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Abstract— We report a microchip system based on a
combination of immunomagnetic separation, microfluidics,
and size-based filtration for high-throughput detection of
rare cells. In this system, target cells bind to magnetic beads
in vitro and flow parallel to a microchip with flow rates of
milliliters/minute. A magnetic field draws the bead-bound cells
toward the microchip, which contains apertures that allow
passage of unbound beads while trapping the target cells. The
cells captured on the chip can be investigated clearly under
a microscope and released from the chip for further analysis.
We first characterize the system by detecting cancer cell lines
(MCF-7 and A549) in culture media. We then demonstrate
detection of 100 MCF-7 cells spiked in 7.5 mL of human blood
to simulate detection of circulating tumor cells present in cancer
patient blood samples. On average, 85% of the spiked cells were
detected. We expect this system to be highly useful in a wide
variety of clinical as well as other applications that seek rare cells.
Index Terms— CTC detection, immunomagnetic separation,
microfluidics, rare cell detection, tumor cells, size-based filtration.

I. I NTRODUCTION

C

ELL sorting techniques are used to isolate whole cells
from complex mixtures for detection, further enrichment and analysis [1]–[4]. The evolution of cell separation
technologies has contributed to researchers’ understanding of
molecular biology of cells and benefited a wide range of fields
including biology, medicine and pathology. Detecting cells at
low concentrations is still challenging because finding them
can require large amounts of samples. For example, detecting
rare circulating tumor cells (CTCs) is difficult due to their
low concentration, and hence a reliable analysis requires large
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volumes of blood (several mLs) [5]–[7]. The main goal of this
study was to develop a robust and versatile system capable of
detecting rare cells present in large fluid samples.
Currently one of the most widely used systems to detect
whole cells is flow cytometry, which can separate and recover
cells at high yield and purity. However, its volumetric throughput is generally low and the operational cost can be high which
makes detecting rare cells a challenge [8].
In recent years, numerous microfluidic cell sorting systems
were developed to detect rare cells that use fluorescence or
magnetic assistance or both [9], [10]. For example, the Soh
Group reported several systems for single- or multi-target cell
sorting. In these systems the target cells were first labelled
magnetically or dielectrophoretically with particles, and then
were deflected in a flow by applying magnetic or electric field
for separation [2]–[4]. The Toner and Haber Groups initially
developed two systems for isolating CTCs by flowing blood
samples through chips composed of micro-patterns. These
micro-patterns were designed for optimal fluidic mixing and
were functionalized with antibodies to capture target CTCs
[5], [6]. They recently developed the microfluidic iChip system
that integrates hydrodynamic cell sorting (for removal of
red blood cells and platelets), inertial focusing, and magnetophoretic separation of white blood cells and CTCs [11].
Kang et al. reported a combined micromagnetic-microfluidic
device for detection of CTCs from whole blood. In this
system the sample flows through a long channel wherein the
CTCs bound by magnetic-beads are drawn to a series of
small wells and analyzed using fluorescent microscopy [12].
Takao and Takeda incorporated immunomagnetic separation
and flow cytometry for not only detection of CTCs, but also
discrimination between live and dead CTCs [13].
Another class of CTC detection systems is size-based filtration. Unlike most microfluidic or immunomagnetic systems
that utilize affinity-based recognition, these systems rely on
discriminating cells based on their size, by forcing the sample
fluid through a porous membrane/filter. The filter has a precisely controlled pore size that allows the passage of smaller
unwanted entities and retains the larger target cells [14]–[18].
We herein present a system which combines microfluidics, immunomagnetics and size-based separation (Fig. 1) for
high-throughput rare cell detection [19]. In this system, the
antibody-conjugated magnetic beads first bind with the target
cells present in a sample fluid. The sample fluid then flows
parallel to a micro-aperture chip while the bead-bound cells
are attracted to the chip surface by means of a magnetic force.
The bead-bound cells are larger than the apertures of the chip
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Fig. 1.
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Schematic of the micro-aperture chip system.

