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Inertial microfluidics uses the intrinsic fluid inertia in confined channels to manipulate the particles and 
cells in a simple, high-throughput, and precise manner. Inertial focusing in a straight channel results in 
several equilibrium positions within the cross sections. Introducing channel curvature and adjusting the 
cross-sectional aspect ratio and shape can modify inertial focusing positions and can reduce the number 
of equilibrium positions. In this work, we introduce an innovative way to adjust the inertial focusing and 
reduce equilibrium positions by embedding asymmetrical obstacle microstructures. We demonstrated that 
asymmetrical concave obstacles could break the symmetry of original inertial focusing positions, resulting 
in unilateral focusing. In addition, we characterized the influence of obstacle size and 3 asymmetrical 
obstacle patterns on unilateral inertial focusing. Finally, we applied differential unilateral focusing on the 
separation of 10- and 15-μm particles and isolation of brain cancer cells (U87MG) from white blood cells 
(WBCs), respectively. The results indicated an excellent cancer cell recovery of 96.4% and WBC rejection 
ratio of 98.81%. After single processing, the purity of the cancer cells was dramatically enhanced from 
1.01% to 90.13%, with an 89.24-fold enrichment. We believe that embedding asymmetric concave micro-
obstacles is a new strategy to achieve unilateral inertial focusing and separation in curved channels.

Introduction

Cell manipulation and separation are indispensable in bio-
logical research, disease diagnosis, cell therapy, drug screen-
ing, and genetic analysis [1–6]. Microfluidic technologies that 
manipulate and control fluid flow at the microscale are emerg-
ing for cell manipulation and separation [7–11]. Currently, 
reported microfluidic technologies for cell manipulation and 
separation can be classified as either active or passive methods 
based on the sources of manipulating forces. In general, active 
methods apply external electrical [12–14], magnetic [15–17], 
acoustic [18,19], optical [20,21], and thermal force fields 
[22,23]. Active separation technologies offer the benefits of 
precise manipulation and real-time control by simply adjusting 
the external force fields. However, they are limited by relatively 
low-throughput and complex external supportive equipment. 
In contrast to active technologies, passive technologies rely 
on intrinsic channel geometry or fluid dynamics, eliminating 
the requirement for complex equipment. Typical passive meth-
ods include microfilters [24,25], pinched flow fractionation 
[26,27], deterministic lateral displacement [28–30], iner-
tial microfluidics [31–33], viscoelastic microfluidics [34–36], 

and diffusiophoresis [37]. Passive methods possess the advan-
tages of high throughput, easy operation, and high efficiency.

Among the above passive technologies, inertial microflu-
idics has attracted a broad interest because of its high through-
put, low cost, simple structure, and precise manipulation [38]. 
In Newtonian fluids within finite Reynolds number flows, 
the dispersed particles migrate across the streamlines to several 
equilibrium positions in a straight channel depending on the 
synergistic effect between 2 inertial lift forces: shear gradient 
lift force and wall lift force [38–40]. The balance of the 2 forces 
determines the numbers and locations of particle focusing posi-
tions within the channel cross sections. For example, particles 
typically focus on 4 equilibrium positions facing the center of 
each wall in a square straight channel [41]. However, focused 
particles are dispersed at 4 equilibrium positions within the 
channel cross section, bringing challenges for particle detec-
tion and separation. To modify and reduce focusing number 
and positions, several strategies have been proposed, such as 
adjusting the aspect ratio [42] and shape [43] of channel cross 
sections. For instance, in a straight channel with a square 
cross section, particles tend to concentrate at 4 equilibrium 
positions located near the center of each channel wall. However, 
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in a straight channel with a low aspect ratio (height/width) 
ranging from one-third to one-half, these 4 equilibrium 
positions can decrease to 2, where particles become focused 
near the center of the top and bottom walls. Furthermore, 
when a series of constrictions in height are introduced, the 
focusing positions are further reduced to a single position 
[44]. Additionally, another group altered the cross-sectional 
shape of the channel from rectangular to triangular or sem-
icircular and found that, near the middle of the channel, 3 
focusing positions were observed [43].

Furthermore, the introduction of channel curvature brings 
minor secondary flow perpendicular to the main flow. This 
technique can exert additional drag force on particles in 
addition to the inertial lift forces [45]. For instance, in a curved 
channel, fluid velocity in the centerline is faster than near the 
wall regions, which generates a pressure gradient in the radial 
direction. The inert fluid near the walls recirculates inward and 
creates 2 symmetric counter-rotating vortices, called Dean 
vortices [46]. The Dean vortices apply an extra drag force on 
particles in addition to the inertial lift forces, modifying the 
original equilibrium positions and accelerating particles to 
reach the final equilibrium positions [47–49]. For example, 
introducing curvature in a symmetrically curved channel 
reduces the equilibrium positions from 4 to 2 [50,51]. To 
further cut down the equilibrium positions, asymmetrical 
curvature can be employed, so that a single focusing position 
can be achieved [51–53]. However, the design of asymmet-
rically curved channels is rather complex. Moreover, particle 
focusing position in asymmetrically curved channels is stable 
and insensitive to particle size, inhibiting the separation of par-
ticles and cells based on differential focusing positions [52].

