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ABSTRACT

Aims: Circulating tumor cells (CTCs) have significant diagnostic value for cancer
patients. We report a label-free, simple and rapid microchannel filter type device for
isolation of known metastatic cancer cells based on their mechano-physical properties
like size and deformability.

Study Design: Metastatic renal cancer cells were highly elastic and squeezed through
microchannels much smaller than their size. Using a reverse-selectivity approach, the
number of microchannels and their dimensions were varied to optimize and reduce the
shear stress on tumor cells such that these did not pass through filtering channels.

Place and Duration of Study: Department of Electrical Engineering and Department of

*Corresponding author: Email: smigbal@uta.edu;



British Journal of Medicine & Medical Research, 4(11): 2129-2140, 2014

Bioengineering, University of Texas at Arlington, USA, between June 2012 and March
2013.

Methodology: A microfluidic filter type device was fabricated using soft lithography in
polydimethylsiloxane (PDMS). The device consisted of one inlet and one outlet
connected via 400 microchannels. First of all human derived renal cancer cells were
suspended in 1X PBS solution and passed through these microchannels and capture
efficiency of the device was calculated. The dimensions of microchannels were varied in
order to increase efficiency. Eventually cancer cells were spiked in rat blood and isolated
from the mixture.

Results: For different dimensions of microchannels capture efficiencies of the devices
were calculated. First device consisted of microchannels of 20 pm x 10 ym (Device-1)
and the capture efficiency was 31.04+2.5%. Then dimensions were varied to 10 ym x 10
pm (Device-2), 10 um x 5 pym (Device-3), and 5 pym x 5 ym (Device-4) and capture
efficiencies increased to 45.18+1.85%, 70.96+2.39% and 78.361+4.29%, respectively. Rat
blood was used as negative control in Device-3 and Device-4 and blood cells were able
to pass the microchannels. Finally renal cancer cells were spiked in rat blood and
isolated from red blood cells and white blood cells.

Conclusion: A novel microdevice is fabricated to detect metastatic renal cancer cells
based on their size and deformability. The efficiency of the device is more than 78%.
This microfluidic channel device does not require preprocessing of blood (except dilution)
or tagging/modification of cells and can be implemented for primary screening of cancer.

Keywords: Circulating tumor cells (CTCs); Microfluidic channels; Metastasis; Diagnostics;
Mechano-physical properties.

1. INTRODUCTION

Circulating tumor cells separate from the solid tumor and circulate through blood to form
secondary tumors [1]. CTCs are found in the blood for most of the cancer patients. It is
important to detect CTCs in peripheral blood of cancer patients at early stages to prevent
metastasis [1]. In 2012, a total of 1,638,910 new cancer cases and 577,190 deaths from
cancer were projected to occur in the United States alone [2]. This is because early stage
cancer is mostly asymptomatic and cannot be detected for effective treatment. Numerous
conventional cancer cell sorting techniques including centrifugation, chromatography, and
fluorescence-/magnetic-activated cell sorting (FACS and MACS) are limited in yield and
purity [3]. Consequently, microfluidic systems have emerged as fascinating platforms to
detect cancer cells. In recent years, magnetism based cell sorting, on-chip dielectrophoresis,
functionalized and/or label-free microfluidic systems are getting considerable interest to
detect cancer cells from simple body fluids.

Magnetic bead based cell separation techniques have been shown to isolate and enumerate
CTCs from blood samples with high efficiency, specificity and viability [4-8]. In order to take
the advantage of both immunomagnetic assay and the microfluidic device, immunomagnetic
CTC detection has also been reported. Cancer cells have been labeled with magnetic
nanoparticles and separated from blood flow using arrays of magnets [9]. Another
microfluidic device has been shown to detect and culture CTCs collected from whole blood
using EpCAM coated magnetic microbeads [10]. Dielectric properties of metastatic cancer
cells are also known to be significantly different from normal blood cells and therefore
dielectrophoresis (DEP) has been used to successfully detect CTCs with high efficiency and
purity [11-19]. Numerous DEP techniques such as positive DEP, negative DEP, field flow
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fractionation DEP, multi-orifice flow fractionation DEP [16], contactless DEP [18], etc. have
been reported. But complexity (in design and/or operation), time consuming pre-processing
and requirement of external magnetic or electric fields etc. are limiting factors in these
techniques [20].

