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ABSTRACT 

Detection and characterization of rare circulating tumor cells (CTCs) from blood of cancer 

patients can potentially provide critical insights into tumor biology and hold great promise for 

cancer management. The ability to collect a large number of viable CTCs for various 

downstream assays such as quantitative measurements of specific biomarkers or targeted 

somatic mutation analysis is increasingly important in medical oncology. Here, we present a 

simple yet reliable microfluidic device for the ultra-high throughput, label-free, size-based 

isolation of CTCs from clinically relevant blood volumes. The fast processing time of the 

technique (7.5 mL blood in less than 10 mins) and ability to collect more CTCs from larger 

blood volume lends itself to a broad range of potential genomic and transcriptomic 

applications. A critical advantage of this protocol is the ability to return all fractions of blood 

(i.e., plasma (centrifugation), CTCs and white blood cells (WBCs) (size-based sorting)) that 

can be utilized for diverse biomarker studies or time-sensitive molecular assays such as qRT-

PCR. The clinical use of this biochip was demonstrated by detecting CTCs from 100% 

(10/10) of blood samples collected from patients with advanced stage metastatic breast and 

lung cancer. CTC recovery rate ranged from 20-135 CTCs/mL and obtained under high 

purity (1 CTC for every 30-100 white blood cells detected, ~ 4 log depletion of WBCs). They 

were identified with immunofluorescence assays (Pan-cytokeratin+/CD45-) and molecular 

probes such as HER2/neu.  

KEYWORDS: Circulating tumor cells (CTCs); Microfluidics; Cancer; Cell separation; 

Blood 
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INTRODUCTION 

Circulating tumor cells (CTCs), cancer cells of solid tumor origin that shed into the blood 

stream from either primary or secondary tumors of patients, directly contribute to the 

haematogenous metastatic spread and subsequent growth of tumor cells at distant sites within 

the body.
1, 2

 The isolation and recovery of these CTCs are very challenging primarily due to 

their rarity in peripheral blood and also their heterogeneity.
3
 Nevertheless, enrichment of 

CTCs can help clinicians better understand the biology of metastasis and disease progression 

as well as contribute to cancer management by potentially serving as a powerful clinical 

prognostic tool and non-invasive analysis of tumor genotypes for the therapeutic management 

of cancer-related diseases.
3, 4

 However, conventional clinical approaches for isolation of 

CTCs from peripheral blood, including flow cytometry,
5
 gradient centrifugation,

6
 and 

fluorescence and magnetic-activated cell sorting
7, 8

 are often based on antigen recognition 

techniques, which are expensive and limited in yield and purity. Most techniques require long 

processing time, resulting in low cell viability of the enriched CTCs. They also do not allow 

complete fractionation and preservation of plasma, white blood cells (WBCs) and CTCs. A 

reliable method for rapid, efficient and effective enrichment of CTCs will therefore be pivotal 

for deepening our understanding of the metastatic process and contribute to the field of 

clinical oncology.  

Microfluidics is one of the most rapidly developing technologies for innovation in cancer 

research. The application of microfluidic systems for separation of CTCs provides 

unprecedented opportunities for efficient enrichments of these rare cells from blood, allowing 

detailed molecular characterization of them at the single-cell level.
9
 While several 

microfluidic devices have been reported for CTCs isolation using epithelial cell surface 

antigens such as EpCAM (epithelial cell adhesion molecule),
10, 11

 these platforms/techniques 

rely on mediating the interaction of target CTCs with anti EpCAM-coated features including 
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micropillars 
10

 or nanoporous surfaces 
12

 under precisely controlled laminar conditions with 

reliable efficiency. However, some tumor cells express low or no EpCAM (e.g., for cells that 

undergo epithelial-mesenchymal transition (EMT)), resulting in incomplete retrieval of 

isolated CTCs.
1, 13

 In addition, the immunomagnetic isolation approaches involve chemical 

and mechanical manipulation of the cells rendering them non-viable or challenging for 

culture as well as downstream molecular analysis.
14, 15

 To date, a number of microfluidic 

devices that employ dielectrophoretic forces have also been developed for isolation of cancer 

cells based on differences in responses of cells to the electric field.
14, 16, 17