In this work, we proposed a novel way to modify and shrink 
the focusing positions and enable particle separation based on 
differential focusing positions by embedding asymmetrical 
obstacle microstructures. We designed 3 different micro- 
obstacle structures asymmetrically arranged on the sidewalls 
of sinusoidal channels. First, we numerically investigated the 
influence of the asymmetrical obstacles on the flow field of the 
sinusoidal channels. Next, we experimentally studied particle 
inertial focusing properties in the channels with different asym-
metrical obstacles. We observed the unilateral particle focusing 
pattern of particles in the channels with concave obstacles and 
concave–convex obstacles. However, convex obstacles could 
not alter the inertial focusing pattern evidentially. Finally, we 
successfully applied the discovered unilateral focusing phe-
nomenon for the separation of a binary polystyrene particle 
mixture (10 and 15 μm) and isolation of brain cancer cells 
(U87MG) from white blood cells (WBCs). The results showed 
that the recovery of cancer cells and WBC rejection rate 
were as high as 96.4% and 98.81%, respectively. Embedding 
asymmetric concave micro-obstacles in curvilinear channels 
may introduce a new way for unilateral inertial focusing and 
separation.

Materials and Methods

Design and fabrication
We aimed to investigate the effects of asymmetric obstacles 
on inertial focusing of particles in sinusoidal channels. We 
patterned periodic semicircular microstructures asymmet-
rically on the sidewalls of the sinusoidal channel (Fig. 1). 
We defined that the channels embedded with (a) concave and 

convex obstacles on each respective sidewall as concave–convex 
obstacle channel, (b) concave obstacles on one sidewall as one-
sided concave obstacle channel, and (c) convex obstacles on 
one sidewall as one-sided convex obstacle channel (Fig. 1). The 
radius r of the obstacles varies from 50 to 150 μm. The channel 
width (W) and curvature radius (R) of the primary sinusoidal 
channels are 300 and 375 μm, respectively. The sinusoidal 
channel consisted of 20 repetitive sinusoidal periods so that 
the channel length is sufficiently long for particles to reach their 
equilibrium positions. The height of the channel is constant at 
50 μm. The sinusoidal channels were fabricated by the standard 
photolithography and soft lithography [54,55].

Particle preparation
Spherical polystyrene microparticles of 10 μm (Thermo Fisher 
Scientific, product no. G1000) and 15 μm (Phosphorex, prod-
uct no. 1015KB) were suspended in deionized (DI) water, with 
a particle–weight ratio of around 0.05%. Tween 20 (Sigma-
Aldrich, product no. P9416) at a weight ratio of 0.1% was added 
into the mixture as a surfactant to prevent particle aggregation. 
To characterize the performance of the device, we used 10- and 
15-μm particles in DI water with concentrations of 9.26 × 105 
and 2.6 × 105 counts/ml, respectively. The particle concentra-
tions remained consistent for all the experiments in both par-
ticle focusing and separation experiments.

Biological sample preparation
Blood was sourced from the Australian Red Cross Blood 
Service. The Griffith University Human Research Ethics 
Committee approved the use of human blood samples with 
protocol number 2021/598. All experiments were performed 
in compliance with the relevant laws and institutional guide-
lines. U87MG human glioblastoma cells were purchased from 
the American Type Culture Collection (Manassas, VA, USA). 
The cell culture reagents were purchased from Thermo Fisher 
Scientific (Waltham, MA, USA). Cells were cultured in T75 
flasks in Dulbecco’s modified Eagle’s medium (DMEM) with 
low glucose, 10% heat-inactivated fetal bovine serum, penicil-
lin (100 U/ml), and streptomycin (100 μg/ml) under humidi-
fied atmosphere (37 °C and 5% CO2). Cells were then incubated 
with dihexyloxacarbocyanine iodide (100 ng/ml) overnight 
under the same conditions as above. The incubated cells 
were detached with the TrypLE Express Enzyme for 5 min and 
checked under an Olympus CK40 microscope for detachment. 

1st 5th 10th 15th Trifurcation

R Wr
R WrR

H W
r

(i) (ii) (iii)

Cancer cells

WBCs

Fig.  1.  Schematics of particle unilateral focusing and separation in sinusoidal 
microchannels with asymmetric obstacles: (i) concave and convex obstacles on each 
respective sidewall (concave–convex obstacle channel), (ii) concave obstacles on 
one sidewall (one-sided concave obstacle channel), and (iii) convex obstacles on 
one sidewall (one-sided convex obstacle channel).
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A volume of 4 ml of DMEM was added to the flask. The stained 
cells were subsequently centrifuged at 700×g for 5 min. The cell 
pellets were redispersed in a 6-ml DMEM. The stained cells 
were observed using a microscope to confirm successful stain-
ing. To collect WBCs, we used a density gradient medium (Leuko 
Spin Medium, pluriSelect Life Science UG & Co. KG) to isolate 
WBCs from the blood sample based on the protocol provided 
by the company. Briefly, the diluted blood sample was care-
fully layered on top of the density gradient medium. Then, the 
sample was centrifuged at 1,000×g for 30 min. The leukocyte cells 
were washed twice via centrifugation at 300×g with phosphate-
buffered saline for 10 min at 4 °C before use. To evaluate the 
performance of the device on cancer cell separation, the can-
cer cells were spiked into the WBC sample at a ratio of 1%, 
where the cancer cell concentration was approximately 5.39 × 103 
counts/ml.

