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Abstract

:

Featured Application


Microfluidic manipulation techniques not only improve the efficiency and reliability of biological/clinical analysis, but also further enable the development of a high-performance bioassay system.




Abstract


Microfluidic techniques for cell manipulation have been constantly developed and integrated into small chips for high-performance bioassays. However, the drawbacks of each of the techniques often hindered their further advancement and their wide use in biotechnology. To overcome this difficulty, an examination and understanding of various aspects of the developed manipulation techniques are required. In this review, we provide the details of primary microfluidic techniques that have received much attention for bioassays. First, we introduce the manipulation techniques using a sole driving source, i.e., dielectrophoresis, electrophoresis, optical tweezers, magnetophoresis, and acoustophoresis. Next, we present rapid electrokinetic patterning, a hybrid opto-electric manipulation technique developed recently. It is introduced in detail along with the underlying physical principle, operating environment, and current challenges. This paper will offer readers the opportunity to improve existing manipulation techniques, suggest new manipulation techniques, and find new applications in biotechnology.
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1. Introduction


Microfluidics is the science and technology of manipulating and processing colloidal systems including fluids and particles at the micro- or nano-scale [1]. With the rapid development of microfabrication technology during the past two decades, microfluidics technology has been integrated in small chips for realization of the lab-on-a-chip (LOC) system, where all laboratory tasks for material treatment and analysis can be performed in an automated manner. The integrative system has numerous advantages originating from scale-down compared to conventional macro-sized devices. Specifically, they offer low cost, short reaction time, small reagent and power consumption, less waste output, and high integration efficiency of microfluidic components for multi-parallel processing [1,2,3]. Those advantages have triggered wide applications in various research and industry fields, including life science [4,5,6], inkjet printing [7,8,9,10], micro-air vehicles [11,12,13], automobiles [14,15], robotics [16,17], and microelectronics [18,19,20]. Among these fields, the largest beneficiary of microfluidics is biotechnology, which often requires precise manipulation and fast pretreatment of cell suspensions and accurate detection of target cells for biological assays. The ability to move motile or non-motile cells in a controlled fashion improved the efficiency and reliability of biological/clinical analysis and further enabled the development of high-performance miniaturized total analysis systems (µTAS) [3,5,21]. Particularly, the trapping, isolation, and analysis of a single cell allowed resolution of many unsolved questions in biology by providing information about the physical and biological behaviors of individual cells in a cell population [2]. This led to the creation of new research fields such as single-cell genomics, transcriptomics, proteomics, and metabolomics, improving many existing clinical and biomedical applications [22,23].



A main focus is on how precisely and fast cell manipulation can be performed in a non-invasive manner [3,24,25,26]. To date, various microfluidic manipulation techniques to meet the requirements have been developed and integrated into a chip for high-resolution, high-throughput, and non-contaminating biological assays. The primary techniques are dielectrophoresis and electrophoresis utilizing interactions of polarity or gradients of applied electric fields and net charges of manipulated particles [27,28,29,30], optical tweezers using the scattering force and the gradient force delivered from a focused laser beam [31,32,33,34], magnetophoresis driven by application of magnetic field gradients to particles with magnetic susceptibility [35,36,37,38], and acoustophoresis wherein particle motion is controlled using acoustic waves with varying pressure profiles [39,40,41]. Additionally, there also have been other microfluidic approaches using inertial focusing and hydrodynamic stretching [42], optical stretching [43], and pressure gradients [44,45]. These techniques have been consistently applied for concentration, separation, sorting, isolation, and transport of cells [46,47,48,49]. However, applications also revealed the drawbacks of each manipulation technique. For example, dielectrophoresis requires a complex 3D electrode structure for precise cell manipulation [5]. In addition, it is difficult to control nano-sized cells because the dielectrophoretic force is proportional to the volume of a manipulated object [50,51]. Electrophoresis, another electric field-based technique, is applicable only for charged particles [28]. Accordingly, its application range for cell manipulation is not very wide [52,53]. In addition, the electrophoretic migration speed of cells is low [24]. The use of optical tweezers is typically limited to manipulation of a single or a few cells because of the narrow beam waist of a focused laser [6,27,33,54]. The high heat in the laser beam may cause cell damage and lysis [34]. Magnetophoresis involves magnetic hysteresis-induced cell aggregation or clustering [55]. Also, this technique requires magnetic bead labeling for cell manipulation. Finally, it is difficult to manipulate nanoscale cells using acoustophoresis [24]. Due to those disadvantages, the techniques have been used only for specific purposes in biological assays [3,5,21,23,39].



