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Separation and dual detection of prostate cancer
cells and protein biomarkers using a microchip
device†
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Current efforts for the detection of prostate cancer using only prostate specific antigen are not ideal and
indicate a need to develop new assays – using multiple targets – that can more accurately stratify disease
states. We previously introduced a device capable of the concurrent detection of cellular and molecular
markers from a single sample fluid. Here, an improved design, which achieves affinity as well as size-based
separation of captured targets using antibody-conjugated magnetic beads and a silicon chip containing
micro-apertures, is presented. Upon injection of the sample, the integration of magnetic attraction with
the micro-aperture chip permits larger cell–bead complexes to be isolated in an upper chamber with the
smaller protein–bead complexes and remaining beads passing through the micro-apertures into the lower
chamber. This enhances captured cell purity for on chip quantification, allows the separate retrieval of captured cells and proteins for downstream analysis, and enables higher bead concentrations for improved
multiplexed ligand targeting. Using LNCaP cells and prostate specific membrane antigen (PSMA) to model
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prostate cancer, the device was able to detect 34 pM of spiked PSMA and achieve a cell capture efficiency
of 93% from culture media. LNCaP cells and PSMA were then spiked into diluted healthy human blood to
mimic a cancer patient. The device enabled the detection of spiked PSMA (relative to endogenous PSMA)
while recovering 85–90% of LNCaP cells which illustrated the potential of new assays for the diagnosis of
prostate cancer.

Introduction
Prostate cancer is the most commonly occurring cancer for
men in the United States. In 2016 alone, the estimated numbers of newly diagnosed cases and deaths associated with
prostate cancer are 180 890 and 26 120, respectively.1 In an effort to reduce the impact of prostate cancer on society, there
has been a major push towards early detection strategies to
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help stop the disease before it becomes life threatening. Critical to this effort is the discovery and validation of biomarkers
(e.g. proteins, DNA, metabolites, cells, etc.) which is of great
significance not only because these analytes are important for
early diagnostic screening tests, but also due to their roles in
establishing prognosis and monitoring response to therapy,
among other uses.2–10 While multiple biomarkers have been
investigated for the detection of prostate cancer, including
prostate specific membrane antigen (PSMA), micro-RNA, and
survivin, the most commonly used biomarker for diagnosing
prostate cancer is the protein, prostate specific antigen
(PSA).11–13 PSA is detectable via a number of available and
highly sensitive assays.14 However, the extensive use of diagnostic screening tests based primarily on PSA are controversial, so much so, that in 2012 the United States Preventive
Task Force concluded that the risks of such routine blood
tests (e.g. unneeded surgery and radiation) outweighed the
benefits of early detection and thus recommended reduced
testing.15 This has led to the search for additional biomarker
candidates that can better stratify different disease states.
One type of target that has been extensively studied and
validated for use in prostate cancer is circulating tumor cells
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(CTCs).16,17 CTC biomarkers are commonly isolated via
immuno-magnetic bead-based separation assays by targeting
specific cell-surface markers such as epithelial cell-adhesion
molecule (EpCAM), cytokeratin, PSMA, vimentin, and
others.18–21 Prostate CTCs have recently been found to be correlated with a number of other recognized targets (e.g. lactate
dehydrogenase, alkaline phosphatase, PSA) and used in combination for treatment monitoring and survival prediction of
prostate cancer patients.22,23 For example, the use of the
CellSearch platform for CTC detection combined with a realtime quantitative polymerase chain reaction (qPCR) assay enabled an approach consisting of CTC enumeration and stem
cell gene expression analysis to be applied and used to determine the prognosis and predict treatment outcomes in a metastatic castration-resistant prostate cancer model.24 This example demonstrates the need and advantage of developing
biomarker panels via multiplexed target analysis.
However, the widespread implementation of such multiplex analysis requires overcoming several barriers and
limitations.2,3,25–27 These include inter-individual variability,
reliability, sensitivity and specificity during analyte detection,
all of which have led to significant measurement deviations.28 Additionally, multiple biomarker platforms are often
employed to perform numerous individual tests, often at
great expense, in order to provide sufficient reliable information for patient evaluation.19,29–31 This has led to the need for
high-throughput detection platforms capable of analysing
multiple biomarkers simultaneously from a single sample.
Several commercial high-throughput platforms for
multiplexed protein analysis are widely available (e.g.
Luminex, MSD) and academic groups along with industry are
actively pursuing methods for the detection and analysis of
cancer cells (e.g. CTCs) from large sample volumes. However,
it is not ideal to measure proteins or cells, separately, which
is the case with most biosensor platforms.8,32–38 As the CTC
capture and stem cell gene expression study above illustrated,
valuable information can be gathered from both cellular and
molecular biomarkers. Additionally, by more accurately correlating molecular biomarker concentrations in a sample fluid
with specific cell populations present, which would be possible with a dual-detection platform, new biomarker panels
could be developed to better describe a patient's disease state
and provide a more holistic analysis.39 Analysing a single
sample for multiple target types – cells and molecules –
should also lead to reduced sample-to-sample variation.40–42
We previously introduced a device capable of the concurrent detection of cellular and molecular markers, in high
throughput, from a single sample fluid. This device utilized a
glass slide integrated with a magnet for attracting cellular
and molecular biomarkers bound to antibody-conjugated
magnetic beads.43 While this preliminary system successfully
demonstrated the ability to simultaneously detect cellular
and molecular targets from an ovarian cancer patient sample
(ascites fluid), several limitations were observed. These include captured cells being buried under bead clusters (see
ESI† Fig. S1), which was exacerbated when higher bead con-
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centrations were used. The clusters of beads on top of cells
reduced the cell purity (especially for fluorescence imaging
purposes) and the combination of captured cells and molecular markers, with any remaining beads, all on the same surface also reduced the ability to retrieve the cells for downstream analysis (e.g. genetic sequencing, culturing, etc.). As
the concentration of CTCs in patient samples are very low,
the inability to increase the bead amount conversely affected
the ability for multiplexed ligand targeting, which could be
used for not only capturing additional protein/molecular
analytes but also for increasing the number of CTCs
detected.
In this study, we have developed a next generation system
that combines rapid fluid flow with size-based separation to
realize a high-throughput immuno-magnetic detection platform for the simultaneous separation and detection of molecular and cellular targets. The new version divides magnetically captured cellular and molecular targets into upper and
lower chambers, respectively, via the use of a silicon chip
containing 6 μm diameter micro-aperture holes. Upon incubating a liquid sample with antibody-conjugated magnetic
beads targeting desired cells and protein biomarkers, the
sample is then flowed through the upper chamber of the device. The integration of an external magnetic force with the
micro-aperture chip allows the larger cell-bead complexes
(>8 μm) to be trapped on top of the chip, with the smaller
protein-bead complexes (1 μm) and remaining beads passing
through the micro-aperture holes into the lower chamber
where the magnetic force holds them in place on a bottom
surface.
There are multiple advantages of the new generation device. First, due to the efficient elimination of non-cell
complexed beads from the upper chamber, both captured
cells and molecules can be analysed separately without mutual interference.32 The cells can be quantified directly on
chip and then removed for further investigation. Proteinbound beads can be retrieved from the bottom chamber and
analysed using fluorescence-based detection or with other
commercially available assays. Lastly, this design enables the
use of higher bead concentrations.

