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Detection and characterization of circulating tumor cells (CTCs) may reveal insights into the diagnosis and

treatment of malignant disease. Technologies for isolating CTCs developed thus far suffer from one or

more limitations, such as low throughput, inability to release captured cells, and reliance on expensive

instrumentation for enrichment or subsequent characterization. We report a continuing development of a

magnetic separation device, the magnetic sifter, which is a miniature microfluidic chip with a dense array

of magnetic pores. It offers high efficiency capture of tumor cells, labeled with magnetic nanoparticles,

from whole blood with high throughput and efficient release of captured cells. For subsequent

characterization of CTCs, an assay, using a protein chip with giant magnetoresistive nanosensors, has

been implemented for mutational analysis of CTCs enriched with the magnetic sifter. The use of these

magnetic technologies, which are separate devices, may lead the way to routine preparation and

characterization of “liquid biopsies” from cancer patients.
Introduction

Routine capture and characterization of circulating tumor
cells (CTCs) from peripheral blood of cancer patients has the
potential to revolutionize solid tumor oncology, ushering in
the era of noninvasive “liquid biopsies” (i.e. blood samples
containing CTCs) as opposed to the invasive tissue biopsies for
initial diagnosis and subsequent management of disease. CTC
enrichment and characterization is especially challenging
because these cells must be captured from blood at parts per
billion levels.1–4

In 2007, Nagrath et al. reported their groundbreaking
development of the “CTC chip”, a microfluidic cell-capture
platform with sensitivity superior to that of the FDA-approved
Veridex “CellSearch” platform.5 Since then, a host of devices,
many of which are microchip technologies, have been devel-
oped for CTC isolation and detection. These devices generally
rely on differences in physical properties (e.g. size, rigidity) or
expression of surface antigens (e.g. positive selection with the
epithelial cell adhesion molecule (EpCAM)) between CTCs
and background blood cells.4–16 Several devices, including
the magnetic sifter, feature isolation from whole blood to
simplify processing and reduce losses, a feature which is not
currently available from Veridex.

Each microdevice platform possesses various advantages
and limitations, and most need further development before
widespread clinical adoption. Devices based on size selec-
tion rely on the ordinarily larger diameter and higher stiff-
ness of CTCs as compared with peripheral blood cells.6–9

Size selection offers label-free and high-throughput capture,
however, successful enrichment assumes that CTCs are pre-
dictable in size and stiffness, the latter of which has been
hypothesized to be variable in epithelial to mesenchymal
(EMT) transitions.17 Another class of microdevices involves
flow through microchannels containing micropillars, nanowires,
oyal Society of Chemistry 2014
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or patterned grooves, aimed at increasing the interaction
between cells and antibody-functionalized surfaces.5,10–13 These
devices have demonstrated sensitive detection of CTCs, but the
planar nature of flow limits operating flow rates to approxi-
mately 1–2 ml hr−1 before capture efficiency suffers. Further-
more, harvesting of cells is challenging due to covalent
immobilization of capture antibodies within the device. The
device footprints are also in the order of ∼1000 mm2 and, while
seemingly small, can require a large number of images to iden-
tify CTCs.5,11,12

Magnetic separation is an established method practised
in both bulk16,18–21 and microchip platforms,15,22–24 and an
FDA approved tool is available for enumeration of CTCs for
prostate, breast and colorectal cancers.25,26 In magnetic sepa-
ration, antibody-functionalized magnetic particles bind in
suspension with target cells. Labeled cells are subjected to
magnetic field gradients, introduced by permanent magnets
or electromagnets, leading to capture. Magnetic approaches
offer the same benefits of specificity as immobilized antibody-
based approaches while allowing cell recovery by removal of
the magnetic field. Bulk separators, however, often suffer
from non-uniformities in capture and rinsing forces, as well
as cell loss, due to non-uniform, dense capture matrices
often incorporated to enhance field gradients. Magnetic
microdevices can avoid these issues, but generally offer lower
throughput due to the planar nature of flow.

In addition to enumeration, such devices also provide
enriched CTCs for use in post-separation nucleic acid charac-
terization of cancer mutations, typically using cells lysed on,
or after elution from, various capture devices. Such detection
of specific tumor mutations is quite important as it can
inform proper selection of therapy. The identification of asso-
ciated expressed mutant proteins can, in principle, provide
more direct information regarding protein expression, which
complements mRNA based methods. Recent progress in using
Fig. 1 Overview of the magnetic sifter device. (a) Single magnetic sifte
pore array (artificially colored blue) and cultured H-1650 lung tumor cells
(c) Capture principle. A whole blood sample is labeled with magnetic tags
magnetic field. Magnetically labeled target cells are captured at the pore
through the pores.

