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ABSTRACT: Analyzing small collections of cells is challenging
because of the need for extremely high levels of sensitivity. We
recently reported a new approach, termed magnetic ranking
cytometry (MagRC), to proﬁle nanoparticle-labeled cells. Using
antibody-functionalized magnetic nanoparticles, we label cells so that
each cell’s magnetization is proportional to its surface expression of a
selected biomarker. Using a microﬂuidic device that sorts the cells
into 100 diﬀerent zones based on magnetic labeling levels, we
generate proﬁles that report on the level and distribution of surface
expression in small collections of cells. Here, we present a new set of
studies investigating in depth parameters such as ﬂow rate and
magnetic nanoparticle size that aﬀect device performance using both
experiments and modeling. We present a model that further elucidates the mechanism of cell capture and use it to optimize
device performance to eﬃciently capture rare cells. We show that this method has excellent speciﬁcity and can be used to
characterize rare cells even in the presence of whole blood.
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INTRODUCTION
Recent advances in rare cell capture technology1−8 have made it
possible to isolate these cells with high sensitivity and
speciﬁcity. Aﬃnity capture,9 negative selection,10 and sizebased separation11 are powerful approaches to count rare cells
(e.g., circulating tumor cells, CTCs). Advanced rare cell
proﬁling tools12,13 enable ﬁngerprinting of genomic and
proteomic properties; however, even the most advanced
techniques reported to date must perform these analyses
oﬄine and do not phenotypically analyze the low numbers of
cancer cells found in clinical specimens in situ. Exciting
advances are being made in single-cell analysis techniques such
as Western blotting, but existing methods are challenging to
apply to heterogeneous mixtures of cells.8
We recently developed a new method, magnetic ranking
cytometry or MagRC, that allows us to proﬁle the
heterogeneous CTC subpopulations.14 This approach addresses the challenge of high-resolution protein expression
proﬁling of rare cells, and our previous work on this technique
explored its performance with blood samples. MagRC takes
advantage of ﬁne-tuning of an applied magnetic ﬁeld along a
channel to provide high resolution proﬁling of rare cells and
enable phenotypic ranking. Cells are loaded with antibodylabeled magnetic nanoparticles at levels corresponding to
© 2017 American Chemical Society

surface expression of a given marker, after which they are
pumped into a microﬂuidic device which modulates an
externally applied magnetic ﬁeld to create 100 diﬀerent zones
along the ﬂow path. The device can proﬁle the surface
expression of very small numbers of cells, even in the presence
of whole blood. Here, we report detailed studies of the MagRC
approach to further elucidate the factors aﬀecting performance.
We study the eﬀects of diﬀerent parameters such as cell size and
ﬂow rate on the proﬁles extracted from the MagRC device. We
optimize the ﬂow rate in order to capture cells having low levels
of surface marker expression with high eﬃciency using both
modeling and experiments. Using computational modeling and
experimental trials, we determine the size of magnetic
nanoparticle required to achieve the optimal separation of
MagRC proﬁles for cells having diﬀerent levels of surface
marker expression. We also provide a detailed model that
investigates the capture eﬃciency of cells exhibiting varied
expression levels.
To allow surface protein expression to be proﬁled using the
device (Figure 1), cells are sorted into one of 100 discrete
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Figure 1. Overview of the magnetic ranking cytometry approach. (a) Arrays of magnets applied to the top and bottom of a microﬂuidic chip
generate an external magnetic ﬁeld. (b) An array of X-shaped structures generates low ﬂow regions; round nickel micromagnets are patterned within
the channel to enhance the external magnetic ﬁeld, and the micromagnets increase in size along the length of the channel. (c) Simulation of the
magnetic force acting on a single nanoparticle as a function of the height above the nickel micromagnet and distance along the channel. The force is
highest at the edge of micromagnets. (d) Cells with diﬀerent levels of surface marker expression are captured at diﬀerent regions along the length of
the chip as they pass between nickel sites. As cells ﬂow along the channel, they settle downward toward the bottom of the chip due to gravity; this
leads to more eﬃcient capture in later zones. Cells with high levels of surface marker expression eﬀectively have a larger capture zone, and thus are
captured in the earliest zones where the micromagnets are small (i, top), while for low magnetic loading cells, larger micromagnets are required to
generate a suﬃciently large capture region (ii, bottom). (e) Whole blood is introduced into the MagRC chip, and a proﬁle is generated using
immunstaining (inset) that reﬂects levels of protein expression for the cells as a collective. (f) This manuscript investigates device performance based
on (i) cell size, (ii) magnetic particle size, and (iii) ﬂow rate.

