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High-Throughput Separation of White Blood Cells
From Whole Blood Using Inertial Microfluidics
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Abstract—White blood cells (WBCs) constitute only about 0.1%
of human blood cells, yet contain rich information about the im-
mune status of the body; thus, separation of WBCs from the whole
blood is an indispensable and critical sample preparation step in
many scientific, clinical, and diagnostic applications. In this pa-
per, we developed a continuous and high-throughput microfluidic
WBC separation platform utilizing the differential inertial focus-
ing of particles in serpentine microchannels. First, separation per-
formance of the proposed method is characterized and evaluated
using polystyrene beads in the serpentine channel. The purity of
10-µm polystyrene beads is increased from 0.1% to 80.3% after
two cascaded processes, with an average enrichment ratio of 28
times. Next, we investigated focusing and separation properties of
Jurkat cells spiked in the blood to mimic the presence of WBCs in
whole blood. Finally, separation of WBCs from human whole blood
was conducted and separation purity of WBCs was measured by
the flow cytometry. The results show that the purity of WBCs can be
increased to 48% after two consecutive processes, with an average
enrichment ratio of ten times. Meanwhile, a parallelized inertial
microfluidic device was designed to provide a high processing flow
rate of 288 ml/h for the diluted (×1/20) whole blood. The proposed
microfluidic device can potentially work as an upstream compo-
nent for blood sample preparation and analysis in the integrated
microfluidic systems.

Index Terms—Blood cell separation, inertial microflu-
idics, leukocytes, particle focusing and separation, serpentine
microchannnel, white blood cells.

Manuscript received May 12, 2017; revised July 24, 2017; accepted July 31,
2017. Date of publication August 29, 2017; date of current version December
29, 2017.This work was supported in part by the Natural Science Foundation
of Jiangsu Province under Grant BK20170839, the University of Wollongong-
China Scholarship Council joint scholarships, and the National Natural Science
Foundation of China (Grant 51705257). This paper was recommended by As-
sociate Editor M. Intaglietta. (Corresponding author: Jun Zhang.)

J. Zhang and H. Xia are with the School of Mechanical Engineering, Nan-
jing University of Science and Technology, Nanjing 210094, China (e-mail:
junzhang@njust.edu.cn; hmxia@njust.edu.cn).

D. Yuan, S. Yan, Q. Zhao, and W. Li are with the School of Me-
chanical, Materials and Mechatronic Engineering, University of Wollon-
gong, Wollongong, NSW 2522, Australia (e-mail: dy983@uowmail.edu.au;
sy034@uowmail.edu.au; qz260@uowmail.edu.au; weihuali@uow.edu.au).

R. Sluyter is with the School of Biological Sciences and Illawarra Health
and Medical Research Institute, University of Wollongong, Wollongong, NSW
2522, Australia (e-mail: rsluyter@uow.edu.au).

S. H. Tan and N.-T. Nguyen are with the Queensland Micro- and Nanotech-
nology Centre, Griffith University, Brisbane, QLD 4111, Australia (e-mail:
sayhwa.tan@griffith.edu.au; nam-trung.nguyen@griffith.edu.au).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TBCAS.2017.2735440

I. INTRODUCTION

B LOOD contains massive information about the function-
ing and status of the body. Separation of blood sample is

a requisite and critical step in many research applications, and
clinical diagnoses and therapeutics [1]–[5]. Current methods
for blood cell separation require complex and expensive equip-
ment. Centrifugation, the “gold standard” and the most common
method for blood cell separation, is labor-, energy- and time-
intensive and relies on well-trained operators [6], [7]. Another
common approach is to expose whole blood to the hypotonic
solution to lyse red blood cells (RBCs), which are more sensi-
tive to osmotic shock than nucleated white blood cells (WBCs)
[8]. In this method, centrifugation is still required to remove
the lysed RBC debris from WBCs. Moreover, exposure to a
high acceleration or osmotic shock will probably influence the
immunophenotype [9] and viability [10], [11] of the cells.