This journal is © The Royal Society of Chemistry 2014
giant magnetoresistive (GMR) sensors27–29 to quantitate can-
cer biomarker proteins with high-sensitivity makes this detec-
tion platform a suitable candidate for analysis of CTCs
enriched by the magnetic sifter. We later show that the mag-
netic sifter's ability to release cells for downstream analysis
can be exploited to detect the presence of an epidermal
growth factor receptor (EGFR) mutation in a lung cancer
patient’s CTCs by using EGFR mutation-specific antibodies in
magnetically sensed antibody sandwich assays, enabling pro-
teomic mutational analyses of tumor cells.30

In this context, we have adapted a magnetic sifter, a mag-
netic pore structure (Fig. 1) that uses a flow-through fluidic
array configuration to yield large equivalent magnetic forces
at each pore and uniform rinse flows, for cell separation.
The separation principle of the magnetic sifter is shown in
Fig. 1c. Target cells are labeled with magnetic nanoparticles
via anti-EpCAM. The sample is then pumped through the
magnetic sifter during application of an external magnetic
field, whereupon labeled cells experience large magnetic
capture forces directed towards the pore edges. Unlabeled
cells pass through the chip, and captured cells can be imaged
directly on the magnetic sifter array, and/or harvested
by removing the field and rinsing. Previously, we reported
a magnetic sifter device intended for individual magnetic
nanoparticles and protein separation.31,32 In this work, the
magnetic sifter has been re-engineered to enhance the purity,
capture yield, and viability of CTCs retrieved from whole blood.

The magnetic sifter design offers attractive characteristics
for CTC enrichment, including high capture efficiency at
high flow rates due to extremely high field gradients at the
pore edges; high throughput due to the high density of pores
(∼200 pores/mm2); scalability via standard lithographic fabri-
cation widely used in the semiconductor industry; a small
capture area (19.6 mm2) for rapid imaging of captured cells;
and lastly, harvesting of viable cells. Uniquely, our separation
r die and (b) optical micrograph showing a section of the patterned
(green) captured by the magnetic sifter. Pores are 40 × 40 μm squares.
and pumped through the pores during the application of an external
edges where high magnetic field gradients exist. Unlabeled cells pass

Lab Chip, 2014, 14, 78–88 | 79
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protocols eliminate cumulative losses from preparatory steps
(lysis, centrifugation, washing, etc.) and utilize a vertical flow
configuration, Supplementary Fig. 10, ESI,† that maintains
macroscopic field and flow homogeneity while retaining
sufficient shear flow to prevent blood cell flow problems
(Supplementary Fig. 8 and Supplementary Fig. 9, ESI†).

Here we report the details of the fabrication and develop-
ment of the magnetic sifter. In proof of concept experiments,
we capture CTCs from lung cancer patients and subsequently
characterize these with an EGFR-mutation-specific antibody
and magneto-nanosensor.

Results
The magnetic sifter design and its cell capture behavior

The magnetic sifter is a magnetically active porous filter,
composed of a silicon wafer with hexagonal arrays of 40 μm
holes in a silicon nitride membrane and a 12 μm thick coat-
ing of a magnetically soft permalloy. The silicon wafer serves
as the platform for photolithographic patterning of the mem-
branes prior to being converted into a honeycomb structure
to allow fluid flow while providing mechanical support. The
magnetic layer is passivated with SiO2 to render the surface
hydrophilic and reduce corrosion in an aqueous environ-
ment. Magnetic sifters retain initial magnetic properties after
being stored 4 weeks in phosphate-buffered saline (PBS) and
subjected to experimental use (Supplementary Fig. 1, ESI†).
A standard 100 mm silicon wafer yields 120 magnetic sifters,
each 7 mm × 7 mm in size.

For quantitative separation experiments, the magnetic
sifter die is loaded into a custom-made acrylic holder, which
creates a watertight seal around the patterned area (Supple-
mentary Fig. 2, ESI†). Blood samples are loaded into a well
and pulled through the holder with a syringe pump. A small
neodymium-iron-boron (NdFeB) permanent magnet magne-
tizes the magnetic sifter and is removed for elution of cap-
tured cells.

The capture behavior of the magnetic sifter has been stud-
ied with numerical simulations of magnetically labeled cell
trajectories computed by a finite element-based simulation
package (COMSOL Multiphysics™). In these combined elec-
tromagnetic and fluid dynamic simulations, magnetically
labeled cells exhibit trajectories terminating at the edges and
surfaces near the magnetic sifter pores, providing accessibil-
ity and positional consistency during imaging (Supplemen-
tary Fig. 3, ESI†).

To study flow and capture behavior, we developed a flow-
cell for live observation of the separation process using a
fluorescence microscope. In this configuration, small NdFeB
magnets apply a field in the plane of the magnetic sifter
surface, and the sample is delivered in a “lateral flow” config-
uration across the magnetic sifter surface. For magnetically-
labeled lung tumor cells (H-1650) spiked in PBS, qualitative
observations reveal uninhibited passage of magnetically-
labeled non-small cell lung tumor cells (H-1650) through the
pores at 5 ml hr−1 while the external magnetic field is absent.
80 | Lab Chip, 2014, 14, 78–88
When the magnetic field is applied, tumor cells are captured
near the pore edges. The cells can subsequently be eluted by
removing the magnetic field and increasing the flow rate
(Supplementary Movie 3, ESI†). When working with whole
blood solutions in this lateral flow configuration, blood
cell aggregation and clogging is observed at low flow rates
(Supplementary Movies 1–2, ESI†) and described in detail in
Supplementary Note 1, ESI†. Blood cell aggregation and non-
uniformities in flow are avoided by using a “vertical flow”
configuration (Supplementary Fig. 10, ESI†) in the quantita-
tive separations described below.
Validation experiments using whole blood spiked with tumor
cell lines