 Although this 

allows for label-free cell sorting without relying on immunochemistry, this technique is 

limited due to the subtle dielectric differences between CTCs and blood cells thereby 

affecting the throughput and purity and the high electric fields that can potentially cause gene 

expression (phenotypic) changes.
18

 To overcome the above limitations, cell size and 

deformability have been exploited in order to isolate CTCs from blood. Most CTCs are 

believed to be larger than the other blood components (< 20µm) (RBCs, peripheral WBCs 

and platelets),
19, 20

 including tumor cells obtained from small cell lung cancer patients.
21

 This 

obviates the need for any prior knowledge of target cells’ biochemical characteristics, while 

enabling collection of putative CTCs regardless of their EpCAM expression. The most 

popular size/deformability based CTC isolation methods rely on using either track-etched 

membranes or microfabricated filters.
22, 23

 These techniques are limited by the volume of 

blood that can be processed due to issues arising from filter clogging, low recovery and low 

cell viability due to cell damage caused by high shear incurred as the cells are made to pass 

through the filter pores. 

Hydrodynamic filtration systems for size-based separation in the microfluidic devices can 

overcome the shortcomings of the current approaches including clogging, low recovery and 

cell viability issues.
24, 25

 The controlled laminar flow within microfluidic channels can be 
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manipulated to generate size-dependent cell trajectories for high resolution CTC enrichment. 

Previously, we report a novel microfluidic platform for blood fractionation (i.e., named as 

“Dean Flow Fractionation”) and applied it successfully for CTCs isolation from whole 

blood.
25, 26

 We have shown the integrated spiral biochip is capable of processing blood with 

hematocrit of 20-25%, thus allowing process and enrichment of rare cells with ~3 mL/hr 

speed. Herein, we report the development of a simple yet reliable multiplexed spiral biochip 

for ultra-high throughput isolation, label-free isolation of CTCs to address the challenges of 

the next generation CTC enrichment platform such as high sensitivity (near 100% detection 

rate), high purity (~750 WBCs/mL), high throughput (7.5 mL in less than 10 mins), label-

free enrichment, simplicity and ease of operation. In contrast to the previous version, this 

device can work with a minimum of two syringe pumps instead of three (i.e., making 

automation easier) and can process larger volume of blood samples in shorter time with 

relatively higher sensitivity and purity. Processing larger volume of blood samples can boost 

the number of enriched CTCs for multiple downstream assays such as Immunofluorescent 

staining, qRT-PCR, fluorescence in situ hybridization (FISH) and also time-sensitive 

molecular tests such as RNA-sequencing. The clinical use of this biochip was demonstrated 

by the isolation of CTCs from 100% (10/10) of blood samples collected from patients with 

advanced stage metastatic breast and lung cancer. Retrieved cells are unlabelled and hence 

more viable for propagation, drug development and other downstream analysis. This design is 

extremely ideal for development of a low-cost and automated CTC detection and retrieval 

device for cancer diagnosis and prognosis. 

 

MATERIAL AND METHODS 

Device fabrication 
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SU-8 silicon molds were fabricated using standard lithography techniques.
27, 28

 The patterned 

silicon wafer was silanized with trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane (Sigma 

Aldrich, USA) to render the surface hydrophobic. PDMS prepolymer was prepared by mixing 

the PDMS at a standard 1:10 ratio (Sylgard 184, Dow Corning, USA) and degassing in a 

vacuum chamber. To produce the single layer spiral biochip, PDMS prepolymer was poured 

onto the SU-8 mold and cured 80 °C for 1-2 h inside a conventional oven. The PDMS was 

then cut from the mold, and four fluidic access holes (two-inlets and two-outlets) were 

punched. In order to obtain the multiplexed device, three spiral biochips were bonded 

together using oxygen plasma and manual alignments. The final device obtained by bonding 

the whole assembly onto a microscopic glass slide using an air plasma machine. 