increasing amount of the device area is exposed to the
augmented ﬁeld gradients and magnetic forces generated at the
edges of the micromagnets, yielding the ability to magnetically
rank cells with diﬀerent levels of surface marker expression.20
As cells pass through the channel, they are captured only when
they enter into a volume exhibiting a magnetic force (deriving
from a combination of high magnetic ﬁeld strength and high
ﬁeld gradients) that exceeds a threshold for capture. The
threshold for capture, in turn, depends on the number of bound
magnetic nanoparticles. Since this number reﬂects the protein
expression level of a cell, the position of capture along the chip
is determined by protein expression level.
We deﬁne a capture zone around nickel micromagnet as a
region where the cells are expected to be retained. Inside the
capture zone, the magnitudes of the magnetic and drag forces
are comparable. For a cell with a high level of bound magnetic
nanoparticles, the small nickel micromagnets create suﬃciently
large capture zones for their eﬃcient isolation (Figure 1d, top):
high-expression cells are therefore captured in the earliest zones
of the device, even though the nickel micromagnets are small.
Low-expression cells require the action of larger nickel
micromagnets to become captured, ensuring that they are
retained only in the later zones of the chip (Figure 1d, bottom).

capture zones patterned along a microﬂuidic channel. The
sorting is achieved according to levels of bound antibodyfunctionalized magnetic nanoparticles that in turn report on
surface expression. Engineered microstructures locally slow the
ﬂow of the sample to facilitate diﬀerential capture of cells.15,16 A
set of external NdFeB magnets creates a constant external ﬁeld
(Figure 1a), and the local magnetic force is modulated within
the device via the use of micromagnets that increase in size
along the length of the channel. The micromagnets are round
nickel structures centered on microfabricated X-shaped
structures (Figure 1b). Nickel is a ferromagnetic material that
can be used to amplify magnetic ﬁelds. Other studies have
made use of this property of nickel to capture CTCs,
successfully employing nickel micro pillars,17 nickel lines,18,19
and nickel nanoparticles.9 The highest ﬁeld gradients are
generated at the edges of the nickel micromagnets (Figure 1c).
Inside the channel, the radius of the micromagnets ranges from
136 to 235 μm, generating 100 discrete zones for capture based
on diﬀerential expression. Each of the 100 zones has two rows
of X-structures with the same size of nickel sites. By gradually
increasing the size of the micromagnets along the length of the
microﬂuidic channel that had a ﬁxed width (to maintain a
constant mean linear velocity in the ﬂow direction), an
25684
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Figure 2. Eﬀects of ﬂow rate, magnetic particle size, and cell size on magnetic ranking cytometry proﬁles. (a) Experimental and modeling analysis of
the capture eﬃciency of low magnetic loading cells as a function of ﬂow rate. 100 cells were spiked into a buﬀer and incubated with magnetic
nanoparticles for 30 min. Afterward, samples were run at diﬀerent ﬂow rates through the chip. Here experiments were repeated three times. Both
modeling and experimental results conﬁrm the maximum ﬂow rate that can be used to eﬃciently capture cells having low surface marker expression
is 500 μL/h. (b) The eﬀect of the magnetic nanoparticle size was investigated experimentally. MDA-MB-231 cells were spiked in buﬀer solution and
captured using nanoparticles with three diﬀerent diameters. (C) The eﬀect of the size of magnetic nanoparticles on the proﬁles of cells with diﬀerent
levels of surface marker expression was interrogated. The nanoparticle size aﬀects the magnetic force acting on the cell. Additionally, the number of
particles covered on the surface of a cell depends on the size of nanoparticle. (d) Using a parametric model, the eﬀect of cell size on the chip proﬁles
was investigated for high, medium and low magnetic loading cells. The size of the cell directly aﬀects the drag force acting on the cell. As the cell size
increases, the drag force, which opposes capture, increases and capture occurs at the later zone of the device where the micromagnets are larger.

