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Abstract 19 

Rapid cell viability assessments are essential in a growing number of fields, including clinical analysis, healthcare, drug development 20 

and food safety. Electrokinetic (EK) methodologies have proved to be robust and reliable platforms of the analysis of cells, including 21 

viability assessments. Discussed here are applications of two EK phenomena, dielectrophoresis and electrophoresis, which can 22 

discriminate cells by their viability status and also sort and separate cells into separate viable and nonviable fractions, so further analysis 23 

can be performed. For each EK method, the operating principle is presented, followed by a brief historical overview and a detailed 24 

analysis of recent reports published between 2015-2024. The concluding remarks include a summary of the content of this review article 25 

and present a future perspective on the expected future advances on EK-based systems for the assessment and separation of cells based on 26 

their viability status. 27 
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1. Introduction  36 

The assessment of cell viability is essential in a growing number of applications and fields. Methods for the 37 

effective control and prevention of infections are urgently needed due to the increasing number of deaths and 38 

infections worldwide. In 2019 the Centers for Disease Control and Prevention of the U.S. reported a healthcare 39 

cost over 25 billion dollars associated with infectious diseases [1,2]. The advent of antibiotic resistant bacteria, 40 

for example, poses a major threat to the control and treatment of infectious diseases. The rapid assessment on the 41 

effect of antibiotics and other drugs on pathogenic bacteria, to identify the presence of antibiotic resistant strains 42 

has become vital in clinical  and healthcare settings [3]. The field of medicine also requires effective methods for 43 

the rapid assessment of cell viability for testing the efficacy of new drugs, in particular anticancer drugs. 44 

Similarly, the development of new antibiotics requires significant testing of the effects of antibiotics on target 45 

pathogenic bacteria.  46 

Besides clinical and healthcare applications, cell viability assessments are also an immediate need in the food 47 

industry, as early stage detection of pathogens in food matrices is a major challenge in food safety [4]. The 48 

incidence of food borne diseases has been increasing over the years, and early detection is key for minimizing 49 

the impact on human health [5]. An additional demand in the food industry is the assessment and quality control 50 

of food items that contain active microorganisms, such as probiotic and fermented products, functional foods, 51 

and dairy products. An effective technology that can enable rapid quantification of viable microorganisms 52 

present in these food items and food supplements would be a major asset. Another important example of the 53 
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immediate need of rapid cell viability approaches is the pharmaceutical industry, where continuous monitoring 54 

of the stress and viability of cell cultures is crucial [6]. Others fields, such as environmental monitoring, in 55 

particular in the treatment of wastewaters, also require effective methods for the monitoring of cell viability [7]. 56 

Electrokinetic (EK) phenomena, which can be used to manipulate fluids and particles employing electric 57 

fields, offer attractive characteristics for the analysis of microorganisms, as they depend on the dielectric 58 

properties of the cells, circumventing the use of chemical labels [8]. The combination of microfluidics and EK 59 

effects is highly relevant, as it can enable portable devices with short processing times, which can be ideal for 60 

on-line monitoring systems and remote sensing applications.  61 

The present review article discusses two EK methods for rapid cell viability assessment and separation. The 62 

two EK phenomena that were selected for this discussion are dielectrophoresis (DEP) and electrophoresis (EP). 63 

The basis for this selection was that both methodologies are able to discriminate cells by their viability status and 64 

also sort and separate cells into viable and nonviable fractions, so further analysis can be performed. This review 65 

article aims to provide the reader with an overview of EK-based devices and technologies that can handle both 66 

operations simultaneously: viability assessment and separation. The technique of electrorotation (EROT) [9], 67 

while extremely powerful for viability assessments, cannot be used for continuous sorting and separation 68 

purposes, thus, it is not discussed in this article. Both, DEP and EP, are powerful analytical and separation 69 

techniques that do not require the use of labels, and can distinguish between live and dead cells by probing the 70 

dielectric properties of the cells. While DEP exploits differences in electrical polarization, EP exploits 71 

differences in electromigration velocity. The former is usually employed with high frequency AC electric fields, 72 

while the latter requires the use of DC or DC-biased low frequency AC electric fields. Although DEP has been 73 

successfully utilized to test the viability status of a wider variety of cell types (bacterial, yeast, mammalian and 74 

cancer cells), EP also has great potential, as its nonlinear mode offers additional capabilities on how EP can 75 

discriminate between live and dead cells [10,11]. This review article is organized as follows: The Introduction, 76 

which is Section 1, describes the importance of cell viability assessments and separations in a growing number 77 

of applications. Section 2 is focused on DEP-based studies on cell viability. First, the operating principle and 78 

fundamental equations are presented, followed by a brief historical overview and a detailed discussion on recent 79 

(2015-2024) studies. The majority of the reports discussed in this section demonstrated both processes, viability 80 

assessment and live/dead cell sorting/separation. Analogously, the third section describes the operating principle 81 

and fundamental equations of the  EP-based studies, followed by brief description of the first EP-based viability 82 

cell separations and detailed discussion of relevant (2015-2024) studies. It is important to mention that all DEP-83 

based reports employed microfluidic systems, while EP studies employed bench scale capillary electrophoresis 84 

(CE) systems and microfluidic systems. Section 4, includes the concluding remarks that summarize the content 85 

of this review article and present a perspective on the expected future advances on EK-based systems for the 86 

assessment and separation of cells based on their viability status.  87 
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2. Dielectrophoresis-based cell viability assessments and separations 88 

Dielectrophoresis probes the dielectric characteristics of microorganisms and thus is an effective methodology 89 

for rapid viability separations and assessments, as dielectric properties are altered as a result in changes in 90 

viability status [12]. Dielectrophoresis is attractive as a viability assessment tool since it offers rapid response 91 

times, the potential for miniaturization and does not need labels or tags. Numerous reports have focused on the 92 

manipulation, sorting, separation and quantification of cells employing DEP, where careful consideration is 93 

given to preserve cell viability during DEP-based analysis [10,13–20]. Described below are the operating 94 

principle and applications of DEP designed specifically to distinguish and separate live from dead cells.  95 

 96 

2.1 Dielectrophoresis operating principle  97 

Dielectrophoresis is defined as the migration of particles due to polarization effects under the presence of a 98 

nonuniform electric field. Changes in dielectrophoretic migration reflect alterations in the cell’s polarizability 99 

with respect to that of the suspending medium. When a cell dies, its dielectric properties are altered, which in 100 

turn alters the dielectrophoretic response of the cell. The dielectrophoretic force (𝐅𝐷𝐸𝑃) and velocity 101 

(𝐯𝐷𝐸𝑃)_exerted on a spherical cell are defined as follows: 102 

𝐅𝐷𝐸𝑃 =  2𝜋𝑟𝑝
3𝜀𝑚Re[𝑓𝐶𝑀]∇𝐸2, where 𝑓𝐶𝑀 =  

𝜀𝑝
∗ −𝜀𝑚

∗

𝜀𝑝
∗ +2𝜀𝑚

∗        (1) 103 

𝐯𝐷𝐸𝑃 =  𝜇𝐷𝐸𝑃∇𝐸2, where 𝜇𝐷𝐸𝑃 =
𝑟𝑝

2𝜀𝑚

3
Re[𝑓𝐶𝑀]       (2)  104 

where rp refers to the cell radius, the magnitude of the electric field is represented by E, and Re[fCM] is the real 105 

part of the Clausius-Mossotti factor, which accounts for the polarizability of the particle/cell compared to that of 106 

the suspending medium. The parameter fCM depends on the complex permittivity of the particle/cell and the 107 

suspending medium and the frequency of the electric field, and it varies from -0.5 to 1.0 for spherical cells [21].  108 

The complex permittivity 𝜀∗, in turn, depends on the real permittivity ( ) and the real conductivity ( ) of the 109 

particle/cell (𝜀𝑝
∗ = 𝜀𝑝 − (𝑗𝜎𝑝 𝜔⁄ ) and the medium (𝜀𝑚

∗ = 𝜀𝑚 − (𝑗𝜎𝑚 𝜔⁄ ), respectively. The parameter  is the 110 

angular frequency of the electric field and the parameter j is defined as 𝑗 = √−1. In the expression for 𝐯𝐷𝐸𝑃  111 

𝜇𝐷𝐸𝑃 is the dielectrophoretic mobility and  is the suspending medium viscosity. The sign of the parameter 112 

Re[fCM] dictates the direction of the DEP force exerted on a cell, positive DEP (pDEP), obtained at positive 113 

values of Re[fCM], is when cells migrate towards the regions of higher field gradient, while negative DEP (nDEP) 114 

is when cells are repelled from these regions. By looking at Eqn. (1), it is possible to discern that the 115 

characteristics of a cell that can vary as a result of viability loss are the dielectric properties (p and p) and cell 116 

size (rp). Variations in p and p are directly reflected in the values of the Re[fCM]. Further, the value of Re[fCM] 117 

also depends on the frequency , at lower values of  the value of Re[fCM] depends on the characteristics (p and 118 
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p) of the cell membrane while at high values of  the Re[fCM] is dictated by the characteristics (p and p) of the 119 

cell cytoplasm. Loss of viability modify the values of the p, p and 𝜀𝑝
∗  of a cell, which in turn modify the value 120 

of Re[fCM] as seen in Fig. 1 for yeast and Human Embryonic Kidney (HEK) 293 cells, where a similar behavior 121 

is observed for eukaryotic and mammalian cells. In general, over a large frequency range ( low to mid-range 122 

values) the DEP response of viable cells is nDEP while dead cells exhibit a pDEP response, this observation 123 

holds true for a wide range of operating conditions and cell types. The distinct cell responses illustrated in Fig. 1 124 

agree with the fact that the cell membrane properties determine the cell DEP response at lower frequency values. 125 

Cell membranes have an insulative nature, i.e., they possess a low conductivity; however, when a cell dies, the 126 

cell membrane becomes compromised and it gets contaminated with the highly conductive cytoplasm, resulting 127 

in a significant increase of the cell membrane conductivity and polarizability. This explains why from low to 128 

mid-range frequency values dead cells exhibit pDEP while live cells with their nonconducting membranes 129 

exhibit nDEP behavior. In contrast, at high frequencies, live cells will usually exhibit pDEP and dead cells could 130 

exhibit nDEP or negligible DEP (Fig. 1A). This distinct behavior of dead cells from that of live cells can be used 131 

to effectively separate and discern live from dead cells [22].  132 

 133 

Fig. 1. Values of the real part of the Clausius-Mossotti factor as a function of the frequency of the electric field for live and dead cells. (A) 134 

