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Introduction

The isolation, analysis, and enumeration of some specific cell types contained in blood samples can improve the diagnosis, prognosis, and treatment monitoring of patients affected by major diseases such as cancer and cardiovascular diseases 1,2 . For instance, cells of interest can be circulating leukocytes (white blood cells) that are known to be involved in various biological processes. By becoming activated during host defense, they are essential to the immune response. In the case of cancer, tumor cells released into the bloodstream provide a sample representative of the whole tumor cell population. The frequent collection of these cells thus gives indications on tumor development and treatment effectiveness 1 .
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Conventional cell sorting techniques (FACS, MACS) rely on specific fluorescent or magnetic markers on the surface of target cells. Besides being usually a complex, expensive and time-consuming process, this labeling step may deteriorate the analyzed sample 3 . This can prevent the wide adoption of label-dependent strategies in clinical settings despite the high-throughput screening with rich content they offer. It highlights the need for label-free noninvasive sorting methods based on physical properties. In accordance with this, dielectric properties are useful to distinguish cells as they provide insight into a wide range of cell parameters such as their viability, geometry, growth or physiological state [4][5][START_REF] Raicu | Dielectric Relaxation in Biological Systems: Physical Principles, Methods, and Applications[END_REF] . These properties are deduced from electrical impedance measurements that are known to enable the characterization of a wide variety of heterogeneous systems. Dielectric spectroscopy, or more generally impedance spectroscopy, is a label-free technique which has been the subject of many theoretical and technical studies over the last century [START_REF] Schwan | [END_REF] . An extended overview of the fundamental physical principles of the method and classical applications to systems of artificial or biological particles has been provided by Asami 8 . When a suspension of cells is studied, the characterization of its dielectric properties typically consists in subjecting it to an excitation voltage and measuring the resulting current over a frequency range. Electrical impedance is defined as the ratio of those two signals. It expresses the opposition of the sample to the electric current flow when a voltage is applied. The dielectric properties of the particles composing the disperse phase can be deduced from those of the mixture by using an appropriate set of equations modeling the system's behavior [8][9][10][11] .

However, such bulk assays induce an information loss by averaging the properties over the whole sample. Among a cell population of the same type and under the same physiological conditions, individual cell behavior may counterintuitively differ from one another [12][13][14] . Because of this heterogeneity within specific cell types and as cells are the fundamental units of living organisms, investigation at the single-cell level is crucial for the understanding of the behavior of tissues, organs, and even whole living organisms 15 . It is therefore a key point for drug discovery and the development of innovative and more effective therapies 16 .

Huge advances in microengineering are supporting this growing interest for single-cell analysis by enabling the fabrication of microfluidic systems that are particularly suited to single-cell studies. They offer biologists the ability to manipulate small sample volumes and perform precise screening of individual microparticles at high throughput 17 . After some twenty years of interest in these technologies, their relevance is widely accepted and the domain is still gaining momentum 18,19 .

The parallel enhancement of measurement instruments in terms of accuracy, versatility and signal processing capabilities also stimulates this research field. In particular, based on the multiplication of the measured signal with a reference waveform and the filtering of the result, so-called lock-in amplifiers are able to extract low amplitude signals from a noisy environment [START_REF] Burdett | Handbook of Measuring System Design[END_REF] . After decades of development, such devices have wider measurement ranges and higher repeatability, enable faster signal processing, and cover broader frequency ranges. The impedance sensor embedded in the microsystem and connected to the lock-in amplifier is typically simply composed of one or two pairs of electrodes. These electrodes are usually placed either side by side at the bottom of the microfluidic channel (coplanar configuration) or on two opposite walls facing each other (parallel/facing electrode configuration). Such sensors can be integrated in microfluidic chips by means of standard microfabrication processes, giving rise to microfluidic electrical impedance flow cytometers. Since the emergence of the latter devices, review articles regularly provide comprehensive overviews of reported systems, reflecting the dynamism of the domain [START_REF] Morgan | [END_REF][22][23][24][25][26][27][28][29] . The reader is referred to those reviews and the references therein for a full insight on history and state of the art of microfluidic electrical impedance flow cytometry. A number of different microfluidic impedance cytometers have been developed until now for biomedical applications ranging from blood cell counting for disease diagnostics to microbial studies and cell phenotypic changes monitoring (e.g. [30][31][32] ).

However, a critical challenge for the resolution and accuracy of that impedance-based technology is the positional dependence of the measured signal. Indeed, impedance measurements depend not only on the intrinsic particle properties, but also on the particle trajectory through the sensing region. Thus, impedance signals obtained from the transit of identical particles in the microchannel can show large variations if they flow through the sensing zone along different trajectories [33][34][35][36][37] . It is an hindrance to accurate (bio)particle characterization. Given the influence of particle trajectory through the sensing area on the measured impedance, it is clear that the position has to be carefully taken into account when performing and interpreting analyses.

Numerous technical developments have been made to ensure the accuracy of impedance-based assays. Various approaches have been proposed to that end, such as controling cell position within the microfluidic channel 35,38 , compensating the positional dependence by signal processing 39,40 , and mitigating it based on specific electrode configuration or channel design 37,[41][42][43] . From another perspective, the understanding and modeling of the spatial dependence of impedance measurements can be useful for the development of new integrated position sensors whose fundamental working principles are based on the aforesaid dependence [44][45][46] .

This study provides a comprehensive overview of the important role played by the position of particles/cells in impedance-based testing. First, the theoretical background of the impedance technique for single-cell analysis is presented, with an emphasis on its spatial dependence. Secondly, the strategies implemented in microfluidic impedance cytometers to enable accurate cell characterization despite the influence of the cell trajectory on the data obtained are reviewed. Then, recent works integrating particle/cell position detectors into microfluidic devices are described, showing that the dependence of the impedance signal on position represents an opportunity rather than an obstacle for some applications. Finally, future developments in the field of electrical impedance measurements in microfluidic devices are discussed.

Theory and modeling

Microfluidic impedance flow cytometers always rely on the same principle: individual cells flow one by one through the channel and cross sequentially a sensing zone composed of electrodes. In addition to the trajectory of the cells, the observed impedance signal depends on the electrical properties of the cells and suspending medium, on the electrode-electrolyte interface, as well as on the electrode arrangement. To predict the observed signal or interpret the obtained data in terms of cells parameters, two main strategies are commonly used: analytical, based on cell and suspension dielectric modeling as well as conformal mapping, and numerical, based on finite element mapping.

Analytical modeling

Impedance is defined as the ratio of the voltage applied between electrodes and the current flowing between these electrodes. Given a known applied voltage, the current measured depends on the composition of the mixture in that sensing volume, and on the nature of its interface with the electrodes. When no particle is present in this area, the properties reflected correspond only to those of the suspending medium and of the electrodeelectrolyte interface. However, as a dielectric particle or cell passes through the detection zone, it changes the properties of the medium through which the electrical signal flows. The resulting current therefore depends on the dielectric properties of both the cell and the host medium. Nevertheless, cells cannot be con-sidered as homogeneous. It is necessary to model the different layers that constitute them, in particular the cell membrane.

Cell modeling.

The equivalent complex permittivity of a cell is related to the properties of its different domains 11,[47][48][49][50] . In the case of a cell of radius r ext composed of a cytoplasm surrounded by a membrane of thickness th cm , the "single-shell" model can be used 51 . The resulting equivalent complex permittivity ε * eq is:

ε * eq = ε * cm r ext r ext -th cm 3 + 2 ε * cp -ε * cm ε * cp +2ε * cm r ext r ext -th cm 3 - ε * cp -ε * cm ε * cp +2ε * cm , (1) 
where ε * cm and ε * cp refer to the complex permittivities of the cell membrane and cytoplasm, which depend on their respective conductivities and permittivities, and on the electric field angular frequency ω:

ε * i = ε i ε 0 -j σ i ω , (2) 
where ε i is the relative permittivity, ε 0 the vacuum permittivity (8.854 × 10 -12 F m -1 ), σ i the electrical conductivity (S m -1 ) and ω = 2π f with f the frequency (Hz).

The formulation of the complex permittivity for ellipsoids can be found in 52 .

Cell suspension.

