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ABSTRACT
Circulating tumor cells (CTCs) have been proposed to be an active source of metastasis or recurrence of
hepatocellular carcinoma (HCC). The enumeration and characterization of CTCs has important clinical
significance in recurrence prediction and treatment monitoring in HCC patients. We previously developed
a unique method to separate HCC CTCs based on the interaction of the asialoglycoprotein receptor
(ASGPR) expressed on their membranes with its ligand. The current study applied the ligand-receptor
binding assay to a CTC-chip in a microfluidic device. Efficient capture of HCC CTCs originates from the
small dimensions of microfluidic channels and enhanced local topographic interactions between the
microfluidic channel and extracellular extensions. With the optimized conditions, a capture yield
reached > 85% for artificial CTC blood samples. Clinical utility of the system was further validated. CTCs
were detected in all the examined 36 patients with HCC, with an average of 14 § 10/2 mL. On the
contrary, no CTCs were detected in healthy, benign liver disease or non-HCC cancer subjects. The current
study also successfully demonstrated that the captured CTCs on our CTC-chip were readily released with
ethylene diamine tetraacetic acid (EDTA); released CTCs remained alive and could be expanded to form a
spheroid-like structure in a 3-dimensional cell culture assay; furthermore, sensitivity of released CTCs to
chemotherapeutic agents (sorafenib or oxaliplatin) could be effectively tested utilizing this culture assay.
In conclusion, the methodologies presented here offer great promise for accurate enumeration and easy
release of captured CTCs, and released CTCs could be cultured for further functional studies.

Abbreviations: ASGPR, asialoglycoprotein receptor; AO, acridine orange; BSA, bovine serum albumin; CTCs, Circulat-
ing tumor cells; CPS1, carbamoyl phosphate synthetase 1; DMEM, Dulbecco modified Eagle medium; DMSO,
dimethyl sulphoxide; DAPI, 4,6-diamidino-2-phenylindole; EDTA, ethylene diamine tetraacetic acid; EpCAM, epithe-
lial cell adhesion molecule; FBS, fetal bovine serum; HCC, hepatocellular carcinoma; PDMS, polydimethylsiloxane;
PBS, phosphate buffer saline; P-CK, pan-cytokeratin; PI, Propidium iodide; TACE, transcatheter arterial chemoembo-
lization; 2-NBDG, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-d-glucose; 3D, 3-dimensional; 3-MPTMS,
3-mercaptopropyl trimethoxysilane
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Introduction

Hepatocellular carcinoma (HCC) is the fifth most frequent can-
cer in the world, and is also one of the most aggressive cancers.
If the tumor cannot be completely removed, the disease is ulti-
mately fatal within 3–6months.1-4 Surgical resection, liver trans-
plantation, and local ablation are potentially curative for
carefully selected HCC patients diagnosed at an early stage.
However, these modalities are associated with higher postopera-
tive recurrence rates, that jeopardize overall survival in these
patients.5-10 It has been recognized that circulating tumor cells
(CTCs) that are shed into the bloodstream from solid tumor ori-
gin are a potential continuous source of HCC to seed metastasis
or recurrence. Therefore, the enumeration and characterization
of CTCs has important clinical significance in recurrence predic-
tion and treatment monitoring in HCC patients.11-13

Detection of CTCs is a technical challenge due to their
extreme rarity and their low-recovery rate following traditional
batch enrichment techniques.14,15 Multiple batch approaches
based on one or more unique properties of tumor cells have
been employed to detect CTCs for different cancer types, and
numerous engineering efforts have focused on building macro-
scale systems for CTC isolation.16-21 As an alternative to
macro-scale systems, researchers have turned to emerging
microfluidic technologies to build promising micro-scale CTC
isolation systems since 2007 when a so-called CTC-chip was
developed to capture rare CTCs.22 Microfluidic techniques
allow us to manipulate and process cells on an individual basis
and precisely control rare cells in mixtures with minimal dam-
age to sensitive cell populations, and offer interesting perspec-
tives for rare cell isolation, particularly when combined with
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specific antibodies.23 Among the macro-or micro-scale systems,
the epithelial cell adhesion molecule (EpCAM) expressed on
the surface of cells of epithelial origin has been used widely as a
target for CTC capture.24,25 However, EpCAM expression pat-
terns in the liver have been found to be different from that in
other epithelial organs although the liver is an epithelial organ.
In liver neoplasia, only small percentages (0–20%) of HCC
cases were positive for EpCAM.26-29 Obviously, all of the
EpCAM-based strategies are not appropriate for detection of
HCC CTCs. In addition, captured CTCs by an antigen-anti-
body binding assay could not be easily released, allowing for
their functional studies.30