Yeast cells, theoretical values estimated by Patel and Markx employing the multishell model. Adapted with permission from [22], 135 

copyright (2008) Elsevier. (B) HEK-293 cells, theoretical values estimated by Punjiya et al. employing the double-shell model. Adapted 136 

from [19], open access article distributed under a Creative Commons Attribution (CC BY) License, copyright (2021) Punjiya et al. In 137 

both plots, over a large frequency range, the dead cells exhibit positive values of the real part of the Clausius-Mossotti factor while live 138 

cells exhibit negative values, confirming that cell dielectric properties are affected by viability losses.  139 

 140 

https://creativecommons.org/licenses/by/4.0/
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2.2 Reports on dielectrophoretic-based cell viability assessments and separations  141 

The potential of DEP as an effective technique for discriminating between live and dead cells was unveiled 142 

15 years after the first report on DEP in 1951 by Herbert Pohl [23]. The separation between live and dead yeast 143 

cells was reported by Pohl and collaborators in 1966 and 1968 [24,25]. In these experiments carried out at high 144 

frequencies (2.55 MHz), live cells exhibited pDEP behavior and were attracted towards a pin electrode and 145 

collected, which is in agreement with Fig. 1A. Dead cells, on the other hand, did not exhibit an observable 146 

response and remained in the suspending medium, unaffected. Also in agreement with Fig. 1A is the observation 147 

of dead yeast cells collecting at the electrode at low frequencies under pDEP effects and then repelled under 148 

nDEP effect when the frequency was increased to 2.55 MHz [25], as the response for dead cells varies from 149 

positive to negative as frequency increases. A summary of all the reports reviewed in this section is included in 150 

Table 1. 151 

 152 

2.2.1 Bacteria cells 153 

Recent reports on the use of DEP for viability assessments have demonstrated novel approaches and the 154 

applicability of DEP across diverse cell types. Bacterial viability assessments are of particular interest in clinical 155 

applications to detect pathogenic infections and for the testing of antimicrobial/antibiotic reagents. As 156 

mentioned, significant effort has been devoted to ensuring the DEP treatment of cells does not affect cell 157 

viability, ensuring that cells can be used/studied after DEP analysis [10,13–20] and to determine the effect of 158 

DEP on cell viability [7,14,26]. Sorting between live and dead bacterial cells is one of the most important 159 

applications of DEP.  160 

The Agah group developed a unique approach that employed 3-dimensional insulator-based DEP devices 161 

that effectively trapped bacterial cells (E. coli)  at low applied voltages using DC-biased AC voltages [27].  162 

Employing this novel design, the Agah group reported the effective sorting between live and dead 163 

Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis (S. epidermis) cells [28–30]. This group 164 

developed unique device designs that combined the benefits of electrode-based DEP and insulator-based DEP 165 

systems by employing devices with 3D embedded insulating micropillars, where the pillars compressed the flow 166 

also along the channel width and height. The presence of the pillars generated the necessary electric field 167 

gradients for DEP effects to occur. Employing AC potentials applied through passivated electrodes, they were 168 

able to selectively trap live S. aureus cells while dead cells kept flowing as shown in Fig. 2A [28]. In follow-up 169 

studies, they employed DC-biased AC fields to achieve the distinction between live and dead S. aureus cells [29] 170 

and live and dead S. epidermidis cells [30]. The latter report employed off-chip electrodes for stimulating the 171 

system and used impedance spectroscopy to assess cell viability. A recent study by the Tegenfeldt group [8] 172 

combined DEP and deterministic lateral displacement (DLD) to develop the method of EK-DLD for the 173 
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effective sorting between live and dead E. coli and Saccharomyces cerevisiae (S. cerevisiae) cells employing AC 174 

potentials. Their proposed technique is a powerful approach, as DEP exploits differences in EK properties while 175 

DLD exploits differences in size. This was a follow up study on their charge-based separation technique [31]. In 176 

this cell focused work [8] they performed a continuous charge-based cell sorting between live and dead E. coli 177 

cells, the employed device and their results are shown in Fig. 2B. The sorting device has three distinct outlets 178 

that allowed for collection of separated cell fractions. The sorting process was successful, as the sample that 179 

contained equal proportions of live and dead cells, was separated as follows: 72% of the live E. coli cells were 180 

collected at the displacing reservoir, with a 90% purity. Similarly, 63% of the dead cells were collected at the 181 

zigzag reservoir, with a purity above 90%. The intermediate reservoir contained a mixed fraction. The separation 182 

took 90 minutes, and the authors discussed that a difference in zeta potentials of 8 mV between the live and dead 183 

E. coli cells is the parameter that made the separation process. A major finding from this study was the fact that 184 

for E. coli cells a significant change in the cell zeta potential (𝜁𝑃) was observed as a result of the heat-based cell 185 

inactivation process; live cells had a zeta potential of -42 mV, while a value of -34 mV was reported for dead 186 

cells (measured with a ZetasizerTM). This is a net difference of ~8 mV, which is more than enough for efficient 187 

charge-based separation as demonstrated in recent reports [31,32].  However, this was not the case for live and 188 

dead for S. cerevisiae cells, were both cell populations, live and dead, had a cell zeta potential ~ -19 mV, that is, 189 

there was no discernible change in cell zeta potential as a result of the heat-based cell inactivation process. 190 

Regarding changes in cell size, the authors mentioned that no significant change in size was observed for dead E. 191 

coli cells compared to live ones; however, dead S. cerevisiae cells were found smaller (3.80 ± 0.44 µm) than live 192 

ones (4.70 ± 0.63 µm) [8]. These are important observations, and the contrasting results may be due to the 193 

distinct cell types studies, as E. coli cells are prokaryotic bacteria and S. cerevisiae cells are eukaryotic 194 

unicellular fungi. Given that the differences between live and dead cells depend on cell type, the separation 195 

process must be adapted accordingly. For the live and dead  E. coli cell separation, the parameter exploited was 196 

charge differences in terms of 𝜁𝑃 (results in Fig. 2B). However, for the live and dead S. cerevisiae cell separation 197 

(performed at much higher frequency of 20 kHz), differences in cell size were represented by differences in the 198 

dielectrophoretic mobility (𝜇𝐷𝐸𝑃) of the cells (Eqn. 2). The separation took place by exploiting differences on 199 

𝜇𝐷𝐸𝑃, which depends on both, cell size and dielectric properties. The authors stated that two distinct separation 200 

mechanisms were observed in their study,  a charge-based mechanism and a DEP-mobility-based mechanism, 201 

and that more studies are still needed [8].  202 

Antibiotic efficacy testing is another major application of DEP-based viability assessments. The Swami 203 

group has studied extensively the bacterium Clostridium difficile (C. difficile) due to its prominence as one of the 204 

major causes of antibiotic-induced enteric infections with high disease recurrence after antibiotic treatment [33–205 

35]. In particular, they reported the dielectrophoretic fingerprinting of C. difficile strains to distinguish between 206 

high toxicogenic and non-toxicogenic cells [33]; and the DEP-based assessment of the efficacy of employing 207 
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probiotic microorganisms as inhibitor of C. difficile growth and toxicity [34]. In a more recent report [35], this 208 

group studied the efficacy of vancomycin against C. difficile employing pDEP and confirmation with 209 

electrorotation (EROT). Current methodologies for assessing antibiotic susceptibility require time-consuming 210 

bacterial culture, which can take over 16 hours to produce a result when employing the antibiotic at its minimum 211 

inhibitory concentration (MIC). The Swami group identified that cell exposure to MIC levels of vancomycin 212 

decrease the cytoplasmic conductivity of C. difficile, a change that can be assessed with DEP at high frequencies 213 

(since under high frequencies the Re[fCM] is determined by the properties of the cell cytoplasm). Fig. 2C.i 214 

depicts the employed device which featured triangular insulating structures that created a sharp constriction. 215 

High frequency electric fields were applied through the platinum electrodes shown in the image. By testing two 216 

distinct concentrations of vancomycin that were close to the MIC levels, it was found that a concentration of 2 217 

mg/L was effective at inactivating/killing the C. difficile cells, as illustrated by their DEP response in Fig. 2C.ii. 218 

The results are illustrated by three panels, obtained with untreated cells, and cells treated with 1 and 2 mg/L of 219 

vancomycin, respectively. Untreated live cells exhibit only pDEP response, cells treated with 1 mg/L have a 220 

mixed response, exhibiting both pDEP and nDEP; while cells treated with 2 mg/L exhibit only nDEP, indicating 221 

a strong decrease in their cytoplasmic conductivity, i.e., cell death. Thus, a vancomycin level of 2 mg/L is 222 

necessary for complete inactivation of C. difficile cells, this result was achieved only after 4 hours of treating the 223 

cells with vancomycin. At the high frequency employed, the inactivated/dead C. difficile cells exhibit nDEP due 224 

to the decrease in their cytoplasmic conductivity compared to live cells which exhibit pDEP. This study 225 

demonstrates how the ability for DEP to discern between live and dead cells can be employed for the rapid and 226 

effective assessment of antibiotic efficacy. The Gupta group also employed rapid DEP assessments to determine 227 

the efficacy of antibiotics [36,37]. The former study focused on DEP-based viability assessment of E. coli and 228 

Salmonella Typhi (S. Typhi) cells and by detecting cell membrane rupture (cell death) as a result of cell exposure 229 

to sushi S3, an antimicrobial peptide [36]. In the latter report, the Gupta group developed the technique called 230 