Materials and methods
In this study, we characterized the new device in the context
of a prostate cancer model by dual detection of the free PSMA
protein and LNCaP cells, using the two antibodies, antiPSMA and anti-EpCAM.44,45 EpCAM and PSMA cell surface
markers have been previously used to isolate prostate cancer
CTCs.46 The LNCaP cell line is a commonly applied model
for prostate cancer and has been shown to express both
EpCAM and PSMA antigens on the cell surface, making it
particularly relevant to our work.47–49 As EpCAM is one of the
most commonly used markers for capturing CTCs in breast,
colon, and prostate cancers, its use with LNCaP cells also enables the device characterization to be more generalized to
other diseases.50 The cell-free PSMA protein was chosen due
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to its value, from an analytical perspective, to challenge the
new device by using a free protein target that is also on the
surface of the cell, in combination with a ligand (EpCAM)
specifically targeting only the cell itself. This contrasts with
the scenario in which the free protein and cells would be captured using completely different antibodies. While the presence of free PSMA protein in circulation has been studied,
the clinical significance of detecting PSMA alone for prostate
cancer remains uncertain.51,52 Thus, a method to simultaneously detect the free PSMA protein as well as prostate cancer cells might allow for the discovery of new diagnostic value
for PSMA.
This paper first presents the overall detection strategy, device assembly and operation, followed by numerical modeling. Next, multiple ligands conjugated to magnetic beads are
investigated to achieve maximal cell capture yield. Using culture media, the limit of detection for PSMA as well as the performance in dual analyte capture is then determined. Finally,
the potential of the device for clinical application is demon-
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strated using diluted human blood spiked with PSMA and
LNCaP cell targets, to mimic prostate CTCs and protein biomarkers from a patient sample.
Detection strategy
The detection strategy is illustrated in Fig. 1. Superparamagnetic streptavidin coated microparticles are first conjugated to their corresponding biotinylated polyclonal antibodies. A sample fluid containing spiked LNCaP cells and
PSMA protein (Fig. 1a) is then combined with the antibody
conjugated-bead (anti-bead) mixture and incubated for 90
min using an end-over-end rotator.
The microfluidic device is divided into two parallel chambers separated by a micro-aperture chip composed of an array of 6 μm diameter micro-apertures (2.6 × 105 holes in total). Following sample incubation, the mixture is flowed
through the upper chamber (Fig. 1b) at a flow rate of 2 mL
min−1 and circulated for 4 min. A permanent magnet

Fig. 1 Schematic diagram of the detection strategy. (a) Rare cells and proteins are simultaneously captured by streptavidin-coated magnetic beads
conjugated with antibodies. (b) Sample is flowed through the upper chamber of the device in which captured cells and proteins are size-separated
via the micro-aperture chip. Protein-bound and free beads in the lower chamber can be removed by stopping flow in the upper chamber, removing the magnet, and washing the lower chamber with buffer. The collected sample containing magnetic beads can be analysed off-chip using fluorescence analysis for protein quantification. Cells can be directly quantified on-chip.
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positioned beneath the device provides the magnetic field to
pull the bead-bound cells and proteins, as well as free beads,
towards the micro-aperture chip. The protein-bead complexes
and free beads, owing to their smaller size (1 μm), can be
drawn down to the lower chamber through the microapertures whereas cell-bead complexes, due to their larger
size (>8 μm), are retained on top of the micro-aperture chip
in the upper chamber. The cell and molecular targets, in the
upper and lower chambers, respectively, are then subjected
to separate fluorescence-based quantitative assays. The cells
are enumerated on the chip surface. The protein-bound
beads are retrieved from the lower chamber by introducing
washing buffer with the magnet removed and then analysed
via fluorescence microscopy.
An important advantage of this strategy is that it does not
require the centrifugation of the original sample during the
detection of target analytes. For example, common methods
for cell capture first involve the centrifugation of a blood
sample (to fractionate target cells) and the subsequent aspiration (removal) of the appropriate liquid layer. However, a major disadvantage to this process is that it can lead to significant user-to-user error while compounding the risk of losing
rare cells such as CTCs. As all steps associated with the detection strategy in this work are additive, the new device and the
assay demonstrated avoid the downfalls associated with
methods of cell capture that involve centrifugation.
System and device assembly
The microfluidic device consists of eight components: an
acrylic cover, acrylic stand, top fluid cover, bottom fluid
cover, top fluid spacer (PDMS spacer I), bottom fluid spacer
(PDMS spacer II), micro-aperture chip, and magnet. The assembling scheme is shown in Fig. 2a. The top fluid chamber
was constructed by placing a layer of PDMS (thickness ∼1.0
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mm) on the micro-aperture chip, to serve as a spacer, and
then mounting a 1 mm-thick glass slide on top of it. A laser
cutter (Universal Laser System, Inc. Professional Series) was
used to define the dimensions (30 mm by 3.8 mm) of the
PDMS channel such that it enclosed the porous area (8560
μm by 2750 μm) of the micro-aperture chip. The silicon chip
(thickness of 550 μm) with a porous area of 6 μm diameter
micro-aperture arrays was fabricated following the procedures described in a previous publication.53 The inlet and
outlet for the upper chamber were formed by drilling holes
through the glass slide using a diamond rotary bit. Tubing
was sealed in place with epoxy. The bottom chamber was
constructed with another PDMS layer (thickness ∼0.2 mm)
containing a channel (30 mm by 3.8 mm) fabricated with the
laser cutter. The lower channel was sealed using a transparency sheet (3M PP2500, 0.1 mm thick). For the transparency
sheet, the inlet and outlet holes were fabricated using the laser cutter. The bottom inlet and outlet tubing was connected
to plastic elbow fittings and glued to the holes of the transparency sheet using epoxy. The assembled components were
then mounted on an acrylic stand containing three rectangular openings. The middle opening was for inserting the magnet while the two openings on both sides provided space for
the inlet and outlet tubing to emerge from the bottom chamber. All acrylic components were modified using the laser cutter. The top acrylic cover also contained a wide opening to
enable quantification of cells directly on the chip surface
using a fluorescence microscope.
Device modeling
COMSOL was used to model the influence of the microaperture chip surface on the magnetic bead trajectories. This
was performed in order to quantify the number of beads that
pass through the micro-apertures into the bottom chamber