We previously developed a unique method to magneti-
cally separate CTCs in HCC patients, mediated by the inter-
action of the asialoglycoprotein receptor (ASGPR) with its
ligand.31-34 As an abundant transmembrane receptor,
ASGPR is exclusively expressed on the surface of hepato-
cytes and can recognize glycoproteins. Given the generally
accepted absence of normal hepatocytes in circulation,
blood cells labeled with the ASGPR ligand or antibody are
thus considered to be circulating HCC cells. In the current
study, the ligand-receptor binding assay was applied to a
CTC-chip in a microfluidic device, providing an enhanced
platform for isolation of CTCs from blood of patients with
HCC; the captured CTCs on our CTC-chip were readily
released with ethylene diamine tetraacetic acid (EDTA);
released CTCs remained alive and could be expanded to
form a spheroid-like structure in a 3-dimensional (3D) cell
culture assay; furthermore, sensitivity of released CTCs to
chemotherapeutic agents could be measured utilizing this
assay.

Materials and methods

Patients and blood sample collection

The study enrolled 36 patients with advanced HCC. Peripheral
blood samples from HCC patients were collected in BD Vacu-
tainer Heparin Tubes (BD Biosciences, San Jose, CA, USA) and
processed within 24 h. The study was approved by the Biomed-
ical Ethics Committee of Eastern Hepatobiliary Surgery Hospi-
tal (Shanghai, CHN) and informed written consent was
obtained from all patients.

Cell lines and culture

Human hepatoma cell line HepG2, human breast cancer cell
line MCF-7, colon cancer cell line SW480, renal carcinoma cell
line A498, gastric cancer cell line AGS, and lung cancer cell line
A549 were purchased from American Type Culture Collection
and cultured according to previously described methods.31-33

Spiking experiments with tumor cell lines

Artificial CTC blood samples were prepared by spiking human
blood with cell lines. Briefly, 2 mL aliquots of peripheral blood
from healthy adults were collected into BD Vacutainer Heparin
Tubes, spiked with various numbers of HepG2 cells or MCF-7
cells, and then processed as described below.

Fabrication of a platform for HCC CTC capture

The new microfluidic chip was designed with mapping software
L-Edit 8.30, including the patterned micropillar array layer
made of polydimethylsiloxane (PDMS) (GE Silicones, RTV
615) and the glass substrate.35,36 The micropillar array layer
was fabricated using a standard soft lithography method.37 The
mold was made from negative photoresist (SU8-2025, Micro-
Chem) on 3-inch silicon wafer. Holes were punched to intro-
ducing reagents and samples through Tygon tubings. The
whole PDMS chip was then attached to glass slide and ready
for further application.

Microfluidic device functionalization

After being rinsed by ethanol, the whole device became
ready for subsequent treatment of surface modification.
Streptavidin binding was accomplished by first rinsing 4%
(v/v) solution of 3-mercaptopropyl trimethoxysilane (3-
MPTMS) (Aladdin, LA, USA) in ethanol for 1 h at room
temperature, followed by incubation in 0.02 mmol/mL N-y-
mal-eimidobutyryloxysuccinimide ester (GMBS) (Sigma-
Aldrich, St. Louis, USA) in ethanol for 30 min at room
temperature. And then, the channels were filled with 20 mg/
mL of streptavidin (Aladdin) in phosphate buffer saline
(PBS) for 1 h to attach streptavidin to the GMBS.38 Asialo-
fetuin (Sigma-Aldrich) was biotinylated using Sulfo-NHS-
LC-Biotin (Thermo Fisher Scientific, MA, USA) according
to the manufacturer’s instructions. 100 mg/mL biotinylated
asialofetuin solution in PBS containing 1% (w/v) bovine
serum albumin (BSA) (Sigma-Aldrich) was introduced into
the devices followed by PBS washes to remove unbound
reagents.