Microfluidics has been emerging as a powerful technology
and holds the potential for high resolution and high efficient
separation of blood cells in microchannels. In microfluidic de-
vices, active external (electric, acoustic and magnetic) force
fields were applied to facilitate the fractionation of blood cells.
Han and Frazier [12] presented lateral-driven continuous di-
electrophoretic (DEP) microseparators to separate RBCs and
WBCs from diluted (×1/6) whole blood at a flow rate of
50 μl/min. The separation efficiency of WBCs for the diver-
gent and convergent type DEP microseparators was 92.1%
and 76.9%, respectively. Meanwhile, free flow acoustophore-
sis (FFA) was proposed and developed to separate polystyrene
particles and blood cells [13]. This method has been further
developed to fractionate WBCs subpopulations (lymphocytes,
monocytes, and granulocytes) [14]. For lymphocytes and gran-
ulocytes, flow cytometry data reveal high purity (95.2% and
98.5%, respectively) and high recovery (86.5% and 68.4%,
respectively). However, despite a high recovery (83.1%), a
relatively low purity (25.2%) was obtained for monocytes. In
addition, employing intrinsic differences in magnetic property
between WBCs and RBCs can also enable the separation of
WBCs and RBCs. Han and Frazier [15] developed continuous
cascade paramagnetic capture (PMC) mode microfluidic sepa-
rators for high efficient separation of RBCs and WBCs based on
the native magnetic properties. The PMC microseparator con-
tinuously separated 93.5% of RBCs and 97.4% of WBCs from
whole blood at a volumetric flow rate of 5 μl/h. Moreover, Iliescu
et al. [16] reported a microfluidic device for magnetophoretic
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capture of RBCs from blood under continuous-flow condition.
The ferromagnetic wires generate a gradient of magnetic field
which is perpendicular to the flowing direction and enlarges the
magnetic force to capture RBCs on the bottom of the microflu-
idic channel, while the rest of the blood flows through and is
collected at the outlet. Experimental results show that 95% of
RBCs were trapped in the device.

Meanwhile, fractionation of blood cells by employing
intrinsic hydrodynamic force or cell-cell interactions without
external force fields was also reported. Cross flow filtration
which filtrates small particles from large ones by an array of
side branches has been developed for blood cell separation
[17]–[20]. Yamada and Seki [17] proposed a hydrodynamic fil-
tration in a microchannel with multiple side branch channels to
concentrate WBCs from (×1/10) diluted blood samples at a flow
rate of 20 μl/min. The ratio of WBCs to RBCs was increased
from 0.13% to 3.71% after two rounds of filtration. In addition
to side branch, the surface membrane was integrated within a
crossflow filtration scheme in a microfluidic chip to sort WBCs
from whole blood [19]. The recovery rate of WBCs was 27.4%
and purity was 93.5% with a sample-throughput of 1 ml/h.

WBC margination, which is recognized as an outcome of
the cell deformability and shape differences between RBCs and
WBCs, was also used for blood separation [8], [21]. Jain et al.
[8] developed a biomimetic postcapillary expansion technique
using repeated triangular expansions/contractions to extract nu-
cleated cells at a rate of 18 μl/h on the unprocessed whole blood.
The recovery rate of 94% and purity of 5% were obtained. By
patterning slanted ridges on the top of the straight channel,
Kim et al. [21] developed a microfluidic platform to achieve
deterministic separation of WBCs from whole blood, achieving
high-throughput separation of cells (150 μl/min for undiluted
whole blood). The ratio of WBCs to RBCs was 110:1000 in
the WBCs reservoir after multistage (n = 4) device operation,
with a recovery rate of 80%.

Recently, inertial microfluidic technology which manipulates
microparticles by the finite inertial effects of fluid and particles
has attracted significant attention due to the advantages of simple
structure, high throughput, and precise manipulation [22]–[26].
Wu et al. [27] presented a novel inertial platform for continu-
ous sheathless particle and blood cell separation in straight mi-
crochannels containing expansion-contraction microstructures.
The processing rate for the device with 72 parallel channels
for diluted (×1/400) blood was 10.8 ml/min, with separation
purity and efficiency as high as ∼90%. Spiral microchannels,
which induce Dean flow to modify inertial focusing and facil-
itate cell separation, were proposed and applied for blood cell
separation. Nivedita and Papautsky [28] demonstrated the con-
tinuous separation of RBCs and WBCs from a diluted (×1/500)
sample of blood in a spiral microchannel at a flow rate of
1.8 ml/min, equivalent to the flow rate of 3.6 μl/min for undiluted
whole blood. Moreover, Wu et al. [29] presented a novel design
of a spiral inertial microfluidic device with a trapezoidal cross-
section for high efficient WBCs separation. For 0.5% hematocrit
blood sample, ∼98.4% of total WBCs (99.4% granulocytes and
92.4% mononuclear leukocytes) were recovered at a through-
put of ∼900 μl/min, equivalent to 10 μl/min for whole blood

(at 45% hematocrit). However, the throughput of these inertial
microfluidic devices is still on the order of ∼10 μl/min for the
undiluted blood, which is not desirable for large volume sample
preparation.