For a suspension of particles or cells, the effective complex permittivity ε * mix depends on a parameter named the volume fraction ϕ according to the Maxwell Mixture Theory (MMT) [START_REF] Maxwell | A Treatise on Electricity and Magnetism[END_REF][START_REF] Markel | [END_REF] whose validity domain is restricted to a small cell in an homogeneous electric field. It is given by the Maxwell-Garnett mixing equation if the volume fraction ϕ is smaller than 0.1:

ε * mix -ε * m ε * mix + 2ε * m = ϕ ε * p -ε * m ε * p + 2ε * m , (3) 
where index p and m refer to the particle and the medium respectively. This formulation is equivalent to the direct formulation 55 :

ε * mix = ε * m   1 + 3ϕ ε * p -ε * m ε * p +2ε * m 1 -ϕ ε * p -ε * m ε * p +2ε * m   . ( 4 
)
Such modeling can be used to analyze experimental data and determine the value of the different (bio)particle parameters through a fitting algorithm 56 .

If the volume fraction is greater than 0.1, the Hanai equation 9 , theoretically valid up to ϕ < 0.8 [START_REF] Hanai | Electrical properties of emulsions[END_REF][START_REF] Hanai | [END_REF] should be implemented:

ε * mix -ε * p ε * m -ε * p ε * m ε * p 1/3 = 1 -ϕ. (5) 
Unfortunately, there is no direct expression for the calculation of ε * mix from the Hanai formulation. This value can therefore be obtained either by solving the cubic equation or by numerical integration with the difference equation of Hanai's equation. The latter is implemented in the software MyDEP 59 with the full methodology explained in the supplementary material of that article and in 10,60 . For higher volume fractions, the Hanai formulation has proven to be more accurate than the Maxwell-Garnett formulation 61 . However, variation of the vertical position of the particle has shown that both models exhibit significant errors when the particle is in close vicinity to the electrodes.

It is important to notice that the calculation of ε * mix does not depend on the position of particles/cells as the derivation assumes an homogeneous electric field.

Volume fraction.

The volume fraction ϕ is normally defined for a parallel electrode geometry with uniform electric field distribution by the volume occupied by cells over the entire sensing volume [START_REF] Morgan | [END_REF] .

However, in microsystems, as electrodes are not of infinite size and the volume of liquid between them is not completely confined this formulation should be corrected. Such correction, based on conformal mapping was used by Morgan et al. [START_REF] Morgan | [END_REF] for facing electrodes with a centered particle. The formulation used by the authors therefore does not take into account the variation of position of the particle. It is only suited to systems where the particles are located at the middle point between electrodes.

Similarly, regarding coplanar electrodes, no analytical formula with large validity domain has been found in the literature to calculate the corresponding volume fraction. Alternatively, Liu et al. 62 proposed a graphical conformal mapping method to account for the non-uniformity of the electric field and the different positions of the particles. Such method relies on the graphical determination of the cell size in a grid composed of electric field lines and equipotential lines using image processing techniques as presented in Fig. 1. The calculation of the equipotential lines requires the use of Finite Element Analysis (FEA). 62 with permission from The Royal Society of Chemistry, copyright 2017.

Impedance in microsystems.

The complex impedance of the cell suspension Z * mix is linked to its complex effective permittivity ε * mix by:

Z * mix = 1 jωε * mix G , ( 6 
)
where G is a constant only depending on the geometry of the sensing zone and used as correction factor of the fringing field in that zone due to the edge effect [START_REF] Morgan | [END_REF]22,33 . For an ideal facing
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electrodes system this constant is equal to the electrode surface divided by the inter-electrode distance.

To account for the non-uniformity of the electric field distribution, Gawad et al. 33 proposed a methodology based on conformal mapping to calculate G for facing electrodes. Jacobs et al. 63 introduced a methodology for a coplanar electrode configuration with infinite height which was later extended by Linderholm et al. 64 for coplanar geometries with finite channel height.

Equivalent circuit modeling.

A commonly used technique to account for the cell-electrode interaction is the developement of an equivalent circuit model called the Foster-Schwan model 65 . In this approach, the behavior of each material is modeled by both a resitor element in parallel with a capacitive element. The resistive element accounts for the movement of free charges (corresponding to the electrical conductivity) while the capacitive element symbolizes the fieldinduced perturbation of bound charges (as represented by the permittivity). The modeling of such behavior, mathematically visible in Equation 2, is frequency dependent as the conductive behavior will be mostly visible at lower frequencies and the charging mechanism at higher frequencies 66 .

The models used to represent the different effects visible in the impedance spectra evolved from the simple resistor and capacitor in parallel to depict the behavior of a homogeneous particle 67 to the addition of the properties of the membrane represented by both a capacitor and resistor in series with the previous parallel model [START_REF] Morgan | [END_REF]68 . Such modeling reflects the frequency dependence of the impedance signal: at low frequencies, the cell membrane behaves as an insulator with a capacitive effect and the impedance signal is mostly sensitive to the volume of the particles and the electrode-electrolyte interface. At higher frequencies, the impedance of the cell membrane capacitor decreases and the interior of the cell becomes accessible to the electric field.

In addition, the electrode-electrolyte interface behaves like a capacitance called the electrochemical double-layer capacitance which represents the charging of the electrode surface in contact with the solution and depends on the material and surface area of the electrode. An improved method commonly adopted to model the electrochemical double-layer is to use a constant phase element (CPE) [69][70][71] .

Conclusion on analytical modeling.

Most of the analytical modeling, despite providing a first insight into the impedance variation, are very limited when particle position changes. In particular, the high non-homogeneity of the electric field close to the electrodes cannot be neglected. In both standard electrode configurations (i.e. parallel and coplanar), the particle properties deduced by the application of the MMT are only valid for a centered particle of small size compared to the inhomogeneity of the electric field in the sensing zone (i.e. where the electric field is quasi homogeneous and the geometric factor is known).

To overcome such limitation and the usage of mathematical tools such as conformal mapping which are limited to 2D symmetrical geometries, numerical modeling is often exploited.

Numerical modeling

Nowadays, the most common method for modeling the electrical response of a cell in suspension is numerical simulation by Finite Element Method (FEM). Since electrodes are integrated into the channel walls and are of comparable size as the analyzed cells, the high non-homogeneity of the electric field cannot be neglected. FEM is particularly suited for solving such physical problems with a complicated field determined by partial differential equations. It is a tool widely used in the field of bio-MEMS in device design to predict the impedance change induced by a cell of given parameters (size, membrane permittivity, etc.) over a specific range of excitation frequencies 33,72 . The use of most commercial software is quite intuitive and the whole problem solving process is divided into a few steps 73 :

1. Defining of the geometry It consists in constructing the channel and the electrodes similarly to what would be done in Computer-Aided Design (CAD) software. However, modeling the cell is not as simple as this because the thickness of the membrane is very small compared to cell radius. Such a large geometric ratio could be a problem for the meshing and the accuracy of the solution. This is the reason why the cell is modeled as an homogeneous solid sphere whose electrical properties are calculated using an analytical model of the cell according to its different parts (membrane, cytoplasm...) as presented previously. Instead of a geometrical entity, Cottet et al. 37 proposed to define it as a change in material properties. Several cell models have been reported in the literature so far, allowing to treat different types of cells. The relationship between cell equivalent properties and the properties of the different domains composing the cell is given in the literature for different cell types 8,11,[47][48][49][50] .

Setting of the boundary conditions

Two types of boundary conditions are set. Dirichlet boundary conditions are applied on the electrode surfaces: typically, ϕ = V (excitation voltage) and ϕ = 0 (ground), while Neumann boundary conditions ∂ ϕ ∂ n = 0 are applied on all other surfaces. The electric field is assumed to be completely contained in the modeled channel, which is true if the channel is long enough compared to the electrode width (i.e. most of the energy is contained in the channel).

Meshing and setting of the solver parameters

An appropriate mesh should be chosen for the problem studied. The size of the mesh will be paramount in the accuracy of the provided solution. The entire domain is divided into smaller elements where the Laplace equation is solved. A very fine mesh will be more accurate than a coarser mesh but will require a lot of computational power. To reduce the size of the meshed volume, symmetries, shall they be present in the studied geometry, should be indicated.

Solving and post processing

The FEA software solves Laplace's equation in both domains (cell represented by the homogeneous sphere and the fluidfilled channel) taking into account the previously set boundary conditions. The created study is usually solved in the frequency domain at a defined frequency. As the voltage between electrodes is fixed, the current corresponds to the integral of the current over the excitation or ground electrode.

Numerical simulations offer the ability to simulate any particle position and are not limited to particle centered between the electrodes. Any position of the particle can therefore be simulated and the results obtained often are in good agreement with the experimental results. They also offer the possibility to simulate the dynamic signal measured by the sensor when a particle passes through. Such simulations require to manually move the particle in the channel 37 or to use a moving mesh which is very demanding in term of computing power and is normally reserved for deformable particles such as Red Blood Cells (RBCs) 74,75 . In addition, the electrical double layer can also be directly modeled in most software.

