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Abstract

Circulating tumor cells (CTCs) are broadly accepted as an indicator for early cancer diagnosis and
disease severity. However, there is currently no reliable method available to capture and enumerate
all CTCs as most systems require either an initial CTC isolation or antibody-based capture for
CTC enumeration. Many size-based CTC detection and isolation microfluidic platforms have been
presented in the past few years. Here we describe a new size-based, multiple-row cancer cell
entrapment device that captured LNCaP-C4-2 prostate cancer cells with >95% efficiency when in
spiked mouse whole blood at ~50 cells/mL. The capture ratio and capture limit on each row was
optimized and it was determined that trapping chambers with five or six rows of micro constriction
channels were needed to attain a capture ratio >95%. The device was operated under a constant
pressure mode at the inlet for blood samples which created a uniform pressure differential across
all the microchannels in this array. When the cancer cells deformed in the constriction channel, the
blood flow temporarily slowed down. Once inside the trapping chamber, the cancer cells recovered
their original shape after the deformation created by their passage through the constriction
channel. The CTCs reached the cavity region of the trapping chamber, such that the blood flow in
the constriction channel resumed. On the basis of this principle, the CTCs will be captured by this
high-throughput entrapment chip (CTC-HTECH), thus confirming the potential for our CTC-
HTECH to be used for early stage CTC enrichment and entrapment for clinical diagnosis using
liquid biopsies.
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Measurement of circulating tumor cells (CTCs) represents a minimally invasive cancer
screening method useful for initial staging of cancer patients and in monitoring recurrent or
metastatic disease.1™* The CTCs in peripheral blood play an important role in cancer
metastasis. Considering the rare count of CTCs in blood with 1-100 cells/mL, the blood
volume usually requires ~7.5 mL to achieve conclusive results for CTC detection and
enrichment. The challenge of detecting and isolating the rare cells from peripheral blood
encouraged scientists and engineers to develop many methods for CTC enrichment and
enumeration. A limitation of the current CTC enumeration systems approved by the U.S.
Food and Drug Administration (FDA), namely, CellSearch and AdnaTest, is their reliance
upon expression of the epithelial cell adhesion molecule (EpCAM).56 Clinical studies show
that CellSearch could detect CTCs in blood samples drawn from breast cancer, colorectal
cancer, and prostate cancer patients.”~2 While EpCAM is expressed on the majority of cells
within primary epithelial tumors, its expression is often lost during tumor progression,10-12
During epithelialmesenchymal transition (EMT), there is a loss of epithelial cell markers
including EpCAM and an upregulation of mesenchymal surface proteins which corresponds
to progression to more aggressive and metastatic cells.1%-12 The level of EpCAM expression
also varies for different cancer types and among patients. Furthermore, noncancerous
EpCAM+ epithelial cells can exist in the blood.13 The same deficiency also applies to
microfluidic chips that have been developed throughout the years that function based on
such surface markers. A good example is the CTC chip containing over 10 000 microposts
in an array that uses anti-EpCAM or aptamers for cell capture. The CTC detection and
capture rate using CTC chip can reach 60% with approximately 50% purity.1415 It is also
notable that the surface markers used for CTC entrapment are fundamentally derived from
cell lines and are based on primary tumor or metastatic tumor staining but very few have
been validated on CTCs in patients.1:10.11

