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Abstract Negative enrichment is the preferred approach for
tumor cell isolation as it does not rely on biomarker expres-
sion. However, size-based negative enrichment methods suf-
fer from well-known recovery/purity trade-off. Non-size
based methods have a number of processing steps that lead
to compounded cell loss due to extensive sample processing
and handling which result in a low recovery efficiency. We
present a method that performs negative enrichment in two
steps from 2ml of whole blood in a total assay processing time
of 60 min. This negative enrichment method employs up-
stream immunomagnetic depletion to deplete CD45-positive
WBCs followed by a microfabricated filter membrane to
perform chemical-free RBC depletion and target cells isola-
tion. Experiments of spiking two cell lines, MCF-7 and NCI-
H1975, in the whole blood show an average of >90 % cell

recovery over a range of spiked cell numbers. We also suc-
cessfully recovered circulating tumor cells from 15 cancer
patient samples.

Keywords Circulating tumor cells (CTCs) . Cancer cell
isolation .Metastasis .Negative enrichment .White blood cell
(WBC) depletion

Abbreviation
CTC Circulating tumor cells
WBC White blood cell
RBC Red blood cell
EMT Epithelial to mesenchymal transition
TAC Tetrameric antibody complexes
GFP Green florescent protein
PBS Phosphate buffered saline
EpCAM Epithelial cell adhesion molecule

1 Introduction

The significance of CTCs for clinical cancer management has
been widely recognized (Rolle et al. 2005; Zieglschmid et al.
2005; Kahn et al. 2004; Racila et al. 1998). Despite many
efforts to develop technologies for tumor cell isolation, it has
been noted that an optimal technology is still unavailable. Our
current understanding of clinical significance of CTCs is
biased on the technology used (Riethdorf and Pantel 2008;
Budd 2009). Without an unbiased, standardized and opti-
mized method for CTC isolation, CTCs may generate poor
clinical interest. Many novel technologies have demonstrated
significantly better performance than FDA-approved
CellSearch® platform, which is currently used in most clinical
trials to establish the utility of CTCs for clinical cancer man-
agement (Marrinucci et al. 2010; Desitter et al. 2011; Lim
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et al. 2012; Denis et al. 2012; Tan et al. 2010). But the fact that
CellSearch failed to detect CTCs in 36 % of metastatic breast
cancer patients (Kasimir-Bauer et al. 2012) raises the concern:
when a certain patient is deemed CTC-negative, is it due to the
true CTC-negative status of the patient or a limitation of the
technology? Thus, there is an urgent need to develop highly
efficient and robust technologies for CTC isolation (Parkinson
et al. 2012).

Different types of techniques have been employed to ex-
ploit the differences in morphological and physical properties
between tumor cells and blood cells to isolate CTCs from
blood samples. These include the bigger size of epithelial cells
(Desitter et al. 2011; Lim et al. 2012; Xu et al. 2010; Lv et al.
2013), their difference in density (He et al. 2008),
deformability (Tan et al. 2009) and dielectric properties
(Gupta et al. 2012; Shim et al. 2013). In recent years, hydro-
dynamic sorting has also been employed to isolate CTCs from
patients sample (Hur et al. 2011; Sun et al. 2013). Current
technologies for CTC isolation have been well-reviewed
(Arya et al. 2013; Chen et al. 2012; Zhe et al. 2011; Yu et al.
2011; Sun et al. 2011; Gerges et al. 2010; Hou et al. 2010).
Epithelial Cell Adhesion Molecule (EpCAM) is a common
surface marker for antibody based CTC isolation (Allard et al.
2004; Nagrath et al. 2007; Hoshino et al. 2011). CellSearch
system employs the immunomagnetic EpCAM-positive se-
lection for CTCs enrichment (Riethdorf et al. 2007). However,
it has been noted that EpCAM-based method could signifi-
cantly undercount the number of CTCs due to those cells that
undergo Epithelial to Mesenchymal Transition (EMT)
(Paterlini-Brechot and Benali 2007; Allard et al. 2004;
Goeminne et al. 2000; Gorges et al. 2012). Size-based ap-
proaches, which are based on size and deformability of CTCs,
are susceptible to the overlapping of size and density between
the CTCs and white blood cells (WBCs) and the heterogeneity
in size and deformability within the tumor cell subpopulations
(Zhe et al. 2011; Park et al. 2012; Meng et al. 2004). It was
recently reported that the tumor initiating sub-population of
CTCs could easily pass through the obstacles that were de-
signed to trap cancer cells (Alix-Panabières and Pantel 2013).
Although it is fast, easy and relatively economical, the size-
based CTC isolation technique suffers from an inherent
recovery/purity trade-off. A negative depletion approach,
which avoids labelling the cells or defining their size, has
been recommended as an optimal approach (Yang et al. 2009).