FEM comparison of facing and coplanar electrodes

In order to be able to compare the two most widely spread configurations of electrodes used for impedance detection in microsystems, the facing and the coplanar electrode designs, FEM simulations were performed using the AC/DC Module of Comsol Multiphysics 5.5.

The different simulations were carried out to study the impedance variation due to a polystyrene (PS) bead of radius 4 µm positioned at the center of the detection volume (x = 0 µm, y = 0 µm, z = h/2 = 10 µm). The bead and liquid electrical conductivities and relative permittivities values were set to respectively 5 × 10 -6 S/m (respectively 1.6 S/m) and 2.5 (respectively 80). The microchannel was set to be 20 µm wide, 20 µm high and 180 µm and 140 µm long for the coplanar and facing electrodes respectively. Electrodes were 20 µm wide, 20 µm long and separated by 20 µm for the coplanar configuration. The simulations used a swept mesh with an element size of 1 µm and a solver tolerance of 1e-7.

As presented in Cottet et al. 37 , a spherical particle was defined as a change in material properties instead of a geometrical entity. The particle was then moved along the microchannel by displacing its center using a parametric sweep. For both configurations an AC signal of amplitude 100 mV p (peak) at 500 kHz was applied on the excitation electrode, set to a terminal, while the receiving electrode was set to ground. The results of the simulations are presented in Fig. 2.

In order to help the reader to reproduce and adapt the presented simulations, the full methodology is provided in the supplementary material † of this article as well as two Comsol simulation files (version 5.5) for the facing and the coplanar electrode designs. The specifications of the simulation computer are also detailed together with a discussion of the different meshing possibilities and their computational time.

The maximum impedance variation for a particle of radius 4 µm centered in the channel cross-section is of 3.27% and 2.61% for the coplanar and facing electrode configuration respectively. It is obtained when the particle is located exactly in the center between the two electrodes.

For both configurations the lateral and vertical sensitivities are presented in Fig. 3. It turns out that variations of particle lateral position influence impedance variation up to 2.2% in the facing design and 2.9% in the coplanar design, both with respect to the impedance variation induced by a centered particle. Considering the lowest/highest z positions of the particle (z = 5 µm and z = 15 µm), the variation of the impedance variation is of 4.2% in the facing design and +46.2%/ -21.4% in the coplanar design, both compared to a z-centered particle (z = h/2 = 10 µm).

It is worth mentioning that the impedance variation due to particles flowing close to the electrodes in coplanar designs exhibits a M shape 37 . As presented in Fig. 4, this M shape is enhanced by a decrease of the inter-electrode distance and/or by a lower altitude of the particles.

Conclusion on theory and modeling

Despite their ease-of-use and their ability to solve complex problems in most cases without resorting to simplifying hypothesis, FEM solutions suffer from certain disadvantages compared to analytical models. Since the solution accuracy is closely related to the mesh size, a large number of refined elements is often required. This significantly increases the computational time and cost of the computational capacity needed to obtain accurate results 76,77 . Confidence in the obtained results depends on the tolerance set for the solving as well as the validation of the mesh used through a mesh convergence study 37 . Error calculation can also be used for adaptive mesh refinement in which the error estimate is used to refine the areas in the volume where the error is the largest 61,78 . Both analytical modeling and numerical simulations are used for the design of microfluidic chips. While analytical modeling can only provide an estimate of the impedance value at a specific position, numerical simulations offer the possibility to analyze any geometry with particles in any position as long as the mesh and the computing power are sufficient. Real-time analysis requires the construction of template library which can be built with numerical simulations and template recognition 62 .

The impedance variation due to cell position in a given sensing region should always be compared to the natural dispersion of cell properties within the analyzed population. Several examples can be found in the literature together with a discussion of the electrical impedance characterization such as for RBCs 79,80 , T-lymphocytes, Monocytes and Neutrophils 81 , Yeast cells 82,83 . If the measured signal in impedance-based single-cell analysis depends significantly on cell position, the accurate characterization of the cell from the impedance signal requires either to avoid signal variations due to trajectory changes, or to compensate them. The next section of the paper is dedicated to the different strategies that have been developed for that purpose when (bio)particles go though impedance microsensors. (Center) Impedance variation due to the transit of a centered particle in the microchannel (x = 0 µm, y = 0 µm, z = h/2 = 10 µm) for both configurations (thick lines) and variation between the lowest and highest altitudes for both designs (lighter colour zone). 
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Methods to overcome the positional dependence in cell/particle analysis

As illustrated by Fig. 2 and3, the variation of the impedance signal as a function of cell trajectory is highly dependent on the design of the sensing zone. In some cases, depending on the heterogeneity of the analyzed sample, position variations can be the cause of an unexpected spread in cells/particles extracted features [33][34][35][START_REF] Cheung | IEEE International Conference on Micro Electro Mechanical Systems. Maastricht MEMS 2004 Technical Digest[END_REF] .

Great efforts have been devoted to overcome or mitigate this limitation. Even if a narrow channel would obviate the need for focusing, a smaller channel section would increase the risk of clogging as well as the pressure drop. Although microfluidic devices with constriction channels have been developed [START_REF] Zhao | [END_REF]86 , their ability to handle a large range of different sized particles remains limited compared to classical microfluidic devices. To cope with the positional dependence without the associated risk of clogging the channel, other methods have been developed. They can be divided into two categories: particle focusing methods and focusing-free methods. The first category relies on a consistent control of cell trajectory within the microfluidic channel to ensure repeatable accurate impedance-based measurements. Alternatively, the second category is based either on the compensation of position variations by signal processing, or on specific electrode designs enabling the reduction of the dependence of the impedance signal on particle position.

Particle focusing

Even if it sometimes increases the level of complexity of the instrument, adding a system to control particle trajectory through the channel appears to be the most obvious solution to overcome challenges induced by the positional dependence. Numerous particle focusing techniques have been developed and studied so far. The following sections will particularly focus on presenting the main ones and on giving examples of recently reported microfluidic impedance cytometers integrating them. For a deeper analysis of each particle focusing technique beyond its use in the field of impedance flow cytometry, the reader is referred to dedicated articles 27,38 .

Hydrodynamic sheath flow focusing.

Besides their use as particle and cell sorting actuation means 87 , hydrodynamic flow focusing methods have been used for a long time together with impedance-based particle counting and/or characterization in microfluidic devices [START_REF] Larsen | Proceedings of International Solid State Sensors and Actuators Conference (Transducers '97)[END_REF][START_REF] Nieuwenhuis | [END_REF][90][91][92][93][94] . Such methods enable the control of the particle path through the channel. This is typically done by using one or more secondary particle-free fluid streams to compress the particle suspension flow and thus focus particles into a single streamline (Fig. 5). In other words, it consists of sheath fluids flowing at a higher pressure enabling the pinching of the core fluid containing the particles 95 . The focusing is therefore realized without resorting to the manipulation of the particles themselves but by steering the whole particle suspension flow. For this reason, its potential to focus the sample into a narrow stream is governed by the ratio of the sheath fluid flow rate to the flow rate of the sample. This method has the ad- vantage of being tunable as both the location and the dimension of the focused particle stream can be adjusted using the flow rates of each sheath fluid as control parameters.

The focusing performed is said to be either two-dimensional (2D) or three-dimensional (3D) according to the degree of freedom given to the sample flow. 2D hydrodynamic focusing refers to systems that generate a sheet of particles i.e. a planar interface between the sheath and sample flows, while 3D focusing systems focus the particles into a beam, giving rise to a three-dimensional interface as presented in Fig. 5.

2D sheath flow focusing usually enables the control over the horizontal position of the sample stream, while particle position over channel height is free. The lateral focusing plane is often chosen to be the center plane of the microchannel. It is typically done by using a Y (or T)-shaped microfluidic channel and two equal sheath flows coming from the side inlets constraining laterally the sample flow coming from the central inlet. A two-inlets microfluidic channel can be used, reducing the complexity of use of the device when the application does not require to change the focusing plane over time (Fig. 5a,b).

