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space on the platform is the main disadvantage, especially 
when high sample volume is required. On the other hand, 
inertial microfluidics (spiral and multi-orifice) showed 
various advantages such as simple design and fabrication, 
the ability to process large sample volume, high through-
put, high recovery rate, and the ability for multiplexing for 
improved performance. However, the utilization of syringe 
pump can reduce the portability options of the platform. In 
conclusion, the requirement of each application should be 
carefully considered prior to platform selection.

Keywords  Microfluidic platforms · Cells separation · 
Particle separation · Lab-on-a-chip · Lab-on-a-disk · 
Centrifugal effect

1  Introduction

Particle and cell isolation and analysis have drawn more 
and more interest due to its perceived importance in many 
different fields and applications (Sajeesh and Sen 2014). 
In biomedical and biological research, the ability to iso-
late specific particles and cells from a heterogeneous back-
ground is considered a key tool for the study of individual 
cells or particles. This technology has resulted in great dis-
coveries in cell biology and could be utilized to precisely 
predict a patient’s health status (Tomlinson et  al. 2013; 
Sajeesh and Sen 2014). A case in point is the development 
of methods to isolate circulating tumor cells (CTCs). CTCs 
are rare cells that originate from primary cancer tumors and 
travel through the blood to other sites. This is how cancer 
spreads to secondary sites and organs in the body. CTCs 
were first observed in 1869 by Ashworth (1869) and have 
become a topic of keen interest again in the mid 1990’s. 
The isolation of CTCs can be called “liquid biopsy” as it 
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reflects important and early information about tumor status 
and progress. Other than in the field of cell biology, the use 
of particle/cell separation has been applied to other appli-
cations including the separation of magnetic particles from 
a background mixture (Kirby et  al. 2012), separation and 
observation of bacteria from host blood cells (Hou et  al. 
2015), malaria enrichment (Warkiani et  al. 2015b), and 
separation of DNA (Zhao et al. 2015).

The demand for compact, inexpensive, disposable, and 
high throughput devices that can be implemented for parti-
cle/cell separation has led many researchers to consider the 
various advantages of microfluidic platforms (Burger et al. 
2012a). The ability of microfluidic platforms to manipu-
late small amounts of fluid (on the scale of microliters 
and below) in micromachined channels has significantly 
decreased the required volumes of samples and reagents. 
Although microfluidic devices do feature many advantages, 
a challenge comes about when large sample volumes must 
be processed (few milliliters) to increase the chance of iso-
lating rare cells such as CTCs (Amasia and Madou 2010). 
Furthermore, in most cases some type of enrichment/con-
centration step is often required.

Various microfluidic methods and procedures have been 
developed for the isolation of targeted particles and/or cells 
based on their unique characteristics such as geometry, 
physical, chemical, or genetic properties. The proposed 
microfluidic platforms fall under one of two categories 
according to the operation mechanism: stationary micro-
fluidics, also known as lab-on-chip (LOC) or centrifu-
gal microfluidics, more commonly known as lab-on-disk 
(LOD). Under the LOD category, different passive and 
active methods were proposed for particle/cell sorting and 
isolation. On the other hand, LOC methods mainly rely 
on the inertial effect for particle/cell manipulation. These 
methods have the advantages of high throughput, simple 
design, easy operation, and passive activation without the 
need for external force for particle/cell manipulation. The 
different isolation methods are usually evaluated by crite-
ria such as purity, recovery rate, and viability (Tomlinson 
et al. 2013). Purity represents the degree of contamination 
of the recovered targeted cells with unwanted background 
cells/particles. Recovery rate reflects the ratio of number of 
recovered targeted cells to the number of cells in the origi-
nal sample, and viability is the number of recovered live 
and heathy cells, which is very important for subsequent 
cell analysis stages. Therefore, ideal cell isolation methods 
should have short processing time, with high recovery and 
purity rates that result in viable cells.

Many recent detailed reviews are available that high-
light available methods for particle/cell isolation with dif-
ferent types of microfluidic platforms (Warkiani et  al. 
2015c; Hyun and Jung 2014; Tomlinson et al. 2013; Burger 
et al. 2012a; Sajeesh and Sen 2014). However, this review 

is focused only on particle/cell isolation methods that 
are based on centrifugation approaches. Centrifugation 
approaches presented include methods that utilize the phys-
ical centrifugation process on microfluidic platforms, and 
the approaches that utilize liquid centrifugation effects due 
to Dean effect for cell/particle separation. The platforms 
reviewed include the microfluidic CD, and platforms with 
spiral microfluidics and multi-orifice microfluidics. For a 
clear view of the categories, please refer to Fig. 1.

2 � Centrifugal‑base microfluidics for particle/cell 
isolation

The first step in almost any particle/cell-based research is 
the isolation and purification of the particles/cells from raw 
samples such as whole blood or serum. This first step is an 
important one that needs to produce results in high purity, 
high recovery rates, and high viability numbers (please 
refer to the definitions of these three terms in Sect. 1). Vari-
ous techniques have been implemented to perform particle/
cell isolation and purification on microfluidic platforms. In 
this review, these methods and techniques will be presented 
and the advantages and disadvantages of each method will 
be highlighted. According to an extensive review for cur-
rently available isolation methods, both centrifugal micro-
fluidic platforms and inertial microfluidic platforms have 
implemented some form of liquid centrifugation/spinning 
phenomenon to separate particles/cells from heterogeneous 
backgrounds. For the centrifugal microfluidic platform, the 
whole platform is spun with computer-controlled motors to 
perform different separation methods. On the other hand, 
inertial microfluidic platforms utilize special structure of 
microchannel such as curved channels or channels with 
sudden expansion–contraction arrays to generate secondary 
centrifugation flow to separate particles/cells based on their 
physical properties.

The next section of this paper is divided into two main 
sections: centrifugal microfluidic platforms and inertial 
microfluidic platforms (see Fig.  1). In the first section, 
the separation methods are classified into passive meth-
ods (separation without the need for an additional external 
force) and active methods (separation using an external 
force). In the following section, i.e., inertial microfluidics 
methods, the methods are all passive, and the classification 
is based only on channel structure. The methods rely on 
either spiral or multi-orifice channels to execute particles/
cells separation.

2.1 � Centrifugal microfluidic platforms

Centrifugal microfluidic platforms are circular-shaped 
platforms containing a network of microchannels and 
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Fig. 1   Cell separation methods on microfluidic platform based on 
centrifugation effect. Spiral figure is adopted from Warkiani et  al. 
(2015a) under a Creative Commons Attribution 4.0 International 

License, and multi-orifice figure is adopted from Lee et  al. (2009a) 
with permission from AIP Publishing LLC 

Fig. 2   Centrifugal microflu-
idic platform preloaded with a 
volume of liquid in a straight 
microfluidic channel. The figure 
highlights the main forces 
acting on the loaded liquid, 
i.e., centrifugal force (pushing 
liquid toward the outer edge of 
the platform), capillary force 
(acting against liquid flow), 
Coriolis force (perpendicular to 
the liquid flow and opposite to 
rotation direction), and Euler 
force (perpendicular to the CD 
rotation direction)
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chambers. Figure 2 shows a simple design of the platform 
with a single straight microchannel leading away from the 
center of the platform toward a chamber. As the platform 
resembles a compact disk (CD), it is commonly referred to 
as the centrifugal microfluidic CD.