There have been recent attempts to develop a new type of microfluidic manipulation technique. One approach is to combine two individual manipulation methods so that their advantages and disadvantages can be synergized and complemented, respectively [4,5,26,33,56,57,58,59]. Based on this combination, particles are manipulated by separate mechanisms for each of the two driving sources and a new mechanism derived from the interaction of the two driving forces. Rapid electrokinetic patterning (REP) is an example of the hybrid manipulation technique [26,58,60,61,62,63]. REP is a non-invasive manipulation technique that utilizes the simultaneous application of a uniform alternating current (AC) electric field and an optical laser beam. The technique can manipulate a large quantity of micro- and nano-sized particles at once at an arbitrary location in a microfluidic chip through electrokinetic and optical effects of each of the two driving sources and the electrothermal effect caused by the interaction of the two [26,58,64]. This capability has been demonstrated in various experiments. Williams et al. carried out particle manipulation in a variety of forms using REP [61,62,63]. Micro-sized colloids were rapidly trapped and configured into various shapes on an electrode surface by the optical landscapes produced by an Nd:YVO4 laser under the application of a uniform electric field. The particles were aggregated, and their clusters were translated across the electrode surface by dynamically controlling the location of the focused laser. Kwon et al. first demonstrated the bio-compatibility of REP with several kinds of microorganisms [24,25,64]. A large quantity of motile Shewanella oneidensis MR-1 bacteria was trapped, concentrated, and transported using the technique. Also, size-based separation and sorting of Saccharomyces cerevisiae fungus and Staphylococcus aureus bacteria were achieved. However, the applications of REP for biological assay are still at an early stage despite confirmation of their bio-compatibility because of the limited economics, portability, and versatility of the microfluidic manipulation system where the technique is used [24,26].



As seen above, microfluidic techniques for cell manipulation have been evolving. However, the limitations of each of the techniques often hinder further advancement and applications. To overcome this difficulty, examination of the various aspects of the manipulation techniques is necessary. In this review, we provide the details of the primary microfluidic techniques that have received much attention for on-chip biological assays. We first introduce manipulation techniques using a sole driving source: (1) dielectrophoresis, (2) electrophoresis, (3) optical tweezers, (4) magnetophoresis, and (5) acoustophoresis. The techniques are described based on fundamental principles, advantages and disadvantages, and a brief introduction of their existing applications. Next, we present REP, the recently developed hybrid manipulation technique that has been introduced briefly [24]. However, as there have since been new advancements in the technique, we provide an update related to REP, in addition to describing the underlying physical principle, operating environment, and current challenges. This review will offer readers the opportunity to improve the existing manipulation techniques and help them find new applications for the techniques in biotechnology.




2. Microfluidic Manipulation Techniques


2.1. Dielectrophoresis


Among the various mechanisms to manipulate particles using electrically induced forces, dielectrophoresis (DEP) is the most frequently utilized in microfluidic systems [29,40,48,51,65,66,67,68,69,70]. DEP is defined as the motion of neutral or semi-conducting particles produced by the application of a non-uniform electric field [40,51,71,72]. Under the presence of an electric field, a particle experiences polarization resulting in a net dipole moment within the particle. If the electric field is not uniform, the Coulomb forces acting on the two poles become unequal. Then, the net resulting force causes the particle to move (Figure 1). The particle migration phenomenon is termed DEP, and the related DEP force is generally expressed in a time-averaged manner using the following equation [40,51]:


   F  D E P   =  1 2  R e  [   p ˜  · ∇  ]   E *  ,  



(1)




where   p ˜   is the effective dipole moment of a particle, E* is the complex conjugate of an applied electric field, and Re and ∇ represent the real part in brackets and the differential operator, respectively. For a spherical particle with radius r, the equation is re-written as [51]


   F  D E P   = 2 π  r 3   ε m  R e  [  K  ( ω )   ]  ∇    |   E  r m s    |   2  ,  



(2)




where εm is the absolute electrical permittivity of suspending medium, K(ω) is the Clausius-Mossotti (CM) factor, ω is the angular frequency of an applied electric field, and Erms is the root mean square (rms) of electric field strength. The CM factor is expressed as the difference of complex permittivity of a particle (εp*) and surrounding medium (εm*) as follows [51]:


  K  ( ω )  =    ε p *  −  ε m *     ε p *  +  ε m *    ,  



(3)