 

Cell culture and sample preparation 

Two commercially available human cancer cell lines, namely breast adenocarcinoma (MCF-

7) and bladder (T24) were first used to mimic CTC separation. The MCF-7 cells (HTB-

22TM, ATCC, USA) and T24 cells (HTB-4  ATCC, USA) were cultured in high-glucose 

Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, USA) supplemented with 10% 

fetal bovine serum (FBS) (Invitrogen, USA) together with 1% penicillin-streptomycin 

(Invitrogen, USA). The culture was maintained at 37 °C in a humidified atmosphere 

containing 5% (v/v) CO2 till 80% confluence. Cells were cultured in sterile 6-well plates (BD 

Bioscience, USA) and sub-cultivated (1:3) two times a week with media replaced every 48 h. 

Sub-confluent monolayers were dissociated using 0.01% trypsin and 5.3mM EDTA solution 

(Lonza, Switzerland). For the control and recovery experiments, the cancer cells were diluted 

in buffer containing 1x phosphate buffered saline (PBS), 2 mM ethylenediaminetetraacetic 

acid (EDTA) supplemented with 0.5% bovine serum albumin (BSA) (Miltenyi Biotec, 

Germany) to prevent non-specific adsorption to the tubing and microchannel walls. For all 
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experiments unless otherwise mentioned, whole blood obtained from healthy donors was 

lysed using red blood cell (RBC) lysis buffer (Bioscience, USA) for 5 mins at room 

temperature under continuous gentle mixing. The lysed RBCs were removed by 

centrifugation at 1000×g for 5 mins and nucleated cell fraction were re-suspended in  

phosphate buffer saline (PBS) buffer accordingly with PBS buffer. The process of RBC lysis 

removes blood contaminants and hence reduces overall cell concentration. Therefore, 

nucleated cells can be resuspended in a smaller volume of buffer, speeding up the process of 

size-based sorting by microfluidic device. 

 

Immunofluorescence staining and Fluorescent Automated Cytometry System 

(FACS) analysis 

Results from experiments conducted to determine the cell loss incurred by lysis were 

analyzed by performing flow cytometry analysis using a BD Accuri C6 flow cytometer (BD 

Biosciences, USA) on the lysed and whole blood spiked samples. Samples were spiked with 

100K T24 cells pre-stained with fluorescein isothiocyanate (FITC) conjugated pan-

cytokeratin (CK) antibody (1:100, Miltenyi Biotec Asia Pacific, Singapore). Outlet samples 

were concentrated to 1 mL and processed for quantification of pan-CK+ cells. For 

quantification of cell counts, Immunofluorescence (IF) staining was carried out to allow 

visualization and differentiation of the various cell types. The outlet samples were fixed with 

4% paraformaldehyde (PFA) (Sigma, USA) for 10 mins in room temperature, permeabilized 

with 0.1% Triton X-100 in PBS (Sigma, USA). Permeabilized cells were treated with an 

antibody cocktail (pan-CK antibody, APC conjugated CD45 antibody (1:100, Miltenyi Biotec 

Asia Pacific, Singapore) and Hoechst dye in PBS buffer for 30 mins on ice. During flow 

cytometry analysis, the cells were gated based on the forward and side scatters as well as the 

fluorescence intensity.  
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Viability culture experiments 

A known concentration of T24 cells were spiked into whole blood before lysis. T24 cell 

counts (before and after lysis) were compared by enumeration of recovered T24-spiked blood 

after their respective treatment. Recovered cells were seeded onto 2D substrates under 

optimal growth conditions and bright field images were obtained after 5 mins from seeding.  

 

DNA Fluorescence in-situ hybridization (FISH) 

Samples were obtained from patients with HER2+ tumor status. The tumors were extracted 

via biopsy in the diagnostic stage (pre-treatment) and analysed for gene amplification via 

PCR in the hospital (not shown). Cells were spun onto slides using a Cytospin centrifuge 

(Thermo Scientific, USA) at 600 rpm for 6 mins. Slides were fixed in 4% PFA at room 

temperature for 10 mins and dehydrated via ethanol series (80%, 90%, and 100%). For DNA 

FISH, slides were treated with RNase (4 mg/mL) (Sigma, USA) for 40 mins at 37 °C, washed 

with 1x PBS/0.2% Tween 20 (Sigma, USA) thrice and denatured with 70% formamide/2x 

SCC for 10 mins at 80 °C. They were then quench dehydrated again via ice-cold ethanol 

series. HER2 probes were directly applied to slides maintained at 42 °C. Hybridization was 

continued at 42 °C
 
under dark and humid conditions overnight. Slides were washed with 50% 

formamide/ 2x SSC and 2x SSC at 45 °C under shaking, counterstained with 4', 6-diamidino-

2-phenylindole (DAPI) counterstain  and sealed with 50×50 mm
2
 coverslip (Fisher Scientific, 

USA).  