The ideal method for CTC isolation and enrichment should have minimal sample
preprocessing to avoid CTC loss, high throughput, high efficiency, high sensitivity, high
purity, and low cost. These criteria along with the limitations associated with surface-
marker-based approaches have motivated the micro-fluidics community to develop new CTC
technologies that rely on biophysical attributes of CTCs. This is primarily based on the
assumption that these properties such as size, deformability, permittivity, and conductivity in
CTCs differ from those of blood cells. Size-exclusion-based, deformability-based, and
dielectrophoresis-based microchips have been explored and have shown promising results in
CTC collection.16-18 Surface acoustic waves generating via tilted identical interdigital
transducers on microfluidic channels also were used to collect CTCs from whole blood.19:20
The development of microfluidic chip for CTC enrichment is finding the balance between
throughput, capture efficiency, and purity. Some existing technologies are listed in Table 1.
In particular, separation of CTCs based on the hypothesis that they have a larger size
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compared to other cells in blood have been broadly investigated. Several review articles have
been published summarizing these efforts.21-24 Some of the examples include using
constriction channels,2> microfilter arrays,2 or fan-in-fan-out microcavity arrays?’ to
capture CTCs but these chips suffer from limitations in throughput and capture efficiency.
Tai and Cote’s groups developed three-dimensional (3D) microfilters on a chip to select
CTCs.28 The two-layers filter structure with micropores can capture ~85% of the spiked
cancer cell lines LNCaP and MCF-7. The configuration and dimensions of the 3D
microfilters need to be customized for specific cell lines, which increase the complexity of
fabricating the parylene-C microfilters on polydimethylsiloxane (PDMS) devices. Toner’s
group developed another type of microfilters with triangle barrier array to select single CTCs
and CTC clusters.2® The trapping efficiency for larger CTC clusters reached 41% for
clusters formed by two CTCs. However, single CTC cells could deform and escape from the
triangle barrier without being captured. Ventana Medical Systems, Inc. also developed a
microchannel-based filter for MCF-7 and MDA-MB-231 spiked blood sample with capture
efficiency of ~75%.30 Because of the limited volume of capturing cavity before the
microchannel filter, the maximum quantity of the CTC captured by this device is limited.
The capture efficiency increased to 84% if more than 1000 of the cancer cells were spiked in
1 mL of blood sample, which indicated a limited application of capturing rare CTCs with
only 1-100 cells/mL. Di Carlo’s group and the Vortex company demonstrated CTC isolation
with generating rectangular reservoirs to form laminar vortices to isolate larger cancer cells
from smaller blood cells.31-34 The dimensions of the rectangular reservoirs can be modified
to make the device suitable for different size distributions of CTCs in either different cancer
types or different cancer subpopulations.34 A recent report of using Vortex technique to
isolate prostate CTCs with both cell line and patients reached an average of 1.88-93.75
CTCs/7.5 mL blood with purity of 1.74-37.59%,33 which had higher CTC detection than
parallel CellSearch system comparison. The high-throughput Vortex (Vortex-HT) chip
showed a capture efficiency of 51% and a purity of 55.2% after six cycles of sample
screening with a high flow rate of 8 mL/min.33

Here, we present our new size/deformability-based CTC high-throughput entrapment chip
(CTC-HTECH) with multiple rows of microconstriction channels and trapping chambers
that overcome the limitations of inefficient capture observed with some existing size-
dependent CTC capture designs. The single CTC can be captured in trapping chambers,
while blood cells can pass through the microchannels with blood flow. The localized
entrapment allows determination of the number of CTCs by scanning the trapping chambers,
a unique feature that is not available in other size-based CTC microfluidic chips.28:3051 The
following describes the chip design and fabrication along with the experimental results that
are achieved by spiking blood samples with prostate cancer cells.

EXPERIMENTAL SECTION

Cell Line Selection and Sample Preparation.

Prostate cancer is the second leading cause of cancer-related death in men. Prostate cancer
cells are good candidates to represent CTCs in peripheral blood.41-62 Prostate cancer cell
line LNCaP-C4-2 (passage #7, expressing green fluorescence protein (GFP) by lentiviral
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transduction) was grown in RPMI with 10% fetal bovine serum and 1% PenStrep (100
U/mL penicillin and 100 pug/mL streptomycin). Cells were grown in T-25 cm? culture flasks
at 37 °C in a 5% CO5, in air atmosphere until cells were ready for subculture. The
morphology of the prostate cancer cells was observed before trypsinization (Figure 1). The
cells were then detached from the flask with trypsin-ethylenediaminetetraacetic acid solution
(Sigma-Aldrich). The LNCaP-C4-2 cells were trypsinized at 37 °C for 5 min, respectively.
LNCaP-C4-2 cells were mixed with murine whole blood at about ~50 cells/mL. The white
blood cells (WBCs) count in the murine whole blood is ~2-3 x 108/mL; the lymphocytes
count is ~1-2.5 x 108/mL; and the platelets count is ~10%/mL.The size of blood cells
including red blood cells (RBCs), WBCs, lymphocytes, and platelets are below 8-10 um,
while the prostate cancer cells are larger in size distributed mainly in the range of 10-15 um
according to previously published work.53

Device Fabrication.

