Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 November 2019. Downloaded on 1/20/2026 2:13:15 AM.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Dynamic Halbach array magnet integrated
microfluidic system for the continuous-flow
separation of rare tumor cellst

i '.) Check for updates ‘

Cite this: RSC Adv., 2019, 9, 38496

Mei Xue, 1 An Xiang,1® Yanhai Guo,” Li Wang,® Rou Wang,” Wenwen Wang,® Gang Ji¢
and Zifan Lu (2 *®

Circulating tumor cells (CTCs), the most representative rare cells in peripheral blood, have received great
attention due to their clinical utility in liquid biopsy. The downstream analysis of intact CTCs isolated
from peripheral blood provides important clinical information for personalized medicine. However,
current CTC isolation and detection methods have been challenged by their extreme rarity and
heterogeneity. In this study, we developed a novel microfluidic system with a continuously moving
Halbach array magnet (dHAMI microfluidic system) for negative isolation CTCs from whole blood, which
aimed to capture non-target white blood cells (WBCs) and elute target CTCs. The dynamic and
continuous movement of the Halbach array magnet generated a continuous magnetic force acting on
the magnetic bead-labelled WBCs in the continuous-flow fluid to negatively exclude the WBCs from the
CTCs. Furthermore, the continuously moving magnetic field effectively eliminated the effect of magnetic
bead aggregation on the fluid flow to realize the continuous-flow separation of the CTCs without
a sample loading volume limitation. The experimental procedure for CTC negative isolation using the
dHAMI microfluidic system could be completed within 40 min. Under the optimized experimental
conditions of the dHAMI microfluidic system, including the flow rate and concentration of the
immunomagnetic bead, the average CTC capture rate over a range of spiked cell numbers (50-1000
cancer cells per mL) was up to 91.6% at a flow rate of 100 uL min~2. Finally, the CTCs were successfully
detected in 10 of 10 (100%) blood samples from patients with cancer. Therefore, the dHAMI microfluidic
system could effectively isolate intact and heterogeneous CTCs for downstream cellular and molecular
analyses, and this robust microfluidic platform with an excellent magnetic manipulation performance
also has great application potential for the separation of other rare cells.
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received great attention in the past decade because the prog-
nostic values of CTC counts for personalized medicine have

Introduction

Rare cells are defined as cells with less than 1000 per mL of
biofluid, which is important for the diagnosis and prognosis of
human diseases."* Circulating tumor cells (CTCs) are one of the
most typical rare cells that are derived from the primary tumors
of patients with cancer and disseminate through blood circu-
lation to form metastatic tumors at distant organs.* The liquid
biopsy analyses of CTCs in the blood of cancer patients have
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already been demonstrated in large scale clinical studies.®”
Downstream studies of the intact CTCs isolated from blood can
also provide more valuable information for antitumor therapy
at the protein, RNA, and DNA levels.*® The cellular heteroge-
neity and rarity of CTCs are two major challenges for CTC
isolation and detection technologies that significantly limit the
clinical utility of CTCs in liquid biopsy.

Most existing technologies focus on the positive isolation of
CTCs, which aim to capture CTCs based on surface biomarkers
such as an epithelial cell adhesion molecule (EpCAM) and
cytokeratin (CK) or physical properties of cancer cells such as
size and deformability."® The other method is negative isolation,
which aims to capture non-target cells such as white blood cells
(WBCs) and release cancer cells.”* For the positive isolation
method, the high sensitivity of EpCAM-positive cell detection
and the high purity of isolated cells are its main advantages.™
The most obvious limitation of the positive isolation method is
that the subpopulations of cancer cells without or with a very

This journal is © The Royal Society of Chemistry 2019
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low epithelial marker expression cannot be captured by this
method.*” The use of antibodies to positively capture CTCs in
blood also do not obtain the intact cancer cells, which is
unsuitable for downstream studies of CTCs." The principle of
the negative isolation method is not based on the characteris-
tics of cancer cells. Therefore, it does not lose some subpopu-
lations of cancer cells and obtains all cancer cells in the blood.
Compared with positive isolation methods, the CTCs isolated by
negative isolation are intact cancer cells and suitable for
downstream analyses such as molecular identification and
functional studies.” However, the limitation of the negative
isolation method is an unsatisfactory purity of isolated CTCs,
which will interfere with the subsequent analysis.

