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ABSTRACT: Cancer cells, and in particular those found 

circulating in blood, can have widely varying phenotypes and 

molecular profiles despite a common origin.  New methods are 

needed that can deconvolute the heterogeneity of cancer cells 

and sort small numbers of cells to aid in the characterization of 

cancer cell subpopulations. Here, we describe a new molecular 

approach to capturing cancer cells that isolates subpopulations 

using two-dimensional sorting. Using aptamer-mediated 

capture and antisense-triggered release, the new strategy sorts 

cells according to levels of two different markers and thereby 

separates them into their corresponding subpopulations. Using a 

phenotypic assay, we demonstrate that the subpopulations 

isolated have markedly different properties. This system 

provides an important new tool for identifying CTC subtypes. 

 Circulating tumor cells (CTCs) are rare tumor cells shed from 

primary and metastatic tumor sites into the circulation as viable 

or apoptotic cells. Their presence in blood correlates with in-

creased metastatic burden and reduced time to relapse. As a 

result, their isolation and analysis as liquid biopsies presents a 

powerful means to monitor tumors noninvasively.
1
  

 A single tumor can contain subclones with numerous pheno-

types; as a result, a given patient’s CTCs can possess heteroge-

neous subpopulations with variations relevant to the develop-

ment of the metastatic disease.
2
 Furthermore, CTCs exhibit 

phenotypes that evolve while they are bloodborne, a fact that 

may lead to additional complexity. Isolation of CTC subpopula-

tions, particularly metastasis-initiating cells (MICs), remains 

challenging and as a result, only few methods exist for the isola-

tion of low numbers of cells based on the presence of multiple 

markers. Fluorescence-activated cell sorting has been used to 

isolate CTC subpopulations and establish increased metastatic 

potential of specific cell types;
3
 however, this method does not 

possess sufficient sensitivity to be used with the low numbers of 

CTCs typically found in patient samples. It is therefore critically 

important to develop new, high-sensitivity approaches for CTC 

subpopulation isolation. Providing a method for the separation 

and collection of CTC subpopulations in a minimally invasive 

fashion will represent a significant step toward elucidating their 

cellular biology, identifying MICs and treatment-resistant clones, 

and facilitating downstream molecular and functional analyses. 

 Several techniques have been used to isolate bulk CTCs, 

including gradient centrifugation, dielectrophoresis, size-based 

exclusion, mRNA tagging, and affinity-based enrichment.
4
 While 

most affinity-based methods use antibodies against surface 

antigens for capture,
5-9

 the use of aptamers may be advanta-

geous for several reasons. The small size (2–3 nm in diameter) of 

aptamers compared to antibodies (12–15 nm in diameter) could 

allow for more accurate quantification of the cell surface mark-

ers and enhanced resolution in identifying distinct subpopula-

tions.
10

 In addition, cells captured using aptamers can be re-

leased gently using nucleases or the aptamer's complementary 

strand,
11,12

 whereas antibody-based capture requires a harsh 

proteolytic digestion for release, which can damage the extracel-

lular domains of membrane antigens and subsequently con-

found immunocytochemical analysis.
13

 Indeed, several microflu-

idic devices have been developed for isolation of CTCs using 

aptamers specific to PTK7,
11,14-16

 EGFR,
17,18

 PSMA,
19

 EpCAM,
20,21

 

and other cancer-specific markers,
22

 indicating that these recep-

tors are powerful receptors for affinity-based capture.  

 Here we report an aptamer-mediated, two-dimensional ap-

proach that isolates cancer cell subpopulations using a fluidic 

chip. DNA aptamers specific to cells surface markers are utilized 

for cell capture followed by cell release using corresponding 

antisense oligonucleotides to enable 2D sorting. We leverage a 

microfluidic strategy that captures cancer cells with very high 

levels of specificity and sensitivity, and couple this approach with 

a molecular capture and release strategy (Figure 1A). When the 

capture-and-release strategy is repeated using two different 

aptamers, it allows two-dimensional separation and the isolation 

of discrete subpopulations with differing surface expression 

profiles. We show that the subpopulations isolated also exhibit 

different phenotypes when analyzed using an invasion assay: 

this indicates that different subpopulations may possess varying 

levels of invasiveness.   

 Our 2D sorting approach relies on fluidic capture of cells 

tagged using aptamers bound to magnetic nanoparticles. The  
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Figure 1. Schematic representation of the 2D sorting approach and chip. 

