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Abstract: During cancer progression, tumors shed circulating
tumor cells (CTCs) into the bloodstream. CTCs that originate
from the same primary tumor can have heterogeneous
phenotypes and, while some CTCs possess benign properties,
others have high metastatic potential. Deconstructing the
heterogeneity of CTCs is challenging and new methods are
needed that can sort small numbers of cancer cells according to
their phenotypic properties. Here we describe a new micro-
fluidic approach that profiles, along two independent pheno-
typic axes, the behavior of heterogeneous cell subpopulations.
Cancer cells are first profiled according to expression of
a surface marker using a nanoparticle-enabled approach.
Along the second dimension, these subsets are further sepa-
rated into subpopulations corresponding to migration profiles
generated in response to a chemotactic agent. We deploy this
new technique and find a strong correlation between the
surface expression and migration potential of CTCs present in
blood from mice with xenografted tumors. This system
provides an important new means to characterize functional
diversity in circulating tumor cells.

Overt metastasis is responsible for as much as 90% of
cancer-associated mortality. It is the end result of a multistep
process in which circulating tumor cells seed metastatic
tumors."™ To metastasize, a CTC must invade, intravasate,
extravasate, and grow at a distant site.’® Chemotactic
migration mediated by chemokine and growth factors may
play an important role in each of these processes.’”! Indeed,
during intravasation and extravasation, tumor cell migration
is influenced by chemotactic factors present in the extracel-
lular matrix."” An individual patient’s CTCs can be highly
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heterogeneous, and only those cells that are susceptible to
chemotaxis are thought to be involved in the metastatic
pathway.''l CTCs that cannot respond fast enough to chemo-
kines may not participate in the formation of metastatic
lesions.

As tumor cells enter into the bloodstream, they can lose
their epithelial character and take on a mesenchymal pheno-
type via the epithelial-to-mesenchymal transition (EMT).!> 13!
This phenotypic variation may also contribute to metastatic
potential, as the plasticity of cellular properties is believed to
be required for intravasation and extravasation. EMT can be
tracked by monitoring the surface expression of extracellular
or intracellular markers,*'% and the analysis of EMT status
in CTCs has been shown to be relevant for tracking disease
progression. The loss of epithelial characteristics may engen-
der CTCs with greater motility that supports the invasion of
secondary sites.”>”

Microfluidic isolation of rare cells opens new venues to
study CTCs;"*?* however, existing techniques simply capture
and enumerate CTCs and do not analyze phenotypically the
heterogeneous cancer cell subpopulations encountered in
clinical specimens. Given the functional diversity of CTC
subpopulations,”*! enumeration of CTCs alone is inade-
quate to understand their behavior. While microfluidic
devices have been employed to study the migration of
cancer cells toward a chemoattractant, systems that are
applicable to blood-borne CTCs are lacking. Many different
aspects of cancer cell migration and invasion have been
studied using microfluidic devices,”¥! but previous studies
were confined to the study of cultured cancer cells rather than
true CTCs obtained from blood samples.

Our profiling approach relies on fluidic capture and
phenotypic sorting of heterogeneous subpopulations of
cancer cells. In the first sorting dimension, cells are sorted
into one of four zones based on levels of surface marker
expression (Figure 1 and Figure S1). The epithelial cell
adhesion molecule (EpCAM) was chosen as an initial
profiling target since it is a well-characterized marker present
on the surface of many different types of cancer cells and has
levels that are known to vary during cancer progression.!4
Other proteins known to be important markers of EMT could
also be targeted using this same strategy.’®*! The sorting is
achieved according to levels of bound aptamer-functionalized
magnetic nanoparticles (aptamer-MNP, Figure 1) that report
on EpCAM expression.® The zones that are patterned
within our microfluidic device feature microfabricated X-
structures to adjust the required drag force for cell capture.
Previous studies of this approach have demonstrated high cell
capture efficiencies of cultured cells and CTCs using this
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velocities, each decreasing
the velocity by twofold.
Consequently, the lowest
linear velocity at the fourth
zone facilitates the accumu-
lation of low-expression
cells. After binning the sub-
populations into four suc-
cessive zones, we released
the cells using the antisense
DNA strand complemen-
tary to the capture apta-
mer.P As previously de-
scribed,*"*! this subpopula-
tion-sorting chip  yields
results similar to those
obtained using flow cytom-
etry, and produces discrete
profiles for high-EpCAM
cells (e.g. LNCaP cells)
versus low-EpCAM cells
(e.g. PC3 cells, Figure S2).
After the subpopula-
tions are separated accord-
ing to levels of surface

