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Abstract Circulating tumor cells (CTCs), which are

derived from primary tumor and circulate to secondary site,

are regarded as the cause of metastasis. Many methods

have been applied for CTC isolation and enumeration so

far. However, it remains a challenge to effectively elute the

captured cells from the device for further cellular and

biomolecular analyses. In this paper, we fabricate a dual-

functional herringbone chip to achieve both CTC capture

and elution based on the immunoassay of epithelial cell

adhesion molecule antigen expressed on the surface of

human liver cancer cell line Hep3B. The results show that

the capture limit of Hep3B cells can reach as low as 3 cells

per ml with capture efficiency over 50 % on average. On

the other hand, the elution rate of more than 50 % of the

captured Hep3B cells can be achieved for cell density

ranging from 5 to 2 9 103/ml. It demonstrates that this

herringbone chip exhibits excellent dual functions with

high capture efficiency and considerable elution rate,

indicating its promising capability for clinical assay in

cancer diagnosis.
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1 Introduction

Circulating tumor cells are derived from primary tumor site

and transported to distant organs through circulatory blood

system, which is known to cause metastatic cancer (Zetter

1998). The characterization of the CTCs is critical to

evaluate the treatment efficacy and monitor disease pro-

gression due to the fact that the number of the CTCs in

peripheral blood is proportionally correlated to the extent

of metastases (Hsieh et al. 2006; Kim and Jung 2010; Stott

et al. 2010a, b; Hou et al. 2012). The isolation and enu-

meration of CTCs is highly challenging, however, due to

the extremely low cell density, normally 1–10 CTCs per ml

of blood in cancer patients (den Toonder 2011). The

devices based on microfluidic technique have many

advantages, such as tiny sample volume, high throughput,

fast processing, and multifunctional detection, which pro-

vides the opportunity for rapid and efficient CTC detection

and characterization for point-of-care applications (van de

Stolpe et al. 2011). The large surface-to-volume ratio of the

microdevices further facilitates reliable cell capturing using

complex microfluidic patterning. Cell-affinity chromatog-

raphy (Nagrath et al. 2007; Stott et al. 2010a, b), immu-

nomagnetic cell capture (Hoshino et al. 2011; Kang et al.

2012), size-based cell capture (Hur et al. 2011; Zheng et al.

2011), and dielectrophoretic (DEP) (Becker et al. 1995)

methods have been commonly applied for CTC detection

and isolation.

In 2010, an enhanced microfluidic mixing device was

developed using a unique herringbone structure, which

increased the interaction between the modified chip surface

and the target human prostate cancer cells (PC3) based on

cell-affinity chromatography (Stott et al. 2010a, b). This 3D

herringbone design significantly enhanced the mixing

within each groove and facilitated cancer cell capture. For
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CTC concentration of 1,000/ml, they reported capture rates

that ranged from 40 % under higher flow rate (0.48 ml/h)

to 80 % under lower flow rate (0.12 ml/h). As a clinical

trial using their device, CTCs were detected in 14 among

the 15 patients who have prostate cancer at metastatic stage

(386 ± 238 CTCs/ml). Although these devices have been

applied for efficient CTC capture and enumeration, most of

them can only realize the major function solely for cell

capture. However, the bound CTCs usually cannot be

reversibly released after capture due to the strong interac-

tion between antigen and antibody. For clinical application,

there exists an urgent need for harvesting the captured

CTCs for further analyses, such as enzyme-linked immu-

nosorbent assay (ELISA), polymerase chain reaction

(PCR), cytometric, and electrochemical techniques (Arya

et al. 2013), which cannot be easily achieved in situ. These

cellular and biomolecular characterizations of CTCs are

essential for confirmation and in-depth understanding of

the metastasis process, based on which medical diagnosis

and treatment can be made to suppress the progression of

tumor disease (Kim et al. 2009; Sieuwerts and Jeffery

2012). For this purpose, several common methodologies as

mentioned above have shown some potential for on-chip

cell elution and harvesting. For instance, the dielectroph-

oretic separation method can purify and elute the captured

CTCs by simply adjusting the applied electric field (Becker

et al. 1995). However, this electrical method usually suffers

from many negative effects on the cell physiology due to

the imposed membrane stress, Joule heating, and thermal

decomposition (Voldman 2006; Kang and Li 2009). As

another example, the immunomagnetic CTC detection

method assisted by anti-EpCAM-coated nanoparticles can

realize cell elution and harvesting by removing the mag-

netic field (Hoshino et al. 2011; Kang et al. 2012). None-

theless, there is no report on how these conjugated

nanoparticles would affect the cell physiology and sub-

sequent molecular analysis, neither on how to remove the

magnetic particles from the cell membrane after elution.