The CTC-HTECH microfluidic channels were fabricated by polydimethylsiloxane (PDMS)
soft lithography, followed by PDMS-glass bonding after plasma treatment (Figure 2). Forty
microchannels with constriction channels (width, 8 um; height, 8 um; length, 100 pm/each)
and trapping chambers (width, 30 um; height, 30 um; length, 40 um/each) were connected in
parallel in each row. The molds for micro-fluidic channels were fabricated on a silicon wafer
with two layers of SU-8 (SU-8 3005 and SU-8 3025, MicroChem, Newton, MA)
photolithography on a clean and dehydrated silicon prime wafer. Tridecafluoro-1,1,2,2-
tetrahydrooctyl-1-trichlorosilane (Fisher Scientific) was coated on the surface of the molds
for the easy release of PDMS.64.65 The PDMS channels were then bonded to a glass slide
after air plasma treatment using plasma cleaner. Detailed fabrication procedures are
available in the Supporting Information.

Experimental Setup.

The CTC-HTECH device is mounted on an inverted microscope (Zeiss Axio Observer
LSM-510, Thornwood, NY). The blood sample is connected to the inlet and in all
experiments with a constant pressure (500 mbar) applied to the sample reservoir by a
pressure pump (Elveflow OB1, Paris). The resultant flow rate of the blood sample was ~2.4
mL/h. A smartphone with slow motion video function was positioned at the inlet and
captured images at a rate of 240 frames/s (fps), which was sufficient to accurately count the
number of cancer cells entering the chip. Only one inlet was open during each experimental
run. As illustrated in Figure 2, cancer cells were deformed in multiple constriction channels
arranged perpendicular to the inlet channel and cells recovered their shape within the
cavities of the trapping chambers. RBCs, WBCs, platelets, and small lymphocytes passed
through every constriction channel with the flow stream. The COMSOL simulation results
of flow through the channels with and without cells in the constriction channels are
presented in the Supporting Information (Figure S1). When the cancer cells enter and
deform within the constriction channel, the blood flow temporarily slows down. Once inside
the cavity of the trapping chamber, the cancer cells recover their original spherical shape
after the deformation created by their passage through the constriction channel and the flow
rate resumes. An individual CTC either continues through the series of constrictions and
trapping cavities or remains in the cavity region of the trapping chamber. When the CTC
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remains in the trapping cavity, this defines an equilibrium point where the impetus of the
blood flow stimulating cell progress through a subsequent constriction channel is offset by a
CTC’s resistance to a subsequent deformation necessary to progress. On the basis of this
principle, the CTCs are captured by this device. GFP prostate cancer cells diluted into whole
mouse blood were visualized by their fluorescence. After 30 min the entire 1.2 mL sample
passed through the device, and then camera images were taken of the device to ascertain the
capture of cancer cells. The trapped CTCs were counted from camera images and the cancer
cell trapping efficiency was determined by comparing the number of trapped GFP+ cancer
cells to the number of GFP+ cancer cells entering the device at the inlet.

It is important to note that both the constant pressure and constant flow rate modes are used
in microfluidic experiments.6:67 The constant flow rate mode using a syringe pump can
guarantee the throughput for most microfluidic devices designed with a limited number of
microchannels.5” However, when a constant flow rate is applied to a device with a large
quantity of microchannels in an array, the pressure will be redistributed as cells are trapped
in the microchannels. The pressure redistribution causes varying mechanical drag forces on
the trapped cells within different channels. If three or more channels contain trapped cells
under constant flow rate conditions, for example, the local pressure in the middle channel
will increase and attempt to force the trapped cells through the constriction channel. The
increased pressure will cause these cells to undergo greater deformation that could lead to
changes in their cytoskeleton and possible cell damage, leading to poor recovery of viable
cells.29.68.69 A sydden change in pressure will alter the cytoskeleton strength, membrane
stiffness, and the biomechanical properties.’%71 In contrast, when a pressure pump is used in
a constant pressure mode, the pressure supply is maintained constant by altering the back
pressure. This results in a variation of the flow rate as the cells become trapped in the
microchannels but avoids excessive pressure that imposes additional mechanical stress on
the cells. In a microfluidic system with a low Reynolds number, the constant pressure mode
will apply constant mechanical force on the cell membrane. Since the capturing and
enrichment is related to the biomechanical properties and metastatic properties of CTCs, a
gentle variation in both pressure and flow rate is needed. We used a programmable pressure
pump to provide constant pressure to the blood samples at the inlet of the CTC-HTECH
device. Consequently, an advance in our methodology based on the constant pressure inlet
mode is the provision of a low stress environment for CTC trapping and enrichment.

