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Abstract

:

Inertial microfluidics has become a popular topic in microfluidics research for its good performance in particle manipulation and its advantages of simple structure, high throughput, and freedom from an external field. Compared with traditional microfluidic devices, the flow field in inertial microfluidics is between Stokes state and turbulence, whereas the flow is still regarded as laminar. However, many mechanical effects induced by the inertial effect are difficult to observe in traditional microfluidics, making particle motion analysis in inertial microfluidics more complicated. In recent years, the inertial migration effect in straight and curved channels has been explored theoretically and experimentally to realize on-chip manipulation with extensive applications from the ordinary manipulation of particles to biochemical analysis. In this review, the latest theoretical achievements and force analyses of inertial microfluidics and its development process are introduced, and its applications in circulating tumor cells, exosomes, DNA, and other biological particles are summarized. Finally, the future development of inertial microfluidics is discussed. Owing to its special advantages in particle manipulation, inertial microfluidics will play a more important role in integrated biochips and biomolecule analysis.
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1. Introduction


Cells and biomolecules such as proteins, nucleic acids, and exosomes are the fundamental units of life. Their behaviors and characteristics determine the functions and status of tissues and organs [1]. Detailed analysis on such biomolecules is of great significance in biological studies and clinical diagnosis [2,3]. The pre-treatment of biomolecules through microfluidics, such as focusing [4,5], patterning [6], separation [7], mixing [8], and enrichment [9,10], has been considerably developed and plays important roles in the research areas of life science and biomedicine. Among these operations, i.e., focusing and separation, are the most important pre-treatments in biomedical examinations. Focusing is used in the preprocessing of on-chip microfluidic flow cytometers. Separation is applied to separate the biomolecules (circulating tumor cell, droplet, exosomes, and bacteria) through their inherent qualities, such as size [11,12], dielectric property [13,14], optical or image characteristics [15,16,17], and biological immune characteristics [18,19].



Inertial microfluidics is an extension of conventional macroscopic inertial fluidics methods to the unconventional micro/nano scale. Though lacking in specificity, inertial microfluidics has been widely investigated in the manipulation of particles such as focusing, ranking, separation, transfer, and mixture, which have been demonstrated in the recent past [20].



Compared with conventional microfluidics, inertial microfluidics is superior. First, the operation is easy, as the target can be realized only by adjusting the flow velocity of the sample. Second, the channel structure is simple. Therefore, extra external fields and other methods can be easily integrated on the microfluidics chip, thus reducing the cost of the product. Third, compared with other methods, the throughput is extremely high, so an experiment can be completed in a very short time. Finally, inertial microfluidics has little influence on the activities of biomolecules, so it is suitable for biomedical devices. Owing to these advantages, inertial microfluidics is applied to manipulate biological particles for many purposes, such as the acquisition of circulating tumor cells (CTC), droplet packages of single cells, removal of pathogenic bacteria, detection of exosomes, and DNA focusing.




2. Principle of Manipulation by Inertial Microfluidics


In traditional microfluidic devices, the Reynolds number of the flow field is low, and the flow is regarded as Stokes flow [21]. The inertial effect of the flow field and particles can be ignored. Compared with traditional microfluidic devices, the flow field in inertial microfluidics is between the Stokes state and turbulence, whereas the flow is still regarded as laminar. However, the inertial and viscosity effects will also affect the movement of particles, thus making the manipulation of particles more complicated.



2.1. Theory of Inertial Effect in Straight Channels


The inertial effect was first proposed by Segre and Silberberg in Nature in 1961 [22]. It was observed in a macroscopic pipe where millimeter-sized suspended particles that were initially randomly distributed in the circular tube (~1 cm) migrated laterally to focus on an annulus with a radius of 0.6 times the radius from the center of the pipe. It was shown that when the particles flow in the flow tube with a low Reynolds number, apart from the mainstream driving force along the mainstream direction, there was also a lateral lift force perpendicular to the mainstream, eventually leading to a lateral migration to the dynamic equilibrium position [23]. This phenomenon aroused the attention of many scholars, and many achievements were made in the study of the inertial focusing effect in different section shapes [24].



The final equilibrium position of particles depends on the channel section. In the medium Reynolds-number condition, the particles migrating in a circular channel form an annulus that is called the Segre-Silberberg annulus [25] (Figure 1a) because of the symmetry of the circle. As for a square section, owing to the influence of the edge angle on the velocity and pressure distribution, an offset correction of the equilibrium position will occur so that the particles migrating in a square-section channel are located in the four equilibrium positions close to the midpoint of the channel wall (Figure 1b). In a high/low-aspect-ratio square section, the shear gradient in the short channel wall is far greater than that of the long channel wall. Therefore, the unstable focus position of the short wall will be revised to the center of the long wall. In a high/low-aspect-ratio rectangular microchannel, the particles finally flow to the two equilibrium positions close to the midpoint of the long channel wall (Figure 1c,d) [26].



There are also many groups that are studying the focusing position and morphology of the particles in different conditions [27]. Liu [28] conducted 3D direct numerical simulations (DNS) and found that apart from the two focusing positions near the long channel walls, there are additional stable equilibrium positions close to the short walls. Di Carlo [29] showed that the value of a/H should be known to determine the equilibrium position. B. Chun [30] presented numerical evidence that particles can migrate to the center at a high Reynolds number (700–1000) through the formation of hydrodynamic clusters. At present, for the three-dimensional dynamic process of particles, the most common mathematical model is the two-stage model proposed by Zhou [31]. This process can be summarized as follows: In stage 1, in the condition of a moderate Reynolds number, the particle migrates to the equilibrium position close to the wall under the shear-induced inertial lift force and wall-induced inertial lift force, and in stage 2, the particles continue to migrate to the equilibrium position at the center of the wall under the effect of a spin-induced Saffman lift force. Moloudi [32] studied particle focusing dynamics inside trapezoidal straight microchannels and found the lateral focusing depends on the particle clogging ratio, channel aspect ratio, and slope pf slanted wall. The particle focusing principle in the microchannel, with the cross-sectional shape of the isosceles right triangle, is also studied by Kim [33].