Experimental setup
Microfluidic devices were placed on an inverted microscope 
stage (Nikon, Eclipse Ts 100). A syringe pump (SHENCHEN 
ISPLab02) infused particle suspension into the devices at 
specific flow rates. The testing flow rate ranged from 100 to 
2,000 μl/min with an interval of 100 μl/min. A high-speed 
charge-coupled device camera (Photron, FASTCAM SA3) was 
mounted on the microscope to capture the trajectories of 
particles. The typical exposure time was between 2 and 50 μs, 
and each video comprised at least 300 frames. The open-
source software ImageJ (National Institutes of Health) was 
used to analyze the recorded videos. To quantitatively charac-
terize the particle focusing properties, we used a color-coded 
map to illustrate the particle distribution along the lateral posi-
tion. Each color represented the normalized frequency of par-
ticles at a specific lateral position [56,57].

The separation tests were carried out to evaluate the perfor-
mance of the proposed designs. Three criteria, recovery, purity, 
and rejection ratios were defined to assess separation perfor-
mance. Purity is the ratio of the number of target particles to 
the total number of particles at the same outlet/inlet:

Recovery is the ratio of the number of target particles at the 
specific outlet to the total number of target particles at the inlet:

Rejection ratio is the ratio of the number of nontarget/waste 
cells at the specific outlet to the total number of nontarget/waste 
cells from all outlets:

Meanwhile, enrichment is defined as the ratio of the purity of 
target particles at the outlet (Poutlet) to the purity of target par-
ticles at the inlet (Pinlet).

Results and Discussion

Numerical modeling of fluid flow in channels with 
asymmetric obstacles
We first investigated the fluid flow field in the asymmetrical 
sinusoidal channels with one-sided concave, one-sided convex, 
and concave–convex obstacles using numerical simulation with 
ANSYS 18.1 (Fig. 2). The radius of the obstacles is 125 μm for 
all cases. The plain channel with no obstacles was simulated at 
the same flow conditions as a control. The flow rate is 600 μl/
min (Re = 56). We divided 4 cut planes of OA–OD along the 
sinusoidal shape to exhibit the secondary flow in the cross sec-
tion. The selection of the cross sections was based on the aim 
to comprehensively capture the salient characteristics of each 
obstacle. Specifically, the planes that traverse the corners of 
these features were chosen to investigate the maximum velocity 
fluctuations occurring before, during, and after the passage of 
the obstacles. In each cross section, the arrows with lines rep-
resent the fluid surface streamlines of secondary flow.

Similar to obstacles that are symmetrically patterned in 
sinusoidal channels [56], the asymmetrical obstacle pattern 
can also boost the Dean flow velocity (tangential velocity) 
(Fig. 2). This enhanced secondary flow accelerates particle 
movement to the final equilibrium points. In addition, the 
location of the circulating vortices has shifted in the cross sec-
tions. For example, in a channel with no obstacles, 2 symmet-
rical vortices with circulating streamlines occupy the whole 
cross sections. However, in a channel with asymmetrical obsta-
cles, the vortices shift to the inner wall regions, affecting the 
final equilibrium positions of particles in the cross sections. 
The particle shifting behaviors will be more pronounced after 
repetitive alternation in series, finally resulting in unilateral 
focusing trajectories of particles, as depicted in subfigure (iv) 
of Fig. 3A.

Furthermore, the sudden contraction in a channel with 
asymmetrical obstacles generates a net deformation of the fluid 
streams. We can observe the phenomenon of stream fraction-
ation because of the concave obstacle, especially in the region 
with the sharp edge (the blue regions before and after the 
obstacle structure). The flow in the cross sections is twisted 
irreversibly and loses symmetry before and after the concave 
obstacle. The opposite direction of secondary flow before (cross 
section O1A) and after (cross section O1C) obstacle regions can 
be observed (Fig. 2B to D). This was also reported in the straight 
and spiral channels with obstacles [45,58,59].

In summary, the asymmetrical obstacle microstructures 
boost the main flow velocity, modifying the magnitude and 
direction of secondary flow in cross sections. This combination 
will break the original balance between inertial lift and Dean 
drag forces, destabilizing the symmetric focusing behaviors 
[39]. Reducing the symmetry of the inertial focusing in sinu-
soidal channels is expected to result in new unilateral focusing 
trajectories. In the following sections, we will experimentally 
verify this hypothesis.

Effects of 3 asymmetric obstacle patterns
To investigate the effect of asymmetrical obstacle structures on 
particle inertial focusing, we experimentally tested the trajecto-
ries of 10-μm particles in the channel with 3 different asymmet-
ric obstacle patterns. In this study, the obstacles had 5 different 
radii (50, 75, 100, 125, and 150 μm) in these 3 patterns. The inlet 
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Fig. 2. Numerical simulation of the main flow and secondary flow at different cross sections of (A) plain sinusoidal channel with no obstacle, (B) concave–convex obstacle 
channel, (C) one-sided concave obstacle channel, and (D) one-sided convex obstacle channel. A 2-color legend indicates the velocity magnitude in the primary and secondary 
flows. The size of the obstacles is 125 μm for all cases. The flow rate is 600 μl/min (Re = 56). The angle between O1A (or O1C) and O1B is 14° for all cases. The arrows with lines 
represent the fluid surface streamlines of secondary flow within the channel cross sections.
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flow rate of particle suspension ranged from 100 to 2,000 μl/
min. Figure 3B to D shows the normalized lateral distribution 
of particles under different flow rates (Reynolds number).

