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ABSTRACT OF THE DISSERTATION 

 

Rapid Isolation and Biophysical Characterization of  

Circulating Tumor Cells with Microfluidic Vortex Technology 

 

by 

 

James Che 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles, 2015 

Professor Dino Di Carlo, Chair 

 

 Disseminated and circulating tumor cells are key players of metastatic cancer and have 

high diagnostic and prognostic value. These cells may often accumulate and persist in body 

fluids—such as in pleural effusions or blood—which are minimally-invasive sources for patient 

sampling. However, tumor cells are relatively scarce and must typically be enriched from a large 

background of blood cells. An inertial microfluidic device was developed to specifically trap and 

concentrate large tumor cells in stable microvortices which form under high flow rates. The 

novel label-free Vortex platform was optimized to isolate large rare cells at high efficiency (up to 

80%), purity (10-80%), concentration (~200 μL volume), and viability (>80%) in a short time 

period (<30 min). Enriched cells from pleural effusions and blood are made freely available and 

compatible for a variety of downstream analysis techniques. 
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 This work highlights the purification of disseminated tumor cells from pleural effusions, 

yielding i) a greater than 65-fold enrichment of malignant cells for a significant reduction in 

cytology slide background that facilitates ease of diagnostics by pathologists, and ii) an increase 

in area under the receiver operating characteristic curve from 0.90 to 0.99 for the detection of 

point mutations which may aid in personalized medicine. Isolation of circulating tumor cells 

from blood was also demonstrated and applied toward i) immunofluorescent staining to achieve 

a 5.7x higher success rate of tumor cell detection than the existing CellSearch gold standard, and 

ii) mechanophenotyping of cells by deformability as a truly label-free and potentially superior 

approach over immunostaining (93.8% vs. 71.4% success rate) for enriching and enumerating 

cells to determine cancer patient prognosis. The presented platform technology is a means for 

rapidly providing valuable information about patient state that is useful for informed cancer 

treatments and monitoring of disease progression.  
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Chapter 1: Microfluidic Isolation of Rare Tumor Cells 

Disseminated and circulating tumor cells 

 In patients with metastatic cancer, cells shed from a primary tumor to distant sites in the 

body in the form of disseminated tumor cells (DTCs). It is this metastatic process of spread and 

growth which may disrupt normal physiological function, leading to 90% of cancer-related 

deaths and totalling up to 500,000 deaths per year in the United States [1]. While DTCs are 

known to spread to different organ systems, they may also accumulate and persist in body fluids, 

such as pleural or perotineal fluids (Fig. 1.1). 

 
Figure 1.1: Types of fluids in the body. (A) Disseminated tumor cells may accumulate 

at various fluid sites in patients with metastatic cancer. Adapted from Mach et. al. (Lab 

Chip, 2011). (B) The presented work examines tumor cells from blood and pleural fluids, 

which range in cellular and fluidic consistency between patients.  

 

 DTCs from body fluids are minimally invasive and convenient sources of patient 

sampling that may elucidate more information about patient state. For example, the cells may be 

used for molecular analysis, especially for personalized cancer therapies [2]. An emerging trend 

in cancer therapy is the use of pharmacological agents that target specific molecular pathways 

affected by common genetic lesions [3, 4]. These drugs are only effective in patients who have 

tumors with the specified molecular lesions, and drug efficacy can also drop due to the 

emergence of resistance associated with peripheral or secondary mutations. As a result, drug 
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treatments must be individualized following the molecular analysis of the tumor, by detecting the 

presence of particular sensitivity mutations or drug-resistance mutations [3, 5-7]. In some cases 

the primary tumor may be biopsied to analyze cancer cells, but it may often be inaccessible or 

have been surgically removed, necessitating CTCs as an alternative source for tumor cells. 

 DTC isolation and analysis is also crucial for cancer research and may unveil the 

mechanisms in which secondary tumor sites form [2]. Greater understanding of cancer 

malignancy would impact the translation of cancer research toward the therapeutic benefit of 

patients, as it would enable new preventative approaches with the discovery of new biomarkers. 

Extensive studies on the mechanisms of metastasis suggest that a large molecular and cellular 

heterogeneity exists among CTCs, for different patients with the same type of cancer or even 

among the cancer cells of the same patient [8, 9], and results have all emphasized that metastasis 

is a complex multi-step process which is still largely unknown [10]. 

 Of particular interest are the types of DTCs found in blood, known as circulating tumor 

cells (CTCs), which play a major role in metastasis (Fig. 1.2) [11]. It has been shown that the 

relative number of CTCs in blood correlates with patient prognosis, in which a large number 

corresponds with poor patient outcome and lowered chance of survival [12]. Therefore, routine 

isolation and enumeration of CTCs from blood is needed to determine patient prognosis and 

potentially assess treatment efficacy [13]. Such analyses of a "liquid biopsy" may be more 

effective at detecting early tumor resistance and regrowth than traditional CT and/or PET scans, 

which are conducted less frequently due to cost and radiation concerns [14]. 

 However, both DTCs and CTCs are often very rare, occurring at concentrations as low as 

1-10 CTCs per mL of whole blood, in a background of millions of white blood cells (WBCs) and 

billions of red blood cells (RBCs) [11]. With such clinical need and relevance, this iconic 
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biological "needle in a haystack" type of challenge has now become a burgeoning field for 

biotechnological innovation towards extremely sensitive detection of rare cells. In order to be 

clinically practical, cells must ideally be isolated from one tube of sample with high efficiency 

and throughput, while outputting a sample high in purity. 

 
Figure 1.2: Circulating tumor cells. CTCs shed from a tumor and into the blood stream, 

where they may travel and spread to distant sites in the body. CTCs in patients with 

metastatic cancer are typically found at extremely low concentrations in the blood and are 

hidden in a large background of leukocytes and erythrocytes.  

 

Technologies for rare cell isolation  

 Microfluidic technology is an emerging tool that may deliver automated, well-controlled 

micron-scaled systems to purify target cells with the highest possible sensitivity and specificity. 

The ability to distinguish DTCs from non-DTCs is essential for isolation and detection, and 

emerging technologies attempt to take advantage of unique cellular properties. For example, 

dielectrophoresis (ApoCell) and acoustophoresis (CellCare) target the electrical and 

compressibility properties, respectively, of cancer cells. However, the throughput of these 

approaches is still low, and both require a preliminary lysis of blood to reduce the significant 

cellular background, which may agitate or damage native DTCs [15,16].  

 Alternatively, isolation may be performed using affinity-based capture methods to take 

advantage of unique tumor cell surface properties [17]. Antibodies or aptamers which target 
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surface antigens such as epithelial cell adhesion marker (EpCAM) or cytokeratin (CK) have been 

utilized to bind and separate CTCs, either by functionalized microchannel surfaces or magnetic 

particles. The CellSearch system (Janssen Diagnostics) is the current FDA-approved gold 

standard prognostic tool which makes use of a ferromagnetic immunoaffinity assay that targets 

CTCs using anti-EpCAM probes [18,19]. Despite high capture efficiencies using cell lines, it 

remains challenging to capture all patient sample CTCs, due to high cell-to-cell heterogeneity in 

which cells are now known to undergo an epithelial-to-mesenchymal transition (EMT) that 

downregulates target epithelial cell surface markers in favor of a more mobile, invasive 

mesenchymal phenotype [20,21]. 

 Finally, cell size is another property that distinguishes tumor cells, as DTC diameters for 

a range of cancer types (carcinomas, sarcomas and melanoma) have been shown to be 2-3 times 

larger (>15 μm) than normal red blood cells (~6-8 μm) and oftentimes larger than white blood 

cells (12-15 μm); this size-based distinction has been exploited for several CTC isolation 

technologies [22,23]. Cote et al. have used a method to trap these larger cells using precisely 

microfabricated filters. Although microfiltration is a simple and straightforward approach, CTCs 

are highly deformable and are able to squeeze through filter pores unless they are stiffened by 

chemical fixation [24,25]. As a result of fixation, cells cannot be used for downstream live-cell 

application such as metabolomics or cell culture. Other filter alternatives, such as ScreenCell 

[26] or ISET [23,27,28], do not require preliminary cell fixation and constitute an attractive and 

simple approach for CTC counting, and microfluidic approaches further refine the interaction 

between cells and microfabricated structures [29,30], including the use of microchannel 

constrictions [31], micropillar arrays [32], and other microfilter variations [33-36]. However, 

direct filtration approaches are prone to clogging, and cells may be difficult to release for further 
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downstream analysis. To overcome these additional concerns, as partly defined as one of the 

“Grand Challenges of the LOC Community” by J. den Toonder in 2011 [37], a size-based purely 

hydrodynamic approach is still needed for high-purity and high-throughput extraction of viable 

CTCs from a large volume of blood. 

 Continuous flow microfluidics has more recently gained traction as a promising 

technology for the reduced-contact isolation and extraction of viable CTCs by size, such as 

hydrodynamic filtration [38,39] or deterministic lateral displacement [40,41]. Additionally, 

advances in inertial microfluidics have offered a more rapid platform through which cells may be 

sorted by size, as fluidic forces generated from high flow rates scale strongly with cell size [42-

44]. Notable technologies with high capture efficiencies include the use of shear gradient lift 

forces in expansion-contraction microchannels [45-47], Dean vortices in spiral microfluidic 

chips (Clearbridge Biomedics, Hou et. al.) [48-50], and inertial focusing prior to WBC depletion 

using immunomagnetic beads (CTC-iChip, Toner et. al.) [51]. Despite relatively higher 

throughputs, current techniques have been hindered by scalability, low sample purity, and dilute 

output sample volumes which require additional cell concentration steps. The ideal technology 

provides continuous, efficient, high-throughput, simple, and pure collection of viable CTCs from 

large volumes of blood samples. 

Size-based isolation with Vortex technology 

 Vortex technology is a high-throughput microfluidic "filter-less filter" platform that has 

recently been developed to passively trap and concentrate cells in microvortices based on size. 

Vortex devices operate at high flow rates and require an understanding of inertial forces and 

focusing. As first experimentally visualized by Segre and Silberberg in 1961 and more recently 

characterized by Di Carlo and others, inertial focusing makes use of high Reynolds number flow 
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profiles to align microparticles and cells within microchannels [52-54]. Randomly dispersed 

particles flowing in an enclosed channel with particle Reynolds number (ReP) > 1 are subjected 

to two counteracting inertial lift forces: i) a shear-gradient lift force FLS, scaling as FLS = 

fLρUm
2
a

3
/WC that directs particles toward the channel walls, and ii) a wall effect lift force FLW, 

scaling as FLW = fLρUm
2
a

6
/WC

4
, that is due to the presence of the wall and repels the particles 

toward the channel centerline [52]. ReP = Re(a/WC)
2
 where a/WC is the ratio of particle diameter 

to the channel width, and Re is channel Reynolds number Re = ρUmD/μ, the ratio of inertial to 

viscous effects. Here D is the hydraulic diameter of the channel, Um is the maximum velocity of 

the fluid with density ρ and dynamic viscosity μ, while fL is the dimensionless lift coefficient. 