Fig. 2 Device assembly. (a) Exploded view of assembly scheme. (b) The assembled device. (c) SEM image of the micro-aperture chip containing an
array of 6 μm diameter micro-apertures.
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while flowing the suspension through the upper chamber of
the device. All other simulation details, equations and conditions were similar to those in previous publications.32,43 To
simplify the modeling, only beads without cells were used for
the simulations – the possibility of cells passing through
holes via contortion or other shape modification was
neglected.
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Experimental setup
As described in “System and device assembly”, two sets of inlets and outlets provided access to the top and bottom chambers. After priming the upper and lower chambers with PBS
buffer, the bottom inlet and outlet were sealed. The top inlet
was then connected to the sample source and the top outlet
was connected to a peristaltic pump (New Era Pump Systems,
NE-9000) which led to a waste container. This allowed the
sample/bead mixture and buffer to flow only through the top
chamber of the device. For sample circulation (using a
closed-loop configuration), 300 μL of the test fluid was first
injected followed by placing the pump outlet into the sample
vial for the desired time. After circulation, the outlet tubing
was placed back into the waste container as buffer was
pumped through the device. In order to retrieve and collect
the protein-bead complexes from the bottom chamber for
downstream analysis after an experiment, the top inlet and
outlet tubes were sealed, the bottom inlet tube was connected
to the washing buffer (PBS) and the bottom outlet tube was
connected to the pump. With the magnet removed, the beads
could then be collected in a plastic tube at the outlet of the
pump by flowing 1.5 mL of buffer.
Prior to running any experiments, PBS-T (PBS containing
Tween 20) plus bovine serum albumin (BSA) was used to
block the sample fluid-exposed surfaces of the device. The
blocking solution consisted of 600 μL of 20× PBS-T (Thermo
Fisher Scientific, USA), 400 μL of 30% BSA in PBS (Sigma,
USA), and 11 mL of DI water. About 200 μL of this solution
was injected into the upper chamber of the device and incubated for 3 hours at room temperature. Both the bottom and
top chambers were then flushed with PBS.
Preparation of LNCaP cells and PSMA protein solution
LNCaP cells, purchased from American Type Culture Collection, were cultured in RPMI 1640 media (Gibco, USA)
containing 10% fetal bovine serum (FBS, Gemini Bio Products). To harvest LNCaP cells, they were first released from a
culture flask using a Trypsin–EDTA solution (Invitrogen) and
then re-suspended in culture medium. The cell concentration
was measured by taking 5 samples (each with a volume of 3
μL, ejected onto a microscope slide) and manually counting
the cell number using a bright-field microscope to obtain the
average. The cell suspensions were then subsequently spiked
into 1 mL of medium (or diluted blood) to achieve the desired concentration.
Recombinant human PSMA/FOLH1 protein (PSMA) was
purchased from R&D Systems and stored at −20 °C at a con-
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centration of 0.5 mg mL−1 in PBS. PSMA was then diluted
and spiked into medium or diluted human blood at desired
concentrations.
Preparation of antibody-coupled magnetic beads
Biotinylated polyclonal anti-PSMA, anti-EpCAM, and antiEGFR were all purchased from R&D Systems and stored at a
concentration of 0.2 mg mL−1 in PBS. Prior to detection, the
desired antibody was conjugated to micro-beads by incubating the antibody (10 μL) with streptavidin-coated 1 μm magnetic beads (20 μL, 10 mg mL−1, Sigma Aldrich) in phosphate
buffered saline (PBS, 70 μL) at room temperature for 60 min
on an end-over-end rotator. An excess amount of antibody
was used to ensure saturation of binding sites on the bead
surface. Following incubation, the beads were washed 3 times
with PBS using a magnetic stand (PerkinElmer, Germany)
and then stored at 2 mg mL−1.
Detection of LNCaP cells in the absence of free PSMA
The device was initially tested with multiple antibodyconjugated magnetic beads to determine which ligands and
quantity of beads provided the highest capture efficiency of
LNCaP cells. The new device enabled the doubling of the 1
μm bead amount able to be used in an assay, from 40 μg in
the previous design to 80 μg.43 This was due to the ability to
clear the excess beads into the lower chamber. In these experiments, ∼100 LNCaP cells were spiked into 1 mL of culture
medium. The spiked samples were then incubated with either 40 μg (20 μL) or 80 μg (40 μL) of antibody beads at room
temperature for 90 min using an end-over-end rotator. If a
single antibody was used then 20 μL or 40 μL of only that
bead suspension (2 mg mL−1) was added. If two antibodies were
used, then 20 μL of each antibody bead suspension was
added. The sample was then circulated in the upper chamber of
the device (with the bottom magnet in place) at a flow rate of 2
mL min−1 for 4 minutes followed by washing with 2 mL of PBS.
Following detection, any free beads which remained on
the micro-aperture chip surface were gathered into the bottom chamber using a dual-magnet mode.32 In the dualmagnet mode, a second, smaller magnet is placed on top of
the entire device while keeping the bottom magnet in place.
The top magnet is then moved back-and-forth, horizontally,
in an oscillatory fashion. This perturbs the horizontal magnetic field for any beads on the chip surface, thus enabling
their lateral movement that subsequently leads to beads falling through nearby micro-apertures, into the bottom chamber. Please see ESI† Fig. S1 for a comparison of the observed
differences for the micro-chip surface (which enables the removal of protein-bound and free beads) in contrast to a chip
which lacks the micro-aperture structure.
With only the bottom magnet in place, the captured cells
were then directly fixed on the chip using a 4% paraformaldehyde (PFA) solution in PBS for 10 minutes at room temperature followed by fluorescent tagging for confirmation. To label the cells, monoclonal antibodies against PSMA
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conjugated with PE (anti-PSMA-PE, Miltenyi Biotec, USA),
anti-pan cytokeratin monoclonal antibodies conjugated to
FITC (anti-CK-FITC, Miltenyi Biotec, USA), and 4′,6-diamidino2-phenylindole (DAPI, Sigma-Aldrich, USA) were introduced
into the top chamber all at once and incubated for 30 minutes at room temperature. Unbound labels were washed out
with 3 mL of PBS. The micro-aperture chip was then
inspected while still in the microfluidic device, using a fluorescence microscope (ECLIPSE 80i, Nikon) containing a fibre
illuminator (C-HGFI, Nikon), to count the captured cells and
determine the capture efficiency.
Detection of free PSMA in the absence of LNCaP cells
The detection of free PSMA (without LNCaP cells) was
performed identically to that above for LNCaP cells without
PSMA but with the following modification. For these experiments, only PSMA was spiked (0–12.5 nM, 0–1000 ng mL−1)
into 1 mL of culture media. Following detection, PSMAbound beads and free beads were gathered in the bottom
chamber as described above. Both magnets were then removed and 1.5 mL of PBS was introduced into the bottom
chamber at a flow rate of 1.5 mL min−1 to wash out the
beads, which were collected in a plastic tube.
These beads were then analysed by flowing the collected
suspension into a chamber containing a glass slide with a
magnet placed underneath for immuno-fluorescence analysis
(see ESI† Fig. S1). Prior to analysing the samples and in order
to prevent non-specific binding of antibodies, a PBS solution
containing 0.05% Tween-20 and 1% BSA was introduced into
the single-chamber device and allowed to incubate for 3
hours at room temperature. The device was then washed with
2 mL of PBS at a flow rate of 3 mL min−1. Retrieved beads
were injected and distributed along the chamber surface, as
a result of the applied force from an external magnet. PSMA
was subsequently stained with anti-PSMA-PE (1 : 20 dilution
in PBS) and incubated under static conditions at room temperature for 30 minutes, followed by washing with 3 mL of
PBS. Finally, the chamber was inspected using the fluorescence microscope for PSMA quantification.43
Dual detection of LNCaP cells and PSMA
The combined detection of LNCaP cells and PSMA from culture media was performed next. Here, a series of suspensions
were prepared by spiking ∼100 LNCaP cells and PSMA with
various concentrations from 0 to 12.5 nM (0–1000 ng mL−1)
into 1 mL of culture medium. The samples were then incubated using the optimal antibody bead composition and
analysed according to the two previous sections.
For detection in human blood, 1 mL of diluted blood
(blood : PBS (1 : 3)) was prepared and used within 2 hours after being collected from healthy male volunteers under an approved IRB protocol. Blood samples were first drawn into BD
vacutainer tubes containing sodium polyĲanethol) sulfonate
as the anti-coagulant prior to being diluted. For these experiments, LNCaP cells and/or free PSMA (in addition to the level
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of PSMA naturally present) were spiked into each sample.
Four conditions were tested: (1) a blank without any added
target protein or cells; (2) ∼27 added LNCaP cells; (3) ∼27
added LNCaP cells and 50 pM (4 ng mL−1) of PSMA. (4) ∼54
added LNCaP cells and 1.25 nM (100 ng mL−1) of PSMA. It
should be noted that the spiked PSMA concentrations provided are relative to the 1 mL diluted sample volume.
The diluted blood samples were then analysed similar to
that for dual detection from media but with the following
modifications. Prior to fixing the cells using PFA but after removing the beads from the bottom chamber, red blood cell
(RBC) lysis buffer (G-Biosciences, U.S.A.) was introduced into
the upper chamber and incubated for 5 min before rinsing
with PBS. This was done in order to remove RBCs which were
attracted to the magnet during the sample circulation step.
Additionally, anti-CD45-PE was added to the dye cocktail for
cell labelling in order to differentiate any white blood cells
(WBCs) that might be present due to non-specific binding.
Anti-PSMA-PE was removed from the dye cocktail so it would
not overlap with the anti-CD45-PE signal due to their identical fluorescent labels (i.e. phycoerythrin (PE)).