Our previous study examined how symmetrical obstacle 
patterns placed on 2 sidewalls of sinusoidal channels affect 
inertial focusing [56]. The study found that these structures 
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Fig. 3. Inertial focusing in sinusoidal channels with various asymmetric obstacles. (A) Bright-field images illustrate 7 typical particle focusing behaviors in the channels with 
asymmetric obstacles: (i) random distribution, (ii) 2-position focusing, (iii) transition to the unilateral position focusing, (iv) unilateral position focusing, (v) transition to 
the single middle position focusing, (vi) single middle position focusing, and (vii) defocusing. (B to D) The influence of obstacle radius on the inertial focusing of particles 
at concave–convex obstacle channel, one-sided concave obstacle channel, and one-sided convex obstacle channel. The color legend indicates the normalized frequency of 
particles at a specific lateral position of the channel. (E) The critical Reynolds number in different obstacle channels with different obstacle radii (from 50 to 150 μm). The 
critical Reynolds number (ReC) is the minimum value where unilateral focusing streaks convert into a single central focusing pattern. We employed error bars to represent the 
error to determine the value of the critical Reynolds number. The spherical polystyrene particles are 10 μm in diameter.
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influenced the strength of Dean flow and the flow rate for par-
ticle focusing and separation. Moreover, shape of obstacles may 
minorly affect flow rates for inertial separation, but it does not 
alter the focusing patterns [60]. However, the overall shape of 
the focusing patterns remained similar to those observed in 
sinusoidal channels without obstacles. In contrast, compared 
with the symmetrical design, the main difference is that unique 
unilateral focusing pattern regions exist between the 2-sided 
focusing and single central focusing for the asymmetric 
concave obstacle channel (Fig. 3A and B). In the first stage, 
the particles were focused near 2 sidewalls at a relatively low 
Reynolds number, where the Dean flow could not compete 
with the original inertial equilibrium positions (subfigure (ii) 

of Fig. 3A). Next, particles from the opposite side of concave 
obstacles were destabilized and gradually merged into par-
ticle focusing stream on the other side when the Reynolds 
number increased, eventually developing into a unilateral 
focusing stream (subfigures (iii) and (iv) of Fig. 3A). This 
phenomenon can be explained by the fact that the asymmet-
rical obstacles cause fluid deformation and modify secondary 
flow to break the original equilibrium position. The original 
symmetrical focusing is destabilized, and the number of par-
ticle focusing locations is reduced, resulting in unilateral 
focusing. Further enhancing the flow rate, unilateral focusing 
shifted gradually toward the channel center and then formed 
a single central focusing (subfigures (v) and (vi) of Fig. 3A). 
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Fig. 4. Separation of particles based on different unilateral focusing positions of 10- and 15-μm particles. (A) The bright-field images show the distribution of the particles at 
5 specific periodic locations and trifurcation regions of a one-sided concave obstacle channel. The radius of obstacles is 125 μm. (B) The bright-field and fluorescent images 
of particle mixture under a hemocytometer before and after separation. Ten-micrometer particles have green fluorescence, while 15-μm particles have no fluorescence. 
(C) The concentration, purity, and separation efficiency of particles after one single processing at a flow rate of 610 μl/min.
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Above a certain threshold, particle defocusing arose because 
of the dominant mixing effect of secondary flows (subfigure 
(vii) of Fig. 3A).

In addition, the region of the unilateral focusing (the red 
shade region) was stretched when increasing the obstacle size 
(Fig. 3B). The larger the obstacle size, the lower the initiating 
flow rate of unilateral focusing. The underlying mechanism is 
that the concave obstacle structure can boost the Dean vortex 
by increasing the obstacle size [56]. Therefore, the enhanced 
Dean flow can enable the unilateral inertial focusing on a lower 
Reynolds number. Meanwhile, the concave–convex obstacle 

channel has similar focusing patterns as the one-sided concave 
obstacle channel (Fig. 3C). However, note that the starting 
Reynolds number of the unilateral focusing is generally higher 
compared to the concave obstacle channel with the same obsta-
cle size. This is because the main velocity of the concave–convex 
obstacle channel is smaller than the one-concave obstacle chan-
nels, leading to a less-significant local secondary flow to speed 
up the particle movement. However, the apparent change in 
particle focusing pattern was hardly observed in the one-sided 
convex obstacle channels, and the particle focusing behavior 
was similar to the no-obstacle channel (r = 0).
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Fig. 5. Separation of white blood cells (WBCs) and cancer cells based on differential unilateral focusing in a one-sided concave obstacle channel. (A) Trajectories of 
WBCs and cancer cells at the outlet trifurcation area. (B) Microscopic images of blood cell samples at the inlet and outlets under a hemocytometer. The cancer cells 
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WBCs is approximately 1:100.
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Furthermore, we utilized the critical Reynolds number 
(ReC) to quantitatively evaluate the effects of obstacle size on 
particle focusing. The critical Reynolds number represents the 
transition from sided (unilateral or 2-sided) focusing move 
into single-central focusing, which highly relates to the obstacle 
pattern and size (Fig. 3E). For both one-sided concave and 
concave–convex obstacle channels, the larger the obstacle size, 
the smaller the critical Reynolds number. This means that a 
smaller Reynolds number can achieve the single central focus-
ing pattern with a larger obstacle. In contrast, the obstacle size 
in the one-sided convex obstacle channel had a negligible influ-
ence on particle focusing (Fig. 3E).

