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Abstract

Isolation and analysis of circulating tumor cells (CTCs) from the blood of patients at risk 

of metastatic cancers is a promising approach to improving cancer treatment. However, CTC 

isolation is difficult due to low CTC abundance and heterogeneity. Previously, we reported an 

ensemble-decision aliquot ranking (eDAR) platform for the rare cell and CTC isolation with high 

throughput, greater than 90% recovery, and high sensitivity, allowing detection of low surface 

antigen-expressing cells linked to metastasis. Here we demonstrate a sequential eDAR platform 

capable of isolating rare cells from whole blood with high purity. This improvement in purity is 

achieved by using a sequential sorting and flow stretching design in which whole blood is sorted 

and fluid elements are stretched using herringbone features and the parabolic flow profile being 

sorted a second time. This platform can be used to collect single CTCs in a multiwell plate for 

downstream analysis.
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Most cancer deaths are due to tumor metastasis. Circulating tumor cells (CTCs) are 

precursors to metastasis, shed from the primary tumor and present in the blood in extremely 

low numbers. Because of the role CTCs play in metastasis, isolating these cells from blood 

is an important area of research. CTCs can be isolated from blood cells based on physical 

and molecular differences; however, owing to their low abundance (tens to hundreds per mL 

of whole blood) (1–3) and heterogeneity, (4) detection and isolation is difficult.

A variety of approaches to isolate CTCs have been used, falling into two main categories: 

physical isolation and biomarker/antibody-based methods. Physical isolation methods are 

based on differences in the cell size or other physical characteristics. For example, CTCs are 

typically larger than blood cells and can be isolated by filtration (5–9) or flow fractionation. 

(10) Filtration is fast and simple, but there is overlap in CTC and white blood cell (WBC) 

sizes, (11) causing low purity; in addition, the deformability of CTCs makes them difficult 

to be removed from the filter. Differential flow patterns of cells in microfluidic channels 

have been used to isolate CTCs from blood cells, (12) but this approach also often results in 

low purity and can be complicated to implement. Dielectrophoretic detection methods (13) 

based on structural differences between CTCs and WBCs (including size) require further 

development to achieve high purity.

Antibody-based methods have the potential to isolate CTCs with high purity due to the 

specificity of antibodies. As examples, the following three antibody-based approaches 

have been used: (1) Immunomagnetic isolation: a blood sample is labeled with anti-CTC/

epithelial-cell antibodies immobilized to magnetic beads and a magnetic field is applied to 

separate antibody-bound CTCs/epithelial cells. (14–16) CellSearch, the main FDA-approved 

CTC detection platform, employs immunomagnetic isolation, (17) but it is unclear whether 

this method has sufficient sensitivity to detect CTCs expressing low levels of surface 

antigen. (2) Surface capture: CTCs are captured by antibodies immobilized on the surface 

of a microfluidic chip. (18–21) The sensitivity of this approach was low initially due 

to insufficient contact of CTCs with chip features in laminar flow, but advances using 

engineered microfluidic flow patterns, such as with herringbone (HB) structures to increase 

mixing, have greatly improved outcome. (22,23) (3) Fluorescence-based methods: blood is 

labeled with fluorescent anti-CTC antibodies and CTCs are detected using laser-induced 
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fluorescence. Fluorescence methods are promising due to their high sensitivity (24) and will 

continue to improve with advances in fluorescent probe brightness.

We have previously developed an ensemble decision aliquot ranking (eDAR) platform for 

isolating rare cells and CTCs from whole blood. The rare-cell isolation platform consists 

of an optical detection system, a microfluidic active sorting scheme, and an on-chip filter 

for cell enumeration. The optical detection system uses laser-induced fluorescence detection 

across the width of a microfluidic channel. (25) Labeled cells in whole blood samples can be 

detected in multiple colors and enumerated from detection traces. (26) The sorting scheme 

consists of a junction where, upon detection, CTCs are diverted to a channel leading to 

on-chip filters. Trapped cells can be fixed, permeabilized, and labeled with antibodies prior 

to enumeration. Recent improvements in this platform include a dual-capture scheme in 

which two subsets of rare cells can be sent to two separate filters on the microchip; (27) a 

sequential bleaching and relabeling scheme for highly multiplexed analysis of biomarkers on 

CTCs; (28) a method to calibrate and determine the limit of detection and quantitation of 

eDAR in terms of the number of required surface antigens; and improved detection of cells 

expressing low levels of the CTC marker, EpCAM. (24)

High-sensitivity recovery and purity are essential for successful CTC isolation and analysis. 