Results and discussion
(1) Modeling the effect of the micro-aperture chip for magnetic bead capture
Previously, we used simulations to investigate how flow rate
and the number of beads bound per cell would influence the
trajectories of cell-bead complexes in our microfluidic device.32,43 It was assumed in those simulations that the microaperture chip functioned as a solid surface (without pores)
with respect to its ability to capture bead-bound cells. A finite
element analysis software (COMSOL) was used to simulate
the magnetic field, flow field, induced magnetic force and
fluid drag force, as well as the gravitational and buoyant
forces acting on cells and magnetic beads.32 Here, we extend
our characterization to account for the true 6 μm diameter
micro-aperture array structure in order to determine the
quantitative effect of the structure on the ability of proteinbead complexes and free beads to fall into the lower chamber
of the device during sample flow.
For this work, the magnetization effect of particles on one
another, the difference between a protein-bound bead and a
free bead, and the effect of the micro-aperture chip's pore
depth on a bead were all assumed to be negligible. It was
also assumed that the beads were randomly distributed over
the inlet cross-section as they were introduced into the chamber. Due to the low Reynolds number (Re = 9.95) of the device, laminar flow was assumed for the simulation and the
flow rate was set to 2 mL min−1 in accordance with previous
experiments and simulations.32,43
Fig. 3 shows the simulation and trajectories of 100 superparamagnetic beads flowing inside the dual-chamber system.
According to the results, a uniform flow field was quickly
established following the introduction of beads into the upper chamber. Subsequently, 52% of the beads ended up in
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Fig. 3 Bead trajectory simulation results. (a) The flow field in the device with the inlet flow rate set to 2 mL min−1. (b) Trajectories of magnetic
beads in the dual-chamber system showing that 52% of the beads will fall through the micro-aperture holes during flow, indicating the need for a
dual-magnet mode to aid in the removal of the remaining protein-bound beads and free beads that land on the chip surface.