 
Figure 1.3: Vortex trapping mechanism. (A) At the channel inlet, cells are randomly 

distributed and experience opposing wall effect FLW and shear-gradient FLS lift forces. (B) 

As a result, particles migrate to dynamic lateral equilibrium positions, Xeq, depending on 

the channel cross section. (C) Upon entrance into the reservoir, the wall effect becomes 

negligible. Larger cells (violet dashed line) continue to experience a large FLS and are 

driven away from the channel center, through the separatrix, and into the vortices. Large 

cells become stably trapped, while smaller cells (red dashed line) do not experience 

enough FLS to become entrained in stable orbits and exit in the main flow. (D) The typical 

workflow for Vortex processing requires device priming, sample infusion, solution 

exchange, and cell release. 
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 The key aspect of Vortex technology is the use of rectangular reservoirs along the path of 

straight narrow channels which form stable microvortices at high flow rate and Re (Fig. 1.3). An 

inertial boundary layer separation accounts for these predictable laminar vortices (i.e. Moffatt 

corner eddy flow) that occur at the sudden expansions in the main channels [55,56]. As cells first 

focus toward the two lateral walls of the straight channel and enter the expanding reservoir, the 

wall effect lift force becomes negligible. The dominating shear gradient lift force FLS then 

dominates and causes particles to migrate across fluid streamlines, pass the separatrix (i.e. the 

boundary between the main flow and the secondary vortex patterns), and enter the recirculating 

vortex region. Since shear-gradient lift forces scale with a
3
, larger particles experience a larger 

lateral lift that may be sufficient for stable vortex trapping, while smaller cells either remain in 

the main stream or are unstably trapped in the reservoirs and escape the vortex after several 

orbits (Fig. 1.3C). Microfluidic geometries and flow parameters are tuned to selectively isolate 

the larger tumor cells, while smaller red and white blood cells are depleted from the sample. 

Tumor cells are stably trapped and accumulate over time as more volume is processed. Stable 

entrapment also allows for a solution exchange at the same flow rate to wash away unstably 

trapped smaller particles, and all cells may be released in a concentrated low volume simply by 

lowering the flow rate to dissipate the vortices. 

Fabrication and standard operation of Vortex devices 

 Conventional polydimethylsiloxane (PDMS) replica molding processes were used to 

assemble Vortex devices [57]. Microfluidic channels were designed using AutoCAD (Autodesk 

Inc.) and printed on a 20,000 dpi photomask (CAD/Art Services, Inc.). A master mold was 

fabricated with the mask and standard photolithographic techniques using negative KMPR 1050 

i-line photoresist (MicroChem Corp.) on a 4-inch silicon wafer (University Wafer, Inc.). Specific 
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photoresist spin speeds and exposure (Karl Suss MA6, SUSS MicroTec), development (SU-8 

developer, MicroChem Corp), and baking times were adjusted according to the manufacturer 

datasheet (MicroChem Corp.) to achieve desired microchannel heights. Master mold height was 

confirmed using a profilometer (Veeco Metrology). PDMS was mixed in a 1:10 curing agent-to-

base ratio, degassed, and cured over the mold at 65°C for 21 hours. PDMS was then cut, peeled 

from the wafer mold, and hole-punched (Syneo, LLC) before bonding to 3"x1" glass slides 

(VWR International LLC) using oxygen plasma (800 Micro RIE, Technics, Inc.) at 500 mTorr 

and 80 W of radio frequency power for 30 s. Devices were maintained at 65°C in an oven for 

over 15 min to increase bonding. 

 Several key parameters are critical for the evaluation of rare cell isolation devices. Device 

efficiency is defined as the number of captured target particles over the total number of target 

particles processed through the device. Sample purity represents the number of target particles in 

the sample over the total number of particles in the sample, and sample enrichment is defined as 

the ratio of sample purity after device processing to the sample purity before processing. Over 

the course of the presented work, MCF7 breast cancer cells (ATCC) were used to characterize 

device efficiency. Cells were cultured in an incubator at 37°C and 5% CO2 with minimum 

essential medium supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin-

glutamine, and 0.01 mg/mL human recombinant insulin (Gibco). Adherent cells were released 

with 0.25% (w/v) trypsin (Gibco), resuspended in media, assessed for concentration with a 

hemocytometer, and rocked gently on a shaker 30 min prior to experiments. For efficiency tests, 

a low target number of ~300 cells was spiked in 4 mL of PBS or diluted healthy blood, infused 

through the device, collected in a well plate, and compared with a control well containing the 

same number of initial cells. Flow was typically driven by the use of two syringe pumps 
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(Harvard Apparatus), one for the sample solution and one for the wash solution. Devices were 

initially primed with wash buffer at high flow rate for 30 s before switching to sample infusion at 

the same flow rate (Fig. 1.3D). After cell capture, the sample flow was stopped and wash flow 

was started at the same flow rate to perform a solution exchange for ~15 s. Finally, all flow was 

stopped to dissipate vortices and release target cells, which were collected in a 96-well plate 

(Greiner CELLSTAR) for imaging and enumeration.  

 Cells collected for enumeration were fixed in 2% paraformaldehyde (Electron 

Microscopy Sciences) for 10 min, permeabilized in 0.4% v/v Triton X-100 (Research Products 

International Corp) for 7 min, blocked with 5% goat serum (Invitrogen) for 30 min, and stained 

with DAPI (nucleus, Molecular Probes), anti CD45-phycoerythrin (CD45-PE for WBCs, Clone 

HI30, BD Biosciences), and a fluorescein isothiocyanate (FITC)-conjugated anti cytokeratin 

(CK, epithelial cells) cocktail for Pan-CK AE1/AE3 (eBioscience), CK3-6H5 (Miltenyi Biotec), 

and CK CAM5.2 (BD Biosciences). Stitched images of stained wells were acquired at 100x 

magnification (Zeiss Axio Observer Z1 microscope with ZEN software and Photometrics 

CoolSnap HQ2 CCD camera), and cells from clinical samples were manually enumerated by 2 

different persons who were blinded to avoid bias. Several key parameters are critical for the 

evaluation of rare cell isolation devices. Device efficiency is defined as the number of enriched 

target particles over the total number of particles processed through the device. Sample purity 

represents the fraction of target cells in the sample, and sample enrichment is defined as the ratio 

of sample purity after device processing to the sample purity before processing. 

Empirical testing for understanding of Vortex trapping 

 While traditional microfluidic devices may often be optimized using software 

simulations, it is computationally difficult to model Vortex devices due to the high operating 
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Reynolds number, in which both viscous and inertial effects dynamically influence concentrated 

particles in a three-dimensionally complex environment. As a result, several comprehensive 

empirical tests were performed to gain more insight about the nature of Vortex trapping. 

 
Figure 1.4: Vortex size cutoff. Polydisperse PDMS beads (4-30 μm diameter) were 

processed through the Vortex HT device. The normalized frequency distribution of 

unprocessed beads (dotted line) was subtracted from the normalized frequency of 

captured beads (dashed line) to portray particle size selectivity (solid line). Bead sizes 

with normalized frequency differences below 0 represent size ranges which are depleted 

from a sample, whereas those above 0 (> ~13 μm) are favored to be captured and 

enriched by Vortex HT. 

 

 First, vortex trapping favors large particles. Using a 40 μm width main channel with 

480×720 μm reservoir size and Re = 150, the vortex chambers demonstrate selective enrichment 

for particles greater than ~13 μm, among a polydisperse solution of deformable PDMS 

microbeads (Fig. 1.4). Since larger particles experience larger shear gradient lift forces, the 

stability of orbits may be more stable, as larger particles also exhibit smaller orbits that are 

tighter towards the core of the vortex [58]. While large single particles exhibit stable, consistent 

orbits, particle trajectories fluctuate and are altered in the presence of more particles due to 

particle-particle interactions (Figs. 1.5A-1.5B). Resulting fluctuations in trajectories may cause 

instability and loss of trapped particles. In terms of dense fluids like blood, in which ~45% of 

fluid volume consists of small blood cells, particle interactions may thus greatly limit trapping 
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efficiency of CTCs. Dilution of blood in a buffer solution (PBS) prior to sample processing helps 

to i) lower particle concentration and minimize such interactions, and ii) lower fluid viscosity, 

resulting in increased stability and efficiency (Fig. 1.5C). While it is a trade-off between 

efficiency and throughput, a dilution factor of 10X was chosen as a standard for subsequent 

clinical sample processing with blood. 

 
Figure 1.5: Effect of particle concentration on Vortex trapping. A particle trajectory 

is shown traced over the course of ~38 ms in the conditions of (A) no other particles and 

(B) several particles trapped in the same reservoir. Orbits changes from a single stable 

trajectory to a fluctuating trajectory due to particle-particle interactions. (C) Diluting 

blood (5X-40X in PBS) decreases particle concentrations and lowers interactions to 

improve the stability and efficiency of Vortex trapping.   

 

 Next, particle capture is affected by Reynolds number (Fig. 1.6). At low flow rates and 

Re, either vortices are not fully developed (Fig. 1.6A), or fluid shear gradient lift is not sufficient 

to efficiently trap particles (Fig. 1.6B). At very high Reynolds numbers (Re > 200), the vortex 

core shifts toward the rear end of the reservoirs, and orbiting particles begin to collide with the 

back wall (Fig. 1.6D), which may destabilize orbits and lower capture efficiency. An optimal 

flow rate is one in which the vortex occupies the entire reservoir and achieves a balance between 

shear gradient lift and the time and distance to cross fluid streamlines for maximum capture 

efficiency (Fig. 1.6C). Further testing also reveals that optimal trapping occurs at different flow 

rates for rigid beads versus more deformable cells of similar diameter (Fig. 1.6E). 
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Figure 1.6: Effect of flow rate on Vortex trapping. (A)-(D) Particle traces are shown 

for varying flow rates moving from left to right, ranging from low (Re = 38) to high (Re = 

227). The position of the vortex center moves from the entrance of the reservoir toward 

the rear as Re increases. (E) Maximum capture efficiency occurs at different flow rates 

for different particles. 