   ε *  = ε − i  σ ω  ,  



(4)




where i = √−1, and σ is the electrical conductivity of a particle or medium. The DEP force is generally produced by an inhomogeneous electrode system such as castellated or interdigitated planar microelectrodes providing a non-uniform electric field [29,69,70,73,74,75]. The intensity of the applied electric field is highest in the region between two closely spaced electrodes. Particles experiencing electric field gradients are either attracted to or repelled from a high electric field region by the DEP force. The direction of the particle movement is determined by the frequency-dependent dielectric properties of a particle and the suspending medium [51] and is apparent from the sign of Re[K(ω)] in Equation (2). If a particle is more polarizable than the surrounding medium, i.e., if Re[K(ω)] > 0, the particle moves toward a strong electric field region experiencing positive DEP (p-DEP) (Figure 1a). Conductive particles in insulating fluids exhibit p-DEP behavior over all frequencies [51,66]. On the contrary, if a particle is less polarizable than the surrounding medium, i.e., if Re[K(ω)] < 0, it migrates to a weak electric field region, repelled from a strong electric field region by negative DEP (n-DEP) (Figure 1b). Generally, polymer particles such as polystyrene or latex beads show n-DEP in a conductive electrolyte solution over megahertz frequencies [51,67,76].



DEP has often been utilized for particle separation [66,68,77], transport [78], and sorting [79] in various fields because of several important advantages [24,40,74]. DEP can accumulate a large quantity of particles at a region close to or far from electrode edges immediately with application of a non-uniform electric field. Also, the object of manipulation is not limited to either a conductive or dielectric particle. DEP-based manipulation depends on the relative polarizability of a particle with respect to the surrounding medium, which relates to the electrical permittivity and conductivity of a particle and suspending medium [51]. DEP allows high flexibility in controlling particles suspended in fluid. In contrast, DEP sometimes needs a complicated 3D electrode structure to ensure the accuracy and precision of particle manipulation [65,68,73,80,81,82]. Although well-defined inhomogeneous electrodes are integrated in a microchannel, it is not easy to control nano-sized particles using DEP [51]. This is attributed to the proportionality of DEP force to the cube of particle radius (r3). Also, the technique operates more effectively in low conductivity solutions as a suspending medium for cell manipulation because Joule heating is proportional to electrical conductivity. However, most biological solutions have high electrical conductivity. The advantages and disadvantages of DEP have been covered in detail in recent reviews [5,27].




2.2. Electrophoresis


Electrophoresis (EP) is defined as the motion of a charged particle relative to a stationary fluid, driven by an external electric field [28,52,53,72]. The direction and magnitude of the induced motion depend on the polarity and amount of net electrical charge of the particle, respectively [28,52]. Generally, electrophoretic force is produced by a pair of electrodes connected to a direct current (DC) power supply [83,84]. When electrodes are immersed in an ionic solution containing particles and an external DC electric field is provided to the electrodes, the particles experience electrophoretic force, moving toward the electrode possessing opposite polarity (Figure 2). The moving velocity of the particles, i.e., electrophoretic velocity (v), is linearly proportional to the strength of the applied DC electric field (E) [29,52].


  v =  μ  e p   E ,  



(5)




where the electrophoretic mobility, µep, is the ability of a charged particle to move in response to an external electric field. It is expressed in two forms based on the relative magnitude of the Debye layer thickness (λD) to the particle radius (rp) [28,29,72].


   μ  e p   =  {             ε r   ε o   ζ p       η f         (   λ D  ≪  r p   )              2  ε r   ε o   ζ p      3  η f         (   λ D  ≫  r p   )        ,  



(6)




where εr is the relative permittivity of the particle, ε0 is the vacuum permittivity of free space, ζp is the zeta potential of the particle’s surface, and ηf is the viscosity of the surrounding fluid [85]. The variable ζ is defined as


  ζ =   σ  λ D   r p     ε r   ε o   (   λ D  +  r p   )    ,  



(7)







When charged particles suspended in a fluid move by electrophoretic force, they are also subject to two other forces [40,86]: (1) fluid friction force and (2) electrophoretic retardation force. The friction force is the viscous drag force acting on electrophoretically moving particles. It depends on the size and shape of a particle and the viscosity of a surrounding fluid. The drag force increases for larger particles and higher fluid viscosities. The electrophoretic retardation force indicates the force exerted on movable ions in an EDL surrounding a charged particle. The ions have a polarity opposite to that of the particle and accordingly cause a fluid flow heading the opposite direction to the EP in an applied electric field. The flow results in a retardation effect on the electrophoretically induced motion.



