Particle sorting in microfluidic systems
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Abstract: Continuous particle sorting is one of the most important microfluidic applications. Fast and
accurate sorting procedures can be performed using unique characteristics of microfluidics. Beside
hydrodynamic means provided by the flow itself, the application of an external field also contributes to
sorting efficiency. Particle sorting has been realized in many effective ways. This paper systematically gives
an overview on techniques used for particle sorting in microfludics. The basic theories and fluid mechanics
are presented for each approach. The implementation of the various sorting devices is discussed with their
working mechanism, design and performance. Typical results from these applications are also presented.
Based on the guidance from the existing technology, perspectives for future works are provided.
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1. INTRODUCTION

In the late 20™ century, micro electromechanical systems arising from silicon technology dominated the early
development stage of microfluidics. Microfluidic devices have been widely investigated and developed due to
their various applications. Medical diagnostics, chemical industry, drug discovery and proteomics are the
main drivers for microfluidics. One of the most practical microfluidic applications is cellomics, which
requires sampling, trapping, sorting, treatment and analysis of cells. Among these tasks, cell trapping and
sorting are the key tasks. An effective particle sorting system is critical for medical diagnosis and biological
applications. Various particle sorting systems have been proposed, reported, and applied in chemical,

pharmaceutical industry, medical research and other research activities.

Centrifugal approach is a conventional sorting method, which separates particles in bulk based on their
different sizes and densities. In contrast, modern particle sorting devices are able to manipulate single
particles. One of the earliest sorting techniques is flow cytometry with optical detection. Positive control is
applied to stained particles, while unstained particles are treated negatively. Flow cytometry is of tremendous
importance for a variety of medical applications. However, due to the large scale and the high cost of flow
cytometry, a number of other methods such as laser tweezers, dielectrophoresis (DEP), acoustic traps, and
magnetic tweezers have been used for sorting of individual particles. Laser tweezer can offer good accuracy,
thus is currently a standard tool for single particle manipulation. Despite of the wide range of available forces,
application of laser tweezers is limited due to the need of lasers and the large-scale external equipments.

Magnetic sorting with fluorescence-activated particles is another popular sorting technique of single particles.

A number of experimental works on particle sorting have been carried out and reported. To facilitate and
accelerate the development of this field, current research also emphasizes on developing numerical models
for novel sorting concepts using computational fluid dynamics. This review attempts to summarize the
different techniques for particle sorting covering basic theory, experiments and simulations. Sorting
techniques are generally categorized as passive and active types. Passive techniques rely on hydrodynamic
effects of the flow. The classification of active methods is based on the applied external fields. The

performance of sorting devices are analysed based on purity, recovery (yield), and throughput of the device.



2. PASSIVE SORTING

As mentioned above, sorting methods can be divided into two main categories: passive and active types.
Passive methods attempt to change hydrodynamic behaviors of the particles by geometrically modifying the
microchannels to achieve sorting. Currently, passive approaches have been developed based on the different

dynamic flow phenomena in microscale.

Flow-Based Sorting

Flow-based sorting is performed only by the flow pattern in the microchannels. One example of flow-based
sorting is chromatography, which separate species in stationary and mobile phases. The common
chromatography techniques are size exclusive and hydrodynamic chromatography. Particles are sorted in size
exclusive chromatography based on their sizes. Particles of different sizes elute through a stationary phase at

different rates. Several experimental works have been reported by Al-Somali et al. and Krueger et al. [1-2].

Hydrodynamic chromatography sorts particles in a capillary simply based on Brownian motion [3]. The
average velocities of the particles depend on particle sizes. The larger particles have higher mean velocities
than the smaller ones. Diffusion of the particles allows sorting, because the distributed distance increases as
the square root of time. This phenomenon is called peak-broadening by diffusion. Hydrodynamic
chromatography was first proposed by Small [4]. Both retention and diffusion effects of particles suspended
in a fluid were discussed and investigated in early works on hydrodynamic sorting by Giddings [5] and
DiMarzio et al. [6]. Size distribution characteristic in the channels was studied by Wilcoxon et al. [7]. Sorting
by hydrodynamic chromatography has been achieved in microchannels [8-10]. Development of detection
technology allowed the study of the sorting mechanism. UV detection has been developed as the most

popular technique in hydrodynamic chromatography, Fig. (1) [10-11].

Fig. (1). Sorting particles by hydrodynamic chromatography [10]



The slow molecular diffusion is the main limiting factor of the sorting speed. Brownian ratchet arrays as
shown in Fig. (2) was used, to further increase the sorting speed [12-14]. Size-based lateral displacement
sorting is another elegant passive sorting concept that overcomes the problem of molecular diffusion, Fig. (3)
[15]. Particles that are smaller than the lane width will follow the streamlines, and undertake a “zigzag mode”
motion. While a particle with a radius larger than the width of the lane will behave in a different way. The
periodic transport pattern is called the “displacement mode”. Microspheres of 0.8, 0.9, and 1.0 micrometers in

diameters were sorted in 40 seconds with a resolution of approximately 10 nm.
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Fig. (2). Basic sorting principle of Brownian ratchet array with vertical or titled flow [14]
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Fig. (3). Fluid streams in the zigzag mode [15]
Yamada et al. demonstrated that particle-pinched effect due to sheath flow in microchannels is applicable for
particle sorting [16-17]. Retention of the particles was found to depend on another stream without particles.
Sorting was achieved perpendicularly through an internal flow pattern. Multiple-branch microchannels [18]
with different dimensions were arranged at the collection segment to allow sorting of particles with small
diameters. Concentrating and sorting of the particles can be performed at the same time. Yang et al.
conducted a continuous and real time separation of blood plasma in a bifurcated microchannel structure [19].
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Differential Inertial Focusing

The above-mentioned method requires a laminar flow leading to a relatively long sorting time. Thus, faster
sorting methods commonly use differential inertial effects. Rotational flow based sorting was first introduced
by Choi et al. [20-21]. The flow is generated by anisotropic obstacles patterned only on the top wall of the
flow section. The particle-obstacle interaction is called hydrophoretic ordering which diverts the large

particles from their streamlines, leading to distinct flow paths for particles with the same size, Fig. (4). The

sorting throughput based on hydrophoretic ordering is about 90 particles per second and 1.7 X 10° molecules

per second. This throughput can be increased by using multiple channels. Bang et al. utilized expansion

channels to achieve higher speed without affecting the sorting quality [22].

X
Fig. (4). Principle of hydrophoretic sorting [21]
The complexity of sorting systems has been increased, as the required processing rates has been rising
gradually. Passive sorting methods were improved by modifying the channel geometry using spiral [23] or
curved [24] shapes instead of the conventional straight design. Dean force caused by the spiral microchannel
helps to sort the particles. Seo ef al. [25] combine the tubular pinch effect, the centrifugal force and the
Dean’s vortex to control the migration direction of the particles and drives them to different outlets for
collection. The induced cascading sorting in series is shown to be effective for high quality and throughputs.
This method can separate particles based on size, with purities from 90 to 100% and high-volume throughputs
of around 1 ml/min. Cascaded squeeze effect was further developed and improved by Lin ef al. [26]. A single
high voltage supply is applied to create electric fields of different intensities at different points of the
microchips accompanied by a series of variable resistors. Sheath flows are thus generated to sort

microparticles of different sizes. Microparticles of the same size are introduced into the channel to prove the



ability of switching into the neighboring sheath flow by the squeezing effect, Fig. (5).
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Fig. (5). Schematic diagram of sheath flow effect and the working principle [26]

Yamada et al. showed that splitting fluid flow from a main stream and recombining them dramatically
enhance particle sorting efficiency [27]. Based on the idea of geometric modification, the multi-orifice flow
fractionation (MOFF) method for continuous size-based particle sorting was recently proposed by Park et al.
[28]. A series of contraction/expansion microchannels were combined to form the structure, Fig. (6). In the

multi orifice channels, sudden turns results in deflection and realigning of the particles.
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Fig. (6). Working principle of particle sorting by multiorifice flow faactionation (MOFF) [28]

The Reynolds number is a critical factor for the sorting process. Experiments indicated that large polymer
particles (~15pum) were aligned along the centerline of the microchannel, whereas small particles (~7 pum)

remained near the sidewalls at Reynolds number ranging from 63 to 91. The throughput of this multi-orifice

channel system ranges approximately from 1 X 10* to5x10* particles per second.