the bottom chamber via the micro-aperture holes. This implied that, in order to aid in the visualization of cells in the
upper chamber for actual experiments, a dual-magnet mode

was going to be necessary. This allowed any remaining free
beads on the micro-aperture chip surface to move laterally,
find a hole, and fall into the bottom chamber.32

Fig. 4 Fluorescence images of LNCaP cells. Single cell (row 1), two cells (row 2), and three cells (row 3) were stained with anti-PSMA-PE (column
a), anti-CK-FITC (column b), and DAPI (column c) to verify the identification of the LNCaP cells captured. Column d shows the merged image of
columns (a) to (c) for each row.
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(2) Cell detection in the absence of free PSMA
Beads conjugated with various antibodies were used to characterize the ability of the micro-aperture device for detecting
rare cells without the presence of free target proteins. As
LNCaP cells are known for expressing significant amounts of
both PSMA and EpCAM surface markers, corresponding antibodies to these two antigens were initially investigated.54
Using two quantities of magnetic beads (40 μg and 80 μg) for
each target, antibody bead conjugates were prepared and
tested in order to achieve the highest cell detection yield.
Captured cells were verified based on a combination of factors
including their size (8–30 μm), shape (close to circular), and
fluorescence signals, wherein anti-PSMA-PE (+), anti-CK-FITC
(+) and DAPI (+) cells were scored as a positive result (Fig. 4).
As shown in Fig. 5, both quantities of anti-PSMA-only
beads led to the detection of ∼50% of the spiked LNCaP
cells. For EpCAM, while the average capture value for 80 μg
of beads was higher than that for 40 μg (96% versus 88%),
from a statistical perspective, the difference was not significant (p > 0.05). The higher capture for EpCAM compared to
PSMA correlates with a higher level of expression for the former, which was confirmed using a fluorescence cell-labeling
assay (see ESI† Fig. S2). These results indicated a level of expression for EpCAM that was about twice that of PSMA. As
the goal of this work was to achieve dual detection of LNCaP
cells and free PSMA protein, a 50% mixture of anti-EpCAM
and anti-PSMA bead conjugates was then tested (40 μg of
each). The data revealed that this combination was able to
achieve the same high yield (∼94%) as compared to using
only anti-EpCAM beads. Thus, the presence of anti-PSMA did
not interfere with the capture efficiency. It should be noted
that since LNCaP cells express both surface antigens, it is
possible that both antibody beads play a role in cell capture,
especially due to the heterogeneous nature of cell
populations.55 For example, a small number of cells within
the population may express more PSMA than EpCAM. However, anti-EpCAM, due to being significantly more expressed
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overall, is likely the major contributor to the high yield
obtained for the bead mixture.
In order to verify the specificity of PSMA and EpCAM ligands and to ensure that the antibody conjugated beads were
not non-specifically capturing LNCaP cells, an antibody
against one additional surface marker, epidermal growth factor receptor (EGFR), was tested as a negative control. Previous
reports have indicated that LNCaP cells do not exhibit high
levels of EGFR, which was also confirmed by our fluorescence
staining experiments (see ESI† Fig. S2).56 The results shown
in Fig. 5 for anti-EGFR conjugated beads provide further evidence that LNCaP cells express very little EGFR as only a
∼7% detection yield was achieved, for both amounts of beads
tested.
We then validated the specificity of the PSMA and EpCAM
antibody bead combination for our cellular targets using KB
cells as an additional negative control. The KB cell line is
commonly known for expressing high levels of folate receptor
(FR) but only minor amounts of PSMA57 and EpCAM (due to
being a subline of HeLa cells).58 Compared to LNCaP cells,
KB cells were found to be captured at significantly lower
levels using the anti-PSMA and anti-EpCAM bead combination (9% versus 95% LNCaP, Fig. S3†). This confirmed that
our bead mixture is able to achieve a high capture efficiency
of cells that over-express specific surface antigens. It should
be mentioned that 9% (instead of 0%) of KB cells were captured because KB, due to being epithelial in nature, expresses
some amount of EpCAM on the cell surface59 which was also
verified in a fluorescence staining experiment (see ESI† Fig.
S2).
While a ∼94% capture yield for LNCaP cells using a mixture of anti-PSMA and anti-EpCAM beads was achieved, there
were still 6% which were not detected. Thus, we investigated
whether these uncaptured cells passed through the microapertures into the bottom chamber. Following the detection
of LNCaP cells on the micro-aperture chip surface, the bottom chamber was inspected using a bright-field microscope
in order to observe the lower chamber surface (i.e. the transparent film) as well as the bottom of the micro-aperture holes
– no cells were found. This indicates that the small number
of uncaptured cells might have been lost due to the heterogeneous nature of the cell population, with several cells not expressing a sufficient amount of either PSMA or EpCAM antigen to enable a magnetic pull down to the micro-aperture
surface. While expected to be minimal, it is also possible that
some cells may have stuck to the walls of the sample tube or
the tubing used in the fluidic system and hence may have
been lost.
(3) Detection of free PSMA in the absence of LNCaP cells