Current commercial products for CTC isolation are mainly
based on immunomagnetic and microfluidic separation
methods.'® Magnetic activated cell sorting is one of the most
conventional approaches for CTC isolation that utilizes an
external magnetic field to separate the target cells labelled
with immunomagnetic beads. One example of commercial-
ized immunomagnetic products for CTC detection is the U.S.
Food and Drug Administration (FDA) approved CellSearch
system, which positively isolates CTCs using EpCAM anti-
bodies.””*® Another commercialized immunomagnetic
product for CTC detection is called EasySep™, which nega-
tively selects blood cells.” However, current commercial
immunomagnetic products for CTCs require several sample
processing and transfer steps, which may result in the loss of
CTCs during the operation process.”® To improve these
limitations, microfluidic devices based on magnetic
continuous-flow separation for CTC detection have been
developed.” Recent studies have also demonstrated that the
microfluidic magnetic separation platforms enabled the
efficient and continuous-flow separation of CTCs.** There are
some challenges for microfluidic magnetic separation plat-
forms due to the magnetic beads aggregated in a micro-
channel using a fixed magnet.>® The aggregation of magnetic
beads is not fully exposed to the reagent and affects the flow
of the microchannel fluid, which results in the reduction of
the efficiency of cell separation. Therefore, the magnetic field
is an important factor that determines the efficiency of the
magnetic cell separation. The design and optimization of
a microfluidic system and its external magnetic field will
improve the efficiency and throughput of CTC isolation
methods.

In this study, we presented a continuous-flow separation
method in a microfluidic system with a dynamic Halbach array
magnet ({AHAMI microfluidic system) to realize a high efficiency
CTC negative isolation (Fig. 1A). The dHAMI microfluidic
system used the ring-shaped microfluidic channel with
a continuously moving magnetic field to eliminate the magnetic
beads aggregated in the microchannel and negatively isolate
CTCs from blood samples. The rare cell isolation condition and
throughput of the dHAMI microfluidic system were evaluated
and optimized using polystyrene particles or blood samples
spiked with cancer cells. Finally, clinical blood samples of
patients with cancer were used to verify the performance of this
microfluidic system. In conclusion, we established a robust
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negative isolation method for CTC capture using a novel
microfluidic system based on magnetic continuous-flow sepa-
ration, and it has shown great promise for providing intact
cancer cells for downstream analysis.

Materials and methods
Theory

In our microfluidic chip, the drag force and the magnetic force
were dominant forces for the magnetic bead-labelled cells
(Fig. 1B). According to Stokes' law, the drag force, Fy, acting on
the magnetic bead-labelled cells or unlabelled cells in the
microfluidic chip was described by the following eqn (1):****

Fyq = 6mnR(ve — vo) (1)

where 7 and »¢ are the viscosity and velocity of the fluids,
respectively. R and v, are the radius and velocity of the magnetic
bead-labelled cells or unlabelled cells in the microfluidic chip,
respectively. The magnetic force acting on the magnetic bead-
labelled cells could be estimated as:****

V(Xp —

Xf)
En =
2ug

VB’ (2)
where V is the volume of the magnetic bead-labelled cells, x,
and xr are the magnetic susceptibilities of the magnetic bead-
labelled cells and the fluid, respectively, the physical constant
Uo is the permeability of vacuum, and B is the magnetic flux
density.