DEPIS, a combination of DEP with impedance spectroscopy (IS), for the rapid assessment of cell viability and 231 

antimicrobial susceptibility [37]. They studied S. Typhi, Enterococcus faecalis (E. faecalis) and S. aureus, which 232 

were treated with several antimicrobial agents: polymyxin B sulfate, sushi S3 peptide, levofloxacin, bacitracin, 233 

and methicillin. Cells exposed to the antibiotic agents were then introduced into the DEPIS device, where they 234 

were enriched by DEP forces and screened by IS, the entire process took only 60 min. In contrast with their 235 

previous work [36], the antimicrobial agents in this study had distinct cellular targets (cell membrane, cell 236 

cytoplasm and cell wall), so each antimicrobial agent produced a distinct set of changes on the cells, justifying 237 

why impedance spectroscopy was used to rapidly assess cell viability. The authors concluded that ionic release 238 

from dying cells is an effective and rapid way to assess cell viability and antibiotic efficacy [37]. Further, they 239 

also demonstrated the rapid distinction between methicillin-resistant and methicillin-susceptible S. aureus 240 

strains, which can be critical in clinical settings.  241 
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Ensuring that all pathogens in a sample have been eliminated is another important application.  Devices for 242 

cell inactivation were reported by the Yang group [38–40], they employed channels with insulating micropillars 243 

and chambers filled with silica microbeads to allow DEP forces to irreversibly electroporate E. coli, E. faecalis 244 

and S. cerevisiae cells and cause cell death. In these systems DEP was not used for performing the viability 245 

assessment of the cells, DEP was used induce cell dead and cell viability by assessed off-device by standard 246 

spread plate counting.  247 

 248 

 249 

Fig. 2. Dielectrophoretic bacterial viability assessments. (A.i) Illustration of the device employed for the distinction between live and S. 250 

aureus cells, the device features a row of insulating pillars at the center of a microfluidic channel. (A.ii) Trapping of live S. aureus cells 251 

(dyed green) while dead cells (dyed red) are not trapped and continue flowing under an applied voltage of 400 Vpp at 30 kHz, flow 252 

direction is from bottom to top, and as observed in A.ii, mostly red cells are observed after the row of posts, green cells are not able to 253 

pass across the row of posts. Adapted with permission from [28], copyright (2015) AIP Publishing. (B.i) Illustration of the sorting device 254 

employed by Bo et al., the device features three outlet reservoirs, a sample reservoir and a buffer reservoir. The critical diameter of the 255 

device is 1.24 µm.  (B.ii) Results from the sorting process illustrating effective discrimination between the live and dead E. coli cells. This 256 

sorting was obtained at 138 Vpp at 1 Hz, under a pressure of 20 mBar employing a medium with a conductivity of 100 mS/m. Adapted 257 

from [8], open access article distributed under a Creative Commons Attribution (CC BY) License, copyright (2020) Ho et al. (C.i) 258 

Illustration of the device employed by Rouhi et al. and two cartons to depict the cell response under nDEP and pDEP. (C.ii) DEP 259 

response of C. difficile cells left untreated and treated with 2 mg/L and 1 mg/L of vancomycin. A concentration of 2 mg/L is necessary for 260 

all cells to be indicated as demonstrated by their nDEP response. Adapted with permission from [35], copyright (2018) Elsevier. 261 

 262 

2.2.2 Yeast cells  263 

Dielectrophoresis-based viability assessments have also been developed for yeast cells. Discussed in Section 264 

2.2.1 is the study by Ho et al. [8], where they sorted live and dead S. cerevisiae cells by their DEP mobility at 265 

high frequency, as a charge-based sorting (as done for E. coli) was not possible. The Taguchi group [41] 266 

reported a unique study by developing devices for the discrimination between live and dead cells and also for 267 

cell fusion. They employed S. cerevisiae and red cabbage protoplast cells. Their device and discrimination 268 

process for live and dead S. cerevisiae cells are shown in Fig. 3A. They employed a microfluidic chamber with 269 

top and bottom thin electrodes, where live cells (non-stained) were attached to the electrodes by the effect of 270 

https://creativecommons.org/licenses/by/4.0/
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pDEP, while dead cells (stained with methylene blue) were not attracted towards the electrodes and were flushed 271 

away employing fluid flow driven by syringe pumps. Their study also included live cell manipulation with pDEP 272 

and optical tweezers to achieve cell fusion with the addition of polyethylene glycol (PEG). The PEG was added 273 

to the cell suspension for two purposed, first, to make cells adhere to each other and second to trigger cell fusion 274 

[41]. In a follow up study [42], the Taguchi group analyzed the DEP response of live and dead yeast cells by 275 

inducing cell death on chip with bipolar electrodes by increasing the temperature (from 30 to 70 oC) of the 276 

suspending media, cell death was observed above 50 oC. They observed that live yeast cells exhibited pDEP and 277 

were attracted to the electrodes, but when the cells died, as a result of the increasing system temperature, the 278 

yeast cells moved away from the electrode. These observations are in perfect agreement with Fig. 1A, since at 279 

high frequency live cells exhibit pDEP while dead cells exhibit nDEP. This study demonstrates the flexibility of 280 

employing DEP for rapid and labeless cell viability assessments, as the cell response can be easily modified by 281 

modifying the frequency of the applied voltage. The García-Diego group [43] also demonstrated a rapid 282 

live/dead assessment for S. cerevisiae cells, they observed with microscopy that heat-killed yeast cells have 283 

broken down cell membranes. Further, they measured the DEP force exerted on live and dead cells employing a 284 

two electrode system where the electrodes were positioned forming a funnel configuration. Both cell types, live 285 

and dead, had exhibited pDEP behavior, but the DEP force decreased significantly on dead cells, i.e., dead cells 286 

still exhibited pDEP, but at a much lower magnitude than live cells. They explained these observations as the 287 

result of increased conductivity in the cell membrane and cell wall of the dead cells, since these two structures 288 

get contaminated with the cell cytoplasm. A continuous DEP-based sorter for live and dead yeast cells was 289 

reported by the Li research group [21]. They developed a unique design where DEP effects were enabled by two 290 

asymmetric orifices (one smaller, and one larger) located at the side walls of a microchannel as shown in Fig. 291 

3B.i. Cells exhibiting pDEP (live cells) would migrate closer to the smaller orifice while cells exhibiting nDEP 292 

(dead cells) would migrate closer to the larger orifice as depicted in the cartoon and experimental results in Fig. 293 

B.ii-B.iii, respectively. The results are as expected under a high frequency of 10 MHz, where dead yeast cells 294 

have a negative response (Fig. 1A); they also observed that both cell types, live and dead, exhibited pDEP at a 295 

frequency of 1 kHz. In agreement with Ho et al. [8], dead cells were smaller in size than live ones. This novel 296 

design allowed for successful continuous sorting and separation processes, where the distinct cell fractions could 297 

be collected at distinct outlet reservoirs [21]. The Wenger group [44,45] also reported the separation between 298 

live and dead S. cerevisiae cells employing a complementary metal-oxide-semiconductor (CMOS) DEP-based 299 

device with interdigitated electrode arrays (IDEs). In their first study [44] they achieved the pDEP trapping of 300 

live and dead cells at a distinct frequency for each cell type, 3 MHz and 90 kHz for the live and dead cells, 301 

respectively, which is in perfect agreement with Fig. 1A. In their follow up study [45], the Wenger group 302 

demonstrated selective trapping of live yeast cells by means of pDEP while dead cells exhibited nDEP; they 303 

achieved a 100% collection of live cells at a frequency of 5 MHz with deionized  water as suspending medium. 304 
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In agreement with previous studies, they reported that dead cells had an increased membrane conductivity, and a 305 

decreased cytoplasmic conductivity compared to live cells. The differences in conductivity values between live 306 

and dead cells were also exploited by Wu et al. [46] in a multiplexed system and by Bunthawin et al. [47] in a 307 

micro-parallel cylindrical electrodes system to separate live from dead yeast cells. All of these reports illustrate 308 

that effective distinction between viable and nonviable S. cerevisiae cells can be obtained with DEP by 309 

exploiting the differences in the cells’ dielectric properties.  310 

 311 

Fig. 3. Dielectrophoretic yeast cells viability assessments. (A.i) Illustration of the thin electrode device  employed for distinguishing 312 

between live and dead S. cerevisiae cells. The device was connected to two syringe pumps. (A.ii) Image of the live (non-stained) and dead 313 

(stained with methylene blue) cells before and after the application of an AC voltage. Live cells are attracted to the electrodes under pDEP 314 

effects while dead cells show no response at a frequency between 300 kHz to 15 MHz. This frequency range was selected as it produce 315 

the distinct behavior of the live and dead cells. Adapted from [41], open access article distributed under a Creative Commons Attribution 316 

(CC BY-NC 4.0) License, copyright (2015) Mizuta et al. (B.i) Device with asymmetric orifices for DEP-based viability assessment. (B.ii) 317 

Cartoon depicting the expected migration of cells exhibiting pDEP and nDEP behavior. (B.iii) Experimental demonstration of the 318 

separation of live and dead S. cerevisiae cells suspended in deionized water where live cells exhibit pDEP and dead cells exhibit nDEP 319 

under 6 Vpp at 10 MHz. Adapted with permission from [21], copyright (2019) American Chemical Society. 320 

