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Size and deformability based separation of
circulating tumor cells from castrate resistant
prostate cancer patients using resettable cell traps
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The enumeration and capture of circulating tumor cells (CTCs) are potentially of great clinical value as they

offer a non-invasive means to access tumor materials to diagnose disease and monitor treatment efficacy.

Conventional immunoenrichment of CTCs may fail to capture cells with low surface antigen expression.

Micropore filtration presents a compelling label-free alternative that enriches CTCs using their biophysical

rather than biochemical characteristics. However, this strategy is prone to clogging of the filter microstruc-

ture, which dramatically reduces the selectivity after processing large numbers of cells. Here, we use the

resettable cell trap (RCT) mechanism to separate cells based on their size and deformability using an

adjustable aperture that can be periodically cleared to prevent clogging. After separation, the output sam-

ple is stained and analyzed using multi-spectral analysis, which provides a more sensitive and unambiguous

method to identify CTC biomarkers than traditional immunofluorescence. We tested the RCT device using

blood samples obtained from 22 patients with metastatic castrate-resistant prostate cancer while compar-

ing the results with the established CellSearch® system. The RCT mechanism was able to capture ≥5 CTCs

in 18/22 (82%) patients with a mean count of 257 in 7.5 ml of whole blood, while the CellSearch system

found ≥5 CTCs in 9/22 (41%) patients with a mean count of 25. The ~10× improvement in the CTC capture

rate provides significantly more materials for subsequent analysis of these cells such as immunofluores-

cence, propagation by tissue culture, and genetic profiling.
Introduction

Circulating tumor cells (CTCs) are cells from primary or meta-
static tumor sites that are shed into peripheral blood circula-
tion. The enumeration and capture of CTCs in blood poten-
tially have a clinical value as they offer a non-invasive means
to diagnose the presence of tumors, to monitor treatment effi-
cacy and to study evolving molecular alterations under
therapy.1–3 The correlation between CTC counts and both pro-
gression and overall survival has been reported in patients
with various metastatic cancers.4–8 Current CTC separation
platforms can be stratified into methods that involve bio-
chemical selection and biophysical selection.9 Biochemical
methods typically discriminate tumor cells from leukocytes
based on the expression of surface antigens such as the epi-
thelial cell adhesion molecule (EpCAM). This approach is
currently employed by the CellSearch system (Janssen Diag-
nostics, USA), the only FDA-approved commercial system for
CTC enumeration, as well as many research systems currently
in development.10–13 A key limitation of this approach is the
potential to miss CTCs because of the variability in the cell
surface markers for positive selection that prevents the effi-
cient capture of CTCs. This loss can arise in two ways: first,
the heterogeneity of CTCs results in different expression
levels of surface markers among different cancer types and
even within the same patient.1,14 Second, due to the epithelial
to mesenchymal transition (EMT), a subpopulation of CTCs,
which are potentially highly aggressive, are thought to lose
expression of epithelial antigens.15

To compensate for this potential loss, recent research in
this field has focused on label-free separation of CTCs, based
on differences in their biophysical properties relative to leu-
kocytes. One approach is micropore filtration which sepa-
rates CTCs from hematological cells based on differences in
size and deformability.16,17 A key challenge of this approach
is clogging of the filter microstructures, which occurs after
processing a large number of cells. Clogging causes
unpredictable changes in the hydrodynamic resistance of the
oyal Society of Chemistry 2015
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Fig. 1 The resettable cell trap. A: in the constricted state, the flow
channel and diaphragm form an aperture to capture the more rigid
target cells. In the relaxed state, target cells can be released and
collected and the device is reset to its original state. B: photograph of
the multiplexed microfluidic device. The red filled channels are flow
and resettable cell channels carrying the sample. The blue filled
channels (C1–C3) are the adjustable control diaphragms that trap the
cells in the resettable cell traps (darker blue). The green filled channels
(V1–V5) form the on/off valves that control the flow of the sample.
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filter resulting in reduced selectivity. Additionally, the
retrieval of isolated CTCs is often difficult or impossible since
this method typically traps and identifies the captured cells
on-chip, but cannot release them for subsequent analysis.16–19

We previously developed a mechanism for chromato-
graphic separation of cells based on their physical differences
using the transit speed of cells through a textured micro-
fluidic channel.20 We then generalized this method to create
the resettable cell trap (RCT) mechanism, which uses an
adjustable aperture to capture cells based on their size and
deformability, and can be periodically cleared to prevent clog-
ging.21 Here, we developed an enhanced multiplexed version
of this mechanism with improved selectivity and throughput.
This new chip successfully demonstrates high-sensitivity
separation of CTCs from whole blood of patients with meta-
static castration-resistant prostate cancer (mCRPC). Unlabeled
and viable CTCs separated from patient blood samples were
retrieved, identified via immunostaining, and could be
extracted for downstream analysis.