To evaluate the magnetic sifter for CTC separation, we
applied the system to human whole blood spiked with tumor
cell lines. The dependence of capture efficiency on sample
flow rate was studied using H1650 cells (50–100 cells ml−1)
that were pre-labeled with a fluorescent dye and spiked into
whole blood obtained from healthy donors. The samples are
processed with a wash-free magnetic labeling protocol using
streptavidin-conjugated magnetic nanoparticles and biotinylated
anti-EpCAM antibodies. The labeled sample is pumped
through the magnetic sifter, followed by PBS to wash the mag-
netic sifter surface of residual blood cells. The magnetic sifter
is then examined under a fluorescence microscope, and the
number of tumor cells counted on the surface is compared
with the number of cells spiked into the sample to determine
capture efficiency (also referred to as capture yield). Flow
rates ranging from 5–25 ml hr−1 were tested (Fig. 2b). The
optimal flow rate was observed to be 10 ml hr−1, at which
95.7% of tumor cells are captured on the magnetic sifter
surface. Beyond 10 ml hr−1, a linear decrease in capture effi-
ciency with increasing flow rate is observed. Capture efficiency
at the highest tested flow rate, 25 ml hr−1, is still appreciable
at 74.3%.

To characterize the linearity of the capture efficiency with
target cell concentration, whole blood samples were prepared
with H-1650 concentrations ranging from 4–470 cells ml−1.
Separations were performed at 10 ml hr−1, and magnetic
labeling conditions were identical to those used above.
Fig. 2c shows a regression analysis of capture efficiency for
the range of concentrations. The average capture efficiency
over the entire range is 91.4%, suggesting that the magnetic
sifter capacity is not an issue for clinically relevant concentra-
tions of CTCs.

To examine the impact of surface EpCAM expression on
capture efficiency, we performed separations on six different
cell lines with EpCAM expression levels ranging from ∼2000/cell
to ∼500,000/cell (Fig. 2d). EpCAM expression levels were
obtained from literature31 and examined by flow cytometry
(Supplementary Fig. 4, ESI†). Capture efficiencies were evalu-
ated by spiking 50–100 cells ml−1 into whole blood samples,
followed by magnetic labeling and separation at 10 ml hr−1.
The cellular level of surface EpCAM expression was found to
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Capture efficiency results for 2 ml of spiked tumor cell samples. (a) Magnetically labeled H-1650 cells stained with Green CellTracker™
dye are captured and enumerated on the magnetic sifter surface (artificially colored blue). Scale bar is 200 μm. (b) Capture yield versus flow rate
for low concentrations of H-1650 cells (50–100 H-1650 cells ml−1) captured from whole blood and enumerated on the magnetic sifter surface.
(c) Regression analysis of capture yield for a range of H-1650 cell concentrations spiked into whole blood. (d) Capture yield results for six different
cell lines with varying EpCAM expression. Separations in (c) and (d) were performed at the optimal flow rate of 10 ml hr−1. The error bars in (b) and
(d) represent means ± s.d.
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have a significant impact on capture efficiency. For high
EpCAM expressing cells (>100 k EpCAM/cell), capture effi-
ciencies were measured to be greater than 90% for all cell
types. For low expressing cells, including prostate cancer PC-3
cells (∼50,000 EpCAM/cell) and bladder cancer T24 cells
(∼2,000 EpCAM/cell), capture efficiency was reduced to 48.0%
and 17.7%, respectively.

Flow cytometry analysis revealed that EpCAM expression
of cells was not uniform within the cultured cell lines (Sup-
plementary Fig. 4, ESI†). Both H-1650 cells and MCF7 cells,
for example, contain a high EpCAM expressing cell popula-
tion (>100 k/cell) and a minority population (∼3–5%) of low
EpCAM expressing cells (<20 k EpCAM/cell), suggesting that
cells not captured may have low levels of magnetic labeling.
Extension of these capture methods to even lower flow rates
could enable the efficient capture of more weakly labeled
cells, such as for intracellular cytokeratin labeling,33 a marker
often used in CTC characterization with scanning cytometry,
or for low EpCAM expression.

Release of captured cells is accomplished by removing the
external magnet and flushing gently with buffer. The mag-
netic sifter was examined under a fluorescence microscope
This journal is © The Royal Society of Chemistry 2014
and on average 92.7 ± 6.1% of captured tumor cells were
released. Cells are collected in a conical tube and centrifuged
to remove the excess volume of the elution buffer. The cell
pellet is resuspended and imaged in a hemocytometer for
quantification of cell recovery. 89.6 ± 12.1% of tumor cells
captured are collected in the eluted fraction, indicating high
efficiency recovery. The viability of cells processed with the
magnetic sifter was found to be unchanged as assessed by a
LIVE/DEAD imaging kit and by re-culturing of eluted cells
(Supplementary Fig. 5, ESI†).
Capturing and imaging of CTCs from patient samples

After validation with spiked samples, the magnetic sifter was
tested on whole blood donated by patients with non-small
cell lung cancer (NSCLC). All patients suffered from meta-
static disease and had not yet received chemotherapy at
the time of sample collection. Blood volumes ranging from
0.9–3.3 ml were analyzed. In addition, five samples (2 ml sam-
ple volume) from healthy donors were analyzed as controls.

