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ABSTRACT 
 

The dissemination of circulating tumor cells implicated in the metastatic spread of 

cancer accounts for the majority of cancer-related deaths. Circulating tumor cells have 

been established as a prognostic biomarker and are associated with worse outcomes. The 

true nature and mechanism of circulating tumor cells remain a mystery. Their 

comprehensive analysis has been hindered by the fact that they are extremely rare, 

occurring at a rate of one in a billion blood cells. This work describes the development of 

a Flexible Micro Spring Array system for label-free enrichment of circulating tumor cells 

from whole blood. It incorporates flexible spring structures microfabricated from 

parylene polymer to rapidly separate cells based on their size and deformability. Device 

performance was characterized with respect to capture efficiency, enrichment against 

leukocytes, and maintenance of cell viability and proliferability through reconstructed 

model systems using cancer cell lines. Circulating tumor cells and microclusters were 

successfully enriched from clinical samples obtained from breast, lung and colorectal 

cancer patients, and characterized through immunocytochemical analysis. The detection 

of circulating tumor cells was correlated to cancer patient survival in a structured trial in 

non-small cell lung cancer to demonstrate the clinical relevance of the flexible micro 

spring array device. The mechanism of physical cell separation at low pressure was 

investigated through analytical models accounting for cell size and deformability. It was 

ultimately determined that the critical factor for cell capture is the size of the cell nucleus, 

comprising a novel mechanism for circulating tumor cell enrichment.  
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Chapter 1  

 

Introduction and Background 

Parts of this chapter have been published in the following review articles: 

Harouaka R, Kang Z, Zheng SY, Cao L. Circulating tumor cells: Advances in isolation 

and analysis, and challenges for clinical applications. Pharmacology & 

therapeutics 2014;141:209-21. 

 

Harouaka R, Nisic M, Zheng SY. Circulating tumor cell enrichment based on physical 

properties. Journal of laboratory automation 2013;18:455-68. 

 

1.1 Cancer and Metastasis 

The process of cancer metastasis by which tumor cells detach from a primary site, 

spread through the circulatory system, and form distant secondary tumors is responsible 

for the majority of cancer deaths. Tumors that occur in humans are usually derived from 

tissues of epithelial origin (1). The progression of a primary epithelial cancer cell to an 

invasive metastatic cell involves several steps (Fig.1-1). First, cancer cells undergo 

epithelial-mesenchymal transition (EMT) to (i) reduce adhesion to neighboring cells and 

(ii ) dissolve the basement membrane through the secretion of extracellular matrix 

metalloproteases (MMPs). (iii) Intravasation, or the entry of a cancer cell into the 

bloodstream, is achieved by the release of molecules, such as vascular endothelial growth 

factor (VEGF), that stimulate angiogenesis. In the bloodstream, cancer cells can interact 
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with platelets (iv), which protect the cancer cell from the immune system. After reaching 

the secondary site, cancer cells can exit the bloodstream (v) by inducing endothelial cell 

retraction or death. Lastly, the cancer cells undergo mesenchymal-epithelial transition 

(MET) (vi) and continue to proliferate at the metastatic site. (2) 

 

 

 

Fig. 1-1. Overview of the process of metastasis. (3) 
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1.2 Circulating Tumor Cells  

When migratory cancer cells are present in the bloodstream they are called 

circulating tumor cells (CTCs). They were first reported in 1869 by Australian physician 

Thomas Ashworth who discovered the presence of  ñcells identical with those of the 

cancer itselfò in the blood of a metastatic cancer patient (4). Over a century later, a 

validated CTC enrichment and enumeration technology has been established in which 

CTC counts above a known threshold is a prognostic marker and predictor of patient 

outcome in metastatic breast (5), prostate (6), and colon cancers (7).  Based on these 

clinical evaluations, the US Food and Drug Administration (FDA) cleared the 

CellSearchÑ instrument (Veridex, LLC, Raritan, NJ, USA) for CTC enrichment and 

enumeration for the above indicated cancers. It has been established through the success 

of CellSearchÑ that enumeration of CTCs is indeed a surrogate for active disease and 

that increased CTC numbers are predictive of worse prognosis. Further, by demonstrating 

the successful isolation of clinically relevant cells from the blood of cancer patients, 

researchers have revealed the potential for further analysis of CTCs beyond enumeration. 