 321 

2.2.3 Mammalian cells 322 

Determination of cell stress due to nutrient depletion or harsh environmental conditions is essential in the 323 

production of biopharmaceuticals. Dielectrophoresis is a tool that can be used to assess the physiological state of 324 

mammalian cells, including the determination of cell apoptosis. The Bridges group [6,48–50] has studied 325 

extensively the changes in the dielectric properties of Chinese hamster ovary (CHO) cells as a result of 326 

starvation. In their more recent report [6] they employed a dual frequency DEP cytometry system to study the 327 

changes in the dielectric properties of CHO cells as a results of starvation-induced apoptosis. The dual frequency 328 

system assessed two specific properties, the membrane capacitance and the cytoplasm conductivity; the lower 329 

frequency (300 kHz) was tuned to probe the cell membrane while the higher frequency (6 MHz) was aimed to 330 

probe the cell cytoplasm. The conditions from this study differ from those in Sections 2.2.1 and 2.2.2, on 331 

bacteria and yeast cells; since in this case cells were not heat-killed, the CHO cells were starved and their 332 

transition from live cells to apoptotic cells occurred gradually. They observed that both the membrane 333 

https://creativecommons.org/licenses/by/4.0/
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capacitance and cytoplasm conductivity decreased for apoptotic cells compared to viable ones, but the decline 334 

occurred in a different manner for each parameter during the progression of the apoptosis process. They carried 335 

out measurements over 64 hours and observed that cytoplasmic conductivity declined very slightly during the 336 

first 40 h, followed by a rapid decline; while membrane capacitance has a steady decline over the entire 64 h 337 

period. The authors stated that their device can be employed for monitoring the physiological state of cells in 338 

pharmaceutical process [6].   339 

The viability of other types of mammalian cells has also been studied with DEP. The Flanagan group 340 

discriminated between live and dead neural stem and progenitor cells (NSPCs) in a study focused on enriching 341 

stem cells to determine their fate via DEP [51]. Their device, depicted in Fig. 4A, featured a large capacity 342 

electrode array that enabled the selective enrichment of viable NSPCs by means of pDEP from a sample 343 

containing live and dead cells, while nonviable cells were flushed away. Their objective was to process the cell 344 

sample at 7 Vpp at 1 MHz, until enough viable cells were trapped and enriched at the electrodes. Once enough 345 

cells were captured, the viable cells were then released by decreasing the frequency in 100 kHz increments and 346 

collected at distinct frequency bins from the outlet reservoir. A similar approach was performed with astrocyte 347 

progenitor cells in the same study [51]. This report illustrated that DEP is a valuable tool in the study of stem 348 

cells. The Martinez-Duarte group [52] also worked with stem cells by performing the separation between viable 349 

and nonviable rat adipose stem cells (RASCs) in a system featuring 3-dimensional carbon electrodes as shown in 350 

Fig. 4B.i. Their novel system was equipped with a robotic that “picked and transferred” target cells. Since live 351 

RASCs exhibited pDEP at a frequency of 100 kHz, while dead RASCs had a nDEP behavior, their separation 352 

was straightforward. The viability assessment of  RASCs was one of the three distinct applications developed in 353 

this work, the two others being the separation between Candida albicans (C. albicans) from Candida tropicalis 354 

(C. tropicalis) cells and the separation of C. tropicalis from polystyrene beads. The Wood research group [53] 355 

studied the live/dead sorting of dental pulp stromal cells (DPSC) by combining surface acoustic waves (SAW) 356 

and DEP effects. Their unique system which utilized AC electric fields and lateral mechanical oscillations, 357 

successfully enriched live cells with pDEP, achieving separation efficiencies above 98%.The system was able to 358 

handle a high throughput of 104 cells/minute and operate in a continuous flow mode (majority of DEP system 359 

can handle throughput below 103 cells/min [54]). This system was also employed for the live/dead separation of 360 

S. cerevisiae cells [53]. This study provides an additional example of DEP, in this case enhanced with SAW, as 361 

an effective tool for discriminating between live and dead cells and separate them for further use or analysis. 362 

The assessment of the physiological state of blood cells has also been reported with DEP-based systems. The 363 

Martinez-Duarte group [55] also reported the rapid discrimination between U937 live and dead monocytes 364 

employing a device with 3-dimensional carbon electrodes. After careful characterization of the DEP response of 365 

the monocytes, they identified that at a frequency of 300 kHz the dead monocytes exhibited nDEP while live 366 

monocytes were attracted to the edges of the electrodes by pDEP effects. In some cases, live monocytes trapped 367 
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in pearl-chain formations. Fig. 4B shows the trapped live monocytes and a plot of the results. Under a voltage of 368 

20 Vpp at 300 kHz, 90% of the live monocytes were trapped while dead monocytes were flushed away 369 

employing a 1 µL/ min flow. The authors discussed that the use of low voltage increases cell viability and 370 

strengthens the potential for this type of assessment to be used for the enrichment of live monocytes in clinical 371 

applications. Viability analysis of human T-lymphocytes with DEP has been reported by the Nawarathna group 372 

[56] and the Lorenzo group [57]. The former study [56] was focused on enriching T-lymphocytes after the 373 

transfection step in CAR T-cell therapy, as only viable cells can be used in CAR T-cell therapy. They used 374 

Jurkat cells as proxies of the T-lymphocytes, since Jurkat cells have similar characteristics to T-lymphocytes.  375 

They developed a device with interdigitated electrodes that successfully separated a mixture of live and dead 376 

cells. Their system worked differently from other reports, since at 3 Vpp at 5 MHz they trapped dead cells with 377 

pDEP while and live cells, which exhibited a weaker pDEP effect than dead cells, were removed with fluid flow. 378 

The majority of the reports reviewed here use nDEP for dead cells and pDEP for live cells. Dead cells were 379 

obtained by means of electroporation, which may produce dead cells with distinct characteristics of those 380 

employed in other DEP-based viability assessments [56] . In the latter study, the Lorenzo group [57] also 381 

assessed the viability of T-lymphocytes, where dead cells were prepared by exposing the cells to seven 382 

freezing/thawing cycles. They developed a microfluidic device with castellated electrodes, a single inlet and two 383 

outlets, which allowed for the continuous sorting between live and dead T-lymphocytes. The electrodes were 384 

located on one side of the channel only, cells exhibiting pDEP would travel closer to the electrodes side and 385 

elute at the left outlet, while cells under nDEP would move away from the electrodes and elute at the right outlet. 386 

The separation was performed at a frequency of 1.5 x106 Hz, which allowed for the live/dead cell discrimination, 387 

as the cells responses were pDEP and nDEP for the live and dead T-lymphocytes cells, respectively. This study 388 

is another excellent example of the use of DEP for clinical assessments of blood cells. A study on the apoptosis 389 

of Jurkat cells was also reported by the Hughes group [59], this study is discussed in detail in the next section 390 

focused on cancer cells. 391 

 392 

2.2.4 Cancer cells 393 

The viability assessment of cancer cells is critical when evaluating the efficacy of cancer treatment or drugs 394 

and also for monitoring the progress of apoptosis processes. Thus, several DEP-based approaches have been 395 

developed to separate and sort viable and nonviable cancer cells. A particular characteristic of these systems is 396 

that the great majority comprise several inlet and outlet reservoirs that allow the collection of separate fractions. 397 

An example of this is the system developed by the He group [60] for the sorting between live and dead PC-3 398 

human prostate cancer cells. Dead PC-3 cells were prepared by thermal treatment. They developed a device with 399 

liquid electrodes that featured a conductivity gradient to induce pDEP on target cells. The device featured four 400 

inlets and four outlets and allowed separating live from dead PC-3 cells in a continuous manner by exerting 401 
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strong pDEP on live cells and weak pDEP or nDEP on the dead cells at a frequency of 50 kHz. The results 402 

showed that almost 90% of the live cells were deflected to the target outlet which also contained 13.2% of dead 403 

cells, achieving a sufficient separation. This device also proved successful at separating human adipose-derived 404 

stem cells (ADSCs) from MDA-MB-231 cancer cells.  405 

The Hughes group [59] developed a novel study focused on the quantification of apoptosis of HeLA cells. 406 

HeLA cells are of significant importance in the field of cancer research, HeLA are a cervical cancer cell line that 407 

allowed discerning how the human papilloma virus can cause cervical cancer. The study of the process of cell 408 

apoptosis  is necessary for the development of new anti-cancer drugs. The Gascoyne group had reported in 2002 409 

[61] that apoptosis could be detected by DEP, much earlier than with conventional methods, by detecting 410 

changes in the dielectric properties of the cell membrane. The Hughes group had explored the use of DEP to 411 

detect changes in cell dielectric properties, which they identify as changes in the cell phenotype, after treatment 412 

with anti-cancer drugs [62], and extended this methodology for assessing the series of stages in apoptotic 413 

progression [59]. They employed the commercially available system 3DEP (DEPtech), which has been used in 414 

several other cell studies [34,62–65]. The 3DEP system consists of a disposable well plate chip, the wells have 415 

electrodes on the side walls that enable DEP effects. Cell exhibiting pDEP are attracted to the well walls and 416 

trapped at the electrodes, while cells exhibiting nDEP are not trapped and flow through the center of the well, the 417 

farthest location from the well wall electrodes. To induce apoptosis  the HeLA cells were incubated with 418 

staurosporine (1 µM suspension), a known apoptosis inducing agent. Then the HeLA cells were analyzed with 419 

the 3DEP device to obtain their DEP spectra, which consists of a plot of the relative DEP force (Eqn. 1) vs 420 

frequency. The DEP spectra was then fitted using the single shell model to obtain the dielectric properties of the 421 

cells and detect changes when comparing to the spectra of untreated cells. In particular, changes in the 422 

parameters of cytoplasmic conductivity and membrane capacitance were observed after 2 h of treatment with 423 

staurosporine, these results are included in Fig. 4C, which contains two plots of DEP spectra (untread cells vs. 424 

after 2h of treatment). From the DEP spectra it was identified that cytoplasmic conductivity decreased from 38 425 

mS/m to 0.26 mS/m; while membrane capacitance also decreased from 38.7 mF/m2 to 35.4 mF/m2 (membrane 426 

conductance remained unchanged). The decrease in cytoplasmic conductivity agrees with the findings from 427 

studies performed with bacterial [35], yeast [45] and mammalian [6] cells. This study [59] also included Jurkat 428 

cells, for which the results were similar to those obtained with  HeLA cells (a decrease on cytoplasmic 429 

conductivity and membrane capacitance). The findings from this work illustrate the significant progress on the 430 

use of DEP for studying apoptosis and cell death, as commercially available devices can now detect apoptosis 431 

much earlier than conventional methods. The Prasad group also studied apoptosis of cancer cells [66], they 432 

exposed non-small cell lung cancer (NSCLC) cells to the drug trypsin-EDTA navitoclax (ABT-263) and 433 

assessed cell response in an interdigitated electrode DEP system, which allowed them to detect changes in the 434 

physiological state of the cells as early as 2 h after cell exposure to ABT-263. The Chen and Wu group [67] 435 
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studied the effects of the anticancer drug doxorubicin (concentrations up to 15 µg/ml) on MES-SA cells, a 436 

human sarcoma cell line, employing an optical-induced DEP system. In their device, DEP effects were optically 437 

generated employing a beam of light that served as a virtual electrode array that enabled sorting the cells by 438 

moving them from the main channel to one of four distinct side channels, two channels located at each side of 439 

the main channel. They exploited differences in cell cytoplasm conductivity to sort the doxorubicin treated MES-440 