2.2. Theory of Inertial Effect in Curved Channels


In a curved channel, the velocity profile of the Poiseuille flow in the main flow direction appears to be parabolic, and the fluid in the central area has a higher velocity than that in the wall area. Therefore, when the particle goes through the curved channel, it flows from the central line to the outward channel because of the inertia, leading to an imbalance in the radial pressure gradient. By contrast, in a closed channel, to meet mass conservation, the fluid near the outward wall recirculates inward, owing to the centrifugal pressure gradient. Two vortices with opposite directions of rotation are produced in the cross-section of the vertical direction (shown in Figure 2). This phenomenon is called the cross-section secondary flow. Its characteristics are represented by a dimensionless coefficient De. This coefficient was first proposed in the research of fluid motion in a curved channel by Dean [34,35]. Berger presented a calculated mode of the Dean number, which has been widely used so far. The expression of the Dean number is as follows:


   D e  =  R e     H  2 R      



(1)




where R is the curvature radius of the channel, and H is the hydraulic diameter. With an increase in Re, the Dean flow will also increase. In addition, the shape of the Dean flow is also related to the De number. With an increase in De, the center of the Dean vortex moves toward the outer wall, and the number of the Dean flow also changes at high velocity. In general, the De number in a straight channel is zero, which means that there is no Dean flow in a straight channel in the laminar flow state. The velocity of the secondary flow in a Dean vortex is another important parameter that characterizes the Dean flow. This parameter was given by Ookawara [36] through a numerical simulation in which    U D  = 1.8 ×   10   − 4    D e  1.63    . This expression is widely used in the estimation of applied research [37]. Recently, Dinler [38] modelled and simulated the hydrodynamic forces acting on the particle under the effect of Dean vortex, and then predicted the width of the focusing band for different-sized particles. Their simulations are validated with available experimental data. Xiang [39] explored the elasto-inertial focusing behaviors of particles in a spiral microfluidic channel and first proposed a six-stage process model illustrating the particle focusing process in Dean-coupled elasto-in-ertial flow with increasing flow rate.



The Dean flow in particle migration has two main effects: (1) The Dean flow can bring a stirring effect that can accelerate the lateral displacement of the particles, making it faster to migrate to the equilibrium position. Compared with the inertial focusing effect in a straight channel, the length of the focusing channel is greatly shortened because of the Dean flow [41]; and (2) The existence of the Dean flow will influence the distribution of the equilibrium position of the particles in the section of the channel.




2.3. Other Factors Affecting the Inertial Effect


As we all know, the most important factor that affects the inertial effect is the cross-section of the channel, but there are other factors that affect the final equilibrium position of particles, including the velocity of the flow, viscosity, deformation, and particle densities.



The distribution of the inertial equilibrium position of the particle is closely related to the velocity of the particle. In a square channel, with an increase in the velocity, the four inertial equilibrium positions migrate closer to the channel, which is shown in Figure 3a. By contrast, for a rectangular channel, with an increase in the velocity, the two unstable positions at the center of the short wall will gradually stabilize, and four equilibrium positions will be formed (Figure 3b).



When a polymer is added to the Newton fluid, the viscoelastic-induced force effect in the mixed fluid modifies the equilibrium position of the particle [42]. Under the effect of the viscoelastic force and the inertial lift force, the particle migrates to the equilibrium position in the middle line of the channel. Therefore, a polymer is often added to the solution to generate a single equilibrium position in the straight channel [43]. Apart from straight channels, this effect was also used in curved channels and was gradually developed for particle separation methods using the Dean drag force and inertial effect [44]. Xiang [5] proposed a strategy for controlling the particle focusing position in Dean-coupled elasto-inertial flows through adjusting the polymer concentration of viscoelastic fluids.



At present, rigid spheres are often used as basic models for inertial microfluidics analyses. However, real particle samples are usually deformable items such as cells and exosomes. The deformation of the particle will also affect the lateral migration of the particles and impose an extra lift force on them, namely, a deformation-induced lift force. Although the mechanism of the lift has not been fully studied, it is widely accepted that this lift is caused by the matching of velocity and stress at the interface of deformable particles. A circulating tumor cell separation structure based on this model was developed [45].



As the manipulation objects of the inertial microfluidics are usually cells, their density is close to that of the liquid environment, making the inertial centrifugal force ignorable. However, the density difference between a particle and the surrounding liquid also affects the equilibrium positions of the particles [36]. The equivalent centrifugal force can be expressed as


   F C  =  (   ρ p  −  ρ f   )  π  V  p t  2   a 3  / 6 r  



(2)




where    ρ p    is the density of the particle,    ρ f    is the density of the fluid,    V  p t     is the tangential rate of the particles, a is the diameter of the particle, and r is the curvature radius of the particle trajectory. When there is a difference between the particle density and fluid density, the influence of the centrifugal force on the lateral migration trajectory cannot be ignored.




2.4. Force Analyses of Particles in Inertial Microfluidics


In inertial microfluidics, there are nonlinear forces, including the axial drag and lateral force in different forms, that can be used to manipulate particles. The combination of these forces makes the trajectories of the particles in the microchannel more complex.



2.4.1. Inertial Lift Force


When particles migrate in the microchannel, apart from the drag effect, which makes the particles accelerate to the same velocity along the main flow direction as the surrounding fluid, there is also lateral migration perpendicular to the main flow direction. Therefore, the particles will eventually migrate to the equilibrium position [46]. The force that leads to the lateral migration is called the inertial lift force (FL). In microfluidic chips, the particles in the straight channel are subjected to gravity and buoyancy, which are distributed in the vertical direction, having almost no influence on the lateral migration. Thus, the effect of gravity and buoyancy on particle migration is negligible. There are also other forces that are far weaker than the inertial lift force whose influence on the lateral migration is negligible. Therefore, the only force that leads to the lateral migration of particles is the inertial lift force [47,48].



Later theoretical analyses showed that there are two types of main lift forces that compose most of the inertial lift force [49]. The velocity profile of a Poiseuille flow in a microchannel appears to be parabolic, leading to a shear-induced inertial lift on the particle, whose direction is from the center of the flow to the wall. This is called the shear-gradient-induced lift force (FLS), which has the expression    F  L S   ∝ ρ  U 2   a 3  / H  , where ρ is the density of the fluid, U is the velocity of the fluid, a is the diameter of the particle, and H is the hydraulic diameter. The flow field of FLS is shown in Figure 4a. In addition, owing to the rotation of particles in the fluid, there is a symmetric wake around them. When particles migrate close to the wall, the symmetry of the wake is affected by the wall, inducing a force to drive the particles away from the wall. This is called the wall-induced lift force (FLW), which has the expression    F  L W   ∝ ρ  U 2   a 6  /  H 4   . The flow field of FLW is shown in Figure 4b. These two forces are not fixed but are changeable along the position of the particles in the channel. When a particle migrates close to the central line of the channel, the shear-gradient-induced lift force is dominant. However, when a particle migrates close to the wall, the wall-induced lift force is dominant [50]. The equilibrium position is the point where the shear-gradient-induced lift force equals the wall-induced lift force. The flow field distribution in the channel and an inertial-lift-force schematic are shown in Figure 4c.