Capture of HCC CTCs on the CTC-chip

One hour prior to experiment, the device was purged with
3% BSA and 0.05% Tween20. Samples were then loaded
and the designated flow rate was controlled by a syringe
pump. Afterwards, the microchip was washed with 100 mL
PBS, fixed with 4% paraformaldehyde in ddH2O for
15 min, and then refilled with 0.1% Triton X-100 in PBS
for cell permeabilization.

Multicolor immunofluorescence staining for captured CTCs
on the CTC-chip

When captured HCC CTCs are used for enumeration, they
were immunologically stained within the CTC-chip using
triple immunofluorescence method with reference to the
method previously described.32 A mouse monoclonal anti-
body cocktail against pan-cytokeratin (P-CK) (Miltenyi Bio-
tec GmbH, Bergisch Gladbach, GER) and carbamoyl
phosphate synthetase 1 (CPS1) (Abcam, MA, USA) and a
rat anti-human CD45 monoclonal antibody (Santa Cruz,
CA, USA) were used as primary antibodies. A Cy3-conju-
gated goat anti-rat IgG antibody (red color), an Alexa Fluor
488-conjugated rabbit anti-mouse IgG antibody (green
color) (Beyotime, Shanghai, CHN) served as secondary
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antibodies, and cell nuclei were costained with 4,6-diami-
dino-2-phenylindole (DAPI, blue color) (Pierce, New Jersey,
USA).

Identification and enumeration of CTCs on the CTC-chip

Stained CTC-chip was moved into fluorescence microscope
observation (IX71; Olympus, Tokyo, Japan) and imaged. The
objects that met preset criteria were carefully identified and
counted. CTC counts were expressed as the number of cells per
2 mL of blood.

Release of captured CTCs from the CTC-chip

When captured CTCs are used for further culture, after cell
capture inside the chip, a combination of EDTA solution
(Sigma-Aldrich) and a higher flow rate of washing were applied
for cell release. Briefly, 10 mmol/L EDTA was pumped into the
chip device and incubated for 10 min at 37�C. Cell culture
media was then introduced into the device at a flow rate of
5 mL/h. The flow rate was much higher than the cell capturing
flow rate of 0.8 mL/h. Released cells were collected in a new
sterile eppendorf tube with some culture media for further
experiments. The experiment lasted for over 3 h (about 2.5 h
for capturing and 0.5 h for releasing).

Released cell viability test

Propidium iodide (PI)-acridine orange (AO) (PtdIns-AO)
assay was used to test the viability of released cells from spiking
experiments with tumor cell lines according to the manufac-
turer’s instructions. PI is a membrane-impermeant dye stain
and induces dead cells with red fluorescence. AO is a mem-
brane-permeable stain that binds to nucleic acids of all cells
and induces green fluorescence. As for released CTCs in blood
of HCC patients, due to their small numbers, their viability was
observed via fluorescence imaging microscopy followed by
direct incubation of them with a fluorescent d-glucose analog
2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-d-
glucose (2-NBDG) (Invitrogen, Carlsbad, CA). Living tumor
cells have the ability of a fast 2-NBDG uptake and indicate
green fluorescence.39,40

