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Abstract

A unique flow field pattern in a bio-functional microchannel is utilized to significantly enhance the 

performance of a microsystem developed for selectively isolating circulating tumor cells from cell 

suspensions. For high performance of such systems, disposal of maximum non-target species is 

just as important as retention of maximum target species; unfortunately, most studies ignore or fail 

to report this aspect. Therefore, sensitivity and specificity are introduced as quantitative criteria to 

evaluate the system performance enabling a direct comparison among systems employing different 

techniques. The newly proposed fluidic scheme combines a slow flow field, for maximum target-

cell attachment, followed by a faster flow field, for maximum detachment of non-target cells. 

Suspensions of homogeneous or binary mixtures of circulating breast tumor cells, with varying 

relative concentrations, were driven through antibody-functionalized microchannels. Either 

EpCAM or cadherin-11 trans-membrane receptors were targeted to selectively capture target cells 

from the suspensions. Cadherin-11-expressing MDA-MB-231 cancer cells were used as target 

cells, while BT-20 cells were used as non-target cells as they do not express cadherin-11. The 

attachment and detachment of these two cell lines are characterized, and a two-step attachment/

detachment flow field pattern is implemented to enhance the system performance in capturing 

target cells from binary mixtures. While the system sensitivity remains high, above 0.95, the 

specificity increases from about 0.85 to 0.95 solely due to the second detachment step even for a 

1:1,000 relative concentration of the target cells.
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Utilizing two-step attachment/detachment flow rates, target cells are isolated from binary mixtures 

with high sensitivity and specificity in antibody-functionalized microchannels.

Introduction

The clinical significance of circulating tumor cells (CTCs) in metastatic breast cancer has 

been clearly demonstrated [1, 2]. The CTCs represents a potential alternative to invasive 

biopsies for monitoring of non-haematologic cancers [3]. The ability to characterize 

circulating tumor cells requires not only the separation of target cells from a complex cell 

mixture, but also the subsequent transport and manipulation of the isolated cells for further 

analysis. The isolation of the CTCs presents a formidable technical challenge because of 

their rareness in blood [4].

Microfluidic systems provide a unique opportunity for cell sorting and detection; they have 

been applied for continuous size-based separation, flow cytometry, and adhesion-based 

separation [5]. Requiring relatively simple equipment and providing superior observation 

capabilities, cell capture and adhesive rolling have been extensively studied using 

microfluidic devices [6, 7]. In particular, antibody-functionalized microchannels have been 

utilized for the isolation of cancer cells from either homogeneous or heterogeneous 

suspensions [3, 8]. In general, the methodology involves derivatization of channel surfaces 

with antibodies that are specific to the target cancer cells. The antibody Fc region is bound to 

a protein immobilized on a microchannel surface such that the binding sites, in the antibody 

Fab region, are oriented away from the surface [9, 10]. Cell suspension samples are then 

driven through the functionalized microchannels to capture target cells from the suspensions 

by the immobilized antibodies.

Epithelial cell adhesion molecule (EpCAM) is a trans-membrane protein expressed on most 

normal epithelial cells and functions as a calcium-independent cell adhesion molecule. It is 

also known to be highly expressed in the majority of human epithelial carcinomas, including 

colorectal, breast, prostate, head and neck, and hepatic carcinomas [11–18]. For this reason, 

EpCAM has attracted major attention as a target for monoclonal antibody-based 

immunotherapy to combat a spectrum of malignancies [19–21]. EpCAM has also been one 

of the most common target receptors for antibody based cancer cell isolation and detection 

from blood using microfluidic technology [8, 22, 23]. In a landmark study, utilizing anti-

EpCAM coated micro-posts, viable CTCs have selectively been separated from peripheral 

whole blood samples [8]. However, the suitability of EpCAM as a biomarker for detecting 
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CTCs has been questioned. Among concerns about its specificity, a recent study reported 

that EpCAM was not expressed in CTCs of 45% of patients with metastatic breast cancer 

disease [24].