Fig. 5 LNCaP cell capture efficiency using different anti-bead combinations and bead quantities. Blue and red bars represent 40 μg and 80
μg, respectively, of total beads added to the cell-spiked media. In the
case where a mixture of beads was used (EpCAM plus PSMA), 40 μg of
each bead was added. Error bars represent one standard deviation
based on three experiments.
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Next, the ability of the micro-aperture device to detect free
target proteins in the absence of cells was evaluated. Using
the same procedures and conditions as for cell detection, different concentrations of free PSMA (0–12.5 nM, 0–1000 ng
mL−1) were spiked into 1 mL of culture medium. The sample
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was then incubated with a 50% mixture of anti-PSMA and
anti-EpCAM beads. Following the capture and elution of
protein-bead complexes and free beads from the lower chamber of the micro-aperture device, the retrieved beads were
subsequently injected into a single-chamber platform for
fluorescence analysis. Fig. 6 shows the fluorescence and corresponding bright field images of the beads distributed on
the single-chamber device glass surface for three different
PSMA concentrations: 12.5 nM (1000 ng mL−1), 1.25 nM (100
ng mL−1), and 0 nM (0 ng mL−1). Using these images with
multiple PSMA spiked concentrations subsequently allowed
the limit of detection (LOD) for the micro-aperture device to
be determined.
In order to establish the numerical correlation between
the input (PSMA concentration) and output (fluorescence)
signals, we collected fluorescence images of the stained
beads and the corresponding reversed bright-field image
from the same observation window.43 The fluorescence intensity was then normalized by the intensity of the reversed
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bright-field image, which was used as an estimation of the
amount of beads in that observation window. The normalized intensity, termed the “B-ratio”, thus represents the
fluorescence signal per bead. The B-ratio was measured for
eight different PSMA concentrations ranging from 0 to 12.5
nM (0–1000 ng mL−1) as shown in Fig. 7. Performing a
least squares Langmuir Isotherm fit to the experimental
data revealed:
(1)

where Br is the B-ratio; Cp is the PSMA concentration (nM);
and 0.222 is the theoretical bias which is attributed to either non-specific binding between the fluorescent dye and
antibody beads and/or the intrinsic fluorescence background of the magnetic beads. The theoretical bias agrees
with our experimental B-ratio bias of 0.198, which was the
observed response in the absence of PSMA. The

Fig. 6 Three pairs of fluorescence (column 1: left) and bright-field (column 2: right) images collected from cell media samples spiked with PSMA
concentrations of 12.5 nM (1000 ng mL−1) (row a), 1.25 nM (100 ng mL−1) (row b), and 0 nM (0 ng mL−1) (row c).
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Fig. 7 The standard detection curve for free PSMA spiked into cell culture media using the anti-PSMA and anti-EpCAM bead mixture. The horizontal brown line represents the experimental background (B-ratio when PSMA = 0 nM) and the green line represents the background plus three standard deviations. The data reveals a limit of detection of 34 pM. Error bars indicate one standard deviation from three experiments for each
concentration.

intersection of the fitted curve with the background-plusthree-standard-deviation line (see ESI† Fig. S4) corresponds
to a PSMA spiked concentration of 34 pM (2.7 ng mL−1),
which we consider as the LOD for this assay using the
new device. However, lower concentrations were still detectable (albeit not quantifiable based on our conservative
definition of the LOD) using this assay. The effective dissociation constant (Kd) between anti-PSMA and PSMA was
found to be approximately 3.0 nM, which is in reasonable
agreement with previous reports.60,61 While the simplicity
of the overall method allowed a fluorescence assay to
quantify free protein capture, the ability to easily retrieve
the beads also enables the future use of other analytical
techniques (e.g. flow cytometry, Luminex) to further expand the versatility and sensitivity of molecular concentration measurements.
As different combinations and amounts of antibody
beads were analysed to maximize cell detection yield (section 2), we also investigated the contribution of anti-PSMA
and anti-EpCAM for binding free PSMA. Here, various antibody bead combinations (80 μg of anti-EpCAM only, 80 μg
of anti-PSMA only, and 40 μg of anti-EpCAM plus 40 μg of
anti-PSMA) were tested using several concentrations of
PSMA spiked into media (see ESI† Fig. S5). The results
showed that anti-PSMA alone achieved the highest recovery,
followed by the mixture of antibody beads. The use of only
anti-EpCAM was found to have no significant effect on the
ability to capture PSMA. While using only anti-PSMA beads
would possibly allow for an improvement in the LOD for
spiked PSMA, this would come at a loss in cell detection
yield (Fig. 5). Thus, in order to achieve the highest yield
for dual detection of cells and PSMA, a 50% bead mixture
of anti-PSMA and anti-EpCAM beads was used for the remainder of this work. However, increasing the microaperture array area to accommodate an even larger number
of beads, in a future device design, may lead to improved
LODs for molecular targets while maintaining high cell capture efficiencies.
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(4) Dual detection of LNCaP cells and free PSMA spiked into
media
Next, the capability of the micro-aperture chip system for separating and detecting both LNCaP cells and free PSMA from
a single sample fluid was tested. For these experiments,
∼100 LNCaP cells and various concentrations (0–12.5 nM, 0–
1000 ng mL−1) of PSMA were spiked into culture medium (1
mL). The cell quantity and protein concentrations were
chosen to be comparable to values reported for healthy
human controls (PSMA only: 1–600 ng mL−1 (16 pM–7.5 nM))
and prostate cancer patients (PSMA: 350–950 ng mL−1 (4.38–
11.9 nM) and CTCs: 0–400 per mL of whole blood).62–66 Fig. 8
shows the measured PSMA concentration determined by eqn
1 (left y-axis) and the percentage of LNCaP cells captured
(right y-axis) as a function of the PSMA concentration spiked
into the media (x-axis). These results reveal several features.
First, for PSMA spiked concentrations from 125 pM to 12.5
nM, the spiked concentrations (x-axis) and the measured