In the present work, we developed a continuous and high-
throughput inertial microfluidic device with symmetric serpen-
tine microchannels to further improve the throughput. The sep-
aration principle is based on the differential inertial focusing of
particles in a microchannel. First, we characterized and evalu-
ated the separation performance of the proposed methods using
polystyrene beads. The purity of 10-μm polystyrene beads was
increased from 0.1% to 80.3% after two processes, with an av-
erage purity enrichment ratio of 28 times. Next, Jurkat cells, a
human T lymphocyte cell line, were spiked in the blood sam-
ple to mimic the presence of WBCs in whole blood, and its
focusing and separation performance in the whole blood was
investigated in the proposed microchannel. Finally, separation
of WBCs from diluted whole blood was conducted in a cascaded
manner, and flow cytometry was used to characterize the separa-
tion purity of WBCs. A parallelized inertial microfluidic device
was designed and fabricated to provide a high processing flow
rate of 288 ml/h for the diluted (×1/20) whole blood. We envi-
sion that the parallelized serpentine channels could be a useful
alternative to conventional centrifugation for high efficient and
high-throughput RBC depletion and WBC purification.

II. METHODS AND MATERIALS

A. Device Design and Fabrication

The microchannel in the experiments is 15.2 mm long, com-
prised of 15 zigzag periods. The depth and width of the mi-
crochannel are 42 μm and 200 μm, respectively. The width and
length of each U-turn are both 700 μm. At the end of the ser-
pentine channel, a trifurcation outlet is implemented, and the
two-sided symmetrical branches are merged for an easy fluid
collection. In order to amplify the processing throughput, eight
serpentine channels were parallelized along the planar direction
in a single microfluidic device. All components were fabricated
by the standard photolithography and PDMS soft lithography
techniques [30].

B. Particle and Cell Preparation

Polystyrene particles internally stained with fluorescent dyes
were obtained from Thermo Fisher Scientific. Particles with di-
ameters of 3 μm (Product No. R0300, CV5%) and 10 μm (Prod-
uct No. G1000, CV5%) were respectively dispersed in deionized
(DI) water and the particle weight ratio is about 0.05%. Tween
20 (Sigma-Aldrich, Product No. P9416) with was added in the
DI water as a surfactant at a weight ratio of 0.1% to avoid parti-
cle aggregation. For the separation test, a mixture of polystyrene
beads was prepared by mixing 3-μm and 10-μm particles to a
final concentration of 4 × 107 counts/ml and 4 × 104 counts/ml
in the DI water, respectively.

For cell experiments, Jurkat cells, an immortalized line
of human T lymphocytes, were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (ThermoFisher



1424 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 11, NO. 6, DECEMBER 2017

Scientific) containing 10% fetal bovine serum (Bovogen Bio-
logicals) and 1% L-glutamine (ThermoFisher Scientific) within
a humidified 5% CO2 , 37 °C incubator (Thermo Scientific)
using the standard protocols. Jurkat cells, which grow in the
culture medium, were centrifuged at 450 × g for 5 min. After
aspirating the supernatant, the cells pellet was resuspended
gently in a pre-warmed CellTracker Green CMFDA solution
(Product NO. C2925, CellTracker) and incubated for 30 min.
Finally, the stained cells were centrifuged at 450 × g for 5
min, diluted in the phosphate-buffered saline (PBS) to the
desired concentration of ∼1 × 105 cells/ml, or spiked in whole
blood to mimic the presence of WBCs. The cells were stained
to facilitate observation of cell trajectory in the serpentine
microchannel and counting of recovered cells. Whole blood
was collected from human volunteers into lithium heparin tubes
(Greiner Bio-One). Blood sample was diluted 20 times with
PBS before being infused into the microfluidic device.