By locating each micromagnet concentrically beneath an Xstructure, we ensure that the high ﬁeld gradient regions within
the ﬂuidic channel also correspond to the regions exhibiting the
slowest ﬂows.

■

breast cancer cell line with mesenchymal characteristics), which
have low levels of EpCAM expression were incubated with
magnetic nanoparticles and run through the device at diﬀerent
ﬂow rates (400, 500, 600, and 700 μL/h). We calculated the
capture eﬃciency of the device by dividing the number of
captured cells by the known number of cells injected into the
device. Here, 500 μL/h was chosen as the optimal ﬂow rate,
allowing for greater than 90% capture of the low EpCAM
expressing MDA-MB-231 cells. Similar experiments which were
performed in whole blood samples (Figure S2) also conﬁrmed
that 500 μL/h is the optimal ﬂow rate for cell capture. The
capture eﬃciency was also estimated for cells with low levels of
magnetic loading using a parametric model. We carried out the
magnetic and ﬂow ﬁeld simulations in COMSOL Multiphysics,
with the goal of comparing the magnitude of the ﬂow velocity

RESULTS AND DISCUSSION

Optimization of Flow Rate. We turned to a combination
of modeling and experiments (Figure 2a) to optimize the ﬂow
rate required for high recovery of cells having low levels of
surface marker expression. In the experiments, we used the
epithelial cell adhesion molecule (EpCAM) as the proﬁling
marker. EpCAM is a marker expressed in many types of cancer
and it is known that EpCAM is downregulated through a
process known as the epithelial to mesenchymal transition
(EMT) during cancer progression. MDA-MB-231 cells (a
25685
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larger micromagnets are required for cell capture. Therefore,
increasing the cell size induces a shift in the device proﬁle to the
later zones.
Estimating the Dynamic Range of MagRC Device. The
dynamic range of the MagRC chip was estimated according to
the surface marker expression of cells. The relative levels of
EpCAM expression of three model cell lines: VCaP, SKBR3
and MDA-MB-231 cells, were measured via ﬂow cytometry
(Figure S1). We used the relative mean ﬂuorescence intensity
extracted from the ﬂow data in order to assess the dynamic
range of MagRC chip (Figure 3). According to the ﬂow data of
VCaP (high EpCAM) and MDA-MB-231 (low EpCAM) cells,
the dynamic range of MagRC chip was calculated 60:1.

at each point in the chip with the magnitude of the velocity
induced by the magnetic force acting on the cells at that
point.14The model incorporates the capture zone and ﬂow
analysis in order to identify the likely capture location of a cell
in the device. It is noteworthy that the proposed model only
considers the drag and magnetic forces. However, the friction
and adhesion forces acting on the cell can aﬀect the cell capture
and result in the deviation from modeling results at high ﬂow
rate.
Cell Capture as a Function of Magnetic Nanoparticle
Size. To optimize the size of magnetic nanoparticles required
for the eﬀective sorting of cancer cells with diﬀerent levels of
surface marker expression, we performed a combination of
modeling and experiments. We examined magnetic particles
having three diﬀerent diameters: 25−30 nm, 50−75 nm
(MACS microbeads), and 1 μm beads. The number of
perfectly spherical particles that can be arranged on the surface
of a cell can be calculated using the following equation:21
no. of particles on the surface of the cell =

