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Abstract This paper presents a microfluidic chip for highly
efficient separation of red blood cells (RBCs) from whole
blood on the basis of their native magnetic properties. The
glass chip was fabricated by photolithography and thermal
bonding. It consisted of one inlet and three outlets, and a nickel
wire of 69-μm diameter was positioned in the center of a
separation channel with 149-μm top width and 73-μm depth
by two parallel ridges (about 10 μm high). The two ridges
were formed simultaneously during the wet etching of the
channels. The nickel wire for generating the magnetic gradient
inside the separation channel was introduced from the side of
the chip through a guide channel. The external magnetic field
was applied by a permanent magnet of 0.3 T placed by the side
of the chip and parallel to the main separation channel. The
RBCs were separated continuously from the 1:40 (v/v) diluted
blood sample at a flow rate in the range 0.12–0.92 μL/min (9–
74 mm/min) with the chip, and up to 93.7% of the RBCs were
collected in themiddle outlet under a flow rate of 0.23μL/min.
The cell sedimentation was alleviated by adjusting the specific
density of the supporting media with bovine serum albumin.
Quantum dot labeling was introduced for visual fluorescence
tracking of the separation process. The uneven distribution
phenomenon of the blood cells around the nickel wire was
reported and discussed.
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Introduction

Blood component transfusion is important in the therapy of
various diseases, such as anemia, cancer, and immune disease.
The principal methods for blood cell component separation for
therapeutic purposes are conventional mechanical filtration
using fiber and mesh, centrifugation, and magnetic separation.
The centrifugation method, which has been well developed, is
most widely used for various cell separations, but cell damage
and aggregation could arise [1]. Magnetic gradient separation
was introduced in the late 1960s for separation of paramag-
netic and diamagnetic particles from water, soil, or air [2]. It
was also used in the separation of blood cells [1–9] on the
basis of their native magnetic properties. No magnetic force
can be applied onto a magnetic-field-susceptible particle in a
homogenous field; however, the particle can move in an
inhomogeneous field in the direction of a magnetic gradient.
Melville et al. [3] and Owen [4] demonstrated the separation
by a column containing a stainless steel wire in a high
magnetic field; 70% of red blood cells (RBCs) were retained
with a magnetic field of 1.75 T, and 90% separation was
achieved in a magnetic field as high as 3.3 T. The separations
worked in a batch mode, i.e., the separation and collection
were carried out alternately. Continuous magnetic separation
of RBCs from whole blood was reported by Takayasu et al.
[1, 5, 6] using a thin rectangular glass tube and a fer-
romagnetic nickel wire of 100-μm diameter in a magnetic
field between 1.25 and 2 T. Zborowski et al. [7] measured
the migration velocity of erythrocytes with cell tracking
velocimetry. The cells were exposed to a magnetic field of
1.4 T with a mean magnetic gradient of 0.131 T/mm.
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The above-mentioned magnetic separations of cells were
mainly performed in macro-scale systems of centimeter
size, with which 90% separation of RBCs could be
achieved with the application of a magnet field as high as
3.3 T. Scaling down of the separation system is an effective
strategy for enhancing the performance, and the continuous
RBC separation rate could reach up to 93.5% under a
magnetic field of only 0.2 T [2]. Although the production
rate is decreased by scaling down, it could be meaningful
for clinical diagnostics where speed and low consumption
of sample are important. With micro total analysis system
technology, multiple analytical processes could be integrat-
ed in one single-chip device [10]. Biological analysis in
chip format is favorable for reducing reagent and power
consumption, shortening the analysis time, and the through-
put could also be increased by parallel operation [2, 10].
Microfluidic chips with channels of cell size (10–100 μm)
are especially suitable for cellular assay [11, 12], such as
magnetic trapping and sorting [13–15], optical manipula-
tion [16, 17], mechanical manipulation [18–20], and
electrical trapping and sorting [21–23]. A magnetic field
is a promising resource, which is clean, versatile, remote,
and noninvasive for cell manipulation in a microfluidic chip
[10]. Han and Frazier [2, 8, 9] reported a magnetic gradient
microseparator, with which RBCs and white blood cells
(WBCs) from whole blood were separated on the basis of
their native magnetic difference. The chip fabrication
involved microelectroformation of a nickel pattern through
thick photoresist micromolds and wet chemical etching. In
total, 93.5% of RBCs were separated continuously by three-
stage cascade paramagnetic capture mode at a flow rate of
0.08 μL/min.