Another class of trans-membrane proteins, cadherins, may provide a better alternative as 

bio-markers for CTCs. These calcium-dependent molecules, that function in the sorting and 

organization of cells during embryonic organogenesis [25], play important roles in cell 

adhesion ensuring that cells within tissues are bound together [26–28]. Targeting cadherins 

could be advantageous since only a small subpopulation of cells in blood expresses them on 

their surface. Red blood cells and most white blood cells constitute the majority of cells in 

blood; they all lack cadherins. Furthermore, cadherins mediate homotypic cell-cell adhesion 

through specific protein:protein interactions of extracellular domains [29]; one cadherin 

subtype only interacts with an identical counter receptor. Therefore, members of the 

cadherin family have been proposed as target receptors to isolate CTCs from blood samples 

[26–30].

The adhesive force between a cell and a surface is an integral contribution of the nonspecific 

forces (such as van der Waals, electrostatic, and steric stabilization) and the specific binding 

of cell-receptors to surface-ligands [31]. Several studies on cell attachment and detachment 

have provided useful data on receptor-mediated adhesion kinetics. The high-affinity, highly 

specific receptor-ligand binding is of considerable importance in medicine and 

biotechnology. The adhesion of cells to surfaces under fluid flow represents a balance 

between physical and chemical forces. The chemical binding force, delivered by the 

receptor-ligand pairs, balances the hydrodynamic forces on the cell. The adhesion force is 

derived from the number and strength of bonds between the cell and the surface depending 

on the properties of the particular molecules involved. The number of active bonds 

contributing to the resulting adhesion force depends on both cell receptor and surface ligand 

densities. Different functional properties of molecules give rise to different dynamic states of 

adhesion [32]. Under hydrodynamic loading, several adhesion modes have been observed: 

firm adhesion, transient tethering, and rolling at reduced velocity [33–36]. The high 

specificity of receptor-ligand binding provides an extremely sensitive means for cell 

manipulation, cell selection and cell-based diagnostics.

In a previous work, we investigated the kinematics and dynamics of specifically captured 

circulating tumor cells in bio-functional microchannels resulting from the balance between 

the receptor-ligand association/dissociation rates and the induced hydrodynamic motion [37, 

38]. Cell detachment following capture was found to depend on both flow rate and 

acceleration [9]. We also reported initial results for selective capture of target cells from 

mixtures and introduced quantitative performance criteria [39, 40]. These microfluidic 

channels are designed such as to ensure the interaction of each individual target cell with the 

functionalized surface, due to cell sedimentation, leading to its capture. Furthermore, it is 

very convenient to finely control the applied hydrodynamic loadings required for attachment 

or detachment of target and non-target cells. In this work, we characterize the attachment 

and detachment of two breast cancer cell lines in antibody-functionalized microchannels, 

and a particular flow pattern is proposed to significantly enhance the system performance in 

specifically isolating target cells. The proposed microfluidic channels can easily be 
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integrated with other electrical, optical or bio-chemical components in a complete lab-on-a-

chip concept for various applications.

Experimental section

Microfluidic device fabrication

Microfluidic devices were fabricated using standard microfabrication technology [37]. A 

microchannel mold was constructed using a <100> silicon wafer. A 0.3μm-thick oxide layer 

was thermally grown and patterned to serve as a mask for tetramethylammonium hydroxide 

(TMAH) wet etch of silicon at 75°C. The oxide layer was stripped in buffered oxide etch 

(BOE), and the wafer was washed in de-ionized (DI) water and dried using nitrogen to 

complete the mold construction. Polydimethylsiloxane (PDMS) mixture with a 10:1 base-to-

agent was poured on the mold, de-gassed and cured at 100°C for 1 hour. The cured PDMS 

replicas contain a microchannel 100μm in height, 1mm in width, and 30mm in length. Holes 

about 1-mm in diameter were drilled through the PDMS substrate at each end of the channel 

and at 5mm downstream from the inlet to serve as inlet/outlet. The PDMS microchannel was 

finally bonded onto an oxidized silicon wafer after the bonding surfaces were exposed to 

oxygen-plasma treatment. A photograph of a fabricated and packaged device is shown in 

Electronic Supplementary Information.

The fabricated microchannel was next functionalized following a standard protocol [37]. 

