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Abstract

We report on-chip isolation and detection of circulating tumor cells (CTCs) from blood
samples using a system that integrates a microchip with immunomagnetics, high-
throughput fluidics and size-based filtration. Blood samples are first incubated with
magnetic beads conjugated with antibodies against antigens overexpressed on CTC
surfaces. The mixture is then run through a fluidic chamber that contains a micro-
fabricated chip with arrays of 8 um diameter apertures. The fluid runs parallel to the
microchip while a magnetic field is provided below to draw the beads and cells bound to
them toward the chip surface for detection of CTCs that are larger than the apertures and
clear out free beads and other smaller particles bound to them. The parallel flow
configuration allows high volumetric flow rates, which reduces nonspecific binding to
the chip surface and enables multiple circulations of the sample fluid through the system
in a short period of time. In this study we first present models of the magnetic and fluidic
forces in the system using a finite element method. We then verify the simulation results
experimentally to determine an optimal flow rate. Next, we characterize the system by
detecting cancer cell lines spiked into healthy human blood and show that on average
89% of the spiked MCF-7 breast cancer cells were detected. We finally demonstrate
detection of CTCs in 49 out of 50 blood samples obtained from non-small cell lung
cancer (NSCLC) patients and pancreatic cancer (PANC) patients. The number of CTCs
detected ranges from 2 to 122 per 8 mLs of blood. We also demonstrate a statistically
significant difference between the CTC counts of NSCLC patients who have received

therapy and those who have not.
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Introduction

Circulating tumor cells (CTCs) are rare cells present in the blood of cancer patients. They
are shed from both primary and metastatic tumors and are believed to play a key role in
cancer progression.'” CTCs can serve as indicators of metastatic disease and possibly
recurrence after surgery in some tumor types. The CTC count has been reported to
correlate with overall tumor burden, and hence CTCs have been proposed as a tool for
monitoring disease progression and response to therapy.®”® Another major advantage of
CTCs is that they can be further interrogated after detection. For example, sequencing of
the genome and transcriptome could reveal mutations or quantitate gene expression. The
detected cells also have the potential to be cultured, grown and tested with different
combinations of chemotherapeutic agents for drug discovery and personalized medicine.
Finally, increasing amounts of data suggest that cancer is a very heterogeneous disease. '
Different parts of the same tumor sample have shown heterogeneity in drug target
expression in addition to the differences that have been identified between primary
tumors and their metastatic counterparts.'’ Since metastasis represents the major cause of
cancer death,”” '? understanding the biology of this complicated process is extremely
important, and could be facilitated by CTC analysis.

Detecting CTCs however is a challenging task because of their scarcity in blood samples
(as few as 1 or less in a mL). Hence, a reliable analysis requires large volumes (several
mLs) of samples.®* '* Currently one of the most widely used standard systems to detect
cells is flow cytometry, which can separate and recover cells at high yield and purity.
However, its volumetric throughput is generally low due to cells passing in single file,
and its operational costs can be high. These factors make it challenging to detect
extremely rare CTCs using flow cytometry.'*

Numerous systems have been developed for CTCs detection. Among all, the CellSearch
System is currently the only FDA-cleared platform for CTC test for metastatic breast,
prostate and colorectal cancers.'> '® This system uses magnetic beads conjugated with
antibodies against epithelial cell adhesion molecule (EpCAM) to immunomagnetically
separate CTCs from blood samples that are previously fixed in tubes at the moment of
sample collection. The isolated cells are then subjected to immunofluorescence using 4,6-

diamidino-2-phenylindole (DAPI, for DNA in cell nuclei) and antibodies against
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cytokeratin (for epithelial cell) and CD45 (for white blood cells) for CTC identification.
One of the limitations of the CellSearch system is its low detection efficiency due to
targeting of only one surface marker (EpCAM), leading to CTCs being identified in as
low as 65% of patients known to have metastatic diseases.'> Also the blood samples are
immediately fixed in the collection tube prior to detection and hence the captured cells are
not viable after isolation, limiting the options for post-isolation analyses.'’ 2’

In recent years, researchers have developed a number of microfluidic-based, lab-on-a-
chip devices that can perform precise and highly sensitive detection of rare cells. For
example, the Toner and Haber Groups developed the ground breaking ‘CTC-chip’ device
in 2007 that isolates CTCs by flowing blood samples through a chip composed of an
array of antibody-functionalized micro-posts to capture CTCs.® In 2010 they developed a
‘herringbone-chip’ on which the micro-pattern was designed for optimal fluidic mixing to
capture target CTCs’. Recently the same groups developed the microfluidic “CTC-iChip”
system that integrates hydrodynamic cell sorting, inertial focusing, and magnetophoretic