 

Clinical samples  

Human whole blood samples were obtained from healthy donors and 10 patients with either 

metastatic lung or breast cancer. This study was approved by our local ethics committee 

according to a protocol permitted by the Institutional Review Board (IRB). A total of 5 blood 
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samples from healthy donors were used as controls and 10 samples from lung and breast 

cancer patients were processed for CTC enumeration. Blood samples were collected in 

vacutainer tubes (Becton-Dickinson, Franklin Lakes, NJ, USA) containing EDTA 

anticoagulant and were processed within 2-4 h to prevent blood coagulation. For all the 

samples, 7.5 mL of whole blood was lysed initially using RBC lysis buffer and re-suspended 

in PBS prior to processing on biochip. 7.5 mL of blood is concentrated to 3.75 mL for 

processing, reducing processing time. Samples are processed at an input velocity of 350 

µl/min.  

 

RESULTS AND DISCUSSION 

Working Principle 

Figure 1A schematically illustrates the principle of hydrodynamic separation in spiral 

microfluidic channels. In the spiral microchannels with rectangular cross-section, the 

influence of centrifugal forces acting in radial direction results in the formation of two 

symmetrical counter-rotating vortices across the channel cross-section, also known as Dean 

vortices. Under Poiseuille flow condition, naturally buoyant particles of varying sizes 

equilibrate at different positions along the microchannel cross-section under the influence of 

inertial lift and Dean drag forces.
24

 By confining the cells at the inlet to one region of the 

channel cross-section, we can effectively fractionate the cells by equilibrating the CTCs near 

the microchannel inner wall while driving the smaller hematologic cells (platelets and WBCs) 

to the microchannel outer wall, allowing an efficient separation at the outlet.
29

 The spiral 

biochip enriches the CTCs population by a significant 10
4
-fold from a red blood cells (RBCs) 

depleted nucleated cell fraction. It consists of two-inlets and two-outlets to enrich the larger 

CTCs at the outlet. The collected CTCs can then be analyzed by suitable downstream 
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techniques such as immunostaining, qRT-PCR and FISH or can be employed for culturing 

and single-cell analysis (Figure 1B). 

 

Spiral biochip operating parameter optimization 

The challenge for clinical use of CTCs is to develop an unbiased, high throughput and 

reliable assay to enrich viable CTCs from peripheral blood in a reasonable period of time. 

High speed frame capture (6,400 frames per second) of CTC isolation via the spiral device is 

illustrated in Figure 2A. For all the experiments, high-speed imaging was performed to 

monitor position of CTCs and WBCs near the outlet region (See movie S1&S2 in 

Supplementary Information). 99.9% of WBCs and residual RBCs undergo a complete Dean 

Cycle migration and exit from the waste outlet while CTCs that were focused near the inner 

wall during the lateral migration can be collected from the CTC outlet. To reduce the amount 

of cellular components flowing in the spiral biochip, we employed a conventional RBC lysis 

technique (using ammonium chloride solution) in order to process larger volume of clinical 

samples. While WBCs constitute just 1% of total blood volume fraction, it is still challenging 

to efficiently separate minute quantities of CTCs from them. Extensive characterization of the 

proposed methodology was carried out to study the depletion capability of WBCs in the spiral 

biochip. To demonstrate the impact of input sample cell concentration on the device 

performance and final purity, we carried out the processing of blood under different nucleated 

cell concentrations. Initial 7.5 mL whole blood collected from healthy donors had the RBCs 

lysed and the nucleated cell fraction was then spun down and resuspended back to 7.5 mL (1x 

concentration), 3.75 mL (2x concentration) and 2.5 mL (3x concentration), respectively. 