and hence stay on the chip surface while the smaller unbound
beads which could interfere with the visualization process are
filtered out. The system is robust, versatile, relatively easy
to make and compatible with existing laboratory practices.
Moreover, it can sustain a high volumetric throughput with
flow rates as high as 4.3 mL/min, and can release the captured
target cells for storage or further analysis which also allows
re-using the chip.
II. D ETECTION S TRATEGY
A schematic diagram of the system is illustrated in Fig. 1.
Magnetic beads are first conjugated with antibodies specific
to the antigens over-expressed on the target cells, and are
subsequently added into the sample fluid for incubation. The
sample fluid is then introduced into a fluidic chamber which
accommodates a micro-aperture chip composed of an array
of through-holes that are larger than the beads but smaller
than the target cells. While the sample fluid flows through
the chamber and in parallel to the chip, a magnetic field is
introduced to apply a vertical attractive force on the beads.
The target cells bound with beads are pulled down and held
on the chip surface by the magnetic field while other entities in
the sample fluid are washed away. The free/unbound magnetic
beads are pulled through the apertures by the magnetic field
to the bottom section of the fluidic chamber. The microchip
is then scanned while still in the chamber by a microscope
to quantitate and/or analyze the cells. The captured cells
can readily be retrieved for storage or further analysis by
providing flow without applying magnetic field. Since the chip
is not functionalized for specific cells, it can be re-used for
subsequent experiments.
Although this system can be applied to detection of a wide
variety of cells, in this study we used two cancer cell lines,
MCF-7 (breast cancer) and A549 (lung cancer) as our model
target cells to characterize our system. To recognize these two
cell lines, antibodies against the epithelial cell adhesion molecule (anti-EpCAM) and the epidermal growth factor receptor
(anti-EGFR) were used to functionalize the magnetic beads,
respectively. For system characterization, the target cells were
suspended in their culture media and incubated with antibodybeads for 1 hour at room temperature before flowing into
the fluidic chamber. The size of the apertures on the chip

Fig. 2. (a)–(f) Fabrication process flow and (g–h) SEM images of a fabricated
micro-aperture chip. Each aperture is 8 µm in diameter.

was 8 µm which is larger than the beads but smaller than
both cancer cell lines whose diameters can vary between 10
and 30 µm. The fluidic chamber was subjected to bright-field
microscopy to count the cells detected on the microchip.
To demonstrate the utility of the system in clinical applications, MCF-7 cells were spiked into blood samples obtained
from healthy donors. Majority of the red blood cells (RBCs)
were first removed using lysis buffer and the remaining
sample was re-suspended in a phosphate buffered saline (PBS)
solution and incubated with anti-EpCAM beads at 4 °C for
over 1 hour. To increase the detection yield, the sample was
circulated in the fluidic chamber at a flow rate of 2 mL/min
for 4 minutes. The cells captured on the microchip were
fluorescently labeled while in chamber with anti-cytokeratinFITC (anti-CK-FITC to confirm cancer cells), anti-CD45-PE
(to rule out leukocytes), and 4 ,6-diamidino-2-phenylindole
(DAPI to label nuclear DNA) and the chip surface was
subjected to fluorescent microscopy.
III. M ATERIALS AND M ETHODS
A. Fabrication of Micro-Aperture Chips
The fabrication process flow of the micro-aperture chip is
shown in Fig. 2(a)-(f). Photoresist (PR) AZ9260 (MicroChemicals GmbH) was first spin-coated onto the front side of a
500 µm-thick 4 <100> silicon wafer followed by a softbake on a hot plate at 110 °C for 10 minutes. Subsequently
the PR was exposed and developed using AZ400:DI water
mixture (1:4 by volume). Deep Reactive Ion Etching (DRIE,
STS ASE) using the Bosch process was used to selectively etch
the silicon for 50 µm to create an array of cylindrical cavities.
The PR was then removed using acetone and a layer of low
stress silicon nitride (100 nm) was deposited on both sides
of the wafer using low-pressure chemical vapor deposition
(LPCVD). Once again AZ9260 was spin-coated, this time
on the back side of the wafer, which was followed by a
soft bake. The PR was patterned using back side alignment
in a Karl Suss MA6 optical aligner to define a window
for wet etching. The exposed silicon nitride was dry-etched
using SF6 plasma (Plasma Tech RIE 80). Following that,
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the wafer was placed in a 40% potassium hydroxide (KOH)
solution at 80 °C for wet etching of the silicon from the back
side. The process was carefully monitored and stopped when
silicon was etched till the bottom of the holes (when light
could transmit through the holes). The remaining nitride layer
was stripped by immersing the wafer into HF:DI water =
1:10. Finally, the wafer was cleaned using a piranha solution
(H2 SO4 :H2 O2 = 3:7), ethanol and DI water to remove any
residuals and particles. The area that contains arrays of microapertures is 9 mm × 3 mm in length and width, and is located
at the center of a 40 mm × 20 mm chip. The SEM images of
the micro-apertures on a fabricated chip are shown in Fig. 2
(g) and (h).
B. Cell Culture and Preparation of Cell Suspensions
The breast cancer cell line MCF-7, obtained from American
Type Culture Collection (ATCC), was cultured in Eagle’s Minimum Essential Medium (EMEM, ATCC) with 0.01 mg/ml
bovine insulin (Sigma-Aldrich) and 10% fetal bovine serum
(FBS, Gemini Bio Products); while the lung cancer cell line
A549, obtained from Indiana University School of Medicine, was cultured in F-12K Medium (ATCC) with 10%
FBS. Both cell lines were harvested using Trypsin-EDTA
(Invitrogen) and re-suspended in culture media just before cell
detection experiments. The original cell concentrations were
measured using Countess Automated Cell Counter (Invitrogen)
and/or hemocytometry. The cells were subsequently spiked
into media or blood to achieve concentrations and volumes
intended for detection experiments.
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A 4% paraformaldehyde (PFA) solution in PBS was first
introduced into the chamber and left for 20 minutes at room
temperature. Anti-pan Cytokeratin monoclonal antibodies conjugated with FITC (Abcam, USA), anti-CD45 monoclonal
antibodies conjugated with phycoerythrin (Abcam, USA), and
DAPI (Sigma-Aldrich, USA) were then introduced into the
chamber and incubated for 1 hour at room temperature to label
the cells.
F. Experimental Setup
A fluidic chamber (Fig. 1) was first made by placing a
layer of Polydimethylsiloxane (PDMS, ∼1.5 mm thick) on a
microchip as a spacer and covered with a 1 mm thick glass
slide. The dimension of the fluidic channel that encloses
the porous area was defined by patterning the PDMS
to have a 30 mm by 3.8 mm grove. The bottom of the
microchip was also sealed by attaching a thin layer of PDMS
(∼0.1 mm thick).
The assembled fluidic chamber was mounted on a hollow
acrylic stand, in which a neodymium permanent magnet (K&J
Magnetics, grade N52 with a flux density of 6,451 Gauss at
the magnet surface) was inserted to provide a magnetic field.
By using a peristaltic pump (Ismatec ISM596B), sample
fluids were flowed through the fluidic chamber via an inlet
and outlet opened on the cover glass. The inlet of the chamber
was connected to the fluidic sources while the outlet was
connected to the pump and drained into a waste container or
a collection tube.
IV. R ESULTS AND D ISCUSSION

