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Early stage detection and precise quantification of circulating tumor cells (CTCs) in the peripheral blood
of cancer patients are important for early diagnosis. Early diagnosis improves the effectiveness of the
therapy and results in better prognosis. Several techniques have been used for CTC detection but are
limited by their need for dye tagging, low throughput and lack of statistical reliability at single cell level.
Solid-state micropores can characterize each cell in a sample providing interesting information about
cellular populations. We report a multi-channel device which utilized solid-state micropores array
assembly for simultaneous measurement of cell translocation. This increased the throughput of
measurement and as the cells passed the micropores, tumor cells showed distinctive current blockade
pulses, when compared to leukocytes. The ionic current across each micropore channel was continuously
monitored and recorded. The measurement system not only increased throughput but also provided on-
chip cross-relation. The whole blood was lysed to get rid of red blood cells, so the blood dilution was not
needed. The approach facilitated faster processing of blood samples with tumor cell detection efficiency
of about 70%. The design provided a simple and inexpensive method for rapid and reliable detection of
tumor cells without any cell staining or surface functionalization. The device can also be used for high
throughput electrophysiological analysis of other cell types.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

The shedding of tumor cells in peripheral blood was initially
reported in 1889 (Paget, 1889). The circulating tumor cells (CTCs)
are believed to detach from the primary tumor and spread through
blood circulation or lymph nodes to secondary tissues (Kohn and
Liotta, 1995). Patients with various types of cancers (breast,
bladder, and renal) have been known to have CTCs in their
peripheral blood (Cristofanilli et al., 2004; Lianidou and Markou,
2011; Loberg et al., 2004; Soria et al., 2002; Terstappen et al.,
2000). Rapid recognition and accurate enumeration of CTCs in the
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peripheral blood can help in early diagnosis and to monitor the
therapeutic efficiency. Reports show that number of CTCs can rise
to 5000 CTCs per ml of blood in prostate cancer patients (Stott
et al., 2010). But generally, CTCs are exceedingly low in number
(1–200 cells per ml) which makes it very difficult to identify and
quantify them from the whole blood at earlier stages of disease
(Kahn et al., 2004; Krivacic et al., 2004; Nagrath et al., 2007; Rolle
et al., 2005). Ultra-low concentration of CTCs in peripheral blood
essentially calls for faster and efficient processing of blood sample.

The schemes employed for the isolation and quantification of
CTCs include microfluidic flow cytometry, polycarbonate mem-
brane filtration (size-based separation), chromatographic isolation
and use of immunomagnetic systems (magnetic dynabeads) (Fu
et al., 1999; Nagrath et al., 2007; Vona et al., 2000; Zabaglo et al.,
2003). These techniques are limited by either low-throughput or
the need for dye tags for cell quantification. Some of these
strategies require expensive equipment and cannot be used as a
point-of-care module (Adams et al., 2008; Zabaglo et al., 2003).
Recently, Hosokawa et al. (2013) have reported a microcavity array
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system for size-based isolation and fluorescence-based quantifica-
tion of CTCs from blood samples of advanced lung cancer patients.
Though elegant, it also required fluorescent labeling for CTC
enumeration. Solid-state micropores have been used for patch
clamp measurements, electroporation, cell deformability examina-
tion and size based discrimination of cells (Matthews and Judy,
2006; Niu and Yan, 2001; ul Haque et al., 2009). The use of solid-
state micropores in such a variety of applications owes it to their
mechanical strength and thermal/chemical stability. Different
techniques to drill micropores include deep reactive ion etching
(DRIE), anisotropic etching of silicon, electrochemical etching and
ion/electron beam sculpting (Li et al., 2001; Pantoja et al., 2004;
Sugita et al., 2013). We have reported before a single solid-state
micropore device for electrical detection of CTCs fromwhole blood
(Asghar et al., 2012). Single channel detection faces a major
challenge of high processing time. Here, we report a multi-channel
device that utilizes multiple micropores for parallel recognition of
tumor cells. As a model, an assay of two parallel micropores was
used in a Teflon device assembly for simultaneous recording of
ionic current flow across each of the two micropores. The device
was able to detect tumor cells from the blood sample with 70%
detection efficiency.

The CTCs are larger in size compared to other blood based cells
and have different mechanical properties (Vona et al., 2000).
Metastasis formulates them to be even more elastic since they
need to squeeze through the surrounding tissues and enter the
circulatory system (Ward et al., 1991; Wyckoff et al., 2000).
Different morphology and biomechanical properties (size, shape,
elasticity, viscosity, and stiffness) of tumor cells can be exploited to
discriminate them from other cell types. The scheme reported here
distinguishes the cancer cells from whole blood in a simple,
inexpensive and speedy process that does not require any cell
staining, surface functionalization or expensive equipment.