Hydrodynamic Switch
Conventional flow cytometry is based on the principle of hydrodynamic focusing with sheath flows. Flow
cytometry utilizes optical detection to recognize and sort particles. Subsequent positive control is applied to

the particles with fluorescent signal, while the rest is treated negatively.

Laser-induced heating to control the flow is widely used for hydrodynamic particle sorting systems.
Fluorescently labeled target cells were detected with sensitive fluorescence microscopy. In the absence of a
fluorescent signal, the collection channel is plugged while the specimens are pushed into the waste channels.
In order to detect the target cells, laser beam is applied to plug the waste channel while the cells pass through
into the reservoirs. Tung et al. used solid-state lasers and PIN-based photodetectors to reduce the size and the
volume of the flow cytometry system [29]. Shirasaki ef al. [30] used thermoreversible gelation polymer as the
switching valve, Fig. (7). In a thermal switching system, sorting continuity is affected by the pressure
fluctuation [31]. Chen ef al. integrated fluidic, mechanical, optic and electronic in a single system to improve
the sorting performance [32]. The performance can be optimized by controlling the pressure, the chamber

length, and the entrance length, to improve sorting efficiency and to shorten the switching time.

Rw IR laser Rc
W- MW
Waste port Collection port

~oy

al

Gelled area

LN\

Carrier solution A D Carrier solution B
Flow rate A Flow rate B

Sample solution

G

lDetection area

O O
[>O

() Target particle  /\ Obstacle particle

Fig. (7). Principle of the passive sorting with switching [31]



3. ACTIVE SORTING

Magnetic Actuation

Physics of magnetic cell sorting. Magnetic forces are generated by the interactions between particles with
magnetic properties and the external magentic field. Since magnetic force is a volume-based force, the
relatively small force in microscale makes it unfavorable for single particle trapping. In order to achieve
tunability of the field srength, electromagnetic fields are preferred. For a small current coil, the magnetic

force is defined as:
Fm 2(1 S n-V)B (D

where [ is the current; S is surface area through the whole coil length; 7 represents unit vector of the

coil surface; and B is the magnetic flux density. In a sorting system with particles subjected to the magnetic

field, forces exerted on the particles are characterized by the magnetic force density f, . With the assumptions

that no magnetic monopoles exist, particles and its carrier fluid are incompressible, the magnetic force density

is given by [33]:

1
== tf Vu, 2

Where 4, 44, represent the magnetic permeability of free space and of the particle respectively; F is the

magnetic field strength. In general, magnetic particle sorting can be categorized in two ways: directly using

native magnetic susceptibility and indirectly using magnetic beads attached to the species to be sorted.

Magnetophoretic mobility. Magnetic force was used in field-flow fractionation for sorting of particles by
applying external magnetic field perpendicular to the flow direction in the separation microchannel.

Analytical solution of particle trajectories in microchannel has been well established [34].

Magnetic field is combined with flow field to create a force vector which moves particles out of the stream
lines [35]. Magnetophoretic mobility is a property used for describing kinetic characteristic of particles going
through a channel filled with a viscous medium. Magnetophoresis is generated under the influence of an
external magnetic field, and can be measured by a particle tracking velocimetry. Chalmers et al. [36]
described and discussed a method to determine magnetophoretic mobility of immunomagnetically labeled

particles. Particle tracking velocimetry was used for the measurement.
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Fig. (8). Basic principle of particle sorting under magnetic force [39]
As a typical example, continuous particle sorting based on differences in magnetophoretic mobility was
proposed by Moore et al. [37-38] as the form of a quadrupole magnetic flow sorter. Oxygenated red blood
cells are used to carry out experiments, and the quality of the magnetic separation is shown to be increased
significantly. Particle magnetophoretic mobility was exploited as a linear function of the product of solution
susceptibility and viscosity, Fig. (8) [39]. The working principle was described by Chalmers et al. [40]. The
separation device consists of two cylindrical flow splitters, an outer cylinder, and a coaxial solid rod as

depicted in Fig. (9).
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Fig. (9). Top view of the quadrupole sorter [40]

To improve the efficiency of quadrupole magnetic flow sorter, hydrodynamic parameters have to be

optimized [41]. Nakamura et al. achieved a high throughput of 3.29%x10° cells per second and a high

recovery rate of 0.89 of breast carcinoma cells.



Sorting by native susceptibility. Sorting by native susceptibility leaves particles largely unaffected, an asset
for any later analysis. The paramagnetic properties of red blood cells make them possible to be isolated from
any other diamagnetic material using a magnetic field. Native susceptibility method uses a small
ferromagnetic stripe such as a nickel stripe. Thus stripe is magnetized by an external magnetic field. A
magnetic field with high gradient is generated around the stripe where paramagnetic particles are trapped. It
should be noted that different types of particles experience different magnetic forces and retained in different
region of the magnetic field. Specific particles can be released from the system after external magnetic is cut
off. The high gradient magnetic separation [42] has been shown to be effective at separating red blood cells
from whole blood. Magnetic changes in red blood cells have also been used to sort diseased cells and cells

with congenital abnormalities.

Sorting by attached magnetic beads. The use of magnetic beads coated with cell-specific antibodies to
separate certain cell types is only about 15 years old, but has emerged recently as an affordable way of
isolating rare cells. Once the magnetic beads are bound to the cells, a magnetic field gradient is all that is

required to separate them from the bulk fluid. Magnetic beads with diameters ranging from 10 nm to 10 pm,

are typically made of a mixture of polymer and iron-oxide particles, Fe,O, and Fe,O,. Magnetic

labeling can be achieved by binding magnetic beads to the particle surface or introducing microbeads into the
particle. Until recently, several kinds of mixers for mixing magnetic beads and cells have been designed and

proved to be effective for sorting purposes.

Binding capacity represents ability of particles binding with magnetic beads. It is a commonly used
technology allowing magnetically conjugated antibodies which generate magnetophoretic mobility on target
particles. Sorting was achieved and reported by McCloskey et al. [43]. The relationship between antibody
binding capacity and magnetic particle separation efficiency was investigated through calibration experiments.
Recently, multi target magnetic activated particle sorting was proved to be possible by applying different

magnetic beads with distinct saturation magnetization and size [44].

