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Abstract

CTCs offer and intriguing option for cancer diagnosis. By assaying for their presence in blood,
rather than through biopsy or imaging technology such as mammography, cancer screening can
be made cheaper, more efficient, more comprehensive, and more effective. However, an
adequate method to elucidate the presence of CTCs in whole blood has yet to be determined. We
purpose a microfluidic separation device based on three proteins (anti-EpCAM, anti-CAV-1, and
E-selectin) to increase capture efficiency, purity, and versatility. A passive, grooved PDMS
mixer is also incorporated into the design to increase frequency of contact between the cells in
suspension and the protein-functionalized surface of the bed of the channel. Current microfluidic
capture devices rely solely on anti-EpCAM to bind to CTCs in flow. By incorporating E-
selectin, anti-CAV-1, and a passive mixer into our chip, we are able to increase capture
efficiency, purity, and versatility to yield a more robust detection assay.
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Introduction

In 2008, over half of cancer-related deaths were caused by prostate, lung, breast or colon cancer.
The four diseases all share the threat of metastasis — the ability to spread from the original tumor
site throughout the body via circulating tumor cells (CTCs). These cells detach from the tumor
site and are transported throughout the body by either the circulatory system or bone marrow.

In blood, these cells are extremely hard to find (between one in ten million and one in a billion)?
since they are mixed in with red blood cells, leukocytes, platelets, etc. Yet, they offer an
extremely attractive method for cancer screening and diagnosis since they are often detectable
before the symptoms of the tumor itself become apparent. As an added benefit, such a screening
method would only require a small blood sample as opposed to a traditional biopsy which
necessitates invasive surgery and the removal of a tissue mass. Moreover, such a method could
test for the presence of metastatic cancers throughout the whole body, rather than just a particular
site as current medical imaging methods (like mammaography) do.

One thing many carcinoma cells, and by extension CTCs, have in common is that they express
epithelial cell adhesion molecule (EpCAM) at a very high rate,® * while the protein is only
negligibly present in normal blood cells. Previous attempts to isolate CTCs using a variety of
methods all proved to have severe deficiencies. Reverse transcriptase polymerase chain reaction
procedures commonly yielded sensitivity rates below 35 percent® and immunomagnetic bead
based technologies managed to achieved high throughput and purity, but low efficiency.®

In 2007, the Toner group built a microfluidic device that takes advantages of the overexpression
of EpCAM in carcinoma cells.” By fabricating 100 um posts in a Si wafer via deep reactive ion
etching (DRIE), then coating them with anti-EpCAM, they were able to isolate CTCs by simply
flowing whole blood through the chip. The CTCs adhered to the anti-EpCAM-coated posts and
the rest of the blood was flushed out of the device (Fig.1).

This leveraging of microfluidic technologies for the isolation of CTCs proved much more
effective than previous methods. The device was able to process whole blood with no prior
sample preparation giving such a method the potential for rapid, high-throughput screening.



Moreover, the device was very sensitive, detecting CTCs in 115 out of 116 cancer patients.
Finally, this method isolated a purer sample than previous methods.’

However, since it is a micro-scale device
processing meso-scale samples of blood, the tests
can be rather time consuming, often negating any
benefits reaped by the elimination of pre-
processing the sample. Also, the complexity and
cost of DRIE is prohibitive to any near-term,
laboratory reproduction of the cancer screening
chip. Though the purity of the captured cells
sample is markedly improved from past methods
to 50 percent,” still higher purity yields are
necessary for effective cancer screening.

Fig.1 — micrograph of 100 pm x 100 pm Si
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fabrication and characterization of a novel overexpress the protein.

microfluidic device, we will address and improve
upon the range of cells that can be isolated by microfluidic techniques as well as the capture
purity and efficiency of the device.

Furthermore, previous CTC capture microfluidic devices have focused exclusively on EpCAM-
based capture. It is not uncommon, however, for some CTCs to have comparatively low levels
of EpCAM expression. It has generally been found that as EpCAM expression decreases, CAV1
expression increases™. For this reason, we hope that by incorporating anti-CAV1 into the
protein coat, we will be able to capture a broader range of CTCs than previously possible,
making our device a more powerful tool for cancer diagnosis.

Another protein, E-selectin is common on the endothelial surface of the vasculature and it readily
interacts with blood cells as well as CTCs. E-selectin exhibits very fast binding kinetics (via a
catch-bond mechanism) which makes it an ideal protein for pulling CTCs out of flow, in the
process increasing the amount of time they are available for capture. Its incorporation will allow
for greater CTC exposure to the protein-functionalized surface, leading to higher purity and
capture rates, as well as allowing for flow rates at least six times higher than have previously
been achieved. Blood cells will roll along the E-selectin surfaces until they reach an anti-
EpCAM or anti-CAV1 patch, become unbound, and are perfused out of the device.

We present a device consisting of a multi-channel polydimethylsiloxane (PDMS) mold bonded
to a glass slide coated with a protein cocktail engineered to isolate CTCs from whole blood as it
is perfused through the device. In order to improve capture efficiency, as well as isolate CTCs
with comparatively low EpCAM expression, the protein coating is composed of E-selectin and
anti-CAV1, as well as anti-EpCAM, whereas previous devices focused on capture based
exclusively on EpCAM adhesion.” In order to increase incidents of contact between suspended
cells and the protein coat, a passive mixer was also incorporated into the PDMS mold.