Collecting functionally viable cells for downstream analysis is also important for assessing 

CTC heterogeneity. High-sensitivity detection is important because cells expressing low 

levels of surface antigen have been linked to metastasis. (29) Our eDAR platform has 

previously demonstrated high recovery rates of viable CTCs, including those expressing low 

levels of cell-surface biomarkers, such as EpCAM. To keep CTCs amenable to biological 

characterization, like genomic or transcriptomic analyses after isolation, high purity is 

needed, since neighboring hematologic cells may complicate readout and analysis.

Here we describe the ability to isolate CTCs with high purity using a sequential two-stage 

eDAR sorting in which a blood aliquot is first sorted, then stretched, and then sorted a 

second time to isolate the single CTC of interest. The flow-stretching element, together 

with the second sorting step can improve the purity by 70-fold. Because these additional 

steps occur on the same chip, minimal additional time is needed; 1 mL of blood can be run 

through a chip in 20 min, and single CTCs can be collected in wells of a multiwell plate for 

imaging and analysis.

Experimental Section

Cell Culture

MCF-7 human breast cancer cells were obtained from American Type Culture Collection 

(ATCC, Manassas, VA). Cells were cultured at 37 °C and 5% CO2 in EMEM media (ATCC) 

supplemented with 5% fetal bovine serum and 1% penicillin/streptomycin (Sigma, St. Louis, 

MO).

Reagents and Materials

Healthy whole blood samples were obtained from PlasmaLab International (Everett, 

WA). DAPI solution (1 mg/mL) was purchased from Thermo Fisher Scientific (Waltham, 
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MA). Antibodies were purchased from BioLegend, Inc. (San Diego, CA) and included 

phycoerythrin (PE)-antihuman EpCAM, Alexa Fluor 647 antihuman cytokeratin (pan 

reactive), Alexa Fluor 488 antihuman CD45, PE antihuman CD45, and PE goat antimouse 

IgG. Isoton II buffer (Beckman Coulter, Brea, CA) was used as a sheath flow for eDAR 

chips. A solution of 1% bovine serum albumin (BSA; Sigma)/0.05% Tween 20 (Sigma) 

in Isoton II buffer was used to pretreat multiwell plates (Cellvis, Mountain View, CA) 

and PTFE tubing (SAI Infusion Technologies, Lake Villa, IL). Isoton II buffer with 0.1% 

BSA was used for labeling cells. A solution of 25% glycerol (EMD, Billerica, MA) in 

Isoton II buffer was used to simulate the fluidic characteristics of blood for testing sorting 

and aliquot stretching and was mixed 30:70 with green food dye (COV Extract Company, 

Rockford, OH) for bright-field imaging. Yellow fluorescent beads were purchased from 

Duke Scientific (Palo Alto, CA).

Microfluidic Chips

Silicon masters were created using standard photolithographic techniques described 

previously. (2) SU-8 2050 photoresist (MicroChem, Westborough, MA) was used for spin 

coating. Chips were made using PDMS with a 1:10 ratio of precursor to polymer base. 

PDMS was cured and sealed to a glass substrate immediately following exposure to O2 

plasma for 30 s. If not used immediately, chips were covered and stored for up to one month 

until use.