 

There is great interest in obtaining molecular information from CTCs, as they 

may constitute a read-out for both primary and metastatic tumors. Success in CTC-based 

analysis has the potential to provide real-time and non-invasive surrogates for diagnosis 
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and prognosis, predictive biomarkers for making treatment decisions, and samples for 

monitoring drug resistance. The majority of conventional cancer treatments have had 

limited success in curing metastatic disease. As tumors evolve, even an effective response 

to therapy is typically short lived, and patients often relapse within 12-24 months of 

therapeutic intervention (8-10).  CTCs may provide a source for longitudinal molecular 

analysis of tumors during the clinical management of patients that could facilitate both 

clinical investigations and cancer patient care. 

1.3 Enrichment of Circulating Tumor Cells  

The clinical application and biological study of CTCs has been hindered by the 

fact that they are extremely rare events. The inherent complexity and inhomogeneity of 

biological systems has necessitated the fractionation and sorting of cells as a prerequisite 

for comprehensive analysis. This is especially the case when analyzing complex fluids 

like blood, where cells of interest may be obscured by a diverse mix of surrounding cells. 

The underlying principle of cell fractionation involves exploiting differences in properties 

of discrete cell types to separate them. One of the earliest whole blood fractionation 

approaches takes advantage of the limited membrane expansion capacity of red blood 

cells to selectively lyse them through induction of an osmotic pressure imbalance (11). 

Other techniques achieve specific fractions of white blood cells through selective 

adhesion to surfaces (12, 13), response to enzymes (14), or particular affinity to nylon 

wool (15, 16). The identification of protein antigens that were unique to certain cell types 
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opened the door to highly specific cell selection based on antibodies. These 

immunoaffinity approaches applied both positive selection through ñpanningò (17, 18), 

and negative selection through targeted complement lysis (19, 20). 

 

Antibodies are also employed to pre-label cells for single cell sorting. 

Fluorescence activated cell sorting (FACS) separates fluorescently labeled cells one at a 

time after focusing through a flow chamber (21, 22). Magnetic Cell Sorting (MACS) is a 

technique that conjugates antibodies to magnetic particles for pre-labeling and uses a 

magnetic field to pull away contaminants or particular cells of interest (23-25). 

 

Fractionation approaches that exploit inherent physical properties of cells do not 

require pre-labeling. The most commonly applied method is density based centrifugation. 

Rotational forces applied within a centrifuge align cells into separate fractions along a 

density gradient from which they may then be collected. The separation of cells is 

assisted through the use of a synthetic saccharide solution in Ficoll-Pacque to isolate 

mononuclear cells from blood and bone marrow aspirates (26). 

 

Various approaches that have been developed for CTC isolation from blood are 

discussed below.  The technologies may be grouped by their principle of CTC enrichment 

(Fig. 1-2).  Each approach is typically evaluated using cell line model systems for 

multiple performance parameters (i.e. capture efficiency/recovery, enrichment against 

leukocytes, cell viability, processing speed, blood sample capacity) and then validated 
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through testing with clinical samples.  The optimal isolation approach may require a 

compromise among performance parameters, and is likely to depend on the intended 

downstream application. 

 

 

Fig 1-2. Approaches for CTC isolation from whole blood. 1: Immunoaffinity based 

techniques target specific markers to selectively enrich CTCs or deplete leukocytes. 2: 

Physical properties may be exploited to separate CTCs from blood cells based on 

differences in density, size, deformability and electrical properties. 3: Direct analysis is 

achieved by high throughput assaying of all cells in blood after erythrocyte lysis. (27) 
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1.3.1 Immunoaffinity 

Immunoaffinity-based CTC isolation takes advantage of highly specific affinity 

reactions between capture antibodies and target antigens present on cells of interest.  The 

following antibody capture approaches have been developed: 

 