The device presented by Bernabini et al. 97 illustrates the use of 2D hydrodynamic focusing in the context of microfluidic impedance cytometry (Fig. 6). The electrodes composing the impedance sensor were placed facing each other instead of side by side, giving a more uniform electric field 76 . Moreover, the insulating sheath fluid (chosen to be oil in this work) not only focuses the sample stream within the channel, but also reduces the sensing volume. It can be considered as channel movable vir-Fig. 6 Cross-section view of the microchannel showing the lateral focusing of the sample stream using an insulating sheath fluid. Adapted from Bernabini et al. 97 with permission from The Royal Society of Chemistry, copyright 2011.

tual walls 98 . The current density is confined to the Phosphate Buffered Saline (PBS) solution, increasing both the uniformity of the electric field and the sensitivity of the sensor. While maintaining relatively large channel dimensions (200 µm width and 30 µm height), hydrodynamic focusing in two dimensions allows control of the sensing volume (down to around 10 µm wide in the described experiment). This volume can be varied within an experiment, or from an experiment to another, enabling the analysis of a wide range of particles. The impedance-based discrimination between similarly sized particles has been presented 97 : 1 µm and 2 µm diameter beads, and E. coli bacteria and 2 µm beads. Bead size dispersion calculated from impedance measurements turned out to be in good agreement with the manufacturer quoted values. Regarding the E. coli, the estimated coefficient of variation in size was 6%. Such a tight distribution was expected as the bacteria were in stationary phase.

Even if the measured impedance is made less sensitive to particle height as done by Bernabini et al. 97 , the use of 2D focusing in microfluidic flow cytometers suffers from some problems such as the probability of coincident detection due to the simultaneous passage of two or more particles in the detection region. As the width of the sample flow is adapted to suit particle diameter, two particles cannot travel side by side. Nevertheless, nothing prevents them from flowing one above the other. This problem is not encountered in 3D focusing, as particles are focused in both the horizontal and the vertical directions 96,99,100 .

Inertial focusing.

Particle focusing can also be achieved by taking advantage of fluidic inertial effects. As a "passive" technique, it enables particles and cells manipulation in microchannels without the need for sheath flows or any externally applied field. Contrary to the widespread idea that inertia can be neglected in microfluidics, various effects based on the fluid inertia have been shown to be useful for separation applications 105 and (bio)particle focusing 103,106-108 .

The fundamental fluid dynamic principles on which that focusing method is based have been comprehensively explained in dedicated reviews 101,102,109 . Fluid flows are generally described by several dimensionless parameters among which the Reynolds number Re gives informations about flow regime (typically creeping, laminar, transition or turbulent). It represents the ratio of the inertial forces to the viscous effects. For a rectangular channel of height h and width w (in meter) giving a channel hydraulic diameter D h = 2wh w+h , it is defined as:

Re = ρUD h µ , ( 7 
)
where U is the maximum fluid velocity (m.s -1 ), and µ and ρ are fluid dynamic viscosity (Pa.s) and density (kg.m -3 ), respectively. Unlike traditional microfluidic technologies using Stokes flow (also called creeping flow), where fluid inertia is negligible and flow occurs at very low Reynolds number (i.e. Re 1), inertial microfluidics works in the middle regime where both inertia and viscosity are significant but the flow remains laminar (i.e. between Stokes and turbulent regimes ∼ 1 < Re <∼ 2000). In such a regime, particles flowing in a microchannel experience nonnegligible hydrodynamic inertial lift forces, thus undergo crossstreamline migration to a set of equilibrium positions depending on the channel geometry (Fig. 7). In addition to the Reynolds number, which describes the unperturbed flow, another dimensionless number can be defined to describe the flow of particles in closed channel systems, namely the particle Reynolds number (Re p ). It is based on parameters describing both the flowing particle and the channel. For a rectangular channel, it is defined as 103 :

Re p = Re a D h 2 = ρUa 2 µD h , ( 8 
)
where a is particle diameter (in meter). It turns out that the greater the particle Reynolds number is, the more inertial lift forces dominate particle behavior, leading to a faster and clearer migration across streamlines. Re p 1 is typical for particle flow in microscale channels dominated by viscous interactions. As Re p increases and becomes closer to 1, inertial focusing effects become significant. In particular, previous studies reported critical Reynolds number for different channel geometries and the general conditions for achieving clear inertial focusing 110 : a/D h > 0.07 and Re p > 1. In concrete terms, it means that, being related to fluid inertia, these phenomena are only relevant at high flow rates. These conditions also highlight the influence of particle size in inertial focusing. At a given Re, large particles migrate faster than small particles and the focusing position is not the same.

As shown in Fig. 7, the number of equilibrium positions is large in tubular straight channels, while it is unique in asymmetrically curved channels and respectively four and two in square and rectangular straight microchannels. More precisely, these equilibrium positions are located in the middle of each wall in square channels and in the middle of the longer walls in rectangular channels. Zhou and Papautsky 102 showed that particle cross-stream motion in rectangular channels occurs in two stages: fast migration toward the longer walls followed by a slow migration parallel to channel walls into wall-centered equilibrium positions.

The non-uniqueness of the focusing position in such simple designs can pose difficulties in impedance flow cytometry applications, such as coincident detection or non-repeatable measurements if the electric field in the sensing zone differs from one equilibrium path to another. This is the reason why some studies have explored the possibility to go beyond classical cross-sectional geometries in order to achieve the focusing of microparticles to a single stream 104,111 as presented in Fig. 8. However, these fundamental works also show that inertial focusing of heterogeneous particles samples remains complex because of focusing variation as a function of particle size. It can be an issue in the context of impedance cytometry, according to the degree of heterogeneity within the analyzed cell population 31,112 .

And yet, inertial focusing has already been used in microfluidic impedance flow cytometers [106][107][108] . For instance, in 2019 in the work of Raillon et al. for label-free isolation and enumeration of Circulating Tumor Cells (CTCs) from blood samples 108 . By means of a rectangular microchannel, the sample was focused in two possible equilibrium positions having an equivalent height (Fig. 9a). The comparison of the obtained signal on the same scale (Fig. 9 a vs b) clearly shows a reduction of the signal dispersion. The presented device has been tested with several kinds of cells/particles. It demonstrated the ability to count and discriminate 8, 15, and 20 µm PS beads suspended in PBS with a reported mean counting error of 1%. As expected because of the dependence of the inertial effects on particle size, the beads were focused on different equilibrium positions, thus experienced different velocities. Three clusters could still be identified from the impedance measurement at 460 kHz. The device also successfully differentiated cancer cells from peripheral blood mononuclear cells and RBCs (5% of false-negative and 0.7% of falsepositive). Beyond measurements at 460 kHz corresponding to a size information, measuring the impedance at multiple frequencies would provide information on intracellular features 31,80,113 enabling the identification of CTCs from a background of large White Blood Cells (WBCs) of the same size.

Dielectrophoretic focusing.

Dielectrophoresis (DEP) is a technique relying on dipole forces acting on polarizable particles such as biological cells or PS beads subjected to a non-uniform electric field. Following the pioneering works of Pohl and Pethig 114-116 , DEP has been extensively used for cell/particle separation, trapping and electrical analysis. Several articles review the recent applications of DEP to biological systems [117][118][119][120] .

The usually quoted expression for the time-average DEP force acting on a spherical particle of radius R in a medium of absolute permittivity ε m is 121 :

F DEP = 2πε m R 3 Re( f CM )∇(E 2 RMS ), (9) 
where f CM is called the Clausius-Mossotti factor, ∇ is the gradient operator, and E RMS is the amplitude (RMS) of the electric field.

The Clausius-Mossotti factor is related to the effective polarization of the particle. It is frequency-dependent and affected by the electrical properties of both the particle and the surrounding medium. The sign of f CM can change according to the medium properties, and to the signal frequency. As a consequence, F DEP can be either in the same direction as the gradient of the electric field, taking particles toward the high electric field regions (positive dielectrophoresis or "pDEP"), or in the opposite direction, moving the particles toward the low electric field regions (negative dielectrophoresis or "nDEP").

It highlights that medium conductivity and signal frequency should be chosen with care to obtain the desired effect. In particular, generating the spectrum of the real part of f CM can be useful 59 . Besides, F DEP is a function of the gradient of the created square electric field (Eq. 9). It is therefore affected by the design and configuration of the electrodes that have a decisive effect on the distribution of the electric field. The voltage applied and electrode material are also important parameters to consider for the efficient running of experimental particle manipulation by DEP 122 . The generated electric field exhibits a single point of minimal amplitude located at the center of the channel. Particles are repelled from the edges of the electrodes and moved toward this point under the effect of nDEP. In impedance cytometry, this design has been used for particle focusing upstream of the impedance sensing region 124 . However, extra fabrication steps are required to fabricate parallel electrodes compared to coplanar electrodes requiring a single planar metal layer. 

Lateral nDEP focusing using liquid electrodes.