Figure 2B shows the total cells count collected from the CTC outlet at different sample 

concentrations in 5 mins. A linear incremental trend in the total cell count is observed 

suggesting the effect of initial WBCs concentration on the final purity. Since the total number 

of WBCs varied from one patient to another and with cancer type/stage,
30

 we decided to use 
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2x concentration (~ 14×10
6
 WBCs) as optimal for future tests and clinical validation. This 

translates to a total processing time of around 10 mins for 7.5 mL blood sample using a 

multiplexed device with three stacked spiral biochips (see Fig. 1).  

Next, to demonstrate robustness and repeatability, a pure population of leukocytes was 

processed through the biochip at 2x concentration continuously. Enriched samples containing 

the contaminating WBCs were collected from the CTC outlet for a period of 5 mins, each 

collection taken from different time intervals (0-5, 5-10 and 10-15 mins) from the start of 

processing. The WBC count collected at the different time point is fairly uniform with 

approximately 900 to 1,200 cells collected under optimal flow conditions (see Fig. 2C). 

Microscopic analysis of the collected WBCs (data not shown) revealed that this sub-

population were in order of CTCs in terms of size (i.e., ~ 12-15 µm), and can be easily 

differentiated using immunofluorescence staining and molecular approaches. Starting with a 

initial concentration of ~ 7×10
6
 nucleated cells, the spiral biochip depleted ~ 99.99% of the 

WBCs providing a purer CTC fraction at the outlet. This is particularly important for many 

downstream molecular assays where the contaminating materials from WBCs can 

significantly lower the signal to noise leading to inaccurate diagnosis. 

  

Effect of RBC lysis on separation efficiency and cell viability 

Chemical lysis of whole blood using ammonium chloride has been employed extensively for 

depletion of contaminated RBCs in various applications such as transcriptome analysis of 

WBCs in various human diseases. While some people reported that RBC lysis can lead to 

compounded loss of cells,
30

 we have shown here depletion of RBCs did not compromise the 

recovery and isolation of cancer cells significantly (Fig. 3A). Exposure to the lysis buffer also 

did not alter the morphology and size of the cells (Fig. 3B). 
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We also compared the performance of our previous integrated biochip
26

 with the new 

multiplexed spiral one for CTC isolation. In the previous integrated biochip, whole blood was 

processed (100 µl/min) with the two-biochip cascaded spiral device and progressively diluted 

with a sheath flow (750 µl/min) running through the device. 7.5 mL of whole blood is 

processed in about 30 mins. The CTC counts obtained from both biochips where they were 

used for analysis of samples from lung cancer patients is shown in Figure 3C. The 

multiplexed spiral biochip yielded significant improved capture efficiency in comparison 

with the previous integrated biochip which processed whole blood. This is also done under 

shorter time (7.5 mL of blood in 10 mins), giving rise to much higher throughput (Fig. 3D). 

In addition, the purity of retrieved CTCs captured among contaminating WBCs was 

significantly higher for the multiplexed biochip, compared with the integrated one. 

 

Isolation efficiency and cell viability using cancer cell lines   

To test the performance of the multiplexed spiral biochip for CTC isolation and recovery, we 

characterized the biochip with commercially available cancer cell lines. Cell lines have been 

shown to be a good surrogate for characterization of various microfluidics as well as other 

CTC enrichment assays. Using the spiral biochip, we demonstrated high recovery of breast 

(MCF-7) and bladder (T24) cancer cells spiked into healthy blood samples. These cell lines 

were chosen due to their different range of cell diameters (MCF-7: ~20 µm; T24: ~30 µm), 

which validated the ability of the multiplexed spiral biochip for enriching CTCs of different 

sizes from various cancer types. Following enrichment, cancer cells were identified by 

immunofluorescence staining either by enumerating under epi-fluorescence microscope or by 

flow cytometry analysis with common biomarkers (CK+/CD45-).  For both cell lines spiked 

at clinically relevant concentrations of 500/7.5 mL of whole blood, a recovery of 87.6% for 

MCF-7 and 76.4% for T24 cells was achieved (Fig. 4A). 

Page 12 of 26Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



13 

 

To verify cell viability, propidium iodide (PI) staining of recovered samples was performed. 