A negative depletion approach depletes “normal” cells,
including erythrocytes, leukocytes, platelets and leaves behind
the “abnormal cells” such as CTCs for further analysis. In a
typical negative enrichment approach, red blood cells (RBCs)
are eliminated by chemical lysis or ficoll gradient centrifuga-
tion followed by depletion of WBCs. Then, the immunohis-
tochemical staining or molecular analysis is applied to identify
the “abnormal cells”. Many currently developed negative
depletion techniques involve multiple steps such as chemical

RBC lysis and centrifugation that contribute to the risk of
losing CTCs and adversely affect the cells of interest
(Marrinucci et al. 2010; Park et al. 2012; Yang et al. 2009;
Marrinucci et al. 2012; Cho et al. 2012; Tong et al. 2007; Lara
et al. 2004). Chalmers et al. have demonstrated using such
method with a CTC isolation efficiency of 83% and 2.7 log10
enrichment (Yang et al. 2009; Lustberg et al. 2012). But this
approach involves multiple sample processing steps, includ-
ing RBC lysis (Yang et al. 2009), centrifugation, and multiple
cell washing and re-suspension. It was reported in the previ-
ous works that RBC lysis and centrifugation steps can lead to
10 % and 30 % cell loss of spiked tumour cells respectively
(Tong et al. 2007; Lara et al. 2004). Therefore, multiple
sample processing steps are especially prone to compounding
cell loss, which yields much less than 100 % overall CTC
isolation efficiencies. A better implementation of a negative
depletion approach that avoids multiple sample handling steps
and usage of specialized instruments is needed.

In this paper, we introduce a microfluidic negative selec-
tion platform that combines a centrifugation-free WBC and
chemical-free RBC depletion approach without manual sam-
ple transfer. In our approach, immunomagnetic WBC deple-
tion is employed directly in 2 ml of whole blood. The WBC-
depleted blood then flows through a microfluidic chip that
contains a precision-manufactured micro slit membrane. The
micro slit membrane is designed to selectively allow passage
of RBCs and platelets while retaining as many nucleated cells.
Thus, this method depletes WBCs and RBCs without the use
of centrifugation or chemical lysis. In addition, it avoids
multiple sample handling. By employing this simple and
easy-to-use assay, more than 90%WBC depletion and greater
than 90 % recovery of CTCs in a relatively fast turnaround
time of 1 h was achieved. In addition, since the sample is not
subjected to any chemical manipulation, the exit volume can
be used for complementary assays to extract molecular infor-
mation such as serum protein or nucleic acid assays.

2 Materials and methods

2.1 Sample preparation

Blood was drawn from healthy donors of both genders into
6 ml BD Vacutainer K2 EDTA tubes (Becton Dickinson).
Samples drawn had a cellular preservative (Ng et al. 2012;
Truet et al. 2006) (Catlog#213358, Streck) manually added
immediately after blood draw at a ratio of 1:1 and was main-
tained at 4 °C. The healthy donors had no known illness or
fever at the time of draw and no history of malignant disease.
Cancer patients’ samples were obtained from National
University Hospital under IRB approval. Similarly, the blood
was drawn into 6 ml BD Vacutainer K2 EDTA tubes followed
by the addition of cellular preservative as described above.
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Samples drawn were maintained in a 4 °C environment from
the point of collection to the place of processing and were
processed within 48 h from the time of draw.