Magnetic beads attached chromosomes were effectively separated with Chinese hamster X human hybrid

cells [45]. Sorting by native susceptibility was compared with sorting via magnetic beads [46]. Magnetically
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labeled cells were attracted to the stripes and tended to follow the stripe direction, while unlabeled cells did
not interact with the stripes and follow the direction of the fluid flow. The greatest challenge with the reported
design is preventing magnetically labeled cells from permanently sticking to the stripes. Based on a stable
expressed surface marker, magnetic cell sorting was shown to be practical for purification of all kinds of
particles or cells, such as differentiated embryonic stem cells [47-48]. Pamme et al. [49] successfully

separated mouse macrophages and human ovarian cancer cells.

Active magnetic method. Electromagnetic actuation in the form of an electromagnetic solenoid coil was first
used by Schunk et al. [50] for particle sorting. Electromagnets are suitable for integration in a microfluidic
system such as lab on a chip for immunoassay-based biochemical detection. Choi ef al. reported a magnetic
bead-based biochemical detection system [51]. One of the main disadvantages of active sorting using
electromagnets is the generation of Joule heating which could be harmful for the sorted species. Cooling
measures has to be considered [52]. Microfabricated electromagnets have been used for both magnetic

manipulation and separation in lab-on-a-chip systems [53-54].

Passive magnetic method. Passive sorting is usually carried out in a large field with a gradient across the
microchannel. The requirement of an external magnetic field will be reduced. Smistrup et al. [55] reported a
microfluidic separator using an external magnetic field with a flux density of 50 mT. To improve
manipulation ability, integrated current traps were used to generate large and highly localized field gradients

in the device.

Particles such as DNA or protein are sensitive to heat and strong chemicals. Smistrup ef al. and Zhang et al.
proposed devices with arrays of soft magnetic elements combined with hydrodynamic focusing [56-58] to
prevent excessive heating through the electromagnets. These designs are also suitable for systems handling a

large amount of magnetic beads.

Dielectrophoretic Actuation

Dielectrophoresis (DEP) has been extensively studied and reported as an effective way for particles
manipulation, trapping, separation or sorting. DEP mainly relies on an electric field to manipulate the
particles remaining or moving towards a specific direction. Early works on dielectrophoretic phenomena were
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investigated and reported by Pohl ef al. [59]. The fundamental theory was established through analyzing
dielectrophoretic force exerted on a neutral object by a non-uniform electric field. The particles exposed to a
non-uniform electric field would undergo polarization, and differences in the induced particle dielectric
properties enable manipulation of particles suspended in a fluid. A dielectric generally contains polar material
with random dipole directions. When an external electric field is applied, both particles and fluidic medium
will be polarized by orienting the dipole moments of the polar molecules in a direction. As a result, surface
charges accumulate at the interface between particles and fluid. Additional electric field is generated acting to

distort the original electric field, Fig (10).

— F

Fig. (10). Interfacial polarization and dielectrophoresis.
The interaction between the surface charges and the electric field results in a net force on the particle due to
the non-uniformity of the electric field. A number of research works emphasized on calculating the force on
the particles. With the assumption that surface charges are small enough to be treated as a dipole with the
same direction as the electric field, the DEP force is determined as:
F‘:J'V(ﬁV)Edv 3)

Where P is the dipole moment, £ is the magnitude of external electric field. DEP force on a small

spherical particle is calculated as:

F =2ra’e, KVE? )

Where F is the DEP force exerted along direction of the electric field, and a is the radius of spherical

particle. Clausius-Mossotti factor K is defined as
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K = (gp_gm)

(gp + 2gm) ©

Where g, and &, represent permittivity of the particle and fluid respectively. The moving direction of the

particle is determined by the notation of K. IfK >0, the particle will move towards regions with high
electric strength. Otherwise, the particle will move to the opposite direction. Applying an electric field with

different frequencies, magnitude and direction of the DEP force can be controlled for effective sorting.

Integrated microelectrodes or external electric fields are needed to utilize DEP. Integrated electrodes are
preferred in most applications because of its ability to generate multiple and independently activated electric
fields at different locations in the system. Further more, electrodes can be placed in the microfluidic system to
generate a larger field gradient. Electrode shapes are significant for field generation and thus the sorting
efficiency. Electrodes can have the form of stripes or planar surfaces; and their geometries could be either
curved or straight. Pohl and Pollock [60] described theoretically the impact of electrode shapes and
recommended optimized electrode shapes as well as their applications. Besides the shape, the electrode
arrangement also plays an important role. Electrodes should also be well arranged in order to make full use of

dielectrophoretic forces.

In conventional DEP-based sorting systems, alternating current (AC) electric field is used because of the
frequency dependency of the dielectric properties. Cumings and Singh [61] first used DEP forces generated
by spatially non-uniform direct current (DC) electric field in a particle sorting system. The preliminary
purpose of DC field was the elimination of electrolysis of the cells being handled. DC-DEP is not sensitive to
change of microchannel surface, and makes fabrication much easier for nonmetalic components in the system.
Kang et al. [62] proposed a DC electric field in which DEP particle sorting and electrokinetic particle
transport can be achieved simultaneously. Array of insulating posts has been used as electrodes by

Lapizco-Encinas ef al. [63-64] for separation and concentration of bacteria mixtures.

Field-Flow Fractionation. DEP has been combined with field-flow fractionation (FFF). The device proposed
by De Gasperis et al. [65] is one of the examples of DEP field-flow fractionation. The basic sorting capability

was demonstrated by Huang et al. [66] in a field-flow fractionation device with DEP, Fig. (11). Wang ef al.
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[67] reported theoretical model for the relationship between the different parameters of the separation process.
In these devices, separation can be achieved by applying a relatively small AC voltage (<10 V p-p) with a

typical frequency of 1 kHz.
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Fig. (11). Sorting particles through applying microelectrode array [66] [68]

In the review on dielectrophoretic particle sorting by Gascoyne and Vykoukal [68], FFF has been further
classified into three main categories: normal, steric, and hyperlayer types. In normal FFF, thermal diffusion of
the particles has to be considered. Besides DEP force, particle sedimentation force and the hydrodynamic lift
force also act on the particle. Thus in steric FFF, the combination of the three forces makes the particles
moving at a lower speed along one side of the sorting chamber. In hyperlayer FFF, particles are driven to an
equilibrium height where the sedimentation and levitation forces are balanced. Particles possessing different
densities or dielectric properties are levitated to different characteristic heights in flow-velocity profile and
attain different velocities in the chamber, and are thereby fractionated. A typical hyperlayer FFF system was
developed by Rousselet er al. [69] to separate erythrocytes and latex beads. Kim and Soh [70] recently
reported a technique called MAG-DEP-FFF which also separates magnetic antibody-labeled particles. This

technique can rapidly and accurately sort multiple particles to achieve a purity of over 95%.

Spatial particle separation by frequency effect. Particles can be sorted once they are identified by
subjecting them to differential forces. Depending on the above-mentioned theoretical expression, variation of
electric field frequency has a significant impact on electric force and thus moving direction of the particles.
For binary sorting, it is possible to apply a frequency between the respective crossovers of the different
particles. The two types of particles will be driving towards the opposite directions. Obviously, particles with
significant difference in electric properties can be sorted effectively [71]. Using this technique, An ef al. [72]

separated malignant human breast cancer epithelial cells (MCF 7) from healthy breast cells (MCF 10A). A
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flow rate of 290 pm/s and a voltage of 48MHz-8 V|, were used in the DEP separation system.

Experimental results showed that MCF 7 and MCF 10A cells were separated with a maximum efficiency of

86.67% and 98.73%, respectively.