Enrichment of Prostate Cancer Cells from Mouse Whole Blood.

Figure 3a shows the CTC-HTECH device is comprised of 6 rows, D-® where row @D is
closest to the blood inlet port. Figure 3b shows a GFP+ cancer cell at the blood inlet. The
outlets 1-6 were defined as waste collection site terminals from rows 1-6, respectively. Only
one outlet was opened and connected to waste collection during each trial. For example,
when outlet 1 is open and all other outlets are not punched open, outlet 1 collects the cells
which pass through row @ (Figure 3). When outlet 2 is opened, cells pass through rows (D
and @ and collect in outlet 2; when outlet 3 is open, cells pass through rows D, @, and @
and collect in outlet 3, and so on.
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To begin, GFP-labeled LNCaP-C4-2 cells were diluted into murine whole blood at a
concentration of ~50 cells/mL. Outlet 1 was opened and the blood sample was video
recorded at the inlet as cells entered row (D. Cells that do not exit row (D can be found in
the constriction microchannels or in the trapping chambers. The blood flow passed through
row D and accumulated in the wider channel at outlet 1 waste collection. A GFP+ prostate
cancer cell at the entrance of one constriction channel in row (D surrounded by unlabeled
blood cells is shown in Figure 3c. Cancer cells that escaped from row (D were visible at the
outlet 1 waste collection (Figure 3d). Blood did not flow into row @ when only outlet 1 was
open because of the air remaining in the channels of rows @-®. Figure 3e shows a GFP+
prostate cancer cell deformed in a constriction channel. Figure 3f shows two cells with one
traveling in a constriction channel, and another escaped from the constriction channel and
started to enter the next row of microchannels. Figure 3g shows a GFP+ prostate cancer cell
stopped and trapped in a trapping chamber in row @®. Once the GFP+ prostate cancer cell
recovers its original spherical shape, the cell occupies the upper space in the trapping
chamber, as illustrated in Figure 2. This allows the blood flow to resume through the
constriction channels.

In preliminary trials, we observed that some GFP+ cancer cells were still able to deform and
pass through the second constriction channel; therefore, the CTC-HTECH design was
adapted by duplicating the trapping chambers and increasing the quantity of microchannel
rows to optimize trapping of the cancer cells. Figure 3h summarizes the results of
sequentially selecting a different outlet (1-6) and monitoring the overall trapping efficiency
of GFP+ cancer cells. When outlet 1 was open and only row 1 was used for capture, the
trapping efficiency was 46.3% (Figure 3h green bar); when outlet 6 was open and rows 1-6
were used for capture, the trapping efficiency was 97.9% (Figure 3h red bar).

Figure 3i summarizes the GFP+ cell capture percentages for each outlet configuration. When
only outlet 1 is open (green bar), cells transited only row (D and the capture efficiency of
GFP+ prostate cancer cells was less than 50%. When outlet 2 was open (pink bars) cells
transited both rows (D and @. Here, the capture efficiency of row D was ~55%; the
number of captured GFP+ cells in row (@ was somewhat less than 20%. We suggest that as
the number of rows is increased, the overall fluidic resistance is also increased, and
therefore, the trapping efficiency in each row varies. This said, the capture efficiency of row
(D when either outlet 1, 2, or 3 was used was 45-55%. The capture efficiency of row D
when selecting either outlet 1, 2, or 3 was less than the capture efficiency of row (D when
selecting either outlet 4, 5, or 6. However, the GFP+ cells that escape row (D can be
captured by rows @ and @ at a capturing ratio of ~20% and ~10%, respectively.