 

 Particle capture is also affected by the length of the upstream straight channel before the 

vortex reservoir (Fig. 1.7). Tests with 20 μm beads revealed a peak efficiency using a 500 μm 

upstream distance before reservoirs, below which efficiency decreases (Fig. 1.7A). 

Corresponding COMSOL software simulations reveal that fluid velocity profiles only become 

fully developed after a minimum 500 μm distance, which suggests that the shear gradient lift 

force needed to trap particles is not sufficient for reservoirs spaced too closely together. Thus, 

although increasing upstream channel length increases the fluid pressure required to drive flow at 

the required high Re (i.e., risking device delamination or bursting), some distance is required to 

obtain efficient particle trapping.  
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Figure 1.7: Effect of upstream channel length on Vortex trapping. (A) Devices with 

serial reservoirs of varying gaps were tested for efficiency. Efficiencies drop below a 500 

μm spacing. For devices with a 100 μm spacing, particles were only observed in the first 

reservoir, which contained a longer upstream channel length. (B) COMSOL simulations 

show that the fluid shear gradient in the main channel shortly after each reservoir (dotted 

red) has not yet fully developed. A minimum distance of 500 μm is sufficient to achieve 

fully developed flow(dotted green). 

 

 Finally, vortex isolation by size allows large cells from different cancer types to be 

trapped. Tests with cell lines from melanoma (M395) and ovarian (OVCAR5), breast (MCF7), 

lung (A549), and prostate (PC3) cancer spiked in 10X diluted healthy blood confirms successful 

trapping (Fig. 1.8A). Capture is independent of the level of cell surface antigen expression, with 

MCF7 and OVCAR5 having high EpCAM expression (around 500,000 antigens/cell) [59, 60], 

PC3 with medium expression (50,000 antigens/cell) [59], A549 with low expression [61], and 

finally M395 which are not of epithelial origin. Large cell lines (MCF7 and M395, both 17.7 μm 

average diameter) generally displayed higher capture efficiencies. However, large PC3 cells 

(18.2 μm) exhibited lower capture efficiency, which is likely due to their high deformability. 

 Work by Hur et al. showed that more deformable particles are inertially focused at 

equilibrium positions closer to the channel center [62] and this could address the inconsistent 

correlation between capture efficiencies of similarly sized cells. More deformable cells will be 

focused further away from the vortices and may not experience shear gradient lift forces large 
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enough to cross the separatrix. Indeed, MCF7 cells (avg. 18.9 μm) were less deformable (median 

1.6) than M395 cells of similar size (19.3 μm, 1.9 median deformability) but displayed a greater 

capture efficiency (26.4% vs. 19.4%, Fig. 1.8B). 

 
Figure 1.8: Vortex trapping applies to many cancer types. (A) Cells from melanoma 

and ovarian, breast, lung, and prostate cancers demonstrated capture at different 

efficiencies. Large cell lines tended to exhibit larger capture efficiency. Enrichment ratios 

tended to remain consistent at 10
4 

fold enrichment. Average cell size in microns is shown 

below each cell line. (B) Vortex trapping efficiency is lowered by increasing cell 

deformability. M395 cells are similar in size to MCF7 cells, but are more deformable and 

thus exhibit a lower efficiency. Deformability measurements were carried out with 

Deformability Cytometry devices developed by Gossett et. al. [63]. 

 

Opportunities for clinical applications 

 The vortex trapping approach has particular advantages. A short processing time, high 

concentration ratio, applicability to various sample and cancer types, cell integrity, and high-

purity are especially important for clinical adoption and use in downstream assays. In the 

subsequent chapters, the progression of key microfluidic Vortex designs will be presented, along 

with their clinical applications in cytopathology, genetic analysis, immunofluorescent staining, 

and cellular mechanophenotyping of rare tumor cells found in both pleural effusions and blood.  
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Chapter 2: Purification of Pleural Effusions for Cytodiagnostics 

 Vortex technology was first clinically applied to isolate DTCs in pleural effusions. The 

following chapter highlights the automatability of Vortex technology and its use as a sample 

preparation tool for purifying DTCs to facilitate ease of diagnostics in cytopathology. 

Current methods and limitations in cytopathology 

The pleural space surrounds the lungs and is lined by the pleural sac. Under certain 

conditions, including malignancies, this space can fill with excess fluid, resulting in a pleural 

effusion, which is often removed in a procedure termed thoracentesis for diagnostic and 

therapeutic purposes. Over 1.5 million thoracentesis procedures are conducted annually in the 

United States [1]. Many cell types may be present within the pleural effusion, and isolating these 

cells is important to identify the ongoing disease process. Cytologists analyze pleural samples to 

determine the cause (presence or absence of cancer) by examining stained cell smears on a glass 

slide. Sample preparation and analysis requires technician-intensive sample handling involving 

multiple centrifugation steps followed by staining and time-consuming manual microscopic 

scanning of cytology slides by the cytopathologist, who must search for key cancer cell 

morphological characteristics, such as high nuclear-to-cytoplasmic ratios, hypochromatic 

cytoplasms, and dense, dark nuclei. 

DTCs originating from the lung, breast, or other organs can be identified in malignant 

pleural effusions. Traditional cytomorphological analysis of cell smears and blocks has high 

specificity, but low sensitivity. The low sensitivity can be either due to the subjective nature of 

analysis, loss of tumor cells during processing, or the fact that there may be few tumor cells 

present in a large specimen volume. Moreover, pleural fluids from cancer patients are diverse in 

cellularity and consistency, ranging from a trasparent yellow to bloody and opaque (Fig. 1.1B). 
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As a result, traditional cytological examinations may fail to identify malignant cells in up to 40% 

of cases [2]. Therefore, approaches to obtaining these malignant cells from larger volumes of 

fluid with high purity and efficiency could improve cytology-based diagnoses [3]. Additional 

applications for purified cells from pleural and other body fluids include the ability to probe 

cellular properties such as cell deformability [4,5], evaluation of effusion microenvironments [6], 

and identifying cellular metastases [7]. 

Increasing sample purity enables improved molecular diagnostics to detect the presence 

of specific genetic mutations which may be amenable to targeted therapies. This can be achieved 

by removing a large population of leukocytes that contain interfering wild-type DNA. For 

genetic testing such as quantitative PCR (qPCR), the presence of a small quantity of mutated 

genes can be overshadowed by a large background of wild type nucleic acids. Using qPCR, the 

cycle threshold (Ct) gives a relative measurement of the amount of genetic material of interest 

that is present; a lower Ct indicates a greater amount of the gene of interest. Although qPCR can 

be exquisitely sensitive for mutation detection given appropriate selection of amplification 

primers, there is often some non-specific amplification from background DNA. The presence of 

large quantities of background DNA can thus interfere with accurate measurement of the Ct due 

to this non-specific amplification; this effect may still be notable even after normalization with 

housekeeping genes.  

There are several approaches that are currently utilized to isolate cells of interest from 

pleural effusions for molecular analysis. The gold standard is laser capture microdissection 

(LCM), a technique used to isolate pure populations from cytology fluids, live cell culture, or 

heterogeneous tissue sections [8-12]. However, this technique requires drying out of cells during 

capture, which can lead to cell damage and is not capable of extracting large quantities of cells 
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for analysis. It is also very time consuming and labor intensive. Flow cytometry and fluorescence 

activated cell sorting (FACS) are also common methods for cell separation and sorting. While 

FACS can process samples of up to 30 mL in 1 hr, the sorted cells may not be suitable for further 

analysis as a result of the initial fixing and cell type-specific staining required for the sorting 

process. Alternatively, several microfluidic strategies have been used to isolate and enrich tumor 

cells in body fluid [13], such as the use of self-assembled magnetic beads coated with anti-CD19 

antibodies to capture B-cell malignant tumors [14]. However, current technologies are limited by 

throughput and purity, and none have been placed in widespread use in clinical labs for a variety 

of reasons. Many devices also focus on rare cell isolation from blood, as highlighted in Chapter 

1, rather than tumor cell enrichment from pleural effusions, which have unique fluid properties 

and cellular profiles. Ideally, rapid sampling of pleural fluids (often liters of fluid) requires 

mL/min processing rates and separation using a label-free marker such as cell size [15]. 

Moreover, sample preparation of pleural effusions should be performed in an automated, 

repeatable fashion to enable clinicians and cytopathologists to perform molecular assays on the 

purified cells with the highest possible sensitivity and specificity in a short time period (tens of 

minutes). 
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Figure 2.1: Principles of the Centrifuge Chip. (A) A photograph of the Centrifuge 

Chip device. Only a single inlet and outlet is required. (B) A schematic of the massively 

parallel microfluidic device that selectively traps large cells in individual microscale 

vortices. (C) A photograph of the device connected to an automated fluidic instrument to 

deliver patient pleural samples and saline wash through the Centrifuge Chip into the 

waste bottle or collection plate. Trapped epithelial and mesothelial cells are made readily 

available i) into a collection tube for further cytology slide comparisons with the original 

and/or ii) into a well-plate for immunolabeling, imaging and analysis. (D) High-speed 

microscopic image showing trapping of larger single and clumped cells while smaller red 

and white blood cells pass through.   

 

Adjustment of Vortex technology for pleural effusions 

A Vortex design known as the Centrifuge Chip was previously demonstrated to 

recapitulate the high-throughput enrichment and concentration operations of a standard 

laboratory centrifuge [16], and was implemented for clinical applications with pleural effusions. 

Here, the Centrifuge Chip was modified (Fig. 2.1) to include: i) integration with a custom-made 

pressure system that operates using a simple ‘plug-and-play’ option in which an operator does 

not need to be present at all times, ii) shortened device channel length to reduce fluidic 

resistance, and iii) increased number of parallel channels to 16 with 8 chambers in each channel 

for a total of 128 cell trapping reservoirs to process samples at an optimal flow rate of 6 mL/min. 

At this flow rate one patient sample (~50 ml of volume) requires <10 minutes to process. The 
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capture efficiency of the device was ~47%, which was defined as the number of 20 μm diameter 

beads caught and released from the vortices divided by the total number of beads injected. 

 
Figure 2.2: Centrifuge Chip system schematic and operations. Sample processing is 

controlled using an automated pressure system comprised of an air tank, pressure 

regulators, air and liquid valves, and a computer with a LabVIEW (National Instruments) 

user interface. A liquid valve upstream from the device switches between the saline wash 

and pleural sample bottles, and the downstream valve directs fluid between the waste and 

collection containers. The procedure involves three key steps, including: i) processing the 

fluid sample to capture potential cancer cells, ii) washing the device reservoirs to remove 

smaller leukocytes and RBCs while maintaining the same flow rate and active 

microvortices to keep larger cells trapped, and iii) lowering the flow rate to release the 

captured cells from the vortices and into a 96-well plate. 