Optical Actuation

Optical actuation was used in particle sorting because of its simplicity. In the early development stage, a
single beam was used to exert optical forces on particles. Fig (4) shows the concept of optical force based on
the scattering principle. The motion of the particle is determined by the combination of the axial gradient

force and the gravitational force.

LASER BEAM

Fig. (12). Ray optics of a spherical particle trapped by the single-beam gradient force [73]
Optical scattering and momentum transfer to large particles are shown in Fig. (12). However, for small

biological particles, the optical forces are calculated from the expression [73]:

I, 12875 (m>-1Y
scat :? 314 mz +2 nb (6)
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where [/ and A are the intensity and wavelength of the light; 7 is the radius of the particle; and m is

the effective index; 7, indicates index of medium surrounding the particles. Obviously, the force can be

increased through decreasing beam angle of the scattered light. This flexibility allows manipulating particles
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with different sizes in a single device. Optical forces may only be on the order of few piconewtons, but
sufficiently large for microscale applications. It is difficult to obtain optical forces when the radius of the
particle is comparable to the wavelength of the light [74]. Experimental verification on small particles was

achieved by Chu et al. [75] with good agreement with theoretical expectations.

Optical tweezers, originally called single-beam gradient force trap, is the most popular technology for particle
sorting. Both observation and identification of optical trap haven been reported using a single laser beam.
Computer-generated holograms [76] displayed real time beam shaping during the operation. Therefore, axial
or lateral position of the trapped particles could be controlled, Fig. (13). Visual identification of particles and
subsequently sorting can be achieved in optical tweezers in conjunction with direct microscopic analysis

[77-78].
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Fig. (13). Schematic of the optical particle sorting.

There are several approaches for triggering particle switching. The most common method was the
introduction of fluorescent particles. A microfabricated fluorescence-activated cell sorter ( UFACS') is

usually implemented with a commercial microscope to provide precise signal detection and real-time
high-speed imaging. Once a fluorescence-labeled particle passing through the analysis region, the
fluorescence is excited by the laser. The resulting optical forces cause the deflection of the fluorescent
particles and make them flow to the target channel. Particles without optical deflection enter the waste

reservoir. The typical configuration of an active sorting system is shown in Fig (14).

The concept of fluorescence tagged particles was first proposed by Buican et al. [79], who demonstrated

detection and deflection of several particle types using a focused beam. Besides optical force, hydrodynamic,
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electrokinetic, electroosmotic, DEP and magnetic forces can also be used as the actuation sources for particle
switching. The emitted fluorescent signals from the particles are detected by a photo detector, and then
processed by a special electronics [80]. Decision on switching is made based on the processing result of the

particle signal. The particle is driven toward the selected collecting branch.
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Fig. (14). Schematic representation of an active sorting system [82].
The deflection by optical forces is preferred due to its fast response, high throughput, purity, and recovery of
live cells. Sorting with optical deflection was demonstrated to be suitable for living biological cells [81-82].
Bacteria and viruses could be trapped by a focused laser beam. Mammalian cells were sorted by optical force
switching within a relatively short time. In order to overcome the limitation of single-cell sorting, multi-spot
detection was obtained through placing optofluidic waveguide along the microfluidic channel [83]. Recently,
microfluidics, optics, and acoustics were integrated in the same device to improve the performance of
fluorescence activated sorting. Sorting of both particles and biological cells were performed with a

throughput higher than 1000 cells per second.

Moderation of laser intensity was indicated to be suitable for changing the optical force. The deviated
distance was determined by the titling angle of the trajectory and time taken by the light to reach the target
particle [84]. In addition, particles of different physical properties were able to be detected by Raman

spectroscopy. A computer-aided algorithm is needed for identification and discrimination from the data
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collected by Raman spectroscopy. Laser tweezers combined with Raman spectroscopy were used for
biological cells [85] and bacteria [86-87]. Digital image processing (DIP) has the advantage of full field
evaluation without complex electronics [88]. DIP was used in particle sorting systems to identify and trace

particles in microchannels. Automatic switching can be achieved with a feedback signal from DIP.

Multiple focusing points were required if several particles are manipulated simultaneously. In this case,
spatial light modulator (SLM) is inserted into the path of the laser, and divides the laser into multiple beams
[89]. Intensity of the laser is affected by the SLM. The phase of the laser can also be modulated if necessary.

Recently, active particle sorting with optical switching can reach a yield rate up to 90% [88].

When particles are handled without switching, passive optical sorting can be achieved based on intrinsic
properties of the particles. The properties for sorting are size, shape and refractive index. Thus, passive
sorting can usually be applicable for sample with homogenous size (such as blood) rather than those with
random dimension variation. For this purpose, complex intensity configuration of the laser beam is required
instead of a single-beam trapping laser. Optical pattern have been created by different means such as

holographic tweezer [90], microlens array [91], acousto-optical modulator [92].

Optical chromatography is one of the earliest methods of passive optical particle sorting. As particles passing
through a microfluidic channel, radiation pressure force acts on them due to optical scattering. The mutual
effect of radiation pressure and viscous force determines the motion of the particles. Imasaka ef al. reported a
model for the radiation force as function of particle size and laser power [93]. This model was later verified

by experimental results [94].

In contrast to active sorting, passive sorting is feasible without fluid flow. In a static fluid, optical pattern can
be designed to be dynamic to cover the entire area of interest. The interaction between Stokes force and
optical force can be established thanks to the compensating impact of moving optical element [95]. Obviously,
passive optical sorting is more flexible because of its ability to handle tag-free particles. However, active

sorting is better established and proved to be safe for biological cells.

Acoustic Actuation
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Acoustic forces have been used for particle sorting offering low-cost, simple designs with high throughput.
The application of acoustic standing wave combined with microtechnology open up a new trend for particle
sorting in microfluidic systems. Recently, Laurell ef al. [96] gave a review on particle sorting based on
acoustic actuation. The acoustic technology is attractive as all types of particles can be sorted in a non-contact

manncer.

Studies of acoustic forces started with the research on acoustic radiation pressure. Doinikov [97] derived a
general expression to calculated the acoustic radiation pressure in a viscous fluid. In order to improve the
original theory of acoustic radiation pressure, two limiting cases were considered: acoustic wavelength is
much larger than the radius of the particle and the opposite case. Expressions for radiation pressure were
determined for both cases. The later case is useful for particle sorting analysis as the particles are usually

much smaller than the acoustic wavelength.

Based on the calculation of acoustic radiation pressure, direct radiation force (DRF) can be easily obtained.
The direct radiation force drives suspended particles and concentrates them. The difference in acoustic
potential energy induces the generation of radiation force. Radiation force is the combined effect of both
primary force and secondary force. The primary radiation force (PRF) is the strongest acoustic force acted on

suspended particles and can be determined as [96, 98-99]:

2
F = ZBEB | (5, p) sin (24) ®

where p, is the acoustic pressure amplitude, V) is the volume of the particle, @ represents the acoustic
contrast factor, which is related to particle density ( 0, ), particle compressibility ( ﬂc ), and corresponding

properties of the medium ( o, , ﬂw ) as:

5p.=2p, B
$(B.p)="—"-"¢ ©)
(4-7) 2p.4p, P

The secondary forces are usually much smaller, and can only influence particles in a short distance.

