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Abstract  

Nonlinear electrokinetic phenomena offer label-free, portable, and robust approaches for particle and cell assessment, 

including selective enrichment, separation, sorting and characterization. The field of electrokinetics has evolved 

substantially since the first separation reports by Arne Tiselius in the 1930s. The last century witnessed major advances in 

the understanding of the weak-field theory, which supported developments in the use of linear electrophoresis and its 

adoption as a routine analytical technique. More recently, advances in the understanding of the strong-field theory enabled 

the development of nonlinear electrokinetic techniques such as electrorotation, dielectrophoresis and nonlinear 

electrophoresis. The present review discusses the operating principles and recent applications of these three nonlinear 

electrokinetic phenomena for the analysis and manipulation of particles and cells and provides the reader with an overview 

of some of the latest developments in the field of nonlinear electrokinetics.  
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1. INTRODUCTION 

Electrokinetics offers a wide array of methodologies for manipulating and assessing particles, including 

bioparticles, such as macromolecules and microorganisms. Electrophoresis is the most known electrokinetic 

mechanism, simply described as the migration of a charged particle toward the electrode with the opposite 

polarity, relative to a stationary fluid, under the influence of an electric field. Electrophoresis is almost 100 

years old as it was first developed by Arne Tiselius in the 1930s for separating colloids and proteins (1).  

 

The applications of electrophoresis and all electrokinetic techniques have grown substantially since the 

1930s, as a plethora of distinct electrophoresis modes have been developed, and other electrokinetic  

techniques such as electrorotation and dielectrophoresis have been introduced into the field. These two later 

phenomena are related, as both result from the formation of a dipole in the particle. Electrorotation describes 

the rotation of target particles under the effect of rotating electric fields, while dielectrophoresis results in the 

migration of particles caused by polarization effects in nonuniform electric fields (1–3).  

  

The advances in microfabrication and microelectrode technology enabled the development of new 

electrokinetic-based microfluidic methodologies for the analysis and assessment of particles and 

microorganisms (4). These new approaches ranged from enriching, sorting, trapping, to isolating a wide array 

target particles, ranging from macromolecules to nematodes (5–19). Electrokinetic-based methodologies are 

suitable for a variety of applications, from biomedical and clinical assessments (20, 21) to water quality (22, 

23) and food safety analysis (24). Thus, electrokinetic-based methods have opened new possibilities in the 

field of bioanalysis, as they can work across several size scales of target particles and can be used in a wide 

range of distinct applications. Furthermore, these methods do not require the use of labels or tags, as 

electrokinetic phenomena exploit the physical properties of the target particles for detection and separation. 

Very few techniques offer this high degree of flexibility in terms of target particles, simplicity, and range of 

applications. 

 

Electrokinetic methodologies are commonly classified as linear and nonlinear, as described by their 

dependance on the electric field magnitude. Linear electrokinetic phenomena (also called first kind) are those 

that depend on permanent surface charge and whose magnitude grow linearly with the electric field 

magnitude (25). Examples of linear electrokinetic  phenomena are linear electrophoresis and electroosmotic 

flow, the former is exerted on electrically charged particle and the latter describes the motion of liquid, both 

phenomena occur under the influence of an electric field (26).  

 

Nonlinear electrokinetic phenomena (also called of the second kind) are those that depend on the bulk charge 

and have a nonlinear dependence with the electric field magnitude (25). The present review article discusses 

the use of nonlinear  electrokinetic techniques for the assessment of particles and cells. This review article 

discusses the nonlinear electrokinetic phenomena of electrorotation, dielectrophoresis and nonlinear 
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electrophoresis, covering both DC-electrokinetics and AC-electrokinetics, and the combination of AC and DC 

electric fields. The recent findings on insulator-based electrokinetic systems that combine linear and nonlinear 

effects by employing electrically insulating are also examined in detail.  

 

Discussed here is the evolution of the field of electrokinetics, which is transitioning from mainly employing 

linear electrokinetic phenomena, to a significant use of nonlinear electrokinetic effects. As recently highlighted 

by Khair (27), the 20th century was marked by a significant growth in the field of linear electrokinetics, during  

the 20th century the fundamental understanding of the weak-field theory was developed. Electrophoretic 

techniques such as gel-electrophoresis and capillary electrophoresis (CE) became established analytical 

standards in numerous fields. A new era was brought by the 21st century with new insights to the field of 

electrokinetics; as major advances have been reported during the last 10 years on the strong-field theory, 

which is the realm of nonlinear electrokinetic phenomena.  

 

The present review article is focused on the assessment, analysis, enrichment and sorting of synthetic 

particles and cells employing nonlinear electrokinetic methods. The assessment of particles and intact 

microorganisms is essential in numerous fields and applications, and nonlinear electrokinetic methods have 

proven to be an attractive option for providing rapid, robust, and portable tools to answer this need. This 

article is organized as follows: Section 1 contains this introduction which describes the general background 

and motivation of the present article. Sections two through four are focused on the fundamental theory and 

applications of electrorotation, dielectrophoresis and nonlinear electrophoresis, respectively. Section 5, the 

concluding remarks, offers a summary of the findings and reports described in this article and provide an 

outlook on expected future developments.  

 

2. ELECTROROTATION  

The use of rotating electric fields enables the employment of electrorotation for the characterization particles 

and cells (28). In particular, electrorotation has been used extensively as tool for assessing the viability and  

dielectric properties of cells (4).  