21, 22

separation of white blood cells and CTCs. Sheng et al. captured CTCs using

microfluidic devices in which the micro-structures were functionalized with high-affinity
aptamers or gold nanoparticles conjugated with aptamers instead of antibodies.”* **
Hoshino et al. built a microfluidic channel by bonding a patterned PDMS interface on a
smooth glass slide placed on top of an array of 3 magnets. CTCs captured by magnetic
nanoparticles in the sample fluid were attracted to the glass slide in a flow and were dried
for downstream fluorescent analysis.”> Earhart and co-workers labeled tumor cells in
blood samples with magnetic nanoparticles conjugated with anti-EpCAM antibodies and
passed the sample through the channels of a micro-fabricated sifter in the present of a
magnetic field. The cell-particle complexes were then magnetically attracted to the
channel walls as they passed through.?® It is also possible to use magnetic particles to
perform isolation of CTCs using commercially available MACS (Magnetic Activated Cell
Sorting) columns, although generally these columns are used in conjunction with an
additional instrument to perform detection such as flow cytometers.

Researchers have also developed CTC detection systems that do not rely on affinity. This
type of isolation relies on discriminating cells based on their size, and hence can usually

perform label free cell sorting. An intuitive way to achieve this is by forcing the blood
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sample through a filter that contains a porous membrane or micro-structures to physically
stop and retain larger cells like CTCs and allow passage of smaller blood cells.?’™?
Another approach to discriminate cells based on their shapes and dimensions is by
engineering micro-channels and sample flow rates to employ size-dependent
hydrodynamic forces on cells flowing in the channel so that larger tumor cells are
separated from smaller blood cells. %

We have developed a system that integrates a microchip with parallel fluidic flow to
perform high throughput immunomagnetic as well as size-based separation for detection
of rare cells. This particular integration enables all of the following advantages that are
normally difficult to co-exist in a single platform: 1) immunomagnetics using a cocktail
of antibodies allows affinity-based specific capture of CTCs, 2a) high flow rate allows a
simple way to wash away unwanted cells and improve the detection purity, 2b) as well as
rapid re-circulation of the sample within the fluid system, and 3) the microchip with an
array of micro-apertures operated with a dual magnet configuration captures larger CTCs
and filters out smaller magnetic particles further improving purity (see figure S1 in the
supplementary information) and allowing versatility to either wash out the captured cells
for collection or analyze them on the chip surface. We have reported a preliminary study
with an earlier version of the system to demonstrate its capability to detect cell lines.>*
We herein demonstrate the detection of actual CTCs from blood samples of cancer
patients, as well as the system’s modeling and characterization.

The detection strategy is illustrated in figure 1(a). Antibody-conjugated magnetic beads (1
um) are first incubated with the sample that contains CTCs whose size usually ranges
from 10 to 30 pm. The sample mixture then flows parallel to a micro-aperture chip at a
relatively high flow rate (mLs/min, as opposed to pLs /min achieved in most microfluidic
cell detection systems) while a magnetic field is introduced at the bottom of the chamber
to apply a vertical attractive force on the magnetic beads. The targeted cells bound with
magnetic particles, as well as free magnetic particles are attracted to the chip surface
while the majority of other entities are washed away under the effect of high flow rate
(shown in fig 1(b)). The magnetized entities that are larger than the apertures (8 um),

such as CTCs bound with beads, are held on the chip surface while smaller magnetic

entities such as unbound free beads and blood cells bound with beads are filtered out.
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Figure 1: (a) Schematic of the detection strategy of the micro-aperture chip system for
CTC detection, and cross-section views of the fluidic chamber illustrating (b)
capturing of CTCs and beads in a flow, (¢) maneuvering of a second magnet on top of
the chamber to guide the free beads on the chip surface down through the apertures,
and (d) the on-chip fluorescent microscopy for CTC identification and enumeration.

Often, an undesired effect occurs where many free magnetic beads still remain on the chip
surface if they do not initially find an aperture to pass through. To alleviate this problem,
a secondary, smaller magnet is situated on the top of the fluidic chamber in a stable
orientation where it is attracted by the larger magnet in bottom. The second magnet is
subjected to an oscillating horizontal motion (fig 1(c)) which perturbs the horizontal
magnetic force applied on the beads and therefore guides them to adjacent apertures. The
captured cells are then analyzed using immunofluorescence while they are still on the
chip surface for identification and enumeration (fig 1(d)).