At the beginning of each experiment, 4 ml of preservative-
added blood assay was pipetted from the Vacutainer tube into
a 5 ml BD syringe barrel (Catlog#302135, USA). The mixture
of 100 μl of customized anti-CD45 Tetrameric Antibody
Complexes (TAC) (StemCell Technologies, Canada) and
100 μl of customized dextran-coated magnetic microparticles
(StemCell Technologies Inc., Canada) was added to the sam-
ple and incubated for 30 min. The magnetic microparticles
used here are 1 μm diameter in size. TAC are bi-specific and
are able to recognize both dextran-coated magnetic beads and
the target cell surface antigen (CD45) which is expressed on
all human leukocytes. “The Big Easy” EasySep®Magnet was
subsequently placed around the barrel to separate the labeled
WBCs. Figure 1 shows the illustration of how magnetic
particles bound to WBC through TAC. Afterwards, the
WBC-depleted assay was put through a microfluidic chip that
contains a micro slit membrane for target cell isolation. WBC
depletion was determined by counting the cells before and
after the immunomagnetic depletion procedure using an auto-
mated clinical haematology analyzer Horiba Micro ES60.
(Horiba, Japan)

2.2 Micro slit membrane fabrication

A micro slit membrane was designed to deplete platelets,
RBCs and smaller-sized leukocytes that escaped from
immunomagnetic depletion, while retaining the majority of
the other nucleated cells. The 10-μm thick micro slit mem-
brane that was fabricated from Parylene-C. The membrane
was circular in shape with a diameter of 13-mm and an active
diameter of 9-mm. It consisted of periodically arranged pre-
cise slits with a slit dimension of 5.5-μm in width and 40-μm
in length. This design was chosen after comparing it with
other micro filter designs for cell separation due to its unique
advantages in retaining CTCs (Ji et al. 2008; Zhu et al. 2007;

Sajay et al. 2012; Sajay et al. 2013). Compared to commonly
used circular/hexagonal microfilters openings, the rectangular
slit design has the advantage of defraying the pressure applied
across the cells trapped on membrane and preserving the
viability and morphology of target cells (Xu et al. 2010).
Moreover, this configuration resulted in a large fill factor of
44.5 %, which combined with upstream WBC depletion,
allowed smooth blood flow of around 1 ml/min at very small
air pressure of 3.5 mbar. The detailed fabrication process was
reported previously (Sajay et al. 2013). Figure 2 shows the
different views of the Parylene micro slit membrane.

2.3 Microfluidic chip

A precision-manufactured circular Parylene-C membrane was
packaged in a microfluidic chip. Polymethyl methacrylate
(PMMA) was used for substrate material because of its char-
acteristics of good light transition and high chemical resis-
tance. The chip is 25-mm wide and 75-mm long, which is the
same size as the regular microscope slide. Additionally, it can
be easily mounted on the stage of microscope for inspection.
The chip consists of three layers in which the small geometries
like channels are created by a precision micro milling tech-
nique. A polymer mesh was integrated 150 μm below the
membrane as a support to prevent any potential deformation
while the membrane was subjected to a positive pressure.
Mesh size is 250×250 μm, which cells in sample can flow
through. Different layers, membrane and mesh are integrated
and laminated by thermal bonding technique.