High viability was confirmed by the minimal staining (<10%) detected by flow cytometry 

(Fig. 4B). Viable cells isolated can then be seeded onto 2-D culture substrates, where they 

attach and proliferate under standard culture conditions. Morphology of cells remained 

relatively unchanged at different stages of processing (before lysis, after lysis and after 

processing with lysis (see Fig. 4C). Isolated cells after device processing also remain viable 

for days after seeding onto culture substrates (See supplementary Fig. 1). This illustrates that 

both the lysis process and shear force induced by device processing did not affect cell 

viability, and is in good agreement with previous studies showing that the high shear 

conditions inside spiral microchannels have no adverse effects on the enriched cells.
31

  

 

Enrichment of CTCs from patients with metastatic breast and lung cancer 

Using the optimal test parameters, 7.5 mL of blood samples from 5 healthy volunteers 

(control) and 5 patients with metastatic breast cancer and 5 patients with non-small cell lung 

cancer (NSCLC) were processed (Table 1). CTCs captured by the spiral biochip were 

identified using a comprehensive image analysis algorithm, consisting of staining with 

Hoechst for DNA content, FITC conjugated pan-cytokeratin antibodies for cancer/epithelial 

cells, and APC conjugated anti-CD45 antibodies for haematologic cells (Fig. 5B). Cells 

stained positive for both Hoechst and pan-cytokeratin while negative for CD45 were scored 

as CTCs. CTCs were detected in 10 of 10 patient samples (100% detection) with counts 

ranging from 20-67 CTCs/mL for breast cancer samples and 33-135 CTCs/mL for lung 

cancer samples (Fig. 5A). CTC diameter ranges from 15-25 µm for lung cancer samples and 

20-35 µm for breast cancer samples (data not shown). Epithelial cells positive for pan-

cytokeratin were also detected in healthy volunteers (1-4 per mL), indicating a clear detection 

threshold.  
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To assess the feasibility of characterizing gene copy number alteration by FISH of CTCs 

isolated using the multiplexed spiral biochip, we have selected few HER2-positive breast 

cancer samples for analysis. These samples were obtained from patients with HER2-positive 

tumor status. HER2-positive breast cancers has been reported to be more aggressive than 

other types of breast cancer;
32, 33

 however, treatments that specifically target HER2 are very 

effective.
34

 HER2 signals in isolated CTCs were compared against control breast cancer cell 

lines SKBR3 (amplified HER2 signals) and MDA-MB-231 (non-amplified HER2 signal) as 

shown in Figure 5C. Intriguingly, we found that HER2 status on isolated CTCs did not 

correlate with primary tumor characteristics. For 3 (out of 5) patients that were analyzed in 

this study, HER2 status was negative (where amplified HER2 expression was determined 

when the ratio of HER2/centromere of Chromosome 17 (Cen17) signals in single nuclei was 

> 2), indicating heterogeneity of HER2 status in disseminated cells and primary tumor. 

 

Pleomorphism and heterogeneity of enriched CK+ cells 

Collected CTCs demonstrated intrapatient pleomorphism. Complementing 

immunofluorescence staining with epifluorescence microscopy detection, we observed 

differences in cell and nuclear morphology, nuclear-to-cytoplasmic (N/C) ratios and staining 

pattern. Stained CTCs isolated from the spiral biochip revealed distinct pleomorphic cell 

types, as shown from the images of CTC provided (Fig. 6A). The CTC varied from cells 

densely stained at the nucleus and showed eccentric nuclear morphology, to those which had 

bi-lobed or even kidney shaped nucleus. Such variation in nuclear morphology has also been 

previously reported 
35

. CTC size also differs with diverse N/C ratios. In some samples, CTC 

microembolis (clusters) were also observed. In order to further characterise these cells, CTCs 

were stained for CD166 and CD133, identifying a rare subpopulation (~1 in 135 cells) (Fig. 
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6B). CD166 and CD133 are putative cancer stem cell biomarkers that have been associated 

with tumor progression, poor patient survival and early tumor relapse.
36, 37

 

 