The system is relatively simple, versatile and compatible with existing laboratory
practices. The user can analyse the captured cells directly on chip (as we demonstrated in

this study), and/or release them for storage or further analysis which also allows re-using
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the chip. The system has a high volumetric throughput with flow rates of milliliters/min,
which allows circulating the sample fluid through the fluidic system multiple times
quickly, and reduces nonspecific binding of blood cells on the chip surface. Here, we first
demonstrate a model that uses finite element analysis to help understand the physical
operation of the system as well as to find the parameters for optimal system performance.
We verify the simulation by spiking 70 MCF-7 cells pre-labeled with magnetic beads that
are conjugated with antibodies against EpCAM (anti-EpCAM) into blood and study the
relationship between the capture yield and detection flow rate. We then characterize the
yield of the system by detecting unlabeled MCF-7 cells spiked into blood (from 0 to 110
cells / 8 mL) to mimic analysis of blood samples obtained from cancer patients. We
finally demonstrate the utility of the system in detecting CTCs in blood samples collected
from patients with non-small cell lung cancer (NSCLC, N=38) and pancreatic cancer
(PANC, N=12).

In the current system the choice of antibodies is not limited to anti-EpCAM. It is possible
to combine groups of beads wherein each group is conjugated with antibodies to target a
different CTC surface antigen. For example, studies show that higher rates of epidermal
growth factor receptor (EGFR) overexpression were found in NSCLC patients in later
stage (around 50% in stage III).> It has also been shown that over 90% of the pancreatic
cancer cells overexpress the carcinoembryonic antigen (CEA).>” Hence, in addition to
anti-EpCAM beads, we also used anti-EGFR beads in NSCLC samples and anti-CEA in
PANC samples. Recently, additional studies have been showing that tumor cells could
undergo epithelial-to-mesenchymal transition (EMT) which could result in
downregulation of epithelial markers and upregulation of mesenchymal markers such as

38-43

vimentin. In order to also capture such CTCs, magnetic beads conjugated with

antibodies against vimentin (anti-VMT) were also used while analysing NSCLC samples.

Materials and Methods
Chip fabrication and experimental setup

The microchips that contain an array of 8 um apertures in the center were produced using

conventional silicon fabrication processes. The fabrication was performed on double-side-
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polished, <100> oriented intrinsic silicon wafers with a thickness of 550 um, and the
process flow was described in a previous study.’* At the end of the fabrication process, 8
microchips (40 mm by 20 mm ), each with a 9 mm by 3 mm porous area (50 um thick) at
the center, were obtained from a single 4” silicon wafer. Figure 2 (a) shows a SEM image
of the porous area of a microchip.

To configure the experimental setup, a fluidic chamber was first constructed by placing a
layer of polydimethylsiloxane (PDMS, ~2 mm-thick) on a microchip as a spacer and
covered with a 1 mm-thick glass slide. The inlet and outlet of the fluidic chamber were
opened on the cover slide. The dimension of the fluidic channel that encloses the porous
area was defined by patterning the PDMS using a laser cutter (Universal Laser Systems,
VLS 3.60) to have a 30 mm by 3.8 mm grove. The bottom of the microchip was also
sealed with a thin layer of PDMS coated on a transparency film (3M PP2500). The
thickness of the PDMS-transparency film complex was 0.1 mm. The assembled fluidic

Figure 2: (a) A SEM image of a fabr1cated micro- aperture ch1p (b) A picture of
the microfluidic chamber assembly and (c) the experimental setup.
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chamber was mounted on a hollow acrylic stand (shown in figure 2 (b)), in which a
neodymium permanent magnet (K&J Magnetics, grade N52) could be inserted to provide
a magnetic field. The inlet of the chamber was connected to the fluidic sources while the
outlet was connected to a peristaltic pump (Ismatec ISM596B) and drained into a waste

container or a collection tube (figure 2(¢)).

System modeling and simulation

To understand the underlying forces in the system and to determine optimal parameters
for system operation, a finite element model was built using the modeling software
COMSOL Multiphysics 4.3a (COMSOL, Inc.). We first built the models of both
magnetic and fluidic fields based on the magnets used and the geometric parameters of
the fluidic chamber. The magnetic force, the fluidic drag force, as well as gravity were
considered to act simultaneously on free beads or cells that are bound to multiple beads.
The trajectories of the objects entering the chamber were then calculated by using the
particle tracing module in COMSOL. Based on the simulation results we also calculated
an estimated percentage of the number of particles reaching the chip surface.

We also investigated the lateral movement of the free beads on the microchip’s surface
resulting from the motion of an additional magnet situated on the top of the fluidic
chamber. In this case we modeled the magnetic fields in the chamber that result from the
two-magnet configuration. While modeling this particular effect, the fluidic flow field
was ignored since during an experiment this step is performed after the target entities

have been captured on the chip surface and the flow has stopped.