Therefore, a dual-functional chip is desired to enable

the cell elution successively after capturing CTCs. In this

paper, for the first time, a dual-functional herringbone

chip is developed for Hep3B cell capture and elution.

Hep3B is a typical hepatocellular carcinoma cell line and

its number density in patients’ blood is essential for

determining hepatocellular carcinoma metastasis stage.

The herringbone chip was fabricated by using PDMS

elastomer, and the surface of the inner channel wall was

modified with anti-EpCAM based on a previous report

(Stott et al. 2010a, b). Subsequently, Hep3B cells were

spiked into PBS and whole blood, respectively, before

being introduced into the microchip by a syringe pump.

The capture rate was calculated by using the fluorescent

microscopy after immunoreaction. D-biotin was then

introduced into the microchannel to displace the site of

biotinylated anti-EpCAM conjugation, followed by the

elution of unbound cells from the device (Hirsch et al.

2002). In this paper, we found that the capture rate for

CTCs spiked into whole blood at the density of 2,000/ml

and 400/ml could reach 53 % for perfusion rate of 1 ml/h,

which is comparable to that obtained in the previous work

(Stott et al. 2010a, b). In addition, we also investigated the

CTC capture capability of this device under a wide

dynamic range of the cell number density in the sample.

In particular, we achieved acceptable capture rates for

extremely low CTC concentrations of 100/ml, 40/ml, and

3/ml, respectively, which are much more clinically rele-

vant cell densities for early diagnosis of cancer and have

not been reported by the previous literature. More

importantly, we have studied the elution rates under dif-

ferent CTC concentrations. The elution function based on

the D-biotin-assisted competitive inhibition is a unique

feature of this approach, and there is no previous report of

similar study on CTC elution so far. The present CTC

chip can achieve over 50 % for both capture rate and

elution rate, demonstrating its potential applications in

clinical assay for cancer diagnostics.

2 Experimental methods

2.1 Design of the herringbone chip

The chip is composed of one common inlet, one common

outlet, and eight herringbone structure channels. The height

of the herringbone structures is 45 lm; height of channel

space below herringbone structure is 50 lm; and the width

of chevron pattern is 50 lm. Gap between the neighbor

herringbones is 50 lm. The angle between the herringbone

and the channel longitudinal axis is 45�. The herringbone

grooves are patterned in alternate permutation to induce

chaotic mixing and increase the total surface area to

enhance rare cell capture from the sample. The mold was

fabricated on a silicon wafer and the chip design is shown

in Fig. 1.

2.2 Chip fabrication

SU-8-negative photoresist was patterned on the silicon

wafer to create a 3D mold including negative herringbone

structure and flow channel using photolithography. PDMS

microchannels are fabricated by rapid prototyping using

the above-mentioned mold with elastomer base and elas-

tomer curing agent mixed at the ratio of 10:1 (Ng et al.

2002). The final chip was integrated by bonding the PDMS

slice and a 100 9 300 glass slide together after plasma

treatment.
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2.3 Channel surface modification with anti-EpCAM

The microchannels were treated with 4 % (v/v) 3-MPTS

(3-mercaptopropyl trimethoxysilane) in ethanol at room

temperature immediately after chip fabrication. The chip

was washed with ethanol thoroughly, followed by incuba-

tion with 10 mM GMBS (N-y-maleimidobutyryloxy suc-

cinimide ester) for 30 min in ambient environment. The

chip was eluted with PBS (pH = 7.4) thoroughly and then

treated with 10 lg/ml NeutrAvidin biotin-binding protein

in PBS for 30 min at room temperature. Subsequently, the

chip was incubated with 20 lg/ml biotinylated antihuman

EpCAM (with 1 % BSA) for 30 min at room temperature.