Figure 3a shows a cross-section diagram of the circular
membrane within the microfluidic chip. And, Fig. 3b shows
the PMMA Microfluidic chip. The inlet of the chip was
connected to a 5 ml syringe barrel for sample assay introduc-
tion. The 4 ml sample assay was delivered by a 1 mm wide
connecting micro channel to the chamber of diameter 9 mm
with the microslit filter membrane for target cell isolation.
Subsequently, the waste from the outlet of the chip was
collected in a 15 ml Falcon tube (Catlog#352097, BD). This

Fig. 1 Illustration of
immunomagnetic WBC depletion
in which magnetic particles
bound to WBC through
Tetrameric antibody complex in
human whole blood
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microfluidic chip provided an integrated and enclosed plat-
form for sample manipulation, which avoided the risks of cell
loss associated with sample transferring and handling.

2.4 Cell culture

Human lung cancer cell line NCI-H1975 and human breast
cancer cell line MCF-7 were purchased from American Type
Culture Collection (Manassas, VA). NCI-H1975 cells were
cultured in RPMI 1640 (Catlog#22400-089, Invitrogen) sup-
plemented with 10 % Fetal Bovine Serum (FBS) (Catlog#04-
001-1A, Biological Industries). MCF-7 cells were cultured in
DMEM (Catlog#11965-092, Invitrogen) supplemented with
10 % FBS. Cells were maintained at 37 °C in a humidified
atmosphere containing 5 % CO2 and harvested with trypsin
before use. The cell suspensions were used only when their
viability as assessed by Trypan blue exclusion exceeded 90 %.

2.5 Cell spiking

To demonstrate the sensitivity and linearity of the rare cell
isolation assay, two sets of four 2 ml aliquots of peripheral
blood diluted with 2 ml of cellular preservative were prepared.
The first set (Set A) of four aliquots was spiked with a titration
series of NCI-H1975 cells with approximately 10, 30, 50, or
100 cells per 2 ml blood. The second set (Set B) of four
aliquots was spiked with a similar titration series as the first
but with MCF-7 cells. For the reproducibility assay, two
additional sets of replicates were prepared for Sets A and B.
Cel l sp ik ing in to b lood was conduc ted before
immunomagnetic WBC depletion step to fully mimic the
process flow with patient blood.

Figure 4 shows the size distribution of cultured NCI-H1975
and MCF-7 cells. It is evident that the sizes of cells were
ranging from 9 to 25 μm for NCI-H1975 cells. It is important
to ensure that a good CTC isolation system is capable of
capturing all nucleated cells with a wide range of cell sizes
in order to achieve high isolation efficiency. Cells were not
fixed prior to isolation in this work.

2.6 Staining protocol

To identify NCI-H1975 and MCF-7 cells on the precision
micro-slit membranes, a mouse anti-pan Cytokeratin mono-
clonal antibody conjugated with fluorescein isothiocyanate
(FITC) (Catlog#ab78478, Abcam) for cancer cells and a
mouse anti-Human CD45 monoclonal antibody conjugated
with Phycoerythrin(PE)-Dyomics 590 (Catlog#CLX48PE-
DY590, Cedarlane Laboratories) for hematologic cells were
used. After the microfiltration process, 500 μL of 4 % para-
formaldehyde (PFA) (Catlog#P6148, Sigma) in 1× PBS was
introduced to the chip and incubated for 15 min to fix the
samples on the micro slit membrane. 1 ml of 1× PBS was then
introduced to rehydrate the samples. The samples were then
permeabilized with 0.25 % Triton X-100 (Catlog#X100,
Sigma) in 1× PBS and incubated for 10 min. The samples
were then washed with 1 ml of 1× PBS. After blocking non-
specific binding sites with 5 % bovine serum albumin (BSA)
(Catlog#A2153, Sigma) in 1× PBS for 30 min, the chip was
incubated for 30 min with anti-pan Cytokeratin (FITC) and
anti-Human CD45 (PE-Dyomics 590) antibodies in a dark

Fig. 2 Micro Slit membrane of diameter 13 mm containing slits with
dimension 5.5×40 μm and a fill factor of 44.5 %. a An overview picture
of the membrane b Image taken at 330× using scanning electron micro-
scope (SEM) c Image taken at 50× using optical microscope