Cell Recovery Measurements

MCF-7 cells (1 × 106/mL) were labeled with PE-anti-EpCAM (0.5 μg/mL) for 1 h. After 

washing, cells were counted using a hemocytometer and serial diluted, and ~50 cells were 

spiked into 0.5 mL of blood. The sample was loaded onto a sequential sorting chip at 30 

μL/min and sorting was established by adjusting the sheath flow pressure. Fresh tubing 

treated with 1% BSA/0.05% Tween 20 was attached to the collection outlet and run into a 

pretreated well of the 96-well plate. The tubing was moved into a new well once the volume 

of collected solution in the previous well reached ~250 μL. The total output for sorting 0.5 

mL of blood was ~1 mL. To enumerate collected cells, the plate was spun down at 450 rcf 

for 10 min and PE anti-EpCAM positive cells were counted using an inverted fluorescent 

microscope with a 20× 0.75 NA objective (Nikon, Tokyo, Japan). MCF-7 cells stained with 

PE-anti-EpCAM can be clearly identified since all other blood cells were not fluorescent. 

The cell recovery rate was calculated as the number of MCF-7 cells counted divided by the 

number of MCF-7 cells spiked into the sample.

Cell Identification and Purity Measurements

MCF-7 cells were labeled with PE-anti-EpCAM, spiked into a blood sample, and run on 

a chip as described above for cell recovery measurements. Sorted PE-labeled MCF-7 cells 

and unlabeled WBCs and red blood cells (RBCs) were collected in a pretreated Eppendorf 

tube instead of a 96-well plate. The tube was centrifuged at 450 rcf for 10 min and the 

supernatant aspirated. RBCs were removed by adding RBC lysis buffer and incubating for 

15 min, leaving MCF-7 cells and WBCs intact, and the tube was centrifuged again to pellet 

cells. The cells were fixed using 2% paraformaldehyde for 15 min. After centrifuging and 

washing twice, cells were permeabilized using 0.2% saponin and stained with Alexa Fluor 
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488 anti-CD45 (10 μg/mL; for identification of WBCs) and Alexa Fluor 647 anti-panCK (5 

μg/mL; for identification of MCF-7 cells). DAPI (1 μg/mL) was added to stain cell nuclei. 

The cells were washed and resuspended in Isoton II buffer and transferred to a glass-bottom 

multiwell plate for imaging. A fluorescence microscope with a 20× objective was used for 

confirmation of cell identities and imaging. For the chip with the 3 cm straight channel, the 

purity was calculated after confirming cells’ identities. The labeled cells in a 384-well plate 

well were imaged with a 4× objective for both DAPI and PE channels, and six images were 

captured and stitched together to represent the whole well. Cell purity was calculated as the 

number of PE-labeled MCF-7 cells divided by the total number of DAPI-stained cells.

In addition to the use of imaging to determine cell purity, as described above, we also used 

our eDAR chip as a flow cytometer to quantify cell purity. Here, the recovered cells were 

flown through the eDAR chip and the number of MCF-7 cells and WBCs were counted. 

Specifically, MCF-7 cells were first labeled using PE tagged anti-EpCAM, spiked into a 

blood sample, and the sample was run on a chip as described above. The number of sorted 

MCF-7 cells was counted based on fluorescent signals triggering sorting events at the second 

detection line. The outlet solution was connected to a pretreated 15-ml tube, centrifuged, 

supernatant aspirated, leaving ~300 μL, and pelleted cells were resuspended. PE tagged 

anti-CD45 was added to label WBCs for 1 h, so that both MCF-7 cells and WBCs were 

labeled with PE. After washing, the sample was run through a new eDAR chip punched only 

at the inlet and at one outlet, with solenoids turned off so that no sorting occurred. APD 

traces were collected to count the number of cells at the second detection line; the number 

of peaks indicated the total number of labeled cells in the outlet solution. MCF-7 cell purity 

was calculated as the number of MCF-7 cells counted in the first step, divided by the total 

number of counted cells in the second step.

Visualizing Aliquot Stretching Profiles

To simulate the fluid characteristics of blood, a mixture of 25% glycerol solution and Isoton 

II buffer was used. To test the ability of different chip designs to stretch an aliquot, filtered 

PE goat-antimouse IgG was added to the mixture to visualize aliquots sorted at the first 

sorting junction in APD traces. Yellow fluorescent beads (~1500 10 μm beads) were added 

to the sample to trigger sorting using solenoids, and the sample was loaded onto the chip. 