An innovative coplanar electrodes design, also known as "liquid electrodes", used for cell/particle lateral focusing by dielectrophoresis, while keeping a simple fabrication process has been developed by Demierre et al. 126,127 . It is based on the fact that microelectrodes fabricated on the bottom of dead-end chambers placed perpendicularly on the side of the main channel provide an homogeneous electric field over the entire channel height (Fig. 11c,d). In other words, this design is similar to having facing electrodes extruded on the walls of the channel. As design rule to obtain the quasi independence of the electric field along the vertical direction, it is reported that the distance between the electrodes and the main channel should be equal to the channel height 35 . By this mean, each particle going through the focusing zone is subjected to the same electric field whatever its height. Thus, it has an identical lateral equilibrium position.

Nevertheless, as DEP force scales as the volume of the particle (Eq. 9), it may not be significant enough to deflect rapidly small particles passing at high flow rates. Indeed the movement of the particle resulting from the exposure to the nDEP force takes some time and the particles may reach the end of the focusing region (longitudinal dimension) before reaching the desired streamline (lateral dimension). To overcome this limitation, the number of pairs of electrodes can be increased. For instance, thirteen pairs of facing liquid electrodes were fabricated along the main channel upstream of the impedance sensing region in the device proposed by Shaker et al. for single-cell morphology discrimination 125 (Fig. 11). Moreover, based on numerical simulations performed as part of that work, the authors mentioned an additional vertical focusing effect of the liquid electrodes. This has however not been the focus of a dedicated experimental work so far.

The lateral focusing of 7 µm and 10 µm PS beads using liquid electrodes has been monitored by Reale et al. 128 . Two impedance sensing units were placed respectively upstream and downstream of the nDEP focusing region. Various conditions of DEP field intensity and flow rate have been successively set, so that different degrees of focusing have been obtained. It turns out that nDEPfocusing cannot work effectively as the particle flow rate rises, whereas increasing particle size is beneficial for its effectiveness.

Hybrid DEP focusing.

Dielectrophoretic focusing can be combined with other focusing techniques. For instance, the vertical centering of the particle can be done using a pair of facing electrodes, while the lateral focusing is obtained by means of sheath flows 129,130 . This is the solution adopted by Evander et al. 130 for an impedance-based platelet analysis. It enables the sample to pass in a single-file along the central axis of the channel through the impedance sensing zone.

Conclusion on particle focusing methods.

Focusing methods are used in order to reduce the lateral/vertical position spread of particles in microfluidic electrical impedance cytometers. If the electric field generated in the sensing region is non-homogeneous, particle focusing can limit the variation of the field intensity encountered by the tested particles, thereby reducing the signal dispersion.

The sample stream width and positioning within a large channel can be adjusted by sheath flow focusing. It provides the ability to examine particles with a broad range of size in a single device. However, even if using an insulating sheath fluid also increases the sensitivity of the sensor by reducing the sensing volume, special care has to be taken with the fluid chosen that should not influence the tested particles. More importantly, the main limitations to the use of this method are its complexity and its cost induced by the required additional fluidic systems such as syringe or pressure pumps.

Focusing under nDEP do not require additional buffer inlets and precise flow control. It enables selective control of particles of interest and position adjustment in real-time. It is label-free and the integration of DEP microelectrodes into microfluidic device is relatively easy. On the other hand, this technique does not work effectively as the particle flow rate rises.

Inertial focusing is relatively simple to use and suitable for high-speed applications. It combines a high-throughput with the advantage of requiring no extra instrumentation. However, including no possibility to adapt the focusing position of a given particle, this technique suffers from a lack of versatility. In particular, focusing heterogeneous samples in a single stream remains challenging because of the influence of particle size variations on the lift forces, thus on the equilibrium position. The length needed for a clear particle cross-sectional motion to occur is not negligible and varies with particle size as well. Examples of size heterogeneity within different cell populations are available in the literature 31,112,132 

Focusing-free methods

Alternatively or in addition to the control of the lateral and/or vertical position of the analyzed cell/particle, the dependence of the measured impedance on the trajectory in the channel can be overcome by focusing-free methods. Some studies focused on designing the sensing zone such that the uniformity of the electric field is enhanced, thereby mitigating the positional dependence.

Extruded electrodes.

The extrusion of the microelectrodes composing the impedance sensor over the whole height of the channel is an intuitive way to make the electric field distribution invariant along the vertical axis, and therefore get rid of the dependence of the impedance signal on cell/particle vertical position. The impedance microsensors integrated in the device presented by Rollo et al. 131 consist of vertical platinum electrodes creating multiple probing gates across the channel width (Fig. 12). In each probing gate, the generated electric field exhibits a high uniformity along the channel vertical axis. Moreover, as the gap between the 3D facing microstructures can be adjusted without impacting this uniformity, the impedance dependence on vertical position is decorrelated from the sensitivity. As shown in Fig. 12, the electrodes were extended with passive structures made out of SU-8 that further improve the sensitivity by confining most of the current flow lines in the volume between the facing electrode surfaces. In addition to the measurement of the impedance response of, respectively, 8 µm, 10 µm, and 15 µm diameter beads resulting in coefficients of variation of 4.15%, 6.08%, 6.89%, the proposed device demonstrated the ability to assess CD8+ lymphocytes activation based on their electrical impedance signature. Measurements variability could be further decreased by ensuring consistent lateral positions of cells passing through the sensing gates. An alternative improvement would be the reduction of the inter-electrode distance that would also benefit the sensitivity at the cost of a reduced range of testable particles and an increased risk of clogging.

Liquid electrodes.

Similarly to the extruded electrodes, the liquid electrode design (described above in section 3.1.3.2) reduces the signal dependence on particle height. For this reason, besides its use as particle lateral focusing method, it has also shown to be useful for impedance sensing while keeping a simple fabrication process 35 . In the device presented by Mernier and co-workers 35 , the ob-tained electric field norm variation over the main channel height is less than 3%. A set of simulations was performed placing insulating particles between 5 and 15 µm diameter at different vertical position in a 20 µm high channel. The amplitude variation of the measured impedance between the highest and the lowest position for a given particle diameter was reported to be between 1% and 6%. However, the comparison of the proposed microfluidic electrical impedance flow cytometer to classical designs (i.e. facing and coplanar electrodes) showed that the quasi independence on vertical position is obtained at the cost of a reduced sensitivity. The relative impedance variation due to the presence of a 5 to 10 µm diameter bead positioned in the center of the channel both vertically and laterally in the proposed device is three to four times lower than in the traditional designs. It can be interpreted as the consequence of the increase of the sensing volume, which includes the volume of the lateral channels.

Facing electrodes.

Besides the two outlined solutions for realizing sensors composed of electrodes facing each other, namely 3D microstructures and virtual vertical liquid electrodes, Segerink and co-workers focused on overcoming the complexity of the classical fabrication of parallel electrodes placed at the top and bottom of the channel 42 . The proposed method for the fabrication of top-bottom electrodes involves only one extra processing step compared to the fabrication of planar electrodes. It enables the fabrication and alignment of a floating electrode facing two planar electrodes. Given the floating potential of the upper electrode, there is no need for an electrical connection to both sides of the microfluidic chip. It circumvents the complex packaging step of devices embedding classical facing electrodes.

Even if the field generated by facing electrodes exhibits a better uniformity than the one created in a standard coplanar arrangement, meaning that impedance signal is less dependent on position over the majority of the channel area, it still shows significant variations at extreme positions 34 (see the simulation files provided as supplementary material † ). In a recently developed device for single-cell dielectric characterization at high-throughput, Spencer and Morgan improved the classical facing electrodes configuration to address this issue (Fig. 13) 56 . The electric field distribution has been modified by means of grounded electrodes, resulting in a decrease of the signal variation between center and off-center particles. As illustration, Fig. 13c shows histograms ob- tained for a mixture of different PS particles measured using both the conventional facing electrodes and the proposed system. It turns out that particle diameter estimated from the cube root of the low frequency (500 kHz) impedance signal collected using the new design exhibits almost a Gaussian distribution. The corresponding coefficient of variation is similar to the value reported by the manufacturer. Using multi-frequency impedance measurements, the presented device has been able to determine the conductivity and permittivity of the membrane and cytoplasm of single red blood cells and red cell ghosts (without hemoglobin in the cytoplasm) flowing individually at rates of up to a thousand cells per second.

Coplanar electrodes.

Even if it is known to induce a less homogeneous electric field than the facing configuration, some recent works focused on the coplanar configuration that has the advantage of a simple fabrication process.