Design
Resettable cell trap mechanism

The resettable cell trap is a two-layer PDMS structure com-
prising a sample-carrying upper flow channel and a lower
fluid-filled control channel. Separating these two layers is a
thin flexible diaphragm that can be inflated by applying an
external pneumatic pressure to control the geometry of the
two microchannels. Opposite the diaphragm, the surface of
the flow channel is textured with two rows of micro-pockets
and a protruding center fin (Fig. 1A). These microstructures
and the diaphragm combine to create an adjustable aperture
that selectively traps and releases the target cells. The posi-
tion of the diaphragm can be considered to have two states: a
constricted state, where the diaphragm is in contact with the
textured surface to reduce the aperture of the flow channel,
and a relaxed state, where the diaphragm is deflected away
from the textured surface to enlarge the aperture of the flow
channel (Fig. 1A).

In the constricted state, the pressure in the control chan-
nel is greater than that in the flow channel and the dia-
phragm is deflected to come into contact with the center and
side fins of the flow channel. The center fin and the two side
fins act as the mechanical stop to limit the movement of the
diaphragm and flatten it to create an approximately rectangu-
lar channel on either side of the center fin with a minimum
size of 5 μm. Since the top and bottom boundaries of the
aperture are the most parallel at the center of the channel, a
flow focuser is used to center the cells upstream in the flow
channels to provide a consistent filtration for the incoming
cell stream.21 Furthermore, multiple micro-pockets at the
trap area line both sides of the center fin and temporarily
hold the larger and more rigid cells to prevent them from
blocking the flow channel. This structure is capable of selec-
tively capturing cells based on their phenotypically distinct
size and deformability.
This journal is © The Royal Society of Chemistry 2015
In the relaxed state, the pressure in the control channel is
less than that in the flow channel and the diaphragm is
deflected away from the textured surface of the flow channel.
The aperture in this state is large enough for all cells to pass
through freely. By simply relaxing the diaphragm, the micro-
pockets filled with captured cells can be purged to empty the
recesses and the channels are reset. This ability to refresh
the flow channel on demand is important to release captured
cells and prevent clogging.

One of the key advantages of the RCT mechanism is its
ability to create an adjustable aperture with a well-controlled
geometry inside a microchannel. Previous adjustable mecha-
nisms have employed only the basic structure of the conven-
tional rectangular membrane microvalves,22 which, when the
diaphragm is inflated, form two triangular openings at the
two upper corners of the flow channel to close it off. These
triangular pores do not provide a well-controlled shape and
therefore cannot provide a precisely controlled aperture for
separating cells. Consequently, these mechanisms have been
Lab Chip, 2015, 15, 2278–2286 | 2279



Fig. 2 Cells from the inlet are filtered through three resettable cell traps
before being flowed to the collection outlet. Captured cells are purged
using a low-pressure buffer (LPB) flow, and collected with a high-pressure
buffer (HPB) flow. Step 1 is the initial filtration. Step 2 is the purging step.
Step 3 & 4 are the 2× re-filtration steps and step 5 is the collection step.
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restricted to the separation of particles from suspension.23

The RCT mechanism creates a precisely controlled separation
aperture by adding a center fin and two side fins to form a
rectangular microchannel. When deflected, the flexible dia-
phragm is bisected by the center fin and flattens to make two
rectangular channels with a rectangular aperture that could
be used to specifically select cells based on a combination of
size and deformability. Previously, we showed that this mech-
anism is capable of separating polymer microbeads with less
than 1 μm resolution and that whole blood could be filtered
with a throughput of ~900 000 nucleated cells per hour.21

