surface (1
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minute incubation) and immobilization of biotinylated aptamers via biotin-avidin interaction
(1 minute incubation). The attachment of aptamers onto the device surfaces was confirmed
by fluorescence microscopy (Supporting Information). Target cancer cells were captured
due to the specific binding between cell surface receptors and aptamers.

Cell Culture
CCRF-CEM cells (CCL-119, T cell line, human acute lymphoblastic leukemia), Ramos cells
(CRL-1596, B-cell, human Burkitt’s lymphoma), DLD-1 cells (Dukes’ type C colorectal
adenocarcinoma) and HCT 116 cells (colorectal carcinoma) were purchased from American
Type Culture Collection (ATCC). CEM, Ramos and DLD-1 cells were cultured in RPMI
medium 1640 (ATCC) supplemented with 10% FBS (heat-inactivated; GIBCO) and 100
units/mL penicillin-streptomycin (Cellgro, Manassas, VA); HCT 116 cells were cultured in
McCoy’s 5A medium containing the same concentration of FBS and penicillin-
streptomycin. All cultures were incubated at 37°C under 5% CO2 atmosphere. The
colorectal cancer cell lines were grown as adherent monolayers in 100 mm × 20 mm culture
dishes to 95% confluence. Cells were washed in the dish with Dulbecco’s Phosphate
buffered saline (DPBS) (Sigma-Aldrich, St. Louis, MO), dissociated by 0.25% trypsin
treatment (2 min) and seeded into culture dishes at a low concentration.

Aptamers and Buffers
DNA aptamers were synthesized in house. Aptamer sequences were as follows, sgc8, 5’-
ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA GAT TTT TTT
TTT- 3’-biotin; TD05, 5’-AAC ACC GTG GAG GAT AGT TCG GTG GCT GTT CAG
GGT CTC CTC CCG GTG TTT TTT TTT T- 3’-biotin; KDED2a-3, 5’-TGC CCG CGA
AAA CTG CTA TTA CGT GTG AGA GGA AAG ATC ACG CGG GTT CGT GGA CAC
GGT TTT TTT TTT T-3’-biotin; KCHA10, 5’-ATC CAG AGT GAC GCA GCA GGG
GAG GCG AGA GCG CAC AAT AAC GAT GGT TGG GAC CCA ACT GTT TGG ACA
CGG TGG CTT AGT TTT TTT TTT T-3’-biotin. For flow cytometry and fluorescence
microscopy, the 5’ end of an aptamer was labeled with fluorescein isothiocyanate (FITC) or
carboxytetrame-thylrhodamine (TAMRA). All aptamers were synthesized using an
ABI3400 DNA/RNA synthesizer (Applied Biosystems, Carlsbad, CA) with reagents
purchased from Glen Research (Sterling, VA). DNA purification was performed with a
ProStar HPLC (Varian, Walnut Creek, CA) using a C18 column (Econosil, 5U, 250 × 4.6
mm) from Alltech Associates (Deerfield, IL). DNA concentration was determined by UV-
Vis measurements using a Cary Bio-300 UV spectrometer (Varian).

Several buffers were used in this work and each buffer contained the reagents specific for a
particular task. A buffer called washing buffer contained 4.5 g/L glucose and 5 mM MgCl2
in Dulbecco’s phosphate buffered saline (DPBS) and it was used for rinsing cells. The
binding buffer contained 0.1 mg/mL yeast tRNA (Sigma-Aldrich) and 1 mg/mL bovine
serum albumin (BSA) (Fisher Scientific, Hampton, NH) in the washing buffer, and it served
as the medium for cell-aptamer interactions. The BSA in the buffer can passivate the
surfaces to reduce the nonspecific adsorption of cells in the channel. The capturing buffer
was a mixture of 1:1 volume ratio of the binding buffer and Histopaque-1119 (Sigma-
Aldrich), which was used to prevent cells from settling in the cell suspension while
pumping. The density of the capturing buffer was approximately 1.06 g/ml, which was close
to the density of blood/cells. Histopaque-1119 increased the viscosity of the buffer to the
level of whole blood.31

The specific binding of aptamers and target cells was verified using confocal fluorescence
microscopy and flow cytometry. For confocal fluorescence microscopy, cells were first
incubated with 250 nM TAMRA-labeled aptamers in the binding buffer. After washing three
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times with the washing buffer, fluorescence microscope images were taken using a confocal
microscope. Flow cytometry was performed with a FACScan cytometer (BD
Immunocytometry Systems, San Jose, CA). Briefly, 200,000 cells were incubated with
FITC-labeled DNA aptamers at 250 nM for 15 min in 200 μL of the binding buffer (or the
capturing buffer as specified later), and 10,000 counts were measured in the flow cytometer.

