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Isolation and enumeration of circulating tumor cells (CTCs) are used to monitor

metastatic disease progression and guide cancer therapy. However, currently

available technologies are limited to cells expressing specific cell surface markers,

such as epithelial cell adhesion molecule (EpCAM) or have limited specificity

because they are based on cell size alone. We developed a device, ApoStream
TM

that

overcomes these limitations by exploiting differences in the biophysical

characteristics between cancer cells and normal, healthy blood cells to capture CTCs

using dielectrophoretic technology in a microfluidic flow chamber. Further, the

system overcomes throughput limitations by operating in continuous mode for

efficient isolation and enrichment of CTCs from blood. The performance of the

device was optimized using a design of experiment approach for key operating

parameters such as frequency, voltage and flow rates, and buffer formulations. Cell

spiking studies were conducted using SKOV3 or MDA-MB-231 cell lines that have

a high and low expression level of EpCAM, respectively, to demonstrate linearity

and precision of recovery independent of EpCAM receptor levels. The average

recovery of SKOV3 and MDA-MB-231 cancer cells spiked into approximately

12� 106 peripheral blood mononuclear cells obtained from 7.5 ml normal human

donor blood was 75.4% 6 3.1% (n¼ 12) and 71.2% 6 1.6% (n¼ 6), respectively.

The intra-day and inter-day precision coefficients of variation of the device were

both less than 3%. Linear regression analysis yielded a correlation coefficient (R2) of

more than 0.99 for a spiking range of 4–2600 cells. The viability of MDA-MB-231

cancer cells captured with ApoStream was greater than 97.1% and there was no

difference in cell growth up to 7 days in culture compared to controls. The

ApoStream device demonstrated high precision and linearity of recovery of viable

cancer cells independent of their EpCAM expression level. Isolation and enrichment

of viable cancer cells from ApoStream enables molecular characterization of

CTCs from a wide range of cancer types. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4731647]

I. INTRODUCTION

Among the characteristic rate-limiting steps of metastatic cancer progression is vascular

dissemination of tumor cells.1 Normally absent from the peripheral blood of healthy donor, cir-

culating tumor cells (CTCs) are increasingly used as biomarkers from patients with metastatic

cancer.2,3 CTC counts correlate negatively with progression free survival and overall survival

in patients with metastatic colorectal, breast, and prostate cancer.3–8 Growing evidence
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suggests that CTC isolation from a blood sample may allow reliable early detection and mo-

lecular characterization of cancer at diagnosis and may provide a minimally invasive method

to guide and monitor the results of cancer therapy. For example, the presence of epidermal

growth factor receptor (EGFR) mutations in circulating lung cancer cells has been shown to

correlate with reduced progression free survival.7 In addition, monitoring the response of circu-

lating breast cancer cells to adjuvant chemotherapy allowed detection of patients at risk of

early relapse.9,10

CTCs are rare cells present in the blood in numbers as low as one CTC per 106-107 leuko-

cytes, which makes their capture and detection very challenging. The techniques currently used

for CTC capture include immunomagnetic separation,6,8 membrane filters,11,12 and micro-elec-

tro-mechanical system (MEMS) chips.13,14 All of these techniques are subject to limitations.15

For example, immunomagnetic separation relies on the expression of known cell surface

markers such as the epithelial cell adhesion molecule (EpCAM) and hence is restricted to a few

epithelial cancers with high EpCAM expression. CTC enumeration by CellSearch
VR

is a Food

and Drug Administration (FDA) cleared biomarker test that utilizes EpCAM for CTC capture,

but indications are limited to metastatic colorectal, breast, and prostate cancer.3,16 It is inappli-

cable to cancers of non-epithelial origin such as melanoma, brain cancers, and sarcomas as well

as advanced metastatic disease where EpCAM expression is lost.17,18

The immunomagnetic isolation procedure associated with CTC identification with the Cell-

Search system involves chemical and mechanical manipulation that creates challenges to cul-

ture these cells for downstream analysis. While isolation of rare cells in a viable state may

facilitate research into the molecular underpinnings of cancer progression and enable more

accurate planning of personalized therapy, it remains technologically challenging and is thus

underutilized in the medical community. Development of novel, robust technologies for rare

cell isolation which create the opportunity to conduct post processing studies on viable cells

will be an important advancement toward understanding the biology and clinical applications

of rare cells.