When the number of rows active in capture is <3, the flow rate at the outlet will be higher
than when there are 6 active capture rows under the constant pressure mode. Therefore, a
limiting factor for the capture efficiency in row (D appears to be the flow rate, with a slower
flow rate resulting in more efficient cell capture in row (D. This could explain why the
capture efficiency of row (D using outlets 1, 2, or 3 was 45-55% (Figure 3i, green bar row
@, pink bar row (D, and blue bar row (D). The configurations using either outlet 4 (Figure
3i, purple bars) or outlet 5 (Figure 3i, orange bars) had a higher capture efficiency of GFP+
cells in row (D of ~65%, while the capture efficiency in rows @ and @ were similar to that
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of the configuration using outlet 3. The configuration using outlet 6 (Figure 3i, red bars)
utilized all six rows and achieved the highest capture efficiency, ~70% in row (. Row @
had a similar capture ratio of 15-20% when using outlets 2—6. The configuration using
outlet 6 had more GFP+ cells captured in rows @ and Q@ than rows @, ®), and ®. The
overall capture efficiency of all configurations is shown in Figure 3h. Use of outlets 5 and 6
allowed an overall capture ratio >95% to be reached.

As shown in the results from multiple devices in Figure 4, in each configuration (either open
or closed) of outlets 1-6, we plotted the captured cell counts and the spiked cell counts.
Each data point represented one experimental result from one device. Opening outlet 6 (red)
included all 6 rows of channels, which had the best capture rate. As illustrated by red stars in
Figure 4, the outlet 6 overall capture efficiency almost reaches 100% with a high linear
correlation value of A2 = 0.9979. The outlet 5 and outlet 4 also achieved high capture
efficiency by comparing the number of cells captured and the number of cells spiked in
whole blood sample. The outlet 3 and outlet 2 capture efficiencies were reduced to 70-80%.
The consistencies of outlets 2—6 were much better than outlet 1. Since outlet 1 contained
only one row of micro-constriction channel and trapping chambers, the uncertainty of cancer
cells deformation and trapping in row (D caused low capture rate. Even though we used
constant pressure mode at the inlet, the flow rate will have higher variation if many cells are
trapped in row (D. The local increasing flow rate dragged the trapped cancer cells through
the trapping chambers. If outlet 6 is used, the overall pressure drop between the inlet and
outlet will be smaller than that with use of outlet 1. The chance of driving trapped cancer
cells from row (D using outlet 6 will be lower than that from using outlet 1.

Control Group: Blood Cells Observation through CTCHTECH Outlet 6.

Mouse Whole Blood without Spiked LNCaPC4-2.—To estimate the trapping purities
of the final CTC enrichment, we used mouse whole blood as a control group through the
CTC-HTECH chip using outlet 6. The constant pressure was set up the same as the cancer
cells spiked blood samples. As shown in Figure 5a, the RBCs and WBCs can pass through
the micro-channels and the trapping chambers freely. After ~0.8 mL of mouse blood passing
through the chip, to count the amount of blood cells trapped in the CTC-HTECH device, we
switched the inlet to LNCaP-C4-2 culture medium to remove the blood cells that did not
trap in the chip. The flow pressure of culture medium was kept constant. After 15 min of
rinsing, blood cells were not observed in most of the microchannels (Figure 5b, Figure S2d).
Only 17 out of 240 microchannels were found; WBCs or lymphocytes trapped in the
microconstriction channels as some RBCs were also blocked in the trapping chambers. As
shown in Figure S2f, the fluid coming to the reservoir of outlet 6 also contained little blood
cells. Most of the RBCs were removed in the CTC-HTECH chip.

Mouse Whole Blood with Spiked LNCaP-C4—-2.—More control groups with mouse
whole blood with spiked cancer cells were performed to estimate the amount of WBCs and
lymphocytes remaining in the CTC-HTECH after rinsing with LNCaP-C4-2 culture
medium. The LNCaP-C4-2 capture ratio again reached97.3 + 2.5% (repeated three times on
three devices) after 15 min rinsing. Most of the trapped cancer cells stayed in the trapping
chambers (Figure 5¢) while allowing the medium to freely flow through the channels.
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Similar to the control experiment, almost all blood cells passed through the microchannels.
Only 19 out of 240 microchannels were observed with WBCs or lymphocytes trapped in the
channel. Exact counting on these blood cells was difficult as they formed clusters. However,
based on the size of the microchannels and trapping chambers, we estimated that no more
than 100 WBCs or lymphocytes could trap in each micro-channel. Therefore, the total
numbers of blood cells trapped in these chips were calculated to be less than 2000. This is
similar to what we observed when only blood cells were drawn through the chip in our
control experiment. Nevertheless, compared to the total number of blood cells in the original
sample (~2.4-4.4 x 106 cells of WBCs and lymphocytes), CTC-HTECH has been able to
remove millions of blood cells and increase the concentration of CTCs from <1:106 to
~1:50.