The surface hydroxyl groups were silanated in 1% (vol/vol) 3-aminopropyltriethoxysilane 

(APTES from Sigma)-acetone solution for 30 minutes under gentle vibration at room 

temperature. The surface was next activated with 2% (vol/vol) glutaraldehyde (Sigma) in 

1×CMF-PBS for 2 hours at room temperature. After flushing the microchannel with 

1×CMF-PBS, recombinant protein G from E. coli (Zymed Lab Inc.), at a concentration of 

50μg/ml in 1×CMF-PBS, was incubated on the activated surface overnight at 4°C. The 

channel surface was then incubated with bovine serum albumin solution (BSA from Sigma, 

2mg/ml in 1×CMF-PBS), for 1 hour at room temperature to block the excessive silanol sites. 

Finally, either EpCAM antibodies (MAB9601 Clone 158206, from R&D Systems, 

100μg/ml) or cadherin-11 antibodies (goat IgG, AF 1790, from R&D Systems, 100μg/ml) 

were immobilized on the protein G layer for 1 hour.

Cell culture

Two breast cancer cell lines MDA-MB-231 and BT-20 were utilized in this study. MDA-

MB-231 cells, expressing both EpCAM and cadherin-11 among other receptors, were grown 

in RPMI 1640 buffer containing L-glutamine (Cellgro) with 10% fetal bovine serum (FBS, 

Cellgro) and 1% penicillin-streptomycin (Invitrogen). BT-20 cells, expressing EpCAM but 

not cadherin-11 receptors, were grown in Eagle’s Minimum Essential Medium (EMEM 

from ATCC) with 10% FBS and 1% penicillin-streptomycin. The cell lines were maintained 

in humid environment at 37°C and 5% CO2. Prior to each experiment, the cells were 

harvested using 4-mM Ethylenediaminetetraacetic acid (EDTA) and suspended in 1×CMF-

PBS. The average diameter of suspended MDA-MB-231 and BT-20 cells is about the same, 

19±2μm, as measured under a microscope. Therefore, to identify each cell type in the 

binary-mixture experiments, the cells were incubated with 4.5μM of CellTracker reagent 
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(diluted by 1×DPBS, Dulbecco’s PBS) for 30 minutes to label the cells fluorescently before 

the EDTA harvesting. The MDA-MB-231 cells were labeled with CellTracker™ Green 

CMFDA (5-chloromethylfluorescein diacetate, Invigtogen C7025), and the BT-20 cells were 

labeled with CellTracker™ Orange CMRA (Invitrogen C34551). In the current work, target 

cells were isolated from a buffer suspension; while experiments with serum yielded similar 

results, experiments with whole blood are still underway. It seems that the microchannels 

function properly in the presence of white and red blood cells, and the main technical 

challenge is due to the platelets.

Experimental set-up

Two slightly different setups were utilized in the experiments for the investigation of: (i) 

attachment of cells from flowing either homogeneous or binary mixtures of cell suspensions 

driven through antibody-functionalized microchannels, and (ii) detachment of the captured 

cells due to hydrodynamic loading. A detailed description of both set-ups is provided in 

Electronic Supplementary Information. All experiments were conducted and monitored 

using a probe station (Signatone S-1160) equipped with a microscope (Motic Microscope 

PSM-1000), a CCD camera and a DVD recorder (Panasonic DMR-E85H). The cell 

sedimentation time and distance in the microchannel facilitating video recording of the all 

loaded cells is discussed in Electronic Supplementary Information.

Results and Discussion

Cell capture from homogeneous suspensions

Homogeneous suspensions of MDA-MB-231 and BT-20 cells were driven through 

microchannels functionalized with either EpCAM or cadherin-11 antibodies, at room 

temperature, to characterize the cell capture efficiency under shear flow. The ratio between 

the number of attached cells, NA and the total number of loaded cells, N0, is defined as 

attachment rate αA≡NA/N0; this cell attachment rate is plotted in Figure 1 as a function of 

the applied flow rate. In the anti-EpCAM functionalized microchannels, Figure 1a, the 

curves for both MDA-MB-231 and BT-20 cells approach zero with increasing flow rate, and 

approach unity as the applied flow rate approaches zero. Hence, all loaded cells can be 

captured if the applied flow rate is sufficiently low (in this case, lower than 0.5μl/min). 