Visualization of the separation process is also important
during system development. Fluorescence labeling with
organic dyes is most widely used for cell imaging. Nano-
scale quantum dots (QDs) as an inorganic fluorescence
label have attracted attention owing to their significant
advantages over organic fluorophores in terms of fluores-
cence intensity, resistance to photobleaching, and multiple
colors that facilitate simultaneous imaging of multiple
fluorophores [24–27]. These features make QDs ideal for
concurrent monitoring of intracellular interactions in living
cells and organisms over a period ranging from less than 1 s
to several days [28]. Continuous magnetic sorting of QD-
labeled cells could integrate fluorescence, magnet selectiv-
ity, and bioselectivity, and will find wider applications in
fast clinical diagnosis.

This paper presents a simple glass microfluidic chip that
could generate a magnetic gradient in the separation
channel, and sorting of RBCs was successfully demonstrat-
ed on the basis of their native magnetic susceptibility. The
performance of the chip was characterized by microscopic
bright-field imaging and dark-field fluorescence imaging

with QD labeling, respectively. Cell sedimentation and
uneven distribution in the channel were also studied and are
discussed.

Materials and methods

Chemicals and materials

Bovine serum albumin (BSA) was purchased from Sigma.
All other chemicals were of analytical grade. The support-
ing medium was pH 7.4 phosphate buffer without sodium
chloride, unless otherwise mentioned. The QD was a
homemade CdTe QD capped with mercaptopropionic acid.
The 1.7-mm-thick glass substrate with a chromium layer
and photoresist coating was from Shaoguang Microelec-
tronics, Changsha, China.

Instruments

The sample solution was infused into the chip by a syringe
pump from Bioanalytical Systems, USA. Microscopic
imaging was carried out using an IBE2003 fluorescence
microscope system from Optoelectronic Instrument,
Chongqing, China, which was equipped with a CCD
(YH-9616 Yonghui Technology Development, Shenzhen,
China). The magnetic field strength of the neodymium iron
boron permanent magnet was measured using a gauss/
teslameter (HT 100 G, Hengtong Magnetoelectricity,
Shanghai, China). The JKG-2A lithography system was
from Xueze Optical-Mechanical, Shanghai, China. The
XMC 5400 temperature-programmable controller for ther-
mal bonding of the glass chip was from Oriental Spark
Intelligent Instruments, Fujian, China, and the oven (SX2-
4-10) was from Electric Furnace Factory, Shenyang, China.

Chip design and microfabrication

Figure 1a illustrates the layout of the chip, with one inlet
and three outlets. A permanent magnet sheet was placed
parallel to the channel by the side of the chip, and the
direction of the magnetic field was perpendicular to the
chip channel. A nickel wire was introduced into the channel
through a guide channel and was positioned in the middle
of the microchannel following the methods introduced in [29].
The RBCs (as paramagnetic particles) were drawn closer
to the nickel wire and the WBCs (diamagnetic particles)
were forced away from the wire following the magnetic
gradient induced around the nickel wire. The cross-
sectional view of the separation channel and the separation
principle are illustrated in Fig. 1b. The chip system was
placed on the microscope stage for visual observation and
optical imaging.
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The photolithographic process described in [30] was
adopted for the fabrication of the glass chip. The ridges for
aligning the nickel wire in the center of the separation
channel were formed simultaneously during the etching of
the main channel following a procedure developed in this
laboratory [29]. The main microchannel was 73 μm in
depth and the two ridges were about 10 μm in height; the
microscope image is shown in Fig. 1c. The chip was
thermally bonded at 580 °C in about 4 h. A nickel wire of
69-μm diameter was inserted through a guide channel into
the main separation channel and positioned between the

two parallel ridges. The exit of the guide channel for
inserting the nickel wire was then sealed by epoxy resin.