Through a study of the distribution of the Poiseuille flow and an analysis of the various influencing factors, the expression of the inertial lift force is [41]


   F L  =  f L   (   R e  , x / h  )  ⋅ ρ  U 2   a 4  /  H 2   



(3)




where U is the maximum velocity of the fluid, which can be estimated as twice the average characteristic velocity. H is the hydraulic diameter and is regarded as   H = D   in a circular channel, where D is the diameter of the circular cross-section, or   H = 2 w h /  (  w + h  )    in a rectangular channel, where w and h correspond to the width and height of the rectangular cross-section, respectively. fL is a nondimensional lift coefficient whose value depends on the Reynolds number of the channel and the specific position of the particle in the cross-section. Previous research found that the lift coefficient decreases with an increase in Re. When it is applied in the microchannel, the coefficient is regionally dependent, and the lift coefficient near the wall decreases with the increase in Re, while in the area near the center of the channel, the coefficient increases with the increase in Re. However, regarding practical microfluidic applications, the lift coefficient can be estimated as    f L  = 0.5  .




2.4.2. Dean Drag Force


Owing to the existence of the secondary flow, the particles in a curved channel are also affected by a Dean drag force, which is expressed as    F D  ∝ ρ  U 2   a p   H 2   R  − 1    , where ρ is the density of the fluid, U is the velocity of the fluid, ap is the diameter of the particle, H is the hydraulic diameter, and R is the curvature radius of the channel. In addition, the Dean drag force can also be assumed as the Stokes drag force:


   F  S t o k e s   = 3 π μ  a P   U D   



(4)




where μ is the fluid viscosity, ap is the diameter of the particle, and UD is the Dean flow velocity. In fact, the magnitude and direction of the force depend on the intensity and direction of the Dean flow velocity field in the cross-section. In a curved channel, the movement of particles depends on the superposition of the inertial migration effect and the secondary flow on the particle. This is shown in Figure 5. Gossett proposed that at a low velocity, a particle will be subjected to the interaction of the lateral inertial lift force and Dean drag force [51].



In a curved channel, Rf, the ratio of the lateral inertial lift force to the Dean drag force, is an important parameter that determines the specific characteristics of the particle. When Rf is close to zero, the inertial lift force is far weaker than the Dean drag force. Therefore, the particles will migrate along the Dean vortex, and the inertial focusing effect does not occur. When Rf tends toward ∞, the inertial lift force is far greater than the Dean drag force, and the particles are not affected by the Dean vortex and focus on the same equilibrium position as the straight channel.



Apart from these two circumstances, the particles will focus on different equilibrium positions under the combined action of the inertial lift force and Dean drag force. This new equilibrium position is different from the position in the straight channel, and the number of focusing points is reduced [40]. Finally, what should be mentioned is that Rf is an approximation of the estimated parameters but is not an accurate theoretical value.




2.4.3. Viscous Drag Force


When a particle moves in the fluid, a shear effect is generated on the contact surface, leading to a viscous drag force on the particle. This viscous drag force of spherical particles in a field can be calculated as


   F d  = S ⋅  f d  = π  a 2   f d  / 4  



(5)




where S is the cross-section of particles, and a is the diameter of the particle. fd is the viscous drag coefficient, which is determined by the Reynolds number and the relative velocity of the fluid to the particle. The effect of the viscous drag force in inertial microfluidics will not only drag the particle along the flow direction but will also make the velocity of the particle tend toward the velocity of the flow.




2.4.4. Magnus Lift Force


In a flow field, when the rotational angular momentum Ω of a rotating object is not coincident with its velocity vector U, there is a lateral force in the direction perpendicular to the plane composed of the rotational angular momentum vector and the translational velocity vector. Under the condition of this lateral force, the trajectory of the object deflects laterally [52]. For a rigid sphere rotating in a fluid, this phenomenon also exists, and a lateral lift force appears under the condition of the transverse pressure difference. This force is called the Magnus lift force, which is expressed as [53]


   F  L R   =  1 8  π  a 3  ρ U × Ω  



(6)




where a is the diameter of the particle, ρ is the density of the fluid, U is the relative velocity of the particle and fluid, and Ω is the rotational angular momentum of the particle.




2.4.5. Saffman Lift Force


A velocity gradient in the fluid will be generated under the effect of the channel wall, which further leads to the spinning of the particle under the effect of shear force. There is an additional drag force that leads to the particle moving behind the fluid. This slip shear will exert a lateral force on the particle and become a shear-gradient lift force, which is also called the Saffman lift force [54]. For a particle in an unbounded shear flow, the expression of the lateral Saffman lift force on a spherical particle can be calculated by an asymptotic expansion method [55]:


   F S  = K V  r 2    γ / υ    



(7)




where K is a numerical constant and is usually regarded as 81.2, γ is the velocity gradient, ν is the viscosity, and V is the relative velocity between the fluid and particles. However, compared with the inertial lift force and Dean drag force, the Magnus lift force and Saffman lift force are always ignored because their magnitudes are obviously lower.



In addition to the forces mentioned above, the particles are also affected by other forces including the “van der Waals force”, “electrostatic force”, and “correction fluid resistance” at the same time. These forces are essentially caused by the interaction between molecules, and their ranges of effect are on the nanometer scale. For example, the effect distance of the “van der Waals force” is less than 10 nm, the effect distance of the “electrostatic force” is less than 100 nm, and the effect distance of the “correction fluid resistance” is less than 1 μm. These intermolecular forces can be almost ignored in a microscale channel. Their exact influence on the particles in inertial focusing have not been reported.



A summary of force analyses is presented in Table 1 with the available information reported in recent years.






3. Progress in Inertial Microfluidics


3.1. Research on Manipulation in Straight Channels


Straight-channel inertial microfluidics can realize the multi-position focusing of particles, by which different kinds of particles can be sorted. Based on the topological structures of channel sections, we can divide straight-channel inertial microfluidics into two categories: straight-rectangular-channel inertial microfluidics and contraction-expansion array channel (CEA channel) inertial microfluidics.



3.1.1. Straight-Rectangular-Channel Inertial Microfluidics


Although it is regarded as a fundamental structure for investigating the mechanism of inertial migration, the straight rectangular channel can also be applied in many fields. Cell separation is the most popular application of inertial microfluidics [56]. In 2009, Di Carlo [23] began to use the focusing principle in a straight rectangular channel to realize the counting and differentiation of red blood cells and leukocytes in the blood. This became an alternative for cell focusing in flow cytometry (Figure 6a). Mach [57] presented a microfluidic device that separates the pathogenic bacteria cells from diluted blood using 40 gradual-expansion single microchannels in a high-throughput, continuous manner. This system can remove 80% of pathogenic bacteria from blood with a throughput of 400 million cells/min (Figure 6b).