EP has been mainly utilized for particle purification [87,88,89,90] and separation [83,91,92,93,94,95,96]. It has advantages of ease of particle manipulation and simplicity [24,27]. However, there are also several disadvantages [24]. First, EP is applicable only for charged particles; therefore, the range of relevant applications is not wide. Furthermore, the electrophoretic migration speed is relatively slow because the upper intensity of an applied DC electric field is restricted to avoid undesirable phenomena such as electrolysis.




2.3. Optical Tweezers


Optical tweezers (OTs) are a method to control the motion of a single or few particles using a highly focused laser beam [32,33,34]. The focused beam induces particle motion, exerting three types of optical forces (Figure 3) [97]: (1) scattering force, (2) absorption force, and (3) gradient force. The optical scattering and absorption forces push a particle along the direction of propagation of a focused laser, balancing with the Stokes’ drag in a fluid. For a spherical particle in the laser field with a Gaussian beam profile, the forces are expressed as [34,97,98]


   F  s c a t   =   8 π  I 0   α 2   ε m    3  C 0   λ 4    ,  



(8)






   F  a b s   =   2 π  ε m   I 0     C 0  λ   Im  [ α ]  ,  



(9)




where I0, C0, and λ are the maximum intensity, speed, and wavelength of the incident laser light, respectively. The variable Im[ ] represents the imaginary part of the brackets. The parameter α is given by


  α = 3  V p   (   ε p  −  ε m   )  /  (   ε p  + 2  ε m   )  ,  



(10)




where Vp is particle volume, and εp and εm are the electrical permittivities of the particle and suspending medium, respectively. The dielectric constants are a function of wavelength and consist of a real and an imaginary part, such that ε = ε1 + iε2, where ε1 = n2 − k2 and ε2 = 2nk. Here, n and k are the refractive index and absorption coefficient, respectively. In addition to the scattering and absorption forces, the optical gradient force is defined as follows [34,97,98]:


   F  g r a d   =   2 π ∇  I 0  α    C 0    ,  



(11)




where ∇I0 is the gradient of the incident laser intensity. It pulls a particle along the gradient or the reverse gradient of laser intensity, depending on the sign of the α. For a non-absorbing dielectric particle, α is positive when the refractive index of the particle is larger than that of the surrounding medium. Then, the particle is attracted toward the region of highest laser intensity by the gradient force. On the contrary, when α is negative, the particle is repelled from the highest intensity region. For α > 0, the gradient force overwhelms the previously mentioned scattering and absorption forces in all directions. In this case, suspended particles in a fluid move along the gradient of laser intensity and stop moving at the laser beam waist, which is a stable trapping zone. This is the working principle of OTs.



In a general implementation of OTs, a near-infrared (NIR) laser beam is chosen as a driving laser source to minimize the optically-induced damage on target particles and reduce the level of fluctuation in laser power [99]. The laser beam is tightly focused by a high-numerical aperture (N.A.) objective lens to create the trapping zone [32,34,100]. Then, the beam waist behaves as a linear spring for particles in the vicinity of the laser focus. Near the beam waist, particles experience forces that are proportional to displacement from the center of the trapping zone.



OTs have been extensively used for transporting [34,97], sorting [6,34,54], and characterizing [27,54,101] particles with high-resolution. However, they cannot achieve high-throughput manipulation of particles because the beam waist of a focused laser used for trapping is very small [33,34]. Another problem is that excessive heating is produced during OT manipulation [33] and may cause thermal damage or change in the physical/chemical properties of the manipulated particles.




2.4. Magnetophoresis


Magnetophoresis is the motion of a magnetic particle relative to a stationary fluid, driven by a non-uniform magnetic field (Figure 4) [35,36,37,38]. Magnetophoretically induced motion depends on the magnetic properties of the particle [38,40]: diamagnetism, paramagnetism, and ferromagnetism. Diamagnetism represents the property of magnetic materials that are magnetized in the opposite direction to an external magnetic field and are therefore repelled by an approaching magnet [102]. Most materials including water, mercury, copper, lead, gold, and silver are diamagnetic; superconductors have very high diamagnetism. The magnetic permeability of the materials is less than the permeability of free space (µ0 = 4π × 10−7 Hm−1). Paramagnetism indicates the property of magnetic materials magnetized in a direction generally similar to an external magnetic field; accordingly, they are weakly attracted to an approaching magnet [103]. The magnetized status is not retained in the absence of the applied magnetic field because electron spins are randomized by thermal fluctuations. Representative paramagnetic materials include aluminum, oxygen, titanium, and iron oxide. Their relative magnetic permeability is slightly greater than 1. Ferromagnetism refers to the property of materials strongly magnetized in the same direction as an external magnetic field [38,103]. The magnetization is retained for a long time after removal of the applied magnetic field. Thus, ferromagnetic materials behave like a permanent magnet. Iron, cobalt, and nickel are included in the category, and their magnetic permeability is very high compared to diamagnetic and paramagnetic materials.