An immunofluorescence staining protocol was developed
for identification and enumeration of CTCs captured on the
Lab Chip, 2014, 14, 78–88 | 81
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Fig. 3 CTC staining and imaging. Images showing CTCs and a normal
hematologic cell stained with (a) DAPI (blue), (b) CK-FITC (green), and
(c) CD45-PE (red). A merged image of all three fluorescence channels
is shown in (d), revealing a pair of CTCs and a single white blood cell
in the vicinity of magnetic sifter pores (outlined by dashed boxes).
Scale bars are 40 μm.

Fig. 4 CTC Enumeration Results. Blood samples obtained from five
healthy donors and six patients with metastatic non-small cell lung
cancer were processed with the magnetic sifter, and captured CTCs
were imaged on the magnetic sifter surface and enumerated.
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magnetic sifter surface. A three-color scheme commonly
employed for CTC identification was adopted, including
anti-cytokeratin-fluorescein isothiocyanate (FITC) to label
epithelial cells, anti-CD45-PE to identify white blood cells,
and 4,6-diamidino-2-phenylindole (DAPI) to stain for nuclei.4
Table 1 CTC and WBC enumeration data

Cohort Total # of samples Blood volume (ml)

CTCs/ml

5–25 2

Healthy subjects 5 2.0 ±0.0 0 0
Lung cancer 6 0.9–3.3 0 3

82 | Lab Chip, 2014, 14, 78–88
Staining was performed on chip while the captured cells were
held by magnetic retention forces. Post-staining, the magnetic
sifter was imaged with a fluorescence microscope equipped
with an automated stage. Composite images of the three fluo-
rescence channels were manually inspected. Cells that stained
positive for cytokeratin, negative for CD-45, and positive for
DAPI were scored as CTCs (Fig. 3). Our simple scoring criteria
are significantly altered if pathologists impose stringent
screening, rejecting arguable “false positives” from cells with
somewhat weak DAPI signals (possibly apoptotic cells) or
from cells with weak cytokeratin signals (possibly from non-
specific staining). Digital methods are being developed to
quantify such subjective enumeration criteria.34

CTC enumeration results were obtained for six patients
with NSCLC (Fig. 4). Using scoring criteria consented by our
pathologist, CTCs were detected for all six patients and
ranged from 31–96 CTCs/ml. The five samples from healthy
donors yielded only one cell scored as a CTC (Supplementary
Fig. 6, ESI†), which may be a normal epithelial cell intro-
duced during venipuncture, so a score of >1 CTC correctly
classifies these few samples as being from cancer patients.
No error bars were given for CTC counts because only the
first author and one pathologist were involved in CTC scoring
using one set of criteria. Additional galleries of CTC images
and white blood cell counts can be found in the Supplemen-
tary Fig. 7, ESI† and Table 1 below, respectively. The ratio of
the number of cells scored as CTCs, using non-stringent
criteria, to the total number of imaged cells was 17.7 ± 9.3%
for these cancer patient samples, indicating that CTCs were
readily found on the sifter surface.
Mutant and wild type EGFR detection in CTC lysates with
magneto-nanosensors

To demonstrate the magnetic sifter's utility in preparing sam-
ples for molecular analysis of CTCs, an assay was developed
using a mutation-specific EGFR antibody and a magneto-
nanosensor biochip to detect a mutated variant of EGFR
(deletions in exon 19) in CTC lysates. The assay was first vali-
dated on tumor cell lines spiked into whole blood and
processed with the magnetic sifter. Eluted cells underwent
a membrane protein extraction protocol, and the lysate
was applied to a magnetic biochip functionalized with anti-
bodies against wild type (Wt EGFR) and mutated EGFR
(Exon 19 Del), as shown in Fig. 5a. Lysates from a lung tumor
cell line, HCC827, known to possess the Exon 19 Del muta-
tion yielded a positive signal in the channel monitoring
Exon 19 Del, while a lung tumor cell line (H1975) without the
Exon 19 Del mutation yielded no significant signal (Fig. 5b)
WBCs captured per ml CTCs/WBCs (%)5–50 50–100 >100

0 0 326 ± 165 —
3 0 368 ± 299 17.7 ± 9.3

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Detection of mutated and wild type EGFR with a magneto-nanosensor biochip. (a) Schematic showing capture antibody functionalization
for two channels used in the assay. Channels are functionalized with anti-wild type-EGFR (Wt EGFR) or anti-Exon 19 Del-EGFR (Exon 19 Del). Fol-
lowing sample incubation, a biotinylated detection antibody (Wt EGFR) and streptavidin-coated magnetic nanoparticles are added, resulting in
detectable signals in the underlying GMR biosensor. (b) Results from cell lines with (HCC827) and without (H1975) exon 19 deletions captured from
whole blood samples with the magnetic sifter, subjected to cell lysis, and analyzed by the GMR biosensor chip. (c) Assay results from 8 patient
samples, 4 with known exon 19 deletion mutations, and 4 without exon 19 deletion mutations. The red dotted line represents the cutoff for back-
ground signal. The error bars represent means ± s.d.
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in the channel monitoring Exon 19 Del. Both cell types pro-
duced signals for wild-type EGFR, as the wild-type capture
and detection antibodies bind to epitopes on EGFR that are
not mutated.