Apart from cell separation, the application of a straight rectangular channel is also extended to other biological particles such as bacteria, exsomes, and DNA. Li [58] realized the inertial focusing and ordering of Euglena gracilis using a microfluidic device consisting of a straight rectangular microchannel, a gradually expanding region, and five outlets with fluidic resistors to enhance an accurate separation (Figure 6c). Hassan [59] reported on the development of a culture-free bacterial enrichment method to concentrate bacteria from whole blood. This can concentrate bacterial cells and their DNA with a 500-fold reduction in sample volume. Apart from rigid particles manipulation, the manipulation of deformable entities such as bubbles and droplets are considered in inertial microfluidics. Hadikhani [60] showed the trajectory of bubbles flowing in rectangular and square inertial microchannels can be controlled by tuning the balance of forces acting on them with good agreement with the performed numerical simulations (Figure 6d). Edd [61] integrated an oil-and-water clamp device to implement a single-cell drop package with an efficiency 500 times higher than that of a random single package.



In summary, straight-rectangular-channel inertial microfluidics can be used to study particle migration dynamics directly because of its simple structure, and gradually form the basis of the other channel. However, since the length of the channel is long, it is not conducive to miniaturization or integration, which limits its further commercial applications.




3.1.2. Contraction-Expansion-Array-Channel Inertial Microfluidics


Contraction-expansion-array channel (CEA channel) inertial microfluidics [62,63,64] is the deformation of a straight channel through adding or subtracting a specific shape to form a cavity in a straight channel. The expansion structure increases the control flexibility by the section vortex. The vortex is generated at high flow rates. Once the particles reach the expansion region, the wall-effect force diminishes, while the shape of the velocity field decays slowly at downstream distances [65]. In applications, we can divide the CEA channel into symmetrical and asymmetrical channels according to the difference between the contraction-expansion structures.



The symmetrical CEA channel was first reported to realize particle focusing and sorting. Particles with different sizes focused on the wall area near the channel or the central area according to the particle size. Warkiani [7] designed a system utilizing the different focusing behaviors in the CEA channel between blood cells and malaria parasites to enrich malaria parasites from blood, thus facilitating more reliable and specific-PCR-based malaria detection (Figure 7a). Che [66] used a high-throughput vortex chip that integrated a crowd of CEA channels to enrich rare CTCs with high efficiency (83%), a high speed of processing (8 mL/min), and high purity (28.8 ± 23.6 white blood cells per mL of whole blood) (Figure 7b). Moon [67] presented a multi-stage flow fractionation (MS-MOFF) device by combining three single-stage multi-orifice segments designed for separating breast cancer cells from blood. The recovery of breast cancer cells increased from 88.8% to 98.9% through the multi-stage multi-orifice segments (Figure 7c).



The mechanism of the asymmetric CEA channel is approximately the same as that of the symmetrical structure, but the processing difficulty is lower than that of the symmetrical structure. Apart from that, the asymmetric CEA channel can reduce the number of rare samples used in the experiment to avoid waste by using the support of the shear fluid. Chung [68] used continuous microcolumns as a virtual channel to simulate a CEA channel, achieving the same effect as the CEA channel and realizing the separation of circulating tumor cells with a maximum throughput of approximately 1300 particles per second (Figure 7d). Lee [69] characterized inertial particle migration and investigated the migration of blood cells and various cancer cells in a CEA channel, and eventually separated the cancer cells from the whole blood with a recovery rate of 99.1%, blood cell rejection ratio of 88.9%, and throughput of 1.1 × 108 cells/min (Figure 7e). Khojah [9] divided a channel into three stages when he used a CEA channel for particle capture and separation and designed a particle trajectory to complete the separation of cancer cells (Figure 7f). Fan [70] designed a sheathless microfluidic device with trapezoidal CEA channel, which can work over a wide range of Reynolds numbers from 19.1–142.9.



Typical progress of straight-channel inertial microfluidics is presented in Table 2.



In all, as a deformation of a straight rectangular channel, the CEA channel inherits the characteristics of the straight rectangular channel while it expands its application range. In addition, the flexibility is improved by introducing an expansion cavity. However, it is difficult to deal with three kinds of particles or more without the support of the sheath fluid.





3.2. Research on the Manipulation in Curved Channels


3.2.1. Arcuate-Channel Inertial Microfluidics


The arcuate channel is the simplest curved channel, and the secondary flow in an arcuate channel is stable. Therefore, it is an ideal model to study the secondary flow in a cross-section and the particle migration characteristics [71,72].



With the development of three-dimensional (3D) fabrication, the applications of the arcuate channel were also extended to the field of 3D channels. 3D particle focusing is a fundamental capability with a wide range of applications such as on-chip flow cytometry. Nawaz [73] designed a 3D hydrodynamic focusing device with different curvature angles, achieving focal positioning along both the lateral and vertical directions on the sub-micrometer scale. This method can serve as a basis for microfluidic flow cytometry with high detection resolution and high performance (Figure 8a). Paie [4] presented a compact microfluidic device capable of 3D particle focusing with high flow rates without external fields or lateral sheath flows. Recently, Choi [74] built a system to sample air and collect liquid to form a stratified flow in a two-phase fluid. These results can be used as a continuous airborne microorganism collector for applications in real-time bioaerosol detection (Figure 8b). Syverud [75] combined a high number of arcuate channels to form a channel structure similar to a labyrinth to achieve the inertial separation of satellite cells and fibroblasts. This unique technology could translate the regenerative potential of satellite cells to engineered tissues for cell therapies (Figure 8c).



In all, the arcuate channel is always used to study the formation and evolution mechanism of a secondary flow and the dynamic mechanism of the migration of particles. This can provide important references for a complex curved channel.




3.2.2. Sinusoidal-Channel Inertial Microfluidics


A sinusoidal channel [76,77] consists of continuous curved channels with alternating curvatures. As different sizes of particles in a sinusoidal channel are focused on the same transverse position, the sinusoidal channel can be used in particle prefocusing devices.