4πrc 2
3 rp2

(1)

where rc and rp are the radii of cell and particle, respectively.
For magnetic particles with a speciﬁc size and cell diameter of
10 μm, if the derived number from eq 1 is greater than the level
of surface marker expression of cell, the magnetic loading of cell
will be determined by the surface marker expression. Therefore,
for small magnetic nanoparticles (25−75 nm), surface marker
expression deﬁnes the level of magnetic loading; however, for
large particles (1 μm), the level of magnetic loading is
estimated according to eq 1. The magnetic force acting on the
cell is also proportional to the size of magnetic nanoparticles
covered on the surface of the cell (eq 2).
Fm ∝ rp3

Figure 3. Dynamic range of magnetic ranking cytometry. The dynamic
range of MagRC device was estimated according to the relative mean
ﬂorescence intensity of cells having diﬀerent levels of EpCAM
expression. The mean capture zone of model cancer cell lines was
extracted from experimental data.14

(2)

Modeling the Capture Eﬃciency. As a complement to
our numerical simulations of the ﬂow and magnetic ﬁelds and
cell capture inside the MagRC chip, we developed a
quantitative model to explore the capture eﬃciency of cells
exhibiting varied expression levels. We approximate that the
probability of cell capture at a zone, Pcapture, is proportional to
AFm>Fd, the average percentage of area of a zone in which
magnetic force is greater than the drag force. As increasing the
size of micromagnets along the length of the device increases
the size of capture zones, we also assume the probability of cell
capture is proportional to the eﬀective area of the micromagnet
at a given zone, Aμ−magnet. Therefore, the capture probability at a
zone can be calculated as
Aμ−magnet
Pcapture = A Fm > Fd
(3)
α

Accounting for these two eﬀects, we modeled the predicted
capture locations of three types of cells with diﬀerent levels of
EpCAM expression, using magnetic nanoparticles with three
diﬀerent sizes. As shown in Figure 2c, magnetic particles with a
diameter of 50 nm yield the optimal separation of MagRC
proﬁles of diﬀerent types of cells. We also performed the cell
capture experiment with three sizes of magnetic particles.
MDA-MB-231 cells were captured in the MagRC chip using
magnetic beads of diﬀerent sizes (Figure 2b). MDA-MB-23l
cells are recovered with the highest capture eﬃciency using 50
nm beads. In addition to the nanoparticle size, the eﬃciency of
antibody labeling with magnetic nanoparticles may aﬀect the
capture of MDA-MB-231 cells when 25 nm and 1 μm beads
were used.
Cell Capture as a Function of Cell Size. Modeling results
demonstrate that cells having diﬀerent levels of magnetic
loading were captured at diﬀerent regions of the device (Figure
2d). Cells possess the highest level of surface marker expression
were retained primarily in the ﬁrst 10 zones of the chip, while
cells having the lowest level of magnetic loading were captured
generally at the ﬁnal zones in the region of the chip where the
micromagnets are largest. We also examined the eﬀect of the
cell size (diameter) on the proﬁle extracted from the 100-zone
device. We calculated the capture location of a high, medium,
and low magnetic loading cell with three diﬀerent diameters: 5,
10, and 15 μm (Figure 2d). The diameter of the cells directly
impacts the drag force predicted by Stokes law. As cell diameter
increases, the drag force, which opposes capture, increases and

Here, α is an experimentally determined proportionality
constant with unit set to ensure Pcapture is unitless (unit is
mm−2).
The capture eﬃciency in the ith zone can be calculated as
Ei = Pi[N − (E1 + E2 + ... + Ei − 1)]

i = 1, 2, ..., 100
(4)