DISCUSSION

The CTC-HTECH provides a new size-based CTC entrapment microchip for low cost and
high-throughput analysis of cancer cells in whole blood samples. The CTC-HTECH device
with six rows of constriction channels and trapping chambers captured over 95% of GFP+
LNCaP-C4-2 metastatic human prostate cancer cells used as surrogates for human CTCs.
The sample preparation was minimal as these cancer cells were captured from whole blood;
the microchip run time was ~30 min for a 1.2 mL blood sample. Compared to magnetic
particles with antibody methods, such as FDA approved CellSearch system, our
CTCHTECH reduced the lengthy sample preprocessing and long analysis time of ~4-6 h.
There is no requirement for antibodies, a high-speed camera, or sophisticated image
analysis; the data can be collected using the video features of a smartphone.

Size is one of the major biophysical attributes of cells that have been utilized to separate
CTCs from blood cells. Different micro-fluidic chips in PDMS, polycarbonate, parylene-C,
and some other biocompatible polymers’2 have been designed and fabricated to isolate
larger epithelial tumor cells from smaller blood cells. The geometry and dimension selection
of the size-based trapping methods are key to achieve desired CTC trapping efficiency and
purity. In microfilters, for example, an array of small holes with a size around 8 pm can
capture CTCs while allowing the majority of blood cells to pass through.”® Y. Chen’s group
developed a conical-shaped hole to slightly increase the pressure once CTCs which are
trapped in the small holes started to deform to enhance capture purity.”4 From their
simulation and experiment results on MCF-7 cells captured in cone-shaped hole, the blood
flow pressure facilitated leukocytes to escape from the holes, which resulted in an increased
capture efficiency and purity with 6.5-8.0 um diameter cone-shaped hole.” However, the
results showed that the thickness of this microfilter also significantly affects the capture
purity because more blood cells will accumulate and clog the cone-shaped holes if using a
thicker microfilter. With this additional variable to the microfilter, finding the optimized
parameters to achieve a balancing between capture efficiency and purity of the microfilter
becomes challenging. A recent study from S. Lee’s group demonstrated a flow-restricted
microfluidic channel with an array of trapping cavities that reached 97% trapping rate with
single MDA-MB-231 cells spiked in mouse blood.”® The continuous blood flow in their
delivery channel kept the spiked MDA-MB-231 cells staying in the trapping channel, which
had less pressure to force the cancer cells passing through the constriction regions. However,
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the microchannel array still suffers from possible clogging when more CTCs are trapped in
the same constriction. Therefore, a better CTC enrichment with microconstriction channels
and trapping chambers requires proper selection size for CTCs with less chance of cells
clogged in a single trapping cavity.

The CTC-HTECH device, presented here, operates on an enrichment principle whereupon
large cancer cells are captured at “equilibrium point” cavities (trapping chambers)
positioned between constriction microchannels, which allows the blood to continue flowing
through either the same channel or neighboring ones. It is also important to note that all 40
parallel channels between two adjacent rows experience the same pressure drop. The CTC-
HTECH system is operated under constant pressure for all scenarios described earlier. As a
result, the overall flow rate decreases as the greater number of rows are utilized to trap
CTCs. In each microchannel, the Reynolds number in constriction channel is around 2.77.
On the basis of the dimension of each channel, including constriction channels and trapping
chambers, the pressure drop across each channel is about 77 mbar. Assuming all channels
are open and no large cell is trapped, the total fluid resistance across one row will be around
9 x 102 Pa-s/uL. In the case of using outlet 1, the low fluid resistance leads to higher flow
rate which causes more cancer cells to escape from the chip. Therefore, using only a couple
of rows will significantly decrease the number of trapped CTCs. Also, when only one row is
used and cells continue to trap, the flow rate in neighboring trapping chambers that are still
open will experience a higher increase in flow rate when we compare this case to a six-row
configuration. In a six-row configuration, the change in the flow resistance due to cell
trapping has less effect on the overall flow rate compared to the case where only one row is
used. Furthermore, using a fewer number of rows reduces the probability of experiencing
movement through multiple trapping chambers which in turn causes loss in enrichment
efficiency. Since a greater number of cells are trapped in the first row, one alternative design
that can be explored in future generations is to increase the number of parallel channels in
the first row and decrease the number for the subsequent rows without changing the overall
footprint of the chip.