Identify
invasive
CTCs

migration
distance

expression, a second dimen-

sion of CTC sorting is
applied that characterizes
a functional phenotype for

cancer cells that is believed

Figure 1. Profiling functional and biochemical phenotypes of CTCs. A) Overview of two-dimensional character-
ization approach. B) Cells are first sorted according to the levels of a surface marker, for example, EpCAM.
High- and low-EpCAM cells are captured in Z1 and Z4, respectively. After EpCAM sorting, cell subpopulations
extracted from each zone are subjected to chemotactic phenotype sorting. C) Magnified images of the
chemotaxis chip. i) Microfabricated traps located in the cell-loading channel are used as the capture sites.
When a cell is captured at one trap site, the captured cell blocks the flow through one side of the channel,
and remaining cells are subsequently captured at the downstream capture sites. ii) The cell loading channel is
connected to the chemoreservoir through the migration channels. Cells migrate from the cell-loading channel
toward the chemoattractant reservoir. The migration channel is divided into three regions to study the
migration of different cell subpopulations more effectively. D) Image of captured cells in the cell loading

channel.

technique.'"**) Changing the cross-sectional area of the
microfluidic channel alters the linear velocity (and thus the
drag force acting on the CTCs), enabling the capture of
distinct subpopulations of cancer cells exhibiting different
levels of surface marker expression. The first zone has the
highest linear velocity (produced by a small cross-sectional
area) and retains cells having high levels of the surface
marker. The succeeding three zones exhibit reduced linear
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to be linked directly with
metastatic potential: cell
migration via chemotaxis.
The chemotactic sorting
process in our device relies
on the migration of
extracted cell subpopula-
tions toward a specific che-
moattractant. Four chemo-
taxis modules are connected
to the four zones of the
surface marker expression
sorting device that allow us
to study the migration
behavior of cell subpopula-
tions (Figure 1B). Each che-
motaxis chip contains one
cell-loading channel that is
connected to two chemoat-
tractant reservoirs through
migration channels.
Microfabricated traps inside the cell-loading channel are
used as the capture sites (Figure 1C, left and Figure 1D).
Prior to the loading of cells, the desired chemoattractant is
loaded into chemoreservoirs; the reservoirs are separated
from the cell-loading and migration channels via valves that
are initially closed (Figure S1). These valves are used to
prevent chemoattractant diffusion into the migration and cell-
loading channels during cell capture. After chemoattractant
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loading, cells that are released flow toward the cell-loading
channel and are captured at the ensuing trap sites.

Captured cells migrate toward the chemical gradient
generated in the migration channel. When the valves are
open, the concentration of chemoattractant increases linearly
along the migration channel, as confirmed by simulations
(Figure S3B and Figure S4). After 3 hours, a linear gradient of
chemoattractant is generated along the migration channels
(Figure S3C,D).

To study single-cell migration behavior more quantita-
tively, we divided each migration channel into three regions
(Figure 1 C, right). This channel division makes it possible to
distinguish between highly mobile cells and cells with less
pronounced chemotaxis phenotypes. After an incubation
period where cells are permitted to migrate, they are
categorized as either non-migrating, M1 (minimal migration),

A

Prostate cancer cell migration (PC3)

M2 (intermediate migration), M3 (high migration), or
migrated.

First, we explored the performance of the chemotaxis chip
to ensure that it would report on the migratory properties of
CTCs. Two model prostate cancer cell lines and two model
breast cancer cell lines®” were chosen to challenge the
effectiveness of the chemotaxis chip. The desired chemo-
attractant was prepared in serum-free media and loaded into
chemoreservoirs before cell injection. In order to verify the
effect of chemoattractant on cell migration, we performed
control experiments using a serum-free medium instead of the
chemoattractant.