However, the two curves are not identical; under the same applied flow rate in the transition 

regime, the attachment rate of BT-20 is much higher than that of MDA-MB-231 cells. To 

quantify the difference between the capture efficiency of the two cell lines, the continuous 

decrease in cell attachment rate from unity to zero with increasing flow rate is fitted by the 

following exponential formula [37]:

αA ≡
NA
N0

= exp − Q/QC
b (1)

where QC is a characteristic flow rate under which about one third of the loaded cells are 

captured, i.e. αA=1/e, and b is the exponent controlling the functional slope. This formula is 

appealing since it features a smooth transition between the upper and lower bounds of the 
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attachment rate, 1 and 0, with increasing flow rate. Fitting calculations based on Equation 1 

to the experimental data yields QC=1.4μl/min and 2.5μl/min with b=5.7 and 7.0 for the 

MDA-MB-231 and BT-20 cells, respectively. Thus, in order to capture a similar fraction of 

cells, the flow rate applied for MDA-MB-231 has to be much smaller than that applied for 

BT-20 cells. The microchannels were functionalized following an identical protocol 

targeting the same trans-membrane EpCAM receptors in both cases. Therefore, the ligand 

density of immobilized EpCAM antibodies and the ligand-receptor bond strength are 

expected to be about the same. However, the expression level of EpCAM receptors in these 

two cell lines is not the same; on the average, a BT-20 cell has about 139,500 while a MDA-

MB-231 cell has only 1,700 EpCAM receptors per cell [41]. This two-orders-of-magnitude 

difference in the target receptor expression level is consistent with the attachment rate 

results. The higher EpCAM receptor density on the BT-20 cell membrane allows formation 

of more ligand-receptor bonds per unit time under the same flow rate. Consequently, the 

total binding strength of BT-20 cells is higher resulting in a higher attachment rate in 

comparison to the MDA-MB-231.

The attachment results of the two cell lines in anti-cadherin-11-functionalized 

microchannels are shown in Figure 1b. Under a flow rate equal to or less than 0.5μl/min, the 

attachment rate of MDA-MB-231 cells is again αA=1; however, the attachment rate of 

BT-20 is less than 0.1 even under the lowest tested flow rate of 0.3μl/min. Note that 

Equation 1 is multiplied by a factor of 0.11 to fit the maximum attachment rate of BT-20 

cells. The cadherin-11 receptor is not expressed in BT-20 cells [42], while its expression 

level in MDA-MB-231 cells is medium [30]. The weak non-specific binding force between 

BT-20 cells and an anti-cadherin-11 functionalized surface is the results of the van der Waals 

forces, electrostatic forces, and steric stabilization [31]. On the other hand, the strong 

adhesive force between the MDA-MB-231 cells and the anti-cadherin-11 functionalized 

surface is mainly due to the specific receptor-ligand binding. The attachment kinetics of cell 

capture in antibody-functionalized microchannels is analyzed in Electronic Supplementary 

Information. The specific binding of MDA-MB-231 cells is found to feature a smaller 

median distance and standard deviation indicating an interaction with much higher affinity 

and less randomness compared with the non-specific binding of BT-20 cells.

Target cell capture from binary mixtures

The difference in attachment rates between specific and non-specific cell binding can be 

used as a tool for highly selective isolation of target cells from cell mixtures. This concept is 

explored in the selective capture of target MDA-MB-231 cells from MDA-MB-231/BT-20 

binary cell mixtures flowing in anti-cadherin-11 functionalized microchannels. The flow rate 

has been chosen at 0.5μl/min as marked in Figure 1b. This rate is low enough to allow 

attachment of almost all target cells; yet, it is still high enough to complete the passage of 

the entire sample through the microchannel within relatively short time (about 40 minutes). 