 

2.1 Operating principle and target cell/particle characteristics probed 

When a polarizable particle, immersed in an electrolyte solution, is exposed to an external electric field, the 

charges in the electrical double layer (EDL) around the particle (also called bulk charge) experience a force 

that causes them to move around the particle towards the electrode of the opposite charge (3). Then, the 

charges accumulate at the interface between the electrolyte and the particle, causing a charge imbalance in 

the particle and producing an induced dipole moment. In a homogenous electric field, the dipole aligns with 

the electric field direction, but it takes a finite length of time for this alignment to occur. If rotating (phase-

shifting) electric fields are employed, the induced dipole will continuously re-align itself with the electric field 

vector, resulting in a rotating asynchronous motion of the particle around its own axis. The expressions for the 
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electro-rotational torque (𝚪𝐸𝑅𝑂𝑇) and angular velocity (𝛀𝐸𝑅𝑂𝑇(𝜔)) of a spherical particle are: 

𝚪𝐸𝑅𝑂𝑇 =  −4𝜋𝜀𝑚𝑟𝑝
3Im[𝑓𝐶𝑀]|𝐄|𝟐         (1) 

𝛀𝐸𝑅𝑂𝑇(𝜔) =  −
𝜀𝑚

2𝜂
Im[𝑓𝐶𝑀]|𝐄|𝟐         (2) 

where rp is the particle diameter, 𝜀𝑚 and 𝜂 are the medium electric permittivity and viscosity, respectively; 

Im[𝑓𝐶𝑀] is the imaginary part of the Clausius-Mossotti factor, and 𝐄 is the electric field. The 𝑓𝐶𝑀, defined as 

𝑓𝐶𝑀 = (𝜀𝑝
∗ − 𝜀𝑚

∗ ) (𝜀𝑝
∗ − 𝜀𝑚

∗ ),⁄  accounts for the polarizability of the particle relative to that of the suspending 

medium, where the complex permittivity is defined as 𝜀∗ = 𝜀 − 𝑗𝜎/𝜔, where 𝜀 and 𝜎 are the real permittivity 

and conductivity of the particle or media, and 𝑗 =  √−1 and 𝜔 is the frequency of the field (3, 29). 

Electrorotation probes the dielectric properties of the particles and the differences in polarizability between the 

particle and the media, which are observed in terms of the direction of the resulting particle rotation.  

 

2.2 Example applications 

Electrorotation has been mainly employed for characterization purposes. In cell analysis, electrorotation 

allows differentiating between distinct groups of cells by exploiting the differences in their dielectric properties. 

An important area for electrorotation has been cell viability assessments, as dead and live cells differ in their 

dielectric properties, resulting in distinct electrorotation responses (30). Electrorotation has been employed for 

the electrophysiological analysis of a wide range of cells, including bacteria (29, 31) mammalian cells (29, 32), 

and even parasites (33). The next two subsections describe recent applications of electrorotation for the 

assessment of synthetic particles and cells. 

2.2.1 Particles  

Some of the first applications of electrorotation for particle assessments were published in the field of physics 

(34–36). The first study on the measurement of the dielectric properties of latex particles was published in 

1962 by Schwan et al. (34). A pioneering electrorotation report was the single particle rotation study by Arnold 

et al. (35). They used ten distinct types of polystyrene particles of three sizes (diameters of 5-6 µm, 9-10 µm 

and 46.5 µm). They employed both non-functionalized and carboxylated (COO-) particles and noticed that the 

surface treatment impacted the particles’ electrorotation response. They measured the rotation spectrum 

(rotation rate in rad/s vs. electric field frequency) and the resulting spectra contained two “peaks,” one peak at 

low frequencies and one peak at high frequencies. Figure 1a illustrates these results, where a partial first 

peak occurs at frequencies below 1 kHz. This peak is partial since no experiments were performed at 

frequencies below 100 Hz due to particles oscillations (which were attributed to electrophoretic effects). The 

second rotation peak occurs between 10-1000 kHz. Similar results were reported by Zhou et al. (37) with 6-

µm polystyrene beads and Falokun and Markx (38) with 90-µm -carrageenan gel beads. Their results 

showed that both polystyrene and gel beads rotate in the co-field direction. Zhou et al. observed two peaks 

(37) while Falokun and Markx (38) observed only the high frequency peak, since they employed frequencies 

above 2 kHz.  
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Semiconductor materials have also been assessed with electrorotation and the  Morgan and Ramos research 

groups have reported several studies (39–41). Recently they reported the electrorotation spectra of several 

different types of semiconducting materials including microparticles, ZnO nanowires, doped silicon and Su-8. 

Their results illustrated two distinct peaks in the electrorotation spectra of the semiconducting particles; at low 

frequencies particles rotated in the counterfield direction, while rotation in the cofield direction occurred at 

higher frequencies. The rotation response of ZnO semiconducting nanowires is included in Figure 1b which 

exhibits two rotation peaks, one in the counterfield and one in the cofield direction at low and high 

frequencies, respectively (40). This response is the result of the two distinct relaxation mechanisms that 

semiconducting particles experience: the charging of the EDL, which also occurs with metallic particles; and 

the Maxwell-Wagner relaxation caused by the differences in electrical properties between the particle and the 

suspending medium. These groups also studied the electrorotation spectra of metallic particles including 

titanium (42) and gold-coated (43) microparticles. The results obtained with gold particles are shown in 

Figure 1c, which for each type of particle only feature a single rotation velocity peak in the counterfield 

direction caused by the charging of the EDL (43). The rotation velocity, although plotted as “positive” in 

Figure 1c, illustrates counterfield rotation as all values of  𝛀𝐸𝑅𝑂𝑇  are negative. These reports demonstrated 

that the electrorotation spectra allows for the determination of the dielectric properties of particles over the 

range of dielectric, semiconducting to conductive materials.  