The main fluidic propulsion force on the CD is the 
centrifugal force resulting from the spinning of the CD 
(Madou et al. 2006; Burger et al. 2012a; Strohmeier et al. 
2015a; Smith et al. 2016; Tang et al. 2016). As the CD is 
spun, the centrifugal force applies outward pressure on flu-
ids in the CD and propels fluids toward the CD edge. The 
centrifugal force per unit volume and the resulting pressure 
can be determined as follows (Madou et al. 2006; Ducrée 
et al. 2007):

where ρ is the density of preloaded fluid, ω is the CD spin-
ning speed in radians per second (rad/s), Δr is the differ-
ence between the top and bottom levels of a volume of fluid 
relative to the CD center, and r̄ is the average distance of 
the column of fluid from the CD center.

Under the centrifugal pressure, the average velocity of 
fluid on the CD can be determined as follows (Smith et al. 
2016):

where Dh is the hydraulic diameter of the channel or cham-
ber the fluid is flowing in, μ is the viscosity of the fluid, 
and L is the length of the column of fluid on the disk.

To prevent all fluids from running toward the CD edge 
without any order or sequence, specially designed passive 
valves are placed along channel paths (Thio et  al. 2013). 
On hydrophilic CDs, the most commonly employed pas-
sive valve is the capillary valve. A capillary valve is char-
acterized by any sudden opening along the microchannel, 
such as the microchannel opening to a chamber shown in 
Fig. 2. As fluid flows under the effect of centrifugal force 
toward the boundary of a capillary valve, the capillary force 
applies opposing pressure on the fluid. This capillary pres-
sure can be determined with the following mathematical 
expression (Thio et al. 2013):

where θc is the fluid to surface contact angle and γla is the 
fluid–air surface energy.

When centrifugal and capillary pressures are at equi-
librium, fluid is stopped at the boundary of the micro-
channel and valve. For any fluid to flow past any capil-
lary valve, the centrifugal pressure, Pcen must overcome 

(1)Fcen = ρω2
r

(2)Pcen = ρω2�rr

(3)U =
D
2
hPcen

32µL

(4)Pcap =
4 cos θcγla

Dh

the capillary pressure, Pcap. Most parameters that affect 
Pcen and Pcap are constants based on valve location on 
the CD, and also on fluid and CD material properties. 
The only parameter that can be freely adjusted to disrupt 
the equilibrium between Pcen and Pcap is the CD spinning 
speed. To design a network of microchannels and valves 
that allow for a series of fluid movement on the CD, the 
minimum CD spinning speed where the centrifugal pres-
sure exceeds the capillary pressure for each valve needs 
to be determined. This CD spinning speed is commonly 
referred to as the burst frequency and is usually presented 
in revolutions per minute (rpm) as follows (Thio et  al. 
2013):

On the CD, apart from the centrifugal force, there is 
also the Coriolis, the Euler, and a secondary centrifugal 
forces acting on fluids in the platform. The Coriolis force 
is perpendicular to the velocity of the moving fluid and is 
frequently used for switching the lateral flow direction on 
the CD, and also for density-based particle separation and 
sorting (Burger and Ducrée 2012; Kim et  al. 2008; Bren-
ner et al. 2005). The Coriolis force per unit volume can be 
determined as follows (Ducrée et al. 2007):

The direction of the Euler force is opposite of the CD 
spinning acceleration and perpendicular to the centrifugal 
force and can be used to create lateral motion of fluid dur-
ing disk acceleration for mixing applications (Smith et al. 
2016). The Euler force per unit volume can be determined 
as follows (Ducrée et al. 2007):

The secondary centrifugal force is only present in curved 
microchannels and supplements the main centrifugal force. 
This secondary force can be used for particle separation 
and can be determined as follows (Zhang et al. 2008):

where u is the velocity of the fluid flow in the channel and 
R is the radius of the curvature of the curved channel.

Many advantages especially for biological sample han-
dling and cell manipulation were demonstrated on the 
centrifugal platform (Burger et  al. 2012a). Three of these 
advantages that apply to cell manipulation are listed here:

1.	 Simple implementation of sedimentation for sample 
separation and cell enrichment (concentration) by uti-
lizing the centrifugation process (Smith et al. 2016).

(5)rpm =

√

Pcap

ρ�rr

(

30

π

)

(6)Fcorr = 2ρωU

(7)Feur = ρr
dω

dt

(8)Fsec = ρu2/R
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2.	 Centrifugation pumping is highly independent of sam-
ple properties such as viscosity, electrical conductivity, 
and pH, which is ideal for handling biological sam-
ples such as blood (Madou et al. 2006; Warkiani et al. 
2015c).

3.	 Clear separation between the microfluidic networks 
and the pumping/detection components prevents sam-
ple contamination and improves the disposability of the 
platform (Burger et al. 2012a; Warkiani et al. 2015c).

In the following two sections, the main passive and 
active methods for particle/cell separation on the centrifu-
gal microfluidic platforms are discussed. The main pro-
posed methods are summarized in Table  1 with their uti-
lized methods, processed samples, and reported results.

2.1.1 � Passive particle and cell separation methods

Many passive techniques to perform particle/cell isola-
tion on the centrifugal microfluidic platform have been 
reported. In several of these reports, centrifugal microflu-
idic platforms were proposed as an alternative to conven-
tional benchtop centrifugation devices to separate blood 
components (Riegger et  al. 2007; Steigert et  al. 2006, 
2007; Haeberle et al. 2006; Lee et al. 2011a; Zhang et al. 
2008; Kim et al. 2013; Kinahan et al. 2014b; Park et al. 
2014; Amasia and Madou 2010). The various techniques 
can be categorized into three types (1) sedimentation- 
or density-based blood fractionation (Park et  al. 2008, 
2014; Kinahan et  al. 2014a, b; Nwankire et  al. 2015b; 
Burger et al. 2012a; Haeberle et al. 2006; Li et al. 2010; 
Kim et  al. 2013; Steigert et  al. 2007; Strohmeier et  al. 
2015b), (2) cells/particles separation based on physical 
properties, and (3) separation based on immunoaffinity 
processes.

2.1.1.1  Density‑based blood fractionation (sedimenta‑
tion)  The importance of blood as the biological sample for 
most diagnostic assays, and the need for portable devices 
with high throughput to handle blood samples is the main 
driver behind the high number of research articles in this 
area. In particular, one of the most investigated blood sepa-
ration methods on centrifugal microfluidic platforms is the 
isolation of the plasma portion from the rest of the blood cells 
portion (Strohmeier et al. 2015b). According to Strohmeier 
et al. (2015b), the plasma separation process can be divided 
into two main steps: (1) cell sedimentation by centrifuga-
tion and (2) plasma extraction from the layer-separated sam-
ple. The plasma separation step is usually performed in a 
sedimentation chamber or in another microstructure that is 
positioned radially on the centrifugal microfluidic platform 
(Park et al. 2008, 2014; Kinahan et al. 2014a; Nwankire et al. 
2015b; Burger et al. 2012a; Haeberle et al. 2006; Li et al. 

2010). This configuration of the sedimentation chamber 
forces the higher density portion of the blood (blood cells) 
to settle at the bottom of the chamber during centrifugation. 
The lighter portion of the blood (plasma) stays at the top of 
the blood cells layer. Kim et al. (2013) and Kinahan et al. 
(2014b) investigated the effect of the sedimentation cham-
ber geometry on the purity, and the time it takes to perform 
plasma separation (see Fig. 3). Kim et al. (2013) found that 
by narrowing the sedimentation channel and enlarging the 
tilt angle of that channel with respect to the radial direction, 
the separation process could be sped up to 8 times faster. 
This can be explained by Boycott’s discovery in 1920 when 
he found that particles sediment faster in tilted chambers 
due to the larger available surface area for particles to settle 
on (the side wall and base of the chamber) (Boycott 1920). 
Another reason the sedimentation process will be faster is 
due to the shorter distance that the particles/cells need to 
travel to reach chamber wall compared to the chamber base. 
This is similar in narrower chambers where the side walls 
will be closer to each other. Figure 3a–c shows the differ-
ence between straight and tilted sedimentation channels. 
Kinahan et al. (2014b) proposed a curved design of the sedi-
mentation chambers using a logarithmic spiral or mirabilis 
design (see Fig. 3d–f). The authors claimed that this design 
can improve the separation process speed by 39% compared 
to straight sedimentation chambers. This is due to the fact 
that spiral designs provide not only more surface area for 
sedimentation (similar to a tilted chamber), and there is also 
constant centrifugal force applied along the entire channel 
length compared to varying centrifugal force along tilted 
chambers.