 

 The disposable device is connected to an automated custom-made pressure system that 

delivers effusion samples or saline wash from pressurized glass bottles through the Centrifuge 

Chip (Fig. 2.1C). The LabVIEW-controlled system contains a pair of air regulators, air valves 

and liquid valves (SMC Corporation) that brings compressed air into the bottles and drives fluid 

through the microchip device (Fig. 2.2). Non-diluted pleural effusion samples are poured directly 

into the glass bottle and introduced through the device at 6 mL/min. Once the vortex traps are 

filled with cells, PBS is introduced into the device to wash out untrapped blood cells in the main 

flow and the vortex traps. Cells trapped in the fluid vortex are released by reducing the input air 

pressure and subsequently lowering the flow rate and dissipating the vortex. A ‘trap-and-release’ 
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program was implemented to continuously introduce sample through the Centrifuge Chip, wash, 

and release the captured cells in a small 250 μL volume into a microtiter plate or collection vial. 

Enriched cell size distributions in pleural effusions 

 Remnants of 115 pleural effusion samples obtained from Ronald Reagan UCLA Medical 

Center, Santa Monica UCLA Medical Center, and Northridge Hospital Medical Center were 

used in the study. From all specimens, up to 50 mL of sample were processed with the 

Centrifuge Chip.  Effusions were passed through a 40 μm cell strainer before introducing through 

the Centrifuge Chip system. Measurements were conducted on the number and diameter of cells 

present in 25 pleural fluid samples (Fig. 2.3). Dilute volumes of unprocessed and processed 

pleural samples were lysed with red blood cell lysis buffer (Roche) and incubated with Calcein 

AM (Invitrogen) for 15 minutes. Cells were imaged using a Nikon Eclipse Ti fluorescent 

microscope, and cell sizes were automatically measured using Nikon NIS-Elements AR 3.2 

software.  

A population of cells greater than 15 μm was observed in malignant samples (Fig. 2.3A), 

consistent with the observation that malignant and mesothelial cells are usually larger compared 

to other cells present within these fluids [17]. Cases of inflammation had a large population of 

10-15 μm cells, potentially representing the characteristic population of large activated immune 

cells. Of the samples diagnosed as positive for malignancy, on average 36.57% of nucleated cells 

were larger than 15 μm. A lower percentage of larger cells was present in samples diagnosed as 

negative and negative with inflammation (32.47% and 26.92% of nucleated cells larger than 15 

μm, respectively). Cases with inflammation are known to have a larger number of white blood 

cells as a fraction of the population, thus leading to a lower relative percentage of larger cells 

than negative samples alone. Note that these relatively large percentages of larger cells in non-
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malignant samples are likely the result of the presence of mesothelial cells and large activated 

leukocytes.  Still, malignant samples contain the largest fraction of large cells such that cell size 

is a potential biomarker for harvesting malignant cells from pleural fluid samples. The 

Centrifuge Chip enriched for the cell populations greater than 15 μm (Fig. 2.3B). 

 
Figure 2.3: Size distributions of enriched cells from pleural fluids. (A) Normalized 

frequency distributions of nucleated cells in relation to cell diameter are plotted for 

pleural effusions analyzed within 24 hours of collection and diagnosed as negative (blue, 

solid), inflammation (chronic and acute, green, dashed), or malignant (red, dotted). 

Relative to negative pleural effusions, malignant samples contain a larger population 

fraction of cells greater than 15 μm, and cases of inflammation contain a larger 

population of cells between 10-15 μm. N = 13, 9, and 10 for negative, inflammation, and 

malignant cases. (B) The frequency distributions of the same samples after processing 

through the Centrifuge Chip were subtracted by the distributions before processing to 

observe enrichment. The device enriches for cell populations greater than 15 μm and 

depletes smaller cells. 

 

Increased sample purity through the Centrifuge Chip for cytology 

 Half of the processed samples were returned to the cytology laboratory to create cell 

smears. This was performed in parallel with cell smears produced with traditional cytological 

methods on original, unprocessed samples. The other half of processed samples were 

fluorescently labeled to quantify sample purity (Fig. 2.4). A fraction of samples were profiled for 

cell size distributions before and after processing. Smears were prepared according to normal 

methods to prepare samples for clinical evaluation. Briefly, samples were aliquoted into 50 mL 
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conical tubes and centrifuged down with a standard benchtop centrifuge. After centrifugation, the 

supernatant is aspirated and the cells are resuspended in a buffer solution and placed with a glass 

slide into a cytocentrifuge (Thermo Scientific) to create a cell smear. The cell slides are air dried 

or fixed and stained with Papanicolou (Pap) or May-Grunwald-Giemsa (MGG) stains.  

 
Figure 2.4: Sample processing flow with the Centrifuge Chip. 50 mL of pleural 

effusion sample were processed using traditional cytological methods and the Centrifuge 

Chip. A portion of cells harvested from the Centrifuge Chip was returned to the 

cytopathology laboratory to create cell smears; the other portion of processed sample was 

immunolabeled for purity analysis. 

 

 In all samples, malignant and mesothelial cells are found amongst a cellular background 

of red and white blood cells in standard cytology slides while there are few background cells 

observed in the Centrifuge Chip-prepared sample slides (Figs. 2.5A-F). Malignant cells are 

characterized by large nuclei and high nuclear-cytoplasmic ratios, and are often seen as cell 

aggregates or clumps in effusions [1], which are also found from the Centrifuge Chip.  The 

Centrifuge Chip may aid pathologists in rapid visualization of rarer malignant cells which may 

improve diagnostic sensitivity especially by enabling processing of larger volumes of fluid into a 

minimal final concentrated sample volume. 
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Figure 2.5: Reduced background in cytology slides. Unprocessed and processed 

patient samples were prepared with Pap and MGG stains. In all samples, malignant and 

mesothelial cells are found amongst a cellular background of immune cells in standard 

slides while little background is observed in the Centrifuge Chip slide.  In samples 

diagnosed as ‘positive for malignancy’, single and clumped malignant cells (red arrows) 

are retrieved following the Centrifuge Chip. In patients diagnosed as ‘negative for 

malignancy’, mesothelial cells (green arrows) were found amongst a background of blood 

cells in standard slides, compared to no blood cell background upon Centrifuge Chip 

Processing. Samples diagnosed as atypical contained cells which resembled either 

malignant or mesothelial cells (blue arrows). Images obtained at 200x magnification. 
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 To better quantify the enrichment of processed samples, immunofluorescent staining was 

performed on the processed sample and original sample. Up to 10 mL effusion volume was 

processed with the Centrifuge Chip and isolated cells were released in a volume of ~250 μL in 

the microtiter plate. Cells were fixed and permeabilized as described previously (Chapter 1, p. 9), 

and stained CK-PE, CD45-FITC, and DAPI in 2% w/v BSA. After staining, cells were imaged 

using a CCD camera (Photometrics CoolSNAP HQ2) mounted on a Nikon Eclipse Ti 

microscope. The whole well was automatically imaged in a few minutes (100X) using an ASI 

motorized stage operated with Nikon NIS-Elements AR 3.2 software. Captured images were 

automatically obtained for four configurations: brightfield, FITC, TRITC and DAPI filter sets. 

Collected images were automatically stitched together using the NIS-Elements Software. Images 

were analyzed by enumerating the number of CK+ and CD45+ cells present in each well. CK+ 

cells include both carcinoma cells and mesothelial cells. No attempts were made to separate 

tumor cells from mesothelial cells as these cells share a similar size, but these separations can be 

carried out using IHC markers such as Calretinin [21], if necessary, to further enrich a specimen. 

  The device increased purity in all 66 cases examined (100%) (Fig. 2.6). Paired t-tests 

between unprocessed and processed samples demonstrated a significant increase in purity, with p 

values less than 0.05 for all diagnoses. In agreement with cell size measurements, many cells 

were captured for malignancy-positive cases and fewer for malignancy-negative cases with 

lymphocytosis, reactive changes, or acute inflammation. Greater than 65-fold enrichment was 

observed for samples diagnosed as positive for malignancy. Interestingly, samples with chronic 

inflammation had a 132-fold increase as a result of the larger leukocyte populations in the initial 

samples with <1% purity.  
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Figure 2.6: Increased purity from paired samples following Vortex processing. (A) 
The purity of epithelial and mesothelial cells in all samples (n = 66) increases upon 

processing with the Centrifuge Chip. (B, C) Qualitative comparison of unprocessed and 

processed samples reveal significant reduction in contaminating background cells with 

the Centrifuge Chip. Immunofluorescent images show CK (red – epithelial cells), CD45 

(green – leukocytes), and DAPI (blue – nucleus). Insets show well-plate color: red 

(indicating bloody) and colorless (after processing with device). Arrows indicate 

CK+/DAPI+ epithelial cells.  

 

High sensitivity of detection of point mutations 

 The Centrifuge Chip was also assessed for its ability to improve the accuracy of 

mutational analysis by analyzing spiked pleural effusions before and after enrichment. Initial cell 

concentration was quantified using a hemacytometer after performing a red blood cell lysis step. 

A549 lung cancer cells (ATCC) were spiked at 0.1% purity in 50 mL of pleural effusions 

diagnosed as negative for malignancy. Spiked samples were evaluated for the A549 34 G>A 

substitution in KRAS (KRAS*) as identified by the Sanger Cosmic database [18]. Quantitative 

reverse transcriptase polymerase chain reaction (qRT-PCR) was employed to identify mutant 

KRAS in the A549 cells versus wild type (in HeLa and other cells) using a modification of the 

system described by Morlan et al. (2009) [19]. The amplification required a primer 

complementary to the mutant and a blocking primer with a non-hydrolyzable phosphate group 

complementary to the wild type sequence which was present at four times the concentration. The 

rationale for this strategy was that the non-hydrolyzable primer would block non-specific 
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amplification from the wild type sequence while still allowing amplification from the mutant of 

interest. GAPDH mRNA was also amplified as an indicator for the relative number of cells in a 

given sample and used to normalize each measurement to determine the ΔCt value.  

 Briefly, reverse transcription was performed using a SuperScript III RT kit (Invitrogen) 

according to the manufacturer’s instructions to create cDNA libraries. TaqMan PCR was 

performed using 2 μL of the RT product in a 20 μL total volume with 1x TaqMan Universal PCR 

Master Mix (no UNG) (Roche) with the primers at 900 nM, TaqMan probe at 200 nM, and 

blocker at 3600 nM. Stock TaqMan probes for GAPDH and KRAS were obtained from Applied 

Biosystems and used without modification. The thermocycling conditions were as follows: 10 

minutes at 95°C, 40 cycles of 20 seconds at 95°C and 1 minute at 60°C.  