Cell Capture in a Buffer
Immediately before experiments, cells were rinsed with the washing buffer and resuspended
at 106 cells/mL. By following the manufacturer’s instructions, the cells were treated with
Vybrant DiI or Vybrant DiD cell-labeling solutions (Invitrogen, Carlsbad, CA) for 5 min at
37 °C, then rinsed with the washing buffer, and resuspended at 106 cells/mL in the capturing
buffer. Labeled cells were stored on ice and further diluted to the desired concentrations
before experiments. Target CEM cells were spiked into the control Ramos cells to form a
final concentration of 1,000 cells/mL for CEM cells and 106 cells/mL for Ramos cells.

To initiate cell capture experiments, one channel volume of 1 mg/mL avidin in phosphate
buffered saline (PBS) was first introduced into the device, followed by incubation for 1 min
and then three rinses with the binding buffer. Then, one channel volume of 30 μM
biotinylated sgc8 aptamer with a poly-thymine (10-T) linker was introduced into the device
and incubated for 1 min, followed by three times of rinsing with the binding buffer. Finally,
1 mL of a mixture of CEM cells (target) and Ramos cells (control) in the capturing buffer
was pumped into the channel at a flow rate of 600 nL/s (or other flow rates specified in the
text). At the end of the experiment, the microchannel was washed three times with the
binding buffer, followed by taking fluorescent images for the determination of the cell
concentrations. For the study of capturing Ramos cells using aptamer TD05, CEM cells
were used as control cells. For the study of capturing DLD-1 cells and HCT 116 cells using
aptamers KDED2a-3 and KCHA10, Ramos cells were again used as the control cells. The
concentration of all target cells was at 1,000 cells/mL, and the concentration of all control
cells was at 106 cells/mL for all cell capturing experiments in the buffer.

Tumor Cell Isolation from Whole Blood
The single donor human whole blood was obtained from Innovative Research (Novi, MI)
and it contained anticoagulant of ethylenediaminetetraacetic acid (EDTA). The whole blood
was used as received without any treatment, except for spiking colorectal cancer cells
DLD-1 and HCT 116 into the blood sample. The protocol of avidin adsorption and aptamer
immobilization was performed as described in the previous section. For capture studies,
non-enzymatic cell dissociation reagent (1X) (MP Biomedicals, Solon, OH) was used
(instead of trypsin) to detach DLD-1 and HCT 116 cells from the culture dishes to avoid
possible damages by trypsin to the proteins on the cell surfaces. Immediately before the
introduction into the device, these carcinoma cells were filtered using a 40 μm BD Falcon
cell strainer (Becton, Dickinson and Company, Franklin Lakes, NJ) and then spiked into
whole blood at a predetermined concentration of 10, 100, 1,000, 10,000 cells/mL.

Instrument Setup
The cell suspension (or whole blood) was introduced into the device by pumping. A Micro4
syringe pump (World Precision Instruments, Sarasota, FL) with a 1-mL syringe was
connected to the inlet of the device via polymer tubing and a female luer-to-barb adapter
(IDEX Health & Science, Oak Harbor, WA). The outlet of the device was connected to a
waste collector. For tumor cell isolation from whole blood, no buffer additive
(Histopaque-1119) was used to avoid the property change of blood. Instead, we used a tiny
magnetic stirring bar inside the 1-mL syringe, with a stirring plate beneath the syringe, to
avoid cell settling. The magnetic stirring bar kept cells in suspension while blood was being
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pumped through the device. The device was placed on the stage of an Olympus FV500-IX81
confocal microscope (Olympus America, Melville, NY) for detecting cell captures.

To determine cell concentrations, a set of three images corresponding to red fluorescent
cells, blue fluorescent cells, and transmission images were acquired at eight positions in
each channel. Images were then imported into ImageJ (NIH), and cell counts were obtained
using the Analyze Particles function after setting an appropriate threshold. Cell numbers
were further verified by comparing fluorescent images with transmission images; only those
with appropriate cell morphology in the transmission images will be counted. Capture
efficiency was calculated by dividing the number of the target cells captured by the number
of total target cells introduced into the device. The purity of cells captured was determined
by dividing the number of the target cells captured by the number of the total cells captured.