Device operation

As shown in Fig. 1B, the improved RCT device consists of 4
groups of 32 parallelized (128 channels in total) resettable
cell channels (shown in red) with 3 control diaphragm chan-
nels (C1–C3, shown in blue) that make up 3 × 128 resettable
cell traps (shown in darker blue). Bifurcation channels
(minor and major) are designed to connect the 128 channels
and to evenly distribute cells into each cell trap channel.24

Five on/off valves (V1–V5, shown in green) route the sample
and buffers from inlet reservoirs into the collection and
waste reservoirs as required.22

Cell separation using this device involves a three-step cycle
of filtration, purging, and collection. The filtration step
(Fig. 2, step 1) involves infusing cells from the sample inlet
into the constricted cell trap. The cell traps catch the larger
and more rigid target cells while the smaller and less rigid
leukocytes traverse through to the waste reservoir. The purg-
ing step (Fig. 2) involves infusing buffer fluid at a modest
pressure while the cell trap is constricted. This process
washes away the contaminant leukocytes remaining in the
cell traps. The collection step (Fig. 2, step 5) involves infusing
buffer fluid at a higher pressure with all the cell traps
opened. All of the cells that are captured are released and
directed into the collection reservoir. This releasing flow is
much faster than the filtration and purging flow so as to pro-
duce high shear forces to remove cells that may have adhered
to the walls of the cell traps.25,26 The filtration step lasts 10
minutes, the purging step takes 5–10 seconds and the collec-
tion step lasts 2–3 seconds. After the collection step, all cells
are removed from the trap area and the device is reset back
to its initial state. This periodic refresh process prevents clog-
ging and fouling to maintain the selectivity of the separation
mechanism, and thereby allowing the filtration process to
continue perpetually.

Multi-filtration

In early experiments it was observed that cancer cells were
primarily captured in the micro-pockets at the beginning of
the constricted trap while white blood cells (WBCs) were cap-
tured on surfaces throughout the micro-pockets in the entire
cell trap microstructure. This behavior suggests that cancer
cells are captured because of mechanical constraint while
leukocytes are captured because of non-specific adsorption.
2280 | Lab Chip, 2015, 15, 2278–2286
Interestingly, leukocytes that have adsorbed onto the walls of
the cell traps can be released using greater shear stress
applied through an increased flow rate in the collection step,
which suggests the potential to improve selectivity by filtering
a sample multiple times. To investigate this possibility, we
cascaded three identical resettable cell traps in series
(Fig. 1B, shown in darker blue). Cells captured in the first
trap will be released, filtered again using the second trap,
and again using the third trap as shown in Fig. 2 (steps 1–4).
Finally, all the trapped cells will be collected under high-
pressure buffer flow when all the traps are opened
(Fig. 2, step 5).

Results and discussion
Device characterization using UM-UC13 cells

We used UM-UC13 bladder cancer cells doped into whole blood
from healthy donors to characterize the device performance
This journal is © The Royal Society of Chemistry 2015



Fig. 3 Performance of resettable cell traps in enrichment and
retention of UM-UC13 cells relative to leukocytes. A: results of the
main filtration step from 15 samples (mean ± standard deviation). B:
calibration curve for the RCT mechanism. C: cumulative enrichment
and yield results of 3-trap serial filtrations.
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and optimize the process parameters. UM-UC13 cells and leu-
kocytes have an overlapping size distribution, but signifi-
cantly different deformabilities.21 While the overlapping size
distribution limits the performance of size-only separation
mechanisms, the RCT mechanism separates cells based on
size and deformability. Thus, UM-UC13 cells are a good phe-
notype for validating the device by offering the distinct differ-
ence in deformability compared to leukocytes. Previously, we
found that leukocyte contamination can be reduced by
increasing the flow rate. However, at a flow rate of 4 mm s−1,
there appears to be irreversible damage to the trapped cancer
cells because of the shear force applied to the cell membrane
from the fluid.21 Therefore, to minimize the potential dam-
age to target cells, cell separation was performed at a flow
rate of 2.5 mm s−1.

For multi-filtration using three identical cell traps in par-
allel, the first trap acts as the initial filtration trap. To vali-
date the multi-filtration process, cells filtered away during each
filtration step and cells collected in the final collection step
were directed and collected into different wells. The numbers of
UM-UC13 cells and leukocytes in each well were counted to cal-
culate the enrichment and yield of our RCT device at each step.