C. Blood Samples for MCF-7 Spiking

A. Characterization of the System

Blood donated by healthy volunteers were collected in BD
vacutainer tubes with additives of either acid citrate dextrose
(ACD) solution A or sodium polyanethol sulfonate (SPS)
under an IRB-approved protocol. Blood samples were kept
at 4 °C starting from immediately after collection until the
spiking process. Blood samples were used within 12 hours
after collection.

1) Detection Yield vs Incubation Time: The incubation time
needed for beads to interact with the target cells depends
on various parameters such as the number of beads, the
sample volume, incubation temperature, number of antibodies
on beads and their affinity for the antigens. We found that
for the specific case of 50 MCF-7 cells in 1 mL culture
medium with 20 µg of antibody-beads, processed with a flow
rate of 3 mL/min, an incubation time of 35-40 minutes can
be sufficient for a yield of 90% or higher and that longer
incubation times do not increase the yield significantly. When
we increased the sample volume to 10 mL while keeping other
parameters the same, the yield was as low as 30% for a 40
minute incubation time (while 60 minutes resulted in over
90% yield). Increasing the bead amount by 4 fold (despite
a 10 fold increase in sample volume) increased the yield
back to about 83% for 40-minute incubation confirming that
incubation times can be effectively shortened by increasing
the amount of beads used.
2) Detection Yield vs Flow Rate: We next studied the effect
of flow rate on capture yield. 2 µL (20 µg) of antibodycoupled beads were added into 1 mL of cell suspensions
(concentration: 50 cells/mL) with the following antibody/cell
line combinations: (1) anti-EpCAM/MCF-7, (2) anti-EpCAM/
A549, and (3) anti-EGFR/A549. The suspensions were incubated with the beads at room temperature for 1 hour. The
samples were then run through the fluidic chamber at flow