Since the capture efficiency of target cells could depend on the target cell concentration 

relative to non-target cell concentration, cell mixtures varying in concentration ratio from 

1:1 to 1:1,000 were tested. It is impossible to distinguish between the two cell species under 

an optical microscope since they are about the same in size and shape. Therefore, MDA-

MB-231 cells were tagged with green-fluorescent labels and BT-20 cells with orange-
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fluorescent labels to enable visual tracking of individual target and non-target cells under a 

fluorescent microscope. Fluorescent images of the 1:1,000 MDA-MB-231:BT-20 cell 

suspension, prior to loading, and after cell attachment are shown in Figure 2. While 

practically all the green-labeled target MDA-MB-231 cells were captured, most but not all 

the orange-labeled non-target BT-20 cells avoided capture; this means that, qualitatively, 

quite a few of the non-target cells were captured due to non-specific binding.

Clearly, to facilitate a comparison between different systems, quantitative criteria are needed 

to measure the system performance in isolating target cells. Signal detection theory concepts 

developed for binary systems are particularly suitable here, where sensitivity and specificity 

are well-defined statistical measures for the system performance of a binary classification 

test [43]; sensitivity measures the proportion of actual positives correctly identified and 

specificity measures the proportion of negatives correctly identified. The cell labeling and 

detection techniques allow direct counting of captured target (TP) and non-target cells (FP) 

and, knowing the number of loaded cells of each species, calculation of escaped target (FN) 

and non-target cells (TN). The system sensitivity, SN, and specificity, SP, are accordingly 

defined as [39]:

SN = TP/ TP + FN (2a)

and

SP = TN / TN + FP (2b)

Both the sensitivity and the specificity are calculated for the anti-cadherin-11 functionalized 

microchannel performance in isolating target MDA-MB-231 cells from binary mixtures with 

non-target BT-20 cells. The results are plotted in Figure 3 as a function of the MDA-

MB-231:BT-20 cell concentration ratio in the tested mixtures. The current microsystem 

features high sensitivity, above 0.95, and high specificity, about 0.85; however, the number 

of captured non-target cells (false positives) is still an order of magnitude larger than the 

number of captured target cells (true positives) for the lowest concentration ratio of 1:1000. 

In realistic blood sample from patients the relative concentration of target cells is in fact 

expected to be much lower; therefore, there is a critical need to significantly enhance the 

system specificity, i.e. substantially decrease the number of false positives. A potential 

approach to improve the microsystem performance involves the exploitation of the 

difference in detachment characteristics between target and non-target cells.

Detachment of cells captured from homogeneous suspensions

The detachment of target cells captured in antibody-functionalized microchannels has been 

reported to depend on both flow rate and flow acceleration [9]. Furthermore, a lower bound 

for ‘step-like’ and upper bound for ‘quasi-steady’ flow acceleration have been identified; 

increasing or decreasing the acceleration beyond these two limits results in a cell detachment 

dependent only on the flow rate but not on the flow acceleration. Cell detachment 
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experiments were performed after the capture of NA bound cells from homogeneous 

suspensions following thorough washing of the microchannel to remove loose cells. The 

captured cells were exposed to a desired steady-state flow rate, Q, established under the 

‘quasi-steady’ acceleration limit of dQ/dt=0.2ml/min2. The number of detached cells ND 

was determined by counting the number of cells retained in the channel at the end of each 

detachment experiment; this allowed the evaluation of the detachment rate defined as 

αD≡ND/NA. Detachment rate of captured MDA-MB-231 and BT-20 cells in microchannels 

functionalized with EpCAM or cadherin-11 antibodies are summarized in Figures 4a & 4b 

respectively. In all experiments, all captured cells remain attached (αD=0) or detached 

(αD=1) under sufficiently low or high flow rate. The detachment rate increases gradually 

from 0 to 1 under intermediate flow rate, and can be described by the following lognormal 

statistical model [9]:

αD ≡
ND
NA

= 1
2 + 1

2er f
ln Q/Qa

σD 2 (3)

where Qa is the flow rate required for detachment of half of the captured cells, and σD is the 

standard deviation accounting for the non-uniformity in cell-surface and cell-flow 

interactions. The parameters for the best-fit of the empirical formula to the experimental data 

for the anti-EpCAM channel are Qa=0.4ml/min and 0.6ml/min with σD=1.1 and 0.9 for 

MDA-MB-231 and BT-20 cell, respectively; in ani-cadherin-11 channel, the best-fit 

parameters are Qa=0.7ml/min and 0.1ml/min with σD=0.9 and 2.3 for MDA-MB-231 and 

BT-20 cells, respectively.