Blood samples obtained from 8 patients with metastatic
NSCLC and known mutational statuses were enriched for
CTCs by the magnetic sifter, subjected to cell lysis, and tested
on the magneto-nanosensor biochip (Fig. 5c). In each case,
an average of 6.1 ± 2.1 ml of blood obtained from the patient
was enriched for CTCs. In the 4 patients with known Exon 19
Del mutations, positive detection-where the signal was
greater than twice the level of the background signal-of the
mutant variant of EGFR was obtained. The 4 patients without
the Exon 19 Del mutation did not yield a positive result in
the Exon 19 Del channel. There is some overlap of error bars
in this data, so more patient samples and statistical analysis
would be necessary to establish confidence levels.

Discussion

The results from our experiments suggest the magnetic sifter
is a strong candidate for routine preparation of CTC samples.
The 3,808 pores per magnetic sifter each act as a microfluidic
channel with high uniformity owing to the microfabrication
techniques used to build the device. With a small active area
(∼20 mm2), the magnetic sifter's capture efficiency compares
This journal is © The Royal Society of Chemistry 2014
well with data reported for existing microdevices, especially
in the high flow rate (>10 ml hr−1) regime.5,8,11,12 In the case
of 25 ml hr−1, a 1 ml sample containing ∼109 cells is passed
through the magnetic sifter in under three minutes, translat-
ing to approximately 2000 cells passing through each mag-
netic sifter pore every second. Although the small size of the
magnetic sifter allows for rapid imaging for enumeration of
CTCs, the device area can be easily scaled up during fabrica-
tion to allow for even higher volumetric flow rates while
maintaining the linear velocity of cells passing through the
pores, and hence capture efficiency. Scaling the device to just
2.54 cm (1 inch) in diameter, for example, would correspond
to an allowed increase in volumetric flow rate of about 25×
while maintaining the capture efficiency reported in this
work, but would also cause a corresponding increase in the
area imaged to identify CTCs.

The ease with which CTCs are released from the magnetic
sifter pores is promising for subsequent analytical methods.
The elution step can be performed in less than one minute,
and cells can be either viable or fixed, depending on whether
imaging of the cells on chip is required and on the require-
ments of a subsequent analytical technique. The entire
enrichment process, including magnetic labeling, separation,
and elution, has been found to preserve cell viability. Results
from preliminary attempts to culture spiked tumor cell lines
enriched from healthy donor blood have suggested the
Lab Chip, 2014, 14, 78–88 | 83
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magnetic sifter is a suitable platform for enabling the cultur-
ing of some patient CTCs which can have important implica-
tions in the field of personalized medicine (Fig. S4, ESI†).

One area of concern is the impact of cellular EpCAM
expression on capture efficiency. Similar behavior has been
reported previously.35,36 To account for lower and/or hetero-
geneous EpCAM expression, the use of additional targeting
antibodies will likely need to be implemented in conjunction
with anti-EpCAM. Improvements using this approach have
been reported with an immunoaffinity-based device.36 The
magnetic sifter platform is also expected to benefit from
the development of additional candidate markers for CTC
enrichment.

Our results suggest the magnetic sifter can serve as an
enumeration device, although direct comparisons, using
larger data sets, with existing technologies are needed and
currently in progress. Sample processing with the magnetic
sifter, including labeling, separation, and imaging of a 2 ml
blood sample, requires ∼3 h to complete. Acquired images
are then manually inspected for enumeration (∼1 h per sam-
ple). Automation of image processing and elimination of sub-
jective scoring criteria via software will greatly increase the
rate and consistency of sample analysis.

Increasing interest has been directed towards moving
beyond enumeration to characterization of CTCs. Characteri-
zation of enriched CTCs has included genetic analysis by
PCR, FISH, and DNA and RNA sequencing, and immuno-
staining of CTCs.4,5,9,12,13,16,37–39 The recent use of mutation-
specific anti-EGFR antibodies to assess the mutational
statuses of tumor cell samples has encouraged our use of
magnetic biochips for mutational assessment. Further assay
development with increased availability of mutation-specific
antibodies, such as T790M mutation-specific antibodies,
may enable practical monitoring of, and hence responding
to, a patient's acquisition of a mutation and potential resis-
tance to therapy following initial characterization of a
tumor biopsy.40,41

Conclusion

It is widely believed that CTCs hold great promise as a cancer
biomarker and as a means to study and understand complex
metastatic processes. Although a host of rare cell separation
technologies have been developed to address the technical
challenge of obtaining a CTC sample, few devices have been
able to efficiently transition from the laboratory setting to the
clinic. While each method possesses distinct advantages over
others, all methods face the unanswered question of which
characterization or analytical method to apply to an enriched
CTC sample in order to yield valuable clinical information.
The work reported here has been aimed at developing a flexi-
ble platform capable of harvesting CTCs suitable for any sub-
sequent analytical method that may lead to an improved
clinical outcome. The high throughput capture and simple,
efficient release of captured cells suggest the magnetic sifter
is a strong candidate for use with a variety of post-capture
84 | Lab Chip, 2014, 14, 78–88
CTC characterization approaches. By itself, the magnetic
sifter shows significant promise as a rare cell enrichment
tool, offering enumeration and imaging “on chip,” scalability,
and high uniformity in capture and rinsing forces owing
to the microfabrication techniques employed in building
the device.