1.3.1.1   Magnetic beads: The CellSearch® instrument is currently the only 

FDA-cleared technology that is clinically applied for CTC enrichment (Fig. 1-3).  Its 

enrichment process involves the binding of antibody functionalized magnetic beads to the 

epithelial cell adhesion molecule (EpCAM) antigen on CTCs, and the subsequent 

isolation of these beads with a magnet.  Enumeration of CellSearch®-enriched CTCs has 

been established as a prognostic marker and predictor of patient outcome in metastatic 

breast (5), prostate (6), and colon cancers (7).   
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Fig 1-3. CellSearch® instrument for CTC enrichment and detection. (Source: 

www.cellsearchctc.com/) 

 

A similar approach has been developed using a prototype magnetic sweeper 

device to improve the capture of cells bound to anti-EpCAM-coated magnetic beads.  

This technology has a capture efficiency of 62%, a purity of 51% from whole blood, and 

a throughput of 9 mL/hour (28).  This ñMagSweeperò device identified CTCs in 14 of 20 

primary and 21 of 30 metastatic breast cancer patient blood samples using single cell 

level reverse transcription polymerase chain reaction (RT-PCR) based detection (29).  A 

recent magnetic sifter device generates extremely high magnetic field gradients around 

the edges of magnetic pores in a microarray format to enhance capture efficiency to 

91.4% or higher and performs enrichment in a vertical flow configuration to improve the 

processing speed, optimized at 10 mL/hour (30).  
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Adnatest® (Adnagen AG, Langenhagen, Germany) is a commercialized series of 

assays that employs magnetic beads functionalized with cocktails of antibodies specific 

to either breast, prostate, colon, ovarian or EMT/stem cell markers to improve 

enrichment.  Adnatest BreastCancerTM coupled with multiplexed RT-PCR based CTC 

detection correlates with patient outcome in metastatic breast (31) and ovarian cancer 

(32).  The assay was also used to identify a subset of CTCs expressing stem cell and 

EMT markers in primary breast cancer (33).  In a comparative study Adnatest 

BreastCancerTM was positive for 29 of 55 metastatic breast cancer patients compared 

with the detection of Ó2 CTCs in 26 of 55 patients by CellSearchÈ (34). 

 

1.3.1.2   Microfluidic flow: Nagrath, Toner and colleagues developed a 

microchip consisting of an array of 78,000 silicon micropillars functionalized with 

antibodies targeting EpCAM, allowing the direct processing of whole blood (Fig. 1-4).  

The micropillar geometry provides an abundant total surface area for potential contact 

(970 mm2), resulting in a capture efficiency of >60% and a final sample purity of about 

50% when processing at a throughput of 2.5 mL/hour.  This ñCTC-chipò was used to 

enrich and identify CTCs in 115 of 116 tested blood samples from patients with various 

metastatic cancer types (35).   
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Fig 1-4. CTC-chip. (a) One-step process for point-of-care isolation of CTCs from 

peripheral blood. (b) Schematic of the manifold assembly. The microfluidic chip is sealed 

from above with a biological grade adhesive tape and placed in the manifold. (c) 

Scanning electron micrograph (SEM) image of the microposts array. (35) 

 

A similar micropillar approach was implemented on a ñgeometrically enhanced 

differential immunocaptureò microchip coated with antibodies targeting prostate-specific 

membrane antigen (PSMA).  This microchip achieved a capture efficiency of 85% and 

purity of 68%, and identified CTCs from 18 of 20 prostate cancer patient samples (36). 
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To overcome fabrication challenges with the first generation CTC-chip, Stott and 

Toner et al have reported an improved second generation ñherringbone chipò that 

encouraged microfluidic mixing through the generation of microvortices (37).  Here the 

specific capture antibodies were conjugated to the herringbone-shaped grooves along the 

bottom surface of the device, and the flow patterns resulted in increased cell to surface 

contact.  This design improved capture efficiency to 91.8% using antibodies for EpCAM, 

and CTCs and microclusters were detected in samples from 14 of 15 prostate cancer 

patients (37).  More recently, to facilitate the retrieval of CTCs for further analysis, 

Ozkumur and Toner et al developed a ñCTC-iChipò that enables either positive anti-

EpCAM CTC selection or leukocyte depletion after an initial size-based enrichment step 

and hydrodynamic focusing.  They reported high capture efficiencies of up to 98.6%, 

with varying purities in the range of 0.02 ï 42%. CTCs were detected in 37 of 42 

metastatic cancer patient samples as compared with 29 of 42 using CellSearch® (38). 