 
Figure 2.7: Effect of cell number and purity on PCR. (A) Quantitative RT-PCR was 

performed on cell lines with varying cell number. Ct values for KRAS* (solid line) and 

GAPDH (dotted line) decreased with increasing cell number. KRAS* Ct for samples with 

1,000 HeLa cells or fewer was not detected. (B) KRAS* ΔCt decreases with increasing 

purity of A549 cells spiked in a larger population of HeLa cells. 

 

 Non-specific amplification from background cells can reduce confidence when 

measuring the presence of mutations. Pure populations of 10
5
 A549 cells which contain the 

KRAS* mutation and HeLa cells which have wild type KRAS were measured to have threshold 

cycles (Ct) of 24.10 and 32.53 respectively (the latter value indicating nonspecific amplification 
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for wild type KRAS from HeLa cells). In mixed samples of A549 and HeLa, the presence of the 

specific KRAS mutation could be distinguished from background at as low as 0.1% purity of 

A549 cells, with as few as 10 A549 cells present (Fig. 2.7). Note that the same Ct values can be 

observed from low numbers of A549 cells with specific amplification occurring, or large 

numbers of HeLa cells with non-specific amplification (see 10,000 HeLa cells vs. 10 A549 cells, 

Fig. 2.7A).  Therefore, data was normalized to account for cell number by subtracting GAPDH 

Ct from KRAS Ct values, yielding a KRAS* ΔCt. As expected, increased purity samples yielded 

improved results, characterized by a lower ΔCt (Fig. 2.7B).  

 
Figure 2.8: Enhanced RT-PCR detection confidence. (A) RT-PCR was performed on 

non-spiked, unprocessed spiked samples (0.1% purity), and processed spiked samples. 

KRAS* ΔCt decreased in all cases (n=7), demonstrating an improved signal for the 

KRAS mutation. Compared to non-spiked samples, processed spiked samples exhibit a 

clearer KRAS* ΔCt which is more distinct than for unprocessed spiked samples. The 

dotted black line shows a 12.2 Ct cut-off threshold for the KRAS mutation. (B) Receiver 

operating characteristic curves are plotted based on a Gaussian distribution of samples 

shown in part A. Processed samples show higher area under curve (AUC) values at 0.998 

(blue, solid), compared with 0.905 (red, dashed) for unprocessed samples.  

 

 The Centrifuge Chip also improved the sensitivity and specificity in detecting A549 cells 

spiked into negative clinical effusion samples at 0.1% purity (Fig. 2.8). Non-spiked negative 

samples (including acute and chronic inflammation samples) averaged a KRAS* ΔCt of 15.7 ± 

1.76 (N=7), and spiked samples at 0.1% purity averaged 12.8 ± 1.39. Once processed with the 
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Centrifuge Chip, the KRAS* ΔCt decreased and became further differentiated from the negative 

samples in all cases (Fig. 2.8A) with an average of 9.6 ± 1.19 ΔCt. Average GAPDH Ct values 

were 17.63 ± 2.10, 17.80 ± 2.05, and 23.75 ± 2.03 for negative samples, unprocessed spiked 

samples, and processed spiked samples, respectively. A paired t-test between non-spiked and 

spiked samples demonstrated improved statistical significance in the difference in the average 

KRAS* ΔCt after spiked samples were processed with the Centrifuge Chip (p = 0.0027 before 

and p = 1.44e-6 after processing). Moreover, using a Gaussian distribution fit to ΔCt values for 

each group of samples, receiver operating characteristic curves (Fig. 2.8B) demonstrated 

improved area under curve (AUC) values from 0.905 (unprocessed spiked samples) to 0.998 

(processed spiked samples). The upper cutoff threshold for a positive KRAS* ΔCt diagnosis was 

determined by maximizing both sensitivity and specificity, and it was found to be 14.1 for 

unprocessed and 12.2 for processed samples. By increasing sample purity with the device, 

improvements are made toward KRAS mutation detection and diagnostic confidence.    

 For a highly specific assay like PCR, the simple concentration and enrichment approach 

has the potential to improve diagnostic accuracy for mutational detection when the original 

mutation is known (e.g., in a sequenced tumor). The technique is expected to be particularly 

useful in less specific assays, such as gene sequencing, if a particular gene mutation is suspected 

but the source unknown. As next generation sequencing technologies improve, it may even be 

possible to do whole transcriptome sequencing, and achieving high purity using an approach 

such as this would be essential to detect mutations of interest while suppressing non-specific 

wild-type reads. 
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Concluding remarks 

 By processing a large volume of fluid and selectively enriching larger cells over a 

background of red and white blood cells, the Centrifuge Chip replaces the traditional 

centrifugation step in the clinical lab while also potentially enabling more sensitive analysis of 

purer preparations originating from large volume samples. The device rapidly isolates larger and 

potentially malignant cells from pleural effusions in a label-free manner with high purity, and 

resolves issues of reducing background cell populations and limiting the area of microscopic 

evaluation in cytology slides. This chip has several advantages over currently available 

techniques including speed, robust operation, and ability to process large volumes of sample and 

concentrate cells into a small end volume. Effusion specimens were prepared in only ten 

minutes, an order of magnitude faster than other similar techniques, with increased purity. The 

straightforward steps of device operation allowed for successful automation which reduces 

manual labor and minimizes user variation in sample preparation techniques.  

 Increased purity from chip processing also provides improved detection accuracy of 

mutations with qPCR. This system allows for rapid purification and isolation of cells of interest 

and has the potential to enable cytopathologists, clinicians, and researchers access to purified 

cells for preparing cytology slides, detecting specific gene mutations for targeted drug therapies, 

culturing cells for further analysis, or even isolating of single cells for next generation 

sequencing analysis at lower cost than currently available techniques. Improved mutational 

detection at lower cost from readily available body fluids provides a compelling route towards 

making targeted anti-cancer therapies a broad clinical reality.  
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Chapter 3: Rapid Enrichment of Circulating Tumor Cells for Enumeration 

 While the previous chapter focused on disseminated tumor cells (DTCs) found in pleural 

effusions, cells from stage IV cancer patients may occasionally be found at high enough 

concentrations and purities to facilitate ease of diagnostics in cytopathology without the need for 

significant enrichment. However, CTCs in blood are more extremely rare and must be enriched 

at higher efficiency with a minimum 4 orders of magnitude greater purity than the initial sample. 

 As mentioned in Chapter 1, many current technologies employ affinity-based capture 

methods, using antibodies or aptamers that bind to cell surface markers, but may potentially miss 

many CTCs that have undergone EMT and a downregulation of targetable cell surface markers. 

Inertial label-free size-based microfluidic devices have shown promise in isolating CTCs at 

higher throughputs, but are often not scalable and still suffer from low purities as well as dilute 

output sample volumes. Here, the Centrifuge Chip design was reconfigured and applied to blood 

samples in order to enumerate rare CTCs to aid patient prognostics. 

Device modifications for high throughput blood processing 

 A series of design changes from the Centrifuge Chip were made to accommodate for 

blood processing. First, the efficiency of the design was doubled by fine-tuning the positioning 

of cells in microchannels. By increasing the cross-sectional aspect ratio (from 40×55 μm to 

40×70 μm), inertial focusing of particles in straight channels reduces from 4 equilibrium 

positions to 2, toward the two larger faces of the channel, which brings particles closer to the 

vortex chamber and increases the likelihood of crossing the separatrix and becoming trapped [1]. 

Additionally, 10,000 μm long straight channels were added to the design to further increase 

particle focusing and trapping, resulting in the Vortex Chip design (Fig. 3.1). 
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Figure 3.1: Design adjustments from Centrifuge Chip to Vortex Chip. In order to 

increase particle efficiency, channel height was increased from 55 μm to 70 μm to favor 

particle focusing to the 2 lateral side positions which are closer to vortex reservoirs. 

Additionally, long straight upstream channels were placed before reservoirs to ensure a 

sufficient distance for particles to become focused. 

 

  Subsequently, it was later demonstrated that the long upstream focusing channel of the 

Vortex Chip was found to be unnecessary for trapping. COMSOL software simulations 

demonstrates that the fluidic flow profile fully develops within a relatively shorter 500 μm 

minimum distance (Fig 1.7), suggesting that sufficient shear gradient lift forces are achievable 

over shorter distances. A 1000 μm straight channel distance between reservoirs was chosen to 

achieve a balance of high efficiency and purity (Fig. 3.2A).  Accordingly, replacement of the 

long straight upstream focusing channel in the Vortex Chip with serial 1000 μm spaced 

reservoirs was found to improve cell capture (Fig. 3.2B). Next, parallelization from 8 to 16 

channels enabled a 2x faster flow rate while maintaining the same Reynolds number (Fig. 3.2B). 

The final High-Throughput Vortex Chip design (Vortex HT)—used in experiments to generate 

the subsequent results—consisted of 16 parallel channels, each with an array of 12 reservoirs, 

totaling 3X more reservoirs and 2X higher operational flow rate (8 mL/min) than the previously 

described Vortex Chip (40).  
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Figure 3.2: Optimization of device design for CTCs. (A) Reservoirs spaced 500 μm 

apart demonstrated higher capture efficiency of MCF7 cells spiked in 10x diluted blood, 

but at lower purity. The 1000 μm-spaced design was thus favored in subsequent designs. 

(B) The Vortex Chip consists of long upstream channels (10 mm) followed by 8 parallel 

channels, each with 8 capturing reservoirs. The Short design removes focusing channels 

while demonstrating comparable efficiencies (n = 3), and the Added design replaces each 

upstream channel with 4 more reservoirs for increased efficiency. Vortex HT is a 

parallelized version of the Added design and may operate at twice the flow rate (8 

mL/min). 