3D culture and drug-sensitivity testing of released CTCs

Released CTCs from the CTC-chip were cultured using a 3D
cell culture assay.41 Briefly, released CTCs were resuspended in
150 mL Dulbecco modified Eagle medium (DMEM) (high glu-
cose) (Gibco of Thermo Fisher Scientific, MA, USA). Matrigel
(Becton, Dickinson, and Company, FranklinLakes, NJ, USA)
was thawed and mixed equally with the CTC-containing
DMEM. The prepared mixture was then incubated in a 24-well
plate for 30 min at 37�C. Subsequently, 500 mL DMEM supple-
mented with 10% fetal bovine serum (FBS) were added to the
plate, and the media was supplied every 2 d during culture.
Spheroid formation was observed every day and counted on
day 7. A spheroid was defined as 3D cell structure > 100 mm in
diameter. As for drug-sensitivity testing, released CTCs were
resuspended in DMEM containing sorafenib (Selleck

Chemicals, Houston, TX, USA) pre-dissolved in dimethyl
sulphoxide (DMSO) (Sigma-Aldrich) or containing oxaliplatin
(R&D, MN, USA) pre-dissolved in ddH2O, and 500 mL of
DMEM with sorafenib or oxaliplatin was added on top of the
gel to give a final concentration of 10 mM sorafenib in 0.4%
DMSO or a final concentration of 80 mM oxaliplatin.

Statistical analysis

Statistical analyses were performed using SPSS software (ver-
sion 17.0; SPSS Inc., Chicago, IL, USA). Comparison of cell
capture, release and viability rate with different assays was per-
formed using Student’s t test and a one-way analysis of variance
(ANOVA). Comparison of categorical variables was performed
using the x2 test. Data are expressed as mean § standard devia-
tion or as a percentage. P < 0.05 was considered as statistically
significant.

Results

Expression of ASGPR on the membrane of hepatoma cells

The results from flow cytometry showed that all 6 tested
cancer cell lines derived from extra-hepatic origin displayed
negative expression for ASGPR. On the contrary, the
expression rate of ASGPR in human hepatoma cell line
HepG2 was 95.8% (Fig. 1A). Indirect immunofluorescence
laser confocal assay showed strong positive staining for
ASGPR antibody on the cell surface of HepG2 (Fig. 1B),
indicating that ASGPR is expressed and localized on the
membrane of hepatoma cells.

The unique design of microfluidic chips for CTC isolation

A syringe pump was used for sampling and introducing
reagents (Fig. 2A). In order to significantly increase the
number of interactions between target CTCs and the chip
surface, our CTC-chip was fabricated using multilayer soft
lithographyand consisting of an array of micropillars. In the
system, HCC CTCs were captured by biotinylated asialofe-
tuin (an ASGPR ligand), which was labeled on the strepta-
vidin-coated surface of microfluidic chip channel (Fig. 2B,
2C and 2D).

A simple numerical simulation was conducted to investigate
the relationship between the CTC capture efficiency and the
micropillar structure (Fig. 2E). For the easy simulation, CTCs
was assumed as zero mass, solid sphere structure at a diameter
of 10 mm, the while blood cells were ignored. Affirmative cap-
ture was upon direct contact between the particle and inner
channel wall. In the simulation process, 100 particles (different
color dots in Fig. 2E) were loaded into the channel with differ-
ent micropillar size (a radius of 80, 120, 160, 200 mm) at a
same flow rate of 1 mL/h. As a result, the smaller radius gave a
better capture efficiency (Fig. 2F). Similarly, a simulation for
the flow effect was conducted to analyze the relationship of dif-
ferent flow rates at 0.5, 0.75, 1, 1.25, 1.5, 2, 2.5 and 3 mL/h with
a same micropillar size of 80 mm. It was found that the lower
flow rates had a better capture efficiency, and a flow rate of
0.8 mL/h gave the highest capture efficiency of 89% (Fig. 2G).

CANCER BIOLOGY & THERAPY 1179



However, when the flow rates were more than 1.5 mL/h, the
capture efficiencies decreased gradually with an increasing flow
rate (Fig. 2G). Overall, from above simple simulation, 80 mm

pillar size of micropillar array columns at a flow rate of 0.8 mL/
h gave the highest capture efficiency, and the captured CTCs
were always positioned between the micropillars.