 

1.3.1.3   Nanostructured substrate: Wang et al employed nanostructured 

substrates (Fig. 1-5) to take advantage of an extremely high contact surface area for 

immunoaffinity due to roughness at the nano-scale (39).  They used anti-EpCAM 

conjugated silicon nanopillars and chaotic micromixing to achieve a capture efficiency of 

>95% from blood at an optimal throughput of 1 mL/hour.  This approach detected CTCs 

in 20 of 26 prostate cancer patient blood samples as compared with only 8 of 26 using the 

CellSearch® system (40).  The chip was further modified with electrospun polymer 

nanofibers and incorporated with laser capture microdissection to isolate single prostate 

cancer CTCs for amplification and whole exome sequencing (41). Nagrath and 
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colleagues used antibody functionalized grapheme oxide nanosheets on a patterned gold 

surface to successfully capture CTCs in 38 out of 39 blood samples from breast, lung and 

pancreatic cancer patients (42). 

 

 

Fig 1-5. Nanostructured substrate for CTC isolation. The device is composed of two 

functional components, a patterned silicon nanopillar (SiNP) substrate (1) with anti-

EpCAM coating exhibiting vastly enhanced CTC-capture affinity, and an overlaid 

microfluidic chaotic mixing chip (2) capable of promoting cellïsubstrate contact 

frequency. (40) 

 

1.3.1.4   Microtubes: Hughes et al employed a biomimetic approach to simulate 

the process of selectin-mediated cell adhesion in blood vessels for CTC capture.  

Selectin-coated microtubes induce cell attachment and rolling, which encourages CTC 

binding with anti-EpCAM and anti-PSMA antibodies, even at a high flow rate of 4.8 

mL/hour.  The device achieved a capture efficiency of ~50% and an average purity of 
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66%, while successfully detecting CTCs in 14 of 14 tested patient blood samples as 

compared with 9 of 14 with the CellSearch® system (43). 

 

1.3.1.5   In vivo sampling: A novel approach for in vivo sampling was developed 

by functionalizing a medical wire with EpCAM antibodies (Fig. 1-6).  The medical wire 

is injected through a cannula into the patientôs cubital vein for a duration of 30 minutes to 

allow direct continuous sampling of large volumes of blood (1.5 - 3 liters).  This 

approach successfully enriched CTCs in 22 of 24 patients diagnosed with either breast or 

lung cancer (44). 
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Fig 1-6. Functionalized medical wire (FSMW) for in vivo CTC capture. Above: Insertion 

of the FSMW into the cubital vein through a conventional cannula. Below: FSMW is 

slowly pushed forward into the cannula until it is exposed to the blood flow within the 

lumen of the vein. (44) 

 

1.3.1.6   Leukocyte depletion: An alternate approach to positive immunoaffinity-

based CTC selection is to use monoclonal antibodies targeting leukocyte antigens (i.e., 

CD45, CD14) to deplete cells of hematopoietic origin.  Some strategies include antibody 

labeling of leukocytes for removal through immunomagnetic separation  (45, 46), or 
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through centrifugation with the RosetteSepTM kit (StemCell Technologies, Vancouver, 

Canada) (47, 48).  These approaches are capable of high recovery rates with minimal 

disturbance to CTCs, but achieve relatively low sample purities. 