Due to high specificity and selectivity, aptamers have been incorporated in several
microfluidic setups to detect and enrich tumor cells [21-24]. However aptamers are not
available for all types of cancer biomarkers and their reproducible and faithful attachment to
device surfaces is a long and tedious process. Therefore label-free microfluidic isolation that
does not require multiple additional “tags” or “labels” of rare cells is preferable [20].
Distinctive physical properties of CTCs such as density, adhesion, size, and deformability
can be used for label-free separation. Usually sizes of tumor cells are not only larger than
red blood cells (RBCs) and white blood cells (WBCs) but also have higher elasticity [25].
Some metastatic cancer cell types have been reported to be more than 70% softer than
benign cells and mechanical analysis can distinguish these from normal cells of similar
shapes [26]. Some devices like microcavity array [27], small capillaries [28,29], 3D filters
[30], pool-dam structures [31] and adhesion based nanostructured surfaces [32] use
mechanical properties as discriminator of cancer cells from blood. On the other hand, some
devices have employed structures like double spiral channels [33], multiple channel
segments devices [34], parylene membranes [35,36] and herringbone-texturing [37].
Most efficient and commonly used label-free cell separation can be just filtration, based
on size and deformability of cells. For cell sorting and fractionation, numerous microfilters
are validated which can be categorized in 4 types namely weir, pillar, cross-flow and
membrane [20].

Here we introduce a microfluidic filter type device that blocked cancer cells in spite of their
highly elastic nature. The device consisted of single inlet and outlet chambers connected by
400 microchannels. The dimensions of the microchannels were optimized to block more than
78% of renal cancer cells in the inlet. This label-free, cost-effective and high-throughput
approach could be implemented for rapid cell sorting based on their distinctive physical
properties such as size and deformability without any pre-processing. Devices were
fabricated in polydimethylsiloxane (PDMS) using soft-lithography with different cross-
sectional areas of the channels by varying the width and height. The four types of devices
with channel dimensions of 20 um x 10 ym (Device-1), 10 ym x 10 ym (Device-2), 10 ym x 5
pm (Device-3) and 5 ym x 5 um (Device-4) were fabricated. For every device here,
dimension is represented as height x width. Blocking efficiency of these four devices for
renal cancer cells were found to be 31.04%, 45.18%, 70.96% and 78.36% respectively. The
smaller cross-sectional area increased the overall cell isolation efficiency showing specific
behavior of RBCs and WBCs in these devices. It was observed from experiments that RBCs
and WBCs were small enough to pass easily through the microchannels in Device-3 and
Device-4. Eventually cancer cells were mixed with rat blood and Device-4 was able to detect
tumor cells successfully.

2. EXPERIMENTAL DETAILS

All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless mentioned
otherwise.
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2.1 Microdevice Design and Fabrication

Dimensions of the microchannels were chosen based on cell sizes. The diameters of cancer
cells have been reported to range between 11 ym to 22.5 ym [27], thus the experiments
were started with channel dimensions of 10 ym x 20 ym. Several articles have suggested
similar dimensions of channels to capture cancer cells [27-37]. It was reported elsewhere
that WBCs and RBCs could traverse through 2-5 um capillaries while cancer cells were
captured [28]. Again, from simple mechanophysical analysis using Young's law it was
calculated that for a specific flow rate of 1 ml/h, the final size of CTCs in a channel of
dimension 10 x 20 um2 could be reduced to 9.99 ym and 19.99 um for their initial diameter of
10 ym and 20 um respectively. The Young’'s law describes a relationship among Young’s
modulus Y, applied pressure P, initial length L and change of length / of a substance by the
following equation,

vY=P/I/L) (1)

For this calculation the Young's modulus of cancer cells was chosen as 0.5 kPa [26].
Therefore, it was expected to capture a good number of tumor cells using this device. But
capture efficiency for this device was low and consequently the dimensions of the channels
were reduced to enhance efficiency.

The dimensions of the inlet and outlet were 28 mm by 7 mm. The width of the microchannels
was varied from 5 to 10 ym. First of all, the photo-masks were drawn in AutoCAD and
patterns were produced on glass. The inlet and outlet were fabricated by spin coating SU-8
2010 on a silicon wafer (1000 rpm, 30 s). The height of the inlet and outlet was 22 ym. Next,
the microchannels were fabricated using 10 um high SU-8 2010 (spin coated at 1000 rpm for
30 s) and 5 ym height using SU-85 (spin coated at 3000 rpm for 30 s). The patterns were
generated in masters using photolithography.

Next, the patterns were translated to PDMS. First of all, PDMS was mixed (10:1, wt/wt) with
Sylgard 184 silicone elastomer curing agent (Dow Corning, Midland, MI). This mixture was
degassed in a desiccator for 1 h to get rid of the bubbles. Then PDMS was poured on the
masters and heated at 75 °C for 5 min and then 150 °C for 10 min. Next the PDMS molds
were peeled off from the masters and fluidic ports were punched in every PDMS mold.
These molds were cleaned in isopropyl alcohol (IPA), rinsed in de-ionized water (DI water)
and dried in nitrogen. To cover PDMS, glass slides were used. The glass slides (50 mm x 75
mm) were already cleaned with piranha solution (H,O0,:H,SO,4 in a 1:3 ratio) for 10 min,
rinsed with DI water and dried in nitrogen flow. The PDMS and glass slides were treated with
UV Ozone plasma for 25 min and hermetically bonded together. Eventually the devices were
filled with 1X PBS with 5 mM magnesium chloride (pH 7.5) to make these hydrophilic.