The sinusoidal channel was initially put forward by Di Carlo [78] by increasing the throughput of cell sorting to 1 g/h. Future applications are continuous bioparticle separation, high-throughput cytometry, and large-scale filtration systems (Figure 9a). In addition to cancer cell sorting, application of the sinusoidal channel is also extended to the manipulation of biomolecules. Wang [79] used sinusoidal-channel inertial technology to make 2 μm and even sub-micrometer particles focusing on stable equilibrium positions continuously and accurately. The effect of its chip was demonstrated on cyanobacteria. This study pushed the microfluidic inertial focusing particle range down to the sub-micrometer scale. Wang [80] developed a microfluidic concentration creatively to harvest cyanobacterium Synechocystis sp. PCC 6803. This approach is truly passive and does not require additional reagents, external electronic devices, or fields. The cyanobacteria stream can be steadily separated from the culture medium to obtain a concentrated product. The maximum recovery efficiency achieved was 98.4% in a single microchannel (Figure 9b). Zhang [81] demonstrated the separation of double particles using an inertial microfluidic device based on a simple sinusoidal channel with high efficiency, purity, throughput, and resolution. Apart from the conventional sinusoidal channel, Zhang [82] developed a square-wave channel to realize the focus of particles and demonstrated for the first time that a single focusing streak can be achieved in a symmetric serpentine channel without the effect of the sheath flow or an external force field (Figure 9c).



Owing to various curvatures in a curved channel, a sinusoidal channel can easily increase the throughput through parallel structures, which results in a higher throughput than the arcuate channel or spiral-channel.




3.2.3. Spiral-Channel Inertial Microfluidics


In a curved channel, spiral-channel inertial microfluidics has great potential because of its compact structure and stable flow field. Nowadays, the manipulation method of particles using inertial microfluidics is mostly based on the spiral-channel [83,84]. However, as the curvature of the spiral-channel varies with the position of the particle, the focusing position of the particle can only be obtained by experimental statistics [85,86].



In spiral-channel inertial microfluidics, the most basic application is high-throughput focusing without a sheath [87]. Bhagat [88] described a sheathless flow cytometry system based on the principle of Dean-coupled inertial microfluidics to focus particles with a high throughput of 2100 particles/s (Figure 10a). Schoeman [89] presented a microfluidic device capable of single-cell encapsulation in droplets by integrating droplet pairing, fusion, and shrinkage. The spiral-channel provided a continuous line of cells and droplets.



Another important application of spiral-channel inertial microfluidics is sorting. In the past several years, the application of spiral microfluidics has mainly focused on the separation of cancer cells after the study of the focusing characteristics of microscale microspheres in spiral-channels. Warkiani [90] designed a spiral system to realize the enrichment of CTCs with a recovery of 85% and 99.99% depletion of white blood cells in whole blood (Figure 10b). On the basis of this structure, Hou [91] and Warkiani [92] realized a series of two structures and a parallel of three structures, respectively. The former combined two spiral structures in series to achieve a higher sensitivity (near 100% detection rate), while the latter paralleled three spiral structures to realize a higher throughput (7.5 mL in less than 10 min). Recently, it was found that compared with a rectangular section, a trapezoid section can change the distribution of the secondary flow, which can widen the distance between the focused particles and the unfocused particles without the effect of a sheath. Abdulla [93] demonstrated simultaneous isolation of different types of CTCs (A549 and MCF-7) from human blood using a cascaded inertial focusing microfluidic channel, consisting of two spiral-channels and one zigzag channel. The recovery of CTCs are 80.75% of A549 and 73.75% of MCF-7, respectively.



To achieve a higher recovery rate and purity, there are different structural designs for the cross-section, inlet, and outlet to improve the properties of inertial-microfluidics channel structures. Kulasinghe [94] evaluated the usage of the spiral microfluidic chip for CTC enrichment and subsequent detection in HNC patients (Figure 10c). Warkiani [95] presented a spiral microfluidic device with a trapezoidal cross-section for ultrafast, label-free enrichment of CTCs with a high separation efficiency of 85%. In a trapezoidal section, the position of the Dean vortex core can be altered to achieve separation. Kwon [96] introduced a cell retention device based on inertial sorting for the perfusion culture of suspended mammalian cells. This device is reliable and clog-free with high recovery (>99%) and cell viability (>97%).



However, the production of a trapezoidal section channel is very expensive since it needs unconventional micromachining. Therefore, it is not suitable for large quantities or low-cost production. The separation principle of spiral-channel inertial microfluidics involves different focusing positions in the channel for particles of different sizes. Thus, with accurate outlet design, we can realize the separation of multi-sized particles. Yousuff [97] designed the outlet as a series of side-branching channels perpendicular to the main channel of egress, demonstrating the collection of up to three particle streams of 7-μm, 10-μm, and 15-μm fluorescent beads with an efficiency exceeding 90% and a throughput of 1.8 mL/min (Figure 10d). Yeh P.Y. [98] used 1-μm and 5.5-μm fluorescent polystyrene microbeads as model particles. These were separated with an efficiency of 99.7% and 98.3%, respectively.



With the development of 3D technology, glass capillary tubes have been widely used in microfluidics. Wang [99] investigated a wide-diameter range of microparticles in a 3D spiral inertial focusing device at various Re values, and realized the separation with 100% efficiency (Figure 10e). In addition to the single spiral-channel, the double spiral-channel [100] and the gradual expanding channel [101] can be used to separate multi-sized particles.



In recent years, applications have not been limited to cancer cells but have been extended to bacteria, exsomes, and other aspects. Hou [11] described a method to isolate bacteria from whole blood rapidly, based on the principle of the Dean flow to realize the efficient recovery of bacteria, even in low abundance. Cruz [102] designed a structure to reduce the manipulating scale to 1 μm, and validated the focusing effect for Escherichia coli with high throughput (Figure 10f). Choi [103] presented a microfluidic device that uses spiral inertial microfluidics with continuous circulation to separate host cells from viral particles and free nucleic acid.



The typical progress of curved-channel inertial microfluidics is presented in Table 3.



In short, spiral-channel inertial microfluidics is a research hotspot for its compact structure and excellent focusing effect, and has become the best choice for separating biological molecules. However, its mechanism of migration still depends on experimental results and lacks scientific and rigorous theoretical derivation.





3.3. Research on Integration of Inertial Microfluidics and Other Technologies


Inertial microfluidics offers an effective approach for particle separation and enrichment without labeling, which is favorable to the following assays. Combining it with protein tracing [104], gene sequencing [105], intracellular drug delivery [106], or high-throughput single-cell analysis [107], we can further investigate the behaviors and the characteristics of some special biomolecules. However, as previously mentioned, owing to the disadvantage of low specificity, people pay more attention to the integration of inertial microfluidics and other active microfluidics to achieve high efficiency, high throughput, and high purity.