Detecting MCF-7 cells spiked into blood

We performed an initial characterization of the system by detecting known number of
cells spiked into healthy human blood. A series of suspensions were prepared by spiking
0 to 110 MCF-7 (breast cancer cell line) cells into 8 mL of blood collected from healthy
donors under an approved IRB protocol. The spiked blood samples were first treated with
a red blood cell (RBC) lysis buffer (G-Biosciences) followed by centrifugation to remove

the supernatant. The remaining cells were re-suspended in 1.5 mL of phosphate buffered
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saline (PBS, Invitrogen) and incubated with 4 puL (40 pg) of anti-EpCAM beads at 4 °C
for 1 hour. The sample was then circulated in the fluidic chamber (with the bottom
magnet in place) at a flow rate of 2 mL/min for 3 minutes, which was followed by
washing with 3 mL of PBS solution. The captured cells were fixed on the chip and

subjected to immunofluorescence analysis to identify and enumerate the MCF-7 cells.

CTC detection in blood samples of NSCLC and PANC patients

Patients with advanced NSCLC and PANC were recruited for this study under an
approved IRB protocol. Blood samples from 38 NSCLC and 12 PANC were collected.
An 8 mL blood sample from each patients, was either divided into 2 equal volumes of 4
mLs or used as a single 8 mL entity for examination. A combination of anti-EpCAM,
anti-EGFR and anti-VMT beads (1:1:1) were used with the NSCLC samples; and a
combination of anti-EpCAM and anti-CEA beads (1:1) were used with the PANC
samples. A group of beads was functionalized with only one type of an antibody. Multiple
bead groups, each containing a different antibody were then added into the sample
mixtures for incubation. The rest of the protocol was the same as that used in the

detection of MCF-7 cells spiked into blood.

Blood sample collection and preparation

Blood donated by healthy volunteers as well as NSCLC and PANC patients was collected
in BD Vacutainer tubes with additives of either acid citrate dextrose (ACD) solution A or
sodium polyanethol sulfonate (SPS). Blood samples were kept at 4 °C starting
immediately after collection until the detection process which occurred within 12 hours of

collection.

Preparation of magnetic beads conjugated with antibodies

Antibodies against EpCAM, EGFR, CEA and VMT were separately conjugated to
magnetic beads freshly before detection. Biotinylated polyclonal antibodies against

human EpCAM and CEA were purchased from R&D systems. Biotinylated monoclonal

10



Page 11 of 26

Lab on a Chip

antibodies against human EGFR and VMT were purchased from Abcam. Streptavidin
conjugated superparamagnetic beads with 1 um diameter were obtained from Sigma
Aldrich. We saturated the beads (20 pL, 10 mg/mL) with excess amounts of antibodies
(10 pL, 0.2 mg/mL) in PBS at room temperature for 1 hour, followed by rinsing with PBS

three times on a magnetic stand and re-suspending in PBS.

Cell culturing and preparation of cell suspensions

The breast cancer cell line MCF-7, obtained from American Type Culture Collection
(ATCC), was cultured in Eagle’s Minimum Essential Medium (EMEM, ATCC) with 0.01
mg/ml bovine insulin (Sigma-Aldrich) and 10% fetal bovine serum (FBS, Gemini Bio
Products). Cultured cells were harvested using Trypsin-EDTA (Invitrogen), and were re-
suspended and diluted in culture media immediately before cell detection experiments.
The original cell concentrations were determined by placing 3 pL of the cell suspension
on a glass slide to count the cells using a bright field microscope and calculating the
average from 4 measurements. The cell suspension was then spiked into blood to achieve

the desired concentrations.

Immunofluorescence analysis

Cells captured on the microchip surface were first fixed using 4% paraformaldehyde
(PFA) solution in PBS and then labeled fluorescently while the microchip was in the
fluidic chamber. Anti-pan Cytokeratin monoclonal antibodies conjugated with FITC
(anti-CK-FITC, Abcam, USA), anti-CD45 monoclonal antibodies (to rule out white blood
cells) conjugated with phycoerythrin (anti-CD45-PE, Abcam, USA), and DAPI to verify
nucleated cells (Sigma-Aldrich, USA) were introduced into the chamber at the same time
and incubated for 1 hour at room temperature to label the cells. After washing away the
unbound antibody-dye with 3 mL of PBS, the microchip was inspected while still in the
fluidic chamber using a fluorescent microscope (ECLIPSE 80i, Nikon) with a Fiber
illuminator (C-HGFI, Nikon).