Unilateral inertial focusing and separation of 
polystyrene beads
After discovering that asymmetrically patterned obstacles can 
break the symmetricity of inertial focusing, we explored the 
application of unilateral focusing for particle separation. We 
observed the differential inertial focusing properties of 10- and 
15-μm particles in channels with asymmetrical obstacles (Fig. 
S1 and Movie S1). Furthermore, we separated particles on the 
basis of the unique unilateral inertial focusing behavior of 
10- and 15-μm particles in the one-sided concave obstacle 
channel (r = 125 μm). The mixture consisted of 10- and 15-μm 
particles with a ratio of 3.5:1, and the mixture was injected 
into the device at a flow rate of 610 μl/min. The bright-field 
images of particle distribution at 6 typical positions (1st, 5th, 
10th, 15th, 20th, and trifurcation) of the channel showed the 
distinct particle migration behavior of 10- and 15-μm particles 
(Fig. 4A). The boosted Dean secondary flow adjusted the par-
ticle trajectories, and the 15-μm particles experienced a more 
significant effect of Dean flow, taking the lead in merging at 
channel center, while the 10-μm particles were at the unilateral 
focusing position. Finally, they were separated at the trifurca-
tion region.

Subsequently, we collected the separated samples from out-
lets and counted the number of particles with a hemocytometer. 
We could see that most 10-μm particles were removed from 
the mixture and separated into the side outlet. At the same time, 
15-μm particles were concentrated significantly at the middle 
outlet (Fig. 4B). We also quantitatively characterized the sep-
aration performance (Fig. 4C). The separation efficiency was 
as high as 99.79%, and the purity was 88.87% for 15-μm par-
ticles. Meanwhile, the separation efficiency for the 10-μm 
particles was 86.38%, with a high purity of 99.73% at the side 
outlet after one single process.

Separation of cancer cells from WBCs by differential 
unilateral focusing
The circulating tumor cells (CTCs) in the peripheral blood of 
patients with cancer are emerging as a promising biomarker 
for cancer diagnosis, prognosis, and therapy monitoring [61]. 
Isolation of CTCs from the whole blood is indispensable for 
CTC-based liquid biopsy. In the whole blood, red blood cells 
can be depleted by cell lysis buffer and centrifugation. Thus, 
isolation of CTCs from WBCs is the most critical process. As 
a proof of concept, we applied the one-sided concave obstacle 
channel device (r = 125 μm) to separate cancer cells from 
WBCs based on the differential unilateral focusing positions. 
We first separated WBCs from whole blood using density 

gradient centrifugation and then spiked the fluorescently 
labeled brain cancer cells (U89MG) into WBCs suspension. 
The spiking ratio between WBCs and cancer cells was around 
100:1. The size of cancer cells was from 14 to 20 μm, with most 
in the range of 16 to 18 μm, relatively larger than most WBCs 
(8 to 12 μm) [62].

On the basis of the unilateral focusing pattern, WBCs were 
continuously depleted from the one-sided outlet, and most 
cancer cells were isolated and purified from the middle outlet 
(Fig. 5A and Movie S2). Furthermore, bright-field and fluores-
cent microscopic images illustrated the ratios of WBCs and 
cancer cells in the sample before and after separation (Fig. 5B). 
Before separation, WBCs dominated the sample mixture, and 
the cancer cells were hardly detected. However, after single 
processing via the one-sided concave obstacle channel, cancer 
cells were highly purified and concentrated at the middle outlet, 
with a majority of WBCs extracted from other outlets. After 
single processing, the purity of the cancer cells dramatically 
increased from 1.01% to 90.13%, with an 89.24-fold enrichment 
(Fig. 5C and D). Moreover, the recovery of cancer cells and 
WBC rejection rate reached 96.4% and 98.81%, respectively 
(Fig. 5E).

In summary, incorporation of asymmetric obstacles in 
sinusoidal channels can significantly decrease the number 
of focused particles, which enables unilateral particle focusing. 
Capitalizing on this unique property, we have demonstrated 
the feasibility of using unilateral focusing for size-based par-
ticle and cell separation. This approach holds significant prom-
ise for other applications, such as plasma extraction, where 
unilateral focusing may facilitate the separation of cells and 
plasma into separate outlets. Moreover, the reduced number of 
focusing streams along the channel sidewall could enable easy 
integration of additional working units, potentially enhancing 
the overall separation performance.

Conclusion
We introduced a new method to adjust and reduce inertial 
focusing positions by embedding asymmetrical obstacles in the 
channels. Three asymmetrical obstacle patterns, such as one-
sided concave, one-sided convex, and concave–convex obstacle 
patterns, were embedded in the symmetric sinusoidal channels. 
We observed the unique unilateral focusing pattern near 
the sidewalls in the one-sided concave and concave–convex 
obstacle channels, while insignificant in the one-sided convex 
obstacle channels. In addition, as the size of the obstacles 
increased, the starting flow rate of the unilateral focusing pat-
tern reduced, and the flow rate region for this focusing mode 
was stretched out. Furthermore, the position of unilateral 
focusing was sensitive to particle size. Therefore, we applied 
the differential unilateral focusing on separating 10- and 15-μm 
particles and isolating cancer cells (U87MG) from WBCs. The 
purity of the cancer cells was significantly enhanced from 
1.01% to 90.13%, with an 89.24-fold enrichment after single 
processing. The cancer cell recovery was as high as 96.4%, with 
a WBC rejection ratio of 98.81%. Embedding asymmetric con-
cave micro-obstacles in curved channels offers a new strategy 
to achieve unilateral inertial focusing and separation.