Then, the chip was washed with PBS thoroughly and ready

for use. The procedure on immobilization of anti-EpCAM

is shown in Fig. 2.

2.4 Hep3B CTC capture test

The setup includes three components: a syringe pump unit,

a microchip core unit, and a waste collection unit. The

number density of Hep3B cells was counted with a

hemocytometer and stained with fluorescent dye CFDA-

SE, and spiked into 1 ml of PBS or whole blood from

healthy donors. Then, the sample was introduced into the

prepared microchip at a flow rate of 1 ml/h precisely con-

trolled by a syringe pump for 1 h, followed by rinsing with

PBS buffer (pH = 7.4) at a flow rate of 4 ml/h to remove

Fig. 1 Schematic design of the

microfluidic chip with three-

dimensional geometry of the

herringbone channels and their

dimensions in horizontal and

vertical cross-sections

Fig. 2 Procedure of antibody

immobilization on PDMS

surface
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the unbound Hep3B cells and other blood cells from the

chip. The number of captured cells was counted under a

fluorescent microscope and capture rate was calculated

accordingly. The overall process is illustrated in Fig. 3.

2.5 Hep3B CTC elution test

For elution test, 10 mM of D-biotin was introduced into the

microchannels to block the binding sites of EpCAM anti-

body. After incubation for 30 min, the chip was washed

with PBS manually for three times by simply using a

pipette to remove the released Hep3B cells. The elution

rate is calculated based on the ratio between the total

number of the bound cells after and before the elution.

3 Results and discussion

3.1 Chip fabrication and flow simulation studies

Since it is very challenging to directly measure the flow

velocity inside the microchip, a finite element-based

numerical simulation was conducted to estimate and

characterize the flow condition by using COMSOL Mul-

tiphysics 4.2a (COMSOL, CA, USA). The detailed

numerical model and the boundary conditions for the

simulation were defined as follows.

Since the flow is pressure driven only, the steady-state

Navier–Stokes equation for incompressible flow is shown

as:

qðu~ � ru~Þ ¼ �rpþ gr2u~ ð1Þ

Continuity equation:

ru~¼ 0 ð2Þ

Boundary conditions:

Channel walls: u~¼ 0; n~ � rp ¼ 0 ð3aÞ
Inlet: v ¼ 76 lm=s ð3bÞ
Outlet: p ¼ 0 ð3cÞ

where u~ is flow velocity; p is the pressure; g is the fluid

viscosity; q is the fluid density.

One typical section of the microchannel with 2-mm-long

herringbone structure (Fig. 4a) was simulated for discrete

streamlines (Fig. 4b) and flow velocity (Fig. 4c). The

inflow velocity was set as 76 lm/s (corresponding to the

actual perfusion rate of 1 ml/h). From the simulation

results in Fig. 4b, c, a very unique flow pattern can be

observed that the herringbone structures on the channel

ceiling split part of the main channel flow into the grooves

periodically and recombine them with main flow at the end

of the herringbone structure. Thus, the cell-laden flow has a

much larger interface area with the antibody-functionalized

groove wall, where the average flow speed is 17 lm/s

compared to that of 118 lm/s in the main channel as shown

in Fig. 4c. The flow inside the herringbone grooves is much

slower than the main channel flow, which is highly

favorable for the immunological interaction between the

CTCs and the antibody-functionalized channel wall. In

addition, from the 3D streamlines in Fig. 4, the groove flow

direction has been deviated by 45� compared to the main

channel flow, which effectively increases the total flow

distance in the herringbone structure. The combination of

these three features, such as flow splitting for large inter-

face area, slower groove flow, and longer flow distance,

significantly contributes to the enhanced immunoreaction

between the cell surface ligand and the immobilized anti-

body and thus the tumor cell binding in the herringbone

structure. Therefore, this herringbone chip is inherently

much more advantageous than other chip designs with bare

straight channels, leading to a much higher capture rate of

the CTCs.