Among these applications, the CTC-iChip [108] is well known for focusing particles into a straight line. The CTC-iChip uses deterministic lateral displacement, inertial focusing in the sinusoidal channel, and magnetophoresis to sort up to 107 cells/s. The effect of the sinusoidal channel is to line up cells to prepare for precise magnetic separation (Figure 11a). Gerson R. [109] demonstrated an inertial flow unit for the detection and separation in a centrifugal platform and the integration of a magnetic micromixer unit for the first time to create a combination of cancer cells and microbeads. The binding efficiency of cell bead complexes (MCF-7-PS) bound by cancer cells (MCF-7) and microbeads is 97.1% (Figure 11b).



Dielectric technology was also integrated with inertial microfluidics to realize the manipulation of particles. Li [110] integrated dielectric technology with an arcuate channel and finished an in-situ mRNA extraction platform to quantify the marker-gene expression levels of target cells. This integrated platform is a versatile tool for biomedical research. Zhang [111] proposed an innovative hybrid DEP-inertial microfluidic platform for particle tunable separation by introducing an external dielectrophoretic force field and coupling it with inertial forces. In this system, the dimension of the target particle mixture can be varied by adjusting the electrical voltage without redesigning the channel structure or the dimensions (Figure 11c). Liu [112] presented a viscoelasticity-based microfluidic system to directly separate ex-somes from the cell culture media or serum with high separation purity (90%) and recovery (80%).



Since the impact on biological particles is slight, more groups worked on the acoustic methods and integrated them with inertial microfluidics. Li [113] integrated harmless acoustic methods into a straight channel and successfully validated the capability of separating low concentrations of breast cancer cells with a recovery rate better than 83%. Dow [114] integrated a long rectangular inertial channel with acoustic methods to purify bacteria from blood and improved the performance of a bacteriophage-based luminescence assay. To realize the industrialization of inertial microfluidics, Zhang [115] proposed an automated microfluidic instrument with a fully integrated microfluidic device and a set of robust fluid-driven and control units to realize size-based separation of cancer cells in a label-free and high-throughput manner (Figure 11d).



Moreover, a method of circulating tumor cells based on negative immunomagnetics and positive immunomagnetics was also proposed. Stott [116] presented a microvortex-generating herringbone chip to isolate circulating tumor cells with the integration of an immunomagnetic method and straight inertial microfluidics. More valuable scientific discoveries and new devices were achieved by combining these chips with more novel analysis methods. For example, the dynamic capture of CTCs would be achieved through the use of an emulsion hydrogel soft motor proposed by Wang [117]. The cells collected can also be used for cellular analysis and cancer cells prediction based on quantum dot probes [118,119].



A summary of typical progresses in inertial microfluidics integrated with other technologies is presented in Table 4.





4. Conclusions and Discussions


The principles and applications of inertial microfluidics can be summarized as follows: (1) When the particles flow in the straight channel, the inertial lift force would be generated, leading to the lateral migration to the dynamic equilibrium position. In the curved channel, because of the Dean vortex, the final equilibrium position of the particle is determined by the combination of inertial lift force and Dean drag force. Particles focusing and separation can be realized mainly due to the inertial lift force, by which high-throughput manipulation can be achieved; (2) The curved channel inertial microfluidics has more advantages to achieve the separation mainly due to the following reasons. Firstly, the curved channel is usually employed to adjust the equilibrium position of the particles which is favorable the collection. Second, the curved channel can contribute to reducing the scale, favorable to further integration on microchip. Third, in the curved channel, the particles with more than two sizes can be separated clearly, which is not easy to realize in straight channels.



Though being widely applied in many fields, there are still many challenges to be solved. Firstly, the principle of the inertial focusing effect has not been deeply studied. The experimental research is often ahead of theoretical exploration and the inertial manipulation in channel with different shapes still lacks the quantitative design rules. Despite the mechanism of particle inertial focusing has been studied extensively, they often focused on the number of focusing equilibrium position and other factors, but few in the mechanical behavior of flow field. To better apply inertial microfluidics, we should focus on exploring the mechanism and hydromechanics characteristics of Dean drag force and its influence on the final particles’ positions. Secondly, the studies of the theoretical model were mainly through rigid particles. However, the research object of inertial microfluidics concentrates on the elastic particles such as cells or vesicles. Therefore, the effect of the deformation should be considered in the theoretical model. Thirdly, as the research object of the inertial microfluidic is extended from micro particles like cells to nanoparticles like DNAs, the previous models may not be applicable due to many factors neglected previously in macro theoretical models. Nanofluidics effects should be taken into consideration, what can extend inertial microfluidics to inertial nanofluidics.



To achieve a wider range of applications, inertial microfluidics is also faced with many problems. First, the observation of particles flowing in a channel is mainly accomplished through experiments but not through CFD technology. However, owing to a lack of mathematical descriptions of physical phenomena, it is difficult to achieve accurate three-dimensional simulations when using only CFD. This needs further detailed studies. Second, a device structure based on inertial microfluidic technology is simple. Thus, design and operation control that depend only on the structure are not simple to determine. Therefore, the manipulation properties can be greatly improved when they are integrated with other active microfluidics such as deterministic lateral displacement and magnetophoresis. Inertial microfluidics can be used as a preprocessing unit and can be integrated with additional detection units to achieve efficient manipulation.



Inertial microfluidics has been approved as an effective approach to particle focusing and separation. More progress is expected regarding theoretical models, simulation tools, and corresponding detection methods. With the trend of device miniaturization, the application of inertial microfluidics can be extended to more areas in biochemical analysis, medical diagnosis, and drug screening.
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Figure 1. Schematic of the focusing position of particles migrating through channels with different cross-section shapes: (a) circular channel; (b) square channel; (c) high-aspect-ratio rectangular channel; and (d) low-aspect-ratio rectangular channel. 






Figure 1. Schematic of the focusing position of particles migrating through channels with different cross-section shapes: (a) circular channel; (b) square channel; (c) high-aspect-ratio rectangular channel; and (d) low-aspect-ratio rectangular channel.



[image: Sensors 18 01762 g001]







[image: Sensors 18 01762 g002 550] 





Figure 2. Secondary flow in cross-section. Ref. [40]. Copyright (2009), with permission from the Royal Society of Chemistry. 






Figure 2. Secondary flow in cross-section. Ref. [40]. Copyright (2009), with permission from the Royal Society of Chemistry.