2.2.2 Cells  

The analysis of cells, in particular cell viability assessments (30), is the area where electrorotation excels. 

Since electrorotation probes the dielectric properties of cells, it has been used extensively in combination with 

dielectrophoresis to assess cell membrane and cell cytoplasm characteristics (44, 45), including single-cell 

analysis (46) and cell-cell interactions (4). Electrorotation has been utilized for studying plant cells (47), 

bacteria (4, 29, 31, 48), bacterial aggregates (38) and biofilms (37), yeast (38, 49, 50), red blood cells (49, 51, 

52), white blood cells (32, 49, 53), cancer cells (29, 32, 46, 49, 54), gametes and embryos (55), and parasites 

(33, 56). As electrorotation has been used broadly in cell analysis, the discussion here aims to provide the 

reader with an overview of the distinct applications of electrorotation. 

 

Viability assessments is by far the most successful application of electrorotation and some of the early reports 

in the 1990s focused on viability determinations (30, 37, 38, 56–58). This technique is effective as a viability 

assessment tool because the electrorotation response of cells changes significantly when a cell dies. An 

excellent report published by Falokun and Markx (38) demonstrated how the electrorotation spectra changes 

from counterfield rotation to cofield rotation when a cells dies. These results, obtained with yeast cells, are 

shown in Figure 2a-2b. Their report (38) illustrated one of the most powerful applications of electrorotation as 

it allows for fast  and label-free viability assessment of cells. Electrorotation viability assessments have also 

been performed with parasites (33, 56, 58) and bacterial cells (57).  

 

As a non-invasive and label-free method, electrorotation has been used to determine changes in the electrical 
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properties of cells. Zhou et al. (50) used electrorotation for assessing the effect of Cosmocil (a biocide) on 

yeast cells. By analyzing the electrorotation spectra of the cells, before and after treatment, it was found that 

the cell membrane conductivity increased gradually with increasing concentrations of Cosmocil, revealing a 

progressive breakdown of the membrane. Voyer et al. (59) reported an improved approach for cell 

assessments with electrorotation by proposing the use of two sequential strategies: use of weight coefficients 

for the evaluation of electrorotation spectra, followed by the application of an optimization procedure (Nelder-

Mead algorithm). The use of this approach increased the confidence level of the results. Two other recent 

electrorotation studies on determination of cells’ properties were reported by Kawai et al. (45) and Lin et al. 

(49). In the former study (45) they characterized the membrane capacitance and cytoplasm conductivity of 

THP-1 cells, Jurkat cells and K265 cells employing a novel 3-dimensional interdigitated microelectrode array. 

In the later study (49), Lin et. al. analyzed the imaginary part of the CM factor, described in Equations (1-2), 

employing a system with planar electrodes stimulated at two distinct frequencies.  

 

More recently, electrorotation has been applied for the characterization of a large variety of cancer cells, 

demonstrating the capabilities of this technique in clinical analysis. Trainito et al. (29) combined the use of 

negative dielectrophoresis and electrorotation methods to determine the dielectric properties of E. coli, Jurkat 

and human U87MG glioblastoma cells. The dielectrophoretic force allowed for trapping the cells on the 

surface of planar parabolic electrodes, then, the electrorotation spectra made it possible to determine the 

cells’ dielectric properties. More recently, Trainito et al. (54) employed electrorotation to characterize three 

distinct stages of malignancy of mouse ovarian surface epithelial (MOSE) cells. These results are shown in 

Figure 2c, where it is observed how the cells’ response changes with increasing malignancy. MOSE-E cells 

are the least malignant, while MOSE-LTICv are the most malignant. The results showed that as tumor cells 

become more aggressive their morphology changes, as illustrated by an increase in membrane conductance 

and capacitance and cytoplasmic conductivity. These findings show the potential of electrorotation as a tool 

for the monitoring of cancer progression.  

 

Keim et al. (32) also used electrorotation in a device with microcages to assess the dielectric properties of 

cancer cells. They studied HeLA, human embryonic kidney 293, and human immortalized T lymphocytes 

cells. Their results agreed with previously reported values, demonstrating electrorotation as robust method for 

assessing cell properties. Huang et al. published two recent reports (46, 53) on the measurement of the 

dielectric properties of cancer cells. In their most recent work (46) they studied HeLa, A549, HepaRG, MCF7, 

and MCF10A cells by combining optical stretching and electrorotation. Optical trapping and stretching allowed 

measuring mechanical properties, while electrorotation enabled measuring dielectric properties. The 

electrorotation spectra for these five cell types are shown in Figure 2d and a plot of cytoplasmic conductivity 

vs. membrane capacitance, which extracted from electrorotation data, is given in Figure 2e. These results 

demonstrate the applicability of electrorotation as a single-cell method for accurate characterization of cancer 

cells. 
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3. DIELECTROPHORESIS 

Dielectrophoresis, a phenomenon that depends on particle polarization, has been used extensively for the 

manipulation of a wide range of particles across scales, ranging from molecules to parasites (14, 44, 60). 