Dynamic Halbach array magnet integrated (dHAMI)
microfluidic system design

The dHAMI microfluidic system consisted of a ring-shaped
microfluidic chip and a ring-shaped Halbach array magnet.
The magnet and the microfluidic chip were located in the
same concentric circle, and the magnet was placed on the
medial wall of the microfluidic chip (Fig. 1C and 2A). The
microfluidic chip was composed of a ring-shaped channel
with two inlets and two outlets. As shown in Fig. 1C, one inlet
was named the sample inlet and the other inlet was named
the buffer inlet. One outlet was named outlet 1 and the other
outlet was named outlet 2. Two syringes attached to the
syringe pump were connected to the two inlets of the chip
through polytetrafluoroethylene (PTFE) pipes. The ring-
shaped Halbach array magnet was separated into three
parts that included a magnetic ring, a pallet of the magnetic
ring, and a transmission shaft (Fig. 2A). The stepper motor
made the magnet move forward in a circular motion by
controlling the transmission shaft.

dHAMI microfluidic system fabrication and assembly

The polymethylmethacrylate (PMMA) microfluidic chip was
fabricated according to a standard procedure described in
previous literature.>*¢ Briefly, the flow channels and inlets/
outlets of the microfluidic chip were designed using a 3D
computer aided design software Pro/Engineer Wildfire 5.0. The
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08285a

Open Access Article. Published on 25 November 2019. Downloaded on 1/20/2026 2:13:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

A

10 min

Halbach
magnetic field

Fig. 1

View Article Online

Paper

dHAMI microfluidic system

CTC culture
DNA analysis
RNA analysis

))}

Intact CTCs

R ) Protein analysis
Cell isolation

10 min Downstream analysis

Outlet 2

Microchannel

Illustration of the dynamic Halbach array magnet integrated (dHAMI) microfluidic system. (A) Schematic diagram of the experimental

procedure for CTC negative isolation using a microfluidic system with dynamic Halbach array magnet (dHAMI microfluidic system). The
operation time of dHAMI microfluidic system for CTC isolation is 40 min. (B) Cell separation principle and force analysis in the microchannel of
dHAMI microfluidic system. (C) Schematic illustration of microfluidic chip with sample inlet, buffer inlet, outlet 1 and outlet 2. The width of
microchannel is 1 mm, and the height of microchannel is 0.5 mm. The blue arrow indicates the direction of magnetization of each permanent

magnet cube.

channel of the microfluidic chip was 1 mm wide and the height
of the channel was 0.5 mm (Fig. 1C and 2A). The channel was
fabricated by cutting the designed microchannel on a trans-
parent PMMA sheet using a CO, laser cutting machine. The
channel was sealed with functionalized pressure sensitive
single-sided tapes. Finally, the inlets and outlets of the micro-
fluidic chip were fabricated by cutting through the sheet and the
inlets/outlets were connected with PTFE pipes (Fig. 2A).

The magnetic ring of the Halbach array magnet comprised
thirty permanent magnet cubes with a uniform polarity for each
size, 5 mm (L) x 5 mm (W) x 5 mm (H), and the diameter of the
magnetic ring was 45 mm. The cubes were of a neodymium-
iron-boron (NdFeB) material and wrapped by aluminium
frames. The magnetization of the magnets in the magnetic ring
was arranged in a Halbach array fashion. The magnetization
direction of each cube is shown in Fig. 1C. The aluminium
pallet was fabricated by a computer-controlled milling cutter,
and the cubes were arranged in a Halbach array fashion and
fixed on the disc-shaped pallet (Fig. 2A). The assembled magnet
that was embedded in the microfluidic chip was connected to
the stepper motor via a transmission shaft to generate a moving
magnetic field (Fig. 2B).

38498 | RSC Adv., 2019, 9, 38496-38504

Cell culture and staining

Human gastric cancer AGS cells were used in this study to
mimic rare CTCs. The cancer cells were cultured in RPMI-1640
medium (Hyclone, USA) supplemented with 10% fetal bovine
serum (ExCell Bio, Shanghai, China) and incubated at 37 °C
under a humidified 5% CO, atmosphere. When the cell
confluence reached 90%, the cells were digested with 0.25%
trypsin and resuspended with PBS to generate a single-cell
suspension. The human AGS cancer cells were labelled with
CellTracker Green CMFDA dye (Invitrogen, Thermo Fisher
Scientific, USA) according to the manufacturer's protocol.