[image: Sensors 18 01762 g002]







[image: Sensors 18 01762 g003 550] 





Figure 3. Distribution of equilibrium positions with an increase in velocity in different cross-sections: (a) square channel and (b) rectangular channel. 
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Figure 4. (a) Flow field of FLS; (b) Flow field of FLW; (c) Flow field distribution in channel and inertial-lift-force schematic diagram. 
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Figure 5. Superposition of effects of inertial migration and secondary flow on particles in curved channel cross-section. Ref. [40]. Copyright (2009), with permission from Royal Society of Chemistry. 
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Figure 6. Applications of straight-rectangular-channel inertial microfluidics. (a) Counting and differentiation of red blood cells and leukocytes in blood. Ref. [23]. Copyright (2009), with permission from Royal Society of Chemistry; (b) Separating pathogenic bacteria cells from diluted blood. Ref. [57]. Copyright (2010), with permission from Wiley Periodicals, Inc.; (c) Inertial focusing and ordering of Euglena gracilis. Ref. [58]. Copyright (2017), with permission from Springer Nature; (d) Inertial manipulation of bubbles in rectangular microfluidics channels. Ref. [60]. Copyright (2018), with permission from Royal Society of Chemistry. 
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Figure 7. Applications of contraction-expansion-array-channel inertial microfluidics. (a) Enriching malaria parasites from blood to facilitate a more reliable and specific PCR-based malaria detection. Ref. [7]. Copyright (2014), with permission from Royal Society of Chemistry; (b) High-throughput vortex chip that integrates a crowd of CEA channels to enrich rare circulating tumor cells (CTC). Ref. [66]; (c) Multi-stage flow fractionation (MS-MOFF) device designed for separating breast cancer cells from blood. Ref. [67]. Rights managed by AIP Publishing; (d) CEA channel simulated by continuous microcolumns to enrich CTCs. Ref. [68]. Copyright (2013), with permission from Royal Society of Chemistry; (e) Asymmetric CEA channel used to separate various kinds of cancer cells with high recovery and high throughput. Ref. [69]. Copyright (2013), with permission from American Chemical Society; (f) Particle capture and separation along unique particle trajectory made by CEA channel. Ref. [9]. Copyright (2017), with permission from Royal Society of Chemistry. 
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Figure 8. Applications of arcuate channel inertial microfluidics. (a) Three-dimensional hydrodynamic focusing device which can serve as a basis for microfluidic flow cytometry. Ref. [73]. Copyright (2013), with permission from Royal Society of Chemistry; (b) Continuous airborne microorganism collector for applications in real-time bioaerosol detection. Ref. [74]. Copyright (2017), with permission from American Chemical Society; (c) Labyrinth formed by high number of arcuate channels to separate satellite cells and fibroblasts. Ref. [75]. 
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Figure 9. Applications of sinusoidal-channel inertial microfluidics. (a) System put forward to separate cells with high throughput of 1 g/h. Ref. [78]; (b) Microfluidic concentration for harvesting cyanobacterium Synechocystis sp. PCC 6803. Ref. [80]. Copyright (2017), with permission from Elsevier B.V. All rights reserved; (c) Square-wave channel to realize focusing of particles without effects of sheath flow or external force field. Ref. [82]. Copyright (2013), with permission from Springer-Verlag Berlin Heidelberg. 
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Figure 10. Applications of spiral-channel inertial microfluidics. (a) Sheathless flow cytometry system based on principle of Dean-coupled inertial microfluidics. Ref. [88]. Copyright (2009), with permission from Springer Nature; (b) Spiral system to realize enrichment of CTCs with recovery of 85% and 99.99% depletion of white blood cells in whole blood. Ref. [90]. Copyright (2015), with permission from Springer Nature; (c) Spiral microfluidic device with trapezoidal cross-section. Ref. [94]. Copyright (2017), with permission from Springer Nature; (d) Redesign of outlet channel as a series of side-branching channels perpendicular to main channel to separate 7-μm, 10-μm, and 15-μm fluorescent beads. Ref. [97]; (e) Three-dimensional spiral inertial focusing device using glass capillary tubes to realize separation of particles with 100% efficiency. Ref. [99]. Rights managed by AIP Publishing; (f) Method to isolate bacteria from whole blood rapidly based on principle of Dean flow. Ref. [102]. 
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Figure 11. Applications of integration of inertial microfluidics and other active microfluidics. (a) Schematic diagram of CTC-iChip, which contains deterministic lateral displacement, inertial focusing in sinusoidal channel, and magnetophoresis sorting. Ref. [113]. Copyright (2014), with permission from Springer Nature; (b) Micromixer unit integrated cancer cells and microbeads with high efficiency (97.1%) and inertial flow unit for detection and separation on centrifugal platform. Ref. [116]. Copyright (2014), with permission from Springer Nature; (c) An innovative hybrid DEP-inertial microfluidic platform for particle tunable separation. Ref. [111]. Copyright (2018), with permission from American Chemical Society; (d) An automated microfluidic instrument with a fully integrated microfluidic device. Ref. [115]. Copyright (2018), with permission from Elsevier B.V. 
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Table 1. Summary of force analyses.
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Category

	
Expression

	
Cause

	
Annotations

	
Reference






	
lift force

	




	
Inertial lift force

	
    F L  =  f L   (   R e  , x / h  )  ⋅ ρ  U 2   a 4  /  H 2    

	
inertial focusing effect

	
fL: a nondimensional lift coefficient;

h: height of the rectangular cross-section;

ρ: density of fluid;

U: maximum velocity of fluid;

a: diameter of particle;

H: hydraulic diameter;

	
[41]




	
Magnus lift force

	
    F  L R   =  1 8  π  a 3  ρ U × Ω   

	
when the rotational angular momentum Ω of the rotating object is not coincident with its velocity vector U, there is a lateral force

	
a: diameter of particle;

ρ: density of fluid;

U: relative velocity of the particle and the fluid;

Ω: rotational angular momentum of particle

	
[53]




	
Saffman lift force

	
    F S  = K V  r 2    γ / υ     

	
A velocity gradient in the fluid will be generated under the effect of channel wall which further leads to the spinning of the particle under the effect of shear force

	
K: numerical constant, usually regarded as 81.2;

V: relative velocity between the fluid and particles;

γ: velocity gradient;

ν: viscosity;

	
[55]




	
drag force

	




	
Dean drag force

	
    F  S t o k e s   = 3 π μ  a P   U D    

	
secondary flow

	
μ: fluid viscosity;

ap: diameter of the particle;

UD: Dean flow velocity

	
[51]