A finite element analysis of the coplanar electrode layout investigated the influence of the geometrical parameters on the output signal 37 . It highlighted that signal amplitude is almost independent of the height of the tested particle in a 50 µm high channel when the inter-electrode gap is 150 µm, whereas this dependence is very high with a 50 µm inter-electrode gap. However, the increase of the inter-electrode distance induces a lower peak amplitude as presented in Fig. 14.

The work reported by Bilican et al. in 2020 has been done in a similar perspective 43 . In addition to geometrical parameters, the study also regarded the effect of solution conductivity, excitation voltage, and particle size on impedance signal output. It aimed at developing an accurate easy-to-use focusing-free microfluidic impedance-based cell detection system with increased sensitivity. To achieve particle differentiation without particle focusing, the impedance signal had to be made less dependent on particle position. As presented in Fig. 15, fabricating a shallow microchannel (10 µm high) is a way to unambiguously differentiate 3 µm from 6 µm diameter beads from the measured peak amplitude. Even if the gradient of the electric field is high close to the electrodes, reducing channel height results in a shorter absolute variation of the electric field between the lowest and highest position. For this reason, the generated field distribution is more homogeneous. The efficience of this effect remains a function of the electrode width and gap.

The proposed device was able to experimentally detect and differentiate RBCs and leukemia WBCs using an excitation frequency of 1.5 MHz. It proves that precise focusing-free microflu- idic impedance cytometry can be achieved using a simple device integrating coplanar electrodes if the channel dimensions and the size of targeted particles are well-adjusted. However, this strategy increases dramatically the risk of clogging the channel and reduces the range of testable cells/particles. For this reason, it is limited in terms of applications to heterogeneous biological samples.

Conclusion on focusing-free methods.

Various techniques have been developed in microfluidic impedance flow cytometry to measure the data accurately without the need for particle focusing. The general principle of the approach consists in mitigating the non-uniformity of the electric field distribution that leads to variations in impedance signals.

It relies on design optimization of the microchannel and/or of the sensing electrodes. This design optimization, supported by the great capability of actual numerical simulation means, allow to generate a more uniform electric field in the sensing zone. By this way, identical particles flowing at different positions through the microchannel create identical impedance signals as they encounter similar field intensity.

Another recently developed focusing-free approach relies on the correction of the impedance data based on either cell/particle position or any metrics reflecting the position. The impedance of single (bio)particles measured at various locations can be related to the impedance that it would have had if it were centered between the sensing electrodes by means of an equation determined from the experimental or modeling results. As impedance signal correction is a typical application of impedance-based integrated position sensors inside microfluidic chips, it will be described in section 4.

Methods to detect cell/particle position

The impedance dependence on particle/cell position is a wellknown phenomena and numerous solutions have been proposed to tackle this issue, as reviewed in previous sections. Recently, some studies have been published measuring the position in order to compensate or correct the impedance data. In this section, the different techniques that use impedance to measure the position of particles/cells in microfluidic channels will be introduced. They will be compared in terms of methodology, accuracy and throughput when available. Table 1 shows a summary of the studies found that used impedance to measure particles/cells position. The methods were classified in 4 sections: methods using typical coplanar electrodes, facing electrodes, combination of coplanar and liquid electrodes, and new micro-engineered systems.

Coplanar electrodes

As mentioned before, coplanar electrodes are placed side by side on the same wall of the microfluidic channel, producing a non-homogeneous electric field. This phenomenon makes the cell/particle resulting impedance very dependent on the vertical position (Fig. 16a, b andc). V. Errico and co-workers 39 studied this dependence on a 3 coplanar electrodes array where an AC voltage was applied in the middle electrode and the resulting differential current was measured using the other two. In such an impedance sensor, the signal resulting from the transit of a particle in the sensing zone exhibits a bipolar Gaussian profile. The experimental data are fitted to this template function by means of four parameters. Correlations can be found between these parameters and particle velocity, particle height, as well as particle diameter. In particular, particle velocity is deduced from particle transit time (i.e. peak-to-peak time). Similarly, particle height is correlated with peak width normalized by the transit time, and particle nominal diameter is given by a simple function of peak amplitude, and peak width together with the transit time (reflecting particle height). Using this technique, the authors could mitigate the influence of the positional dependence of the data, by correcting the signal according to particle/cell trajectory. In particle sizing applications, they obtained coefficients of variation (CV) similar to studies using particle focusing systems. Moreover, this system also provides the ability to discriminate beads from yeasts despite the similar size, as well as two yeast populations. It has been reused in 2019 by De Ninno et al. 134 for highthroughput label-free discrimination of viable, necrotic and apoptotic human lymphoma U937 cells. This work exploited multifrequency measurements together with impedance data correction using an impedance-based metric correlated with cell height.

The presented design was extended to 5 coplanar electrodes 133,135 . As presented in Fig. 16, an AC voltage was ap-plied in the middle (3rd) electrode, the adjacent electrodes were set as floating electrodes, and the differential current was measured between the first and last electrodes. The output signal of the sensor caused by the passage of a flowing particle exhibits a bipolar double-Gaussian profile that can be fitted using five parameters. Integrating a floating electrode at each side of the excitation electrode lead to the duplication of the signal shape obtained by the 3 electrodes design. As shown in Fig. 16d, the so-called relative prominence can be extracted from the fitted signal. This metric turned out to be strongly correlated with particle trajectory height 135 . The relative prominence is thus a suitable metric to estimate particle vertical position. Moreover, being an impedance-based indicator of particle position, it can be used to correct the impedance signal without the need for optical position feedback. Both devices were able to correct the signal of mixed 5, 6 and 7 µm diameter PS particles. Almost gaussian size distributions have been obtained with CVs similar to those given by the suppliers. The comparison of the 3 and 5 electrodes layouts shows slightly smaller CVs for the latter. However, this reduction is obtained at the cost of an increased risk of coincident detection because of the longer sensing zone. It is worth mentioning that experimental parameters such as electrode material, dimensions of the system, signal frequency and electrolyte conductivity influence the relationship between prominence, particle height and particle diameter 135 . Therefore, a calibration with known particles should be done to every device. This calibration remains valid as long as the measurements are done in steady experimental conditions.

In parallel with these works, a device integrating a pair of coplanar star-shaped electrodes has been developed for the purpose of precise real-time position sensing along the microfluidic channel. Unlike the above-mentioned strategy relying on fitting the experimental data to a template function, thus providing a position estimation after the transit of the tested particle through the sensing zone, Brazey et al. 136 focused on estimating the position of a particle in real-time as long as it is present in the sensing zone. The star shape was chosen in order to avoid a plateau in the current measured when the particle is centered between the electrodes. By this way, any particle motion gave rise to a current variation which was combined with an approximate knowledge of particle velocity by a Kalman filter enabling position estimation. This allowed the authors to monitor the 80 µm path of a 8.7 µm particle between the two electrodes composing the sensor. The maximun error on position estimation was less than 5 µm. No application of this system to impedance data correction within the scope of particle/cell characterization has been reported so far. Since a model of the impedance variation as a function of position is needed by the Kalman filter to estimate the real-time position from a provided impedance measurement, the application of this approach to heterogeneous biological samples would require the ability to adapt the model according to the particle in the sensing zone.

Facing electrodes

As seen in section 2.3, the electric field distribution between facing electrodes arrays is more homogeneous than for the coplanar, nevertheless, position particle still affects the impedance measured. This is due to both the non-homogeneity of the electric field and the diagonal current flow when using two or more pairs of electrodes in differential measurement configuration. To overcome this issue, a study introduced a 10 electrodes array among which 4 electrodes were grounded (Fig. 17a). An AC voltage was applied to 2 electrodes, and the differential current was measured from the other 4 electrodes 137 . This special configuration enables the measurement of two differential currents: transverse and oblique. The peak-to-peak time in the oblique current depends on particle height (Fig. 17b, c andd). It can be normalized by the time that a particle takes to travel from center to center of the excitation electrodes (i.e. the peak-to-peak time in the tranverse current) which is independent of particle trajectory and reflects particle velocity. The obtained normalized metric was used to deduce the height of the cell/particle. By fitting the data with a quadratic equation dependent on 3 experimentally obtained parameters, the signal could be corrected obtaining very similar particle size (5, 6 and 7 µm) CVs as the manufacturers quoted values.