Figure 1. Expression of asialoglycoprotein receptor (ASGPR) on the membrane of hepatoma cells. (A) ASGPR was exclusively expressed in human hepatoma cell line
HepG2 analyzed by flow cytometry, but not expressed in cancer cell lines derived from extrahepatic origin including breast cancer cell line MCF-7, colon cancer cell line
SW480, renal carcinoma cell line A498, lung cancer cell line A549 and gastric cancer cell line AGS. (B) Strong positive staining for ASGPR antibody was localized on the
outer cell membrane of HepG2 visualized by confocal laser scanning microscopy.
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Microfluidic chip optimization for high-performance
cell capture

Besides simulation, series of optimization experiements were
performed by using the CTC-chip with the micropillar radius

of 80 mm to obtain the best conditions. An artificial CTC blood
sample (2 mL) was introduced onto a microfluidic chip. We
first determined the minimum time required to capture target
cells. Fig. 3A summarizes the correlation between different flow
rates (0.5, 0.75, 1, 1.25 and 1.5 mL/h) and the cell capture

Figure 2. Representation of the configuration and operational mechanism of an integrated device for capturing circulating tumor cells (CTCs) of hepatocellular carcinoma
(HCC). (A) Pictures of the microfluidic system for detection of HCC CTCs. (B) Optical micrograph of the patterned structures inside the chip. (C) Illustration of the HCC CTC
detection on chip. (D) Fluoresce micrograph of the structures, which was coated with streptavidin and then introduced with biotin-FITC-IgG. (E) Simulation of the CTC cap-
ture inside the microchip. The dots of different color represent captured CTCs. (F) The relation between different micropillar sizes and the capture yieldat a same flow rate
of 1 mL/h. (G) The relation between different flow rates and the capture yields with a same micropillar size of 80 mm.
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efficiency. A maximal cell-capture yield of about 87% was
achieved at a flow rate of 0.75 mL/h, which was consistent to
the best capture results in the numerical simulation. The small

difference of capture efficiency from that of the numerical sim-
ulation is possibly due to the strict postulations (zero mass,
sphere structure, and positive capture upon contact and so on).

Figure 3. Efficient detection of circulating tumor cells (CTCs) from artificial CTC blood samples and clinical samples. (A) Target cell capture experiments with HepG2 cells-
spiked blood samples at a series of flow rates. Error bars show standard deviations (nD 3). (B) Cell capture efficiencies at different numbers of target cells in HepG2-spiked
blood samples. (C) CTCs detected in blood from patients with HCC (magnification, £200). A large cells with a morphologically intact 4,6-diamidino-2-phenylindole (DAPI)-
stained nucleus (blue), pan-cytokeratin (P-CK) and carbamoyl phosphate synthetase 1 (CPS1) (green) positive and CD45 (red) negative was considered CTCs. (D) Summary
of CTC counts detected in 2 mL blood from 36 patients with HCC.
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Efficient detection of CTCs from artificial CTC blood
samples and clinical samples

After optimal cell-capture conditions were obtained, a series of
artificial CTC blood samples at different densities (ranging
from 102 to 104 HepG2 cells/mL) and clinical whole blood sam-
ples from HCC patients were examined using this CTC chip.
As shown in Fig. 3B, the CTC chip can obtain a capture yield
of up to 85% under separate experimental conditions, suggest-
ing that asialofetuin-coated substrate can effectively capture the
HCC cells at different concentrations. Simultaneously, no can-
cer cells were detected in any artificial CTC blood samples pre-
pared withcell lines SW480 and MCF-7 (200 cells spiked),
indicating specificity of asialofetuin-coated substrate to HCC
CTCs and minimal nonspecific interactions between HCC
CTCs and the CTC chip.