When the three kinds of magnetic particles are subject to an external magnetic field, they experience a magnetic force (Fmag) given by [104,105]


   F  m a g   =    (   χ p  −  χ m   )   V p       μ 0     (  B · ∇  )  B ,  



(12)




where Vp is the volume of a magnetic particle, µ0 is the permeability of free space, and χp and χm are the magnetic susceptibilities of a magnetic particle and suspending fluid, respectively. Magnetic susceptibility defines the degree of magnetization of a material by an applied magnetic field [38]. If the magnetic susceptibility of a particle is higher than that of a surrounding fluid, the particle migrates toward a higher magnetic field region. This phenomenon is termed positive magnetophoresis (Figure 4a) [38,40]. On the contrary, negative magnetophoresis occurs when the magnetic susceptibility of a particle is lower than that of the surrounding fluid (Figure 4b) [38,40], causing to particle to a lower magnetic field. The definitions of positive and negative magnetophoretic motion of a particle are analogous to the DEP introduced earlier.



Magnetophoretic manipulation has been often utilized for colloidal separation, sorting, and transport [36,37,38,104,105,106]. In applications, magnetophoresis offers advantages for angular positioning and rotation of magnetic particles. Also, it can minimize the risk of particle damage during the manipulation process. However, magnetophoresis involves the magnetic hysteresis of micro-sized particles [55]. It causes the particles to agglomerate together into clusters even when the applied magnetic field is removed.




2.5. Acoustophoresis


Acoustic waves with varying pressure profiles induce the movement of suspended particles relative to a stationary fluid, exerting an acoustic force on the particles. Such particle migration is defined as acoustophoresis (Figure 5) [39,41]. The acoustic force (Fa) on particles is given by [41]


   F a  = −  (    π  P 0 2   V p   β m    2 λ    )  u  (  β , ρ  )  s i n  (    2 π x  λ   )  ,  



(13)






  u  (  β , ρ  )  =   5  ρ p  − 2  ρ m    2  ρ p  +  ρ m    −    β p     β m    ,  



(14)




where Vp is the volume of a particle, x is the distance to a nearest pressure node, P0 and λ are the pressure amplitude and wavelength of an acoustic wave, and β and ρ are liquid compressibility and density, respectively. The subscripts p and m indicate a particle and suspending medium, respectively. As seen in the equation, the acoustic force depends on various factors including the magnitude and frequency of the acoustic waves, the size and elasticity of the particle, and the surrounding fluid.



Particles in the influence of an acoustic wave are pushed to either the pressure nodes or the pressure anti-nodes (Figure 5a) [39,40]. The pressure nodes are the locations where pressure and density do not vary in the wave field. At the nodes, the acoustic wave forms a zero or minimum pressure. The pressure anti-nodes represent the locations where pressure and density show the largest variations. The acoustic wave produces the maximum pressure at the nodes. Suspended particles show acoustic wave-based motion depending on the pressure distribution. Then, the direction of particle motion can be explained based on the sign of the u factor defined in Equaion (14) (Figure 5b). If u is positive, the particles move toward the pressure nodes. On the contrary, if u < 0, they show migration to the pressure anti-nodes.



Acoustophoresis provides the ability for size-, density-, and compressibility-based separation of particles [39,49,107]. Compressibility-based separation maximizes the strengths of acoustophoresis. Even though two particles have similar sizes and densities, if one particle is more compressible than a suspending fluid and the other particle is less compressible, their separation is achievable based on the compressibility difference. As such, a mixture of particles can be separated by an acoustic wave in a microchannel, and the separated particle groups can be collected at different outlets in a flowing fluid. A drawback of acoustophoretic manipulation is that it needs to integrate an acoustic wave resonator into a microfluidic structure for miniaturization and portability of the manipulation system [27,107]. In addition, controlling nano-sized particles using acoustophoresis is inefficient because the magnitude of the acoustic force acting on the particles is very small [24,27].