In separate studies, Li et  al. (2010) discussed that 
after plasma separation is performed using the centrifuge 
method, blood cells may diffuse into the already separated 
plasma when the spinning process is stopped (at the end 
of the centrifuge process). To overcome this problem, the 
authors proposed out-of-plane microvalves and triangular 
obstacle structures (TOS). Zhao et  al. (2015) proposed a 
different passive method of using stored pneumatic energy 
for particles/liquid sedimentation, resuspension, and trans-
port on a centrifugal microfluidic platform. The proposed 
method is independent of particle size and does not require 
any external force or special coating of the microfluidic 
structure. The whole process is purely controlled by the 
spinning speed of the platform. This method is proposed 
to improve particle-based assays such as Deoxyribonucleic 
acid (DNA) extraction and immunoassays.

After the sedimentation process is completed, purified 
plasma decantation or extraction and subsequent steps are 
carried out. The extraction step is usually accomplished by 
utilizing a siphon channel (Steigert et al. 2007; Strohmeier 
et al. 2015b; Nwankire et al. 2015b), or a straight channel, 
the latter is controlled by a valve (Park et al. 2008, 2014; 
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Kinahan et  al. 2014a). The intersection of the extraction 
channel with the sedimentation chamber is positioned 
slightly above the interface between the layers of plasma 
and red blood cells (RBC). Compared to a straight channel 
where an active valve is required, the siphon channel can 
be passively actuated. When the spinning speed of the plat-
form is decreased, the hydrophilic property of the siphon 
channel pulls the plasma into the channel and through the 
crest of the channel. Increasing the spinning speed then 
push the plasma into the collection chamber.

In different mechanism for plasma/cells separa-
tion, Zhang et al. (2008) proposed a simple microfluidic 
design to separate blood plasma from the other compo-
nents of the blood. The proposed design consists of a 
short straight microchannel that leads to a curved micro-
channel, followed by two collection reservoirs, one for 
plasma and the other for red blood cells (RBC) reservoir 
(see Fig.  4). In this system, the blood components will 
also be under the effect of not just the centrifugal force 
(fω) and the Coriolis force (fC), but also the secondary 
centrifugal force (fR) due to the curvature structure of the 
microchannel. According to Zhang et al. (2008), the three 
forces contribute in different degree to the separation 
process. As blood sample flows through the microfluidic 

networks, the blood cells will be forced to flow closer to 
the outer wall of the microchannel which is nearer to the 
CD edge, while plasma flows closer to the inner wall of 
the microchannel which is nearer to the CD center. This 
is because blood cells have higher density, while plasma 
has a lower density. At the final Y channel junction, the 
two parallel flowing layers of blood cells and plasma will 
flow to separate collection chambers (see Fig.  4). The 
authors reported a separation efficiency of 90% for blood 
with 5% hematocrit level, while separation efficiency 
drops to 65% when whole blood is processed (48% 
hematocrit). (Kuo and Li 2014; Kuo and Chen 2015) uti-
lized the same basic design and concept by Zhang et al. 
(2008), but with an extended secondary microfluidic pro-
cess where the extracted plasma is mixed with specific 
reagent. Kuo and Li 2014; Kuo and Chen 2015 utilized 
siphoning and mixing structures to perform prothrom-
bin time (PT) tests. In their follow-up work, the authors 
implemented a slightly different design with decanting 
chamber to perform creatinine test. The authors reported 
high separation efficiency of 96% with a short process-
ing time of 5–6 s, which is dramatically faster when com-
pared to conventional benchtop procedures. Compared to 
the earlier described sedimentation methods, the curved 

Fig. 3   Isolation of plasma portion from the rest of blood based on 
centrifugation/sedimentation process; a–c effect of tilted sedimenta-
tion chamber on plasma separation, d–f effect of using a spiral mira-

bilis sedimentation chamber. a–c is adopted from Kim et  al. (2013) 
with permission from Elsevier, and d–f Is adopted from Kinahan 
et al. (2014b) with permission from Elsevier
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channel method does not require complex microfluidic 
design with siphon channels to extract plasma from the 
layered blood sample.

In a later work by Shamloo et  al. (2016), a curved 
channel with one initial container and three output con-
tainers was implemented for cells sorting from blood 
samples. In their work, a diluted blood sample containing 
a mixture of RBCs and neutrophils attached to activated 
magnetic beads is injected into the initial container. As 
the platform starts spinning, the effects of the centrifu-
gal force, Coriolis force, Euler force, magnetic force and 
other forces correlated with the curvature structure will 
transfer the RBCs, bonded neutrophils, and free magnetic 
beads into different destination containers. The authors 
reported 100% separation efficiency in an optimum angu-
lar velocity of 45 rad/s.

In summary, passive sedimentation of plasma/cells is 
one of the most important features of the centrifugal micro-
fluidic platforms that allow for full integration of biological 

multi-step assays in automated fashion without the need for 
external interaction such as high trained clinical technician.

2.1.1.2  Cells/particles separation based on physical prop‑
erties  In the previous section, we presented different 
microfluidic methods for isolating cells in general from 
blood plasma. Here, we present isolation methods for iso-
lating specific types of cells/particles from a relevant back-
ground population. These methods are usually implemented 
for the enrichment of specific targeted cell type while dis-
carding unwanted cells.

Geometry-based methods for cells and particles iso-
lation on centrifugal microfluidic platforms have been 
reported in various works. Among the proposed mecha-
nisms are: (1) membrane filter (Lee et al. 2014), (2) filter-
like microstructures such as obstacle arrays (Nwankire 
et al. 2015a) and scale-matched gaps (Glynn et al. 2015), 
(3) counterflow centrifugal elutriation (CCE) (Morijiri 

Fig. 5   Particle/cell separation based on its physical properties. a Cell 
separation using membrane filter, microfluidic CD contains three sets, 
each set with loading chamber, filtration chamber, and waste chamber 
(Lee et al. 2014). b A rail of gaps with increasing opening size is pro-
posed to measure the size distributions of CTCs clusters. a is adopted 
from Lee et  al. (2014) with permission from American Chemical 
Society, b Glynn et al. (2015) under a Creative Commons Attribution 
4.0 International License

Fig. 4   Blood fractionation using curved channel on centrifugal 
microfluidic platform is utilized to separate blood plasma from the 
other components of the blood, fω  centrifugal force, fR  centrifugal 
force due to channel curvature, fC Coriolis force
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et  al. 2013) (4) microchannels with gaps-array (Kubo 
et  al. 2009; Furutani et  al. 2010), (5) centrifugal deter-
ministic lateral displacement (c-DLD) (Jiang et al. 2015), 
density gradient free nanoparticles separation (Arosio 
et  al. 2014), and separation based on density gradient 
sections (Moen et al. 2016).