C. Experimental Setup and Method

The microfluidic devices were located on the stage of an in-
verted fluorescence microscope (CKX4, Olympus). A syringe
pump (Legato 100, KD Scientific) was used to control the flow
rate and infuse particle suspension and blood sample into the
microfluidic devices. An high-speed CCD camera (Optimos,
Q-imaging) mounted on the microscope recorded the trajecto-
ries of particles and cells, and the captured images were then
post-processed and analyzed by a commercial image analysis
software (Q-Capture Pro 7, Q-imaging). The experimental setup
is shown in Fig. 1(a). The concentrations of polystyrene beads
and blood cells were measured using a hemocytometer. The pu-
rity of polystyrene beads mixture collected from outlets after
two cascaded processes was calculated based on three measure-
ments. An LSR II flow cytometer (BD Biosciences) measured
the forward scatter (FSC) and side scatter (SSC) of blood sam-
ples before and after the process. FlowJo software (Tree Star)
was used to analyze the data and evaluate the ratio of blood cell
subpopulations.

III. THEORY AND MECHANISM

A. Inertial Migration

Particle inertial migration in straight channels is induced by
the two inertial effects: the shear gradient lift force FLS and the
wall lift force FLW . The shear gradient lift force FLS originates
from the parabolic fluid velocity profile and finite particle size,
directing toward the channel wall. And the wall lift force FLW

arises when particles are near channel wall, always pointing to
the channel centerline. The particle focusing positions are the
locations where both inertial lift forces counteract each other.
If the particle size is far smaller than the channel size, the net
inertial lift force FL can be expressed as following [22], [31]:

FL =
ρf U 2

m a4

D2
h

fL (Re, z) (1)

Re =
ρf Um Dh

μ
(2)

Fig. 1. (a) A diagram of experimental setup. The microfluidic chip is placed
on an inverted microscope which is mounted with a digital camera. A syringe
pump is used to control and infuse particle/cell suspension into the microfluidic
chip at a specific flow rate, and the trajectories of particles/cells are recorded
by the digital CCD camera and analyzed by the Q-capture Prof 7 software.
(b) Inertial focusing and separation of microparticles in the symmetric serpen-
tine microchannel. (c) The inertial equilibrium position of 3-μm and 10-μm
polystyrene beads under different flow Reynolds numbers in the serpentine mi-
crochannel. (d) Separation of 3-μm (red) and 10-μm (green) polystyrene beads
by differential equilibrium positions.

where a is particle diameter, and Dh is the hydraulic diameter
of the channel. ρf, μ and Um are the fluid density, dynamic
viscosity, and maximum velocity, respectively. fL (Re, z) is the
dimensionless coefficient of the inertial lift force, which is a
function of the particle cross-sectional position z and channel
Reynolds number Re [22].

B. Secondary Flow

In a curving channel, fluid momentum mismatch in the center
and near-wall region within the curvature causes a pressure
gradient along the radial direction, which subsequently induces
a secondary flow [22]. The fluid elements near the channel
centerline flow outwards due to a higher momentum than those
near the wall, and push the relatively stagnant fluid elements
near the wall inwards along the circumference, thus producing
two counter-rotating streams, also called Dean vortex [22]. The
strength of the secondary flow UD is approximated as [32], [33]:

UD = 1.8 × 10−4De1.63 (3)
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where the Dean number De is a function of the Reynolds number
Re, the radius of the channel curvature R, and the hydraulic
diameter of the channel Dh [34]:

De =

√
Dh

2R
Re (4)

For a particle moving at a lateral speed of Up , the Dean drag
force FD on the particle can be calculated using Stokes’ drag
law [35]:

FD = 3πμa(UD − UP ) (5)

The additional lateral forces from the secondary flow induced
by the channel curvature could assist and modify inertial focus-
ing process and positions [36]. The particle focusing pattern in
the microchannel (i.e., the position, number, and bandwidth of
the particle positions) can be analyzed by comparing the rel-
ative strength of the secondary flow drag and the inertial lift
force [22]. If the secondary flow in the serpentine channel is too
weak to offset the inertial lift force, the focusing pattern is still
dominated by the inertial lift force, and particles are normally
ordered along the two sidewalls [37]. If the secondary flow is
strong enough, it will modify the particle focusing positions.
In such case, a single stream can be obtained in a symmetric
serpentine channel [38]. Benefitting from the property that the
relative strength of these forces is highly dependent on particle
size, particle separation by size in the serpentine channel can be
obtained by the overlap of the two different regions.