3. Rapid Electrokinetic Patterning


Rapid electrokinetic patterning (REP) is a hybrid technique that utilizes simultaneous application of a uniform AC electric field and an optical laser beam for manipulation of a diverse set of particles [26,58,60,61,62,63]. While the two driving sources provide the electrokinetic effect and the optical effect, the combination of the two produces an additional electrothermal effect. Through coupling of the effects, REP can manipulate a large quantity of micro- and nano-sized particles at once at an arbitrary location in a microfluidic chip. The capability has been demonstrated by various experiments (Figure 6) [25,58,61,62,63,109]. In this section, we introduce the various aspects of REP, including the underlying principle, operating environment, and current challenges.



3.1. Driving Environment of REP


Generally, REP is realized in a simple microfluidic chip structure consisting of two parallel plate electrodes, a microchannel, and inlet and outlet reservoirs (Figure 7) [25,58,61,62,63,64]. In the REP chip, a transparent indium tin oxide (ITO)-coated glass substrate is used to create a pair of electrodes for particle flow visualization, imaging, and laser irradiation. However, since the coating material has a high electrical resistance, traditional conductors such as copper, gold, and chrome can replace the ITO. The two electrodes are separated by an insulating spacer (~100 µm) to create a microfluidic channel. Then, the top and bottom of the channel are directly exposed to the electrode surfaces. Suspensions of deionized water or low conductivity solutions (σ < 50 mS/m) have previously been used in the REP chip [58,61,62,63]. High conductivity solutions (σ > 500 mS/m) cause a strong Joule heating effect around the electrodes biased with an AC electric field; this leads to adhesion of suspended particles on the electrode surface, disturbing REP operation [72,110,111,112,113]. REP must also be adapted to manipulate particles suspended in high conductivity solutions for diverse applications in biotechnology.



AC frequencies below 200 kHz are supplied to the electrodes to drive REP. AC frequencies above 200 kHz decrease the effectiveness of REP operation, relaxing the interfacial polarization of manipulated particles. A focused laser is additionally provided in the presence of an applied electric field to either the top or bottom electrode surface. Since development of REP, an NIR laser (λ ~ 1064 nm) has often been utilized to produce local variations in temperature in a fluid. However, the laser is replaceable by other lasers that can induce the necessary temperature gradients at the proper combination of laser wavelength and electrode material. This feature is significant and useful because it allows REP to be replicated at different optical wavelengths.




3.2. Hybrid Feature of REP


REP can be classified as a hybrid technique because it employs two different driving sources, i.e., a uniform AC electric field and a focused laser [24,61,62,63]. When the AC electric field is applied to a REP chip, colloidal particles suspended in a fluid are polarized in response to the field; at the same time, they are attracted to both of two electrode surfaces by long-range electrohydrodynamic (EHD) flow [58,61,62]. Then, the particles show an irregular distribution on the surfaces, forming small clusters. The focused laser beam creates thermal gradients in a fluid that interact with the applied electric field to produce a toroidal electrothermal (ET) vortex [114,115,116]. The ET vortex transports the particle clusters on the electrode surface toward the laser focal point. REP-based manipulation of particles becomes achievable when the two driving sources are simultaneously provided to induce the physical phenomena.



The hybrid nature of REP is shown in Figure 8. The simultaneous application of a uniform AC electric field and a focused laser to a REP chip initiates the aggregation of suspended particles on an electrode surface (Figure 8a). Turning the laser off makes the particles in the cluster scatter immediately on the electrode (Figure 8b). On the contrary, turning the AC electric field off causes the particles to be convected away from the electrode along the natural convection induced by laser heating (Figure 8c). These results demonstrate that REP cannot be realized by the application of one of the two driving sources.