Fig. 8 The measured free PSMA concentration (left y-axis) based on
eqn 1 and the detection yield of LNCaP cells (right y-axis) plotted
against spiked PSMA concentration in culture medium (x-axis). Blue
dots represent the detected PSMA concentration while red dots represent the LNCaP detection yield. Error bars indicate one standard deviation for three measurements.
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concentrations (left y-axis) matched almost perfectly. However, the next lowest spiked condition (12.5 pM) was slightly
above the measured value as determined from eqn 1. This is
likely due to the low sensitivity in the detection curve at these
concentrations and indicates that our conservative method to
define the LOD (34 pM) as being three standard deviations
from the baseline noise, is reasonable. For the lowest concentration analysed (1.25 pM) in this particular set of experiments, the measured PSMA value did not significantly differ
from the background response (0 nM). Most importantly, for
all samples tested, the micro-aperture device was able to detect LNCaP cells with a yield of ∼93%.
The results from Fig. 8 confirm that the new device can
detect multiple concentrations of PSMA while also capturing
LNCaP cells. Furthermore, they also indicate that the cell detection yield is not significantly affected by the presence of
free PSMA (p = 0.37 using a single factor ANOVA). One possible reason, as mentioned above, is that the anti-EpCAM
beads play the dominant role in capturing a majority of the
cells. The anti-PSMA beads thus play the major role in PSMA
protein detection with a secondary benefit of helping antiEpCAM in capturing more cells. As an additional check, the
micro-aperture system was further characterized by simultaneously detecting a single concentration of PSMA (1.25 nM)
in the presence of a variable number of LNCaP cells (0–80)
using the anti-PSMA and anti-EpCAM bead mixture. Subsequent fluorescence analysis showed that the ability to capture
free protein biomarkers was not significantly affected by the
number of target cells present (see ESI† Fig. S6).
(5) Dual detection of LNCaP cells and free PSMA spiked into
healthy human blood
In order to demonstrate the potential of the micro-aperture
system for the simultaneous detection of cell and protein targets from clinical samples, LNCaP cells and PSMA were
spiked into diluted healthy human blood which was used to
simulate an actual prostate cancer patient. For these experiments, 250 μL of unprocessed whole blood was first diluted
to 1 mL with PBS and then spiked with LNCaP cells and/or
free PSMA, in addition to the level of PSMA naturally present.
The sample was then incubated using the 50% mixture of
anti-PSMA and anti-EpCAM beads, injected into the micro-
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aperture device, and analysed using similar procedures as
above. The measured PSMA concentration was calculated
using eqn 1. LNCaP cells were verified based on a combination of factors including their size (8–30 μm), shape (close to
circular), and fluorescent signals, wherein anti-CK-FITC (+),
anti-CD45-PE (−) and DAPI (+) cells were scored as a positive
result. Anti-CD45-PE (+) and DAPI (+) cells were identified as
white blood cells (WBCs). Example images are shown in
Fig. 9.
For these experiments, four different conditions were
tested (Fig. 10) using the diluted blood sample. The first condition (group 1) involved spiking ∼54 LNCaP cells and 1.25
nM (100 ng mL−1) of PSMA. Group 2 represents a sample
containing ∼27 spiked LNCaP cells and 50 pM (4 ng mL−1) of
spiked PSMA. Group 3 contained only ∼27 LNCaP cells.
Group 4 was used as a control containing no added target
protein or added cells. It should be noted that the spiked
PSMA concentrations provided are relative to the 1 mL diluted sample volume.
The results shown in Fig. 10 reveal several important features of the new device. First, for all conditions where LNCaP
cells were added, a consistent detection efficiency of ∼90%
was obtained. This was true for both quantities of cells (i.e.
27 and 54 cells per 1 mL of diluted blood) as well as both
concentrations of spiked PSMA (i.e. 50 pM and 1.25 nM) and
is not significantly different from that achieved using culture
media (∼93%). The zero detected cells in the control samples
(group 4) further indicates that the increased captured cell
purity (i.e. the enhanced visualization of cells), due to the
separation of protein-bound beads and free beads afforded
by the micro-aperture chip, led to the elimination of any
false-positive results. However, ∼200 WBCs were also observed on the micro-aperture chip surface after each detection. This is likely the result of non-specific binding of WBCs
via three mechanisms: (1) WBCs from blood adhering to the
chip surface. (2) WBCs non-specifically binding to the magnetic beads in blood during incubation which are then
attracted to the chip surface. (3) WBCs expressing small
amounts of surface antigens and are thus captured by the
anti-beads. To put this observation into perspective, using a
conservative estimate, 250 μL of whole blood contains over
∼1 million WBCs.67 Thus, the device was able to remove
more than 99.9% of endogenous leukocytes.