Fig. 3 Structures of microfluidic chip. a The cross-section of microfluidic chip. The sample assay was introduced from the inlet, through the membrane,
and exited to the outlet. b The image of our microfluidic chip with luer connectors at the inlet and outlet
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room. The samples were then washed with 1 ml of 1× PBS.
After counter-staining with 1 μL of Hoechst 33342
(Catlog#H1399, Invitrogen) in 499 μL of 1× PBS, the sam-
ples were washed for the last time with 1 ml of 1× PBS to
minimize background noise. Finally, the chip was mounted on
an upright fluorescent microscope (BX61, Olympus) for CTC
enumeration and sample analysis.

2.7 Experimental setup

The experimental setup and illustration of the microfluidic
platform are shown in Fig. 5. The 5 ml syringe barrel contain-
ing blood sample conjugated with TAC and magnetic particle
complex was placed within the magnet for immunomagnetic
WBC depletion. This set up was placed directly above another
5 ml syringe barrel that was connected to the inlet of the
microfluidic chip. Upon completion of the magnetic incuba-
tion period, the WBC-depleted blood was flowed through the
chip setup under gravity. Subsequently, the WBC-depleted
assay was driven by a constant 3.5-mBar air pressure
(MV20 pump, Ibidi) through the microfluidic chip for
microfiltration process. The applied pressure was monitored
in real time by pump controller software.

The microfiltration process for 4 ml blood assay was com-
pleted in less than 5 min. 2 ml of 1× PBS was introduced and
flowed continuously to wash and remove the remaining RBCs
on the micro slit membrane. Fixation of cells followed by the
staining protocol was initiated after the washing step. Chip
was then removed from the connectors and inspected under a
fluorescent microscope. The same 3.5 mBar air pressure was
employed to deliver the reagents in all of the procedures,
including washing, fixation, and staining steps.

2.8 Cell identification

Cell identification was conducted by fluorescence microscopy
using an upright microscope (BX61, Olympus) with a motor-
ized xy stage. Image capturing was performed by 14-bit

monochrome ExiAqua fast 1394 CCD camera (QImaging,
Canada). U-MWU2, U-MWIB2, and U-MSWG2 filter sets
were used to visualize staining of Hoechst, FITC, and PE-
Dyomics 590 probes. Motorized stage was controlled by a
joystick to scan through the entire membrane. In addition, the
software, Image Pro-Plus MDA (Media Cybernetics, USA),
was employed to apply pseudo color to the acquired cell
images. Cell counting and image capturing were performed
using a 40× objective lens. The cell identification process was
performed by an experienced molecular biologist specialized
in cell pathology.

A CTCwas defined as an object with the following criteria:
(a) circular to oval morphology, (b) a visible nucleus (Hoechst
positive), (c) negative staining for CD45, and (d) positive
staining for Cytokeratin (Marrinucci et al. 2012; Tan et al.
2010). Results of cell enumeration are always expressed as the
number of cells per 2 ml of blood.

2.9 Cell depletion and recovery

The depletion of WBCs by immunomagnetic method, cancer
cell recovery and total WBC depletion on the membrane were
determined as following:

WBCdepletion %ð Þ ¼ Wi−W f

Wi
� 100

RecoveryEfficiency %ð Þ ¼ CR

CS
� 100

Total WBC Depletion logð Þ ¼ log
Ni

N f

Wi is the total number of WBC in the original 2 ml sample
and Wf i s the number of WBC in sample af ter
immunomagnetic WBC depletion. Both Wi and Wf were de-
termined by an automated clinical haematology analyzer.CS is
the number of cancer cells spiked into the 4-ml blood assay
prior to immunomagnetic WBC depletion process when CR is
the number of cancer cells isolated and counted on the micro