11
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Results and Discussion
(1) System Modeling and Simulation
Detection mode

We primarily studied the effects of flow rate on the trajectory of cells within the fluidic
chamber when they are bound by various numbers of magnetic beads. We simulated a
scenario where 100 cells, each bound with a given number of beads, flow though the
fluidic chamber under the influence of a high volumetric flow rate that varies from 1 to 5
mL/min. The dimensions of the fluidic chamber used in the simulation were (LxWxD =
30%3.8%x2 mm), which are defined by a PDMS spacer in the fluidic chamber. The
experimental parameters yield a Reynold’s number of 4.58 indicating that the flow in the
chamber is laminar. To simplify our simulation we assumed that the porous structure does
not have any significant effects on the bulk fluidic field. We also assumed that the mutual
magnetization among the beads, as well as the coupling between the fluidic and magnetic
fields were negligible. The forces acting on a cell-beads complex in the chamber included
the magnetic force, the drag force induced by the flow, gravity, and the buoyant force. We
further assumed that the magnitude of the magnetic force acting on each cell-bead

complex is proportional to the number of the beads bound to that particular cell, since this

force acts directly on the beads not on the cells themselves. The magnetic force ﬁ, which

is one of the dominant forces in the system, can be expressed by:*>*

—  Verors =
E, —NZ”?V(B B) (1)

where N is the number of beads attached to a cell; Vjis the volume of a single bead

(5.24 x 10712 m3); y the effective volumetric magnetic susceptibility (2.7 unitless) ; g

the vacuum permeability; and B the magnetic flux density (produced by the N52 magnet),
which is shown in figure 3 (a). The resulting magnetic force applied on a single bead at
the detection surface of the microchip is shown in figure 3 (b), where the green dashed
line represents the magnitude of the vertical force (negative indicates a downward force)
while the blue solid line represents the magnitude of the longitudinal force (positive

indicates a force to the right).

12
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Figure 3: (a) The simulated magnetic flux density pattern of a N52 magnet and (b)
the corresponding magnetic force applied on a single bead in the fluidic chamber.
The green dashed line shows the magnitude of the vertical force while the blue
solid line indicates the magnitude of the horizontal force. (c) Illustration of
simulated trajectories of cell-beads complexes in the fluidic chamber.

The fluid drag force Fd, the other dominant force, acting on a cell-beads complex is given
by:*

Fq = 6mnr, (U = V,) (2)
where 7 is the fluid dynamic viscosity (2.5%107 kg/m X s for processed blood sample) ;

1, the radius of particle (5 um for a MCF-7 cell) : U the velocity of fluid; and VpAthe
velocity of particle.

The gravitational force applied on a complex is:

F,= mpg’

3)
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where g is the gravitational acceleration and m,, is the mass of the cell-beads complex.
The average mass of a dry MCF-7 cell, which is approximately 30% of the original mass,
was measured to be 0.43 ng using a cantilever-based resonator.*® The mass of a single
magnetic bead with 1 um diameter is around 1 pg. Hence the mass of a single cell bound
with N beads is 1433+N pg.

The buoyant force can be expressed by:

Fy = —gpV @)
where p is the density of the fluid (~1000 kg/m3) and V is the volume of a cell-beads

complex, which is approximately 5.24 x 10716 m3,

The contribution of gravitation (~14 pN) and buoyancy (~5 pN) are relatively small, yet

their inclusion in the model is straightforward. Applying the Newton’s second law yields:
vy = =, =, =

mp—L = Fy + Fq + Fy + F (5)

We applied the particle tracing module in COMSOL to solve for the velocity and the

displacement of the cell-beads complexes (as demonstrated in figure 3 (c)). Based on the

obtained trajectories the percentage of the cell-beads complexes reaching the microchip surface

was estimated.

To accomplish this, we first experimentally determined N (eq. (1)), and used it in our
computational model to study the effect of flow rate on the rate with which the cells

encounter the surface of the chip in the system.

In order to understand the extent of the specificity in the binding of beads, we studied
how anti-EpCAM beads bind to MCF-7 cells as well as WBCs. Around 200 MCF-7 cells,
as well as WBCs isolated from 4 mL of healthy blood were first suspended in two
separate tubes, added to 1.5 mL of PBS buffer, and incubated with 4 pL (40 pg) of anti-
EpCAM beads at 4 °C for over 1 hour. The cells were aspirated using a micro-pipettor,
transferred onto a glass slide and the beads on their surfaces were counted using a bright-
field microscope with high magnification. The number of beads bound to each MCF-7
cells ranged from 3 to 63 with an average of 16.8 beads/cell, while majority of the WBCs
(> 99%) did not bind to any bead at all. For those WBCs that did bind to beads, the

14
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number of beads found on each WBC ranged from 1 to 19 with a mean of 2.3 beads/cell.
The distribution of number of beads on each cell group is shown in figure 4(a) (the
relative frequency for WBCs was calculated only for those that bound with beads). The
histograms of MCF-7 and WBCs overlapped mainly when N<10. Figure 4(a) also shows
that around 90% of the MCF-7 bound to at least 7 beads, while around 90% of the bead-
bound WBCs had 1 to 4 beads.