SA cells into four groups according to their viability degrees. Their results revealed that 73.9 % of the MES-SA 441 

cells were dead after 48 h of treatment with doxorubicin at a concentration of 5 µg/ml, while only 4.5% of the 442 

cells with antidrug resistance were dead. This works demonstrated that DEP allows for effective sorting and 443 

separation of cells by exploiting changes in cell viability status. The Swami group extended their previous work 444 

on the effect of drugs on bacterial cell viability [35] to chemo-resistant circulating pancreatic cancer cells [68]. 445 

They developed a technology where single-cell cytometry was used to identify optimal frequencies to obtain a 446 

pDEP response of pancreatic ductal adenocarcinoma (PDAC) cells. The motivation of this work was the current 447 

challenges in enriching circulating tumor cells, which are present in low number in liquid biopsy samples. To 448 

this end, this study was focused on enriching live chemo-resistance PDAC cells, while rejecting dead cells, from 449 

an in vitro culture from metastatic tumor cells. They developed a device that enabled pDEP of live target cells 450 

that featured three distinct outlets, one outlet for each of the three DEP response types: pDEP, no DEP and 451 

nDEP. An additional challenge of this work was the fact that chemo-resistant PDAC cells have a wide size 452 

distribution that overlaps with other cell subpopulations in the sample (apoptotic and necrotic cells). Cell 453 

samples were treated with gemcitabine at a concentration of 1 μg/ml for 48 h prior to DEP assessments. 454 

Employing machine learning, the authors optimized the system and achieved effective enrichment of the live 455 

chemo-resistant PDAC cells from a sample containing only 3% of live cells to 44% at the pDEP outlet in their 456 

device in just 20 minutes, while rejecting 90% of the dead cells in the sample. The Kirby group [69] also 457 

investigated gemcitabine resistance of pancreatic cancer cells by developing a technique where EROT was used 458 

to obtain the cells’ dielectric properties, which were then employed to predict DEP spectra that can be used for 459 

designing DEP-based separations between live and dead cells. These studies focused on the assessment of 460 

viability and apoptosis as a result of drug treatment on cancer cells have the potential to accelerate cancer 461 

treatment selection, while reducing cost and time.  462 

The Lee group [70] separated live and heat-killed dead K562 cells, a human leukemia cell line, employing a 463 

novel device that integrated hydrodynamic focusing and DEP effects. An illustration of the device and the results 464 

obtained from the live dead separation process is shown in Fig. 4D. The device featured two electrode regions, 465 

the first one for focusing the cells and the second one for sorting the cells. A 3-dimensional narrow 20 µm 466 

constriction was located just prior to the focusing array of interdigitated electrodes to aide with the focusing 467 

process. A crucial aspect was to keep the cells close to the electrodes where DEP effects are effective. By 468 

carefully optimizing the cell-to-electrode distance and the frequency and voltage in each electrode region, the 469 
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continuous separation between live and dead K562 cells was achieved at a the very high rate > 150,000 470 

cells/min, achieving a purity of 90% with a recovery of 85% of the live cells in the sample. As shown in Fig. 4D, 471 

live cells were sent to the collection outlet, while dead cells were sent to the waste outlet. The authors stated that 472 

they exploited the differences in membrane integrity between the live and dead cells, since the heat-killed K562 473 

cells have a compromised cell membrane. A common theme is observed from the distinct reported discussed in 474 

this section, changes in cell membrane can be effectively exploited with DEP effects to achieve the sorting, 475 

separation and assessment of cancer cell viability status.  476 

 477 
Fig. 4. Dielectrophoretic viability assessments of mammalian cells, blood cells and cancer cells. (A.i) Illustration of the large capacity 478 

electrode array  employed by Adams et al. for the separation between live and dead NSPCs. (A.ii) Cartoon of the separation process, 479 

where live cells (red color) are selectively trapped by pDEP at the electrode array and dead cells (gray color) are flushed towards the 480 

outlet reservoir under Vpp at 1 MHz. Adapted with permission from [51], copyright (2018) Elsevier. (B.i) Image depicting live U937 481 

monocytes trapped at the edges of the 3-dimensional carbon electrodes, the green arrows indicate trapping as pearl chain formations. 482 

(B.ii) B of the results from the separation of a 1:1 live dead mixture of live and dead monocytes, illustrating the enrichment of live 483 

monocytes after the separation. Adapted from [55], open access article under a Creative Commons Attribution License 4.0, copyright 484 

(2017) Yildizhan et al. (C.i) DEP spectra of HeLA untreaded cells and (C.ii) after 2 h of treatment with a 1 µM solution of staurosporine. 485 

DEP spectra was fitted using the single shell model and dielectric properties were extracted illustrating a decrease in both cytoplasmic 486 

conductivity and membrane capacitance. Adapted from [59] open access article under a Creative Commons Attribution-NonCommercial 487 

3.0 Unported License, copyright (2016) Henslee et al. (D.i) Illustration of the device used by Aghaamoo et al., the left image depicts the 488 

entire device with two outlets and the right image shows in detail the interdigitated electrode array used to generate DEP effects. (D.ii) 489 

Plot of the live/dead cells sorting, where the majority of live cells (blue color) were sent at the collection outlet and the majority of dead 490 

cells were (orange color) sent to the waste outlet. Adapted from [70], open access article distributed under a Creative Commons 491 

Attribution (CC BY) License, copyright (2023) Aghaamoo et al. 492 

 493 

3. Electrophoresis-based cell viability assessments and separations 494 

Electrophoresis (EP), the migration of electrically charged particles (relative to a fluid) under the effects of an 495 

electric field, is a widely used technique in the analytical laboratory. In contrast with DEP that mainly operates 496 

under AC electric fields, EP is employed mainly with DC electric fields. There are a plethora of electrophoresis-497 

based modes, including gel electrophoresis, the workhorse of analytical laboratory, and specialized modes such 498 

as zone electrophoresis, isotachophoresis, isoelectric focusing etc. Several research groups have reported 499 

effective EP-based separation techniques for the discrimination and separation between cells of distinct types 500 

https://creativecommons.org/licenses/by/4.0/
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[16,71], there are also important reports exploring the origins of microbial electrical charge [72,73]. Despite 501 

these major advances, there is only a reduced number of EP-based studies focused on the assessment and 502 

separation between live and dead cells, which have been performed in bench scale CE systems and microfluidic 503 

systems. Described below are the operating principle and applications of EP designed specifically to distinguish 504 

and separate live from dead cells.  505 

 506 

3.1 Electrophoresis operating principle 507 

The fundamentals of traditional (linear) EP were developed mainly during the last century. The 20th century 508 

witnessed the major advancements in the understanding of the weak field theory. During this time, the 509 

techniques of gel EP and capillary electrophoresis (CE) became standards in the analytical laboratory [74]. The 510 

separation of cells by EP exploits differences in their electromigration velocity. The expression of the EP 511 

velocity under the weak field regime is defined as: 512 

𝐯𝐸𝑃,𝐿 = 𝜇𝐸𝑃,𝐿𝐄 =
𝜀𝑚𝜁𝑃

𝜂
𝐄         (3) 513 

where 𝐯𝐸𝑃,𝐿 refers to the linear electrophoretic velocity, E represents the electric field (where 𝐄 = 𝐸𝐚̂𝐸 and 𝐚̂𝐸 is 514 

a unit vector with the direction of vector E, having a magnitude of E). The parameter 𝜇𝐸𝑃,𝐿 is the mobility of 515 

linear EP and 𝜁𝑃 is the electrokinetic (zeta) potential of the cell, m and  represent the permittivity and viscosity 516 

of the suspending medium, respectively. The notation “L” in the linear electrophoretic velocity (and mobility) is 517 

used to distinguish it from the nonlinear electrophoretic velocity (𝐯𝐸𝑃,𝑁𝐿) which will be discussed in this section. 518 

Since a large number of the systems used to assess and separate cells, namely CE or microchip electrophoresis, 519 

employ electroosmotic flow (EOF) for pumping the liquid and cells in the system, it is important to define the 520 

expression for the EOF velocity: 521 

𝐯𝐸𝑂 = 𝜇𝐸𝑂𝐄 = − 
𝜀𝑚𝜁𝑊

𝜂
𝐄         (4) 522 

where 𝐯𝐸𝑂 represents the EOF velocity and 𝜁𝑊 is the zeta potential of the channel wall. The majority of EP-523 

based separations reported in the literature are performed under the weak field regime, i.e., these reports exploit 524 

differences in electromigration velocity under linear EP (EPL) effects [72,75–77]. Recent experimental reports 525 

[78–85] have unveiled the presence of a second EP effect, called nonlinear EP (EPNL) or EP of the second kind, 526 

in EP-based separation systems. As discussed by Khair [11], major advances in the strong field theory have 527 

marked the last decade and have strengthened the understanding of EPNL. Dukhin and collaborators first reported 528 

on the theory of EPNL in the early 1970’s [86], but widespread applications of EPNL was delayed due to scarce 529 

availability of experimental data [87]. The importance of EPNL in the separation of cells has been recently 530 

reported in microchip EP systems [88–91], and evidence of its effects on the electromigration of plastic 531 

nanoparticles has been characterized in CE systems [92]. Thus, EPNL is an important effect that must be 532 
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considered in EP-based separations. The theory on EPNL is still under development, and three dimensionless 533 

parameters: the dimensionless electric field (), the Dukhin number (Du) and the Peclet number (Pe), are 534 

necessary for identifying the regimes of EPNL [82]. The definitions of these three parameters are as follows: 535 