As previously described,32 the criteria for HCC CTC deter-
mination include a large cell with a morphologically intact
DAPI-stained nucleus, P-CK and CPS1 positive and CD45 neg-
ative. A typical result of CTC detection is shown in Fig. 3C.
CTCs were then detected in all the examined 36 HCC patients,
with a range of 1–42/2 mL (Fig. 3D) and an average of 14 §
10/2 mL. On the contrary, no CTCs were detected in healthy,
benign liver disease including 3 with cirrhosis, 3 with chronic
hepatitis B, 2 with chronic hepatitis C, 6 patients with benign
intrahepatic space-occupying lesions (3 hepatic hemangioma
and 3 liver cysts) or non-HCC cancer subjects. The correlations
of CTC counts with clinical variables of HCC patients were
summarized in Table 1.

Efficient release of CTCs from CTC-chip and their viability

Following microfluidic capture, the release of the captured cells
in microchannels was achieved by using a combination of
EDTA treatment (receptor-ligand release) and a higher flow
rate washing (high shear stress). Released cells were collected in
a sterile eppendorf tube containing culture media. As shown in
Fig. 4A, a higher flow washing alone yielded a release efficiency
of about 25%, while a combination of treatment with 10 mmol/
L EDTA and a higher flow rate washing increased an efficiency

of release to > 85%. PtdIns-AO assay was used to test the via-
bilities of cultured cells (suspended in media), captured cells
adherent to the chip surface, and released cells from the CTC-
chip, and the results (Fig. 4B) showed that the cell viabilities
was »89% for cultured cells, »82% for captured cells, and
»80% for released cells, respectively. The difference was not
statistically significant (P > 0.05), indicating that this release
procedure caused minimum cell damage. In addition, the via-
bility of released CTCs from clinical samples was observed
under fluorescence spectroscopy after direct incubation of
them with a fluorescent d-glucose analog 2-NBDG. As shown
in Fig. 4C, after exposed to 2-NBDG for 20 min and then
washed with PBS, released CTCs of HCC patients appeared to
rapidly take up 2-NBDG as evidenced by a strong fluorescence,
showing that these CTCs were alive.

Released CTCs allowing for in vitro expansion and drug
sensitivity assay

Released cells were collected for a Matrigel-based induction of
3D tumor formation. Either released HepG2 cells or released
CTCs of HCC patients formed spheroids, which increased in
size over a period of 14 d (Fig. 5A). 31 patients had their
released CTC successfully cultured into spheroids in all 36
advanced HCC patients. Before the drug sensitivity test in vitro,
we identified the 3D cultured spheroids cells. The criteria for
HCC CTC determination are considered to be a large spheroids
cells with morphologically intact DAPI-stained nucleus, as well
as, hepatoma cells express markers CPS1 and ASGPR positive
(Fig. 5B). On the basis of this experiment, we tried to evaluate
the sensitivity of released CTCs to chemotherapeutic drugs.
Sorafenib and oxaliplatin are presented here as a representative
anticancer drug for HCC. Blood samples containing more than
20 CTCs/2 mL that were measured with above-mentioned
method were selected for drug evaluation. Culture of a same
sample with drug solvent was as control. Two examples of sora-
fenib or oxaliplatin sensitivity tests are shown in Fig. 5C, where
CTCs from HCC patients formed spheroids at day 7 with or
without sorafenib or oxaliplatin. The results of all the 10 tested
samples were summarized in Table 2, which showed a decline
to varying degrees in the number of spheroids formed when
sorafenib or oxaliplatin was added to the culture media. Com-
pared to controls, CTCs treated sorafenib (5 samples) or oxali-
platin (5 samples) formed a significantly decreased number of
spheroids (Fig. 5D, P < 0.01).

Discussion

The uniqueness of this new cell-capture platform lies in the
small dimensions of the use of microfluidic channels, which
allows for enhanced local topographic interactions between the
coated asialofetuin and the cellular surface, and results in a
vastly improved cell-capture affinity compared to a previously
described method 32 (Fig. 2). Efficient capture of HCC CTCs
was upon direct contact between the particle and inner channel
wall. Generally, at the appropriate flow rate, captured cells were
close to the inner micro pillars wall. Efficient capture also likely
originated from enhanced local topographic interactions
between the microfluidic channel and extracellular extensions,

Table 1. Correlations between circulating tumor cell (CTC) counts and clinical vari-
ables of patients with hepatocellular carcinoma (HCC).