Cell Viability
To determine the viability of cancer cells captured in the device, we performed two assays
on these cells: 1) propidium iodide (PI) and acridine orange (AO) staining (Invitrogen) and
2) MTS assay (CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay, Promega,
Madison, WI). PI is a membrane-impermeant stain, thus it labels only the dead cells with red
fluorescence by penetrating the membranes of dead cells and binding to their DNA. AO is a
membrane-permeable dye that binds to nucleic acids of all cells, resulting in green
fluorescence. By PI/AO staining, nonviable cells and viable cells can be differentiated by
their difference in fluorescent images under a microscope. We followed the instructions of
the manufacturer to carry out the assay. In brief, 200 μL of PI/AO working solution was
prepared to contain 2 μM PI and 2 μM AO in PBS. After cell capture in the microfluidic
device, one channel volume of the PI/AO solution was introduced into the device and
incubated for 10 min. The cells were then examined under the confocal microscope and
fluorescent images were taken to evaluate the viability of captured cells.

MTS assay is a colorimetric method for determining the number of viable cells through cell
proliferation. To implement the assay, cells were first released from the device, followed by
rinsing with the washing buffer. These cells were then collected and quantified. Typically,
20,000 captured cells in 100 μL of fresh cell culture medium were seeded in one well of a
96-well plate, and 3 repeats were simultaneously carried out. For comparison, cells without
going through the capture experiment were seeded at the same concentration into other wells
(3 repeats) of the same microplate. After the incubation of these cells at 37°C under 5% CO2
for 48 h, 20 μL of the MTS assay reagent was added to each well and incubated for another
3 h. A plate reader was used to measure the absorbance at 490 nm to evaluate the cell
viability.

RESULTS AND DISCUSSION
Isolation of lymphocytes

The performance of the microfluidic device was demonstrated first by sorting leukemia
cells: CCRF-CEM cells (human acute lymphoblastic leukemia) that function as target cancer
cells and Ramos cells (human Burkitt’s lymphoma) that function as control cells.
Biotinylated sgc8 aptamers have specific binding with CCRF-CEM cells, and they were
immobilized onto the surfaces of the micropillars/microchannels. A cell mixture containing
1000 CEM cells and 106 Ramos cells (1:1000 ratio) in 1 mL of the capturing buffer was
used as a sample. To differentiate these two types of cells during imaging, CEM and Ramos
cells were pre-stained with Vybrant DiI (red) and DiD (blue), respectively.

Figure 2A shows an image of the cancer cell mixture prior to sorting in the device and it is
essentially all Ramos cells in blue. Figure 2B shows an image of cells captured after
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processing 1 mL of the cell mixture, and the majority of cells are now target CEM cells in
red. These images show qualitatively that significant enrichment of the cancer cells was
obtained through the microfluidic device. Figure 2C shows a single cancer cell captured on a
micropillar in the device, and the image was generated by overlapping a transparency image
with a fluorescence image. To quantify the enrichment factor, we counted cells before and
after sorting. Cell labeling and confocal fluorescence detection enabled the counting of the
number of the target cells introduced into the device (Ti), the number of the target cells
captured (Tc), and the number of the control cells captured (Cc). The capture efficiency (E)
can be calculated by E = Tc/Ti and the cell purity (P) in the captured cells can be calculated
by P = Tc/(Tc + Cc). As high as 98% capture efficiency was obtained from the cell mixture
when the flow rate was at 300 nL/s as discussed in detail below. The high capture efficiency
partially arose from the specific binding of sgc8 aptamers with CEM cells, with a
dissociation constant of Kd = 0.8 ± 0.09 nM.21 In addition, a poly-T linker at the end of the
biotinylated aptamer sequence minimized the steric effects of the device surface on the
aptamers, preserving the aptamers’ binding affinity to the target cells.

The specific and strong binding of sgc8 aptamer to CEM cells was verified by confocal
fluorescence microscopy. Figure 2D shows the fluorescent micrograph of TAMRA-labeled
sgc8 aptamer specifically bound to unstained CEM cells, but these aptamers did not bind to
Ramos cells (a black image, not shown here). Fluorescence on cell surfaces not only
demonstrated the binding of the aptamers to the target cells, but also showed a possible way
to identify unstained CTC captured from a sample via a fluorescently-labeled aptamer. The
specific binding of sgc8 aptamer to CEM cells was also verified by flow cytometry
(Supporting Information).