However, the elution of CTCs is mainly dependent on

the diffusion of biotin and the competitive surface reaction

between the biotin and the antibody to block the binding

sites for CTCs. The above three flow features that enhance

cell capture do not contribute to promoting the diffusion of

biotin or its surface reaction. Biotin is water-soluble

organic compound with molecular weight of about 244,

which is much smaller than biological cells such as CTCs.

Fig. 3 Illustration of CTC capture process
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Therefore, the diffusion rate of biotin molecules is much

greater than that of biological cells, which implies that the

limiting factor for enhancing the competitive surface

reaction is the surface area. Meanwhile, the herringbone

chip is characterized by a large number of microgrooves,

which effectively increases the total surface area for the

reaction between dissolved biotin and the immobilized

antibody on the channel wall. After introducing the biotin

as a competitor to active cell binding sites, the captured

cells can be rapidly disassociated from the channel wall

and the elution process can be simply achieved by washing

with PBS. In this respect, the unique herringbone structure

also helps the CTC elution, however, due to a totally dif-

ferent mechanism compared with cell capture.

3.2 Capture and elution study of Hep3B CTCs spiked

in PBS

CFDA-SE is a fluorescent tracer for long-term cell label-

ing. Green fluorescence can be observed after cell staining

under fluorescence microscope. CFDA-SE diffuses into

cells and forms an amine-reactive compound. This product

generates an observable fluorescence and binds to intra-

cellular amine sources. This dye is advantageous in that

local concentration of 10 lM is sufficient for staining with

minimum cell death. After introducing the PBS spiked with

104 CTCs into the chip, microscopic images of the captured

CTCs under both bright field and dark field were taken as

shown in Fig. 5a, b. The number of remaining bound cells

after elution can be counted under fluorescent microscope

through CFDA-SE staining as shown in Fig. 5d. It is

obvious that the Hep3B cells were successfully captured in

the herringbone structure and green fluorescent dots in the

dark field represent captured live tumor cells locating at the

same position as the ones in the bright field. The capture

efficiency and elution rate can be calculated by comparing

the number of bound CTCs before and after elution with

the total number of spiked CTCs.

The capture rates of CTCs spiked into PBS with dif-

ferent number density are demonstrated in Fig. 6, which

shows an average capture rate of more than 50 % for the

cell density ranging from 3 to 104/ml. It was also noticed

that, for the cell density of 105/ml, the capture rate reduced

to only 9.5 %, which is due to the saturation of the binding

Fig. 4 Numerical simulation of the liquid flow in a herringbone chip:

a three-dimensional view of the channel geometry for computation

with profile of herringbone structure; b three-dimensional view of the

simulated flow streamline, which occurs in the corresponding domain

as shown in a; c two-dimensional cross-sectional view (in ZOX plane)

of the simulated velocity field at three different locations
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sites between the immobilized antibodies and the tumor

cells. This implies that the total number of the tumor cells

perfused through the chip significantly exceeded the

number of immobilized antibodies and hence depleted all

the binding sites for extra cell capture. Nonetheless, 105

CTCs per ml is far from the realistic density of clinical

samples anyway, while this result can still reveal important

information for quantifying the active binding sites of the

immobilized antibodies on a particular chip. On the other

hand, for the more clinically relevant cell density of 3 and

40/ml, the effective capture rate can reach 48.8 and 49.6 %,

respectively, which is an acceptable level for the isolation

of extremely rare cells like CTCs. In addition, the lowest

detection limit achieved by this device was 3 CTCs per ml,

which is sufficiently sensitive for clinical applications. The

measured capture rates are comparable to the previous

report (Stott et al. 2010a, b), and the results are consistent

for five repeated tests for each cell density. The results

indicated that the herringbone chip coated with anti-Ep-

CAM has significantly enhanced cell capture efficiency

based on the interaction between the antibody-coated

channel wall and the biomarker expressed on cancer cell

surface. It is further proved that the microchannel fabri-

cated based on herringbone structure has 3–4 times higher

capture rate than the traditional flat channel (Stott et al.

2010a, b). The overall processing time for 1 ml of sample

takes only 1 h, which is considerably rapid for clinical

applications.