(2) 1000 —
-~ = “y 90% of bead-bound mMCF-7
B3 .. WBCs have 1-4 beads
: 100 \\ e 90% of MCF-7 have OBead-bound WBCs
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Figure 4 (a) Histograms in log-scale showing distribution of number of anti-EpCAM
beads bound on MCF-7 cells and WBCs. All MCF-7 cells bound to at least 3 beads,
while over 99% of WBCs did not bind to any beads. The relative frequency was
calculated only for cells that bound to beads. (b) Simulated chip surface encounter rate of
100 cell-beads complexes vs. the flow rate. (¢) Capture yield of pre-labeled MCF-7 cells
(with beads) spiked in blood vs. the detection flow rate. Error bars indicate standard
deviations from 3 measurements.
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Using this information, we next simulated the trajectories of bead-bound cells under the
influence of flow rates ranging from 1 to 5 mL/min. Figure 4(b) shows the effect of flow
rate on discriminating cells based on the number of beads they are bound to. According to
figure 4 (b), the optimal flow rate of our system is about 2 mL/min since at this flow rate,
cells bound with 7 or more beads (90% of cancer cells) encounter the chip surface with a
probability of 96% or greater. At the same time, cells that are bound to fewer than 4 beads
(90% of bead-bound WBCs) encounter the chip surface with a much lower probability.
This relatively simple computational model only accounts for a cell’s motion until it
encounters the chip surface and not what happens afterwards (e.g. bouncing off, colliding
with other particles, or moving on the chip surface etc.). However it effectively confirms
the basic interplay between the flow rate and the number of beads and suggests that an
optimal choice of a flow rate could help reduce capturing unintended cells that are bound
to small number of beads non-specifically without significantly hampering the specific
capturing of cancer cells, and that too low a flow rate (e.g. < 2 mL/min) could increase
the capture of unintended cells without a significant improvement in the detection of
specific cancer cells. In fact, when flow rate is lower than 1 mL/min, magnetic forces
greatly outweigh fluidic forces which causes the beads to pile up and hide rare target cells

underneath (see Figure S2 in the supplementary information).

To verify the relationship between the capture yield of cancer cells and the detection flow
rate suggested by the simulations, MCF-7 cells were first incubated with anti-EpCAM
beads in PBS buffer using the protocols described previously. We then spiked 70 MCF-7
cells pre-labeled with anti-EpCAM beads into 1 mL of blood, following by removal of
RBCs using lysis buffer. The remaining cells were re-suspended in 1.5 mL of PBS buffer
and run through the fluidic chamber at flow rates ranging from 1 to 4 mL/min (our
pump’s max flow rate does not reach 5 mL/min). The number of MCF-7 cells captured on
the microchip was enumerated under a microscope and the capture rates was plotted
against detection flow rate in figure 4 (c). In this plot the capture yield is around 95% at
both 1 and 2 mL/min, and starts to decrease with increasing flow rate. Despite a negative
5% offset in the capture yield that is presumably due to imperfections in affinity or

centrifugation after the RBC lysing step, the experimental result in figure 4 (c) is in good
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agreement with the simulated data in figure 4 (b) and confirms the optimal flow rate

suggested by the simulations.

Due to the relatively large cross sectional dimensions of the chamber (3.8 mm by 2 mm)
and hence the relatively low velocities (~ 4.4 mm/s for 2 mL/min), the resulting shear
rates are low in comparison with those that occur in the human blood circulation and
hence do not cause damage to the cells on the chip surface (see supplementary

information).

Dual magnet model

The primary magnetic force that attracts the bead-bound cells to the chip surface is
generated by the magnet situated below the fluidic chamber. However, this arrangement
may result in a number of free beads that land between the apertures and therefore remain
on the chip. A simple modification to the setup clears these free beads out by perturbing
the total magnetic field with a second magnet (whose polarity is aligned for attraction to
the primary magnet) situated on top of the chamber. Manually moving this magnet
horizontally in an oscillatory fashion perturbs the horizontal magnetic force on the beads
and hence leads them into an aperture. We developed a computational model of this effect
in order to quantify it. The analysis was performed under the assumption of zero flow rate
since it focuses on the beads that have already been captured on the chip surface. Figure 5
(a) shows the magnetic flux density distribution in the chamber when the top magnet
(3/167x3/16%3/16”) is aligned with the center of the bottom magnet (1/4”x1/4°%x1/4”), as
well as when it is located to the left to the bottom magnet. The corresponding magnetic
forces applied on a bead with respect to its position on the chip are shown in figure 5 (b).
The simulation result shows that the horizontal motion of the top magnet causes
significant changes in the magnetic flux density distribution, which alters the magnetic
force induced on the beads in the chamber, especially in the horizontal direction. As a
result, the free beads located in between the apertures on the chip move horizontally along
with the motion of the top magnet. We simulated the horizontal motion of a bead located
on the surface of the central region of the chip and observed that a 3 mm sideways motion
of the top magnet caused the bead to move by 150 um which is sufficient to lead it to an