Effects of Depth and Flow Rate
To optimize the performance of the microfluidic device, we investigated the effects of the
channel depth and flow rate on capture efficiency and cell purity. By changing channel
depth (or pillar height), the size of micropillars and the interpillar gap were altered
simultaneously due to isotropic etching.32 As a result, the geometry of the micropillar device
can be studied by varying the channel depth. Figure 3A shows that the capture efficiency
reduced slightly with the increasing channel depth from 24 μm to 40 μm, whereas the cell
purity in Figure 3B improved significantly with the same change in the channel depth. The
decreased capture efficiency with the increasing channel depth is likely due to the reduction
in the probability of cell encounters with the top and bottom surfaces in a deeper channel as
well as cells interaction with aptamers on pillars with wider inter-pillar gap. Nevertheless,
the results show that our design of the pillar-row-shift and the curved surfaces of
micropillars enabled sufficient interaction opportunities of cells with the surfaces, essentially
maintaining the capture efficiency when the channel depth was increased. However, the
increased channel depth drastically reduced the non-specific binding, particularly geometric
trapping of control cells, therefore significantly improving the cell purity. Based on the data
in Figures 3A and 3B, we chose a depth of 40 μm as the best trade-off between the capture
efficiency and cell purity.

Figures 3C and 3D show the effects of the flow rate on the capture efficiency and the cell
purity. The capture efficiency reduced with the increasing flow rate because of a larger shear
force at a higher flow rate and the reduced interaction time between cells and surfaces. The
cell purity improved with the increasing flow rate due to the fact that non-specifically-bound
cells were washed away with a stronger shear force at a higher flow rate. Based on these
results, we chose 600 nL/s as the best compromise between the capture efficiency and cell
purity. In addition, this flow rate results in sufficient throughput.
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Using the device with the optimal channel depth of 40 μm and at a flow rate of 600 nL/s, we
obtained cell purity of (81 ± 3)% with capture efficiency of (95 ± 2)%. These experimental
conditions were used for all subsequent experiments. To compare this device with the
previous efforts using a flat channel device,25 we plotted both results in Figure 4A. They
show that the capture efficiency of the device in this work is significantly better than the flat
channel in the previous work. The results verified the device design, including (1) the
increased surface area via micropillars enhanced the loading capacity of aptamers, and (2)
the row shift of micropillars and channel geometry significantly increased the probability of
cell encounters with aptamers on the surfaces.

Using the optimal channel geometry and flow rate, we also studied 3 other types of cancer
cells in the device as shown in Figure 4B. They were captured in a cell mixture using their
respective aptamers. To study the isolation of Ramos cells, an aptamer called TD05 was
used as it has specific binding with Ramos cells (with a dissociation constant of Kd = 74.7 ±
8.7 nM33). A binary cell mixture containing 1000 Ramos cells and 106 CEM cells in 1 mL
was used and the capture efficiency was (93 ± 2)%. Two carcinoma cells, HCT 116 cells
(Dukes’ type C colorectal adenocarcinoma) and DLD-1 cells (colorectal carcinoma) were
also studied. HCT 116 cells have strong affinity with KCHA10 aptamer (Kd = 21.3 ± 1.7
nM) while DLD-1 cells show specific binding with KDED2a-3 aptamer (Kd = 29.2 ± 6.4
nM).34,35 Using a binary cell mixture containing 1000 of each type of carcinoma cell and
106 Ramos cells (as the control), we obtained capture efficiency of (97 ± 3)% for HCT 116
cells and (91 ± 1)% for DLD-1 cells, respectively.

Tumor Cell Isolation from Whole Blood
To mimic the isolation of CTC from patient blood, we spiked colorectal carcinoma cells,
HCT 116 cells, into whole blood that was used as received. One mL of non-processed whole
blood, spiked with 100 HCT 116 cells, was introduced into the microfluidic device at a flow
rate of 600 nL/s. Using the procedures described in the Experimental Section, we obtained
capture efficiency of (96 ± 8)% as shown in Figure 4C. A similar experiment using another
carcinoma cells, DLD-1 cells, resulted in capture efficiency of (92 ± 6)%.

To illustrate the potential of the device for clinical applications, we evaluated the isolation of
HCT 116 cells from whole blood at concentrations of 10,000, 1,000, 100 and 10 cells/mL.
Capture efficiencies of >95% were achieved in all cases, and a calibration curve between the
number of the cells spiked and the number of the cells captured is shown in Figure 4D.
Comparable results were obtained for isolating HCT 116 cells from the buffer. The results
show that the device has a potential to detect CTC in clinical samples since the number of
CTC in 1 mL of peripheral blood of cancer patients is often in the range of 1–100.36

In addition, we addressed the question of low throughput of a typical microfluidic device by
connecting 8 microchannels through bifurcation (Figure 1). The width of each channel is 2
mm. With the optimal flow rate of 600 nL/s, the time required to process 1 mL of whole
blood in the device is 28 minutes, which is favorable compared with hours of operation
required in the benchmark instruments.