D. Anti-EpCAM and Anti-EGFR Beads
Antibodies against EpCAM and EGFR were conjugated
to magnetic beads via biotin-streptavidin affinity, and were
prepared freshly before detection. Biotinylated polyclonal antibodies against human EpCAM were purchased from R&D
systems; while biotinylated monoclonal antibodies against
human EGFR were purchased from Abcam. Streptavidin conjugated magnetic beads with 1 µm diameter were obtained
from Sigma Aldrich. We saturated the magnetic beads (20 µL,
10 mg/mL) by incubating them with excess amount of antibodies (10 µL, 0.2 mg/mL) in PBS solution at room temperature
for 1 hour, followed by rinsing with PBS three times on
a magnetic stand and re-suspending in PBS.
E. Labeling of Captured Cells for Fluorescent Microscopy
Cells captured on the microchip surface were labeled fluorescently while the microchip was in the fluidic chamber.
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Fig. 3. Optical micrographs of the chip surface with (a) MCF-7 cells bound
by anti-EpCAM beads and (b) A549 cells bound by anti-EGFR beads.
Fig. 5. Post-detection retrieval and growth of MCF-7 cells. (a) Cells retrieved
from the microchip and placed in a Petri dish. (b)–(e) Cell growth at the same
location monitored from day 1 to day 5.

B. Retrieval and Cultivation of the Detected MCF-7 Cells

Fig. 4. Detection yield of MCF-7 and A549 cells using anti-EpCAM and antiEGFR beads with respect to flow rate. Error bars indicate standard deviations
for three measurements.

rates ranging from 1 to 4.3 mL/min while a magnetic field
was applied below the chamber. The chip was immediately
washed with 1 mL of PBS at the same flow rate. The
microchip was then inspected while still in the chamber
using bright-field microscopy to enumerate the detected cells.
Fig. 3 (a) and (b) respectively show the micrographs of the
chip that contains MCF-7 cells bound with anti-EpCAM beads,
and A549 cells bound with anti-EGFR beads that were trapped
by the magnetic field when the samples were flowing at a rate
of 3 mL/min. There were minimal amount of impurities on
the chip (free beads or cell debris) and the trapped cells were
easily distinguishable. The detection yields were calculated
by normalizing the number of cells detected by that added
into the media, and plotted against flow rates in fig. 4. When
we study the detection yields obtained by using anti-EpCAM
beads, we notice that the yield for A549 decreased from 78%
to 20% when the flow rate increased from 1 to 4.3 mL/min
(max flow rate of our pump), whereas the yield of MCF-7
remained above 90% regardless of the flow rate. This indicates
that more anti-EpCAM beads were bound to the MCF-7 cells
than the A549 cells. As a result, the magnetic force could
draw the MCF-7 cells to the chip surface at high flow rates
which washed away some of the A549 cells. However, when
anti-EGFR beads are used, the A549 cells could be detected
with 80% to 90% yield regardless of the flow rate indicating
that more anti-EGFR beads were bound to A549 cells than
the anti-EpCAM beads under similar conditions. This could
potentially be attributed to either higher EGFR over-expression
(than EpCAM) on the particular A549 cells, or higher affinity
of the anti-EGFR antibodies for the cells.

To demonstrate the ability of our system to readily release
the detected cells from the chip surface for further usage
and analysis, we again used MCF-7 as our model targets.
100 MCF-7 cells suspended in 1 mL of medium were
first detected using the microchip system at a flow rate of
3 mL/min, following the same protocol as before. Next, the
magnet was removed from underneath the chip and 1 mL PBS
solution was flowed through the chamber at 3 mL/min to wash
the trapped cells away from the chip surface. The fluid was
collected at the outlet of the chamber, in a 35-mm Petri dish.
The image of the retrieved cells in the Petri dish is shown in
Fig. 5 (a). The collected cells can be stored for further analyses
such as cell enrichment or DNA/RNA detection. In this study
we investigated culturing of the retrieved cells. The growth
of the cells as monitored over a few days is shown in
Fig. 5 (b)-(e). The bead-bound cells first settled down and
attached to the dish on day 1. From day 2 onwards, the cells
started to grow and divide. The morphology of the cells looked
similar to that of the parental cell line prior to the experiment.
The results suggest that the cells bound with anti-EpCAM
beads are still able to grow in an appropriate environment.
C. Detection in Large Sample Volumes
We next investigated the ability of our system to detect
rare cells present in large volumes of samples. We began
with 50 MCF-7 cells in 7.5 mL, and then reduced the cell
number and increased the sample volume to obtain 30 cells in
10 mL and 10 cells in 12 mL, respectively. The corresponding
concentrations were 6.7, 3.0 and 0.8 cells/mL. With a flow rate
of 3 mL/min, the resulting detection yields were 92.7%, 92.3%
and 90.0%, respectively, which are in agreement with our
characterization data. The experimental results, summarized in
Table 1, demonstrate the ability of the system to perform highthroughput analysis of cells present in large sample volumes.
It took only 4 minutes to run 12 mL of sample through
the fluidic chamber, and the overall experiment, including
one hour incubation, was less than 70 minutes. As described
earlier, incubation time can be shortened by using more beads.
D. Detection of MCF-7 Cells Spiked in Blood
To investigate the clinical applicability of this system to the
medical field, we captured tumor cells in blood in a manner
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TABLE I
L ARGE V OLUME D ETECTION