Fig. 9 Fluorescence images of captured cells. (a) LNCaP cells were first identified with anti-CK-FITC (green) and white blood cells were identified
with anti-CD45-PE (red). (b) Cell nuclei were stained with DAPI. (c) Shows the merged image of panels (a) and (b). Images were artificially enhanced
for clarity.

This journal is © The Royal Society of Chemistry 2017

Lab Chip, 2017, 17, 415–428 | 425

View Article Online

Published on 12 December 2016. Downloaded by Purdue University on 31/01/2017 14:00:24.

Paper

Fig. 10 The detection yield of LNCaP cells and the measured
concentration of free PSMA obtained from diluted healthy human
blood (1 : 3, blood : PBS). Grey columns represent the cell detection
yield while the orange columns represent the measured PSMA concentration as determined from eqn 1. Zero cells were detected for group
4. The number of LNCaP cells spiked in groups 1, 2, 3, and 4 were approximately 57, 27, 27, and zero, respectively. The concentrations of
PSMA spiked in groups 1, 2, 3, and 4 were 1.25 nM, 50 pM, 0 nM, and
0 nM, respectively. Error bars indicate one standard deviation for three
measurements.

This level of purity and capture efficiency was achieved by
integrating parallel fluid flow (relative to the surface of the
micro-chip) of the blood sample, to enhance the removal of
off-target normal blood cells from the micro-chip surface,
with 6 μm apertures, which reduced the probability of
targeted tumor cells (>8 μm)68 from passing through the
pores. Similarly, WBCs have typical diameters of 7–20 μm67
and are thus also not expected to pass through the pores. In
this work, spiked tumor cells captured from blood were only
observed in the top chamber and nowhere else in the device.
As RBCs can sustain a magnetic attraction and are deformable,69,70 small amounts of these cells were initially observed
in the device but they were readily removed using RBC lysis
buffer and were not found to affect performance.
Now for PSMA, the measured concentration for group 3
and group 4 were nearly identical (both were approximately
0.39 nM (31 ng mL−1)) which revealed that the presence and
capture of LNCaP cells did not interfere with free protein detection. The 0.39 nM measured PSMA concentration for the
diluted sample is also consistent with previous studies using
healthy human blood.63,66 Spiking a PSMA concentration of
50 pM into the diluted sample (group 2) was found to be significantly different from the PSMA measured concentrations
for groups 3 and 4 (p < 0.05). This appears to represent the
lowest detectable concentration above background using this
device coupled with the fluorescence quantification method
utilized in this work. The lowest detectable concentration
from diluted blood (50 pM above background) in Fig. 10 is
larger than the lowest detectable concentration from culture
media in Fig. 8 (12.5 pM). The difference in sensitivities is
likely due to matrix effects (e.g. non-specific binding) which
usually increases the background noise of the assay. How-
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ever, this did not appear to affect cell capture yields. Lastly,
the difference in the measured concentration of PSMA from
group 1 compared to groups 3 and 4 (a difference of 1.31
nM) is similar to the theoretical difference in the spiked concentration (1.25 nM). This indicates that higher concentrations of target protein are still efficiently captured even when
simultaneously detecting cells.
While the quantity of spiked LNCaP cells analysed in
Fig. 10 falls into the expected numbers of CTCs observed in
prostate cancer patients (0–400 CTCs per mL of whole blood),
we also challenged the new device by performing dual detection at the lower end of this range. In order to detect (and accurately aliquot) a small number of target cells using conditions as similar as possible to that in Fig. 10, a larger volume
of blood was necessary. Here, 1 mL of whole blood was diluted with PBS (to 4 mL), spiked with ∼20 LNCaP cells and
50 pM of PSMA, and then incubated on an end-over-end rotator to homogenize the sample. The sample was then split
into 4–1 mL tubes and each was individually analysed as
above. A control sample without added PSMA or target cells
was also tested. The results revealed that the number of
LNCaP cells captured in consecutive tubes was 4, 6, 4, and 3
cells, which compared to zero cells detected in the control –
the theoretically expected result was 5 cells per tube. Due to
the stochastic distribution of a small number of cells in the 4
mL sample, the capture yield was calculated by summing the
four individual tubes, revealing an 85% detection efficiency.
For free PSMA, the concentration in the four tubes was uniformly distributed and was significantly different from the
non-spiked control (a difference of ∼80 pM, consistent with
Fig. 10). Collectively, these results show the great potential of
the micro-aperture device for dual detection of cell and protein targets from clinical samples.

Conclusions
We presented a dual-chamber, immuno-magnetic device capable of the simultaneous detection of cellular and molecular
biomarkers of prostate cancer. The micro-aperture chip design provided affinity- and size-based separation of targets
while enabling highly efficient capture of cells and proteins
from a single sample fluid. The new platform yields cells in
greater purity (i.e. the elimination of protein-bound or free
magnetic beads), improves multi-ligand targeting by allowing
for higher bead concentrations to be used in an assay, and
enables further downstream analysis of captured analytes.
Two types of prostate cancer biomarkers, free PSMA protein
and LNCaP cells, were measured and used to characterize the
device. The results demonstrated a 34 pM LOD of PSMA
spiked into culture media. The detection yield of LNCaP cells
was found to be independent of the PSMA concentration
using a mixture of antibody beads against different cell
markers, and to be consistently near ∼93%. The dual measurement of PSMA and LNCaP cells was further demonstrated from diluted healthy human blood to mimic an actual
cancer patient sample. For these experiments, the cell
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detection yield was 85–90%, independent of the spiked PSMA
concentration. The lowest detectable deviation in PSMA was
found to be 50 pM for the diluted blood sample. The capability to simultaneously detect protein and cellular targets combined with the ability to extract desired rare cells for further
investigation illustrates the potential of this device for highthroughput analysis of clinical samples. We plan to implement this platform in a forthcoming study using prostate
cancer patients. In the future, we expect this system to be
highly useful for a broad variety of applications including
dual detection of CTCs and cell-free DNA.
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