Lee et  al. (2014) proposed a centrifugal platform for 
CTCs isolation with three processing sets, where each set 
contains a sample loading chamber, a filtration chamber, 
and a waste chamber (Fig. 5a). A commercially available 
membrane filter with pore size of 8  µm was integrated 
in the filtration chamber to trap the targeted CTCs. The 
platform is validated with MCF-7 breast cancer cell line 
spiked in phosphate-buffered saline (PBS) and blood 
samples collected from healthy donors. In addition, blood 
samples from patient with lung and gastric cancers were 
tested for clinical validation. The process was reported 
to takes only 20  s to filtrate 3  mL of sample. However, 
the postprocessing which includes the washing, block-
ing, incubation, staining, and cell analysis steps takes 
around 50 min. The authors reported high CTCs captur-
ing efficiency of 84% at relatively low spinning speed 
of 600  rpm. However, operating the platform at low 
spinning speed results in a high count of 3092 captured 
WBC. Meanwhile, at high spinning speed of 3600  rpm, 
the CTCs capturing efficiency drops to 50% while the 
WBC count drops significantly to 181 cells. Finally, the 
authors validated their system experimentally by compar-
ing it with ScreenCell®, the only commercially available 
microfluidic platform for CTCs isolation. In compari-
son, the capture efficiencies for the proposed platform 
and ScreenCell system were 56 and 69%, respectively. 
The authors believe that the slightly higher efficiency of 
ScreenCell® system is due to (1) the smaller pore size of 
the utilized membrane filter of 7.5 µm and (2) the imple-
mentation of dilution FC2 buffer which is known to stabi-
lize the cells. This proposed microfluidic platform is the 
only system which was validated by experimentally and 
compared to an commercially approved CTCs separa-
tion system. Figure 5b presents a novel design proposed 
by Glynn et  al. (2015) to measure the size distributions 
of CTCs clusters in a blood sample. The authors imple-
mented a rail of gaps with increasing opening size to 
isolate different clusters based on size variation before 
sending them to different destination chambers. Morijiri 
et  al. (2013) implemented the counterflow centrifugal 
elutriation (CCE) method on a centrifugal microfluidic 
platform for particles sorting based on particle size. The 
method relies on the balancing of the centrifugal force 
which pushes particles toward the platform edge, and liq-
uid drag force which pushes particles toward the platform 
center. As the net force is higher near the chamber inlet 
and lower near the chamber outlet, bigger particles tend 

to flow near the chamber inlet while smaller particle tend 
to flow toward the chamber outlet. The authors success-
fully isolated polymer particles of 1, 3, and 5 µm in diam-
eter, and also demonstrated the ability of separate blood 
cells (erythrocytes and leukocytes) from diluted blood 
sample. To reach single-cell level analysis on centrifugal 
platforms, Kubo et al. (2009) proposed a zig-zag-shaped 
microfluidic channel with U-shaped trapping cham-
bers lined along the sides of the channels. The proposed 
platform was made of PDMS with a total of 24 micro-
channels, each with 530 trapping chambers. Various cell 
types, i.e., Escherichia coli, baker’s yeast, Jurkat cell, 
and NIH3T3, were isolated on the proposed platform at 
3000 rpm and 30 s processing time. In a separate study, 
Jiang et al. (2015) utilized deterministic lateral displace-
ment (DLD) on centrifugal platform for passive parti-
cle isolation. On the platform, the authors integrated a 
square array of cylindrical posts that are in specific tilting 
angles with respect to the centrifugal force direction. By 
testing the effect of different tilting angles, the authors 
found the best scenario when big particles are trapped by 
arrays with small migration angles while small particles 
are free to travel following the direction of the centrifugal 
force. The integration of DLD on the centrifugal platform 
improves the portability of the developed platform with 
the elimination of external pumping methods and physi-
cal connections. This allows the integration of DLD as a 
preparation step for cell labeling and/or analysis on the 
platform. On a nanoparticle level, Arosio et  al. (2014) 
proposed the installation of a simple curved channel with 
seven collection bins/chambers onto a centrifugal base. 
The collection bins/chambers are placed in an orienta-
tion perpendicular to the centrifugal force direction. As 
a result, the separation mechanism is based on the bal-
ance of the fluid drag force on one side, and the centrifu-
gal and buoyancy forces on the other side. As the analyte 
with dispersed nanoparticles flow through the separation 
channel, the centrifugal force will drive big and high den-
sity particles to move laterally toward the outer wall of 
the channel. Smaller and low density particles will expe-
rience slower laterally flow speeds and will stay closer to 
the channel center. Separation of 50, 100, and 200 nano-
sized particles, at 5000  rpm spinning speed and 5  min 
processing time, was performed to demonstrate the capa-
bility of the proposed system.

In a more recent study, Moen et al. (2016) reproduced 
the traditional density media and relative centrifugal 
forces (RCF) procedure for cell separation on the centrif-
ugal microfluidic platform. Moen et al. (2016) proposed 
a single straight channel that divided into five multiple 
sections. Each section has a different density media and 
separated from the neighboring sections by passive capil-
lary valves. This multi-density setup forces different cells 
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to sediment at different sections based on their respective 
density. This is due to the different effect of the centrifu-
gal force and liquid drag force on particles of different 
densities. The authors reported 95.15% recovery rate for 
leukocytes while excluding 99.8% of red blood cells.

2.1.1.3  Separation based on  or for  immunoaffinity pro‑
cesses  In general, immunoaffinity is defined as the uti-
lization of surfaces or particles that are pre-activated with 
specific antigens/antibodies which only capture specific 
targeted cells/proteins. This trapping process facilitates 
the isolation and sorting of the targeted cells/proteins from 
heterogeneous background mixtures. In most proposed 
sorting platforms, immunoaffinity is performed together 
with other sorting mechanisms such as density gradient 
medium (DGM) (Park et al. 2014), capture-array (Burger 

et al. 2011, 2012b), and waved microchannel for inertial 
sorting (Aguirre et al. 2015).

Park et al. (2014) from Samsung Biomedical Research 
Institute developed a fully automated centrifugal micro-
fluidic platform for isolating CTCs from blood samples 
(see Fig. 6a). The platform designed consists of a blood 
chamber, a density gradient medium (DGM) chamber, 
and a collection chamber. Inside the blood chamber, a tri-
angular obstacle structure (TOS) is introduced to prevent 
blood cells from flowing backward during the plasma 
evacuation process. The proposed platform has the abil-
ity to handle relatively high volume of fresh blood, up 
to 5  mL, to perform CTCs isolation without any pre-
processing or external intervention. The process starts 
with the introduction of 5  mL of blood sample mixed 
with 100  µL of 4.5-μm-diameter superparamagnetic 

Fig. 6   Immunoaffinity on centrifugal platform for particle/cell sepa-
ration a microfluidic design is proposed for CTCs isolation from 
blood sample, the design consist of blood chamber, DGM chamber, 
collection chamber, and waste chamber, b microfluidic design with 
V-shaped traps array is proposed for bead-based assays, the design 
consist of cell reservoir, washing buffer reservoir, IgG reservoir, 

V-cup array, and waste chamber, c micromixer and inertial sorter 
are integrated for cancer cells separation based on immunoaffinity. 
a is adopted from Park et al. (2014) with permission from American 
Chemical Society, b is adopted from Burger et al. (2012b) with per-
mission from Royal Society of Chemistry, c is adopted from Aguirre 
et al. (2015) with permission from Springer
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activated microbeads used for CTCs trapping. Then, the 
platform is spun for few minute to separate plasma from 
the rest of the blood. Plasma is then transferred to the 
waste chamber, and CTCs is left to bind with the acti-
vated microbeads under a simple shaking process. After-
ward, the mixture is released to reach the DGM layer 
where the CTC-bead complex moves down to reach the 
collection chamber. The authors reported a high recover 
rate of >95% with >90% cells viability. In separate stud-
ies, Burger et  al. (2011, 2012b) proposed a centrifugal 
microfluidic platform for efficient trapping and analysis 
of particles, which can facilitate bead-based assays (see 
Fig. 6b). The operation principle of the platform is based 
on stopped-flow sedimentation, where microparticles are 
injected into the designated chamber that is filled with 
stagnant fluid. When the platform is spun, the resultant 
centrifugal force will force the randomly dispersed parti-
cles to flow though the array of V-shaped traps. To dem-
onstrate the ability of the proposed system, the authors 
performed a single step antibody assay.