In order to reduce the number of electrodes, thus simplify the system, F. Caselli and co-workers 40,139 introduced a new wiring scheme composed of two pairs of facing or liquid electrodes. This wiring configuration consists in applying an AC voltage to diagonally opposite electrodes and measuring the current on the remaining ones (Fig. 18a,b). Similarly to previous studies, the signal was fitted to a bipolar Gaussian equation. However, this one is asymmetric, meaning that the amplitude and width of the positive and negative peaks are not equal, unless the tested (bio)particle passes at the middle of channel height (Fig. 18c,d). A new metric correlated to particle height is introduced, namely the pulse amplitude relative difference. It enables the compensation of impedance positional dependence in cell/particle sizing applications, obtaining very similar CVs to the size distribution of the particles (5.2, 6 and 7µm in diameter). In 2019, this method was also used to measure the position of particles before and after DEP focusing 128 . More recently, Honrado et al. 140 used the new wiring scheme in two consecutive facing pairs of electrodes to measure both the lateral position and the height. The implementation of artificial intelligence approaches instead of classical curve fitting helped to fasten dramatically the extraction of the size, cross-sectional position and velocity from the data obtained.

Combination of planar and liquid electrodes

Recently, some studies introduced a combination of the previously presented methods in order to obtain the 3D position of cells/particles, as presented in Fig. 19. In particular, Reale et al. 45 used a set of 5 planar electrodes crossing the microfluidic channel (Fig. 19c) to estimate the height of the flowing particles. Indeed, the ouput signal resulting from the passage of a particle has the same shape as the one obtained using the design proposed by De Ninno et al. 133 (see section 4.1 above). Therefore, the vertical position of the flowing particles can be deduced from the correlated relative prominence exhibited by the experimentally obtained signal. This has been combined with an upstream set of 10 planar liquid electrodes (Fig. 19b) enabling the measurement of the lateral position. Since liquid electrodes work as virtual extruded electrodes facing each other (see description of liquid electrodes principles in section 3.1.3.2 above), the technique presented by Spencer et al. 137 (explained in section 4.2 above) using five pairs of facing electrodes has been easily adapted and reused in that new device.

In a more recent study, Reale et al. 141 used the same approach to measure cell/particle height but combined it with the method and wiring scheme developed by Caselli et al. 40 (see section 4.2 above) for the measurement of the lateral position. The lateral position measurement area of the proposed device thus integrated just 2 pairs of liquid electrodes instead of 10. The described system has been used to detect the position of nonspherical cells. This approach proved to have the potential to be used in cytometry studies of red blood cells.

New microengineered systems

Another approach to measure the position of cells/particles in microfluidic channels using impedance is the engineering of new electrode layouts. Wang et al. 44 fabricated a simple non-parallel coplanar pair of electrodes (Fig. 20a). When a particle flows next to the section where the electrodes are closer to each other (top part in Fig. 20a), there is a higher electric field, and a larger and thinner current peak is measured compared to the peak obtained after the transit of a particle in the lower part of the microchannel. By varying the angle of separation between the electrodes the authors could detect the lateral position of PS particles 6 and 11 µm in diameter with a position resolution of 33 µm (20% of the total channel width) at a speed of 0.01 m.s -1 .

Yang and Ai 138 developed a three non-parallel electrodes array (Fig. 20b) to measure the lateral position of cells/particles flowing in a microfluidic channel. An AC voltage of 3 V and 500 kHz was applied and the differential current was measured in the middle and outside electrodes respectively. This method is similar to the previous one, however, it performs a differential current measurement, which enhances the sensitivity of the system. This innovative electrode configuration allowed the authors to reach a 5.15% position resolution, to use smaller particles (3.6 µm) and to work at very high speeds (up to 0.21 m.s -1 ).

Solsona et al. 46,142 , used a gradient in electric field to measure the lateral position of particles flowing in a microfluidic channel. The gradient was formed when applying an AC voltage on an increasing porous area in a 2 facing electrodes array (top to bottom in Fig. 20c), which were electrodeposited with black platinum on gold electrodes. The porous areas increased the double layer capacitance (CDL) therefore decreasing the impedance in those regions at relatively low frequencies (Fig. 20d). With this method they were able to measure the position of big particles (80 µm in diameter) with a resolution of 12.5% and measure the conductivity of the system at high frequencies.

Conclusion on methods to detect cell/particle position

During the last five years the innovation of different research groups has demonstrated the possibility to measure and compensate variations of particle position in impedance cytometry studies. Some have shown that standard planar or facing electrode configuration enables the measurement of cell/particle position and the final data correction. Other microfabricated new electrode designs have been proposed in order to enhance the positional dependence and therefore make its detection easier.

Most of the presented devices have shown the ability to deal with size heterogeneous samples. Beyond that, it is also possible to provide cell/particle position and accurate characterization at the same time 45,138,140,141 .

Discussion and Outlook

Over the last two decades, microfluidic electrical impedance flow cytometry has shown its ability to discriminate cells on the basis of morphological characteristics (size and shape), but also of subcellular features, such as membrane structure, cytoplasm conductivity and nucleus size. This study focuses on the variation of the impedance signal as a function of the trajectory of (bio)particles in the microchannel. In the context of accurate cell characterization for identification, counting and/or sorting purposes, the interest of carefully considering this variation has been highlighted. In addition to its impact in single-cell analysis, the positional dependence of the impedance signal has been shown to be an op-portunity for the development of integrated impedance-based position sensors.

Single-cell counting and analysis

As shown in Fig. 2 and3, the variation of the impedance signal as a function of cell trajectory is highly dependent on the design of the sensing zone, and can be the cause of sorting errors and of unexpected spreads in cell populations extracted features. So far, this impact on measurements has mostly been highlighted in the standard coplanar and facing electrode configurations 34,39,56,133,137 . However, the positional dependence is not restricted to those configurations. Future non-conventional designs may induce a greater positional dependence.

Researchers are encouraged to simulate the transit of particles along different trajectories within the designed sensing region (see section 2.2, section 2.3, and the supplementary material † for a detailed method). If the variations of the obtained output signals are significant compared to the natural heterogeneity of the analyzed biological samples, the use of a method to reduce the impact of the positional dependence of impedance measurements is beneficial for the accuracy of the system. None of the reviewed particle focusing strategies provides ease of use, design simplicity, ease of fabrication, low cost instrumentation and versatility at the same time. For this reason, future microfluidic impedance cytometers are expected to rather make use of focusing-free methods to perform accurate particle characterization. The impact of the positional dependence can either be corrected by signal processing based on a position feedback, or mitigated without extensive signal correction by designing the sensing zone such that the uniformity of the electric field is improved.

In some cases, according to the degree of heterogeneity of the population of interest, the reduction of the dispersion of the impedance data among each subpopulation may still not be enough to distinctly separate them. In other words, the mitigation of the impact of particle position on the measured impedance is not sufficient to completely remove the overlap of the data from different subpopulations 134 . Multi-frequency measurements can be done to provide informations on the dielectric properties of several components of the cells in addition to its morphological features 113 . This way, the probability to obtain a parameter differing significantly from one subpopulation to another is increased, thereby reducing the risk of identification errors.

In addition to considering the positional dependence, toward the final goal of providing an easy-to-use, accurate, low-cost, label-free, high-throughput cell analysis system, the next generation of microfluidic impedance cytometers is envisioned to consider coincidence detection (i.e. several particles passing through the sensing zone simultaneously) 143 . This limitation for the throughput and accuracy of the devices can be physically avoided by longitudinal focusing of particles using different channel topologies 144 or numerically resolved by means of a Bayesian approach enabling the decomposition of signals generated by coinciding particles into individual particle contribution 145 . Moreover, the use of artifical intelligence techniques recently proved to be useful to increase the throughput of impedance Overall, the future development of microfluidic impedance cytometers is likely to open the door to faster and more selective label-free single-cell analysis. Beyond biomedical applications, the developed technologies are attractive in a large range of domains that also involve counting and identification of small particles such as material science, food industry, and water quality.

Impedance-based position sensing

So far, the most common way to detect particle position at the microscale is based on optical means. While conventional video microscopy projects particle trajectory onto the focal plane of the objective, numerous optical methods have been developed enabling particle tracking in three dimensions (for a full description see the review 146 ). However, those methods turn out to require expensive and complex optical instrumentation, and/or demanding image processing 147 . In addition to the complex image processing, the sampling frequency of the camera (up to a few kilohertz in the case of expensive fast cameras) limits the ability of visionbased methods to provide fast position information. Moreover, those methods require specific lighting conditions to provide sufficiently contrasted images in spite of the short exposure time. Besides, microscopes have a limited field of view that restricts the area over which a position information is available at a given time point.