Fig. 4 Size distribution of
cultured a NCI-H1975 lung
cancer cell line b MCF-7 breast
cancer cell line. Data obtained
using an automated cell counter.
(Luna, LogosBiosystems)
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slit retention membrane through fluorescent microscopy. Ni is
the total number of nucleated cells in the sample prior to the
experiment, which is equal to Wi. And, Nf is the number of
nucleated cells counted on the micro slit membrane by a
Matlab-based automated image-processing algorithm, CellC
(Selinummi et al. 2005). The WBC depletion is calculated by
sampling after the immunomagnetic depletion step using an
automated clinical haematology analyzer Horiba Micro ES60.
Due to the limitation of the analyzer, for those samples with
good depletion results, eg: remainedWBCs is less than 0.1M/
ml, the WBC count is shown as 0 M/mL from the analyzer,
which did not reflect the real number of remained WBC in the
WBC-depleted assay. The total WBC depletion is a more

realistic number, which is calculated by counting the number
of physical WBC remained on the membrane.

3 Results and discussion

3.1 Upstream immunomagnetic WBC depletion

The numbers of WBCs in these experiments ranged between
4.5 and 11.6 million/ml. By employing our newly developed
methodology, an average of 97 % of WBCs was depleted
before reaching the micro slit membrane. Due to a high degree
of WBC depletion before microfiltration, combined with a
micro slit membrane with high fill factor, our microfluidic
chip was able to process 4 ml assay in less than 5 min at a
minimal positive pressure of 3.5-mbar, resulting in excellent
morphology of retained cells. Figure 6 shows the upstream
immunomagnetic WBC depletion data among 25 samples
using Horiba Micro ES60.

3.2 On-chip cell counting and isolation efficiency

Negative controls were performed alongside experiments with
spiked CTCs. Figure 7a shows the images taken under three
different filters. Cells that were Hoechst-positive, CD45-
negative and panCK-positive were considered as a CTC. No
CTC cells were found in healthy donor blood samples. Next,
various concentrations of cell lines were spiked in 2 ml of
whole blood and processed through the cell isolation system.
The isolated CTCs and other nucleated cells were retained on
the micro slit membrane after the microfiltration process. The
isolated target cells were fixed and stained according to our
staining protocol for CTC identification and counting.
Figure 7b and c show the images taken through three different

Fig. 5 Experimental setup for CTCs isolation from whole blood. a
Schematic of main components in CTC isolation system and microfluidic
chip setup. WBCs within the sample were depleted by immunomagnetic
separation before flew down to chip to retain CTCs. b Photograph of the
experimental setup of our CTC isolation system. Sample was driven by a
pneumatic pressure regulated precisely by the pump

Fig. 6 Results of WBC depletion (in percentage) as a function of the
concentration of WBCs in original blood (in million per millilitre) from
25 blood samples
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filters to indicate the CTC as Hoechst-positive, CD45-
negative and pan-CK-positive. In addition, the merged images

are also provided. Figure 7d and e show the number of CTCs,
including MCF-7 and NCI-H1975, recovered and counted on

Fig. 7 Results of CTC isolation and enumeration. Images of cells cap-
tured on the micro slit membrane after processing healthy donor blood a
Negative control, Blood without spiking any cancer cells. b blood that
was spiked with MCF7 cells. c blood that was spiked with NCI-H1975
cells. The cell nucleus were stained with Hoechst (blue), the WBCs were
stained by PE-labelled anti-CD45 (red) and the cancer cells were stained

by FITC-labelled antibodies Pan-Cytokeratin (green). Cancer cells recov-
ered from whole blood as a function of different spiking concentrations d
MCF-7 e NCI-H1975 cancer cell lines. All experiments conducted with
cells spiked for four spiking concentrations (n=3). f Chart showing the
average recovery efficiency of MCF7 and NCI-H1975 cancer cells. The
error bars represent standard deviations among all experiments
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the micro slit membrane as a function of number of CTCs
spiked into the 4 ml sample assay. An average of 92.17 % of
MCF-7 were recovered across the spiking range of 10 to 100
cells (n=3 for each concentration). An average of
93.25 % of NCI-H1975 was recovered from using our
system in the same spiking range of 10 to 100 cells.
Figure 7f shows this data.