Prior studies have successfully demonstrated the ability of dielectrophoretic field-flow frac-

tionation (DEP-FFF) technology to characterize and capture cancer cells from peripheral blood

mononuclear cells (PBMCs).19,20 In these earlier studies, DEP-FFF was applied using a batch

mode configuration that limited the number of cells processed in a given run because cells must

remain spaced by several diameters to avoid dipole–dipole interactions that can perturb DEP

responses.19,21 As a result, the loading capacity using the batch mode of operation was limited

to less than a million cells per run and required processing of multiple batches in order to com-

plete a CTC analysis for a typical 7.5 ml blood sample.

Other recent studies reported the use of various types of DEP micro devices for cancer cell

isolation in preclinical models. For example, DEP has been used to separate colorectal cancer

cell lines in a microfluidic chip.22 Contactless DEP microfluidic device was utilized to study

the behavior of mouse ovarian cells.23 Human cervical carcinoma cell line HeLa was concen-

trated using circular microelectrodes.24 DEP-based printed circuit boards have been used for

software controlled entrapment and movement of human tumor cells.25 Oral squamous cell car-

cinoma cells26 and mouse melanoma clones27 have been isolated using DEP technology.

Human breast cancer cells have been isolated using a multi-orifice flow fractionation DEP de-

vice,28 a DEP-activated cell sorter,29 and a DC-DEP device.30 All these devices, with the

exception of the device described in this study, have low throughput which limits their clinical

utility as devices for rare cell isolation from blood.

To overcome the cell throughput limitations of the DEP batch mode configuration to

allow for the efficient isolation and enrichment of CTCs from whole blood, we developed

the continuous flow ApoStream
TM

device. Herein, we describe the operational optimization

and performance characteristics of ApoStream, to capture cancer cells independent of anti-

gen expression levels such as EpCAM. The ApoStream technology has the advantage of

antibody independent separation of viable cancer cells enabling CTC capture from a

wide variety of cancer types allowing multiple downstream processes and cell culture

expansion.
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II. THEORY AND DEVICE SETUP

There have been extensive publications on the dielectric properties of dissimilar cells and

DEP-based methods for isolating cells.31–34 Many studies have utilized DEP-FFF methods that

exploit the balance of DEP forces, sedimentation forces, and hydrodynamic lift forces to posi-

tion cells in a hydrodynamic flow profile.19,35–38 The ApoStream device uses DEP to sort cells

with distinct biophysical characteristics by exploiting dissimilarities in the frequency-dependent

dielectric properties of different cell types that arise from morphologic and electrical conductiv-

ity differences.21 The isolation of rare cancer cells from blood in particular exploits differences

in dielectric properties between blood cells (lymphocytes, monocytes, and granulocytes) and

cancer cells.19,20 For the separation of cancer cells from healthy blood cells, the ApoStream de-

vice operates in a modified form to conventional DEP-FFF, in that the cancer cells are attracted

by positive DEP forces towards the electrode plane, and thus away from the bulk of the blood

cells that are levitated by negative DEP into the hydrodynamic flow velocity profile. This is

accomplished by applying the voltage signal at a frequency in between the so-called DEP cross-

over frequency of cancer cells and PBMCs. The crossover frequency is defined as the frequency

where the DEP force makes the transition from a negative to a positive force and is dependent

on cell and medium conductivity and permittivity.19,21 The mean crossover frequencies of

breast, lung, and ovarian cancer cell lines were reported to be low (30-40 kHz) compared to 90-

140 kHz for major peripheral blood cell types at 30 mS/m eluate buffer conductivity.19,20 This

difference in crossover frequencies forms the basis for isolation of CTCs from a complex mix-

ture of cells and is applicable to a wide variety of cancer types. When a frequency in the range

of 45-85 kHz is applied, the cancer cells experience positive (attractive) DEP force, while the

blood cells are repelled into the fluid flow with negative DEP force, resulting in separation.19

The DEP force (FDEP) acting on a spherical cell of radius r, suspended in a liquid medium

of absolute permittivity es, is given by the relationship39,40

FDEP ¼ 2pesr
3ReðfCMÞrE2 (1)

where E is the RMS value of the applied electric field and ! is the gradient operator. Re(fCM)

is the real part of the Clausius-Mossotti factor that defines the effective polarizability of the

cell relative to that of the suspending medium.40 Amongst several simplifying assumptions, a

relevant one for our present studies is that the electric field in the vicinity of the cell is not per-

turbed by the presence of a boundary, such as a metal or dielectric surface.21 From the studies

of Lo and Lei,41 the ratio of the electrode boundary perturbing force to the DEP force is of the

order (L/h)(r/2h)3, where h is the height above the electrode plane and L is the length scale of

the electric field. For the interdigitated, parallel electrodes used in the ApoStream device, L can

be taken to be the distance of 50 lm between opposing electrodes.21 For a cell of radius 5 lm

located with its centre 15 lm above the electrode surface, the boundary perturbation would rep-

resent only 1.6% of the primary DEP force and does not substantially influence the validity of