 

1.3.1.7   Summary: The specificity of the antibody-antigen reaction allows 

isolation of CTCs with a very high level of purity.  However, CTC enrichment results 

will be heavily dependent on the performance of the particular antibody employed.  There 

is currently no known ideal CTC antigen target that would allow capture of all CTCs at 

the exclusion of all hematopoietic cells.  Recent reports have indicated that anti-EpCAM 

approaches may miss out on significant populations of CTCs that do not exhibit an 

epithelial phenotype, presumably due to EMT, in addition to the variable expression of 

EpCAM on certain phenotypes of epithelial CTCs (49, 50).  Capture rates may be 

increased by using combined cocktails of antibodies that also target antigens specific to a 

particular cancer type, though this may then result in reduced specificity and lower 

sample purity.  Leukocyte depletion approaches have the benefit of not disturbing the 

CTCs which may minimize phenotypic alterations caused by the isolation process, but 

may lose CTCs that are attached to or interacting with leukocytes.  Leukocyte depletion 

methods result in purities that are typically at least one order of magnitude lower than 

positive CTC targeting.  In general, an immune-affinity approach requires long 

incubation/interaction times to optimize CTC recovery, which could be a bottleneck for 

processing speed.  For methods using positive selection, it might be challenging to 

reversibly remove CTCs from the immune-affinity tag or surface. 
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1.3.2 Physical Properties 

Physical properties may be exploited to effectively separate CTCs from peripheral 

blood cells.  The following technologies have been developed based on differences in 

density, size, deformability and electrical properties: 

 

1.3.2.1   Density gradient centrifugation: Centrifugation is a cheap and efficient 

method for separating CTCs in the mononucleocyte fraction of blood away from 

erythrocytes and granulocytes based on cell density. Centrifugation with Ficoll-Paque® 

solution (Pharmacia-Fine Chemicals, Uppsala, Sweden) was used to detect CTCs using 

an RT-PCR based assay for cytokeratin 20 expression with a resolution of 1 cell/mL of 

blood in model systems, successfully identifying CTCs in 24 of 58 colorectal cancer 

patients undergoing surgical resection (51). OncoQuick® (Grenier BioOne, 

Frickenhausen, Germany) is a novel technology that incorporates a porous barrier for 

size-based separation of CTCs in conjunction with density-based centrifugation (Fig. 1-

7).  Rosenberg et al reported a vastly improved enrichment of 632-fold against leukocytes 

with OncoQuick® compared to 3.8-fold with Ficoll-Paque® (52). OncoQuick® has 

identified CTCs in blood samples obtained from 11 of 37 gastrointestinal cancer patients 

with RT-PCR (52), 5 of 60 primary breast cancer patients and 25 of 63 advanced breast 

cancer patients by immunofluorescence (53). In another clinical study CTCs were 

detected in 14 of 61 patients using cytospins prepared after OncoQuick® enrichment, 

compared to 33 of 61 with CellSearch® (54). Recently, leukapheresis has been proposed 

as a centrifugation technique to sample several liters of patient blood, thus concentrating 
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CTCs to improve the sensitivity of downstream detection and analysis (55). CTCs were 

detected in 21 of 29 carcinoma patient samples using the CellSearch® system after 

concentration by leukapheresis, compared with only 8 of 29 using the conventional 7.5 

mL assay (56). 

 

 

Fig 1-7. CTC enrichment by density gradient centrifugation with OncoQuick®. (3) 

 

1.3.2.2   Microfiltration:  Microfiltration operates on the principle of retaining 

larger CTCs while allowing smaller leukocytes to pass through pores of varying 

geometries.  Vona, Paterlini-Brechot, and colleagues developed the ñisolation by size of 

epithelial tumor cellsò (ISET) technique using randomly track-etched polycarbonate 

filters with 8 µm diameter circular pores for CTC enrichment and cytological detection 

from fixed blood samples (Fig. 1-8) (57).  Track-etched microfilters have been used to 

enrich and characterize CTCs in studies involving liver cancer (58), melanoma (59), lung 
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cancer (60, 61), prostate cancer (62) and various other cancers (63).  These microfilters 

were demonstrated to be more sensitive than CellSearch®, detecting CTCs in 57 of 60 

metastatic patients with breast, prostate and lung cancer compared to 42 of 60 with 

CellSearch® (64).   

 

 

Fig 1-8. Track-etch filter for size-based CTC microfiltration. Arrows indicate 1: tumor 

cell; 2: filter pores; 3: leukocytes. (57) 
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 Zheng, Tai, and colleagues used deterministic photolithography to develop an 

improved microfilter with circular- or oval-shaped pores fabricated from parylene 

polymer, reporting a capture efficiency of 89% (65).  This parylene microfilter obtained 

CTCs in 51 of 57 cancer patients while CellSearch® was positive for only 26 (66).  