The pairing of the magnetic sifter with a magnetic biochip
for subsequent analysis of CTC lysates from patient samples
demonstrates the utility of the magnetic sifter in the prepara-
tion of “liquid biopsies” from cancer patients. Furthermore,
the detection of a mutated EGFR in a proteomic assay using
a magnetic biochip represents a leap forward in the applica-
tion of magnetic nanotechnologies to cancer research. By
combining platforms into one integrated technology, CTCs
can be captured in a longitudinal analysis for real-time moni-
toring of tumor marker expression at the initial time of diag-
nosis, monitoring response to therapy, and long-term follow
up. With these techniques, mutational analyses of patients'
CTCs via a “liquid biopsy” at the bedside may represent
the future of personalized medicine for patients with detect-
able CTCs.

Experimental
Device fabrication

Fabrication of the magnetic sifter involves standard
microfabrication techniques. First, a 2 μm thick low-stress
silicon nitride (Si3N4) film is deposited by low-pressure chem-
ical vapor deposition onto a standard double-polished (100)
oriented single crystal silicon wafer. The Si3N4 membrane is
then patterned via photolithography with a mask containing
the arrays of 40 μm square pores. The pattern is etched
through the front side of the membrane using NF3 plasma
from an Applied Materials Technologies 8100 Hexode etcher.
The backside of the wafer is then patterned via photolithog-
raphy with a mask containing arrays of hexagonal holes
(100 μm per side). The holes are etched completely through
the silicon wafer to expose the Si3N4 membrane, by a deep
reactive ion etching process in alternating SF6 and C4F8
plasmas (standard Bosch process) using an STS Deep RIE
etcher. A 12 μm thick permalloy (Ni80Fe20, where the sub-
scripts indicate atomic percent) film is then deposited onto
the front side of the Si3N4 membrane using a Perkin-Elmer
high vacuum RF-sputtering system. The magnetic layer is then
passivated via RF-sputtering with a 30 nm thick layer of SiO2.

Finite element simulations

Numerical simulations of magnetically-labeled cell trajecto-
ries were carried out with a finite element-based simulation
package (COMSOL Multiphysics™ version 4.2a). The simula-
tion geometry (Supplementary Fig. 3a, ESI†) consists of a sin-
gle magnetic sifter pore array (seven 40μm × 40μm pores)
with the magnetic properties of permalloy (Ni80Fe20). Periodic
boundary conditions are applied through the entire simula-
tion setup to reflect the fact that the magnetic sifter is a
repeating tessellation of this array. On an 8-core Windows
This journal is © The Royal Society of Chemistry 2014
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Server 2008 machine, the total required CPU hours was 175.
The simulation proceeds by solving the fluidic flow profile
and the magnetic field profile independently first, and then
using the particle tracing module to follow the cell trajecto-
ries. The simulation also assumes that the cells do not affect
the fluidic profile or magnetic field profile significantly
regardless of its position or velocity.

An inlet flow velocity corresponding to a volumetric flow
rate across the magnetic sifter of 10 ml hr−1 was used, and
the Navier–Stokes equation was solved to obtain the fluidic
flow profile, assuming incompressible flow of water (density
1000 kg m−3 and viscosity 0.001 Pa s). Conservation of mass
and momentum as expressed in the Navier–Stokes equations
thus simplify to the following forms:

ρwater∇ · u ⃑ ¼ 0

  water water
d
d

�
� � � � �u

t
u u pI S F         2

where ρ is density, u is fluid velocity, p is the fluid pressure,
η is fluid viscosity, I is the identity matrix, S is the strain rate
tensor, and F is the volume force tensor.

For the magnetic simulations, a uniform external field of
0.3 Tesla was applied in either the plane orthogonal (Supple-
mentary Fig. 3b, ESI†) or parallel (Supplementary Fig. 3c,
ESI†) to the magnetic sifter's patterned array. The external
field is approximately three times greater than the field
required to magnetically saturate the nanoparticles used in
this work, which were experimentally measured by alternating
gradient magnetometry to require ∼80,000 A m−1 (∼0.1 T) to
reach saturation magnetization. Supplementary Fig. 12, ESI†
shows a magnetic hysteresis loop obtained for counted,
magnetically labeled cells that provides the nanoparticle
saturation field and the average magnetic moment per cell,
as well as demonstrating consistency with a Langevin
function model. However, when the bias field is large
enough to saturate the magnetization along the bias field
direction, the calculations become independent of the bias
field value. Since the simulation is magnetostatic, and no
currents are present, COMSOL solved for the general field
via the use of the magnetic scalar potential, and standard
constitutive relations for water and permalloy were used as
defined below:

H ⃑ ¼ −∇Vm

B ⃑ ¼ μ0ðH ⃑ þM ⃑Þ

where Vm represents the magnetic scalar potential, H repre-
sents the magnetic field strength, B represents the magnetic
flux density, and M represents the magnetization.