In this equation, Ei and Pi are deﬁned as the capture eﬃciency
and the capture probability in the ith zone and N is the total
number of loaded cells. Capture eﬃciency of each zone can be
calculated by substituting the capture eﬃciency terms of the
prior zones. In the following, capture eﬃciencies of zones 1, 2,
and 3 are written as an example:
25686
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Figure 4. Sensitivity of magnetic ranking cytometry. (a) Distribution of diﬀerent numbers of SKBR3 cells in the chip; SKBR3 cells were spiked in
buﬀer solution and counted using immunoﬂuorescence after capture in a chip; EpCAM was used as the proﬁling marker. (b) The 100-zone device
was used to count diﬀerent numbers of SKBR3 cells spiked in buﬀer solution. A low number of cells (n = 10) spiked into a volume of 100 μL can be
visualized. Error bars show standard deviations, n = 3. (c) Analysis of cells representing an in vitro EMT model. Untreated SKBR3 cells are captured
in the initial zones, while CoCl2-treated cells are captured further downstream. 100 μL of buﬀer solution was spiked with 100 cells and experiments
were repeated three times. A slower ﬂow rate was used in these experiments relative to 3(a). At slower ﬂow rate, the shift in the proﬁle of treated
sample is more obvious compared with the 500 μL/h. (d) Distribution of high (VCaP) and low (MDA-MB-231) EpCAM cells spiked in whole
blood. Cells were spiked in 1 mL of whole blood and the chip was used to proﬁle the spiked samples for surface expression of EpCAM. Spiked
experiments were performed separately for each cell line. (e) Identiﬁcation and discrimination of cancer cells based on immunostaining. Cells were
stained against CD45, CK, and DAPI. Cancer cells were identiﬁed as DAPI+/CK+/CD45− and white blood cells were identiﬁed as DAPI+/CK−/
CD45+.

E1 = NP1 ,

line) cells spiked in 100 μL of buﬀer solution and (Figure 4).
As shown in Figure 4a, the device oﬀers a highly reproducible
capture pattern for diﬀerent numbers of target cells. Moreover,
it can retain low numbers of cells with high sensitivity and a
high degree of linearity (Figure 4b).
We also evaluated whether magnetic ranking device could
monitor dynamic phenotypes in cancer cells, and in particular
changes induced by using an in vitro model for EMT−CoCl2
induced by hypoxia.22 We studied SKBR3 cells that were
untreated versus those in which EMT has been induced.
Following 72 h of CoCl2 treatment, we used the device to
assess control and treated samples using EpCAM as a proﬁling
marker. The inset in Figure 4c shows ﬂow cytometry data that
conﬁrm the down regulation of EpCAM in treated samples.
The shift observed for treated cells sorted in the device also
conﬁrms EpCAM down regulation (Figure 4c).
To evaluate the performance of the chip for characterizing
rare cells in blood, whole, unprocessed blood was spiked with
cultured cancer cells and run through the chip. The results
demonstrate that the chip is insensitive to the complex
background of biological samples. One mL of whole blood
was spiked with 100 cancer cells and EpCAM was used as the
capture agent (Figure 4d). We challenged the device with high
(VCaP) and low (MDA-MB-231) magnetic loading cells. After
capture and ﬁxation, immunostaining was carried out to
distinguish between target cells and white blood cells
(WBCs) (Figure 4e) to ensure an accurate proﬁle. Cancer

E2 = P2[N − NP1] = NP2[1 − P1],

E3 = NP3[1 − P1 − P2 + PP
1 2]

(5)

The total capture eﬃciency is the sum of capture eﬃciencies in
each individual zone:
E T = E1 + E2 + E3 + ... + E100