Similar microfilters have been developed from silicon substrates (67) and electroformed 

nickel (68) detecting CTCs in 37 of 42 lung cancer patient samples compared with 19 of 

43 with CellSearch® (69) and rectangular slits in SCLC (70).  To encourage viable CTC 

capture a three-dimensional microfilter was designed out of two layers of parylene to 

incorporate support structures that mitigate cell damage (Fig. 1-9) (71).  Xu et al. 

employed a slot pore microfilter designed by Tai's group to detect telomerase activity 

from viable enriched CTCs filtered from Ficoll-Paque®-isolated buffy coats of metastatic 

prostate cancer patients (72). 

 

 

Fig 1-9. 3D-microfilter device for viable CTC enrichment. (71) 

 

1.3.2.3   Microfluidics: Microfluidic devices have been developed to achieve size 

and deformability-based sorting of CTCs in a more controlled fashion.  Tan, Lim, and 
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colleagues designed crescent-shaped trap arrays with a fixed 5 µm gap width to enrich 

CTCs from whole blood, reporting a capture efficiency and purity of over 80% (Fig. 1-

10) (73).  This microdevice successfully detects CTCs in 1-3 mL blood samples obtained 

from metastatic lung cancer patients (74).   

 

 

Fig 1-10. Crescent-shaped traps in a microfluidic device isolate CTCs based on size and 

deformability. Scale bar is 20 µm. (73) 

 

 Higher throughput microfluidic approaches apply hydrodynamic forces to select 

for cells of different sizes by inertial flow fractionation.  This principle was incorporated 
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through contraction and expansion reservoirs developed for pinch alignment of tumor 

cells by Bhagat et al (75) and tumor cell trapping in micro-scale vortices by Hur et al 

(Fig. 1-11) (76).  An improved form of the latter approach has been applied to detect 

cancer cells from a cohort of 12 breast and lung cancer patients (77).  These devices 

allow vastly improved throughput and are capable of processing larger sample volumes 

compared to previous microfluidic approaches, but with potential reductions to cell 

recovery rate and enrichment against leukocytes.   

 

 

Fig 1-11. Inertial microfluidics for size-based CTC enrichment. (a) Generation of laminar 

vortices and (b) overview of microfluidic device. (76) 

 

 Sun et al developed a double spiral microfluidic channel to hydrodynamically 

separate tumor cells using drag forces, reporting a recovery rate of 88.5% from diluted 

blood (78, 79).  Lim and colleagues incorporated a spiral microfluidic channel to 



22 

 

successfully enrich CTCs and microclusters from 20 metastatic lung cancer patients (Fig. 

1-12) (80). 

 

Fig 1-12. Spiral microchannel for CTC isolation using centrifugal forces. (80) 

 

1.3.2.4   Dielectrophoresis: Electrical properties of CTCs may be exploited to 

discriminate them from blood cells by applying a non-uniform electric field through the 

phenomenon of dielectrophoresis (DEP).  Interdigitated gold electrodes were used by 

Becker, Gascoyne, and colleagues to isolate leukemia (81) and breast cancer cell lines 

(82) from spiked healthy donor blood.  The application of an electric field generated by 

the electrodes attracts tumor cells by positive DEP, while other cells flow past.  Upon 

removal of the electric field the tumor cells can be collected with a capture efficiency of 

95% (82).  Based on the success of this method, Huang et al proposed a DEP field flow 
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fractionation approach to allow continuous processing of samples that did not require 

intermittent application of the electrical field for cell recovery (83).  Gupta et al 

developed the ApoStreamÊ instrument for DEP field flow fractionation, demonstrating 

viable capture with an efficiency of greater than 70% from cell lines spiked into whole 

blood (Fig. 1-13) (84).  Thus far, only preliminary efforts of the application of this 

technology to clinical samples have been reported (85). 

 

 

Fig 1-13. DEP separation of CTCs using ApostreamÊ. (84) 


















































































































































