Fig. 3A shows the enrichment and yield from a single fil-
tration step. UC13 cells were doped into diluted whole blood
at 1 : 1000 ratio to leukocytes. After processing a total of 15
samples, we found that that the first trap processed 2 × 106

nucleated cells per hour with an average of 183-fold enrich-
ment and 93.8% yield (Fig. 3A). The yield results for doped
UC13 cells are shown as a calibration curve in Fig. 3B.
Fig. 3C shows the results from a separate experiment
performed to measure the enrichment and yield from multi-
ple filtration steps. UC13 cells were doped at 1 : 1000 ratio to
leukocytes too. Cells captured in the first trap were released
and re-filtered through the second and third traps. The sec-
ond and third traps together provided an additional enrich-
ment of ~5× without additional change in the yield (Fig. 3B).
The average enrichment of the third trap was 1.4. The enrich-
ment performance of the RCT device was highly donor
dependent but the trend of improvement was the same for
each donor. These results show that the leukocytes that are
captured in our device because of non-specific adhesion can
be depleted by multiple re-filtrations. We achieved an average
enrichment of ~900 after three filtrations, which rival previ-
ously reported label-free separation techniques.27–30
Device characterization using LNCaP cells

To further optimize the parameters for processing samples
from patients with prostate cancer, androgen-sensitive
human prostate adenocarcinoma cells were used to charac-
terize the device. Although cultured LNCaP cells have similar
size distributions to the cultured UM-UC13 cells, they
required a smaller trap opening, obtained through the appli-
cation of a higher pressure across the diaphragm, to achieve
the same retention ratio as UM-UC13 cells during processing.
Furthermore, the flow speed limit that they can withstand
This journal is © The Royal Society of Chemistry 2015
before they are damaged is 1.5 mm s−1, much lower com-
pared to the limit of 4 mm s−1 for UM-UC13 cells. This
implies that LNCaP cells are more deformable than UM-UC13
cells. Multiple filtrations for LNCaP cells worked the same as
for UM-UC13 cells. The only difference was that the average
enrichment of the initial filtration step was much lower (83-
fold) due to the slower flow speed and smaller channel open-
ings. Extra filtrations gave an average enrichment improve-
ment of ~5×, as before. The purity of the enriched doped
samples can be calculated from the enrichment. We hypothe-
sized that CTCs from patients with metastatic castration-
resistant prostate cancer (mCRPC) would be more deform-
able than cultured cancer cells. Previous studies have corre-
lated greater deformability with greater invasiveness.31,32 CTCs
are highly invasive, and are therefore likely to be more deform-
able. As we have showed, LNCaP cells are more deformable
than UM-UC13 cells, and are likely to better mimic CTCs. The
parameter settings described for processing LNCaP cells were
therefore applied to the processing of patient samples.
Working with whole blood

In early experiments, the yield of doped cancer cells was low
when whole blood was processed directly. Whole blood was
Lab Chip, 2015, 15, 2278–2286 | 2281
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thus diluted in buffer to reduce the sample cell density,
which improved the yield, as shown in Fig. 4A. To determine
whether this improvement was caused by the diluted leuko-
cyte concentration or diluted red blood cell (RBC) concentra-
tion, the relationship between the yield and leukocyte con-
centration was investigated first. We separated leukocytes
from whole blood, re-suspended them at various concentra-
tions and added LNCaP cells to each suspension at a ratio of
1 LNCaP cell to 1000 leukocytes. The lack of correlation
between the yield and leukocyte concentration indicates that
the performance is not necessarily related to the leukocyte
concentration (Fig. 4B). It was therefore determined that high
concentrations of red blood cells (RBCs) negatively influence
the yield of trapped target cells. RBCs aggregate in the stor-
ing pockets (Fig. 4C) and prevent incoming target cells from
getting trapped. Therefore, to balance the overall yield and
throughput, which are sacrificed with dilution, we
implemented 2 time dilution for processing samples.
Enrichment and identification of candidate CTCs from
patients with mCRPC