During our experiments, some cells were observed as
double positive cells which expressed to both CD45 and
pan-CK antibodies. We had very little knowledge about the
origin and significance of these cells and therefore we exclud-
ed these from CTC enumeration (Lustberg et al. 2012; Stott
et al. 2010). Figure 8 shows how cancer cells were distin-
guished from other cells.

3.3 On-chip purity

The number of WBCs was recorded before and after
immunomagnetic depletion using an automated clinical

haematology analyzer as discussed before. The final assay
purity was determined by counting the number of nucleated
cells retained on micro slit membrane alongside CTCs.
Figure 9 shows the Hoechst-stained fluorescent image of
nucleated cells captured by micro slit membrane from two
experiments: one processed with immunomagnetic WBC-
depleted blood sample with our protocol (Fig. 9a) and the
other was without any WBC depletion steps (Fig. 9b). The
latter took more than 30 min to finish the microfiltration
process on our microfluidic chip. The images clearly demon-
strate that the WBC-depleted sample has much lower number
of nucleated cells on the membrane than one without deple-
tion, which explains the smoother sample flow and higher
purity of CTC enrichment by our system. RBCswere depleted
>99.99 % and were barely found on the membrane surface.
Automated imaging and image processing algorithms were
employed to acquire high magnification images of Hoechst-
stained cells on the membrane to determine the total number
of nucleated cells on the membrane surface. Using this

Fig. 8 Fluorescence image under
different filters for cells
identification and classification. a
Hoechst stains cell nucleus. b PE-
labelled anti-CD45 antibody
stains CD45+ cells (WBCs). c
FITC-labelled PanCK antibody
stains PanCK+ cells (CTCs). d
Merged image of (a) (b) and (c).
The blue arrows indicate the
cancer cells that are Hoechst-
positive CD45-negtive and
PanCK-positive when yellow
arrow indicates the unknown
artifact cell that is Hoechst-
positive CD45-positive and
PanCK-positive. Rest of the cells
in the (d) is WBCs, which are
Hoechst-positive CD45-positive
and PanCK-negative

Fig. 9 Images showing nucleus
of PBMCs captured on
membrane. a Experiment was
done with immunomagnetic
WBCs depletion showing only
few nucleated cells on the
membrane. b Experiment was
done without immunomagnetic
WBCs depletion. Layers of
WBCs were captured on the
membrane which leads to a lower
purity
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method, the average total nucleated cell depletion was deter-
mined to be 2.3 log10.

3.4 Clinical testing

To demonstrate the utility of our system in detecting CTCs
from clinical patient samples, 15 clinical samples were

received from National University Hospital, Singapore, to be
processed on our system. These included 12 Non-Small-Cell
Lung Carcinoma (NSCLC) and 3 colorectal (CRC) cancer
case. These samples were processed through the CTC isola-
tion and enumeration system. Our system successfully detect-
ed CTCs in 15 out of 15 patients based on the cell identifica-
tion criteria of nucleus stain Hoechst-positive, CD45-negative

Table 1 Cancer cell isolation and WBC depletion data by processing 2 ml of whole blood from 15 cancer patients

Patient Cancer
type

Pre count WBC
(M/ml)a

Post count
WBC (M/ml)b

Immuno-magnetic
WBC depletion (%)