Acknowledgements
Funding: N.-T.N. and J.Z. acknowledge the support from 
the Australian Research Council (ARC) Discovery Project 

D
ow

nloaded from
 https://spj.science.org on July 01, 2023

https://doi.org/10.34133/cbsystems.0036


Cha et al. 2023 | https://doi.org/10.34133/cbsystems.0036 9

(grant no. DP180100055) and ARC DECRA fellowship 
(grant no. DE210100692). This work was partly performed 
at the Queensland Node–Griffith of the Australian National 
Fabrication Facility, a company established under the National 
Collaborative Research Infrastructure Strategy to provide nano- 
and microfabrication facilities for Australian researchers. 
Author contributions: H.C. fabricated microfluidic devices, 
prepared the particle samples, performed all the experiments, 
analyzed and prepared experimental data for visualization, and 
wrote the manuscript. Y.D. performed the systematic numerical 
simulation and analysis. H.H.W.B.H. contributed to the writing, 
revising, and editing of the manuscript. L.O. contributed to the 
experimental tests and fabrication of microfluidic devices. X.K. 
contributed the abstract graphic and partial image construction. 
X.C. and H.T.T. contributed to the biological cell preparation and 
experiments. H.A. provided insightful discussion and revised 
the manuscript. J.Z. and N.-T.N. conceived the idea, designed 
and supervised the project, and revised and edited the manu-
script. All authors provided critical feedback as well as read, 
revised, and approved the manuscript. Competing interes ts: The 
authors declare that they have no conflict of interest.

Data Availability
Data are available upon reasonable request.

Supplementary Materials
Fig. S1
Movies S1 and S2

References
	 1.	 Nasiri R, Shamloo A, Ahadian S, Amirifar L, Akbari J, 

Goudie MJ, Lee KJ, Ashammakhi N, Dokmeci MR,  
di Carlo D, et al. Microfluidic-based approaches in targeted  
cell/particle separation based on physical properties: 
Fundamentals and applications. Small. 2020;16(29):2000171.

	 2.	 Cha H, Fallahi H, Dai Y, Yuan D, An H, Nguyen NT, Zhang J. 
Multiphysics microfluidics for cell manipulation and separation: 
A review. Lab Chip. 2022;22(3):423–444.

	 3.	 Jin C, McFaul SM, Duffy SP, Deng X, Tavassoli P, Black PC,  
Ma H. Technologies for label-free separation of circulating 
tumor cells: From historical foundations to recent developments. 
Lab Chip. 2014;14(1):32–44.

	 4.	 Sackmann EK, Fulton AL, Beebe DJ. The present and 
future role of microfluidics in biomedical research. Nature. 
2014;507(7491):181–189.

	 5.	 Cardoso BD, Castanheira EM, Lanceros-Méndez S,  
Cardoso VF. Recent advances on cell culture platforms for 
in vitro drug screening and cell therapies: From conventional 
to microfluidic strategies. Adv Healthc Mater. 2023;Article 
e2202936.

	 6.	 Thompson AM, Paguirigan AL, Kreutz JE, Radich JP, 
Chiu DT. Microfluidics for single-cell genetic analysis. Lab 
Chip. 2014;14(17):3135–3142.

	 7.	 Fallahi H, Zhang J, Phan H-P, Nguyen N-T. Flexible 
microfluidics: Fundamentals, recent developments, and 
applications. Micromachines. 2019;10(12):830.

	 8.	 Nguyen N-T, Wereley ST, Shaegh SAM. Fundamentals and 
applications of microfluidics. Norwood (MA): Artech House; 2019.

	 9.	 Hou HW, Warkiani ME, Khoo BL, Li ZR, Soo RA, Tan DSW, 
Lim WT, Han J, Bhagat AAS, Lim CT. Isolation and retrieval 

of circulating tumor cells using centrifugal forces. Sci Rep. 
2013;3(1):Article 1259.

	10.	 Matuła K, Rivello F, Huck WT. Single-cell analysis using 
droplet microfluidics. Adv Biosyst. 2020;4(1):Article 1900188.

	11.	 Xia HM, Wu JW, Zheng JJ, Zhang J, Wang ZP. Nonlinear 
microfluidics: Device physics, functions, and applications. 
Lab Chip. 2021;21(7):1241–1268.

	12.	 Zhang H, Chang H, Neuzil P. DEP-on-a-chip: 
Dielectrophoresis applied to microfluidic platforms. 
Micromachines. 2019;10(6):423.

	13.	 Zhang C, Khoshmanesh K, Mitchell A, Kalantar-zadeh K. 
Dielectrophoresis for manipulation of micro/nano particles in 
microfluidic systems. Anal Bioanal Chem. 2010;396:401–420.

	14.	 Yao J, Zhu G, Zhao T, Takei M. Microfluidic device embedding 
electrodes for dielectrophoretic manipulation of cells—A review. 
Electrophoresis. 2019;40(8):1166–1177.

	15.	 Luo L, He Y. Magnetically driven microfluidics for isolation of 
circulating tumor cells. Cancer Med. 2020;9(12):4207–4231.

	16.	 Xu H, Liao C, Zuo P, Liu Z, Ye B-C. Magnetic-based microfluidic 
device for on-chip isolation and detection of tumor-derived 
exosomes. Anal Chem. 2018;90(22):13451–13458.

	17.	 Zhang Y, Nguyen N-T. Magnetic digital microfluidics— 
A review. Lab Chip. 2017;17(6):994–1008.

	18.	 Zhang P, Bachman H, Ozcelik A, Huang TJ. Acoustic 
microfluidics. Annu Rev Anal Chem. 2020;13(1):17–43.

	19.	 Wu M, Ouyang Y, Wang Z, Zhang R, Huang PH, Chen C, Li H, 
Li P, Quinn D, Dao M, et al. Isolation of exosomes from whole 
blood by integrating acoustics and microfluidics. Proc Natl Acad 
Sci U S A. 2017;114(40):10584–10589.