  

3.1  Operating principle and target cell/particle characteristics probed 

Dielectrophoresis, a nonlinear electrokinetic phenomenon, is the resulting particle motion due to polarization 

effects under the influence of a nonuniform electric field. The expressions for the dielectrophoretic force and 

velocity on a spherical particle are:  

𝐅𝐷𝐸𝑃 =  2𝜋𝑟𝑝
3𝜀𝑚Re[𝑓𝐶𝑀]∇𝐸2         (3) 

𝐯𝐷𝐸𝑃 =  𝜇𝐷𝐸𝑃∇𝐸2 =
𝑟𝑝

2𝜀𝑚

3
Re[𝑓𝐶𝑀]∇𝐸2        (4) 

where 𝜇𝐷𝐸𝑃 is the dielectrophoretic mobility, ∇𝐸2 represents the gradient of the squared electric field 

magnitude and Re[𝑓𝐶𝑀] is the real part of the 𝑓𝐶𝑀, which accounts for the particle polarizability with respect to 

that of the suspending media. Dielectrophoresis particle migration can be positive or negative. Positive 

dielectrophoresis is when the particle is more polarizable than the media and is attracted to the regions of 

higher field gradient and negative dielectrophoresis is the opposite, and the particle is repelled from these 

regions. The dielectrophoretic response of particles and cells depends greatly on the frequency of the electric 

field.  This dependance allows probing distinct cellular properties, as well as subcellular regions, from the 

membrane to the cytoplasm properties. 

   

3.2  Example applications 

Dielectrophoresis was first observed in 1951 with carbon particles (61) in a rudimentary system in a petri dish. 

Since then, numerous reports have illustrated the manipulation, assessment, and separation of synthetic 

particles and bioparticles including macromolecules, cell organelles and microorganisms (5). The discussion 

below provides an overview of these applications.  

3.2.1 Particles 

Numerous studies have reported the dielectrophoresis-based manipulation and patterning of synthetic 

particles and bioparticles in microsystems (62–67). Significant efforts have been devoted to protein 

dielectrophoresis, as the effects of dielectrophoresis on proteins are still not fully understood. Excellent review 

articles on this technique have been published by Pethig and Holzel (68–70). In 2017 Mohamad et al. (71) 

reported the characterization of colloidal protein particles by employing impedance measurements. They 

developed a robust label-free strategy that made it possible to monitor the impedance of bovine serum 

albumin (BSA) protein particles as they collected between the microelectrodes in the device shown in Figure 

3a. The novelty of this work was the observation of the two dispersion behaviors shown in Figure 3b. The first 

dispersion occurring at 400 kHz was attributed to the molecule’s orientation towards the applied electric field, 
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while the second dispersion was identified as Maxwell-Wagner dispersion. The authors stated that their 

proposed approach could also be applied to DNA and other molecular scale objects. This study illustrated the 

potential of dielectrophoresis for the dielectric characterization of nano-sized particles, such as proteins. Other 

recent studies have focused on the use of dielectrophoresis for the rapid concentration of protein molecules in 

devices with insulating structures (72), and the shape-based isolation of protein particles in a device with 

circular traps (73). Carbon nanotubes (CNTs), cylindrical large molecules with important applications in 

numerous fields, have also been studied with dielectrophoresis. Most of the studies have focused on the 

patterning or probing the dielectric properties of these particles. Duchamp et al. (74) demonstrated their 

precise patterning onto microelectrodes by means of dielectrophoresis. They found that solvent and substrate 

characteristics had a strong effect on the dielectrophoresis-based patterning. A major application of patterned 

CNTs is for the fabrication of sensors as reported by Li et al. (75). They employed a dielectrophoresis-based 

method for the alignment of single-wall CNTs for the fabrication of a pH sensor. This approach used 

microelectrodes with a teeth-like geometry that enabled the accurate spatial deposition of the CNTs. The 

fabricated sensor showed good stability and high pH sensitivity with reproducible results, illustrating the 

potential applications of patterned CNTs. Similarly, An and Friedrich (76) investigated the dielectrophoresis-

assembly of CNTs. They determined that the uniformity in the length and stiffness of the nanotubes have a 

great influence on the stability and controllability of the resulting dielectrophoresis-based patterning. Probing 

the properties of CNTs is essential for selecting suitable nanotubes for desired applications.  

 

Rabbani et al. (77) assessed the zeta potential (a surrogate for electrical charge) of single-wall CNTs 

wrapped in single-stranded DNA molecules. They employed an insulator-based dielectrophoresis (iDEP) 

system. This type of system employs either AC signals or DC-biased AC signals to enable dominant 

dielectrophoresis effects. Insulator-based systems stimulated with DC potentials are discussed in the next 

section. They employed an iDEP channel with cylindrical insulating posts stimulated with an AC potential. 

Their experimental findings, which agreed with mathematical modeling, showed that the DNA-wrapped CNTs 

exhibit both negative dielectrophoresis and positive dielectrophoresis as shown in Figure 3c-3d, respectively. 

Negative dielectrophoresis occurs when the CNTs are pushed outside these regions between the posts (Fig. 

3c, sample A), while positive dielectrophoresis happens when the CNTs are trapped in these regions (Fig. 

3d, sample B).The difference between sample A and B (which exhibited negative dielectrophoresis and 

positive dielectrophoresis, respectively), was the sonication time, 20 min for A and 60 min for B. The authors 

concluded that increasing the sonication time produces an increase on the zeta potential of the CNTs, altering 

their dielectric properties and dielectrophoretic response.  

 

Dielectrophoresis has been proven to be effective for probing, separating and patterning many other types of 

particles, including nanowires (78, 79), nanoparticles (80–82) and microparticles (83–85). Weirauch et al. 

reported the material-based separation of microparticles employing an iDEP system stimulated with a DC-

biased AC potential. Figure 3e illustrates the microchannel used in this study and Figure 3f depicts the 
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dielectropherogram of the separation of two populations of microparticles of the same size (2.4 µm 

polystyrene and 2.4 µm gold-coated polystyrene microparticles). The differences in the dielectric properties of 

the particle material enabled the separation. Figure 3f, depicts the fluorescence signal (electropherogram) 

obtained at the channel outlet as the particles eluted the post array along with the magnitude of the applied 

AC voltage, demonstrating the material-based separation. Other dielectrophoresis-based systems have 

demonstrated shape selective microparticle manipulation in filtration systems (85), additive manufacturing by 

manipulating liquid droplets (86), fouling suppression in bioreactors and for the mixing of submicron particles 

(87). These applications  further demonstrate the potential of dielectrophoresis for the manipulation of a wider 

array of particles.  