(A) Aptamer-mediated isolation of CTC subpopulations. Cells are first 

tagged with magnetic nanoparticles labeled with an aptamer specific to 

the first surface marker, and sorted into four subpopulations using a 

fluidic device. The four subpopulations are then released using a com-

plementary antisense DNA strand and subsequently tagged with mag-

netic nanoparticles labeled with an aptamer specific to the second sur-

face marker. After sorting the captured cells into sixteen subpopulations, 

cells are released using the complementary DNA strand to the second 

aptamer. (B) Design of four sequential zones that features four different 

average linear velocities (1x, 0.5x, 0.25x, and 0.125x) that facilitate the 

capture of differentially labeled cells. Cells with high expression levels of 

the surface marker are captured in the first zone, whereas cells with 

medium to low expression levels are trapped in later zones. (C) Schemat-

ic of the fluidic capture and subpopulation sorting strategy. Cells are first 

sorted according to EpCAM levels (E4 = high EpCAM, E1 = low EpCAM) 

and then HER2 levels (H4 = high HER2, H1 = low HER2). The workstation 

setup and open and closed configuration of valves are provided in Figure 

S1 and S2. 

fluidic chip used in this work for magnetic capture features zones 

containing X-shaped microfabricated structures that create lo-

calized pockets of low velocity favoring the accumulation of 

nanoparticle-tagged cells (Figure 1B). The first zone has a high 

linear velocity that retains cells with a high abundance of mag-

netic nanoparticles (i.e. a high EpCAM level). These cells are 

captured in this zone since the retaining magnetic force over-

comes the drag force associated with the locally high flow veloc-

ity. The ensuing three zones exhibit reduced linear velocities, 

each decrease by a factor of two. This design allows CTCs with 

high EpCAM levels and subsequently higher magnetic suscepti-

bility to be trapped in the first zone, whereas cells with a lower 

expression level of EpCAM become trapped only in later zones 

based on the abundance of their surface EpCAM. After binning 

the subpopulations into four sequential zones, we release the 

cells using the antisense DNA strand complementary to the cap-

turing aptamer. Cells released from the first, second, third, and 

fourth zone are denoted as E4, E3, E2, E1, respectively; where E 

denotes EpCAM and the number represents abundance (Figure 

1C).  

 To facilitate separation in a second dimension, we tag the 

four subpopulations using magnetic nanoparticles labeled with 

aptamers specific for a different aptamer, e.g. HER2. Each sub-

population is binned in four sequential zones based on HER2 

expression. Sixteen different subpopulations are then released 

from the respective zones using a DNA strand complementary to 

the HER2 specific aptamer. The discrete subpopulations ob-

tained are labeled according to the expression of the two mark-

ers; for instance, E1H1 denotes subpopulations showing a low 

expression level of both EpCAM and HER2.  

 
Figure 2. Performance of the aptamer-mediated capture and release 

approach in buffer and RBCs/WBCs-depleted blood. (A) Capture efficien-

cy. The efficiency of capture mediated by aptamers bound to magnetic 

nanoparticles was compared to that observed with nanoparticle-bound 

antibodies.  The device was loaded with either 1:1 mixture of target 

(SKBR3 or VCaP) cells and non-target U937 cells (200 cells each) in buffer 

or 200 target cells spiked in blood. The EpCAM1 and HER2 aptamers and 

antibodies were tested using SKBR3 cells, whereas the EGFR1 aptamer 

and antibody were tested against VCaP cells. See supplementary infor-

mation for aptamer sequences.  (B) Release efficiency. Release of cap-

tured cells was carried out using 200 µM of the corresponding antisense 

strand (AS-EpCAM1, AS-HER2-1, and AS-EGFR1). The post release cell 

count was calculated after cells were released, stained and counted. All 

aptamers utilized in the blood experiments were modified with an in-

verted T at the 3' terminus. (C) Cancer cell identification.  An im-

munostaining approach used to identify cancer cells. Only 

CK
+
/DAPI

+
/CD45

–
 cells were counted when determining efficiencies. 