Magnetically labeled cells were treated as 20 μm diameter
spheres of density 1080 kg m−3 with a saturation magnetic
moment of 140 pico-emu. The individual cells were subject to
drag from the fluid flow, gravitational forces in the positive
This journal is © The Royal Society of Chemistry 2014
z-direction, and magnetic forces, and their trajectories were
solved (neglecting interparticle forces) via the following equa-
tion of motion in 10 ms time steps:

F ⃑
mag ¼ ðm⃑ · ∇ÞB ⃑

� �
F m L m B

Nk T
Bmag

s s

B










 2

F ⃑drag ¼ 6πrcellηðu ⃑ − Þ

F ⃑gravity ¼ V cellðρcell − ρwaterÞg⃑

mcella ⃑ ¼ Fm⃑ag þ F ⃑drag þ F ⃑gravity

where ms is the saturation moment per cell, L represents the
Langevin function, kB is the Boltzmann constant, T repre-
sents temperature, ρ represents density, u and v represent
fluid and cell velocities, and g represents gravitational accel-
eration. N is a parameter within the Langevin function that
accounts for the actual number of cores within each nanopar-
ticle on each cell. The viscosity η can be adjusted to indirectly
account for the rheological effects of intracellular interac-
tions, but has been fixed. Resulting cell trajectories are
shown for both the perpendicular and parallel field cases in
Supplementary Fig. 3, ESI.†

It is worth noting that while inertial and gravitational
terms are included in this model, the viscous drag forces and
the magnetic forces are the dominant terms. The gravita-
tional forces are of the order 10−12 N for parameters listed
here, while the magnetic forces are typically 2 to 3 orders of
magnitude larger near the sifter at 10−9 to 10−10 N. Similarly,
the Re number for this model is of the order 10−2, which puts
it in the Stokes flow regime and suggests inertial forces
should be negligible in effect. The inertial and gravitational
terms have been retained however to facilitate expansion of
the model to future instances where such terms might mat-
ter, such as when larger, denser magnetic microparticles
such as Invitrogen's Dynal beads might be used.

Experimental apparatus

Magnetic sifters are loaded into custom-made laser-cut acrylic
holders fitted with O-rings to create a fluid-tight seal around
the patterned area of the magnetic sifter (Supplementary
Fig. 2, ESI†). A polypropylene well is inserted into the holder
above the magnetic sifter surface. The sample is manually fed
into the well, 1.5 ml at a time, and pulled through the mag-
netic sifter by a syringe pump (New Era Pump Systems Inc.)
with programmable pumping rates. A cylindrical neodymium-
iron-boron magnet (19.1 mm diameter × 19.1 mm thickness,
(BH)max = 320–340 kJ m−3) is positioned underneath the mag-
netic sifter holder to provide an external field of approximately
2.5 × 105 A m−1 to magnetize the magnetic sifter and magnetic
nanoparticle labels during cell capture. The holder is removed
from the magnetic field during the imaging and elution steps.
Lab Chip, 2014, 14, 78–88 | 85
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Cell culture

All cell lines were obtained from ATCC (Manassas, VA, USA).
H-1650, HCC827, LNCaP, PC-3, and T24 cell lines were
maintained in RPMI-1640 media supplemented with 10% fetal
bovine serum (FBS), 0.05 mg ml−1 penicillin, 0.05 mg ml−1

streptomycin, 2 mM GlutaMAX, 1 mM sodium pyruvate, and
0.1 mM MEM non-essential amino acid supplement. The
MCF7 cell line was maintained in high glucose DMEM media
supplemented with 0.01 mg ml−1 bovine insulin, 10% FBS,
0.05 mg ml−1 penicillin, 0.05 mg ml−1 streptomycin, 2 mM
GlutaMAX, 1 mM sodium pyruvate, and 0.1 mM MEM non-
essential amino acid supplement. All cell lines were
maintained in an incubator at 37 °C in 5% CO2.

Spiked sample preparation and analysis

Tumor cell lines are prelabeled with CellTracker™ Green
CMFDA dye (Invitrogen, Cat.# C2925), a probe which freely
passes through the cell membrane and is converted to an
extremely bright, cell-impermeant reaction product. The
extreme brightness of this dye and its specificity towards cells
allows for unequivocal determination of cell counts by visual
inspection using a fluorescence microscope. To ensure accu-
rate concentrations of spiked cells, a small droplet (∼2 μl) of
tumor cell suspension is placed on the inside of a centrifuge
tube cap, and left undisturbed for approximately one minute
to allow cells to settle to the same focal plane. Settled cells
are then counted by visual inspection. The cap is then sealed
onto a centrifuge tube containing healthy donor blood,
followed by a two-fold dilution in labeling buffer (PlusCellect
Buffer, R&D Systems). Magnetic labeling of target cells is
accomplished by the addition of biotinylated anti-EpCAM
(Clone 9C4, Biolegend) to the spiked blood sample and
incubation for 1 h with constant mixing at 4 °C. Without
washing, 5 μl of magnetic nanoparticle stock (MagCellect
Streptavidin Ferrofluid, R&D Systems, Cat. #MAG999) is
added and the sample is incubated under constant mixing
for an additional hour. The sample is then loaded into the
well attached to the magnetic sifter holder and pumped
through the magnetic sifter, followed by 1 ml of PBS to wash
the magnetic sifter surface of peripheral blood cells. The
magnetic sifter is then examined under a fluorescence micro-
scope, and the number of tumor cells counted on the surface
is compared with the number of cells spiked into the blood
sample to determine capture efficiency. The patterned array
of the sifter surface facilitates scanning and counting by
visual inspection. All cell counts were confirmed indepen-
dently by two investigators.