3.2.2 Cells 

Cell analysis is perhaps the major application area of dielectrophoresis (44, 88, 89), as probing the dielectric 

properties of cells allows for label-free, robust and comprehensive cell assessments. Dielectrophoresis has 

been used to distinguish between live and dead cells (90–96), separate and characterize distinct cell types 

(95–100), and even assess cell capabilities in assisted reproductive technologies (55). As with 

dielectrophoresis of particles, there are numerous configurations of dielectrophoresis systems used with cells, 

including traditional dielectrophoresis with 2D planar electrodes (94, 95), 3D electrodes (92, 96), 3D 

dielectrophoresis wells (97–99), insulator-based dielectrophoresis (90, 91), isomotive dielectrophoresis (88) 

and traveling wave dielectrophoresis (100). 

 

Distinguishing between live and dead cells is one of the most important capabilities of dielectrophoresis and 

many distinct systems have developed for cell viability assessments. The Agah research group reported a 

3D-iDEP system that allowed for cell trapping and separation of live from dead bacterial cells at lower applied 

potentials than traditional 2D-iDEP systems (90, 91). Live and dead cell separations have also been achieved 

with 3D electrode-based dielectrophoresis devices. Yildizhan et al. (92) performed the selective trapping of 

live U937 monocytes from a sample containing live and dead monocytes by employing a 3D array of carbon 

electrodes stimulated with an AC potential. The live monocytes exhibited strong positive dielectrophoresis 

force while the dead ones exhibited almost no dielectrophoresis response, enabling successful live/dead cell 

differentiation. Figure 4a shows live and dead monocytes inside the device before voltage treatment while 

Figure 4b shows trapped live monocytes exhibit positive dielectrophoresis after voltage treatment upon 

removal of the dead monocytes. Sample loading and dead monocyte removal was achieved employing a flow 

rate of 1 µL/min. Some of the trapped live monocytes in Figure 4b are in peal-chain formations as indicated 

by the red arrows. These results illustrate that dielectrophoresis-based systems are robust platforms for live 

and cell discrimination. 

 

Another major application area of dielectrophoresis, as with electrorotation, is the characterization of a cell’s 

dielectric properties. There is a plethora of novel dielectrophoresis-based systems developed for cell 

characterization (44, 89). Some of these systems are now commercially available (101). An example of a 
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dielectrophoresis commercially available platform is the 3D dielectrophoresis system by DEPtech (97–99). 

The chip, shown in Figure 4c, contains 20 distinct wells that operate at different frequencies, as depicted in 

Figure 4d. This makes it possible to collect 20 distinct data points (dielectrophoretic response vs. frequency) 

to build the dielectrophoretic spectra for cell characterization. The walls of the wells contain the electrodes.  

Cells exhibiting negative dielectrophoresis are repelled by the electrodes towards the center of the well and 

cells exhibiting positive dielectrophoresis are attracted towards the wall and trapped by the electrodes. Since 

the 𝑓𝐶𝑀 depends on frequency, the dielectrophoretic response of the cells can vary in magnitude and 

direction, from negative dielectrophoresis to positive dielectrophoresis. Figure 4e illustrates negative 

dielectrophoresis and positive dielectrophoresis cell behavior, obtained at two distinct frequencies (98). This 

system was used for assessing the efficacy of chemotherapy and radiotherapy on two distinct cancer cell 

lines (from neck and head carcinoma). The 3D dielectrophoresis platform allowed identifying changes in the 

cells’ dielectric characteristics after anticancer treatment. More recently, this group developed a rapid cell 

electrophysiology evaluation system with an impressive 100 data point DEP spectra acquisition in less than 

two minutes. They were able to  characterize several cell types, ranging from platelets to cardiac cells 

employing the system in Figures 4c-4e.  

 

Separation and sorting of samples containing mixtures of cells is a major need in cell analysis. The 3D 

dielectrophoresis system has also been employed for effective cell enrichment of binary mixtures of cells, 

including yeast, red blood cells (RBC) and cancer cells (97). Insulator-based dielectrophoresis systems, due 

to their simplicity, are a popular platform for cell separation and sorting. These include contactless 

dielectrophoresis systems (102), 3D iDEP microchannels (103), packed beds configurations (93) and hybrid 

electrode and iDEP platforms (104). Other popular configurations for dielectrophoresis-based cell sorting and 

separation are complementary metal-oxide-semiconductor devices that employ electrodes to exert 

dielectrophoresis forces on cells (94, 95). 

 

4. NONLINEAR ELECTROPHORESIS 

This section refers to systems where nonlinear electrophoresis is a major, if not the dominant, force 

influencing particle migration and manipulation. The systems covered in this section are insulator-based 

electrokinetic (iEK) devices that are stimulated with DC potentials or low frequency AC potentials; thus, 

electrophoretic effects are not cancelled out (26, 105).  