For harvesting the captured CTCs, D-biotin is intro-

duced and will compete with the active reaction sites on

NeutrAvidin that are originally bounded with anti-EpCAM.

This competitive inhibition will deactivate the capture

antibody and result in captured tumor cells being disasso-

ciated from the channel wall. The test results showed a

high elution rate of more than 50 % on average with the

sample cell density from 3 to 105/ml. For the more clini-

cally relevant cell number density of 3 and 40/ml, the

elution rates reached up to 61.1 and 80.8 %, respectively,

which demonstrated a significant effect of D-biotin on

antibody blockage. In a control experiment, we also tried

cell elution solely by PBS washing without the application

of D-biotin. It was observed that only using PBS washing

Fig. 5 Microscopic images of

captured CTCs before elution

under bright field (a) and dark

field (b); the remaining bound

CTCs after elution under bright

field (c) and dark field (d).

(Scale bar: 100 lm)

Fig. 6 Capture and elution rates of CTCs spiked in PBS in different

cell number density
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could not effectively elute the captured CTCs and the

elution rate was as low as 1 % for density of 1,000 CTCs/

ml. Therefore, it is the biotin-induced cell disassociation,

rather than the flow-induced shear stress that enables the

captured cells to be eluted from the chip. This excellent

feature can be utilized for eluting and harvesting isolated

CTCs efficiently from the chip for subsequent cellular and

biomolecular analyses on cancer progression.

3.3 Capture and elution study of Hep3B CTCs spiked

in whole blood

In order to evaluate the device performance on actual

human blood, different numbers of CTCs were spiked into

fresh whole blood samples from healthy donors and were

tested for CTCs capture and elution using the developed

chips. Compared to the previous results done with CTCs

spiked into PBS, the same device demonstrated a similar

CTC capture rate of more than 50 % on average with the

cell number density from 5 to 2 9 103/ml of blood, as

shown in Fig. 7. With respect to more clinically relevant

Hep3B number density of 5 and 30/ml of blood, the

effective capture rate could reach up to 50 and 83.3 %,

respectively. For the error bars going beyond 100 %, those

are attributed to the slight errors in spiking concentration of

tumor cells, it indicated that this herringbone chip was also

capable of processing whole blood sample with a high

capture rate. Even under the shear stress generated by the

flow of 4 ml/h PBS rinsing buffer, the interaction between

the antibody and Hep3B was still strong enough to ensure

the stable binding of the captured CTCs during washing

process. On the other hand, the highly complex background

in the circulating blood, such as erythrocytes, leukocytes,

platelets, and other nontarget cells, did not show obvious

nonspecific binding on the herringbone structure due to the

weak expression of EpCAM on their membranes. There-

fore, the herringbone structure modified by EpCAM anti-

body can specifically capture tumor cells without the

inference from other cell types. After introducing D-biotin,

the captured tumor cells were successfully disassociated

from the channel wall with elution rate of more than 50 %

on average. For the CTC number density of 30 and 5/ml of

blood, the elution rate can be achieved as 54 and 75 %,

respectively.

4 Conclusions

A dual-functional herringbone microfluidic chip was fab-

ricated and utilized for capture and elution of Hep3B

CTCs from PBS and whole blood samples. DSB-X bio-

tinylated Anti-EpCAM was covalently coated on the

internal channel of this microdevice for CTCs capture. For

elution process, D-biotin was introduced to block the

antibody reaction site based on higher affinity of D-biotin

binding to NeutrAvidin. The number of the captured cells

and eluted cells was counted under fluorescent micro-

scope. The capture rate for Hep3B spiked in PBS, and

whole blood tested on this chip is comparable to the

previous report. Moreover, in a detailed study on CTC

harvesting, the captured Hep3B can be successfully eluted

from the chip with an outstanding elution rate. More

specifically, capture and elution rate of Hep3B was studied

for a wide dynamic range of the CTC number density in

the sample. The presented dual-functional device showed

ultrahigh sensitivity and specificity to capture and elute

Hep3B CTCs with excellent reproducibility and stability,

indicating its enabling capability for applications in cancer

diagnostics.
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