Discussion  

Despite the recent technological advances, development of a simple and robust platform 

capable of enriching CTCs with high throughput (i.e., processing clinically relevant blood 

volumes in few mins), high sensitivity, high specificity, and high cell viability remain 

elusive. The application of microfluidic systems for separation of CTCs provides 

unprecedented opportunities for efficient enrichments of these rare cells from blood, allowing 

detailed molecular characterization of them at the single-cell level. Previously, we developed 

a spiral microfluidic biochip for blood fractionation and applied it successfully for size-based 

CTCs isolation from blood.
26

 The integrated biochip developed is capable of processing 

blood with high hematocrit (~20-25%), thus allowing process and enrichment of tumor cells 

at ~ 3 mL/hr speed. However, a reduction in processing time will help translate our previous 

platform to clinic and “point-of-care” applications. Here, we demonstrate the application of a 

multiplexed spiral biochip for ultra-high throughput isolation of CTCs from lysed blood using 

inertial focusing microfluidics to realize a single step label-free enrichment process. This 

device is capable of efficient cell separation of clinically relevant blood volumes in a short 

period of time (7.5 mL blood in 10 mins), thus allows isolation of viable CTCs with high 

sensitivity and purity. Compared with other microfluidics-based methods, this device has the 

following merits. (i) High throughput processing: By stacking up a number of biochips, we 

can further increase the throughput based on the sample volume and downstream assays. (ii) 

Simplicity and ease of operation: the simple design of spiral biochip with large channel 

dimensions prevent any clogging and facilitate multiplexing and automation for quick 

translation for diagnostic/prognostic purposes. The simplicity in manufacturing (i.e., no 
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pretreatment or antibody immobilization required) of the device and its ease of operation 

make it attractive for clinical applications requiring one-time use operation. The multiplexed 

spiral biochip demonstrates high sensitivity by the successful detection and isolation of CTCs 

from 100% (10/10) blood samples collected from patients with advanced stage metastatic 

breast and lung cancer. The device also demonstrates high specificity and consistency, 

showing a further improvement and yield over our previous integrated biochip.
26

 (iii) Viable 

CTC collection: Unlike affinity-based, electrical or physical filtration platforms, the incessant 

collection of enriched CTCs and short residence time in the micro-channels (<10 msec) 

eliminates the long-shear exposure to the CTCs, hence minimizing any undesirable 

phenotype changes due to the shear stress. The enriched cells are continuously collected in a 

separate tube in real time and can be used for high-definition imaging as well as RNA-based 

single-cell molecular analysis. (iv) Affordability: our device uses simple microfluidic 

channels, which can be produced at low-cost using conventional microfabrication techniques. 

In addition, it only needs two plastic syringes for sheath and sample loading into the biochip. 

Further improvement will come in the form of an automated system capable of blood 

handling and processing. Moreover, a critical advantage of this biochip is the ability to return 

all fractions of blood – plasma, CTCs and PBMC – that can be utilized for other diverse 

biomarker studies.  

 

Conclusions 

We demonstrated high-throughput and high-resolution separation of CTCs from blood using 

a multiplexed spiral microfluidic device. This approach utilizes the combined effect of 

inertial and Dean drag force to separate rare cells from large volume of blood samples rapidly 

and efficiently. The label-free nature of the spiral biochip has improved the yield of CTC 
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capture in certain diseases like lung cancer, and current research is directed at cultivating 

viable CTCs as well as the scalability of detecting clinically actionable genetic alterations.   
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Table Captions: 

Table 1. Clinico-pathological characteristics of patients enrolled in this study for CTC enumeration 

(C: Cycle, D: Day, Sutent: Sunitinib). 

 
 

Figure Captions: 

 
Figure 1. (A) Schematic representation of the configuration and operational mechanism of a 

multiplexed spiral microfluidic chip for capturing CTCs with two inlets and two outlets. (B) Sample 

processing workflow showing different steps of enrichment and identification. The blood sample is 
collected; RBCs are lysed and processed through multiplexed spiral biochip. The isolated CTCs are 

available for immunostaining using specific markers or FISH. DNA or RNA can be extracted from 

the CTCs and subjected to next-generation sequencing and quantitative RT-PCR (qRT-PCR). Viable 

cells can be released and propagated in cell culture for various applications including cancer stem cell 

(CSC) study or drug discovery. 