	20.	 Yang H, Gijs MA. Micro-optics for microfluidic analytical 
applications. Chem Soc Rev. 2018;47(4):1391–1458.

	21.	 Liu S, Li Z, Weng Z, Li Y, Shui L, Jiao Z, Chen Y, Luo A,  
Xing X, He S. Miniaturized optical fiber tweezers for cell 
separation by optical force. Opt Lett. 2019;44(7):1868–1871.

	22.	 Khater A, Abdelrehim O, Mohammadi M, Mohamad A, 
Sanati-Nezhad A. Thermal droplet microfluidics: From 
biology to cooling technology. TrAC Trends Anal Chem. 
2021;138:Article 116234.

	23.	 Qian Y, Neale SL, Marsh JH. Microparticle manipulation using 
laser-induced thermophoresis and thermal convection flow. Sci 
Rep. 2020;10(1):19169.

	24.	 Li X, Chen W, Liu G, Lu W, Fu J. Continuous-flow microfluidic 
blood cell sorting for unprocessed whole blood using surface-
micromachined microfiltration membranes. Lab Chip. 
2014;14(14):2565–2575.

	25.	 Cheng Y, Wang Y, Ma Z, Wang W, Ye X. A bubble-and clogging-
free microfluidic particle separation platform with multi-filtration. 
Lab Chip. 2016;16(23):4517–4526.

	26.	 Lu X, Xuan X. Continuous microfluidic particle separation 
via elasto-inertial pinched flow fractionation. Anal Chem. 
2015;87(12):6389–6396.

	27.	 Hamacher T, Berendsen JTW, van Dongen JE, van der Hee RM, 
Cornelissen JJLM, Broekhuijse MLWJ, Segerink LI. Virus 
removal from semen with a pinched flow fractionation 
microfluidic chip. Lab Chip. 2021;21(22):4477–4486.

	28.	 Yamada M, Seko W, Yanai T, Ninomiya K, Seki M. Slanted, 
asymmetric microfluidic lattices as size-selective sieves for 
continuous particle/cell sorting. Lab Chip. 2017;17(2):304–314.

	29.	 Aghilinejad A, Aghaamoo M, Chen X. On the transport 
of particles/cells in high-throughput deterministic lateral 
displacement devices: Implications for circulating tumor  
cell separation. Biomicrofluidics. 2019;13(3):Article 034112.

D
ow

nloaded from
 https://spj.science.org on July 01, 2023

https://doi.org/10.34133/cbsystems.0036


Cha et al. 2023 | https://doi.org/10.34133/cbsystems.0036 10

	30.	 Hochstetter A, Vernekar R, Austin RH, Becker H, Beech JP, 
Fedosov DA, Gompper G, Kim SC, Smith JT, Stolovitzky G, 
et al. Deterministic lateral displacement: Challenges and 
perspectives. ACS Nano. 2020;14(9):10784–10795.

	31.	 Syed MS, Rafeie M, Vandamme D, Asadnia M, Henderson R, 
Taylor RA, Warkiani ME. Selective separation of microalgae 
cells using inertial microfluidics. Bioresour Technol. 
2018;252:91–99.

	32.	 Zhang J, Yuan D, Sluyter R, Yan S, Zhao Q, Xia H, Tan SH, 
Nguyen NT, Li W. High-throughput separation of white blood 
cells from whole blood using inertial microfluidics. IEEE Trans 
Biomed Circuits Syst. 2017;11(6):1422–1430.

	33.	 Fallahi H, Zhang J, Nicholls J, Phan H-P, Nguyen N-T. 
Stretchable inertial microfluidic device for tunable particle 
separation. Anal Chem. 2020;92(18):12473–12480.

	34.	 Yuan D, Yan S, Zhang J, Guijt RM, Zhao Q, Li W. Sheathless 
separation of cyanobacterial anabaena by shape using viscoelastic 
microfluidics. Anal Chem. 2021;93(37):12648–12654.

	35.	 Zhang T, Liu H, Okano K, Tang T, Inoue K, Yamazaki Y, 
Kamikubo H, Cain AK, Tanaka Y, Inglis DW, et al. Shape-
based separation of drug-treated Escherichia coli using 
viscoelastic microfluidics. Lab Chip. 2022;22(15):2801–2809.

	36.	 Tian F, Cai L, Chang J, Li S, Liu C, Li T, Sun J. Label-
free isolation of rare tumor cells from untreated whole 
blood by interfacial viscoelastic microfluidics. Lab Chip. 
2018;18(22):3436–3445.

	37.	 Shin S. Diffusiophoretic separation of colloids in microfluidic 
flows. Phys Fluids. 2020;32(10):Article 101302.

	38.	 Di Carlo D. Inertial microfluidics. Lab Chip. 2009;9(21):3038–3046.
	39.	 Zhang J, Yan S, Yuan D, Alici G, Nguyen NT, Ebrahimi Warkiani M, 

Li W. Fundamentals and applications of inertial microfluidics: A 
review. Lab Chip. 2016;16(1):10–34.

	40.	 Tang W, Zhu S, Jiang D, Zhu L, Yang J, Xiang N. 
Channel innovations for inertial microfluidics. Lab Chip. 
2020;20(19):3485–3502.

	41.	 Choi Y-S, Seo K-W, Lee S-J. Lateral and cross-lateral focusing 
of spherical particles in a square microchannel. Lab Chip. 
2011;11(3):460–465.

	42.	 Zhou J, Giridhar PV, Kasper S, Papautsky I. Modulation of 
aspect ratio for complete separation in an inertial microfluidic 
channel. Lab Chip. 2013;13(10):1919–1929.