The cells were suspended in sodium chloride (0.85% w/v)
solution and pushed under fluidic pressure. Separate Ag/AgCl
electrode pairs were used to measure the ionic current across
Fig. 1. Fabrication of solid-state micropores. (a) Thermally grown 200 nm thick oxide lay
square windows in the spin casted photoresist layer. (c) Transfer of square window patt
TMAH which results in oxide membrane on the other side of the wafer (bottom side).
each micropore. Physical blockage of the micropore due to cell
translocating through the micropore caused a drop in ionic current
flow and an electrical pulse signal was recorded. The system was
optimized for parallel recognition of cells and simultaneous
recording of data without missing any translocation events. Tumor
cells were identified by their characteristic pulse signals. Pulse
magnitude, pulse duration and pulse shape were analyzed to
recognize the cancer cells. This system can be applied to an
automated and high throughput cellular analysis.
2. Materials and methods

2.1. Micropore device fabrication

All the chemicals were purchased from Sigma-Aldrich (St Louis,
MO, USA) unless stated otherwise. The micropore fabrication
process started with thermal oxidation of a double-side polished
silicon wafer (100 orientation). The wafer was placed in the
oxidation furnace to grow a 200 nm thick oxide layer on both
sides of the wafer as shown in Fig. 1. After piranha cleaning,
positive photoresist (Shipley S1813) was spin coated on one side of
the Si wafer and conventional g-line photolightography was used
to open square windows. Photoresist layer was manually applied
to the other side (bottom) of the wafer to protect the oxide layer
against buffered hydrofluoric (BHF) acid etch. The square window
pattern was transferred to the underside oxide layer with BHF etch
followed by removing all the remaining photoresist in acetone.
Anisotropic etching of silicon was performed using diluted (25%)
tetramethylammonium hydroxide (TMAH) which was maintained
at 90 °C during the process. The silicon wafer was etched through
the whole wafer thickness until TMAH reached the oxide layer on
other side and gave 200 nm thick free-standing SiO2 membranes.
An optimized dose (30 kV acceleration voltage, 1 nA milling
current, and 260 s exposure time) of focused ion beam (FIB) was
er on both sides of double-side polished silicon wafer. (b) Photolithography to open
ern to the underlying oxide layer by BHF etch. (d) Anisotropic etch of silicon using
FIB drills micropore in the membrane diaphragm.



Fig. 2. Micropore array device assembly. (a) Cells are pushed into the Teflon block assembly at the inlets. The chips with micropores are sandwiched between the Teflon
blocks. PDMS gaskets hold the micropore chips and avoid any leakage. Ag/AgCl electrodes are inserted in the tubing attached at the inlet and outlet compartments.
(b) Assembled Teflon blocks show two parallel micropore devices sealed in PDMS gaskets.
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used to drill 20 μm sized micropores in each of the 200 nm thick
oxide membranes.

2.2. Device assembly for parallel processing

Two Teflon blocks (inlet, outlet) were used to sandwich the
micropore chips. The inlet block had two channels each, ending in
1 mm holes. The outlet block also had two 1 mm openings which
came together to form a single outlet chamber Fig. 2(a). The
openings perfectly aligned together when the two blocks were
assembled together. The device was designed to hold two indivi-
dual micropore chips as an array of two instead of one chip with
two micropores. First, aligning all the micropores on one chip
against channel openings in the Teflon blocks would have been
tedious unless special care was taken to drill the micropores at
pre-defined positions on the membrane. Second, breakage/
damage of a single membrane would have resulted in the loss of
all micropores, whereas two chips with two micropores brought in
inherent redundancy. One micropore on each chip made the
design flexible and simple. Gaskets were made with polydimethyl-
siloxane (PDMS; Dow Corning) to hold chips on both sides to avoid
any leakage of the solution as shown in Fig. 2(b). The inlet
compartments of the Teflon block assembly were connected to a
syringe pump (Harvard Apparatus) through tubing adapters. Cells,
suspended in sodium chloride solution, were injected into the
inlet compartments at optimal flow rate using the syringe pump
whereas the outlet compartment was initially filled with sodium
chloride solution. Ag/AgCl electrodes were dipped in the NaCl
solution to measure the ionic current flow across the micropores.
Data acquisition cards (National Instruments) were connected to
these electrodes for providing voltage bias and recording ionic
current measurements. Physical blockage of the micropore during
cell translocation increased the resistance to the flow of ions
across the micropore and consequently a corresponding resistive
pulse signal was observed.