The basic concept of sorting particles by acoustic field and laminar flow was exploded by Johnson and Feke
[99]. The flow direction is perpendicular to the acoustic force. As indicated in Fig (15), pressure nodes are

19



generated if the transducer is energized at a given frequency and voltage. Suspended particles are driven into
pressure nodes or pressure antinodes. An approximate model on particles suspended in acoustic chamber was
established by balancing acoustic force, fluid flow force, viscous drag, and gravitational force. Validating
experiments were performed with red polystyrene particles of 170 #4m in radius and blues ones of 100 ym
in radius. The main stream entered the channels at a speed of 31.4 ml/minor 17.8 m/ / min, while the
feed stream joined at 5.6m//min or 3.2m// min. Frequency and voltage applied to the piezoelectric

transducer is 250 kHz and 20-35 Vpp, respectively.

Node

Reflector Transducer

Antinodes
Fig. (15). Scheme of separation chamber having one-half wave-length spacing between piezoelectric
transducer and reflector [99]
With a theory and model of acoustic particle sorting, design optimization of the sorting devices can be carried
out. Nilsson et al. [100] proposed a simple design for generating ultrasonic standing wave. The standing
wave was generated by a piezoelectric ceramic plate bonded on the back of the sorting chip. This design
allows a larger contact area for transmitting the acoustic energy into the chip. A cross type device was tested

with 750 pm wide and 250 gm channels, Fig. (16a). A separation efficiency of approximately 90% was

achieved. The impacts of voltage, concentration of sample, and flow rate on the separation efficiency were

investigated. A 45°-structure as shown in Fig. (16b) was adopted in order to eliminate the stagnation when the

particles turn around the 90°corner. Pettersson et al. reported a device for discriminating erythrocytes from

lipid particles using laminar flow and acoustic standing wave forces, Fig. (17) [101-102]. A parallel
separation channels and multiple outlets can be used for large-volume processing and to increase the

throughput of the sorting device [103].
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Fig. (16). (a). Cross-type structure with a two band formation. (b). 45°-structure with a two band formation
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Fig. (17). Two particle types positioned, by the acoustic forces, in the pressure nodal and anti-nodal planes of

a standing wave [102].

In the early development stage, acoustic standing wave was used for particle filtration [104-106]. Different
configurations such as plane and tubular transducer were used for optimizing the performance of acoustic
resonators [107]. The filtration efficiency was between 60 and 85%. Hawkes and Petersson [108-109] utilized
acoustic standing wave in liquid washing by continuous field-flow fractionation. When the fluid flows
through the channel, acoustic standing wave works as the switching mechanism for the particles. To explore
future clinical relevance, the device was tested with biological particles [110]. Tests conducted on cells before

and after the sorting process showed that the devices are safe for medical applications [111].
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4. CONCLUSIONS

This paper reviews the different sorting concepts in microfluidics. Both passive and active sorters were
proved to be effective. Passive sorting devices commonly have a simple structure and produce sample with
high purity without consuming extra energy. However, a large device footprint is required due to the
relatively long flow channels. Compared to active methods, passive sorting is more time consuming. Active
sorting can be performed in various forms with or without flow. A variety of microfluidic devices have been
developed to manipulate and sort particles and cells. These devices rely on different concepts of force
generation. Each of these methods has its own advantages and disadvantages. A particular concept can be
chosen depending on the requirements of the sorting sample and the subsequent handling steps. The
performance of sorting devices is evaluated based on the throughput, the recovery rate and the purity.
However, most published works emphasize the throughput as the important performance indicator. Besides a
high throughput, future developments may aim at the high recovery rate and high purity. For applications
dealing with cells, a safe sorting method is needed. The ability of fabrication and integration of the sorting
device is another critical factor. Robust, simple and continuous sorting has been proven to be feasible in
numerous published works. Today, research efforts are still focused on the development of cheaper, simpler

and safer sorting technologies.

REFERENCES

1. Al-Somali, A. M.; Krueger, K. M.; Falkner, J. C.; Colvin, V. L., Recycling size exclusion
chromatography for the analysis and separation of nanocrystalline gold. Anal. Chem. 2004, 76(19),
5903-5910.

2. Krueger, K. M.; Al-Somali, A. M.; Falkner, J. C.; Colvin, V. L., Characterization of nanocrystalline
CdSe by size exclusion chromatography. Anal. Chem. 2005, 77(11), 3511-3515.

3. Brenner, H.; Gaydos, L. J., The constrained brownian movement of spherical particles in cylindrical

pores of comparable radius. Models of the diffusive and convective transport of solute molecules in
membranes and porous media. J. Colloid Interface Sci. 1977, 58(2), 312-356.

4. Small, H., Hydrodynamic chromatography a technique for size analysis of colloidal particles. J.
Colloid Interface Sci. 1974, 48(1), 147-161.
Giddings, J. C., 'Eddy' diffusion in chromatography. Nature 1959, 184(4683), 357-358.
DiMarzio, E. A.; Guttman, C. M., Separation by flow. Macromolecules 1970, 3(2), 131-146.
Wilcoxon, J. P.;; Martin, J. E.; Provencio, P., Size distributions of gold nanoclusters studied by liquid
chromatography. Langmuir 2000, 16(25), 9912-9920.

8. Tijssen, R.; Bleumer, J. P. A.; Van Kreveld, M. E., Separation by flow (hydrodynamic

chromatography) of macromolecules performed in open microcapillary tubes. J. Chromatogr. 1983,

22



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

260(C), 297-304.

Venema, E.; Kraak, J. C.; Poppe, H.; Tijssen, R., Packed-column hydrodynamic chromatography
using 1-um nonporous silica particles. J. Chromatogr. 1996, 740(2), 159-167.

Blom, M. T.; Chmela, E.; Oosterbroek, R. E.; Tijssen, R.; Van Den Berg, A., On-Chip Hydrodynamic
Chromatography Separation and Detection of Nanoparticles and Biomolecules. Anal. Chem. 2003,
75(24), 6761-6768.

Tijssen, R.; Bleumer, J. P. A.; Smit, A. L. C.; van Kreveld, M. E., Microcapillary liquid
chromatography in open tubular columns with diameters of 10-50 pum. Potential application to
chemical ionization mass spectrometric detection. J. Chromatogr. 1981, 218(C), 137-165.

Chou, C. F.; Bakajin, O.; Turner, S. W. P.; Duke, T. A. J.; Chan, S. S.; Cox, E. C.; Craighead, H. G,;
Austin, R. H., Sorting by diffusion: An asymmetric obstacle course for continuous molecular
separation. P. Natl. Acad. Sci. USA. 1999, 96(24), 13762-13765.

Van Oudenaarden, A.; Boxer, S. G, Brownian ratchets: Molecular separations in lipid bilayers
supported on patterned arrays. science 1999, 285(5430), 1046-1048.

Huang, L. R.; Cox, E. C.; Austin, R. H.; Sturm, J. C., Tilted Brownian Ratchet for DNA Analysis.
Anal. Chem. 2003, 75(24), 6963-6967.

Huang, L. R.; Cox, E. C.; Austin, R. H.; Sturm, J. C., Continuous Particle Separation Through
Deterministic Lateral Displacement. science 2004, 304(5673), 987-990.

Yamada, M.; Nakashima, M.; Seki, M., Pinched flow fractionation: Continuous size separation of
particles utilizing a laminar flow profile in a pinched microchannel. Anal. Chem. 2004, 76(18),
5465-5471.

Yamada, M.; Seki, M., Hydrodynamic filtration for on-chip particle concentration and classification
utilizing microfluidics. Lab. Chip. 2005, 5(11), 1233-1239.