Eq. (1). The perturbing influence of the electrode and inter-electrode surfaces increases rapidly

as the levitation height falls below this level and becomes particularly dependent on the elec-

trode geometry and cell diameter.42

Equation (1) can be modified36,43 to describe the vertical component of the DEP force

averaged along a horizontal plane, acting on a cell at height h above the electrode plane, to the

form

FDEPðhÞ ¼ 2pesr
3pðf ÞReðfCMÞqðhÞV2: (2)

The factor p(f) defines the frequency dependent electrode polarization which becomes an im-

portant factor at low frequencies, V is the applied RMS voltage, and q(h) reflects the height de-

pendence of the vertical DEP force component, which above a certain levitation height can be

taken to decrease smoothly as a function of increasing levitation height. However, at low levita-

tion heights, there is a sharp departure from the form of Eq. (2), the details of which depend on
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the electrode geometry.43 Local values of the vertical component of the DEP force are deter-

mined by the factor !E2 in Eq. (1), with sharp maxima occurring above electrode edges.44 A

theoretical analysis of the Stokes drag force acting on a particle brought down by positive DEP

towards the electrode plane in a continuous flow DEP chamber requires correction for ill-

defined wall effects, and at these heights, there is no linear relation between V2 and the fluid

flow rate to give the levitation produced by negative DEP.44 These facts preclude a detailed

theoretical study of the operating parameters for our device, and optimization of its perform-

ance was performed by a simple design-of-experiment procedure.

The complete setup of the continuous flow ApoStream device is shown in Figure 1. The

gear pump, custom-made DEP signal generator, conductivity meter, and laser particle counter

are computer controlled allowing dynamic feedback control and monitoring. The sample injec-

tion and collection flow rates are controlled by high precision syringe pumps. The captured can-

cer cells are collected into a microcentrifuge tube.

The ApoStream flow chamber applies an AC electric field to the sample within a defined

region of the flow path. A flexible polyimide film sheet with electroplated copper and gold elec-

trodes forms the floor of the flow chamber, an acrylic sheet forms the ceiling of the flow cham-

ber, and a gasket forms the side walls of the chamber. Eluate buffer is introduced at the

upstream end of the flow chamber. The sample is introduced through a rectangular port located

in the floor of the flow chamber at the upstream end. Cancer cells are collected through another

rectangular port located downstream from the sample inlet port (Figure 1). The sample is

injected at a low flow rate into the bottom of the flow chamber to minimize cell levitation and

to ensure cells stay within the effective DEP field. When cells encounter the DEP field, the

DEP forces pull cancer cells towards the chamber floor and repel other cells as they traverse

FIG. 1. Schematic diagram of the ApoStream device; inset shows cell flow and separation in the flow chamber. (For

details, see explanation in the text).
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the electrode. As shown in Figure 1 (inset), cancer cells travelling close to the chamber floor are

withdrawn through the collection port, while other blood cells traveling at greater heights are

carried beyond this port and exit the chamber to the waste container via a second outlet port.

III. MATERIALS AND METHODS

A. Cancer cell isolation using ApoStream

The following describes the procedure used for the operation of the ApoStream device to

isolate cancer cells for the performance characterization studies.

Prior to initiating each run, the ApoStream flow chamber was disinfected with 70% ethanol

followed by preconditioning with sucrose based eluate buffer with a conductivity of 30 mS/m.

The low surface tension of the ethanol solution, compared to water, also aided the avoidance or

removal of air bubbles. Samples were prepared by isolating PBMCs from 7.5 ml of whole blood

using a standard Ficoll density gradient method. PBMCs were spiked with pre-stained cancer

cells in 1 ml of the optimized sample buffer. The cell suspension was loaded in the custom

sample injection vessel as shown in Figure 1. The sample was injected through the chamber

floor using a syringe pump. A gear pump was used to deliver eluate buffer continuously at a

constant flow rate. An AC voltage (2-4.5 Vp-p) was applied to the electrode to initiate the DEP

field. Cancer cells were collected through the collection port at 18-25 ll/min flow rate into a

microcentrifuge tube. The total run time to process each PBMC sample preparation through

ApoStream was approximately 60 min. After each run, the flow chamber was cleaned with

Terg-a-zyme
VR

(Alconox, White Plains, NY) detergent solution. The protease enzyme in Terg-a-

zyme
VR

breaks down the cell membrane to eliminate cell carryover.