Migration results for PC3 (a metastatic prostate cancer
cell line) and LNCaP (a less aggressive prostate adenocarci-
noma cell line) cells are shown in Figure 2A and B,
respectively. We selected CXCL16 as a chemoattractant to
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Figure 2. Chemotactic phenotype sorting of model prostate cancer cell lines. A) Chemotactic migration of aggressive (PC3) prostate cancer cell
line in response to 100 ngmL™" of CXCL16 as a chemoattractant. i) Results show that CXCL16 induces migration in PC3 cells. ij) PC3 migration
was monitored at different time points: 0 h, 5 h, 10 h, 15 h, and 20 h after cell loading. The position of 13 cells was measured at each time point.
Each red circle denotes the cell position at one time point. Results show that more than 35% of PC3 cells migrated in the first 5 hours of
incubation. B) Chemotactic migration of non-aggressive (LNCaP) prostate cancer cell lines in response to CXCL16 as the chemoattractant.

i) Results demonstrate that LNCaP migration in response to the CXCL16 is negligible. i) LNCaP migration was observed at different time points.
Less than 25% of cells migrated toward chemoattractant. C) Images of the single-cell migration assay. PC3 cells were loaded in the cell-loading
channel and 100 ngmL™" of CXCL16 was used as the chemoattractant. The left image illustrates the single-cell distribution after cell loading. The
middle and right images show the cell distribution after 4 and 20 hours incubation, respectively.
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study prostate cancer cell migration behavior, as it has been
shown that CXCL16 induces prostate cancer cell migration
and may play an important role in prostate cancer progres-
sion.®® In experiments with PC3 cells, more than 40 % of PC3
cells either migrated completely toward the chemoreservoirs
or were found in the last one-third of migration channel (M3).
The migration of LNCaP cells, however, was much less
pronounced (Figure 2B). We also monitored CXCL16-stimu-
lated migration for both PC3 and LNCaP cells at different
time points (0 h, Sh, 10 h, 15 h, and 20 h after cell loading).
Most of the PC3 cells begin to migrate within 5 hours, and
roughly one-third are completely migrated within this time
window. The migration profiles as a function of time for the
LNCaP cells support the conclusion that these cells are not
able to respond to a chemoattractant efficiently. Figure 2C
shows time-lapse images corresponding to the migration of
PC3 cells.

The investigation of chemotactic migration of both
prostate (Figure 2) and breast cancer (Figure S5) cells reveals
that mesenchymal character increases the motility of cells.
The two cell lines with greater mesenchymal character (PC3
and MDA-MB-231) showed higher mobility than the epithe-
lial cell lines (LNCaP and MCF-7). These results demonstrate
that the proposed chemotaxis chip profiles cells according to
their response to a chemical stimulator, and also that it
enables evaluation of single-cell migration behavior. Cells
having different levels of invasiveness exhibited distinct
migration profiles.

We proceeded to evaluate whether an integrated sorting
system could monitor 2D phenotypic properties of cells
present in unprocessed whole blood. Whole blood samples
were spiked with PC3 cells, and following EpCAM-based
sorting of the cells into four different subpopulations,
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CXCL16 was used to stimulate chemotactic migration of
extracted cell subpopulations. The results (Figure 3 and
Figure S6) confirm that cancer cell subpopulations with
different levels of EpCAM expression exhibit different
migration profiles. Compared to cell subpopulations
extracted from the high-EpCAM zone, low-EpCAM cells
demonstrated increased migration tendency upon stimulation
with chemoattractant.

The integrated system was challenged using blood from
mice bearing xenografted tumors to evaluate the utility of this
system for the analysis of CTCs. Three prostate cancer cell
lines (LNCaP, PC3, and PC3M) were implanted orthotopi-
cally into immunodeficient mice. PC3 and PC3M cells are
known to have high metastatic potential while LNCaP cells
possess more benign properties. Mice were sacrificed 4 weeks
after tumor cell injection and 700 pL of their blood was
collected for analysis using the two-dimensional phenotypic
profiling approach.