the results of both the characterization experiments and large
volume detection experiments conducted in culture media.
Using the above protocol, the total time needed to process a
7.5 mL of blood sample for rare cell capture, including lysing
RBCs (∼20 min), incubating with antibody-beads (60 min),
and flowing/circulating in the fluidic chamber (<5min), was
85 min. On-chip fluorescent detection requires an additional
80 minutes for fixation and staining. The results demonstrate
that this system could be readily applied to high-throughput
detection of CTCs in clinically-relevant amounts of patient
blood samples.
V. C ONCLUSION

Fig. 6. Fluorescent micrographs of cells detected from MCF-7 spiked blood
on a microchip: (a) a MCF-7 cell stained by CK-FITC, (b) leukocytes stained
by CD45-PE, (c) cell nuclei stained by DAPI, and (d) a merged image of
(a)-(c).

that mimics capturing rare CTCs in blood samples of cancer
patients. We spiked 100 MCF-7 cells in 7.5 mL of blood
collected from healthy donors under an approved IRB protocol
and detected the cells using our system. A spiked blood sample
was first treated with RBC lysis buffer to remove majority of
the RBCs. The remaining cells were re-suspended in 1 mL of
PBS buffer and incubated with 3µL (30 µg) of anti-EpCAM
beads at 4 °C for about 1 hour. The sample was then circulated
in the fluidic chamber with the presence of a magnetic field at
a flow rate of 2 mL/min for 4 minutes, following by washing
with 2 mL of PBS solution. A fixation solution (4% PFA in
PBS) was subsequently introduced into the chamber to fix
the cells captured on the chip. The fixed cells were stained
fluorescently with anti-CK-FITC, anti-CD45-PE, and DAPI
as described before. The microchip was then inspected while
still in the chamber using a fluorescent microscope to identify
and enumerate the MCF-7 cells. Fig. 6 shows the fluorescent
images of an area on a microchip that contains a few cells.
The anti-CK-FITC bound to the MCF-7 cells emitted green
fluorescent light (fig. 6 (a)), while the anti-CD45-PE bound to
the leukocytes emitted red light (fig. 6 (b)). DAPI stained the
cell nuclei and emitted blue light (fig. 6 (c)). We identified
MCF-7 cells based on a combination of factors including the
size (10-30 µm) and shape (close to circular) of the cells and
their fluorescent emissions (CK+, DAPI+ and CD45-). The
average detection yield from 3 measurements was 85.4% with
a standard deviation of 1.5%, which is in good agreement with

We have demonstrated a micro-aperture chip system for
high-throughput detection of rare cells. The system is based on
a combination of immunomagnetic separation, micro-fluidics
and size-based filtration, and is capable of detecting rare cells
present in standard (7.5 mL) and larger sample volumes.
Moreover, the detected cells can readily be retrieved for further
usage, and the chip can be re-used for subsequent experiments.
We showed that the MCF-7 cells collected from the microchip
can later be cultivated in a Petri dish. With this system,
detection of 10 MCF-7 cells in 12 mL of culture media
(0.8 cell/mL) was possible with 90% yield. We also showed
that 85% of the 100 MCF-7 cells spiked in 7.5 mL of blood can
be detected using this system, which demonstrates the potential
of this system in detecting CTCs. Using the current protocol,
a typical 7.5 mL of blood can be processed in less than 90 min
to capture rare cells. The cells captured on the microchip
can subsequently be analyzed on-chip or retrieved for further
analysis. The concept of this system is generic and can be
modified to detect a wide variety of cells present in other
bodily fluids. We envision that this versatile and robust system
can have a wide range of medical, as well as environmental
applications.
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