2.3. Human derived primary renal cancer cells collection and culture

Human primary renal cancer cells metastasized to human brain
were isolated from a consenting patient at the University of Texas
Southwestern Medical Center at Dallas (TX, USA) with the approval of
Institutional Review Board (IRB). Ice-cold Hank's mediumwas used to
collect the brain tissue containing metastatic tumor cells which were
chemically dissociated with papain (2%) and dispase (2%) as reported
previously (Marin-Valencia et al., 2012). The cells were cultured with
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum. The cultured cells were enzymatically dissociated
with trypsin (0.25%)–EDTA (0.03%) solution to obtain the cells for the
experiments. These cells were spiked in blood samples before the
experiments.

2.4. Red blood cell lysis using lysis buffer

The red blood cell (RBC) lysis buffer was purchased from
eBioscience (CA, USA). A volume of 10 ml of the 1� lysis buffer
was added to 1 ml of whole blood and the solution was incubated
for 10 min. The lysis buffer was then diluted by adding 20–30 ml of
1� PBS to stop the lysing reaction. After that, the solution was
centrifuged at 300–400g to collect the cells at the bottom of the
tube in the form of the a pellet. The pellet was resuspended in
NaCl solution for cell processing. A small volume was observed
under microscope to confirm that there were no RBCs left.
Standard cell counting with a hemocytometer also confirmed
about 1000 time reduction in cell density. Though the pellet
collected after lysis contained only white blood cells (WBCs), a
very few residual RBCs were also observed. Since RBCs are smaller
than WBCs, these would not affect cancer cell identification.
However, if needed, a second round of lysis could have been
performed. Polypropylene cell strainer (BD Falcon) with a nylon
mesh of 100 μm size was used before processing to remove any
chunks or cell clumps and to ensure single cell suspension in the
investigated sample.
3. Results and discussion

The scanning electron microscope (SEM) analysis confirmed
the anisotropic etching of silicon using TMAH etch. The bulk
silicon was etched at an angle of 54.7° making slanted sidewalls
which ended at free-standing oxide membrane as shown in Fig. 3
(a). The diameter of the drilled micropore was controlled by the
FIB parameters (acceleration voltage, beam current and drilling
time) and beam size. Membrane material and the thickness of the
membrane also affected the diameter of the micropore (Asghar
et al., 2011a, 2011b). Higher dose gave a larger pore for oxide
membranes of similar thickness. SEM analysis showed that inner
periphery of the micropore was not smooth and could rupture the
cell membrane when these would translocate through the micro-
pore. Second, crimped topography of membrane revealed the
residual stress in the oxide membrane. Therefore, the SiO2 mem-
branes were annealed at 1050 °C for 5 min. Thermal treatment
made the inner walls of the micropore smoother and reduced the
residual stress of the membrane. Fig. 3(b) shows SEM micrograph
of a micropore after thermal treatment.

The cultured cells were trypsinized and suspended in NaCl
solution for parallel processing with multi-channel framework. All



Fig. 3. Micropore fabrication and cell suspension. (a) SEM micrograph shows slanted sidewalls in bulk silicon ending at oxide membrane (center) after TMAH etch. (b) SEM
micrograph of a micropore drilled in the oxide membrane after thermal annealing. (c) Optical micrograph shows that renal cancer cells (pointed by arrow) are larger in size
than WBCs. The disaggregated cells are seen to be healthy and hold spherical shape in suspension.
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the disaggregated cells held spherical shape in suspension and
were found healthy after trypsinization. Trypan Blue exclusion dye
(0.4%) was used to assess the viability of the cells and measure-
ments on hemocytometer showed that more than 94% of disso-
ciated cells were viable. The optical micrograph for the mixed cell
suspension is shown in Fig. 3(c), which reveals that human
primary renal cancer cells (pointed by arrow) are much larger in
size (average diameter �30 μm) compared to the white blood cells
(WBCs).