 

Figure 2. (A) Time sequence images demonstrating the isolation of rare cells using the spiral 

microfluidic biochip. Using advantage of the inherent secondary Dean vortex flows present in 

curvilinear microchannels, the CTCs (marked with black arrow) can be focused near the microchannel 

inner wall while driving the smaller hematologic cells (RBCs and WBCs) toward the microchannel 
outer wall, thus allowing an efficient separation at the outlet. Scale bar is 100 µm. (B) Different WBC 

concentration affects the total number of nucleated cells collected at the first 5 mins of processing  

(n=3; Anova (single factor), P<0.05). (C) Linear increase in nucleated cells isolated along with the 
respective increase in whole blood processed under 2x concentration. This demonstrates the relatively 

constant rate of nucleated cell collection with time. (n=3; Anova (single factor), P<0.05). 

 

Figure 3: (A) Minimal cell loss incurred upon cell lysis. Flow cytometry quantification for recovery 

of spiked T24 cells is comparable to that enumerated for recovery of cells spiked in whole blood (98% 

with respect to recovery in whole blood) (n=3; Anova, P= 0.82). (B) Range of MCF-7 cell diameters 
after exposure to different media. No significant increase in cell diameter is detected (n=3; Anova, P= 

0.2). (C) CTC count obtained by the integrated spiral biochip is compared against that of the current 

multiplexed spiral using blood of patients with lung cancer. (D) Sample processing time by the 
integrated spiral biochip was compared with that of the current multiplexed spiral biochip (i.e., for 7.5 

mL of blood). 

 
Figure 4. (A) Recovery of spiked cancer cells introduced at clinically relevant concentration (500 

cells per 7.5 mL whole blood) (n=3; Anova (single factor), P<0.05). (B) Proportion of viable cells 

after various treatments, as stained by propidium iodide (B.P: Before Processing & A.P: After 

Processing). (C) Phase contrast microscopy images of isolated T24 at different treatment conditions. 

Morphology of cells remained relatively constant after lysis and spiral processing treatments, and 

cells remained viable. Cancer cells are indicated by orange arrows. Scale bar is 10 µm. 
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Figure 5. Enumeration of CTCs from cancer patients. (A) Plot of CTCs enumeration for healthy 

donors (Red), breast cancer patients (Black) and lung cancer patients (Blue). (B) Immunofluorescence 

staining of isolated CTCs. CTCs (marked by white arrow) were identified by the following criteria: 

Hoechst positive, pan-cytokeratin positive and CD45 negative. Scale bar is 16 µm. (C) FISH for 

HER2 detection for breast cancer cell line MDA-MB-231, SKBR3 and breast CTC enriched by the 
multiplexed spiral chip. Nuclei of cells were stained with DAPI, HER-2/neu gene locus (red) and CEP 

17 centromere (green). Scale bar is 10 µm. 

 
Figure 6. (A) CTC nuclear and cell size pleomorphism. Isolated CTCs displayed varied range of 

nuclear shapes and cell size (Blue: Hoechst & Green: CK). (B) Staining for stem cell markers on lung 

CTCs. Population of CD166+ cells were rare in most of the samples. In some occasions, some 

CD166+/CD133+ cells were also detected in certain samples. Scale bar is 10 µm. 

 

 

 

 

Sample no Subject status CK+ 

cells/mL 

Cancer stage Treatment 

timepoint 

1 Healthy 1 N.A. N.A. 

2 Healthy 3 N.A. N.A. 

3 Healthy 3 N.A. N.A. 

4 Healthy 4 N.A. N.A. 

5 Healthy 2 
 

N.A. N.A. 

1 Breast 20 IV C1D15 

2 Breast 61 IV Post Sutent 

3 Breast 55 IV C1D15 

4 Breast 34 IV Baseline 

5 Breast 67 

 

 Baseline 

1 Lung 33 IV Single Draw 

2 Lung 43 IV Single Draw 

3 Lung 37 IV Single Draw 

4 Lung 90 IV Single Draw 

5 Lung 135 IV Single Draw 
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