IV. RESULTS AND DISCUSSION

A. Inertial Focusing of Polystyrene Beads

Blood cells consist of three main classes: (i) leukocytes or
WBCs, spherical cells 8–12 μm in diameter, and concentration
is ∼(5–10) × 106 counts/ml; (ii) erythrocytes or RBCs, discoid,
anuclear cells ∼8 μm in diameter and ∼2.5 μm in thickness,
and concentration is ∼5 × 109 counts/ml; and (iii) platelets,
discoid particles 1–3 μm in diameter, and concentration is (2–5)
× 108 counts/ml [18], [39], [40]. The significant size difference
of WBCs with other blood cells makes the size-based separation
of WBCs possible.

As a first step, the rigid spherical polystyrene beads with sim-
ilar size to relevant blood cells were used to characterize the
inertial focusing behavior (e.g., inertial equilibrium positions
and distribution) in the symmetrical serpentine microchannel.
Initially, particles are focused as two streaks along the sidewalls.
Increasing Reynolds numbers from 10 to 200 (corresponding to
flow rate of 50–1000 μl/min), particles migrate towards the
channel centerline, and above a certain Re threshold, the large
(10-μm) particles focusing streams merge as a single beam
along channel centerline. In contrast, small particles (3-μm)
still occupy the two sidewalls for a wider Re region, Fig. 1(c).
Even above a threshold, no central focusing is observed but the
defocusing emerges. Defocusing can be explained by the stir-
ring effects of secondary flow on the small particles [38]. By
employing the overlap of the central focusing status of
large (10-μm) particles and the two-sided focusing status
of small particles (3-μm), continuous and efficient separation of

Fig. 2. Separation performance of the proposed microchannel for 3-μm and
10-μm polystyrene beads. (a) Brightfield images of particle mixture at (i) inlet,
and (ii) central outlet collection from the first process and (iii) central outlet
collection from the second process. The input sample for the second process
is the central outlet collection from the first process. (b) The concentration of
particle mixture before and after each process. (c) The percentage of 3-μm and
10-μm polystyrene beads before and after each process. The portion of 10-μm
polystyrene beads increased significantly from 0.102% to 80.31% after two
cascaded processes.

binary particles in the serpentine microchannel can be achieved,
Fig. 1(b) and (d), which is the principle of WBCs separation in
this work.

B. Inertial Separation of Polystyrene Beads

In whole blood, the concentration ratio of WBCs to RBCs can
be as low as 1:1000, thus making efficient separation and pu-
rification of WBCs from whole blood a technical challenge. In
order to characterize the separation performance of the symmet-
ric serpentine channel, we prepared polystyrene beads mixture
(3-μm and 10-μm) with a similar concentration ratio and infused
the particle mixtures into the microchannel at the flow rate of
600 μl/min (Re = 120). The concentrations of 3-μm and 10-
μm particles are 4 × 107 counts/ml and 4 × 104 counts/ml, re-
spectively. After the first process through the serpentine channel,
the concentration of 10-μm particles from the central collection
increased to 1.4 × 105 counts/ml, whereas the concentration of
3-μm particles decreased to 1.19× 106 counts/ml, Fig. 2(b). The
optical images in Fig. 2(a) clearly show significant depletion of
3-μm particles and enrichment of 10-μm particles. Therefore,
the purity of 10-μm particles is enhanced from 0.1% to 10.59%
after a process, resulting in an enrichment ratio of 100 times,
Fig. 2(c).

After a second process using the central collection from the
first one, the concentration of 10-μm particles is further raised
to 4.35 × 105 counts/ml, with the purity improved to 80.3%,
Fig. 2(b) and (c). Whereas, the concentration of small particles
is decreased to 1.075× 105 counts/ml, occupying only 19.7% of
the total number of particles at the central outlet. In summary, the
purity of 10-μm particles is increased from 0.1% to 80.3% after
two cascaded processes, with an average purity enrichment ratio
of about 28 in each circle. Meanwhile, the separation efficiency
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Fig. 3. Inertial focusing of Jurkat cells in the symmetrical serpentine mi-
crochannel. (a) Brightfield (top) and fluorescent (bottom) images of the stained
Jurkat cells. (b) Inertial focusing positions of Jurkat cells at flow rates ranging
from 200 μl/min to 900 μl/min. (c) Fluorescent profiles of cell focusing stream
at the end of the serpentine microchannel.