Takagi, J.; Yamada, M.; Yasuda, M.; Seki, M., Continuous particle separation in a microchannel
having asymmetrically arranged multiple branches. Lab. Chip. 2005, 5(7), 778-784.

Yang, S.; Undar, A.; Zahn, J. D., A microfluidic device for continuous, real time blood plasma
separation. Lab. Chip. 2006, 6(7), 871-880.

Choi, S.; Park, J. K., Continuous hydrophoretic separation and sizing of microparticles using slanted
obstacles in a microchannel. Lab. Chip. 2007, 7(7), 890-897.

Choi, S.; Song, S.; Choi, C.; Park, J. K., Hydrophoretic sorting of micrometer and submicrometer
particles using anisotropic microfluidic obstacles. Anal. Chem. 2009, 81(1), 50-55.

Bang, H.; Yun, H.; Lee, W. G; Park, J.; Lee, J.; Chung, S.; Cho, K.; Chung, C.; Han, D. C.; Chang, J.
K., Expansion channel for microchip flow cytometers. Lab. Chip. 2006, 6(10), 1381-1383.

Bhagat, A. A. S.; Kuntaecgowdanahalli, S. S.; Papautsky, 1., Continuous particle separation in spiral
microchannels using dean flows and differential migration. Lab. Chip. 2008, 8(11), 1906-1914.

Di Carlo, D.; Edd, J. F.; Irimia, D.; Tompkins, R. G.; Toner, M., Equilibrium separation and filtration
of particles using differential inertial focusing. Anal. Chem. 2008, 80(6), 2204-2211.

Seo, J.; Lean, M. H.; Kole, A., Membraneless microseparation by asymmetry in curvilinear laminar
flows. J. Chromatogr. 2007, 1162(2 SPEC. ISS.), 126-131.

Lin, C. H.; Lee, C. Y.; Tsai, C. H.; Fu, L. M., Novel continuous particle sorting in microfluidic chip
utilizing cascaded squeeze effect. Microfluid. Nanofluid. 2009, 7(4), 499-508.

Yamada, M.; Seki, M., Microfluidic particle sorter employing flow splitting and recombining. 4nal.
Chem. 2006, 78(4), 1357-1362.

Park, J. S.; Jung, H. 1., Multiorifice flow fractionation: Continuous size-based separation of

23



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

microspheres using a series of contraction/expansion microchannels. Anal. Chem. 2009, 81(20),
8280-8288.

Tung, Y. C.; Zhang, M.; Lin, C. T.; Kurabayashi, K.; Skerlos, S. J., PDMS-based opto-fluidic micro
flow cytometer with two-color, multi-angle fluorescence detection capability using PIN photodiodes.
Sensor. Actuat. B-Chem. 2004, 98(2-3), 356-367.

Shirasaki, Y.; Tanaka, J.; Makazu, H.; Tashiro, K.; Shoji, S.; Tsukita, S.; Funatsu, T., On-chip cell
sorting system using laser-induced heating of a thermoreversible gelation polymer to control flow.
Anal. Chem. 2006, 78(3), 695-701.

Arakawa, T.; Shirasaki, Y.; Aoki, T.; Funatsu, T.; Shoji, S., Three-dimensional sheath flow sorting
microsystem using thermosensitive hydrogel. Sensor. Actuat. A-Phys. 2007, 135(1), 99-105.

Chen, C. C.; Zappe, S.; Sahin, O.; Zhang, X. J.; Fish, M.; Scott, M.; Solgaard, O., Design and
operation of a microfluidic sorter for Drosophila embryos. Sensor. Actuat. B-Chem. 2004, 102(1),
59-66.

Urs Hafeli, W. S., Joachim Teller, Maciej Zborowski, Scientific and Clinical Applications of
Magnetic Carriers. 1997.

Vickrey, T. M.; Garcia-Ramirez, J. A., MAGNETIC FIELD-FLOW FRACTIONATION:
THEORETICAL BASIS. Separ. Sci. Technol. 1980, 15(6), 1297-1304.

Berger, M.; Castelino, J.; Huang, R.; Shah, M.; Austin, R. H., Design of a microfabricated magnetic
cell separator. Electrophoresis 2001, 22(18), 3883-3892.

Chalmers, J. J.; Zhao, Y.; Nakamura, M.; Melnik, K.; Lasky, L.; Moore, L.; Zborowski, M.,
Instrument to determine the magnetophoretic mobility of labeled, biological cells and paramagnetic
particles. J. Magn. Magn. Mater. 1999, 194(1), 231-241.

Zborowski, M.; Sun, L.; Moore, L. R.; Stephen Williams, P.; Chalmers, J. J., Continuous cell
separation using novel magnetic quadrupole flow sorter. J. Magn. Magn. Mater. 1999, 194(1),
224-230.

Moore, L. R.; Rodriguez, A. R.; Williams, P. S.; McCloskey, K.; Bolwell, B. J.; Nakamura, M.;
Chalmers, J. J.; Zborowski, M., Progenitor cell isolation with a high-capacity quadrupole magnetic
flow sorter. J. Magn. Magn. Mater. 2001, 225(1-2), 277-284.

Moore, L. R.; Milliron, S.; Williams, P. S.; Chalmers, J. J.; Margel, S.; Zborowski, M., Control of
magnetophoretic mobility by susceptibility-modified solutions as evaluated by cell tracking
velocimetry and continuous magnetic sorting. Anal. Chem. 2004, 76(14), 3899-3907.

Chalmers, J. J.; Zborowski, M.; Sun, L.; Moore, L., Flow through, immunomagnetic cell separation.
Biotechnol. Prog. 1998, 14(1), 141-148.

Nakamura, M.; Decker, K.; Chosy, J.; Comella, K.; Melnik, K.; Moore, L.; Lasky, L. C.; Zborowski,
M.; Chalmers, J. J., Separation of a breast cancer cell line from human blood using a quadrupole
magnetic flow sorter. Biotechnol. Prog. 2001, 17(6), 1145-1155.

Melville, D.; Paul, F.; Roath, S., Direct magnetic separation of red cells from whole blood. Nature
1975, 255(5511), 706.

McCloskey, K. E.; Moore, L. R.; Hoyos, M.; Rodriguez, A.; Chalmers, J. J.; Zborowski, M.,
Magnetophoretic cell sorting is a function of antibody binding capacity. Biotechnol. Prog. 2003,
19(3), 899-907.

Adams, J. D.; Kim, U.; Soh, H. T., Multitarget magnetic activated cell sorter. P. Natl. Acad. Sci. USA.
2008, 105(47), 18165-18170.

Dudin, G.; Steegmayer, E. W.; Vogt, P.; Schnitzer, H.; Diaz, E.; Howell, K. E.; Cremer, T.; Cremer,

24



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

C., Sorting of chromosomes by magnetic separation. Hum. Genet. 1988, 80(2), 111-116.

Inglis, D. W.; Riehn, R.; Sturm, J. C.; Austin, R. H., Microfluidic high gradient magnetic cell
separation. J. Appl. Phys. 2006, 99(8).

Miltenyi, S.; Muller, W.; Weichel, W.; Radbruch, A., High gradient magnetic cell separation with
MACS. Cytometry 1990, 11(2), 231-238.

David, R.; Groebner, M.; Franz, W. M., Magnetic cell sorting purification of differentiated
embryonic stem cells stably expressing truncated human CD4 as surface marker. Stem Cells 2005,
23(4), 477-482.