The profiles of CTCs (Figure 4 A) extracted from three
xenograft models are shown in Figure 4 and Figure S7. In all
of the xenografted animals, significant numbers of CTCs were
detected. The CTCs from animals xenografted with LNCaP
tumors exhibited downregulated EpCAM expression (Fig-
ure 4B) relative to the ungrafted cell line (Figure S2), but
very few cells showed significant levels of chemotaxis. For the
animals with PC3-derived tumors, the majority of CTCs in the
later zones of the device exhibited high levels of migratory
behavior. In addition, the PC3M-derived tumors produced
CTGCs that displayed efficient chemotaxis, especially for cells
that were sorted into the low-EpCAM zones of the device.

In order to evaluate the levels of metastasis produced by
the xenografted tumors, we extracted the lungs and lymph
nodes from two mice in each group and sent them for
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Figure 3. Validation of 2D sorting approach. A) 2D phenotypic sorting chip was applied to PC3 cells in whole blood samples. The first sorting step
was performed based on EpCAM expression using an EpCAM-specific aptamer tagged with magnetic nanoparticles. After release of the cells
using the corresponding antisense DNA, AS-EpCAMT, cell subpopulations extracted from each zone were subjected to chemotactic phenotype
sorting. CXCL16 (100 ngmL™") was used as the chemoattractant. In total, a recovery efficiency of 7944% was achieved after cell capture in the
second dimensional profiling. B) Immunofluorescence images of a migrating cell (inside the channel) and a migrated cell (ejected into the

chemoreservoir).
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Figure 4. 2D phenotypic profiling of CTCs in cancer xenograft models. First, CTCs were sorted based on their EpCAM expression. Subsequent to
the releasing of CTCs using the corresponding antisense, CTC subpopulations extracted from each zone were subjected to the chemotactic
phenotype sorting. CXCL16 (100 ngmL™") was used as the chemoattractant. A) Representative images of a captured CTC and a normal mouse
cell. Nuclei are stained with DAPI (blue), CTCs are stained for CK (red) and Vimentin (orange), and mouse cells for mouse CD45 (green). B) 2D
phenotypic profiles of CTCs extracted from mice in cancer xenograft models. Total numbers of captured CTCs are: 27, 42, and 66 in LNCaP, PC3,
and PC3M xenografts, respectively. See Figure S7 for additional data collected with animals. C) Histopathology image of lymph node section of
a mouse in PC3M xenograft confirming the presence of micro-metastases. The metastases (M) almost completely affected normal lymph node
architecture and only small amounts of lymphoid tissue (L) remained. Scale bars are 250 um.

histopathology. Micro-metastases were found in the lung and
lymph nodes of animals that also displayed high levels of
migratory behavior (Figure 4C). 86 micro-metastases were
found in the organs of mice with PC3M tumors and 2 micro-
metastases were found in mice with PC3 tumors. However,
the scans of lungs and lymph nodes of mice with LNCaP
tumors did not yield any micro-metastases. This trend
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indicates that the migratory properties of CTCs—which can
be visualized straightforwardly with our device—may indeed
correlate with their metastatic potential.

The technique described here can be used to isolate
phenotypically distinct cell subpopulations defined using two
phenotypes—a biochemical phenotype reporting on EMT
status, and a functional phenotype reporting on migratory
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potential. The two phenotypes appear to be correlated: both
in cultured cells and CTCs collected in animal xenografts, the
loss of epithelial character correlates with efficient chemo-
taxis. Indeed, in the most invasive xenograft studied (PC3M),
the CTCs showed low EpCAM levels, and almost 50% of
CTGCs exhibited significant migratory activity. The presence of
micro-metastases also confirmed high metastatic potential of
migratory CTCs.

The approach described herein reveals phenotypic pro-
files of low levels of CTCs in unprocessed blood samples. The
high levels of sensitivity obtained and compatibility with
whole blood makes this technique a powerful tool for the
analysis of rare circulating tumor cells. 2D phenotypic
profiling is an effective strategy for CTC profiling that
allows the heterogeneous phenotypes of CTCs to be moni-
tored.
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