(6)
14

Using the capture zone radius calculation, the average
percentage of area of a zone in which the magnetic force and
the drag force are comparable, was calculated for cells having
high, medium and low levels of magnetic loading (Table S1).
We simulated the spatial distributions of net force acting on a
cell and used COMSOL to calculate the capture zone radii and
AFm>Fd. Table S1 summarizes this percentage for VCaP, SKBR3,
and MDA-MB-231 cells at diﬀerent zones. Table S2 also
summarizes the value of Aμ−magnet at diﬀerent zones.
The data was ﬁt to the VCaP capture eﬃciency data, and we
found the model best ﬁt the data using a proportionality
constant of 0.18. For SKBR3 and MDA-MB-231 we found the
model best ﬁt the data using a proportionality constant of 0.2
and 0.03, respectively. Table S3 summarizes the predicted
capture eﬃciency and the experimentally measured capture
eﬃciency calculated for diﬀerent cell lines.
Validation in Complex Samples. To investigate the
sensitivity of our approach, we challenged the device with low
numbers (10−100) of SKBR3 (breast adenocarcinoma cell
25687
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cells were identiﬁed by a triple stain for cytokeratin (CK+), a
nuclei stain (DAPI+), and by conﬁrmation that they were
missing any staining for CD45 (CD45−). As the modeling
results suggested (Figure 2d) high EpCAM cells were captured
at the initial zones while low EpCAM cells were retained at the
ﬁnal zones of the device where the size of micromagnets is at
the largest. High recoveries of the spiked samples injected into
the device were achieved (VCaP 98 ± 3 and MDA-MB-231 90
± 3%). Moreover, we previously showed that the MagRC chip
is amenable to retain even 10 target cancer cells spiked into
whole blood.14 This resolution enabled discrimination among
heterogeneous CTC subpopulations when low number of
CTCs is at play. In addition, statistical analysis performed on
the prostate cancer patient CTC zone distributions has shown
that the CTC proﬁles extracted from the MagRC device are
statistically signiﬁcant.14 It is worth noting that the high
recovery of MDA-MB-231 cells, which is known as a triple
negative breast cancer cell line proves the suitability of the
MagRC approach for monitoring cells with lowered epithelial
markers and tumor cells that have undergone the EMT process.
The level of WBC contamination is also negligible and the
MagRC chip can deplete up to 99.98% of the WBCs. These
results conﬁrm the compatibility of the approach with patient
samples for future clinical use.

SU-8 layer was developed using SU-8 developer. Once the
micromagnets and channel structures were completed, the channel
was topped with a ﬂat layer of cured polydimethylsiloxane (PDMS).
Holes were punched in the PDMS layer, and Teﬂon tubing was
inserted to act as inlet and outlet ports.
Cancer Cell Lines. MDA-MB-231, SKBR3, and VCaP cell lines
were obtained from American Type Culture Collection (ATCC).
MDA-MB-231 cells were cultured in Leibovitz’s L-15 medium
(ATCC), SKBR3 cells were cultured in McCoy’s 5a medium modiﬁed
(ATCC), and VCaP cells were cultured in DMEM (ATCC). All of the
media were supplemented with 10% fetal bovine serum (FBS).
Capture of Cells with Diﬀerent Sized Magnetic Nanoparticles. Brieﬂy, 100 μL of biotin-tagged anti-EpCAM antibody
(Biolegend) in PBS (10 μg/mL) were incubated with either 1 μL of 10
mg.mL−1 streptavidin-coated magnetic nanoparticles (25 nm, Chemicell) or 10 μL of 10 mg.mL−1 streptavidin-coated magnetic
nanoparticles (1 μm, Thermoﬁsher Scientiﬁc, US) for 30 min at
room temp. The modiﬁed beads were pelleted using a magnetic stand
(Thermoﬁsher Scientiﬁc) and washed 3 times with PBS prior to use.
100 MDA-MB-231 cells were incubated with the magnetic antiEpCAM labeled nanoparticles for 30 min and then were run through
the MagRC chip. Experiments were repeated three times for each size
of magnetic particle. After running, chips were scanned using a
ﬂuorescent microscope and the numbers of captured cells were
counted.
Estimating the Dynamic Range of MagRC Device. The level of
EpCAM expression has been measured using ﬂow cytometry analysis.
Cells were incubated with anti-EpCAM antibody conjugated with
ﬂuorophore for 30 min at room temperature. After incubation, samples
were injected into a BD FACSCanto ﬂow cytometer and measurements were plotted as histograms of ﬂuorescence intensity. The mean
ﬂuorescence intensity which corresponds to the level of EpCAM
expression was extracted for the three cell lines from ﬂow data. We
then normalized the data to the derived ﬂuorescence intensity derived
for VCaP (cells with highest level of EpCAM expression) and
determined the relative mean ﬂuorescence intensity of three model
cancer cell lines. The derived data was used to determine the dynamic
range of the MagRC device.
Spiking of Tumor Cells in Whole Blood. Fresh blood collected
from healthy volunteers was used for experiments. First, VCaP and
MDA-MB-231 cells were spiked into whole blood and then 10 μL of
anti-EpCAM magnetic beads (EpCAM microbeads (130-061-101,
MACS-dextran ferrite colloids beads with a diameter of 50 nm,
purchased from Miltenyi Biotec) was added to 1 mL of blood and
incubated for 30 min on a sample mixer. The blood was then
introduced into the device at a ﬂow rate of 500 μL/h using a syringe
pump. Next, 200 μL of PBS-EDTA was added at the same ﬂow rate to
wash away nontarget cells. After processing the blood, cells were ﬁxed
with 4% paraformaldehyde and subsequently permeabilized with 0.2%
Triton X-100 (Sigma-Aldrich) in PBS. Anti-CK-APC (GeneTex)
antibody was used to stain cancer cells, and white blood cells were
marked by CD45-FITC (ThermoFisher) antibody to diﬀerentiate
them from cancer cells. All antibodies were prepared in 100 μL of PBS
and pumped through the chip at a ﬂow rate of 50 μL/h for 2 h. After
immunostaining, chips were washed using 0.1% Tween 20 in PBS. Cell
nuclei were stained with 100 μL DAPI ProLong Gold reagent
(Invitrogen, CA) at 500 μL/h. After completion of staining, all chips
were washed with PBS.
Image Scanning and Analysis. A Nikon microscope was used to
scan chips after immunostaining. Bright ﬁeld, red (APC channel),
green (FITC channel), and blue ﬂuorescence images were recorded.
The captured images were then analyzed manually to count the
captured target cells.
EMT Induction Model. SKBR3 cells were seeded in 6-well plates
(4 × 105 cells/well). After 24 h, cells were treated with CoCl2 solution
at the ﬁnal concentration of 150 μM. Cells were incubated for 72 h in
a conventional incubator (37 °C; 5% CO2). After this period, cells
were harvested using trypsin.