 The efficiency of cancer cell release and capture using the 

aptamer-mediated approach was investigated and optimized 

(Figure 2). Magnetic nanoparticles functionalized with streptavi-

din were conjugated to biotinylated aptamers and overall cap-

ture in a 4-zone fluidic device was monitored. In these trials, 

SKBR3 cells (a breast cancer cell line) were used to assess cap-

ture efficiency mediated by the EPCAM and HER2 aptamers, and 

VCaP cells (a prostate cancer cell line) were used to test the 

EGFR aptamer.  These cell lines were selected as they are known 

to express high levels of the surface markers of interest.
17-22

  

Levels of capture achieved with the aptamers were similar to 

what was observed with antibody-functionalized magnetic par-

ticles. Variations in sequence, linker chemistry, and length were 

tested to maximize capture efficiency (see supporting Figures S3 

– S6).   The maximum levels of capture that could be achieved 

were aptamer dependent, with the EGFR1 aptamer producing 

the highest levels of capture approaching 90%. 
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The optimization of antisense-triggered release (Figure 2B, 

S7 – S9), included studies of antisense oligonucleotide concen-

tration, incubation time, and flow rate, and release efficiencies 

approaching 80% were achieved under optimized conditions. 

The release of cells triggered by incubation with an exonuclease 

that would digest the aptamers was also tested. Antisense-

triggered release and exonuclease-mediated release achieved 

similar rates of release, and we therefore conclude that the small 

number of cells that could not be liberated, were irreversibly 

adsorbed to the chip surface. An immunostaining approach was 

adopted to distinguish between cancer cells and white blood 

cells (WBCs), as shown in Figure 2C. Staining was performed 

with DAPI to identify nucleated cells, anti-CD45 to differentiate 

WBCs from cancer cells, and anti-cytokeratin (CK), as CK is a 

gold-standard marker for the identification of epithelial cells in 

the blood.
4
 Only CK

+
/DAPI

+
/CD45

–
 cells were counted as cancer 

cells.  

 

 
 
Figure 3. (A and B) Validation of the 2D sorting approach. Flow cytometric 

analysis of EpCAM (A) and HER2 (B) levels in SKBR3 and MDA-MB-361 

cells. (C) Aptamer mediated 2D isolation of sixteen cell subpopulations 

from SKBR3 and (D) MDA-MB-361 cells. 1000 cells were tagged with 

magnetic nanoparticles labeled with the EpCAM1 aptamer and captured 

in the fluidic device according to their EpCAM expression level. Subse-

quently, the E4, E3, E2, and E1 subpopulations were captured in zones I, 

II, III, and IV, respectively. After releasing the cells using AS-EpCAM1, the 

cells were tagged with magnetic nanoparticles labeled with the HER2-1 

aptamer. H4, H3, H2, and H1 subpopulations were captured in zones I, II, 

III, and IV, respectively. The 16 different subpopulations isolated were 

removed from the device for further characterization. See Figure S13 and 

S14 for data from C and D with error analysis. 

 We then proceeded to show that the performance was re-

tained when the assay was carried out using blood samples. 

Because aptamers are rapidly degraded in whole blood even in 

the presence of nuclease inhibitors (Figure S10), it was necessary 

to employ modified aptamers to achieve satisfactory results with 

this sample type.  EpCAM1, HER2-1 or EGFR1 aptamers modified 

at the 3' end with an inverted nucleotide (InT) performed well in 

lysed blood, as shown in Figure S11 and S12. These improved 

aptamers were tested for capture and release, and yielded per-

formance levels that approached what was attained with un-

modified aptamers in buffered solution. 

 Proof-of-concept for aptamer/antisense-mediated sorting of 

sixteen cancer cell subpopulations was obtained using two cell 

lines: SKBR3 and MDA-MB-361. SKBR3 cells have significantly 

higher levels of HER2 compared to MDA-MB-361, as shown us-

ing flow cytometry (Figure 3A and 3B). The two-dimensional 

sorting profiles of the two cell lines as shown in Figure 3C and 3D 

reflect the lower HER2 expression on MDA-MB-361 cells and 

support the feasibility of using this approach to isolate subpopu-

lations based on a dual-marker approach. 2D flow cytometric 

analysis of SKBR3 cells was also collected for comparison with 

the 2D sorting data, as shown in Figure 15. Additionally, profiling 

experiments of three breast cancer cell lines, including MCF7, 

SKBR3, and MDA-MB-231, demonstrated that the cells are dis-

tributed in the microfluidic device based on their EpCAM expres-

sion level. The results corroborated with the flow cytometry data 

(Figure S16). 