The locations of the sample injection and sample collection ports with respect to overall

flow chamber dimensions are shown in Figure 2(a). Videos were captured to demonstrate can-

cer cell isolation from PBMCs using ApoStream as shown in Figures 2(b) and 2(c). In these

videos, SKOV3 cancer cells and PBMCs were pre-stained with green fluorescent CellTracker
TM

dye (staining procedure described below) and run through the ApoStream device in independent

experiments. The videos were taken using an Olympus SZX16 fluorescence microscope (Olym-

pus Corporation, Japan) positioned above the flow chamber over the cell collection port. A por-

tion of the interdigitated electrode, viewable as a series of light, parallel stripes, is visible in the

Figures 2(b) and 2(c).

B. Cell culture and spiking studies

Cancer cell lines SKOV3 (ovarian cancer) and MDA-MB-231 (breast cancer) were pur-

chased from American Type Culture Collection (ATCC, Manassas, VA). SKOV3 and MDA-

MB-231 cells were cultured in McCoys 5 A medium (Lonza, Walkersville, MD) and DMEM

medium (Lonza), respectively, and supplemented with 10% fetal bovine serum and 1% penicil-

lin/streptomycin.

For the spiking studies, cancer cells were pre-stained with CellTracker
TM

(Invitrogen,

Eugene, OR) dye to allow for post ApoStream enrichment enumeration. Dye stock solution

(�10 mM) was prepared by adding 11 ll of sterile dimethyl sulfoxide (DMSO) to 50 lg of dye

powder. Five (5) ll of the dye stock solution was added to the cell suspension (�500 000 cells/

ml) and the cells were incubated for 30 min at 37 �C followed by centrifugation at 1000 g for

3 min. The cells were then washed twice with 1 ml of sterile culture medium and left in the cul-

ture medium until spiked into PBMCs from normal donor blood.

Blood was collected from healthy human donors in BD Vacutainer
VR

tubes (BD, Franklin

Lakes, NJ). PBMCs were isolated from 7.5 ml of blood using manufacturers’ standard density

gradient methods (GE Healthcare, Uppsala, Sweden; BD, Franklin Lakes, NJ). PBMCs were

resuspended in 1 ml of ApoStream sample buffer prior to further use.

Pre-stained cancer cells were spiked into PBMCs and separation was performed using the

ApoStream device. To determine mean spiking count, the same spiking volumes were pipetted

onto microscope slides in triplicate. Cells were manually counted using an Olympus BX41
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fluorescence microscope. Counts of cancer cells enriched with the ApoStream device were di-

vided by the mean spiked cell count to determine cell recovery efficiency.

C. Device parameter optimization

The performance of the ApoStream device was optimized in two series of experiments.

First, the eluate buffer, sample injection, and sample collection flow rates were optimized to

maximize cancer cell recovery while minimizing PBMC contamination. Second, a 2-level 3 pa-

rameter factorial design of experiment (DOE) using DESIGN EXPERT 8 software (Stat-Ease, Min-

neapolis, MN) was utilized to optimize frequency, voltage, and the sample collection rate. A

response surface methodology (RSM) was utilized to demonstrate the cells’ response (recovery

performance) to frequency and sample injection rate. SKOV3 cancer cells lines and normal do-

nor PBMCs were used in independent experiments to optimize the separation parameters and

subsequently, the SKOV3 cells were spiked into PBMCs to assess performance with those opti-

mized parameters.

D. Buffer optimization

Following the selection of optimum device parameters, experiments were conducted to

optimize eluate and sample buffer formulations to maintain cell viability and reduce cell loss.

FIG. 2. (a) Schematic of the top view of the flow chamber showing sample injection and sample collection port locations.

(b) Still image from video demonstrating the flow and collection of fluorescently labeled SKOV3 cancer cells through the

collection port in the ApoStream flow chamber. Cancer cells are collected into the collection port when the DEP field is

activated. (c) Still image from video demonstrating the flow of fluorescently labeled PBMCs through ApoStream flow chamber.

The first half of the video (�10 s) demonstrates that most PBMCs fall into the collection port when the DEP field is not active.