 

 With the reduced time to process a sample using Vortex HT, saved time may be used to 

reprocess the fluid waste from the first trapping cycle to achieve higher capture efficiency for 

cancer cells. In the same processing time as the Vortex Chip, Vortex HT recovers cells at 1.6x 

higher efficiency using 2 cycles of processing (Fig. 3.3A) while maintaining high sample purity 

(>80%). Recovery is further enhanced by multiple rounds of reprocessing (with a trade-off of 

increased run time), resulting in up to 84% cumulative efficiency after 7 processing cycles of 4 

mL of 10x diluted blood spiked with 600 MCF7 cells (Fig. 3.3B). Interestingly, efficiencies 

remain comparable per cycle, suggesting that the entry and maintenance of cells in vortex traps is 

a probabilistic process. The captured cells remain viable and may be collected directly off-chip 

in a concentrated ~150 μL volume per run. Cells were spun down, incubated with media, and 

viability tests were performed each day on a different well of the cell population using Calcein 

Blue AM and ethidium homodimer (Molecular Probes). MCF7 cells were able to be cultured for 

over 4 days (Figs. 3.3C, 3.3D) at which point the experiment was stopped.  
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Figure 3.3: Device performance with cell lines. (A) Comparison of device efficiencies 

for the same processing time. Vortex HT yields ~1.6x higher capture efficiency of MCF7 

breast cancer cells while maintaining comparable purity (n=3 trials). (B) Sample flow-

through may be collected and repeatedly processed through multiple cycles to increase 

cell capture with a tradeoff of slightly diminished sample purity. (C) MCF7 cells 

processed through Vortex HT maintained high relative viability compared with cells not 

processed through the device. (D) MCF7 cells released into a well-plate are able to grow 

and proliferate for over 4 days. Scale bar represents 40 μm. 

 

Immunofluorescent staining and classification criteria 

 Once purified cells are collected, an additional emerging challenge lies with cellular 

characterization after enrichment. Although size-based isolation approaches may acquire 

subpopulations of cells that have undergone EMT or other trans-differentiation processes, 

collected cells can be difficult to identify with commonly used stains optimized for cells of 

epithelial origin (e.g. cytokeratins). Studies have found irregular CTC expression profiles in 

which epithelial (CK, EpCAM), mesenchymal (vimentin, N-cadherin), or potentially either both 

or neither markers are expressed [2-4]. Additionally, non-specific binding of probes may result 

in cross-reactivity and cause difficulties in proper cell identification. The CellSearch CellTracks 

Analyzer II semi-automated system aids in CTC identification, but it is dependent on CK 

expression, and high variability occurs between trained operators [5,6]. Finally, variability of 
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staining protocols, antibody clones between vendors, and imaging setups causes conflicting 

definitions of CTCs. A more general, standardized staining and classification approach is 

required, which takes into account cells that are negatively- or doubly-stained for standard 

epithelial markers. Cytomorphological characteristics, such as abnormal cell size and large 

nuclear-to-cytoplasmic (N:C) ratios, are also indicators of malignancy or hematopoietic origins 

that may be factored in with high quality imaging for cell identification. Due to differences in 

implementing immunofluorescence staining and counting protocols between labs, a standardized 

classification approach should be rigorously described and demonstrated with galleries of images 

and detailed training documents. 

 Based on standard CK and CD45 immunostaining and morphological features that are 

diagnostic in cytopathology, a set of criteria was developed to classify cells (Fig. 3.4). 

Classifications were comprised of 3 categories: debris, WBCs, or CTCs. In general, debris was 

characterized by irregular, jagged shapes or dark outlines under bright-field microscopy. Aside 

from the clear distinctions of CTCs as CK+/CD45-/DAPI+ and WBCs as CK-/CD45+/DAPI+, 

incidences arise in which cells may be doubly-stained (CK+/CD45+/DAPI+) or DAPI+ only. 

Staining with CD66b-AlexaFluor647 (CD66b-AF647, Clone G10F5, BD Biosciences) confirmed 

that doubly-stained cells corresponded to activated granulocytes, and were thus classified as 

WBCs. For instances in which cells stained DAPI+ only, WBCs were distinguished by lobular or 

segmented granulocytic nuclei, small nuclei (<9 μm), and/or small N:C ratios. CTCs were 

primarily characterized by a large nucleus (>9 μm) and large N:C ratio. 
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Figure 3.4: Immunofluorescent staining and classification criteria. Collected cells 

were classified according to immunostains against CK (green) and CD45 (red), as well as 

DNA stained with DAPI (blue). CTCs were defined as either CK+/CD45-/DAPI+ or 

DAPI+ only with a large nucleus (>9 μm) and N:C ratio (>0.60). Each cell was compared 

with the table's criteria in the order listed until the characteristics matched. Scale bars 

represent 20 μm and 10 μm in the gallery and table, respectively. 

 

Enumeration of patient samples with Vortex technology 

 The staining and classification criteria technique was used to enumerate CTCs from 

patient samples. Blood was acquired in two 10 mL EDTA-coated tubes (Vacutainer, BD) from 

consenting stage IV lung and breast cancer patients collected from the UCLA Hematology and 

Oncology Santa Monica Clinic and Stanford Medical Center as well as from age-matched 

healthy donors following institutional review board approved protocols (UCLA IRB#11-001798 

and Stanford IRB#5630). Within 4 hours of procurement, one tube of whole blood was diluted 

10x in PBS before processing through Vortex HT with 2 cycles, and enriched cells were 

collected in a 96-well plate, immunostained, imaged, and manually enumerated. The second tube 

of blood from the same patient was processed through either the previous Vortex Chip [7] or the 

gold standard CellSearch assay (performed by Quest Diagnostics). All samples were de-
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identified by a clinical coordinator and research staff was blinded to the sample type (between 

lung, breast, or healthy blood samples). CTC counts from cancer samples were compared with 

the maximum enumerated value from healthy samples to determine which patients have tested 

positive for CTCs using Vortex HT. 

 A total of 22 breast, 15 lung, and 10 age-matched healthy blood samples were used in the 

study. The majority of cancer patients (36/37) were undergoing treatment at the time of draw. 

Using the classification criteria, more CTCs were found in lung (mean: 5.3 CTCs/mL, range: 

0.5-24.2 CTCs/mL) and breast (mean: 5.4 CTCs/mL, range: 0.75-23.25 CTCs/mL) cancer 

samples than in healthy controls (mean: 0.56 CTCs/mL, range: 0-1.25 CTCs/mL) (Fig. 3.5A). A 

low number of cells were characterized as CTCs in healthy samples, with a maximum count of 

~1.25 CTCs/mL. Using this baseline value as a threshold, approximately 80% and 86% of lung 

and breast cancer samples, respectively, were found to be positive for CTCs. The captured CTCs 

displayed varying levels of CK expression, with 40.8% of total CTCs not expressing CK at all 

(Fig. 3.5B). Interestingly, this percentage was not reflected at the individual patient level. There 

was significant heterogeneity between patients with a bimodal distribution of patients with either 

high levels of CK+ CTCs or low levels of CK+ CTCs (Fig. 3.5C). 
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Figure 3.5: Immunostaining characteristics of patient CTCs. (A) More CTCs/mL of 

whole blood were found in stage IV metastatic lung (n=15) and breast (n=22) cancer 

blood samples than in age-matched healthy samples (n=10). Based on the maximum 

count for all healthy samples, a minimum threshold of 1.25 CTCs/mL of whole blood 

(dotted green line) was set to define samples as CTC-positive. Using such a threshold, 

approximately 80% and 86% of lung and breast cancer samples, respectively, were found 

positive for CTCs. (B) CTCs collected from each patient sample were composed of both 

CK-positive (green) and CK-negative (DAPI+ only, blue) subpopulations. (C) Stained 

samples exhibited a roughly bimodal distribution in which the majority of cells in each 

sample were either stained positive for DAPI only or positive for CK, but not in equal 

numbers. (D) Representative images of DAPI+ only cells and CK+/DAPI+ stained cells. 

Scale bar represents 20 μm.  

 

 One healthy donor self-reported diagnosis with chronic myelogenous leukemia (CML) 20 

days after having blood drawn for the study, and this patient was removed from the analysis of 

healthy samples. Interestingly, very large cytomorphologically atypical WBCs were found after 

processing with Vortex HT, before the patient was treated (Fig. 3.6). The cells were 

characterized by a range of N:C ratios, but all were over 20 μm in diameter and 

CD45+/DAPI+/CK-/CD66b-. An additional sample of blood was later acquired from the same 
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patient during treatment. Complete blood counts (CBCs) of the patient showed a high 

concentration of WBCs (40.9 K/μL), far above the normal range expected in a healthy patient (4-

11 K/μL), and later decreased to 3.1 K/μL while under treatment (Fig. 3.6C). In a similar trend, 

fewer atypical WBCs were captured from Vortex HT in the second draw. No such atypical white 

blood cells were seen in healthy donor samples, nor in lung or breast cancer patient samples, 

which may suggest the utility for Vortex HT as a general approach to enrich for other large 

circulating cells useful for the detection and analysis of other diseases. 

 
Figure 3.6: Case study of a leukemia patient. (A) Large atypical CD45+/DAPI+ WBCs 

were found in the blood from a leukemia patient. Very large atypical cells (30-40 μm) 

were found before the patient was diagnosed, and smaller but consistently large atypical 

cells (~20 μm) were found from the same patient while under treatment. (B) All atypical 

WBCs exhibited large nuclei (~15 μm) but varying nuclear-to-cytoplasmic ratios. All 

scale bars represent 20 μm. (C) The number of atypical white blood cells isolated from 

Vortex HT decreased on the second draw after the patient started treatment. Similarly, 

CBC data show that the total number of WBCs decreased. The normal expected range for 

WBC concentration is shaded in gray. 

 

Comparisons of Vortex performance with other technologies 

 Vortex HT enriched for a larger number of CTCs than the Vortex Chip in all 7 lung and 7 

breast cancer patient samples tested, using the same volume of sample and same processing time 



 

48 

 

for each device (Fig. 3.7A). Notably, the numbers of CTCs captured with Vortex HT correlated 

with the number of CTCs isolated with the Vortex Chip (R
2
 =0.92, slope=1.44). That is, samples 

with larger CTC numbers captured by Vortex Chip had concomitantly larger capture numbers by 

Vortex HT. These results also demonstrated the chip-to-chip concordance of this processing 

approach, which suggests minimal variation induced by the capture technology itself.  

 For 13 cancer patient samples tested with CellSearch, Vortex HT found 85% positive for 

CTCs above a healthy patient cut-off whereas CellSearch found only two samples (15%) positive 

above the healthy patient cut-off value for that system (Figs. 3.7B, 3.7C). Moreover, the number 

of CTCs captured in these two samples (breast sample no. 5 and 6, Fig. 3.7B) were markedly 

different between CellSearch and Vortex HT, which is likely due to the differing selection 

parameters of EpCAM expression with CK positivity versus cell size and a combination of 

immunofluorescence and morphological features. Because of the reduced expression of EpCAM 

in lung tumor cells, CellSearch is not FDA approved for analysis of lung cancer patient samples, 

which explains the poor results. Two other samples (starred, Fig. 3.7B) exhibited issues with the 

CellSearch instrument, which displayed the error "Machine aborted sample during run", and 

were deemed as uninterpretable for CTCs by the test system.  
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Figure 3.7: Comparison of Vortex HT with other technologies. (A) Vortex HT 

captures more CTCs than the Vortex Chip in all cases (7 lung and 7 breast). (B) Blood 

tubes from the same patient were split for tests between Vortex HT and CellSearch for 5 

lung, 8 breast, and 2 healthy samples. In two breast patients (3 and 8, starred), the test 

was aborted by the CellSearch machine. (C) In 13 of the metastatic cancer patient 

samples tested, the CellSearch test identified CTCs in 15% of samples, whereas Vortex 

HT found 85% of samples as positive for CTCs above levels for age-matched healthy 

controls.  