Buffer pressures were adjusted until stable sorting at the two junctions was established. APD 

traces were collected, and the time required for a sorted aliquot coming from the first sorting 

junction to travel completely through the second detection line was measured.

Results and Discussion

Improving Purity by Two-Stage Sequential Sorting

We designed a sequential eDAR chip with a second sorting junction to improve CTC purity 

with respect to WBCs (Figure 1). The flow at each of the two sorting junctions (Figure 

S1) was similar to that previously reported for the single-stage eDAR sorting. (24,25) Laser 

illumination lines were positioned just before each sorting junction (Figure 1a, dark blue 

lines). After the first junction, the aliquot is stretched as it passes down a channel between 
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two sorting junctions, and the second sorting step is triggered when labeled cells reach the 

second laser detection line.

APD traces from the two laser detection lines are shown in Figure 1c,d, and an overlay of an 

enlarged section of the two traces is displayed in Figure 1e, showing sequential cell sorting 

events at the two junctions. During the delay between the signals from the two detection 

lines, the aliquot containing labeled cells is stretched and diluted. This step reduces the 

concentration of blood cells and improves the purity of target cells in the final sorted aliquot.

The cell recovery rate of the platform was measured previously using various cancer cell 

lines and clinical samples. (24,27,30) In the modified platform, there are two new elements 

where cell loss might occur: the second sorting junction and the 96-well plate collection 

step. Recovery measurements using PE antihuman EpCAM-labeled MCF-7 cells spiked into 

whole blood were performed to verify that these elements do not cause cell loss. For two-

stage (two-junction) sequential sorting, the recovery rate was >90%, as high as one-stage 

sorting. (25) No observable cell loss was caused by adding a second sorting junction or 

by using multiwell plates. In some cases, MCF-7 cell clusters were observed (Figure S3), 

illustrating the capability of the system to enrich cell clusters, potentially useful for studying 

CTC clusters. (31)

To confirm the identities of sorted cells and to quantify target cell purity when using a chip 

with a 3 cm channel (with no herringbone mixing features) and two sorting junctions, cells 

were collected in Eppendorf tubes, RBCs were lysed using RBC lysis buffer, and non-RBCs 

were fixed, permeabilized, and stained with markers, including DAPI, Alexa Fluor 488 

antihuman CD45, and Alexa Fluor 647 antihuman Cytokeratin (panCK). MCF-7 cells were 

DAPI+, CD45−, EpCAM+, and panCK+; WBCs were DAPI+, CD45+, EpCAM−, and 

panCK− (Figure 2b,c). Purity was calculated by counting the number of PE-labeled MCF-7 

cells and dividing by the total number of DAPI-labeled cells. To image an entire well of the 

384-well plate, six images captured with a 4× objective under both DAPI and PE channels 

were stitched together (Figure S2). With this chip and the particular operating protocol, the 

CTC purity achieved using a 3 cm channel, two-stage chip was ~15%.

Using the alternate method to measure cell purity, based on the number of cell sorting 

events detected (see Experimental Section), the MCF-7 cell purity using a 3 cm channel, 

two-stage sorting chip was 17%, similar to the 15% purity calculated by counting cells 

using fluorescence microscopy. In Figure S4, panels on the left show the complete trace 

records for MCF-7 cells (labeled with PE-tagged anti-EpCAM). Panels on the right show the 

complete trace records for MCF-7 cells plus WBCs (labeled with PE-tagged anti-EpCAM 

and anti-CD45). Using the same method, the previous chip with only one sorting junction 

achieved only ~1% cell purity for this particular chip and operating condition (e.g., we 

did not use the fastest possible sorting speed in the first junction). Thus, a large (17-fold) 

improvement in MCF-7 cell purity was achieved for two-stage versus one-stage eDAR 

sorting.
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Lengthening the Channel between Two Sorting Junctions Further Improves Cell Purity

Dispersion of the cell aliquot by diffusion in microchannel is extremely low. The main 

mechanism that stretches out the cells in flow is axial dispersion caused by the parabolic 

flow profile. As a result, a longer channel should enhance separation of the cells within 

the aliquot, thereby improving the target cell purity. To test this hypothesis, two chips with 

longer channels (5.5 and 8.8 cm) between the two sorting junctions were designed, and 

MCF-7 cell purity was measured as described above. The 5.5 and 8.8 cm channels yielded 

purities of 21% and 32%, respectively (Tables 1 and S1).