The second half of the video (from 11 to 21 s) demonstrates that upon the activation of DEP field the PBMCs are repelled from

the electrode causing them to move into the high velocity flow region and are no longer being pulled into the collection port

(enhanced online) [URL: http://dx.doi.org/10.1063/1.4731647.1] [URL: http://dx.doi.org/10.1063/1.4731647.2].
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A sucrose-based buffer was used as the eluate and a mix of RPMI growth medium with addi-

tives was used as the sample buffer. The eluate buffer composition included 9.5% sucrose

(Sigma-Aldrich, St. Louis, MO), 0.01% dextrose (Fisher, Hanover, IL), and 1 mM phosphate

buffer pH 7.0 to maintain the cell osmolarity under physiological conditions.19,20 The eluate

buffer conductivity was adjusted to 30 mS/m using sodium chloride (Sigma-Aldrich). The sam-

ple buffer, used to resuspend the cell mixture, contains RPMI cell culture growth medium. The

eluate and the sample buffer formulations were optimized by adding bovine serum albumin

(BSA, Sigma-Aldrich) as a nutrient and to minimize cell adherence to surfaces, Pluronic F-68

(Sigma-Aldrich) for cell membrane stability, an anti-oxidant compound as free radical scav-

enger and catalase (Sigma-Aldrich) to decompose hydrogen peroxide.

The sucrose concentration in the eluate buffer affects the osmolarity of the fluid. At a con-

centration of 9.5%, the eluate buffer osmolarity is 320 mOs/l. A reduction in the sucrose con-

centration could be beneficial in downstream analytical processing steps and it has been shown

that osmolarity as low as 120 mOs/l does not significantly alter the dielectric properties of the

cancer cells.20 Therefore, the sucrose concentration was included as a variable in the buffer

optimization study.

To determine optimum eluate and sample buffer formulations, a 2-level, 3 factor DOE spik-

ing study was performed. The 3 factors were osmolarity (100 and 320 mOs/l; adjusted by chang-

ing sucrose concentration); eluate buffer (with and without additives); and sample buffer (with

and without additives). In each of the conditions tested, approximately 5000 SKOV3 cells were

spiked into PBMCs obtained from 4 ml of normal human donor blood. Enumeration of cells

recovered after ApoStream
TM

separation was compared to determine the optimum formulations.

E. Device performance characterization

To demonstrate the performance of the ApoStream device, intra-day, inter-day, inter-

device, and inter-operator precision, and linearity were determined for cancer cell recovery.

Clinical and Laboratory Standards Institute (CLSI) guidelines EP5-2 A and EP06-A were uti-

lized analyze the precision and linearity, respectively. Precision studies were run with PBMCs

isolated from 7.5 ml of normal healthy donor blood that were spiked with either approximately

5000 SKOV3 cells or approximately 500 MDA-MB-231 cells. The spiked samples were proc-

essed through different ApoStream devices and flow chambers by multiple operators on multi-

ple days. To demonstrate linearity, a series of experiments were conducted by spiking varying

amounts of SKOV3 and MDA-MB-231 cells (ranging from 4 to 2600 cells) into PBMCs

obtained from healthy donors.

F. Cell viability studies

MDA-MB-231 cancer cells were used to assess the viability and propagation of cells in tis-

sue culture after isolation from ApoStream in independent experiments. Approximately 100 000

cancer cells were spiked into buffer and processed through the ApoStream device at physiologi-

cal buffer osmolarity of 320 mOs/l. The collected cells were counted immediately after isola-

tion and plated in 96-well plates (�1000 cells/well in triplicate for each time point) to test their

growth potential. The cells in 96-well plates were incubated at 37 �C with 5% CO2 for up to

7 days. The cells were harvested using trypsin at time points of 1, 2, 3, 5, and 7 days and via-

bility was determined using the trypan blue exclusion method. Cell adherence to tissue culture

plastic surface and propagation were also assessed by examining the cell culture well at each

time point with an inverted microscope. Control cells that were not subject to ApoStream sepa-

ration were also cultured for comparison.

IV. RESULTS AND DISCUSSION

A. Cancer cell isolation using ApoStream

The flow and collection of cancer cells and PBMCs through the collection port in the Apo-

Stream flow chamber was demonstrated in the videos in Figures 2(b) and 2(c). In these videos,
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the microscope is positioned above the flow chamber over the cell collection port. The video in

Figure 2(b) demonstrates the flow and collection of cancer cells under an active DEP field.