2.2 Cell Culture

Clear cell metastatic renal cell carcinoma samples were isolated from the brain tissues of
consenting patient at the University of Texas Southwestern Medical Center at Dallas, Texas,
USA as per the approved Institutional Review Board protocol [38]. The known metastasized
renal derived cancer cells were collected in ice-cold Hank’s medium. The cells were
chemically dissociated with papain and dispase (both 2%) as reported earlier [39]. Next cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum
[1]. The renal cancer cells were stably transduced with a lentivirus expressing mCherry
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fluorescent protein. The blood samples were collected from tail of a rat by restraining the
animal. The blood was collected in tubes with K2-EDTA as anticoagulant.

2.3 Experimental Setup and Procedure

The renal cancer cells were suspended in 1X PBS solution to desired concentrations. The
cells were passed through the microfluidic channel device at flow rate of 1 ml/hr using a
syringe pump. Although, higher flow rates would have reduced the processing time, the
larger shear forces on the cells would have modified the cell behavior and selective filtration
capability would have been lost. Cells were passed for 30 min and in order to avoid cell
sedimentation the syringe was shaken after every 10 min. After passing the cells for 30 min,
devices were scanned thoroughly and images were taken using optical microscope. The
images were taken not only from channel areas, the whole device was observed to count
cells. In addition, the cell solution that was coming out from the outlet chamber was collected
and images were also taken of that solution to count the number of cells in the outlet. All of
these images were analyzed to determine cell capture efficiency and to measure cell sizes
using ImageJ software. In order to calculate cell capture efficiency, average number of cells
passed to the outlet chamber and average number of cells captured in inlet chamber in per
unit area were considered.

The cell viability was measured using the solution that was collected from outlet chamber.
This solution was mixed with equal volume of trypan blue solution (0.4%) and was let sit for
5 min at room temperature. This solution was put on a glass slide and observed in optical
microscope to count live and dead cells.

The blood samples were passed through devices after diluting with sterile 1X PBS at 1:10
ratio in order to reduce the sample viscosity [1]. Next, cancer cells were mixed in diluted
blood at a concentration of 1000 cells/ml and this solution was used to run experiment in
Device-4. After running experiments, the devices were observed in fluorescence microscope
and images of the devices were taken. These images were analyzed using ImagedJ software
using same procedure mentioned above for calculating cell capture efficiency. The flow rate
was kept moderate. In order to increase throughput, several devices can be used in parallel.
Besides, number of channels can also be increased in each device, which could have
allowed higher flow rate.

3. RESULTS AND DISCUSSION
3.1 Device Optimization and Calculation of Capture Efficiency

The microdevice design schematic is shown in Fig. 1. In order to define a baseline for cancer
cell detection efficiency, high concentration of cancer cells were spiked in 1X PBS and
pumped through the microdevices. Though the average diameter of renal cancer cells was
more than 15 ym, most of the cells squeezed through the channels in Device-1 due to their
highly elastic nature. But some cells were captured in the channels and cluster of cells were
observed around the channels as shown in Fig. 2(a). The average capture efficiency (n) for
this device was 31.04+2.5%, calculated using the following equation.

D P
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Here variables X and Y represent the number of cells remaining in the inlet and the number
of cells that made it to the outlet, respectively.

Fig. 1. Schematic diagram of the microfluidic channel device (flipped upside down)

There can be a number of plausible explanations to understand the passage of cells through
the channels in addition to their mechanophysical properties. One factor could be the
heterogeneity in the sizes of cancer cells. Another could be the shape of cells; cells are
globular in shape whereas channels were rectangular and exact range of Young's moduli of
cancer cell was unknown. But all these factors were unchanged from device to device, so
their contributions can be discounted. To increase capture efficiency, the height was lowered
to 10 uym (Device-2). The reduction in the total cross-sectional area available for the cells to
pass through resulted in the increment of capture efficiency to 45.18+1.85%. Still, more than
half of the cells were able to pass through the channels as shown in (Fig. 2b). Next, Device-
3 and Device-4 showed capture efficiencies jumping to 70.96+2.39% and 78.36+4.29%,
respectively (Fig. 2c, 2d and Fig. 3). Every device was run for two times and the results
clearly exhibited a statistically different behavior that followed an almost monotonic trend.
From Fig. 2, it can be observed that cells were passing through the channels in Device-1
and Device-2. Therefore the cell clusters were found on both sides of the channels (Fig. 2a
and 2b). On the other hand, no clusters of cells were observed on the outlet side of the
Device-3 and Device-4 (Fig. 2c and 2d). Moreover, as cells had more space to traverse
through in Device-1 and Device-2 compared to Device-3 and Device-4, therefore more cells
were found around the channels in first two devices.