Polystyrene particle sample preparation

To reduce particle adhesion to the channel wall, the micro-
fluidic channel and two syringes were filled with 1% (w/w)
Pluronic F-127.*” According to previous literature, the cellular
size of the CTCs ranged from 4 pm to 30 um.**?° To evaluate the
performance of the microfluidic system, the fluorescent poly-
styrene particles with a size of 15 pm (green) were used to mimic
the CTCs. Magnetic beads (1 x 10° particles per mL) were mixed
with fluorescent particles (1000 particles per mL) and

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) Photograph of the fabricated dHAMI microfluidic system.
Scale bar is 10 mm. (B) Photograph of the workstation of dHAMI
microfluidic system for CTCs isolation.

suspended in 1 mL of PBSP (0.01% Pluronic F-127, v/v, Sangon
Biotech, Shanghai, China) to prevent agglomeration.?”

Human whole blood sample preparation

This study was performed in strict accordance with the guide-
lines of “Ethics of Biomedical Research with Human Involved
(National Health Commission of People's Republic of China)”,
and this study was approved by the Ethics Committee of Xijing
Hospital of Air Force Medical University (Xi'an, China). Human
whole blood samples were obtained from healthy volunteers
and 10 patients with gastric cancer. Informed consents were
obtained from all of the human participants in this study. We
spiked human AGS cells prestained with CellTracker Green into
3 mL of fresh human whole blood. The spiked blood samples
were treated with red blood cell lysis buffer for 10 min (RBCL,
Tiangen, Beijing, China) according to the manufacturer's
protocol. The treated blood samples were incubated with CD45-
labelled immunomagnetic beads (biolegend, CA, USA) for
20 min according to the manufacturer's protocol. After incu-
bation, the samples were diluted to 1 mL with PBSP. This
mixture was then injected into the microfluidic chip using
a syringe pump.

This journal is © The Royal Society of Chemistry 2019
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Sorting experiment

During the sorting experiment, the mixed particles or treated
blood sample was diluted to 1 mL with PBSP and injected into
the sample inlet through a syringe pump while the PBSP buffer
was injected into the buffer inlet through another syringe pump
(Fig. 2B). The flow rate of the blood sample was set at 25-200
uL min~'. Meanwhile, the stepper motor was turned on and
drove the magnet to move forward in a circular motion at
a speed of 120 rpm. After the cell sorting process, the separated
cancer cells flowed out from outlet 1 and were collected for
further identification. When the magnet was removed, the
WBCs with CD45-labelled immunomagnetic beads flowed out
from outlet 2.

Cell identification

The putative cancer cells collected from the clinical blood
samples using the dHAMI microfluidic system were identified
by immunofluorescent staining. The collected cells were fixed
on a glass slide using 4% paraformaldehyde, followed by incu-
bation with CK Pan Alexa fluor 488 conjugated antibodies
(Invitrogen), EpCAM FITC conjugated antibodies (Invitrogen),
CD45 PE conjugated antibodies (Invitrogen), and cellular nuclei
that were counterstained with Hoechst. Captured cell counting
and imaging were performed using a fluorescence microscope.
Hoechst dye positive, CK dye positive, and CD45 dye negative
cells or Hoechst dye positive, EpCAM dye positive, and CD45 dye
negative cells were considered as the CTCs.

Cell capture rate

The CTC capture rate of the microfluidic system was calculated
using eqn (3), and the WBC depletion rate of the microfluidic
system was calculated using eqn (4).
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Fig. 3 Numerical simulation of the magnetic flux density of the Hal-
bach array magnet. Magnetic field distribution of the Halbach array
magnet. The contour plot is for the magnetic potentials.
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Capture rate (%) = Ff x 100% 3)
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N,

WBC depletion (%) = Ne= Mo 100% (4)

M

C¢ is the number of cancer cells counted under a fluores-
cence microscope (green) and Cj is the total number of cancer
cells spiked into the blood samples. N; is the total number of
WBCs in the blood sample. Ny, is the number of WBCs after
CD45 immunomagnetic WBC depletion. Both N, and N,, were
determined by an automated cell counter.

Statistical analysis

GraphPad Prism 7.0 statistical software was used for statistical
analyses. All data were represented as mean + standard devia-
tion (SD) from three independent experiments.