Pamme, N.; Wilhelm, C., Continuous sorting of magnetic cells via on-chip free-flow
magnetophoresis. Lab. Chip. 2006, 6(8), 974-980.

Schunk, T. C.; Gorse, J.; Burke, M. F., PARAMETERS AFFECTING MAGNETIC FIELD-FLOW
FRACTIONATION OF METAL OXIDE PARTICLES. Separ. Sci. Technol. 1984, 19(10), 653-666.
Choi, J. W.; Oh, K. W.; Han, A.; Okulan, N.; Ajith Wijayawardhana, C.; Lannes, C.; Bhansali, S.;
Schlueter, K. T.; Heineman, W. R.; Halsall, H. B.; Nevin, J. H.; Helmicki, A. J.; Thurman Henderson,
H.; Ahn, C. H., Development and characterization of microfluidic devices and systems for magnetic
bead-based biochemical detection. Biomed. Microdevices. 2001, 3(3), 191-200.

Song, S. H.; Kwak, B. S.; Park, J. S.; Kim, W.; Jung, H. 1., Novel application of Joule heating to
maintain biocompatible temperatures in a fully integrated electromagnetic cell sorting system. Sensor:
Actuat. A-Phys. 2009, 151(1), 64-70.

Smistrup, K.; Tang, P. T.; Hansen, O.; Hansen, M. F., Microelectromagnet for magnetic manipulation
in lab-on-a-chip systems. J. Magn. Magn. Mater. 2006, 300(2), 418-426.

Smistrup, K.; Hansen, O.; Bruus, H.; Hansen, M. F., Magnetic separation in microfluidic systems
using microfabricated electromagnets - Experiments and simulations. J. Magn. Magn. Mater. 2005,
293(1), 597-604.

Smistrup, K.; Lund-Olesen, T.; Hansen, M. F.; Tang, P. T., Microfluidic magnetic separator using an
array of soft magnetic elements. J. Appl. Phys. 2006, 99(8).

Smistrup, K.; Kjeldsen, B. G.; Reimers, J. L.; Dufva, M.; Petersen, J.; Hansen, M. F., On-chip
magnetic bead microarray using hydrodynamic focusing in a passive magnetic separator. Lab. Chip.
2005, 5(11), 1315-1319.

Smistrup, K.; Bu, M.; Wolff, A.; Bruus, H.; Hansen, M. F., Theoretical analysis of a new, efficient
microfluidic magnetic bead separator based on magnetic structures on multiple length scales.
Microfluid. Nanofluid. 2008, 4(6), 565-573.

Jiang, Z.; Llandro, J.; Mitrelias, T.; Bland, J. A. C., An integrated microfluidic cell for detection,
manipulation, and sorting of single micron-sized magnetic beads. J. Appl. Phys. 2006, 99(8).

Pohl, H. A.; Pollock, K.; Crane, J. S., Dielectrophoretic force: A comparison of theory and
experiment. J. Biol. Phys. 1978, 6(3-4), 133-160.

Pohl, H. A.; Pollock, K., Electrode geometries for various dielectrophoretic force laws. J.
Electrostatics 1978, 5 (C), 337-342.

Cummings, E. B.; Singh, A. K., Dielectrophoresis in microchips containing arrays of insulating posts:
Theoretical and experimental results. Anal. Chem. 2003, 75(18), 4724-4731.

Hyoung Kang, K.; Xuan, X.; Kang, Y.; Li, D., Effects of dc-diclectrophoretic force on particle
trajectories in microchannels. J. Appl. Phys. 2006, 99(6).

Lapizco-Encinas, B. H.; Simmons, B. A.; Cummings, E. B.; Fintschenko, Y., Dielectrophoretic

Concentration and Separation of Live and Dead Bacteria in an Array of Insulators. Anal. Chem. 2004,

25



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

76(6), 1571-1579.

Lapizco-Encinas, B. H.; Simmons, B. A.; Cummings, E. B.; Fintschenko, Y., Insulator-based
dielectrophoresis for the selective concentration and separation of live bacteria in water.
Electrophoresis 2004, 25(10-11), 1695-1704.

De Gasperis, G.; Yang, J.; Becker, F. F.; Gascoyne, P. R. C.; Wang, X. B., Microfluidic Cell
Separation by 2-dimensional Dielectrophoresis. Biomed. Microdevices. 1999, 2 (1), 41-49.

Huang, Y.; Wang, X. B.; Becker, F. F.; Gascoyne, P. R. C., Introducing dielectrophoresis as a new
force field for field-flow fractionation. Biophys. J. 1997, 73(2), 1118-1129.

Wang, X. B.; Vykoukal, J.; Becker, F. F.; Gascoyne, P. R. C., Separation of polystyrene microbeads
using dielectrophoretic/gravitational field-flow-fractionation. Biophys. J. 1998, 74(5), 2689-2701.
Gascoyne, P. R. C.; Vykoukal, J., Particle separation by dielectrophoresis. Electrophoresis 2002,
23(13), 1973-1983.

Rousselet, J.; Markx, G H.; Pethig, R., Separation of erythrocytes and latex beads by
dielectrophoretic levitation and hyperlayer field-flow fractionation. Colloids Surf. Physicochem. Eng.
Aspects 1998, 140(1-3), 209-216.

Kim, U.; Soh, H. T. Simultancous sorting of multiple bacterial targets using integrated
Dielectrophoretic-Magnetic Activated Cell Sorter. Lab. Chip. 2009, 9(16), 2313-2318.

Cheng, J.; Sheldon, E. L.; Wu, L.; Heller, M. J.; O'Connell, J. P., Isolation of Cultured Cervical
Carcinoma Cells Mixed with Peripheral Blood Cells on a Bioelectronic Chip. Anal. Chem. 1998,
70(11), 2321-2326.

An, J.; Lee, J.; Lee, S. H.; Park, J.; Kim, B., Separation of malignant human breast cancer epithelial
cells from healthy epithelial cells using an advanced dielectrophoresis-activated cell sorter (DACS).
Anal. Bioanal. Chem. 2009, 394(3), 801-809.

Ashkin, A.; Dziedzic, J. M.; Bjorkholm, J. E.; Chu, S., Observation of a single-beam gradient force
optical trap for dielectric particles. Opt. Lett. 1986, 11(5), 288-290.

Tlusty, T.; Meller, A.; Bar-Ziv, R., Optical gradient forces of strongly localized fields. Phys. Rev. Lett.
1998, 81(8), 1738-1741.

Chu, S.; Bjorkholm, J. E.; Ashkin, A.; Cable, A., Experimental observation of optically trapped
atoms. Phys. Rev. Lett. 1986, 57(3), 314-317.

Liesener, J.; Reicherter, M.; Haist, T.; Tiziani, H. J., Multi-functional optical tweezers using
computer-generated holograms. Opt. Commun. 2000, 185(1-3), 77-82.

Ericsson, M.; Hanstorp, D.; Hagberg, P.; Enger, J.; Nystrom, T., Sorting out bacterial viability with
optical tweezers. J. Bacteriol. 2000, 182(19), 5551-5555.

Oakey, J.; Allely, J.; Marr, D. W. M., Laminar-flow-based separations at the microscale. Biotechnol.
Prog. 2002, 18(6), 1439-1442.