 

4.1 Operating principle and target cell/particle characteristics probed 

In iEK systems, there is a combination of linear and nonlinear phenomena that influence the overall particle 

migration and behavior. The linear phenomena are linear electrophoresis (EPL) and electroosmosis (EO), 

whose velocities are described as:  

𝐯𝐸𝑃,𝐿 = 𝜇𝐸𝑃,𝐿𝐄 =
𝜀𝑚𝜁𝑃

𝜂
𝐄          (5) 
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𝐯𝐸𝑂 = 𝜇𝐸𝑂𝐄 = − 
𝜀𝑚𝜁𝑊

𝜂
𝐄          (6) 

where 𝐯𝐸𝑃,𝐿 refers to the linear electrophoretic velocity and 𝐯𝐸𝑂 represent the linear EO velocity, and ζ is the 

zeta potential of the particle or the channel wall. The notation “L” in the linear electrophoretic velocity (and 

mobility) is used to distinguish it from the nonlinear electrophoretic velocity (𝐯𝐸𝑃,𝑁𝐿). 

 

The nonlinear phenomena present in iEK systems are dielectrophoresis as described in Eqn. (4), and nonlinear 

electrophoresis for which the following expressions have been developed for the two limiting cases of the Peclet 

number of 𝑃𝑒 ≪ 1 and 𝑃𝑒 ≫ 1. There are no analytical expressions yet for intermediate values of Peclet 

number. In these expressions the velocity of nonlinear electrophoresis can have either a cubic or a 3/2 

dependance with the electric field, as shown below: 

𝐯𝐸𝑃,𝑁𝐿
(3)

= 𝜇𝐸𝑃,𝑁𝐿
(3)

𝐄3   for arbitrary 𝐷𝑢 and 𝑃𝑒 ≪ 1     (7) 

𝐯𝐸𝑃,𝑁𝐿
(3/2)

= 𝜇𝐸𝑃,𝑁𝐿
(3/2)

𝐄3/2   for 𝐷𝑢 ≪ 1 and 𝑃𝑒 ≫ 1      (8) 

where 𝜇𝐸𝑃,𝑁𝐿
(𝑛)

 denotes the mobility of nonlinear electrophoresis (EPNL) with an electric filed dependance of 𝑛 

(where 𝑛=3 or 𝑛=3/2), and 𝐷𝑢 is the Dukhin number. The 𝐯𝐸𝑃,𝑁𝐿
(𝑛)

 depends on 𝐄𝑛 and the value of 𝜇𝐸𝑃,𝑁𝐿
(𝑛)

, which 

in turn depends on the bulk charge of the particle or cell. Recent publications have focused on the experimental 

characterization of 𝜇𝐸𝑃,𝑁𝐿
(𝑛)

 of particles and cells (8, 64, 106–108). In iEK systems, the overall particle velocity 

depends on four electrokinetic phenomena listed above (Eqns. (4-8)): 

𝐯𝑃 = 𝐯𝐸𝑂 + 𝐯𝐸𝑃,𝐿 + 𝐯𝐷𝐸𝑃 + 𝐯𝐸𝑃,𝑁𝐿
(𝑛)

         (9) 

 

Since the 𝜇𝐸𝑃,𝑁𝐿
(𝑛)

 depends on particle shape and size (27), EPNL has the valuable capability of being able to 

discriminate particles by their shape or size, a discrimination that is not possible under purely linear 

electrophoresis (109). 

 

4.2  Example applications 

This section discusses recent iEK systems employed for particle and cell manipulation. In the past, many of 

these systems had been labeled iDEP since it was believed that dielectrophoresis was the dominant 

electrokinetic phenomena. However, recent developments (110–112) have unveiled that in iEK platforms 

stimulated with DC or low-frequency AC potentials, dielectrophoresis is not the dominant electrokinetic 

phenomenon (113), and instead EPNL is a major effect that can dominate particle migration under high electric 

fields (26, 105, 114).  

4.2.1 Particles  

Although nonlinear electrophoresis is not a new topic, as it first was reported by Dukhin and collaborators in 

the early 1970s (115), its development as analytical and particle manipulation technique is somewhat recent. 

A main challenge for the broad development of EPNL was the lack of experimental data to support the already 
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existing theoretical models (116). Major advances on EPNL have been reported during the last decade (27), as 

our understanding of particle behavior outside the weak-field regime continues to grow.   

 

There are numerous reports on particle manipulation in systems labelled as DC-iDEP (117), however, recent 

developments have revealed that dielectrophoresis is not the dominant effect in these systems, actually 

dielectrophoresis is a minor effect (113). Particle overall migration is the result of several electrokinetic effects 

as illustrated in Eqn. (9), where EPNL can be dominant and enable particle trapping at high electric fields 

(110). By properly accounting for the effects of EPNL on particle migration, it has been possible to separate 

highly similar particles and to obtain much better agreement between experimental data and modeling results 

(118). Prior to considering EPNL in mathematical models of iEK systems, it was necessary to add correction 

factors to these previous models to achieve agreements with experimental results (119).  