	43.	 Kim J, Lee J, Wu C, Nam S, Di Carlo D, Lee W. Inertial 
focusing in non-rectangular cross-section microchannels 
and manipulation of accessible focusing positions. Lab Chip. 
2016;16(6):992–1001.

	44.	 Chung AJ, Gossett DR, Di Carlo D. Three dimensional, 
sheathless, and high-throughput microparticle inertial 
focusing through geometry-induced secondary flows. 
Small. 2013;9(5):685–690.

	45.	 Chung AJ, Pulido D, Oka JC, Amini H, Masaeli M,  
Di Carlo D. Microstructure-induced helical vortices allow 
single-stream and long-term inertial focusing. Lab Chip. 
2013;13(15):2942–2949.

	46.	 Zhao Q, Yuan D, Zhang J, Li W. A review of secondary flow in 
inertial microfluidics. Micromachines. 2020;11(5):461.

	47.	 Kuntaegowdanahalli SS, Bhagat AAS, Kumar G, Papautsky I. 
Inertial microfluidics for continuous particle separation in 
spiral microchannels. Lab Chip. 2009;9(20):2973–2980.

	48.	 Jeon H, Cremers C, Le D, Abell J, Han J. Multi-dimensional-
double-spiral (MDDS) inertial microfluidic platform for 
sperm isolation directly from the raw semen sample. Sci Rep. 
2022;12(1):4212.

	49.	 Zhang J, Yan S, Sluyter R, Li W, Alici G, Nguyen N-T. 
Inertial particle separation by differential equilibrium 
positions in a symmetrical serpentine micro-channel.  
Sci Rep. 2014;4(3):Article 4527.

	50.	 Gossett DR, Carlo DD. Particle focusing mechanisms in 
curving confined flows. Anal Chem. 2009;81(20):8459–8465.

	51.	 Di Carlo D, Irimia D, Tompkins RG, Toner M. Continuous 
inertial focusing, ordering, and separation of particles in 
microchannels. Proc Natl Acad Sci U S A. 2007;104(48): 
18892–18897.

	52.	 Ni C, Zhou Z, Zhu Z, Jiang D, Xiang N. Controllable size-
independent three-dimensional inertial focusing in high-
aspect-ratio asymmetric serpentine microchannels. Anal 
Chem. 2022;94(45):15639–15647.

	53.	 Zhou Y, Ma Z, Ai Y. Sheathless inertial cell focusing and sorting 
with serial reverse wavy channel structures. Microsyst Nanoeng. 
2018;4(1):5.

	54.	 Kim P, Kwon KW, Park MC, Lee SH, Kim SM, Suh KY. Soft 
lithography for microfluidics: A review. Biochip J. 2008;2(1):1–11.

	55.	 Xia Y, Whitesides GM. Soft lithography. Annu Rev Mater Sci. 
1998;28(1):153–184.

	56.	 Cha H, Fallahi H, Dai Y, Yadav S, Hettiarachchi S, 
McNamee A, An H, Xiang N, Nguyen NT, Zhang J. 
Tuning particle inertial separation in sinusoidal channels  
by embedding periodic obstacle microstructures.  
Lab Chip. 2022;22:2789–2800.

	57.	 Zhang J, Yuan D, Zhao Q, Teo AJT, Yan S, Ooi CH, Li W, 
Nguyen NT. Fundamentals of differential particle inertial 
focusing in symmetric sinusoidal microchannels. Anal 
Chem. 2019;91(6):4077–4084.

	58.	 Amini H, Sollier E, Masaeli M, Xie Y, Ganapathysubramanian B, 
Stone HA, di Carlo D. Engineering fluid flow using sequenced 
microstructures. Nat Commun. 2013;4(1):1826.

	59.	 Shen S, Tian C, Li T, Xu J, Chen SW, Tu Q, Yuan MS, Liu W, 
Wang J. Spiral microchannel with ordered micro-obstacles for 
continuous and highly-efficient particle separation. Lab Chip. 
2017;17(21):3578–3591.

	60.	 Cha H, Amiri HA, Moshafi S, Karimi A, Nikkhah A,  
Chen X, Ta HT, Nguyen NT, Zhang J. Effects of obstacles 
on inertial focusing and separation in sinusoidal channels: 
An experimental and numerical study. Chem Eng Sci. 
2023;276:Article 118826.

	61.	 Rushton AJ, Nteliopoulos G, Shaw JA, Coombes RC. A review 
of circulating tumour cell enrichment technologies. Cancers. 
2021;13(5):970.

	62.	 VanDelinder V, Groisman A. Separation of plasma from 
whole human blood in a continuous cross-flow in a molded 
microfluidic device. Anal Chem. 2006;78(11):3765–3771.

D
ow

nloaded from
 https://spj.science.org on July 01, 2023

https://doi.org/10.34133/cbsystems.0036

	Asymmetrical Obstacles Enable Unilateral Inertial Focusing and Separation in Sinusoidal Microchannel
	Introduction
	Materials and Methods
	Design and fabrication
	Particle preparation
	Biological sample preparation
	Experimental setup

	Results and Discussion
	Numerical modeling of fluid flow in channels with asymmetric obstacles
	Effects of 3 asymmetric obstacle patterns
	Unilateral inertial focusing and separation of polystyrene beads
	Separation of cancer cells from WBCs by differential unilateral focusing

	Conclusion
	Acknowledgements
	Data Availability
	Supplementary Materials
	References