It was also observed that all the cells were not of same size and sizes of the cells had
significant impact on capture efficiency. From the analysis of the sizes of 100 randomly
selected cells in each device, it was seen that the cells blocked in Device-1 had average
diameters of 18.44+3.60 um, while average diameter of the cells captured in Device-4 was
15.2243.54 um (Fig. 4). For Device-2 and Device-3 these diameters were 17.25+2.13 ym
and 15.26+4.97 um, respectively. From this analysis, it was seen that all cancer cells were
not of same size and when these cells were pushed through a microchannel, they squeezed
up to a certain limit depending on their sizes. This brings out an important aspect that cell
elasticity depends on its size. Previous reports have just looked at elasticity of tumor cells
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as a whole but maybe the elasticity is further dependent on the grade of tumorigenesis,
stage of cell division, and amount of overexpression/downregulation of various markers.

J2)

Outlet

Fig. 2. Cells captured in microfluidic devices in case of (a) Device-1, (b) Device-2, (c)
Device-3, and (d) Device-4. The scale bars in all micrographs are 50 ym. The right
side of channels is inlet and the left is outlet as mentioned for (a).

90

80

%gi[i

Device-2 Device-3 Device-4

Cell capture efficiency (%)

Fig. 3. Average cell capture efficiency of four devices (n=2).

2135



British Journal of Medicine & Medical Research, 4(11): 2129-2140, 2014

25 -

20

15 4

10 -

Average diameter of captured cells (pm)

Device-1 Device-2 Device-3 Device-4

Fig. 4. Average sizes of the blocked cells in four devices (n=100 for each).

As the flow rate was same for all cells, the pressure applied to each cell, and consequently
the shear force, was also same. So if we consider all cells to have same Young’s modulus
then strain on each cell should also be the same. From the simple definition of Young’s
modulus final size of the cells should be linear function of their initial size. Consequently,
larger cells were blocked and smaller cells passed through. In Device-4, viability of renal
cancer cells was above 74%.

3.2 Detection of Cancer Cells from Blood

Diluted rat blood samples were used to run experiments in optimized devices (Device-3 and
Device-4). It was observed that RBCs and WBCs were smaller in size and were able to pass
the microchannels quite easily (Fig. 5). In Device-4, some WBCs were hindered by the
microchannels but were able to pass the channels without creating any cluster or blockage.
Though some WBCs may be larger in size but it has been reported before that RBCs and
WBCs can traverse through capillaries of 2-5 ym [28]. The tumor cells were spiked in diluted
blood at a concentration of 1000 cells/ml and experiment was run in Device-4.

From optical micrographs, it was observed that some cells were blocked by the channels. As
WBCs and RBCs were able to traverse through the channels (Fig. 5b) and channel
dimensions of Device-4 were optimized to capture renal cancer cells with high efficiency
(Fig. 3), it might be safely concluded that the blocked cells from blood sample were indeed
cancer cells. But for clear discrimination of tumor cells from blood cells and to calculate
capture efficiency, fluorescent images of the devices were taken (Fig. 6). After analyzing all
the images it was found that this device was able to isolate these tumor cells from blood
mixture with an average efficiency of 78.20+2.57%.This was very similar to the efficiency
that was achieved from the devices to isolate CTCs from PBS solution.
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Fig. 5. Blood samples introduced in (a) Device-3, and (b) Device-4. RBCs and WBCs
passed through the microchannels. The scale bars are 50 pm

It was also observed that tumor cells were very flexible and could change their shapes while
trying to squeeze through the smaller channels, but clearly the shear force of the flow was
not high enough. Smaller shear force did not result in the cell squeezing through, counter-
intuitive to the more flexible nature of the cells. Some of the cells, captured by
microchannels, were distorted in shapes.

Outlet \

Fig. 6. Fluorescence micrographs of isolated cancer cells, spiked in rat blood, using
Device-4. The scale bars are 50 ym.

4. CONCLUSION

A microdevice is shown to detect renal cancer cells, which were established already to be
metastatic, based on their size and elasticity differences from RBCs and WBCs. Cancer cells
are highly deformable and can squeeze through very small pores. The device consisted
large number of channels to reduce shear stress on each cell which minimized the
deformation of cancer cells and eventually detected renal cancer cells successfully with an
efficiency of more than 78%. It was observed that the optimized channels were large enough
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for WBCs and RBCs to pass through but reduced the shear force and plugging effect to
capture metastatic tumor cells. This inexpensive and simple device can be used in CTC
detection from blood samples.
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