■

CONCLUSION
In summary, we report a technique which proﬁles the
properties of small collections of cells. Using a microﬂuidic
chip with a series of discrete capture zones, the strategy isolates
cells within zones as a direct function of the level of protein
markers present on their surface. Using the combination of
modeling and experiments, we optimized the device performance for high eﬃciency capture of low surface expression cells.
We estimated the dynamic range of MagRC device by
measuring the level of EpCAM expression using ﬂow
cytometry. However, in order to assess the dynamic range
precisely, the number of bound magnetic nanoparticles should
be determined. Future work on this device includes deﬁning the
dynamic range based on the levels of bound magnetic
nanoparticles. We showed that device is compatible with
whole blood sample and can proﬁle low numbers of cells
among whole blood samples. The relatively low ﬂow velocity of
the MagRC chip (500 μL/h) is a challenge when large volumes
(milliliter) must be processed. However, the architecture of the
device could be optimized to increase the aspect ratio and the
ﬂow rates used for sample processing. It is noteworthy that the
MagRC approach is highly versatile. CTCs can be proﬁled
based on a variety of surface markers. This makes the technique
a powerful platform to monitor cancer progression.

■

METHODS

Microﬂuidic Chip Fabrication. Glass substrates obtained from
EMF-Corp (Ithaca, NY) were used to fabricate the chip. A 1.5 μm Ni
layer was sputtered onto the glass slides. The micromagnet structures
were patterned using standard contact lithography processes. First, a
positive photoresist layer (S1811) was spin-coated onto the Ni coated
glass. The photoresist was exposed to UV light for 10 s before being
developed in photoresist developer. This was followed by Ni wet
etching to reveal micromagnets, after which the remaining photoresist
was stripped away. To pattern the X-structures on top of Ni
micromagnets, a thick negative photoresist, SU-8 3050 (Microchem,
Newton, MA) was spin-coated on top of the nickel coated glass
substrates followed by 30 min soft-baking. The ﬁnal thickness of SU-8,
and thus the height of channel, was 50 μm. After exposing for 20 s, the
25688
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