Blood samples from 22 patients with mCRPC and 5 healthy
controls were processed using the RCT device. After immuno-
staining and single-cell spectral analysis using a Zeiss LSM
780 system, enriched CTCs were defined as DAPI+, CK+,
EpCAM± and CD45− while leukocytes were identified as DAPI+,
CK−, EpCAM− and CD45+ as represented in Fig. 5A. The LSM
780 confocal microscopy system can simultaneously collect a
34-channel spectrum on each pixel of the image including a
bright-field image, as well as a low wavelength channel for
imaging the DAPI signal. Compared to standard fluorescence
microscopy, which uses individual color filters, this system
provides greatly improved discrimination of overlapping emis-
sions from multiple fluorophores. Our immunofluorescence
2282 | Lab Chip, 2015, 15, 2278–2286

Fig. 4 Parameter optimization of RCT devices for patient sample
processing. A: LNCaP yield improved when whole blood was diluted.
B: there was no correlation between the yield of LNCaP cells and the
concentration of leukocytes. C: RBCs occupy the pockets at different
densities when diluted.
system for CTC identification includes CK-Alexa 488 (emission
peak at 529 nm), EpCAM-Alexa 594 (617 nm), and CD45-APC
(660 nm). CTCs are distinguished from leukocytes based on
the shape of their spectra. Typical CTCs and WBCs are shown
in Fig. 5B. A typical CTC spectrum has two distinct peaks: one
for CK at 525 nm and one for EpCAM at 617 nm. A typical spec-
trum of a leukocyte has only one clear peak for CD45 at 660
nm. A small amount of cells in the enriched samples was
found to be positive for all 4 immunostains (Fig. 5B) as
reported previously by others.33 The merged images of these
cells look similar to CTCs, but can be distinguished by their
spectral curves. As the nature of these cells is not yet
established, they were not counted as CTCs. The RCT device
identified 81.8% Ĳ18/22) of patients with >5 CTCs per 7.5 ml of
blood. The numbers varied between patients, from 0 to 930,
with a mean of 257 per 7.5 ml of blood. Within the same
patient group, CellSearch analysis revealed ≧5 CTCs in 40.9%
Ĳ9/22) patients. The numbers ranged from 0 to 281 with a mean
of 25 CTCs per 7.5 ml of blood. Control samples from five
healthy donors were also processed with the RCT device.
Scanned images of sorted cells of the healthy controls were
mixed blindly with the images of patient samples and counted.
Among the five healthy blind tests, only one donor had a count
of 7.5 CTCs per 7.5 ml of blood. The purity of the enriched
patient samples varies significantly since the number of CTCs
varies dramatically from patient to patient. The number of leu-
kocytes captured from 22 patient samples ranges from ~1300
to ~18000 per ml of blood processed.

As shown in Fig. 5C and D, significantly more CTCs were
identified using our approach compared to the CellSearch
platform (p = 0.0056). This improved capability is derived
from a combination of enhanced ability to capture CTCs and
a more sensitive imaging system that permits single cell spec-
tral analysis. While these two aspects are necessarily coupled,
we observe strong evidence that both contribute significantly
to the overall increased sensitivity. Specifically, previous bio-
mechanical (size and deformability) based separation
approaches have demonstrated the ability to capture more
CTCs compared to the EpCAM affinity capture method of the
CellSearch system.33,34 The discordance that we observed
between the number of CTCs reported by CellSearch and the
number reported by our enumeration system further suggests
that our system is able to capture cells with low levels of
EpCAM expression. From our single-cell spectral analysis, we
also found high heterogeneity of expression levels (intensity
of the spectrum) of markers for CTCs between patients. In
2/22 patient samples, EpCAM expression was much weaker
than CK while the opposite was true for 3 of the other sam-
ples. There were also 4/22 patient samples with both weak
CK and weak EpCAM expressions. Interestingly, however, all
CK+ CTCs identified using the RCT device were also EpCAM+,
which likely arises from the greater sensitivity of the single
cell spectral analysis technique. Previous reports affirmed that
heterogeneity of biological properties (expression level of sur-
face antigens) exists in CTCs from diverse cancer origins, dif-
ferent subtypes, and even CTCs in the same patient.1,35 The
This journal is © The Royal Society of Chemistry 2015