 

Recent reports illustrated that EPNL strongly affects the magnitude and direction of particle migration in a 

simple microchannel under a DC electric field, and can even cause particle trapping and reversal migration at 

high electric fields (110–112). Figure 5a shows the characterization of particle velocity as a function of the 

electric field (𝐄) for three types of negatively charged (negative 𝜁𝑃) polystyrene particles in a microchannel 

made from PDMS (negative 𝜁𝑊) reported by Cardenas-Benitez (110). All three distinct types of particles 

exhibit the same behavior, which can be divided into three stages. First, the overall velocity increases linearly 

with 𝐄, second, the velocity reaches a maximum as EPNL effects are becoming significant, and third, particle 

velocity decreases with increasing 𝐄 and even becomes negative (particle reversal) as EPNL becomes the 

dominant phenomenon. It is important to note that dielectrophoretic effects are not seen in Figure 5a, as the 

electric field has a uniform distribution and dielectrophoresis requires electric field gradients. By characterizing 

the mobility of EPNL of each particle and including it in mathematical models, Vaghef-Koodehi et al. (118) 

designed the separation of two highly similar particles as shown in Figure 5b. A simple four-reservoir 

microchannel with asymmetric insulating posts was used to separate a binary mixture of particles that had the 

same size (5.1 µm diameter), same shape and were made from the same substrate material. These two 

distinct types of particles only differed slightly in the magnitude of their negative electrical charge, as they had 

a difference in 𝜁𝑃 of 3.4 mV. The overall migration of the particles was influenced by the four electrokinetic 

phenomena included in Eqn. (9). The  image of the particles migrating across the insulating post array clearly 

show the red particles (𝜁𝑃 =  −27.2 𝑚𝑉) migrating ahead of the green particles (𝜁𝑃 =  −30.8 𝑚𝑉). The 

electropherogram with a resolution of Rs = 1.14 illustrates the separation, although not complete (since Rs 

<1.5), is encouraging since the particles had almost identical chemical and physical characteristics. Thanks to 

the inclusion of EPNL in the model, the modeling results in this study were in good agreement with 

experimental results, without the use of any correction factors. These results illustrate the potential of 

employing EPNL for separating target particles with similar characteristics.  
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4.2.2 Cells 

Nonlinear electrophoresis has been successfully used for the assessment and manipulation of cells, however, 

many of these studies had been labelled as DC-iDEP systems (60, 120), when in reality it was EPNL, instead 

of dielectrophoresis that was the main phenomenon responsible for cell trapping and enrichment (26, 105). 

There is a plethora of excellent studies using  EPNL for cell viability assessments (121, 122), separation, 

sorting  and identification of cell mixtures (123–127), and the characterization of cells’ dielectric properties 

(128–132). However, since it was very recently unveiled that EPNL is a major force present in iEK systems 

(110–112), there are not many reports that discuss cell manipulation in terms of EPNL.  All the reports cited 

above discuss their findings in terms of dielectrophoresis.  Detailed discussions of EPNL vs. iDEP can be 

found here (26, 105, 114). 

 

The effects of EPNL in DC-iEK systems have recently been identified and characterized by several groups (64, 

106–108, 110–112). The characterization of 𝜇𝐸𝑃,𝑁𝐿
(𝑛)

 of cells (bacteria and yeast) was recently reported by 

Antunez-Vela at al. (107) employing a similar microchannel to the one shown in Figure 5a. The results are 

consistent with those obtained by Cardenas-Benitez (110) with polystyrene microparticles. As seen in Figure 

6a the overall velocity of cells as a function of 𝐄 follows the same three stages: i) linear increase with 𝐄, ii) 

reach a velocity maximum, and iii) decrease as 𝐄 continues to increase reaching negative values (velocity 

reversal). By considering EPNL in mathematical models of iEK systems, Vaghef-Koodehi et al. (8) was able to 

design effective DC-iEK systems to separate binary samples of distinct types of cells. Shown in Figures 6b-

6c are two separate electropherograms of closely related cell types carried out in the same four-reservoir 

microchannel illustrated in Figure 5b. The first electropherogram (Fig. 6b) shows the separation of 

Saccharomyces cerevisiae and Escherichia coli cells, where two separated peaks are observed with a Rs = 

2.13, where the green peak corresponds to E. coli cells. The second electropherogram (Fig. 6c) corresponds 

to the separation between Bacillus cereus and S. cerevisiae cells with Rs = 3.52, where the red peak 

corresponds to S. cerevisiae cells. The green peak in this second separation is wide, probably due to a higher 

population distribution (cell population heterogeneity) for B. cereus. The retention time of the cells in these 

separations were predicted with a COMSOL model and good agreement between modeling and experimental 

results was obtained. The application of DC-iEK systems allows shifting the separation process from linear to 

no linear electrokinetic regimes, by simply varying the magnitude of the electric field, since EPNL effects 

become significant at higher electric fields. Furthermore, as the mobility of EPNL depends on the size and 

shape of the particle/cell (27), employing EPNL enables separations by exploiting cell size and shape 

differences, which are not possible with under purely linear electrophoresis conditions (109). 

 

5. CONCLUSION AND FUTURE TRENDS 

Nonlinear electrokinetic methods have been proven as successful methodologies for the analysis and 

separation of synthetic particles and cells. Employing electrokinetic methods enables the development of 
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label-free, robust and portable microfluidic platforms for the assessment of a wide variety of microparticles 

and cells. The reports reviewed and discussed in this article, which cover the electrokinetic phenomena of 

electrorotation, dielectrophoresis and EPNL, describe the distinct particle/cell characteristics that can be 

exploited to achieve a successful and separation processes. The field of nonlinear electrokinetic is 

continuously evolving and new approaches and developments are making it possible to design highly 

discriminatory assessments for complex biological samples. There is still plenty to be learned in the dynamic 

field of nonlinear electrokinetic, and as predicted by Khair (27), the 21st century will bring a plethora of new 

developments that will further expand our understanding of nonlinear electrokinetic phenomena and enable 

new and existing applications making possible separations that were otherwise not feasible with traditional 

linear electrokinetic phenomena. 
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Figures 

 