The development of integrated impedance-based position sensors has been made possible by exploiting the positional dependence of the impedance signal. Recent applications prove that, beyond its classical use in microfluidic devices for cell characterization purposes, electrical impedance is a credible alternative to vision as a way to detect particle position. In particular, impedance-based position detectors provide an accurate position estimation and are easy to use in experimental conditions. Just the expression linking the electrical measurements to the position is needed. It can be obtained by experimental calibration. Moreover, having a sampling frequency up to hundreds of megahertz followed by a straightforward signal processing, impedancebased position sensors are suited to applications requiring position information at high speed.

In the context of electrical impedance single cell analysis, it has been shown that correcting signal variations due to the positional dependence can improve the accuracy of the system. To provide the position information required by this correction, impedance-based position sensors may be integrated within microfluidic impedance cytometers instead of external optical setup. Providing a real-time correction of the data according to particle position would make an increase of the possible flowrates. To further increase the throughput of the device, single-cell electrical assays with integrated position correction could even be performed in parallel in tens of microchannels. Such a parallelization would be beyond the field of view of a classical microscope, thus making signal correction impossible.

Overall, getting rid of the optical setup opens the door to the development of commercial simple and low-cost plug-and-play microfluidic chips for high throughput accurate single-cell characterization with integrated signal correction. Besides microfluidics, having accurate and fast position feedback is essential in the field of microrobotics. The development of impedance-based position sensors is the opportunity to obtain real-time position feedback for micromanipulation tasks [148][149][150] .
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Fig. 1

 1 Fig. 1 Example of graphical conformal mapping. Adapted from Liu et al. 62 with permission from The Royal Society of Chemistry, copyright 2017.

Fig. 2

 2 Fig. 2 Map of the electric potential distribution for the facing (top) and coplanar (bottom) electrode configurations with the electric field lines in black.(Center) Impedance variation due to the transit of a centered particle in the microchannel (x = 0 µm, y = 0 µm, z = h/2 = 10 µm) for both configurations (thick lines) and variation between the lowest and highest altitudes for both designs (lighter colour zone).

Fig. 3

 3 Fig. 3 Simulation of the current variation due to an 8 µm diameter polystyrene bead for the facing and the coplanar designs. Evolution with a) the y position in the microchannel (located at (x = 0 µm, z = h/2 = 10 µm) and with b) the z position in the microchannel (located at (x = 0 µm, y = 0 µm). The red vertical dotted line represents the position of the particle in the center (x = 0 µm, y = 0 µm, z = h/2 = 10 µm).

Fig. 4

 4 Fig.4 Simulation of the current variation due to an 8 µm diameter polystyrene bead. Evolution with the x position in the microchannel (located at y = 0 µm) at different heights for conventional coplanar designs with an inter-electrode distance of 50 µm (SC) and 150 µm (LC). Electrode positions (in black) are indicated under each graph. Adapted by permission from Cottet et al.37 , Springer Nature, copyright 2019.

Fig. 5

 5 Fig. 5 Illustration of 2D and 3D hydrodynamic sheath flow focusing technique. Adapted from Watkins et al. 96 with permission from The Royal Society of Chemistry, copyright 2009.

Fig. 7 Fig. 8

 78 Fig. 7 (a) In a square channel, randomly distributed particles focus to four equilibrium positions located at the center of each edge, while in a cyclindrical channel (c) particles focus to an annulus as a consequence of the two lift forces (b) perpendicular to the flow direction: wall effect lift and shear gradient lift. Adapted from Di Carlo 101 with permission from The Royal Society of Chemistry, copyright 2009. (d) In rectangular channels, two equilibrium positions located at the center of the long edges are observed. The particle cross-stream migration process occurs in two stages: fast migration toward channel walls followed by a slow migration toward the center. Adapted from Zhou and Papautsky 102 with permission from The Royal Society of Chemistry, copyright 2013. (e) Example of inertial focusing in symetrically and asymetrically curved channels and the influence of Re p on its effects. Adapted with permission from Di Carlo et al. 103 , copyright 2007 National Academy of Sciences, U.S.A.

Fig. 9

 9 Fig. 9 Illustration of the reduction of the coefficient of variation of the impedance by inertial focusing in the device used by Raillon et al. 108 . (a) Without inertial focusing (b) With inertial focusing. Adapted by permission from Raillon et al. 108 , Wiley, copyright 2019.

3. 1 . 3 . 1

 131 Three-dimensional focusing under nDEP. Particle focusing is done under nDEP. An example of simultaneous lateral and vertical focusing by nDEP is shown in Fig. 10. The design proposed by Morgan et al. 123 involves two pairs of facing electrodes.

Fig. 10

 10 Fig. 10 Example of electrode arrangement for 3D particle dielectrophoretic focusing. Top and cross-section view. Adapted from Morgan et al. 124 with permission from Elsevier, copyright 2006.

Fig. 11

 11 Fig. 11 DEP particle focusing and orientation using several pairs of liquid electrodes upstream of the impedance sensing zone. Adapted from Shaker et al. 125 with permission from The Royal Society of Chemistry, copyright 2014.

Fig. 12

 12 Fig. 12 Two sensing gates composed of three electrodes extruded over channel height. The generated electric field is homogeneous along the vertical axis. Adapted from Rollo et al. 131 with permission from Elsevier, copyright 2017.

Fig. 13

 13 Fig.13 Illustration of the focusing-free reduction of the coefficient of variation of the impedance by comparison between the conventional facing electrode design and the five pairs of facing electrode arrangement used by Spencer and Morgan56 . Adapted with permission from Spencer and Morgan56 , copyright 2020 American Chemical Society.

Fig. 14

 14 Fig.14 Simulation of the current variation due to an 8 µm diameter polystyrene bead for conventional and optimised coplanar designs with an inter-electrode distance of 50 µm (SC and SO) and 150 µm (LC and LO). Adapted by permission from Cottet et al.37 , Springer Nature, copyright 2019.

Fig. 15

 15 Fig.15 Illustration of signal variations as a function of channel height. Red-blue gradient bar represents the height range of a 6 µm particle; black-yellow gradient bar represents the height range of a 3 µm particle. Electrode and gap widths are 10 µm. Adapted from Bilican et al.43 with permission from Elsevier, copyright 2020.

Fig. 16 (

 16 Fig. 16 (a) Particle trajectories at three different altitudes, (b) electric field distribution and (c) differential current obtained and (d) relative prominence parameter used to know the position of the particle for five coplanar electrodes. Adapted from De Ninno et al. 133 with permission from The Royal Society of Chemistry, copyright 2017.

Fig. 17

 17 Fig. 17(a) 10 facing electrodes enabling transverse and oblique differential currents measurement. Resulting signals from the transit of a particle at the top (b), middle (c), and bottom (d) of the channel. Peak-to-peak time in transverse current (blue curve) can be used to deduce particle velocity, as it does not depend on particle height, whereas the peak-to-peak time in oblique current (red curve) does. The ratio of both differential currents can be related to particle height. Adapted from Spencer et al. 137 with permission from The Royal Society of Chemistry, copyright 2016.

  Fig. 17(a) 10 facing electrodes enabling transverse and oblique differential currents measurement. Resulting signals from the transit of a particle at the top (b), middle (c), and bottom (d) of the channel. Peak-to-peak time in transverse current (blue curve) can be used to deduce particle velocity, as it does not depend on particle height, whereas the peak-to-peak time in oblique current (red curve) does. The ratio of both differential currents can be related to particle height. Adapted from Spencer et al. 137 with permission from The Royal Society of Chemistry, copyright 2016.

Fig. 18 (

 18 Fig. 18 (a) New wiring scheme for facing electrodes proposed by Caselli et al. 40 and (b) resulting electric field lines. (c) Signals obtained from the transit of of a particle at the top (blue line), middle (red line), and bottom (green line) of the channel. (d) Asymmetric bipolar gaussian function to which the experimental data are fitted. Adapted from Caselli et al. 40 with permission from Elsevier, copyright 2018.

Lab 45 Fig. 20 (

 4520 Fig. 19 (a) Top-view of the electrode array. (b) Drawing of the five pairs of liquid electrodes used to determine the lateral position and (c) drawing of the five coplanar electrodes used to determine the height and velocity of the particles. Reproduced from Caselli et al.45 

  

  

  

  

  . In the case of T-lymphocytes, Yang et al.132 reported a radius of 3.29 ± 0.35 µm.
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 1 Neural networks have been implemented for cell characterization instead of classical template curve fitting. It fastened dramatically the feature extraction of the tested cells, allowing real-time characterization 140 .
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