3.3. Opto-Electrokinetic Physics of REP


The REP-based manipulation of target particles is enabled by the three physical phenomena mentioned previously, i.e., interfacial polarization of particles, long-range EHD flow and ET fluid motion. The interfacial polarization of particles occurring by the interactions of the particle surface charges and ions in a fluid is typically characterized by the Maxwell-Wagner polarization frequency (M-W frequency) [58,62,72]. The M-W frequency defines the behavior characteristic of ions in an electric double layer (EDL) surrounding a particle surface [72,117]. At AC frequencies below the M-W frequency, cations and anions in the EDLs of particles are completely separated, forming dipoles. The dipoles give rise to constant electrostatic repulsion and attraction when the polarized particles are located on the electrode. The electrostatic repulsion and attraction are the forces acting between the particles themselves and between the particles and the electrode surface, respectively. At AC frequencies above the M-W frequency, the ions do not have enough time to move and accumulate in response to the applied AC electric field. Accordingly, no dipoles form, and interfacial polarization does not happen. Recently, Kumar et al. used Voronoi diagrams and Delaunay triangulations to confirm that another polarization mechanism exists in the frequency region below the M-W frequency [58,118]. According to their experimental observation and topological analysis, the repulsive force between the polarized particles decreases with AC frequency even in the frequency band below the M-W frequency. This phenomenon is attributed to the non-equilibrium polarization of ions in the EDLs of the particles. It is closely associated with the critical frequency of REP, which will be introduced later [58]. EHD flow, a second mechanism, is one form of fluid flow that is induced by the mutual attraction which an applied electric field exerts on ions in a fluid. According to studies by Fagan et al. and Green et al., the flow affects the motion of particles on an electrode surface in an AC frequency region above 500 Hz [119,120,121,122,123,124,125,126]. It gathers the particles laterally, lifting them up slightly from the electrode surface. ET flow, a third mechanism, is driven by the coupling of the temperature-dependent gradients of electrical conductivity and permittivity with an applied electric field (Figure 9) [114,115,116]. The axisymmetric non-uniform temperature distribution in a fluid is produced by the highly focused laser beam, which is located on either a top or bottom electrode surface. The temperature gradient in turn induces spatial variations in the physical and electrical properties of the fluid such as density, permittivity and conductivity. The density gradient causes natural convection. Gradients in the electrical conductivity and permittivity produce an ET flow in an applied electric field. The natural convection is generally ignored in microfluidic systems where electric forces are present. Therefore, the ET flow is responsible for particle transport in REP process. The physical description of the flow is given by the time-averaged ET body force in Equation (15) [72,117].


   f e  =  1 2  R e  [    σ ε  (  α − β  )    σ + i ω ε    (  ∇ T · E  )   E *  −  1 2  ε α    | E |   2  ∇ T  ]  ,  



(15)




where Re [ ] the real part of the bracket term, E the applied electric field, E* its complex conjugate, T the temperature, ω the applied angular frequency, and σ and ε present the electrical conductivity and permittivity of a fluid, respectively. The α and β are defined as (1/ε) (∂ε/∂T) and (1/σ) (∂σ/∂T), respectively.



The relationship between the three mechanisms for REP operation is illustrated in Figure 10a [24,64]. The application of a uniform AC electric field to a REP chip causes interfacial polarization of suspended particles and EHD motion of a fluid. The EHD flow transports the polarized particles toward an electrode surface. On the surface, the particles experience the competition and balance of several forces: (1) lateral repulsive forces between the particles (Fparticle-particle); (2) vertical attractive forces between the particles and the electrode surface (Fparticle-electrode) and (3) local EHD-based hydrodynamic drag forces acting on the particle surfaces (FEHDlateral and FEHDvertical). The combined effect of the forces causes an irregular distribution of the particles and the localized formation of small particle clusters on the electrode surface. Then, the additional application of a focused laser produces an ET fluid flow. The flow exerts a drag force (FET) on the particles, carrying them toward the center of the laser beam. While the lateral component of the ET force (FETlateral) overwhelms the resulting force of Fparticle-particle and FEHDlateral, the vertical component of the ET force (FETvertical) competes with Fparticle-electrode and FEHDvertical. When the three vertical forces balance each other at AC frequencies below 200 kHz, the particles transported by the ET flow form a large cluster on the electrode surface. This is the operating mechanism of the REP technique.



There is an interesting feature regarding the stability of REP manipulation. The number of particles in a REP-based cluster decreases gradually as the AC frequency increases above 200 kHz. At higher AC frequencies, the particles are no longer manipulated by REP and just are swept away in an ET microvortex. This instability of REP-based manipulation is due to an imbalance in the three vertical forces mentioned above, which is caused by a non-equilibrium polarization of the EDLs surrounding the particles. This implies that there is a critical point guaranteeing stable REP-based manipulation in applied AC frequencies. The point, referred to as a critical frequency (fc), relates to the surface charge density (ρs) of suspended particles, i.e., fc ~ ρs. This characteristic enables charge-based or size-based separation of colloidal particles by REP. For example, size-based separation of particles with a similar surface charge can be achieved by a critical frequency that is inversely proportional to particle surface area (Figure 10b). The details of REP physics, including the critical frequency, are found in the references [58,61,62,63,114,115].