Clinical variable No. of patients Mean § SD P

Age in years 0.730
� 50 19 26 § 21
> 50 17 28 § 19

Sex 0.879
Male 26 27 § 19
Female 10 26 § 22

Tumor size in cm 0.023
� 5 20 19 § 18
> 5 16 36 § 18

Portal vein tumor thrombus 0.001
With 14 39 § 17
Without 22 21 § 18

TNM staging� < 0.001
I-II 21 17 § 12
III-IV 15 41 § 20

�Tumor-node-metastasis staging, Sixth Edition of International Union Against Can-
cer (UICC).
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based on the ligand-receptor recognition. The minimum
micropillar radius required for optimal capture yield is believed
to be compatible with the celL-protrusion lengths of tumor
cells. Using this chip, HCC cells could be reliably captured by
biotinylated asialofetuin, a ligand of ASGPR receptors on HCC
cell surface. Captured HCC cells were identified by immunoflu-
orescence staining of an antibody cocktail for P-CK and
CPS1.32 Clinical utility of the system was then validated by the
detection of CTCs in blood samples of HCC patients. There-
fore, our platform provides a convenient and cost-efficient
alternative for isolation and enumeration of CTCs in whole
blood specimens from HCC patients.

Detection of fixed CTCs provides relatively little informa-
tion about their functional capability and metastatic potential.

The option to isolate viable CTCs in good condition without
damage is a huge potential of CTCs since it is a necessary pre-
requisite for functional analysis. However, isolation of intact
and viable CTCs represents a technical challenge. Most of cur-
rent strategies for isolation of CTCs are based on the basic prin-
ciple of antigen-antibody reaction, a well-known example being
anti-EpCAM antibodies-based capture of CTCs. As we known,
it is not easy for captured cells to release from immobilized
antibodies without damage. Trypsin is usually used to dissoci-
ate antigen-antibody complex, but the dissociation of antibody-
captured cells with trypsin is typically incomplete and may also
damage the target cells.42 Over an antigen-antibody binding
assay, the ligand-receptor binding assay has an advantage that
captured CTCs by a specific ligand could be easily detached by

Figure 4. Efficient release of circulating tumor cells (CTCs) from CTC-chip and their viability. (A) A combination of treatment with ethylene diamine tetraacetic acid (EDTA)
and a higher flow rate washing yielded a higher efficiency of CTC release from CTC-chip. (B) Comparison of cell viabilities among cultured cells
(suspended in media), captured cells adherent to the chip surface, and released cells determined by propidium iodide-acridine orange (PI-AO) assay. Error bars represent
range (n D 3), ��P< 0.01. (C) Fluorescence imaging of released CTCs from clinical samples under fluorescence spectroscopy after direct incubation of them with a fluores-
cent d-glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-d-glucose (2-NBDG).
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a complexing agent without damageas the assay usually relies
on a non-covalent and reversible interaction that requires cal-
cium ions. Our results showed that captured CTCs on our
CTC-chip were readily released with EDTA from immobilized
ASGPR ligand, and the released CTCs remained alive.

After isolation of viable CTCs, their culture is required for
further functional studies. In addition to a very limited number,
CTCs are not relatively protected from cell death partly due to
the harsh environment and shear stresses of the vascular circu-
lation. Generally, it is more difficult to culture CTCs than
primary tumor cells, and mimicry of the tumor microenviron-
ment in vitro is particularly difficult to achieve. In this aspect,
Lovitt et al. described a standardized and highly reproducible
3D cell culture model that better recreates the in vivo microen-
vironment and tumor biology compared to monolayer cell cul-
ture.41 In the present study, we tried to use this 3D cell culture
assay to culture released CTCs from our CTC-chip. Fortu-
nately, some of these CTCs could be expanded as 3D cell struc-
tures or spheroids for up to 14 d although it took a little longer
for them to form a spheroid than the cell line HepG2.