(or recovery ratio, defined as the number ratio of collected target
particles to the input target particles) of 10-μm particles is more
than 95% in each process.

C. Separation of Jurkat Cells Spiked in Blood Samples

Jurkat cells, which are an immortalized line of human T lym-
phocytes, were used to investigate the inertial focusing behavior
of cells in the symmetric serpentine microchannel. Jurkat cells
were cultured and stained using CellTracker Green CMFDA to
allow visualization of cell trajectory, Fig. 3(a). The diameter of
Jurkat cells is 14.5 ± 2.2 μm (n = 167). Jurkat cell suspensions
were infused into the symmetric serpentine channel at flow rates
from 200 μl/min to 900 μl/min. Their focusing positions at the
end of the serpentine channel were captured, Fig. 3(b). We can
see that the focusing phenomenon of Jurkat cells is similar to
that of the rigid polystyrene beads observed above: the two-
sided focusing streaks migrated toward the channel centerline
with an increment of flow rate and finally merged as a single

Fig. 4. (a) Inertial focusing and separation of Jurkat cells spiked in the diluted
(×1/20) whole blood. (b) Inertial focusing positions and distribution of stained
Jurkat cells and blood cells at flow rates of (i) 400 μl/min, (ii) 600 μl/min, and
(iii) 800 μl/min. (c) The optical images of Jurkat cells spiked in the blood under
a hemocytometer before and after the process by the inertial microfluidic device.
The dark points are blood cells, and the bright points are the stained Jurkat cells.
The ratio of spiked Jurkat cells is increased by 11 times, from 0.1% to 1.1%.

Fig. 5. (a) A schematic of cascaded separation and purification of white
blood cells (WBCs) from whole blood. (b) A picture of the working inertial
microfluidic device with eight parallel serpentine microchannels and optical
images of the input blood sample and collections in the tubes after two cascaded
processes. (c) Flow cytometry data indicate the percentage of white blood cells
(WBCs), red blood cells (RBCs) and platelets (PLTs) numbers in the (i) whole
blood sample, (ii) central collection after the first process, and (iii) central
collection after the second process.

streak at the centerline. This can be further validated by the
fluorescent profile, Fig. 3(c).

To mimic the whole blood and further evaluate the inertial
focusing and separation of Jurkat cells in the presence of blood
cells, the Jurkat cells were spiked into the blood in a number
ratio of about 0.1% to mimic the behavior of WBCs in the
whole blood. The brightfield and fluorescent images, which
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TABLE I
COMPARISON OF DIFFERENT MICROFLUIDIC METHODS ON WBCS SEPARATION

were for the better observation of RBCs and the stained Jurkat
cells respectively, were composited to verify their distinguished
focusing positions, Fig. 4(a). The RBCs (the dark streaks) are
obviously focused along two sidewalls, whereas the Jurkat cells
(the white streak) are concentrated tightly along the channel
centerline. We also investigated the effects of flow rates on their
focusing status, Fig. 4(b). The optimal flow rate was around
600 μl/min, when the flow rate was too low (400 μl/min), Jurkat
cells could not focus tightly along the centerline, and some
exited from the up and bottom outlets. However, if the flow rate
was too high (800 μl/min), the RBCs defocused and occupied
a wide region of channel width due to the mixing effects of the
secondary flow. In this case, large amount of RBCs will follow
Jurkat cells, entering the central outlet.

At an optimal flow rate, the RBCs can be depleted and Ju-
rkat cells can be concentrated significantly at the central outlet,
Fig. 4(c). The ratio of spiked Jurkat cells in the blood is enhanced
from 0.1% to 1.1% after a single process, with an enrichment
ratio of 11 times. It is noted that this value is significantly lower
than that of polystyrene beads, for which the enrichment ra-
tio for the average enrichment ratio is 28 times. This is due to
the fact that intensive cell-cell interactions in the blood sample
deteriorate the cells focusing and separation performance. Al-
though the blood sample was diluted× 1/20 using PBS, the con-
centration of cells was still in the order of 108 counts/ml, which
was one order of magnitude higher than that of polystyrene
beads sample.