 

 
 

Figure 4. Isolated CTC subpopulations exhibit differing phenotypes.  (A) 

Flow cytometric analysis of the collagen content of isolated cell subpopula-

tions. Sixteen cell subpopulations isolated from the SKBR3 cell line were 

cultured on 12-well plates previously coated with 1 mL of 100 µg mL
–1

 

FITC-collagen, in the presence of 1 mL of McCoy's Medium Modified 

containing 10% FBS and 1% penicillin-streptomycin for 48 h at 37 °C and 

5% CO2. Samples were analyzed with flow cytometry and the absorb-

ance values were normalized to the unstained control. See Figure S19 for 

data with error analysis. (B) Fluorescence microscope images for a 

DAPI
+
/collagen

+
/CK

+
 cell. 

  

The purity of captured cells from blood was also assessed.  The 

2D CTC sorting approach can deplete up to ~99.99% of the 

WBCs (~7,000,000 per mL of blood), after the first and second 

sorting steps (Figure S17). Also, the developed chip is capable of 

capturing small number of VCaP cells (10 cells) from increasing 

volumes of blood (1, 2, 3, and 4 mL), as shown in Figure S18. 

 Flow cytometric analysis of EpCAM levels for the isolated 

subpopulations confirmed that the cells captured at the first 

zone exhibited the highest EpCAM level, whereas a lower Ep-

CAM expression was observed among cells collected from the 

following zones, as shown in Figure S20. The viability and prolif-

erative capacity of the retrieved SKBR3 cell subpopulations were 

also determined after culturing the cells for 48 h in plates coated 

with collagen at 37°C and 5% CO2. The isolated subpopulations 

exhibited an average viability of 79±1% and Ki-67 proliferative 

index of 42±4%, as shown in Figure S21 and S22, respectively. 

 To assess whether the isolated subpopulations had detecta-

ble differences in phenotype, we characterized the ability of the 

cells to ingest fluorescent collagen. This assay is used to assess 

invasiveness of cancer cells, since the ability to ingest collagen 

has previously been shown to correlate with the ability of cells to 

invade the extracellular matrix.
23

 As shown in Figure 4A, flow 
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cytometric analysis of the collagen content for the subpopula-

tions shows a marked difference in the behavior of different 

subpopulations. Cells that exhibited low EpCAM and HER2 levels 

exhibited much higher levels of collagen ingestion relative to 

cells with high or moderate levels. Fluorescence microscope 

images of the cellular content of collagen are provided in Figure 

4B. These results agree with previous studies showing that the 

expression of elevated levels of HER2 is usually associated with 

higher expression of the matrix metalloproteinases MMP2 and 

MMP9 resulting in accelerated degradation of collagen.
24

   

 

Figure 5. Isolated CTC subpopulations from clinical samples. 

Three blood samples collected from prostate cancer patients we 

sorted with anti-EpCAM and anti-EGFR aptamers and separated 

into 16 subpopulations.  The shaded regions within the table 

indicated positive subpopulations. E denotes EpCAM and G de-

notes EGFR.  

 Finally, to demonstrate that the two-dimensional sorting 

approach was effective in the analysis of samples collected from 

cancer patients, we analyzed the subpopulation profiles of 

CK
+
/DAPI

+
/CD45

–
 cells (i.e. putative CTCs) isolated from clinical 

samples. Samples were obtained from patients undergoing 

treatment for metastatic prostate cancer, and subjected to 2D 

sorting using EpCAM and EGFR-targeted aptamers. As shown in 

Figures 5 and S23, we were able to isolate cell subpopulations 

exhibiting different expression levels of EpCAM and EGFR from 

the blood of each prostate cancer patient. While all of the pa-

tients were positive for high EpCAM, high EGFR cells (E4/G4), 

the other subpopulations present varied among the patients. 

This may reflect the heterogeneity of metastatic disease.
 

 In conclusion, this new aptamer and antisense-mediated 

two-dimensional subpopulation sorting technique can be used 

to isolate phenotypic subsets of CTCs defined by the expression 

level of two surface markers in a 2D format.  The 2D capture and 

release enables isolation of CTCs with minimal contamination 

from the surrounding WBCs, thus paving the way toward molec-

ular and functional analyses of CTCs.
25

 While the isolation and 

clinical relevance of CTC subpopulations is a relatively new area, 

it is hoped that this method will allow an improved understand-

ing of cancer progression, metastasis monitoring, and assess-

ment of resistance to therapy in real-time to improve the clinical 

outcome.  Further work will be required to establish the clinical 

relevance of the cells isolated using this method. 
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Experimental details and additional data. The supporting Infor-

mation is available free of charge on the ACS Publications web-

site at http://pubs.acs.org. 
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