The side of the chip parallel to the separation channel
was ground such that the distance between the channel and
the side was reduced to about 2 mm. A fused-silica
capillary (250-μm inner diameter) was connected to the
inlet for infusion of the sample cell suspension solution by
a syringe pump. The chip system is shown in Fig. 1d.

Sample preparation

The blood samples were obtained from healthy adults, and
were prepared by adding 2 mg EDTA-Na2 (as anticoagu-
lant) to 1-mL samples [31]. The samples thus prepared
were stored in a refrigerator at 4 °C. The blood cell samples
were prepared by 1:40 (v/v) mixing of the blood sample
with 5 mM NaNO2 solution to oxidize the hemoglobin in
RBCs into paramagnetic form, and kept at 4 °C for 40 min
before use following the procedure reported in [2, 4]. Some
blood samples were treated in the same way, but the
specific density of the supporting medium was adjusted to
1.070 by adding BSA [31].

The blood cells were labeled by CdTe QDs capped with
mercaptopropionic acid, which gave green fluorescence
with 488-nm excitation [32]. The QDs (0.2 mol/L) and the
blood samples were 5:1 (v/v) mixed, and the mixture was
maintained at 37 °C for 30 min [26, 32]. The blood samples
were then washed three times and resuspended in 20 μL
buffer. Then the labeled blood cells were diluted 41 times
by NaNO2 solution (specific density 1.070) and kept at 4 °C
for 40 min before use.

Procedure

First, the microfluidic chip was located on the stage of
microscope, and a permanent magnet was placed by one
side of the microchip about 2 mm from the separation
channel. The blood samples were infused into the chip
constantly by the syringe pump, and the images of the
separation channel were observed under the microscope by
a CCD either in white light illumination or in fluorescence
mode. The images were magnified 100 times and recorded
by the CCD or a numerical camera. The direction of sample
flow was from the right to the left in all images and the
permanent magnet was located at the top in all images.

Results and discussion

Magnetic gradient microfluidic chip

In the preparation of the chip, only conventional photoli-
thography and wet etching were involved; thus, sophisti-

Fig. 1 The microfluidic chip with a ferromagnetic wire. a Perspective
view of the microchannel layout that has one inlet and three outlets,
with an external magnetic field applied horizontally from one side of
the channel. b Cross section of the main channel and magnetic
gradient separation of blood cells. c Microscopic image of the cross
section of the main channel before bonding. d The chip system
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cated multiple microfabrication steps were avoided for the
introduction of a ferromagnetic element in the channel. The
introduction of the magnetic element in the chip was simply
realized by placing a single nickel (ferromagnetic) wire of
69-μm diameter into the separation channel and precisely
positioned in the center of the channel after thermal
bonding of the chip. A permanent magnet of 0.3 T was
placed by one side of the chip and parallel to the separation
channel, with one magnetic pole side facing the nickel wire
in the chip channel. In this way, a magnetic gradient was
effectively generated in the separation channel around the
nickel wire as demonstrated in the following sections by
blood cell separation without magnetic labeling.

Continuous cell separation

The native magnetic susceptibility of a RBC is due to the
existence of hemoglobin in the cell. Deoxyhemoglobin
contained in the RBC is paramagnetic [1, 3–7]. When the
sample was treated with NaNO2, the hemoglobins in the
RBCs turned into paramagnetic form [4]. It should be noted
that the native magnetic susceptibility of RBCs is quite low
compared with that of magnetically labeled cells, and they
will not be separated in a uniform magnetic field [7]. In a
magnetic gradient field, the force applied on a magnetic
particle with weak magnetic susceptibility depends strongly
on the product of the field strength and the magnetic
gradient, as well as on the particle size and magnetic
susceptibility, as shown by Eq. 1 [33, 34]:

F ¼ #VHdH=dx; ð1Þ
where χ is the magnetic susceptibility difference between
the particle and the media, V is the volume of the particle,
H is the magnetic field strength, and dH/dx is the magnetic
field gradient. It can be seen Eq. 1 that no magnetic force
will be applied onto a magnetic-field-susceptible cell to make
it move in a homogenous magnetic field (i.e., dH/dx=0); it is
simply magnetized. With the introduction of the nickel wire
in the separation channel, a magnetic gradient was induced
and cell migration occurred in the direction perpendicular to
the fluidic flow as demonstrated in Fig. 2a. The flow rate
was 0.23 μL/min, corresponding to a velocity of about
9 mm/min in the microchannel. The applied magnetic field
strength was 0.3 T as monitored by a gaussmeter. Most of
the RBCs were obviously drawn toward the nickel wire in
30 min. Figure 2b shows the separation of blood cells in the
outlet of the microchip. The poor smoothness of the channel
edges was due to the limited resolution of the photo mask,
and could be easily improved by using a high-resolution
photo mask. With only one stage of separation, 93.7% of
RBCs were found in the middle outlet as measured by a
manual cell counter. On the other hand, no separation was
observed for blood sample without NaNO2 pretreatment

(Fig. 2c). An image similar to that in Fig. 2c was obtained
with the treated sample, but without application of the
magnet. Most of the cells seen in the images are RBCs, since
WBCs are in the minority (1:1,000 to RBCs) and are
difficult to see with a normal bright-field microscope in the
separation chip owing to their transparency.

Flow rate effect

Figure 3 shows the effect of flow rate from 0.12 to
0.92 μL/min (approximately 9–74 mm/min). It can be seen
from the images that more RBCs were drawn closer to the
nickel wire as the flow velocity decreased. Under a flow
rate of 0.12 μL/min, more RBCs were centralized and 96%

Fig. 2 Images of the blood cells passing through the microchannel,
flow rate 0.23 μL/min, time 30 min, blood sample 1:40 (v/v) diluted.
a End of the wire. b Outlet of the chip. c End of the wire, without
magnetic field applied. The wire was 69 μm in diameter, and the
magnet was placed at the top of the images (same as for the images in
the other figures)
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of RBCs were collected in the middle outlet as shown in
Fig. 3a. Under flow rates of 0.23, 0.58, and 0.92 μL/min,
the collection rates in the middle outlet were 93.7, 71.1, and
59.6%, respectively. The flow-rate effect could be ex-

plained by the residence time: the longer the time, the more
the RBCs migrate to the wire as a result of the magnetic
gradient during their travel in the channel. After 30 min,
fewer cells were observed under higher flow rate, since
most cells were washed out of the channel by the high flow,
and cell sedimentation occurred in the infusion system.

Cell sedimentation

The specific density of RBCs is 1.100 and that of WBCs is
1.060 [31]; both are greater than that of a normal aqueous
medium, which is close to 1.000. Cell sedimentation is
inevitable during a long assay period, though this is seldom
mentioned in the related reports. Cell sedimentation could
occur in the syringe, the connection tube, and the separation
channel. But this had less effect on the magnetic separation,
since the sedimentation and magnetic field are perpendic-

Fig. 3 Flow-rate effect. All images were taken after 30 min of sample
infusion at the given flow rates. The blood sample was 1:40 (v/v)
diluted. a 0.12 μL/min, b 0.23 μL/min, c 0.58 μL/min, d 0.92 μL/min

Fig. 4 Effect of specific density adjustment of supporting medium,
flow rate 0.23 μL/min. The blood sample was 1:40 (v/v) diluted. a
30 min, b 60 min, c 90 min. The specific density of the supporting
medium was adjusted to 1.070 by bovine serum albumin
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ular to each other. The images observed at the end of the
wire at different times up to 90 min under a given flow rate
of 0.23 μL/min showed that the quantity of blood cells
decreased with time (images omitted). It would be desirable
to have a constant feeding of the cells into the chip in the
cell separation study. To reduce the sedimentation effect,
the density of the medium was adjusted by BSA, and
results at 30, 60, and 90 min are shown in Fig. 4. It can be
seen from the images that the sedimentation was obviously
alleviated by adjusting the specific density to 1.070 with

BSA. Nevertheless, sedimentation was still noticed at
90 min as shown in Fig. 4c. More BSA resulted in a too
viscous medium. Salt such as CsCl was not used because of
concern of cell breakage.