 

Concluding remarks 

 At an operational flow rate of 8 mL/min, Vortex HT maximizes throughput while 

maintaining high purity and cell viability. The simple geometry of the device, consisting only of 

straight microchannels and rectangular trapping regions, enables straightforward device 

fabrication and sample processing procedures. With minimal pretreatment steps that may damage 

cells, one vial of blood (~8 mL) may be processed in 2 cycles within a short ~20 min period, 

yielding demonstrably higher CTC counts in cancer patient specimens over healthy blood and a 

higher positive success rate compared with CellSearch. Since cells remain viable and are 

released at a low, concentrated volume (~150 μL), Vortex HT may enable diverse downstream 
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analyses of rare CTCs, including single-cell sequencing or RT-PCR, cytogenetic analyses, cell 

culture and pharmacological studies [8], and single-cell Western blotting [9]. Moreover, the 

device provides a convenient sample preparation step that may be streamlined with 

cytopathology or immunocytochemistry techniques, in which technicians are often burdened by 

low sample purity. The purity achieved with Vortex HT may also facilitate CTC genotyping in a 

step toward new drug discovery, personalized medicine, and informed treatment decisions for 

patients. In addition to lung and breast cancer CTCs, the size-based isolation platform may 

potentially be applied for a variety of other cancer types (prostate, colon, melanoma, bladder 

cancer, etc.), or even other cell types (tumor cells, stem cells, endothelial cells, etc.) within a 

variety of biofluids (blood, urine, pleural and peritoneal fluid, etc.). 

 The presence of atypical WBCs from a CML patient sample suggests that Vortex HT 

may also isolate large leukemic blasts. As CML cells range in size, with ~35% of cells in the 

range of 14-35 μm [10], Vortex HT may be effective in purifying rare subpopulations of large 

cells which may otherwise remain hidden from affinity-based capture approaches. Although it 

remains unclear if the isolated cells are malignant cell precursors, immature white blood cells, or 

apoptotic cells, the absence of such cells from lung, breast, and healthy donor samples suggest 

their unique role in CML. These preliminary findings suggest further work is warranted to 

evaluate Vortex HT as an enrichment tool for a more sensitive identification of patient state that 

may be important for minimal residual disease monitoring. While relatively little microfluidic 

work has focused on sample preparation for observing and diagnosing CML [11], current 

techniques of isolation by dielectrophoresis [12], aptamer-based probes [11], or viscoelastic 

properties of cells [13] remain time-consuming or not fully developed;  Vortex HT may offer a 

high throughput, label-free means for leukemia cell purification.  More broadly in a screening 
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role, Vortex trapping from blood that yields an atypical large cell count may provide an earlier 

indication of a brewing disease process for a range of disease states [14], suggesting additional 

diagnostics to define the source of the large circulating cells may be warranted for the patient. 

 The objective cell identification criteria presented here addresses common but widely 

unreported concerns surrounding immunostains. Since many cells may transition to a 

mesenchymal state [14], traditional epithelial cell staining techniques may overlook a significant 

number of candidate cells [15], resulting in underreported performances especially in size-based 

isolation platforms. While most devices are characterized using probes for CK, CD45, and 

DAPI, we expect the introduced CTC identification criteria that also take advantage of the 

accumulated knowledge of structural features associated with malignancy by cytopathologists 

will complement future device performance characterizations, clinical applications, and help 

standardize existing commercial prognostic and sample preparation tools as well as those in 

development. To help others who wish to adopt these tools, we provide a comprehensive guide 

and training worksheets (Supplementary Material) to more effectively convey our accumulated 

knowledge. As with most available techniques, the introduced enumeration protocol is not fully 

comprehensive and does not factor in the use of other marker types, including those that are 

cancer origin-specific (e.g., anti-HER2 staining for breast cancer samples, or anti-PSA for 

prostate cancer). We expect that the presented criteria will help foster future discussions 

regarding proper validation of CTCs, and envision that the described criteria can serve as a 

starting point for further adaptations to the method as promising new markers or automated 

imaging software become available. 
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Chapter 4: Mechanophenotyping of Rare Cells for Label-Free Enumeration 

 As noted in the previous chapter, the CTC field has revolved around two steps, which 

require the need to i) enrich for CTCs, and ii) identify the CTCs in the enriched sample. While 

current label-free technologies have only focused on CTC enrichment, the use of affinity-based 

immunofluorescence (IF) has remained the universal gold standard for the second step of 

identifying captured CTCs, in which fluorescent probes specifically bind to cell surface markers 

commonly found on cells of epithelial origin. However, the IF process itself has inherent 

complications due to the wide heterogeneity of cellular biomarker expression and the lengthy > 3 

hrs of staining, imaging, and manual enumeration. Ideally, a completely label-free technique 

would be a powerful and affordable alternative to assay all types of cells, including EpCAM 

positive, EpCAM negative, EMT-associated, and platelet-coated cells. This chapter explores 

label-free biophysical characterization of tumor cells and establishes the first reported 

deformability measurements and label-free enumeration of rare CTCs. 

Cell biophysics as a means for characterizing cells 

 Aside from the use of antibodies to target heterogeneous surface antigens, the intricacies 

of gene expression and cellular behavior may alternatively be encompassed by measurable 

biophysical parameters, such as cell deformability [1]. Quantification of CTC deformability may 

yield powerful correlations with patient information, such as staging, cancer type, or likely sites for 

secondary metastases. Of immediate interest, the biophysical profile of CTCs may uniquely 

distinguish them from other cell types present in blood, which allows for automated cell 

enumeration, an essential component in determining cancer patient prognosis and disease 

progression. 
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 Several devices have been developed to sort and characterize cells based on deformability, 

such as measuring the time of cancer cell passage through narrow channel constrictions [2,3], driving 

cells through pinched flow streams to measure hydrodynamic stretching [4,5], using optofluidic laser 

technology for single-cell stretching and sorting [6], or driving cancer cells through resettable cell 

traps [7]. While these technologies have been demonstrated on abundant cultured cancer and stem 

cells, the biophysics of native primary CTCs have yet to be specifically quantified, which may be due 

to the fact that CTCs are extremely rare; any sample collected and transferred between enrichment 

and characterization devices may yield significant cell losses due to cell adhesion (e.g. in 

microchannels, tubing, fluid carriers, pipette tips, etc.). Additionally, the purity of enriched CTC 

samples may also impede single cell biophysical measurements and limit device throughput.  

 One existing technology, known as deformability cytometry (DC) [8,9], makes use of two 

fluid streams which collide in an inertial microfluidic extensional flow junction, at which cells are 

stretched at high throughput (>2,000 cells/s). Cellular deformations are visualized and resolved with 

a high speed camera, and an automated script measures their deformability, defined as the aspect 

ratio of the distances between the long axis to minor axis of the elliptical cell at maximum 

deformation. The technology has been applied to study stem cells [8] and identify malignant pleural 

effusions, which tend to have high cellularity [9]. Ideally, the integration of an upstream Vortex CTC 

isolation platform with a downstream mechanophenotyping DC platform with minimal cell loss may 

address some key challenges. However, device integration is non-intuitive and leads to several 

challenges, primarily due to the difficulty of handling rare single cells; in particular: i) maintaining 

the correct operational flow rate to achieve all steps necessary (device priming, sample infusion, 

wash, cell release, cell deformation, etc.) without losing cells during the process or generating excess 

pressures that could delaminate or burst devices, ii) minimizing cell loss from incorrect timing in 
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video recordings which may miss single cell events, or low efficiency of obtaining usable 

measurements from each single CTC, and iii) achieving high throughput and rapid deformability 

measurements of cells, which ideally requires all cells to be resolved in one video.   

 
Figure 4.1: Vortex-mediated deformability cytometry. (A) VDC is a simple glass-

bonded PDMS device. (B) It contains 2 inlets for sample and wash buffer, and 3 outlets. 

Fluid waste passes through the HT outlet during cell capture, and cells pass through the 

DC junction and out the 2 DC outlets during cell release. (C) Cell capture requires the 

same process as Vortex HT. (D) Upon release, cells pass through the DC junction, where 

high speed imaging records cell deformation.  

 

Cellular biophysical characterization with Vortex-mediated deformability cytometry 

 An integrated PDMS device and workflow was developed to combine Vortex HT with 

DC. The resulting vortex-mediated deformability cytometry (VDC) device (Fig. 4.1A) consists 

of two components: i) a 70 μm-deep Vortex HT region consisting of 16 parallel channels and 

160 total rectangular trapping reservoirs, and ii) a 35 μm-deep DC region with inertial focusing 

channels which orient cells to be stretched at an extensional flow junction [8,9]. Similar to the 

previous chapter's Vortex HT device, the VDC device has two inlets for PBS wash buffer and 

sample. Between the two regions lies an HT outlet through which fluid waste flows during 

priming, sample infusing, and solution exchange (Fig. 4.1B). Once cells are captured in the 

reservoirs and excess blood cells (WBCs) are washed away (Fig. 4.1C), the HT outlet is briefly 
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closed (~1 s), causing a sudden pressure increase that disrupts vortices and releases cells toward 

the DC portion of the device. The DC region of the device contains asymmetric curving channels 

which make use of Dean vortices to first focus cells toward one side of the device, and then 

focus cells to a single stream in which they may be oriented toward the center of the channel 

prior to the DC junction. Cells at the junction are imaged at 100x magnification with a high 

speed camera (Vision Research Phantom v711) at ~500,000 fps, and pass to the outlets to be 

collected (Fig. 4.1D). Each video recording adds up to ~1.5 GB of 208×32 pixel resolution data 

in a 1.2 s time interval, which is sufficient to resolve cellular deformations. 

 
Figure 4.2: VDC process flow. Samples are processed in a series of logical steps, which 

require: i) priming the device to fill channels with fluid, ii) pressurizing the chambers at 

high flow rate to prevent contaminating back-flows, iii) infusing patient sample to 

capture CTCs in vortices, iv) washing the reservoirs to remove unstably trapped smaller 

cells, v) stabilizing the sample syringe to avoid residual blood leakage, vi) releasing the 

cells from vortices and into the DC region of the device, and vii) flushing the system to 

ensure all cells are released into the downstream collection vessel. Solution flow rates 

and outlet valving must be controlled for each step. 