A more recent work by Aguirre et  al. (2015) reported 
the integration of two operation units on the centrifugal 
microfluidic platform. The first unit is a micromixer used 
to create breast cancer cells and beads complex MCF7-PS. 
The second unit is an inertial sorter used to isolate cancer-
beads complex from the background mixture. The plat-
form design is shown in Fig. 6c. The biological sample of 
MCF-7 + DMEM culture media, and the anti-Epcam func-
tionalized beads are first injected through inlet 1 and 2. The 
platform is then spun at an angular velocity of 3.75 Hz to 
flow the biological sample and microbeads through the 
micromixer. The proposed micromixer works based on the 
principle of secondary flow generated by Dean drag force, 
while cell sorting mechanism is based on lateral migration 
effect. The authors reported mixing and recovery rate of 97.1 
and 98.7%, respectively.

2.1.2 � Active particles/cells separation methods

In contrast to passive separation methods which mainly 
depend on the microfluidic structure and particle physical 
properties for separation process, active separation meth-
ods usually utilize external forces or actuators to facili-
tate the separation process (Madou et  al. 2006; Strohm-
eier et  al. 2015a). In a study by Martinez-Duarte et  al. 
(2010), dielectrophoresis (DEP) was used on the centrifu-
gal microfluidic platform for active filtration and trapping 
of targeted cells (see Fig.  7a). The authors reported the 
fabrication and integration of 3D carbon electrodes that 
resulted in high filtration efficacy with low fabrication 
cost. The carbon electrodes were supplied with a voltage 
supply of 200  kHz and 20 Vpp. At a sample flow rate of 
35 µL/min, the authors successfully separated yeast from 

a background mixture of yeast and latex cells with 100% 
separation efficiency. In separate researches by Kirby et al. 
(2012, 2015) and Siegrist et al. (2011), magnetic field was 
imposed on the centrifugal platform for cells manipulation 
in stopped-flow sedimentation mode. The presented sepa-
ration methods contain common features such as a source 
chamber, a focusing channel, and a fork-shaped separa-
tion chamber that splits different cell types into different 
destination sub-chambers (see Fig.  7b). Under the influ-
ence of Stokes’ drag, centrifugal, and magnetic forces, 
different cells are guided into the different destination 
sub-chambers. Using functionalized magnetic beads with 
anti-EpCAM antibodies, Kirby et  al. (2015) reported the 
isolation of rare MCF7 cancer cells from 3  µL of whole 
blood at a recovery rate of 90–96%.

2.2 � Inertial microfluidics

2.2.1 � Spiral microfluidic platforms

Segre (1961) observed that particles with 1-mm diam-
eter are randomly dispersed when flowed through an 
arc-shaped pipe of 1-cm in diameter (Segre 1961; Segre 
and Silberberg 1962a; Segre and Silberberg 1962b). This 
discovery has led various researchers to investigate this 
phenomenon.

In a later study by Karnis et al. (1966), it was shown 
that large particles can be focused near the center of a 
straight channel in higher flow rate, leaving smaller 
particles flowing near channel wall (see Fig.  8a). Parti-
cle migration is caused by the effect of shear gradient 
lift force (FLS) that attracts particles toward the chan-
nel walls, and wall induced lift force (FLW) that repulses 
them back toward the middle of the channel (see Fig. 8a). 
However, the effects of these two forces are dependent on 
particle mass, and particles of different sizes settle at dif-
ferent equilibrium positions within the channel.

In 2008, Di Carlo et al. (2007) and Bhagat et al. (2008) 
have separately shown that adding curvatures to the flow 
channel can lead to secondary vortices, i.e., Dean vorti-
ces that are perpendicular to the main flow stream (see 
Fig.  8b). Curved channels cause velocity mismatches 
between liquid elements that are near channel walls and 
those that are closer to the channel center (Di Carlo 2009; 
Zhang et  al. 2016). Liquid elements near the channel 
center have higher inertia while the elements near the 
channel walls are relatively stagnant. This velocity mis-
match results in two symmetrical secondary flows that are 
perpendicular to the liquid main flow. Therefore, particles 
in inertial microfluidics with spiral-shaped channel will 
follow these vortices in addition to the main flow. With 
this discovery and by following certain adjustments to 
the dimension and shape, relatively large particles can be 
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focused near the channel inner wall while leaving smaller 
particles to flow closer to the outer wall of the channel 
(see Fig. 8b) (Warkiani et al. 2014, 2016).

In most typical cases, microfluidic platforms are oper-
ated in the Stokes regime with negligible fluid inertia and 
Reynolds number (Re) (where Re = ρfUH/µ; ρf is fluid 

density, U is average velocity, µ is dynamic viscosity, and 
H is the channel characteristic dimension). On the other 
hand, inertial microfluidics operate in approximate Re 
range from 1 up to 100, in other words between Stokes 
regime and turbulent regime (Re ~2000) (Zhang et  al. 
2016). For this kind of platforms, the influence of both 

Fig. 7   Active cells/particles sorting on centrifugal microfluidic plat-
form a dielectrophoresis (DEP) is integrated on the centrifugal micro-
fluidic platform for selective particle/cell separation, slip rings and 
metal pads are utilized to provide the carbon electrodes with power 
b particle/cell sorting utilizing magnetic field, the design consist of 
loading chamber, focusing channel, separation chamber, and des-

tination chamber A, B, and C, the figure also show the main forces 
effect particles movement, i.e., centrifugal force and magnetic force. 
a is adopted from Martinez-Duarte et al. (2010) with permission from 
Royal Society of Chemistry, b is adopted from Kirby et  al. (2012) 
with permission from Springer
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inertia and viscosity of the fluid exist, causing particle 
migration during fluid flow in the microfluidic channel. 
The two effects on suspended particles: inertial migration 
and secondary flow are observed in this regime and are 
related to finite inertial forces (see Fig. 8).

When randomly dispersed particles with different 
sizes are injected and start flowing through a spiral, Dean 
vortices develop and the resulting drag forces cause the 
particles to follow the direction of these vortices in addi-
tion to the main stream flow.