	
Viscous drag force

	
    F d  = S ⋅  f d  = π  a 2   f d  / 4   

	
shear effect on the contact surface between fluid and particles

	
S: cross-section of particles;

a: diameter of particle;

fd: viscous drag coefficient

	
[49]
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Table 2. Typical progress of straight-channel inertial microfluidics.
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Category

	
Targets

	
Characteristics

	
Optimal Performances

	
Reference






	
Straight Rectangular Channel

	
RBCs and WBCs

	
256 high-aspect parallel channels

	
•Throughput: 1 million cells/s

•Sensitivity: 86%

•Specificity: 97%

	
[23]




	
bacteria

	
40 gradual-expansion single microchannels in a radial array with one inlet and two rings of outlets

	
•Recovery: >80%

•Throughput: 400 million cells/min

•Label-free operation

	
[57]




	
Euglena gracilis (E. gracilis)

	
a straight rectangular microchannel, a gradually expanding region, and five outlets with fluidic resistors

	
•Throughput: 800 μL/min (~1300 cells/s)

•Purity: 96.8%

	
[58]




	
Contraction-Expansion-Array (CEA) Channel

	
malaria parasite

	
a high-aspect-ratio single-inlet rectangular microchannel patterned with a contraction-expansion array

	
•Malaria parasite collection yield: 70.9 ± 11.4%

•Process 1 mL of lysed blood in 15 min

	
[7]




	
CTCs

	
a simple microfluidic device with rectangular reservoir array

	
•Capture efficiency: up to 83%

•Processing speed: 8 mL/min of 10× diluted blood

•Purity: 28.8 ± 23.6 white blood cells per mL

	
[66]




	
CTCs

	
a multi-stage multi-orifice flow fractionation (MS-MOFF) device formed by combining three single-stage multi-orifice segments

	
•Recovery: greater than 98.9%

•Flow rate: 126 μL/min

	
[67]




	
cells and particles

	
an expanded rectangular channel containing asymmetrically located pillars

	
•Focusing efficiency: 98.33%

•Throughput: 13,000 particles/s

	
[68]




	
CTCs (MCF-7, SK-BR-3, and HCC70)

	
a CEA microchannel with 50-μm-wide and 1200-μm-long contraction regions

	
•Cancer cell recovery rate: 99.1%

•Blood cell rejection ratio: 88.9%

•Throughput: 1.1 × 108 cells/min

	
[69]
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Table 3. The typical progress of curved-channel inertial microfluidics.
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Category

	
Targets

	
Characteristics

	
Optimum Performances

	
Reference






	
Arcuate Channel

	
polystyrene beads

	
a series of “microfluidic drifting” based 3D hydrodynamic focusing devices

	
•Throughput: ~2163 particles/s

•Focusing performance: standard deviation of the particle position was ±0.45 μm

•Coefficient of variation (CV): 2.37%

	
[73]




	
polystyrene-latex (PSL) particles

	
MicroSampler: microfluidic-based aerosol-into-liquid sampling system

	
•Aerosol flow rate: 0.6 L/min

•Gas to liquid concentration ratio of ∼2 × 103

	
[74]




	
satellite cells

	
a microfluidic device termed ‘‘Labyrinth’’

	
•Myogenic purity: 75.5 ± 1.59%

•Greater tetanic forces: 143.6 ± 16.9 mN

	
[75]




	
Sinusoidal Channel

	
polystyrene particles & H1650

	
sinusoidal channel with various curvatures

	
•Accuracy: >80 nm

•No discernable damage to cells mass

•Sorting rate : ~1 g/h

	
[78]




	
cyanobacteria

	
an inlet, a filter region, an asymmetric serpentine channel, an isolation region, and three collection outlets

	
•Recovery efficiency: 96%

•The cost of device is very low (~$0.002 per channel)

•Harvest cyanobacteria at initial concentrations of 0.1, 0.01, or even 0.001 vol %

	
[80]




	
particles

	
the channel consists of a 15.2-mm serpentine section with 15 periods

	
•Found particle centrifugal force played a significant role in particle focusing

	
[82]




	
Spiral-Channel

	
neutrally buoyant particles (or cells)

	
a 10-loop spiral microchannel

	
•Throughput: ∼2100 particles/s

•Low variability: CV < 20%

	
[88]




	
CTCs (MCF-7)

	
a two-loop spiral microchannel with two inlets and two outlets with a radius of ~10 mm

	
•Recovery: ≥85%

•White blood cell depletion: 99.99%

•7.5 mL of blood is lysed and resuspended into 3.75 mL of PBS

	
[111]




	
fluorescent beads

	
a 7-loop spiral microchannel with one inlet and up to 3 outlets

	
•Collection efficiency: 90%

•Flow rate: 1.8 mL/min

	
[97]




	
microbeads

	
an inertial microfluidic helical capillary device

	
•Throughput: 13,000 beads/s

•Efficiency: ∼100%

•Flow rate: 200 μL/min

	
[99]











[image: Table] 





Table 4. Typical progresses of inertial microfluidics integrated with other technologies.
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Category

	
Target

	
Characteristic

	
Optimum Performance

	
Reference






	
Inertial Microfluidics & Magnetophoresis

	
CTCs

	
a device integrated deterministic lateral displacement, inertial focusing and magnetophoresis

	
•Processing rate: 8 mL whole blood/h

•Throughput: 107 cells/s

•Recovery: 97%

	
[108]




	
cancer cell & microbeads

	
the integration of a micromixer unit and an inertial flow unit for the detection and separation

	
•Binding efficiency:97.1%

	
[105]




	
CTCs

	
a microvortex-generating herringbone-chip

	
•Processing cell density: 386 ± 238 CTCs/mL

•Capture efficiency: 91.8 ± 5.2%

	
[116]




	
Inertial Microfluidics & Dielectric

	
mRNAs in single living cells

	
a filter region and a serpentine-shape single-cell trapping channel

	
•An average single-cell occupancy of 94 ± 4%

•Flow rate: 2 μL/min

	
[110]




	
Inertial Microfluidics & Acoustic

	
CTCs

	
taSSAW-based high-throughput cell separation device

	
•Recovery: 83%

•Removal rate of WBCs: ∼90%

•Throughput: 1.2 mL/h

	
[113]




	
fluorescent particle

	
a conductive liquid-based focused surface acoustic wave (CL-FSAW) device

	
•Mixing efficiency: higher than 90%

•Flow rate:120 μL/min

•Mixing time of the CL-FSAW device: 20 ms

	
[120]




	
bacteria in blood

	
a main channel of rectangular cross-section and symmetric trifurcating inlets/outlets

	
•RBCs remove: more than 85%

•Yield of spiked bacteria: 40–60%

	
[49]
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