𝛽 =
𝐸 𝑟𝑝

𝜑
,  𝐷𝑢 =

𝐾𝜎

𝐾𝑚 𝑟𝑝
  and  𝑃𝑒 =

𝑟𝑝|𝐯𝐸𝑃|

𝐷
       (5) 536 

where E is the electric field magnitude, rp is the cell radius (hydrodynamic radius for non-spherical cells) and 𝜑 537 

is the thermal voltage (~25 mV), In the expression for Du,  𝐾𝜎 and Km are the surface conductivity and bulk 538 

conductivity of the medium, respectively. In the expression for Pe, |𝐯𝐸𝑃| is the magnitude of the electrophoretic 539 

velocity considering both linear and nonlinear contributions (𝐯𝐸𝑃,𝐿 +  𝐯𝐸𝑃,𝑁𝐿) and D is the diffusion coefficient. 540 

The two following expressions for the velocity of EPNL (𝐯𝐸𝑃,𝑁𝐿
(𝑛)

) have been developed for the limiting cases of 541 

low Pe values (𝑃𝑒 ≪ 1) and high Pe values (𝑃𝑒 ≫ 1) [78,93,94]: 542 

𝐯𝐸𝑃,𝑁𝐿
(3)

= 𝜇𝐸𝑃,𝑁𝐿
(3)

𝐸3𝐚̂𝐸  for 𝛽 ≤ 1, arbitrary 𝐷𝑢 and 𝑃𝑒 ≪ 1     (6) 543 

𝐯𝐸𝑃,𝑁𝐿
(3/2)

= 𝜇𝐸𝑃,𝑁𝐿
(3/2)

𝐸3/2𝐚̂𝐸  for 𝛽 > 1, 𝐷𝑢 ≪ 1 and 𝑃𝑒 ≫ 1      (7) 544 

where 𝜇𝐸𝑃,𝑁𝐿
(𝑛)

 is the mobility of the EPNL velocity and n represents the electric field dependence. As observed in 545 

Eqns. (6-7) the EPNL velocity can have either a cubic or a 3/2 dependence (n = 3 or n = 3/2) with the electric field, 546 

as determined by values of , Du and Pe. No analytical expressions for the EPNL velocity are available yet for the 547 

intermediate values of Pe [78,93,94]. 548 

 After introducing the main governing equations of EP, it is necessary to discuss how each regime of EP 549 

(EPL and EPNL) can differentiate between distinct types of cells, and for the purpose of this review article, how 550 

EP can differentiate between live and dead cells. First, EP-based separations can occur under DC and DC-biased 551 

low frequency AC electric fields, since under pure AC fields, EP effects, linear and nonlinear, cancel out and do 552 

not contribute to the separation process. Differences in electrical charge are effectively exploited with EPL [11], 553 

as demonstrated by thousands of publications on CE [71,77,95]. Kłodzinska and Buszewski published an 554 

excellent article explaining the origins of microbial electrical charge [72]. However, EPL cannot differentiate 555 

target analytes, such as live/dead cells, based on size or shape differences [96,97]. The use of EPNL (Eqns. 6-7) 556 

is necessary to discriminate cells by size or shape differences [11,82,98]. In terms of the fundamental equations 557 

above, EPL can discriminate between cells by differences in electrical charge (as determined by cell 558 

electrokinetic (zeta) potential in Eqn. 1,  𝜁𝑃), most microorganisms possess negative surface charge [73]. 559 

Differences in cell size and shape, which can be exploited by EPNL, influence the values of the mobility of EPNL 560 

(𝜇𝐸𝑃,𝑁𝐿), i.e., the values of 𝜇𝐸𝑃,𝑁𝐿 depend on the size and shape of the cells [83,84,98]. However, due to the 561 

novelty of the application of EPNL to discriminate between distinct cell types, there are no reports yet on the use 562 

of EPNL for shape-based cell discriminations. A recent report from our group [89] demonstrated  EP-based 563 

separations under linear and nonlinear modes. First, the separation of microparticles performed by exploiting 564 
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differences in electrical charge under EPL was demonstrated, and second, the separation by exploiting 565 

differences in particle size under EPNL was realized; resulting in a change of the elution order. Thus, the use of 566 

EP, linear and nonlinear mode, can enable effective separation schemes between viable and nonviable cells, 567 

since distinct parameters (charge, size or shape) can be exploited to achieve the desired separation, and switching 568 

between the linear and nonlinear modes of EP can be accomplished by simply modifying the magnitude of the 569 

applied electric voltage. Linear EP dominates the electromigration of cells at low electric fields, while EPNL 570 

becomes a major effect on cell electromigration at high electric fields [89].     571 

3.2 Reports on electrophoretic-based cell viability assessments and separations   572 

Electrophoretic separations were first developed for large biological macromolecules, such as DNA and 573 

proteins [99]. The separation of intact cells by means of CE was first reported in 1987 by Hjertén et al. [100]. 574 

This was followed by the studies of Ebersole and McCormick [101] in 1983 and Armstrong et al. [102] in 1999. 575 

Armstrong in particular pioneered many of the first advances on the use of CE for separating intact 576 

microorganisms [102–104]. Numerous challenges, such as bacterial aggregation [105], undesired wall-cell 577 

interaction [72] and control of EOF [106] have been overcome during the last two decades. As data on the EP 578 

mobility became more available [107], contributions from the Buszewski [72,75,108] and Horká [109–111] 579 

research groups further established CE as technique with excellent capabilities for separating intact cells and 580 

observe the results as electropherograms. The recent knowledge on EPNL [17], further confirms the potential of 581 

EP for separating viable and nonviable cells. However, only a handful of studies on the use of EP for cell 582 

viability assessments and separations have been reported. Below is a discussion on these studies and a summary 583 

of all the reports reviewed in this section is included in Table 2. 584 

 585 

3.2.1 Bacteria cells 586 

The first reports on an EP-based separation by exploiting differences in bacterial cell viability  was reported 587 

in 2001 by the Armstrong group [112,113]. The authors stated that the motivation for their work was to illustrate 588 

the potential of EK-based separations (EP in this case) for the analysis and characterization of intact 589 

microorganisms, which is possible since all microbes have surface charge. They explained that microorganisms 590 

have membranes and cell walls that contain molecules such as proteins, lipids, lipopolysaccharides, teichoic 591 

acid, etc., which provide them with a characteristic surface electrical charge. This of course also depends on the 592 

characteristics of the suspending media, such as pH and ionic strength. The origins of surface charge on 593 

microorganisms have also been discussed on recent reports [72,73]. As reported by Polaczyk et al. [73], under 594 

physiological conditions, the majority of bacterial cells (and other types of cells) have a negative surface charge, 595 

which means that their EP migration will be towards the inlet (towards the anode), in the opposite direction of 596 

the EOF which is commonly towards the cathode in bare fused silica capillaries. The report by Polaczyk et al. 597 
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[73] listed only one case of a bacteria with a positive charge at pH values below 11 [114]. Figure 5A shows a 598 

cartoon of the migration of live and dead cells in an EP-based system. In this cartoon representation, both cell 599 

types, live and dead, have net negative surface charge, but dead cells have lower charge magnitude (lower 600 

magnitude of their negative 𝜁𝑃value), as reported in the literature [8,115]. 601 

In their first pioneer CE viability-based separation report [112], the Armstrong group assessed the quality of 602 

supplements for lactose intolerant individuals. They tested the live/dead cell content of Lactobacillus acidophilus 603 

(L. acidophilus) in tablets from food supplements. They employed a commercially available CE system with 604 

laser induced fluorescence (LIF) detection and were able to quantify the ratio of live to dead L. acidophilus cells 605 

in the sample as 60% of viable cells. However, no differences in the migration time of the live and dead cells 606 

were observed, the distinction and quantification of live cells was done employing the relative peak area of each 607 

type (live and dead) by assessing the fluorescence signal. The cells were fluorescently labeled  employing 608 

propidium iodide for the dead cells and Syto 9 for the live cells. In their second pioneer CE viability study [113] 609 

the Armstrong group worked with cells samples of L. acidophilus, Bifidobacterium infantis (B. infantis) and S. 610 

cerevisiae, the bacteria were obtained from food supplements and the yeast from a freeze-dried supermarket 611 

product. Similar to their previous report [112], they employed CE-LIF and the same fluorescent dyes. The results 612 

showed that the peaks of the dead and live cells had almost identical migration times, and viability quantification 613 

was performed again by estimating the peak area employing fluorescence. Their viability determinations were 614 

45%, 43% and <2% for L. acidophilus, S. cerevisiae and B. infantis, respectively. The analyzed the samples with  615 

flow cytometry, obtaining similar results (within the margin of error), illustrating that the CE-LIF viability 616 

determinations were accurate [113].  617 

There have been important advances since these two pioneer CE cell viability reports from 2001 [112,113].  618 

In 2017 Bonomo et al. [116] reported the separation of ethanol-stressed Oenococcus oeni (O. oeni) strains. They 619 

were interested in studying the viability changes caused by ethanol-induced environmental stress of the O. oeni 620 

cells, as these strains are important in wine production. Employing a CE system with a diode array detector, they 621 

were able to assess the changes on cell surface charge induced by the oxidative stress produced by alcohol 622 

exposure. They identified a large variability in the changes induced on the four distinct strains of O. oeni 623 

included in this study. In general, they observed from their CE analysis of the alcohol-treated samples that for 624 

each strain, at least three subpopulations were present, each population corresponding to a distinct electrical 625 

charge, as illustrated by three peaks: positive, neutral and negative charge peaks. Their results suggested that 626 

exposure to alcohol resulted in three types of cell viability status: injured, dormant and viable cells, 627 

corresponding to the positive, neutral and negative charge peaks, respectively. They observed, in general, that 628 

the subpopulation in the positive peak (damaged cells) increased with increased alcohol exposure. Similar results 629 

were obtained with flow cytometry, validating the CE analysis. The Buszewski group [117] recently published 630 

the CE-based viability analysis of five distinct strains of bacteria: E. faecalis, S. aureus, Klebsiella pneumoniae 631 
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(K. pneumoniae), Pseudomonas aeruginosa (P. aeruginosa) and E. coli which were treated with antibiotics. 632 

They analyzed three distinct samples of each strain: live untreaded cells, dead cells (inactivated with 70% 633 

ethanol) and antibiotic treated cells. A major goal of the study was to demonstrate the effect of antibiotics on the 634 

electrical charge and electromigration of cells. Their results, obtained with a capillary zone electrophoresis 635 