 

 The specific VDC process flow is outlined in Figure 4.2. While the typical prime, infuse, 

wash, and release steps mirror the procedure for Vortex processing, a few additional 

considerations must be made for the different outlets. The priming step takes place one time 

before the experiment begins, and requires a low flow rate to pass through the device to ensure 

all air bubbles are removed. Next, pressurization occurs at high flow rate with the DC outlets 

closed. Over the course of 30 s, the PDMS chambers become pressurized, and flow fully 
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develops and exits the HT outlet. This step ensures that no residual blood cells will enter the DC 

region of the device. The sample is then infused through the device at an overall 8 mL/min, and 

fluid waste passes through the HT outlet. The wash step occurs with a solution exchange at the 

same flow rate, and stabilization is needed to release some pressure from the sample syringe to 

prevent residual flow of blood cells through the chambers during the wash. During this time, the 

DC outlets are opened and guided to the well plate. Cell release occurs when the HT outlet is 

closed at the same time as the video recording is triggered. Cells are released from the vortices in 

a quick ~0.5s time interval (Fig. 4.3A) and immediately pass through to the DC junction, also 

within a quick ~0.5s time interval (Fig. 4.3B). Cells released in this manner maintain an average 

speed of 4.74 ± 0.93 m/s which is sufficient to observe deformations (Fig. 4.3C). With the DC 

outlets still open and placed over the well, the device is flushed with PBS to ensure release of 

cells into the well plate. The integrated device exhibits minimal cell loss, with 98.7% ± 1.5% (n 

= 4) of cells passing from the Vortex HT region to the DC region. Moreover, the number of cells 

observed in the DC junction matches closely with the number of cells observed in the well plate, 

and each run yielded close to 40% capture efficiency of MCF7 cells spiked in 10x diluted blood 

(Fig. 4.3D). Additionally, collected cells remain viable and may be grown in culture for > 6 days 

(Fig. 4.3E). 
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Figure 4.3: VDC device performance. Beads and cells are released from vortices in a 

quick <0.5 s time interval (A), and also pass through the DC junction in <0.5 s (B), which 

allows all cells to be imaged in one high speed video. (C) The speed of cells slightly 

increases over the course of their release, but is a high enough velocity to observe and 

resolve deformations. (D) The number of particles observed in VDC videos matches 

closely with the number captured in the well plate, and samples spiked with MCF7 cells 

reveal ~40% capture efficiency. (E) Cells collected in the well plate are still viable and 

may be cultured and grown for over 6 days. 

 

Identification of CTCs from patient samples 

 Scatterplots of deformability vs. size of cells (Figs. 4.4A-C) reveal different populations 

between healthy blood (n = 5) and stage IV lung and breast cancer blood samples (n = 16). In 

both cases, a population of small 10 μm WBCs with average ~1.2 deformability is seen. 

Moreover, a scattered group of larger (>15 μm), more rigid (<1.2) cells is observed in both 

sample types, which may represent large WBCs (e.g. macrophages) or other large circulating 

cells. Finally, a unique population of large (>15 μm) and deformable (>1.2) cells is observed 

only from cancer blood samples (Fig. 4.4B), suggesting that they are CTCs or cancer-associated 

cells. By setting user-guided cutoffs for both size and deformability, the dataset was calibrated 

by support vector machine (SVM) processing to define a threshold above which defines a CTC. 



 

60 

 

Based on the threshold, cells were categorized into CTC and WBC groupings. CTCs tended to be 

larger and more deformable (Figs. 4.4D-F) than WBCs. CTCs had similar deformability and size 

ranges as MCF7 breast cancer cells (Fig. 4.4G). 

 
Figure 4.4: Enriched cell profiles from patient samples. (A) 5 healthy samples were 

processed with VDC and revealed populations of small WBCs and large non-CTCs with 

low deformability. (B) Samples from 16 cancer patients revealed a population of large, 

deformable CTCs. (C) Setting a threshold with SVM on cancer patient cells (blue) and 

healthy donor cells (red), 93 cells from all patients were identified as CTCs. (D) 

Examples of typical cells observed in high speed VDC videos before and after 

deformation. CTC populations were generally more deformable (E) and larger (F) than 

WBC populations. (G) CTCs also exhibited similar biophysical profiles as the MCF7 

breast cancer cell line. 

 

 Cells assayed through VDC were also collected off-chip and immunostained with CK-

FITC, CD45-PE, and DAPI to verify the presence of CTCs and correlate to DC measurements. 

Similar to the Vortex HT device from the previous chapter, populations of CK+/DAPI+ and 

large CK-/DAPI+ CTCs were present from samples processed by VDC (Fig. 4.5A), with about 

47% of CTCs staining negative for CK. The number of CTCs defined by VDC thresholding 
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correlates strongly with the number of CTCs identified by IF (Fig. 4.5B, R
2 

= 0.987). 

Additionally, the size distributions matched well between VDC CTCs and IF CTCs (Fig. 4.5C), 

suggesting that the large, deformable population of cells from VDC are indeed CTCs.  

 
Figure 4.5: Comparisons of VDC with IF. (A) Similar to Vortex HT, VDC captured 

CTCs which stained both positive and negative for CK, as well as large white blood cells. 

(B) The number of CTCs defined from VDC matches closely with the number 

enumerated with conventional IF techniques. (C) The size distributions of CTCs from 

each patient matched closely between VDC and IF. Large WBCs also matched in size 

distributions, as observed in one healthy patient (last graph). 

 

 Finally, enumeration plots reveal that VDC finds 93.8% of cancer patient samples 

positive for CTCs, whereas IF techniques find approximately 71.4% of samples positive for 

CTCs (Fig. 4.6). Comparing the well-defined thresholding of VDC, which factors in both size 

and deformability, to the thresholding of IF, the use of biophysical cutoffs may thus be a more 

effective method for defining CTCs and distinguishing between cancer and healthy samples. 

Moreover, the VDC technique may be a more effective method than IF for CTC enumeration. 

Further long-term studies with more patient samples may be needed to support these preliminary 

findings. 
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Figure 4.6: Enumeration of CTCs with VDC and IF. Biophysical enumeration of 

CTCs from 16 stage IV cancer samples revealed a 93.8% positive test rate, compared 

with a 71.4% positive rate for the gold standard IF technique. 

 

Concluding remarks 

 Despite the ability for Vortex HT to isolate CTCs by size, classifying cells by cell 

diameter alone is insufficient to identify CTCs, as observed by the presence of large non-CTCs 

found in healthy samples. VDC technology factors both size and deformability of cells in a truly 

label-free, automatable, and sensitive method that may rapidly isolate and enumerate CTCs 

within 1 hr from receipt of a patient sample, while only requiring one blood dilution preparation 

step. The number of released CTCs is determined without the need for cell fixation, staining, or other 

processes that would damage the output sample, allowing it to be usable for further downstream 

analysis, such as genetic tests, drug screening, cytopathology, and other clinical applications.  

Further analysis of patient CTC mechanical properties may reveal physical phenotype 

distributions that better correlate to patient state than simple enumeration. Moreover, the transient 

responses and fluctuations of each cell at the flow junction provides over 15 other morphological 

parameters that may be biologically informative, and studies of these parameters may further expand 

the potential of biophysics as patient prognostic and diagnostic indicators. Finally, the demonstration 

of Vortex CTC enrichment and coupling to other technologies may prove useful for linking to other  

microfluidic platforms for other modes of single-cell analyses [10].  
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Chapter 5: Concluding Remarks 

 The Vortex platform has particular practical advantages. Processing time: A 7.5 mL 

whole blood sample can be processed in less than 20 mins, as compared to >2 hrs for many 

competing technologies, including CellSearch, MagSweeper, CTC-HB Chip, and Abnova, 

among others. Wide applicability: Vortex trapping is not restricted to blood and pleural 

effusions, as other bodily fluids may potentially be processed, including urine and perotineal 

fluids. Cancer cells can also be isolated independently of marker expression, suggesting the 

ability to accommodate a large range of tumor cell types, including cells of non-epithelial origin 

like melanoma or cells undergoing EMT. Purity: High purity is generally challenging because of 

a high background of WBCs adhering to coated surfaces or filter membranes. When using spiked 

samples, Vortex trapping routinely achieves a purity of ~80%, which is close to an order of 

magnitude greater than other high throughput inertial microfluidic technologies, such as the 

CTC-iChip and CTChip (Clearbridge Biomedics). Efficiency: While the efficiency of Vortex 

trapping may be considered relatively low compared to other techniques, it is improved with 

serial processing (up to 80% efficiency). Additional capture may be achieved by processing a 

larger blood volume (compared to the restrictions of ~1 mL for some current filter-based 

approaches). Concentration and viability: Importantly, no matter the volume processed, enriched 

cells are free, non-fixed, viable, and collected in a small 200 µL final suspension, while many 

continuous flow approaches result in highly dilute volumes that may be unsuitable for 

downstream assays. 

 The enriched tumor cells outputted from the Vortex platform may be applied to many 

clinical applications. As demonstrated, having access to pure DTCs from pleural effusions may 

aid cytopathology and genetic analyses, and access to CTCs from blood is beneficial for 
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immunofluorescence and mechanophenotyping. Rare cell isolation provides additional clinical 

opportunities, including FISH staining, RNA/DNA sequencing, single cell Western blotting, and 

other established techniques that may assist patient treatments (immunotherapy, response to 

chemotherapy, targeted drug delivery, etc.). On a more biological perspective, cells may also 

potentially be cultured or screened against a panel of therapeutic agents to learn more about 

cancers and discover new modes of cancer treatment. Moreover, the ability for the Vortex 

platform to be coupled to downstream techniques with minimal cell loss may also foster DTC 

analyses in next generation microfluidic devices, such as in the use of digital droplet assays or 

other modes of cellular quantitation.  

 The straightforward workflow and simplistic design makes Vortex technology a viable 

candidate as a commercial healthcare tool, since automation and cost are key considerations for 

successful adoption and implementation in a clinical setting. Vortex trapping employs passive 

fluid physics to selectively and rapidly collect larger cells in laminar fluid microvortices without 

complex high-resolution features, instrumentation, or surface chemistry. Consequently,  the cost 

of an injection-molded chip and the per-sample cost for the pressure control system to process 

samples is expected to be much lower than existing commercial assays (e.g. ~$500 per test for 

the CellSearch system). Considering the set of capabilities discussed, the simplicity of vortex 

trapping can aid widespread adoption from both clinicians and cancer biologists alike, and may 

hopefully beneficially impact the cancer healthcare field. 