For the handful of spiked samples with higher tumor cell
concentrations (> 300 per ml, Fig. 2c), for which manual
inspection becomes tedious, images were acquired of both
the prepared sample droplet (containing settled tumor cells)
as well as the sifter surface post-capture with a 4× magnifica-
tion objective, such that the entire sample droplet or sifter
surface is contained in a single field of view in a fluorescence
image. Standard image thresholding and automated object/
86 | Lab Chip, 2014, 14, 78–88
cell counting was applied to confirm cell counts obtained
through manual inspection for these samples.

Quantification of surface EpCAM expression

Quantification of surface EpCAM expression was carried out
by first generating a calibration curve by measuring fluores-
cence intensity of QuantiBRITE™ phycoerythrin (PE) Quanti-
tation Kit beads (BD 340495) with known numbers of PE
molecules per bead using a BD LSR Fortessa Analyzer (BD).
Dissociated cells were then incubated with a 1 : 1 PE conju-
gated monoclonal anti-EpCAM antibody (BD) and analyzed at
the same settings and conditions as the calibration beads.
Unlabeled cells were analyzed as negative controls. Median
absolute EpCAM antibody binding for each cell line (Supple-
mentary Fig. 4, ESI†) was determined from a calibration
curve constructed from the QuantiBRITE bead data using
FlowJo Data Analysis software calibration tool.

Patients and clinical samples

Patients with advanced lung cancer were recruited from the
Stanford Cancer Center for participation under a protocol
approved by the institutional review board (IRB), which
includes informed consent. Healthy blood samples were
obtained from the Stanford Blood Center under a separate
IRB-approved protocol. Specimens from both patients with
lung cancer and healthy donors were drawn into EDTA
vaccutainer collection tubes (Becton-Dickinson) and
processed within 12 h of the sample draw. Blood samples
analyzed were drawn after discarding the first 10 ml to
reduce the likelihood of epithelial cell contamination
resulting from venipuncture.

Fluorescence staining protocol and imaging of CTCs

Patient samples were magnetically labeled and separated at
10 ml hr−1 as described above. Following separation and
washing with 2 ml of Superblock™ buffer (Thermo Scien-
tific), fluorescence staining was achieved by first flowing
through the magnetic sifter a 1 ml solution of 4% parafor-
maldehyde at 5 ml hr−1 to fix the captured cells, followed by
1 ml of 0.2% Triton X-100 surfactant (Sigma-Aldrich) in PBS
at 5 ml hr−1 to permeabilize the cell membranes. 0.5 ml of
SuperBlock™ T20 buffer containing 50 μl of anti-CD45-PE
stock (Clone H130, BD Biosciences), 10 μl of anti-CK-FITC
stock (CAM5.2 clone, BD Biosciences), and 5 μl of DAPI stock
(Thermo Scientific) was then flowed through the magnetic
sifter at 2 ml hr−1, followed by a wash with 3 ml Super-
block™ T20 buffer at 10 ml hr−1.

Following staining, magnetic sifters are removed from
their holders and placed under a fluorescence microscope
equipped with an automated stage (Leica DM5500B Upright
Microcope and Digital Imaging System). A rectangular array
of 414 locations containing the entire patterned area is
imaged in three channels (FITC, PE, DAPI) with a 40× objec-
tive. Images from the three channels are merged to form 414
This journal is © The Royal Society of Chemistry 2014
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composite images for manual inspection and identification
of CTCs.

EGFR assay with magneto-nanosensors

Blood samples were magnetically labeled and enriched for
CTCs by the magnetic sifter. Following enrichment, cells
were eluted into cold RIPA buffer (Cell Signaling Technolo-
gies) containing Halt protease and phosphatase inhibitors
(Thermo Scientific) and subjected to ten cycles of 6 s (1 min
total) of agitation in a chilled ultrasonic bath. Samples were
then centrifuged at 14,000 g at 4 °C. The supernatant was
collected and stored at −80 °C prior to detection with the
magnetic biochip.

The magneto-nanosensor biochip consists of an array of
64 magnetically responsive and individually addressable GMR
sensors. Each sensor in the array covers a 100 × 100 μm2 area.
Fabrication and surface functionalization of these biosensors
are described previously.29 Capture antibodies to wild type EGFR
(AF231, R&D Systems) and exon 19 deletion (E746-A750del)
EGFR (mAb #2085, Cell Signaling Technology) were robotically
spotted in 3 nL droplets at a concentration of 500 μg ml−1

over at least ten unique sensors in the array. In addition, 1%
bovine serum albumin (BSA) was spotted on four unique
sensors as a negative control, and an epoxy resin was depos-
ited on four sensors in order to monitor systematic fluctua-
tions in the electronics. After incubation with the sample of
interest for 1 h, biotinylated detection antibody to EGFR
(BAF 231, R&D Systems) was added at a concentration of
1 μg ml−1 for 30 min completing the sandwich assay. Finally,
a 50 μl solution of streptavidin-coated magnetic nanoparticles
(MACS 130-048-102, Miltenyi Biotec) was added. We moni-
tored the real-time binding of the streptavidin-coated mag-
netic nanoparticles to the bound biotinylated detection
antibody over the GMR sensors until the signal reached satu-
ration. The GMR biosensor signals, represented as a change
in magnetoresistance (MR) normalized to the initial MR and
displayed in ppm, were recorded at the plateau of the binding
curves. The background signal was defined as the average
signal over the BSA control sensors plus 3 standard deviations.
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