Fig. 5 Enumeration of CTCs derived from CRPC patient samples. A: micrographs of a CTC and a leukocyte stained with fluorescent markers. B:
merged images of a CTC, a leukocyte and an all-positive cell with their corresponding spectral curves. C: number of CTCs identified by monitoring
the resettable cell trap (RCT) or CellSearch® enrichment. D: grouped results of the RCT device and CellSearch system. Data is displayed with mean
± standard deviation. P value is calculated by parametric paired T-test analysis. C1–C5 are normal controls.
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epithelial-to-mesenchymal transition (EMT) that occurs with
dissemination of cancer cells into the blood stream results in
down-regulation of EpCAM on the CTC surface.36,37 For those
samples with inadequate EpCAM expression, successful cap-
ture of CTCs may be impossible with the CellSearch system.

Coupling CTC enrichment using the RCT device with a
single cell spectral analysis system provided both more sensi-
tive and more objective discrimination of CTCs from contam-
inating leukocytes. This increased sensitivity is derived in
part from its spectral sensor, which has 1.8-fold higher quan-
tum efficiency compared to conventional PMT detectors. This
system is also more objective because it could accurately dif-
ferentiate overlapping spectra. Classification of captured cells
with the CellSearch system relies on the operators' judgment
of the fluorescence images, where inconsistencies in the image
interpretation may lead to incorrect identification of CTCs.38

One potential concern for filtration-based separation of
CTCs is the potential loss of smaller CTCs. Coumans and col-
leagues reported that the ideal diameter of a microsieve is 5
μm, which corresponds to the aperture adopted in this
study.39 However, these researchers and others have observed
that CTC size varies from one tumor type to another.39,40 A
key advantage of the RCT mechanism is that the aperture of
the device can be adapted and dynamically altered to accom-
modate different tumor types. It would require further experi-
mentation to determine the optimal aperture for CTCs
derived from each tumor type but it is conceivable that care-
ful optimization could enhance the performance of the
This journal is © The Royal Society of Chemistry 2015
device beyond what is presented in this report. The potential
loss of smaller CTCs could result in an underestimation of
the tumor cells in patient blood. However, prostate cancer
has been reported to involve CTCs that are relatively small in
size39,40 and the observed sensitivity of RCT enrichment likely
reflects the fact that even these small CTCs are significantly
less deformable than contaminating leukocytes.

Overall, the performance of the RCT device competes well
with other reported methods that process CRPC samples and
the CellSearch system. Other methods are either based on
EpCAM affinity capture41–43 using EpCAM coated microstruc-
tures which increase contact between the CTC and surface
and thereby improve efficiency, or label-free methods based
on the physical properties of CTCs34,44 or even hybrid
methods that combine both EpCAM affinity and physical
properties.45 Unlike most label-free microfluidic chips, our
RCT device can process whole blood samples with a dilution
factor of only 2.29,46 There is no further processing of the
blood sample such as lysis of RBCs33,47 or fixation34,48 where
the addition of chemical buffers might affect the viability of
the CTCs. Captured CTCs are easily retrieved from the collec-
tion reservoirs of the device for easy enumeration or further
downstream analysis.

Conclusions

The RCT mechanism is a separation tool that enriches CTCs
from 2× diluted whole blood with high throughput, sensitivity
Lab Chip, 2015, 15, 2278–2286 | 2283
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and selectivity. Furthermore, the RCT avoids the issue of clog-
ging by the periodic resetting of its microstructures. We dem-
onstrated the separation of viable, label-free CTCs from
mCRPC patients, which were amenable to further standard
cellular analysis methods, such as immunostaining. The RCT
device presents a compelling and more sensitive alternative
for the enrichment of CTCs based on size and deformability
that may enable better risk stratification and monitoring of
treatment response in cancer patients.

Materials and methods
Fabrication and set-up

The resettable cell trap (RCT) device was fabricated using
standard multilayer soft lithography techniques with polydi-
methylsiloxane (PDMS).22,49 Master wafers for the control
and flow layers are patterned through photolithography.
Molds for the flow layer devices were fabricated using poly-
urethane and a master PDMS replica against the flow layer
wafer. PDMS replicas against the master molds yielded the
flow channels. The control channels were fabricated by coat-
ing a thin PDMS layer on the control layer wafers. These two
layers were plasma bonded after they were separately oxi-
dized in an oxygen plasma chamber (Harrick Plasma, Ithaca,
NY). A 0.5 mm OD punch (Harris Unicore, Ted Pella Inc.,
Redding, CA) was used to create the inlet and outlet ports on-
chip. Finally the device was plasma bonded to a 25 × 75 mm
glass slide (Fisher Scientific).