Results and discussion

Design and separation principle of dHAMI microfluidic
system

A dynamic magnetic field is created by a moving or rotating
permanent magnet that can induce positive and negative
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magnetophoresis.*® Applications using a dynamic magnetic
field in microfluidics for the mixing and trapping of particles or
cells have been reported.*>** Unlike these traditional magnetic
microfluidic systems, the dHAMI microfluidic system uses
a dynamically moving Halbach array magnet as the external
magnetic field to separate rare tumor cells through positive
magnetophoresis. The permanent magnet arranged in a Hal-
bach fashion increases the magnetic field on one side of the
array while eliminating it on the other side, which produces
a high magnetic flux density gradient.** A large magnetic field
gradient created by the permanent magnet was required to
enhance the separation efficiency of the magnetic cell separa-
tion.*® Thus, the magnetic field of the Halbach array magnet
had an excellent magnetic manipulation, which was more
suitable for the sorting of magnetic materials.>* The magnetic
field simulation of the Halbach array magnet was used by
COMSOL Multiphysics 5.4 software. Fig. 3 shows a simulated
magnetic flux density made by a Halbach array magnetic ring.
We designed a ring-shaped microchannel that was located on
the lateral wall of the Halbach array magnetic ring. The
magnetic flux densities at the medial and the lateral wall of the
microchannel were also shown in Fig. S1.7 Thus, these results
indicated that the large magnetic field gradient created by the
Halbach array magnet could effectively capture the magnetic
labelled target cells. Furthermore, the fixed magnet as the
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Fig.5 Optimization of the separation conditions. (A) CTC capture rate and WBC depletion rate of the dHAMI microfluidic system at different flow
rates. (B) WBC depletion rate of the dHAMI microfluidic system under different volumes of CD45-labelled immunomagnetic beads.
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Isolation CTCs from whole blood samples spiked with cancer cells. (A) CTC capture rate of the dHAMI microfluidic system from whole

blood samples spiked with rare number AGS cells (50-1000 AGS cells per ml). (B) Relationship between the number of captured cancer cells and

the number of spiked cancer cells (y = 0.964x — 6.363, r* = 0.9994).

external magnetic field usually caused the magnetic beads to
aggregate and nonuniformly distribute on the microchannel
wall, which may have affected the flow of the fluid in the
microchannel and reduced the magnetic manipulation of the
magnetic field.”® As shown in Fig. 4, the fixed Halbach array
magnet also led to the aggregation of magnetic beads and
nonuniform distribution on the microchannel wall. To prevent
the aggregation of the magnetic beads in the microchannel,
a dynamic and continuously moving Halbach array magnet was
developed. The continuous movement of the Halbach array
magnet in the direction opposite to the continuous fluid flow
allowed the magnetic beads to be sufficiently exposed to the
buffers and uniformly distributed in the microchannel (Movie
S1f). In addition, the ring-shaped microchannel in the hori-
zontal direction was designed to accommodate the magnetic
ring of the Halbach array magnet, which could realize the
continuous-flow cell separation with a high throughput under
the continuous action of magnetic force.

To evaluate the dHAMI microfluidic system separation
performance, the 15 pum fluorescent particles (green) with
a concentration of 1000 particles per mL mimicked the rarity of
CTCs. These particles were mixed with the magnetic beads for
injection into the microfluidic chip. The trajectories of the two
different particles in the microchannel of the dHAMI micro-
fluidic system were investigated using a fluorescence micro-
scope. When the continuously moving magnetic field was
applied, the magnetic beads moved toward the medial wall of

the microchannel under the continuous action of the magnetic
force (Movie S1}). The fluorescent particles maintained their
positions near the centre of the microchannel and continuously
flowed under the continuous action of the drag force (Movie
S2t). Finally, the fluorescent particles passed through the
microchannel and were collected at outlet 1. Therefore, this
result suggested that the dHAMI microfluidic system enabled
the continuous-flow separation of rare cells.