aperture to be pulled down by the vertical magnetic force. Figure 5 (c) demonstrates the
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Figure 5 (a) The simulated magnetic flux density of the dual magnet configuration
and (b) the corresponding magnetic force applied on a single bead in the fluidic
chamber. (c¢) Schematic illustrating the motion of a bead located at the center of
the micro-chip with respective to the movement of the top magnet. The 10 pm
lateral displacement of the bead is resulted from the 200 um lateral movement of
the top magnet. The schematic was not drawn to scale. (d)(e) Micrographs of chip
surfaces without and with the use of a second magnet after capture to clear out the
free beads. Scale bars indicate 56 pm.

3

B

simulated motion of a bead located at the center of the microchip. The bead reached an
adjacent aperture and fell through it with only a 200 um motion of the top magnet.
Therefore, moving the top magnet by as many as a few millimetres should effectively
clear out most of the free beads that do not initially coincide with an aperture (figure 5 (d)
and (e)). It is also plausible that the dual magnet configuration can help clear out the

unwanted bead-bound blood cells that are smaller than 8 um and hence result in higher

purity.
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(2) System characterization

We next investigated the system’s ability to recognize and capture tumor cells spiked into
blood samples of healthy humans. We spiked known number (8, 10, 20, 30, 40, 50, 60,
70, 100, and 110) of MCF-7 cells into 8 mL of blood, and captured them using anti-
EpCAM beads. Based on the computational study and the experiments discussed above,
ideally around 95% of the spiked tumor cells could encounter the chip surface when the
sample mixture flows through the chamber at 2 mL/min. However, the actual detection
yield is expected to be lower because of a number of factors not considered by the
simulation. For example some cells could be lost during centrifugation after RBC lysing
step or during incubation with beads, also the binding efficiency between MCF-7 cells
and antibody-beads could be impeded due to the complexity of the binding environment.
It is therefore important to minimize additional losses once the bead-bound cells are

introduced into the chamber. The high flow rate capability of our system allows us to
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Figure 6 (a) Bright-field and fluorescent images of cells detected from MCF-7-
spiked blood. MCF-7 cells are stained with CK-FITC and thus show green
fluorescence; while WBCs stained with CD45-PE and show red. Scale bar
indicates 24 pm. The contrast of the fluorescent images has been enhanced
artificially. (b) Number of MCF-7 cells detected v.s. number of those spiked in
blood.
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quickly circulate the sample mixture multiple times and help maximize the chances of
recovering a cell that may have skipped the chip surface during its first pass. We therefore
circulated the sample at 2 mL/min for 3 minutes, equivalent to passing it through the
chamber 4 times over. Immunofluorescence analysis of the cells captured on the
microchip was performed while they were still on the chip within the chamber. Figure 6
(a) shows bright-field and fluorescent images of an area on a microchip that contains
some captured cells. The anti-CK-FITC bound to MCF-7 cells emitted green fluorescent
light, while the anti-CD45-PE bound to the white blood cells (WBCs) emitted red light.
DAPI stained the cell nuclei and emitted blue light. We identified tumor cells based on a
combination of factors including the size (10-30 um) and shape (close to circular) of the
cells, and the fluorescent emissions (CK+, DAPI+ and CD45-). The cells that did not fit
this description may have nonspecifically bound to either the beads and/or the chip
surface and were not scored as a tumor cell. Enumeration of the detected tumor cells was
performed manually by capturing images of different segments of the chip surface and
counting the cells in each segment. A plot of the number of cells detected vs. number of
those spiked is shown in Fig 6(b). The slope of the linear fit shows that the system can
detect cells with an 89% detection yield and the fairly linear nature of the relationship
shows that the system robustly delivers this efficiency at a wide range of cell

concentrations.