Fluids flow into the device from 15 ml polypropylene fal-
con tubes (BD Biosciences, Mississauga, Canada) through
Tygon microbore tubing with 0.02 inch inner diameter (ID)
(Cole-Parmer, Montreal, Canada) and then a 0.017 inch ID
stainless steel needle (New England Small Tube, Litchfield,
NH) which is connected to the device. An external pneumatic
pressure actuates the flow through custom machined caps
fitted to the falcon tubes. The pneumatic pressure sources
for sample and buffer infusion are offered by a 4-channel
microfluidic flow control system (MCFS-Flex, Fluigent,
France). The control valves on the device chip are activated
by a custom designed system consisting of on-off pressure
valves and a MSP430 microprocessor (Texas Instruments),
which provides easy and flexible programming ability to meet
different automation requirements. Prior to use, the device
channels were slowly flushed for 20 minutes with 0.2%
Pluronic F-127 (Sigma-Aldrich, St. Louis, Missouri, USA) in
PBC for surface passivation. Fluid outlets can be customized
by either punching with a 6 mm outer diameter (OD) punch
to form an on-chip reservoir or by punching with a 0.5 mm
OD punch to lead out the fluids through the needle and tub-
ing to either a 96-well plate (Thermo Fisher Scientific, Roch-
ester, NY, USA) or a 15 ml tube.

The optimal trapping pressure for target cells was deter-
mined by monitoring the target cells through a constricted
trap and increasing the trapping pressure until over 90% of
the target cells were captured. The optical trapping pressure
determined were 150 mbar for UC13 cells and 350 mbar for
2284 | Lab Chip, 2015, 15, 2278–2286
LNCaP cells (LNCaP cells are much softer than UC13 cells).
For the validation experiments, where target cell concentra-
tion is specific, the processed volume in the first filtration
step was based on a total of 100 target cells captured in the
128 channels or a total of 100 000 cells processed. This was
to prevent obstruction of the flow channel, which will dra-
matically decrease the filtration ability. For processing
patient samples, where the CTC and leukocyte concentrations
are unknown, conservative estimates are made to determine
the length/volume of the main filtration. Patient sample pro-
cessing utilizes the same parameter settings described for
processing LNCaP cells: 350 mbar trapping pressure and 1.5
mm s−1 flow rate. This flow rate will yield a volumetric flow
rate of 600 μl h−1. Throughput is increased by further
parallelization.

Sample preparation

Device validation was performed using whole blood doped
with UM-UC13 (provided by the Pathology Core of the Blad-
der Cancer SPORE at MD Anderson Cancer Center) bladder
cancer cells and LNCaP prostate cancer cells (American Type
Culture Collection (ATCC), Manassas, VA, USA). UC13 blad-
der cancer cells were cultured in complete minimal essential
medium (CMEM): minimum essential medium Eagle (MEM)
(Life Technology, Carlsbad, CA, USA) supplemented with 10%
Ĳv/v) fetal bovine serum (Life Technology), 1% sodium pyru-
vate (Invitrogen), 1% L-glutamine (Life Technology), 1% MEM
non-essential amino acids (Life Technology), and 1% penicil-
lin streptomycin (Fisher Scientific). LNCaP cells were cultured
in RPMI 1640 media (Life Technology) containing 10% Ĳv/v)
fetal bovine serum, 2 mM L-glutamine and 1% penicillin/
streptomycin. Both cell lines were incubated in a humidified
environment at 37 °C and 5% CO2. When needed, cells were
trypsinized, washed and resuspended at the desired concen-
tration for experiments.

After informed consent was received from healthy donors
(n = 20), whole blood was drawn into 6 ml EDTA collection
tubes (Becton-Dickinson, Franklin Lakes, NJ, USA). Leuko-
cytes in the whole blood were stained with Hoechst 33342
(Invitrogen, Carlsbad, CA, USA), which emits blue fluores-
cence, and were further diluted to 2 million leukocytes per
ml with phosphate buffered saline (PBS, Gibco).