Method

The PDMS mold consists of 41 parallel, independent channels with grooved ceilings designed to
induce transverse flow, forcing the cells to the bottom of the device. PDMS molds were made
via soft lithography from Si masters fabricated by photolithography.***2 SU-8 2100 was spun at
2600 RPM to coat a 100 mm diameter Si water with a layer of photoresist 100 um thick. After
soft baking, the photoresist was masked and exposed to UV light and post baked. A second, 160
pum layer was spun and 1100 RPM and the process repeated. To complete the master, the device
was developed and then silanized for 2 hours to allow for easy removal of PDMS molds. PDMS
was mixed in a 10:1 ratio (by weight, polymer to curing agent), poured over the Si mold,
degassed and cured at 75 °C for 90 minutes. Both lithography processes are illustrated in
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Finally, CTC capture is quantified using a microscope. For sixty seconds, whole blood is
perfused at 0.1 mL min™ through the device by a syringe pump and pictures taken at one second
intervals. From these pictures, the number of cells captured can be determined, however it is
necessary to develop a way to filter out particles, cells that have already attached to the protein
coating, and cells that are not attached and just flowing through the frame.

To analyze the images, the mixer pattern was first subtracted from the frame. This is done using
imageJ’s ‘Subtract’ function. By taking a ‘control’ picture, before the device is filled with cells,



we can remove the mixer pattern (and associated glare) from subsequent images where cells are
present.

Cell Area Histogram

To quantify cell capture, two separate programs are
used. The series of timelapse images is analyzed
using ImageJ software.'® A custom-built macro
sums images to filter out cells that are flowing
through the frame, applies a threshold to the
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Results/Discussion

The ceiling grooves were optimized according to previously conducted research to induce
maximum transverse flow."” To ensure that the calculated channel dimensions of 100 um and
160 um — critical to mixer optimization — were achieved, a series of experiments was performed

to determine the correct spin speed for SU-8 coating. The results are summarized in Fig.4.

Spin Speed vs. SU-8 Resist Thickness
2001

——SU-8 2050
—SU-82100

180

ol ™

1 | | 1 | | 1 1 | ]
61%00 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Spin Speed, RPM

Fig.4 — graph of SU-8 photoresist layer thickness versus spin speed. The
2100 curve is similar to that found in the literature, though shifted left.
The same is expected of the 2050 curve had more trials been run.

It was found that a spin speeds of 2600 and 1100 RPM corresponded to thicknesses of 100 um

and 160 um respectively. This differed significantly from published data from Microchem,*® *°
but this error is most likely due to higher than normal laboratory temperatures, which would in

turn decrease the viscosity of the photoresist. This is consistent with the data.

In order to validate the use of the “Subtract’ function in ImageJ, a control image of the device
was taken before it was filled with cells. An image with capture was then selected (Fig.5-b) and
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subtracted from the control (Fig.5-a). The result (Fig.5-c) indicated that such a method would be
appropriate for filtering out the effects of the mixer pattern, as well as other scratches or defects
on the surface of the slide.

Fig.5-a — ‘Control” image of Fig.5-b — Image with captured Fig.5-c — Result of subtracting
device used to cancel out cells 5b from 5a. This validates our
interference caused by PDMS method for removing noise
mixer pattern. caused by the mixing pattern.

The counting algorithm was compared to two different hand counted photographs to validate the
procedure. To be sure the program could handle a variety of images, one image containing ~100
cells was chosen and one image containing ~1000 cells was chosen. After each image was
counted by hand using imageJ, the program was run and the results compared. The numbers
were in a good agreement; in each case the error was ~1 percent.

From preliminary results, we were able to elucidate several key points about out assay. First, it
was found that a flow rate of ~0.1 mL min™ improved interaction between the cells and the
protein surface. This is a lower flow rate than desired, but nevertheless, it is six times faster than
those achieved by other devices.

As expected, the cells rolled on E-selectin, however there was not much anti-EpCAM and even
less anti-CAV1 capture. This could be due to two reasons. First, it was observed that as rolling
cells entered the mixing region, they became detached and were washed away. It could be
possible that the mixer is “over-optimized” and the flow is so turbulent that it rips bounds cells
off the bottom of the device and washes them away.

Second, it is possible that the protein coating was flawed. We have yet to determine the correct
ratio of anit-EpCAM, anti-CAV1, and E-selectin to obtain maximum capture. Furthermore, in
preparing the slides, the BSA was left to coat the devices for longer than planned, giving rise to
the possibility that it may have displaced some anti-EpCAM or anti-CAV1 due to its higher
affinity for PDMS adsorption. Either way, more careful, controlled deposition of the protein
coat is necessary and will be attempted in successive trials.

Conclusion

A microfluidic device made functional by anti-EpCAM, anti-CAV1, and E-Selectin has been
fabricated and will be shown to capture circulating tumor cells in good yield and purity.
Through a novel design that couples E-selectin with anti-CAV1 and anti-EpCAM for cell
capture, faster flow rates and therefore higher throughput were realized. Furthermore, CTCs
expressing normal or low levels of EpCAM (such as MBA-MD-2315s) will be captured by this



new device, whereas previous devices based exclusively on EpCAM capture were unable to
detect such cells. This device brings us one step closer to a cheap, effective, high-throughput
microfluidic device for metastatic cancer screening.
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