(CZE) system equipped with a diode array detector, are represented by the electropherogram for E. faecalis and 636 

the summary table contained in Fig. 5B. As seen from the electropherogram (Fig. 5B.i), dead and antibiotic-637 

treated E. faecalis cells have a similar response in terms of their absorbance vs. time, but antibiotic-treated cells 638 

have slightly longer migration time than dead cells, while live cells have a longest migration time. The results in 639 

the table (Fig. 5B.ii) for all five cell strains follow the same trend, live cells have longer migration times than 640 

dead cells in the CZE system. These findings, which are in agreement with a previous report by the same group 641 

[115] and others [8,118,119], illustrate that dead bacterial cells have negative zeta potential values of lower 642 

magnitude than those of live cells. This causes live cells to have longer migration times, as they migrate behind 643 

dead cells (Fig. 5A). In a follow up study the Buszewski group [118] studied the effects of antibiotics on 644 

methicillin-resistant S. aureus (MRSA), methicillin-sensitive S. aureus (MSSA), and E. coli. Cells were treated 645 

with antibiotics for 24 h and dead cells were obtained by exposure to 70% ethanol. Similar results to their 646 

previous work [117] were obtained, dead cells had shorter migration times than live cells caused by their lower 647 

magnitude negative 𝜁𝑃 values; while antibiotic-treated cells had an “intermediate” migration time, between those 648 

of dead and live cells. These results are illustrated in the electropherogram for E. coli cells in Fig. 5C. The 649 

viability results obtained with CE were compared with flow cytometry obtaining good agreement between the 650 

two methods. The authors stated that CE has the potential to become a routine method for cell viability 651 

assessments and separation in modern clinical practice [118].  652 

More recently, our group separated live from dead E. coli cells employing a microchip EP system [119] 653 

which consisted of a T-shaped insulator-based (iEK) microfluidic channel that contained an array on cylindrical 654 

insulating pillars. The device employed and the results obtained are shown in Fig. 5D. For this separation the 655 

two phenomena of EPL and EPNL, described in Section 3.1, were employed. Our group has investigated 656 

extensively the use of EPNL for the separation of cells and microparticles [32,88–91,98]. The presence of the 657 

insulating pillars in the iEK device in Fig. 5D.i. create regions of high electric field  magnitude where nonlinear 658 

EK phenomena, such as EPNL (and DEP to a lesser extent [88]) can arise and contribute to the separation 659 

process. Heat-treated dead cells and live cells were first characterized in terms of their  𝜁𝑃 and 𝜇𝐸𝑃,𝑁𝐿
(3)

values, 660 

which were as follows: -25.5 ± 1.5 and -18.5 ± 0.8 mV for the 𝜁𝑃 of live and dead cells, respectively; and -6.0 ± 661 

0.6 and -3.0 ± 0.3 x10-18 m4V-3s-1 for the 𝜇𝐸𝑃,𝑁𝐿
(3)

 of live and dead cells, respectively. For both EP phenomena, 662 

dead cells had a lower magnitude in both negative parameters, this means that EP effects on dead cells are lower 663 

than those for live cells, which agrees with several previous reports by other groups [8,115,118]. The values of 664 
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these parameters also indicated that engaging the nonlinear regime of EP will aid the separation, as it will 665 

increase the overall difference between live and dead cells. The electropherogram in Fig. 5D.ii illustrates a 666 

separation with a resolution of Rs = 1.87, where as expected, dead cells migrated ahead of live cells due to their 667 

lower EP effects (linear and nonlinear). The fluorescence signal from the cells was used to build the 668 

electropherogram, dead cells and live cells were labeled with propidium iodide and Syto 9 dyes, respectively. 669 

The employed iEK device and operating conditions could be further modified to increase the separation 670 

resolution as needed. A second objective of this study [119] was to re-analyze the results from a 2004 article 671 

[120] that reported the trapping at distinct locations of live and dead E. coli cells in an iEK device with 672 

cylindrical pillars. By leveraging the new knowledge on EPNL it was possible to offer a new explanation on the 673 

results from the 2004 study; the trapping of live and dead E.coli cells shown in Fig. 5E are the results of EPNL 674 

effects, and not DEP forces as it was originally assumed. The potential of EP-based systems for the separation 675 

and enrichment of bacterial cells based on cell viability status is significant, and the new knowledge on EPNL 676 

opens novel and exciting possibilities.  677 

 678 

Fig. 5. Electrophoretic viability assessments of bacterial cells. (A) Cartoon illustration of the direction of EP migration and EOF in an 679 

electrophoretic system. It is important to note the opposite direction between EP migration and EOF. (B.i) CZE results as milli-680 

absorbance unit (mAU) as a function of time obtained for E. faecalis. (B.ii) Summary table of migration times for live and dead (treated 681 

with 70% ethanol) bacterial cells. In all cases all dead cells have a shorter migration time than the live cells, indicating a lower magnitude 682 

of the cell negative zeta potential. Adapted from [117], open access article distributed under a Creative Commons Attribution (CC BY) 683 

License, copyright (2022) Kupczyk et al. (C) Electropherogram of dead, antibiotic-treat and live E. coli cells. Adapted with permission 684 

from [118], copyright (2022) John Wiley & Sons. (D.i) Illustration of the T-shaped iEK channel employed for the separation of live and 685 

dead E. coli cells. (D.i) Electropherogram of the separation of live and dead E. coli cells by exploiting linear and nonlinear EP effects. 686 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Adapted from [119]. (E) Trapping of live (green) and dead (red) E. coli cells between the cylindrical insulating pillars in an iEK channel. 687 

Pillar diameter is 200 µm arranged in a 250 µm center-to-center square array. Adapted with permission from [120], copyright (2004) 688 

American Chemical Society. 689 

 690 

3.2.1 Yeast cells 691 

Similar to the advances with bacterial cells, the CE separation of S. cerevisiae cells based on cell viability 692 

was reported in 2016 by Crispo et al. [121] as a predecessor report from their work in 2017 with O. oeni 693 

bacterial strains [116]. To separate live and dead S. cerevisiae cells by means of CZE with a diode array detector 694 

(DAD), dead cells were prepared by thermal treatment. The live/dead cell separation, performed after optimizing 695 

the CZE separation conditions, resulted in an electropherogram with two distinct peaks, which illustrated the 696 

presence of two cell subpopulations (as also observed in their latter report [116]). They identified that heat-697 

treated dead S. cerevisiae cell had almost no electrical charge and eluted ahead of live negatively-charged cells. 698 

An interesting observation was that the dead cell peak (uncharged cells) was better defined than the peak 699 

corresponding to live cells, they explained these results as dead cells being more homogeneous in size than live 700 

cells. This separation took less than 5 minutes as shown in the electropherogram in Fig. 6. Similarly to the 701 

studies on EP-separation of bacterial cells, this report contributes to the growing evidence that simple EP-based 702 

systems are effective options for the rapid separation and assessment of live and dead yeast cells.  703 

 704 

 705 

Fig. 6. Electrophoretic viability assessments of yeast cells. Electropherogram of the separation between live and dead S. cerevisiae cells 706 

by CZE. Dead cells, which are uncharged eluted ahead of live cells. Adapted with permission from [121], copyright (2016) Elsevier. 707 

 708 

4. Concluding remarks 709 

The rapid assessment of cell viability status is essential in several fields, including clinical analysis, drug 710 

development, food safety and quality control, among others. In numerous applications the sorting and separation 711 

of live and dead cells is also required, as further analysis can be performed with separated fractions of viable and 712 

nonviable cells. Electrokinetic phenomena, being robust and label-free, offer great potential as techniques for the 713 

simultaneous assessment and separation of cells based on their viability status. This review article discusses the 714 

fundamentals, presents a brief historical overview and analyzes relevant recent (2015-2024) reports on two 715 
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electrokinetics techniques that can assess and separate cells based on viability status; these techniques are 716 

dielectrophoresis and electrophoresis. The similarities and differences of both techniques are examined. 717 

Dielectrophoresis discriminates live from dead cells by differences in polarizability, where in the majority of the 718 

studies live cells exhibited positive dielectrophoresis and dead cells exhibited negative dielectrophoresis, these 719 

differences enables effective live/dead cell sorting. Electrophoresis, in contrast, exploits differences in 720 

electromigration velocity (which is dictated by cell electrical charge, size and shape), and viable cells are separated 721 

from nonviable ones in the form of  two different zones inside the capillary/microchannel manifested as two 722 

resolved peaks on the electropherogram. A detailed discussion on very recent developments on nonlinear 723 

electrophoresis is also included, to provide the reader with the most up-to-date advances and showcase the new 724 

capabilities of electrophoresis-based separation systems. The field of electrokinetics, although not new, is still 725 

rapidly evolving and novel studies are continuously being reported. It is expected that new developments will 726 

further increase the viability-based discriminatory capabilities of both techniques. Perhaps viability assessments 727 

and separations with electrophoresis can be extended to mammalian and cancer cells in the future. 728 
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 1098 

TABLES 1099 

Table 1. Summary of the reports on dielectrophoresis-based cell viability assessments and separations.  1100 

Bacterial cells  

Cell type Description of the system employed Electric stimulation Year 

and ref. 
S. aureus Microdevice containing 3D embedded insulating 

micropillars. 

AC voltages up to 400 Vpp at 

frequencies from 30 to 60 kHz. DC-

biased AC voltages with 10 to 20 VDC 

and up to 200 Vpp at frequencies from 2 

kHz and 400 kHz. 

2015 

[28,29] 

S. epidermis Monolithic device that combines off- chip 

passivated insulator-based dielectrophoresis and 

bioimpedance measurements for 

AC voltages up to 300 Vpp at 

frequencies from 100 to 400 kHz. 

2018 [30] 

E. coli and S. 

cerevisiae 

Combination of DEP and deterministic lateral 

displacement (DLD).  Sorting device with a dense 

array of insulating pillars, and three distinct outlets 

that allowed for collection of separated cell 

fractions. 

AC voltages up to 600 Vpp at 

frequencies from 1 Hz to 20 kHz. 

2021 [8] 

C. difficile Microchannels with sharp lateral constrictions that 

reduce channel width from 1000 μm to only 15 

μm. 