Dean vortices strength are dependent on the Dean 
number (De), Reynolds number (Re), and channel aspect 
ratio (AR) (Zhang et al. 2016). Dean number is a dimen-
sionless parameter which is a function of flow Reynolds 
number, channel hydraulic diameter (DH), and the cur-
vature of spiral channel (RC), and it can by calculated by 
the following equation (Dean 1928):

Due to Dean vortices, particles are pushed back and 
forth between the side walls of the spiral. The velocity of 
this lateral flow is called Dean velocity (UDean) and it can 

(9)De = Re

√

DH

2RC

be calculated by the following equation (Warkiani et  al. 
2016):

When a particle travels in one direction between two 
opposite channel walls, it is said to have completed half a 
Dean cycle (LDC) (Warkiani et al. 2016). A particle trave-
ling from one wall to the opposite wall and then returning 
to the initial wall is considered to have completed a full 
LDC. LDC can be calculated as follows:

where w is channel width and h is channel height. For 
particles to achieve an equilibrium position within a 
channel, the channel must have a minimum height calcu-
lated as follows:

where UF is the average fluid velocity.
Finally, the Dean drag force can be calculated according 

to Stokes’ law as:

(10)UDean = 1.8× 10−4
De

1.63

(11)LDC = 2w+ h

(12)lC =
UF

UDean

LDC

(13)FD = 3πµUDeanac

Fig. 8   Particle/cell migration in straight and curved channel (a) in 
straight channel, shear gradient lift force (FLS) push particles toward 
the channel walls, and wall induced lift force (FLW) that repulses them 

back toward the center line of the channel (b) in spiral channel, the 
balance between net inertial lift force (FL) and Dean drag force (FD) 
causes particle migration to equilibrium position
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where ac is particle diameter.
In curved channels, particles will be under the effect 

of both secondary flow due to Dean drag force, and 
inertial force (FL). Inertial force is the balance of shear 
gradient lift force (FLS) which push the particles toward 
channel walls, and wall induced lift force (FLW) that 
repulses particles back toward channel center (Bhagat 
et al. 2008; Di Carlo et al. 2007). The net inertial force 
(FL,nett) can be calculated as following (Bhagat et  al. 
2010):

In spiral channels, particles flowing within a curved sub-
section will experience both lift force and drag force (which 
is caused by Dean vortices), leading to particle centrifuga-
tion (Zhang et  al. 2016). Furthermore, since the channel 
curvature direction of the spiral is either outward toward 
the platform edge, or inward toward the platform center, 
the Dean vortices spinning direction is constant within each 
subsection. In a spiral, the Dean drag force changes as the 
particles move from one point in the spiral to another due 
to a change in the spiral curvature [see Eq. (9)]. However, 
as the spirals are relatively small, the change is negligible. 
As a result, the inertial force keeps particles in a specific 
cross-sectional equilibrium position and this position is 
under the effect of Dean drag force according to particle 
size. In other words, the ratio of inertial force to the Dean 
drag force, Rf  =  ac

3Rc/D
3
H determines the relative posi-

tion where particles of various sizes will gather within the 
channel. On a range of Rf from 0 to ∞, Dean drag force is 
dominant when Rf approaches 0, and this condition is true 
for particles with size much smaller than channel hydrau-
lic diameter. In this case, Dean force drives small particles 
closer to the channel outer wall that is closer to the plat-
form edge. On the other hand, as Rf approaches ∞, inertial 
force is dominant for large particles with diameter similar 
to channel hydraulic diameter. Therefore, large particles are 
flowing close to the inner wall of the curved channel which 
is closer to the platform center.

Spiral microfluidic platforms have been widely inves-
tigated by the Papautsky group (Bhagat et al. 2008, 2010; 
Kuntaegowdanahalli et al. 2009) and Lim and Han groups 
(Hou et  al. 2013, 2015; Guan et  al. 2013; Warkiani et  al. 
2014, 2015a, 2016) for particle/cell separation. A summary 
of the fabrication design, sample, applied flow rate, and 
reported results of the various platforms are summarized in 
Table 2. In two different works, Bhagat et al. (2008, 2010) 
from Papautsky group proposed sheath-less spiral channel 
for the separation of different size particles. The authors 
developed 5-loop and 10-loop spiral channels which have a 
rectangular cross section of width 100 µm by height 50 µm. 
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The 5-loop design was used to separate 7.32 and 1.9  µm 
particles, while the 10-loop design was implemented to 
focus 6  µm particles. Bhagat et  al. (2010) reported high 
focusing throughput results of 2100 particles/s. Moreo-
ver, the system performance was validated for cell count-
ing using SH-SY5Y neuroblastoma cells. In a related work 
from the same group, Kuntaegowdanahalli et  al. (2009) 
developed a 5-loop spiral microchannel with a fork-shaped 
outlet for the separation of polystyrene particles of 10, 
15, and 20 µm in sizes. As with any inertial platform, the 
proposed device utilizes the balance between inertial lift 
force and Dean drag force to focus particles near the side 
walls of the spiral channel. The authors reported respec-
tive recovery rates of 90 and 80% for polystyrene particles 
and neurogenic tumor cells. Moreover, the authors claimed 
that the platform achieved a throughput of around 1 mil-
lion cells/min, which is higher than any cell sorting tech-
nique method currently commercially available at the time 
of publication.

Hou et al. (2013) from the Lim and Han group utilized 
spiral microfluidics, named as Dean flow fractionation 
(DFF), for continuous CTCs isolation from blood sam-
ples collected from patient with lung cancer. For the first 
time, sheath buffer was used in a spiral platform to facili-
tate the processing of blood samples with hematocrit 
levels of 20–25% compared to other works that reported 
as low hematocrit as 5%. The implementation of sheath 
buffer had resulting in a high throughput of 3 mL/h with 
the elimination of clogging issues, and CTCs recovery 
rate and viability of 85 and 98%, respectively. In a fol-
low-up study, Hou et  al. (2015) utilized a modified ver-
sion of the platform for label-free bacteria isolation from 
host blood cells. Ribosomal RNA detection was then uti-
lized to capture samples with low abundance pathogens 
(~100 per mL) from the processed blood sample without 

the need for culturing or enzymatic amplification. The 
authors reported that in a test for bacteria identification 
from whole blood sample, an improved processing time 
of around 8 h was achieved compared to methods involv-
ing culturing or amplification. Also, the sensitivity of the 
platform was the same as that of methods involving cul-
turing or amplification. A multiplexed setup of the same 
design was clinically validated and reported in a parallel 
research (Khoo et  al. 2014), and the detailed procedure 
of the fabrication and implementation of multiplexed 
spiral microfluidics for CTCs isolation from blood sam-
ple was later reported in 2015 by Warkiani et al. (2016) 
(see Fig.  9a). The multiplexed platform achieved 85% 
recovery rate of CTCs cells at relatively high flow rate of 
1.5 mL/min.

In an extensive theoretical and experimental study, 
Guan et  al. (2013) has shown that spiral channels with 
rectangular cross sections has the limitation of low separa-
tion resolution, especially in close range of particle sizes 
(see Fig.  9a, b). Therefore, the authors proposed the use 
of channels with trapezoidal cross sections which gener-
ate stronger Dean drag force in the outer half of the chan-
nel, i.e., half opposite to the spiral channel center. This 
has led to higher separation distances between the dif-
ferent sized particles, i.e., better separation efficiency. In 
a continuation study, Warkiani et  al. (2014) implemented 
trapezoidal spiral microfluidics for ultra-fast and label-
free CTCs isolation (see Fig. 9b). The proposed platform 
was able to achieve an 80% recovery rate for cancer cells 
MCF-7, T24, and MDA-MB-231 from 7.5  mL of spiked 
blood in just eight minutes. Warkiani et al. (2015a) further 
demonstrated the implementation of multiplexing multi-
trapezoid spiral with membrane-less microfiltration to 
eliminate the clogging limitation of using membrane fil-
ters. In their work, 48 spiral chips were integrated in one 

Fig. 9   Spiral microfluidic channel for passive particle/cell sorting 
a multi-layers spiral microfluidics with rectangular cross section, 
design used for CTCs isolation from blood sample b spiral micro-
fluidic with trapezoidal cross sections, design used for CTCs isola-
tion from WBC (i) full spiral design with one inlet and two outlets 

(ii) cross-sectional drawing (just before channel outlets) demonstrates 
focusing of different size particles (iii) experimental results of parti-
cles separation. a and b is adopted from Zhang et al. (2016) with per-
mission from Royal Society of Chemistry
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setup to increase the flow rate from 6 mL/min for single 
chip up to 500 mL/min. The integrated setup was success-
fully utilized for the separation of CHO (10–20 µm) and 
yeast (3–5 µm) cells with 90% separation efficiency. In a 
recent work by Schaap et al. (2016), a 3-loop spiral micro-
fluidic with rectangular cross section of 350 µm width and 
100  µm was proposed for particles and Algae cells sort-
ing. The utilized polystyrene particles are spherical in 
shape with 5, 10, 20 µm diameter. The Algae cells sorted 
are from Chlorella (spherical shape), Cyanothece (Prolate 
spheroid), and Monoraphidium (Cylindrical). The authors 
reported 96 and 77% separation rate for polystyrene parti-
cle and Algae cell, respectively.