For validation experiments, cancer cells, stained with
Calcein AM (Invitrogen), which emits green fluorescence,
were doped into the whole blood which was diluted to 2 ×
106 leukocytes per ml. The mixed sample that was processed
in each cell separation trial for validation experiments
contained a minimum of 100 cancer cells at different doping
ratios. Each sample was processed in multiple full device
operation cycles with each cycle processing ~100 000
leukocytes.

Experimental characterization of the device performance

Yield and enrichment are the two main characteristics used
to measure the performance of the RCT device. The yield is
This journal is © The Royal Society of Chemistry 2015
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defined as the retention rate of target cells. The enrichment
is defined as the ratio of target cancer cells to background
cells in the collection reservoir divided by the same ratio of
the input sample. To get these results, we counted the num-
ber of cancer cells in both collection and waste reservoirs
and leukocytes (background cells) in the collection reservoir
after each experiment. Cancer cells were identified by the
green fluorescence of the Calcein AM stain and the leuko-
cytes by blue from the Hoescht 33342 stain. Images were
taken using an inverted microscope with fluorescence imag-
ing capabilities (Nikon ECLIPSE Ti) and a camera (QImaging,
Surrey, BC, Canada). The number of cells in the images was
manually counted.
Patient blood sample acquisition, separation,
immunofluorescence, and enumeration

Patients with metastatic castrate resistant prostate cancer
(n = 22) were recruited at the BC Cancer Agency. This study
was approved by the institutional review board (protocol
H13-00870). After informed consent was obtained, blood
samples were collected in 6 ml EDTA tubes (BD). The CRPC
patients in this study ranged in age from 49–88 years, and
had PSA levels between 0.05 and 12,840 μg L−1. Each 1 ml of
blood was diluted 1 : 1 with PBS in a 15 ml falcon tube. The
diluted sample was directly processed with the RCT device. A
parallel sample of 7.5 ml of blood was analyzed using the
Veridex CellSearch™ system.

The cells were collected into a 15 ml falcon tube through
a needle and microbore tubing. The enriched cell fraction
was washed with 1× PBS, centrifuged at 400g for 5 min and
then fixed in 3% paraformaldehyde (PFA, Sigma, USA) for 15
min. After fixation, the cells were permeabilized in 0.5%
Tween20 for 10 min, washed in PBS, blocked by incubation
with 3% BSA (Sigma-Aldrich, St. Louis, Missouri, USA) in PBS
for 30 min and washed a final time in PBS. Every step was
conducted at room temperature. Cells were stained with anti-
bodies for cytokeratin (CK) using Pan-Keratin (C11) Mouse
mAb-Alexa Fluor® 488 (Cell Signaling Technology, Danvers,
Massachusetts, USA), EpCAM (VU1D9) Mouse mAb-Alexa
Fluor® 594 (Cell Signaling Technology), and anti-human
CD45-APC (Biolegend, San Diego, California, USA) at 0.625 μg
ml−1, 0.525 μg ml−1, 0.36 μg ml−1, respectively, in PBS/3%
BSA at 4 °C overnight.

Stained cells were washed 3 times with PBS to remove
floating superfluous antibodies. After the last centrifuge, cells
were suspended in 40 μl of PBS and stained with DAPI using
VECTASHIELD® Mounting medium with DAPI (Vector Labo-
ratories, Burlingame, CA, USA) at a concentration of 0.075 μg
ml−1. All cells were transferred to a single well of a Corning®
384-well high content image plate (Sigma-Aldrich) and
centrifuged at 400g for 2 min. The well was automatically
scanned at 40× magnification with a confocal microscope
(LSM 780, Carl Zeiss, Oberkochen, Germany) and Zen soft-
ware (Carl Zeiss). Spectrum analysis of single cells was manu-
ally conducted to identify the presence of CTC candidates.
This journal is © The Royal Society of Chemistry 2015
DAPI+/CK+/EpCAM±/CD45− enriched cells were considered
CTCs while DAPI+/CK−/EpCAM−/CD45+ enriched cells were
considered WBCs. CTC counts from the RCT device were
scaled to numbers per 7.5 ml to compare with the CellSearch
system.
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