CONCLUSIONS

This low-cost, label-free, size-based CTC-HTECH device is able to effectively enrich the
CTC sample in prostate cancer cell line spiked blood samples. The chip was able to achieve
a trapping efficiency of 96%. From out of 42 cancer cells only 1 was not captured. This is
significant as the number of CTCs has been shown to be a diagnostic or prognostic marker
for tumor. The chip enables accurate enumeration of CTCs in blood and makes it a reliable
tool for clinical settings for rapid CTC capture and subsequent counting. The difference
between cancer cell line spiked in blood to patient CTC were discussed in previous
publications.?176-78 The blood cell size distribution, especially WBCs, lymphocytes, or
other blood cells in peripheral blood from one patient or between different patients could
vary from 8 to 20 um.””-79 The deformability differences between cancer cells and blood
cells can also be utilized in separating WBCs or lymphocytes.®* It is likely that the chip once
using patient samples could require some adjustment in design to ensure highly efficient
enrichment. However, out chip topography is very flexible and can be easily adopted to the
clinical needs. We can envision new generations of this chip in which channels can be
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fabricated to have different sizes for both constriction regions and the trapping chambers.
This may create a second degree of separation within the same chip. Also, a greater number
of channels can be added to each row to make it more suitable for clinical samples where a
greater number of CTCs may be present. We can also use CTC-HTECH chips in series
whether having identical or different channel dimensions. CTC-HTECH has the potential to
be connected in series as multistage multicycle CTC enrichment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LNCaP-C4-2 e a¥ SR 50 um

Figure 1.
Micrographs depicting the morphology of prostate cancer cell line LNCaP-C4-2.
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Figure 2.
Iustration of high-throughput entrapment chip for CTC (CTC-HTECH).
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(a) Nlustration of the configuration of the device (not to scale) with the inlet connected to
programmable pressure pump; each row and each outlet was assigned and labeled
individually; (b—g) the GFP+ LNCaP-C4-2 prostate cancer cells; (b) image of inlet with a
GFP+ cell starting to enter row (D; (c) a GFP+ cell trapped in row (D after the blood flow
ceased; (d) image of the waste collection at outlet 1; () a GFP+ cell deforming and passing
through row @); (f) two GFP+ cells in row @ with one cell still passing and one cell exiting
this row; (g) one GFP+ cell trapped in the trapping chamber of row @; (h) the overall
capture efficiency of each outlet. The data presented here is from three or four runs on CTC-
HTECH device; (i) the percentage of the trapped GFP+ cells in every available row in the
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configuration where the indicated outlet was open (outlet 1 (green), outlet 2 (pink), outlet 3
(blue), outlet 4 (purple), outlet 5 (orange), and outlet 6 (red)).

Anal Chem. Author manuscript; available in PMC 2019 November 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Ren et al.

cell number captured

40 B —
—”’ el
= - i .
P .
”. - - "
I ) _-=2lo== -
f225e" T e -
/"— - PPt -
. P )
- e L "
30r eI TA = P
o - - .
"*’——— —’—-.‘” =5 -~ ’,4—¢—¢
Pl - ""¢' ) ”"—
- -
25+ - e
"’——’ ”"_,—
- -
20+~ e -
P ’.,—
- L
R —
{11 S — P
&
10 I 1 | | | |
28 30 32 34 36 38 yr o
cell number spiked
Figure 4.

o n > o

Page 18

outlet 6 R?=0.9979
outlet 5 R*=0.8929
outlet 4 R?=0.7160
outlet 3 R?=0.9506
outlet 2 R?=0.9753
outlet 1 R*=0.2041

Number of cells captured compared to the number of cells spiked per 0.6—0.7 mL mouse
whole blood in different outlet configurations. Results shown are the results testing n = 3-4

different devices at six different outlet configurations.
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Figure5.
Image of the control group mouse whole blood without cancer cells spiked (a,b), and with

cancer cells spiked (c,d) through the CTCHTECH: (a) whole blood passing through the
microchannels; (b) the inlet switched to LNCaP-C4-2 culture medium to remove the blood
cells;(c) image of a trapped cancer cell after 15 min rinsing by LNCaP-C4-2 medium; (d)
image of a microchannel with WBCs/lymphocytes trapped after 15 min of rinsing by
LNCaP-C4-2 medium.
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