Cell Viability
Isolation and enumeration of tumor cells in peripheral blood of cancer patients is important
for medical diagnostics and prognosis. However keeping the cells viable during the isolation
process is also important for subsequent molecular and cellular studies, which would help
understand the metastasis mechanisms and lead to potential therapies.

The viability of the cancer cells captured was examined with PI/AO assay and MTS assay as
described in the Experimental Section. Figure 5 shows fluorescent microscope image of all
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cells captured from the mixture of CEM and Ramos cells using PI/AO cell viability assay.
The majority of cell colors are in green, indicating that the most of the captured cells are still
viable. We obtained cell viability of (94 ± 2)% for CEM cells when they were processed
through the device using the optimal flow rate and channel depth. In addition, we used cell
proliferation (MTS assay) as an alternative method, and we found cell viability of (93 ±
3)%, which is statistically the same as in the PI/AO assay. These results indicate that the
cells captured using our device are suitable for subsequent cell culture and molecular
analysis.

CONCLUSION
We demonstrated using a DNA aptamer-enabled, micropillar-based microfluidic device to
isolate cancer cells in non-processed perapheral blood. The unique geometry of the
micropillar array in the device resulted in the high-performance cell isolation. This
microfluidic device enabled the isolation of as few as 10 tumor cells from 1 mL of non-
processed whole blood with >95% capture efficiency within 28 minutes. The advantages of
such a device over the other methods include rapid analysis, no pre-treatment of blood
samples, and low detection limit. As a result, the device has a potential to be used for
clinical applications such as cancer diagnosis, prognosis, and monitoring the progress of
therapeutic treatment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Picture of the device consisting of 1 inlet, 1 outlet, and 8 channels connected through
bifurcation. The size of the device is 1” × 3”, the same size of a microscope slide. (B)
Optical micrograph of a portion of micropillar array in a channel. (C) Scanning electron
microscope (SEM) image of isotropically etched elliptical micropillars in the glass substrate.
(D) Scheme of capturing cancer cells in the device. Avidin is immobilized on the surface of
the microchannels/micropillars via physical adsorption, followed by immobilization of
biotinylated aptamers through biotin-avidin chemistry. Target cancer cells are then captured
via the interaction between the aptamer and the receptors on cell surfaces.
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Figure 2.
(A) Representative image of low-abundant target CEM cells (stained with a red fluorescent
dye) among high-abundant control Ramos cells (blue) before sorting. (B) Representative
image of CEM cells (red) among Ramos cells (blue) after sorting (1 mL of the cell mixture
was enriched through the microfluidic device). (C) Image of a CEM cell captured on the
wall of an elliptical micropillar in the device (scale bar = 20 μm). (D) Microscopy image of
unstained CEM cell bound with fluorescently-labeled aptamers, with color only on the
surface of target cells.
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Figure 3.
(A) The capture efficiency as a function of the channel depth. The capture efficiency was
calculated by dividing the number of the target cells captured by the number of the target
cells introduced into the device. (B) The purity of cells captured as a function of the channel
depth. The purity was calculated by dividing the number of the target cells captured by the
number of both target and control cells captured. The flow rate is 600 nL/s for both (A) and
(B). (C) The capture efficiency as a function of the flow rate. (D) The purity of cells
captured as a function of the flow rate. The channel depth is 40 μm for (C) and (D). In all
experiments, CEM cells were used the target cells and Ramos Cells as the control. The error
bars represent one standard deviation of 3 repeat experiments.
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Figure 4.
(A) Comparison of the capture efficiency between a flat channel device reported previously
and the micropillar device in this work. (B) Capture efficiencies of 4 types of cancer cells in
the microfluidic device with micropillars. A different aptamer with specific binding with
cells of interest was used for each type of cancer cells. (C) Capture efficiencies of DLD-1
cells and HCT 116 cells in whole blood. (D) Regression analysis of the number of the cells
captured by the microfluidic device versus the number of the cells spiked into 1 mL of
samples. Both axes are in the logarithm scale. HCT 116 cells at different concentrations
were spiked either into the capturing buffer with Ramos cells as the control or into whole
blood. Two calibration curves overlap with each other, reflecting no significant difference
between buffer and blood samples. The error bars represent one standard deviation of 6
repeats for 10-cell samples and 3 repeats for other cell numbers.
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Figure 5.
Fluorescent microscope image of CEM cells captured in the microfluidic device after PI/AO
staining. The red color indicates nonviable cells (PI staining) while the green color indicates
viable cells (AO staining).
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