Optimization of dHAMI microfluidic system performance

To determine the experimental conditions of the dHAMI
microfluidic system, the flow rate for sample injection was
optimized. We spiked fluorescent-labelled AGS cancer cells into
3 mL of the whole blood samples (500 cancer cells per mL) and
isolated these spiked blood samples using 10 pL of the CD45-
labelled immunomagnetic beads (according to the manufac-
turer's protocol) under various flow rates from 25 uL min~" to
200 L min~". The CTC capture rate and the WBC depletion rate
at different flow rates are shown in Fig. 5A. As the flow rate was
increased from 100 to 200 uL min ', the WBC depletion rate
was reduced from 97.7% to 91.2%. Compared with a flow rate of
50 uL min ", the CTC capture rate or WBC depletion rate had no
significant change at the 100 uL min~" flow rate. The high
throughput (i.e., flow rate) microfluidic chip demonstrated that
the large samples were detected in a short time, which
improved the accuracy of rare CTC detection.* A high flow rate

Table 1 Negative isolation methods based on immunomagnetic separation for CTC isolation

Technology Capture efficiency WBC depletion Throughput
Microfluidic disk*® 70.0% 99.9% NA
Microfluidic platform®® 90.0% 90.0% 2mLh™?
Microfluidic platform®®*® 75.0% 85.0% 0.4mLh™*
Integrated microfluidic chip®* 94.2% 99.6% >12mLh™!
EasySep™**! 81.3% 99.9% 1-4mLh™"
Two-step negative isolation”? 84.0% 98.8% NA

dHAMI 96.6% 99.6% 6mLh™

This journal is © The Royal Society of Chemistry 2019
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was found that led to a high shear force, which detached the cell
from the microchannel of the microfluidic chip.*® Thus, the
optimal flow rate of the dHAMI microfluidic system was deter-
mined by a balance of the throughput, CTC capture rate, and
WBC depletion rate. We determined that the optimal flow rate
of the dHAMI microfluidic system was 100 pL min .

Negative enrichment for CTC isolation usually aims to
capture or eliminate the WBCs in blood using CD45-labelled
immunomagnetic beads. Thus, it is important to find the
optimal concentration of CD45-labelled immunomagnetic
beads that can sufficiently bind with the WBCs.*” A WBC sample
of 3 x 10° cells was incubated with CD45-labelled immuno-
magnetic beads at four different ratios ranging from 5: 1 (5 uL
beads: 3 x 10° WBCs) to 30 : 1, and the WBC depletion rate was
evaluated following dHAMI microfluidic system separation
under the optimal flow rate (100 pL min~"). As shown in Fig. 5B,
the average WBCs capture rate reached the saturation point at
aratio of 20 : 1 (99.6 & 0.2%). Thus, we determined the optimal
concentration of CD45-labelled immunomagnetic beads to be
a ratio of 20 : 1.

Isolation of CTCs from blood samples spiked with cancer cells

According to the optimal experimental conditions (flow rate,
100 pL min~'; concentration of CD45-labelled immuno-
magnetic beads, a ratio of 20 : 1), we further evaluated the CTC
capture rate and the WBC depletion rate for the dHAMI
microfluidic system using a human whole blood sample spiked
with cancer cells. The prepared 3 mL whole blood samples were
spiked with AGS cells (50, 100, 500, and 1000 cancer cells per
mL) and separated under the optimal flow rate (100 pL min™%).
The average capture rate increased from 87.0% to 96.6% as the