AC voltages up to 300 Vpp at 

frequencies from 50 kHz to 1 MHz. 

2018 [35] 

E. coli and S. Typhi Microdevice with microwells that contained 

circular photoconductive electrodes 

AC voltages in the range of 5 to 20 Vpp 

at frequencies from 50 kHz to 20 MHz. 

2018 [36] 

S. Typhi , E. faecalis 

and S. aureus 

Microdevice that combined DEP and impedance 

spectroscopy that featured reusable interdigitated 

electrodes. 

AC voltages of 20 Vpp at a frequency of 

5 MHz. 

2021 [37] 

E. coli and E. faecalis Microfluidic chambers filled with silica 

microbeads used to inactivate bacteria. 

DC voltages up to 400 V to generate 

electric fields up to 2 kV/cm. 

 

2020 [39] 

E. coli and E. faecalis Microchannels with an array of insulating 

micropillars are used to electroporate cells and 

induce cell death. 

DC voltages to generate electric fields 

up to 167 V/cm. 

AC voltages up to 300 V and frequencies 

from 2.5 kHz to 100 kHz. 

2021 [40] 

Yeast cells 
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Cell type Description of the system employed Electric stimulation Year 

and ref. 
S. cerevisiae Rudimentary, the system had a cup-shaped cavity 

that contained a pin and plate electrodes. 

AC voltages up to 200 V (rms) @ 2.55 

MHz. 

1966, 

1968 

[24,25] 

S. cerevisiae Combination of DEP and deterministic lateral 

displacement (DLD).  Sorting device with a dense 

array of insulating pillars, and three distinct outlets 

that allowed for collection of separated cell 

fractions. 

AC voltages up to 600 Vpp at 

frequencies from 1 Hz to 20 kHz. 

2021 [8] 

S. cerevisiae Microchannels with an array of insulating 

micropillars are used to electroporate cells and 

induce cell death. 

DC voltages up to 900 V [38]. 2019 [38] 

S. cerevisiae  and red 

cabbage protoplast 

cells 

Microfluidic chamber with top and bottom thin 

electrodes, live cells were attracted to the 

electrodes. 

AC voltages up to 1.5 Vpp at 

frequencies from 300 kHz to 15 MHz. 

2015 [41] 

S. cerevisiae Microdevice  with bipolar electrodes where cell 

death was induced by increasing the temperature 

from 30 to 70 oC. 

AC voltages up to 4 Vpp at frequencies 

from 10 kHz to 15 MHz. 

2017 [42] 

S. cerevisiae Microdevice with two electrodes positioned 

forming a funnel configuration. 

AC voltages up to 15 Vpp at frequencies 

from 0.03 MHz to 1 MHz. 

2019 [43] 

S. cerevisiae Integrated CMOS DEP-based device with 

interdigitated electrode arrays. 

AC voltages up to 20 Vpp at frequencies 

from  1 kHz  to 20 MHz. 

2020, 

2021 

[44,45] 

S. cerevisiae Integrated multiplexed system that combined 

acoustic and electric fields. DEP  and DLD was 

induced with bipolar electrodes. 

AC voltages up to 10 Vpp at frequencies 

from  50 Hz  to 10 MHz. 

2021 [46] 

S. cerevisiae System with micro-parallel cylindrical electrodes. AC voltages from 1.5 to 14 Vpp at 

frequencies from  50 kHz  to 4 MHz. 

2023 [47] 

Mammalian cells 

Cell type Description of the system employed Electric stimulation Year 

and ref. 
Chinese hamster 

ovary 

Microdevice with a microfluidic channel with 

DEP actuation electrodes  operated at dual 

frequencies, this system was referred as a DEP 

cytometer. 

AC voltages up to 3 Vpp employing 

Frequency 1 = 300 kHz and frequency 2 

= 6 to 7 MHz. 

2016, 

2019 

[6,48] 

Chinese hamster 

ovary 

Microfluidic device with an array of  embedded 

electrodes at the channel bottom. 

AC voltages up to 3 Vpp at frequencies 

from  50 Hz  to 10 MHz. 

2018 [49] 

Chinese hamster 

ovary 

Microdevice with actuation electrodes that 

measures the dielectric spectrum of single cells 

while they flow through a microfluidic channel. 

AC voltages up to 3 Vpp at frequencies 

from  10 kHz  to 3 MHz. 

2019 [50] 

Neural stem and 

progenitor cells 

Device with a large capacity electrode array that 

enabled the selective enrichment of viable cells. 

AC voltages up to 7 Vpp at frequencies 

from  80 kHz  to 1 MHz. 

2018 [51] 

Rat adipose stem cells Microsystem with 3-dimensional carbon 

electrodes equipped with a robotic that “picked 

and transferred” target cells. 

AC voltages up to 20 Vpp at frequencies 

from  10 kHz  to 5 MHz. 

2019 [52] 

Dental pulp stromal 

cells 

Microsystem with two sets of opposing 

interdigitated transducers that combined surface 

acoustic waves (SAW) and DEP effects. 

SAW induced electric field at a 

frequency of 10 MHz. 

2017 [53] 

U937 monocytes Microsystem with 3-dimensional carbon 

electrodes. 

AC voltages up to 20 Vpp at frequencies 

from  50 kHz  to 1 MHz. 

2017 [55] 

Jurkat cells as proxies 

for T-lymphocytes 

Device with micro-fabricated interdigitated 

electrode array (IDE). 

DC voltages  of 12 V for electroporation. 

AC voltages up to 6 Vpp at frequencies 

from  100 Hz  to 5 MHz. 

2019 [56] 

T-lymphocytes Microfluidic device with castellated electrodes, a 

single inlet and two outlets. 

AC voltages up to 5 Vpp at frequencies 

from  150 Hz  to 150 MHz. 

2022 [57] 

Cancer cells 

Cell type Description of the system employed Electric stimulation Year 

and ref. 
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Human prostate 

cancer (PC-3) 

Microdevice with 3-dimeniosnal self-assembled 

ionic liquid electrodes that featured a conductivity 

gradient to induce pDEP on target cells. 

AC voltages up to 400 Vpp at 

frequencies from  10 kHz  to 10 MHz. 

2016 [60] 

HeLA Commercially available system 3DEP (DEPtech). 

The system is a well-based DEO cytometer that 

employs 20 parallel 3-dimensinal electrode arrays. 

AC voltages up to 400 Vpp at 

frequencies from  10 kHz  to 20 MHz. 

2016 [59] 

Non-small cell lung 

cancer 

Microdevice with an array of interdigitated 

electrode system. 

AC voltages up to 10 Vpp at frequencies 

from  1 kHz  to 100 MHz. 

2016 [66] 

Pancreatic ductal 

adenocarcinoma 

Microdevice where DEP effects were optically 

generated employing a beam of light that served as 

a virtual electrode array. 

NA – this system was optically 

stimulated. 

2019 [67] 

Chemo-resistant 

circulating pancreatic 

cancer cells 

Microdevice with a DLD array that featured three 

distinct outlets, one outlet for each of the three 

DEP response types. 

AC voltages from 15 to 45 Vpp at 

frequencies from  0.1  to 1 MHz. 

2024 [68] 

Pancreatic cancer Device for electrorotation with hyperbolic 4-

electrode geometry.  Data obtained with 

electrorotation was used to predict DEP spectra. 

AC voltages from 15 to 45 Vpp at 

frequencies from  100 Hz  to 100 MHz. 

2016 [69] 

Human leukemia 

(K562) 

Device that integrated hydrodynamic focusing and 

DEP. The device featured a narrow constriction 

located prior interdigitated electrode array. 

AC voltages of 3.8 Vpp at frequencies of 

1 MHz. 

2023 [70] 
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Bacterial cells  

Cell type Description of the system employed Electric stimulation Year 

and ref. 
L. acidophilus, CE system with a 100 µm diameter fused silica 

capillary, 27 cm long with, with the interrogation 

window located at 20 cm from the capillary inlet. 

UV detection was employed. 

DC voltages, separation performed at 10 

kV. 

2001 

[112] 

B. infantis and 

cerevisiae 

CE system with a 100 µm diameter fused silica 

capillary, 30 cm long with, with the interrogation 

window located at 20 cm from the capillary inlet. 

LIF detection was employed. 

DC voltages, separation performed at 15 

kV. 

2001 

[113] 

O. oeni CE system with a 100 µm diameter fused silica 

capillary, 49.5 cm long with, with the 

interrogation window located at 38.5 cm from the 

capillary inlet. Diode array detection was 

employed. 

DC voltages, separation performed at 10 

kV. 

2017 

[116] 

E. faecalis, S. aureus, 

K. pneumoniae, P. 

aeruginosa and E. 

coli. 

CE system with a 75 µm diameter quartz capillary, 

33.5 cm long with, with the interrogation window 

located at 25 cm from the capillary inlet. Diode 

array detection was employed. 

DC voltages, separation performed at 15 

kV. 

2022 

[117] 

MRSA, MSSA and E. 

coli 

CE system with a 75 µm diameter fused silica 

capillary, 33.5 cm long with, with the 

interrogation window located at 25 cm from the 

capillary inlet. Diode array detection was 

employed. 

DC voltages, separation performed at 15 

kV. 

2022 

[118] 

E. coli Insulator-based electrokinetic (iEK) microchannel 

with a T-cross configuration for EK injection. 

Channel was 51.53 mm long, 1.1 mm wide and 

had an array of cylindrical insulating pillars. 

DC voltages, separation performed at an 

overall electric field of 137.4 V/cm. 

2024 

[119] 

E. coli Insulator-based electrokinetic (iEK) microchannel 

with a T-cross configuration for EK injection. 

Channel was 10.2 mm long, 1.0 mm wide and had 

an array of cylindrical insulating pillars. 

DC voltages, separation performed at an 

overall electric field of 600 V/cm 

2004 

[120] 

Yeast cells 
Cell type Description of the system employed Electric stimulation Year 

and ref. 



38 

 

S. cerevisiae CE system with a 100 µm diameter bare fused 

silica capillary, with the interrogation window 

located at 21 cm from the capillary inlet. Diode 

array detection was employed. 

DC voltages, separation performed at 10 

kV. 

2016 

[121] 
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