(3) Detection of CTCs from cancer patient samples

We next detected CTCs in the blood samples obtained from patients with advanced
cancer. Blood samples collected from a total of 50 patients with NSCLC (n=38) and
PANC (n=12) were tested using our system. All of the patients had stage IV metastatic
diseases and 20 of the NSCLC patients and 5 of the PANC patients had not received
systemic treatment. 4 to 8 mL blood from each patient was examined following the same
protocol used in detection of MCF-7 cells spiked in blood except for the choice of the
antibody-beads. Unlike the cancer cell lines that are always cultured in a simple and
controlled laboratory environment, the CTCs from patients may vary in their expression
and affinity for the EpCAM antibody. As discussed before, we used a combination of

beads conjugated with different antibodies to target multiple antigens overexpressed on
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Figure 7 (a) Fluorescent images of cells detected from (a) NSCLC and (b) PANC
patients. Cells show both green and blue in merged images are CK+, DAPI+ and
CDA45-, and hence are identified as CTCs. Scale bars indicate 12 um. The contrast of
the fluorescent images has been enhanced artificially. (c) Histograms showing number
of CTCs detected from each of the 50 patients. (d) The mean, standard deviation and p-
value of number of CTCs detected from treated and untreated patients.

CTCs. A combination of beads conjugated with anti-EpCAM, anti-EGFR and anti-VMT
at a ratio of 1:1:1 was used to test NSCLC samples; while a combination of anti-EpCAM
and anti-CEA beads (1:1) were used for PANC samples. The anti-EGFR and anti-CEA
were used to target an extra antigen (other than EpCAM) that could possibly be
overexpressed on CTCs in lung and pancreatic cancers, respectively. On the other hand,
anti-VMT beads were used to target any CTCs that may be going through epithelial-to-
mesenchymal transition.

The fluorescent images of the cells detected from NSCLC and PANC samples are
displayed in figure 7 (a) and (b), respectively. Once again only those cells showing CK+,
DAPI+ and meanwhile CD45- were identified as CTCs. Notice that in figure 7 (a) the cell
in the middle only shows DAPI+ but is stained by neither CK nor CD45. This could be a
blood cell present in the sample that does not express either of CK or CD45, or a tumor

cell that has gone through EMT and lost its epithelial markers. Nevertheless, these rare
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cells were not included in the CTC count. We also observed some triple-positive cells
(both CK+ and CD45+, with DAPI+) that also were excluded from the CTC count.

The number of CTCs per 8mL of blood of each patient is shown in figure 7 (c). We
identified CTCs in 49 of 50 patients. Only one PANC patient that had received
chemotherapy recently did not show any CTCs. The number of CTCs detected ranged
from 2 to 122 per 8 mL for NSCLC and 0 to 42 per 8 mL for PANC, resulting in a mean
and standard deviation of 39+32 CTCs/8mL for NSCLC and 26+11 CTCs/8mL for
PANC. The purity of the detection was also analyzed by calculating the log depletion of
WBCs which are the major source of impurities. For NSCLC samples, the number of
DAPI positive cells found on chips ranged from 868 to 19,916 with an average of 4,016
(from 8 mL of blood), which yields an average of 4-log depletion of WBCs. On the other
hand, our system achieved an average of 3.6-log depletion of WBCs while detecting
CTCs from PANC blood samples.

We further grouped the number of CTCs detected from patients who had received
systemic cancer treatments as well as from those who had not and plotted them in figure 7
(d). On average we detected 55 CTCs in the blood samples of untreated NSCLC patients
and 21 in those of treated ones; meanwhile, the average CTC counts of the untreated and
treated PANC patients are 31 and 22. A student t-test analysis on the two groups of
NSCLC patients revealed a p-value of 0.00045, indicating a statistically significant
difference between the CTC counts of the two groups. On the other hand, presumably due
to relatively smaller sample size, the p-value of the average count in between the treated
and untreated PANC data is 0.13114 indicating that the difference is statistically
insignificant. Our current efforts are focused on comparing CTCs isolated from the same
patient before and after systemic treatment to assess our system’s capability to detect

CTC response to treatment.

Conclusions

We have demonstrated a microchip system that combines immunomagnetics, high-flow
rate fluidics and size-based separation, for detection of CTCs. Cells captured can be

imaged and enumerated directly on the microchip. The optimal flow rate for CTC
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detection was found to be 2 mL/min based on a computational model that was also
verified experimentally. With the optimized flow rate, 89% of the MCF-7 cells spiked in
8 mL of blood were detected. We further applied the system to the analysis of clinical
samples obtained from NSCLC and PANC patients using cocktails of antibody-beads and
have detected CTCs in all 38 NSCLC patients and 11 of 12 PANC patients. Moreover, the
data demonstrated a statistically significant difference in the number of CTCs of treated
and untreated NSCLC patients, which warrants further analyses and studying of the
correlation between the CTCs detected by this system and the overall tumor burden. Due
to its versatility, robustness, relative architectural simplicity, and compatibility with
existing practices, we envision this system to be highly beneficial in clinical and research

settings.
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