2.2.2 � Multi‑orifice microfluidic channel (microvortices)

Beside the utilization of curved microfluidic channel (spi-
ral) to generate secondary flow, microvortices with inertial 
migration was also reported on microfluidic channel with 
single or multiple cavity/chamber on one or both sides. For 
summarized view, Table 3 lists the reported microvortices 
platforms according to their developing research group, 
platform structure, application, flow rate, and reported 
results. This idea was first invented and investigated for 
different application by the Chiu group (Shelby et  al. 
2003; Shelby and Chiu 2004; Chiu 2007). Shelby et  al. 
(2003) proposed 30  µm height by 30  µm width straight 

Table 3   Particle/cell separation methods on multi-orifice platforms

Group leader Structure Application Flow rate Remarks

Shelby et al. (2003) Single microchamber Microvortex generation 1.08 mL/min With low flow rate, the pro-
posed design can achieve 
12 m/s rotational velocity

Shelby and Chiu (2004), 
Chiu (2007)

Single microchamber Particle/cell manipulation 0.001–2 mL/min The proposed design was 
employed for cell separa-
tion and to study the cen-
trifugation effect on cells

Lee et al. (2009a) Multi-chamber on single 
side

Mixing 0.08 mL/min, Re = 7.2 Mixing range of 90% can 
be achieved in wide 
range of Reynold number 
(4.3–28.6)

Lee et al. (2009b) Multi-chamber on single 
side

Focusing (red blood cells) 0.001–0.01 mL/min The proposed platform 
requires sheath fluid to 
achieve 3D focusing

Lee et al. (2011c) Multi-chamber on single 
side

Particles separation (4 and 
10 µm)

0.016 mL/min 100% separation rate was 
achieved with a through-
put of 111 particles/s. 
The proposed platform 
requires sheath liquid

Lee et al. (2011b) Multi-chamber on single 
side

Blood plasma separation 0.02 mL/min 62% separation rate was 
achieved with a through-
put of ~1.0 × 108 cells/
min

Lee et al. (2013) Multi-chamber on single 
side

Cancer cells separation 0.05–0.2 mL/min 99.1% recovery rate, 88.9% 
blood cells rejection 
rate, 1.1 × 108 cells/min 
throughput

Park et al. (2009) Multi-chamber on two 
sides

Particle focusing (7 µm) 0.08 mL/min Particles are focused near 
both sidewalls (at 0.6 from 
the centerline)

Park and Jung (2009) Multi-chamber on two 
sides

Particle separation (7, 
15 µm)

0.1 mL/min ~1–5 × 104 separation 
throughput, high recover 
rate of 90% but low purity 
15%

Sim et al. (2011) Multi-stage/multi- chamber 
on two sides

Particle separation (7, 
15 µm)

0.061 and 0.102 mL/min Compared to single stage, 
recover rate of 15 µm is 
improve to 88.7% with 
89.1% purity

Moon et al. (2011) Multi-chamber on two 
sides + DEP

Cancer cells separation 0.126 mL/min 75.18% recovery rate of 
MCF-7 cells. 162-fold of 
enrichment was reported
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microchannel with a single diamond-shaped chamber inte-
grated on one side of the channel to generate high radial 
acceleration microvortices (Fig.  10a). The introduction of 
the microchamber creates detachment of fluid flow at the 
opening of the microchamber that will create recirculation/
vortex flow in the diamond chamber. With optimum micro-
chamber dimensions and opening angle, flow velocity can 
be accelerated from 3  m/s in the main channel to 12  m/s 
in the microchamber. This microcirculation/microvortex 
was first reported to improve passive liquid mixing in a 
straight channel. To illustrate one of the potential applica-
tions of microvortex, Shelby employed red polystyrene 
beads and green slice beads with two different densities 
of 1.5 and 1.8–2.0 g/cm3, respectively. When the flow rate 
of the main stream was increased from 1.5 to 20 m/s, the 
green beads was centrifuged toward the outer edge of the 
microchamber, while the red beads were concentrated at 
the center of the chamber. In later works, the group utilized 
the same idea to study the effect of centrifugation/vortices 
on different types of cells and molecules (Shelby and Chiu 
2004; Chiu 2007). Compared to traditional centrifugation 
methods, microvotex method was able to reveal the dif-
ferent effect of centrifugation on a single-cell level, such 
as tensile stress that causes the relocation of intracellular 

organelles, and shear stress that can cause physical changes 
to cell surface.

A series of microchambers, or as it also known as con-
traction–expansion array (CEA), integrated on a single side 
of the microchannel was first reported and investigated by 
the Park group (Fig.  10b). In their first work, Lee et  al. 
(2009a) proposed CEA on a single side of the microchan-
nel to perform laminar mixing between two liquids. Lee’s 
theoretical and experimental analysis showed that the pro-
posed CEA structure creates acceleration and decelera-
tion of streamlines that result in Dean-like vortices at the 
entrance of contraction region. As what happen in a curved/
spiral channel, two vortices are generated, upper counter-
clockwise vortex and lower clockwise vortex. As shown in 
Fig. 10b, the two counter-rotating vortices shift the de-ion-
ized water (DIW) toward the center of the channel where 
it will be surrounded by the fluorescein isothiocyanate 
(FITC/FYE). The author reported a mixing rate of 90% by 
utilizing 30 contraction–expansion array within a relatively 
wide range of Reynolds number of 4.3–28.6. In their fol-
lowing works, the group implemented the same microflu-
idic structure for three-dimensional hydrodynamic focusing 
of red blood cells (Lee et al. 2009b), inertial separation of 
different size polystyrene beads (Lee et  al. 2011c), blood 

Fig. 10   Multi-orifice microfluidic channel (microvortices) a single 
microchamber (single vortex) by Chiu group, b multi-chamber on a 
single side of the channel by Park group, c multi-chamber on both 
side of the channel. a Is adopted from Shelby and Chiu (2004) with 

permission Royal Society of Chemistry, b is adopted from Lee et al. 
(2009a) with permission from AIP Publishing LLC, c is adopted from 
Park et al. (2009) with permission from Royal Society of Chemistry
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plasma separation (Lee et  al. 2011b), and label-free can-
cer cell separation from whole blood (Lee et al. 2013). For 
inertial focusing, the group utilized the balance between 
Dean force and inertial force to focus cells/particles based 
on their size.