QD labeling of the blood cells

QD labeling was introduced for better visualization of the
magnetic separation of the cells in the chip. Since QD
labeling of cells is not selective, both minority WBCs and
RBCs could be seen. Figure 5 shows the images of the
separation of cells labeled by QDs in the middle part of
the channel under a flow rate of 0.23 μL/min for 30 min.
The flow was stopped during imaging to obtain a clear image
of the cells. The images in Fig. 5 were acquired under
identical focusing condition, but under different illumina-
tion. The image shown in Fig. 5a was obtained with both
bright light from the top of and blue excitation light from
beneath the inverted microscope; thus, the cells under the
wire (the dark shadow in the center) were also visible. In
fluorescence mode, as shown in Fig. 5b, all types of cell in
focus became clearly visible in the dark background,
including WBCs away from the wire and RBCs near the
wire. It is interesting to note that although WBCs are in the
minority, they could still be seen in the dark field by QD
labeling. It can be seen from the inserts that the fluores-
cence spots visible in Fig. 5b are hardly seen in Fig. 5a, and
they should be attributed to the WBCs. Selective fluores-
cence labeling of WBCs could also be done with nucleus
stain [2]. As indicated in the images in Fig. 5, the cells
could travel from one side of the wire to the other. This is
because the depth of the channel is about 4 μm greater than
the diameter of the wire, leaving space for the cells to travel
across the wire. The effective magnetic separation of QD-
labeled cells also indicated that the QD labeling had no side

Fig. 5 Microscopic images of the blood cells labeled by quantum
dots. a Bright-field image, with blue light on. b Dark-field
fluorescence image. The dark shadow in a is the nickel wire of 69-
μm diameter

Fig. 6 The asymmetrical distribution of the blood cells around the
ferromagnetic wire in the microchannel
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effect on the magnetic separation. Furthermore, blue light
illumination for longer than 120 min did not result in
obvious fluorescence quenching, demonstrating the advan-
tage of QD labeling for cell fluorescence visualization.

Asymmetry of the cells on the wire

It was noticed that the RBCs were attracted more to the
outer side of the wire far away from the magnet, as clearly
shown in Fig. 4. The magnetic sheet is longer than the
separation channel, thus the edge effect should not be
obvious, and the magnetic field strength along the
separation channel is about the same level. However, the
magnetic strength decays quickly with distance from one
pole of the magnet (z direction in Fig. 1a). When an
external magnetic field was applied to the ferromagnetic
wire from only one side, the magnetic field was deformed
near the wire, and a magnetic gradient was generated
around the wire as reported in [2, 9, 33]. This is why RBCs
can be attracted toward the ferromagnetic wire [2]. Since
only one magnet was placed by the separation channel, the
magnetic field near the nickel wire was not homogenous in
the z direction. The magnetic lines disperse with distance,
and resulted in a greater gradient on the outer side of the
nickel wire, as indicated in Fig. 6, which gives rise to an
enhanced force on the RBCs. This analytical analysis is in
agreement with the experimental facts. The gap between the
wire and the channel walls allowed the cells to migrate
from one side of the wire to the other. Numerical simulation
will be carried out in the future.

Summary

Briefly, a simplified glass microfluidic chip integrated with
a magnetic gradient element was designed and prepared,
with which continuous sorting of blood cells was success-
fully demonstrated. The magnetic gradient in the separation
channel was induced by a ferromagnetic nickel wire of 69–
µm diameter that was precisely positioned in the center of
the main separation channel. Up to 93.7% of the RBCs
were selectively collected with the chip and one 0.3-T
permanent magnet. The cell sedimentation was effectively
alleviated by adjusting the specific density of the support-
ing medium. An asymmetrical distribution of the magnetic
gradient was observed experimentally with the chip by
blood cell separation.

We foresee that the method proposed in this paper could
also be used for assay of methemoglobin in a whole blood
sample caused by poisoning by CO, NO, etc. Immuno-
magnetic cell sorting by tagging specific cell surface
epitopes with magnetic particle conjugates has been gaining
popularity in the fields of cell biology and medical

microbiology [35–37]. Besides blood cell sorting based on
their native magnetic properties, a microfluidic chip like the
one proposed in this work could also be used as a general
platform for continuous cell sorting with magnetic labeling
for diagnostic purposes [38–40]. An application study is in
progress in our laboratory.
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