Multi-channel micropores were assembled as explained in
Section 2. Micropore diameter, membrane thickness, flow rate
and sampling frequency were critical parameters to optimize for
the best translocation data. Translocation profile of cells signifi-
cantly changed if any of these parameters varied (except mem-
brane thickness). When a cell translocated through the micropore,
physical blockage of the micropore reduced the conductivity of the
micropore by offering more resistance to the flow of ionic current.
Resistance to the flow of current is given by R¼ρL/A where ρ is the
resistivity of NaCl (0.85% w/v) solution, L denotes the thickness of
oxide membrane (length of the micropore) and A represents the
effective area of the micropore. Therefore, physical blockage of the
micropore altered the effective area which consequently changed
the resistance across the micropore and a drop in ionic current
was recorded for every translocating cell. Since the drop in current
(amplitude) and the time taken by the cell to pass through the
micropore (pulse width) were strongly coupled with the biome-
chanical (size, shape, and stiffness) properties of the cell, char-
acteristic pulse signals were observed for each cell type. Both the
channels showed similar translocation profiles for specific cell
types as shown in Fig. 4. As explained above, the pulse frequency
represents the cell concentration and can be used for cell counting.
A high concentration (10k cells per ml) and a low concentration
(100 cells per ml) of human primary renal cancer cells were
suspended separately in NaCl solution. The samples were pro-
cessed separately for 30 min using the multi-channel device at
optimized settings. The number of pulses reflected the cell con-
centration which illustrated the capability of the device to quantify
the cancer cells (Fig. 4(b)). It also showed high sensitivity of the
device demonstrated by detecting a very low concentration of
cells. The translocation profile was found to be steady regardless of
the cell concentration or the time (Fig. 4(c)). It validated the
consistency and reliability of the device for long measurements.

The key objective of parallel recognition was to increase the
throughput by rapid processing of blood samples. The exposure to
lysis buffer reduced the cell concentration per ml of blood by three
orders of magnitude which eliminated the need for blood dilution.
In other works, the whole blood has to be diluted as much as 10
times to avoid blockage/clogging of micropore (Asghar et al.,
2012). Dilution raised the sample volume by 10 times and
furthermore single micropore measurements made it a very low
throughput system. The array scheme made it a rapid processing
device. Moreover, cells collected from 1 ml of blood were resus-
pended in 500 μl of NaCl solution which reduced the sample
volume by half while keeping the cell density still low enough to
be processed by the device without getting blocked. Thus, just by
adding one extra channel, the throughput increased by 40 times.
At optimized flow rate, it took only 25 min to process 1 ml of
blood.

The metastatic renal cancer cells gave distinctive current
blockage statistics. As already mentioned, WBCs were smaller in
size so these offered lesser physical blockage to the micropore
which showed different translocation profiles. The experiments
were repeated at least three times and similar results were
observed. The pulse characteristics (pulse width, peak amplitude)
showed that cancer cells were easily identifiable as can be seen in
Fig. 5(a) which displays the two scatter plots combined; one for
pulse distributions for cell suspensions containing only cancerous
cells and the second for only WBCs. The cell suspensions for two
cell types were processed separately and the distributions of
electrical profiles are drawn on the same plot to have a clear view



Fig. 4. Reliability and cell enumeration. (a) Micropore 1 and micropore 2 show similar electrical signal for cancer cells during simultaneous recording of data across each of
them. Frequency of pulses reflects the number of translocated cells. Similar pulse frequency demonstrates uniform distribution of cells across each channel. (b) Comparison
of the current signal for high concentration and low concentration of cell suspension reveals that the number of pulses reflects the cell concentration and can be used for cell
counting. (c) The device shows similar electronic signatures at 1, 15 and 25 min after first cell detection. A stable and consistent translocation profile for both cell types
throughout the experiments indicates the reliability of the device.

A. Ilyas et al. / Biosensors and Bioelectronics 62 (2014) 343–349 347
of the location of cancer cells on the plot. It helped us to determine
the width of pulse distribution for cancer cells, shown by the
dotted ovals in Fig. 6. More than 95% of cancer cells show
distinctive translocation profile from WBCs owing to their differ-
ent biomechanical properties.

The pulse signals from cells clumped together could easily be
discriminated from single cell pulses. Clumps resulted in pulses
that had double or triple dips at the bottom of the pulse as shown
in Fig. 5(d). Since the scope of the study was to distinguish cancer
cells from normal blood cells based upon electronic signatures
from single cells, the clumped cells data was ignored and compar-
ison was done only between the electrical profiles of single cells.