In anti-EpCAM functionalized microchannels, the detachment rate of captured MDA-

MB-231 cells is higher than that of BT-20 cells as shown in Figure 4a. The difference in 

detachment rates suggests that the adhesion force of BT-20 cells to an anti-EpCAM 

functionalized surface is higher. Indeed, this is consistent with the higher expression level of 

EpCAM receptors in the BT-20 cells leading to more ligand-receptor bonds per cell. The 

detachment rate of MDB-MB-231 cells is only slightly lower, however, since the expression 

level of EpCAM receptors is medium but not negligible. Consequently, cell detachment in 

anti-EpCAM functionalized microchannels does not provide a promising tool for selective 

isolation of target cells. In contrast, in anti-cadherin-11 functionalized microchannels, the 

detachment rates of the two cell lines vary significantly as shown in Figure 4b. For example, 

under the static flow rate of 0.3ml/min, about 80% of the captured BT-20 cells were 

removed out of the channel while all the captured MDA-MB-231 cells were practically 

unaffected by the relatively low hydrodynamic loading. The high detachment rate of BT-20 

cells is clearly due to their non-specific binding to an anti-cadherin-11 functionalized surface 

since BT-20 cells do not express cadherin-11 receptors. This significantly disparate 

detachment rates between MDA-MB-231 and BT-20 cells can be used as a tool to selectively 

retain target cells while removing non-target cells.
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Improved system performance due to selective cell detachment

Selective attachment of target cells from binary mixtures in functionalized microchannels 

resulted in high specificity, about 85%, which could be acceptable in some applications. 

However, in many applications where the relative target-cell concentration is very low, this 

specificity level means that the captured non-target cell population could out-number the 

captured target cell population by several folds. The disparity between specific and non-

specific binding strength, revealed in the detachment experiments, presents an opportunity to 

enhance the microfluidic system specificity in isolating target cells. The idea is to follow a 

selective target cell attachment step with a selective non-target cell detachment step. To 

demonstrate this concept, a 1:1,000 MDA-MB-231:BT-20 binary cell mixture was tested in 

an anti-cadherin-11 functionalized microchannel. In the first step, the cell suspension was 

driven through the channel under an attachment flow rate of Q=0.5μl/min. After channel 

washing at a flow rate of 3μl/min to remove loose cells, fluorescent images of the green-

labeled MDA-MB-231 and orange-labeled BT-20 cells were recorded spanning the entire 

microchannel. The images, an example is shown in Figure 5a, were then utilized to count the 

number of captured target MDA-MB-231 and non-target BT-20 cells along the entire 

channel. In the second step, the flow rate was increased to Q=0.3ml/min at a ‘quasi-steady’ 

acceleration rate of dQ/dt=0.2ml/min2; the flow rate was kept constant at this level for 5min 

to selectively detach non-target cells. A new set of fluorescent images was recorded to allow 

counting the number of retained target and non-target cells following the attachment/

detachment two-step process; an example image is shown in Figure 5b. A comparison 

between the two example images clearly indicates that far less orange-labeled non-target 

BT-20 cells are retained due to the additional detachment step.

The calculated sensitivity and specificity before and after the second selective detachment 

step are shown in Figure 6. While the sensitivity remains very high, above 0.95, the 

specificity increased from about 0.85 to 0.95 solely due to the detachment of non-

specifically bound non-target cells. This system specificity enhancement means a reduction 

of about one order of magnitude in the number of false positives, which is critical in clinical 

and research applications.