3.4. Current Challenges of REP


REP is a new form of particle manipulation technique that utilizes the simultaneous application of a uniform AC electric field and a focused laser. It has been steadily applied for concentration, trapping, patterning, and separation of micro- and nano-particles ranging from 22 nm to 10 µm, establishing its firm position in colloidal manipulation [25,58,61,62,63,109,127,128,129]. Recently, REP was also used for manipulation of swimming bacteria [130] and carbon nanotubes [131], extending its applicability in various fields including biotechnology. Despite its excellent capability, REP faces two challenges [25,58,61,62,63,109,127,128,129,130,131]: (1) the use of an expensive laser system as a heat source and (2) low manipulation efficiency of particles suspended in a high conductivity solution. These two problems should be overcome to find novel applications of REP for on-chip bioassays.



A 1064 nm wavelength NIR laser has been often used to create thermal gradients in a fluid in REP process. However, the high price and a large volume of the laser system affect the economics and portability of the REP technique. Therefore, finding an alternative heat source will enable various REP-based manipulations of particles at low cost. This issue is currently being resolved. Velasco et al. employed a micro-patterned thin film resistive heater instead of the optical laser [132]. The use of the heater during REP manipulation offered numerous benefits such as efficient supply of thermal energy to induce a non-uniform temperature field in a fluid. As previously mentioned, the other challenge is that it is very difficult to control particles suspended in a high conductivity electrolyte using REP [24,25,64,130]. A high conductivity solution produces strong Joule heating even in an external electric field with moderate intensity [72,117,133]. This causes the adhesion of particles on an electrode surface during REP manipulation. Because of that issue, REP has mostly been used to manipulate colloids suspended in low-conductivity solutions. However, it raises another problem in biotechnology that the low electrical conductivity of a suspending media hinders the viability of cells. To find wider biological applications, REP should also be adapted for manipulating particles in high conductivity electrolytes.
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Figure 1. Dielectrophoretic (DEP) motion of a dielectric particle in a non-uniform electric field. (a) Positive dielectrophoresis, in which a dielectric particle moves toward a strong electric field region. (b) Negative dielectrophoresis, in which a dielectric particle migrates to a weak electric field region. Reproduced from [40], with the permission of AIP Publishing (2012). 
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Figure 2. Electrophoretic motion of a charged particle in a direct current (DC) electric field. Reproduced from [40], with the permission of AIP Publishing (2012). 
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Figure 3. Trapping of a single particle by optical tweezers. Reproduced from [97], with the permission of The Royal Society of Chemistry (2011). 
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Figure 4. Magnetophoretic motion of a magnetic particle in a non-uniform magnetic field. (a) Positive magnetophoresis in which a magnetic particle migrates toward a higher magnetic field region. (b) Negative magnetophoresis in which a magnetic particle moves to a lower magnetic field region. Reproduced from [40], with the permission of AIP Publishing (2012). 
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Figure 5. Acoustophoretic motion of suspended particles in an acoustic wave field. (a) Movement of particles by an acoustic standing wave with varying pressure profiles. (b) Density- and compressibility-based separation of particles by acoustophoresis. Reproduced from [108], with the permission of The Royal Society of Chemistry (2007). 
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Figure 6. Manipulation of particles in a variety of forms by rapid electrokinetic patterning (REP). (a) REP-based aggregation; (b) REP-based patterning using multiple laser illuminations; (c) REP-based patterning by “L”-shaped illumination of a laser; (d) REP-based trapping in continuous flow of suspending medium; (e,f) REP-based translation. Reproduced from [63], with the permission of The Royal Society of Chemistry (2008). 
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Figure 7. Microfluidic setup for REP realization consisting of two parallel-plate electrodes, a uniform alternating current (AC) electric field, and a focused laser beam. ITO: indium tin oxide. Reproduced from [58], with the permission of American Chemical Society (2010). 
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Figure 8. Hybrid features of REP. (a) Particle aggregation by the simultaneous application of a uniform AC electric field and a laser illumination. (b) Irregular distribution of particles on an electrode surface observed when turning off the applied laser only. (c) Convection of particles caused by turning off the applied electric field only. Reprinted/adapted by permission from (the RightsLink Permissions Springer Customer Service Centre GmbH): (Springer Nature) (Rapid Electrokinetic Patterning) by (Jae-Sung Kwon, Raviraj Thakur, Steven T. Wereley) (COPYRIGHT) (2012). 
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Figure 9. Visualization and particle image velocimetry (PIV) analysis of electrothermal microfluidic motion. Reprinted by permission from (the RightsLink Permissions Springer Customer Service Centre GmbH): (Springer Nature) (Microfluids and Nanofluids) [116], Copyright (2015). 
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Figure 10. Physics of the REP technique. (a) Various forces involved in REP process. (b) Dependence of REP critical frequency on particle size. Reproduced from [58], with the permission of American Chemical Society (2010). 
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