Since this 3D human cell culture model has been demon-
strated to be applicable for drug evaluation that mimics in vivo
responses to drugs,43,44 it was used here to test the sensitivity of
released CTCs to chemotherapeutic drugs. At present, sorafe-
nib and oxaliplatin are 2 systemic therapy agents recommended
for advanced HCC patients.45,46 Sorafenib is a multitargeted,
small molecule tyrosine kinase inhibitor with multiple antitu-
mor effects, including antiangiogenic, antiproliferative, and
pro-apoptotic effects.45 Oxaliplatin is a novel platinum deriva-
tive analog that crosslinks DNA and induces apoptotic cell
death.46 In addition to systemic therapy, oxaliplatin is more
widely used as a chemotherapeutic agent in transcatheter arte-
rial chemoembolization (TACE).47 As a minimally invasive
procedure to restrict a tumor’s blood supply, TACE is consid-
ered medically necessary as a primary treatment for surgically
unresectable primary hepatocellular carcinoma. Small embolic
particles mixed with chemotherapeutic agents are injected
selectively into an artery directly supplying a tumor.48,49 In
order to assess the usefulness of this method, we choose sorafe-
nib and oxaliplatin as representative anticancer drugs and
selected blood samples with a higher count of CTCs as tested
samples. As expected, when cultured with media containing
oxaliplatin or sorafenib, all the tested blood samples showed a
decline to varying degrees in the number of spheroids formed.

Figure 5. Culture and drug sensitivity assay of released circulating tumor cells
(CTCs). (A) Released HepG2 cells and released CTCs of patients with hepatocellular
carcinoma (HCC) from the CTC-chip formed spheroids at day 7 in a Matrigel-based
induction of 3-dimensional tumor formation. (B)Triple immunofluorescence stain-
ing with antibodies against CPS1 (green), ASGPR (red), and DAPI (blue) in the 3D
cultured spheroids cells. (C) Released CTCs from 2 patients with HCC formed sphe-
roids at day 7 in culture with or without chemotherapeutic drugs. (D) Treatment of
CTCs with sorafenib (5 samples) or oxaliplatin (5 samples) significantly decreased
the number of spheroid formation (��P< 0.01).

Table 2. Evaluating the sensitivity of released circulating tumor cells (CTCs) to che-
motherapeutic drugs.

Number of spheroids

Patient no CTC counts Sorafenib (-) Sorafenib (+)
Inhibition
rate, %

2 32 24 18 25.0
6 24 19 15 21.1
10 22 15 11 26.7
18 42 27 21 22.2
22 25 20 16 20.0

Number of
spheroids

Patient no. CTC counts Oxaliplatin (-)
Inhibition rate,
%Oxaliplatin (+)

23 21 17 11 35.3
24 37 32 29 9.4
31 21 16 13 18.8
32 22 19 16 15.8
36 21 17 15 11.8
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In summary, this study presents a unique microfluidic chip
to efficiently isolate CTCs in blood of patients with HCC, which
allows for accurate enumeration of individually captured CTCs
or for easy release of them. More importantly, we demonstrated
that released CTCs remained alive and could be expanded to
form a spheroid-like structure in a 3D cell culture assay. Fur-
thermore, sensitivity of CTCs to chemotherapeutic agents can
be measured utilizing this assay. It seems especially important
for individual therapeutic decisions because CTCs can be seri-
ally obtained as a “liquid tumor biopsy” through a much less
invasive and cost-effective approach. The 3D CTC culture assay
described in this report has great potential to enable assessment
of initial sensitivity and primary or secondary resistance to a
specific drug, e.g. sorafenib or oxaliplatin. It could aid the phy-
sician in the selection of appropriate drug therapies in the hope
of improving response outcomes.
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