Conclusions

Microchannels functionalized with either EpCAM or cadherin-11 antibodies have been used 

to study the attachment and detachment characteristics of MDA-MB-231 and BT-20 cell 

lines from homogeneous and binary mixtures of cell suspensions. In the anti-EpCAM 

functionalized microchannels, the attachment rate of both homogeneous cell suspensions 

approaches 1.0 under sufficiently low flow rate. Furthermore, under intermediate flow rates, 

the attachment rate of the BT-20 cells is higher and the detachment rate is lower than the 

rates of MDA-MB-231 cells. The results are consistent with high and medium expression 

level of EpCAM receptors in BT-20 and MDA-MB-231 cells respectively. In anti-

cadherin-11 functionalized microchannels, the BT-20 attachment rate is much lower and the 

detachment rate is much higher than the MDA-MB-231 rates because BT-20 cells do not 

express cadherin-11 receptors. Therefore, binary mixtures of target MDA-MB-231 cells and 

non-target BT-20 cells have been tested in anti-cadherin-11 functionalized microchannels. 
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The microfluidic system sensitivity and specificity in selectively isolating target MDA-

MB-231 cells from binary mixtures has been characterized quantitatively. The system 

sensitivity is very high, above 0.95, while the specificity is only moderately high, about 0.85, 

essentially independent of the relative concentration of the target and non-target cells in the 

binary mixture. This specificity value indicates a relatively high level of false positives in 

suspensions with very low target cell concentrations rendering the microfluidic system 

ineffective for practical applications. As a remedy, a proposed attachment/detachment flow 

field pattern is proposed to enhance the system specificity. Utilizing this flow pattern with a 

1:1,000 MDA-MB-231:BT-20 binary cell mixture, the microfluidic system specificity in 

capturing only target MDA-MB-231 cells increased to about 0.95 while the sensitivity 

remained above 0.95. This high-performance microsystem can be attractive even for clinical 

applications such as detection of CTCs in blood samples of cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Attachment rates of cells from homogeneous suspensions as a function of the applied flow 

rate in microchannels functionalized with: (a) EpCAM; QC=1.4 and 2.5μl/min with b=5.7 

and 7.0 for MDA-MB-231 and BT-20 cells, respectively, and (b) cadherin-11 antibodies; 

QC=1.0 and 0.6μl/min with b=5.7 and 11 for MDA-MB-231 and BT-20 cells, respectively, 

while Equation 1 is multiplied by a factor of 0.11 to fit the maximum attachment rate of 

BT-20 cells.
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Fig. 2. 
Example fluorescent images of 1:1,000 MDA-MB-231:BT-20 cell mixture: (a) in suspension 

prior to loading, and (b) attached cell population after capture in an anti-cadherin-11 

functionalized microchannel under a 0.5μl/min flow rate. MDA-MB-231 cells are green 

labeled and BT-20 cells are labeled in orange.
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Fig. 3. 
Measured sensitivity and specificity of the microfluidic system in isolating MDA-MB-231 

cells from binary mixtures with BT-20 cells, in anti-cadherin-11 functionalized 

microchannels under a 0.5μl/min flow rate, as a function of the cell concentration ratio.
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Fig. 4. 
Detachment rates of MDA-MB-231 and BT-20 cells as a function of the steady-state flow 

rate, under 0.2ml/min2 flow acceleration, in microchannels functionalized with: (a) EpCAM, 

and (b) cadherin-11 antibodies; the vertical line indicates detachment rates of MDA-MB-231 

and BT-20 to be αD=0.05 and 0.8, respectively, under a 0.3ml/min flow rate.

Zheng et al. Page 16

Lab Chip. Author manuscript; available in PMC 2019 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Example fluorescent images of the cell population captured from a 1:1,000 MDA-

MB-231:BT-20 cell mixture driven through an anti-cadherin-11 functionalized microchannel 

at a 0.5μl/min flow rate: (a) before, and (b) after an additional detachment step under a 

0.3ml/min flow rate obtained at 0.2ml/min2 flow acceleration. MDA-MB-231 cells are green 

labeled and BT-20 cells are labeled in orange. [Note: the two images are not taken at the 

same channel location.]
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Fig. 6. 
Measured sensitivity and specificity of the microfluidic system in isolating MDA-MB-231 

cells from a 1:1,000 MDA-MB-231: BT-20 cell mixture, in anti-cadherin-11 functionalized 

microchannels, comparison between before and after an additional detachment step under a 

0.3ml/min flow rate obtained at 0.2ml/min2 flow acceleration.
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