Multi-orifice flow fractionation (MOFF) with axisym-
metric CEA on both sides of the microchannel was first 
proposed by the Jung group in 2008 (Fig. 10c). Similar to 
the mechanism of single-sided CEA, double-sided CEA 
utilizes the balance between inertial force and microvorti-
ces on both sides to focus cells/particles in a specific path. 
This structure was first reported by Park et al. (2009) where 
they proposed a microchannel with 80 repeated contrac-
tion–expansion cycles for 7 µm polystyrene divinylbenzene 
(PS-DVB). According to the authors, this design offers 
continues separation of cells/particles with high through-
put. Moreover, the focusing position was shown to move 
from the channel sides to the channel center when parti-
cle Reynolds number Rep was increased from the range of 
0.8–2.3 up to the range of 3.0–3.5. In their following work, 
Park implemented this MOFF platform to separate parti-
cles of different sizes, i.e., 2, 7 and 15 µm that replicates 
platelet, red blood cell, and white blood cell, respectively 
(Park and Jung 2009). For this application, the authors 
report that MOFF has the advantages of being a continues 
process, does not need sheath fluid, and having an interme-
diate flow rate of 1–5 × 104 particles/s compared to other 
separation methods (Park and Jung 2009). On the other 
hand, this platform showed low purity of 36.4% maximum 
for 15 µm particles. Furthermore, it was demonstrated that 
while enlarging the collection region increases the recov-
ery rate, the level of separation purity dropped further to a 
low of 15.5%. To improve system performance, the authors 
suggested to have specific flow rate to separate each type of 
particles from the background mixture. Recently, Warkiani 
et  al. (2015b) reported a CEA platform for Malaria para-
site enrichment as a preprocessing step for qPCR assay. 
The CEA is utilized to focus and deplete the larger WBC 
cells, whereas unfocused smaller Malaria parasites are 
recovered from the center of the focusing channel. Warki-
ani et al. reported an impressive depletion rate of WBCs of 
99.99%, with a throughput of 1 mL of lysed blood sample 
per 15 min.

Sim et  al. (2011) and Moon et  al. (2011) from the 
Park group proposed two different design improvements 
to the MOFF platform proposed by Park et al. 2009. Sim 
et  al. (2011) developed a multi-stage-multi-orifice flow 
fractionation (MS-MOFF) platform where samples flow 
through two stages of CEA for better recovery rate. The 
design includes one CAE in the first stage, and two CAR 
in the second stage. With this MS-MOFF design, the final 
achieved recovery rate of 15  µm particle size was 88.5% 
with 89.1% purity, which were unachievable with a normal 

MOFF platform. On the other hand, Moon et  al. (2011) 
integrated MOFF with dielectrophoretic (DEP) to improve 
the recovery rate of MOFF. This integrated platform was 
implemented to separate breast cancer cells (MCF-7) from 
spiked blood sample. The authors reported 162-fold of 
MCF-7 enrichment at a flow rate of 126 µL/min.

For further improvement in term of throughput of CEA 
platform, Mach et  al. (2011) proposed an array of CEA 
where multiple CEA channels are connected in parallel 
with a single input and a single output. However, Mach 
et al. implemented the microvortices to trap larger particle 
and not to focus it. In other words, as soon as larger par-
ticles/cells reach a microvortex, it is centrifuged near the 
vortex center and stays there, while small particles flow 
with the main stream. This idea was successfully imple-
mented to trap targeted particles, then fluorescent labe-
ling it by a medium exchange process without the need 
for manual pipetting and washing steps. Moreover, this 
method achieved high throughput in the range of mL/min. 
To release trapped particles/cells, the flow rate is decreased 
to weaken microvortices and let particles/cells escape to the 
main flow. This method was utilized to isolate CTCs and 
mesothelial cells from background mixture (Mach et  al. 
2011; Sollier et al. 2014; Che et al. 2013).

3 � Summary and future outlook

This paper has reviewed the microfluidic platforms and 
centrifugation approaches for particle/cell separation. Cen-
trifugation approaches are methods that utilize the physical 
centrifugation process on microfluidic platforms such as 
in microfluidic CD, or approaches that utilize liquid cen-
trifugation effect which results from the Dean effect for 
cell/particle separation such as in spiral and multi-orifice 
microfluidics.

The various implementation of particle/cell separation 
on centrifugal microfluidic platforms are either passive 
or active in nature. Table 1 in Sect. 2.1 shows the various 
methods reviewed. Passive methods include density-based 
sedimentation, separation by physical size, and separation 
through immunoaffinity, whereas active methods include 
DEP or magnetic based separation. Most reported tech-
niques showed that the centrifugal microfluidic platform is 
most suitable when a preparation step of a raw sample is 
required to be integrated on the same platform. For exam-
ple, the fractionation of blood sample to its sub-component 
can be easily performed with simple one-chamber designs. 
Nevertheless, centrifugal microfluidic platforms have also 
demonstrated the ability to perform single-particle/cell sep-
aration and particle/cell observations using simple passive 
structure such as V-shaped cups, inertial focusing, or by the 
implementation of a DGM.
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The main advantages of using the centrifugal microflu-
idic platforms for particle/cell separation include simple 
design and fabrication process, allowance for the integra-
tion of multi-processing stages of mixing, valving, centrif-
ugation…,etc., improved portability of the proposed meth-
ods, requires less human interaction, and includes a wide 
range of implementable unit/operations that can be utilized 
in different applications. On the other hand, the main dis-
advantage of using centrifugal microfluidic platforms for 
particle/cell separation is the limited space available on the 
platform for sample, reagents, and other fluids/components. 
Even though some authors reported the ability to process 
sample volume of around 5  mL, processing such sample 
volumes limits the number of processes that can be multi-
plexed on the same platform.

Inertial microfluidic platforms are categorized into 
spiral microfluidics and multi-orifice microfluidics, or 
microvotices. Table  2 in Sect.  2.2.1 shows the various 
implementation of spiral microfluidics, while Table 3 in 
Sect.  2.2.2 shows the works performed using multi-ori-
fice. In general, inertial microfluidics is more suitable 
than centrifugal microfluidics when it comes to process-
ing samples of high volumes, e.g., for CTCs isolation. 
This is due to the fact that samples are loaded using 
syringe pumps which can cater to a wider range of sam-
ple volumes required for any kind of application.

Many works have demonstrated that inertial micro-
fluidics is suitable for particles/cell separation. Some 
examples are the separation of CTCs, WBC, Algae, and 
bacteria with high recovery and viability rate. Some stud-
ies have also highlighted that spiral microfluidic designs 
can be easily adapted for different applications by adjust-
ing the spiral cross-sectional, dimension, length, and 
flow rate. Meanwhile, multi-orifice has been reported 
to be also designed with different structures to suit spe-
cific application. Variations of the designs include single 
chamber (single vortex), multi-chamber on a single side 
of the channel, and multi-chamber on both sides of the 
channel.

The many advantages of inertial, or spiral and multi-
orifice microfluidics include simple design and fabrica-
tion, the ability to process large sample volumes, high 
throughput, high recovery rate, and the ability for mul-
tiplexing for improved performance. However, the use 
of syringe pump has reduced the flexibility of the plat-
form in integrating preprocessing steps for more involved 
processes.

As both types of microfluidic platforms, namely cen-
trifugal microfluidic platform and inertial microflu-
idic platform, have their advantages and disadvantages, 
the requirement of the application should be carefully 
considered prior to platform selection. For example, 
to design a point-of-care application for low resource Ta
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environment, and preprocessing is required, then centrif-
ugal microfluidic platforms should be a better choice. On 
the other hand, if the desired platform is the miniaturi-
zation of commercially available machines with reduced 
processing time, with relatively high volume of sample, 
then inertial microfluidic platform is the better choice. 
Due to the importance of CTCs isolation and retrieval for 
early cancer diagnosis, the proposed microfluidic meth-
ods for CTCs isolation are summarized in Table 4.

In summary, microfluidic platforms are capable of (1) 
having high portability, (2) wide range of applicable oper-
ations, (3) integrating preprocessing stages, (4) process-
ing relatively high sample volume, (5) high throughput, 
and (6) high recovery and viability rate. With proper con-
sideration to the requirement of the application, various 
particle/cell separation platforms can be accomplished.
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