D. Separation of WBCs From the Whole Blood

From the above characterization of separation performance
using polystyrene beads mixture and Jurkat cells spiked in blood,
we found that the purity of target cells is unsatisfactory after
single process, so a cascaded procedure that further processes
the targeted central collection from the previous one is needed,
Fig. 5(a). Meanwhile, the dilution of the whole blood sample is
required, which will reduce the net flow rate, therefore a par-
allelization design to amplify the whole throughput is desired.
Here, we designed and fabricated a parallelized device with eight
parallel serpentine channels, Fig. 5(b). The flow rate of diluted
(×1/20) whole blood infused into the device is 288 ml/h, equiv-
alent to 14.4 ml/h for the undiluted blood. The throughput can
be further enlarged by stacking several layers of microchannels
along the height direction.

The input blood sample and central collections from two
consecutive processes were tested by a flow cytometry,
Fig. 5(c). The separation purity of WBCs increased to about 48%
after two processes, with an average enrichment ratio of about
10 times, which is sufficient for many clinical assays [8]. We
observed that the separation purity of WBCs after each process
was lower than that of polystyrene beads separation. In addition
to the intensive cell-cell interaction as discussed above, a wide
size distribution of WBCs, ranging from ∼8 μm in diameter
(small T and B lymphocytes) to ∼11 μm (small granulocytes
like neutrophils and eosinophils) and ∼14 μm and above for the
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largest subpopulations (large T and B lymphocytes, monocytes,
and larger granulocytes like basophils) [14], may also contribute
to the degradation of separation performance.

The proposed microfluidic device holds several advantages.
First, there is no clogging issue in the proposed method com-
pared to the filtration based methods [17], [19]. Second, com-
pared with the reported inertial microfluidic systems, which
process highly diluted blood sample (×1/400- × 1/200) [27],
[28], the proposed microfluidic device can handle much less
(×1/20) diluted blood sample. Third, the proposed methods can
provide a high throughput. The equivalent throughput of the
proposed device for the undiluted blood is 240 μl/min, which is
30 times that of DEP microseparators [12], 48 times that of para-
magnetic capture (PMC) mode microseparators [15], 14-1000
times that of cross flow filtrations [17]–[19], 1.6-800 times that
of margination-based techniques [8], [21], and 9-66 times that
of the-state-of-art inertial micofluidic devices [27]–[29].

Table I summarizes the WBCs separation performance of dif-
ferent microfluidic methods. It should be noted that the shear
stress may affect the functionality and viability of WBCs in
the separation process. In this work, WBCs are focusing at the
center of microchannel where shear rate is minimum, with an
order same as that in Kim’s work [21], where WBCs are focused
along one sidewall of the microchannel with the shear rate at
1.3 × 104 s−1. In their work, the shear rate did not impair the
integrity and function of WBCs. Besides, the duration of WBCs
in the microfluidic device is very short, only about 15 ms. There-
fore, the effect of shear rate on the functionality and viability
on WBCs is believed negligible. This can be further supported
by our previous work using the same device for separation of
neuron and glial cells [41].

In this work, we manually collected the central collection after
the first process and infused into the same device to conduct the
second round. It could also be carried out by connecting the
central outlet of the first device with the input of the second one
in a cascaded way to avoid human intervention. In this case, a
sheath flow or a delicate outlet design is required to adjust the
flow rate and stream division in each serpentine microchannel,
ensuring every channel working at the optimal status.

V. CONCLUSION

In this work, we developed a continuous and high-throughput
microfluidic platform for WBCs separation utilizing the sym-
metric serpentine microchannel, which provides differential
inertial focusing of WBCs and RBCs along the lateral direc-
tion. Inertial focusing and separation of polystyrene beads and
mammalian cells in the serpentine channel were conducted to
characterize separation performance of the channel. The purity
of 10-μm polystyrene beads was increased from 0.1% to 80.3%
from after two processes, with the average purity enrichment
ratio of 28 times. The purity of WBCs from the whole blood
was increased to 48% after two consecutive processes, with an
average enrichment ratio of 10 times. Also, we designed and
fabricated a parallelized inertial microfluidic device, which can
provide a high processing flow rate of 288 ml/h for the diluted
(×1/20) whole blood, equivalent to 14.4 ml/h for the undiluted

whole blood. The proposed inertial microfluidic device can be
applied to the high volume blood sample preparation and anal-
ysis in the upstream of an integrated microfluidic system.
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