Buican, T. N., Smyth, M.J., Crissman, H.A., Salzman, G.C., Stewart, C.C., and Martin, J. C.,
Automated single-cell manipulation and sorting by light trapping. Appl. Opt. 1987, 26(24),
5311-5316.

Andersson, H.; Van den Berg, A., Microfluidic devices for cellomics: A review. Sensor. Actuat.
B-Chem. 2003, 92(3), 315-325.

Ashkin, A.; Dziedzic, J. M.; Yamane, T., Optical trapping and manipulation of single cells using
infrared laser beams. Nature 1987, 330(6150), 769-771.

Wang, M. M.; Tu, E.; Raymond, D. E.; Yang, J. M.; Zhang, H.; Hagen, N.; Dees, B.; Mercer, E. M.;
Forster, A. H.; Kariv, I.; Marchand, P. J.; Butler, W. F., Microfluidic sorting of mammalian cells by

26



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

optical force switching. Nat. Biotechnol. 2005, 23(1), 83-87.

Cho, S. H.; Chen, C. H.; Tsai, F. S.; Godin, J. M.; Lo, Y. H., Human mammalian cell sorting using a
highly integrated micro-fabricated fluorescence-activated cell sorter (WFACS). Lab. Chip. 2010,
10(12), 1567-1573.

Applegate Jr, R. W.; Schafer, D. N.; Amir, W.; Squier, J.; Vestad, T.; Oakey, J.; Marr, D. W. M.,
Optically integrated microfluidic systems for cellular characterization and manipulation. J. Opt.
A-Pure. Appl. Op. 2007, 9(8), S122-S128.

Ajito, K.; Han, C.; Torimitsu, K., Detection of Glutamate in Optically Trapped Single Nerve
Terminals by Raman Spectroscopy. Anal. Chem. 2004, 76(9), 2506-2510.

Xie, C.; De, C.; Li, Y. Q., Raman sorting and identification of single living micro-organisms with
optical tweezers. Opt. Lett. 2005, 30(14), 1800-1802.

Xie, C.; Mace, J.; Dinno, M. A.; Li, Y. Q.; Tang, W.; Newton, R. J.; Gemperline, P. J., Identification
of single bacterial cells in aqueous solution using confocal laser tweezers Raman spectroscopy. Anal.
Chem. 2005, 77(14), 4390-4397.

Lin, C. C.; Chen, A.; Lin, C. H., Microfluidic cell counter/sorter utilizing multiple particle tracing
technique and optically switching approach. Biomed. Microdevices. 2008, 10(1), 55-63.

Eriksson, E.; Scrimgeour, J.; Granéli, A.; Ramser, K.; Wellander, R.; Enger, J.; Hanstorp, D.; Goksor,
M., Optical manipulation and microfluidics for studies of single cell dynamics. J. Opt. A-Pure. Appl.
Op. 2007, 9(8), S113-S121.

Korda, P. T.; Taylor, M. B.; Grier, D. G., Kinetically locked-in colloidal transport in an array of
optical tweezers. Phys. Rev. Lett. 2002, 89(12), 1283011-1283014.

Sun, Y. Y.; Ong, L. S.; Yuan, X. C., Composite-microlens-array-enabled microfluidic sorting. Appl.
Phys. Lett. 2006, 89(14).

Milne, G.; Rhodes, D.; MacDonald, M.; Dholakia, K., Fractionation of polydisperse colloid with
acousto-optically generated potential energy landscapes. Opt. Lett. 2007, 32(9), 1144-1146.

Imasaka, T.; Kawabata, Y.; Kaneta, T.; Ishidzu, Y., Optical chromatography. Anal. Chem. 1995,
67(11), 1763-1765.

Kaneta, T.; Ishidzu, Y.; Mishima, N.; Imasaka, T., Theory of Optical Chromatography. Anal. Chem.
1997, 69(14), 2701-2710.

Ricardez-Vargas, I.; Rodriguez-Montero, P.; Ramos-Garcia, R.; Volke-Sepulveda, K., Modulated
optical sieve for sorting of polydisperse microparticles. Appl. Phys. Lett. 2006, 88(12).

Laurell, T.; Petersson, F.; Nilsson, A., Chip integrated strategies for acoustic separation and
manipulation of cells and particles. Chem. Soc. Rev. 2007, 36(3), 492-506.

Doinikov, A. A., Acoustic radiation pressure on a compressible sphere in a viscous fluid. J. Fluid.
Mech. 1994, 267, 1-21.

Kuznetsova, L. A.; Coakley, W. T., Applications of ultrasound streaming and radiation force in
biosensors. Biosensors Bioelectron. 2007, 22(8), 1567-1577.

Johnson, D. A.; Feke, D. L., Methodology for fractionating suspended particles using ultrasonic
standing wave and divided flow fields. Separ. Technol. 1995, 5(4), 251-258.

Nilsson, A.; Petersson, F.; Jonsson, H.; Laurell, T., Acoustic control of suspended particles in micro
fluidic chips. Lab. Chip. 2004, 4(2), 131-135.

Petersson, F.; Nilsson, A.; Holm, C.; Jonsson, H.; Laurell, T., Continuous separation of lipid particles
from erythrocytes by means of laminar flow and acoustic standing wave forces. Lab. Chip. 2005,
5(1), 20-22.

27



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Petersson, F.; Nilsson, A.; Holm, C.; Jonsson, H.; Laurell, T., Separation of lipids from blood
utilizing ultrasonic standing waves in microfluidic channels. Analyst 2004, 129(10), 938-943.
Petersson, F.; Aberg, L.; Swird-Nilsson, A. M.; Laurell, T., Free flow acoustophoresis:
Microfluidic-based mode of particle and cell separation. Anal. Chem. 2007, 79(14), 5117-5123.

Hill, D. H.; Feke, D. L., Operating characteristics of acoustically driven filtration processes for
particulate suspensions. Separ. Sci. Technol. 2000, 35(9), 1363-1375.

Coakley, W. T., Ultrasonic separations in analytical biotechnology. Trends. Bio. Biotechnol. 1997,
15(12), 506-511.

Hawkes, J. J.; Coakley, W. T., Force field particle filter, combining ultrasound standing waves and
laminar flow. Sensor. Actuat. B-Chem. 2001, 75(3), 213-222.

Coakley, W. T.; Hawkes, J. J.; Sobanski, M. A.; Cousins, C. M.; Spengler, J., Analytical scale
ultrasonic standing wave manipulation of cells and microparticles. Ultrasonics 2000, 38(1), 638-641.
Hawkes, J. J.; Barber, R. W.; Emerson, D. R.; Coakley, W. T., Continuous cell washing and mixing
driven by an ultrasound standing wave within a microfluidic channel. Lab. Chip. 2004, 4(5),
446-452.

Petersson, F.; Nilsson, A.; Jonsson, H.; Laurell, T., Carrier medium exchange through ultrasonic
particle switching in microfluidic channels. Anal. Chem. 2005, 77(5), 1216-1221.

Jonsson, H.; Nilsson, A.; Petersson, F.; Allers, M.; Laurell, T., Particle separation using ultrasound
can be used with human shed mediastinal blood. Perfusion 2005, 20(1), 39-43.

Kapishnikov, S.; Kantsler, V.; Steinberg, V., Continuous particle size separation and size sorting
using ultrasound in a microchannel. J. Stat. Mech-Theory. E. 2006, (1), 287-301.

28



	1. INTRODUCTION
	2. PASSIVE SORTING
	3. ACTIVE SORTING
	4. CONCLUSIONS