Hoechst

CK/EpCAM

CD45 Merge

Fig. 7 Fluorescent images of isolated cells using the dHAMI micro-
fluidic system from a clinical blood sample of the patient with gastric
cancer. Cells stained with Hoechst positive, CD45 negative, CK posi-
tive or Hoechst positive, CD45 negative, EpCAM positive are regarded
as CTCs (green arrow). Red arrow shows the WBC (Hoechst positive,
CD45 positive, CK negative or EpCAM negative). Scale bar is 10 um.
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spiked cancer cell concentration increased from 50 to 1000
cancer cells per mL (Fig. 6A). The number of cancer cells iso-
lated using the dHAMI microfluidic system was proportional to
the number of cancer cells spiked into the blood samples
(range: 50-1000 cancer cells per mL, Fig. 6B). The average
capture rate of the CTCs across the spiked range of 50 to 1000
cancer cells per mL was 91.6 + 3.9%. The best experimental
results for the recent negative isolation methods based on
immunomagnetic separation for CTC isolation is summarized
in Table 1.*** The CTC capture efficiency of our method
showed a higher capture rate than most methods. Furthermore,
the dHAMI microfluidic system had an equally excellent WBC
depletion rate compared to the other negative isolation
methods. In addition, the main limitation of microfluidic
technologies is the low throughput of the microchannel that
leads to a long separation time when processing a large volume
blood sample.®* In this study, the dHAMI microfluidic system
only required 10 min to process the 1 mL sample input (3 mL
whole blood) (Fig. 1A). In summary, these results indicated that
the dHAMI microfluidic system was capable of isolating rare
CTCs from spiked blood samples with a high capture efficiency.

Isolation and identification of CTCs from clinical samples

To determine the clinical utility of the dHAMI microfluidic
system for CTC detection in clinical blood samples, 3 mL of
whole blood samples from 10 patients with gastric cancer were
isolated using the dHAMI microfluidic system. Immunofluo-
rescence staining was performed for the identification and
enumeration of CTCs. The isolated cells showing Hoechst+/
CK+/CD45— (Hoechst blue and CK green) or Hoechst+/
EpCAM+/CD45— (Hoechst blue and EpCAM green) were iden-
tified as CTCs, and those cells showing Hoechst+/CK—/CD45+
(Hoechst blue and CD45 red) or Hoechst+/EpCAM—/CD45+
(Hoechst blue and CD45 red) were regarded as WBCs. Moreover,
the size of the CTCs was larger than that of the WBCs under the
fluorescence microscope (Fig. 7). The enumeration results and
representative images of the CTCs are summarized in Table 2
and Fig. 7. Using the dHAMI microfluidic system, the CTCs were
detected in 10 of 10 patients with gastric cancer and ranged
from 2 to 8 CTCs. Therefore, these results indicated that the
dHAMI microfluidic system could be successfully applied for
CTC isolation and detection in real clinical blood samples.

Table 2 Number of CTCs counted in human whole blood samples

Cohort Sample ID Blood volume (mL) Diagnosis CTCs

Cancer patients 1 3 Gastric cancer 7
2 3 Gastric cancer 6
3 3 Gastric cancer 6
4 3 Gastric cancer 5
5 3 Gastric cancer 8
6 3 Gastric cancer 7
7 3 Gastric cancer 5
8 3 Gastric cancer 4
9 3 Gastric cancer 2
10 3 Gastric cancer 6

This journal is © The Royal Society of Chemistry 2019
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Conclusions

In summary, we developed and fabricated a microfluidic system
with a dynamic Halbach array magnet to efficiently capture CTC
from whole blood with a high throughput (6 mL h™'). The
optimized system exhibited an average CTC capture rate that
was more than 90.0%. The intact and heterogeneous CTC iso-
lated by this platform allow for subsequent cellular and
molecular analyses such as CTC culture and next generation
sequencing that will expand the clinical utility of CTCs as a real-
time target for liquid biopsy. We believe that this novel, simple,
fast, and robust dHAMI microfluidic system enables a highly
efficient and continuous-flow isolation of rare tumor cells from
whole human blood. It could also be potentially utilized for
other rare cell sorting studies such as circulating endothelial
cells, circulating fetal cells and stem cells. Furthermore, this
system is also appropriate for integration with other analytical
devices to achieve the rapid and automated identification and
analysis of rare cells. Future work will focus on the further
miniaturization of this system and optimization of the channel
sizes to suit the requirements of different rare cells.

Abbreviations

CK Cytokeratin

CMFDA 5-Chloromethylfluorescein diacetate
CTC Circulating tumor cell

EpCAM Epithelial cell adhesion molecule
FDA U.S. food and drug administration
FITC Fluorescein isothiocyanate

NA Not available

PBS Phosphate buffer saline

PE Phycoerythrin

PMMA Polymethylmethacrylate
PTFE Polytetrafluoroethylene
RBCL Red blood cell lysis buffer
WBC White blood cell
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