Figure 1 

Electrorotation spectra of dielectric, semiconducting and conducting particles. (a) Dielectric particles (polystyrene 
carboxylated microparticles) depicting two rotation peaks (first peak is just partial) in the cofield direction. The spectra of 
three distinct particles are shown in the plot: “O” corresponds to 5.29-µm particles in 7 µS/cm medium, “X” corresponds to 
5.29-µm particles in 15 µS/cm medium, and “Δ” corresponds to 9.67-µm particles in 7 µS/cm medium. Adapted with 

permission from Reference (35). Copyright 1987, American Chemical Society. (b) Semiconducting particles (ZnO 
nanowires) depicting a peak in the counterfield direction at low frequency and a peak in the cofield direction at higher 
frequency. The red circles are experimental data and predicted data are black and green squares at two distinct media 
conductivities. Reprinted with permission from Reference (40). Copyright 2017, American Chemical Society. (c) 
Conducting particles (10-µm gold-coated polystyrene microparticles) in three distinct suspending media conductivity 
depicting a single rotation speed peak in the counterfield direction (although the velocity is plotted as “positive” – the 
rotation is counterfield). Reprinted with permission from Reference (43). Copyright 2011, American Chemical Society. 
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Figure 2 

Electrorotation response of cells. (a) Electrorotation spectra of live and (b) non-viable yeast cells. As observed, the 
behavior changes from counterfield rotations for live cells to cofield rotation for non-viable cells. Adapted with permission 
from Reference (38). Copyright 2007, Elsevier. (c) Electrorotation spectra of three distinct stages of cancer malignancy of 
MOSE cells. Adapted from (54), Copyright 2019, Trainito et al. Open access article published under a Creative Commons 
Attribution License CC BY4.0 DEED. (d) Electrorotation spectra and (e) cytoplasm conductivity as a function of area-
specific membrane capacitance of five types of cancer cells. Adapted from Reference (46). Copyright 2020, Huang et al. 
Open access article published under a Creative Commons Attribution International License CC BY 4.0 DEED.  
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Figure 3 

Dielectrophoresis of particles. (a) Microdevice employed for label-free impedance assessment of BSA protein colloidal 
particles, impedance measurements were performed as protein particles collected between the microelectrodes. (b) Plot 
of 1/t as a function of frequency showing the two dispersions of the colloidal BSA protein particles in a medium with a 
conductivity of 1.1 mS/m. Adapted from Reference (71), Copyright 2020, Huang et al. Open access article published 
under a Creative Commons Attribution license CC BY 4.0 DEED. (c) Negative dielectrophoresis response and (d) positive 
dielectrophoresis response of DNA-wrapped CNTs under a potential of 1000 V at 700 Hz in an iDEP microchannel. 
Adapted from Reference (77), Copyright 2017, American Chemical Society, open access article published under an ACS 
AuthorChoice License. (e) Top view of the iDEP microchannel used for the material-based separation of microparticles. (f) 
Dielectropherogram of the separation of two types of 2.4 µm (polystyrene and gold-coated polystyrene) microparticles 
obtained with an AC potential at 10 kHz and DC potential of 100 V.  Adapted with permission from Reference (84). 
Copyright 2019, AIP Publishing. 
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Figure 4 

Dielectrophoresis of cells. (a) Non-trapped live and dead monocytes before voltage application and (b) trapped live 
monocytes after voltage application in the 3D carbon electrode system used by Yildizhan et al. (92). The applied voltage 
was 20 Vpp at 300 kHz under a flow rate of 1 µL/min. The cylindrical 3D carbon electrodes are on planar SU-8 leads. 
Image (a) shows both live and dead monocytes, while image (b) shows the trapped live monocytes after dead monocytes 
were removed. Red arrows show live monocytes in pearl-chain formations. Adapted from Reference (92), Copyright 2017, 
Yildizhan et al. Open access article published under a Creative Commons Attribution license CC BY 4.0 DEED. (c) 3D 
dielectrophoresis well chip employed by Hoettges et al. (d) Zoomed-in view of the wells while performing a frequency 
dependent analysis. (e) Representation of negative dielectrophoresis and positive dielectrophoresis cell behavior as a 
function of the frequency of the applied potential. Adapted from Reference (98), Copyright 2019, Hoettges et al. Open 
access article published under a Creative Commons License CC BY 4.0 DEED. 
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Figure 5 

Nonlinear electrophoresis of particles. (a) Microchannel with representation of the forces acting on a negative particle and 
plot of particle velocity as a function of electric field of three distinct types of microparticles. The velocity plot was adapted 
from Reference (110), Copyright 2020, American Chemical Society, open access article under the Creative Commons 
Attribution (CC-BY- NC-ND) 4.0 license. (b) Microchannel with four reservoirs and an array of insulating posts including a 
representation of the four forces acting on a negative particle, where the terms EO, EPL, EPNL and DEP refer to 
electroosmosis, linear electrophoresis, nonlinear electrophoresis and dielectrophoresis, respectively. Image depicting the 
two types of microparticles, red and green, as they migrate across the post array where red particles are ahead, and 
electropherogram of the microparticle separation. Separation was carried out by applying a potential of 500 V across the 
main channel. Adapted with permission from Reference (118), Copyright 2022, American Chemical Society. 
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Figure 6 

Nonlinear electrophoresis of cells. (a) Plot of cell velocity as a function of electric field of four distinct types of cells. 
Adapted from Reference (107), Copyright 2020, American Chemical Society (b) Electropherogram of the separation of E. 
coli and S. cerevisiae cells carried out by applying a potential of 1000 V across the main channel. (c) Electropherogram of 
the separation of B. cereus and S. cerevisiae cells carried out by applying a potential of 500 V across the main channel. 
Adapted with permission from Reference (8) Copyright 2023, American Chemical Society. 
 