Cancer cells experience a positive DEP force at an applied frequency greater than the crossover

frequency of cancer cells and are drawn to the chamber floor where the flow velocity is lower

enabling capture via the collection port. The video in Figure 2(c) shows the flow of PBMCs

through the ApoStream flow chamber. The first half of the video (�10 s) demonstrates that

most PBMCs are pulled into the collection port due to the skimming action generated by the

collection pump when the DEP field is not active. The sample is injected close to the chamber

floor under laminar flow conditions to minimize mixing thereby maintaining all cells in the low

velocity profile region near the bottom of the chamber. The second half of the video (from 11

to 21 s) demonstrates that upon the activation of DEP field, the PBMCs are repelled from the

electrode causing the cells to move into the high velocity flow region and are no longer being

collected in the collection port. These videos demonstrate DEP forces can be used to effectively

separate cancer cells from PBMCs in ApoStream’s laminar flow microfluidic chamber.

The ApoStream device takes 60 min to process approximately 12� 106 PBMCs (suspended

in 1 ml of sample buffer) from 7.5 ml of whole blood. The throughput of the ApoStream device

is faster as compared to other small microfluidic chip based DEP technologies.19,22,32,45 A study

by Hu et al. showed a higher throughput of 10 000 cells per second, which is almost the twice

the throughput of ApoStream device. However, that technology was limited to cell labeling.46

The ApoStream device throughput can be further increased by enhancing the flow channel area

and increasing the sample injection rate.

B. Device parameter optimization

There are a number of operating parameters which potentially affect ApoStream device per-

formance. The eluate, sample injection, and collection flow rates are inter-dependent variables

and were balanced to optimize cancer cell levitation, cancer cell skimming, and throughput

(processing time). Also, because prior studies indicated that the DEP field effectiveness dimin-

ishes significantly at distances greater than approximately 30 lm from the electrode surface,36,47

flow rates were selected to limit cell levitation to �30 lm above the chamber floor. In addition,

testing of varying eluate flow rates revealed lower cell collection performance with higher eluate

flow rates (data not shown). These results suggest that the hydrodynamic lift forces begin to

dominate with an increase in eluate flow rate, and that the cells are driven away from the cham-

ber floor preventing them from being collected through the collection port located in the floor of

the flow chamber. An increase in the applied voltage from 2 Vp-p to 4 Vp-p significantly

decreased the PBMC contamination but did not have a significant effect on cancer cell collec-

tion (data not shown). At higher applied voltages, the electric field gradients are larger resulting

in stronger DEP forces as these forces are proportional to the square of field gradient as

described in Eqs. (1) and (2). By increasing the negative DEP forces, PBMCs are pushed further

away from the chamber floor resulting in fewer PBMCs being collected in the collection port.

However, because cancer cell levitation is minimized by precise control of injection and eluate

flow rates, increasing the applied voltage has minimal impact on cancer cell collection as cancer

cells already flow close to the chamber floor over the electrode for collection. The DOE analysis

showed that in the operating ranges tested, frequency was the critical factor for cancer cell col-

lection and voltage was the critical factor for PBMC contamination. Furthermore, our analysis

has demonstrated that the increase in the collection flow rate resulted in higher cancer cell re-

covery, probably due to an increase in the skimming height (data not shown). However, higher

collection flow rates also resulted in an increase in PBMC contamination.

To demonstrate response to frequency and sample injection flow rate, a DOE was executed

and results were analyzed using RSM. Cancer cell recovery increased with an increase in fre-

quency from 45 kHz to 65 kHz (Figure 3(a)). Indeed, the mean crossover frequency of SKOV3

cancer cells was shown to be about 40 kHz, suggesting that increasing frequency above 40 kHz

would have resulted in stronger positive DEP forces and augmented collection efficiency. There

was no statistically significant change in PBMC reduction over the 45 kHz to 65 kHz frequency
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range tested as these frequencies are well below the average crossover frequencies of PBMCs

(Figure 3(b)). The average percentage reduction in PBMCs after ApoStream separation was

found to be 99.33% 6 0.56% at 65 kHz and 99.85% 6 0.17% at 45 kHz operating frequency.

There was no significant change in the recovery with an increase in the sample injection rate

FIG. 3. (a) RSM plot for the ApoStream flow chamber showing cancer cell recovery response to frequency and sample

injection flow rate. (b) Effect of operating frequency on percentage PBMC reduction after ApoStream separation.

FIG. 4. Buffer optimization for the ApoStream device using SKOV3 cancer cells spiked in PBMCs. (a) Pareto chart from

DOE analysis showing sample buffer composition as the only significant factor with a positive effect on cancer cell recov-

ery. (b) Sample buffer with additives improves cancer cell recovery.
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within the range tested (Figure 3(a)). Although higher sample injection rates could have

resulted in higher cell levitation in the flow chamber, the results from the chosen flow chamber

configuration demonstrate sufficient travel time was allowed for cells to settle sufficiently to

come within the reach of the DEP field and become attracted towards the electrode surface.