Mixing Features Further Improves Cell Purity

Lengthening the sorting channel between junctions from 3 to 8.8 cm yielded a modest 

improvement in purity, from 17% to 32%. To achieve further improvement, we tested two 

additional approaches to stretch an aliquot: (1) “flow sharers”, in which the main channel is 

connected to a series of smaller channels such that part of the aliquot would travel down the 

first small channel and part would continue down the main channel, to separate the aliquot 

into many smaller fluid elements, and (2) herringbone features (23) (Figure 3a,b).

Aliquot stretching profiles of three channel designs were assessed by measuring the duration 

of the PE signal at the second detection line (Figure 3c). Greater aliquot stretching was 

expected to result in fewer contaminating blood cells accompanying MCF-7 cells during 

sorting events. The first flow stretching design, using small side channels, resulted in an 

increase in stretching, but when tested with whole blood, clogging occurred, indicating 

potential cell loss. Clogging was prone to occur due to the presence of the narrow channels 

that were meant to spread out the plug of cells because an occasional cluster of cells could 

block the narrow channels and then the device would function less efficiently. The second 

flow stretching design, using herringbone features, resulted in greater stretching and no 

clogging. Thus, in subsequent experiments we tested different lengths of straight channels 

with herringbones structures in cell purity measurements.

Herringbones were first described by Whitesides and co-workers in 2002 (23) and are 

attractive as a mixing strategy because they are simple to fabricate, tunable to a wide variety 

of applications, (32) and do not trap cells. Here, lateral mixing enhanced axial dispersion 

of the cells because it caused the cells to sample actively different portions of the parabolic 

flow profile. We used herringbone features located at the beginning (first 0.7 cm) of the 

5.5 and 8.8 cm channels connecting the junctions to mix, which spread the aliquot laterally 

before it reached the second junction.

The herringbone design consisted of three sections (Figure 4a): (1) three straight ridges 

angled from the inner wall to the outer wall, since we had observed the aliquot traveling 

primarily down the inner wall; (2) 12 staggered HB angled slightly toward the inner wall, 

and (3) 12 staggered HB angled slightly toward the outer wall. The herringbone dimensions 

are described in Figure 4b. The mixing section was 0.7 cm long, followed by a 4.8 or 8.1 cm 

straight channel. Without herringbones, the aliquot traveled as a plug along the inner wall; 

with herringbones, the aliquot was spread laterally across the channel. The long section of 

the straight channel without herringbones would be expected to allow further longitudinal 
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separation of cells by axial dispersion due to the parabolic flow profile, as cells near the 

center of the channel travel faster than those near the outer edges.

The 5.5 cm herringbone chip yielded 30% cell purity, similar to the 8.8 cm channel chip 

without herringbones. Furthermore, the 8.8 cm chip with herringbones yielded 70% purity, 

which corresponds to an average of <1 WBC per CTC sorted (Figure S4). Cell purity results 

for different chip designs are summarized in both Tables 1 and S1.

The aliquot stretching profiles of four designs with various length of channels and mixing 

features (3 cm, 5.5 cm, 5.5 cm + HB, and 8.8 cm + HB) are shown in Figure 5. Longer 

channels and addition of herringbone features resulted in longer durations of PE signals, 

indicating greater aliquot stretching.