# of CTCs
(per 2 ml)

Total WBC
depletionc

1 NSCLC 6.55 0.00 100.00 22 2.76 log

2 NSCLC 8.00 0.00 100.00 15 2.79 log

3 NSCLC 11.60 0.22 98.15 1 2.46 log

4 NSCLC 11.00 0.54 95.11 12 2.61 log

5 NSCLC 10.05 0.54 94.63 11 2.03 log

6 NSCLC 4.50 0.00 100.00 19 2.35 log

7 NSCLC 8.65 0.22 97.46 2 2.50 log

8 NSCLC 5.90 0.00 100.00 1 2.75 log

9 NSCLC 11.00 0.22 98.00 3 2.22 log

10 NSCLC 16.40 0.43 97.38 51 2.45 log

11 NSCLC 5.45 0.22 95.96 7 2.01 log

12 NSCLC 9.85 0.54 94.52 2 2.13 log

13 CRC 9.60 0.75 92.16 11 2.40 log

14 CRC 3.90 0.11 97.18 20 2.03 log

15 CRC 8.30 0.65 92.17 13 2.18 log

aWBC count (million/ml) in original sample measured by using automated clinical hematology analyzer Horiba Micro ES60
bWBC count (million/ml) in sample after immunomagnetic depletion step measured by using automated clinical hematology analyzer Horiba Micro
ES60. Due to the limitation of the analyzer, those samples which contain WBC less than 0.1 M/ml are shown as 0 M/ml
c TotalWBC depletion was calculated by counting the number of physicalWBC remained on the membrane after experiment by automated imaging and
image processing

Fig. 10 CTC from a NSCLC
patient sample was captured on
the micro slit membrane and
imaged under three different
filters for fluorescent microscopy

Biomed Microdevices (2014) 16:537–548 545



and pan-CK-positive. Table 1 summarizes the results from the
clinical testing. Figure 10 shows the images taken from one of
NSCLC patient sample.

4 Conclusion

In the previous paper (Sajay et al. 2013), we tested our idea of
negative enrichment by using upstream immunomagnetic
WBC depletion and a micro-fabricated slit filter membrane
retained by a commercial filter holder to isolate two GFP-
tagged cell lines, which passed the initial test but was not fully
representable for the real case. In addition, the membrane with
isolated cells had to be transferred to microscope slide for
inspection, which often resulted bad cell morphology and cell
loss. In this paper, we completely demonstrated our simple, 2-
step negative CTC enrichment protocol by using two non-
GFP-tagged cells lines for spiking experiments and 15 clinical
samples along with newly developed microfluidic chip and
setup to perform full process of on-chip CTC isolation, stain-
ing and identification without any sample transferring. Our
microfluidic chip platform showed a better sensitivity (10 vs
200 cells) compared to previous paper that used commercial
holder to retain the microslit filter membrane fabricated in-
house. Our method does not rely on either antigen expression,
nor employs centrifugation and other extensive sample han-
dling steps, which lead to compounded cell loss and are
difficult to standardize. In our approach, an effective upstream
immunomagnetic WBC depletion method was developed to
deplete WBCs directly in whole blood. This was coupled with
a downstream precision micro-slit membrane that performed a
chemical-free and centrifugation-free RBC depletion as well
as highly efficient CTC retention. This technique yields sev-
eral benefits such as a) highly efficient, unbiased isolation of
unfixed cells with excellent morphology, b) fast turnaround
time, c) capable to accommodate larger amount of sample and
can be scalable, d) amenable to full automation (hence stan-
dardization), and e) 2.3 log10 total WBC depletion which
enables routine downstream molecular analysis. Although
our slit membrane was designed to retain all nucleated cells,
we observed that some cells did escape from capturing by our
slit membrane. More cancer cell lines will be tested in order to
better understand the capability of our slit membrane. Besides
demonstrating high recovery from low spiked cell numbers,
we also demonstrated 100 % CTC detection in 15 clinical
patient samples. Further clinical studies are ongoing. Future
version of the system will be fully automated for standardized
implementation across multiple clinical sites. Efforts are un-
derway to increase the total WBC depletion from 2.3 log to 4
log, while maintaining the current high recovery, which is
potentially considered to be close to ideal for CTC isolation
platforms.
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