C. Buffer optimization

Eluate and sample buffer optimization studies were performed to further maximize cancer

cell recovery. Statistical analysis of the results indicated that the sample buffer composition

was the only significant factor with a positive effect on cancer cell recovery as shown in the

Pareto chart (above t-value limit) (Figure 4(a)). Cancer cell recovery improved when using

sample buffer with additives compared to no additives or at lower osmolarity eluate buffer (Fig-

ure 4(b)). Buffer additives such as BSA, pluronic F-68, anti-oxidant compound, and catalase

are known to provide either cell membrane stability, reduction of oxidative stress, or decreased

aggregation.48,49 BSA has been known to reduce the non-specific cell surface interactions and

is widely used in flow cytometry and microfluidic applications.49 Pluronic F-68 is a stabilizer

of cell membranes; it reduces potential for membrane shearing by enhancing mechanical

strength of the cell membrane with short-term exposure.50 It has been shown that hydrogen per-

oxide is produced when sugar-containing buffer is exposed to AC electric fields; the addition of

catalase to buffer allows hydrogen peroxide decomposition and reduces potential for cell dam-

age.48 These additives were used in the sample buffer to improve the device performance based

on their known beneficial effects on cells and ability to increase recovery by lowering non-

specific adhesion between cell to cell and cell to contact surfaces.

TABLE I. Intra-day and inter-day precision of the ApoStream device for the recovery of approximately 5000 SKOV3 and

500 MDA-MB-231 cells spiked into PBMCs from 7.5 ml of normal human donor blood.

Day

of run Replicate

% Cancer cell

recovery

Average %

cancer cell

recovery

Standard

deviation

Coefficient of

variation (%CV)

Intra-day precision

(SKOV3 cells)

Day 1 Sample 1 75.0 74.9 2.0 2.7

Sample 2 73.8

Sample 3 77.6

Sample 4 73.1

Inter-day precision

(SKOV3 cells)

Day 1 Sample 1 77.4 76.2

Sample 2 71.0

Sample 3 78.7

Sample 4 77.5

Day 2 Sample 5 75.0 74.9 0.7 0.9

Sample 6 73.8

Sample 7 77.6

Sample 8 73.1

Day 3 Sample 9 81.4 75.2

Sample 10 75.2

Sample 11 72.7

Sample 12 71.6

Intra-day precision

(MDA-MB-231 cells)

Day 1 Sample 1 69.1 70.0 0.9 1.2

Sample 2 70.8

Sample 3 70.0

Inter-day precision

(MDA-MB-231 cells)

Day 1 Sample 1 73.4 72.4 1.1 1.5

Day 2 Sample 2 72.6

Day 3 Sample 3 71.2
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D. Device performance and characterization

Cancer cell recovery performance was assessed via systematic precision and linearity spik-

ing studies with 2 different cancer cell lines. The intra-day and inter-day precision results for

the enrichment of SKOV3 and MDA-MB-231 cells are shown in Table I. The overall average

recovery of tumor cells spiked into approximately 12� 106 PBMCs (isolated from 7.5 ml nor-

mal human donor blood) was 75.4% 6 3.1% (n¼ 12) and 71.2% 6 1.6% (n¼ 6) for SKOV3

and MDA-MB-231 cells, respectively. Both the intra-day and inter-day precision of the device

were less than 3% CV and inter-system CV% was 0.1% (data not shown). The recovery effi-

ciencies are comparable to other DEP-based devices for cancer cell isolation. The efficiency of

ovarian cancer cell enrichment was 76% using circular microelectrodes.24 The recovery effi-

ciency of MCF-7 breast cancer cell line from normal breast cells was found to be maximum at

86.6% using dielectrophoresis-activated cell sorter.29 The separation efficiency of MCF-7 cells

from red blood cells (RBCs) and PBMCs was reported as 75.18% using multi-orifice flow frac-

tionation and DEP.28 Most of these DEP microfluidic chip based devices have lower cell

throughput compared to ApoStream.