Conclusions

In this study, we described a platform for isolating CTCs with high purity with respect to 

WBCs by using sequential sorting and fluidic features for aliquot stretching. We achieved a 

roughly 70-fold improvement in target cell purity compared to our previous eDAR platform, 

by using two sorting junctions, a longer channel between junctions, and herringbone features 

to enhance lateral mixing and spreading of the cells. We also moved cell collection off-chip 

while maintaining a high cell recovery rate. Single CTCs now can be collected in wells 

of a multiwell plate with less than one contaminating WBC, on average, making eDAR 

amenable to downstream analyses such as PCR or DNA sequencing. Future development 

of this platform will couple it with automated dispensing to allow single CTC detection, 

enumeration, and analysis with high sensitivity, cell recovery, and purity, and for isolating 

and characterizing low surface antigen-expressing metastatic cells that may be missed by 

other methods. Further optimization of the fluidic stretcher should result in additional purity 

improvements.
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Figure 1. 
(a) Schematic of sequential eDAR chip. Blood is loaded at the inlet (top) and CTCs 

are detected at two detection lines (blue) using laser-induced fluorescence. CTC-detection 

signals trigger sorting at two junctions by activating a solenoid and increasing the pressure 

of flow from the right side of the junction, causing the aliquot to flow to the left. After 

the first junction, the aliquot passes down a channel to the second detection line, after 

which it is sorted for a second time. The aliquot is stretched in the channel between two 

junctions, resulting in fewer contaminating blood cells. Most blood cells are sent to waste 

(Wastes 1 and 2). (b) Image of a sequential eDAR chip while running a sample, mounted 

on a microscope and using 488 nm laser excitation. (c, d) APD traces from the first (c) and 

second (d) sorting junctions in a single run. (e) Overlay of enlarged section from 1064 to 

1070 s from (c) and (d), showing sorting events at the first junction (green) followed by 

sorting events at the second junction (blue).
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Figure 2. 
(a) Images of collected MCF-7 cells and blood cells after sorting using sequential eDAR. 

Cells were imaged using a 20× 0.75 NA objective. Scale bar is 40 μm. (b, c) Confirmation 

of a MCF-7 cell and a WBC identity. MCF-7 cells are DAPI+, CD45−, EpCAM+, and 

panCK+; WBCs are DAPI+, CD45+, EpCAM−, and panCK−. Scale bar is 20 μm.
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Figure 3. 
Aliquot stretching using different channel designs. (a) Three chip designs are the same 

except for the channel separating two sorting junctions. (b) Three designs of the channel 

separating two sorting junctions by AutoCAD. From top to bottom: basic straight channel, 

adding “flow sharers”, adding “flow sharers” and herringbone structures. Except for the 

small narrow channels in the “flow sharer” designs, the width of the straight channels was 

around 200 μm and the height was kept the same for each design (i.e., 50 μm). The scale 

bar is 3 mm. (c) APD traces of aliquots containing PE dye and yellow fluorescent beads 

triggering sorting events at the first sorting junction, were recorded at the second detection 

line. The duration of the PE signal of one aliquot at the second detection line was used as an 

indicator of the degree of aliquot stretching.
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Figure 4. 
(a) Schematic of herringbone structures. (b) Cross-section of the channel with herringbones. 

For staggered herringbones, the height was 30 μm and the width was 70 μm. For straight 

ridges at the beginning of this channel, the height was 30 μm and the width was 80 μm; 

spacing was 180 μm for staggered herringbones and 95 μm for straight ridges.
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Figure 5. 
Aliquot stretching using different chip designs: (a) 3 cm channel, (b) 5.5 cm channel, (c) 

5.5 cm channel with HB, (d) 8.8 cm channel with HB. (e) APD traces for the aliquots 

containing PE dye and fluorescent beads at the second detection line. The spikes in four 

images indicated that fluorescent beads triggered sorting at the first sorting junction and 

passed through the second detection line, along with the aliquot.
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Table 1.

MCF-7 Cell Purity Achieved Using a One-Stage Chip versus Two-Stage Chips with Various Channel Lengths 

and Herringbone (HB) Features

design purity (CTCs/total nucleated cells)

one-stage eDAR 1%

3 cm channel 17%

5.5 cm channel 21%

8.8 cm channel 32%

5.5 cm channel + HB 30%

8.8 cm channel + HB 70%
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