The characteristic pulse signals are shown closely in Fig. 5
(b) and (c). The pulse statistics for both types of cells are given in
Table 1 which shows the average values of translocation time and
peak amplitude for thousands of cells. The analysis of data based
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Fig. 5. Scatter plot and translocation current trace for the cells passing through the
micropore. (a) The distribution of pulses for both types of cells processed separately
through the multi-channel micropore device is shown on a single plot for
comparison. The scatter plot shows clearly separate data distribution for cancer
cells as compared to white blood cells (WBCs). (b) and (c) Characteristic transloca-
tion profile (translocation time, current peak amplitude) for renal cancer cells and
WBCs respectively. (d) The pulse shape shows that the signal is from the cells
clumped together. This information is used to exclude these data points from
analysis.

Fig. 6. Data density plots for mixed cell suspension. Scatter plots for freshly
collected (a) rat blood (without cancer cells) shows distribution of pulse signals
for WBCs. The color-map on the right indicates the data density distribution of
cells. Cancer cells spiked in freshly collected (b) rat blood and (c) human whole
blood demonstrate that characteristic current signal discriminates cancer cells from
WBCs and can be efficiently recognized out of a mixed cell suspension as pointed
out by the dashed ovals. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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on translocation time and peak amplitude was carried out using
one-way ANOVA for independent samples which showed that the
two types were significantly different from each other
(p-valueo0.001). The pulse shape also provided further informa-
tion about the translocating cell. The orientation of the cell and its
biomechanical properties predominately defined the pulse char-
acteristics and pulse shape (Asghar et al., 2012; Chen et al., 2004).
The ionic current value corresponded to a cross-sectional circular
contour which indicated the physical dimension of the translocat-
ing cell. Thus, the data could be used to accurately track 3D
electrical profile of the translocating cell at optimized settings of
the measurement system. Moreover, the slope of the pulse signal
indicated the stiffness of the translocating cell which can be used
to study the biomechanical properties of the investigated cells.

After defining the signature pulse signals for renal cancer cells
and the WBCs, a mixture of renal cancer cells and freshly collected
whole blood samples (human and rat) were investigated to
determine the detection efficiency of our device from mixed cell
suspension. One hundred renal cancer cells were spiked in 1 ml of



Table 1
Pulse statistics for both cell types through 20 μm micropore 1 and micropore 2.

Cell types Measurement (units)

Average translocation time (μs) Average peak amplitude (μA)

μpore 1 μpore 2 μpore 1 μpore 2

Renal cancer cells 73.50718.13 78.37736.30 7.5273.44 7.6972.83
WBCs after RBC lysis 9.6076.02 9.1875.64 1.8370.47 1.8470.40
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whole blood and RBC lysis buffer was used to get rid of RBCs (as
explained in Section 2.4). The solution was centrifuged and the
collected pellet was resuspended in NaCl solution to get a mixed
cell suspension as shown in Fig. 6. Trypan Blue assay confirmed
the viability of cancer cells in mixed suspension which showed
that RBC lysis did not affect the cancer cells present in the blood
sample. The cancer cells were spiked in freshly collected blood
samples from human and rat. Both types of blood samples were
processed separately under similar conditions. The data demon-
strated that cancer cells were easily distinguished fromWBCs even
when these were mixed at very low concentration (100 cells per
ml) as shown by the density plots in Fig. 6. The color variation
indicates the density of data points and dashed ovals point out the
region characteristic of the translocation profiles of cancer cells
determined from the scatter plot given in Fig. 5(a). The data
showed that more than 70% of cancer cells spiked in whole blood
gave electrical profiles specific to cancer cells and were easily
identified by the distribution of these pulses in the elliptical area
defined for cancer cells. Thus, the multichannel micropore system
provided statistical analysis on single cell level and used electronic
fingerprints of cancer cells to discriminate them from WBCs with
70% detection efficiency in a high throughput fashion.
4. Conclusions

A rapid scheme to detect cancer cells from whole blood using a
solid-state micropore array is reported. An array of micropores
with simultaneous recording data for parallel recognition of cancer
cells resolved the key challenge of the throughput for single solid-
state micropore devices. The cells were pushed under optimized
fluid pressure to record electronic signatures for one cell at a time.
The biophysical properties of cells gave characteristic pulse signals
which discriminated the cancer cells from other cell types. The
multi-channel micropore device did not need any cell staining,
surface functionalization or expensive equipment. It not only
efficiently detected the cancer cells but also provided statistical
contribution from pulses of every single cell in a high throughput
fashion. The throughput and processing can be increased by easily
adding more micropores in the array. The system is also capable of
investigating other samples where biomechanical properties of
cells can be used as the discriminating factor to indicate the
physiological status of the cells.
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