Device linearity was demonstrated by spiking 4 to �2600 SKOV3 cells and 14 to �600

MDA-MB-231 cells into �12� 106 PBMCs obtained from 7.5 ml normal human donor blood

(Figure 5). The regression equations for linearity were y¼ 0.74��0.14 with a correlation coef-

ficient (R2) of 1.00 and y¼ 0.72��0.99 with R2 of 0.99 for SKOV3 and MDA-MB-231 cells,

respectively. The recovery performance of the device at lower spiking levels was demonstrated

by spiking low numbers of cancer cells into PBMCs and capturing cells with the ApoStream

FIG. 5. ApoStream device linearity for (a) SKOV3 and (b) MDA-MB-231 spiked cell recovery.

TABLE II. Cancer cell recovery from ApoStream device for low number of cancer cells spiked into PBMCs from 7.5 ml

of normal human donor blood.

Number of

spiked cancer

cells

Cancer cells

collected after

ApoStream
TM

% Cancer cell

recovery

Average %

cancer cell

recovery

SKOV3 cells 23 14 60.9

68.3

19 14 73.7

5 4 80.0

4 2 50.0

MDA-MB-231 cells 22 16 72.7

21 16 76.2

14 9 64.3
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system. The average cancer cell recovery at the lower spiking levels ranging from 4 to 23 cells

was 68.3% 6 10.4% as shown in Table II. The ApoStream system was able to enrich and col-

lect 2 cancer cells from as few as 4 cells spiked into PBMCs from 7.5 ml of normal donor

blood. The recovery precision and linearity data of the ApoStream device demonstrate consist-

ent cancer cell recovery performance for both high and low-EpCAM expressing cancer cell

types over a wide range of spiking levels.

The reduction in PBMCs after ApoStream separation was also analyzed. The average per-

centage reduction in PBMCs after ApoStream separation in the linearity and precision studies

reported above was 99.33% 6 0.56% (n¼ 41). These results compare favorably to other studies.

The enrichment factor was found to be only 16 fold for the separation of colorectal cancer cells

using DEP microfluidic chip.22 Another DEP based study showed white blood cell separation

FIG. 6. Images of cultured MDA-MB-231 cancer cells at day 2 and day 7: (a) and (b) control cells (no ApoStream separa-

tion); (c) and (d) cells captured with ApoStream; (e) ApoStream recovered MDA-MB-231 cancer cells show exponential

growth and no difference compared to control cells (no ApoStream separation).
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efficiency of only 94.23% for the isolation of breast cancer cells.28 To demonstrate capability

of achieving higher levels of purity with the ApoStream device, additional testing was per-

formed by processing samples through the ApoStream device twice (double enrichment). After

the first separation run, the collected sample was centrifuged at 1000 g for 5 min and resus-

pended in the sample buffer. The sample was then processed through the ApoStream device a

second time. After double enrichment, the average cancer cell recovery was reduced to a cumu-

lative 52% but the percentage reduction in PBMCs increased to as high as 99.99%. The data

demonstrated that the PBMC contamination can be reduced significantly through double enrich-

ment of the sample. In addition, the ApoStream device provides flexibility by allowing the user

to adjust operating parameters to tailor performance to either maximize recovery or maximize

purity. For example, by applying a lower operating frequency (further away from mean cross-

over frequencies of PBMCs) and lower collection flow rates, performance can be adjusted to

reduce the PBMC contamination even further.

E. Cell viability and culture after isolation using ApoStream

Following isolation and enrichment using the ApoStream device, MDA-MB-231 cancer

cells were cultured and propagated according to standard tissue culture methods (Figure 6). Try-

pan blue exclusion measurements indicated that cell viability was not affected by the Apo-

Stream device; cell viability was 97.6% following ApoStream separation and was maintained at

>97% during the 7 day culture period. Cells showed normal attachment and spreading over the

culture plate at day 2 (Figure 6(c)) and day 7 (Figure 6(d)) after ApoStream separation and

were comparable to the controls (Figures 6(a) and 6(b)). Comparable exponential growth was

observed (Figure 6(e)) for ApoStream isolated cells and control cells (no ApoStream isolation).

These results are consistent with previous findings indicating that exposure to low frequency

electric fields does not cause cell damage.51

V. CONCLUSION

We have designed and developed a continuous flow dielectrophoretic device for antibody

independent, high throughput isolation and recovery of viable cancer cells from blood. Perform-

ance characterization of the ApoStream device demonstrated precision and linearity in the re-

covery of both high and low EpCAM-expressing cancer cells. ApoStream has the potential to

isolate and recover viable cancer cells from all cancer types and enables molecular analysis of

the cancer cells. The isolation and recovery of cancer cells from blood using ApoStream repre-

sent a significant advancement in the field of CTCs enrichment and has been incorporated into

numerous ongoing clinical trial studies.
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